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ABSTRACT 

The purpose of the research is to develop more efficient frameworks for supporting 

design model development. The evolution of these frameworks has occurred in two areas: 

1) knowledge representation schemes for the design model and 2) procedures for model 

structure generation. 

The original representation scheme for the design model was the System Entity Struc

ture (SES). The SES was subsequently enhanced by other representation schemes to create 

FRASES (Frame & Rules Associated SES). Furthermore, FRASES was further converted 

into object-oriented representation. The procedures for manipulating the above represen

tation schemes involved search, reasoning, constraint satisfaction, and message passing. 

Finally, a distributed approach was proposed, indicating a future trend. 

The methodologies offered by artificial intelligence, simulation modelling, and software 

engineering were adopted to support the research. 



CHAPTER 1 

PROBLEM STATEMENT 
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Due to the availability of inexpensive computing power, methods for transforming real

world problem into simulation models have become a growing area of research interest. In 

general, traditional model building procedures involved lengthy problem formulation as 

well as interaction between the analyst and the client. Furthermore, after model definition 

was realized, the simulation model was often programmed manually. Recent developments 

in simulation modeling have focused on automatic model generation, employing artificial 

intelligence techniques. Such developments focus on the transfer of the user's knowledge 

about the system into a simulation model. In this research, we progressively improved 

the knowledge-based approach for the generation of simulation models. 

1.1 Motivation 

Both AI and Expert Systems create programs which simulate domain experts or ac

complish some tasks, such as giving expert advice, proving theorems, and understanding 

natural language. These techniques can be applied in information management for the 

model formulation phase. Typical implementations include KBMC, CASM, KBS, etc 

[41,54]. Murray and Sheppard give a description of how to automate model construction 
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using domain and modeling knowledge and they implement a KBMC (Knowledge-based 

Model Construction) system. CASM (Computer Aided Simulation Model) is a project 

developed at the London School of Economics. CASM is used to investigate ways of 

making the process of simulation modeling more efficient, indicating that a natural lan

guage understanding system is superior to an expert system in developing models. Reddy 

et al. describe a. knowledge-based simulation system (KBS) by employing an AI-based 

knowledge representation system for modeling. The system provides several functions, 

such as interactive model creation and alteration, simulation monitoring and control, and 

graphics display. Readers are referred to [5] for further surveys. 

A knowledge base can be regarded as a solution space containing a finite number of 

application objects. Each application object in the solution space represents a solution 

that is feasible in the sense that the object satisfies all the constraints specified in the 

problem definition. These objects, of course, can exist in a random or semantic manner. 

For a set of objects existing randomly, an exhaustive search is usually needed to evaluate 

each of them and obtain an admissible subset that has a least cost. To obtain efficient 

information processing, the semantic relationship governing these objects is essential. The 

representations of semantic nets, scripts and frames are the typical examples possessing 

the semantic relationships. 

The system entity structure has been proved to be one of the most efficient ways to 

govern these objects [78]. In addition, we have developed an integrated representation, 

called FRASES, which incorporates production rules and frames into the system entity 
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structure [62]. Under this representation, knowledge can be manipulated in a more effi

cient manner. Indeed, the tree-like semantic relationship has been widely used in methods 

of information processings, such as knowledge base organization [15], querying knowledge 

base [75], and the blackboard system [44]. 

In a previous study [30], we have successfully applied the approach of the production 

system to manipulate the system entity structure and generate desirable models. Thus, 

it is worthwhile to further explore additional AI or DAI (Distributed AI) techniques for 

this model-based system design. 

1.2 Objectives 

The objectives of the research are concerned with exploring advanced AI and software 

engineering methodologies for model-based system design. In pursuing this purpose, 

understanding the relationship between AI problem-solving schemes and model-based 

system design is an essential task. The goals of this research may be summarized as 

follows: 

1. To investigate the applicability of AI problem-solving techniques to model-based 

system design. This work is essential to explore the application of a knowledge

based system to simulation modelling. The investigation ranges from basic model 

(or problem) representation to the various searching algorithms applied to these 

representations. 
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2. To further evaluate the application of a production system to simulation modelling. 

The formal concept of model-based system design is described to illustrate this 

application. 

3. To achieve automatic model generation using a knowledge-based system approach. 

Having described the production system appoach, the next step is to comprehend 

the degree to which the knowledge-based approach achieves the ultimate goal- fully 

automatic model generation. 

4. How to apply the object-oriented programming concept to model-based system de

sign. To achieve this goal, the implementation of the FRASES-based system in 

an object-oriented environment is examined. Comparisons of this approach with a 

rule-based approach are then described based on the implementation. 

5. To investigate the applicability of multiprocessing in generating a design model. 

For huge or complex problem domains, the mutiprocessing concept of distributed 

artificial intelligence (DAI) is a worthwhile application. Possible contributions of 

object-oriented representation for multiprocessing model generation are proposed. 
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CHAPTER 2 

PROBLEM REPRESENTATION AND SOLVING 

Different methods of representing a problem requires different schemes for solving 

a problem. In this chapter, we discuss the problem representation methods that are 

fundamental to this research. Also, Problem-solving schemes that can be modified to aid 

the generation of a design model are considered. 

2.1 Problem Representation 

Problem representation can be classified into 1) state-space representation, 2) problem

reduction representation, and 3) game trees [45]. 

The representation for the first class employs "state" and "operator" as its components 

to represent a problem. The state stands for a data structure describing each stage of 

the solution for the problem. On the other hand, the operator stands for the function 

transfoming the problem from one state to another. Therefore, a general tree can be 

used for realizing the representation. The node of a tree corresponds to the state, while 

the labelled arc depicts the function. The root of a tree stands for the original problem 

while some of the terminal nodes are possible solutions. The labelled arcs can be viewed 

as costs of taking one state to another. Therefore, when some searching algorithms are 
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applied to find the solution paths the costs can serve as the guides. The seraches for the 

representations are discussed in the ensuing section. 

Problem-reduction means reducing the complexity of a problem. In other words, the 

representation of problem-reduction must involve a scheme to decompose a problem into 

several subproblems. In this sense, these subproblems correspond to the states of the 

first problem representation if a general tree is used. However, a problem or subproblem 

may be sovled by more than one method, i.e. several operators can be applied to it. 

Thus, it suffices to solve the subproblem produced by anyone of the operators. Based on 

the above discussions, a general tree is constrainted with two additional operators: AND 

and OR. The AND operator is applied to a problem which decompose itself into several 

subproblems. It means that the problem is solved if all subproblems are solved. The OR 

operator is applied to a problem that can be solved by more than one method. The tree 

with AND and OR operators is called AND/OR tree. The principle of the AND/OR tree 

is simple but crucial to this study. The concept provided by the AND/OR tree is utilized 

in the problem-solving of knowledge representation. It is applied not only to a rule-based 

system but also to our model/knowledge representation - System Entity Structure (SES). 

The SES is formally discribed in the next chapter. 

The game tree, in fact, can be viewed as an instance of the AND/OR tree class. It is 

defined as an AND/OR tree with the operators of AND and OR alternatively existing on 

each level. Game trees are not central to the problems examined in this study. 
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2.2 Problem-solving for Problem Representation 

Generally speaking, there are three ways of viewing the processes of problem solving: 

search, reasoning, and constraint satisfaction [68]. The search algorithm mainly analyzes 

the situation based on current available information and then migrates from one state to 

another. The reasoning algorithm can be viewed as accumulating information by inference 

until the answer to the problem has been found. The constraint-satisfying algorithm does 

not create any new state. Instead, it starts with the entire state space and solves a 

problem consists in narrowing down the original set to a subset or even a unique object 

that satisfies all of the constraints. 

For the state-space representation, the technique of problem-solving mainly involves 

the concept of search. Since the solutions for the representation consist of terminal nodes 

of a tree, the information of intermediate nodes which lead to the final state does not 

need to be accumulated. 

The solving-scheme for the problem-reduction representation utilizes the reasoning 

and constraint satisfaction concept to a greater degree. The reason is that the solution 

derived from each node must be sent back to its parent. This coupling relationship results 

in a different solving direction corresponding to the state-space representation. A typical 

example, illustrating AND/OR tree implicitly, containing the reasoning concept, is a 

rule-based system. The rule-based system can be transformed into an AND/OR tree. In 

Figure 2.1, a set of rules with the solving strategy of the tree is listed to indicate this 

transformation. 



R-l: If A= a and B = bThen C =c 

R-2: IfD= d orE= eThenF= f 

R-3: IfG= gorC= c Then H= h 

R-4: IfH = h orF= fThen I = i 

R-5: IfF=fand J = j Then K = k 

R-6: If K =k and I = i Then M = m 

Figure 2.1: Transforming Backward Chaining Rules into AND/OR Graph 

16 

In order to simplify the discussion, it is not necessary to strictly distinguish the meaning 

of search, reasoning, and constraint satisfaction. Therefore, the term, search, will be used 

interchangeably with problem-solving. 

Although both state-space and problem-reduction representations have different rep

resentation paradigms, the search strategies applied to them are basically the same. The 

only significant difference is the computation of the search cost. The searches in problem

reduction representation consist of more complicated computations for searching cost. 

Therefore, searches of problem-reduction representation are covered first. Subsequently, 

it is demonstrated that seraches of state-space representation can be derived from them. 

The search strategies can be generally c1assifed into three categories: 1) Hill-Climbing, 

2) uninformed systematic serach, and 3) informed search. The reason that the strategy 
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of Hill-Climbing is distinguished from other searches is its local optimization. Other 

strategies either belong to blind search or search with global optimization. 

2.2.1 Hill-Climbing 

Hill-climing strategy expands next node based on the local information available so that 

it requires no memory of past attempts and even no computation effort for the expansion. 

However, the search based on local optimization will take the risk of missing solution. 

Since the strategy does not permit us to go back to previously suspended alternatives, it is 

called irrevocable search. Therefore, the strategy is useful under the following conditions: 

1) highly informative guiding function, and 2) problem itself is commutative. The first 

condition is to keep away from local maxima, ridges, and plateaus [74]. The second 

condition indicates that the expansion of any node does not hinder the expansion of other 

nodes nor alter their descendants. 

2.2.2 Uninformed Systematic Search 

A search strategy is uninformed if the order in which the search progresses does not 

depend on the nature of the solution we seek. The typical examples of this strategy 

are depth-first and breadth-first search. By employing this class of search, solution is 

guaranteed but the process to get the solution is inefficient and impractical especially for 

large problem. Since the solution of problem represented using AND/OR tree or graph 

is a subtree rather than a single node, we need to ascertain if a given set of solved nodes 
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collectively supports the subtree or not. The sense here is that all solved nodes must 

satisfy the constraints of AND operator. 

2.2.3 Informed Search 

For some problem domains, it is possoble to use heuristic knowledge to judge certain 

directions of search. The heuristic knowledge mainly includes two types in terms of cost: 

cost accumulated and cost remaining to the goal. The informed serach strategies for 

AND/OR graph are mainly characterized into GBF (General Best-First), GBF*, AO, 

and AO* [52]. GBF is committed to explore the best among all available candidates. 

Of course, a certain criterion must be used to evaluate these candidates. For GBF, the 

criterion is the remaining cost for all solution graphs under an expanded node. The 

estimate for a node with AND operator is not so straight forward as a node with OR 

operator. Two types of evaluation is used: summation of children costs and maximum of 

children costs. For more detailed description, we refer readers to [52]. However, GBF is 

not guaranteed to terminate with an optimal solution unless an auxiliary strategy called 

delayed termination is been used [52]. This modefied GBF is named GBF*. The strategies 

of AO and AO* are derived from GBF and GBF* respectively by adding the evaluation 

of accumulated cost. 

The search strategies for state-space representation is similar to the strategies of previ

ous section. There are five typical strategies for this representation: BF, BF*, Z, Z*, and 

A *. BF and A * are the most popular two strategies. BF can be regarded as an instance 

of GBF class. The tree of state-space representation is actually a subclass of AND/OR 
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graph. With the constraints of 1) all OR operators for all nodes and 2) irrevocable par

ent selection (i.e. one parent is only allowed for any node). The relationship for these 

strategies which apply to both state-space and problem-reduction representation can be 

found in [52]. 

2.3 Model Generation As a Problem-Solving 

In general, to generate a design or simulation model, designers have to go through 

model space to search good solutions. In other words, they need to make guesses, evaluate 

tentative or partial solutions, explore options, and gradually progress towards a desired 

model. If this model space can be represented in one particular representation, then the 

process of generating design models is like applying a certain problem-solving scheme to 

the representation. 

2.3.1 Model Representation - a Problem Representation 

The problem-reduction representation employs divide-and-conquer technique to re

duce the complexity of original problem. Similarly, the construction of a model can be 

regarded as the original problem. The process of model construction for a design domain 

is reduced to finding pertinent decompositions of the domain and possible variants that 

fit within these decompositions. Thus, AND and OR operators of the problem-reduction 

representation provide the necessary operations for above process. 
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2.3.2 Exhaustive Model Generation 

Recall that the solution of a problem represented in problem-reduction representation 

is a subtree or subgraph with the original problem as its root. In other words, the 

solution is obtained by pruning off some alternative nodes. Therefore, those exhaustive 

searches can be also applied to generate desired model by restricing the variants in model 

representation. A more detailed description for the generation is presented in the next 

chapter. 

2.3.3 Informed Model Generation 

An informed model generation can be realized from the costs of generating the model 

configurations. The process of generation is regarded as a search of configurations of the 

model, based on the costs such as time to generate the desired model and the size of 

information needs to be processed. Unlike the cost computation for state space repre

sentation, the cost of generating a model configuration is the accumulation of costs from 

current state to terminal state. In other words, if a model (hierarchical) is described by a 

tree data structure then the cost of generating the model is the summation of all nodes' 

cost. Thus, an informed search can be formed by the comparisons of all configurations 

under the same node (model) based on the cost. 

We will further explore the cost computation when the model representation is dis

cussed in next chapter. 
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MODEL REPRESENTATION AND SEARCH 

CONCEPT 
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In this chapter, we briefly discuss some of the efforts in applying the Artificial Intel

ligence (AI) techniques to simulation model structuring in system design problem. The 

application was implemented in an expert system shell called MODSYN which supports 

the design model development process by incorporating production rule framework [30j. 

To explore this application, a representation scheme utilized to capture and organize 

sets of components of the system to be designed is introduced. Then, we investigate 

the model representation with respect to the problem representation described in the 

previous chapter. The purpose of this investigation is to find the possible AI problem

solving techniques to model generation. Finally, we use MODSYN tool to support part of 

our investigation. Based on above illustrations, the chapter is mainly organized into three 

sections: 1) model representation scheme for system design context, 2) model generation 

utilizing AI search, and 3) considerations of the implementation. 
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3.1 Model Representation Scheme for System Design Context 

Transforming knowledge about a design objective into a design model is called model 

acquisition. Like knowledge acquisition, different representation schemes are used for 

different problem domains. In general, a model representation scheme must be able to 

describe the elements of the model and the semantic relationships among these elements. 

Typical examples of semantic relationships among model elements are such as decompo

sition and taxonomy. In the ensuing section, a model representation scheme called the 

system entity structure (SES) [78] is introduced to see its capability in describing a model. 

3.1.1 The System Entity Structure (SES) 

A system entity structure is a labeled tree. Nodes of the tree are classified as entities, 

aspects, specializations, and multiple decompositions. Variables can be attached to nodes. 

They are called attached variables types. An entity signifies a conceptual part of the 

system being represented by the entity structure. An aspect is a mode of decomposing 

an entity. A specialization is a mode of classifying an entity. An entity may have several 

specializations (and/or decompositions); each specialization (and/or decomposition) may 

have several entities. The original entity is called a general type relative to the entities 

of a specialization. The entities of a specialization are called specialized types. Since 

each entity may have several specializations, a hierarchical structure called taxonomy 

results. A multiple decomposition is a means of representing varying number of entities. 

An attached variable type is an attribute of an object represented by the entity with which 

the variable type is associated. 
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Figure 3.1 depicts a high level view of the entity structure representing possible, high 

level decompositions and specializations of a robot. The entity Robot is classified into an 

Intelligent and Unintelligent Robot through the Intelligence Specialization. The Motion 

Specialization categorizes robots into Mobile and Fixed Robots. The Subsystem Decom

position defines four major entities: Cognition, Mechanical, Control, and Communication 

Subsystem. Multiple decomposition is used to represent sub entities of Wheels, Engines, 

Servo Motors, Effectors, and Arms. The variables accuracy, and memory capacity describe 

properties of the entity Control System. 

The system entity structure satisfies a set of axioms that guide its development. The 

axioms also govern operations that allow us to manipulate the knowledge expressed by 

an SES. The axioms are: 

1. Uniformity: any two nodes that have the same labels, have identical variable types 

and isomorphic substructures. 

2. Strict hierarchy: no label appears more than once down any path of the tree. 

3. Alternating mode: each node has a mode which is either entity or aspect (decom

position or specialization). The mode of a node and the modes of its successors are 

always opposites. The mode of the root is entity. 

4. Valid brothers: no two brothers have the same label. 

5. Attached variables: no two variables attached to the same item have the same type. 

The axioms furnish a unifying set of rules for developing and manipulating entity 

structures. The uniformity axiom ensures compactness of representation; once a node and 

its substructure have been specified, any time we create a new node with the same label 
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in a different path of the tree, we need not specify its substructure and attributes again. 

The strict hiemrchy ensures that no object can be decomposed into itself. The alternating 

mode axiom ensures consistency in successive decompositions and specialization of entities. 

The last two axioms prevent us from specifying duplicate names for entities in the same 

decomposition (specialization) and from duplicating the names of entities' attributes. 

For a more detailed, formal treatment of the system entity structure concepts the 

reader is referred to [61, 78]. 

The system entity structure specifies a family of possible arrangements of components 

perceived for the system to be designed (hereafter called design configurations). The enti

ties represent system components whose models we aim to build. Aspects and specializa

tions allow us to specify a family of design alternatives by selecting different components 

and decompositions. Thus, the system entity structure is a generative scheme from which 

a set of substructures underlying the construction of alternative design models can be 

derived. The multiplicity of taxonomic and decomposition relationships in a large design 

entity structure leads to a combinatorial explosion of possible model alternatives. There

fore, it is necessary to provide procedures that effectively reduce both the complexity of 

the search process for admissible model structures and the size of the search space itself. 

The procedures can be regarded as kind of constraints naturally existing among all ob

jects of the model to be designed. The concept of the constraints is from the semantic 

relationships of decomposition and taxonomy. 
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As described in the previous section, we investigated the possible constraints for the 

SES model space so that they can be used to generate desirable model. At this moment, 

we simply classify the constraints into selection and synthesis constraints. As indicated 

in Figure 3.2, the selection constraints are derived from taxonomy semantic relationship 

while the synthesis constraints are derived from decomposition semantic relationship. 

The representation of constraints may depend on the characteristics of a problem do-

main. For example, constraints often emerge in the style of mathematic equations for 

the engineering design. However, in the area of information processing, the constraints 

are usually transformed into pieces of computer code or more high level programming 

languages. The production rule is a typical example for representing constraints in a high 

level programming language. 
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AI techniques have employed production rule as a constraint representation framework. 

The rule-based approach has served as the basis for many successful expert systems, 

e.g., MYCIN, DENDRAL, PROSPECTOR [72]. Some of the advantages of using the 

production rule scheme are: a) the conversion of knowledge into a rigid formalism results 

in easy checking of uniformity, b) each production rule represents a small, independent 

piece of knowledge, thus facilitating modularity c) rigid syntax affords the convenience of 

checking consistency, d) it is relatively easy to furnish simple explanation facilities [74]. 

In the following, we try to represent the configuration constraints in terms of production 

rules. 

Recall that an entity structure represents possible configurations of components of the 

system to be designed. From the problem solving standpoint, the nodes of the entity 

structure represent states which make up the search space. The process of design model 

structure generation can be interpreted as a search directed by constraints through the 

search space consisting of the entities, their aspects and specializations. An inferencing 

scheme drives this search. The resultant model structure is given by the composition tree 

generated from the states selected through the inferencing process. 

In our approach, the rules are used to express modelling objectives, design constraints, 

user's requirements and performance expectations. The rule sets define a space of con

straints within which design solutions can be found. The aim of the inferencing process 

is to generate solutions from this space. 

The following steps are required to provide the rules that guide pruning of the system 

entity structure: 1) for each specialization, specify a set of rules for selecting an entity from 
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this specialization, 2) for each entity with an aspect, specify synthesis rules that ensure 

that the entities selected from specializations below this aspect are configurable (i.e., the 

components they represent can be validly coupled) and that such a configuration satisfies 

the design problem at hand. Each rule can be assigned a certainty factor indicating the 

rule's degree of applicability. 

3.1.3 Construction of Production Rules with the SES 

According to the selection and synthesis constraints, the modules of selection and 

synthesis rules are defined as follows: 

Selection Rule Set: this rule set is associated with a specialization of an entity (let us 

denote it ES). The rules determine which specialized entity can be selected from this 

specialization to serve as an instance of the class represented by the entity ES. 

Synthesis rule set: this rule set is associated with an entity that has an aspect (let us 

denote it EA). The rules check whether the aspect's entities can be combined according 

to the coupling constraints to form the entity EA. In case an entity has multiple aspects, 

the synthesis rules define alternative configurations of components for this entity. The 

rules may specify a separate configuration for each aspect or they may combine several 

aspects to form one configuration. (Note that the aspects of an entity do not necessarily 

represent disjoint decompositions. A new aspect can be constructed by selecting from 

these aspects as desired). 

The selection and synthesis rule sets define a knowledge base utilized by the inference 

engine for pruning a design entity structure for a particular application domain. Writing 
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the rules is a non-trivial task. It requires that the knowledge engineer closely cooperate 

with the design experts and follow a knowledge acquisition process driven by the system 

entity structure representation. Unlike most available acquisition tools, the acquisition 

scheme we have employed here is based on the entity structure representation. Using this 

scheme, the knowledge can be captured from the abstract level to the application level 

employing a top-down approach. The entity structure serves as a framework to explore 

design knowledge. The relevant knowledge is "coded" in a cluster of rules called a rule 

module. The chaining path of a rule module is only connected to its parent and children 

modules. This eliminates "bugs" in rules such as circulated chaining or unchained rules 

[43]. 

A complete rule base for a design application domain is built according to the guidelines 

given below: 

Phase I: Selection Rules 

1. Each rule corresponds to an entity node in a specialization. The conclusion of a rule 

is the choice and substitution of this entity node to its parent entity. This is called 

instantiation of a general entity type. The premise is made up of attached variable 

types and their legal values which are derived from the designer's expertise. The 

legal values selected through a consultation process or default may result in such 

an instantiation. 

2. For another entity, repeat Step 1 until a rule set for all the entities in this special

ization has been created. 
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3. In the sequence of a tree postorder, find another entity and repeat the above steps 

until all the entities in the specializations of the system entity structure have been 

assigned selection rules. 

Phase II: Synthesis Rules (attached to entities with aspects) 

1. A premise may consist of two parts. The first part is formed from the conclusions of 

the next level selection rules. (The action of the rule is to combine the specialized 

entities chosen by the selection rule module). The second part is optional and may 

include premises that employ variables and their value assignments that describe 

the entity to which the rule is attached. Such premises may define conditions which 

determine a manner in which components can be connected or arranged in the final 

configuration of the system being designed. 

2. The conclusion is a set of assertions specifying components that make up the entity 

to which the synthesis rules are attached. The assertions may include a specific way 

of coupling the constituent components, e.g., a cascade or a parallel composition. 

For entities with multiple aspects, the synthesis rules define alternative configu

rations of components for this entity. These assertions define an aspect called a 

generated aspect (please see Figure 3.3). 

3. In postorder, repeat Steps 1 and 2. 

Figures 3.3 and 3.4 illustrate examples of the syntax of the rules and the order of their 

specification. 

. .. _---- --------- --- - -.-----
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Based on the above development method, the entire rule base is constructed of two 

types of rule sets which are organized in a hierarchical manner and are mapped onto 

the entity structure. For any entity there are several rule sets under it that are used to 

synthesize a design model structure. This characteristic may facilitate the construction of 

autonomous knowledge base units applied in a distributed problem-solving network. In 

other words, the rule base organization will not only benefit the future knowledge base 

refinements and verifications but also the construction of large scale knowledge-based 

systems (LSKBs) [7]. 

3.2 AI Search Strategies in Model Generation 

Having finished the representation of design model and constraints, the next task is to 

treat the representation as a kind of problem and apply AI problem-solving strategies to it. 

More specifically, can AI search strategies be applied to model generation? The purpose 

of AI search is to seek the solution meeting the constraints among all candidates (or 

solution space), it is possible to take advantage of this in model generation. As indicated 

in Figure 3.5, this simple AND/OR graph implicitly contains three possible solutions. In 

other words, the graph is a solution space and we can apply a certain search strategy 

to seek one of the solutions meeting the constraints. The SES representation, like the 

AND/OR graph, is also a model space which contains all candidates of model for some 

design objective. In Figure 3.6, a SES with an isomorphic structure to the AND/OR 

graph in the Figure 3.5 is shown to illustrate this fact. The fact does not mean the both 

representations are exchangeable. For example, the SES with multiple aspects (more than 
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one aspect for one particular entity) can not be described by an AND/OR graph. From 

the SES of Figure 3.6, three possible design models with the same objective, El ,can be 

generated. Therefore, it is feasible to apply AI problem solving strategies to the model 

development process. 

3.2.1 Exhaustive Search of the SES 

Recall the principle of exhaustive (or uninformed) search is, the order of node expansion 

is not affected by the location of the goal node (or nodes). In exhaustive search of the 

SES, the mean of performing the search is not only exploring the expanding path, but 

also applying the production rules associated with the all nodes to limit the search space. 

In the search of an AND/OR graph, the search starts from the root and the terminates 

on when a given set of solved nodes collectively supports a solution tree. In other words, 
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the success of the goal search relies on the collection of all solvable nodes being a member 

of the sets of solution subgraphs. The principle provided here could be adopted by model 

generation of the SES. Just as in searching AND/OR graphs, the search always starts 

from the root (or objective). However, the termination condition is the failure to fire of 

any rule module. Therefore, the search may be terminated without visiting all nodes of 

the SES if all rules within some rule module failed to fire. Two search strategies of the 

SES have been developed: depth-first and breadth-first search strategies [30,51]. The first 

search strategy, accompanied with backward reasoning for production rules, has provided 

a goal-driven model generation process. This goal-driven model generation process was 

implemented in a Prolog-based shell [30]. The second strategy was implemented in a 

Lisp-based shell with a forward reasoning. This strategy provided a data-driven model 

generation process [51]. 
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3.2.2 Informed Search of the SES 

In the previous discussion, we conclude that search of the SES is similar to the search 

of an AND/OR graph. Therefore, it may be feasible to apply informed searches such as 

GBF (General Best-First) and AO· to the SES. Before considering heuristic (or informed) 

search strategies for the SES, we must investigate the heuristic functions defined in these 

informed searches to determine their applicabilities to the SES. 

Taking GBF as an example, its important features include: 1) the goals of the search are 

solution graphs, 2) subsets solution graphs are treated as candidates awaiting exploration, 

3) comparisons of the heuristic h (a cost estimate of the solution graph) with the graph 

evaluation function f when an OR operator occurs, if f is smaller than the other hs then 

stop exploring expansion, and 4) accumulation of all the costs for those nodes which are 

under an AND operator [52]. From these features, we find that 3) and 4) distinguish GBF 

from Best-First (BF) search in terms of the state space representation required. In BF, 

the comparison is based on the estimate of all nodes awaiting expansion. There must be 

no AND operator to be evaluated. 

From the features of GBF, we notice that the number of solution graphs is determined 

by the number of OR operators since every node under an OR operator stands for an 

alternative solution. This is similar to the model generation based on the SES. For the 

SES, each node under a specialization stands for an alternative model. However, unlike 

AND/OR graph in which all the alternatives are possible solution, the alternatives are 

first restricted by a set of selection rules. Thus, the number of expanding nodes depends 

on the firing status of the selection rules. If more than one alternative is chosen and a 
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best solution is needed, then the comparison of hand f must be performed. Therefore, 

the critical issue is on the formulations of hand f. 

The estimate, h, totally depends on how we evaluate the cost, f, of a solution graph 

(or subgraph). No matter how we define the ffunction, ideally h should contain estimates 

of a set of parameters sufficient for the computation of the minimization criterion chosen 

[52]. In other words, the more parameters used, the more precise h becomes. It seems that 

more parameters can lead to more accurate expansion while searching the tree. However, 

the searching efficiency may be reduced due to the computation time for the ffunction if 

too many parameters are used. Therefore, there is a trade-off in determining how many 

parameters should be used. For the SES, the evaluation function can be developed from 

the standpoint of SES graph itself and the inferencing time. The method of developing 

evaluation functions based on the SES graph, is to examine the SES structure to get the 

necessary information in estimating the cost. For example, we can take the number of 

nodes that need to be processed as an evaluation function, and then associate the SES 

node with an estimation h. As indicated in Figure 3.7, if there are two entities which 

satisfy the selection rules associated with their parent, then we can choose the one with 

least cost h to expand. After exploring the whole substructure, a real cost f would be 

generated and we can compare the fwith h2 to see whether the other substructure needs 

to be expanded or not. The comparison is based on the goal of finding the least number 

of components (nodes). 

A method in developing hand fbased on the computer inferencing time is, to estimate 

the time in processing a substructure. This procedure is more complicated than the 
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method based on the SES graph. The reason is that this method needs to estimate the 

number of nodes as well as the "size" of the information associated with these nodes. 

In this section, we have briefly described how a heuristic search maybe applied to 

model generation based on the SES. The approach may not be practical for a small sized 

SES. However, the ideas described here may be useful for future related research. 

3.3 Implementation of Prototype System 

In this section, we briefly describe a shell called MODSYN (MODel SYNthesis) which 

supports an exhaustive search [30J. MODSYN consists of four components: the inference 

engine, the user interface, the explanation facility, and the working memory as depicted in 

Figure 3.B. The shell was implemented in Turbo Prolog and runs on IBM PC compatible 

machines. In the following, we focus on its reasoning and searching facilities. 

3.3.1 The Inference Engine 

The inferencing mechanism is composed of two parts: the reasoning and the control 

module. Since the shell was implemented in Prolog, the reasoning technique inherits some 

features from the language such as pattern matching, backtracking, and nondeterminism. 

When a goal is given (objective of the model synthesis), the inference engine tries to 

match this goal with the first rule's conclusion. If matched, the inference engine explores 

all possible chaining paths to satisfy the premise part of the rule. All explored paths form 

a tree structure with the goal as the root. The nodes of the tree represent rules unless the 

leaves are facts from the user's specifications or the working memory. The facts (data) 
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from the user determine whether the reasoning tree can be constructed or not. In other 

words, the inference engine takes the goal and data from the user and the hypothesis 

generated by the knowledge base to prune the search space tree. If all the facts provided 

are consistent with the knowledge base, a pruned reasoning tree is generated. 

The control technique is a depth-first search which traverses the entity structure as 

depicted in Figure 3.9. The search begins from the main synthesis module down to the leaf 

selection modules. The module instantiation processes proceed in the opposite direction. 

If a module is instantiated, the engine climbs up to its parent and then down to the 

sibling modules. If the sibling modules are instantiated, this results in the parent being 

instantiated as well. The search process continues until the main synthesis module is 

instantiated. The search procedure expands only one aspect of an entity at a time and 

eliminates the aspects that cannot be synthesized. The purpose of expanding one aspect 

is to construct a composition tree for a design model. Notice that, as opposed to the 

generic frame based pruning, rule-based pruning operates on system entity structures 

in their most compact form, i.e., the structures are not split or unfolded with respect 

to specialization and aspect relations. This significantly speeds up the entity structure 

traversal. 
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CHAPTER 4 

TOWARD AUTOMATIC MODEL CONSTRUCTION 

In previous work, we have implemented a model development environment called 

MODSYN (model synthesis) [30, 59]. This environment is used to generate a model 

structure based on the set of modeling objectives and requirements expressed as produc

tion rules. MODSYN supports the hierarchical model development process. The model 

representation in MODSYN is the system entity structure [30, 78]. Recently, we have 

augmented the system entity structure by combining the frame and production rules 

formalism into a system called FRASES [62]. 

4.1 FRASES and Model Acquisition 

Applications of AI in modeling emphasize how to build a simulation model without 

the knowledge of a domain simulation language. In other words, they focus on how to 

transfer user's knowledge about a system and its specifications into executable simulation 

models. Some current implementations of simulation model generation still lack l)an 

effective knowledge acquisition tool to direct modellers :n building complete simulation 

models for a complicated system; 2) a global database (or framework) to generate possible 

models. A global database is quite practical to organize time-dependent data so that it 
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can keep generated models up-to-date or can retrieve new models by little change without 

going through the model generation process again; 3) organization of a hierarchical model 

abstraction which allows models to be described at any desired level of detail. 

Based on the problems described above, model representation will play an important 

role in the life cycle of model development. Here, we use FRASES as the framework for 

our hierarchical model representation with the following proposed knowledge bases (KBs) 

to aid in the automatic model construction: 

• Meta-Acquisition Knowledge Base (KAKB): This knowledge base will di

rect users in building models by using problem-reduction principles. KAKB will 

question users about possible decompositions of components, their taxonomies as 

well as constraints on their couplings. We term this acquisition process Knowledge 

Acquisition Based on Representation (KAR) [62]. 

• Global Knowledge Base (GKB): This KB store a family of models generated by 

Meta-Acquisition KB. Models will be selected from GKB based on one specification 

of model parameters and attributes. 

• Construction Knowledge Base (CKB): This will be a static knowledge base 

that will store modeling knowledge for the conversion of a model specification into 

simulation code. 

• Validation Knowledge Base (VKB): This base will contain rules for model 

validation after relevant data have been collected from simulation runs. 

The four knowledge bases for configuring the life cycle of automatic model development 

environment are shown in Figure 4.1. 
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4.1.1 FRASES Representation 

To improve the model specification process and unify knowledge representations em-

ployed in the framework (Le., the semantic net-like system entity structure and produc-

tion rule formalism), we have developed an integrated knowledge representation scheme 

called FRASES (Rozenblit at.aI.). FRASES combines an entity-based representation with 

production rules and frames. FRASES is a supercaIss of the system entity structure. AI-

though developed for model based system design, the scheme is generic and particularly 

suitable for hierarchical modeling. 

Each entity node of a FRASES tree has a cluster of knowledge, termed Entity Infor-

mation Frame (ElF) associated with it. An Entity Information Frame (ElF) is a frame 

object [74] containing the following slots: 

< M, ATTs, nSF, ESFs, GRS, GIl > 

Where 
M: is the name of associated nodes 
ATTs: are design attributes and parameters 

of M DSF: is the design specification form 
ESF: is the experimental specification form 
CRS: are constraint rules for pruning and model 

synthesis 
CH: children entities of M 

With FRASES representation, behavior characteristics of objects are described by 

simulation models defined in the model base. M represents the key to access the model 

of an entity to which the ElF is attached. ATTs are attributes or parameters used to 

characterize the associated objects. Design Specification Form (DSF) is a slot used to 

accept the user's design specification of objectives, constraints, and criteria weighting 
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scheme. The contents of DSF define the system requirements such as an arrival process, 

service process, and simulation controls. ESF provides information to direct the automatic 

construction of simulation experiments (experimental frame). 

Constraint Rules (CRS) slot contains pruning and synthesis knowledge expressed as 

production rules for generating a system configuration. Selection constraints for pruning 

alternatives are associated with specification nodes. Constraints for synthesizing compo

nents are associated with the aspect nodes. Children (CH) indicates the children nodes 

of the entity. Example of FRASES structure is presented in Figure 4.2. 

The following features distinguish FRASES from other representation schemes: 

• Generative Model Structure Knowledge: FRASES is a generative scheme 

capable of representing a family of model structures . 

• Hierarchical Organization of the Knowledge Base: FRASES employs a top

down methodology to describe knowledge from an abstract level to more specific 

levels in a hierarchical manner. This approach reduces the complexity of knowledge 

manipulation and improves knowledge completeness and representation of modu

larity. 

iii Uniformity of Knowledge Base: The characteristic of inheritance and unifor

mity greatly reduces the size of the knowledge base. In FRASES, all the attached 

attributes and substructures are inherited through the specification of an entity. Ev

ery occurrence of an entity has the same Entity Information Frame and isomorphic 

substructures. Identical nodes located in different paths are updated automatically 
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according to the axiom of uniformity. This eliminates duplicate descriptions of the 

same model objects. 

• Incremental Refinement of the Knowledge Base: In simulation studies the 

knowledge base needs to be updated incrementally as new results are analyzed. With 

FRASES, the hierarchy of knowledge organization facilitates refinements in depth 

(or levels of abstraction) and breadth (or decomposition details). Furthermore, the 

axiom of uniformity allows all modifications to be updated simultaneously for all 

other identical nodes distributed in the FRASES tree . 

• Verification and Validation of the Knowledge Base: The hierarchy and mod

ularity of FRASES reduced potential gaps in a knowledge base. In FRASES, heuris

tic rules are hierarchically distributed. Each rule deals only with the knowledge 

about its subtree nodes. The characteristic of rule locality in FRASES facilitates 

verification and validation of the knowledge base. 

4.1.2 Modeling Knowledge Acquisition Based on Representation 

Although a number of methodologies such as interviewing, protocol analysis, observing, 

induction, clustering, prototyping [20, 32, 33, 49, 57, 72] etc., have been proposed for 

knowledge acquisition, it is difficult to demonstrate their efficiency in simulation modeling 

applications. Different applications require different strategies for knowledge acquisition 

and representation to avoid misunderstanding and/or loss of important knowledge from 

a human expert. Acquiring complex knowledge with conventional acquisition methods is 

costly due to preparation, verification, organization, and translation of the information 
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elicited from experts. Knowledge acquisition should be directed or supervised under a 

certain scheme. The scheme should help in: acquiring knowledge, detecting conflicts, 

identifying missing facts, and eliminating duplicate or redundant knowledge. 

A FRASES-based approach for modeling knowledge acquisition [62] is currently being 

formulated. Termed KAR (Knowledge Acquisition Based on Representation), the method 

consists in generating question patterns about decomposition and taxonomic relationships 

of the model objects. At each iterative application, domain relevant query rules are 

referred to and are interpreted based on the structural nature of FRASES to generate 

question patterns. To assure the consistency of knowledge, information provided by users 

on each query cycle is automatically validated with verification rules. 

Several advantages are expected from the application KAR approach to modeling 

knowledge acquisition: 

• Efficiency: Questions patterns necessary to acquire design knowledge for decompo

sition, taxonomy, pruning, and synthesis of systems are expressed in the query tem

plates. Appropriate questions can be generated automatically and directly trans

lated into FRASES representation. 

• Universality: FRASES is applicable to any modeling domain which can be struc

tured using the system entity structure methodology. 

• Cost-Effectiveness: Conventional approaches require human intervention in knowl

edge acquisition, verification, translation, and organization. Automating the knowl

edge acquisition task with KAR reduces the development cost of knowledge-based 

modeling support systems. 
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4.2 Executable Model Construction 

The model construction process can be divided into three subtasks: 

• Construction of design models. 

• Construction of experimental frames. 

• Synthesis of design models and experimental frames. 

The construction of experimental frames based on the Atomic Frame concept has been 

developed in our previous works. For implementation details, readers are referred to [29]. 

The atomic frame concept can be extended to serve as the basic scheme for construc

tion of simulation models. Once the design specification characterizing the input/output 

requirements, performance requirements, and technical constraints is given, the rule

based model constructor analyzes and extracts all the required atomic frames (e.g., a 

FIFO/LIFO/Priority queue, a Up/Down-Counter, etc.) for construction of a Generic 

Model that will logically fit the needs of design specification. Here generic stands for 

simulation language-independent. The generic models are then translated into simulation 

models based on the target language employed. This enables the system to adapt to 

different simulation environments by adding grammars of simulation languages. 

After design models and experimental frames are generated, the system starts the 

synthesis of design models. This is accomplished by acquiring coupling information of 

a composition tree. Formally, a pruned FRASES can be converted into a number of 

composition trees, each of which represents a model alternative. The coupling information 
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on decomposition nodes together with the desired performance indices indicated on each 

entity node will direct the system to conduct a bottom-up model synthesis process. 

The final synthesized model is then validated and simulated for performance analysis. 

Model refinements may be required if none of the synthesized models fit the performance 

requirements. This requires the application of learning from experience for refinement 

of knowledge base. The overall model construction process is depicted in Figure 4.3 for 

reference. 
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The proposed operation of knowledge management in model development is shown in 

Figure 4.4. 
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CHAPTER 5 

KNOWLEDGE-BASED GENERATION OF DESIGN 

STRUCTURE: AN OBJECT-ORIENTED APPROACH 

The generation of design structure can be modeled as search-based problem-solving. 

The optimal solution to the problem can only be guaranteed by exhaustive search of the 

entire solution space. Although heuristic approaches provided by a knowledge-based sys

tem have reduced the searching effort, these approaches do not solve compound problems 

very well. These problems can be solved only by invoking logical deduction, rule-based 

inference, and procedure execution. This chapter describes the major theoretical concepts 

and the implementation of a design model generation system built on an object-oriented 

representation environment called Knowledge Representation for Object-oriented Simula

tion (KROS). Utilizing the scheme of object-oriented programming, this prototype system 

accommodates knowledge mam~gement with the combination of declarative and procedure 

knowledge. 
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5.1 Introduction 

A knowledge-based approach in design structure generation models design objective, 

artifacts, constraints, and requirements as knowledge representation. Therefore, an appro

priate design can be generated by applying a suitable inferencing scheme to the represen

tation. An ideal representation scheme must be able to construct a knowledge-base with 

a maximum degree of consistency, maintainability, understandability, and modifiability. 

However, these properties are not possessed to a great degree by classical representation 

schemes other than FRASES, such as semantic networks, rules, object-attribute-value 

triplets, and frames [35]. For a knowledge representation scheme to achieve the above 

properties, an essential requirement is that the representation itself be structuralized. As 

some studies indicate [9], object-oriented representation is regarded as the most suitable 

among these representations. The reasons that object-oriented representation is favored 

are as follows: 1) it supports data and knowledge abstraction; 2) its modular structure 

facilitates knowledge acquisition and management and 3) its encapsulation only allows 

defined operations on objects. 

In the previous chapter, we have described model generation using a rule-based ap

proach. In this regard, a question arises as to whether an object-oriented approach can 

improve the efficiency of model generation. An attempt is made to answer the above 

question with the design and implementation of an object-oriented approach to model 

generation. The system, KROS, which provides the object-oriented environment serves 

as a testbed tool for this implementation. 

--- _. ---------- ------------------------ .. ----
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Layer 2: TELL& ASK 
.::'. 

Layer 1: FRAME LAYER 

Layer 0: 

Figure 5.1: KROS Structure 

5.2 Knowledge Representation for Object-oriented Simulation (KROS) 

KROS was developed by McDonnell Douglas Space Systems Company, Kennedy Space 

Center Division. It is an object-oriented programming environment designed to support 

object based artificial intelligence application. The system is developed in a structured 

layered hierarchy in the LISP environment as shown in Figure 5.1. As indicated in the 

figure, a conventional frame system provides the fundamental knowledge representation 

facilities in layer 1. Layer 2 contains the message passing functions, TELL and ASK, 

which serve as a syntactically unified interface for the underlying frame system. Base 

messages are the messages defined for all objects within the system while user messages 

are for user-defined objects only. 

The main capabilities of the system are described as follows: 
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o Multiple Inheritance - A tangled hierarchy of circular relations are allowed. 

• Message Passing Protocol - TELL and ASK serve as the message passing functions 

built on the top of the frame layer. 

• Base Message Environment - A suite of base messages provides an interface with 

the capabilities of the underlying frame system. 

o Selective Inheritance - Inheritance along relations and attributes may be specified 

by the users. 

• Relational Assertion and Retraction - A facility for asserting relations and their 

inverses is provided in the Base Message environment. 

• Dynamic Message/Demon Definition - A message or demon is converted to a LISP 

function. 

A more detailed description can be found in [10]. 

Having briefly described the KROS environment, next, we present the architecture of 

model generation based on that environment. 

5.3 Architecture of the Model Generation System 

The system has five functional modules: a model acquisition, a model conversion man

ager, an inference mechanism, a user interface, and an environment for domain knowledge. 

The system internally adopts an object-oriented approach for knowledge representation 

and inference. The whole object (or ElF) is inferenced slot by slot so that declarative and 

procedure knowledge associated with the slots can be activated. Currently, production 



58 

FRASES 

USERS 

External Methods 

Figure 5.2: The System Architecture 

rules are treated as methods and stored under their unique names in slots. External pro

cedures or functions in Common Lisp can also be attached to the slots. A block diagram 

of the system architecture is shown in Figure 5.2. 

The system acts as a shell that allows users to build their own models. There are two 

types of objects in the system: system level objects and user defined objects. The user 

interface, inference mechanism, and control mechanism are implemented by methods (i.e. 

KROS user messages) for all objects. However, the external input and output are still 

represented in the FRASES structure. 
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The model acquisition module permits users to edit their original input model object by 

object. Such objects here are still represented in FRASES style. This style is described in 

greater detail below. The model conversion module is responsible for converting FRASES 

objects into KROS objects. The inference engine not only inferences the rules that as

sociate with objects but also controls the search method. When a model is loaded by 

the model conversion module, it is converted into objects of the KROS environment. By 

means of the user interface, end-users can access or communicate with any objects defined 

by the system or themselves. The user interface also provides a menu-driven input. The 

input choice is then translated into a message to invoke the appropriate object(s). For 

instance, If viewing the nth rule associated with objectk is solicited, then the request is 

interpreted as the following message: 

(tell objectk 'get-associated-rule n) 

where, get-associated-rule is the message name. 

5.4 Representation of FRASES in KROS 

The model acquisition module captures domain knowledge for the desired model in the 

representation of FRASES. An object of FRASES is described by four tuples: name, ses

type, ses-parent, and slots. The name provides necessary identification for manipulation 

of the object. The ses-type indicates the object is an entity, aspect, or specialization. 

The ses-parent constructs a parent-children relationship, thus forming a tree structure of 

FRASES. The tuple of the slot is responsible for storing information about the object. 

This information consists mainly of methods, such as a chunk of procedures or declarative 
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knowledge. For example, a FRASES object containing methods possesses the following 

format: 

(create-ses-object :name 'motion 

:ses-type 'specialization 

:parent 'robot 

:slots '(rule-1 is 

(if «budget is low) and 

(working-scope < 25 sq-ft) and 

(arm-carrying-capacity is heavy» 

then (fixed-robot is selected) 

) 

rule-2 is (if ... then ... ) 

procedure-1 is 

(translation-units input-unit) 

» 

where, rule-l, rule-2, procedure-l are used to associate declarative and procedure knowl-

edge with the object of a motion-specialization. When an object represented in FRASES 

is entered into the model conversion manager, the object will be converted into a KROS 

object through a construct-frame command and several message passing commands, in-

volving the entire information associated with the object. For instance, the above example 

will be converted into the following types of commands: 

(construct-frame 'motion :name 'motion :type class) 

(tell 'motion 'relation :object 'SPECIALIZATION 

:relations AKO) 

(tell 'motion 'add-slot 'rule-1 is ... ) 

It is apparent, the object itself is built by a construct-frame command. By means 

of the model conversion manager, the message relation is sent to an object to define its 
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relationship with its children and parent. The rules and procedures are similarly attached 

to an object through the message add-slot. 

5.5 Structure of Objects and Methods 

Basically, the structure of a FRASES object is almost identical an object in KROS. 

However, one additional slot is needed by a FRASES object to store the information of 

the object-type, and another slot is necessary for the relationship to other objects (parent-

children). The information associated with these two slots are important for the inference 

engine to search and inference the FRASES structure. The format of a FRASES object 

can be expressed as follows: 

Object :== <name><type><slots><relations> 

type :== class I instance 

slots :== attributes I methods 

relations :== <Object-1><Object-2><relationship> 

attributes: ses-type I attached-variables 

methods :== rules I procedures 

ses-type :== aspect I entity I specialization 

The above format indicates that FRASES can be fully described by a KROS object-

oriented environment. Thus, it is also feasible to apply other object-oriented environments 

to FRASES. 

The slots are classified into two types: attributes and methods. Attributes are utilized 

to store the facts (or data) that may be applied to activate the methods in other objects. 

On the other hand, methods are used to represent "capability" rather than to store facts. 

Methods contains declarative and procedure knowledge. 



62 

Declarative knowledge consists mainly of production rules. The rules which classified 

into selection and synthesis rules [30], are used to generate model structure. A selection 

rule has the following format: 

Rule-sel :== if Condition-sel then Conclusion-sel 

Condition-sel :== (And Condition-sell I 
(Or Condition-sell I 

«attribute> operator <value» 

Operator :== > I < I is I <= I => I <> 

<value> :== datum I message 

Conclusion-sel :== <object> is <value> 

<value> : == selected I not-selected _ .. 

On the other hand, a synthesis rule can be expressed as follows: 
Rule-syn :== if Condition-syn then Conclusion-syn 

Condition-syn :== (And Condition-syn) I 
(Conclusion-sel) I 
«attribute> operator <value» 

Conclusion-syn :== (And Conclusion-syn) I 

«object> is <status» 

<status> :== deleted I recommended I ignore 

Procedure knowledge includes some functions within the Lisp environment and other 

procedures defined outside that environment. As the example shown in section 4, if the 

unit entered by a user is not square-feet then a procedure is invoked to solve the problem. 

Of course, if some solicited data requires complicated computations, then a procedure 

written in C can be utilized. 

Besides the selection and synthesis rules presented above, one additional type of rules 

is needed to manage the number of components for a multiple entity. We term the rules as 
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Figure 5.3: A FRASES Structure for a Multiple Entity 

quantity rules and associate them with nodes of multiple decomposition. The factors that 

affect the quantity of components for a multiple entity may include: a user's constraints, 

selected entities, and selected components of the multiple entity. Therefore, the premise 

part of quantity rules has a similar format with the synthesis rules. The conclusion part 

of quantity rules basically contains components and their corresponding numbers. Figure 

5.3 shows a FRASES structure for a multiple entity. 

5.6 Inferencing Control and Message Passing 

Inferencing control includes two major parts: searching and inferencing objects. Depth-

first and breadth-first are two types of searching strategies. In the previous chapter, 

the concept of bottom-up instantiation directed by a depth-first search algorithm was 

presented. A breadth-first algorithm for searching system entity structure from top to 

down is also proposed in [51]. The backward chaining for production rules is applied 

- ---------------- ---------- ------ ---



64 

to the depth-first search algorithm while forward chaining is applied to the breadth-first 

algorithm. However, neither approach can appropriately handle the creation of multiple 

models. Furthermore, these approaches are not optimal in terms of inferencing efficiency. 

5.6.1 Construction of Multi-models with Non-monotonic Reasoning 

It is possible to generate more than one model with a unique input. Multi-models are 

definitely created when more than one specialized entity is chosen under a specialization 

node and no aspect nodes exist up any path of the FRASES tree. As shown in Figure 

5.4, two models are created under the same objective. However, this case may not be 

true if there is an aspect existing on any path of the tree from the current specialization 

node of multi-choices. The reason is that the chosen entities still need to be restricted by 

synthesis rules. In other words, the number of the facts known does not strictly increase 

over time. 

Monotonic reasoning has been used by many traditional systems for its advantages of 

1) no checks are needed for inconsistency between new statements and old knowledge and 

2) it is not necessary to remember the statements that have been proved [56]. In practice, 

some new statements may cause old-statements to be invalid. In our applications, the 

facts (or proven data for the model) inferenced from one object are not always true, unless 

the object is the root. The information generated from low level objects may be changed 

by upper level ones. 
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Non-monotonic reasoning is useful for inferencing with the presence of incomplete 

information, requiring temporary assumptions, and changing databases [56]. While pro

cessing specialization objects, the inference engine triggers those production rules that 

match with the current database or user's specifications. When those rules are fired, the 

current database will be updated by the facts from conclusions of the rules. The number 

of data in this database is strictly increasing. It was not always true in our case since the 

facts (i.e. selected entities) were occasionally deleted by synthesis rules. 

5.6.2 Opportunistic Reasoning 

The depth-first search with a bottom-up instantiation has been applied in the MODSYN 

system. The approach requires the application of a goal-driven reasoning (or backward

chaining) [30]. A drawback emerges when an entity is specialized down to more than one 

level. The reason is that verification work is necessary for upper specialization. When an 

entity is selected from upper level specialization, the entity must be a superclass of an 

entity selected from lower level specialization. In other words, all entities selected must 

be on the same path. As illustrated in Figure 5.5, if E3 is selected, then El must be 

selected later. 

If the breadth-first search, with a top-down instantiation approach, is adopted, the 

problem could be overcome. In Figure 5.6, the inference engine determines which entity 

is selected under S before going down the tree. If El is selected, then the subtree under the 

entity is further processed. Thus, the method provides better inferencing efficiency when 

compared with dellth-first search for the above case. However, this top-down forward 
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method is not suitable for inferencing the synthesis rules associated with an aspect. The 

reason is that synthesis rules can not be processed until the lower level selection rules 

have been processed. Thus, a bottom-up method is the choice for such a case. 

Therefore, a method of combining both top-down and bottom-up strategies is required 

to achieve optimum inferencing efficiency. As indicated in Figure 5.7, when the inference 

engine reaches node A it does not process any information associated with the node. A 

bottom-up method is used so that node A is set in a "triggered state". Thus, the infer-

ence engine directly goes to node El and is about to process the node. Since there is a 

child of specialization under the node, the top-down approach will be used to process the 

information under the node. This causes the selection rules to be triggered and the result 

is passed to the entity El. After obtaining the result, the inference engine can then fire 
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Figure 5.7: Opportunistic Search 

the synthesis rules. Therefore, the top-down and bottom-up methods are used alterna-

tively. From a practical point of view, problems involved in the real-world are not solved 

straightforwardly by applying "heuristic methods". When applying knowledge to prob-

lem solving, the problem solver should not only know "what pieces of knowledge should 

be applied." but also determine "when and how". Thus a good inferencing mechanism 

must be able to determine the "when & how" as well as the "what". The inferencing 

mechanism which meets above requirements is called opportunistic reasoning. 
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5.6.3 Message Passing 

Message passing is the only way to provide communication between two objects. The 

main function of message passing is to activate an object. The message used to activate 

an object can be from either another object or an external user. The message sent by a 

external user is usually to activate an object's methods. For instance, an user may like 

to know the production rules that are associated with one particular object. This query 

is then transformed into a message and sent to the object. The message defined in the 

system consists of three components: receiver, name of method, and arguments. 

Receiver is the name of an object. At this time, the name must be specified uniquely. 

However, in an ideal case, a receiver is a single object's name, a list of object's names, or 

every instance of a class (broadcasting). For instance, if a user likes to look at all selection 

rules, then a method associated with the class of specialization can be defined to accept 

a broadcasting style message. Name of method is a symbol specifying which method the 

message is to invoke. Of course, the symbol is unique. Arguments are those parameters 

to be passed to the method. For instance, when an object needs an attribute's value of 

another object, the attribute is an argument. 

5.7 Advantages of the Inferencing Approach 

We have briefly illustrated the advantages of the opportunistic reasoning approach 

over other approaches from the standpoint of searching paths in the previous section. 

The advantages become more obvious in terms of processing time and memory space. 
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As mentioned in the previous section, a backward chaining scheme may waste time 

in processing two consecutive specializations (Figure 5.5). However, a forward chaining 

scheme can not process the synthesis rules associated with an aspect node unless the 

selection rule modules under the aspect node have been solved. Therefore, some modifi

cations are required in order to get an efficient inference. The opportunistic method that 

we presented in the previous section is one of the modified methods. In processing the 

synthesis rules, there are two methods that can be adopted. 

1) Process the available information. This method is, in fact, forward chaining. Al

though selection rules must be solved first if there is an aspect node above them, other 

premises of a synthesis rule, such as acquiring data from the user, can always be done 

first. However, these data must be stored into a working memory before the inferencing 

engine skips to process the next object. Once the inferencing engine finishes processing 

required selection rules, it stores the results into the same working memory and returns to 

process the synthesis rule. In other words, it fetches the data from the working memory 

to process the object with synthesis rules. Compared with the next method (i.e. oppor

tunistic reasoning), the method wastes time in storing and retrieving the data acquired 

from the user. 

2) Ignore the object with synthesis rules. This method is what we have described 

previously as opportunistic reasoning. It stores the current object (aspect node) into 

the working memory and skips to process selection rul.zs of specialization nodes. One 

advantage of this method is that it does not need to retrieve the data acquired for firing 

synthesis rules from the working memory. Therefore, it provides more efficient way to 
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inference in terms of memory space and processing time. An additional advantage of 

this method is that it fully processes one object before skipping to others. This method 

follows the paradigm of object-oriented design. 

In Figure 5.8, we use a simple SES to illustrate the second method needs fewer steps 

to inference the same rule. As indicated in the figure, the second method is two steps less 

than the first one for each node. Therefore, the advantage is obvious for the SES with 

many nodes. 

5.8 Case Studies 

5.8.1 Example 1: High Level Robot Design 

In chapter 3, we have presented the SES of robot design. Assume that we have the 

following selection and synthesis rules associated with the specialization and synthesis 

nodes [60]. 

Rules to select intelligent/unintelligent robot: 

1. If desired autonomy is high or medium 
Then recommended-robot is intelligent 

2. If desired autonomy is low 
Then recommended-robot is unintelligent 

Rules for selecting fixed or mobile robots: 

3. If budget is relatively low and 
work area is not greater than 25 square feet or 
requirement of arm carrying capacity is heavy ( > 1000 lbs ) 

Then recommended-motion-type is fixed 

4. If budget is relatively high and 
work area is usually greater than 25 square feet or 
requirement of arm carrying capacity is not heavy « 1000 lbs) 

The recommended-motion-type is mobile 

Selection rules for the entity Fixed Robot: 
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5. If power consumption is low and 
degree of freedom is low and 
work area has a solid ground 

Then type of mounting is fixed-pedestal 

6. If power consumption is medium and 
degree freedom is low and 
work area has soft ground 

Then type of mounting is fixed-supported-from-above 

7. If power consumption is relatively high and 
degree of freedom is medium 

Then type of mounting is fixed-track-based 

Selection rules for the entity Mobile Robot: 

8. If required moving speed is medium and 
ground adaptivity is medium 

Then type of motion is mobile-wheel-based 

9. If required moving speed is high and 
ground adaptivity is low and 
power consumption is low 

Then type of motion is mobile-track-based 

10. If required moving speed is low or 
ground adaptivity is high and 
power consumption is high 

Then type of motion is mobile-leg-based 

11. If required moving speed is high and 
ground adaptivity is high and 
power consumption is high 

Then type of motion is mobile-free-flier 

Selection rules for the entity: Control Subsystem 

12. If position accuracy ( > 0.01 inch) is low or 
budget is relatively low and 
memory capacity in robot is low and 
moving of end effector is not interruptible 

Then type of control is point-to-point 

13. If position accuracy is medium ( between 0.01 to 0.005 in.) or 
budget is medium and 
moving of end effector is interruptible 

Then type of control is continuous-path 

14. If position accuracy is high ( < 0.01 inch ) or 
memory capacity in robot is high and 
budget is higb and 
moving of end effector is interruptible 

Tben type of control is controlled-trajectory 

74 



Selection rules for the entity: Communication Subsystem 

15. If separation-distance is long 
Then communication-subsystem remotely-controlled 

16. If separation-distance is short 
Then communication-subsystem is hard-wired 

Synthesis rules for the aspect: Subsystem 

17. If type of control is controlled-trajectory 
communication-subsystem is hard-wired 

Then robot system is configurable 

18. If type of control is controlled-trajectory 
communication-subsystem is remotely-controlled 

Then robot system is configurable 

75 

The following is a consultation session that generated the multi-models of a robot 

based on the SES of Chapter 3. As indicated, the user either selects a number for avail-

able symbolic data or enters a numerical value for the variable. The system automatically 

prompts with appropriate questions according to whether the variable data type is sym-

bolic or numerical. 

+------------------------------------------------------------+ 

WELCOME TO MODSYN-KROS SYSTEM 

VERSION 1.0 

CopyrightGI1991 

The system is developed on the basis of KROS system and 

the inferencing scheme of MODSYN system. 

Author: Ed Hover & Ray Huang 

Date: Jan 1991 



+------------------------------------------------------------+ 

======================================= 

Select one operation from the menu: 

o -> Exit 

1 -> Create root entity of SES 

2 -> Add node to SES 

3 -> Add/revise attributes or 

rules to the focus node 

4 -> Display entity structuro 

5 -> Display node frame structure 

6 -> Remove a node 

7 -> Removo attributes or rules 

of the focus node 

8 -> Save SES to a file 

9 -> Load SES from a file 

10 -> Set focus node 
11 -> Preview expanded structure 

12 -> Expand structure 

13 -> Write structure to a file 

14 -> Pruning entity structure 

15 -> Generating rules to a file 

16 -> View rule for one object 

-====================================== 
CUrrent focus NIL select operation --> 9 

Enter the name of the file as a string 
eg, "X. lisp" --> "robot.kb" 

Current focus COMMUNICATION-SUBSYSTEM-SPEC -- select operation --> 10 

The SES structure is --> 

Select the new focus node -->robot 

Current focus ROBOT -- select operation --> 14 

".*. Selecting the number for value of " DESIRED-AUTONOHY 
((1 . HIGH) (2 . MEDIUM) (3 . LOW) (4 . YOU-DEFINE) (5 . SHOW-FACTS» ==> 1 

"--- Rule#l of INTELLIGENCE Spec. is fired" 
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" ••• Selecting the number for value of " BUDGET 
«1 . LOW) (2 . MEDIUM) (3 . HIGH) (4 . YOU-DEFINE) (6 . SHOW-FACTS» ==> 3 

••• key in numeric data <default unit: SQ-FEET> for WORKING-SCOPE ==> 90 

"--- Rule#2 of MOTION Spec. is fired" 

"... Selecting the number for value of " REQUIRED-MOVING-SPEED 
«1 . MEDIUM) (2 . LOW) (3 . HIGH) (4 . YOU-DEFIHE) (6 . SHOW-FACTS» ==> 3 

".** Selecting the number for value of " GROUND-ADAPTIVITY 
«1 . MEDIUM) (2 . LOW) (3 . HIGH) (4 . YOU-DEFINE) (6 . SHOW-FACTS» ==> 3 

"*** Selecting the number for value of " POWER-CONSUMPTION 
«1 . MEDIUM) (2 . LOW) (3 . HIGH) (4 . YOU-DEFINE) (6 . SHOW-FACTS» ==> 3 

"*** Selecting the number for value of " DEGREE-OF-FREEDOM 
«1 . LOW) (2 . MEDIUM) (3 . HIGH) (4 . YOU-DEFINE) (6 . SHOW-FACTS» ==> 3 

"--- More than one rule being fired for MOTION-SUBSYSTEM Spec." 

*** key in numeric data <default unit: IH> for POSITION-ACCURACY ==> 0.00001 

,,*** Selecting the number for value of " MEMORY-CAPACITY-IN-ROBOT 
«1 . LOW) (2 . HIGH) (3 . YOU-DEFINE) (4 . SHOW-FACTS» ==> 2 

,,*** Selecting the number for value of " MOVING-OF-END-EFFECTOR 
«1 HOT-INTERRUPTIBLE) (2 . INTERRUPTIBLE) (3 . YOU-DEFINE) (4 . SHOW-FACTS» 
==> 2 

"--- Rule#3 of CONTROL Spec. is fired" 

,,*** Selecting the number for value of " SEPARATION-DISTANCE 
«1 . LOHG) (2 . SHORT) (3 . YOU-DEFINE) (4 . SHOW-FACTS» ==> 1 

"--- Rule#1 of COMMUNICATION-SUBSYSTEM-SPEC Spec. is fired" 
"--- Rule#2 of SUBSYSTEM Asp. is fired" 

" *** Sho'll Pruned Tree? (yin)" y 



*INTELLIGENT FREE-FLIER LEGS-BASED ROBOT 
SUBSYSTEM 

COGNITION-SUBSYSTEM 
COGNITION-SUBSYSTEM-DECOMP 

SENSORY-SYSTEM 
VISION-SYSTEM 

MECHANICAL-SUBSYSTEM 
MECHANICAL-DECOMP 

WHEELS 
WBEEL-MD 

WBEEL# 
EFFECTORS 

EFFECTOR-MD 
EFFECTOR# 

ENGINES 
ENGINE-MD 

ENGINE# 
ARMS 

ARM-MD 
ARM# 

SERVO-MOTORS 
SERVO-MOTOR-MD 

SERVO-MOTOR# 
*CONTROLLED-TRAJECTORY CONTROL-SUBSYSTEM 
*REMOTELY-CONTROLLED COMMUNICATION-SUBSYSTEM 
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Nodes led with "*,, indicate they have been instantiated. For example, from the 

specialization of intelligence, the entity of intelligent is selected. On the other hand, from 

the specialization of mobility, the entities of free-flier and leg-based are selected. Therefore, 

the robot has two options: intelligent free-flier robot or intelligent legs-based robot. The 

system printed *intelligent free-flier leg-based robot to indicated this fact. 
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The inferencing process based on those rules and the consultation is listed in Table 

5.1. From the table, some nodes that would have been visited, are avoided based on the 

opportunistic reasoning. 

5.8.2 Example 2: Automatic Test Facility 

A model of the Automatic Test Facility (ATF) is built for the purpose of flexible 

testing of printed circuit boards. The model, illustrated in Figure 5.9, mainly consists of 

two parts: testing and control. The control part utilizes a Local Area Network (LAN) 

as an on-line process control. The testing part consists of test cells, auxiliary facilities, 

transport devices, and production stores. In this example, the quantity rule is introduced 

to control the number of components under a multiple decomposition. To generate a 

design model, assume that following rules are associated with specialization, aspect, or 

multiple decomposition nodes. 

Rules to select in-circuit or functional tester 
1. If board is bare-board or 

board assembly technology is conventional 
(not SMT (Surface Mount Technology)) and 
device-under-test is isolated and 
bed-of-nails-fixture-for-PCB is available and 
timing-defects-detection is not required 

Then in-circuit is selected 

2. If board assembly technology is not-conventional or 
timing-defects-detection is required and 
edge-connector is available 

Then in-circuit is selected 

Rules to select burn-in or repaii'-cell facility 
1. If dynamical-operation-at-elevated-temp is required 
Then burn-in is selected 

2. If on-site-repair is required 
Then repair-cell is included 
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Object Object Facts 
Explanations 

Triggered Fired Given 

Intelligence desired-autonomy The first rule of the Intelligence node is fired. The 
(Spec.) Intelligence = high given fact also caused the second rule to fail. Since 

(Spec.) there are no other rules or procedure to be pro-
cessed, the system fmished processing the node. 

Motion budget = high Two facts result in the second rule of Motion node 
(Spec.) working-scope = 90 to be fired. The node of Mobile is selected to be 

Motion sq{eet processed next The substructure under the node 
(Spec.) Fixed is ignored. 

Mobile moving speed = high 
(Spec.) Mobile adaptivity = high 

Three facts result in the third and fourth rules to be 
(Spec.) power comsumption = 

high fired. In other words, multi·models are generated 
degree of freedom = Free-Flier and Legs-Based entities are selected 

high simultaneously. 

Control position-accuracy = The system skips processing the aspect node of 
(Spec.) Control 0.00001 Subsystem until the substructure under the node 

(Spec.) moving of end effector = is processed. Therefore, the node of Control is 
interruptible processed. The facts caused the third rule to be 

fired. Controlled-Trajectory is selected. 

Communication separation distance = The first rule of the Communication node is fired 
(Spec.) Communication long by the fact Remotely-Control is selected. 

(Spec.) 

Subsystem 
Subsystem The system detects that it already fmished pro-

(Asp) 
(Asp) cessing all nodes under the aspect Subsystem. 

Thus, the node fmally is being processed. Since no 
external facts are questioned, the system simply 
checks if selected entities are configurable or not. 

Table 5.1: Inferencing Table for Generating Robot Design Model 
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Figure 5.9: SES Model for ATF 



Rules to control the quantity of Test-cell 
1. If board is bare-board or 

board assembly technology is conventional and 
device-under-test is isolated and 
bed-of-nails-fixture-for-PCB is available and 
timing-defects-detection is required and 
edge-connector is available 

Then in-circuit is 1 and functional is 2 

Rules to control the quantity of Auxiliary Facility 
1. If burn-in is selected 
Then inspection-cell is selected 

2. If inspection-cell is selected and 
repair-cell is required Then auxiliary-facilities are required 

3. If inspection-cell is selected 
Then auxiliary-facilities is type-l 

4. If repair-cell is required 
Then auxiliary-facilities is type-2 

Rules to control the quantity of Transport Devices 
1. If auxiliary-facilities are required Then crane is 1 and AGV is 1, and conveyer is 1 
2. If auxiliary-facilities is type-l or 

auxiliary-facilities is type-2 
Then crane is 1 
Rules to control the quantity of Production Stores 
1. If auxiliary-facilities are required or 
auxiliary-facilities is type-2 Then post-assembly-dock is 1 and 

scrap is 1 and 
stock is 2 

2. If auxiliary-facilities is type-l 
Then post-assembly-dock is 1 and 

stock is 1 

Rules to select medium types 
1. If data rate is low and security is low or 

cost is low Then twisted-pair is selected 

2. If data rate is high or data rate is medium and 
security is medium and cost is medium 

Then coaxial cable is selected 

3. If security is high or cost is high 
Then optical fiber is selected 

Rules to select acess control unit 
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1. If access reliability is high and 
data rate is low or 
packet delay time is high 

Then CSMA/CD is selected 

2. If access reliability is high and 
data rate is high or 
packet delay time is medium or 
packet delay time is low 

Then token-bus is selected and 
token-ring is selected 

Rules to select topology type 
1. If flexibility is high or 

reliability is high 
Then bus is selected 

2. If throughput is high and 
reliability is medium or 
flexibility is medium 

Then ring is selected 

3. If throughput is medium and 
reliability is low or 
flexibility is low 

Then star is selected 

The following is a consultation session that generated a design model for ATF. 
Current focus NIL -- select operation --> 9 

Enter the name of the file as a string 
eg, "X.lisp" --> "atf.kb" 

Current focus PROD-STORE-TYPE -- select operation --> 10 

The SES structure is --> 
Select the nev focus node -->atf 

" ••• Selecting the number for value of " BOARD 

«1 . BARE-BOARD) (2 . YOU-DEFINE) (3 . SHOW-FACTS» ==> 1 

"... Selecting the number for value of " DEVICE-UNDER-TEST 
«1 . ISOLATED) (2 . YOU-DEFINE) (3 . SHOW-FACTS» ==> 1 

" ••• Selecting the number for value of " BED-OF-HAILS-FIXTURE-FOR-PCB 

«1 . AVAILABLE) (2 . YOU-DEFINE) (3 . SHOW-FACTS» ==> 1 
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"... Selecting the number for value of II TIMING-DEFECTS-DETECTION 
«1 . NOT-REQUIRED) (2 . REQUIRED) (3 • YOU-DEFINE) (4 . SHOW-FACTS» ==> 2 

"... Selecting the number for value of II EDGE-CONNECTOR 
«1 . AVAILABLE) (2 . YOU-DEFINE) (3 . SHOW-FACTS» ==> 1 

" __ - Rule#2 of TEST-CELL-TYPE Spec. is fired" 
" __ - Rule#l of TEST-MD MD is fired" 
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" ••• Selecting the number for value of II DYNAMICAL-OPERATION-AT-ELEVATED-TEMP 

«1 . REQUIRED) (2 • YOU-DEFINE) (3 . SHOW-FACTS» ==> 1 

" ••• Selecting the number for value of II ON-SITE-REPAIR 
«1 . REQUIRED) (2 . YOU-'DEFINE) (3 . SHOW-FACTS» ==> 1 

" __ - More than one rule being fired for AUXILIARY-MD MD" 

" __ - More than one rule being fired for TRANSPORT-MD MD" 
" __ - More than one rule being fired for PRODUCTION-MD MOil 

" ••• Selecting the number for value of II DATA-RATE 

«1 . MEDIUM) (2 . LOW) (3 . HIGH) (4 . YOU-DEFINE) (5 . SHOW-FACTS» ==> 3 

" ••• Selecting the number for value of II SECURITY 
«1 . LOW) (2 . MEDIUM) (3 . HIGH) (4 . YOU-DEFINE) (5 . SHOW-FACTS» ==> 3 

" __ - Rule#3 of MEDIUM-TYPE Spec. is fired" 
" ••• Selecting the number for value of II ACCESS-RELIABILITY 
«1 . HIGH) (2 . YOU-DEFINE) (3 . SHOW-FACTS» ==> 1 

" ••• Selecting the number for value of II PACKET-DELAY-TIME 
«1 . HIGH) (2 . MEDIUM) (3 . LOW) (4 . YOU-DEFINE) (5 . SHOW-FACTS» ==> 3 

" __ - More than one rule being fired for ACU-TYPE Spec." 

" ••• Selecting the number for value of II FLEXIBILITY 
«1 . HIGH) (2 . MEDIUM) (3 . LOW) (4 . YOU-DEFINE) (5 . SHOW-FACTS» ==> 5 

TEST-CELL# is FUNCTIONAL 

TRANS-MEDIUM is OPTICAL-FIBER 



ACCESS-CONTROL-UNIT is TOKEN-RING 
ACCESS-CONTROL-UNIT is TOKEN-BUS 
AUXILIARY-FACILITY# is REPAIR-CELL 
AUXILIARY-FACILITY# is BURN-IN 

"... Selecting the number for value of II FLEXIBILITY 
«1 . HIGH) (2 . MEDIUM) (3 . LOW) (4 . YOU-DEFINE) (6 . SHOW-FACTS» ==> 1 

" ..... Selecting the number for value of II THROUGHPUT 
«1 . HIGH) (2 . MEDIUM) (3 . YOU-DEFINE) (4 . SHOW-FACTS» ==> 2 

" ••• Selecting the number for value of II RELIABILITY 
«1 . HIGH) (2 . MEDIUM) (3 . LOW) (4 . YOU-DEFINE) (6 . SHOW-FACTS» ==> 1 

" __ - Rule#l of TOPOLOGY-TYPE Spec. is fired" 

II ••• Show Pruned Tree? (y/n)1I y 
ATF 

FACILITY-DECOMP 
TEST-CELLS 

«IR-CIRCUIT 1) (FUNCTIONAL 2» 
.FUNCTIONAL TEST-CELL# 

AUXILIARY-FACILITIES 

«BURN-IN 1) (INSPECTION 1) (REPAIR-CELL 1» 
.REPAIR-CELL BURN-IN AUXILIARY-FACILITY# 

TRANSPORT-DEVICES 
«CRANE 1) (AGV 1) (CONVEYOR 1» 

TRANSPORT-DEVICE# 
PRODUCTION-STORES 

LAN 

«POST-ASSEMBLY-DOCK 1) (SCRAP 1) (STOCK 2» 
PRODUCTION-STORE# 

LAN-DEC 
.OPTICAL-FIBER TRANS-MEDIUM 

RODES 
NODE-HD 

NODE 
NODE-DEC 

PROCESSING-UNIT 
.TOKEN-RING TOKEN-BUS ACCESS-CONTROL-UNIT 
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*BUS TOPOLOGY 

The inferencing begins with the root node of Automatic Test Facility. There are 

no rules associated with the root node so it is ignored. The following node, Facility 

Decomposition, is an aspect. Thus, the bottom-up approach is adopted and the aspect 

node is skipped temporarily. The node of Test Cell Type is processed first and the selection 

result is passed to change the attributes' values of node Test-Cell-md. Since there is no 

constraint rule controlling the number of its components, the number is assumed to be 

one for selected entity. A similar process is applied to rest of the FRASES structure. The 

whole inferencing process is listed in Table 5.2. 

The object-oriented programming scheme provides great value in accessing the infor

mation associated with objects. Since the whole object space is divided into four classes 

(entity, aspect, specialization, and multiple decomposition), the methods defined within 

these top level classes can be used by those objects belonging to the same class. We have 

defined some system level methods for inference and control using Kros de/message for 

the classes listed above. The methods for extracting rules, executing particular rule type, 

and updating attributes' values are typical examples. 

5.9 Summary 

A prototype of the system has been implemented under the SUN common Lisp envi

ronment. Compared with the rule-based approach in the previous chapter, the approach 

presented here has following advantages: 1) easy of control of the searching path. The 
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Object Object Facts 
Explanations 

Triggered Fired Given 

Test Cell Type board = bare-board These facts cause the second rule of Test 
device under test = isoloJed Cell Type to be fIred. 
bed of nail fixture for 
PCB = available They also provide suffIcient infonnation to 
timing defects detection fire the first rule of Test Cell (Multiple De-
= required composition) 
edge-connector = available 

Test Cell Type 
Test Cell (MD) Test Cell (MD) Indicating the quantity of in-circuit is 1 and 
Aux.Fac. Type functional is 1. 

Aux. Fac. (MD) dynamical operation at elevated Since there is no rule associated with the 
tempemture = required node of Aux. Fac. Type, Aux. Fac. (MD) is 

Aux. Fac. (MD) 
on site repair = reqquired triggered. Two facts result in more than one 

Tran. Dcv. Type rule to be fired. 
Tmnsport (MD) 

Transport (MD) Rules within the node, Tmnsport (MD), 
are dependent to the rules of Aux. Fac., 

Prod. Store Ty. therefore, the node is also fired. 
Production(MD Production(MD) Same reason as above. 

Medium Type 
data rate = high The third rule of node, Medium Type, is fIred 

Medium Type security = high 

ACUType access-reliability = high First rule of ACU Type is fIred and Token 

ACUType 
packet delay time = low Ring and Token Bus are both selected. 

Node Dec There are no rules associated with both 
Node (MD) Node-Dec and Node-MD so they are 

skipped. 

Topology flexibility: high Three facts result in the selection of BUS 
throughput = medium topology. 
reliability = high 

LAN-Dec 
There are no rules with both nodes. Facility Occom. 

Table 5.2: Inferencing Table for ATF Example 
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elements of searching space are objects instead of production rules. This fact enhances the 

modularity of the overall system; 2) accommodation of FRASES features. The properties 

of FRASES can be described by object-oriented representation without any difficulty. In 

contrast to the rule-based approach, the searching strategies for the representation, are 

easy to observe and control; and 3)safety for information within ElF. The information 

within an ElF frame can be changed only through message passing. The encapsulation 

of the object provides a safe circumstance for its intra information. 

This model generation system is built on top of the KROS system. Basically, the 

system makes use of the flavors of KROS. A future goal is to observe the flavors that the 

system really requires and implement these flavors to make the system independent from 

KROS. Other features such as a window user interface, can then be added to make the 

system complete. 



CHAPTER 6 

MULTIPROCESSING IN SEARCH DESIGN MODEL 
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Artificial Intelligence (AI) techniques have been widely applied to various problem 

domains, such as natural language understanding, computer vision, robotics, and man

ufacturing industry. With more AI applications outside of academia, it is desirable to 

improve the efficiency of AI computations. To achieve this task, we investigate the differ

ent characteristics of conventional and AI computations. Then, we can select or design a 

suitable computational architecture to make AI applications more practical. 

The behaviors of conventional numeric algorithms on sequential von Neumann comput

ers have been observed for a long period and are well understood [2]. In contrast to those 

behaviors, research [71] has indicated that AI computations have the following character

istic: 1) symbolic processing, 2) nondeterministic computations, 3)dynamic execution, 4) 

large potential for parallel and distributed processing, and 5) management of extensive 

knowledge. This research suggests that AI computations have a higher complexity than 

conventional ones. 

Over the past decade, the development of practical parallel computer architectures 

and networked computer systems have created more research interests in Distributed 
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Artificial Intelligence (DAI). The idea of DAI [31] is to apply parallel or distributed com

putational power to reduce the penalty caused by symbolic processing. Several merits 

have been raised for the application, such as speeding up computations, increasing ef

ficiency, improving reliability via redundancy, and achieving increased modularity and 

reconfigurability [24]. The approaches currently being employed could be categorized 

into concurrency and distribution. 

Knowledge engineering (KE), one ofthe AI research domains, is regarded as the fastest 

growing area in AI. Many research results have been moved from laboratories to the real

world. Examples include MYCIN, OPS5, KEE, etc .. The ultimate goal of the KE tech

nology is to create a means for people to capture, store, distribute, and apply knowledge 

electronically, that is, applying knowledge stored on computers to solve the problems that 

ordinarily require human intelligence. 

The advancement of VLSI and computer networking technologies, has increased the 

variety and scope of knowledge engineering applications possible. Although a distributed 

approach can not be used to increase the solvable problem size of AI problems, it is cer

tainly useful in improving computational efficiency [71]. The idea of distributed knowledge 

processing systems is similar to that of conventional distributed computing systems: to 

take advantage of accessing other processing units' resources, or knowledge not existing 

in local processing units, as well as increase the throughput by providing facilities for 

parallel processing. 
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From an organizational point of view, how to represent a chunk of knowledge within 

a distributed knowledge processing system is still a fundamental task. Besides the con

sideration of the problem domain, there are some other factors that must be examined in 

selecting a suitable representation scheme for a distributed knowledge processing system. 

6.1 Background 

The trend of assigning a Knowledge-Based System to multiprocessing systems has 

become apparent with the demand for high speed operations [47]. At the same time, 

the reduction of hardware costs also increases the feasibility of multiprocessing. The 

allocation of a knowledge base to processors is a difficult task. Although some studies 

indicate that the task could be done by analysis of dependences [17], these studies are 

limited to production systems. In practice, the task is usually done by users due to the 

complexity of those allocation algorithms. It is obvious that a knowledge representation 

scheme with a high degree of distribution is preferable for multiprocessing systems. 

Knowledge distribution is concerned with "parallelism" ofinference in knowledge-based 

systems. In general, architecture for achieving this parallel operation can be categorized 

into two types: 1) to assign a knowledge base over a number of PEs (Processing Elements) 

and 2) to integrate several KBs located on an individual PE into a Large Scale Knowledge

Based System (LSKBS). From a topological point of view, the former is a tightly-coupled 

system while the latter is a loosely-coupled system. 

Our goal is to investigate architectures which facilitate the requirements of efficient 

knowledge sharing among a group of PEs. Primarily, we are interested in two aspects: 1) 
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automatic knowledge distribution based on a tree-like representation called FRASES and 

2) object-oriented design approaches in distributed systems. FRASES representation will 

be introduced in next section. 

The design methodology for Knowledge-Based Systems (KBS) has been studied pre

viously [30]. Currently, we are focusing on applying KBS techniques to improve the 

efficiency of design model generation, simulation, and planning environments [63]. Un

der those applications, solution procedures often involve search processes of exponential 

time complexity. As problem domains become more complicated, the degree of complex

ity increases tremendouly and is intolerable [70]. Therefore, it is worthwhile to consider 

multiprocessing systems as testbed environments for further study. Current applications 

of mUltiprocessing systems to knowledge processing include tightly-coupled and loosely

coupled systems [71]. We now characterize these two types of systems. 

6.1.1 Tightly-coupled systems 

The advantage of exploiting parallelism is the increased speed of matching operations 

in inferencing a knowledge base. As studies [22, 27] indicate, pattern/object matching 

usually occupies most of the inferencing time on a uniprocessor system. Most of the is

sues discussed in research regarding parallelism have focused on the parallel inferencing of 

production rules using the RETE algorithm [22]. RETE algorithm is originally proposed 

for speeding up pattern matching with the facts in the working memory and activating 

the appropriate rules in uniprocessor architecture. The algorithm is further improved and 

--------._----------------- ---- ---.- -_ .. _-
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adopted for multiprocessing environments. Some architectures based on the RETE algo

rithm include PESA I [67] and MAPPS [50]. PESA I, a data flow architecture, exploits 

the parallel inference for a rule. On the other hand, MAPPS emphasizes executing rules 

simultaneously. In order to maximize the throughput by minimizing interprocessor com

munications, a common problem addressed by these studies is to find better algorithms 

for partitioning a knowledge base. 

Some other applications of tightly-coupled system include implementing knowledge

based systems into VLSI multiprocessor systems. The knowledge-based system using 

semantic nets representation is the first testbed to achieve this application [39]. Moldovan 

describes a model intended for semantic network processing and concludes the feasibility 

of implementation in VLSI. 

6.1.2 Loosely-coupled systems 

A distributed problem solving system is a network of problem solvers cooperating to 

solve a single problem. If the problem solvers are knowledge-based systems, then the 

network is called a Distributed Knowledge-Based System (DKBS). 

It is obvious that the formulation of strategies of cooperation among the nodes in such 

a system is the most difficult task in implementing a distributed problem solving network. 

Although several approaches to the problem have been studied [19], only some of them 

have actually been applied in real world situations. The approaches under study include 

multi-agent planning, negotiation, and the functionally-accurate, cooperative method. 

The Multi-agent planning approach relies on a global view of the problem and forming 
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a primary planning node. Negotiation emphasizes the decomposition of the problem and 

distribution based on bidding protocols. For the latter approach, the solution of the 

problem is formed by the synthesis of partial solutions froEI each node [19]. No matter 

what approach is used, a common characteristic among them is that they seek to enable 

each node to predict its actions and, based on exchanged information, to predict the 

actions of other nodes. Therefore, how to exchange information effectively among these 

nodes is an important design issue for DKBSs. Typical implementations of distributed 

problem solving networks include distributed sensor networks [34], distributed air traffic 

control [8], and distributed robot systems [21]. 

6.2 Knowledge Representation for Distributed Systems 

There are several knowledge-representation schemes which have been widely used such 

as production rules [42], frames [38], semantic networks [53], etc. For different problem 

domains, the adopted representation schemes are also different. For instance, frame repre

sentation is suitable for the classification domain, whereas production rules are preferred 

for diagnosis domains. However, there is a common characteristic for these representation 

schemes. That is, they were basically designed for the conventional sequential computa

tions. At the time, multiprocessing systems were not widely used as they are today. 

Since these representation schemes have been in use for a long time, the representation 

levels are already fixed. Research has focused on designing AI computers that are able 

to automatically detect the parallelism existing in a given representation [71]. Therefore, 
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degree of independence becomes one of the criteria for evaluating particular represen

tation schemes for a multiprocessing system. Wah and Li suggest that other criteria 

should include declarative power, degree of knowledge distribution, and structuralization 

[71]. Declarative representation has a higher potential for parallelism than procedural 

representation since it can represent tasks explicitly. In general, it is easy to control and 

partition tasks with the exact amount indicated. For instance, rules of production systems 

belong to this class. The second criterion refers to the recent evolution of physical devices 

for storing knowledge such as neural nets [36]. We shall not discuss neural nets in this 

chapter. An experiment conducted by Niwa, et al. indicate that a structured knowledge 

representation usually needs less inferencing time than an unstructured representation. 

However, it requires more memory space [46]. For example, a frame system has a faster 

inferencing speed than other familiar systems representing the same amount of knowledge. 

6.2.1 Toward Object-Oriented Processing 

Object-oriented programming is expected to be the major programming trend in soft

ware engineering. It is also regarded as having promise as a framework for concurrent 

programming that can be extended to knowledge bases [71]. Indeed, some studies have in

dicated the advantages of using the object-oriented representation approach to knowledge

based system design [35, 76]. Like in the frame-based system, objects themselves are enti

ties combining attributes and procedures. However, the following differences exist between 

frame and object representations: 1) relationships are unique for objects (Le. subclass 

link between two classes and is-a link between a class and an instance) rather than frames 
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(Le. subclass and member links existing among frames), 2) rules or procedures are only 

defined in class objects. 

The conversion of FRASES representation into object-oriented representation was pre

sented in previous chapter. Basically, the slots of ATTs and CRP of an ElF have provided 

the same functions as the attributes and methods of an object. Addititional work needed 

for the conversion is to have each object associate proper relationships related to other 

objects. Thus, the objects which represent FRASES have stronger semantic relationships 

than the objects with original definitions of object-oriented programming. 

6.2.2 Object-Oriented Representation for Distributed Systems 

The application of a distributed approach to knowledge processing systems is more 

complex than a non-distributed approach. The knowledge representation scheme will 

play an important role in this application. Object-oriented methodology is regarded as 

one of the successful schemes in developing a distributed knowledge processing system [14]. 

Several systems have been developed based on this methodology[9, 37]. Indeed, object

oriented representation is a good paradigm for organizing knowledge and facilitating the 

communications of messages. 

The collection of objects which describe knowledge in a certain problem domain is 

called object space. In the implementation, the entire object space is usually partitioned 

into a number of groups called contexts [69]. A single context is assigned to a processor if a 

free processor is available, otherwise several contexts may be assigned to a single processor. 
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To maximize the throughput of processing contexts, it is desirable to minimize inter

context communications so that the above assignment strategy is used. Therefore, a good 

partitioning strategy for distributing these objects must minimize the communications 

among contexts. 

The partitioning strategies on a production system have been studied in [17,47]. Dixit 

and Moldovan describe the method of dependence-analysis in exploiting the parallelism 

of a set of production rules. Their study indicates that the problem of partitioning can be 

solved by a 0-1 linear programming technique. However, this method is infeasible for large 

systems. The study eventually concludes that a heuristic approach is necessary. A typical 

example of a distributed system called DEO using an object-oriented representation can 

be found in [14]. In DEO environment, primitive operations of a distributed system such 

as remote, replicated, and migrating services are implemented efficiently using the object

oriented approach. From these studies, we summarize the advantages of object-oriented 

representation (OOR) over production rules representation (PRR) in distributed systems . 

• OOR is less costly in the analysis of data dependences. To analyze the dependences 

among a set of production rules, we have to investigate the common attributes and 

their positions (premise or conclusion). The investigation is necessary in order to 

locate the relationships of parallelism and communications for all the rules. Analysis 

of dependences is less costly for OOR since facilitates such as class-class, class

instance, and inheritance are available. Those properties are useful in determining 

the partitions of objects. 
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• OOR exacts less penalty for the change of granularity of parallelism. The granular

ity refers to the size of tasks executed as an indivisible unit in a processor. lb achieve 

maximum performance, the workload for every processor is preferred to be dynamic, 

that is, the original task is to be distributed evenly and the objects of each context 

should be migratable. The distribution of production rules is relatively static since 

the coupling relationships among the rules are fixed. Prior to allowing the migration 

of some rules to idle processors, the allocation scheme must consider the ordering 

in a conflict set. The migration for OOR is relatively simple since the only work 

needed is to determine which objects are more relevant to those objects residing 

on processors. In fact, research has indicated that for a distributed production 

system, incorporating the object-based knowledge representation can improve the 

performance of production systems [Hsu et. al., 86]. 

6.3 Partitioning and Allocation of FRASES 

Partitioning divides the original problem into several subproblems so that existing 

processing elements can execute those subproblems simultaneously. To exploit the paral

lelism from the partition, the parallelism level can be defined using the subproblem size 

("granularity"). For instance, in a production system, parallelism could occur among 

rules or within a rule [50]. The former obviously has larger granularity than the latter. A 

tightly-coupled system has smaller granularity than a loosely-coupled system. However, 

common factors affecting the partition of both systems include processor performance, 
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problem complexity, topology of network, etc. Regardless of those factors, the first step 

for partitioning is to investigate the inherent parallelism of the problem itself. 

Thus, the representation scheme of domain knowledge will have a great impact on 

exploiting parallelism. As shown in Section 3, FRASES is a structured knowledge repre

sentation. The links among the nodes not only increase the speed of inferencing but also 

serve as a guide for partition. FRASES belongs to the class of hybrid knowledge represen

tation, that is, it combines both declarative and procedural knowledge. The procedures 

associated with ElF CRP are the only procedural knowledge in existence at present. An 

ElF is treated as one object. A single object will reside on a PE, so that procedural 

knowledge will not create much overhead when executing objects simultaneously. 

From a complexity point of view, decomposing a problem into subproblems and as

signing them to a network of processing elements belongs to the NP-complete class. For 

example, we can assign k subproblems to n processing elements in nk ways if k is larger 

than n (It is assumed that more than one problem can be assigned to one processor). 

Most DAI systems leave the task of allocation to system designers [19]. For simplicity, we 

must ignore individual differences among those objects in order to reduce the complexity. 

In other words, we assume every object will take about the same time to process. The 

distributed models for both small and coarse granularities are discussed in the ensuing 

sections. 
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6.4 Granularity of Parallelism 

6.4.1 Small Granularity Analysis 

FRASES representation is a scheme which allows users to describe information from 

abstract to more specific levels. Based on FRASES's properties, aspects correspond to 

AND relationships while specializations are OR relationships. If we consider an entity as a 

goal, then the aspect is used to decompose this goal into several subgoals so that the goal 

can be solved after these subgoals are all solved. On the other hand, the specialization 

node is employed to select alternatives for its parent entity or the goal node. Therefore, 

manipulation of a FRASES-based KB may be considered as an AND/OR tree search. 

In previous study [30], a pruning tool for FRASES-based KB has been developed for 

supporting this manipulation. The tool employs production rules to control searching 

path. Some undesired nodes are avoided from being processed by the control mechanism 

of the tool. In other words, some nodes are pruned off in searching paths. 

Searching a FRASES tree is obviously different than searching other types of trees. 

The techniques of multiprocessing for combinatorial searches [70]. may not be applied 

before observing these differences. 

II Solution Type. In contrast to other searches which look for a best solution of a node 

or a path, the result of searching FRASES is a substructure of the FRASES tree, 

• Searching with Pruning. The idea of searching with pruning is to restrict the search 

space. For instance, if one of the children of an aspect node can not find its instan

tiation based on the constraints, then we can prune the remaining children under 
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the node. This is called And-pruning. Similarly, in a Or-pruning, if one alternative 

is selected, then we can ignore the rest of the alternatives . 

• Searching with Unification. Attached variables represent important information for 

a node. A value for a particular variable may be an input or an output so that 

a consistent binding of variables is required. Especially, for the entities under one 

aspect, variable binding will affect the parallel execution imposed on these entities. 

The reason is that every common variable for these entities must be binded with 

the same value. 

6.4.1.1 AND- and OR-parallelism of FRASES 

The computation models of AND- and OR-parallelism have been proposed for the 

parallel execution of logic programs [13]. These concepts can be accommodated and 

applied to multiprocessing of the FRASES representation. 

Procedure 1. AND-pamllelism: 

For an aspect node, instantiating its parent is reduced to instantiating its children. These 

children can be instantiated simultaneously by the unification of common attached vari

ables. 

Procedure 2. OR-pamllelism: 

For a specialization node, instantiating its parent can always be done by instantiating its 

children simultaneously, if the number of children is more than one. 
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Procedure 1. indicates that each entity's variable inherited from an aspect node must 

be binded with the same value. In other words, the value of common variable for the chil

dren should be identical during parallel execution since these children are the components 

with respect to the parent (aspect node). Thus, the message passing is required if the 

common variable is unbinded originally. On the other hand, Procedure 2. doesn't have 

the problem since the children of a specialization are independent entities. The common 

variables are not necessary to be same for independent entities. 

The above definitions provide us with the construction of a parallel processing model 

for FRASES. We regard the execution as goal-driven with a divide-and-conquer process. 

As mentioned previously, a context contains some related objects so that our contexts 

can be categorized into two types based on And- and OR-parallelism as shown in Figure 

6.1. Each context is basically a 3-level tree which begins with an entity. Following the 

entity is an aspect or specialization relationship and the leaves are their children. From 

an implementation point of view, only the root entity physically exists and the rest merely 

exist logically. The AND-parallelism context corresponds to the synthesis of components 

for one entity while OR-parallelism stands for the selection of alternatives. The CRP slot 

of root enity provides the information necessary to achieve the operations of selection and 

synthesis. These constraints rules associated with CRP slot are further characterized as 

selection and synthesis rules[30]. 
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ASPECT SPECIAUZA TION 

I I 

AND· Parallelism Context OR·Paralielism Context 

(Processing Entity_I, Entity_2, ... Entity_n in Parallel) 

Figure 6.1: The Contexts of AND- and OR-Parallelism 
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6.4.1.2 Cluster PE Model for Context 

The dependences and organization of data are main factors in determing the hard

ware structure. To minimize the communication overhead, the preferred topology of PEs 

is isomorphic with data representation. For example, Manchester ring [73], a dataflow 

computer, has demonstrated its advantages in multiprocessing OR-parallelism for logic 

programs. In other words, the architecture for executing a specific problem should be the 

inherent computational structure of the problem. 

Therefore, a tree-like topology is suitable for processing FRASES-based KB. From a 

practical point of view, the topology of a common bus efficiently fits the requirement. A 

cluster PE model can be constructed based on the computational structure of a context. 

A cluster PE must consist of the following models: 1) individual processing units (PUs) 

for processing production rules or attached procedures in parallel; 2) a shared memory 

for storing the original structure of the ElF frame and for unification of common vari

ables; 3) a cluster manager (CM) for arbitrating and distributing the ElF frame; and 4)a 

communication unit (CU) connecting to a global common bus. The architectures for a 

global cluster PE system and local cluster PE are shown in Figure 6.2 and Figure 6.3 

respectively. As Figure 6.3 indicates, a global shared memory is used to store the whole 

FRASES knowledge base and is allowed to be accessed by cluster PEs simultaneously. 

Furthermore, the number of Cluster PEs is determined by the average branching factor 

of FRASES and the required performance. 
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Global Cluster PE with a Multi-Read Shared Memory 

Figure 6.2: A Common-Bus Tightly-Coupled System 
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Figure 6.3: A Local Cluster PE 
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From an operational point of view, the following constraints must be observed: 1) the 

CM and each PU is associated with a small size of cache memory, serving as a working 

memory for inferencing, 2) the number of PUs is a function of the number of ElF slots 

and required throughput, and 3) shared memory is a read/write memory and is used for 

unifying common variables when executing AND-parallelism. 

6.4.1.3 Context-Flow Procedure 

Having described the functional modules and their constraints, we notice that the 

numbers of Cluster PEs must meet the maximum branch factor of the FRASES tree in 

order to minimize the synchronization overhead. However, the size of shared memory 

must be able to store the ElF frame. The procedure of inferencing based on the above 

assumptions is illustrated as follows. (The initial searching task is done by one host 

Cluster PE.) 

Algorithm of Backward Object-oriented Parallel Inferencing 

begin 

Allocate FRASES KB to Global Shared Memory 

Goal := external input; 

Address of Goal := searching (host PE, Goal); 

Entity := Value (Address of Goal); 

concurrent begin 

while (free Cluster PE) Post_Order_Allocate(Entity); 

while (Cluster PE allocated) Processing_Entity; 

concurrent end; 

end; 

Procedure Post_Order_Allocate(Entity); 

begin 



if Entity <> leaf of FRASES 

then 

end; 

begin 

for i = 1 to number of children 

Post_Order_Processing[Entity.Child(i)]; 

allocate Entity to free Cluster PE; 

end 

Procedure Processing_Entity (Entity); 

begin 

case context parallelism 

: AND-parallelism 

end; 

begin 

distributing synthesis rules; 

concurrent_processing(PUs); 

unifying common variables; 

sending results to global memory; 

end 

: OR-parallelism 

begin 

end 

distributing selection rules; 

concurrent_processing(PUs); 

sending results to global memory; 

6.4.2 Coarse Granularity Analysis 
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The multiprocessing of a knowledge-based system of coarse granularity corresponds 

to the processing in a loosely-coupled system. The system built on a loosely-coupled 
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architecture is called a Distributed Knowledge-Based-System (DKBS). The node of a 

loosely-coupled system is an individual Knowledge-Based System (KBS). 

6.4.3 Typical Architecture for Distributed Knowledge-Based System 

A Knowledge-Based System (KBS) consists of a knowledge base (KB) and an infer

encing mechanism. The function of the inferencing mechanism is to manipulate the KB 

according to the input facts. The inferencing mechanism and KB are usually separated 

so that the KB can be replaced by another KB with a different problem domain. 

A Distributed Knowledge-Based System (DKBS) is comprised of a number of KBSs and 

a global coordinator called Distributed Knowledge Base Management System (DKBMS). 

The KBSs are distributed geographically according to the topology ofthe network system. 

The individual KBS stores the knowledge that is often accessed by the local users. The 

tasks that a DKBMS executes include accepting a query (or plan) from the external user 

or one of the KBSs, generating subplans corresponding to the original plan, mapping these 

subplans to KBSs, and synthesizing responses generated by KBSs. In order to achieve 

these tasks, a DKBMS must be capable of "knowing" the following: 1) the organization 

of the whole system and 2) the domain knowledge managed by each KBS. Assording to 

the task described above, a DKBMS may be decomposed into these functional modules: 

a meta-level Global KB (GKB), an arbitrator, and a distributor. The GKB is a passive 

module which stores the knowledge reqquired to perform the above tasks. The arbitrator 

and distributor are responsible for performing these tasks according to the knowledge 

provided by the GKB. A typical architecture of a DKBS is shown in Figure 6.4. 



ADKBS 

Distributor 

• • • 

Figure 6.4: A Typical Architecture of DKBS 

6.4.3.1 Messages and Operations of a DKBS 
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The messages in a DKBS can be categorized into external and internal messages. 

External messages are the messages used for communication between the external user 

and the system. There are two types of external messages: query and response. The query 

message can be sent to the DKBMS or an individual KBS. The message contains the goal. 

When the distributor of the DKBMS receives the query, it analyzes and decomposes the 

goal and then determines how many KBSs should be involved to solve the goal. If the 

me:.;sage is received by a local KBS, the message will be forwarded to the DKBMS to 

invoke other KBSs if the local KBS can not solve it alone. The response message will be 

received at the site where the query message originates. 
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Internal messages are the query messages sent by the distributor and the response 

messages collected by the arbitrator. The general formats of both messages are shown in 

the next section. 

6.4.3.2 Construction of a FRASES-based DKBS 

FRASES is sufficient to describe meta-leva! knowledge for a GKB. A simple example 

of FRASES representation in describing a meta-level KB is shown in Figure 6.5. For 

instance, when the knowledge cluster (or ElF) of Distributor node is inferenced, the 

information about each KBS's location is needed to trigger associated rules. A message, 

get-children-locations, is sent to node KBSs from node Distributor. The format is: 

(ask K EBs 'get-children-Iocation) 

where, ask is a message passing fuction. Thus, the procedure (or method) about location 

is activated. 

Within a DKBS, multiple-knowledge-representation languages could be used to de

scribe the KBSs, that is, heterogeneous knowledge bases can be adopted [9]. This would 

increase the complexity of a DKBMS such as a migration of knowledge from one KBS to 

other KBSs. It is useful to consider a "common protocol" for those KBSs to communi

cate with the DKBMS. Therefore, a message unifier is built in the front of the KBS. It 

not only interpretes the message for the KBS but "encapsules" the migrated knowledge. 

Since object-oriented representation does not favor any knowledge representations, this is 

a good choice. The production rules, frames, and even some procedure information can 

form an individual object with a unique object-id name. 
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Figure 6.5: High Level Description of Meta-knowledge in FRASES 
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Thus, for the communication unit of a local KBS, a protocol translation from some 

representation to object-oriented representation can be constructed to reduce the system 

overhead in encoding and decoding knowledge. If every chunk of knowledge is assigned 

a name or object-id, then it will facilitate the update of the global meta-level KB. The 

FRASES representation organizes the object-ids to indicate their locations and relation

ships with other objects, that is, it serves as a tool in building a dictionary for the system. 

The facility of a dictionary is necessary for a distributed data-base or a knowledge-base 

system [9, 11]. The architecture for a FRASES-based DKBS is shown in Figure 6.6. 

6.5 Summary 

With the increasing application of knowledge-based systems, it is non-trivial to in

tegrate a variety of systems to achieve an information-sharing network. In fact, many 

information systems have requirements that are logically or physically distributed. In 

this chapter, we have investigated tightly-coupled and loosely-coupled architectures as a 

growing trend in distributed knowledge processing. The main point of our considerations 

is that an integrated scheme should serve as a representation for knowledge exchange. 

The proposed scheme, FRASES, not only facilitates representation for the varieties of 

problem domains but also possesses the features of the object-oriented paradigm. 

Two prototype models for distributed knowledge processing using FRASES represen

tation have been presented. Possessing the stronger semantic relationships, FRASES has 

facilitated partitioning a knowledge base, as well as building a meta-level knowledge base. 
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Figure 6.6: The Block Diagram of FRASES-based DKBS 
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CHAPTER 7 

CONCLUSION AND FUTURE RESEARCH 

The progressive development of knowledge-based model generation systems has been 

presented. The methodologies of AI problem-solving and the concept of model-based sys

tem design as a fundamental framework have been introduced. Based on this framework, 

the evolution of the model development process was examined as follows: 

1. Rule-based approach. The formalism of the production system was first incorporated 

into the model representation (SES). 

2. Automatic model construction. The model representation was further enhanced by 

the formalism of production rules and frames (FRASES). Based on the study of a 

rule-based approach and improved model representation, the phases of automatic 

model development were described. 

3. Object-oriented approach. The formalism of FRASES was further realized in an 

object-oriented environment. This approach proved to be superior to a rule-based 

one. With a flexible inference mechanism incorporated, an adaptive model develop

ment shell was developed. 

4. Towards multiprocessing. The multiprocessing approach is a trend for complicated 

problem domains. AI computations are often intolerable with the slow speed due to 
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symbolic processing. Therefore a fr~mework for generation of design model struc

tures using a multi-processor hardware platform was presented. 

This study has been dedicated to explore optimal approches in model development. Uti

lizing the techniques provided by AI and software engineering, the process of model de

velopment has been improved greatly by this research. Due to the limits of facilities, 

however, some approaches are based only on theoretical analysis. Nevertheless, all of the 

approaches presented in this study have conducted model development towards a new 

era. 

We have implemented the systems of model development using a rule-based approach 

and an object-oriented approach. Based on the experiences of this implementation, the 

directions of future research should include: 

1. Graphic User Interface. The user interface employed in our currently implemented 

system needs to be enhanced greatly. 

2. Simulation and Achievement of Parallel Searches. The allocation of FRASES for 

parallel execution should be simulated prior to implementation. 

3. Exploration of Heuristic Information. For a huge FRASES structure, it is worth

while to nvestigate feasible heuristic information to direct the search and reasoning. 
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