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Abstract

Optical Matrix-Vector (M-V) processors are designed to operate on parallel (vector).

data at very high rates. This parallel data must be supplied to such processors and the

output data must be collected at these rates. This report describes the design,

construction and operation of the electronic support system for an optical M-V processor.

The report also describes two optical M-V architectures that the system has the

capability to control. These are a frequency-multiplexed system and a multi-channel

encoded system. The software developed for the multi-channel encoded system was

designed to be easy to use compared with previous support. Various encoding methods

used to increase the accuracy of such systems such as using radices higher then two and

three-tuple representation are also discussed including the use of multiple channels via

space, time and frequency multiplexing. The data rates that the systems are capable of

operating at are also included along with a discussion of what operations need to be

performed on the output data in the various algorithms.

We then consider two specific problems that this type of processor would be useful

in solving. These include a finite element analysis and an adaptive phased-array radar

problem. The finite element analysis was solved on the laboratory multi-channel encoded

system using a simplified LU decomposition algorithm and the results are discussed.
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Chapter 1

Introduction

1.1. Introduction

This report describes the design, construction and operation of an optical matrix-

vector processor. While the main emphasis of this report is on the electronic support

system, the entire system is considered since all the processor elements are highly

interrelated.

Prior work leading to this system is discussed in Section 1.2. An outline of the

major aspects introduced in each chapter is in Section 1.3. The contributions put forth by

this report are then discussed in Section 1.4. We then briefly review the notation and

conventions used in describing the system in Section 1.5.

1.2. Prior Work

Although many architectures have been proposed for optical matrix-vector (M-V)

processors [22, 5, 4] , few systems have actually been constructed. All of those that have

been built were constructed at the CMU Center for Excellence in Optical Data Processing

(CEODP), the most recent is a frequency-multiplexed system built by J. Jackson [6] 

Since the support system detailed in this report is capable of driving this architecture and

future enhancements to it, this system is discussed in Section 2.2. This architecture has

limited accuracy and is not easy to use because of its software system and calibration



procedures, The main emphasis of this report and project was to build the electronic

support for a new high-accuracy Optical Linear Algebra Processor (OLAP) first proposed

by D. Casasent and B. Taylor [5] and to demonstrate its lab use on specific applications.

Major attention was given to the electronic and software support for this system.

This multi-channel architecture (Section 3.5) has many possible advantages over previous

versions including accuracies of over 30 bits. It is also easy to expand to higher accuracies

and more channels as better electronic and optical devices become available. The

software for this system was designed to be modular so that all would not be lost if the

architecture was modified, only a few routines would need to be changed. Methods have

also been proposed to handle floating point math on this type of system [9].

1.3. Report Description

In Chapter 2, an introduction to optical matrix-vector processors is given. It

describes the two major optical M-V architectures this electronic support system was

designed to support. Methods of handling bipolar and complex data are put forth and we

describe which of these methods are to be used on the lab system. The electronic support

requirements to run these systems are detailed in Chapter 2 to give a basis for the

hardware presented in Chapter 3. The types of problems suited to implementation on a

M-V processor are then discussed with the necessary equations.

Chapter 3 is concerned with the actual hardware built to run the system. In this

chapter we consider the computer system that controls the M-V processor, including both

hardware and software capabilities. Next, the memory boards that are used to supply

and accept data from the optical system at high rates are discussed. The low speed

analog hardware that was designed for the previous optical processor is mentioned. The



new high speed hardware for the multi-channel system is then presented along with the

special RF and clock circuits used. The detector array including u fiber-optic f~ceplate

and post-processing e|ectronics are also discussed.

In Chapter 4, the software written to control the system is presented. This includes

the low level routines used to interface directly with the hardware as well as the higher

level M-V multiply routines. It also discusses the programs that execute our laboratory

case study using the LU decomposition method. We then briefly describe the test

software available to verify the operation of the various parts of the support system.

Chapter 5 is concerned with the construction and the results of the system. This

chapter describes the initial laboratory system, notes that it functions as expected and

documents problems encoflntered that presently limit system performance. We then

discuss the results of the case study demonstration as run on the laboratory system.

Chapter 6 advances our summary, conclusions and discusses future research. This

includes using new hardware advances in electronics and optics and how these could be

applied to this type of system. It also covers various items such as mixed-binary-to-

binary converters that could be built with available parts, but were not appropriate for

inclusion until the first demonstrations were obtained.

The appendices deal with operational concerns that need to be addressed for users

of the system. Appendix A is written as a users manual for people desiring to use the

support system to try out new architectures and/or algorithms. It includes information

on the custom hardware and software implemented on the control coxnputer. The theory

of operation of the hardware is then examined. The specifications for the Acousto-Optic

(AO) cells used are included for completeness. Appendix B contains an I/O map for the



computer system which is useful when doing any system or low-level hardware work.

Schematics for the entire system are placed in Appendix C for use a.s reference when

reading the hardware and users-manual sections of this report. Appendix D contains

listings of the software used to drive the system. Appendices are not included in the

standard version of this report since they are quite lengthy. For copies, contact Professor

Casasent.

1.4. Contributions

This report demonstrates the feasibility of certain optical processor architectures.

While much has been written about these designs, the actual construction of the

processors has been minimal. By the construction of the optical systems, we obtain actual

results of what real world problems exist. This also gives us firm data to use with

various simulation programs that we have written.

We also now have proven designs for the various parts of the electronic support

systems used. This allows us to consider using higher speed, but with much more

expensive devices such as gate-arrays to implement the electronic support at even higher

speeds. Such devices would have been difficult to justify until we were certain of the

operation and performance of the rest of the hardware. The electronic support hardware

and software could also be used for many other purposes where data occurs in high speed

bursts. We also demonstrated the feasibility of using fiber-optics to couple the output to

our detector array. Finally, the first laboratory demonstration of a multi-channel optical

matrix-vector processor was provided and the first laboratory demonstration of a direct

linear algebraic equation solution is provided.



1.5. Notation

As is conventional, we denote matrices by upper-case letters with underburs ~ncl

vectors by lower-case letters with underbars.

We refer to the three planes of the optical system as PI’ P2 and P3" Plane P1

refers to the input plane, P2 refers to the middle plane and P3 refers to the output

detector plane.



Chapter 2

Optical M-V Architectures

2.1. Introduction

This Chapter describes the two M-V architectures that our electronic support

system was designed to drive. The main objective of this chapter is to provide a basis

and introduction for the hardware and software described in future chapters. Since the

optical systems are designed to perform specific M-V functions, it is necessary to first

understand the basic operations possible on these processors.

The two architectures discussed include a frequency-multiplexed system described

by D. Casasent and J. Jackson [6] and a multi-channel encoded system described by

D. Casasent and B. Taylor [5]. The first system uses laser diodes in the input plane (P1)’

a single channel frequency-multiplexed AO cell in a second plane (P2) and three detectors

(P3) in a space integrating architecture. The second system uses multi-channel AO cells

in both input planes (P1 and P2) and a multi-channel detector array (P3) with 

integrating shift/add output hardware.

Section 2.2 describes the frequency-multiplexed architecture and how we handle

bipolar and complex valued data on such a system. Section 2.3 describes the electronic

support needed to operate the frequency-multiplexed system. The multi-channel encoded

system and its operation are covered in section 2.4. The electronic support for the multi-
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channel system t hen discussed (including requirements for ghe degecgor array) in

section 2.5. In sections 2.6 and 2.7 we describe the two test cases that are suited to the

operations performed by the optical processor. These sections include operations required

on this system, the major equations to be solved and the algorithms used.

2.2. Frequency-Multiplexed M-V Processor

2.2.1. Architecture

The frequency-multiplexed architecture is shown in Figure 2-1 [3]. This system

consists of N input point modulators at P1 (five are shown for simplicity), each of which

is imaged through a separate region of an Acousto-Optic (AO) Cell at P2" When an input

signal is fed to the AO cell, it is converted to an acoustic wave that travels the length of

the cell. When it reaches the end of the cell it is absorbed. As the strength of the input

signal varies, so does the strength of the acoustic wave. Thus, the intensity of light

passing through the cell is modulated spatially and temporally proportional to the

strength of the acoustic wave and hence proportional to the input electrical signal. If we

view the 1-D data from the input point modulators ut P1 ut one time as an N element

vector _~, which is a row of matrix A, and the contents of the AO cell as a second vector

b_, then the light distribution leaving the AO cell is the point-by-point product of the

elements of the two vectors. The output lens simply collects all of this light and focuses

it on one output detector in P3" With N input point modulators at PI’ the aperture time

TA of the AO cell is thus NTB, where the bit time TB is the time required for data in

the AO cell to travel the distance between two separately illuminated regions of the cell.

N elements of the b vector are in the cell at each TB in a moving window form. Each TB,

a new N element vector a of matrix A is fed to P1 and a new vector inner product aTb

is calculated. To use the fact that the b vector data in the cell is shifted each TB, we can



apply new ~ data to a shifted set of input point modulators and recycle the b data in the

AO cell. The method used depends on the nature of the M-V problem and the size of the

data and the optical system. With one output detector, the output data is ~ nanbn or

the vector inner product (VIP) aT_b. One element of the M-V product A b output vector

is produced each TB. After NTB, the matrix-vector product A b_ (for an N x N matrix)

is produced as VIP products aTb.

PI
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i

,
Figure 2-I:
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Frequency-Multiplexed Architecture

An AO cell has a bandwidth as well as the delay line feature noted above. If N

signals at N frequencies fn are present simultaneously in the cell, then the light

distribution leaving the cell each TB travels at N different angles proportional to the N

different input electrical frequencies fn" If the N signals are N vectors, then the light

distribution leaving the cell is the product of the input vector and the N vectors in the

cell, with each vector point product traveling at a different angle as it leaves the cell.


