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CHAPTER I 

INTRODUCTION 

There has been a considerable amount of research in the 

area of information processing by optical methods in the 

last twenty years {1}. Light is fast becoming the major car

rier of information since the introduction of fiber optics. 

Light is also the most common medium of displaying informa

tion. Since the final output is usually in the form of opti

cal signals, it is natural to design optical processors 

which avoid the conversion of electrical signals to optical 

signals. Optical systems have a number of advantages over 

their electronic counterparts. Optical systems have high 

space-bandwidth and time-bandwidth products. Optical proces

sors are inherently both two dimensional and parallel. Due 

to their inherently parallel mode of operation, the poten

tial for high speed operation is tremendous. 

Optical computing has been defined as "the use of opti

cal systems to perform numerical computations on one dimen

sional or multidimensional data that is generally not im

ages" {2}. Optical computing systems, however, face some 

disadvantages. Over the years, optical computing systems 

have generally been analog in nature. This brings up the 

problem of lower accuracy (or small dynamic range), 



cumulative errors and limited flexibility. Optical computing 

also faces the problem of the lack of appropriate and inex

pensive devices that can perform computations in real time. 

Another major difficulty faced by optical computing has been 

the tremendous progress made by digital electronic computing 

in the past decade {3,4}. Electronic digital computers have 

made inroads into many applications originally seen as ideal 

for optical processing, such as evaluating Fourier trans

forms. 

The issues just mentioned have led to a search for op

tical methods which achieve the high degree of accuracy of 

electronic digital computers, while preserving the parallel

ism and speed of optical analog systems. To overcome some of 

the difficulties of analog processing, optical computing is, 

at present, clearly going "digital." Digital optical pro

cessing has the main advantage of increasing the noise immu

nity of the systems, resulting in a higher dynamic range and 

thus increased accuracy. The research that has been done in 

the area of optical computing over the past decade is brief

ly described in the next section. 



_1.]̂  History of Optical Computing 

The fact that optical computers could be developed was 

first mentioned in the late sixties {5}. Optical processors 

based on the residue arithmetic system were some of the 

first to be investigated {6,7,8}. Residue arithmetic has the 

advantage of being a system of arithmetic in which there are 

no "carry" operations. As a result, all computations can run 

in parallel up to the final decoding step. This type of 

arithmetic complements the "parallelism" inherent in optics. 

Among other numerical optical processing techniques is 

the truth-table look-up type suggested by Guest and Gaylord 

{9}. These processors use the addition and subtraction of 

coherent wavefronts to construct logic operations. Instead 

of requiring multiple steps of combinational logic, these 

processors use a truth-table look-up technique. These pro

cessors use binary as well as binary-coded residue arith

metic {10,11}. 

A number of different architectures and processors have 

been suggested for performing analog operations on discrete 

data, such as matrix-vector and matrix-matrix multiplica

tion. One of these is the systolic array processor {12,13}. 

This processor uses acousto-optical (A-0) devices and time 

integrating detectors to perform the required multiplication 

and summation operations. These processors may also use 



frequency multiplexing in addition to space and time 

multiplexing. 

Architectures suitable for the so called "engagement 

processors" were also put forward. These are a specialized 

kind of systolic array processors. Electro-optical devices 

like liquid crystal spatial light modulators are considered 

as then these operations can be performed in real-time 

{14,15}. Using these engagement processors, matrix-matrix 

and other matrix-related operations can be performed using 

incoherent light. 

A processor based on the use of a lenslet array was re

ported by Glaser {16}. This processor can perform linear 

operations on 2-D discrete data. The lenslet array rearrang

es and accesses 4-D data (the kernel of a linear 2-D opera

tion) . 

An electro-optical (E-0) processor using color multi

plexing was described by Psaltis and Casasent {17}. The pro

cessor is iterative and can be used to solve simultaneous 

linear equations. Color multiplexing makes it possible to 

handle both complex vectors and matrices. Light emitting 

diodes (LED's) and detectors were used in constructing the 

electro-optic processor. 

The processors listed above for performing matrix 

operations have been of the outer product type. The 



processors suggested by Athale and Collins, on the other 

hand, are of the inner product type {18,19}. These are based 

on performing the inner product between two vectors in order 

to generate one element of the output vector or matrix. This 

processor can be implemented by using E-0 modulators, or LED 

arrays and E-0 modulators, or A-0 modulators. 

Fiber optic processors have also been proposed for im

plementing systolic matrix-vector multiplication {20,21}. 

Single mode fiber and directional couplers are used in this 

system. Systolic architectures previously proposed have been 

two-dimensional but the fiber optic signal processor pro

posed in {20} is one-dimensional. A survey of different op

tical processors used to perform matrix operations is pre

sented by Athale {22}. 

In most of the work referenced above, the input to 

these processors has been analog in nature. Analog data has 

the problem of being more susceptible to noise than digital 

data. This is the main reason electronic computers normally 

use the binary arithmetic system. The latter system permits 

one to work with Boolean operators optically, and research

ers have been working on such optical Boolean processors 

since the late seventies. 

An optical parallel logic (OPAL) device was proposed in 

1979 {23}. This device consists of a photoconductor (CdS) 



and twisted nematic liquid crystals appropriately arranged 

to bring about interaction between input signals. Digital 

gate circuits were built using this device. Other types of 

binary systems like the twos complement system have been 

used to perform matrix-matrix multiplication {24}. The pro

cessor used is based on the engagement array architecture. 

The system can also be used to handle bipolar numbers. 

In another development, a lensless processor based on a 

shadow casting system was developed by Tanida and Ichioka to 

optically implement digital logic gates {25,26}. Parallel 

operation of logic gates were implemented using four switch

ing LED's. Gate systems were also implemented. Another pro

cessor was proposed for performing multiplication operations 

by optical convolution {27}. Two separate coding schemes 

were considered. One of the schemes used the residue system 

while the other used the binary system. 

In the early 1980's, algorithms for implementing gener

al optical digital computers were presented by Huang {28} 

and by Barr and Lee {29}. In these papers, the inherent 

"parallelism" of optical processing systems was highlighted. 

Also, new algorithms more suited for handling optical 

information were discussed. 



i'2. Outline of the Thesis 

The numerical computation operation investigated in 

this research is real-time multiplication using a binary 

system of architecture. One of the main advantages of this 

system is the relative noise immunity, resulting in in

creased accuracy when compared to analog systems. We recall 

that multiplication is actually composed of both multiplica

tion and addition operations. One of the hardest operations 

to perform in numerical optical processing is the "carry" 

operation. In this thesis, the addition operation is per

formed in stages in order to limit the number of data levels 

to a maximum of three. This represents a trade-off in speed 

as compared to a system with a higher number of data levels 

but increases the relative noise immunity of the system. 

In Chapter II, the different number systems are re

viewed and their pros and cons are discussed. Also, the rea

sons for using the binary system are stated. The system of 

multiplication is also described. The optical switching de

vice used in this research is the Hughes model H-4060 Liquid 

Crystal Light Valve (LCLV). Its operation is reviewed in 

Chapter III. The experimental set-up is divided into two 

parts. These two parts are discussed in detail in Chapter 

III. 
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Chapter IV concludes the thesis with a summary of the 

results and also discusses the advantages of this system. A 

discussion of the possible future work in the area is also 

presented. 



CHAPTER II 

THEORY OF BINARY MULTIPLICATION 

2*i Different Number Systems 

The majority of all arithmetic computations performed 

use positional number systems to represent the data. A num

ber is encoded as a vector of digits where each digit is 

weighted according to its position. Associated with a number 

system is a base b such that the range of each digit (x. : i 

=0,1,...., ) can vary from 0 to b-1. A number is represented 

by 
n 

N = 2 î̂ "" (2-1) 
i=0 

where i signifies the position of the digit reading from the 

right. 

The main positional or weighted number system in use is 

the decimal system. The base for this system is 10. Some 

electronic computers based on the decimal base have been 

built. All modern electronic computers, however, use the bi

nary system (base 2). This system has a number of advantages 

over other number systems. These will be listed later in 

this section. 

Another number system which has attracted attention 

from researchers in optical computing is the residue system 
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{6,7,8}. This system has no base and can be called a 

non-weighted system. Different numbers are chosen as moduli. 

The decimal number is then divided by each of the chosen 

moduli, and the residue of this division gives the residue 

representation. For example, consider the moduli 3, 5 and 7 

and the decimal number 17. Dividing 17 by 3 gives a residue 

of 2. Dividing 17 by 5 and 7 gives residues of 2 and 3 re

spectively. Thus the corresponding residue representation of 

17 is (2,2,3). The feature of this system that suits opti

cal computing is that no carry operations are required and 

as a result all operations can run in parallel. This ex

ploits the inherent "parallelism" of optics. However, this 

system has a number of limitations. One of these is that 

outside a certain range the residue representation becomes 

ambiguous. Also, the system is limited by the complexity of 

conversion of decimal to residue and back to decimal repre

sentation. 

Systems based on the binary number system share a num

ber of distinct advantages over the other weighted systems 

and also non-weighted systems like the residue system. As 

the total number of levels in the binary system is limited 

to two, the relative noise immunity and thus the dynamic 

range of the system is much greater compared to other number 

systems. This leads to increased accuracy, which is very 



11 

important in numerical computations. Also, logical functions 

like "greater than" and "equal to" can be best implemented 

in the binary system. 

2̂.2_ Multiplication in Different 
Number Systems 

Multiplication of two numbers is one of the basic 

arithmetic operations which has to be performed in nearly 

any computation. In the decimal system, the number of levels 

that the data can have is ten (i.e., 0 to 9). Consider mul

tiplication in this system. For example, 4 multiplied by 3 

can be written as 4 added to itself three times (i.e., 4-f-4-i-4 

= 8-1-4). To complete this addition it is seen that the re

quired data levels would exceed 9. The output of this addi

tion, based on Eq.(2-1), thus is written as 12, which is a 2 

with a carry of "1" to the next spatial position (digit). 

Now, consider the case of the multiplication of numbers 

having more than one digit each. An example is 12 (the mul

tiplicand) X 21 (the multiplier). The two digits of the mul

tiplier are considered to be separate numbers. Multiplying 

with first digit, 1, of the multiplier, we get 

12 X 1 = 12. (2-2) 

Now to multiply by the next digit, 2, the multiplicand is 

considered to be shifted by one position to the left after 

which the multiplication is performed as before, i.e., 
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120 x 2 = 240. (2-3) 

The subproducts are then added to give 240 + 12 = 252, the 

product. 

In the binary system, on the other hand, the number of 

levels that the data can have is two (i.e., 0 or 1). Multi

plication in the binary system is performed in the same way 

as in the decimal system. Consider the multiplication of 6 

by 3 to yield 18. In the binary system, 6 is represented by 

110 and 3 by Oil. Using the same rules as those of decimal 

multiplication gives two subproducts 

110 X 1 = 110 and (2-4a) 

1100 X 1 = 1100. (2-4b) 

The rules for addition are similar to those of the decimal 

system. These are listed below: 

1. 0 -H 0 = 0 

2. 0 -H 1 = 1 

3. 1 + 0 = 1 

4. 1-^1 = 0 with a carry of "1" to the next bit posi

tion. 

Summing the two subproducts using these rules gives 

110 

+ 1100 

10010 (2-5) 
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This is the binary representation of the above mentioned 

multiplication (Binary 10010 = Decimal 18). 

2.3_ Binary Multiplication: The 
Approach Used in this Thesis 

A number of requirements were considered as necessary 

while designing the system of multiplication. These require

ments are listed below: 

1. The multiplication should be done in real-time. 

2. The processing should be kept optical as far as pos

sible. Conversions to electrical signals were to be 

avoided, if at all possible. 

3. Power requirements of the system should be kept low. 

4. The system should be compact. 

5. The dynamic range of the system should be high. 

6. The total number of data levels should be kept to a 

minimum. 

The system of multiplication that has been designed can 

be divided into two parts - a) the AND and SUMMATION opera

tion and b) the conversion from a Mixed Binary to a Binary 

output format. These systems are discussed in the following 

subsections. 
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2.3.1 The AND and SUMMATION 
Operation 

Multiplication of any number by 0 yields 0. In a binary 

system with 4 bits, it is written as 0000. Multiplication of 

a number by 1 gives the number itself. Now, consider the 

multiplication of a number by 2. In the binary system, 2 is 

represented as 10. Any number multiplied by 10 gives the 

same number shifted by one bit position. For example, 

110 X 10 = 1100. (2-6) 

Now, 3 is represented by 11 in the binary system. A number 

multiplied by 3 is the summation of the two subproducts 

formed by multiplying the number by 1 and 2. For example, 

1100 X 11 is the same as (1100 x 01) + (1100 x 10). There

fore, the multiplier can be broken up into segments of two 

bits each. 

In the binary system, two bits have a total of four 

possible states. These are 00, 01, 10 and 11. In the system 

designed in this thesis, these four states are represented 

by no light and three different colors of light, respective

ly. Each spatial position, thus, has four different values 

and can be said to be a base four system. However, by using 

color multiplexing, the number of required intensity levels 

is still kept to two. The relative noise immunity is, thus, 

very high. 
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The multiplier is divided into 2-bit segments. The mul 

tiplicand is replicated, with a shift of one spatial posi

tion to the left. To illustrate, assume the multiplicand is 

11001. The multiplicand is written as itself 11001 and then 

replicated, with a shift of one position to the left, to 

give 110010. If, for example, the 2-bit segment of the mul

tiplier is 01, then the output is the multiplicand it

self—11001. If the 2-bit segment is 10, then the output is 

the replica of the multiplicand shifted to the left by one 

bit position—110010. If the 2-bit segment is 11, then the 

output is the summation of the two above mentioned products 

(i.e., 11001 + 110010). Instead of adding these numbers as 

binary numbers, they are added as if they were decimal num

bers to give 

11001 

+ 110010 

121011 (2-7) 

This system of representation is called a mixed binary 

system, since it is a combination of the binary and the 

decimal systems. 

This number can be converted to a decimal number by 

using Eq.(2-8) shown below: 
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Decimal Number = 2^ ^i^ (2-8) 

where x^ can be 0, 1 or 2 and i is the position of the digit 

reading from the right. 

2.3.2 Mixed Binary to Binary Format 

Conversion 

The result, initially available in the mixed binary 

format, has to be converted to the binary number system for

mat. This mixed binary format number is fed into two subsys

tems. These separate the "I's" and the "2's." One system, 

called the "1" subsystem, gives an output of 1 only for an 

input of 1 while the other subsystem, called the "2" subsys

tem, gives an output of 1 only for an input of 2. Both sub

systems give an output of 0 for an input of 0. The mixed bi

nary format output of the summation in Eq.(2-7) is 121011. 

The output of the "1" subsystem to an input of a mixed bina

ry format number 121011 is 101011. The input to the "2" sub

system is spatially shifted by one bit position to the left 

so that an output of 1 will mean a carry of 1 to the next 

bit position. For a mixed binary format number 121011, the 

input to the "2" subsystem is 1210110 and its output is 

0100000. The outputs of these two subsystems are added as if 

they are decimal numbers as shown below: 
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101011 

+ 0100000 

0201011 (2-9) 

This mixed binary format number, 201011, is then fed back to 

the two subsystems again. The output of the "1" subsystem is 

0001011. The input to the "2" subsystem is 2010110 and its 

output is 1000000. The outputs of these two subsystems are 

added as if they are decimal numbers as shown below: 

0001011 

+ IQOOOOO 

1001011 (2-10) 

This is the binary representation of the mixed binary 

number 121011. The conversion of a number in the mixed bina

ry format to a number in the binary format would take a max

imum of n cycles (where n is the number of bits of the mul

tiplicand) . 

Consider the multiplication of 1111 (the multiplicand) 

and 11 (the multiplier). The output of the AND and SUMMATION 

system is 

1111 

+ 11110 

12221 (2-11) 

Now, it can be seen that this number has three bits which 

are "2's." Consider the conversion of this number to the 
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binary format. The output of the "1" subsystem is 10001. The 

input to the "2" subsystem is 122210 and its output is 

011100. Adding these gives 

10001 

+ 011100 

021101 (2-12) 

It can be observed that all the three "carry's" have propa

gated in parallel. One more cycle through the system gives 

the binary format number, 101101. It can be seen that this 

conversion takes only two cycles compared to the four cycles 

that would be required if the "carry" is propagated serial

ly. 

2_.4̂  The Experimental Set-up 

The experimental set-up used to perform the binary mul

tiplication operation is discussed in detail in the follow

ing chapter. The theory shown above is used in designing the 

experiment. The system is described in detail. A simulation 

of this system was set-up and results of this simulation are 

presented. 



CHAPTER III 

EXPERIMENTAL RESULTS 

The experiment described below was performed in two 

parts due to the availability of only one Hughes Liquid 

Crystal Light Valve (LCLV). The two parts are described be

low, and the results of these experiments are presented. A 

brief description of the LCLV is provided in the next sec

tion. 

I'i The Liquid Crystal Light Valve 

(LCLV) 

Liquid crystals are those substances whose behavior is 

similar to that of fluids but their optical behavior is sim

ilar to the crystalline state over a certain temperature 

range. One class of liquid crystal is the nematic liquid 

crystal which consist of long rodlike molecules. When an 

electric field is applied to a liquid crystal cell, the 

crystals are reoriented in space. 

A layer of liquid crystals is placed between optically 

transmitting electrodes as shown in Fig.3.1 {30}. A mirror 

is placed behind one of the electrodes. A beam of light 

passing through the first polarizer (PI) and the electrodes 

(TE) will be reflected back by the mirror after passing 

19 
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through the liquid crystals. Depending on the voltage across 

the liquid crystal layer, the liquid crystal molecules will 

be reoriented. The reflected light undergoes a phase retar

dation. Now if the reflected light is passed through another 

pol'arizer (P2) the output will depend on whether the orien

tation of P2 is perpendicular to or parallel to the polari

zation of the reflected light. In Fig.3.la, the polarization 

of the reflected light is perpendicular to the orientation 

of P2. Therefore, no light passes through P2 to the output 

plane. This is the OFF state of the liquid crystal cell. In 

Fig.3.lb, the voltage across the liquid crystals is varied. 

The liquid crystals in the cell change their orientation. 

The polarization of the reflected light is changed and the 

polarization is no longer perpendicular to the orientation 

of P2. Therefore, light passes through P2 onto the output 

plane. This is the ON state of the liquid crystal cell. The 

orientation of the liquid crystals, and thus the polariza

tion of the reflected light, is controlled by the electric 

field. Thus, the electric field controls the intensity vari

ation of the output beam. 

The operation of the Hughes Liquid Crystal Light Valve 

(LCLV) is based on the above described effect. A 

photoconductor is introduced in the system. One of the 

electrodes is connected to the photoconductor instead of the 
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liquid crystal layer. The intensity variation of the 

incident (WRITE) light on the photoconductor results in a 

resistance variation across the photoconductor. This gives 

rise to a voltage variation across the liquid crystals which 

results in a light controlled light valve. 

A cross-sectional view of the Hughes LCLV is shown in 

Fig.3.2. The light blocking layer prevents transfer of the 

input light to the output side. In this light valve, the 

liquid crystals are twisted by 45 degrees to get the dark 

OFF-state and the bright ON-state. This device can be used 

as an incoherent-to-coherent light converter. A more de

tailed description of the LCLV and its applications is pre

sented by Bleha et al. {31}. A graph of the logarithm of the 

input light intensity versus the amplitude transmittance for 

the LCLV is shown in Fig.3.3 {32}. 

The LCLV has been used before in optical binary logic 

systems {1,33,34}. In this thesis, the input intensity is 

varied to change the output state. The bias voltage and bias 

frequency of the LCLV, and the orientation of the output po

larizer are varied to produce the OFF-state at different 

values of the input intensity. A detailed explanation of the 

systems and their simulation follows. Experimental results 

for the simulations are also presented. 
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_3.2̂  The Experimental Set-ups 

The experiment was performed in two parts due to the 

availability of only one LCLV. The two parts were : 

1. The AND and SUMMATION system used in formation of the 

partial products and the mixed binary format output. 

2. The Mixed Binary-to-Binary Format conversion system. 

This system has two subsytems : 

a) The "1" subsystem which gives a "high" output only 

for an input with an intensity of 1. 

b) The "2" subsystem which gives a "high" output only 

for an input with an intensity of 2. 

3.2.1 The AND and SUMMATION System 

A block diagram of this system is shown in Fig.3-4. 

The multiplicand array is imaged on the output (READ) side 

of the LCLV. The multiplicand array is made up of the mul

tiplicand and its replica shifted by one bit position to the 

left. A monochromatic light source array can be used to rep

resent this array. 

As is described in Chapter II, the multiplier is divid

ed into 2-bit segments. There are thus four possible states 

for a two bit number. These are 00,01,10 and 11. These are 

represented by no light and three different colors. Thus a 

3-color source can be used to represent these four states. 
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The multiplier array is passed through a diffracting system 

and imaged onto the input (WRITE) side of the LCLV. Depend

ing on the color of the input, the input light is diffracted 

by the diffracting optics to different spatial locations 

(bands) on the LCLV. 

Consider an example where the multiplier is 11 and the 

multiplicand is also 11. The shifted version of the multi

plicand is 110. These two sets of bits, 11 and 110 (the mul

tiplicand, and the multiplicand shifted to the left by one 

bit position), are imaged at two different spatial locations 

on the output side of the LCLV as shown in Fig.3.5a. Now, 

consider the multiplier representation. Let no light repre

sent 00, blue light represent 01, red light represent 10 and 

green light represent 11. 

If the two bits of the multiplier are 01, the output of 

the 3-color source is blue light. The blue light is dif

fracted by the diffracting system to image only on a partic

ular region (band) on the input side of the LCLV as shown in 

Fig.3.5b. The multiplicand is imaged on the corresponding 

region on the output side of the LCLV. The LCLV then per

forms the AND operation 11 x 01 = 11. 

If the two bits of the multiplier are 10, the input 

light is red. The red light is diffracted to a different 

spatial location (band) on the input side of the LCLV as 
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Multiplicand 

Shifted Multiplicand 

Input light = 

Blue Red Green 

(b) 
WRITE sides 

(c) (d) 

F i g u r e 3 . 5 : Views of t he LCLV from the READ and WRITE s i d e s 
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shown in Fig.3.5c. On the corresponding region of the output 

side of the LCLV, the shifted version (110) of the multipli

cand is imaged. The LCLV then performs the AND operation, 11 

X 10 = 110. 

Finally, if the two bits of the multiplier are 11, the 

input light is green. The green light is diffracted to a 

different spatial location (band) on the LCLV as shown in 

Fig.3.5d. The band of green light is large enough to cover 

the multiplicand as well as the shifted version of the mul

tiplicand which are both imaged on the corresponding part on 

the output (READ) side. This is equivalent to performing two 

AND operations on the multiplicand (11) with 01 and 10 re

spectively. This yields two partial products 11 (from 11 x 

01) and 110 (from 11 x 10). These are passed through a 

SUMMATION system which adds them as if they are decimal num

bers to give 

11 

+ nô  

121 (3-1) 

This number is in the mixed binary format result. 

A simulation of the above system is used in the 

experiment. A diagram of the set-up is shown in Fig.3.6. A 

photograph of this set-up is shown in Fig.3.7. On the input 

(WRITE) side of the LCLV, a tungsten halogen arc lamp was 
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the source of incoherent light. The output of the arc lamp 

was collimated and then passed through a color filter and a 

prism (the diffracting system) onto the input (WRITE) side 

of the LCLV. Depending on the value of the two bits of the 

multiplier, a particular color (either blue, red or green) 

filter was used. Depending on the color of the light, the 

light is diffracted to different spatial positions (bands) 

on the LCLV. 

On the output (READ) side of the LCLV, a He-Ne laser 

provided the source of light. The output of the laser was 

collimated and passed through the multiplicand mask. A beam 

splitter was used to image the mask on the output side of 

the LCLV. The light was reflected by the mirror in the LCLV 

and passed through the beam splitter and through a polarizer 

to the output plane. The bias voltage and bias frequency of 

the LCLV, and the polarizer orientation were adjusted such 

that at zero input light intensity, no light passed through 

to the output plane. A single cylindrical lens was used as 

the SUMMATION system. This performed the summation of the 

the partial products formed by the AND operation. The output 

of this system was in a mixed binary format, as explained 

earlier. 

Consider the earlier example in which the multiplicand 

was 11 and the multiplier was also 11. As the multiplier 
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bits are 11, a green color filter was used in the input. The 

green color light was diffracted by the prism to a spatial 

position on the input side of the LCLV, which corresponded 

to the position of the multiplicand (11) and the shifted 

version of the multiplicand (110) on the output side, as 

shown in Fig.3.5d. In the places where the input light was 

imaged onto the LCLV, the resistance of the photoconductor 

decreased. The voltage across the liquid crystal layer thus 

increased. This caused a phase retardation in the reflected 

laser light on the output side. Some amount of light passed 

through the polarizer to the output plane. The intensity of 

the output light increased as the intensity of the input 

light was increased, as shown by the input/output character

istics of the LCLV in Fig.3.3. The output light saturates if 

the intensity of the input light is in the saturation region 

(the flat part of the curve). This performed the AND opera

tion on the multiplier and multiplicand bits. In the above 

example, the AND operation yields two partial products — 11 

and 110. 

The SUMMATION system was used to perform the addition 

of the two partial products. The SUMMATION system was 

composed of a single cylindrical lens which performed the 

spatial integration operation. The output of this system, 

for the above example, would be 
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11 

+ iio 

121 (3-2) 

This product is in a mixed binary output format. 

The AND and SUMMATION operations were performed on two 

binary numbers. Results of these experiments are shown in 

Fig.3.8 to Fig.3.13. Three different multiplications were 

performed. These three multiplication examples are listed 

below: 

11 X 01 = 11 (3-3) 

11 X 10 = 110 (3-4) 

11 X 11 = 121 (3-5) 

The multiplicand was thus kept the same while the multiplier 

was changed as shown above. 

Figures 3.8, 3.10 and 3.12 show the output of the sys

tem recorded directly on film. Kodak Techical Pan film 2415 

was used as the recording medium. Figures 3.9, 3.11 and 3.13 

show the output of the system detected by a CCD array. The 

output of the CCD array was fed to an oscilloscope, and pho

tographs of the oscilloscope traces are shown in these fig

ures. A Fairchild FCCD 143A CCD array was used. This CCD 

array is one-dimensional and has 2048 elements. 
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Figure 3.8 Output of the AND and 
on film for 11x01=11 

SUMMATION system recorded 

Figure 3.9: Output of the AND and SUMMATION system detected 
by a CCD array for 11X01=11 
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Figure 3.10 Output of the AND and SUMMATION system 
recorded on film for 11X10=110 

Figure 3.11 Output of the AND and SUMMATION system 
detected by a CCD array for 11x10=110 
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Figure 3.12 Output of the AND and SUMMATION system 
recorded on film for 11X11=121 

Figure 3.13: Output of the AND and SUMMATION system 
detected by a CCD array for 11X11=121 
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Figures 3.8 and 3.9 show the output of the system for 

the first example shown in Eq.(3-3). 

11 x 01 = 11 (3-6) 

Figures 3.10 and 3.11 show the output of the system for 

the second example shown in Eq.(3-4). 

11 X 10 = 110 (3-7) 

It can be seen that there is a difference in position 

of one spatial bit in the outputs of the system for Eq.(3-3) 

and for Eq.(3-4), as desired. 

Figures 3.12 and 3.13 shows the output of the system 

for the third example shown in Eq.(3-5). 

11 X 11 = 11 + 110 = 121. (3-8) 

In Fig.3.12, the central dot represents the "2" while 

the two outer dots represent the two "I's" of Eq.(3-8). The 

central dot has intensity twice that of the two outer dots. 

This may be clearly seen in Fig.3.13 where the central spike 

of the oscillscope trace is twice the height of the two out-

er ones. 

3.2.2 Mixed Binary-to-Binary Format 
Conversion System 

A block diagram of the output format conversion system 

is shown in Fig.3.14. The output of the AND and SUMMATION 

system is in the mixed binary format. This mixed binary 
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format number is the input to this system. This number is 

passed through a beamsplitter and imaged on the two LCLV 

processors. As has been stated earlier, the experiment was 

done in parts due to the availability of only one LCLV. The 

bias voltage and bias frequency of the LCLV, and the polar

izer orientation are adjusted such that the first LCLV pro

cessor (LCLV-1) produces an output of "1" only for an input 

of "1." The input to the second LCLV processor (LCLV-2) is 

spatially shifted by one bit position, as indicated. This 

produces the carry of "1" to the next bit position. This 

second LCLV processor is similarly adjusted such that it 

gives an output of "1" only for an input of "2." The output 

of these two LCLV processors is passed through a spatially 

integrating system and fed back as an input to the two LCLV 

processors. As explained in Section 2.3.2, this feedback 

continues till the output of this system is in the binary 

form. It requires a maximum of n cycles (where n is the num

ber of bits of the multiplicand) to produce the output in 

the binary form. 

A simulation of the system of Fig.3.14 was performed 

experimentally. A diagram of the set-up is shown in 

Fig.3.15. A photograph of this set-up is shown in Fig.3.16. 

Due to the availabilty of only one LCLV, this simulation was 

performed in two parts, both performed using this set-up. 
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A tungsten halogen arc lamp was the source of light on 

the input side. The output of the arc lamp was collimated 

and passed through the iris, as shown. Thus, the input 

function is a circle. This was imaged on the input (WRITE) 

side of the LCLV. A He-Ne laser provided the source of light 

on the output (READ) side of the LCLV. The laser beam was 

collimated and passed through a mask. In this case, to match 

the input function an iris was used to simulate a circle 

function. The size of the circle on the output side was the 

same as that of the circle on the input side. A beamsplitter 

was used to image the circle function on the output side of 

the LCLV. It was reflected back by the mirror in the LCLV 

and passed through a polarizer onto the output plane. 

In the first part of the experiment, the bias voltage 

and bias frequency of the LCLV, and the polarizer orienta

tion were adjusted such that the output light passed through 

the polarizer, onto the output plane (i.e.,"l"), only for an 

input of "1." For an input of "0" or "2", the output was a 

binary "low" (i.e.,"0"). 

Figures 3.17 to 3.19 show the output of the system re

corded directly on film. The film used as the recording 

medium was Kodak Technical Pan film 2415. Figure 3.17 shows 

the output of the system for an input of "0." Figure 3.18 

shows the output of the system for an input of "1." 
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Figure 3.17: Output of the "1" subsystem for an input of 
intensity "0" 

Figure 3.18: Output of the "1" subsystem for an input of 
intensity "1" 
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Figure 3.19 shows the output of the system for an input of 

"2." A N.D.-0.3 neutral density filter, which has an inten

sity transmittance of 50 percent, was used to cut the inten

sity of the input light in half to simulate obtaining a bi

nary "1" from a mixed binary "2." It may be observed that 

the output of the system for an input of "1" is much bright

er (30:1) compared to the output for an input of "0" or "2." 

The second part of the experiment used the same set-up. 

The bias voltage and the bias frequency of the LCLV, and the 

polarizer orientation were adjusted such that the output 

light passed through the polarizer (i.e.,"l") only for an 

input of "2." For an input of "0" and "1", the output was a 

binary "low" (i.e. , "0"). 

Figures 3.20 to 3.22 show the output of the system re

corded directly on Kodak Technical Pan film 2415. Figure 

3.20 shows the output of the system for an input of "0." 

Figure 3.21 shows the output of the system for an input of 

"1." Figure 3.22 shows the output of the system for an in

put of "2." A N.D.-0.3 filter was again used to cut the in

tensity of the input light by 50 percent to simulate a bina

ry "1" from a mixed binary "2." It may be observed that the 

output of the system is much brighter (30:1) for an input of 

"2" as compared to the output for an input of "0" or "1." 
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Figure 3.19: Output of the "1" subsystem for an input 
intensity "2" 

of 

Figure 3.20: Output of the "2" subsystem for an input of 
intensity "0" 
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Figure 3.21: Output of the 
intensity "1" 

"2" subsystem for an input of 

Figure 3.22: Output of the 
intensity "2" 

"2" subsystem for an input of 
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The mixed binary-to-binary format conversion system em

ployed in the experiment would ideally use two LCLV's. It is 

possible to use one LCLV to perform the conversion. The 

bias voltage and bias frequency of the LCLV, and the polar

izer orientation are adjusted such that output light passes 

through the polarizer only for an input of intensity "1." 

The input (WRITE) side of the LCLV is divided into two re

gions to be used for the two subsystems (the "1" and the "2" 

subsystems). Now a N.D.-0.3 neutral density filter, which 

has an intensity transmittance of 50 percent, is placed in 

front of the region used for the "2" subsystem. Thus, the 

LCLV "sees" an input of "2" as "1" because of the neutral 

density filter. Thus, in the region of the "2" subsystem, 

the LCLV gives an output of "1" for an input of "2." 

2-2 Summary of the Experiment 

Some of the points to be kept in mind while performing 

a similar simulation are listed below: 

1. The collimation of the laser, on the READ side, 

should be checked carefully. The intensity should be 

even over the whole beam. This is very important in 

the AND and SUMMATION system, as the difference in 

the intensities is not very large and is very hard to 

record on film. 
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2. The laser beam, on the READ side, should be 

perpendicular to the plane of the LCLV. This is to 

ensure that the beam passes through the same set of 

liquid crystals on its way in and on its way out of 

the LCLV. This has to be done as the liquid crystal 

layer is not uniform in thickness across the LCLV. 

3. The bias frequency of the LCLV can be varied from 100 

Hz. to 100 KHz. The smaller the bias frequency, the 

higher the contrast and the lower the resolution of 

the output signal. The bias frequency should never go 

down to d.c. levels as this might damage the LCLV. 

Also, the bias voltage should not exceed 12 volts 

r.m.s. 

One problem encountered in the experimental simulation 

was due to the presence of infrared emissions. The tungsten 

halogen arc lamp used on the WRITE side of the LCLV emitted 

a significant amount of infrared. This made power measure

ments very difficult. The LCLV has a light blocking layer 

which prevents light on the input side passing through to 

the output side. However, this layer blocks light to approx

imately 800 nm. Infrared with wavelengths above 800 nm pass 

through to the output side. This necessiates the use of a 

infrared blocking filter. A KG-3 infrared blocking filter 

was used on the input side. 
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Another problem encountered in the experiment was the 

bandwidth of the WRITE window of the LCLV. The CdS photocon

ductor in the LCLV has a sensitivity bandwidth from 500 nm 

to 540nm. Wavelengths outside this band do not affect the 

resistance of the photoconductor. As a result, light having 

wavelength inside this band had to be used as the input 

light. 



CHAPTER IV 

CONCLUSIONS 

The main objective of this thesis has been to investi

gate a parallel, real-time system to perform the multiplica

tion of two binary numbers. The requirements considered as 

necessary have been stated in Chapter II. These are again 

listed below: 

1. The multiplication should to be done in real-time. 

2. The processing should be kept optical as far as pos

sible. Conversions to electrical signals were to be 

avoided, if at all possible. 

3. Power requirement of the system should be kept low. 

4. The system should be compact. 

5. The dynamic range of the system should be high. 

6. The total number of data levels should be kept to a 

minimum. 

The Hughes LCLV is an electrically driven optically 

controlled spatial light modulator. It cannot strictly be 

called an electro-optic device, since it does not convert 

optical signals to electrical signals and vice versa. This 

device is used in order to make the system perform in 

real-time. It also makes it possible to keep the information 

processing optical and thus avoid conversions to electrical 

51 
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signal processing. The input light intensity required to 

drive the LCLV into saturation is very low (only 50 uW/cm^). 

Thus, the power requirement of the system is very low. 

A system of multiplication which uses a higher base 

number system produces a lesser number of partial products 

as compared to a lower base number system. However, the 

higher the base, the lower is the noise immunity and dynamic 

range of the system. Color multiplexing makes it possible to 

simulate a higher base number system—a system with base 4. 

However, it keeps the system "binary" in terms of the inten

sity levels required. This preserves the dynamic range of 

the system. A standard binary multiplication system would 

require one element to represent each bit position of the 

multiplier. This system has been designed so that one ele

ment represents two bit positions. Thus, this system would 

require half the number of elements on the input (multipli

er) side. 

The number of data levels required in the system are 

kept to a minimum to preserve the high dynamic range of the 

binary system. The maximum number of levels in the system at 

any point does not exceed three. 

The conversion of a number in a mixed binary format to 

a number in a binary format would ideally require n cycles 

(where n is the number bits of the multiplicand). In the 
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system outlined in this thesis, it is not necessary for the 

system to go through n cycles for every conversion. It has 

been pointed out in Chapter II that the propagation of "car

ry's" takes place in parallel in each cycle. The conversion 

of a mixed binary format number to a binary format is com

plete when the output of the "2" subsystem is zero. Thus, 

the output of the "2" subsystem could be checked after every 

cycle to see if it is zero. As a result, the system would 

have to go through a lesser number of cycles for a particu

lar multiplication. 

A CCD array is used to detect the output of the AND and 

SUMMATION system. It is used as the difference in the output 

intensities for "1" and "2" is not very large. The CCD array 

can detect very low intensity light signals. Thus, the dif

ference in the intensities can be very easily seen using a 

CCD array. Also, the output of the CCD array is in the form 

of electrical signals. This factor can be very useful if any 

form of electrical processing has to be performed. 

This system can be used as a part of a larger system to 

perform numerical computations. It can be seen that it is 

possible to program the LCLV to produce an output for any 

required input intensity. Thus, that leaves a very wide 

choice for choosing the input intensity levels and makes the 

system flexible in this respect. 
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The cost of a LCLV is high (approximately $25,000) and 

makes the implementation of this system rather expensive. A 

device capable of an intensity-to-spatial translation map

ping, such as the Hughes variable grating mode LCLV (VGM 

LCLV), could also be used to perform the mixed binary-to-bi

nary format conversion. However, this device is still in the 

development stage and is not available commercially. The use 

of different colors to produce the intensity-to-spatial 

translation mapping using a diffracting optical system 

should be investigated further in future work. Also, differ

ent architectures for the system should also be investigat

ed. 
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