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ABSTRACT

O P T IC A L  A R IT H M ETIC -LO G IC  PR O C ESSO R S BASED ON LO CATIO N, 

CO N TEN T ADDRESSABLE AND A SSO C IA TIV E M EM ORIES

by

A ndrew  K ostrzew ski

M entor: D r. G eorge E ichm ann , H erb ert G. K ayser P rofessor o f  E lec trica l Engi­

neering

(D eceased, Ju n e  1990)

Co-m entor: Dr. Yao Li, A ssistan t P rofessor o f E lec trica l E ng ineering  

F in a l M entor: Dr. Yao Li

A p p lica tions  o f co n ten t addressab le , location  addressab le  and  associative 

m em ory fo r  op tica l signal processing a re  stud ied  in  th is thesis. T he f ir s t  tw o types 

o f m em ory m ay use e ith e r  coheren t o r noncoheren t processing, b u t the  last type 

uses only  co h eren t processing.

A new  rea l-tim e op tica l position  coded processor is p resen ted  and  exper­

im en ta lly  im plem ented. T he crossbar sw itch  is im plem ented  by using a single laser



source  w ith  tw o cascaded  com m ercial liq u id -c ry s ta l TV s, w ith  operands rep resen ted  

as m u tu a lly  o rthogonal slits. T he in te rsec tio n  o f  the  slits  rep resen ts  an  o p era tio n  

re su lt an d  the  co llec tion  o f  lig h t o u tp u t po in ts  co n stitu tes  a look-up  tab le  fo r  a 

sp ec ific  a rith m e tic -lo g ic  o pera tion . A ho lograph ic  m app ing  m aps each  tru th -ta b le  

p o in t to  a p ro p er position  coded  resu lt. E x p erim en ta l resu lts  fo r  a res idue  num ber 

m u ltip lie r  a re  p resen ted . A n o p tica l im p lem en ta tion  o f m u ltip le -v a lu ed  logic is also 

p resen ted . R ea liz a tio n s  o f  o p tica l m o d ified  signed -d ig it as w ell as Post logic gates 

a re  in c lu d ed . Some e x p e rim en ta l dem onstra tions a re  p resen ted .

A new  schem e fo r  d ig ita l  op tica l com puting  u tiliz in g  a non -ho lograph ic  

op to -e lec tro n ic  c o n te n t add ressab le  m em ory is discussed. D esigns o f op tica l b in a ry  

c a rry  look -ahead  a d d e r  an d  m o d ified  signed d ig it a d d e r a re  p resen ted . Also 

im p lem en ta tio n s  o f b in a ry  num ber, a s ig n /lo g arith m  num ber a n d  residue  num ber 

m u ltip lie r  a re  in c lu d e d  to  illu s tra te  th e  ap p lica tio n  o f th is  a r ith m e tic  processor. 

T h is  o p to -e lec tron ic  c o n ten t add ressab le  m em ory o ffe rs  a  num ber o f p rac tica l 

ad v an tag es, such  as fa s t  p rocessing  speed an d  ease o f o p tica l im p lem en ta tio n  and  

a lig n m en t com pare to  o th e r  approaches. A ctive  low an d  h igh  sp a tia l co n ten t 

a d d ressab le  m em ory m ask encoding  techn iques a re  d iscussed. M u ltio p era tio n  and  

m u ltib it  c o n te n t add ressab le  m em ory processors are  described .

O p tica l reg is te r  t ra n s fe r  m icro -opera tions based on associa tive  m em ory are  

proposed. A h y b rid  o p tica l w ord -para lle l, b it seria l reg is te r t ra n s fe r  processor 

a rc h ite c tu re  based on an  o p tica l ho log raph ic  associa tive  sym bolic su b s titu tio n  is 

d escribed  an d  p re lim in a ry  ex perim en ta l resu lts  a re  p resen ted .

T h is  resea rch  w as su p p o rted  in  p a rts  by the  A ir F orce O ff ic e  o f  S c ien tif ic  

R esea rch  u n d e r g ra n t A FO SR  88-0260 and  by N a tio n a l Science F o u n d a tio n  u n d e r 

g ra n t M IP-8921337.
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I. INTRODUCTION

In recen t years, to p e rfo rin  a rith m e tic  opera tions, d i f f e r e n t  o p tica l schem es 

have been in tro d u ced . D ue to the  increasing  dem and  fo r  h igh  speed a rith m e tic  

ca lcu la tio n s , new , fa s t o p tica l co m p u ta tio n a l system s are  req u ired . F o r a rith m e tic  

o p e ra tio n , e ith e r  a logic o r a m em ory-based com pu ta tion  can  be pe rfo rm ed .

In a log ic-based  approach , the  a rith m e tic  o p era tio n  is p e rfo rm ed  by using an  

a lg o rith m  th a t  is execu ted  v ia a logic gate c irc u it  [1]. H ere , depend ing  on the  

em ployed  nu m b er system , the  key elem ent fo r such  an  o p e ra tio n  is a  set o f b inary  

B oolean, m u ltip le -v a lu ed , or residue , logic gates. To im plem ent these logic opera­

tions, using  s ta te  o f the a r t  o p tica l technology, various acoustoop tic , e lec troop tic , 

a n d  n o n lin e a r  o p tica l schem es have  been in v estig a ted  [2-4]. A m ong the various 

b in a ry  o p tica l logic schem es, in ten sity -en co d ed  b istab le  dev ices can be opera ted  

a t G H z speed. On th e  o th e r  h an d , using  re la tiv e ly  slow o p tic a l tw o-d im ensional 

(2D) sp a tia l l ig h t m odu la to rs  (SLMs) , op tica l b in a ry  p a tte rn  log ic  has show n both 

f le x ib il i ty  and  a large degree  o f para lle lism . In  th is  -category are o p tica l the ta - 

m o d u la tio n  [5], shadow -casting  [6 ], tr ip le -p ro d u c t [7], as w ell as sca ttering -based

[8 ] o p tica l logic processors. To increase  the  p a tte rn  log ic’s p rocessing  speed, recen tly , 

a p icosecond  o p tica l-phase-con juga tion -based  p a tte rn  logic d ev ice  has also been 

rep o rted  [9].

A n a lte rn a tiv e  to a log ic-based  app roach  is the  use o f m em ory fo r  a rith m e tic  

opera tions . In th is  case, a ll  possible in p u ts  an d  th e ir  o u tp u ts  a re  tab u la te d  and  

c o d if ied  as tru th -tab le s . F o r a given in p u t set, the  o u tpu ts  can  be fo u n d  in two

1



d if fe re n t  ways. In a s tra ig h tfo rw ard  tru th -ta b le  look-up schem e, each sto red  ou tpu t 

is assigned an  address. To access th is  ou tpu t, the  g iven in p u t set serves as its address 

code. For th is  reason, th is m ethod is also ca lled  a location-addressab le  m em ory 

(LAM). Because of the d irec t storage o f a ll in p u t-o u tp u t pairs, fo r large 

d ynam ic-range a rith m e tic  opera tion , large m em ory space is needed. H ow ever, since 

th is  m ethod provides the  fas test possible a rith m e tic  opera tion  speed, w henever the 

m em ory space perm its, it  is s till the p re fe rre d  schem e. To re ta in  the speed advan tage  

w hile im prov ing  the m em ory storage e ffic ien cy , a so-called con ten t-addressab le  

m em ory (CAM) schem e was suggested [12]. T he d iffe re n c e  betw een the  CAM and 

the  LAM is in  the w ay the da ta  is addressed. For a CAM, all possible in p u ts  th a t 

can p rov ide  the  same ou tp u t are  grouped  and the  re d u n d a n t in fo rm a tio n  con ta ined  

in  the  g roup is reduced. Thus, depend ing  on the p a rtic u la r  a rith m e tic  operation , 

tw o- to, even m ore th an , ten -fo ld  in fo rm a tio n  red u c tio n  is possible. As a resu lt, 

the  storage e ff ic ie n cy  is g reatly  increased. A lthough an  ad d itio n a l red u n d an t 

in fo rm a tio n  reduc tion  is req u ired , since it is a p reca lcu la tion , it does not a ffe c t  

th e  speed o f the  a rith m e tic  operation .

A th ird  type m em ory th a t can be app lied  fo r  op tical signal processing is an 

associative m em ory (AM). T he m ain d iffe re n c e  betw een AM and  CAM is th a t w hile 

the  fo rm er is designed to be ab le  to cope w ith  incom plete  o r im p erfec t in p u t 

in fo rm a tio n , the la tte r  is designed to deal w ith  com plete know ledge o f its inpu t. 

T he associative m em ory-based com puta tion  is a tw o step process. F irs t, the  AM 

m em ory is generated  based on all in p u t -ou tpu t pa irs , n ex t only an in p u t is used 

as an address to access corresponding  ou tpu t. To im plem ent AM -based processor, 

one-step ho lograph ic  AM is em ployed [30].
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1.1 Location Addressable Memory-Based Processing

T he ap p lica tio n  o f LAM -based processor fo r  residue  num ber (R N ) a r i th ­

m etic  as well as fo r  m ulti-va lue  logic, in c lu d in g  im plem en ta tion  o f m od ified  

signed -d ig it (MSD) num ber system  3-level gates, has been stud ied . U n lik e  the 

logic-based approach , here  fo r genera ting  an d  m atch ing  the  address code, op tical 

sw itch ing  ra th e r  th an  a com plicated  gating  opera tion  is used. Because there  is 

no need  fo r  cascading, the ad v an tag e  o f fa s t op tica l sw itch ing  is preserved.

A tru th -ta b le  look-up opera tion  has been described  fo r  e ith e r m u lti-d ig it 

b in a ry  or single d ig it m u ltip le-valued  logic (MVL) genera tion  [11-12]. Also, the 

a p p lica tio n  o f LAM -based processing fo r R N  opera tions has been repo rted  

[17-19]. W ith th is schem e, the a rith m e tic  or logic opera tions  are  expressed as 

tru th -tab les . Using various optical encoding (i.e., position , in ten s ity , p o lariza tion , 

etc.) m ethods, location addressab le  op tica l tru th -ta b le s  can be im plem ented  [1 1 ]. 

H ow ever, w hen using a b inary  num ber system , the tru th -ta b le  size depends on 

the in p u t’s dynam ic range. T hus fo r large num bers, th is schem e m ay become 

im practica l. U sing a residue num ber system , th ere  are  m ethods to decom pose an 

a rith m e tic  opera tion  in to  a set o f para lle l suboperations.

T he tru th -ta b le  look-up also can be used fo r  s ing le -d ig it MVL processing. 

The use o f a MVL num ber system  enhances the  com puta tion  e ff ic ie n c y  both by 

o ffe r in g  para lle l processing cap ab ility  and  by p ro cessin g /in te rco n n ec tin g  more 

in fo rm a tio n  th rough  each elem ent [20-22]. In th is  thesis a rea l-tim e ho lograph ic  

op tica l tru th -ta b le  m ethod fo r op tical MVL g enera tion  is p resented . In p a rticu la r, 

the m o d ified  signed-d ig it (MSD) [23-27] and  Post [28] logic a re  considered . Some
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preliminary experimental results are also included.

1.2 C on ten t A ddressable M em ory-Based Processing

O p tica l CAM can be im plem ented using  e ith e r ho lograph ic  or non- 

ho log raph ic  techniques. While the  fo rm er requ ires  coheren t ligh t, the  la te r  can 

be im plem ented  using e ith e r coheren t or noncoheren t op tica l processing. To 

record  a CAM hologram , a re la tiv e ly  com plicated  3-step process is requ ired  

[11-12]. Since each refe rence  p a tte rn  requ ires a phase m ultip lexed  refe rence  

beam , fo r  a large num ber of refe rence  p a tte rn s  the  genera tion  o f a CAM hologram  

is a d if f ic u l t  task. A n a d d itio n a l d isadvan tage  o f a ho log raph ic  CAM is its  low 

d if f ra c tio n  e ff ic ie n cy  and  crosstalk  d u rin g  the  read o u t process. H ere, because 

o f the ease o f a lignm en t and im plem en ta tion , in  com parison to the holographic  

CAM, a non-ho lograph ic  CAM approach  is in tro d u ced  [13-14]. U sing  a non- 

ho log raph ic  CAM, any  a rith m e tic  opera tion  rep resen tab le  as a Boolean sum of 

p roduct term s can be im plem ented. To encode a logic fu n c tio n  in to  a CAM  mask, 

e ith e r ac tiv e  low or h igh level logic can be app lied . For ac tive  low (high) logic, 

the  m in im um  (m axim um ) ligh t in tensity  tran sm itted  th ro u g h  the CAM mask 

ind ica tes th a t  a m atch  is found. W ith an ac tiv e  low logic, to p rov ide  an  active 

h igh re su lt [13], the  th resho lded  o u tp u t is in v erted . For the  ac tive  h igh  case, by 

se tting  the  th resho ld  a t a high in tensity  level, the  f in a l resu lt can be ob tained  

d irec tly  w ith o u t any  inversion.

As an  exam ple o f the non-holographic  CAM based a rith m e tic  processing, 

the  design o f an op tica l ca rry  look-ahead a d d e r  (CLA), b in a ry  num ber (BN),
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s ig n /lo g arith m  num ber (SLN) an d  residue num ber (R N ) m ultip lie rs  w ill be 

described . In the case o f a CLA, regardless o f the  num ber o f processed bits, the 

c a rry  is p reca lcu la ted  and  the f in a l ad d itio n  resu lt is o b ta in ed  in a single step. 

The ex is ting  op tica l CLA schemes, because o f th e ir  use o f sp a tia l ligh t m odulators 

(SLMs) [15-16], allow  only m oderate  processing speed. By using  an a rra y  of laser 

d iodes (LDs) to illu m in a te  a non-holographic  CAM  m ask, fa s t processing speed 

is a n tic ip a ted . E xperim en ta l resu lts fo r a 4 -b it op tica l CLA are  presented . By 

in co rp o ra tin g  the in p u t carry  to an  op tica l CLA, a cascade o f a num ber of 4-bit 

adders can be achieved. Using the reduced  tru th  tab les sto red  in  a non- 

ho lograph ic  CAM, various BN, SLN and  R N  m u ltip lie rs  a re  also im plem ented. 

The design  and  im plem enta tion  o f a 3-bit BN m u ltip lie r  is p resented . Based on 

the m oduli 3, 5 and  7, a R N  m ultip lie r, w here  the RN s w ere encoded using a 

BN rep resen ta tio n , is designed. Also, ex perim en ta l resu lts  fo r a 7-bit SLN 

m u ltip lie r  a re  included .

1.3 A ssociative M em ory-Based Processing

A com bina to ria l logic c irc u it is an in te rco n n ec ted  a rra y  o f logic gates or 

sw itches. H ow ever, fo r various a rith m e tic  opera tions, ite ra tiv e  sequen tial 

com puta tion  is needed. To fu rn ish  feedback  fo r  co m b in a to ria l c ircu its , mem ory 

elem ents, such as flip -flo p s  or reg isters, m ust be u tilized . With th is  feedback , 

the o vera ll logic c irc u it is a f in ite -s ta te  seq u en tia l logic m achine. To generate 

a seq u en tia l logic c ircu it, a v iab le  h y b rid  ap p ro ach  is to  use optics fo r  both fast 

para lle l com b ina to ria l logic, in te rconnec t fu n c tio n s , h igh-speed  b it-addressab le
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elec tron ics fo r  storage and  feedback  [28]. In  th is  thesis, a h y b rid  sequen tial 

com puting  m odule, w here an optical a rra y  processor perfo rm s the com bina to ria l 

logic an d  in te rco n n ec t opera tions betw een high-speed e lec tron ic  para lle l 

addressed  storage reg isters, is described. T h is  h y b rid  system  is able to perfo rm  

fa s t op tica l reg ister tra n s fe r  m icro-operations (ORTM Os), th a t rep resen t the 

p rim itiv e  opera tions req u ired  fo r  a general-purpose o p tica l d ig ita l com puter. 

U sing these opera tions, o ther, such as residue  a rith m e tic  opera tions can be 

constructed . This new system  w ill be re fe rre d  to as an  op tica l reg ister tra n sfe r  

processor (ORTP).

For an  op tica l reg ister tra n s fe r  m icro -opera tion  (ORTM O) processor 

im p lem en ta tion , the  recen tly  developed sym bolic su b stitu tio n  tech n iq u e  [29-32] 

can be used. H ere, an  op tica l ho log raph ic  associative sym bolic su b stitu tio n  

(OHASS) techn ique, proposed by Y u et. al. [31-32] is em ployed.

1.4 R esearch  G oal And Thesis O rgan iza tion

T he research  goal was to use av a ilab le  op tica l elem ents and techniques, 

to  im plem ent various fast, fu lly  p a ra lle l m u lti-b it op toelectron ic  a rith m e tic  

processors, and  to develop e ff ic ie n t h a rd w are , and  so ftw are  a lgorithm s fo r  these 

processors. For a d ed ica ted  a rith m e tic  processor, capable o f p e rfo rm ing  ad d itio n , 

su b trac tio n , m u ltip lica tio n  and d iv ision  opera tions a com parison  am ong a b inary , 

residue , m o d ified  signed-d ig it and  s ig n /lo g arith m  num ber system s processors is 

perfo rm ed . The num ber system  conversion issue is also addressed . Specific  

research  issues such as the source u n ifo rm ity , the op tica l elem ent a lignm ent,
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the  re q u ire d  speed o f the  detec to rs, h igh reso lu tion  CAM  m ask fa b r ic a tio n , and  

the  e lec tro n ic  th resho ld  opera tion  are  also discussed.

T he  thesis has been d iv ided  in to  e igh t chap ters . T h is  in tro d u c to ry  c h ap te r 

p rov ides backg round  in fo rm a tio n  concern ing  op tica l signal processing based on 

th ree  types o f o p tica l m em ories. In the  second ch ap te r, rev iew  o f b in a ry , 

s ig n /lo g a rith m , res idue  and  m od ified  sig n ed -d ig it num ber system  is included . 

B eg inn ing  w ith  the  th ird  chap ter, in fo rm a tio n  concern ing  the  use o f  th ree  types 

o f  o p tica l m em ories is presented. F irs t, the  location  addressab le  m em ory-based 

processing  is p resen ted . Look-up tab le-based  op tica l processors a re  described . 

T he ap p lic a tio n  o f LAM  fo r residue m u ltip lie r /a d d e r  MSD a d d e r  and  m u lti­

va lued  Post logic is presented . In c h a p te r  fo u r, the  non-ho log raph ic  CAM, 

in c lu d in g  ac tiv e  h igh and low, encod ing  is described . Im plem en ta tion  o f the  

no n -ho log raph ic  CAM  fo r BN, MSD, SLN, and  R N  processors a re  described . 

D esign o f s ing le-operation  as w ell as m u lti-b it, m u lti-o p e ra tio n  processor is 

discussed. T he exp erim en ta l im p lem en ta tion  o f b in a ry  and  MSD adders  as well 

as b in a ry , R N , SLN m u ltip lie rs  is included . In  ch ap te r f iv e , based on associative 

m em ory, an  o p tica l reg is te r tra n s fe r  m icro -opera tion  processor is described . 

U sing  a recen tly  developed  sym bolic su b s titu tio n  techn ique, logic and  tra n s fe r  

o p era tio n s  can be im plem ented. C h ap te r six  con ta ins th e  thesis sum m ary  and  

conclusions. C h ap te r seven and  e igh t co n ta in  thesis re la ted  pu b lica tio n s  and  

b ib lio g rap h y , respectively .
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II. REVIEW OF SELECTED NUMBER SYSTEMS

In th is  chap ter, a rev iew  of selected  num ber system s th a t  f in d  app lications 

in  op tica l processors is presented. Am ong m any, the  b in a ry  num ber (BN) system, 

the  m o d ified  signed-d ig it (MSD) system , the res idue  num ber (RN ) and  recen tly  the 

s ig n /lo g arith m  num ber (SLN) system s a re  s tud ied  fo r  use in  op tica l com puta tional 

processors. T he BN system , w idely  used in  e lec tron ic  app lica tions, can be used in  

genera l purpose processors. Due to the  c a rry  p ropaga tion , the  sequen tia l com pu­

ta tio n a l a lgorithm s lim it the processing speed, a lthough  p a ra lle l a lgo rithm s (e.g. 

carry -look  ahead  ad d itio n ) can be app lied  to im prove the  processing speed [1-2 ]. 

A pply ing  o th er num ber system s, processing speed im provem ent can be achieved. 

T he SLN system  can p rov ide  h igh dynam ic  range  and  fa s t com puta tion  speed. The 

m ajor ad v an tag e  o f th is  num ber system  is p ro d u c t ca lcu la tio n  th rough  logarithm  

a d d itio n  [3-4]. The MSD num ber system  w ith  its w eak c a rry  dependence is su itab le  

fo r  bo th  p a ra lle l ad d itio n  and su b trac tio n  opera tio n s  [5-6]. U sing tree  s tru c tu re  

fa s t m u ltip lica tio n  opera tion  can be im plem ented . For R N  rep resen ta tion , an 

a rith m e tic  opera tion  can be decom posed in to  a set o f  ind ep en d en t suboperations, 

the  RN s rep resen t an e ffe c tiv e  p a ra lle l code. T he h igh dynam ic  range  and  fas t 

processing fo r  ad d itio n , su b trac tio n  an d  m u ltip lica tio n  opera tions a re  a ttrac tiv e  

fea tu re s  o f th is  num ber system  [7].
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2.1 B inary  num ber (BN) system

In  genera l, a num ber in  base r co n ta in s  r d ig its  0, 1, 2, 3,..., r-1 and  is 

expressed  w ith  a pow er series in  r

A nr n + A n_xr n 1 + ...y40r° + A_l r  1 + A_2r  2 + ... ( 2 . 1 . 1 )

w hen the  nu m b er is expressed in  positional no ta tio n , on ly  the  co e ff ic ien ts  an d  

th e  d ec im al p o in t a re  w ritten  down:

A n A n- 1 • • * A q . A_1A_2‘>> ( 2 . 1 .2 )

T he BN system , a lth o u g h  w idely  em ployed in  e lec tro n ic  co m p u ta tio n a l devices, 

is su itab le  fo r  a seq u en tia l type o f  processing. F o r a ll a r ith m e tic  opera tions, the  

c a rry  p ro p ag a tio n  fro m  d ig it  to d ig it slows dow n th e  co m p u ta tio n a l speed w hich  

is inverse ly  p ro p o rtio n a l to the  BN rep re sen ta tio n  length . Some ca lcu la tio n s  can 

be e v a lu a te d  using  p a ra lle l a lgo rithm s such as c a rry  look-ahead  a d d itio n  (CLA), 

w here the  c a rry  p ro p ag a tio n  is p rec a lc u la te d  an d  the  resu lting  o u tp u t can be 

rep re sen ted  as a set o f  Boolean fu n c tio n s . T h e  h a rd w a re  com plex ity  increases 

rap id ly  w ith  th e  rep re sen ta tio n  leng th  an d  only m odera te  dynam ic  range  c a l­

cu la tio n s  can be im plem ented . O n the  o th er han d , the  m ajo r ad v an tag e  o f the  

BN system  is its co m p atib ility  w ith  ex is tin g  e lec tro n ic  devices based also on 

BNs.
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2.2 M odified  signed-d ig it (MSD) num ber system

In th is  section , some basic p roperties  o f  the  MSD num ber system  a re  review ed. 

T he MSD num ber rep re sen ta tio n  [1-2] is a red u n d a n t rad ix  2 t r in a ry  num ber 

system  w hose w eights are  1, 0, a n d  -1  ( I )  . U sing  th e  MSD rep resen ta tio n , a

dec im al num ber N10, w here the  su b scrip t deno tes base ten , is w ritte n  as

]V10 = ( l 10 , T ) 2 p~1 + ... + ( l )O, T) 21 + ( l , O , T ) 2 0

N l0= Y . a ‘2 ‘ ( 2 .2 . 1)
i

w here  a , e [ - l  . 0 , 1 ] .  Positive  as w ell as nega tive  num bers can  be rep resen ted  in 

MSD nu m b er system. With th is  rep re sen ta tio n , decim al num bers A=9 and  B=-9 

can  be expressed as

( 2 .2 .2 )

B = 1 1 0 0 1  ( 2 . 2 . 3 )

I t can be seen th a t  by a p a ra lle l b it-w ise  logic invers ion  o f nonzero  d ig its , the

sign o f  a num ber can be negated . One a d v an tag e  o f the  MSD nu m b er system  is

its  p a ra lle l a d d itio n  an d  su b trac tio n  cap ab ility . T he a d d itio n  an d  su b trac tio n  

o p e ra tio n  can  be p e rfo rm ed  using  an a rra y  o f fo u r  2 -b it MSD logic gates, e.g.

A =  1 1001
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W, T, W1 and  T 1 gates. The tru th  tab les fo r  these gates are  show n in  T ab le  2.2.1. 

In  Fig.2.2.1, a typ ica l 5-bit MSD a d d itio n  logic flow  d iag ram  is show n. Using 

th is a rc h ite c tu re , the  carries  genera ted  fro m  the  f ir s t  processing stage can  only 

p ropagate  2-bits to th e  left. T he ad d itio n  resu lt is in dependen t o f the  num ber 

o f b its  to  be added . A p ara lle l su b trac tio n  o f tw o MSD num bers, X  - Y, can 

be ach ieved  by nega ting  Y fo llow ed  by th e  MSD ad d itio n  [1]. M ultip lica tion  

and d iv ision  opera tions can be decom posed in to  a set o f MSD ad d itio n s  and 

sub trac tions, together w ith  p a ra lle l sh ifts.

2.3 S ig n /lo g a rith m  num ber (SLN ) num ber system

SLN system  is especially  su itab le  fo r  bo th  m u ltip lica tio n  a n d /o r  d iv ision  

operations. The a d d itio n  (su b trac tio n ) opera tions can be also im plem ented  using 

a SLN system  [8 ]. To m ultip ly  (d iv ide) two b in a ry  num bers (BNs) a  an d  b, f ir s t  

the num bers are converted  in to  a SLN system . The m u ltip lica tio n  (d iv ision) is 

then  o b ta in ed  by ad d in g  (su b trac tin g ) a p p ro p ria te  logarithm s. As a f in a l  m ul­

tip lica tio n  step,

ab  = ctnt i log2( \ o g 2a  + l og26 ),  ( 2 . 3 . 1 )

a conversion from  SLN to BN system  is needed. T he m ajor advan tage  o f an  SLN 

system  is th a t  the  p ro d u c t/q u o tie n t ca lcu la tion  is perfo rm ed  v ia  fix ed -p o in t 

b in ary  a d d itio n /su b tra c tio n . Because BN a d d itio n  can be perfo rm ed  in  a con­

s iderab ly  sho rte r tim e th an  m u ltip lic a tio n /d iv is io n , the  SLN system  can achieve
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a m u ltip lica tio n  speed th a t  is h ig h er th an  w ith  any  o th er eq u iv a len t leng th  

fix e d -p o in t nu m b er system  [9].

Since a logarithm  o f a BN m ay c o n ta in  an  in f in ite  num ber o f d ig its , a 

b in a ry  a p p ro x im atio n  o f  the  lo g arith m  m an tissa  is requ ired . T he m u ltip lic a tio n  

accu racy  depends m ain ly  on the  b in a ry  lo g arith m  app rox im ation . U sing  a lin ea r 

a p p ro x im atio n  [3], the  lo g arith m  o f  a v a ria b le  a  betw een  po in ts a=2n an d  2n + 1  

(w here n is an  in teg er) is ap p ro x im ated  by a  lin e a r  fu n c tio n  of a. F rom  [10], 

the  abso lu te  va lue  o f the  lo g arith m  a p p ro x im atio n  e rro r  E is

0 < E < 0 . 0 8 6 3 9  . ( 2 . 3 . 2 )

T he lin e a r  ap p ro x im atio n  fo r  a lo g arith m  can be im plem ented  using  s h if t  

opera tio n s  p e rfo rm ed  on an  n -b it BN. S h if tin g  the  BN u n til  th e  m ost s ig n if ic a n t 

"one" is sh if te d  to the le ft-m o st (to the m ost s ig n if ic a n t b it (MSB)) position , both  

the  c h a ra c te r is tic  an d  th e  m an tissa  o f the  lo g arith m  are  ob tained . I f  th e  num ber 

o f  sh if ts  is equal to m, its c h a ra c te r is tic  is equal to n-m-1. T he m antissa  is 

rep resen ted  by a BN th a t  lies to the  r ig h t ( a f te r  the  s h if t)  o f  the MSB.

By tru n c a tin g  the  m an tissa  a t  d i f f e re n t  b it positions, b e tte r  m u ltip lic a tio n  

accu racy  is possible. In  T ab le  3.2.1., m u ltip lic a tio n  e rro r  as a fu n c tio n  o f the  

m an tissa  leng th  is shown. F o r each  a d d itio n a l rep re sen ta tio n  b it th e  accu racy  

increases by a fa c to r  o f two.
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2.4 R esidue num ber (R N ) system

To rep resen t a num ber in  R N  system , a  base o f the  rep re sen ta tio n  m ust be 

chosen. A k -tup le  o f  in tegers (set o f  re la tiv e  p rim e in tegers  mx, m2,... m̂  called  

m oduli) can  be em ployed. To rep resen t a  num ber X, a set o f  in tegers r!, r 2,...rit 

th a t sa tis fy  fo llow ing  cond ition

r t = x / m i5/ o r  i = l , 2 , . . . k  ( 2 . 4 . 1 )

w here rj denotes the  least positive  in teger rem a in d e r o f the  d iv ision  o f  x by m 5, 

is sa tis fied . As an  exam ple consider base o f fo u r  m oduli 3, 4, 5, 7. Tw o decim al 

num bers 23 and  15 a re  rep resen ted  by a 4-tuple set o f in tegers:

23jq= 3g 3 4  2g — 2 3 3 2 r and 15^q = I 7  O5 3 4  Og = 1030p, w here  R stands fo r  R N  

rep resen ta tion .

To o b ta in  a u n ique  num ber rep resen ta tio n , th e  rep resen ted  num bers should  

not exceed R N ’s dynam ic  range. The residue rep re sen ta tio n  dynam ic  range D m 

sa tisfie s  the  fo llow ing  cond ition

0 < D „ <  f j ( m , ) - l  ( 2 . 4 . 2 )
£- 1

The R N s can be rep resen ted  using m ultilevel rep re sen ta tio n  or can be encoded 

using BN system . In  the  la te r  case, each  residue d ig it is encoded  using its b in ary
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equ ivalen t. In  T ab le  2.4.1, the R N  dynam ic  range  as a fu n c tio n  o f b it num ber 

o f b in a ry  encoded R N s is shown.

T he m ajor ad v an tag e  th a t R N  system  o ffe rs  is its  c a rry  fre e  a rith m e tic  

opera tions cap ab ility . O pera tions, such as a d d itio n , su b trac tio n , an d  m u ltip li­

cation  o f tw o num bers A and  B a re  pe rfo rm ed  accord ing  to

[ ^ 0 f i ]  = P ]  0 [ 5 ]  ] ( 2 . 4 . 3 )
1 1 1 mi

w here 0  denotes one o f th e  above m entioned  a rith m e tic  operations. In  th is  case, 

an  o p era tio n  is decom posed in to  a set o f  k -suboperations, each pe rfo rm ed  

in dependen tly  and  in  para lle l. To perfo rm  an  a rith m e tic  o pera tion , a set o f

residue processors, each  corresponding  to  a d if f e re n t  m odulus shou ld  be

em ployed. By su itab ly  com bining  the  p a rtia l, resu lts  genera ted  by each  processor, 

the  f in a l  resu lt can  be ob ta ined . As an  exam ple consider a d d itio n  an d  m u lti­

p lica tion  opera tions p e rfo rm ed  on tw o R N  2332R (decim al 23) an d  1030R (decim al 

15)

2 3 3 2
+ 1030 ( 2 . 4 . 4 . )

3 3 2 2  

2 3 3 2  
x 1030  

2 0 1 0
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R egard less o f  the  R N  m ajo r advan tages, the d isadvan tages  such as com parison  

problem s, o v erflo w  de tec tio n  and  d if f ic u l tie s  w ith  d iv is ion  o p e ra tio n  p reven ts  

the  use o f  th e  R N  system  in  a genera l type  co m p u ta tio n a l processor. A lthough  

in  a p p lica tio n s  w here  fo r  sim ple a rith m e tic  opera tions h igh  processing speed 

an d  h igh  dynam ic  range  a re  essen tia l, th e  R N  system  can  p rove to be advan tages.
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T ab ic  2.2.1. T ru th  tab le  fo r  MSD (a) T , (b) W, (c) T 1, (d) W1.



| M antissa  leng th T ru n c a tio n
e rro r

%

4-b it 8. 1
5-b it 4.1
6 -b it 2 . 0 2
7-b it 1.07
8 -b it 0.53
9-b it 0.28

I 1 0 -b it 0.13
1 1 -b it 6.7 X 10-2
1 2 -b it 3.3 X  1 0 - 2

1 13-bit 1.6 X 10-2
9 14-bit 8.4 X 10-3

15-bit 4.1 X  10-3
16-bit 2.1 X  10-3

N>N)

T ab le  2.3.1. M u ltip lica tio n  e rro r  as a fu n c tio n  o f  m an tissa  leng th .



N U M B E R  

O F  B IT S

M O D U L I R A N G E

(D E C IM A L )

B IN A R Y

3 -B IT 5,6 ,7 2 1 0 27

4 -B IT 11 ,13 ,14 ,15 30 ,030 2 “

5 -B IT 17 ,19 ,23 ,29 ,30 ,31 2 0 0 ,3 6 0 ,1 3 0 2 27

T ab ic  2.4.1. R esidue  nu m b er d y n am ic  range fo r  d i f f r c n t  set o f  m oduli.



I I I . LO CA TIO N  ADDRESSABLE M EM ORY-BASED PR O C E SSIN G

3.1 B ackground .

D u rin g  the  past few  years, an  increased  in te res t in  ap p ly in g  op tica l p a ra lle l 

processing  tech n iq u es  to  d ig ita l co m pu ta tion  has been no ted . M ethods th a t  a re  

based  on op tica l tw o-d im ensional (2D) sp a tia l lig h t m odu la to rs  (SLMs), due to 

th e ir  p a ra lle l d a ta  processing ca p ab ility , can  ach ieve a h igh  th ro u g h p u t. For 

d i f f e re n t  o p tica l logic an d  a rith m e tic  opera tions, using e ith e r  b in a ry  or 

m u ltip le -v a lu ed  logic , a num ber o f  o p tica l tru th -ta b le  processing schem es have 

been proposed  [1-9]. By app ly ing  d if fe re n t  o p tica l encod ing  (i.e. position , density , 

p o la r iza tio n , etc.) techn iques , e ith e r  loca tion - or co n ten t-ad d ressab le  tru th -ta b le s  

can  be im plem ented . T he res idue  num ber (R N ) system  is w ell su ited  fo r  both  

co n ten t-ad d ressab le  (CAM) an d  loca tion -add ressab le  m em ory (LAM ) look-up 

processors. In  T ab le  3.1.1a (T ab le  3.1.1b) 2D tru th  tab le  fo r  m odulo  5 m u lti­

p lic a tio n  (ad d itio n )  is shown. Because w ith  RN s a rith m e tic  opera tions can be 

decom posed in to  a set o f in d ep en d en tly  p e rfo rm ed  subopera tions [1], RN s 

rep re sen t an  e ffe c tiv e  p a ra lle l code. T o access a m em ory loca tion , the p resen t 

position -coded  R N  (PC R N ) look-up tab le  processors u tiliz e  a  2D L E D  (or laser 

d iode) a rra y  [5,7,8] (see F ig. 3.1.1). T he hologram  p erfo rm s m app ing  o f 2D 

tru th - ta b le  e lem ents to ID  resu lt vecto r. The m ajor d isad v an tag e  o f  th is  m ethod 

is th a t ,  fo r  a large  m odulus, a large  nu m b er o f LED s is re q u ire d  (e.g. fo r a 

m odulus m,m2 LED s a re  req u ired ). A lthough  LAM  processors th a t  use sm aller
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num ber (fo r  a m odulus m , 2m , or 4 ^  ) LEDs have been proposed, they 

req u ire  a rea l-tim e op tica l th resho ld ing  elem ent no t read ily  av a ilab le  a t  the 

p resen t tim e [8 ].

In  th is  thesis, a new  rea l-tim e op tica l PC R N  processor is proposed. T he use 

o f a sing le laser source together w ith  tw o com m ercial liq u id -c ry s ta l TV s (LCTVs) 

e lim inates the  com plexity  o f  the  LED ’ a rrangem en t. On the  tw o cascaded  LCTVs, 

the  operands are  represen ted  as tw o m u tua lly  o rthogonal ligh t bars. T h e ir  

in te rsec tio n  a t a LCTV o u tp u t p lane  rep resen ts  a p a rtic u la r  a rith m e tic  result. 

For a specific  a rith m e tic  opera tion , the  co llection  o f ligh t o u tp u t po in ts constitu te  

a PC R N  look-up table. A hologram , p laced  a t  the  LC TV ’s ou tp u t p lane , maps 

each tru th -ta b le  po in t to  a p roper PC R N  resu lt p lane position . A fte r  p resen ting  

th e  d e ta ils  o f th is PC RN  processor, an  experim en ta l PC RN  optica l m u ltip lie r  

w ill be described.

A n op tica l im p lem en ta tion  o f m u ltip le -va lued  logic (MVL) opera to rs  th a t 

em ploys an  op tica l ho lograph ic  look-up tab le  addressed  by a p a ir  o f position- 

encoded liqu id -c ry sta l TVs is proposed. T h is  ch ap te r includes rea liza tions  o f 

op tica l m od ified  s igned-d ig it (MSD) as w ell as Post logic elem ents.

T he MSD num ber system , o rig ina lly  proposed by A vizien is [10], was f ir s t  

in tro d u ced  to op tical com puting  com m unity  by D rake, et. al. [11]. U sing a MSD, 

various e ith e r  d irec t or m ulti-step  op tica l logic processing schem es have been 

proposed [11-13]. R ecen tly , to  speed up  the o vera ll MSD a rith m e tic  opera tion , 

an  op tica l c a rry -free  MSD to b in a ry  num ber conversion schem e has also been 

described  [14]. One advan tag e  o f a MSD num ber system  is its c a p ab ility  to
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p erfo rin  ca rry -free  a rith m e tic  operations. A no ther ad v an tag e  is th a t  its pro­

cessing com plexity  is independen t o f the in p u t’s dynam ic range. To bu ild  an 

N -b it MSD adder, the  MSD logic elem ents a re  in te rconnec ted  in th ree  para lle l 

stages [10-11,13]. U sing a  MSD a d d e r together w ith  an a d d itio n a l a rra y  o f MSD 

logic in v erte rs , a MSD su b trac tio n  can  be perfo rm ed . W ith a num ber o f MSD 

adders, a  fa s t MSD m u ltip lie r  has also been proposed [13]. Thus, to  perfo rm  

op tica l MSD arithm etic , the key com ponent is an  op tica l MSD adder. To date, 

there  a re  th ree , i.e. single-, double- and  trip le -s tep , MSD a d d itio n  m ethods. The 

fas t single- (double-) step  m ethod [18-19] uses an  a rra y  o f 6 -b it (4-bit) optical 

con ten t-addressab le  m em ory processors th a t  a re  d if f ic u l t  to  im plem ent. On the 

o ther han d , the  re la tiv e ly  slow er trip le -s tep  m ethod  req u ires  only 2 -b it optical 

location-addressab le  m em ory elem ents. U sing th is  m ethod fo r  an a d d itio n , only 

fo u r  d if f e re n t  MSD logic elem ents i.e. W, T , W1, a n d  T 1 , a re  req u ired  (see Table

2.2.1 fo r  th e ir  defin itions). The th ree-level in te rco n n ec t o f these fo u r  types of 

logic gates w ill genera te  the MSD a d d itio n  resu lt in  a p a ra lle l fash ion . To 

im plem ent any  o f the fo u r  elem ents, in  the D rak e , et. al.’s approach  [ I I ]  a cascade 

o f one-d im ensional elem ents (a g ra ting , a p rism  and  a b istab le  gate) is used. 

U sing sym bolic su b stitu tio n  tru th -ta b le  gen era tio n  m ethod  only  tw o (a recog­

n itio n  a n d  a scrip tion) cascaded processors a re  req u ired  [13]. N ext, i t  w ill be 

show n th a t  single step  2D op tical tru th -ta b le  processor is su ff ic ie n t.
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3.2 Look-up processor.

O ptica l PC R N  look-up tab le  ca lcu la tio n  is a  tw o stage process. F irs t, a 

look-up  tab le  is g en era ted  an d  stored . N ext, d u rin g  a rea d -o u t stage, operands 

xj an d  y; a re  used as an  address to access an  o p e ra tio n  resu lt. T he  o p tica l PC RN  

look-up  tab le  processor requ ires  th a t, fo r  each  Xi colum n and  yj row  in te rsec tio n  

p a ir , a lig h t pu lse be p roduced . In  o u r app roach , fo r  each o p eran d  an  inexpensive 

LC TV  dev ice  is em ployed. T he o p era tio n  o f a LC TV  is based on the  use o f a 

tw isted  nem atic  liq u id  c ry sta l cell [15-18]. F irs t, th e  in p u t lig h t passes th ro u g h  

a po la rize r, n ex t th ro u g h  a g lass-liqu id -crysta l-g lass cell, a n d  f in a lly , th ro u g h  

an  ana lyzer. Because a t  each L C T V ’s pixel, in  the  absence o f an  ap p lied  e lec tric  

f ie ld , th e  incom ing  beam ’s p o la riza tio n  p lane  ro ta tes  by 90°, a  p a ra lle l an a ly ze r 

b locks th e  lig h t a t the  o u tp u t. In  the  presence o f an  ap p rec iab le  dc e le c tr ic  f ie ld , 

th e re  is a ne t p o la riza tio n  change resu ltin g  in  an  a n a ly z e r  lig h t o u tp u t. By 

cascad ing  tw o LCTVs, a logic A N D  o p e ra tio n  o f the  tw o d isp layed  im ages is 

p e rfo rm ed . O n L C T V i, the f ir s t  operand  xj is a v e rtica l s lit w h ich  position  

d epends on th e  v a lue  o f  Xj. When Xj increases, its  position  is sh if te d  to the  rig h t. 

O n L C T V 2, the  second operand  yj is a h o rizo n ta l s lit w hich  position , fo r  

in creasin g  y-v is s h if te d  dow nw ard . When th e  tw o LCTVs a re  tra n s illu m in a te d  

w ith  a co llim ated  laser beam , the  o u tp u t lig h t rep resen ts  the  desired  a rith m e tic  

resu lt (see Fig. 3.2.1). To p roduce th e  tw o LC TV  im ages, tw o com pu ter g raph ics 

im ag ing  boards a re  u tilized . A t the  LC TV ’s o u tp u t p lane , in  a second stage, a 

ho logram -lens com bina tion  m aps a ll th e  o u tp u t ( tru th - ta b le )  p lane  po in ts  in to  

position -coded  resu lt points. D uring  the  hologram  reco rd in g  stage, a co llim ated
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in p u t beam  is separa ted  by a beam sp litte r in to  a signal a n d  refe rence  arm s. With 

the op tica l 2D addressing  elem ent in  the  signal arm , the  re fe ren ce  a rm  has an  

ad ju stab le  m irro r th a t  tunes the  re fe ren ce  beam ’s d irec tion . By u tiliz in g  d if fe re n t 

re fe ren ce  beam  angles, fo r each resu lt position , a hologram  th a t consists o f a 

2D a rra y  o f  subhologram s w here each subhologram  represen ts a p a rticu la r  

a rith m e tic  resu lt is p roduced. D uring  the  hologram ’s read -o u t process, the  ligh t 

passing th rough  the  cascaded LCTVs illum ina tes  specific  subhologram . I t is then 

d e flec ted  by the  hologram -lens com bination  to  one of the  PC RN  resu lt positions 

(e.g. fo r  a mod m m u ltip lica tio n  th ere  a re  m, from  0  to m -1 , positions).

3.3 Residue num ber processor

In  ou r experim en t, two CASIO (TV 400) 2" d iagonal LCTVs w ere used. To 

illu m in a te  th e  e n tire  LCTV screen , the  632.8 nm  He-Ne laser beam  w as expanded  

and  co llim ated . T he set o f fo u r  re la tiv e  prim e m oduli was 3, 4,. 5, 7. For a  RN 

processor, the  LCTV screens w ere d iv id ed  in to  fo u r  sectors, w ith  each  sector 

co rresponding  to a d if f e re n t  m odulus LAM look-up table. In Fig.3.3.1, th is  LC TV ’s 

screen p a rtitio n  is dep icted . E ach m u ltip lica tio n  operand  was e ith e r a ho rizon ta l 

or a v e rtica l slit (see Fig.3.3.2a an d  3.3.2b). With the ligh t passing th ro u g h  the 

comm on im age points, p a rtic u la r  opera tion  resu lts  (the  b rig h t po in ts in  Fig.3.3.2c) 

w ere genera ted . F o r exam ple, the u p p e r-le ft han d  co rner po in t (3,0) represen ts 

a m u ltip lica tio n  in  m od 4, the u p p e r-rig h t h an d  corner p o in t (2,2) a m u ltip lica tio n  

in  mod 3, the  low er-left hand  co rner po in t (3,4) a in m od 5 and the  low er-righ t 

hand  co rn er po in t (4,4) a m u ltip lica tio n  in  m od 7.
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F or each  m odulus, a lens-hologram  com bination  deflec ts  the  beam  to a
■' '  >•

resu lt plane. The hologram s w ere p roduced  using K odak  649F spectroscopic 

plates. T he co llim ated  in p u t beam  was f ir s t  separa ted , by a beam splitte r, in to  

a  signal an d  re fe ren ce  arm s. W hile the  signal arm  contains 

the LCTVs, the re fe ren ce  beam  was d irec ted  to various an g u la r d irections. As 

an  experim en tal exam ple, a m od 3 m u ltip lica tio n  holographic  m apping is shown. 

T he signal and  re fe ren ce  beam  in ten s ity  ra tio  was 1:3. T he an g u la r spacings 

betw een the  signal and  the  f ir s t  re fe ren ce  beam  was 2 0 ° w hile the angu lar 

separa tion  betw een tw o consecutive re fe ren ce  beams was 5°. For a mod 3 

m u ltip lica tio n , to  fa b r ic a te  a n ine  elem ent com posite hologram , th ree  d if fe re n t 

exposures w ith  the  th ree  an g u la r re fe ren ce  beam s w ere taken . To generate  a 

set o f subhologram s, fo r  each a n g u la r re fe ren ce  beam , a p a rticu la r  m ask was 

used (see Fig. 3.3.3 (a), (b), (c)). A fte r  a chem ical processing, the com posite 

hologram  was positioned  a t  th e  co rrec t re fe ren ce  beam  position. Since the n ine 

subhologram s d if f ra c t  th e ir  in p u t beams in to  th ree  d if fe re n t  o u tp u t d irec tions, 

to o b ta in  the  th ree  position-coded  resu lts, a convex lens was em ployed. To collect 

the signal, in the  lens back foca l p lane, e ith e r a pho tograph ic  film  or a 

pho todetecto r can be used. As an  exam ple, in  Fig.3.3.3d, the  com posite sligh tly  

defocused  ho lograph ic  ou tpu ts  are  shown. In  each case, an  over 5:1 con trast 

ra tio  was observed. F o r each m oduli, a d if f e re n t  subhologram  a rra y  was gen­

era ted  and  the  fo u r  position-coded  m u ltip lica tio n  results w ere ob tained .
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3.4 O p tica l P osition-coded  M ultiple-value Logic and  A rith m etic

3.4.1 O p tica l MSD adder

To genera te  an  op tica l MSD sing le-d ig it a d d itio n  tru th -ta b le , an  op tica l 

2D add ressing  elem ent fo llow ed  by a hologram  is used. T he f i r s t  v a ria b le ’s 

th ree-log ic-levels a re  position-encoded , w ith  the  T o i  channels  o rd ered  fro m  

the  top  to  the  bottom , as the  h o rizo n ta l lig h t b a r channels, a long  the  v e rtica l 

d irec tio n . S im ila rly , the  second v a ria b le  is also position -encoded  an d  d is­

tr ib u te d  from  the  le f t  to  the  r ig h t, as th re e  v e rtica l lig h t bars. W hen the  lig h t 

passes th ro u g h  the  tw o coded logic v a riab le  p lanes, the  m u ltip lic a tio n  o f tw o 

o rthogonal lig h t bars  resu lts , a t the  overlapped  a c tiv a te d  p a r t o f th e  tw o 

p lanes, in  a  lig h t spot. For the  n ine  possible tw o v a ria b le  MSD logic 

com binations, n ine  position-encoded  lig h t spots w ill be de tec ted . T he tw o 

o p tica l add ressing  elem ents access, upon  rece iv ing  the  tw o in p u t values, one 

o f  the  n ine  in te rsec tin g  tru th -ta b le  elem ents. To f u lf i l l  th is  task , two 

liq u id -c ry s ta l TV s (LCTV s) d riv e n  by tw o d ig ita l e lec tro n ic  processors a re  

used. Since th e  n in e  tru th -ta b le  positions have to be m apped to the  th ree  

o u tp u t positions, an  a d d itio n a l o u tp u t m apping  is in co rp o ra ted . T h is  m apping  

is p e rfo rm ed  w ith  a com posite hologram . I t  con ta ins n in e  subhologram s, each 

reco rded  at th e ir  co rrespond ing  tru th -ta b le  positions. These subhologram s 

d i f f r a c t  th e  n ine  LC TV ’s o u tp u t dots in to  th ree  m ark ed  o u tp u t locations. 

S ince a lens m aps a ll id en tica l ang le  in p u t beam s to  a com m on fo ca l po in t, 

in  o u r  app roach , the  n ine  subhologram s a re  d iv id ed  in to  th re e  reco rd ing
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groups. F o r each  reco rd ing  group, w ith  a  m ask th a t selects the  req u ired  

tru th - ta b le  po in ts, a  d if f e re n t  an g u la r re fe re n c e  beam  is used. F o r exam ple, 

to m ap  th ree  tru th -ta b le  d iagonal po in ts to  a  p a r t ic u la r  o u tp u t location , a 

h o log raph ic  p la te , covered by a sp a tia l m ask th a t  b locks th e  o th e r six 

tru th - ta b le  p ixels, is exposed to the  in te rfe re n c e  p a tte rn  fo rm ed  by the 

p e rp e n d icu la r  LC TV  signal an d  an  o ff-a x is  re fe ren ce  beam . T he  th ree  

reco rded  subhologram s, w hen used fo r  rec o n stru c tio n , a re  illu m in a te d  by 

the  p e rp e n d icu la r  LC TV ’s signal beams. T he th ree  d iagona l subhologram s 

w ill d i f f r a c t  the  in p u t beam s to a com m on re fe re n c e  beam  d irec tio n . By 

p lac ing  a lens a f t e r  th is com posite hologram , these th re e  reco n stru c ted  r e f ­

erence  beam s can  be focused  in to  a com m on po in t. W ith th ree  d if fe re n t  

in p u t m asks, using  th ree  d if f e re n t  exposures an d  th re e  re fe re n c e  beam  

d irec tio n s , v a rious  MSD ho lograph ic  m apping  elem ents can  be im plem ented . 

T hus, w ith  an  increase  in  processing d im ensions, o p tica l MSD a d d itio n  logic 

e lem ents can be im plem ented.

3.4.2 O th e r  O p tica l MVL O pera tions

U sing th is  2D op tica l ho log raph ic  tru th -ta b le  m ethod, o th e r  tw o v a riab le  

o p tica l M VL o pera tions can  also be im plem ented . F o r exam ple, fo r  fas t 

a r ith m e tic  com puta tions, th ere  are  m ethods th a t  use large  ra d ix  e ith e r  signed 

(re d u n d a n t)  o r unsigned-num ber system s [10-11,20-21]. In  e ith e r  case, by 

t ra n s fe r r in g  an d  processing m ore in fo rm a tio n  th ro u g h  each  connection  per 

u n it  tim e, the  use o f  la rger rad ix  num ber system s leads to an  increase  in
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th e  logic pow er a n d  pack ing  d en sity  over th e ir  b in a ry  co u n te rp a rt. H ere, as 

sp ec ific  exam ples, Post M VL o pera tions a re  described .

S im ilar to  the  Boolean O R  an d  A N D logic opera tions , in  Post MVL, 

the  so-called m axim um  (M AX) and  m in im um  (M IN) logic o pera tions a re  used 

[20]. For the  tw o in p u t v a riab les  x, y, M AX (x,y) = x i f  x > = y an d  M IN (x,y) 

= x i f  x <= y. In  T ab le  3.4.1 (a) an d  (b), fo r  a  te rn a ry  case, the  tw o logic 

fu n c tio n s  a re  tab u la ted . The Post logic M AX and  M IN fu n c tio n s , together 

w ith  o th er u n a ry  op era to rs , fo rm  a  com plete logic set. S im ila r to a  b in a ry  

N A N D  logic o p e ra tio n , a un iv ersa l Webb logic e lem ent [10] (see T ab le  3.4.1c) 

has also been d e fin e d . Since these and  o th er tw o-variab le  M VL fu n c tio n s  

can  be expressed as tru th -ta b le s , fo r  th e ir  o p tica l im p lem en ta tions, an  

id en tic a l process can  be fo llow ed.

3.4.3 E xperim en ta l resu lts

To dem o n stra te  th e  proposed concepts, some p re lim in a ry  experim en ts 

w ere perfo rm ed . F o r th e  position-encoded  MSD tru th -ta b le  addressing , tw o 

cascaded  LCTVs (C asio T V  400) w ere used. E ach LC TV  was p rogram m ed .to  

d isp lay  a position -encoded  e ith e r  h o rizo n ta l or v e rtica l s lit. To fu lly  u tilize  

the  LC TV ’s screens, each  screen  was p a rtitio n e d  in to  e ig h t id en tic a l a reas 

rep resen tin g  an  8 -b it  MSD num ber (as an  exam ple see Fig.3.4.1 (a) an d  (b)). 

T he passage o f  th e  in p u t beam  th ro u g h  the  tw o LCTVs resu lts  in  e igh t 

position-encoded  o p tica l dots th a t  rep re sen t the  co rrespond ing  ho lograph ic  

m em ory address code o f  the  MSD a rith m e tic  o p e ra tio n a l resu lt. In  ou r
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experim en t, the  observed LCTV  d isp lay  con trast was b e tte r  th an  5:1 (see 

Fig.3.4.1c).

In the  ho lograph ic  p la te  1.5 X 1.5 cm 2 a p e rtu re , n ine  subhologram s 

w ere recorded. To genera te  the  nine e lem ent com posite hologram , fo r  the  

th ree  d if fe re n t o u tp u t en tries, th ree  exposures each w ith  a d if f e re n t  an g u la r 

re fe ren ce  beam  w ere taken . For optical MSD a d d itio n , a f te r  the  chem ical 

process, the  re fe ren ce  beam  illu m in a ted  com posite ho logram  w as placed a t 

the  o rig in a l position . As exam ples, in Fig.3.4.2, the pho tographs o f the  fo u r  

in p u t m asks a n d  th e  com posite ho lographic  ou tpu ts  (sligh tly  defocused) fo r  

MSD a d d itio n  gates W, T, W1 and  T 1 a re  shown. F or the  Post logic, the  top 

fig u re s  (Fig.3.4.3 (a)-(b)) correspond to  M AX, an d  the  un iv ersa l Webb 

opera tions, respectively . In each case, the  n ine  tru th -ta b le  po in ts w ere d iv id ed  

in to  th ree  groups and  each being  recorded  w ith  a p a rtic u la r  a n g u la r re fe ren ce  

beam . The bottom  p ic tu res  o f Fig.3.4.3(a)-(b) show the  co rrespond ing  holo­

graph ic  m apping  resu lts. These results w ere o b ta in ed  a t sligh tly  defocused  

o u tp u t plane.

3.5 Sum m ary and  conclusions

In  the  conclusions, lim ita tio n s  o f position  coded look-up tab le  processor 

a re  discussed. For a  position  coded residue num ber (PC R N ) look-up tab le  pro­

cessor, the  a rith m e tic  opera tion  resu lt is m apped to  a g iven  tru th -ta b le  position. 

The p resen t com m ercially  ava ilab le  LCTVs a re  lim ited  to 500 X 500 pixels. The 

size o f  th is d isp lay  lim its the  dynam ic  range o f an  R N  processor. By increasing
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the num ber o f ne ighboring  LCTVs, e.g. using  a set o f fo u r  LCTVs, th is  lim it 

can be increased  to say 1000 X  1000 pixels. In  th is co n fig u ra tio n , each  LCTV 

disp lays one fo u rth  o f the w hole look-up tab le . In a d d itio n , fo r  k  d if fe re n t 

residue  num bers, each  LCTV screen can  be sub -d iv ided  in to  k parts , rep resen ting  

a p a rtic u la r  m odulus PCRN look-up table. For each m odulus, a separa te  

d e fle c tin g  hologram  (each consisting o f a set o f subhologram s) m ust be generated .

For the ex isting  L E D /L D  look-up processor, the lig h t source com plexity  

rap id ly  increases w ith  the  R N ’s dynam ic  range. O n the o th e r hand , the  proposed 

LC TV -based processor requ ires, regard less o f the  R N ’s dynam ic  range, only a 

single lig h t source. To increase th e  speed o f  th is  PC R N  processor, a su rface  

stab ilized  fe rro e lec tric  LC (SSFLC) p la te  m ay be used. I t has been in d ica ted

[20] th a t  a 1000 X  1000 SSFLC gate a rra y  (assum ing 4 \i2/gate) w ill opera te  a t 

1 MHz fram e  rate .

T h is  processor’s physical dim ensions a n d  its  addressing  speed (m illiseconds) 

are  no t com petitive  w ith  a co rresponding  e lec tron ic  co u n te rp art. H ow ever, fo r 

MSD m um ber-based lookup tab le  processor, since a h igh reso lu tion  LCTV has 

500 X 500 pixels, i t  is possible to p a rtitio n  these LC TV ’s in to  an a rra y  o f 

id en tica l 80 X 80 addressing  cells each  co n ta in in g  6 X 6  (using a guard  band 

betw een tw o addressing  pixels) lig h t pixels. T hus, fo r  each  processing fram e (33 

ms), a p a ir  o f  6400-bit MSD num bers can be processed. When a large a rra y  of 

such LC TV ’s are used, the  processing th ro u g h p u t im proves. To acqu ire  a h igher 

processing ra te , o th er fa s te r  2D m odula to rs, such  as o p tica l b istab le , op tical 

phase con jugation , op tica l second-harm onic  genera tion , m ust be used. To sum ­

m arize , the  use o f transm ission  type LCTVs fo r  a PC R N  look-up tab le  processor
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has been described . A n experim en ta l fo u r  m oduli op tica l PC R N  m u ltip lie r  

processor has been p resen ted . In  o u r experim en t, a sligh tly  m o d ified  inexpensive 

LC TV s, (CASIO T V  400) w ere used. The proposed processor’s dynam ic  range  is 

lim ited  by the  nu m b er o f  av a ilab le  LC TV  pixels. By com bin ing  a nu m b er o f 

sep ara te  LCTVs, a h igh  dynam ic  range o p tica l m u ltip lic a tio n  can be achieved . 

To m ap the  look-up tru th -ta b le  resu lts  in to  PC R N  o u tp u t channels, ho log raph ic  

beam  d ire c to rs  w ere used. A n op tica l tw o-variab le  M VL h y b rid  processing schem e 

has been proposed. To im p lem en t a p a r t ic u la r  o p tica l M VL o pera tion , a ho lo ­

g rap h ic  o p tica l lo ca tion -add ressab le  tru th -ta b le  look-up  m ethod has been used. 

T he proposed  device con ta in s  a 2D position-encoded  e ith e r  E -0  or a ll-o p tica l 

add ressing  elem en t fo llow ed  by a com posite hologram . Exam ples o f im p lem en ting  

o p tica l MSD, Post as w ell as Webb logic elem ents w ere given. P re lim in a ry  

ex p e rim en ta l resu lts  w ere also p resented .
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U>oo Fig. 3.1 .1 .O p tica l position  coded lookup  tab le  processor a rc h ite c tu re .
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Fig. 3.3.2 A ddressing  o f  an  ex p e rim en ta l PC R N  processor, (a) the  fo u r  h o riz o n ta l b a rs  (the  
f i r s t  o p e ra n d ) rep re sen t n um bers  2, 3, 3, 4 fo r  m od 4,3,5,7 m u ltip lic a tio n s , respec tive ly ; (b) 
the  fo u r  v e rtic a l ba rs  (th e  second o p eran d ) rep re sen t num bers 2, 0, 4, 4 fo r  th e  m odu li 4, 3, 
5, 7, respec tive ly : (c) the  logic A N D  o p e ra tio n  p e rfo rm e d  on th e  im ages o f  Fig. (a) an d  (b).
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Fig. 3.3.3 T he  3X 3 ho logram  used to  m ap the  PC R N  m od 3 m u ltip lic a tio n  tru th  tab le  en tries . 
In (a), (b) a n d  (c), th e  ho logram  rep resen ts  th e  PC R N  level 0, 1 an d  2, respec tive ly , w hile  in 
(d) the  h o lo g rap h ic  m app ing  resu lt a t the  processor’s s lig h tly  d efocused  o u tp u t p lane  is show n.
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Fig. 3.4.1. T he e x p e rim e n ta l re su lt fo r MSD tru th  tab le  add ressing ; (a), (b) T he tw o LC TV  screens are 
p a rtitio n e d  to  d isp lay  tw o position -encoded  8 -b it MSD num bers, (c) T he  o v e rlap p in g  resu lt o f  (a) and  (b).
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Fig. 3.4.2. T he  e x p e rim e n ta l h o lo g rap h ic  m apping  fo r  MSD gates, (a) W, (b) T , (c) W1 and  (d) T 1. Each of 
the n in e  subho logram s is d iv id e d  in to  th ree  g roups th a t  a re  reco rded  w ith  th re e  exposures. W ith a lens, the 
m apping  resu lts  a re  tak en  fro m  a s lig h tly  defo cu sed  p lane .
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T ab le  3.1.1. T ru th  tab le  fo r  m od 5 (a) m u ltip lic a tio n , (b) a d d itio n .
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2 2 2 2 2 0 1 2 2 0 0 0
WEBB (AB) 

( c  )

T ab ic  3.4.1. T ru th  tab le  fo r  the  te rn a ry  tw o -v ariab le  Post a lgeb ra  (a) M axim um  (M A X), (b) M inim um  (MIN) 

and (c) u n iv e rsa l W ebb logic gates.



IV . C O N TE N T ADDRESSABLE M EM ORY-BASED PR O C E SSIN G .

4.1 B ackground

T he  p a ra lle lism  an d  in te rco n n e c tiv ity  o f o p tica l system s c o n stitu te  a m ajor 

ad v a n ta g e  in  m assively  p a ra lle l op tica l processing schem es. T he  need  fo r  

h igh-speed  d a ta  processing has b rough t a w ide in te re s t in  m em ory-based  Boolean 

fu n c tio n s  im p lem en ta tion . Since any a rith m etic -lo g ic  o p era tio n  can  be re p re ­

sen ted  as a set o f  Boolean fu n c tio n s  (expressed as a sum  o f p ro d u c t term s), by 

s to rin g  these p ro d u ct term s in  a c o n te n t addressab le  m em ory (CAM) fa s t op tica l 

a rith m e tic -lo g ic  processor can  be im plem ented.

O p tica l co n ten t add ressab le  m em ory (CAM) has been ex tensively  s tu d ied  

fo r  o p tica l s ignal processing ap p lica tions. F ea tu re s  such as m em ory e ff ic ie n c y  

(com pared  to LAM), fa s t processing speed and  design f le x ib il ity  a tt ra c t  the  

a tte n tio n  o f  the o p tica l com m unity . H olograph ic  CA M -based processing app lied  

fo r  o p tica l com puting  was in tro d u ced  by T. G ay lo rd  and  et. al [1-3]. H ere, a 

new  concep t o f non-ho lograph ic  CAM  used to design a num ber o f d i f f e re n t  

a rith m e tic -lo g ic  processors is p resen ted . T h is has a num ber o f  ad van tages  over 

a h o lo g rap h ic  im p lem en ta tion , in c lu d in g  ( 1 ) ease o f a lignm en t, i.e. no phase- 

m atch in g  betw een  reco rd ing  and  reco n stru c tio n  invo lved , (2 ) no zero -o rder 

d if f ra c tio n  loss a n d  (3) no crosstalk .

U sing  non-ho lograph ic  CA M -based processing, logic fu n c tio n s  a re  encoded 

using a set o f sp a tia l sym bols. For a m -level logic fu n c tio n , m o rthogonal sp a tia l
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symbols a re  required . Thus, a spatia lly  encoded logic fu n c t io n  is represented 

by a m atr ix  of spatia l  symbols where each product te rm  is encoded as one 

column. To evaluate  the  logic func t ion  fo r  a specific  in p u t  sequence, the CAM 

mask is i l lum inated  by a reconfigurab le  set o f light sources. The transm itted  

light is summed along each column, detec ted  and  thresholded. D epending on the 

spatial encoding m ethod, the ou tpu t  result can be active h igh or active low. In 

the f i r s t  case, the m axim um  transm itted  ligh t indicates resu lt  "logic one", while 

in  the  second case, m in im um  light in tens ity  corresponds to result "logic one". 

The spatia l  symbols used in active the h igh approach a re  negative of spatial 

symbol used in the active low case.

In this chapter, m ultilevel as well as b inary  variab les  are  considered. 

A pplica tion  of CAM fo r  arithm etic-log ic  processors u til iz ing  b inary ,  residue, 

s ign/log, an d  m odif ied  signed-digit num ber systems a re  presented. To success­

fu lly  im plem ent a rithm etic-log ic  processors fo r  non-b inary  num ber systems, 

fo rw ard  an d  backw ard  conversions betw een b inary  and  o ther  num ber  systems 

are addressed.

The application  o f  CAM is ex tended  to so called h igher-o rder  symbolic 

substi tu tion  (SS), one of the f requen tly  m entioned  optical paralle l  computing 

techniques. Symbolic substi tu tion , a pow erfu l  optical para lle l  d ig ital  computing, 

is a p a t te rn  replacem ent operation. The basic SS is a two step method: (1) the 

recognition  o f  a p a rt icu la r  p a tte rn  in the in p u t  d a ta  a rray , and  (2 ) its replacem ent 

w ith a n o th e r  pa tte rn  accord ing  to a given substi tu tion  rule. The original SS 

b inary  add it ion  rule was described  by H uang  [4] but o ther  several-b it  SS, also 

called h igher-o rder  SS, rules were suggested by K ozaitis  [5]. Using dual-ra il
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(DR) encod ing  scheme (see Fig.4.1.1a), s ixteen h igher  o rd e r  su b s ti tu t ion  rules 

fo r  2-bit a d d it io n  a re  shown in Fig.4.1.1b. In the  case o f  conven tiona l SS fo r  

b in a ry  num bers, tw o bits  can  be processed a t  the  same time, im ply ing  n-stage 

com puta tion  fo r  n -b it  numbers. Using h igher-o rder  SS, m ore b its  can  be processed, 

w hich  provides  h igher  com puta tiona l speed. F o r  longer th a n  2 -b it  num bers, e.g. 

4-bit num bers , app ly ing  some rules of Fig. 4.1.1b, a d d i t io n  resu lt  can be ob ta ined  

in  two steps (see Fig. 4.1.1c fo r  ad d it io n  of two b in a ry  num bers  0011 and  1010). 

A pp ly ing  SS rules inco rpora t ing  larger  num ber o f  bits, f u r th e r  speed increase 

can  be achieved . A pply ing  h igher-o rder  SS rules, m u lt i-v a r iab le  logical func t ions  

can be ca lcu la ted  in a one step. Using SS, various  im age processing techniques, 

such as skele ton iza tion , m orphological processing, m ed ian  f i l te r in g ,  syn tac tic  

p a t te rn  recognition , and  local image processing, have  also been suggested [6 - 1 0 ]. 

Here, h igher-o rder  SS can  prov ide  recognition  and  su b s ti tu t io n  of la rger  w indow  

elem ents, reduc ing  num ber  o f  steps requ ired  in  case o f  conven tiona l  SS. In this 

thesis, symbol recognition  based on CAM is p resen ted  an d  experim en ta lly  

im plem ented.

4.2 Multilevel spa tia l  encoding

To successfully  construc t  a CAM-based processor (1) a logic fu n c t io n  must 

be im plem ented  using a CAM mask, and  (2) the  encoded  fu n c t io n  m ust be 

e v a lu a ted  fo r  d i f f e r e n t  inpu t  sequences. Fo r  a logic fu n c t io n  rep resen ted  as a 

sum o f  p roduct  terms, the  CAM mask is a f ix ed  b in a ry  m ask, w here  each mask 

co lum n represents  a d i f f e re n t  p roduct term. In m any  cases, m ultilevel  variab les
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are need to be encoded to pe rfo rm  an  arithm etic-log ic  operations.

To encode logic variab les e i the r  ac tive  low or h igh  logic can be applied. 

For a high (low) level logic an d  fo r  an m-level position coded variab les only 

one e lem ent o f  the  spa tia l  symbol t ransm it  (blocks) the inc iden t l ight. To encode 

a "total don’t care" ("Ax") element, for an  ac tive  h igh (low) logic, an  all pass 

(block) spa tia l  symbol is used. Thus the spa tia l  symbols fo r  active high logic 

are  the  negative of spa tia l  symbols fo r  ac tive  low logic. In Fig. 4.2.1 a-d (4.2.2 

a-d), f o r  ac tive  high (low) logic, a set o f  spatia l  m ulti-ra i l  position coded symbols, 

for 5-, 4-, 3- and 2-level variab les is shown. To encode a p roduct of logic variables 

the spa tia l  symbols a re  aligned in to  one colum n. Fig. 4.2.3a (b) represents spatial 

active h igh (low) encoding  of a p roduct a , b 3 c 0using 4-level variables. For an 

n-variab le  p roduct te rm  (where each logic variab le  assumes levels between 0  

and m-1), the  total, num ber of elements K  in one colum n is equal to

For a fu n c t io n  consisting of p-product terms, p-columns are  inc luded  in the 

CAM m ask and  the to ta l num ber of spatia l  symbols NT incorporated  into the 

CAM mask is equal to

In Fig. 4.2.4a (b) ac tive  high (low) spatia l  encoding o f  a sum of th ree  product

K = mn. ( 3 . 2 . 1 )

N t = K p  = n m p ( 3 . 2 . 2 )
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terms fo r 3-level logic variables

F ( a , b  , c )  = b 0c 3 + a xb xc 2 ( 3 . 2 . 3 )

is shown.

To evaluate  the logic fu n c t io n  fo r  a p a r t icu la r  in p u t  sequence, the  CAM 

mask is i l lum ina ted  by a set o f  line sources. With each m-level logic variable, 

m light sources a re  associated, w here one ligh t source i llum inates  only one CAM 

m ask’s row.

Consider as a simple m ultip lica tion  exampl, two decim al num bers A and  

B, each in  the range f rom  0 to 3. In Table 4.2.1, the m inim ized  t ru th  table fo r  

the  m ult ip l ica t ion  result is given. To represent possible m u ltip lica tion  results, 

seven func t ions  Fo> Fi> p 2> F 3 , ^4> I*6i Fq corresponding  to 0, 1, 2, 3, 4, 6 , 9 

ou tpu t  results, respectively, are  required . In Fig. 4.2.5a (b), using position coded 

represen ta tion , the  CAM mask corresponding to the  func t ions  F ; (i=0, 1, 2, 3, 4, 

6 , 9) fo r  high (low) level logic case is shown. To pe rfo rm  a p a r t icu la r  m u lti­

p lica tion  e.g. 2 X 3 ,  row num ber 2 corresponding to the  variab le  A and  row 

num ber 3 corresponding to the va riab le  B are  illum inated . In Fig. 4.2.5c (d), fo r  

the  ac tive  high (low) logic, transm itted  light in tens ity  is shown. To ob ta in  the 

m ult ip l ica t ion  result, a high (low) level th reshold  opera tion  is perfo rm ed . For 

high (low) level logic, the  m axim um  (m inim um) t ran sm itted  ligh t in tensity  

represents  the result. The num ber of functions  Fj is equal to the num ber  of all 

possible d i f f e re n t  ou tpu t  results. For a high dynam ic  range inpu t  num bers, a
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large num ber of ou tp u t  functions  is required . Using a b in a ry  encoded  repre­

senta tion , the  num ber  of logic functions  is reduced. In this case, a multilevel 

variab le  is substi tu ted  w ith  a corresponding b inary  representa tion .

4.2.1 S pa tia l  encoding fo r  MSD based processor

MSD ad d it io n  requires the  encoding o f  3-level logic variab les , where 

each variab le  can assume any  o f  the three values 1 . 0 . 1. In this thesis, active 

low logic is app lied  fo r  MSD variables encoding. In Fig. 4.2.6. a, b, c spatia l  -» 

symbols representing  1 , 0 , 1 ,  respectively, a re  shown. Since, one o u tp u t  d igit 

is a func t ion  of six inpu t variables, each of the  six inpu t  variab les is 

position-encoded in to  three  spatia l  channels each o f  w hich  represents  one of 

the th ree  logic levels 1 ,0 ,1 .  These six variables span a ID d is tr ib u t io n  of 

18 channels  (pixels). For a m ulti  value logic (MVL), encoding o f  "total 

don ’t-care" (A*) and  "partia l  don’t care" (Ayz), w here x,y can be 1 0 , 1 1 ,T o  

, is needed (see Fig. 4.2.6. D-g). As an example consider encoding  o f  the 

reduced  s ix-variab le  refe rence  pa tte rn  AIjA"'1 Ax'2BoBi'1 BH2. In pa rt icu la r ,  

an  18 pixel CAM mask is designed to block the transm ission o f  all possible 

l ight appearance  positions corresponding to all the  possible in p u t  com bina­

tions. Fo r  example, fo r  the f ir s t  variab le  A"T, the possible ligh t appearance  

will be in the top and  bottom  channel pixels. Thus, the  CAM m ask fo r  this 

d ig it  is designed to block these two positions. The mask fo r  the d ig its  .4, and  

Ax will block the ligh t at the top and all the three positions, respective ly  (see 

Fig. 4.2.6h fo r  encoding o f  the  whole p roduct term).
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In section 4.3.2.1, i t  will be shown th a t  to ob ta in  a single ou tpu t,  56 

p roduct  terms are  requ ired  to be stored in to  a CAM mask. With the  design 

of th is  mask, the CAM write-process is completed. T he  mask is then  placed 

in f ro n t  of a lens. Fo r  a CAM  readou t ,  any  o f  the  twelve in p u t  l igh t  pa tte rn s  

corresponding  to the  stored com pact re fe rence  p a t te rn  will not be tran sm itted  

a n d  a d a rk  ou tpu t  will be observed. T he  thus  de tec ted  "zero" in tens ity  is 

th resho lded  an d  fo r  a b r ig h t- tru e  logic m atch ing  result, e lec tron ica lly  

inver ted .  On the  o ther  hand , in p u t  l igh t  com bina tions  th a t  do no t m atch the 

coded re fe rence  p a t te rn  positions will p roduce  some residue  light. This  residue 

signal, a f t e r  a th reshold  detec tion  fo llow ed  by a logic inversion , will yield 

a t ru e  "zero" in d ica tin g  a p a t te rn  m ism atch. Using th is  scheme fo r  a m ulti-b it  

ad d it io n ,  a para lle l  ID  (horizon ta l)  ex tension is possible. In ad d it io n ,  since 

a m ultip le -d ig it  MSD a d d e r  is a pa ra l le l  ex tension  o f  a s ingle-digit  MSD 

ad d e r ,  the  MSD algorithm  lends i tse lf  to  be im plem ented  as a m ultip lexed  

CAM.

4.3 B inary  function  encoding

With b in a ry  logic, a logic fu n c t io n  can  be spa tia lly  encoded  using e ither  

an  ac tive  low or high level logic. Using a d u a l- ra i l  (DR) CAM mask encoding  

scheme (see Fig. 4.3.1), the in p u t  d a ta  is en te red  v ia  two ligh t sources. By 

a c t iv a t in g  the lower (upper) l igh t  source, a "1" ("0") is in troduced . To encode a 

logic va r iab le  A in to  a CAM mask, a D R  spa tia l  symbol of Fig. 4.3.1a is used. 

Using the  spatia l  symbol of Fig. 4.3.1b, its co m p le m e n t /!  is encoded. Fo r  active
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high  (low) logic, d i f f e re n t  "don’t care" element ("x") encoding  is requ ired . For 

ac tive  high (low) logic, an "x" is encoded using the  spatia l  symbol of Fig. 4.3.1c 

(d). As an  exam ple o f  an ac tive  h igh encoding  scheme, assum ing a 3-variable  

p ro d u c t  te rm  abc sum of variab les is encoded in to  a CAM mask

F = CL + b + C , ( 4 . 3  .1 )

using the spa tia l  symbol o f  Fig. 4.3.1a, the variab les  a an d  b a re  encoded, while 

using a  symbol o f  Fig. 4.3.1 b, the  va riab le  c is encoded. In Fig. 4.3.2a, the spa tia lly  

encoded  CAM  mask represen ting  the term  ab c is shown. To estab lish  the p roduct  

te rm  logic value  fo r  a p a r t icu la r  in p u t  sequence, the  mask o f  Fig. 4.3.2a is 

i l lu m in a ted  by th ree  pairs  o f  l igh t  sources. But only one source f rom  each pa ir  

is ac tiva ted .  This t ra n s il lum ina t ion  in tens ity  p a t te rn  represents  the  logic p roduct 

o f  the  in p u t  source p a t te rn  an d  the CAM mask. I f  a p a r t icu la r  in p u t  va riab le  

is equa l to one (zero), the lower (upper) e lem ent of the  spatia l  symbol is i l lu ­

m ina ted . Fo r  example, to eva lua te  the p roduct  te rm  fo r  the  in p u t  a= l ,  b=0 and  

c=0, the  elements 2, 3 and  5 a re  i l lum ina ted  (see Fig. 4.3.2b). T he  l igh t t ran sm itted  

th rough  the CAM m ask is summ ed i.e.

F(  1, 0 , 0 )  = 1 x a  + 0 x 6  + O x c . ( 4 . 3 . 2 )

w here x represents  the  p roduct betw een the in p u t  l igh t  p a t te rn  an d  the  CAM
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mask. To establish  the  logic value o f  the  p roduct  term , the  l igh t  in tens ity  

t ra n sm it te d  th rough  the  mask is th resholded . T he  t ran sm itted  in tens ity  co rre ­

sponding  to a single va riab le  e.g. a is equal to 1 fo r  the  cases I x a . O x a a n d  is 

equal to  zero fo r  l x a . O x a .  Since fo r  a th ree  va riab le  p roduct  te rm  the sum of 

the  t ran sm itted  ligh t in tens ity  can  assume an y  one o f  the fo u r  levels (0 , 1 , 2 , 

3), by se tt ing  the thresho ld  betw een in tens ity  levels 2 a n d  3, the f in a l  result  is 

ob tained . The in tens ity  above (below) the thresho ld  level ind ica tes  th a t  the  

p ro d u c t  te rm  equals  one (zero). The in tensit ies  above the  th resho ld  a re  ob ta ined  

fo r  a = l ,  b = l,  c=0 (see Fig. 4.3.2c). For the  o u tp u t  logic fu n c t io n  F, expressed as 

a sum o f  p p roducts  Fj ( i= l ,  2,.. p), the  th resho ld  logic opera tion  can be expressed

F, t  ( 4 . 3 . 3 )
i -  1

w here f. denote  a p-variab le  b in a ry  O R  and  T represents  a th resho ld  opera tion  
1

a t  a h igh  in tens ity  level. In th is  case, each p ro d u c t  te rm  is encoded as a separa te  

co lum n o f  the  CAM  mask. Using an  ac tive  h igh logic, a logical fu n c t io n  (sum 

o f  p roducts)  is im plem ented  by logically  O R ing  the  th resho lded  outputs . I f  a t  

least one colum n in tens ity  is above the threshold , the o u tp u t  fu n c t io n  is equal 

to a one, i.e.

1 i f  l i ( T h( P i) = l )
F = ( }. ( 4 . 3 . 4 )

^0 i f  V i ( 7 /l( F /) = 0 ) /   ̂ '
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On the  o ther  hand , fo r  an  active low logic, the sum o f  the complemented 

variab les

F = a  + b + c ( 4 . 3 . 5 )

is encoded into the CAM  mask (see Fig. 4.3.2d). Using an  iden tica l  (to active 

h igh case) l ight source a rrangem ent, the trans il lum ina t ion  shown on Fig. 4.3.2e 

is represen ted  as

By th resho ld ing  the ou tpu t  in tens ity  a t  a low (between levels 0 an d  1) in tensity  

level, fo r  an  in tens ity  below (above) threshold , the logical value o f  one (zero) 

is ob tained . Since fo r  the  active low logic, the  result is ind ica ted  by the lack 

o f  o u tp u t  light, to ob ta in  an  active high result, an  inversion o f  the  ou tpu t 

in tens ity  is required . I f  the  logic func t ion  F is expressed as a sum o f  p products  

Fi, the  threshold  opera tion  can be expressed

where T t is the th resho ld  opera tion  pe rfo rm ed  at a low in tens ity  level. I f  a t  

least one ou tpu t colum n in tensity  is below the threshold, the  logic func t ion  is

F(  1, 0 ,  0 )  = 1 x a  + 0 x 6  + Ox.  ( 4 . 3 . 6 ) .

F ( 4 . 3 . 7 )
i- 1
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equal to a one, i.e.

As an  example, consider the m u ltip lica tion  of two 2-bit BNs A=A 0 A 1 and 

BsBiBo. The 4-bit m u ltip lica tion  result  is represented  by the fo u r  logic functions  

F3> F 2» F j,  F 0. The m inim ized functions  are

For each  ou tpu t  logic func t ion , each p roduct te rm  is encoded as a colum n in 

the CAM  mask. Using D R  spatia l symbols, in Fig.4.3.3a, the corresponding  CAM 

masks a re  shown. To evaluate  the  Fi functions  fo r  a specific  inpu t  sequence, 

the corresponding  CAM mask rows a re  illum inated . For example, fo r  the  inputs  

A0  = 0, A x = 1, B0  = 1, Bj = 1, the rows 1, 4, 6  a n d  8  are  i llum inated . Along each 

colum n, the  light t ran sm itted  th rough  the mask is in tegrated . In Fig. 4.3.3b, the  

in tens ity  in tegra tion  result  is shown. The h ighest in tens ity  was de tec ted  fo r  the

V o - ( 4 . 3 . 9 a )

F 2 A qA xB x + A xB qB x% ( 4 . 3 . 9 c )

F 3 A xA qB , B 0. ( 4 . 3 . 9 d )
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functions  F x and  F 2. I f  a t  least one total column in tens ity  is above the  threshold 

level, the  logic func t ion  is equal to one, o therw ise  the resu lt  is a zero.

Assuming an n -variab le  product,  the m axim um  tran sm itted  light in tensity  

th rough  CAM colum n is equal to n l t (where I t represents l igh t  in tens ity  trans­

m itted  th rough  one D R spatia l symbol). T he  ligh t passing th rough  the CAM 

mask is summed along each colum n, detected  a n d  thresholded. By se tting  the 

threshold  level at

in tens ity  m axim a are  detected. In Fig. 4.3.3b, w here the  m axim um  transm itted  

in tens ity  is 4 It, the  threshold  level is set a t

For m u ltip lica tion  example of 2 X  3 (see Fig. 4.3.3b), the in tensit ies  corresponding 

to func t ions  F x and  F 2 are above the thresho ld  thereby  genera ting  the result 

0110 ( F 3=0, F 2= l,  F x=1, F 0=0). In Fig. 4.3.3c, the  CAM m ask fo r  the  ac tive  low 

logic is shown. Here, the lowest t ransm itted  in tensity , below a single channel 

in tensity , ind ica tes  th a t  the value of the logic fu n c t io n  is a one. In Fig. 4.3.3d, 

the t ran sm itted  in tens ity  d is tr ib u t io n  corresponding to 2 X  3 is shown. For the

( 4 . 3 . 1 0 )

71
~2

( 4 . 3 . 1 1 )
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fu n c t io n s  F 2 a nd  F x, the  lowest in tens ity  was detected . To establish a  logic value, 

the  o u tp u t  resu lt  is th resholded  a t  a low in tens ity  level an d  the  resu lt  F 2= l ,  

F 2=0, Fx=0 a n d  F 0= l was obtained . For a low level logic, regardless o f  the  num ber  

o f  variab les  in  a logic func t ion , the  th reshold  level is set to

( 4 . 3 . 1 2 )

4.4 Active low logic, active high logic comparison.

In  th is  chap ter,  some d if fe re n c es  betw een ac tive  high an d  ac tive  low 

approaches are  presented. In the  low level approach , an  invers ion  step is nec­

essary, w hile  in the  case o f  the  ac tive  h igh logic, the  invers ion  step is no t 

requ ired .  These two approaches requ ire  detectors  a rrays  w ith  d i f f e r e n t  

charac te r is t ics .  In case o f  the  low level logic, the de tec to r ’s dynam ic  range can  

be re la t ive ly  low (only two levels a re  required). For the  high level logic, the  

dynam ic  range  has to be increased to accom m odate  the  larger  num ber  of d i f f e r e n t  

in tens ity  levels. For  an  n -var iab le  fu n c t io n ,  the dynam ic  range  o f  a t  least n 

levels is requ ired . This  requ irem en t  can be easily sa tis f ied  considering  detec tors  

c u rre n t ly  ava ilab le  on the m ark e t  w ith  dynam ic  range  ~50db.

An add it io n a l  d i f fe re n c e  betw een the  ac tive  low an d  active h igh  approaches 

concerns the  u n i fo rm i ty  of l igh t  d is t r ib u t io n  fo r  each channel. T he  ac tive  high 

app roach  requ ires  each  channel to  produce  light w ith  iden tica l  intensities . To 

im plem ent n -var iab le  logical fu n c t io n ,  n l igh t  sources are  ac tiva ted . Due to
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tem pera tu re  changes, power f lu c tu a t io n  an d  d if fe re n c e  in  l igh t  source c h a r­

ac teris tics , each  source produces a l igh t  beam  w ith  a s ligh tly  d i f f e r e n t  in tens ity  

I t ±e, w here  e is the m axim um  in tens ity  devia tion . F o r  the  ac tive  h igh  logic, the 

th resho ld  level should  be set accord ing  to eq. (4.3.10). D ue to in tens ity  in teg ra t ion  

a t  the  de tec to r  p lane, the  to ta l in tens ity  can  be expressed as

w here  A; can assume an y  value  f ro m  in te rv a l  ( - 1 , 1 ) an d  n is the  num ber  of 

variables. Consider the  w orst case w hen A p-1  fo r  i= l  to n. In  o rder  to detect 

ou tp u t  symbols, the  fo llow ing  cond it ion  has to be sa tis f ied

n

( 4 . 4 . 1 )
i -  1

( 4 . 4 . 2 )

giv ing  the  cond it ion  fo r  the  m axim um  in tens ity  d ev ia t ion  e

( 4 . 4 . 3 )

T he last equa tion  ind ica tes  th a t  fo r  la rger  n u m b er  o f  channels  be tte r  LD ’s 

u n i fo rm i ty  is required .

For the  ac tive  low logic the  th resho ld  is set a t  low level 1/2 I t. The worst



case is i f  one LD is ac tiva ted  and  produces in tensity  below the thresho ld  level. 

To p roperly  detect the  ou tpu t logic value, the  fo llow ing cond it ion  m ust be 

sa tis f ied

The in tens ity  devia tion  fo r  ac tive  low logic can  be n times larger then  fo r  the 

ac tive  h igh logic, so bette r  qua li ty  ligh t sources are  requ ired  fo r  the  ac tive  high 

case.

4.5 O ptica l  a r i th m e tic  CAM processor a rch i tec tu re

4.5.1 Single opera tion  processor.

In Fig. 4.5.1, an  optical a rch i tec tu re  fo r  an m -bit  CAM processor is 

shown. Let the two m-bit inpu t  BNs be a= a 0a x ... a m_i and  b=b0 b 1...bm_i. The 

CAM masks M0, ... Mn. i  correspond to the  ou tpu t bits s0, ... sn.!. Each CAM 

mask is i llum ina ted  by an a r ra y  o f  laser diodes (LDs). Because o f  the  DR 

encoding two LDs are  requ ired  to represent each b in a ry  variab le . When the

( 4 . 4 . 4 )

The cond it ion  fo r  m axim um  in tens ity  dev ia tion  e is then

( 4 . 4 . 5 )
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in p u t  logic va riab le  is a one (zero), the  even (odd) row  corresponding  to the  

va riab le  is i llum inated . To provide a line  source i l lum ina tion , w here each 

line  source illum inates  a single CAM mask row, an an am orph ic  op tica l  system 

is employed. Assuming an n -variab le  p ro d u c t  term , the  m axim um  light 

in tens ity  t ran sm itted  th rough  a single CAM mask colum n is equal to n l t, 

w here  I t is the  ligh t  in tens ity  t ran sm itted  th rough  a spatia l  symbol rep re ­

sen ting  e ithe r  a "0" or "1". To ob ta in  the f in a l  logic result, the  sum m ed along 

colum ns in tensity  is de tec ted  and  thresholded . I f  a single sum m ed ou tpu t  

in ten s i ty  is above a  th reshold  level, an  o u tp u t  logic one, o therw ise  a logic 

zero is generated . For an  n -variab le  logic fu n c t io n  (active h igh  logic), the  

de te c to r ’s dynam ic  range o f  a t  least n levels is requ ired .  T he  thresho ld  

opera t ion  is pe rfo rm ed  e lec tron ica lly  using an  a r ra y  o f  com parators . For 

th is  purpose, high speed opera tiona l  am p lif ie rs ,  such as N a t io n a l  Semicon­

d u c to r  LH0032 or LH0033, can be used. A n iden tica l  re fe rence  voltage VTh, 

corresponding  to th resho ld  in tens ity  level T h is app lied  to all com parators. 

To ob ta in  the f in a l  logic ou tp u t  functions ,  i.e. s0,... sn_x, the  ou tpu ts  of the  

corresponding  com parato rs  must be OR-ed. I f  a single com para to r  generates 

an  o u tp u t  signal, the  corresponding  logic o u tp u t  fu n c t io n  is a one. For an  

ac tive  low logic, the  threshold  level is set a t  1 / 2  I t an d  e lec tron ic  inver ters  

a re  p laced  a t  the  o u tp u t  p lane (see dashed  line  in Fig.4.5.1). T he  in v er te r  

o u tpu ts  a re  connected  to an a r ra y  o f  OR gates w here each O R  gate ou tpu t  

corresponds to a d i f f e r e n t  ou tpu t  func t ion .

To e lim ina te  the e lec tronic  th resho ld  opera tion , an  op tica l  bistable  

device such as a se lf -e lec tro -op tic -effec t  device (SEED) or a non linea r
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F abry -Pero t  e ta lon  can be applied  [11-12]. In this con figu ra t ion , using an  

active high logic, a f te r  the threshold, the  O R  opera tion  can be perfo rm ed  

using an  a rray  o f  cy lindrica l lenses. Each cy lind r ica l  lens’ a p e r tu re  must be 

equal to the  ap e r tu re  of the corresponding CAM submask. At the  detector 

plane, the  f in a l  logic result is obtained. The m ajor advan tage  o f  the  optical 

th reshold  is a reduc tion  o f  requ ired  num ber o f  photodetectors  (in this case, 

the num ber  of photodetectors is equal to the num ber  o f  ou tpu t  bits) and  the 

ease in im plem enting the ou tpu t  OR gates. The single-operation  processor 

using optical th reshold  is shown in Fig. 4.5.2.

T he  m axim um  num ber of product terms th a t  can be stored in a CAM 

mask, using a laser diode (LD) w ith  a beam divergence half-ang le  a  and  w ith  

the d istance  betw een LD and CAM mask equal to b, is

I 2£>tqa N = — = ---------------------------- ( 4 . 5 . 1 )
P P

w here  t is CAM mask dimension and  p i s  its smallest mask a p e r tu re  size (also 

re fe r re d  to as a CAM pixel). I f  the d i f f ra c t io n - l im ite d  mask a p e r tu re  p  is 

2 pm, an d  the dim ension o f  the mask I is 130mm, the use o f  a typ ica l  LD’s a 

as 30°, yields the  to ta l num ber o f  encoded p roduct term s N p - 6 6  X 104, which 

corresponds to a 16-bit processor. In comparison, the  holographic  CAM, 

a lthough  theore tically  able to deliver larger  then  6 6  X  104 storage capacity , 

the  experim enta lly  dem onstra ted  hologram can store up to 500 single-pixel
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refe rence  patterns  w ith  low d i f f ra c t io n  e ff ic iency  o f  0.01% [13]. In the  case 

o f  m ulti-p ixel pa tte rns , requ ir ing  3-step record ing  process, this num ber will 

be dras tica lly  reduced.

4.5.2 M ulti-operation processor.

To im plem ent a m ulti-operation  CAM based processor various CAM 

masks a re  placed on the mask plane. Using an  e lec tronica lly  addressable  SLM, 

d i f f e re n t  masks can be displayed. A m ajor  d isadvan tage  of this approach, 

due to the  SLM’s lim ita tions, is its slow recon figu ra tion  speed. By replacing 

the reconfigu rab le  mask, w ith  a set o f f ix ed  masks, w here each mask cor­

responds to a single operation, h igher processing speed can be achieved. In 

Fig. 4.5.3, an a rch i tec tu re  o f  a m ultiopera tion  processor based on CAM is 

shown. To execute a pa r t icu la r  operation, only one f ix ed  mask is i llum inated . 

For a CAM processor capable of executing  k operations, k LD groups are 

needed, where each group of LDs is associated w ith  a single CAM mask. The 

num ber  o f  LDs in each group depends on the num ber o f  bits to be processed. 

For an inpu t  da ta  m ultip lex ing  o f  a k -func tion  processor, a fas t  decoder 

w ith  K = log2 A: opera tion  select lines is used. For an  ac tive  high decoder, only 

one ou tp u t  line is a t  logic "one", w hich provides the  enable  signal fo r  only 

one group of LDs. The opera tion  select lines are connected to an  operation 

sequencer which contains a sequence of ins tructions  to be executed. In Fig. 

4.5.3, each pa ir  o f LDs is contro lled  by the  status o f  the  da ta -ou t bus. I f  a 

p a r t icu la r  bit in the da ta  w ord  is 1 (0), the lower (higher) LD from  a
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corresponding  pa ir  is ac tivated . Tw o A N D  gates associated w ith  each pa ir  

o f  LDs consti tu te  a simple 2:1 dem ultip lexer . Using a n am o rp h ic  optical system, 

each  CAM mask is i l lum ina ted  by a l ine  sources. To  in teg ra te  t ran sm itted  

l igh t in tensit ies  along all CAM mask columns, the  d e tec to r  can  be superim ­

posed w ith  the  CAM  m ask or an  o u tp u t  an am orph ic  stage can be employed. 

In the  la te r  case, to p rov ide  fu r th e r  speed increase, de tec tors  w ith  small 

ap e r tu re s  can be employed. A lthough  the in tens ity  in teg ra t io n  is p e rfo rm ed  

fo r  all masks, only one CAM mask is i l lu m in a ted  a t  a time, w hich  corresponds 

to a n  execu tion  o f  one operation. For a n -b it  processor execu ting  k d i f f e re n t  

ins tructions , the  to ta l num ber o f  elem ents in a CAM colum n is equal to 4kn. 

For example, fo r  an  8 -b it  processor pe rfo rm ing  ad d it io n ,  sub trac tion , m u l­

t ip l ica tio n  an d  division, the num ber  o f  colum n elem ents is 128. Since the 

o u tp u t  result  is o b ta ined  by pe rfo rm ing  a logic OR o pera t ion  on f ix e d  num ber  

o f  p ro d u c t  terms, all the  submasks corresponding  to  the  same o u tp u t  b i t  m ust 

have  the  same num ber  of columns. In th is  case, some of the  submasks, 

corresponding  to the  same ou tp u t  b it,  w ill con ta in  a  re d u n d a n t  num ber  o f  

opaque columns. A dd it iona lly , d i f f e r e n t  opera tions  r eq u ire  d i f f e re n t  num ber  

o f  o u tp u t  functions , e.g. fo r  an  n -b it  m u lt ip l ica t ion  2 n  ou tp u t  b its  are  needed, 

w hile  fo r  n -b it  a d d it io n  only n+1 b i t  o u tp u t  is genera ted . Since an  opera tion  

th a t  requ ires  the largest num ber o f  o u tp u t  bits de te rm ines  the  m axim um  

n um ber  o f  CAM masks, fo r  the same num ber  of the  ou tp u t  bits, the  opera tion  

th a t  conta ins  smaller num ber  of o u tp u t  bits m ust be a p p e n d ed  w ith  all 

opaque  masks.
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4.5.3 An Angularly Multiplexed processor

T he device shown in Fig. 2.2.1 is a  s ix -input to one-output device, which 

generates in para lle l  a single optical stage MSD add it ion  1-bit result. To add 

two N -dig it  MSD numbers, N+1 ou tpu t digits a re  needed. In a s tra ig h tfo rw ard  

extension, N+1 such 1-bit devices should be used. However, th is  approach 

leads to an  unacceptab ly  large space-bandw idth  product. To m inim ize the 

size o f  the  CAM system, next, an  e ff ic ie n t  angu lar  m ultip lex ing  m ethod tha t  

d ras tica lly  reduces the CAM processor’s a rch i tec tu ra l  complexity  is proposed. 

Since all the N+1 free-space optical processors a re  identica l,  an  angu lar  

m ultip lex ing  scheme is possible. In Fig.4.5.4, a proposed angu lar ly  m ultip lexed 

N -dig it  optical CAM based MSD adder  a rch i tec tu re  is depicted. Here, one 56 

X 18 pixel CAM MSD add it ion  mask and  N+1 angu la r ly  m ultip lexed  input 

pa tte rns  a re  used fo r  the N+1 pa tte rn  m atching  operations. Here, as a ID 

(vertical)  a rray , the  N+1 6 -d igit p rogram m able optical in p u t  devices (SLMs) 

are positioned.

Each ID SLM is connected to six electronic  inpu t  ports. The do tted  lines 

in Fig.4.5.4 ind ica te  constant zero inputs. Past the in p u t  SLM a rra y  a ID 

prism  wedge a r ra y  is placed. Each wedge elem ent deflects  its ou tp u t  to a 

common bu t shared  CAM MSD mask. The m atching  results  are then  spatia lly  

in teg ra ted  by a single cy lindrica l  lens positioned im m edia te ly  past the CAM 

mask. At the lens back focal plane, because o f  the a ngu la r  m ultip lex ing , the 

in teg ra ted  results  o f  the N+1 vertica lly  d isplaced horizontal channels  are
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displayed. At th is  p lane 56 X N+1 electronic  threshold  logic inver te rs  are  

located. These results  are connected to a  device th a t  ou tpu ts  the N+1 b i t  MSD 

sum m ation  result w here each b it  has th ree  position coded channels.

4.6 A rithm etic  operations

In recent years, to im plem ent optical processors various  e ff ic ie n t  num ber 

systems have  been studied. In this section, fo r  d i f f e re n t  num ber systems, a 

non-holographic  CAM-based a ri thm etic  processor im plem enta tion  is described. 

In a d d it io n  to b inary  num ber (BN), residue num ber (RN), here, the  use of a 

s ign / logar i thm  num ber  (SLN) system for optical CAM com puting  is also proposed. 

To s im plify  ha rdw are  complexity , the given logic functions, specified  as t ru th  

tables, m ust be minimized. For an ease of im plem enta tion , using a Quine- 

McCluskey m in im ization  method, the to ta l num ber of p roduct terms a re  sub­

s tan tia l ly  reduced  [14].

4.6.1 B inary  a r i th m e tic  processor

To i llus tra te  the  capab ili ty  of the non-holographic  CAM m ethod, f irs t  

a design o f  a BN CLA adder  and  BN m ultip lie r  are  presented. A CLA, where 

BNs to be added  a re  (an. x ... a 2 a j  a 0), (bn.!... b 2 b j  b0) an d  the in p u t  carry  

bit c 0, is a (2 n + l) -b it  logic device genera ting  an n-bit sum (sn_! ... s2 Si s0) 

and an  ou tpu t ca rry  cout bit. In general, the  m inim ized  expression fo r  the 

kth sum bit can be represented  as [15]
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s k = a k@ b k@c k 

= a kb kc k + a kb kc k + a kb kc k + ctkb kck , ( 4 . 6 . 1 )

w here © and  + represent the Exclusive-OR and  the Inclusive-OR operations. 

The m inim ized  expression fo r  (k+ l) th  c a rry  b it  is

c fc+i = a kb k+c t kc k + b kc k, ( 4 . 6 . 2 )

w here k ranges f rom  0 to n-1. Each sum an d  the ou tp u t  carry  b it  can be 

expressed as a func t ion  of the  inpu t ca rry  and  the two input BNs. Using a 

CAM mask, in parallel, each ou tpu t  fu n c t io n  bit sn_!, ... s2, s l5 s0  and  cout is 

im plem ented. To estimate the  size of the  mask, we note that, the  num ber of 

d i f f e re n t  reduced  p roduct terms and  C^, for the  k th  sum and  outpu t 

carry , are

P k = 4 ( 2 fc+1-  1),  ( 4 . 6 . 3 )

C k = 2 k+1-  1, ( 4 . 6 . 4 )

respectively  [16]. T he  total num ber  L t o f  d i f f e re n t  p roduct terms, fo r  an
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n-bit  CLA, is equal to

n -  1

Lt= Y,(pk) + Cn= 1 0 x 2 n- 4 x / 7 - 9 .  ( 4 . 6 . 5 )
k - 0

For a 4-bit CLA, 135 p roduct terms should be stored. F o r  h igher  dynam ic 

range com putations a larger num ber of p roduct terms is needed e.g. 2235 

product terms fo r  an  8 -bit CLA.

By using a m ultip lica tion  t ru th  table, b in a ry  m ult ip l ica t ion  operation 

can be p e rfo rm ed  . For an n -b it  m ultip lica tion , the  resu lt  conta ins  2n output 

bits. With each ou tpu t  bit, a logic fu n c t io n  (encoded as a CAM mask) is 

associated. Using the Quine-M cCluskey m in im ization  m ethod, the  num ber of 

p roduct  terms fo r  each ou tp u t  logic fu n c t io n  can be subs tan tia lly  reduced. 

For example, fo r  a 3-bit m ultip lica tion , six ou tp u t  functions  A 5, A 4, A3, A 2, 

A x and  A 0  need to be encoded as CAM masks. The unm in im ized  expressions 

fo r  these functions  con ta in  6 ,15, 22,28, 24 an d  16 p ro d u c t  terms, respectively, 

fo r  a to ta l o f 111 p roduct terms. A f te r  m in im ization , the  num ber of product 

terms was reduced  to 3, 8 , 10, 9, 4, 1, respectively, p rov id ing  over 3-fold 

p roduct term  reduction. To im plem ent m ultip lica tion  o f  larger BNs, with 

each a dd it iona l  bit, the num ber  o f p roduct terms increases rapidly . The d irec t  

b in a ry  m ultip lica tion  CAM processing is th ere fo re  su itab le  fo r  rela tively  

small dynam ic  range calculations. For m ultip lica tions  requ ir ing  higher 

dynam ic  range, o ther  num ber systems such as MSD, R N  or SLN systems can 

be applied.
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4.6.2 Modified Signed-digit (MSD) processor

R ecen tly , using various  op t ica l  logic an d  mem ory processing techniques, 

op tica l  MSD a r i th m e tic  opera tions have been proposed. However, in most 

ex is ting  optical scheme, a m ultip le-stage a lgo r i thm  is util ized . Fo r  a m ultis tage  

approach , because of op tica l cascading, ad d it io n a l  s ignal energy  loss and  

speed red u c t io n  is unavoidable . Here, a novel non-ho lograph ic  opto­

e lec tron ic  CAM based fa s t  MSD ad d it io n  processing a rc h i te c tu re  is proposed. 

Based on this key opto-electronic  CAM elem ent, im p lem en ta tion  o f  a more 

soph is t ica ted  MSD a r i th m e tic  opera tions  is proposed. F ina lly , fo r  the  com ­

p le tion  o f  a MSD a r i th m e tic  processing, the conversion betw een the  con­

ven tiona l b in a ry  an d  MSD num bers, will also be proposed.

Despite  the  m any a n d  appealing  MSD processing advan tages, a fa s t  an d  

p rac t ica l  e i the r  e lec tron ic  or op tica l im p lem en ta tion  has been d i f f ic u l t  to 

achieve. The t ra d i t io n a l  e lec tronic  MSD a r i th m e tic  schem e uses some b inary  

logic gates to s im ula te  the  three-stage processing a lgorithm . The speed o f  th is  

app roach  is very  l im ited  [17]. To im plem ent an  e lec tron ic  CAM based MSD 

single-stage a r i th m e tic  a VLSI p rogram m able  logic a r r a y  has to be used. Fo r  

exam ple, to o b ta in  each ad d it io n a l  o u tp u t  bit, abou t 500 logic elements, e.g. 

d iodes an d  transis to rs ,  have to  be used. Since a p rogram m able  logic a r ra y  

employs a m esh-type ne tw ork , the densely  packed conducting  lines can cause 

serious in te r fe re n c e  problems. The speed of such an e lec tronic  CAM  is also 

qu ite  lim ited . Fo r  example, a k ilob i t  CAM th a t  has a m in im um  140 ns cycle 

t im e can only opera te  a t  a m axim um  5 M Hz [18]. On the  o ther  hand , a lthough
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optica l sw itch ing  and  free-space in te rconnec t  promises m any  speed and  

para lle l  processing advantages, up to now, only a few  successful experim en ta l  

e f fo r ts  have been reported . For optical logic-based MSD processing, using a 

three-s tep  MSD a lgorithm , a fast, com pact and  p o w e r-e f f ic ie n t  MSD logic 

gate is desired. T he  sa tis fac tion  of these requ irem en ts  has been proved  to 

be d i f f ic u l t .  For example, the  scheme [19] th a t  uses a com b ina tion  of gratings, 

prisms, and  etalons requ ires  the  a lignm en t o f  27 such elem ents per  logic gate. 

For a symbolic subs ti tu tion  scheme [20-22], each logic gate requ ires  n ine  

recognition  an d  subs ti tu t ion  rule processors. M a in ta in ing  the  requ ired  

fan -o u t  ra t io  will also be d if f ic u l t .  Even w hen such in d iv id u a l  gate level 

processors are  im plem ented , cascading  them  in to  th ree  p rac t ica l  processing 

stages will be even more d i f f ic u l t  to accomplish. T he  processing speed of 

such a processor will also be slow. The present use o f  bo th  in e f f ic ie n t  

a lgorithm s and  th e ir  corresponding  optica l a rch i tec tu re s  fo rm  the m ajor 

l im ita tion  of the  present logic-based MSD a r i th m e tic  approach . T he  m ain  

d i f f ic u l ty  with an  optica l m em ory-based approach , on the  o ther  hand , stems 

only f rom  its op tica l a rch i tec tu re .  The proposed optica l m em ory-based  optical 

MSD processing suggests the use of an  optical con ten t-addressab le  mem ory 

(CAM) [1-3, 23-24] to store MSD a r i th m e tic  com puting  results. U nlike  

location-addressable  memory, w here each stored resu lt  has an  assigned 

m em ory address, a CAM groups all o f  the  iden tica l  conten ts  in to  a com pact 

logic p a tte rn  an d  stores it.

72



4.6.2.1 MSD addition

By using a large num ber  of "don’t care" d igits , the  req u ired  storage capacity  

can d ras t ica lly  be reduced. I t  has been ind ica ted  th a t  using a conventional 

three-stage MSD a d d it io n  a rc h i te c tu re ,  the  MSD a d d it io n  c a r ry  can only 

p ropaga te  two d ig its  to the  left. Since each  c a r ry  d ig it  is g enera ted  via 

an  a d d it io n  o f  two in p u t  d ig its , in  p r inc ip le ,  fo r  each a d d it io n  ou tpu t 

d ig it  s^ th ree  in p u t  d ig it  pa irs  [2], e.g. A i=1, Bi+1, A i5 B;, Aj.j, Bj.j, should 

be used (see Fig.2.2.1). Since each MSD d ig it  has th ree  logic levels, to 

genera te  each o u tp u t  d ig it  o f  the  single-stage MSD a d d it ion , as m any as 

36  = 729 d i f f e r e n t  s ix -variab le  com bina tions  have  to be considered. In a 

p rev ious w ork  [2], it  has been shown th a t  ou t of 729 logic com binations, 

only  183 com bina tions  a re  responsible fo r  the genera tion  o f  an  ou tpu t 

logic level 1 and  1 each, the  rem a in ing  363 term s are  responsible fo r  the 

o u tp u t  logic level 0. I f  all these cases a re  s tored in  a LAM, to genera te  a 

single ou tp u t  d ig it ,  a very large m em ory space has to  be used. Using a 

CAM approach , a d ras t ic  logic te rm  reduc tion  before  storing is possible. 

With the help o f  " to ta l-don’t-care" digits , denoted  by A x and  "partia l-  

d o n ’t-care" d igits  denoted  by A^, Al0, / l 7o, severa l  s ix -variab le  logic 

term s can be com bined  in to  a com pact logic expression. For example, the 

reduced  logic expression A  l -l A l A x A 0A  10 represents  the  fo llow ing  twelve 

un reduced  MSD in p u t  logic com binations: 1 1 0 0 1 , 1 1 0 0 0 , 1 1 1 0 1 , 1 1 1 0 0  

, 11 To l , l i loo,  Tiooi, Tiooo, Tnoi,  Inoo,  TiToi, TiToo. 

U sing these reduced  logic com binations , fo r  a MSD add it ion , fo r  the
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num bers  l and  y  each, only  28 terms (also ca lled  re fe rence  pa tte rns)  are  

requ ired  Since w ith  a b inary  logic N A N D  gate based on 1 and  1 , the  

o u tp u t  0 d ig it  can  be fo rm ed , i ts  CAM processing can be om itted. Thus, 

to genera te  each MSD a d d it io n  ou tp u t  d ig it ,  a to ta l o f 56 s ix-variab le  

re fe rence  p a tte rn s  a re  req u ired  [2 ].

For a CAM  readout, the  in p u t  is used to m atch  in  para lle l  w ith  all 

the  s tored in fo rm a tion . A p roper  m atch  will re tr ieve  the requ ired  data . 

Because the CAM-based MSD a d d it io n  uses a single-stage processing 

a lgorithm , the cascade an d  speed reduc t ion  problem s are avoided. The 

rem ain ing  ques tion  is how to fo rm  an  e f f ic ie n t  optical CAM. T he  proposed 

volume holograph ic  CAM [1-2] uses three  record ing  steps fo r  each 

hologram. To genera te  an  ad d it io n  1-bit result, as m any as 56 such 

hologram s a re  requ ired .  Thus, even fo r  ob ta in ing  a 1-bit result, both a 

soph is t ica ted  record ing  p rocedure  an d  a holographic  m ateria l  w ith  s u f ­

f ic ien t  m u ltip lex ing  capab il i ty  fo rm  the m ajor l im iting  fac to rs  o f  this 

approach . Because of these an d  o ther  problems, no successful experim enta l  

CAM MSD processing has been reported .

In th is  section, based on the  above-described  opto-electronic  (O-E) 

CAM -based MSD adder,  the  im p lem en ta tion  of various  o ther  im portan t  

O-E a r i th m e tic  processors a re  proposed. T he  goal is to im plem ent the  

various  necessary O-E supporting  elem ents fo r  a fa s t  MSD ar i thm e tic  

processing.
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4.6.2.2 MSD subtraction

A MSD processing advan tage  is th a t  a negative  num ber can easily 

be obtained  via  a paralle l  bit-wise logic inversion  from  its positive 

coun terpart .  T he  logic inversion  is d e f in ed  to keep the 0 unchanged  while 

there  is an in te rchange  betw een a 1 and  I .  With th is  in terchange, a MSD 

sub trac tion  X  - Y is ob tained  th rough  the ad d it io n  X  + (-Y). With the 

previously proposed device, fo r  a MSD sub trac tion , an  add it iona l  exchange 

switch  a rray  is needed. This  can  be im plem ented  e ith e r  e lectronically  or 

optically  by an  exchange switch between the two position-encoded Y input 

channels. As com pared to MSD add it ion , a delay  o f  only one time-cycle 

is needed.

4.6.2.3 MSD M ultiplication Tree

A s t ra ig h tfo rw ard  way to im plem ent d ig ita l  m u lt ip l ica t ion  is th rough 

a series of ad d it io n  steps [25]. Because o f  ca rry  propagation , w ith  a b inary  

num ber system, a time-consuming m ultip lica tion  opera tion  is unavoidable. 

Since the MSD num ber represen ta tion  provides a c a rry -f ree  add it ion  

capability , in principle , the  MSD num bers lend themselves fo r  a fas t  

m ultip lica tion . Various MSD fas t  m ultip lica tion  a lgorithm s were proposed. 

A MSD sequentia l m u ltip lica tion  m ethod was f i r s t  proposed by Avizienis 

[26]. A seria l-paralle l  m u ltip lie r  was suggested by A tk ins  [27]. Recently , 

T akag i  et.al. [17] proposed a MSD adder- tree-based  fas t  m u ltip lica tion
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scheme which uses a large degree of parallelism . Using this algorithm , in 

this section, an  O-E MSD m ultip lica tion  processor is proposed.

For m ultip lica tion  o f  two N -bit MSD num bers, results  in N X N 

MSD m atr ix  a r ra y  known as a pa rt ia l  p roduct m atr ix  are  produced . To 

fo rm  the f in a l  2N-bit MSD m ultip lica tion  result, N -l  MSD str ing-pa ir  

add it ions  must follow. I t  has been shown tha t  using a para lle l  tree- 

decomposition, the N -l  s tr ing -pa ir  ad d it io n s  can be pe rfo rm ed  through 

logzA steps [17]. This tree-add ition  a lgorithm  is best expla ined  via  an  

exam ple (see Fig.4.6.1.). Here, two 8 -b it  MSD num bers X -  l l l o T o i  1 and 

V -  lO lo T lT O a r e  used. A f te r  fo rm ing  an 8  X 8  p a r t ia l  p roduct m atrix , 

in  the  f irs t  stage, four  paralle l  MSD str ing -pa ir  add it ions  are  perform ed. 

The resulting  fo u r  add it ion  results a re  d iv ided  into two groups and  summed 

separa te ly  to fo rm  the next step ad d it io n  result. U sing  a th ird  addition , 

the f in a l  m u ltip lica tion  (16-bit) result is obtained. Thus, in  logz 8 steps, a 

8 -b it  m ultip lica tion  is perform ed. I t  can  also be seen tha t ,  using this 

approach , fo r  an  N-bit m ultip lica tion , a to ta l o f  N -l  MSD adders should 

be used. The advan tage  o f  this approach  is its fa s t  speed. In fac t ,  this is 

the  fas test  MSD m ultip lica tion  scheme available.

To optically  im plem ent th is  approach , an  O-E i te ra t ive  m ultip lica tion  

processor is proposed. In Fig.4.6.2, this processor’s a rch i tec tu re  is shown. 

For the  m ultip lica tion  of two N -bit  MSD num bers, N /2  paralle l  O-E MSD 

adders  are  placed. These adders  a re  used to p e rfo rm  the N /2  first-step 

MSD additions. The N /2  resu l tan t  s tr ings a re  fed-back  e lec tronica lly  using 

a f ixed  in terconnect ne tw ork  (for an exam ple o f  N=16 see Fig.4.6.3). With
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th is  feedback , in  the nex t step, only one h a lf  o f  the  ava ilab le  adders  are 

ac tiva ted .  In  th is  fash ion , a f t e r  l o g z Af i te ra t iv e  steps, the  f in a l  MSD 

m ult ip l ica t ion  result  is ob tained .

4.6.2.4 Binary-M SD conversion

A nother  MSD processing bottleneck  is the  MSD to b in a ry  num ber 

conversion. At present, an optica l MSD processor will most l ikely  serve 

as a fas t  special-purpose a r i th m e tic  processor. Thus, an  in te r fa c e  of this 

processor w ith  o ther  b in a ry  optica l or e lec tronic  devices is necessary. Since 

the b inary  num ber  is a subset o f  a MSD num ber  system, no add it iona l  

conversion f rom  a b inary  to a MSD num ber  is needed. How ever, a f te r  

ob ta in ing  the  MSD processing result, the  conversion of a MSD num ber 

back into a b in a ry  rep resen ta tion  raises a serious problem. The conven­

t iona l  num ber conversion algo r i thm  [21-22] f i r s t  separa tes  the  MSD num ber 

in to  a positive an d  negative  parts. Next, a b in a ry  num ber  sub trac tion  of 

the two parts  is perfo rm ed . Since c a r ry -f ree  b in a ry  sub trac tion  a lgorithm  

does not exist, the  prev iously  gained  MSD processing speed m ay  be pa rt ly  

or to ta lly  lost. Thus, fo r  a successful op tica l  MSD a r i th m e tic  processing, 

new and  e f f ic ie n t  num ber  conversion schemes an d  the ir  op tica l  im ple­

m en ta tions  are  also necessary. Here CAM-based conversion m ethod is 

discussed. F irs t  the conversion t ru th  table is genera ted . Next, fo r  each 

o u tp u t  bit a m in im ized  logic fu n c t io n  (sum o f  p roducts)  is im plem ented  

using CAM.
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4.6.3 Sign/logarithm number based arithm etic processor

The s ig n / lo g ar i th m  processor, a lthough  re la t ive ly  easy to im plem ent 

e lec tronica lly , imposes problem s fo r  an  op tica l  im plem enta tion . The a l te r ­

na tive  m ethod is to use a CAM fo r  num ber  system conversions as well as fo r  

m ult ip l ica t ion  or a d d it io n  opera tion  im plem enta tion . Th is  app roach  takes 

a d v an tag e  of the  optical para lle lism  and  the  h igh CAM  storage capacity .

A b inary  coded SLN is represented  as

^  -An- 1 A n-2-• • ^0 ■ ■'4- 1 * * • ( 4 . 6 . 6 )

w here  S is the  sign o f  the  BN num ber. T he  n digits  A n.x to A 0 rep resen t the  

charac te r is t ic ,  w hile  the m digits  A .x to A_m rep resen t the  mantissa. The 

corresponding  decim al num ber  N is

N = S  2 An-l'"A° 2 A' l"'A"n ( 4 . 6 . 7 )

For an  in teger, both the c h a rac te r is t ic  and  the m antissa  a re  positive  numbers. 

To represen t f rac tions ,  bo th  the c h a rac te r is t ic  a n d  the  m antissa  can be 

regarded  in a tw o’s com plem ent fo rm at. In  this case, a rep resen ta tion  using 

negative  powers is possible. Consider, as an  exam ple, the  m ult ip l ica t ion  o f  

9X20 using a 4-bit  each cha rac te r is t ic  an d  m antissa. The in teger  num bers 9 

and  2 0  a re  represen ted  as

78



I+-L
9 = 0 0 0 1 1 . 0 0 1  1 = 2 32 5+16, ( 4 . 6 . 8 )

i _i_

20  = 0 0 1 0 0 . 0 1 0 1  = 2 42 5+16. ( 4 . 6 . 9 )

A dding  these two SLNs, the b in a ry  coded logar i thm  0 0111.1000, co rre ­

sponding  to the  decim al num ber  2 7X 2 X/ 2 (181.0193), is ob tained . Thus, the 

e rro r  due the m antissa  t ru n c a t io n  is equal to 1.0193. By increasing the  m antissa 

length, a more accu ra te  resu lt  can  be obtained.

To im plem ent a SLN m ultip lie r ,  a 3-stage CAM is requ ired .  The f ir s t  

CAM perform s the conversion f ro m  BNs to SLNs. To a d d  the tw o logarithm s, 

a second CAM perform s a ca rry  look-ahead  (CLA) add it ion . F ina lly ,  a CAM 

does the conversion f rom  the  SLNs to  BNs. T he  storage capac i ty  needed  fo r  

each CAM  stage depends on the range  of in p u t  num bers  and  the  ca lcu la tion  

accuracy .

B inary  a d d it io n  (sub trac tion )  can  be p e rfo rm ed  using a SLN system as 

well. T he  sum o f  two BNs A an d  B can  be expressed as

A + B=  .4(1 + B / A ) .  ( 4 . 6 . 1 0 )

Firs t ,  the  ra t io  B /A  is com puted , to this ra t io  a constan t u n i t  is added , and  

f in a l ly ,  the  m u lt ip l ica t ion  by A is perform ed.
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4.6.4 Residue number processor

T he R N s can be encoded using m ultip le  ra i l  spa tia l  symbols, bu t  this 

approach  is su itab le  fo r  re la tive ly  small m oduli. Using b in a ry  encoded RNs, 

large dynam ic  range  can be obtained . For example, assum ing 4-bit b inary  

encoded RNs, w ith  m oduli 15, 13, 12, 11 an d  7, can  p rov ide  a dynam ic  range 

o f  180180, w hich corresponds to 8 -b it  b in a ry  m ultip lica tion . Using the same 

set of m oduli, a 16-bit a d d it io n  can  be im plem ented. Fo r  each m odulus, a 

separa te  CAM mask must be im plem ented. Since m ult ip l ica t ion  (add it ion)  is 

decomposed in to  a mod 15, mod 12, mod 13, mod 11 an d  mod 7 m ult ip l ica t ion  

(add it ion) , these results  can be represen ted  by 4-bits (3-bits fo r  m odulus 7). 

In o rder  to provide  a n  e f f ic ie n t  use o f  CAM, all the  n ineteen  o u tp u t  functions  

m ust be minimized.

The app lica t ion  of a CAM  can be ex tended  to the  conversion o f  a BN 

to a RN system. A num ber  o f  CAM conversion masks is equal to num ber  of 

m oduli used fo r  a R N  represen ta tion . For the  exam ple c ited , f ive  CAM masks 

a re  required . Also, the  R N  m ult ip l ica t ion  (add it ion )  resu lt  must be converted  

to a BN system. For the R N  to BN conversion the  num ber  of CAM  masks is 

de te rm ined  by the m ult ip l ica t ion  (add it ion )  dynam ic  range. With each ou tpu t  

b it  a CAM mask is associated, e.g. seventeen  masks fo r  16-bit a d d it io n  and  

six teen  masks fo r  8 -b it  m u ltip lica tion . For each m odulus, the  num ber  con­

versions a re  pe rfo rm ed  in parallel. Th is  approach  p rov ide  a h igh  dynam ic  

range as well as h igh processing speed.
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4.7 Experimental Results

To assure p roper  detection, un ifo rm  LD in tensity  d is tr ibu t ion  is necessary. 

In our experim ent, as the  source, an  a rray  o f  red  light em itting  diodes (LEDs) 

was used. By vary ing  the power supply voltage to each LED, in tens ity  equal­

iza tion  was achieved. Using a 40 mm focal length  cy lind r ica l  and  a 375 mm 

focal length  spherical lens, an  anam orph ic  optica l stage was build. The CAM 

masks w ere f irs t  p r in ted  on a H ew le tt-Packard  laser je t  p r in te r  and  was reduced 

by a f a c to r  of tw enty  using an optical dem agn if ica t ion  process. The f in a l  reduced 

mask was p r in ted  on a high con tras t  (K odak 2556) film.

4.7.1 B inary  ca rry  look-ahead  adder.

In this experim ent, a 4-bit CLA was im plem ented. F irst , using Eq. (14-15), 

135 p roduct  terms (i.e. P0=4, Pi=12, P 2=28, P3=60 C4=31) are requ ired . The 

ou tp u t  result contains f ive bits associated w ith  the functions  s0, Si, s2, s3, 

and  cout. In Fig. 4.7.1a, the f ive  masks M0, M x, M2, M 3 and  M4 used to store 

these reduced re fe rence  terms are  shown. In the de tec tor  plane, the light 

t ran sm itted  th rough  the masks was detected , by a CCD camera. The outpu t 

image was compressed in vert ica l  d irec tion  by a fac to r  of 3. As an  example, 

two BNs a=1011 and  b=0110 w ith  inpu t  c a rry  equal to 1 were added. In Fig. 

4.7.1b, the  result o f  i llum ina tion  o f  the  f ive  masks (rows 2, 4, 5, 8 , 10, 11, 

14, 16, 17) by n ine  line sources and  the corresponding  average in tensity  

d is tr ib u t io n  along each column a re  shown. Since highest detec ted  in tensity
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was equal to 9 I t, therefore , the  threshold  level was set a t  17/2 I t. Since the 

in tens ity  was above the threshold  for sx and  cout, therefore , the  result is 

cout=1» s3=0 , s2=0 , sx= l ,  s0 = 0  ( 1 0 0 1 0 ).

In  Fig. 4.7.2a, fo r  an ac tive  low logic example, the  f ive  masks M0, Mx, 

M2, Ms and  M4  a re  also shown. Note, th a t  fo r  an  active low logic, the  masks 

are the  complements o f  the  ac tive  high coun terparts .  The threshold  level is 

set to 1/2 I t. For the  example o f  Fig.4.7.2a, in  Fig. 4.7.2b, the  il lum ina tion  of 

the  f iv e  CAM masks and  the corresponding average in tensity  d is tr ibu tion  

along each column is shown. For the  logic functions  corresponding to sx and 

cout the  in tensities  below the threshold  ind ica te  the  result cout= l ,  s3=0 , s2=0 , 

Sj=1 , s x=0 .

4.7.2 Binary num ber m ultiplier.

Next, a 3-bit CAM m ultip lie r  was im plem ented. The m ultip lica tion  result 

was represen ted  by six b inary  logic func t ions  A0, A x, A 2, A 3, A 4, A 5 where 

Ao (A 5) is the least (most) s ign if ican t  bit. The unm in im ized  expressions fo r  

A0, A x, A 2, A3, A 4 a n d  A 5 con ta in  16, 22, 24, 28, 15 and  6  p roduct terms, 

respectively  (a to ta l o f  111 terms). A f te r  m in im ization , the  total num ber of 

p roduct  terms was reduced  to 35 (1,4,9,10,8,3, respectively). In this experim ent, 

an ac tive  low logic was used. In  Fig. 4.7.3a, the  six CAM  masks M5, M4, M3, 

M2, M x, M0, corresponding  to the  ou tp u t  functions  A 5, A 4, A3, A 2, A x, A 0 

are  shown. As a test example, the  m ultip lica tion  o f  two b inary  num bers 

a=110 and  b = l l l  was perform ed. Rows 1, 4, 6 , 8 , 10, 12 o f  the CAM  masks
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were illum inated. In Fig. 4.7.3b, the illum ina tion  resu lt  together w ith  its 

in tensity  in tegra tion  is shown. With the threshold  set a t  low level, the 

in tensities  below the threshold were de tec ted  fo r  A s, A 3  and  A x which 

corresponds to the  result 1 0 1 0 1 0 .

4.7.3 MSD processor

To prove the opera tional princ ip le  and  the p rac t ica li ty  of the  proposed 

device, some f irs t-o rde r  experim ents  were perform ed. To fo rm  the requ ired  

CAM mask (see Fig.4.7.4a), f ir s t ,  a 56 X  18 pixel com puter-genera ted  mask 

was generated. This CAM system was tested by th ree  groups o f  six d igit 

inputs, e.g. 1 1 1 1 1 1 .0 1 0 0 1 T , and  1 0 1  O l  1 (see Figs.4.7.4(b), (e) and  (h) for 

the ir  encoded inputs). For the  inpu t  o f  Fig.4.7.4(b), in  the  top an d  bottom 

parts  of Fig.4.7.4(c) and  4.7.4(d), fo r  the ou tpu t  channels  1 and  I  the  in tegra ted  

in tens ity  is electronically  th resholded  and  inverted . These results ind ica te  

tha t  fo r  this p a r t icu la r  s ix-digit  input, an  ou tpu t b it  1 was generated . In 

Figs.4.7.4(f), (g), (i) and  (j), corresponding to the rem ain ing  inpu t  groups, 

the ob tained  I  an d  0 CAM sum m ation results are also shown.

For the processing o f  the  angu larly -m ultip lexed  inputs , a second 

proof-of-p rinc ip le  experim ent was perform ed. Three  spa tia lly  encoded inpu t 

masks corresponding to the f irs t ,  second an d  last six-digits  o f  the two 5-digit 

MSD addends, e.g. oTToiT.ToiToi and  l loil l ,  (see also the top p a r t  of 

Fig.4.7.5) were l ined  from  the top to the bottom rows on an inpu t  p lane device 

th a t  was located a t  a d istance o f  15 cm fro m  the shared  CAM mask. The
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th ree  in p u t  groups were i l lum ina ted  by th ree  an g u la r ly  m ultip lexed  op tica l  

beams each o f  w hich  was aligned to p ro jec t its in p u t  on a common CAM 

mask. T he  m asked results were spatia lly  in teg ra ted  a n d  d isp layed  a t  the  lens 

back  foca l  p lane  (see the bottom p a r t  of Fig.4.7.5). T he  th ree  expected  CAM 

resu lts  w ere  0, 1 and  1. Because of the ava ilab le  devices, an  a n g u la r  m u lt i ­

p lex ing  o f  more in p u t  channels  was not pe rfo rm ed . H ow ever, since only  a 

position- r a th e r  than  a phase-m atching, as is the  case w ith  a ho lograph ic  

app roach , is requ ired ,  the  a lignm ent o f  N channels  is more s tr a ig h t fo rw a rd  

th a n  in o ther, fo r  exam ple a N channel ho lographic , schemes. With a h igher  

q u a l i ty  device  and  a be tte r  precision control, we are  c o n f id e n t  th a t  ad d it io n a l  

a n g u la r  channel  m ultip lex ing  can  be done. In any  even t,  to our  knowledge, 

th is  is the  f i r s t  ever successful experim en t w hich  shows a com plete  MSD 

a d d i t io n  result.

4.7.4 S ig n /lo g a r i th m  num ber m ultiplier.

F o r  each ou tp u t  bit, a separa te  t ru th  table is needed. U sing  a Q uine-M cCluskey 

m in im iza t ion  m ethod [14], the num ber of p roduct  term s was reduced  to 111 

(3, 3, 3, 10, 18, 21, 28, 25, respectively). To add  two 8 -b it  logar i thm ic  num bers, 

an  8 -b it  CLA whose CAM contains 2519 p ro d u c t  term s is requ ired .  A l though  

i t  is feas ib le  to im plem ent this size of CAM, in  an  a l te rn a t iv e  approach , two 

4-b it  CLAs opera t ing  in a r ipp le  ca rry  mode can be used. Each 4-bit CLA 

CAM  requires  only 135 p roduct terms. A f ina l ,  a th ird ,  CAM does the
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conversion f rom  a SLNs to a BNs. For a 7-bit m ultip lie r ,  the  f in a l  result is 

a 14-bit w ord (F 13, F 12, F u , F 10, F 9, F 8, F 7, F 6, F 5, F 4, F 3, F 2, F x, F 0). To 

im plem ent each o u tp u t  b it,  the  num ber o f  p roduct  term s is 16, 22, 29, 36, 43, 

53, 59, 6 8 , 74, 81, 91, 97, 106, 116, respectively  ( fo r  a to ta l num ber  of p roduct 

term s o f  891). Using a Quine-M cCluskey m in im ization  m ethod, the  total 

num ber  of p roduct term s was reduced  f ro m  891 to 329.

A SLN-based m u lt ip l ie r  corresponding  7-bit BN m u ltip lie r  was designed. 

Assum ing 3-bit c h a rac te r is t ic  an d  5-bit m antissa, the  b in a ry  logari thm  is 

rep resen ted  by e igh t logic func t ions  A 2, A x, A 0, A.!, A_2, A_3, A_4, A .s. The 

t ru th  tables fo r  the  o u tp u t  b its  A 2, A x, A 0, A . l5 A_2, A_3, A_4, A _5 conta in  

112, 76, 42, 71, 65, 63, 62, 114 p roduct  terms, respectively, fo r  a to ta l num ber 

o f e lem ents equal to 605. A f te r  m in im ization , the  num ber  o f  p roduct  terms 

was reduced  to  111 (3 term s each fo r  A 2, A x, A 0, an d  10 fo r  A . l5 18 fo r  A_2, 

21 fo r  A_3, 28 fo r  A_4, an d  25 fo r  A_5). In  Fig. 4.7.6a, the  e ight CAM masks 

corresponding  to A 2, A 4, A 0, A .^ A .^  A_3, A_4, A _5 a re  shown. As an  example, 

f ir s t  the  BNs a=61 and  b= 110 (a=0111101, b=l 1011010) were converted  to 

SLN system. In Fig. 4.7.6b, the  conversion results  fo r  the  num bers  61 and  110 

a re  shown. The in tens it ies  below the  thresho ld  level were detected  fo r  A 2, 

A0, A.h A_2, A_3, A _5 (B2, B 1s B_i, B_2, B .b), w hich  corresponds to SLNs 101.11101 

( 110.11001).

T he ad d it io n  result, represen ted  by the  e ight logic fu n c t io n s  (d7, d 6, d 5, 

d 4, d 3, d 2, d l5 d 0), was equal to 1,1,0,0,1,0,1,1, respectively. Th is  ad d it io n  result 

when converted  back to a BN system needs 14 o u tp u t  logic func t ions  F 13 - 

F 0. In Fig. 4.7.7a, the  fo u r teen  masks associated w ith  ou tp u t  bits F 13 - F 0 are
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presented. In Fig. 4.7.7b, the  il lum ina tion  o f  CAM masks and  corresponding 

in tensity  d is tr ibu t ion  is shown. The in tens ity  below the th reshold  level 

appeared  a t  F 12, F n , F 8, F 7, F 6, F 2, F 0  corresponding  to the b in a ry  result 

01100111000101 (6597). Due to the  m antissa  approx im ation , the  t runca tion  

erro r  was 1.684%.

4.7.5 Residue number multiplier.

Next, a CAM-based R N  m ultip lier  th a t  delivers  range f rom  0 to 105 

was realized. T hree  m oduli 7, 5, 3 were chosen. To encode the m ultip lica tion  

operands as well as the  m ultip lica tion  result, active low logic was used. The 

b inary  inpu t  d a ta  is f irs t  converted  to the  R N s using a CAM mask shown in 

Fig. 4.7.8a. The unm in im ized  t ru th  table fo r  the  BN to R N  conversion contains 

30 p roduct terms. A f te r  the  m inim ization , th is  num ber was reduced  to 23. 

In Fig. 4.7.8b (6 c), the  t rans il lum ination  of the  CAM mask by a sequence of 

bars corresponding to BN 9 (8 ) is shown. In the  case of num ber 9, fo r  mod 

7 (mod 5), the in tens ity  below the threshold  was de tec ted  fo r  a j  (a 2). For the 

second operand, the num ber 8 , the  in tensity  below the threshold  was detected 

fo r  a 0  (mod 7), b0, bi, (mod 5) and  cj (mod 3). To p e rfo rm  R N  m ultip lica tion , 

fo r  each moduli, an independen t L D /L E D  in p u t  a rray  is required . The b inary  

ou tpu t  digits corresponding to the  modulus 7 are deno ted  as A 2, A j, A 0, for 

the m odulus 5 are  B2, B l5 B0 and  fo r  the m odulus 3 are  C l5 C0. Using the 

Quine-M cCluskey method, the num ber o f  p roduct terms fo r  each ou tpu t 

fu n c t io n  Aj, Bj an d  C, was reduced. The unm in im ized  ou tpu t func t ions  for
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the  m oduli 3, 5 and  7 requires 4, 20 and  54 p roduct terms, respectively  (a 

to ta l num ber o f  p roduct terms of 78). A f te r  m in im ization , the  num ber of 

p ro d u c t  terms was reduced  to 4, 15 and  18, respectively  (a total o f 37 product 

terms). In Fig. 4.7.9a, the three  CAM masks a re  shown. The ou tp u t  result  fo r  

the  m odulus 3 is a 2 -bit num ber C i C0, w hile  fo r  the  modulus 5 (7) it  is a 

3-bit num ber B2, Bx, B0 (A2, A x, Ao). As an  example, the  m ultip lica tion  of 

two decim al num bers  9X8 was perform ed. T he  decim al num bers 9 (8 ) in R N  

system are  240 (132). The m ultip lica tion  opera tion  was separa ted  in to  three 

channels; 2X1 (mod 7), 4X3 (mod 5), an d  0X2 (mod 3), respectively. In  Fig. 

4.7.9b, the  three CAM masks trans il lum ination  together with the in tens ity  

in teg ra t ion  along the CAM columns are  shown. T he  th reshold  level was set 

a t  l / 2 I t. For the  ou tpu t  functions  A x (fo r  mod 7), B x ( fo r  mod 5), the below 

thresho ld  in tens ity  was detected. The result  was A 2=0, A x= l,  A o=0 ,B2=0, 

Bx= l,  B0=0, C x=0 an d  Co=0, corresponding to the R N  220 (72 decimal). The 

th i rd  CAM perfo rm s RN to BN conversion. The unm in im ized  conversion 

t ru th  tab le  contains 118 p roduct terms, w hile  a f te r  the  m in im ization , only 

59 p ro d u c t  terms a re  required . In Fig. 4.7.10a, the conversion CAM mask is 

shown. In Fig. 4.7.10b, the t rans il lum ination  result corresponding  to a R N  

220 is shown. The in tensities below the threshold  were de tec ted  fo r  ou tpu t  

bits F 6  an d  F 3 w hich  corresponds to the  decim al num ber  72.
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4.8 CAM-based higher order symbolic substitution

A n optica l system fo r  im plem enting  SS must consist o f  two subsystems; a 

p a t te rn  recognizer th a t  includes both op tica l  l inea r  an d  non linea r  devices th a t  

p e rfo rm  th resho ld ing  an d  com plem enting  opera tions, respective ly , a n d  a pa tte rn  

su b s ti tu t ing  device. R ecently , various optica l SS im plem en ta tion  techniques, 

such as associative m em ory, spatia l  f i l te r in g ,  phase-only hologram , optical 

corre la t ion , g rating , etc., have  been suggested [28-39]. T here  are  two basic SS 

techn iques  fo r  recognizing patterns; a n  a d d it iv e  and  a m u lt ip l ica t ive  logic 

techniques. With an a d d it iv e  logic technique, the  location  of the  search p a tte rn  

is a sce r ta ined  by e ithe r  a co rre la t ion  or a superposition  o f  the s h if te d  da ta  

copies [30-36]. The a d d it iv e  logic techn ique, using e ithe r  an optica l in tens ity  or 

po la r iza t ion  coding, requ ires  an  optica l  N O R  opera tion . With a m u lt ip l ica t ive  

logic techn ique, ligh t is e i the r  t ran sm itted  th rough  several tran sparenc ies  using 

spa tia l  f i l te rs  or re f lec ted  using an  optica l cav ity  [37-39]. The m u lt ip l ica t ive  

logic techn ique, again  using e ithe r  an  in tens ity  or po la r iza t ion  coding, is an  

optical A N D  opera tion . U n like  the  m u lt ip l ica t ive  logic technique, the  ad d it iv e  

logic techn ique, because it is a  N O R  opera tion , need logic inversion. T he  requ ired  

invers ion  is tim e-consum ing and  needs the support  o f  ad d it io n a l  op tica l or 

e lec tron ic  devices.
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4.8.1 Symbol recognition based on content-addresable memory

A CAM based processor compares the  inpu t  da ta  w ith  all previously 

stored refe rence  patterns. When the  in p u t  m atches a s tored CAM patte rn , an 

ou tp u t  is generated . In this section, a new opto-electronic CAM based symbol 

recognition  scheme is in troduced .

Consider, a ID  b inary  12 b it  s tr ing  B ( s tr ing  o f  p r im it ive  elements)

5  = 0011 0 1 1 0  01 1 1 .  ( 4 . 8 . 1 )

Here, the  objective is to f in d  the locations o f  a 4-bit sequence, i.e. 0110 (the 

search symbol S) in  the b it  s tr ing  B. F irst , using D R  scheme, the  prim itive  

elements "0" ( "1") in  the  str ing  B and  in  the  search symbol S a re  encoded as 

"01" ("10") p roducing  substi tu ted  strings Be and  Se (Se= l 0010110). Comple­

m enting  the s tr ing  Se and  repea ting  i t  th ree  times, a periodica l copy Pe is 

generated . P e rfo rm ing  the logic A N D opera tion  on the str ings Be and  Pe a 

resu lting  s tr ing  A e is obtained. The position o f  the  search symbol is ind ica ted  

by an  8 -b it  s tr ing  o f  all zeros (center set).

5 e = 0 1 0 1 1 0 1 0  0 1 1 0 1 0 0 1  0 1 1 0 1 0 1 0
P e = 1 0 0 1 0 1 1 0  1 0 0 1 0 1 1 0  1 0 0 1 0 1 1 0  , (4.8 .2)
A e = 0 0 0 1 0 0 1 0  0 0 0 0 0 0 0 0  0 0 0 0 0 0 1 0
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To optically  im plem ent h igher-order symbol recognition, using a  CAM 

techn iques , an  in p u t  image is encoded using tr ip le -ra il  spatial symbols shown 

on Fig  4.8.1. The encoded inpu t  da ta  (shown in Fig.4.8.2a) is superimposed 

w ith  a f ixed  b in a ry  mask (CAM) (see Fig.4.8.2b) resu lting  in  the image shown 

on Fig.4.8.2c. This CAM approach  utilizes a b inary  periodic  mask which is 

a bit-w ise  com plem ented image of the search symbol. In o rder to established 

the  locations of the  search symbols, an in tegra tion  of the  ligh t in tens ity  over 

each symbol’s a p e r tu re  is perform ed. To perfo rm  th is  in tensity  in tegration , 

a lensle t a r ra y  is employed. The size o f  the elem ental lenslet ape rtu re  is 

iden tica l  to the  size of the search symbol. In th is  case, the low in tensity  

in teg ra t io n  result  indicates the  search symbol locations. As a f in a l  step, to 

po in t  the search symbols by means o f  h igh  in tens ity  pixels, l ight in tensity  

invers ion  is perfo rm ed .

4.8.2 Recognizer a rch i tec tu re

To recognize all possible 2n symbols, in  general, 2n channels  need to be 

used. Using an  angu la r ly  m ultip lexed scheme, a num ber o f  d i f f e re n t  ou tpu t 

channels  (each channel corresponds to a d i f f e re n t  search symbol), w here each 

channel equipped  with  a d i f f e re n t  CAM mask, can be incorporated . In 

Fig.4.8.3, the optical a rch itec tu re  fo r  a th ree  channel recognizer is shown. 

T he  th ree  lenses ( inpu t  lenslet a rray )  together w ith  a projection spherical 

lens will p roduce  th ree  collim ated beams. The inpu t  d a ta  symbols are  displayed 

on the  SLM th a t  is positioned in  the f ro n t  focal p lane o f  lens L 4. T he  CAM
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masks should be positioned in  such a w ay th a t  they  do not overlap. This  

cond it ion  is sa tis f ied  w hen the spacing betw een two neighboring  lenses in 

the  in p u t  lenslet a r ra y  is equal to the  l inear  d im ension  d of the  SLM. The 

long itud ina l  dim ension  o f  the system is equal to f  x + 3 f 2 + f 3 and  the transverse  

d im ension  depends on the num ber  o f  m ultip lexed  channels  ( fo r  k channels  

transverse  d im ension  equals to kd). Because of ro ta t iona l  sym m etry , and  to 

m ore e f f ic ie n t ly  u til ize  the  3D space, the  ligh t po in t  sources a re  to be a rranged  

as a 2D a rray . To po in t  the  locations o f  the  search symbols, an a r ra y  o f  

opto-electronic  inver ters  (or an  SLM) positioned a t  the  o u tp u t  p lane is used. 

T he overall pe rfo rm ance  o f  the  proposed system depends on the type o f  SLM 

used. The system ’s SNR is p roportiona l  to the SLM’s con tras t  ratio . For the  

D R  encoding techn ique  h a lf  o f  the a rea  corresponding  to one search symbol 

is m asked. Since each elem ent o f  the o u tp u t  lenslet a r ra y  p refo rm s  in teg ra tion  

over the  area  equal to the  a rea  of a single search symbol (n by n  pixels), the  

p roper  symbol de tec tion  is ach ieved  fo r  SLM w ith  a con tras t  ra t io  cr g rea ter  

th an  n 2/2. Using D R  encoding techn ique  fo r  SLMs w ith  cr equal to e.g. 500:1 

the largest search symbols th a t  can be de tec ted  should con ta in  abou t 30 by 

30 pixels. A dd it iona l  l im ita tion  fo r  the  search symbol m axim um  size is caused 

by a crosstalk betw een symbols d u r in g  in teg ra t ion  by lensle t a rray . The 

c rosstalk  can be m inim ized  by precise a lignm en t o f  the  o u tp u t  lenslet a rray .
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4.8.3 Experimental implementation

For a CAM based symbol recognizer, using a T R  encod ing  technique, 

the  in p u t  da ta  is encoded. In Fig.4.8.4a, the  b in a ry  in p u t  d a ta  consisting o f  

a 3 by 12 m atr ix  is shown, w hile in  Fig.4.8.4b the corresponding  spatia lly  

encoded  in p u t  d a ta  is shown. In th is  experim ent, a search  fo r  the  two 3-bit 

symbols O il an d  110 was perfo rm ed . F irs t ,  two masks corresponding  to the  

search  symbols Oil and  110 were genera ted . In Fig.4.8.4c (Fig.4.8.4d), the  

masks fo r  the symbol Oil (110) a re  shown. They  are  the  period ica lly  repea ted  

sequence 1 0 0  (0 0 1 ), th a t  is the  com plem ent o f  the  search symbol 0 1 1  ( 1 1 0 ). 

Using a two channel  system, two search symbols recognition  can s im u lta ­

neously  be perfo rm ed . T he  search symbol masks a re  positioned accord ing  to 

the  schem atic  shown in Fig.4.8.3. By i l lu m in a tin g  the  in p u t  d a ta  mask w ith  

two an g u la r ly  m ultip lexed  co ll im ated  beams, an  A N D  opera t ion  betw een the 

in p u t  d a ta  and  search masks was perfo rm ed . In Fig.4.8.4e (f), fo r  the channels  

011 (110), the resu lt  o f  the  A N D  opera tion  is shown. F ina lly , using a 3 by 4 

lenslet a rray ,  the  in tens ity  average  o f  each 3 by 3 AN D plane  pixels was 

obtain . In Fig. 4.8.4g and  h, the  averaged  and  the th resho lded  version of the 

images o f  Fig. 4.8.4e and  Fig. 4.8.4f are  shown. T he  h igh in tens ity  pixels 

rep resen t the lack o f  search symbols w hile  the  low in tens ity  pixels ind ica te  

the  locations o f  the  search symbols. The lenslet a r ra y ,  used in the  experim ent, 

consisted o f  12 square  a p e r tu re  lenses. T he  images o f  Fig. 4.8.4g and  h were 

recorded  by a com puter- linked  TV  cam era.
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4.9 Sum m ary  and conclusions.

T he  pe rfo rm ance  o f  the CAM processor is lim ited  by the  L D /L E D  m axim um  

sw itch ing  speed, de tec tor  response tim e and  electronic com para to r’s propagation  

delay. T he  fas test  reported  LD switching ra te  is 14 GHz [26], the  optica l detec tor 

response tim e can be shorter  than  200 ps [27] and  u l tra -fas t  com parators  can 

have de lay  time as short as 500 ps [28]. A ddit iona l  speed l im ita tion  is in troduced  

by the  t rave l  tim e betw een the LD an d  the detec tor a rray . D is tr ibu ting  the LDs 

ligh t th rough  optical f ibers  and  using a  high resolution (E-beam technology) 

CAM m ask, the long itud ina l  dim ension of the  system can be reduced  substan­

tia lly , fo rc ing  the t rave l  time to be a t  least an  o rder of m agn itude  sm aller  than  

the LD sw itch ing  and  the detec to r  response time. The use of an  all optical 

th resho ld  can  increase processing speed as well as can sim plify  the  detection 

step. T he  advan tage  o f  the proposed scheme is tha t  i t ’s ca lcu la tion  speed is 

in d ep en d en t  o f  the  num ber of bits to be processed. A large num ber of p roduct 

terms can  be inco rpora ted  into a single CAM mask prov id ing  fas t  com puta tion  

speed. A 4-bit CLA was design and  experim entally  implemented. To prov ide  fo r  

the a d d it io n  of large BNs, a r ipple  carry  scheme must be employed. Here, the 

ou tpu t  c a r ry  from  one stage is connected to inpu t c 0 of  the nex t stage. By 

connecting  ou tpu t  ca rry  from  one 4-bit CLA to inpu t c a rry  of the  next CLA, 

the app lica tions  o f  CLA to the add it ion  of large BNs is possible. For an  16-bit 

CLA, the  to ta l sum m ation  result can be ob tained  in abou t 600 ps. The imple­

m en ta tion  of m ultip lica tion  opera tion  using BN, R N  as well as SLN rep re ­

senta tions  was presented.
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The im plem enta tion  of d irec t  BN m u ltip lica tion  can deliver the  fastest 

processing speed (one stage CAM), but because o f  h a rd w a re  complexity , its 

im plem enta tion  is lim ited  to re la tive ly  small BNs. As a l te rn a t iv e  approach  using 

e ither  SLNs or RNs can be used to p e rfo rm  m ult ip l ica t ion  of h igh dynam ic 

range m ultip lica tion . Here, however, a 3-stage CAM is used. When a num ber of 

sequential m ultip lica tion  opera tions is to be perfo rm ed , the  f ina l  conversion 

stage is used less f requen tly , de live ring  fas te r  overall processing speed. For all 

the  examples, f irs t,  the t ru th  tables were reduced  and  than  im plem ented using 

a non-holographic  CAM. A 3-bit BN, 7-bit SLN, and  a three m odulus RN 

m ultip liers  were experim entally  dem onstrated .
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to " 1". T h e  resu l t  is 0110 ( the  in tens it ie s  co rrespond ing  to F 2 an d  F j  a re  above  threshold), (d) 
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voltage  V f r  For  a c tiv e  low logic, an  a r r a y  o f  in v er te rs  is used (d ra w n  by a  dashed  line).
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Fig. 4.7.1. (a) E x p e r im en ta l  resu lt  o f  4 -b it  c a r ry  look-ahead  a d d e r  CA M  fo r  an  ac tive  high 
logic. T he  m asks Mq, M*, M 2, M3 , M4  encoded  using du a l- ra i l  encod ing  tech n iq u e  rep resen t 
the  logic o u tp u t  s0, Sj, s2, s3, an d  cout. (b) T he  masks i l lu m in a ted  by a sequence o f  bars 
rep re sen t in g  the  b in a ry  num bers  c 0  = 1, a = 1011 a n d  b = 0110. For m asks Mx a n d  Ms, the 
in ten s it ie s  a re  above the th resho ld  level ind ic a t in g  the  resu l t  1 0 0 1 0 .
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Fig. 4.7.2. For an  ac tive  low logic, ex p e r im en ta l  resu lt  o f  a 4 -b it  CLA.
For  m asks M x an d  M5, the  in tens it ies  a re  below the th resho ld  in d ic a t in g  the  resu lt  10010.
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Fig. 4.7.3. (a) E x p e r im en ta l  resu l t  o f  a 3-bit b in a ry  m u lt ip l ie r  us ing  a c tiv e  low logic. T he  
masks M0, M x, M 2, M3, M 4 an d  M 5 encoded  using du a l- ra i l  encod ing  tech n iq u e  rep resen t  the  
m u lt ip l ic a t io n  resu l t  A 0, Au A 2, A 3, A 4 a n d  A 5. (b) T he  six masks, all i l lu m in a te d  by a 
sequence  o f  bars  rep re sen t in g  the b in a ry  num bers  a = 110 an d  b = 111 a re  shown. T he  in tens ity  
below the  th re sho ld  level a re  a t  the  o u tp u t  b its  A j, A 3  a n d  A$ rep resen tin g  the  resu lt  101010.
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Fig. 4.7.4. (a) Com posite  CA M  m ask  fo r  a MSD a d d i t io n  [ the  le f t -  ( r igh t-)  hand -s ide  subm ask 
is fo r  the  1 ( 1 )  ou tput] ,  (b) A s ix -d ig it  in p u t  d a ta  group, (c), (d) T he  c o rre spond ing  m asked 
in te n s i ty  resu lts  fo r  th e  o u tp u t  ch an n e ls  1 a n d  I  in  the  lens back  foca l  p lan e  (top) a n d  th e ir  
th re sh o ld ed  an d  in v e r ted  ou tp u ts  (bottom), respectively , (e)-(j) Tw o o th e r  in p u t  d a ta  groups 
a n d  th e i r  co rre spond ing  results.
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In the  bo ttom  p a r t ,  the  co rre sp o n d in g  lens in teg ra ted  resu lts  fo r  the  o u tp u t  channe ls  I and  
I  a re  show n. T h e  th ree  o u tp u t  d ig its  a re  o, 1 a n d  1 , respectively .
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Fig. 4.7.6. (a) T h e  convers ion  m asks fo r  a 7-bit SLN m u lt ip l ie r  (ac tive  low logic), (b) T he  
CAM  m ask i l lu m in a t io n  an d  the  c o rre spond ing  in ten s i ty  d is t r ib u t io n .  Tw o num bers , a=61 
a n d  b=110, a re  conve rted  f ro m  a b in a ry  to an  SLN rep resen ta tion .
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Fig. 4.7.7. (a) T h e  CA M  masks fo r  an  ac tiv e  low convers ion  f rom  an  8 -b it  SLN (1100.1011) 
to a 14-bit BN rep resen ta tio n , (b) T he  CAM  m ask i l lu m in a t io n  w ith  the c o rre spond ing  in tens ity  
d is t r ib u t io n .  F o r  F 12, F n ,. F 8, F 7, F 6, F 2, an d  F 0  co rre spond ing  to the  b in a ry  resu lt  
0 1 1 0 0 1 1 1 0 0 0 1 0 1 , the  in te n s i ty  below the  th resho ld  level is shown.
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Fig. 4.7.9. (a) Experimental result of a residue multiplier using the moduli 3, 5 and 7. The 
masks encoded using dual-rail logic Ml, M\.  Ml  represent the modulus 7, masks M l , M 5, ,Ml  
represent modulus 5 while At?.Mg represent modulus 3 multiplication results, (b) The mul­
tiplication result for a 9X8. The eight masks were illuminated by a sequence of bars rep­
resenting the binary numbers a = 010 and b = 001 in a mod 7, a=100 and b=011 in a mod 5, 
a=000 and b=010 in a mod 3 multiplications. The intensities are below the threshold level 
for the output bits Alt Bt corresponding to the RN 022 (decimal number 72).
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Fig.4.8.1 S p a t ia l ly  encoded  p r im it iv e  e lem ents "0" an d  "1" using a T r ip le  - ra i l  (T R ) encod ing  rule.
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Fig.4.8.2. (a) S p a t ia l ly  encoded  in p u t  d a ta  fo r  a CAM  based sym bol reco g n it io n  us ing  T R  encoding, 
(b) T h e  c o rre sp o n d in g  C A M  m ask fo r  the  search  sym bol 001 consists  o f  p e r io d ica l ly  repea ted  
sp a tia l ly  encoded  sym bols 100 ( inverse  o f  the  search  sym bol 001). (c) T he  resu l t  o f  a C A M  recognizer.  
T he  lo ca t io n  o f  the  search  sym bol is in d ic a te d  by the  com ple te ly  b locked  a re a  (3 by 3 pixels). T he  
search  sym bol 001 is fo u n d  in positions  (1,3) an d  (3,3).
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Fig.4.8.3. A GAM -based system  fo r  a th ree  channel  symbol recognition . L j  - L 3  a re  lenses o f  a 
lcnslet a r ra y .  Lenses L x - L 3  toge the r  w ith  p ro jec tion  lens L 4 g enera te  th ree  ang le -m ultip lexed  
beams (each used to recognize  a d i f f e r e n t  search  symbol). T he  in p u t  d a ta  is d isp layed  on the  SLM. 
T he  spacing  d be tw een  two a d ja c e n t  l igh t  sources is equa l  to the  SLM dim ension . To  recognize 
th ree  search  symbols, th ree  m asks (Mlt M2 an d  M3) a re  p laced  on the  m ask plane. T he  lensle t a r ra y  
L 5 p e rfo rm s  l igh t  in te n s i ty  in te g ra t io n  over each sym bol’s ap ertu re .



(g) <h)
Fig. 4.8.4. Experimental results for a CAM based symbol recognition, (a) The binary input data, 
(b) The spatially encoded input data using a TR encoding rule, (c) The binary mask to recognize 
the search symbol Oil. (d) the binary mask to recognize the search symbol 110. (E-f) A masked 
version of the input image used for the recognition of the search symbol 0 1 1  and 1 1 0 , respectively. 
(G-h) The integration result for the case Oil and 110 for each of the 3 by 3 pixel areas. The low 
intensity pixels indicate the search symbol’s position. 129
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T a b le  4.2.1, T he  m in im ized  t ru th  fo r  M VL variab les ,  m u l t ip l ic a t io n  exam ple.



V. ASSOCIATIVE MEMORY PROCESSING

5.1 In troduction

A com binato ria l  logic c ircu it  is an in te rconnec ted  a r ra y  of logic gates or 

switches. However, fo r  various a r i thm etic  operations, i te ra t ive  sequential 

com puta tion  is needed. To fu rn ish  feedback  fo r  com binatoria l circuits , memory 

elements, such as f lip -flops or registers, m ust be utilized. With this feedback, 

the overall  logic c ircu it  is a f in ite -s ta te  sequentia l logic machine. To perfo rm  

fas t  com bina to ria l  logic the use of optics was suggested [1-3]. However, fo r  the  

proposed sequential logic schemes the e f f ic ie n t  feedback  genera tion  is an  active 

research area. To genera te  a sequential logic c ircu it , a v iab le  hyb r id  approach 

is to use optics fo r  fas t  paralle l  com binatoria l logic and  in te rconnec t functions  

and  also high-speed bit-addressable  electronics fo r  storage an d  feedback  [1]. An 

example is the em itter-hologram -SLM -hologram-detector com bination  used fo r  

opto-electronic residue a r i thm etic  processing [4]. In th is  thesis, a hybrid  

sequentia l com puting module, where an optica l a rray  processor perfo rm s the 

com binatoria l logic and  in terconnect operations between high-speed electronic 

paralle l  addressed storage registers, is described. This h y b r id  system is able to 

pe rfo rm  fas t  optical register t ra n s fe r  m icro-operations (ORTMOs), operations 

th a t  represen t the p r im itive  opera tions requ ired  for an  general-purpose optical 

d ig ita l  computer. Using these operations, o ther, such as residue a r i thm etic  

opera tions can be constructed. This new system will be re fe r re d  to as an  optical
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register transfer  processor (ORTP).

For the  design o f  a  d ig ita l  com puter, the  so-called reg is ter  t ra n s fe r  language 

(R TL) [5] plays an  im por tan t  role. Based on an  in te rconnec ted  set o f  logic gates, 

registers, etc., R T L  serves as the most p r im it iv e  language th a t  links a physical 

d ig ita l  m ach ine  and  its p rogram m ing env ironm en t.  A ny  soph is t ica ted  i te ra t ive  

com pu ta tion  can be decomposed in to  a sequence o f  p r im it ive  logic and  t ra n s fe r  

opera tions. In  Table  5.1, some typica l reg is ter  t ra n s fe r  m icro-opera tions  [5] are  

listed. Here, the  source an d  des tina tion  registers  a re  deno ted  as A and  B, 

respectively . I t  can be shown [5] th a t  fo r  bo th  a single b it  and  a fu ll- leng th  

w ord , reg is te r  para lle l  load, clear, ro ta te  and  sh if t  as well as t r a n s fe r  operations 

a re  executable . The com plete  set o f  b inary  logic m icro-opera tions  (see Table  5.2) 

can  be com bined  fo r  o ther  more sophis tica ted  a r i th m e tic  opera tions , such as 

ad d it io n ,  sub trac tion , a n d  m ult ip l ica t ion  [5].

5.2 P rocessor A rch itec tu re

For an  optica l reg is te r  t ra n s fe r  m icro-opera tion  (ORTM O) im plem enta tion , 

the  recen tly  developed symbolic subs ti tu t ion  techn ique  [6-9] can be used. Here, 

a n  op tica l  ho lograph ic  associative symbolic su b s ti tu t ion  (OHASS) technique, 

proposed by Yu et. al. [8-9] is employed. The two logic s ta tes  0 and  1 a re  encoded 

as two spa tia l  o rthogonal symbols (see Fig.5.2.1). In the  OHASS f i l te r  p repa ra tion  

stage, the  in te r fe re n c e  p a t te rn  betw een the F o u r ie r  spectra  o f  the in p u t  and  the 

p reca lcu la ted  o u tpu t  symbols are  recorded. To process e i th e r  a single or two- 

v a r iab le  O R TM O , a t  the  correspondingly  p a r t i t io n ed  reco rd ing  p lane  e ither
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two or fo u r  exposures a re  a f fec ted .  To generate  an  ou tpu t,  these in p u t  symbols 

a re  used as re fe rence  beams. The OHASS f i l te r  cons truc tion  de ta ils  can be 

fo u n d  in Refs. [7-8],

For  the  various  ORTM Os, in the  in p u t  plane, a set o f  N -b it  in p u t  op tica l symbols

N -  1

c ( x , y ) »  Y. { a ( x - i x 0. y - y 0) + 6 ( x - i X o , y - 2 y o )  + c’( x - i . v 0, y  + y 0)X5.1 .1)  
1 - 0

w here (.v0, y 0) are  spa tia l  sh if ts ,  a, b and  c* a re  the two inpu ts  an d  a re fe rence  

p a t te rn ,  respectively , is a llowed to overlap  w ith  a p a t te rn  d u p lica ting  f i l te r  

g(x,y). In the  system ’s F ou r ie r  p lane, the  corresponding  ou tp u t  p a t te rn  O is

A l - l

0 ( x , n) = C(.v,r|)oG(>:, r|) = X  £ ( - v> rl - ^ h i)
Jt “ 0

=  X  X ^ O - i X o . T i - f c T h l e x p t - y y o C n - f c T i , ) ]
1-0 *-0

+ 5 ( x - i . v 0,ri-A:Ti1) e x p [ - y 2 y 0(r|-A:TiI) ( 5 . 1 . 2 )

+ C’( . v - i x 0, r| -fcTi1) e x p [ + y y 0(n-fcTi1)

w here o denotes a convolu tion  opera tion , A, B, C and  C are  the  ID F ou r ie r  

t ra n s fo rm  o f  the  in p u t  pa tterns . Eq.(5.1.2) represents  a ID  (vertica l)  rep lica  o f  

a  ho rizon ta l  F ou r ie r  hologram  a rray . T he  synthesis o f  a p roper  dup lica tion  f i l te r  

G has been reported  [10-12].

Based on the  above-described  OHASS an d  p a tte rn  dup lica tion  scheme, an  

op tica l  register  t r a n s fe r  processor (O RTP) can  be im plem ented. In F ig .5.2.2, a 

schem atic  o f  an  O R T P  is shown. The fo u r  N -bit A, B, C, and  C* elec tronic  

registers  a re  employed. To genera te  the  optical inputs , in p u t  e lec tronic  registers
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are  used to d r ive  a para lle l  ID  a r ra y  o f  fa s t  laser d iode  em itters. A fas t  de tec to r  

a r ra y  feeds in to  an  O R T P ou tp u t  register. For  i te ra t iv e  com puting , a n  one-to-one 

elec tron ic  feedback  loop connecting  the  registers  A to C can  be u til ized. The 

reg is ter  B also acqu ires  in p u t  da ta  f ro m  an e lec tron ic  o u tp u t  port. In a learn ing  

phase, to load a refe rence  p a t te rn  the reg is ter  C* is used. Fo r  the  M possible 

N -bit  m icro-opera tions , using the M ve rt ica l  F o u r ie r  spectrum  replica , M con­

secutive  associative hologram s are  prepared . To ensure  th a t  all the  tw o-variab le  

in p u t  com binations  a re  availab le , fo r  each  hologram  fo u r  OHASS bit-wise 

pa r t i t io n ed  exposures a re  requ ired . When all  the M ORTM Os are  encoded, the  

reg is ter  C* is deactiva ted . To control the  O R T P ’s sequencing , located  a t  the  back 

o f  the  hologram  a rra y ,  a 2D spatia l l igh t  m odu la to r  (SLM) is program m ed to 

select, one a t  a time, one o f  the  M horizon ta l  slices. T he  thus  selected result, 

a f te r  passing th rough  the second cy lind r ica l  lens L 2, is de tec ted  an d  stored in 

the  reg is ter  C.

Because an  O R T P  is a bit-serial w ord -para lle l  processor th a t  processes in 

a sequen tia l  opera tion  fash ion  two in p u t  variab les  a t  a time, op tica l fan -o u t  is 

de te rm ined  by the  num ber  o f  logic and  t ra n s fe r  opera tions  in d ep e n d e n t  of the 

w ord length . It has been shown [13] th a t  fo r  a ho log raph ic  in te rconnec t  to be 

superio r  to its e lec tronic  coun te rpar t ,  th e  in te rconnec t  line-length , e ff ic iency , 

r ise-time, fan -ou t ,  a n d  source thresho ld  power m ust be optim ized. I t  has been 

ind ica ted  [13] th a t  fo r  a given rise-time (e.g. 1 ns in  a capac i tance  lim ited  

region), the  use o f  long in te rconnec t  l ine-leng th  ( > 1 mm), large fan -o u t  ( > 1 ), 

low source th resho ld  ( < 2 mw) and  high hologram  e f f ic ie n c y  (> 9 %) can provide  

an  over-all  superio r  in te rconnec t  p e rfo rm an ce  fo r  optics  th an  fo r  electronics.
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For a n  ex is ting  optica l sem iconductor laser source w ith  a m axim um  power of 

50 mW opera ted  w ith  a 1 ns rise-time, a m axim um  fan -ou t o f  67 is possible [13]. 

This  f an -o u t  places an  upper lim it on the num ber of O R T P m icro-operations 

(more th an  w ha t  is requ ired  fo r  prim itive  operations). Since all the  registers 

store fo r  a short period  of time the paralle l  d a ta  and  the  in te rm ed ia te  results, 

and  because no serial in tra -reg is te r  opera tions a re  requ ired ,  fas t  GaAs-based 

GHz e lec tronic  registers together w ith  a fas t  system clock can be used. For an 

a ll-optical O R TP, optical memory elements, such as the recently  developed SEED 

[14] device, tha t  can  o f fe r  dynam ic  storage fo r  as long as 30 sec., may be used. 

In a d d it ion , because all m icrooperations requ ire  an iden tica l  processing c ir ­

cu itry , clock synchron ization  is re la tive ly  easy. F inally , because o f  the  O R TP 

speed is independen t  o f  the w ord length, by using a large space-bandw id th  

p roduct op tica l  system, the im plem enta tion  o f  a m ulti-va riab le  O R TP m ay also 

be possible.

5.3 Experim enta l  Results

In .our p roof-o f-p rinc ip le  O R TP experim ent, various  para lle l  OHASS b it  

t ran s fe r ,  logic com plement and  AND opera tions  were perfo rm ed . For the 

dup lica tion  o f  the  F ourie r  spectrum  in to  th ree  la te ra lly  d isp laced  spatia l  

locations, two beam sp lit te rs  and  a m irro r  were used. These th ree  F o u r ie r  spectra 

were used, fo r  b it  transfer ,  logic com plem ent and A N D  m icro-operations, 

respectively. For each opera tion  there  a re  k possible in p u t  b it  con figu ra t ions  

where fo r  t ra n s fe r  k = 2  and  fo r  logic k = 4. Corresponding  to a pa r t icu la r
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opera tion , a hologram  was pa rt i t ioned  in to  k sections. D epending  on which 

opera tion , t ran s fe r  or logic, is to be perfo rm ed , a fcstep hologram  generation 

process is used, w here in  each step the contents  o f  registers A an d  C* or A, B, 

and  C* a re  used. D uring  the associative recall process, fo r  e ither  the  tran sfe r  

or logic, the  en tire  hologram was il lum ina ted  by e ither  A or A a n d  B. Using 

the associative recall process, a t  the ou tpu t  register C plane, the  result  was 

retr ieved. In Fig.5.3.1(a) and (b), the  result o f  these t ran sfe rs  are  shown. To 

select the  desired m icroopera tion , a t  the F ourie r  plane, a b inary  mask was 

employed. On the left-most F ou rie r  spectrum, an  optica l b it  t ra n s fe r  m icro­

opera tion  was perform ed. Since there  are  two bit t ra n s fe r  cases, i.e the  tran sfe r  

o f e i th e r  a 0  or a 1 , the hologram  associated w ith  these two tran sfe rs  was 

d iv ided  in to  two vertica l parts. A t each exposure, two iden tica l  in p u t  symbols 

taken  f ro m  the in p u t  registers A and  C* were used. For a b it  complement logic 

opera tion , the cen tral  F ourie r  spectrum  was used. In th is  case, fo r  each exposure, 

a d i f f e re n t  pa ir  o f b inary  symbols were used. In Fig.5.3.2(a) and  (b), the two 

OHASS logic complement results a re  shown. To p e rfo rm  a tw o-variab le  logic 

AND opera tion , the right-m ost F ourie r  spectrum  was utilized. In this case, a 

fou r  q u a d ra n t  composite hologram was constructed . A t each exposure, the three 

o ther  spectral qu ad ran ts  were covered. Also, fo r  the fo u r  exposures, the four  

inpu t symbol pairs were inserted. In Fig.5.3.3, an  experim enta l  OHASS logic 

AND results  are shown.
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5.4 Summary

In this thesis, an  O R TP th a t  promises fas t ,  b it-serial and w ord  parallel - 

i te ra t ive  opera tion  on b inary  inpu t  d a ta  is proposed. For the  O R TP a rch itec tu re , 

an  OHASS opera tion  th a t  is based on a coheren t para lle l  Fourie r  processing 

system was described. The processor is based on holographic  associative memory 

and  symbolic substitu tion. The inpu t d a ta  is encoded using orthogonal spatial 

symbols. Two stage process was proposed. F irst , the associative spatia lly  m ul­

tip lexed hologram  was generated  using all inpu t-ou tpu t  pairs, next, the  hologram 

was i l lum ina ted  by in p u t  signal only. At the ou tp u t  p lane both  input and  retr ieved 

ou tpu t symbols were present. The associative memory technique was used to 

design a bit-serial, w ord-para lle l  processor. The processor is capable of per­

fo rm ing  a set o f  t ra n s fe r  and  logic operations. The lim iting  fac to rs  fo r  the 

processing speed a re  LD m axim um  m odula tion  rate , f ree  space t rave ling  time 

and de tec to r  response time. All these fac to r  can be m inim ized to provide an 

overall processing speed <lns. F irs t  o rder  experim enta l  results fo r  transfer ,  

complement and logic AND operations were also presented.
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Fig. 5.2.1. A schem atic  o f a 1-bit OHASS processor. In p u t b in a ry  sym bols a re  encoded  o rth o g o n a l p a tte rn s . L l5 L 2 
and  H, a re  tw o id e n tic a l F o u rie r  lenses an d  a hologram . T he  tw o logic an d  a re fe re n c e  sym bols a re  in serted  a t 
the  in p u t plane. F o r th e  reco rd in g  o f  the  fo u r  associa tive  subhologram s, the  F o u rie r  sp ec tru m  is d iv id ed  in to  fou r 
q u a d ra n ts . F o r logic p rocessing , d ep en d in g  on the  in p u ts , a t the  system ’s o u tp u t p lane  an  associa ted  o u tp u t will 
be de tec ted .
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Fig. 5.2.2. A schem atic  o f  a N -b it OHASS ite ra tiv e  processor. A , B an d  C , a re  th re e  N -b it in p u t reg iste rs  d riv ing  
ch an n elized  lase r d iodes; C, an  N -b it o u tp u t reg is te r  s to rin g  the  re su lt o f  o p tica l th re sh o ld  d e te c to r  a rray . In 
a d d itio n  to the  lenses, ho logram s, an d  an  in p u t d u p lic a tio n  g ra tin g , a F o u rie r  p lan e  2D SLM a n d  a para lle l 
e lec tro n ic  fee d b a c k  a re  used.



•is.
to

Fig. 5.3.1. R esu lts  o f  a 1-bit OHASS in te rre g is te r  m ic ro o p era tio n , (a) an d  (b), th e  asso c ia tiv e  tra n s fe r  
o f sym bol 1 a n d  0, resp ec tiv e ly . T he top  and  bo ttom  p a tte rn s  a th e  in p u t an d  o u tp u t sym bols, 
respec tive ly .



Fig. 5.3.2. R esu lts  o f  a 1-bit OHASS com plem ent m ic ro o p era tio n , (a) an d  (b), th e  assoc ia tive  
com plem ent o f  sym bol 1 an d  0, respec tive ly . T he top  and  bottom  p a tte rn s  a th e  in p u t a n d  o u tp u t 
sym bols, respec tive ly .



Fig. 5.3.3. R esu lts  o f  a 1-bit OHASS logic A N D  m ic ro o p era tio n , (a) - (d), the  assoc ia tive  logic A N D 
o p e ra tio n  re su lt o f  the  fo u r  in p u t b in a ry  sym bol pa irs.



Microoperation Explanation
C - A Transfer A into C
C «-srA Shift A right by 1-bit and 

transfer into C
C —slA Shift A left by  1-bit and 

transfer into C
C — rrA Rotate A right by 1-bit and 

transfer into C
C - r l A Rotate A left by 1-bit and 

transfer into C
C. — A» j Transfer jth b it of A  into i*  bit 

of C

T ab le  5.1 In te r-re g is te r  tra n s fe r  m icro -opera tions.



Binary logic Microoperation Explanation
O 0 =  0 
O i = l 
O 2 = A
o 3 - b  ̂
o 4 = a

0 5 = i?
0(, = A mB
0 1  = A 
0  8 = A
O 9 = A + 5  
O 10 = A  +B 
On = A+B
0 12 = A +B
0 1 3  = A +B 
O i4  = A  &B 
O is = A~+B

c - 0
c - 1
c - A
c *-B
c *-A
c - I
c * -  A %B
c -AoB
c +-A»B
c -A  +B
c * -  A +B
c *- A +B
c *- A +B
c *— A +B
c *- A %B
c *-A +B

Reset
Set
A
B
Complement
Complement
AND
Inhibition
Inhibition
OR
Implication
Implication
XOR
XNOR
NAND
NOR

Table 5.2 Register logic micro-operations.



VI. SUMMARY

In  th is  thesis, m em ory-based approach  fo r op tica l com puting  was discused. 

T h ree  types o f op tica l m em ories: location  addressab le , con ten t addressab le  and 

associa tive  m em ories w ere used. O pto-electronic  processors based on b in ary , residue, 

m o d ifie d  signed -d ig it an d  s ig n /lo g arith m  num ber system s w ere presented . The 

ap p lica tio n  o f  LA M -based processor fo r  residue num ber (R N ) a rith m e tic  as well 

as fo r  m u lti-va lue  logic (MVL), includ ing  im plem en ta tion  o f m o d ified  signed-d ig it 

(MSD) num ber system  3-level gates, has been stud ied . U sing th is  approach  fa s t 

processing speed (LD m atrix  as a crossbar sw itch) or h igh dynam ic  range  calcu la tions 

(cascade o f LCTYs) can be ob tained . H ow ever, w hen using a b in a ry  num ber 

system , the  tru th -ta b le  size depends on the  in p u t’s dynam ic range. T hus fo r  large 

num bers, th is  schem e m ay become im practica l. U sing a residue num ber system , 

th e re  a re  m ethods to  decom pose an  a rith m e tic  opera tion  in to  a set o f para lle l 

subopera tions. T he ap p lica tio n  o f LAM -based processing '-for R N  opera tions was 

described . T he use o f the  LAM  is lim ited  to two variab les  only. For m u lti-va riab le  

fu n c tio n  im plem en ta tion , an  optical noncoheren t CAM can be used.

U sing a non-ho lograph ic  CAM, any  a rith m e tic  opera tion  rep resen tab le  as a 

Boolean sum o f p roduct term s can be im plem ented. To encode a logic fu n c tio n  in to  

a CAM  m ask, e ith e r  an ac tive  low or high level logic can be app lied . The storage 

ca p ac ity  is s u ff ic ie n t  to im plem ent 16-bit a rithm etic-log ic  processor (32-variab le  

processor). To u tilize  storage space e ff ic ie n tly , p rio r to the  optical im p lem en ta tion ,

147



th e  logic fu n c tio n s  a re  m in im ized  using Q uine-M cCluskey m ethod. Single opera tion  

as w ell as m u lti-opera tion  a rc h itec tu re s  w ere presented . For MSD num ber processor, 

an g u la rly  m ultip lexed  a rc h ite c tu re  w h ich .u tilizes  only  one CAM  m ask to generate  

a ll ou tp u ts , was p resented . As an  exam ple o f the  non-ho lograph ic  CAM based 

a r ith m e tic  processing, the design o f an  op tica l ca rry  look-ahead a d d e r (CLA); b in ary  

num ber (BN), s ig n /lo g arith m  num ber (SLN) and  residue  num ber (R N ) m u ltip lie rs  

was described . T he proposed CAM -based processor prom ises both  large m em ory 

cap ac ity  and  h igh  processing speed (< lns).

T o p e rfo rm  various a rith m e tic  opera tions in  an  ite ra tiv e , sequen tia l w ay a 

re g is te r-tra n s fe r  processor was in troduced . A com binato ria l logic c irc u it is an 

in te rco n n ec ted  a rra y  o f logic gates or sw itches. To generate  a sequen tia l logic 

c irc u it, a v iab le  h y b rid  approach  is to use optics fo r  both  fa s t p a ra lle l com binato ria l 

logic an d  in te rco n n ec t fu n c tio n s  and  high-speed b it-addressab le  e lectron ics fo r 

sto rage and  feedback . In th is  thesis, a h y b rid  sequen tia l com puting  m odule, w here 

an  op tica l a rra y  processor perfo rm s the  com bina to ria l logic an d  in te rconnec t 

opera tions  betw een h igh-speed e lec tron ic  para lle l addressed  sto rage reg isters, is 

described . T h is h y b rid  system  is ab le  to perfo rm  fa s t op tical reg iste r tra n s fe r  

m icro -opera tions, th a t  rep resen t the p rim itiv e  opera tions req u ired  fo r a general- 

purpose op tica l d ig ita l com puter. Based on the  set o f p rim itiv e  opera tions, a lgorithm s 

can be construc ted  to perfo rm s m ore com plicated  operations such as n -b it 

a rith m etic -lo g ic  operations. Also, o ther, such as R N  or MSD a rith m e tic  operations 

can be constructed . To im plem ent an  optical reg iste r tra n s fe r  m icro-operation  

processor, associa tive  m em ory, sym bolic su b stitu tio n  techn ique was used.
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