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ABSTRACT 

Rule-based systems (RBSs) are one of the problem solving methodologies in artifi

cial intelligence. Although RBSs have a vast potential in many application areas the 

slow execution speed of current RBSs has prohibited them from the full exploitation 

of their vast potential. 

In this dissertation, to improve the speed of RBSs. we explore the use of optics 

for the fast and parallel RBS architectures. First, we propose all electro-optical 

rule-based system (EORBS). Using two-dimensional knowledge representation and a 

monotonic reasoning scheme, EORBS provides highly efficient implementation of the 

basic operations Ileeded in rule-based systems, namely, matching, selection, and rule 

firing. The execution speed of the proposed system is theoretically estimated alld 

is shown to be two orders of magnitude faster than the current electronic systems. 

Although EORBS shows the best performance in execution speed compared to other 

RI3Ss, the monotonic reasoning scheme restricts the application domains of EORBS. 

In order to overcome this limitation on the application domain in EORI3S, a 

genera.l purpOSf' RBS, called all Optical Content-Addressable Parallel Processor for 

Expert Systems (OCAPP-ES) is proposed. Using a general knowledge representation 

scheme and a parallel conflict resolution scheme, OCAPP-ES executes the three basic 

RBS operations on general knowledge (including variables, symbols, and Ilumbers) ill 

a highly parallel fashion. The performance of OCAPP-ES is theoretically estimated 
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and is shown to be an order of magnitude slower than that of EORBS. However, the 

performance of OCAPP-ES is still an order of magnitude faster than any other RBS. 

Furthermore, OCAPP-ES is designed to support the general knowledge representa

tion scheme so that it can be a high speed general purpose RBS. 

To verify the proposed architectures, we developed a modeling and simulation 

methodology for digital optical computing systems. The methodology predicts maxi

mum performance of a given optical computing architecture and evaluates its feasibil

ity. As an application example, we apply this methodology to evaluate the feasibility 

and performance of OCAPP which is the optical match unit of OCAPP-ES. The 

proposed methodology is intended to reduce optical computing systems' design time 

as well as the design risk associated with building a prototype system. 



CHAPTER 1 

Introduction 

1.1 Problem Statement 

Rule-based systems (HBSs) are one of the problem solving methodologies that have 

been developed by artificial intelligence researchers [1]. RBSs have a vast potential in 

several application areas because of the modularity, maintainability, and expressibil

ity of t.he knowledge base as wel\ as the simplicity of control. The RBS types include 

classification, selectioll, diagnosis, design, planning, and interpretation systems for 

such application areas as aerospace, biotechnology, banking, computer-aided design, 

emergency service, finance, media, music, military, manufacturing assembly, manu

facturing design, oil exploration, operation management, and persoIlnel mauagement 

[2, ;~, 4, 5, G, 7, 8, 9]. Hef.[10] reports the worldwide AI expenditures hit 1 bil\ion 

dollars, where the biggest expenditures were in expert s.vstellls with * .59.5.000,000 in 

1993. 

In spite of these large potential application areas, RBSs have not been llsed as 

widely as conventional problem solving methods llsing a programming language such 

as C. Ouc major reason is the slow executioll speed of the underlying architectures 

implementing the RBS. The rea!lon for the slow speed is that olle of the characteristics 
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of RBSs is the high degree of complexity of the problems which results in a large 

knowledge base having several hundred rules at least[ll]. Furthermore, because of 

the declarative nature of rule-based programming, the number of rules of RBSs keeps 

increasing in an attempt to solve more problems. Consequently, the many pattern 

matching and comparison operations required to solve a given query in a RBS are 

taking an excessive amount of time to produce results. 

To overcome this fundamental speed problem, new algorithms and new architec

tures tailored for the high performance RBS implementations have been developed. 

The new algorithms include the TREAT optimizing compiler for sequential RBS-s [12], 

the PSM-E parallel compiler for RBSs [13], and the SWARM parallel programming 

environment [14]. The new architectures include shared memory/message passing 

multiprocessor systems such as the DADO multiprocessor [15] and the NON-VON 

multiprocessor [16], and data flow computers such as the data-driven parallel produc

tion system [17]. Although these proposed systems incorporate new algorithms and 

new hardware designed to improve performance over that of sequential RBSs, they 

do not show Clny significant performance increase at present, owing to the commu-

nication overhead and synchronization problems [18, Ell. For example, DAD02 [20] 

is a tree structUl'eci multiprocessor system that has 1023 PEs. Each PE is composed 

of an 8-bit microprocessor, 641\ of RAM, and a switch. Due to the large number of 

PEs, communicatioll time is a dominating factor ill DAD02[21]. Furthermore, since 

each rule of the knowk'uge base is ullique and requires a difl'erent processing tilne, 
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there is a synchronization problem between rules with a small number of condition 

elements and rules with a large number of condition elements. 

Optics, owing to its inherent parallelism, large spatial and temporal bandwidth, 

and low crosstalk, can be a potential solution for the communication overhead and 

synchronization problem exposed by electronic parallel RBSs. It has been known that 

optical interconnection networks offer many advantages over electrical counterparts 

[22, 23, 24, 25]: In electrical interconnects, the communication bandwidth is limited 

by the resistance, capacitance, and inductance of the path between devices, while the 

optical interconnects depend only on the carrier frequency which is 5 x 1014 Hz (500 

TI-lz) for visible:' light, compared to about 10 MHz to 1 GI-lz for digital circuits [26, 27]. 

Also, the optical interconllects call process a two-dimensional (2-D) al'l'ay of data in 

parallel, while the electrical interconnects are limited to one dimensional (I-D) due 

to the planar constraints. Thus, the 2-D interconnect capability of optics facilitates 

a global interconnection pattern and inherently parallel 2-D optical data processing 

[28, 29]. In addition, due to the radiative loss in the electrical interconnects which 

results from stray capacitance, the electrical interconnect suffers from a crosstalk 

problem [30]. In particular, as the frequency of the signal increases, the strength 

of the cross-coupling also increases and the crosstalk problem becomes det.eriorated. 

On the other hand, since photons carry no charge, there is no fundamental coupling 

problelll in optical interconnects, which results in lower crosstalk. These advantages 

of optical int.erconnects over electronic counterparts are sumillarized in Table 1.1. 
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Technology Electronics Optics 

Information carrier Electron Photon 
Temporal bandwidth low high 

(10MHz - 1GHz) (500 THz for visible light) 
Spatial bandwidth 2-D 3-D 

(planar constraints) (no planar constraints) 
Interconnect connectivity local global/local 
Fanins/fanouts low high 
Crosstalk higher lower 
Signal/Clock skew problem serIOUS little 

Table 1.1: Advantages of optical interconnect over electronic counterpart 

These advantages play crucial roles in achieving higher throughput in RBSs by 

providing not only adequate communication support but also the necessary paral-

lelism to perforlll the most frequently used and time cOllsuming operations in RBSs, 

namely patterIl matching aIlel COIll parison opera Lions [:1 J]. 

These advantages of optics over electronics have resulted in major research efforts 

for exploiting the use of optics in symbolic AI computing [32, 33, 34, 35, 36, 37, 38, 

39, 40]. These research efforts have sought to capitalize the capability of opt.ics in 

two-dimensional (2-D) knowledge representatioll and natural implementation of the 

parallel pattern matching and comparison operatiolls. Warde and l\ottas [32] have 

proposed two different hybrid optical inference machines. The matched filter infer-

ence machine (MFIE) performs inference using a classical VanderLugt matched-filter 

system [33]. The mapped template inference machine (MMIE) matches a template 

representing tilt' relationship between input. and output data to produce related OUt.-

put data lIsing (.he optical corrt'logmph syst.elll of \Villsllaw alld LOllgu('(.-Higgins [:lG]. 
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.Jau ef al. [34] used a semantic network as a knowledge representation scheme. Jau 

showed that a simple query can be answered by using an optical matrix multiplica

tion technique. Schmidt and Cathey [35] proposed an optical mathematical resolution 

system, which can be used as an inferencing mechanism in an expert system. 

In the MFIE, as an example, a relation (set of facts) is compared with a condition 

element of a rule; therefore, if a problem consists of r rules, I condition elements per 

rule, and a condition elements per relation, the MFIE must execute (rl j a) matched 

filtering operations to answer a query. In the MMIE, a relation is represented in a two

dimensional matrix. Then, this relation is loaded into an optical matrix multiplication 

unit so that multiple facts in a relation can be compared with a condition element of 

a rule. Thus, for C:l problem consisting of f' rules, I condition elemcnts per rule, and a 

condition elements per relation, the MMIE requires (rlja) matrix multiplications to 

generate a final matrix which can be used to answer a query. Not.e that the MFIE 

and MMIE require a multiple optical matched filter or a multiple optical matrix 

multiplier. respectively, to match multiple condition elements with the given facts in 

parallel. 

1.2 Overview of Rule-Based Systems 

In this section, we describe the fundamentals of RBSs. First, a knowledge rep

resentation scheme ill RBS is discussed to represent expert's kllowledge in machine 

('xecut.able format. Next. reasonillg mechallisllls ill HBS. are illt.roducf'd to perform 
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inference using the formatted knowledge. These concepts are then illustrated with 

an example. Finally, we identify various sources of parallelism available in RBS and 

their effects on the performance of RBSs. 

1.2.1 Fundamentals of RBS 

An expert system can be defined as an intelligent system that can mimiC some 

part of human intelligence. For example, MYCIN is a rule-based expert system 

that diagnoses bacterial infectiolls[41]. MYCIN uses about 500 rules to diagnose 

approximately 100 causes of infections. An expert system is composed of (1) an RBS 

and knowledge acquisition facility, (2) an explanation facility, and (3) a user interface, 

as shown in Fig. 1.1[1]. The RBS performs inferencing using the knowledge base and 

the inference engine. The knowledge acquisition facility and the lIser interface act as 

all interface unit betweell the RBS and the liseI'. The explanation facility explains 

\,0 the user the way results have been obtained. '1'11<' kuowledgp hase is composed 

of rules representing universal knowledge and facts representing current knowledge. 

A rule conjoins condition elements CiS and action elements AiS, with the following 

format: 

ConditiouElements Actio1lElemf'nts 
,--__ --'Joo ,A , 

If(C1 A C2 A Cjoo. A cnf ~ Then (AI, 11:,1> 00., .4 m ). 

The condition elements and action elements are represented by facts, which are the 

basic units of knowledge in an RBS. 
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Expert System 

Rule-Based System 
User 

KnowledQ:e Base User Interface 

I Rules I 

I I Facts 
Explanation 
Facility 

t 
Knowledge Expert 

Inference Engine 
Acquisition 
Facility 

Figure 1.1: Logical block diagram of cxpcrt system 
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The inference engine uses the modus ponens theorem as an underlying principle. 

The modus ponens theorem states that if there is an axiom of the form E1 =? E2 , and 

there is another axiom of the form E1 , then E2 logically follows[42]. The inference 

engine uses modus ponens as an underlying principle as follows: 

Current Fact Rule Ill/erred Fact 
.......---"---, .. , ~ 

{(A is TRUE) 1\ (IF A THEN B)} =? (B is TRUE) 

Thus, by using known facts and rules, the inference engine can produce new facts 

in either a forward chaining system or a backward chaining system, or both[42]. In 

the forward chaining system, the system tries to find final (goal) states by comparing 

the known facts, which describe the initial states, with the condition-specifying if 

parts of the rules. In the backward chaining system, the system tries to find initial 

hypotheses by comparing the known facts, which now describe the final (goal) states, 

with the action-specifying theu parts of the rules. 

The basic operations of all RES are: 

1. Match: For each rule, determine whether the condition part of the rule matches 

the current facts. If a rule satisfies the condition part, the rule is added to the 

conflict set. Otherwise, the rule is disc.arclecl. A conflict set is a set of triggered 

rules which have satisfied condition parts. 

2. Select: If the conflict set is empty, the inference engine stops inferencing and 

reports the failure to the user. If the confiict set is not empty anel contains 
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more than one rule, the inference engine selects one rule from the conflict set 

by applying one or more of the following conflict resolution strategies[43]. 

• Specificity ordering : if there are two rules and the condition part of one 

rule is more specific than the other, discard the latter. 

• Rule ordering: if there are many rules, choose the first rule. 

• Recency ordering: if there are many rules, choose the most (or least) 

recently used rule. 

• Data ordering: if there are many rules, choose the rule that has the most 

important conditioll elements. 

3. Act : The inference engine fires the selected rule by executing its action. Since 

the current facts are changed by the fired rule, it is important to check whether 

the changes agree with predefined goals. If the goals are satisfied, the inference 

engine stops inferencing and reports results to the user. Otherwise, the inference 

engine' must continue until the goal is satisfied or there are 110 more matching 

rules. 

Next, we provide a brief example to illustrate the operatioll of RBS. For example, 

consider following knowledge base: 

/* IGoing to the theater) input rulebase */ 

Rule 1: If distance > 5 miles 
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Then means = drive 

Rule 2: If distance> 1 mile and time < 15min 

Then means = drive 

Rule 3: If distance> 1 mile and time> 15min 

Then means = walk 

Rule 4: If distance> 3 miles and time > 30min 

Then means = walk 

Rule 5: If means = drive and location = downtown 

Then action = take_a_cab 

Rule 6: If means = drive and location = suburb 

Then action = drive_your_car 

Rule 7: If means = walk and weather = bad 

Then action = take_a_coat_and_walk 

Rule 8: If means = walk and weather = good 

Then action = walk 

The above kllowledge bast· shows some rules and facts about gettillg to a theater 

on time. Rule 1 says. "If til<' distance is greater than :) miles. then we probably ought 

to drive to get there." Also, Rule 4 says, "If the theater locatioll is downtown aIld 

the means of travel is driving, then action is, 'take a cab.' " 

Now we illustrate forward chaining with the above knowledge bilSf~. Assume that 

we know only that the theater is located 6 miles away, the weather is bad, the locatioll 
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of theater is downtown, the film starts in 10 minutes. The goal is finding the action 

to take for the given conditions. Thus if the goal variable action is bound to some 

value, RBS can stop inference and report the result to the user. 

On the first match cycle, the value of the known facts is bound with the identical 

variables so that the condition parts of every rules are evaluated. In our example, Rule 

1 and 2 both succeed. Next, select operation chooses one rule out of the succeeding 

rules. One strategy for selecting one of the rules is rule ordering, so Rule 1 is selected. 

Then, the act operation is performed by executing the action part of Rule 1. We now 

know the value of the variable means is driving. 

On the second cycle, the match operation will match Rule 1, 2. and 4. Select 

operation sets aside Rule 1 since it has already succeeded and applies rule ordering 

conflict resolution strategy so that Rule 2 is selected. The act unit will then execute 

the action part of Rule :2 so that we can lIOW know the value of the variablemcalls is 

driving. 

On the third cycle, Rules 1, 2, and 4 are again matched. We remove Rule 1 and 2 

because they have succeeded. Rule 4 remains at the end of select operation, and the 

act operation executes Rule <1 so that we now know the value of the variable action 

is take II cab. Sillce action is the goal variable, we stop the inferellce aIld inform the 

user with a recommendation to take a cab. 
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1.2.2 Sources of Parallelism in RBS 

Parallel processing has been identified as one of the key technologies for high per

formance computation [44, 45, 46]. In a general numeric computing environment, 

parallelism has been exploited in the form of pipelining, vectorization, multiprocess

ing, etc. In this subsection, we identify the various sources of parallelism available 

in RBSs. The identified sources of parallelism must be fully exploited to realize any 

high performance RBS architectures. 

To perform inference in RBSs, as we have seen, the three operations (match, select, 

and act) are repeatedly performed on a given knowledge base. Observing the three 

basic operations of RBSs, we can identify available parallelism in RBSs as follows 

[47,48J: 

1. Match parallelism: J\ SOlll'(,(-' of parallelislll ('xploited by ('valuating all condition 

elements ill the condition part of a rule simultaneously. 

2. Control parallelism: A source of parallelism exploited by performing parallel 

conflict resolution of select operations such that the selected rules can be fired 

simultaneously without allY ulldesirable side efl·eeLs. 

3. Act parallelism: A source of parallelism exploited by executing all action 

elements in the action parts of the selected rules simultaneously. 

4. Rule-level parallelism: A source of parallelism exploited by the parallel execu

tion of the lltultiple lltoc\uks which arC' partitions of a large knowledge base. 
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5. Application parallelism: A source of parallelism exploited by executing a num

ber of loosely coupled knowledge bases on multiple processors simultaneously. 

We now discuss each source of parallelism in detail. 

Match parallelism,' 

The match operation has been the bottleneck of RBSs and is known to occupy 90% 

of overall inference time [19]. Although optimized algorithms are able to reduce 

t.he numher of comparisoll opcrations. eVCll with specialized algorithms. thc match 

operation constitutes around 90% of inference time [19, 49]. Therefore, thc reduction 

of the match operation complexity will be the most significant contribution to the 

speedup of an RBS. 

By the match parallelism, we mean evaluating all condition elements of thc given 

rules with available facts ill parallel. Thus. the most. straightforward parallel rnatch 

algorithm would be to broadcast every fact to every condition part of the rules. 

In order to implement this algorithm, the match operation will require all-to-all 

broadcast (or multinode broadcast) communication capability so that every fact can 

be routed to every conditioll part of the rules. On conventiollal electronic parallel 

processing Illult.iprocpssors, tlte all-to-all broadcast is illipletllell\('d Illaillly by software 

in a given Iletwork topology. The electronic crossbar networks call support the Illost 

efficient broadcast in a single step [50]. However, we cannot build large scale crossbar 

networks since the number of switches iucreases as a square of the number of nodes 

[44, 50, 51, 52]. Thus, due to the lack of scalability, the crossbar networks are not 
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suitable to exploit the match parallelism in RBSs. The Multistage Interconnection 

Networks (MINs) can perform all-to-all broadcasting at lower cost than the crossbar 

networks can be used in the parallel RBSs [53]. However, as the number of nodes in 

the network increases, the communication latency as well as the wiring and switching 

complexity also increases, resulting in a performance degrade [44]. 

On the other hand, optical systems can utilize optical interconnection networks 

that can provide large bandwidth as well as fiexible routing capability [26, .51, .54]. 

By representing facts and the condition parts of the rules in :2-D optical data planes 

and utilizing the all-to-all broadcast capability of the optical interconnects between 

the two 2-D optical data planes, we can match every fact with every condition part 

of the rules in parallel. Thus, using optics, we can exploit the match parallelism in a 

simple manner. 

Coni1'01 Parallelism : 

As the match operation becomes faster, it constitutes a smaller fraction of the overall 

inference time, and the execution time of the select and act operation constitutes a 

larger fractioll of the overall execu tion time. Therefore, the parallel execu tiOll of the 

select. and act operat.iolls becoll1(,s ill<Teaslingly ilnportant t.o cl\'oid the t.rallsition of 

the match operation bottleneck. As discussed, the select operation resolves conflicts 

amongst the multiple matched rules by selecting only one rule at a time. Control 

parallelism is finding the multiple selected rules, instead of a single selected rule. 

This allows an RBS to explore multiple search paths that can lead to the desired goal 
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state faster. However, when the multiple search paths are enabled simultaneously, 

the rule execution sequence may become out of order. An out-or-order execution 

may result in contradiction [55]. In order to avoid any source of contradiction, we 

can use Bernstein conditions [56] which determine whether two tasks can be executed 

in parallel. The Bernstein conditions can be described as follows: let Di and Ri be 

the domain and range of an operation, say Pi, respectively. Then, two operations Pi 

and P j can be executed concurrently if the following conditions are 0: 

"Nothing in the domain of Pi can be in the range of P /' 

~. Rj n Dj = 0 

"Nothing in tlw range of Pi can be in the domaill of P/ 

3. Ri n R j = 0 

"Nothing in the range of Pi can be in the range of Pi" 

The Bel'llstein conditions are a set of general cOllstraints valid for all types of 

parallel processing, and parallel rule-based processing is only a special case of parallel 

processing. If we assume that D represents the condition part of a rule and R 

represents the action part, and j represents ith rule, we can directly apply Bernstein 

condit.ions to H I1Ss to determine a set of mles that can bt' fired concurrently and 

correctly. Therefore. in select operation, by applyiug Bernstein couditions we can 
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exploit the control parallelism. Since the Bernstein condition testing requires the 

global interconnection pattern to compare one rule to every other rule, the optical 

interconnects can be a useful tool toward exploiting the control parallelism of RBSs. 

Act Parallelism: 

As discussed, the act operation should be parallelized to balance the overall perfor

mance. Act parallelism can be described as executing the action parts of the multiple 

selected rules simultaneously. Further, the execution of multiple actions incurs more 

state changes, which may accelerate the inference process by increasing the number 

of matched and selected rules in the subsequent inference cycles. 

Rule-level Pamllelism : 

While the match, control, and act parallelism are focused on each rule ill the inference 

process, rule-level parallelism deals with entire rules of a given knowledge base. Rule

level parallelism can be exploited by partitioning the rules of a given knowledge 

base into several modules and executing the three inference cycles to each module 

in parallel. The partitioning can be done by performing load balancing on rules 

with a minimal communication overhead criterion between modules. Although a 

simple round-robin method or an equal-divide method may be possible, a simulated 

annealing algorithm can be useful for optimal load balancing [57]. 

Application-level Parallelism: 

vVhile the match, control, act, and rule-level parallelism can be found within a sin-

gle knowledge base, we can also exploit application-level parallelism by executing a 
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number of cooperating but loosely coupled and physically dispersed knowledge bases 

simultaneously. Application-level parallelism is often exploited in distributed systems 

where a number of resources are shared between physically separated computers by 

the use of communication networks. Application-level parallelism relies heavily on 

an effective operating system or system soft wares. 

We have identified the five sources of parallelism available in RBSs. Among the 

five, the exploitation of the match, control, and act parallelism mainly depends on 

the underlying system architecture. However, the exploitation of the rule-level and 

application parallelism requires additional supports from the system software and the 

algorithms such as the partitioning and schedulillg algorithlll. Since this dissertation 

is focused on the architectural supports for the parallel execution of RBSs, the ex

ploitation of the match, control, and act parallelism will be the major topic in the 

following chapters. 

1.3 Dissertation Organization 

Chapter 2 proposes an electro-optical rule based system (EORBS) that exploits the 

match, control. and act parallelism. Chapter 3 present more generalized optical RBS, 

called Optical Content-Addressable Parallel Processor for Expert Systems (OCAPP

ES), which is an extensioll of the Optical Content-Addressable Parallel Processor 

(OCAPP) [22] t.o a lIovel architecture desiglled specifically for parallel RBSs. In 

Chapter 4, we propose a modeling and simulation methodology for digital optical 
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computing systems. As an application example, we apply the proposed methodology 

to OCAPP. Finally, Chapter 5 concludes this dissertation. 
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CHAPTER 2 

Parallel Electro-Optical Rule-Based System (EORBS) for 

Fast Execution of Expert Systems 

In this chapter, we propose a new optical rule-based system, called Parallel Electro

Optical Rule-Based System (EORBS). We first discuss the architecture of EORBS 

and explain its operation with an example. We then discuss an optical implementa-

tion of EORBS. 

2.1 Overview of Electro-Optical Rule-Based System 

The main objective of the Electro-Optical Rule-Based System (EORBS) is the 

exploitation of maximum parallelism in RBSs. This is achieved by using a two

dimensional representation of knowledge and multi-dimensional optical iutcrcollnects 

to speed up the match, select, and act operations of an RBS. EO RBS offers a major 

advantage over previous proposals (including optical ones): simultill1eous processing 

of several rules as opposed to t.he sequential processing of rules. 

In order 1.0 process mall)' rules in parallel, we have to make sure that multiple 

rule firing has no side effects[.58]. EORBS guarantees this by employing a monotonic 

reasoning methodology [59, 60] and identifying a set of mutually exclusive rules. 

The monotonic reasoning methodology assures that rule firing operations will only 
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augment the facts without deleting or changing any facts which can be sources of 

side effects. Therefore, once a fact is asserted, the fact remains true forever. Thus 

the number of true facts will keep growing until the end of an inference operation. 

To apply the monotonic reasoning scheme, we have to restrict a variable to be bound 

to some value during compilation time so that the data presented at run time can be 

represented by propositions. Consider the following examples: 

FI : 72 :::; 3.832 

1"2 : a;:::: b 

For F I, the val ue of the expressIOn can be evaluated directly so that the host 

can assign FALSE to Fl. For 1"2, first, the variables a and b must be bound to 

some values. Then, the host can evaluate F2 and assIgn TRUE or FALSE to 1"2. 

Therefore, if we can collect all the data in advance and we infer something out of the 

given knowledge, monotonic reasoning methodology can be applied. The application 

areas for the monotonic reasoning methodology include theorem proving, problem 

solving systems, diagnostics, and consultation problems where the knowledge base 

cannot be changed during inference and all the necessary data can be collected before 

inference [61]. 

In order to evaluate rules in parallel, the host must maintain consistency. To 

maintain consistency, the host must compare a fact element with a group of related 

rules and facts. Thus, the size of the group can be important ill that the comparison 
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time depends on the number of data in the group. One of the major characteristics 

of the rule-based programming environment is modularity and hierarchy [43]. These 

stem from the fact that the structure of human knowledge can be modeled in a 

modular and hierarchical structure such as a tree, where each node represents a 

module which is composed of a small number of rules and facts. In this tree (from a 

high level view point), checking whether an incoming fact belongs to some mutually 

exclusive group of facts or not implies that the incoming fact must be compared to a 

mutually exclusive group. Thus, the fact is compared with a specific group which is 

small in size. Also, note that this checking operation is performed at compile time. 

Therefore, the checking time for a given fact for the group should not cause any 

excessive overhead at run time. 

Using a monotonic reasoning scheme gives an advantage in that EORBS does not 

require conflict resolution. Sillce EORBS explores all the possible paths in the search 

space without any side effect, it does not have to select which path to follow. An 

example of parallel rule firing can be found in the fuzzy RBS used in control[62, 63, 

64]. 

2.1.1 Knowledge Representation in the Host Computer 

III gelleral, to rUIl any high level programming language 011 il computer, the source 

code must be translated illto an object code which call be run by a central processing 

unit(CPU). Likewise, RBSs require the rules to be in human readable form as well 
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as the translated code which is optimized for the hardware. In the RBS, the human 

readable rules act as an interface between the user and the computer. These rules are 

used in editing and debugging the knowledge base of a given problem. As a result, 

RBSs keep their own version of the translated knowledge base. As an example, 

MYCIN uses a rule compiler for generating a decision tree which is used by the 

inference engine. For EORBS, we have developed a translation algorithm which 

translates the knowledge-base into a 2-D array called proposition table (PT). Fig. 2.1b 

shows a PT which results from the application of the translation algorithm introduced 

below to the knowledge base of Fig. 2.la. 

An entry of the proposition table (PT) is composed of a condition/action element 

and a proposition. The condition element slot can be further divided into a Left

element slot. an Operator slot, and a Right-element slot. The Left-element slot 

has the name of an object or variable, the Right-element slot has a variable or some 

constant, and the Operator slot contains the operation to be performed using the Lcft

element slot and Right-element slot. Also, the proposition slot can be further divided 

into two slots: one for the name (integer identification number) of the proposition, 

and the other for the binary value of the proposition. 

Along with the PT, the host generates a condition array (CA) and an action 

anay (AA), which are shown in Fig 2.2(' and Fig 2.21', reslwctiveiy. The CA and AA 

represent the condition parts and action parts of all the rules in the knowledge base. 

The CA has a dimension of l' x I while the AA has a dimension of l' X m, where '/' 
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R1. If (weight < 110 Ib) A (frame = small) A (gender = female) 
Then (relative-weight = normal) 

R2. If (weight < 110 Ib) A (frame = large) A (gender = male) 
Then (relative-weight = under-weight) 

(a) Example Rules 

Condition / Action element Proposition 

Left-element Operator Right-element s Vc 

weight < 110 (Ib) F 001 T 

frame = small F 002 F 

gender = female F 003 T 

relative-weight = normal F 004 F 

frame = large F 005 F 

gender = male F 006 T 

relative-weight = underweight F 007 T 

: : : : 

(b) Proposition Table 

Figure 2.1: Representation of rules and facts in host computer. 



37 

001 002 003 004 005 T F T F F 

006 007 
. .. . 

T T ..... 

· · · · · · · · 

(c) Reference Fact Array (RFA) (d) Data Fact Array (DFA) 

001 002 003 - 004 

001 004 005 - 007 

· · · · · 

(e) Condition Array (CA) (f) Action Array (AA) 

Figure 2.2: HeprcsentatioIl of rules and facts in host computer, continued. 
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is the number of rules, I is the number of condition elements per rule, and 71/. is the 

number of action elements per rule. 

The host also generates two copies of the 2-D fact array (Fig. 2.2c,d). In the first 

copy, called Reference Fact Array (RFA), each element of the array represents the 

name of the factj therefore, the RFA is a name template of the optical fact plane 

of EORBS. In the second copy, called Data Fact Array (DFA), each element of the 

array is the value of the element which is designated by the RFA; therefore, the DFA 

is an actual data plane for EOIU3S. An algorithm interpreting the knowledge base 

given by users to generate the PT, CA, AA, RFA, and DFA is described below: 

Knowledge Translation Algorithm 

Input: human readable knowledge base 

Output: PT, RFA, DFA, CA, AA 

1. Initialization: PT, RFA, DFA, CA, AAj 

2. For i = 1 to (No. of rules) do Find current-rule; 

{ build PT and eA using condition elements} 

3. For j = 1 to (No. of condition-elements of current-rule) do 

(a) Find current-condition-element; 

(b) Find symbol for current-condition-element; 

(If (,ulTent-condition-element has already used symbol, then find the used 

symbol; else create new symbol;) 

4. With the symbol (currellt-condition-element); 

(a) Evaluate value of the symbol; 

{ Fill ill a 1'OW of PT } 

(b) PT[symbol] = (current-element, symbol, symbol-value); 
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(c) CA[i,j] = symbol; 

(d) j = j + 1, goto step 3; 

{ build PT and AA using action elements} 

5. For k = 1 to (No. of action-elements of current-rule) do 

(a) Find current-action-element; 

(b) Find symbol for current-act ion-element; 

(If current-act ion-element has already used symbol, then find the used 

symbol; else create new symbol;) 

6. With the symbol (current-action-element); 

(a) Evaluate value of the symbol; 

{ Fill in a row of PT } 

(b) PT[symbol] = (current-element, symbol, symbol-value); 

(c) AA[i,k] = symbol; 

(eI) k = k + 1, goto step .5; 

7. i = i + 1. goto step 2: { Pi lid ne:rt rulf: } . 

{ build RFA and DFA } 

8. For I = 1 to (No. of row of RFA) do 

9. For m = 1 to (No. of column of RFA) do 

10. For n = 1 to (No. of row of PT) do 

(a) RFA[I,m] = symbol slot of PT[n]; 

(b) DFA[I,m] = symbol-value slot or PT[II]; 

(c) III = m + 1, n = II + 1, goto 9; 

10. I = I + 1, goto 8; 
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2.1.2 Knowledge Representation in EORBS 

In EORBS, knowledge is represented in a two-dimensional form. Facts are rep

resented in a two-dimensional plane called the fact plane. Rules have two parts, 

a condition plane to represent condition elements and an action plane to represent 

action elements. These planes represent the basic computational entity in EORBS. 

Also, to increase the utilization ratio of limited two-dimensional space, propositional 

logic is used. In a propositional logic system, each fact, goal, condition, or action is 

represented by a pixel in the corresponding two-dimensional plane. Each element of 

the plane is expressed in a proposition that is position encoded in two-dimensional 

space, as shown in Fig. 2.3. The value of a fact F j , for example, is represented by light 

on/off at the specific location of the fact plane. Similar considerations take place for 

other planes. 

In the fact plane, the host allocates a small portioIl of the fact plane for the goal 

facts. These goal facts occupy the last row of the fact plane and are used at the 

end of the inference operation. Thus, the host must generate the Reference Fact 

Array( RFA} such that tlte last row of the fact plane has goal facts. If the number 

of goal facts exceeds oIle row, the host can add rows in the RFA to accommodate a 

large number of goal facts. The optimal size for the number of goal facts should be 

determined after a thorough simulation study. 

2.1.3 Description of EORBS 

The overall role of EORBS is to infer new facts usillg tllf' current fact.s and rules 

and compare the inferred facts to the given goals. Fig. 2.4 shows a block diagram of 

EORBS. It consists of an electronic host computer, a Goal-Checking Unit(GCU}, and 

an Inferencing Unit(IU}. EORBS receives the necessary facts and rules from the host 

computer and returns the processed data to the host. The host uses a two-dimensional 
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Figure 2.3: Representation of rules and facts for optical system 
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fact plane to convert electronic data to optical data for optical inferencing. The fact 

plane is encoded as explained above. The host computes and sets the interconnection 

pattern between the facts and rules in the Inferencing Unit (to be explained later). 

The IU performs the match and act operations. The match operation consists of 

comparing the current facts to the condition elements of the rules. During the act 

operation, the action part of the rules with satisfied condition elements is executed. 

The detailed explanation of the match and act operations are presented in the next 

subsection. 

The role of the GCU is to determine whether or not there is any assertion of 

goal facts during the inferencing process. If the output from the GCU indicates 

a match, EORBS stops inferencing, and the host starts its own operation with the 

processed results from the EORBS; otherwise, the inference engine starts the inference 

operation. 

2.1.4 Fact-to-Rule and Rule-to-Fact Mapping 

Performing the match operation means that the condition elements of rules are 

evaluated using the current values of facts. This is usually a very time-consuming 

operation in conventional RBSs, since it is done sequentially. In this chapter, we 

introduce a new method for performing rule matching that can be carried out in 

parallel, owing to the parallel nature of optical interconnects. The method consists 

of first providillg a mapping called F -R (fact-to-rule) l1lappi lIg from the facts to the 

rules. This mappillg specifies the interconnection pattel'lls required from the fact . 

plane to the conditioll plane. Next the condition templates of each rule are logically 

ANDed into a single element whose value indicates whether the correspollding rule is 

to be selected or IIOt. For example, consider the following two rules III and H2 , and 

the gelleral rule format R j : 
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where Ci,j represents a condition element in the ith row and jth column of the 

condition plane, and Ai represents an action element of rule R i . 

To determine the required interconnection pattern, we first compare rule Rl and 

R2 with the given rule format R i . It can be easily seen that Fl is mapped into C1,1, 

F2 is mapped into C1,2, while C1.3 and CI.'1 are not used in R I. Likewise, comparing 

the next rule R2 with R j , We' find that FI is mapped into C2,1, Fa is mapped into 

C2,2, while C2,3 and C2,4 are not used in R2. Thus, to perform the match operation, 

the routing network routes facts FI to C1,1, Fl to C2,,, F2 to el ,2, and Fa to C2 ,2, 

respectively. An algorithm is described below to automatically generate a Fact to 

Rule Mapping Table (FRMT): 

Fact-to-Rule Mapping Algorithm 

Input: RFA and CA 

Output: Fact-to-Rule Mapping Table (FRMT) 

1. For i=l to (No. of rows on CA) do 

2. For j=l to (No. of columns on CA) do 

3. If CA[i,j] -:I null do 

(a) Find available-slot in the row [content of CA[i,j]] of til<' FRMT, 

(cont.ellt. of CA[i,j] = symbol idelltification number ill integer); 

(b) FRMT[CA[i,j]] = (i,j), (save destination (i,j) at the FRMT); 

(c) j = j + 1, goto 2; 

(d) i = i + 1, goto 1. 
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Since rules are defined as the conjunction of condition elements, we can set the 

unused elements (e.g., C},3, C},4 in Rd to a logical one. Next, all the elements 

of each row of this condition plane are logically ANDed together to form a one-

dimensional column vector representing the selected rules for the current iteration. 

This column vector represents the action plane. In general, the size and dimension of 

the interconnection network and the AND-gate array representing the action plane 

depend on the configuration of the condition plane and the number of action elements 

per rule. In this example, we assumed that each rule has only one single action, 

hence the action plane is one-dimensional. In general, the action part of the rule may 

contain more than one action element. In this case. tl1f' AND-array and the action 

plane will both be of dimension l' x 171 where r is the number of rules and m is the 

number of action elements per rule. 

In a similar fashion, the act operation must assert the action elements of the 

triggered rules into the current fact plane to form a new fact plane. Again, this 

operation is carried out by means of a mapping from the action plane to the fact plane. 

This mapping, called the H-F (rule-to-fact) mapping, asserts new facts from the newly 

generated action plane into the previous fact plane. Using the above two rules and the 

algorithm described below, we can simply find the required interconnection patterns: 

Rule-to-Fact Mapping Algorithm 

Input: RFA and AA 

Output: Rule-to-Fact l\IIapping Table (RFMT, 

1. For i=l to (No. of elelllents on AA) do 

2. If AA[i] =I- null do 

(a) Find available-slot in the row[ content of AA[i]] of the RFMT, 

(content of AA[i] = symbol identification number in integer); 



(b) RFMT[AA[iJJ = i, (save destination i at the RFMT); 

( c) i = i + 1, goto 1. 
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The new fact plane contains previous facts as well as newly inferred facts. These 

facts are then sent to the GCU for further processing. A detailed example of this 

mapping will be given in Section 5. 

2.2 Architecture of EORBS 

A detailed optical architecture for EORBS is shown in Fig. 2.5. As described in the 

previous section, the system consists of a GCU, an IU, and two-dimensional optical 

source (fact) alld detector planes for I/O interfacing with the host. A two-dimensional 

optical device such as an electrically-addressed spatial light modulator (EA-SLM) can 

be used for the fact planes [65, 66, 67J. The EA-SLM is an 2-D array of elements, 

which are individually addressed by an electronic interface and modulate the cross 

section of a beam passing through it (or reflected from it). For the EA-SLM, a Ferro

electric Liquid Crystal (FLC) SLM [68,69, 70], Electrically-addressed Microchannel 

SLM (E-MSLM)[71, i2], 01' Silicon/PLZT SLM [7:3,74,75] call be used. Since EORBS 

must send results to an electronic host, an optical detector array is needed to convert 

optical signals into electronic signals. EORBS also needs two-dimensional optical 

logic gate arrays to perform AND and OR logic functions. A possible candidate for 

the optical logic gate array is the SEED family of devices[76, 77, 78]. In what follows, 

we examine the optical implementation of each unit comprising EORBS. 

2.2.1 I/O Unit (IOU) 

The IOU is the interface unit between the electronic host and the optical rule

based system (ORBS). The IOU consists of all SLM, an optical OR gate array OJ, 

and a 2-D detector array. The SUd is used to load the input fact plane (DFA) to the 
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ORBS. The OR-gate array 0 1 receives two input planes, an initial fact plane from 

the host and a processed fact plane from the ORBS. Thus, by superimposing the 

two planes, 0 1 can generate an updated input fact plane at every cycle for inference 

operations in the IV. The detector array is used to send the processed fact plane to 

the host. 

2.2.2 Inference Unit (IU) 

The IV is composed of an optical AND-gate array, AI, and two interconnection 

networks, INI and IN2. The interconnection network INI performs the F-R mapping, 

and IN2 performs the R-F mapping as described in the previous section. INI uses the 

fact plane as an input and generates the condition plane. The AND-gate array Al 

receives the condition plane from IN 1 and produces a column vector which is used as 

the action plane. This vector is sent to the IN2 for asserting the new facts into the 

fact plane for the next iteration and GCU for goal checking purposes. 

2.2.2.1 Optical Implementation of F-R/R-F Mapping 

The optical implementation of the F-R mapping requires a 1-1) to 2-D lletwork 

since we are mapping the 2-D fact plane to the 2-D condition plane. The R-F mappillg 

requires a I-D to 2-D network which maps an element from the I-D action plane to 

some elements of the 2-D fact plane. The required interconnection patterns in the 

F-R/R-F mappings are any-to-any connection. This means that any element of the 

input plane should be able to access any element of the output plane. This can be 

achieved by several techlliques [79, 80, 81, 82]. A possible optical implementatioll 

which uses space-invariant holograms is proposed here. 

Hologmphic Interconnection Network (HIN) : 

As an example, let us consider, the following rules and facts: 



Facts: F I , F 2 , F3 , F 4 • 

Rule 1 : IF (FI A F 2 ) THEN F3 • 

Rule 2 : IF (FI A F3 ) THEN F 4 • 

Rule 3 : IF (F2 A F3) THEN F<\. 
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Also, assume that we have a 2 x 2 fact plane, and a 3 X 3 condition plane. 

Fig. 2.6a,b,c describe the corresponding RFA, CA, and AA. Then using the FRMT 

algorithm, we can obtain the FRMT shown in Fig. 2.6d. The FRMT indicates the 

following interconnection patterns: 

(FI-C),I) (F1-C2,1) 

(F2-C2,J) (F2-C3,.) 

(F3-C2,2) (F3-C3,2) 

The BIN implementation of this mapping is shown in Fig. 2.7. The major com

ponents of this interconnection network consist of a hologram HI, an spatial light 

modulator (SLM), and a demagnifying lens Lil . The hologram is a space-illvariant 

hologram such that each facet acts as a one-to-nine beam splitter [8:3, 84, 85]. Since 

all the connections are not necessary, an SLM is used after H I to block the unnec

essary connections. Lens LiJ is used for imaging and demagnification purposes. It 

reduces the 6 x 6 intermediate plane to a 3 x 3 output plane conforming to the 

size of the condition plane. Fig. 2.7 shows the allowed and blocked connections as 

transparent and dark pixels on the SLM. The Space Bandwidth Product(SB'VP) of 

an optical systclIl is its I1IC1Xirnlll1l 1111mber of spatial degree of freedom in an optical 

system. In gelleral. the S 13 'vVP of H I and Li I depelld 011 the gi ven facts and rules. 

Assuming an vn x fii fact plane and a 1" X 1 condition plane, the SBWP of HI is 

0(1'1), and that of LiJ is 0(11.1'1), where n is the number of facts, l' is the number of 

rules, and 1 is the number of condition elements. 
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(a) Reference Fact Array (b) Condition Array (c) Action Array 

Source Destination 
(Fact Element) (Condition Element) 

01 C(1,l) C(2,1) -

02 C(2,1) C(3,1) -

03 C(2,2) C(3,2) -

(d) Fact to Rule Mapping Table (FRMT) 

Source Destination 
(Action Element) (Fact Element) 

01 3 

02 4 

03 4 

(e) Rule to Fact Mapping Table (RFMT) 

Figure 2.6: Example CA, AA, RFA, FRMT, and RFMT 
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3 x 3 output 
condition plane 

Figure 2.7: Holographic interconnection network for Fact-to-Rule mapping 

As described in the previous section, the R-F mapping must compare the action 

elements with the facts. Using the same example as above and the RFMT algo

rithm, the host generates the RFMT of Fig. 2.6e. The RFMT indicates the following 

interconnection patterns between the action plane and fact plane: 

Fig. 2.8 depicts a HIN implementation of IN2 that provides such a mapping. IN2 

is implemented by a hologram H2, a lens Li2' and an SLM. Hologram H2 in IN2 is 

also a multi fact hologram and has the same size as the action plane. Therefore, H2 

contains three facets where each facet acts as a one-to-four beam splitter as shown 

in Fig. 2.8. 

As in IN I, an SUvl is Ilceded to block unwanted connections. Lens Li2 is lIsed to 

demagllify til(' image gelll'l"ilted by H2 and tht' SLM. The SBvVP of holograIll H2 is 
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Figure 2.8: Holographic interconnection network for Rule-ta-Fact mapping 



53 

O(rm), and of L;2 is O(nrm), where m is the number of action elements per rule. We 

should note that there are many different ways of achieving these mappings optically. 

2.2.3 Goal Checking Unit (GCU) 

The GCU consists of a lens LI, a spatial filter F1, a shutter S1, three beamsplitters, 

BS1, BS2, and B83 , and a detector, D1. At the output stage of the interconnection 

network IN2 , the fact plane is divided into two fact planes by the beam splitter B81. 

One is sent to the shutter 81 and the other to mirror M3 • The fact plane routed 

to M3 is spatially filtered by F 1 so that only the goal fact portion of the fact plane 

arrives at the lens element L1. Then the goal fact plane is collimated, via L1 , onto the 

detector 0 1 and the control input to the shutter SI' When the input to DI is high, it 

signals to the host that the goal has been found. At the same time, the high control 

signal disables the III from further processing by disabling S1. On a low signal, the 

low control signal to D1 enables 81, which in turn will allow further inferencing in 

the IV. 

2.3 Detailed Operation of EORBS 

To illustrate the operation of EORBS, consider the example of the family tree of 

Fig. 2.9a. The current facts consist of two relationships: is-married-to, and is-fat her

of, as shown in Fig. 2.9b. The rules for this system are shown in Fig. 2.9c. The goal 

of this example is to find who is grandmother of whom (e.g. is-grandmother-of). 

Using the rules shown in Fig. 2.9c and the translation algorithm presented 111 

s{'ction 2.1, the host generates PT, RFA, CA, anel AA (Fig. 2.1OeJ). Next, the 

DFA is generated lIsing the RFA of Fig. 2.10f. If a fact is currently known, then its 

corresponding location in the fact plane is set to one, while others are set to zero. 

Note that, among the elements of the OFA, the host reserves the last row for the goal 



DAVID is-married-to ANN 

DAVID T ANN 
BOB is-married-to BETH 
JOHN is-married-to JEAN 

I I 
BOB I BETH JOHN I JEAN DAVID is-father-of BETH 

I I I I DAVID is-father-of JOHN 
TOM FRED MARY JACK BOB is-father-of TOM 

BOB is-father-of FRED 
(a) Diagram of example JOHN is-father-of MARY 

Family Tree JOHN is-father-of JACK 

(b) The facts known to users. 

R 1 : IF (DA VID is-married-to ANN) AND (DAVID is-father-of BETH) 
THEN (ANN is-mother-of BETH) . 

R2 : IF (DA VID is-married-to ANN) AND (DAVID is-father-of JOHN) 
THEN (ANN is-mather-of JOHN). 

R3 : IF (BOB is-marrieci-lO BETH) AND (BOB is-father-of TOM) 
THEN (BETH is-mother-of TOM) . 

R4 : IF (BOB is-marriecl-to BETH) AND (BOB is-father-of FRED) 
THEN (BETH is-mother-of FRED). 

RS : IF (JOHN is-married-to JEAN) AND (JOHN is-father-of MARY) 
THEN (JEAN is-mother-ofMARY). 

R6 : IF (JOHN is-married-to JEAN) AND (JOHN is-father-of JACK) 
THEN (JEAN is-mother-of JACK). 

R 7 : IF (DAVID is-father-of JOHN) AND (JOHN is"":father-of MAR Y) 
THEN (DAVID is-grand father-of MAR Y) . 

R8 : IF (DA VID is-father-of JOHN) AND (JOHN is-father-of JACK) 
THEN (DAVID is-granclfather-of JACK) . 

R9 : IF (ANN is-mother-of BETH) AND (BETH is-mother-of TOM) 
THEN (ANN is-grandmothcr-of TOM) . 

RIO: IF (ANN is-mother-of BETH) AND (BETH is-mother-of FRED) 
THEN (ANN is-grandmother-of FRED) . 

(c) Rules from users 

RI : IF Al AND BI THEN Cl. 
R2: IF Al AND B2 THEN C2. 
R3 : IF A2 AND B3 THEN C3. 
R4 : IF A2 AND B4 THEN C4. 
RS : IF A3 AND BS THEN CS. 
R6 : IF A3 AND B6 THEN C6. 
R7 : IF B2 AND BS THEN 01. 
RX: IF B2 AND B6 THEN 02. 
R9: IF Cl AND C3 THEN EJ. 
RIO: IF Cl AND C4 THEN E2. 

(d) Translated rules 

Figure 2.9: Rules and facts for the family tree of David and AnIl 
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Condition elelTIents 

Lc Oc Rc 

DAVID is-lTIarried-to ANN 

BOB is-lTIarried-to BETH 

JOHN is-lTIarried-to JEAN 

DAVID is-father-of BETH 

DAVID is-father-of JOHN 

BOB is-father-of TOM 

BOB is-father-of FRED 

JOHN is-father-of MARY 

JOHN is-father-of JACK 

ANN is-lTIother-of BETH 

ANN is-lTIother-of JOHN 

BETH is-lTIother-of TOM 

BETH is-lTIother-of FRED 

JEAN is-lTIother-of MARY 

JEAN is-lTIother-of JACK 

DAVID is-grandfather-of MARY 

DAVID is-grandfather-of JACK 

ANN is-grandlTIother-of TOM 

ANN is-grandlTIother-of FRED 

(e) Proposition Table (PT) 

01 04 - -
01 0:'> - -
02 06 - -
02 07 - -
03 08 - -
03 09 - -

05 08 - -
05 09 - -

10 12 - -
10 13 - -

Reference Fact Array Condition Array 

(f) Rules and Facts in table form 
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Figure 2.10: Rules and facts for the family tree of David and Ann, continued 
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facts. The goal of this example is to find a grandmother. Therefore, the host assigns 

the goal facts (FIB and F19 ) in the last row of the RFA. The resulting DFA is shown 

in the table of Fig. 2.Ua. 

Then, to provide the means for the F-R mapping and R-F mapping described in 

the previous section, the host computes the F-R/R-F mapping and sends it to the 

IV. Using the RFA and CA of Fig. 2.10f as inputs, the FRMT algorithm computes 

the required interconnection patterns. For example, fact F J is used as CJ,J and C2,J 

of the condition plane. Thus, EORBS must be able to connect FJ to CJ,J and C2,\. 

The complete F-R mapping is shown in Fig. 2.12a. 

To generate the R-F mapping, the AA and RFA of Fig. 2.101' are used as inputs 

to the RFMT algorithm. For example, the first action element A! of the action 

plane is used as the element FlO of the fact plane in Fig. 2.10e. Hence, the need 

for a connection for the first action element A J to the fact element FlO. In a similar 

fashion, the complete R-F mapping is generated (Fig. 2.12b). 

Once the DFA and the R-F /F-R mapping information is ready, this complete 

information is loaded into the optical fact plane and the interconnection networks 

IN! and IN2 • Then, EORBS starts its operation. 

Infercncing Unit (F-R mapping): Initially, the fact plane (DFA) is supplied 

by the host. However, in subsequent iterations, the fact plane will include newly 

asserted facts from previous iterations using the optical on gate itrray OJ. III this 

example, each element of the DFA will be transferred into a predetermined location 

of the condition plane using the FRMT described in Fig. 2.12a. Fig. 2.11b shows 

the resulting condition plane. The rightmost two unused columns are set to a logical 

one. IN! produces the column vector of Fig. 2.11c. In the column vector, a logical 

one in the ith loca.t.ion represents a triggered rule. 



(a) fact plane 
(Data Fact Array) 

(initial facts) 

o 
o 

(c) Output of AND 
gate array of the IV 
(Action Array) 

1 } } 1 

1 1 } 1 

} } 1 1 

} 1 1 1 

1 } 1 1 

1 } 1 1 

1 1 1 } 

1 1 1 1 

0 0 I 1 

0 0 } I 

(b) Output of IN} 

(Condition Array) 

0 0 0 0 

0 0 0 0 

0 I I 1 
I I I I 

1 0 0 0 
t}'{'"" """",:""",: I{""{"",, {"",,,,,,,'" 
E',',', 

(d) new fact plane 
(Data Fact Array) 
(at the end of 
first iteration) 

Figure 2.11: First run of Electro-Optical Rule-Based System 
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Source Destination 
(Fact Element) (Condition Element) 

01 CO,I) C(21) -
02 C{3,1) C(4,1) -

03 C(5, I) C(6, I) -

04 CO,2) - -
05 C(2,2) C(7,1) C(8,1) 

06 C(3,2) - -

07 C(4,2) - -
08 C(5,2) C(7,2) -
09 C(6,2) C(8,2) -

\0 C(9,1) C(lO, I) -
II C(9,2) - -
12 C(IO,2) - -

(a) Fact to Rule Mapping Table (FRMT) for family tree of David and Ann 

Source Destination 
(Action Element) (Fact Element) 

01 10 

02 II 

03 12 

04 13 

05 14 

06 15 

07 16 

08 17 

09 18 

10 19 

(b) Rule to Fact Mapping Table (RFMT) for family tree of David and Ann 

Figure 2.12: F-R mapping and R-F mapping 
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Inferencing Unit (R-F mapping) : If there are rules to be fired, the IU executes the 

action part of the triggered rules using the RFMT. The triggered rules are mapped 

onto the fact plane via IN2 • In this example, each triggered rule represented in 

Fig. 2.11c is mapped onto the new fact plane of Fig. 2.11d via the RFMT of Fig. 2.12b. 

Goal Checking: The GCU receives the DFA from the IU. Upon receiving the 

DFA (see Fig. 2.11d), the goal fact portion of the DFA (shaded pixels of the DFA) 

is routed to the detector D1 and shut.ter 81 via lens Ll . A high signal to Dl and 81 

implies a goal has been found, while a low signal implies no goal has been found at 

this time. In this example, the control signal to DI and SI is low, which means that 

no goal fact has been asserted. This ends the first iteration of EORBS. 

Second iteration: In the second iteration, the DFA (Fig. 2.11d) is combined with 

the original facts (Fig. 2.11a) which are given by the host. As in the first iteration, 

the new DFA will be routed to the IU to perform F-R mapping. Then, the results 

of the F-R mapping of Fig. 2.13b are ANDed rowwise. The result is shown in the 

column vector of Fig. 2.13c. Next, using the AA, the IU performs an R-F mapping 

and produces the DFA of Fig. 2.13d. 

The GCU routes the goal facts (shaded pixels) of the DFA(Fig. 2.13d) to detector 

Dl . 8ince there is one pixel (FIS) which has a value of one, the GCU sends a high 

control signal to the host, and terminates the operation of EORBS by disabling 

shutter SI. As soon as the host receives the high control signal (goal-found signal), 

it reads in the last fact plane and converts it to electronic signals using the RFA of 

Fig. 2.10r to answer the query. 

2.4 Performance Analysis of EORBS 

In this section we estimate the theoretical performance of the proposed architec

ture by estimating its execution speed and comparing it to that of cOllventional RBSs. 



(a) fact plane 
(Data Fact Array) 

(at the beginning 
of second iteration) 

(c) output of AND 
gate array of the IU 
(Action Array) 

1 1 1 1 

1 1 1 1 

1 1 1 1 

1 1 1 1 

1 1 1 1 

1 1 1 1 

1 1 1 1 

1 1 1 1 

1 1 1 1 

1 1 1 1 

(b) output of INI 

(Condition Array) 

o 0 0 0 

o 0 0 0 

(d)fact plane 
(Data Fact Array) 

(at the end of 
second iteration) 

Figure 2.13: Second run of Electro-Optical Rule-Based System 

60 



61 

In what follows we will use the following terms and assumptions for estimating the 

execution speed: 

• We assume that the response time of optical gate arrays used for logic functions 

(e.g., optical AND, OR, and optical shutter) is Tr • 

• The setup time of the SLM of size n is Ts. 

• The processing time of transferring elements of one DFA to another DFA is Tp. 

• The access time of the detector plane of the I/O unit is Td • 

• The propagation delay of optical passive devices such as lenses, mirrors, beam 

splitters, and holograms is negligible. 

• We assume that the number of elements in the fact plane is n, and the number 

of condition elements per rule is I. 

• We ignore the reconfiguration time of IN} and IN2, since these are reconfigured 

only at the start of each query. While solving a query, the interconnection 

networks can be considered fixed. 

2.4.1 Execution Speed 

The execution speed of EORBS can be thought of as being divided into three 

parts: initialization time Tini!> execution time Tex' and output fetch time Tjetch. In 

order to estimate the execution time, we consider the longest signal path through 

EORBS. 

To complete one iteration, the optical signal must go through the optical OR gate 

array (Od, the Inferencing Unit (IN} and IN2 : one AND-gate array and two SLMs) 

and one shutter SI. Such a path contains five active devices that require switching; 

therefore, the total time required for one iteration is 51~. 
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The initialization time includes the setup time for the fact plane, and the setup 

time of the SLMs in the interconnection networks IN} and IN2 • However, these units 

can be accessed simultaneously, and hence Tinit becomes Ts (the setup time for a 

single SLM). The output fetch time includes the time to read in the detector of the 

GCV. Thus Tjetch is equal to Td. 

The data for the input and output plane of EORBS can be formatted in a 2-D 

array data structure during the knowledge base compilation time. Since the compiled 

rules and facts are used throughout the query processing, the sum of Tinit and Tjetch 

becomes the actual time for I/O operations required between the host computer and 

EORBS. Therefore, the overall response time of EORBS, Tresponse, becomes: 

Tresponse = Tinit + Tex + Tjetch = Ts + x X 5Tr + Td (2.1 ) 

where x represents the number of iterations required to solve a given query. 

Now, let us evaluate the number of rules that can be processed in EORBS. Given 

the number of condition elements I of a rule, the number of rules that can he repre

sented in EO RBS becomes n / I. Since the cycle time of EO RBS is 5Tr , the maximum 

number of rules R that can be processed per second is: 

n 
R = 51T

r
. (2.2) 

However, if the size of the problem (the number of rules) is greater than the 

size of the condition plane of EORBS, we must partition the problem into a set of 

subproblems whose size fits into the condition plane of EORBS. In this case, the cycle 

time must include the time taken to read in the DFA from EORBS (detector access 

time Td), the time taken to relocate some elements of the DFA into a new DFA' (host 

processing time Tp), and the time to load the input DFA' to the I/O unit of EORBS 

(8LM setup time Ts). 
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Up to now, we have assumed the SBWP of the space-invariant hologram of the 

interconnection network IN!, to Le O(rl). With this hologram, any fact element in a 

DFA can access any location in the condition plane. However, there is a high price 

to be paid for such flexibility, namely, a large fanout factor. This flexibility can be 

compromised without degrading the performance of EORBS. One method is limiting 

the fanout rl to a small integer Q. This is possible because a single fact element is 

not used as the condition element of all rules in practical RBSs. As an example, the 

sample RBS used in this chapter requires maximum fanout of only 3. Even if there 

exists an RBS which has a fact Fi that is greater than the allowed fanout Q, we can 

easily duplicate Fi into as many copies as necessary to cover the fanout requirement. 

Limiting the fanout implies that the number of used pixels of the SLM of the 

interconnection networks, IN} and IN2, can be reduced. That is, given n, the number 

of facts in the fact plane and given rl, the number of condition elements in the 

condition plane, we must use an SLM with a SBWP of nrl in IN}. Also, note that 

the maximum number of rules and facts that can be represented in an EORBS is 

limited by the product nrl. Therefore, if we can reduce the required SBWP of the 

SLM, we can increase the number of rules and facts that can be represented in an 

EORBS by utilizing the unused parts of the SLM. 

To evaluate R, let us assume y represents the ratio of the area that the hologram 

with the reduced fanout can cover to the area of the SLM of the interconnection 

networks. Then, the number of rules that can be represented on an EORBS becomes 

n/yl. Considering this factor, if the size of the problem is greater than the size 

of EORBS, then the maximum number of rules that can be processed per second 

becomes: 

n 

R = yl(5Tr + Ts + Tp + I d) (2.3) 
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As an example, if we assume n = 103
, I = 5, Y = 0.1, Tr = 1O-6 s, Ts = Tp = 

Td = 1O-3s, EORBS can execute about 6.65 X 105 rules per second. In order to 

better appreciate this speed advantage of EORBS, we compare the execution speed of 

EORBS with the electronic systems. The DAD02 multiprocessor system is estimated 

to process about 70 rules per second[19]. The NON-VON is a multiprocessor system 

that is composed of 32 powerful Large Processing Elements (LPEs) and 16K Small 

Processing Elements (SPEs), and is estimated to process 850 rules per second[16]. 

With the processing capability of 6.65 x 105 rules per second, EORBS is expected to 

achieve a system throughput far better than any electronic RBS can achieve. 

2.4.2 Discussions 

The performance of EORBS is primary limited by the availability of optical devices 

with large SBWP and fast response time. The large SBWP will allow the optical RBS 

to represent an increased number of rules and the fast response time will decrease 

the time taken for a single iteration in the optical RBS. The limited fanout concept 

is introduced to increase the number of rules that an EORBS can represent. with a 

given SBWP of SLM. Along with these requirements, the optical power is also an 

important problem due to the fanout hologram used in the interconnection network. 

Due to the beam spreading operation of the fanout hologram, the fanout hologram 

is the major power consumption factor. However, the limited fanout concept can 

also reduce the problem incurred by the beam spreading operation by controlling the 

number of necessary output destinations. The limited fanout can also relieve the 

device requirements. For example, by reducing the required target area of a beam, 

the beam uniformity condition will be greatly relieved. Also, since small number of 

pixels of the SLM are routed to a pixel of the condition plane (INd, the contrast 

ratio of the SLM can be decreased accordingly. 
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Although EORBS shows a couple of orders of magnitude improvement in rule 

processing capability over the conventional RBSs, the propositional knowledge rep

resentation and monotonic reasoning scheme of EORBS limit its application area to 

those problems where the knowledge base cannot be changed during inference and all 

the necessary data can be collected before inference [61]. In the following chapter, a 

general purpose optical RBS, called an Optical Content-Addressable Parallel Proces

sor for Expert Systems (OCAPP-ES) is proposed both to overcome these limitations 

and also exploit the match, control, and act parallelism of RBS in highly efficient 

manner. 



CHAPTER 3 

The Design of an Optical Content-Addressable Parallel 

Processor for Expert Systems 
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In this chapter, we present a second optical rule-based system called Optical 

Content-Addressable Parallel Processor for Expert System (OCAPP-ES). We first 

discuss the knowledge representation scheme and reasoning process in OCAPP-ES 

and explain its operation with an example. We then discuss an optical implementa

tion of OCAPP-ES and estimate its performance. 

3.1 Overview of Optical Content Addressable Parallel Processor - Expert 

System (OCAPP-ES) 

The main objective of OCAPP-ES is to exploit the maximum possible parallelism 

in an RBS. Since optical devices are 2-D in nature, 2-D data can be processed simul

taneously with optics. To fully exploit the parallelism available in optics, knowledge 

base and control information is represented in a 2-D optical plane. In what follows, 

we describe OCAPP-ES and a knowledge representation scheme for OCAPP-ES. 

3.1.1 OCAPP-ES Description 

Fig. 3.1 shows a block diagram of OCAPP-ES. OCAPP-ES consists of an opti

cal subsystem and an electronic subsystem. The optical subsystem is intended to 

implement the most time-consuming operations of RBS, namely pattern matching 

and comparison operations, while the electronic subsystem implements the flexible 

control of RBSs. The two subsystems complement each other. The optical subsys

tem consists of an optical match unit and an optical select unit. The optical match 
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Figure 3.1: Block diagram of the Optical Content-Addressable Parallel Processor for 
Expert System (OCAPP-ES) 

unit, utilizing OCAPP, compares in a single step all of the input facts to the input 

conditions of the rules and outputs a list of selected rules. The optical select unit 

then resolves conflicts amongst the selected rules and sends a list of conflict-free trig

gered rules back to the electronic subsystem. The electronic subsystem consists of 

a detector controller, an electronic act unit, and an SLM controller. The detector 

controller converts the optical signal from the optical select unit into an electronic 

format. The act unit then executes the action elements of the triggered rules and 

sends the execution results to both the front-end computer and the SLM controller. 
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The 8LM controller is used to convert the electronic information into optical signal. 

The front-end computer determines whether the desired solution has been obtained 

by checking the newly inferred facts from OCAPP-ES. If the desired state is reached, 

the front-end computer stops further operation of OCAPP-ES and returns control to 

the user. 

3.1.2 Optical Knowledge Representation 

For the optical subsystem of OCAPP-ES, facts are represented in a one-dimensional 

(1-D) Fact Vector (FV) and the condi tion parts of rules are represented in a 2-D plane 

called the Condition Template (CT) as shown in Fig. 3.2. In the figure, each cell of 

the FV represents a fact variable and the contents of the cell represents the value of 

the variable. In the CT, each row represents a rule and each column represents a 

condition element. Each fact variable, FVj, is used as a condition element variable 

CT(i,j), where i represents the rule number and j represents the FV index. The CT 

and FV are used as inputs to the optical match unit. As an illustration of knowledge 

representation and the operation of OCAPP-ES throughout this chapter, consider 

the following "going to the theater" example knowledge base: 

/* 'Going to the theater' input rulebase */ 

Rule 1: If distance> 5 miles 

Then means = drive 

Rule 2: If distance> 1 mile and time < 15min 

Then means = drive 

Rule 3: If distance> 1 mile and time> 15min 

Then means = walk 

Rule 4: If distance > 3 miles and time > 30min 

Then means = walk 



Rule 5: If means = drive and location = downtown 

Then action = take_a_cab 

Rule 6: If means = drive and location = suburb 

Then action = drive_your_car 

Rule 7: If means = walk and weather = bad 

Rule 8: If means = walk and weather = good 

Then action = walk 

cr cr • • • cr 
1 1 1 2 1 n 

cr cr • •• cr 
21 22 2n 

• 0 • 
Legend Fj : Fact element • • • 

Cij : Condition element 
cr Cf-; • • • crm.n ml m 

Condition 
Template 

Figure 3.2: Templates for optical knowledge representation. 
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This knowledge base decides how one can go to the theater under various circum

stances. In this knowledge base, the rule condition parts and action parts require 

three different logical operations: equality, greater than, and less than comparisons. 

It has been shown that the equality comparison can be easily done using optical 

devices performing an XOR operation [86,87,88]. However, optical implementation 

of the magnitude comparisoll operations such as greater than and less than turn out 

to be a difficult task. Although these comparison operations have been shown to be 

feasible for optical implementation, they require a fair amount of optical logic devices 

[22, 89] which can dominate cost and propagation delay. 

To reduce the number of required optical logic devices and the design complex

ity, while enhancing system feasibility, we introduce a solution that can evaluate the 
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greater than and less than operations with only the equality checking optical hard

ware. In the proposed method, instead of performing a greater than or less than 

comparison with a specific number at the left hand side of each condition element, 

we can perform a logically equivalent operation. As an illustration, consider the con

dition element (distance> 1 miles) of rule R1 of the "going to the theater" example 

rulebase. This condition element becomes true when the variable distance receives 

any number greater than 1. In other words, the condition element compares whether 

the input value of the variable distance is in the range from 1 mile to 00 miles. Thus, 

by assigning a unique symbolic interval constant distance_seLA for the interval from 

1 mile to 00 miles, and performing the equality comparison with the symbolic interval 

constant distance_seLA, we can obtain the greater than comparison result. 

The above translation method can be generalized as follows: First, we assign an 

appropriate symbolic constant for both the condition element related to the greater 

than or less than comparison and the value of the fact element used as the condition 

element. Next, we perform an equality comparison instead of a greater than or less 

than comparison between the input value of the variable (left hand side of a condi

tion element) and the prescribed symbolic constant (right hand side of a condition 

element). Using the translation method, the greater than and less than checking con

dition elements of the "going to the theater" example rule base are translated into the 

condition elements with the symbolic interval constants and equality comparators, 

as shown in Table 3.1. 

Although the "going to the theater" example does not include any action element 

with the greater than or less than comparison operator, it is necessary for OCAPP-ES 

to be able to handle the action elements with these comparison operators for general 

expert system applications. To evaluate the action elements with the comparison 

operators, as in the case of the condition elements, we must assign an appropriate 
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symbolic constant for both the action element related to the greater than or less 

than comparison and the value of the fact element used as the action element. Then 

we can perform the act operation by asserting the symbolic constant representing a 

specific interval to the corresponding variable. 

Input condition elements Translated condition elements 
with magnitude comparison with symbolic interval 

operators (>.,<) constants 

(distance > 1 mile) (distance = disLset_A) 
(distance > 3 mile) (distance = disLseU3) 
(distance > 5 mile) (distance = disLseLC) 

(time < 15 min) (time = time..seLA) 
(time> 15 min) (time = time..setJ3) 
(time> 30 min) (time = time..seLC) 

Table 3.1: Translation of condition elements with greater than or less than comparison 
operator into condition elements with corresponding symbolic constants. 

This method replaces a greater than and less than comparison operations using 

exact values for a variable with equality comparison with a symbolic interval constant 

representing corresponding interval. However, owing to the nature of expert systems 

(i.e. symbolic computation in the decision-making environment rather than numerical 

computation), the translation method will neither affect the overall performance of 

the system nor will it affect the generality of the proposed system. The number of 

symbolic interval constants created for a variable will be small considering the major 

application domain of expert systems is in business and management [3] rather than 

numerical computation. Even if the number of created symbolic interval constants 

exceeds the capacity that one variable can represent, the front-end computer can 

easily create another variable to share the remaining symbolic interval constants. 

The translation method requires preprocessing in the host computer during the rule 

compile time. Hence, this will not affect the execution time of OCAPP-ES. On the 

other hand, the additionally created variable will take up one additional variable slot 
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in the optical match/select unit. However, owing to the small number of original 

symbolic interval constants and the non-numerical nature of expert systems, the 

additionally occupied variable slot should not cause any problem. It should be noted 

that this translation process can be regarded as a special case of fuzzy logic [90, 91]. 

Using Table 3.1, the original "going to the theater" example rulebase is modified 

into the translated rulebase with equality checking condition elements only as follows: 

/* Translated rulebase for the 'Going to the theater' example */ 

Rule 1: If 

Then means = drive 

Rule 2: If 

Then means = drive 

Rule 3: If 

Then means = walk 

Rule 4: If 

Then means = walk 

Rule 5: If means = drive and location = downtown 

Then action = take_a_cab 

Rule 6: If means = drive and location = suburb 

Then action = drive_your_car 

Rule 7: If means = walk and weather = bad 

Rule 8: If means = walk and weather = good 

Then action = walk 

Once the translated rulebase is ready, fact variables related to condition elements 

with a greater than or less than operator can be modified. For these variables, 

the values of facts are translated into the corresponding symbolic constants instead 
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of using numbers given by the user. For example, when the fact variable distance 

receives the number 2 as input, the translated value of the fact becomes disLseLA. 

Rl. IF (distance = distance_secC) 

THEN (means = drive). 

t distance 

Rl distance set C • • 
• 
• • 

Condition Template (CT) 

Fact (location = downtown) 

location 

* . ~ . • • • downtown 

Fact Vector (FV) 

Figure 3.3: Optical knowledge representation example using a fact (location = down
town) for the FV and a condition element (distance = disLseLC) of the rule Rl for 
the CT. 

When the knowledge base is ready, the electronic host computer modifies the 

translated knowledge base into the execution format for the optical inference engine 

by using templates, shown in Fig. 3.2. In Fig. 3.3, each cell of the CT and FV 

represents the name of a variable. The cell contains the value of the variable. As an 

illustration, assume that we have a fact (location = downtown) and it is assigned to 

the ith cell of the FV, FV i . Then FV i , represents the variable name location and the 
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content of FVi becomes downtown. Next, assume that the condition element of rule 

R1 (distance = distance_seLC) is to be assigned to the jth column of the ith row 

of the CT. Then, cell CT(i,j) will represent the variable distance and the contents of 

CT(i,j) will have the number distance_seLC. 

Each cell of Fig. 3.3 is further divided into n pixels, creating an n-bit word rep

resentation system. Fig. 3.4 shows the 8-bit binary assignment scheme for numbers 

and symbols (including symbolic interval constants, symbolic variables, and values) 

used in the "going to the theater" example. The numbers and symbols are created by 

distinguishing the Most Significant Bit (MSB), b7. If b7 is 1(0), the word represents 

a symbol(number). Thus, the number ranging from 00000000(2) to 01111111(2) can 

be represented. The symbols are further divided into the symbolic variable, symbolic 

value, and symbolic interval constant by distinguishing the next most significant bit, 

b6. If b6 is 1(0), the word represents either a symbolic variable or a symbolic value 

(a symbolic interval constant). Then, each unique symbol is represented by assigning 

a unique binary number to the symbol using the remaining bits. 

Once the symbol and number representations are set, the host computer builds 

the FV and CT as shown in Fig. 3.5. Each fact is assigned to a unique cell of 

the FV and a unique column of the CT. Then each cell of the FV is filled with 

the current value of the facts known to the user. In this example, the currently 

known value of fact distance is 10, fact time is 20, fact location is downtown, and 

the rest are unknown. Because the variable time and distance belong to the interval 

evaluating variables, the host computer must assign symbolic constants for the values 

of these variables. For example, the value 20 of the variable time can be translated 

into time_seLB (11100010) because time_seLB becomes true for input value of time 

> 15. On the other hand, the input number 10 of the variable distance will be 

translated into disiance_seLD (1101 Oddd), where d represents don't care. The three 
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10010000 bad 

11111111 unknown 
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Figure 3.4: An example 8-bit binary value assignment for the variables, symbolic 
values, symbolic interval constants, and numbers for the "going to the theater" ex
ample. 
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Distance Time Location Weather 
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Means Action 

11111111 11111111 

unknown unknown 

Means Action 

d d 

d d 

d d 

d d 

10001011 d 

10001011 d 

10001010 d 

10001010 d 

Figure 3.5: The Fact Vector (FV) and Condition Template (CT) with data for the 
"going to the theater" example. It is assumed that the input value of the fact distance 
from the user is 10, time is 20, location is downtown, and the rest are unknown. 
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d bits represent the symbolic interval constant, distance_seLD, as a umon of the 

three sets, distance_seLA (11010001), distance_seLB (11010010), and distance_seLC 

(11010100). The reason why we use the don't care bit for a union of multiple symbolic 

interval constants will be discussed later. The variable location will keep its original 

value downtown. 

In the CT, the values described in the condition parts of the translated rulebase are 

written to cells of the CT. For example, in the case of the condition element (distance 

= distance_seLC) of rule Rll disLseLC is assigned to the cell corresponding to the 

variable distance of the first row of the CT. For a variable which is not used as a 

condition element of a rule dis assinged to the corresponding cell. Next, we discuss 

OCAPP-ES units. 

3.1.3 Description of Optical Match Unit 

The optical match unit of OCAPP-ES is designed around the original OCAPP 

design [22]. OCAPP is an optical parallel data-base/knowledge-base processor based 

on an optical content-addressa.ble memory. The system implements symbolic com

puting tasks such as searching, sorting, and information retrieval in a highly parallel 

fashion. OCAPP is composed of a selection unit, a match/compare unit, a response 

unit, an o'utput unit, and a control unit. The match/compare unit of OCAPP is used 

as the optical match unit of OCAPP-ES. A detailed explanation and implementation 

of each OCAPP unit and the algorithms implemented on OCAPP are presented in 

Ref. [22] and [92]. 

The optical match unit compares an input FV of given facts with a CT of the 

condition parts of given rules to generate a selected rule list. As shown in Fig. 3.6, 

the comparison is performed by a vector-matrix multiplier performing a 2-D XOR 

logic function followed by a masking operation. 
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Figure 3.6: Logical block diagram of the optical OCAPP·ES match unit. 
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Fig. 3.7 and Fig. 3.8 explain how the selected rule vector (SRV) is obtained for 

a given FV and CT. First, each bit of FVi is vertically expanded to cover a column 

of the CT. The expanded 2·D FV is then XORed with the CT to produce a 2·D 

intermediate XOR result plane. On the 2·D intermediate XOR result plane, matches 

between the FV and CT form dark output pixels, while unmatched pixel creates a 

bright output. 

This intermediate XOR result plane is then imaged onto the mask. The latter 

blocks the contributions from the unused condition elements of a rule, as well as the 

bits specified as d bits in the mask. Recall from the example that the d bits in the 

distance_seLD (1101 Oddd) are used to represent a union of the three symbolic interval 

constant distance_seLA (11010001), distance_seLB (11010010), and distance_seLC 

(11010100). Now, by blocking the three d bits, the output d bits will become dark 

(matched). Thus, if the dislance_seLD is compared with any of the three symbolic 

interval constants, the three d bits will become dark (matched) for any input. 

The XOR result after the mask is then logically ORed to produce a selected rule 

vector (SRV). In the 2·D XOR result image, if there is at least one unmatched condi· 

tion element in a rule (represented by a row), there should be some light in the row of 
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Figure 3.7: Match operation result for the "going to the theater" example. The 
input fact vector (FV) is expanded to cover the condition template (CT). The XOR 
logic function is then performed with the expanded FV and CT to produce a two
dimensional XOR result image. 
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Figure 3.8: Match operation example of Fig. 3.7, continued. The XOR result of 
Fig. 3.7 is imaged onto the dynamic mask (DM) which blocks the d bits, b2 - bl, and 
the unused cells (condition elements) in the rule. Finally, the masked XOR result 
image is ORed rowwise to produce a selected rule vector (SRV). 
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that rule. On the other hand, if the condition elements consist of only either matched 

or don't care pixels, then the absence of light indicates the row is matched. Therefore, 

in the SRV, bright pixels indicate unmatched rules and dark pixels represent matched 

rules. It should be noted that the match operation is performed in parallel with an 

execution time, independent of the number of matches to be performed. 

3.1.4 Description of Optical Select Unit 

Once the SRV is available, the optical select unit resolves conflicts amongst the 

selected rules and produces a triggered rule vector (TRV) which represents all rules 

that can be fired in parallel. In the SRV and TRV, each pixel represents a rule. 

While the SRV represents candidate rules that can be fired, the TRV represents a 

list of rules to be fired. Instead of traditional conflict resolution strategies which 

enable only one rule among the selected rules to be fired at a time, the optical select 

unit of OCAPP-ES utilizes a new parallel conflict resolution scheme to maximize 

performance by firing as many rules as possible. 

The new parallel conflict resolution scheme is based upon a dependency analysis 

amongst the rules so that rules can be fired simultaneously without any undesirable 

side effects [93]. To optically implement this parallel conflict resolution scheme, an 

algorithm creates a conflict resolution control matrix (CRCM) for any given rulebase. 

To increase readability, this algorithm is shown in Appendix A. The CRCM performs 

parallel rule selection by taking a 1-D SRV as an input, controlling specific SRV rules 

according to the dependencies, and generating a 1-D output TRV. The test required 

to detect dependency between rules is exhaustive as each rule of the rule base must 

be tested against all of the remaining rules. However, because these analyses can be 

done at compile time for a given rulebase, the dependency testing should not incur 

any run time overhead. For a detailed explanation of the proposed new algorithm and 
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for an example of constructing a CRCM, please refer to Appendix A and Appendix 

B. 

SRV intermediate image CRCM 

Horizontal 
Expansion 

Legend 

XNOR (Equivalence) Colurnnwise AND 

SRV = Selected Rule Vector 
TRV = Triggered Rule Vector 
CRCM = Conflict Resolution Control Matrix 

I = logical one 
o = logical zero 
d = logical one 

Figure 3.9: The 8 X 8 CRCM array for the eight rule "going to the theater" example. 

Fig. 3.9 shows the CRCM and an execution example of the optical select unit for 

the eight rule "going to the theater" example knowledge base. Please see Appendix 

B for a detailed example on how to construct a CRCM. The figure illustrates how 

the lx8 TRV (1 0 0 0 0 0 0 0) is generated using the 8xl (1010000 of SRV from 

the optical match unit and the 8x8 CRCM. First, the input selected rule column 

vector is expanded horizontally so that each column of the CRCM can receive the 

SRV. Each CRCM pixel is configured such that the pixel will perform an XNOR 

(Equivalence) operation between incoming input data and the control data specified 

in the CRCM pixel. If a control data is set to don't Cal'e, the pixel should produce 

a '1' regardless of input data. Then the intermediate image, as shown in Fig. 3.9, is 

ANDed columnwise to produce a row vector representing the desired TRV, which is 

(1 0 0 0 0 0 0 0) in this example. Again, the conflict resolution (rule selection) IS 

performed in parallel, and independent of the number of rules to be fired. 
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3.1.5 Description of Act Unit 

When the triggered rule vector (TRY) becomes available, the front-end computer 

converts the optical TRY into an electronic form via the detector array. Then the 

electronic act unit executes the action part of the triggered rules and updates the 

changes caused by the rule-firing operation for the front-end computer as well as for 

the optical match unit. The act unit is implemented using electronics due to the 

following reasons: While the match and select operation requires computationally 

intensive operations (e.g. comparing each rule of the rulebase to all other rules), the 

act operation requires simple assertion operations for only the triggered rules of the 

TRY. Also, the electronic act unit will ease the implementation of extra services such 

as explanations about the decisions being made. In addition, an optical act unit will 

add more hardware complexity while providing only simple operations that can easily 

be performed with electronics. In our example, we have only one triggered rule, Rl, 

which asserts the value of the action variable means to drive. 

Next, we discuss the scalability problem where the given knowledge base (rules 

and facts) size exceeds the capacity of a given optical implementation. In RBS, this 

scalability problem is solved by taking advantage of the modular characteristic of 

the RBS[43]. This characteristic stems from the fact that the structure of human 

knowledge can be modeled in a modular and hierarchical structure. Thus, if the size 

of the given knowledge base is greater than the size of the available hardware, the 

problem should be partitioned into a set of subproblems whose size fits the available 

hardware. 
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3.2 Implementation of OCAPP-ES 

The OCAPP-ES consists of an optical match unit, an optical select unit, .an 

electronic act unit, and two-dimensional optical sources and detectors for I/O in

terfacing with the front-end computer. A one-dimensional optical fact vector and 

a two-dimensional optical rule plane are created either by using a two-dimensional 

laser diode array or modulating a single laser with a two-dimensional spatial light 

modulator (SLM). The SLM can be a Ferro-electric Liquid Crystal (FLC) SLM 

[68, 69, 70, 94J, Electrically-addressed Microchannel SLM (E-MSLM) [71, 72, 95], 

or Silicon/PLZT SLM [73, 74, 75J. Since OCAPP-ES must also return results to 

the electronic host, an optical detector array is needed to convert optical signals into 

electronic ones. OCAPP-ES also needs a two-dimensional optical logic gate array to 

perform the XOR logic function. The XOR logic functions are performed by a pair of 

Liquid Crystal SLMs and by controlling the polarization. Optical implementation of 

the match and select unit comprising the OCAPP-ES and electrical implementation 

of the act unit are discussed in the following. 

3.2.1 Implementation of Optical Match Unit 

The optical match unit consists of three SLMs (SLM1, SLM2, and SLM3), three 

cylindrical lenses (CL1, CL2, and CL3), and two polarizers (PI and P2) as shown in 

Fig. 3.10. The three SLMs are pixellated electrically addressed FLC SLMs configured 

to rotate the incident light by 90 deg in bit positions containing a logical value 1, 

and 0 deg for those containing a logical value O. SLM1, SLM2, and PI of Fig. 3.10 

are configured as a vector-matrix multiplier to perform two-dimensional XOR logic 

functions as shown in Table 3.2. In the table, a logical value 0 is assigned to a 

vertically polarized beam (1) while a logical value 1 is assigned to a horizontally 

polarized beam (~~). SLMs in the system are assumed to be electrically-addressable 
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liquid crystal 8LMs. In the 8LMs, the pixels with a logical value of 1 rotate the 

incoming light polarization by 90 deg, while the pixels with a logical value 0 pass 

light without rotation. First, 8LMI is illuminated with vertically polarized beam so 

that the pixels with a logical value 0 have vertical polarization, while the pixels with 

a logical value 1 have horizontal polarization. 8LM2 then performs the XOR logic 

function by rotating the pixels with a logical value 1 (0) by 90 deg (0 deg). Then, 

the pixels with horizontally polarized light (logical 1 : matched) of the XOR result 

are blocked by using the polarizer PI which passes vertically polarized light (logical 

o : unmatched) only. 

A uniform beam of vertically polarized light illuminates 8LM1. The logical values 

of 8LMI are encoded such that vertically polarized light emanating from the device 

represents a 0, while horizontally polarized light represents a 1. The combinations 

of possible polarization rotations experienced by a beam passing through 8LMI and 

8LM2 are functionally equivalent to a Boolean XOR operation. 8ince CLl and CL2 

image a bit position of 8LMI onto a bit-slice (column) of 8LM2, the resulting 2-D data 

plane after 8LM2 expresses the result of a bitwise matrix of XOR gates. Polarizer 

PI then darkens any horizontally polarized light so that 1 's are represented by the 

absence of light, while the O's continue to be represented by vertically polarized light. 

I SLMI input I SLM2 input I XOR result I After PI:pass (1) 
o (1) o (No rotation) o (1) bright (1) : unmatched 
o (1) 1 (Rotate 90 deg) 1 (+-+) dark: matched 
I (+-+) o (No rotation) 1 (+-+) dark: matched 
1 (+-+) 1 (Rotate 90 deg) o (1) bright (1): unmatched 

Table 3.2: A truth table for the optical XOR logic function using two 8patial Light 
Modulators (8LMl and 8LM2) and a Polarizer (PI) of Fig. 3.10. 

The vector-matrix multiplier is then followed by 8LM3 which behaves as a dynamic 

mask (DM) of Fig. 3.10. The purpose of the DM is to block the transmission of 

the don't care pixels while passing the other pixels as shown in Table 3.3. In the 



Optical Match Unit 

SLMI CLl CL2 SLM2 PI SLM3 (DM) P2 CL3 SRV 

Legend 

SLM=Spatial Light Modulator 
CL = Cylindrical Lens 
P = Polarizer 
OM = Dynamic Mask 

Figure 3.10: Implementation of the optical match unit. 
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table, the DM is assumed to be an electrically-addressable liquid crystal Spatial 

Light Modulator (8LM), and 1 represents a vertically polarized beam. In the table, 

a logical value 1 is assigned to the don't care pixels of the DM, while a logical value 0 

is assigned to the other pixels. In the DM, the don't care pixels rotate the incoming 

light polarization by 90 deg, while the other pixels remain unchanged. With vertically 

polarized input light, a vertical polarizer, P2, placed behind the DM selectively blocks 

the don't care pixels. After this unit the matched pixels and don't care pixels will 

be dark and the unmatched pixels will be bright. After the DM, the matched pixels 

and the don't care pixels will be dark, while the unmatched pixels will remain bright. 

CL3 focuses the image after the DM into a vertical line which represents the 8RV. 

The 8RV is routed to the optical select unit. 

3.2.2 Implementation of Optical Select Unit 

Fig. 3.11 shows the implementation of the optical select unit. The optical select 

unit consists of three 8LMs (8LMl, 8LM2, and 8LM3), three cylindrical lenses (CLl, 
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I After Pl:pass (1) I DM input I After P2:pass (1) I 
1 o (No rotation) bright (1) 

1 1 (Rotate 90 deg) dark 
dark o (No rotation) dark 
dark 1 (Rotate 90 deg) dark 

Table 3.3: A truth table for the Dynamic Mask (DM) and polarizer (P2) of Fig. 3.10. 

CL2, "and CL3), two beam splitters (BS1 and BS2), and two polarizers (PI and P2). 

In the optical select unit, the three SLMs of Fig. 3.11 are configured to rotate the 

polarization of the incident light by 90 deg in bit positions containing a logical value 

0, and 0 deg for those containing a logical value 1. SLM1 (An optically-addressable 

SLM) and BS1 are used to convert the intensity encoded selected rule vector (SRVd 

from the optical match unit into the polarization encoded selected rule vector (SRVp ), 

as shown in Table 3.4. The vertically polarized collimated beam going into BS1 is sent 

into the reflective side of SLM1 to modulate the incoming SRV j , which simultaneously 

writes its value to the photoconductive side of SLM1. If the input pixel of SRV j 

is bright (logical 0), SLM1 will rotate the polarization of the vertically polarized 

light incident on its at the photoreflective side by 90 deg to produce a horizontal 

polarization. On the other hand, if the input is dark (logical 1), the output pixel will 

have a vertical polarization. Thus, SRVp is encoded such that a logical value 0 (an 

unselected rule) is represented by horizontal polarization, while a logical value 1 (a 

selected rule) is represented by vertical polarization. 

Input 

Logical '1' 
Logical '0' 

SRV j 

(before SLM1) 

No light 
Light 

SRVp 

(after SLM1) 

1 

Table 3.4: Conversion of the intensity encoded SRV j to polarization encoded SRV p 

at SLM1 of Fig. 3.11. 
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BS2 CL3 TRV 

/--

~mSLM3 Collimated A-

Beam 

SRV j = intensity coded Selected Rule Vector 

To 
Act 
Unit 

Legend SRV _p = polarization coded Selected Rule Vector· 
TRV = Triggered Rule Vector 

Figure 3.11: Implementation of the optical select unit. 

Next, SLM2 and SLM3 of Fig. 3.11 work together to realize the CRCM. The 

logical values of SLM2 are encoded such that vertically polarized light emanating 

from the device represents a 1, while horizontally polarized light represents a O. 

The combinations of possible polarization rotations experienced by a beam passing 

through SLM2 are functionally equivalent to a Boolean XNOR operation. Since 

CL1 and CL2 image a bit position of SRVp onto a bit-slice (column) of SLM2, the 

resulting 2-D data plane after SLM2 expresses the result of a bitwise matrix of XNOR 

gates. Polarizer PI then darkens any horizontally polarized light so that, after PI, 

D's are represented by the absence of light, while the l's continue to be represented 

by vertically polarized light. 

SLM3 provides light for the don't care pixels of the CRCM. With a vertically 

polarized collimated input beam, SLM3 controls polarization angle of each pixel as 

follows: If the pixel corresponds to the don't care pixel, it will have 90 deg polarization 
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I SLMI output I SLM2 setup I XNOR result I After Pl:pass 1 I 
o (~) o (Rotate 90 deg) 1 (1) bright: 1 
o (~) 1 (No rotation) o (~) dark 
1 (1) o (Rotate 90 deg) o (~) dark 
1 (1) 1 (No rotation) 1 (1) bright: 1 

Table 3.5: Summary of XNOR logic function at SLM2 of the optical select unit of 
Fig. 3.11. 

rotation to have a horizontal polarization. On the other hand, if the pixel does not 

correspond to the don't care pixel, it will preserve the vertical polarization. Then, by 

applying P2, which only passes horizontally polarized light, only the don't care pixels 

will become bright. Finally, the two intermediate data planes from SLM2 and SLM3 

are merged by the use of BS2 and focused into a horizontal line to form a TRV. 

3.2.3 Implementation of Act Unit 

The act unit is implemented using software due to the reasons given in the section 

3.5. One implementation method for the act unit is keeping a simple table which 

records the rule number, the name of the variable to be triggered, and its value. To 

perform the act operation, the detector unit of the electrical subunit of the OCAPP

ES converts the optical TRV into an electrical TRV, which is a set of the triggered 

rule numbers. Then executing the action parts of the rules will be a matter of 

accessing the table with the rule numbers as indices, and updating the values of the 

corresponding variables. 
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3.3 Theoretical Estimation of Execution Time and Number of Processed 

Rules per Second 

In this section, the execution time and maximum number of rules that can be 

processed per second in the OCAPP-ES are estimated. In what follows we will use 

the following terms and assumptions for estimating the execution speed: 

• The dimension of available two-dimensional SLMs is n X n. 

• The response time of the SLMs and optical logic gate arrays is Tr . 

• The setup time for an SLM of size n x n is Ts2 • 

• The setup time for an SLM of size n is Ts1 • 

• The detector response time is Td • 

• The propagation delay of optical passive devices such as lenses and mirrors is 

negligible compared to that of the SLMs. 

A. Execution Time: 

In general, the execution time of a system can be regarded as the sum of the system 

initialization time Ti and the system processing time Tp. Ti includes the SLM setup 

times in the optical match and select unit. Although these two units have 6 SLMs 

in total, these SLMs can be accessed simultaneously: hence Ti becomes Ts2 • In 

OCAPP-ES, Tp can be further divided into the optical system processing time Top, 

the conversion time from optical signal to electrical signal Toe, the act operation 

processing time Tap, and the conversion time from electrical signal to optical signal 

Teo. Top is equal to 5 x Tr because there are 5 SLMs in the major optical signal path 

in OCAPP-ES. Toe is the detector readout time Td , Teo is the n X n SLM modulation 
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time Ts2 . Thus Tp becomes 5Tr + Td + Ts2 + Tap. Therefore, the overall execution 

time of OCAPP-ES, Te, becomes: 

(3.1 ) 

where x represents the number of iterations required to solve a given query. 

B. Number of Processed Rules per Second: 

Next, the maximum number of rules that can be processed per second is estimated. 

For the n x n SLM, the number of rules that can be represented in OCAPP-ES 

becomes n. Since the processing time of OCAPP-ES, Tp, is equal to 5Tr+Td+TsdTap, 

the maximum number of rules R that can be processed per second is: 

R= n 
5Tr + Td + Ts2 + Tap 

(3.2) 

As an example, assuming the technology of current technology permits, n = 256, Tr = 

1O-6 s, and Ts2 = Tap = Td = 10-3 , OCAPP-ES can execute about 8.52 x 104 rules per 

second. As a comparison, the NON-VON is a multiprocessor system that is composed 

of 32 powerful Large Processing Elements (LPEs) and 16K Small Processing Elements 

(SPEs), and is estimated to process 850 rules per second[16]. Another multiprocessor 

called RUBIC (rule-based inference computer) is estimated to process 4 X 103 rules per 

second[53]. With the processing capability of 8.52 x 10" rules per second, OCAPP-ES 

is expected to achieve a system throughput an order of magnitude better than any 

electronic RBS can achieve. 

Comparing OCAPP-ES with EORBS, we find that there is a tradeoff between 

the rule processing speed and the size of application domain that one system can 

be applied to solve. Owing to its general purpose attribute, OCAPP-ES has more 

application domains than EORBS. However, due to the better utilization of a given 
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optical data plane, the number of rules processed per second in EORBS is an order 

of magnitude faster than that of OCAPPES. 



CHAPTER 4 

A Modeling and Simulation Methodology for Digital 

Optical Computing Systems 
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In this chapter, we present a modeling and simulation methodology for digital 

optical computing systems. After a brief discussion on available modeling tools and 

simulation concepts, we discuss the first phase of the methodology which is performing 

a first order diffraction analysis on the target optical computing system. We then 

discuss the second phase of the methodology which performs an extensive simulation 

on the target optical computing system using GLAD. 

4.1 Overview 

In recent years, several optical computing architectures and systems have been pro

posed [62,96,97,98,23,99]. These systems are designed to exploit the advantages of 

optics such as noninterference between signals, inherent parallelism, and high spatial 

and temporal bandwidth. Although some of the proposed systems present results 

of laboratory prototypes and some report results based on first-order analysis, the 

systematic or automated modeling and simulation methodologies have not yet been 

presented. Without the aid of a general purpose simulation model, the development 

periods and accompanying costs from an initial concept to an actual prototype have 

been too long. One study showed that the conceptual design, engineering design, fab

rication, and testing of an optical system typically takes 3-5 years [100]. Moreover, 

problems arise when the target system becomes so complex that there are simply too 

many parameters to be considered. As the optical computing and networking systems 
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gain popularity, future systems will become increasingly complicated. Therefore, it 

is necessary to have automated optical system design and analysis tools. 

In optical system research fields other than digital optical computing, the im

portance of these automated tools is already recognized. For example, an optical 

disk storage system utilizing a laser diode head and an optical disk has been mod

eled and simulated [101]. An integrated design tool called SCOPE (SuperCompact 

OptoElectronic Simulator) has been proposed[102] for microwave optoelectronic sys

tems which handle laser diodes, light-emitting diodes, and photo detectors. In the 

optical interconnection network field, several researchers have reported the model

ing and simulation study of optical interconnects [103, 104]. For optical computing 

systems, up until now, there have been no modeling and simulation tools for verify

ing the proper functionality of an optical computing system as well as its physical 

realizability. We should note that some efforts have been made to design computer

aided designs (CADs) for optical computing systems[105], but these efforts have been 

limited to only the functional aspects of systems. 

In this chapter, we propose a modeling and simulation methodology for digital 

optical computing systems which not only evaluates the feasibility of the system but 

also tests its functionality and predicts its performance. As an application example, 

we apply the proposed methodology to the Optical Content-Addressable Parallel Pro

cessor (OCAPP) [22]. The approach consists of two major phases. In the first phase, 

analytical studies are performed to investigate the effects of design parameters such 

as crosstalk (including power dissipation and noise), diffraction-limited beam spot 

diameter, and pitch on signal packing density, skew time (execution time), and sys

tem volume. In the second phase a simulation model and a simulator are introduced 

to evaluate the combined effects of bit error rate, bit rate, optical power efficiency, 

and available source power on the performance parameters such as maximum signal 
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packing density, misalignment tolerance, and maximum distance between devices. 

The simulator is designed using GLAD (General Laser Analysis and Design: an opti

cal simulation software package developed by Applied Optics Research, AOR [106]). 

GLAD allows detailed modeling of each system component of systems such as spa

tial light modulators (SLMs) in addition to simulating the propagation of an optical 

wavefront passing through them. The proposed approach enables a more complete 

evaluation of the conceptual design which will eventually result in faster prototype 

development. 

The rest of this chapter is organized as follows. Section 4.2 presents a brief de

scription of OCAPP and GLAD. Section 4.3 discusses the proposed modeling and 

simulation methodology for digital optical computing systems. Finally, Section 4.4 

summarizes the simulation results. 

4.2 Background 

4.2.1 Modeling and Simulation 

In this subsection, we briefly discuss the underlying concepts of modeling and 

simulation. Modeling and simulation of a system is a technique that acts as a bridge 

between a conceptual design and a laboratory prototype. In an abstract sense, mod

eling means collecting all possible information about a system. This information 

collection process may be accomplished either by coding the structure and behavior 

of the optical system by using conventional programming languages such as C or 

PASCAL or by using optical system analysis software packages such as CODE V, 

OSLO, or GLAD [107, 108]. 

Simulation may be defined as an experiment performed on a model. In computer 

system simulation, two aspects can be noted, namely the functional and physical 

aspects. The simulation of fUllctionality means verifying the functions or algorithms 
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that are going to be performed on the system. It is typically done by using con

ventional programming languages or simulation packages such as DEVS (Discrete 

EVent-based Simulation) or SIMSCRIPT [109, 110]. The simulation of the physical 

aspect of a computer system means verifying the physical realizability of the concep

tual design. This can done by simulating each component of the computer system 

using an optics simulation or a ray tracing software package. 

4.2.2 Optical Content-Addressable Parallel Processor (OCAPP) 

In Ref.[22]' a parallel architecture called OCAPP (Optical Content-Addressable 

Parallel Processor) has been introduced for the fast and efficient implementation 

of symbolic computing tasks such as searching, sorting, information retrieval and 

data/knowledge-base processing. Fig. 4.1 is a schematic diagram of OCAPP. The 

architecture is composed of a selection unit, a match/compare unit, a response unit, 

an output unit, and a control unit. A detailed explanation and implementation of 

each unit of OCAPP and the algorithms implemented on OCAPP are presented in 

Ref. [22]. 

This architecture is under construction in the Optical Computing and Parallel 

Processing Laboratory at the University of Arizona. A laboratory setup is shown in 

Fig. 4.2. The optical system is composed of three SLMs, a beamsplitter, spherical and 

cylindrical lens elements, spatial filtering assemblies, mirrors, and two linear CCD 

(Charge Coupled Device) arrays. OCAPP uses a collimated laser beam as an input 

source and two linear CCD arrays as the output detection unit. The operations of the 

match/compare unit are performed by SLM! and SLM2. SLMl and SLM2 are used 

to hold two words or two bit-slices to be matched, and/or compared with respect 

to each other depending on the algorithm employed. The selection unit is mapped 

into SLM3 which is used to enable/disable words and/or bit-slices of the 2-D optical 
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Figure 4.1: The architecture of the optical content-addressable parallel processor 
(OCAPP). 



Laser SF SLI SLMI SL2 SF SL3 SLM2 SU 

CCD2 CL2 SL9 SF SL8 

Legend: 

SF - Spatial Filter 
SLl,SL6,SL8 - Spherical Lens (f=500mm) 
SL2,SL3, - Spherical Lens (f=150mm) 
SLA,SL5 - Spherical Lens (f=300mm) 
SL7,SL9 - Spherical Lens (f=50mm) 
CLl,CL2 - Cylindrical Lens (f=150mm) 

SLM - Spatial Light Modulator 
Ml,M2,M3 - Mirror 
BS 1 - BeamSplitter 
Pl,P2 - Polarizer 
CCD 1 ,CCD2 - Charge Coupled Device 
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Figure 4.2: A physical laboratory setup for implementing first version of OCAPP. 

data array from SLM2. The response unit is omitted in this layout since the first 

version of OCAPP is configured as a relational database machine, which does not use 

ordering between the matched words. 

The optical layout for OCAPP architecture is further simplified into a simulation 

model, shown in Fig. 4.3. This model is more suitable for the simulation study with

out loss of functionality of the original OCAPP described in Ref.[22]. The simulation 

model of Fig. 4.3 constitutes the major optical path of the system of Fig. 4.2 that 

consumes most of the power. For clarity, the spatial filtering assembly and mirrors 
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are not considered in the simulation model since they contribute very little power 

loss in our application. This modified OCAPP model is studied using the simulation 

methodology described in the next section. 

4.2.3 General Laser Analysis and Design (GLAD) 

There are two types of commercial software packages for the analysis and design 

of optical systems. One is a geometrical code (such as CODE V [107] , OSLO [108]) 

which is based on ray tracing optics, and the other is a physical optics code (such as 

GLAD) which is based on diffraction propagation of wavefronts. While geometrical 

codes may be useful in analyzing the given system to some extent, the physical optics 

code is able t.o provide a more accurate and powerful tool by utilizing Fast Fourier 

Transforms [Ill]. The physical optics code provides detailed beam intensity and 

phase profiles, while the geometrical code is limited to providing simple intensity 

profiles such as a constant or Gaussian profile[lll]. Moreover, the geometrical code 

limits the diffraction propagation to strictly near-field or far-field, while the physical 
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code can handle any kind of diffraction propagation. For the above reasons, we chose 

to use GLAD for our purpose. 

4.3 Modeling and Simulation of OCAPP 

In this section, a two-phase modeling and simulation methodology for digital op

tical computing systems is proposed and the simulation results are explained. The 

main objectives of the methodology are finding maximum values of performance 

parameters of a given optical computing system as well as providing a laboratory 

prototype model for fast prototype development. Performance parameters consid

ered here include signal packing density, misalignment tolerances, distance between 

components, power efficiency, and skew time. Maximum values can be found by ma

nipulating crosstalk, bit error rate, bit rate, and optical power efficiency of a given 

system. During the first phase, a theoretical analysis of the system is performed. 

During the second phase, a detailed simulation and evaluation of the system using 

GLAD is conducted. In what follows, we describe each phase in detail. 

4.3.1 Phase 1 : Diffraction Analysis of OCAPP 

In the first phase, a preliminary analysis is performed to narrow down the range 

of values of parameters used in the simulation. The analysis provides upper bounds 

of performance parameters such as diffraction-limited signal packing density, skew 

time, and crosstalk. Knowing these bounds would enable one to avoid unnecessary 

simulation experiments and to have a better understanding of the overall simulation 

work. Another point to note is that some parameters identified at the preliminary 

analysis phase can be used in the second phase. For example, skew time, which 

is estimated in the first phase, is used in the calculation of the bit rate which is 
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used in evaluating the required optical input power. A summary of parameters and 

definitions used in this chapter is given in Table 4.1. 

In the first phase, the pitch, signal power, noise power, crosstalk, and the diffraction

limited beam spot diameter are used as design parameters which can be manipulated, 

while the signal packing density is used as a performance parameter. First, the 

diffraction-limited signal packing density is calculated by obtaining the minimum 

pitch for a given system crosstalk. The crosstalk is expressed in terms of the pitch. 

This is possible because the crosstalk is the ratio of the noise power to the signal 

power, and the noise power can be expressed in terms of pitch. The noise power is 

obtained by integrating the output intensity distribution over the neighboring de

tector apertures. The neighboring detector aperture can be expressed in terms of 

the diffraction-limited beam spot diameter and pitch. The skew time is obtained by 

calculating the difference between the maximum and minimum optical path lengths. 

The skew time is then used to estimate the cycle time and maximum bit rate of 

OCAPP. Finally, the volume of OCAPP and optical power dissipation-limited signal 

packing density are calculated. In the following, parameters in Phase 1 are calculated 

based on the architecture shown in Fig 4.3. 

4.3.1.1 Diffraction-Limited Beam Spot Diameter 

The diffraction-limited beam spot diameter, dD, for a given system configuration 

is calculated here. dD will be used later for the optical signal power calculation. 

In order to check the extreme case, we assume that the SLMs, beamsplitter, and 

cylindrical lens are in contact. In the case of square input aperture, dD is given by 

dD = 2)..j 
a 

(4.1 ) 
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I Symbo~ Definition 
a Length of a pixel of spatial light modulator (SLM). 
dD Diffraction-limited beam spot diameter. 
n Number of pixels per row (or column). 
p Pitch: center-to-center distance between two adjacent 

pixels. 
p Signal Packing Density:number of pixels per 1 cm2

• 

T]t System optical power efficiency. 
d Distance between SLMs. 

f Cylindrical lens focal length. 
A Optical wavelength. 
I Length of the SLM. 
L Length of the system. 
N System fanout 
NJ Fresnel number. 
T3 kew Skew Time: propagation time difference from input to 

output among the various optical paths. 
v Volume of the system. 

BER Bit error rate. 
BR Bit rate. 

X Crosstalk : ratio of noise power to signal power. 
Pin Required optical power per beam. 
P 3 ignal Collected optical power at the designated detector 

element. 
Pnoise Collected optical power at the detectors other than the 

designated detector element. 
Q Ratio of the rms signal voltage to the total rms crosstalk 

voltage. 
r -Ratio of current to the detector in the OFF state over 

ON state. 
(Tp Power dissipation density(W /cm2). 

Table 4.1: List of the parameters used. 
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where a is the length of a pixel of the 8LM, / is the focal length of the cylindrical 

lens, and >. is the laser wavelength (refer to Fig. 4.3). For simplicity, we assume that 

the lengths of the pixel on the 8LM and that of a detector have the same value which 

is a. Then, dD becomes 

dD = a = /2>./. (4.2) 

4.3.1.2 Diffraction-Limited Signal Packing Density 

The signal packing density, p, is one of the most important performance parame

ters since it limits the maximum number of pixels in the optical data plane. In order 

to determine the maximum signal packing density, PM, the individual pixels must 

be packed as tightly as possible. Therefore PM is obtained by finding the minimum 

pitch, Pm, of the 2-D array. 

The pitch, p, can be related to the crosstalk, X, calculation because the crosstalk 

calculation requires the evaluation of the collected noise power, Pnoise, which uses 

P as an integration parameter. In other words, to calculate Pnoise, the intensity 

distribution has to be integrated over the neighboring detector aperture which has a 

diameter of dD, and separated from the designated detector aperture by multiples of 

P [112, 113]. Therefore, by setting X to some value, we can calculate Pm of the array. 

Once Pm is known, we can directly calculate PM and the maximum number of pixels 

in the array. 

To calculate x, the field distribution at the output plane U2 (x, y) of a pixel located 

at the center of the input plane (8LM1 of Fig. 4.3) is calculated for a given input 

field distribution Ul(X, y). 8ince we ha.ve a collimated laser beam as a source, Ul(X, y) 

can be approximated as a normally incident unit amplitude plane wave. Assuming a 
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square aperture for the SLM pixel, the field distribution immediately after the square 

pixel of dimension a is given by 

x y x y 
UI(X, y) = rect( -, -) = rect( - )rect( -). 

a a a a 
(4.3) 

Since the reet function is separable and the power of the lens exists only along the 

y-axis, the output distribution at the y-axis' will be a Fraunhofer diffraction pattern 

which can be expressed as follows: 

() 
exp(jkz)exp(jkx2/2z) . (ay ) 

U2 Y = . \ asznc \ . 
JAZ AZ 

(4.4) 

The output field distribution U2(X) along the x-axis will be a Fresnel diffraction 

pattern since there is no focal power in x-direction in the cylindrical lens: 

exp(j kz) ja/2 . k 2 
U2(X) = ')' exp{j-2 (Xl - X) }dXl' 

J Z -a/2 Z 
(4.5) 

Now we check the Fresnel number, N" which is defined to be a2 / ).j, to study 

U2(X), For the following estimation, we assume that we have). = 633 nm and j = 
0.1 m. For the given). and j, using Eq.2, a becomes 356 jlm. With the above data, 

Nf becomes about 2. This number implies that the diffraction pattern of U2(X) will 

be neither a geometric projection of aperture function nor the Fraunhofer diffraction 

pattern. Fig. 4.4 shows the intensity distribution of the diffraction pattern of U2(X) 

calculated by solving Fresnel integrals at the cylindrical lens focal plane. Next, we 

calculate X between channels. Fig. 4.5 shows the geometry used in the signal and 

noise power calculation. The parameter X can be defined as 

EPnoi.e x= 
P.ignai 

(4.6) 
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Figure 4.4: Intensity distribution of Fresnel diffraction pattern of a square aperture 
of an SLM. The dimension of a pixel is 356 JLm X 356 JLm. 

Pixel A Pixel B 
Pixel C 

Figure 4.5: Model of the detector aperture used for estimating the crosstalk. 
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where PSignal is power collected over the center pixel (pixel A of Fig. 4.5) of the 

detector (assuming pixel A is the intended destination). The signal power collected 

at pixel A is 

l dD /21dD /2 
Psignal = I(x,y)dxdy. 

-dD/2 -dD/2 
(4.7) 

On the other hand, Pnoise is the power collected by the neighboring detector ele-

ments around the intended detector element. For simplicity, if we include only two 

neighboring detector elements (pixel B and pixel C of Fig. 4.5) in our calculation, 

Pnoise is given by 

~Pnoise ~ 2 X P n1 (4.8) 

where Pn1 is power obtained from the closest neighboring pixel and can be calcu

lated as follows: 

l dD/21P+dD/2 
Pn1 = I(x,y)dxdy 

-dDr P-dD/2 
(4.9) 

where p represents the pitch between pixels. For Pn1 calculation, I(x) (Fresnel diffrac-

tion pattern) is integrated over the integration interval p ± dD /2 along the x-axis at 

the cylindrical lens focal plane. 

Fig. 4.6 shows the calculated crosstalk for various pitches when dD is fixed at 356 

pm, ..\ = 633 nm, and f = 0.1 m. Once the pitch is found, as shown in Fig. 4.7, the 

signal packing density can be estimated using the following relation [113]: 

1 
P=2" 

P 
(4.10) 

From Fermat's principle, light takes the shortest path between two points. Since 

OCAPP has a 3-D structure, there exists inherent path length differences between 
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Figure 4.6: Crosstalk for various pitches of the SLM array in the diffraction-limited 
OCAPP. Diffraction-limited beam spot diameter is set to 356 f..lm. 
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pixels of the input and output optical data planes. This path length difference gen-

erates a clock skew problem which can affect the accuracy as well as the operating 

speed of the optical computing system. This problem will be aggravated in systems 

where the output signals are designed to be fed back to the input stage. There

fore, to calculate the operating speed of OCAPP and avoid the above problems, the 

skew time of the system and the longest signal path to satisfy the synchronization 

requirement need to be identified [114]. 

In Fig. 4.3, the three SLMs perform imaging operations. Assuming the length of 

OCAPP is L (from SLM1 to the detectors), and 1 is the length of an SLM, the time 

taken to travel the shortest path of the system, ignoring switching time of the SLMs, 

is given by 

L 
Tmin =-. 

c 

On the other hand, the time taken to travel the longest path is given by 

(L - J) + )(4)2 + 12 
T max = ----""----

C 

Therefore, the skew time, Tskew, is 

)(4)2 + 12 - f 1 
Takew = Tmax - Tmin = = -. 

c 2c 

(4.11) 

(4.12) 

(4.13) 

It should be noted that 1 = np, where n is the number of pixels per row (or 

column) of the SLM, and p is the pitch. Substituting 1 = np in Eq. 13 yields 

np 
T.kew = 2c' (4.14) 

It can be seen that the skew time grows linearly with the number of pixels per 

dimension. 
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4.3.1.3 System Volume 

The volume of an optical system affects the ease of packaging as well as the 

feasibility of the system. Since SLMs are connected by imaging, the length of OCAPP 

L from Fig. 4.3 is given by 

L = 2d+2f ( 4.15) 

where d is the distance between two SLMs and f is the focal length of the cylindrical 

lens. The system volume v is given by 

v = Ll2 = 2(d + fW = 2(d + f)(np)2. (4.16) 

It can be seen that the volume is proportional to the square of the number of 

pixels per dimension. 

4.3.1.4 Power Dissipation-Limited Signal Packing Density 

Now we consider the effect of power dissipation density on the signal packing 

density. It is known that the maximum intensity of the beam is limited by the 

maximum real power dissipation density, Up, which has a typical value of 1 W /cm2 

[113, 115]. Then the maximum allowable heat dissipation per input beam, Perit , is 

Up 
Perit =-. 

P 
(4.17) 

As shown by Ref.[113], it is up which limits signal packing density more severely 

than diffraction effects. Even for low threshold lasers currently available, a threshold 

current of 1 rnA is required for minimal operation. Assuming that laser operation 

requires about 3 m W per beam, then, for up = 1 (W /cm2
), p becomes 333 pixels/cm2

• 

For an SLM of 2 cm X 2 cm active area, the maximum number of pixels available on 
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I Design parameter I Assumed Value I 
Cylindrical lens focal length, f 10 cm 
Length of SLM, I 1.6 cm 
System crosstalk, X -10 dB 
Wavelength, '\, 633 nm 
Power dissipation density, up 1 W/cm~ 

I Calculated parameter Value I 
Diffraction-limited spot diameter, dD .60 pm 
Minimum pitch, Pm 410 pm 
Diffraction-limited signal packing density, p 594 pixels/em~ 
Power dissipation density-limited p 333 pixels/em2 

Skew time, Tdew 26.67 psec 
Light propagation time, T prop 1.360 nsee 
Volume, v 25.6 em;j 

Table 4.2: Summary of parameters studied in the analysis phase. 

the SLM becomes 1332 pixels. Table 4.2 summarizes the results obtained from the 

analysis phase. 

4.3.2 Phase 2 : Modeling and Simulation of OCAPP using GLAD 

The second phase consists of modeling and simulating OCAPP. The main objective 

here is to provide a realistic evaluation of the system by providing the combined effects 

of design parameters on performance. Specifically, we would like to determine the 

maximum signal packing density, maximum misalignment tolerance, and maximum 

distance between devices for a given operating bit rate (BR), bit error rate (BER), and 

optical power efficiency. Since the GLAD model can provide a realistic representation 

of the model, and simulate diffraction propagation of wavefronts using 220 observation 

points of the model, it is expected to generate the closest data to the prototype being 

built. 
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4.3.2.1 Modeling OCAPP using GLAD 

GLAD employs a modular-building-block approach to model each component in 

sequence as the beam propagates through the system [106]. The building-block ap

proach allows beam train of any configuration to be modeled by assembling blocks 

in the correct order. To design a simulation model for OCAPP, its components must 

first be modeled. Among the components of OCAPP as shown in Fig. 4.3, the SLM 

is the most complicated component in the system. To model an SLM, a prototype 

mask of a specific number of pixels, pixel size, pixel pitch, and physical dimension is 

generated. Simulations are performed for systems that contain SLMs of varying sig

nal packing densities. In order to maintain consistency among these various OCAPP 

models, the aggregate SLM dimension is held at a constant 1.6 cm X 1.6 cm size. For 

example, one of the models was a pixellated SLM consisting of 8 pixels by 8 pixels in 

a matrix configuration. This 8 x 8 SLM model determined the aggregate 1.6 cm x 

1.6 cm dimension since the pixel pitch is 0.2 cm (i.e., the pixel size and interpixel gap 

are both 0.1 cm). Then for each specific bit pattern of the optical data plane of the 

SLM, the desired target pattern is overlaid on the prototype mask pattern. GLAD 

contains many commands to model components such as mirrors, lenses, apertures, 

etc. An initial field distribution for the beam using geometric data such as the beam 

center, coordinates, waist size and location can be defined using a command like 

GAUSSIAN. Once the optical configuration and the initial optical beam distribution 

are available, the PROP (PROPagation) command is used to simulate diffraction 

propagation. For a sample GLAD source code used in the simulation, please refer to 

Appendix C. 

Figs. 4.8, 4.9, and 4.10 show the intensity distribution profile after SLM1, SLM2, 

and SLM3 respectively. These beam profiles are generated by applying a collimated 

laser beam that uniformly illuminates 8LM1 of Fig. 4.3. In these figures, SLMs 
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are configured to have only one transparent pixel being tested. Fig. 4.11 is the 

resulting beam profile obtained at the back focal plane of the cylindrical lens. This 

beam distribution is convolved with the detector aperture to produce the output 

optical power at a detector element. These figures illustrates the effects of diffraction 

propagation of the beam transmitted through the system. 

4.3.2.2 Simulation of OCAPP using GLAD 

A. Signal Packing Density 

The simulation algorithm is illustrated in Fig. 4.12. Part-(A) of Fig. 4.12 describes 

the procedure for the maximum signal packing density, PM. The maximum signal 

packing density is obtained by simulating the model to obtain optical signal and noise 

power and calculating the required optical input power, Pin' Once Pin is calculated, 

we compare it with the available optical source power. If the calculated Pin with a 

given signal packing density, p, is greater (less) than the available optical power, the 

model with a decreased (increased) P is prepared for the next simulation experiment. 

In the following calculations, we set BER = 10-17 [116]. BER can be represented 

as follows [115]: 

1 _Q2 
BER = /iC exp(-2-) 

v 27rQ 
(4.18) 

where Q is the ratio of the rms signal voltage to the total rms crosstalk voltage. For 

a given BER = 10-17
, Q = ::::: 8.5. For this given Q, the required optical input power 

Pin can be calculated as follows [117]: 

(4.19) 
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Figure 4.8: Intensity profile after passing through 8LM! which is set to transmit only 
one pixel. The numbers in parentheses represent the x-coordinate and y-coordinate 
respectively. The z-axis is perpendicular to the paper. The number below ZREFF 
represents the distance from the starting point (z = 0) and BEAM 1 represents peak 
intensity. The figure is drawn on a 4 cm X 4 cm field (the 8LM Model is actually 
defined on 1.6 cm X 1.6 cm area). 
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Figure 4.9: Intensity profile after passing SLM2 which is set to transmit only one 
pixel. 
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Figure 4.10: Intensity profile after passing 8LM3 which is set to transmit only one 
pixel. 
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Figure 4.11: Intensity profile at cylindrical lens focal plane. 
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Figure 4.12: Simulation algorithm for OCAPP. 
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us 

where r is the ratio of current to the detector in the low illumination state relative to 

the high illumination state, N is the system fanout, 7]t is the product of the quantum 

efficiency of the detector and efficiency of the optical system, and (ihA)1/2 =rms 

current noise generated by the detector and preamplifier circuit. 

Finally, to calculate Pin, the parameter r should be determined. Since r represents 

the ratio of currents at the high illumination state to low illumination state, we 

obtain it by comparing the power incident on the detector aperture at high and low 

illumination. The power for the two states is obtained by simulating the OCAPP 

model with a given SLM pixel pattern. To obtain power at the high illumination 

state, the desired pixel of each SLM is made transparent while others are set to 

opaque. Similarly, to obtain the power at the low illumination state, the pixels at 

the same column are set to opaque and all the other pixels are made transparent. 

The whole column is cleared to avoid the effect of the cylindrical lens in OCAPP. 

The factor (ihA)' which is expressed in terms of the bit rate, is calculated based on 

the data presented in [103], and N is set to 1 due to the one-to-one imaging between 

SLMs in OCAPP. 7]t is set to about 0.051 by considering a 50% ON-state power 

transmission efficiency for an ON-state pixel of the 8LM, 50% power division at the 

beamsplitter, and 4% reflection loss per surface (5 optical surfaces). 

Once Pin is available, the number of pixels allowed per 8LM can be obtained 

by comparing the required optical input power with the available source power. As 

shown in Part-(A) of Fig. 4.12, if the calculated power is less than (or greater than) 

the available power, a model with an increased (or decreased) number of pixels on 

the 8LM plane is simulated. The maximum number of pixels is determined when the 

required optical input power is less than or equal to the available source power. The 

available optical power must be less than the actual power since there exist other 

sources of power losses such as component misalignment and aberrations. 
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Figure 4.13: Simulated detected optical signal power vs. number of pixels of the 
optical data plane in OCAPP. 

Fig. 4.13 shows the optical power collected at the detector plane for models with 

various number of pixels. The x-axis of the graph represents the number of pixels of 

an SLM. The results of Fig. 4.13 are used to calculate Pin as shown in Fig. 4.14. The 

simulation was started with the 4 X 4 model which required 1.09 mW (68.19 flW X 

42 ) optical source power. Since a 5 mW HeNe Laser was selected as the source, the 8 

X 8 model was simulated as the next step. The 8 X 8 mode! simulation requires 4.37 

mW (68.23 flW X 82) which is still smaller than our source power. Next a 10 X 10 

model was tested and found to require 7.33 mW (73.29 flW X 102) which exceeds the 

5 m W requirement. Therefore, the 8 X 8 model has been selected for the simulation 

experiments. As a reference, a 20 x 20 model requires 57.04 mW (142.67 IlW x 162 ). 

B. Misalignment Tolerance 
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Figure 4.14: Calculated required optical power (Pin) vs. number of pixels of the 
optical data plane in OCAPP. 

Once the maximum signal packing density for a given model becomes available, 

then the maximum misalignment tolerance is found by applying part-(B) of the pro

cedure described in Fig. 4.12. To find the effects of misalignments on the optical 

collected signal and noise power, each individual misalignment is applied to each 

component of the model so that its effect on the collected optical power and required 

optical input power can be determined. 

The procedure starts with the minimum resolvable misalignment. The unit of 

simulation is set to 50jlm. The unit of simulation means the distance between two 

sample data points used in the diffraction calculations which are an adjacent pair 

among the 220 data points. The minimum misalignment that can be applied becomes 

50 J.lm. 

Following part-(B) of Fig. 4.12, the 8 x 8 model is extensively simulated for 

misalignment tolerance. Figs. 4.15 and 4.16 show the simulation result of required 
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optical power. The two graphs show that up to 500 pm (half of a pixel width in the 8 

x 8 model), the effect of applied lateral and longitudinal misalignments is not severe. 

However, as the amount of misalignment increases, the misalignment applied at 8LM1 

dominates the misalignment tolerance in both the x and y directions. In the case of 

lateral misalignment, the maximum misalignment tolerance becomes 700 pm. This 

value is obtained by comparing the line designated by 8LM1 with the allowed beam 

power per pixel (5 mW / 64 pixels = 78pW). Also, for the longitudinal misalignment, 

the misalignment tolerance of 610 pm can be obtained from the graph. 

C. Distance between Components 

In optical computing systems, the mounting devices for optical components are 

very important in that we have to align tens or hundreds of individual beams with 

several devices. Also the beam broadens as it propagates, due to the beam spreading 

effect. Therefore, to enhance the signal integrity of the model, the distances between 

components must be minimized to the extent that mounting devices permit. From 

the system optimization perspective, we need to find the allowable range for d. This 

is calculated as shown in part-(C) of Fig. 4.12. 
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Fig. 4.17 shows the required optical power of a 4 x 4,8 x 8, 10 x 10, and a 16 x 

16 OCAPP for various values of d. The figure shows that for an 8 x 8 OCAPP, the 

change in the required optical power over various distances is almost indistinguish

able. Therefore, we can conclude that the 8 x 8 OCAPP is almost independent of 

the change in the distance between SLMs. However, as Fig. 4.17 shows, the required 

optical input power for larger OCAPP (16 x 16) increases exponentially with respect 

to the distance parameter. 

4.4 Discussion 

Table 4.3 summarizes the results obtained from the simulation phase. From the 

analysis of Phase 1, (the results of which are summarized in Table 4.2), the theoretical 

upper bound of the maximum signal packing density is set by the heat removal 

capability. In addition to this heat removal factor, Table 4.3 shows that the input 

source power is also an important limiting factor in maximizing the signal packing 

density. To maximize the signal packing density, two directions may be pursued: 

first, proper device cooling techniques should be studied to increase the heat removal 

capacity. Second, optical sources such as surface-emitting laser diode arrays should 

be employed to deliver more power to the system [118]. 

For misalignment, we found that the tolerance depends on the direction and the 

location in the system where misalignment occurred. For example, in the case of 8 x 

8 model simulation, misalignments occurring at SLM1 are crucial and misalignments 

occurring at SLM2 and SLM3 are tolerable as long as the value of misalignment is 

less t.han the SLM pixel diameter. For SLM1, the lateral misalignment tolerance is 

found to be 700 p.m, while the longitudinal misalignment tolerance is 610 p.m. As 

the signal packing density increases (i.e., the pixel size decreases), the misalignment 

tolerance requirement will generally become more stringent. 
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I Design parameter I Assumed Value I 
Laser power 5mW 
SLM pixel size" 1000 pm 
Wavelength, A, 633 nm 
System fanout, N, 1 
Optical power efficiency, '71 0.051 
Bit Error Rate 10 ·1 

Bit Rate 0.75 Gbits/sec 
Cylindrical lens focal length, f 10 cm 
Length of SLM, I 1.6cm 

I SImulated parameter Value I 
Signal packing density" 25 pixels/cm~ 
Lateral misalignment tolerance" 700 pm 
Longitudinal misalignment tolerance" 610 pm 
Distance between SLMs" 20 cm 

Table 4.3: Summary of parameters studied in the simulation phase. The parameter 
values marked with (*) are obtained from the 8 X 8 model simulation. 

For the distance between SLMs, the simulation of a 4 X 4 and an 8 X 8 aCAPP 

model showed that the distance between components is rather insensitive to the signal 

packing density. However, for larger signal packing density, (e.g., 10 X 10 or 16 X 16 

models), the required optical power increases rapidly as the distance increases. 
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Ever since its beginning, RBSs have been the most popular reasoning mechanism 

in the expert systems to solve analysis problems such as data interpretation and clas

sification, and the synthesis problems such as design and planning. Even with their 

popularity and possibilities, their slow execution speed has limited their extensive 

use. Conventional electronic parallel machines, fast processors, were investigated for 

improvement of the execution speed of the RBSs. However, due to the inadequate in

terconnection network with limited cO'Jlmunication bandwidth, these machines could 

not execute quickly enough the RBSs containing a large number of rules. Optics 

can support the exploitation of various sources of parallelism available in RBS by 

utilizing optical interconnection networks, which provide both large communication 

bandwidths and faster execution speeds than those required for RBSs. 

In this dissertation, we have explored the use of optics for parallel RBS archi

tecture and proposed two optical RBSs. First, an electro-optical rule-based system 

(EORBS) is proposed to exploit the various sources of parallelism in RBSs using 

the optics and optical interconnects. A distinctive feature of EORBS is exploitation 

of match, control, and act parallelism simultaneously, a feature absent in electronic 

RBSs. In addition, using a monotomic reasoning scheme, EORBS provides an effi

cient implementation of the basic operations required for RBS, namely, match, select, 

and act. The concurrent rule execution nature of EORBS, combined with the speed 

with which the basic operations are implemented in EORBS, can potentially result 

in a hybrid RBS with significant performance improvements over any existing RBSs. 
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We have shown that the execution speed of EORBS can be 6.65 X 105 rules per sec

ond. Although the execution speed of EORBS is a couple of orders of magnitude 

faster than any conventional RBS, due to the requirement that all variables must be 

bound to some value before run time, its applications are restricted to only specific 

areas such as monitoring systems, interpreting systems, and control systems where 

all the data are available in advance. 

To overcome the limitation in EORBS and to take advantage of optics parallelism, 

an Optical Content-Addressable Parallel Processor for Expert Systems (OCAPP

ES) is proposed in this dissertation. Distinctive features of OCAPP-ES include: 

(1) 2-D representation of data (knowledge) and control information, (2) capability 

of processing general domain knowledge expressed in terms of variables, numbers, 

symbols, and comparison operators such as greater than and less than, (3) the parallel 

optical match unit (designed around the match/compare unit of OCAPP) which 

performs the 2-D optical pattern matching and comparison operations, and (4) a novel 

Conflict Resolution Control Matrix (CRCM) algorithm to resolve conflicts in a single 

step within the optical select unit. We have detailed the implementation of various 

units of the system. We have also shown that the estimated maximum number of rules 

that can be processed per second is 8.52 X 104
• Although the performance of OCAPP

ES is an order of magnitude slower than EORBS, it is still an order of magnitude 

faster than other RBSs. In addition, due to the 2-D knowledge representation scheme, 

general knowledge expression capability, and the exploitation of the match, control, 

and act parallelism, OCAPP-ES can solve problems faster than any other RBSs. 

Finally, a modeling and simulation methodology is discussed that can evaluate the 

performance as well as feasibility of digital optical computing systems. As a partic

ular example, Optical Content-Addressable Parallel Processor, which is the optical 
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match unit of OCAPP-ES, is modeled and simulated. The proposed methodology in

tegrates various system design parameters such as bit error rate, bit rate, and optical 

power efficiency to determine performance parameters such as signal packing density, 

misalignment tolerance, and distance between components. Following the proposed 

simulation methodology, the maximum signal packing density, misalignment toler

ances, and the maximum distance between components in OCAPP are identified. 

The proposed methodology is intended to reduce optical computing systems' design 

time as well as the design risk associated with building the prototype system. The 

overall cost will also be reduced significantly because modeling and simulation al

low design errors to be corrected before expensive and time-consuming prototype 

construction. 
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The Conflict Resolution Control Matrix (CRCM) is a novel parallel optical conflict 

resolution method that can resolve conflicts amongst the selected rules in a single step. 

Here, we describe how a CRCM is created for any given rulebase. To create a CRCM, 

the dependency between rules must be identified as follows [93]: 

• Inhibit Dependency : When the firing of rule Rj modifies facts such that rule 

R; cannot be a selected rule, R; is said to be inhibit dependent on Rj . 

• Enable Dependency : When the firing of rule Rj modifies facts such that rule 

R; becomes a selected rule, R; is said to be enable dependent on Rj . 

• Output Dependency : When the firing of rule R; deletes facts that are added 

by rule Rj or the firing of R; adds facts that are deleted by Rj, R; and Rj are 

said to be output dependent. 

From the dependency analysis, if a pair of rules is neither inhibit dependent nor 

output dependent, the two rules can be fired simultaneously without any undesirable 

side effects [93]. Using this concept, a conflict resolution control matrix (CRCM) is 

developed to optically implement the parallel multiple rule-firing conflict resolution 
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scheme. To describe these concepts clearly, we select the following four rules from 

the "going to the theater" example knowledge base. 

Rule 1 If distance > 5 miles 

Then means = drive 

Rule 2 If distance > 1 mile and time > 15 min 

Then means = walk 

Rule 3 If means = drive and location = downtown 

Rule 4 If means = walk and weather = good 

Then action = walk 

Once the rules are ready, the electronic host computer calculates the inhibit and 

output dependencies for the given rule set as shown in Fig. A.1. In the figure, the 

'1' in the pixel pi,i, representing rule It; is inhibit (or output) dependent on rule Ri 

so that the two rules cannot be fired together. The '0' in the pixel Pi,i represents 

two rules, It; and Rj, which are independent from each other so that the two may be 

fired at the same time. Then, for the given selected rule set, the required switching 

set~p for the CRCM to obtain the correct triggered rules is calculated with following 

algorithm. 

CRCM Construction Algorithm 
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Figure A.l: Testing for inhibit and output dependencies for the four rules. 

1. Define and initialize 

CurrenLSeLRule: an [n X 1] vector 

where an element Si = 1 iff rule R; is selected and Si = 0 otherwise. 

CurrenLTrig_Rule : an [1 x n] vector 
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where an element ti = 1 iff rule R; can be fired and ti = 0 otherwise. 

CRCMJirray: an [n X n] array where an element ca(i,j) is a list of Is and Os. 

CRCM: an [n X n] array where an element C(i,j) is either 1, 0, or d (don't care). 

{ Build CRCMJirray} 

2. For i = 1 to 2n, { Search all of the possible inputs.} 

(a) Convert i into n-bit binary number and assign it to CurrenLSeLRule and 

CurrenLTrig_Rule {Initially, assume all of the selected rules can be fired.} 

(b) If there are inhibit or output dependent rules in CurrenLSeLRule, 

then delete the conflicting rules from CurrenLT1"ig_Rule. 



(c) For j = 1 to n,{For each bit of CurrenLTrig_Rule} 

if CurrenLTrig_Rule[j] = 1, then 

(i) For k = 1 to n, 
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(ii) Append each bit of CurrentSeLRule[k] to each list of CRCM-Array[j,k] 

{ Build CRCM} 

3. For i = 1 to n do 

For j = 1 to n do 

(a) If the elements of the list CRCM-Array[i,j] are all 0, then CRCM[i,j] 

~ o. 

(b) If the elements of the list CRCM-Array[i,j] are all 1, then CRCM[i,j] 

~1. 

(c) If the elements of the list CRCM-Array[i,j] contains both 1 's and O's, 

then CRCM[i,j] ~ d (don't care). 
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Appendix B 

Conflict Resolution Control Matrix Construction Example 

The algorithm of Appendix A shows how the CRCM of Fig. B.l is constructed for 

every possible selected rule and triggered rule pairs of the four rules in the example. 

In this appendix, we explain how the CRCM construction algorithm works. 

Initially, an SRV and a TRV of size n x 1 are tested to determine whether the 

SRV contains any inhibit or output dependent rules. If there is any conflict among 

the rules in the SRV, the conflicting rules must be removed to produce a conflict free 

TRV. As an illustration, consider an SRV of (1 0 1 0), which implies rules Rl and R3 

are selected, and the corresponding initial TRV of (1 0 1 0). From the dependency 

analysis of Fig. A.l, Rl and R3 are found to be output dependent. Therefore, one 

of the two rules must be discarded from the TRV so that it becomes either (1 000) 

or (0 0 1 0). Once a valid TRV is found, a CRCM..Array is constructed by observing 

both the input SRV and the output TRV. The CRCM..Array is an n X n array where 

each element of the array is a list containing binary information (Is and Os). The list 

of information is used to determine the value of the control information for the final 

CRCM. Construction of the CRCM..Arrayoccurs by appending each bit of the SRV 

to the corresponding list element in the appropriate row of the existing CRCM..A rray. 

This row is determined by the placement of the '1' bit in the TRV. For example, if 
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the SRV is (1 1 00) and the corresponding TRV is (1 00 0), then each bit of (1 1 0 

0) is appended to the appropriate list of the first row of the CRCM-Array. 

Rl R2 R3 R4 

Rl 

R2 

R3 

R4 

1 

d 

d 

d 

0 

1 

d 

d 

d 0 

0 d 

1 0 

d 1 

Figure B.1: Select unit Conflict Resolution Control Matrix (CRCM) for the four 
rules. 

Let us assume the previous example occurs with a CRCM-Array that was initially 

empty. The CRCM-Array would now have (1 1 0 0) in the first row while the other 

rows continue to hold null lists. If the next SRV is (1 0 1 0) while the TRV is (1 0 1 0), 

then (1 0 1 0) is appended to the list of the first and third rows of the CRCM-Array. 

The first row of the resulting CRCM-Array will be (11 10 01 00) and the third row 

will be (1 0 1 0). The other rows will still contain null lists. This process is repeated 

until no more SRV /TRV pairs are available. 

Once the CRCM-Arrayis completed, a CRCMis constructed. Like the CRCM-Array, 

the CRCM is an n X n array. However, each element of the CRCM is either a 1, 0, 

or d:don'l care. The meaning of 1, 0, and d will be discussed later. The CRCM 

is constructed as follows: If the binary data in a list element of the CRCM_Array 

consist of only Is (Os), we assign '1'('0') to the corresponding element of CRCM. If 

the binary data of a list element of the CRCM-Array consist of both Is and Os, we 
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assign 'd' to the corresponding element of the CRCM. Fig. B.1 shows a CRCM for 

the four example rules of Appendix A. 
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Appendix C 

G LAD Source Code 

Following is a sample source code written in GLAD command language. Using the 

following code, one of the misalignment tolerance simulation experiments is performed 

on 8 x 8 model to observe the effect of misalignment. of O.Olcm applied at 8LM1 in 

x-direction on resulting optical signal power distribution. 

nbeam 2 

array/set 0 1024 

color 0 0.633 

units 0 0.005 

unit/field 1 15.364 

gaussian/cir/eon 1 0.005 50.0 1.0 

clap/cir/con 1 1.4 

mult 1 0.163 

c propagate to meet the first SLM 

prop 10 

;set number of beams to 2 

;array size to 1024 by 1024 

;set vavelength to 633nm 

;set unit_length to 0.005cm 

;form gaussian distribution 

;aperture to 1.4cm radius 

;initialize initial beam 

; intensity to 0.5mW 

;propagate tvo beams by 10em 



c first SLM 

clear 2 

infile 2 slm.8 

clap/sic 2 .05 -.5 .5 

mult/beam 1 2 
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; initialize beam 2 

;load SLM file to beam 2 

;enable one pixel out of 64 

;multiply beam2 to beaml to generate 

;an SLM with only one pixel ON state 

c misalignment tolerance experiment only 

shift 1 0.01 90 

c propagate to meet the second SLM 

prop 10 

c second SLM 

clear 2 0 

infile 2 slm.8 

clap/sic 2 .05 -.5 .5 

mult/beam 1 2 

c propagate to meet the beamsplitter 

;.Olcm shift in x-dir at SLMl 

;enable one pixel out of 64 



prop 10 

mult 1 .5 

c third SLM 

clear 2 0 

infile 2 slm.8 

clap/sic 2 .05 -.5 .5 

mult/beam 1 2 

prop 10 

lens/ycyl 1 10 

prop 10 

clap/sic 1 .05 -.7 0 

energy 

end 

;split power by half 

;enable one pixel out of 64 

;cylindrical lens with power 

;in y-direction 

;apply detector aperture and 

137 

;measure collected signal power 
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