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CHAPTER I 

INTRODUCTION 

The rapidly increasing complexity of production automation has 

prompted considerable interest in the application of artificial intelligence (AI) 

to the various components, e.g., controllers, machines, workstations, cells, 

etc., that compose production systems. As the intelligence of these 

components increases, each component becomes capable of making decisions 

that affect the overall performance of the system. The integration and 

coordination of autonomous decision-making components is a fundamental 

research issue in the design of intelligent production systems. 

A critical factor affecting the integration and coordination of 

autonomous decision-making components is the coordination structure. 

Coordination structure refers to the "pattern of decision-making and 

communication among a set oiactors who perform tasks in order to achieve 

goals''' (Malone, 1987, p. 1319). The term coordination staicture, although 

similar to organization structure and system structure, more accurately 

represents the underlying relationships among components. System structure 

tends to reflect an architectural relationship. Organizational structure tends to 

reflect the pattern of authority, as reflected in an organization chart. 

Current intelligent production systems research focuses on centrahzed 

coordination structures and decentralized coordination structures. The 

centralized coordination structures most often advocated are based on a 

fiinctional hierarchy. In a ftinctional hierarchy (Malone, 1987, p. 1321): 

. . . processors of the same type are grouped into fimctional 
departments, each of which has a "fiinctional manager." There is also 
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an executive office" that decides what tasks need to be done to 
produce all the products of the organization (or, more generally, to 
achieve all the overall goals of the structure). 

The decentralized coordination structure is modeled after an economic 

marketplace. Market-based decentralized coordination structures assume that 

each product in the production system is in contact with each resource in the 

production system, and that each product is capable of making its own 

decision as to which resource to engage. 

Centralized and decentralized coordination structures represent 

opposite ends of the continuum of coordination structures. By focusing on 

opposite ends of the continuum, researchers ignore the myriad of coordination 

structures that lie between these extremes. This dissertation presents a 

conceptual model and prototype of an adaptive production control system 

(APCS) capable of traversing the continuum between centrahzed and 

decentralized coordination structures. 

Production Control Systems 

A system may be defined as "a set of components that operate together 

to achieve a common purpose" (Ahituv, Neumann, and Riley, 1994). A 

production system is a set of components "used to manufacture some product, 

together with the associated information system and any behavioral 

requirements imposed by the owners of these resources" (Dietrich, 1991, p. 

886). 

A production system, as defined here, consists of two major 

subsystems: production planning and production control (Mehiyk, 1988). 



^ 

The fimction of the production planning subsystem is to specify the 

combination of production rate, work-force level, and inventory (Chase and 

Aquilano, 1992). Production control is defined as the (Mehiyk, Carter, Dilts, 

andLyth, 1985, p. 35): 

. . . group of activities directly responsible for managing the 
transformation of planned orders into a set of outputs. It governs the 
very short term detailed planning, execution and monitoring activities 
needed to control the flow of an order from the moment the order is 
released by the planning system for execution until that order is filled 
and its disposition completed. The [production control] system is 
responsible for making the detailed and final allocation of labor, 
machine capacity, tooling and materials to the various competing 
orders. It collects data on the activities taking place on the shop floor 
involving the progress of various orders and the status of resources and 
makes the information available to the planning system. Finally, the 
[production control] system is responsible for ensuring that the shop 
orders released to the planning system are completed in a timely and 
cost effective manner. 

The research presented in this dissertation focuses on the production control 

system. Specifically, this research presents a conceptual model and prototype 

for the adaptive control of flexible manufacturing systems (FMS). FMS are 

defined as systems that consist "of a group of processing stations 

(predominantly CNC machine tools), interconnected by means of an 

automated material handling and storage system, and controlled by an 

integrated computer system" (Groover, 1987, p.463). 

Distributed Artificial Intelligence 

Distributed artificial intelligence (DAI) research focuses on "analyzing 

and developing intelligent 'communities' that compvisQ collections of 



interacting, coordinated knowledge-based processes"" (GSLSSQT, 1991, p. 

108). Such knowledge-based processes are typically referred to as agents.̂  

Tlie advantages of modeling a system as a collection of agents rather than as 

a single monolithic system are (Rich and Knight, 1991, pp. 433-434): 

System Modularity—It is easier to build and maintain a collection of 
quasi independent modules than one huge one; 

Efficiency—Not all knowledge is needed for all tasks. By modularizing 
it, we gain the ability to focus on the problem-solving system's efforts 
in ways that are most likely to pay off; 

Fast Computer Architectures—As problem solvers get more complex, 
they need more and more cycles. Although machines continue to get 
faster, the real speed-ups are beginning to come not from a single 
processor with a huge associated memory, but from clusters of smaller 
processors, each with its own memory; 

Heterogeneous Reasoning—The problem solving techniques and 
knowledge representation formalisms that are best for working on one 
part of a problem may not be the best for working on another part; 

Multiple Perspectives—The knowledge required to solve a problem 
may not reside in the head of a single person. It is very difficult to get 
many diverse people to build a single, coherent knowledge base, and 
sometimes it is impossible because their models of the domain are 
actually inconsistent; 

Distributed Problems—Some problems are inherentiy distributed. For 
example, there may be different data available in each of several 
distinct physical locations; and 

Reliability—If a problem is distributed across agents on different 
systems, problem solving can continue even if one system fails. 

^ Henceforth, the temi agent will be used to refer to artificially intelligent objects capable of 
reasoning about their environment. 



A principal concern in DAI research is the integration and coordination 

of agents for the purpose of achieving system objectives. One of the most 

common mechanisms for integration and coordination within multi-agent 

systems is the contract net. 

The contract net uses negotiation as a problem solving metaphor 

(Davis and Smith, 1983). When an agent within a contract net encounters a 

problem for which it does not possess sufficient domain knowledge, the agent 

becomes a contractor and requests bids on the problem from the other agents 

in the system. Subsequent bids are evaluated and the problem is assigned to 

the agent most qualified to solve the problem. 

Organizational self-design (OSD) is a relatively new integration and 

coordination mechanism. OSD allows a system of problem solving agents to 

dynamically alter their coordination structure as a function of the problem 

solving situation (Corkill, 1983). Gasser and Ishida (1991) note that "[t]here 

is an essential correspondence between the [structure] of a distributed 

problem-solving system, the structure of the problems it solves, and the 

environmental conditions under which it solves them" (p. 185). 

Problem Statement 

The literature suggests two divergent approaches to the structure of 

intelligent production control systems. The National Institute for Standards 

and Technology (NIST), through its Advanced Manufacturing Research 

Facility (AMRF), and the European Community, tlirougli the European 

Specific Research and Technological Development Programme in the field of 

Information Technology (ESPRIT), advocate a centralized coordination 



structure for intelligent production control systems (Jones and McLean, 1986: 

ESPRIT Consortium AMICE, 1993). Advocates of the centralized 

coordination structure note the requirement for a global view of the factory in 

order to facilitate global optimization of the production system (Joshi and 

Smith, 1992). The centralized coordination structure of the NIST AMRF is 

shown in Figure 1.1. All existing commercial production control systems are 

based on a centralized coordination structure (Veeramani, Bhargava, and 

Barash, 1993). 

Many researchers in the field question the efficacy of the centralized 

coordination structure and have proposed intelhgent production control 

systems based on a decentralized coordination stnicture (Hatvany, 1985; 

Duffie and Piper, 1987; Duffie, 1990, Veeramani, Bhargava, and Barash, 

1993). The expected benefits of the decentralized coordination structure are 

reduced complexity, reduced software development costs, higli modularity, 

high flexibihty, and improved fault tolerance (Duffie and Piper, 1987). Figure 

1.2 illustrates a decentralized coordination structure. 

By focusing on these structural extremes, researchers ignore the 

possibility of a production control system that does not strictly adhere to a 

centralized or decentralized coordination structure. Hatvany (1985, p. 103) 

offers the following opinion: 

Highly centralized and hierarchically ordered systems tend to be rigid, 
constrained by their very formalism to follow predetermined courses of 
action. . . . 

On the other hand, fragmentation of a system into small, completely 
autonomous units, each pursuing its own selfish goals according to its 
own, self-made laws, is the absurdity of primitive anarchy. 



This suggests the need for an intelligent production control system capable of 

adapting its coordination structure to both the problem and the problem-

solving enviromuent. 

Research Issues and Objectives 

The research issues arise from the problem delineated in the problem 

statement. This research addresses the problem by answering the following 

questions. 

Can organization self-design be used to construct an adaptive 
production control system that synthesizes the desirable attributes of 
centralized and decentralized coordination structures? 

Wliat is a suitable conceptual model for an adaptive production control 
system based on organization self-design? 

Is it feasible to construct a prototype adaptive production control 
system based on the conceptual model? 

The answers to the questions posed above provide evidence of the feasibility 

of OSD as an mtelligent production control system design alternative. 

Thus, the overall objective of this research is to investigate the 

feasibility of designing an APCS based on OSD. Specific objectives are to: 

(1) develop a conceptual model of an APCS based on OSD; (2) demonstrate 

the internal vahdity of the model througli the development of a prototype 

APCS; and (3) demonstrate the external validity of the model by comparing 

the perfonnance of the prototype APCS with a decentralized production 

control system (DPCS) through the use of simulation. 



Pritsker identifies four categories of performance measures for 

production systems (1986, p. 70): 

• measures of throughput; 

• measures of ability to meet deadlines; 

• measures of resource utihzation, and; 

• measures of in-process inventory. 

Measures of throughput include throughput (realized production output in a 

given time period) and system capacity (maximum production output in a 

given time period). Measures of the abihty to meet deadlines include 

lateness, tardiness, and flowtime or makespan. Measures of resource 

utilization indicate the fraction of time that system resources are productive. 

Measures of in-process inventory indicate the buildup of raw materials and 

work-in-process (WTP) in the production system. 

The measures used to compare the performance of the prototype APCS 

with the DPCS are throughput, resource utilization, and in-process inventory. 

Througliput is measured by the number of discrete parts manufactured during 

the simulation run. Resource utilization is measure by the fraction of time the 

resources are actively engaged in production during the simulation run. Tlie 

maximum queue lengths realized for each resource during the simulation run 

provide a measure of in-process inventory. 

Research Outcomes and Significance 

The research outcomes are based on the research objectives. As such, 

the principal outcome of this research is demonstrable support for OSD as a 

viable design alternative for intelligent production control systems. To 

8 



facilitate such support, the outcomes of this research include: (1) a conceptual 

model of an APCS based on OSD; and (2) a prototype APCS based on the 

conceptual model. 

This research provides several benefits to the intelligent production 

control system research community. First, the APCS provides an ahemate 

design approach. This approach "bridges the gap" between centralized and 

decentralized coordination structures and provides a synthesis of these two 

stmctural extremes. Second, the prototype APCS provides researchers with a 

means to assess the impact of different coordination structures on production 

system performance. Third, this research provides insight into the role of 

liierarchy within intelligent production systems. 

Structure of the Dissertation 

Chapter II provides a review of the relevant literature and reflects the 

interdisciplinary nature of the research. The chapter provides a review of the 

extant literature pertaining to coordination structures, distributed artificial 

intelligence, and production control systems. In addition to these areas, the 

work of the Intelligent Manufacturing Systems research consortium is 

examined. 

Chapter III contains a description of the research methodology used in 

this research. The methodology provides a framework for the development of 

the conceptual model and prototype system. 

Chapter IV presents the conceptual model for the APCS. The chapter 

begins with an examination of the desirable attributes of centrahzed and 

decentralized production control systems. These attributes are then 



synthesized to derive the desirable attributes of an APCS. Once the desirable 

attributes of the APCS have been defined, the knowledge level and symbol 

level theories and principles necessary to support such attributes are 

developed. Finally, the system architecture of the conceptual model is 

presented. 

Chapter V presents the prototype design requirements. The prototype 

design requirements are developed by operationalizing the knowledge level 

and symbol level theories and principles. Chapter VI presents the prototype 

implementation. The prototype is implemented by encodmg the prototype 

design requirements in a high-level programming language. 

Chapter VII demonstrates the c^abilities of the prototype APCS and 

evaluates its performance. The capabilities and performance of the prototype 

system are then examined in relationship to the knowledge level and symbol 

level theories and principles set forth in the conceptual model. 

Chapter VIII concludes the dissertation by discussing the limitations 

and contributions of the research, and by proffering suggestions for future 

research. 
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CHAPTER II 

LITERATURE SURVEY 

This chapter provides a review of the relevant literature and reflects the 

interdisciplinary nature of the research. The chapter provides a review of the 

extant literature pertaining to coordination structures, distributed artificial 

intelligence, and production control systems. In addition to these areas, the 

work of the Intelligent Manufacturing Systems research consortium is 

examined. 

Coordination Structure 

As stated in the previous chapter, Malone defines a coordination 

structure as "a pattern of decision-making and communication among a set of 

actors who perfonn tasks in order to achieve goals'" (1987, p. 1319). For the 

purpose of this research actors and agents are synonymous and represent 

humans and/or machines. 

Malone (1987) and Malone and Smith (1988) identify, and analyze the 

perfonnance of, four commonly occurring coordination structures: the product 

hierarchy, the fiinctional hierarchy, the centralized market, and the 

decentralized market. Figure 2.1 shows these four coordination structures. 

These four structures do not represent all of the structures used to coordinate 

human or computer activity. They do, however, "represent a wide range of 

patterns that seem to be common" in such activity (Malone, 1987, p. 1319). 

The performance of each of tliese coordination staictures is analyzed 

based on production costs, coordination costs, and vuberability costs. 
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Production costs are defined as "the costs of production capacity and the 

costs of delays in processing tasks" (Malone, 1987, p. 1319). Coordination 

costs are those costs associated with establishing and maintaining the 

necessary commmiication network among agents. Vuhierability costs are 

those costs associated with a particular agent failing to perfomi its task. 

In the product hierarchy, task agents are grouped according to product. 

Each product grouping has an agent acting as a product manager. The 

product manager assigns tasks to the task agents. The task agents then report 

the results of the task back to the product manager. There is no 

communication between product managers. The production costs for the 

product hierarchy are higji because resources are not shared among product 

groupings. Vuhierability costs within a product hierarchy are relatively high. 

This is because there is a single point of failure within each product group. If 

the product manager fails, the entire product group fails. Coordination costs 

within the product hierarchy are low given the minimal communication 

network required. 

In the fimctional hierarchy, task agents are grouped according to tlie 

fimction they perform. The activities of each of these fimctional groups is 

coordinated by a fimctional manager. There also exists an "executive" agent. 

The purpose of the "executive" agent is to assure that the overall goals and 

objectives of the system are being met. Production costs within the fimctional 

hierarchy are low because resources are shared among products. 

Coordination costs are slightly higher in the fimctional hierarchy than m the 

product hierarchy due to the added layer of hierarchy. Vulnerability costs 

associated with tiie fiinctional hierarchy are the highest among the four 
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structures analyzed. This higli cost is attributable to the single point of failure 

for the entire system: the "executive" agent. 

The remaining coordination structures are based on economic markets. 

These markets are comprised of suppliers, brokers, and buyers. The buyers 

require the services or product of a suppher. Tlie suppliers are task agents 

that provide some type of processing (their service or product). A broker acts 

as a "middle man," coordinating activity between buyers and suppliers. 

The centralized market consists of buyer agents that require tlie 

services of supplier agents. Rather than require each buyer agent to 

coordinate its activity with each supplier agent, a broker agent is introduced. 

The broker agent is knowledgeable of the products or services available from 

each supplier agent and can make rational choices about which suppher best 

meets the needs of the buyer. The production costs associated with a 

centralized market are low because resources (suppliers) are equally available 

to all buyers. The coordination costs of the centralized market are similar to, 

but slightly higlier than, the fimctional hierarchy. This sliglit increase in cost 

is due to the slightly higlier communication network requirements. 

In the decentralized market, all of the buyers are in direct 

communication with all of the supphers. It is assumed that the buyers are 

capable of making informed decisions regarding which supphers service or 

product best meet their needs. As with the centralized market, the production 

costs of the decentralized market are low. This is because the resources 

(suppliers) are equally available to all of the buyers. The coordination costs 

associated with the decentralized market are the highest among the four 

structures analyzed. This high cost is the resuh of a communication network 

15 



in which each and every buyer must have direct contact with each and every 

supplier. The vulnerability costs of the decentralized market are the lowest of 

the four structures analyzed. A failure of a buyer agent, a supplier agent, or 

of one of the communication links, has a minimal impact on the perfonnance 

of the overall structure. 

The performance characteristics of each of the four coordination 

structures are summarized in Table 2.1. 

Distributed Artificial Intelligence 

Distributed artificial intelligence (DAI) research focuses on "analyzing 

and developing intelligent communities, which comprisQcollections of 

interacting, coordinated knowledge-based processes"" (Gasser, 1991, p. 

108). Such knowledge-based processes are typically referred to as agents 

and systems comprised of collections of agents as multi-agent systems. 

Bird (1993) presents a taxonomy of multi-agent systems, classifying 

such systems along three dimensions: distribution, heterogeneity, and 

autonomy. Distribution refers to the degree to which knowledge is 

distributed among agents. This refers to the vertical and horizontal 

partitioning of knowledge, as well as "its replication and dissemination, 

which enhance its availability, consistency, and testability" (Bird, 1993, p. 

690). Heterogeneity refers to the commonality, or lack thereof, of knowledge 

representation schemes, inferencing mechanisms, and semantics among 

intelhgent agents. 
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Autonomy refers to the degree to which an agent can work towards a 

solution to a problem without the need to interact with other agents. Five 

types of autonomy are identified (Bird, 1993, p. 692): 

Design Autonomy—the localization of various design considerations 
for each component agent; 

Communication Autonomy—the ability of each component agent to 
detennine the role it plays in system-wide communication; 

Execution Autonomy—the ability of each component agent to execute 
local fiinctions without interference from external operations; 

Association Autonomy-the ability of each component agent to decide 
to what extent its local ftmctionality and resources will be shared; and 

Structural Autonomy—the ability of agents to self-organize into 
different problem-solving structures including hierarchical, serial, 
parallel, and others. 

This list represents a relative ranking of autonomy within multi-agent systems. 

In this ranking, those agents participating in systems capable of self-

organization display the highest degree of autonomy. 

A major issue in DAI research is the coordination of agents within a 

multi-agent system. Several coordination schemes have been proposed (Rich 

and Knight, 1991, p. 434). 

One agent is in charge. Tliat master agent makes a plan and distributes 
pieces of the plan to other "slave" agents, who tlien do as they are told 
and report back their results. They may also communicate with other 
slave agents if necessary to accomphsh tiieir goals. 

One agent is in charge and that agent decomposes the problem into 
subproblems, but then negotiation occurs to decide what agents will 
take responsibility for which subtasks. 

17 



No one agent is in charge, although there is a single shared goal among 
all the agents. Tliey must cooperate both in forming the plan and in 
executing it. 

No one agent is in charge, and there is no guarantee that a single goal 
will be shared among agents. They may even compete with each other. 

The most conunon coordination mechanism appearing in the literature is the 

negotiation/contract net. More recently, organization self-design has been 

employed as an integration and coordination mechanism. 

The Negotiation/Contract Net Metaphor 

Smith and Davis (1981) introduce the contract net as means of 

achieving coordination within a distributed problem-solving system. In the 

contract net, agents act as managers and contractors. Managers broadcast the 

existence of a problem-solving task and the remaining agents assess their 

ability to contribute to the solution of the problem. Agents bid on the task 

based on their perceived suitability to the task. The manager then evaluates 

the bids and awards the task to the most appropriate agent. This agent then 

becomes the contractor. 

The manager is responsible for monitoring the execution of the task 
and processing the results of its execution. The contractor is 
responsible for the actual execution of the task. Individual [agents] are 
not designated a pnon as manager or contractor; these are only roles, 
and any node can take on either role dynamically during the course of 
problem solving. [Agents] are therefore not statically tied to a control 
hierarchy. (Smith and Davis, 1981, p. 65) 
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In subsequent research, Davis and Smith (1983) establish a contract net 

protocol. This protocol provides a description of message content, message 

fonnat, and message language. Message content focuses on the infonnation 

requirements necessary to carry out negotiation. Task amiouncement, task 

evaluation procedures, bid evaluation procedures, bid awarding, and result 

descriptions are indicative of the message content portion of the contract net 

protocol. The message format provides a coimnon structure, or format, for 

presenting the message content described above. The message language 

specifies a common, high-level language in which the content of the messages 

can be expressed. 

In discussing distributed problem-solving systems in general. Smith and 

Davis (1981) suggest that such systems "offer advantages of speed, 

reliability, extensibility, the ability to handle applications with a natural 

spatial distribution, and the ability to handle micertain data and knowledge" 

(p. 61). 

Organizational Self-Design 

Organizational self-design (OSD) is an agent coordination mechanism 

that does not neatiy fit the approaches suggested by Rich and Kniglit. As 

originally proposed by Corkill (1983), OSD provides a means by which a 

system of problem solving agents may dynamically alter their coordination 

structure as a fimction of the problem solving situation. The problem solving 

system must develop an initial coordination structure and as problem solving 

progresses (Corkill, 1983, p. 6): 

Monitor for decreased effectiveness caused by [an] inappropriate 
[coordination] structure; 
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Determine plausible alternative structures; 

Evaluate the cost and benefits of continuing with its current structure 
versus reorganizing itself into one of the alternative structures; and 

Carry out reorganization if appropriate. 

Ishida, Yokoo, and Gasser (1990) use OSD to develop a distributed 

expert system capable of real-time adaptation to a dynamically changing 

environment. To accomplish reorganization, two reorganization primitives 

are introduced; composition and decomposition. Wlien the arrival rate of 

problem solving requests, or the complexity of the problems, reaches a 

specified tlireshold, a single agent decomposes into two or more agents to 

increase parallehsm. As the arrival rate or complexity decreases, two or more 

agents compose, or combine, into a single agent to achieve efficient 

utilization of computational resources. Figure 2.2 illustrates agent 

composition and decomposition. 

To facilitate decomposition and composition, each agent must possess 

problem-solving knowledge and coordination knowledge. An assumption is 

made that there is no overlap of problem-solving knowledge between agents 

and that the union of all agents in the coordination structure contains 

sufficient knowledge to solve a given problem. Coordination knowledge 

consists of knowledge pertaining to data dependencies, interferences, and 

agent locations. Data dependency refers to the extent to which the rules of 

one agent depends on the data provided by another agent. Interference refers 

to an agent having knowledge of which rules in the coordination structure 

may interfere with its own rules. The agent must have knowledge of the 
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locations of rules with which it has a data dependency or with which it may 

encounter interference. 

Gasser and Ishida (1991) expand on the notion of coordination 

knowledge and suggest two types; knowledge of agent-agent relationships 

and knowledge of agent-coordination structure relationships. The former is 

described, as before, as knowledge of data dependencies, interferences, and 

agent locations. The latter is comprised of "local statistics, [coordination 

structure] statistics, and reorganization rules" (Gasser and Ishida, 1991, p. 

186). Local statistics describe the level of activity of an agent. Coordination 

structure statistics describe the overall system performance relative to system 

objectives. Reorganization rules are used to suggest reorganization primitives 

based on local and coordination structure statistics. 

Ishida, Gasser, and Yokoo (1992) suggest that the decomposition and 

composition primitives may be expanded upon. Decomposition may involve, 

as previously described, the decomposition of one agent into two or more to 

increase parallelism or by transferrmg knowledge from one agent to another. 

Ishida et al. (1992) liken this to the difference between hiring a new employee 

and transferring an existing employee. Composition may be accomplished by 

combining two or more agents into a single agent to conserve resources or by 

simply destroying an entire agent. 

Production Control Systems 

One area of production control systems research that has received 

considerable attention from academe and industry is the development of 

information systems for the control of flexible manufacturing systems (FMS). 
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FMS are defined as systems that consist "of a group of processing stations 

(predominantly CNC machine tools), interconnected by means of an 

automated material handling and storage system, and controlled by an 

integrated computer system" (Groover, 1987, p.463). A recent study 

conducted by the International Institute for Applied Systems Analysis shows 

average reductions in lead time (81%), in-process time (83%), personnel 

(74%), floor space (64%), and unit costs (44%) following adoption of FMS 

(Ayers and Butcher, 1993). Despite these apparently impressive results not 

all of the expected benefits of FMS implementation have been realized. In a 

study of fifty FMS installations, 74% of the companies cited improved 

flexibility as an initial goal of FMS implementation, yet only 4% of these 

companies reported improvements in flexibility (Chen and Adam, 1991). 

With few exceptions, FMS "show an astonishing lack of flexibility" 

(Jaikumar, 1986, p. 69). 

The lack of flexibility in FMS is one of many problems attributable to 

current FMS information system designs. Indeed, "it has been repeatedly 

documented in the literature that information systems are the primary source 

of problems in FMS implementation" (Gowan and Mathieu, 1993, p. 1387). 

The incorporation of AI in FMS information system designs, such as that 

proposed in intelligent production control systems research, is seen as a 

means of overcoming the problems associated with conventional designs 

(Solberg and Kashyap, 1993). As with production control systems in general, 

the incorporation of AI in FMS information system designs is currently being 

pursued along two organizational extremes — those with centralized 

coordination structures and those with decentrahzed coordination structures. 
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Centralized Systems 

As previously mentioned, the National Institute for Standards and 

Technology (NIST) advocates a centralized coordination structure for 

intelligent production control systems design. This is of particular importance 

because NIST is responsible for the development and dissemination of 

standards for, among other technologies, automated manufacturing systems 

(Jones and McLean, 1986). The Advanced Manufacturing Research Facility 

(AMRF) is the experimental testbed used by NIST to develop such standards. 

The AMRF is a FMS featuring a real-time production control system. The 

design goals of the AMRF production control system are to allow for the 

addition, deletion, and substitution of hardware and software modules at all 

levels. These design goals are achieved by (Jones and McLean, 1986, pp. 

16-17): 

Partitioning the system into a hierarchy in which the control processes 
are isolated by fimction and communicate via standard interfaces; 

Designing the system to respond in real-time to performance data 
derived from machines equipped with sensors; and 

Implementing the system in a distributed computer environment using 
recent advances in soflAvare engineering, microcomputers, and artificial 
intelhgence programming techniques. 

Commands and feedback are presented to each of the five levels within 

the AMRF control hierarchy (refer to Figure 1.1) as input data and output 

data. The hierarchy then may be viewed "as a collection of cooperating finite 

state machines in which inputs representing initial states of one level are a 
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subset of the outputs of both the supervisor and subordinate levels" (Swyt, 

1988, pp. 363-364). 

The European Specific Research and Technological Development 

Progranune in the field of Information Technology (ESPRIT) program 

provides services to tiie European Community similar in nature to those 

provided by NIST to the United States. An ESPRIT program of particular 

interest is the development of the Computer Integrated Manufacturing Open 

System Architecture (CIMOSA). "The main goal of CIMOSA is to support 

process oriented modeling of manufacturing enterprises and to provide 

execution support for operation of enterprise systems based on those models" 

(ESPRIT Consortium AMICE, 1993, p. 11). As part of the CIMOSA project 

a centrahzed reference architecture called ADEPT has been developed. This 

architecture is composed of three levels of control hierarchy rouglily 

analogous to the top tliree levels of the NIST AMRF control architecture 

(Joshi and Smith, 1992). 

Buzacott and Shanthikumar (1980) provide an early, and often cited, 

analysis of FMS control requirements and describe three levels of control: 

pre-release planning, release or input control, and operational control. These 

levels are described as follows (Buzacott and Shanthikumar, 1980, p. 340): 

At the pre-release phase, the parts which are to be manufactured by the 
system are decided, constraints on the operation sequence identified, 
and operation durations estimated; 

The purpose of input control is to determine the sequence and timing of 
the release of jobs to the system; and 

At the operational control level the movement of parts between 
machines must be ensured. If a number of alternatives exist as to 
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which part should go on a machine, the conflict must be resolved. 
Furthermore, if machines should break down, it is necessary for the 
system to respond so that the consequent disruption is minimized. 

An additional twenty references in support of the centralized approach 

to FMS planning and control may be found in (O'Grady and Menon, 1986). 

Decentralized Systems 

As previously mentioned, Hatvany was among the first to propose the 

need for decentralized production control systems suggesting that "highly 

centralized and hierarchically ordered systems tend to be rigid, constrained by 

their very fonnalism to follow predetennined courses of action" (Hatvany, 

1985, p. 101). Duffie and Piper (1987) introduce a part-oriented 

decentralized FMS control system in which workpieces and workstations are 

represented by agents. When a new workpiece is introduced into the FMS, a 

corresponding agent is introduced into the control system. This agent then 

negotiates for the resources required to manufacture the workpiece. Two 

procedures, "reserve" and "allocate" are used to detennine workpiece and 

workstation pairings (Duffie and Piper, 1987, p. 177). The "reserve" 

procedure of the workpiece negotiates with the "allocate" procedure of the 

various workstations in the FMS until a suitable workstation has been 

engaged. Each of the agents contains the data and decision-making 

knowledge necessary to perform its tasks. 

O'Hare (1990) fiuther delineates the fonn and fimction of production 

control systems based on agents, likening such a system to a community of 

experts. O'Hare notes that each agent would require "a local knowledge base. 

25 



a deductive capability and a communication mechanism that would enable it 

to interact with relevant experts in the community" (O'Hare, 1990, p. 19). By 

maintaining knowledge bases locally, they would be smaller and require less 

complex inference mechanisms. The problems of plaiming and global 

optimization are addressed by suggesting that planning take place on two 

levels: locally and globally. This strategy is not without its limitation, "local 

planning strategies, like that of negotiation . . . allows local optimal usage of 

agents; however, it will not guarantee overall optimal usage" (O'Hare, 1990, 

p. 19). 

Dufffie (1990) describes a decentralized production control system in 

which each agent consists of three distinct fiinctions; a communicator, a state 

machine, and a local expert (as shown in Figure 2.3). The communicator 

allows the agent to as5^clironously pass messages to other agents within the 

system. These messages may contain requests for service, notification of 

available services, announcements of fault conditions, or requests for the 

status of other agents. The state machme defines finite system states as a 

fimction of "communicator inputs, external inputs, timers, etc." (Duffie, 1990, 

p. 172). The fimction of the local expert is to support advanced logic 

capabilities. These capabilities include such tasks as fault detection and 

recovery. 

Lin and Solberg (1992) provide a model for message passing among 

agents within an intelligent production control system as well as a bidding 

protocol for inter-agent negotiation. The bidding protocol is analogous to an 

economic marketplace (Lin and Solberg, 1992, p. 61): 

. . . a job enters the system with some (fictitious) currency and a 
flexible processing plan. It tries to fiilfill the processing requirement to 
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achieve its unique set of weighted objectives (time, cost, quality, etc.) 
by "bargaining" with resource agents. A resource agent acting as a 
vendor sets its processing charge according to its status and tries to sell 
its services to maximize its profit and/or some system performance 
criteria. 

The workpiece, or part, is represented in the system by a part agent. Wlien a 

part agent is introduced into the system it has knowledge of its processing and 

resource requirements, its objectives, and its "currency." Resources, such as 

machines and processes, are represented as resource agents. The resource 

agents have knowledge of the current status of the resource, such as 

equipment status, queue length, reliability, etc. The resource agent must also 

maintain knowledge of pending bids. Lin and Solberg posit that, by using 

such an economic model for inter-agent negotiation, "no information 

aggregation and no advanced planning is required" (Lin and Solberg, 1992, p. 

60). 

The Intelligent Manufacturing Systems Initiative 

The fonnation of the Intelligent Manufacturing Systems (IMS) 

consortium, a research initiative involving 21 countries and 143 academic, 

governmental and industrial participants, is evidence of this interest (Industry 

News, 1994). The factory of the ftiture, as envisioned by the IMS 

consortium, is "expected to include such distributed, autonomous, and 

intelhgent systems as industrial robots, numerically controlled machine tools, 

and automated guided vehicles—all interacting with an intelligent production 

management system" (Hayashi, 1993, p.83). The most current and relevant 

research into Intelligent Manufacturing Systems (IMS) is being conducted 
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under the auspices of the IMS initiative. 

The IMS initiative is an industry-led, industry-fimded international 

manufacturing research and development (R&D) consortium. The IMS 

initiative began in Japan in 1989 when Professor Yoshikawa, President of the 

University of Tokyo, proposed that "for sound fiiture development in the 

manufacturing industry, it would be essential to change the traditional ideas 

that competition is all important, and instead to introduce a new concept of 

joint technology development in the future" (Fumkawa, 1994, p. 1). From 

this initial proposal, the IMS initiative has grown to involve six regions: 

Japan, the United States, Canada, Australia, the European Community, and 

the European Free Trade Association. 

To determine if international collaboration on manufacturing R&D was 

possible, a feasibility study was initiated in 1992. This study provided the six 

regional members with the opportunity to determine the appropriate 

management structiu'e and reporting mechanisms for conducting international 

R&D. Six test cases were selected for the feasibility study (CIMS, 1994, p. 

5): 

Clean Manufacturing in Process Industries—Assessment of process 
teclmologies dictated by fiiture environmental regulations. 

Concurrent Engineering for Global Manufacturing—Identify 
obstacles to implementation of today's concurrent engineering systems. 

Globeman 21: Enterprise Integration—Identify best practices to 
facilitate efficient global manufacturing. 

Holonic Manufacturing Systems—Technological requirements for 
open, distributed, autonomous, cooperating systems. 
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Rapid Product Development-Technologies and business practices 
that could shorten product development time. 

Gnosis: Systemization of Knowledge—Develop a new paradigm for 
manufacturing, i.e., beyond mass production. 

Tlie six test cases, as well as the feasibihty study, were successfiilly 

completed in January of 1994. 

Holonic Manufacturing Systems 

The IMS research most relevant to this proposal is that which 

addresses Holonic Manufacturing Systems (HMS). The tenn "holon" 

originates with the work of Koestler (Koestler, 1967) who formulated a set of 

underlying principles for the adaptive tendencies of social and biological 

systems. Holons are described as the basic building blocks of autonomous 

and adaptive systems. HMS research is motivated by the need to develop 

"reprograimnable, reconfigurable, continuously changeable production 

systems, integrated into a new, information intensive manufacturing system" 

(Christensen, 1994, p. 4). 

The obstacles to achieving such a system, and the manner in which 

HMS may overcome such obstacles, are (Cliristensen, 1994): 

Disturbance Handling—Intelhgent, autonomous holons can cooperate 
to provide automatic recognition and action in response to machine 
malfimctions, rush orders, unpredictable process yields, human errors, 
etc; 

Human Integration—Humans are the most intelligent parts of any 
manufacturing system, yet current systems fail to use much of their 
potential. The human will be irreplaceable for non-repetitive and 
unstructured tasks until well into the next century. HMS architecture 
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accommodates these constraints by explicitiy including the role of the 
human; 

Reliability and Maintainability-Rehability and maintainability 
become problematic with growing system complexity. Autonomous, 
self-diagnosing holons will be able to negotiate and cooperate with 
others to diagnose the current state of health and compensate for 
defects of system elements (including the human element); 

Flexibility—The lack of flexibility makes manufacturing systems 
unnecessarily complex, and vice versa. High levels of holonic 
cooperativeness and autonomy will increase system flexibility while 
reducing overall system complexity; 

Stability—Communications delays, errors and non-determinism in 
distributed environments can cause instability in current systems. 
Highly autonomous holons can greatly improve system stability by 
reducing communication loads and maintaining their normal 
fiinctionahty even under degrading communications; 

Statistical Process Control (SPC)—Intelligent holons will be capable 
of monitoring and improving their own performance, and of 
cooperating to achieve unproved process performance; 

Real-time Planning and Scheduling—It is difficult for today's systems 
to cope with deviation of the real world from their models, 
assumptions, and predictions. Holonic systems will be much better 
able to localize, understand and cope with such deviations; 

Software Portability—HMS architectures provide the opportunity for 
much greater encapsulation and reuse of standards-based software; 

Communications Standards—HMS architectures provide the 
opportunity to standardize on a small number of application-level 
protocols, yet provide flexibility to incorporate improved technology 
with minimum effort; and 
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Graceful Fault Recovery-After detection of a malfiinction, an 
autonomous holon will be able to provide a smooth and organized shut
down and restart of the affected system elements, while cooperating to 
assure that the rest of the system remains as unaffected as possible. 

A Conceptual Model of a Holon 

As previously described, a holon is the basic building block of an 

autonomous and adaptive system. In the context of a production management 

system, a holon "may have interfaces through which it exchanges 

information, material, or resources (which themselves may be holons) with 

other holons or the environment" (Christensen, 1994, p. 6). A conceptual 

model of a holon is shown in Figure 2.4. In addition to exphcitly including 

the human element within the conceptual model, humans may act as resources 

and interact with the holon in a manner similar to that of any other resource. 

A key element in the conceptual model of a holon is the Intelligent 

Control System (ICS). The ICS consists of four major fiinctions 

(Christensen, 1994, p. 7): 

Process/Machine Control (PMC)—Responsible for the execution of 
the control plan for the process being controlled. This may include, in 
addition to traditional algorithms, elements that add "intelhgence" such 
as rule-based reasoning, fiizzy logic, and neural nets; 

Process/Machine Interface (PMI)—Representing the physical and 
logical interface to the physical or logical process being controlled. 
This interface may itself include "intelligent" elements such as self-
diagnosing sensors and actuators; 

Human Interface (HI)-Representing the interfaces to the human 
resources that may enter or leave the holon, such as operators, 
supervisors, maintenance personnel, process engineers, etc. This 
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fimction may also contain "intelligent" elements such as diagnosing 
aids, intelligent "front ends," etc; and 

Inter-Holon Interface (IHI)—Provides for the exchange of 
information with other holons in the system, as well as capabilities for 
negotiating and cooperating with other holons to meet system goals. 
This may include, for example, cooperative planning and scheduling 
elements. 

The IHI provides the mechanism through which the entire system is 

integrated. By providing for inter-holon cooperation and negotiation, 

integration is simply a matter of inserting a new holon in the system and 

providing the holon with appropriate communications to the system. The IHI 

is responsible for negotiating for jobs based on the process capabilities 

controlled by the holon. The IHI is also responsible for accepting information 

concerning job requirements, reporting critical events to other holons, and 

"assisting the human in system operation, diagnosis and maintenance" 

(Cliristensen, 1994, p. 15). Conununication and negotiation, fiizzy logic, 

neural nets, and knowledge-based reasoning are all considered as viable 

means of implementing the IHI. 

Summary 

As shown by Ayers and Butcher (1993), the use of FMS teclmology 

can yield dramatic improvements in productivity, substantially reducing lead 

times, in-process times, personnel, floor space, and unit costs. Yet, despite 

these apparenfly impressive improvements, industry is reporting that a key 

performance measure, flexibihty, is far less than expected. 
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This lack of flexibility in FMS may be traced directly to current FMS 

information system designs. As noted by Veeramani, Bhargava, and Barash 

(1993), all existing commercial production control systems are based on a 

centralized coordination structure. Centrahzed coordination structures are, by 

their very nature, rigid. Yet, as described in the literature, the use of a fiilly 

decentralized control stucture introduces problems of system optimization. 

The research presented in this dissertation directly addresses the lack 

of flexibility in FMS information systems, and hence in FMS, through the 

development and implementation of an adaptive production control system. 

By enabling the production control system to dynamically aher its 

coordination structure, it aquires the desirable attributes of both decentralized 

and centralized coordination structures. The APCS benefits from the 

flexibility and rehability associated with decentralized coordination structures 

and the ability to facilitate optimization associated with a centralized 

coordination structure. 

Chapter I of this dissertation set forth the problems to be addressed in 

this research. This chapter has provided a review of the current literature in 

the application of AI to intelligent production control systems, and has 

established the motivation for the research. However, prior to conducting the 

research a rigorous research methodology had to be defined. Such a 

methodology is presented in the following chapter. 
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Table 2.1. Coordination Structure Performance (Malone, 1987) 
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CHAPTER III 

RESEARCH METHODOLOGY 

A review of the intelligent production control system literature reveals 

that there has been little conceptual and theoretical foundation laid on which 

fiiture research efforts may be based. This research corrects this situation 

througli the use of a structured research methodology. This chapter presents 

the research methodology used in this research and discusses how each phase 

of the methodology was applied. 

The Unified Research Methodology 

The Unified Research Methodology (Baldwin and Yadav, 1995) has 

been chosen for this research for several reasons. First, the methodology is 

comprised of two dimensions, a long-term dimension and an individual study 

dimension. The long-term dimension provides a framework in which past, 

present, and ftiture research efforts may be viewed and their contributions to 

the accumulation of knowledge ascertained. Individual studies may then be 

structured so as to contribute to the long-term dimension. Second, the long-

term dimension of the methodology acknowledges the importance of 

prototype development in AI research. In addition, the long-term dimension 

of the methodology is well suited to research tangential to the AI community; 

i.e., conducted outside computer science and cognitive psychology. 
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Long-Term Dimension 

As previously described, the Unified Research Methodology is 

comprised of a long-tenn dimension and an individual study dimension. The 

long-term methodology consists of the following steps: 

1. Formulate the problem; 

2. Construct knowledge level principles or theories that address the 

problem; 

3. Construct symbol level tiieories or principles; 

4. Operationalize knowledge level theories and form knowledge level 

hypotheses; 

5. Identify or construct a symbol level design and form symbol level 

hypotheses; 

6. Identify or develop prototype systems based on tlie above design; 

7. Test the systems; 

8. Evaluate and validate the results; and 

9. Refine the problem, theories, principles and hypotheses, and repeat 

steps 1-8, if necessary. 

These steps are described in detail in the following paragraphs. 

Problem Formulation. Step one, problem formulation, focuses 

attention on the development and testing of theories. In the context of AI 

research the problem formulation step identifies the intended goal, the 

environmental factors internal to the system, the environmental factors 

external to the system, the intended behavior of the system, and constraints 

and assumptions on which the solution is based. 
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Knowledge Level and Symbol Level Theories. Step two, construction 

of knowledge level theories, addresses the development of theories and 

principles that affect system behavior. In this research, the development of 

knowledge level theories focuses on the knowledge required to facilitate the 

organization/reorganization of agents. Step three, construction of symbol 

level theories, pertains to the identification of theories and principles that 

affect the system architecture. In this research, the development of symbol 

level theories focuses on the architectural aspects of the system that are 

necessary to facilitate the organization/reorganization of agents. 

Knowledge level and symbol level principles are propositions relating 

the knowledge level concepts (K) to symbol level concepts (S), the system 

behavior (B), and the system environment (E). Several general types of 

propositions exist and are presented below (Baldwin and Yadav, 1995, p. 

853). 

Environmental propositions, E -> E, describe the nature of the 
problem independent of the AI system. 

Sufficient knowledge propositions, K X E -> B, indicate the resuh of 
using a type of knowledge in a particular environment. 

Necessary knowledge propositions, E X B -> K, identify necessary 
knowledge to create a behavior in some environment. 

Knowledge production propositions, S X E -> K, state the ability of 
a certain architecture to produce identified knowledge in a domain. 

Architectural requirement propositions, K X E -> S, indicate the 
necessary characteristics of an architecture to achieve some knowledge 
in an environment. 
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Pure architectural propositions, S X E -> B, do not focus on the 
knowledge level. 

Pure knowledge propositions, K -> K, are similar to logic's rules of 
inference. 

Steps two and three represent the theoretical development component of the 

research methodology. 

Prototype Development. Steps four, five, and six focus on the 

development of a prototype system. This prototype is then used to validate or 

invalidate the theories developed in steps two and three. Step four, 

operationalization of the knowledge level theories, involves the translation of 

abstract characterizations of knowledge level constructs into simpler and 

more specific concepts. Step five, construction of the symbol level design, 

involves the development of formal system specifications, development of 

logic specifications, identification of the knowledge representation scheme, 

and development of an organization scheme for the knowledge bases. Step 

six, development of a prototype, is analogous to the experimental design 

phase of the scientific method (Baldwin and Yadav, 1995). As such, the 

prototype provides support for OSD as a viable design ahemative for 

intelhgent production systems. 

Prototype Verification and Validation. Steps seven and eight address 

the verification and validation of the prototyped system and the theories on 

which it is based. Verification of the prototyped system focuses on assuring 

that the knowledge and symbol level theories are consistentiy and properly 

operationalized. Validation of the system occurs through the evaluation of 

system performance. 
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Refinement. During the verification and validation of the prototyped 

system, refinements of the knowledge level theories, symbol level theories, or 

the operationalization of knowledge level or symbol level theories, may be 

identified. Step nine of the research methodology acknowledges the iterative 

nature of research and encourages the refinement of the problem, theories, 

principles, and hypotheses, as necessary. 

Individual Study Dimension 

In addition to the long-term dimension, the Unified Research 

Methodology contains an individual study dimension. The individual study 

dimension "identifies multiple ways to conduct individual projects" (Baldwin 

and Yadav, 1995, p. 854). The purpose of the individual studies is to 

contribute to the long-term steps identified in the previous section. 

Baldwin and Yadav identify four strategies for conducting individual 

studies: 

• the hypothetical/deductive strategy; 

• the hernieneutical/inductive strategy; 

• the case-based strategy, and; 

• the historical analysis strategy. 

The hypothetical/deductive strategy is a technique whereby hypotheses are 

deduced, measurements and tests are developed, and controlled experiments 

are conducted. The hermeneutical/inductive strategy involves gathering 

knowledge by "observing, interpreting, and describing a situation without 

prior commitment to a theory" (Baldwin and Yadav, 1995, p. 854). The case-

based strategy, as applied to Al research, involves using an initial, modifiable 
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theory to guide the development of a prototype system. Once developed, the 

prototype is used to gather data to validate or refute the initial theory. Using 

the historical analysis strategy, knowledge is gained by analyzing historical 

information. 

Application of the Unified Research Methodology 

The research methodology followed in this dissertation was based on 

the case-based strategy individual study dimension. The research is 

conducted within the overall framework of the long-term dimension of the 

Unified Research Methodology. Each of the steps or phases of the long-term 

dimension, and the manner in which they were applied to this research, are 

described in the following paragraphs. 

Problem Formulation 

The problems addressed by this research have as their focal point the 

inherent lack of flexibility in the information systems used to control 

automated production systems, specifically FMS. This inherent lack of 

flexibility is due to the rigid hierarchy imposed by the centralized 

coordination structure used in current production control systems. Some 

researchers have proposed the use of production control systems based on a 

decentralized coordination structure. Yet, as was shown in the literature 

review, these systems bring their own set of problems in terms of their ability 

to optimize the production system. 
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Knowledge Level and Symbol Level Theories 

Knowledge level theories are a "way to describe the behavior of 

systems with wide-ranging capability . . . in terms of their having knowledge 

and behaving in hght of it" (Newell, 1990, p. 45). Knowledge level theories 

are used to describe the knowledge necessary to produce a desired system 

behavior. The knowledge level theories developed for the APCS focus on the 

knowledge required to enable the system to dynamically alter and adapt its 

coordination structure. 

Symbol level theories focus on the architectural aspects of the 

proposed system. The symbol level theories serve to identify the constructs 

necessary to encode and operationalize the knowledge level theories. The 

symbol level theories developed for the APCS relate to the development and 

use of agents to facilitate the desired system behaviors. 

Prototype Development 

The development of a prototype provides a means by which the 

behavior and performance of the APCS may be evaluated. As Kliazanchi 

states: 

From a philosophical perspective, the prototype computer system is a 
way of confirming (or substantiating) that our model of reality-
whatever that may be-is tenable. The prototype system is a tool-akin 
to the experimental design in empirical research-that provides a means 
for validating theories or conceptual models. (Khazanchi, 1991, p. 40) 

Indeed, the process of prototype development provides the researcher with an 

additional tool, not available to traditional scientists , for gaining insight into 

the systems' behavior and properties (Baldwin and Yadav, 1995). Thus, the 
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prototype APCS provides a tool by which the knowledge level and symbol 

level theories may be confirmed or denied. 

As with any software development project, the quality of the proposed 

prototype system and the ease with which it is developed may be enhanced 

by the use of a software development life cycle (SDLC) approach. A SDLC 

approach provides a structured methodology for software development. 

Several SDLC models exist; however, the development of knowledge based 

systems requires a model that addresses issues specific to such systems. The 

Linear Model (see Figure 3.1) developed by Giarratano and Riley (1994) has 

been adapted for use in developing the proposed prototype. The phases of 

the Linear Model are described in the following paragraphs. 

Planning. The purpose of the planning phase is to develop a formal 

work plan for the prototype system development. Key issues in the planning 

phase include feasibility assessment, resource management, task phasing, 

scheduling, preliminary fiinctional layout and high-level requirements. 

Feasibility assessment involves determining if the development of the 

prototype system is indeed worthwhile. Resource management addresses the 

financial, personnel, software, and hardware requirements of the proposed 

development activity. Task phasing and scheduling focuses on identifying the 

various tasks involved in the development process, as well as their associated 

precedence relationships, and scheduling these tasks in a economical and 

realistic manner. The preliminary functional layout describes, in abstract 

terms, what the system should do in terms of functions and behavior. The 

high-level requirements are used to describe, again in abstract terms, how the 
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system should accomplish the behavior set forth in the preliminary functional 

layout. 

Knowledge Definition. The objective of the knowledge definition 

phase is to define the knowledge requirements of the proposed prototype 

system. The knowledge definition phase consists of two activities: 

knowledge source identification and selection, and knowledge acquisition, 

analysis, and extraction. Knowledge source identification and selection 

consists of identifying each potential source of knowledge, prioritized the 

sources based on importance, determining the availability of the sources, and 

selection of the sources based on importance and availability. 

Knowledge acquisition, analysis, and extraction focuses on producing 

and verifying the knowledge required by the prototype system. The tasks 

associated with this activity include developing an acquisition strategy, 

identifying knowledge elements, classifying knowledge types, developing a 

detailed functional layout and preliminary control flow, preparing a 

preliminary user's manual, developing the requirements specification, and 

establishing the knowledge baseline. 

Knowledge Design. It is during the knowledge design phase that the 

detailed design for the prototype system will be developed. The tasks 

associated with the knowledge design phase include identification of the 

knowledge representation scheme, detailed design of the control structure, 

design of the internal fact structure, preliminary specification of the user 

interface, and the development of the initial test plan. The knowledge 

representation scheme, such as frames, logic, or rules, is dependent on the 

expert system tool being used. The control structure and internal fact 
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structure specify what is in the knowledge-base and how the knowledge is 

logically organized. It is during this phase that the detail design specification 

is produced. 

Code and Checkout. The code and checkout phase is where the 

system is actually coded. The primary task in this phase is coding the system 

as specified in the detail design specification. Additional tasks include low-

level testing as the system is developed and completion of the user's manual, 

operations manual, and system description manual. 

Knowledge Verification. The objective of the knowledge verification 

phase is to determine the correctness, completeness, and consistency of the 

prototype system. The knowledge verification phase consists of two tasks, 

formal tests and test analysis. During the formal test task test procedures are 

established and implemented. The results of these formal tests are 

subsequently documented. The results of the formal tests are analyzed and 

recommendations for improvements in the system are developed as a function 

of the test analysis task. 

System Evaluation. The final phase in the Linear Model is system 

evaluation. The system evaluation phase consists of four tasks: results 

evaluation, recommendations, validation, and the issuing of a final report. 

During the results evaluation task the resuhs of testing and verification are 

summarized. Given that prototype development is an iterative process, the 

recommendations task involves making appropriate recommendations for 

system improvements. The validation task consists of validating that the 

system is correct with respect to user needs and requirements. The final task 

within this phase is the preparation of the final report describing the increased 
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fiinctionahty provided by the system and the knowledge gained during its 

development. 

Prototype Verification and Validation 

Verification and vahdation of the prototype is done not only to verify 

that the prototype is a functional implementation of the conceptual model, but 

also to validate the knowledge level and symbol level theories on which the 

conceptual model was based. The fimctional prototype APCS, in which the 

system dynamically alters its coordination structure, serves to verify that the 

knowledge level and symbol level theories presented in the conceptual model 

were sufficeintly robust to construct a system exhibiting the desired behavior. 

The vahdation of the prototype APCS is accomplished by comparing 

its perfonnance, as measured by throughput, resource utilization, and in-

process inventory, with that of a production control system based on a 

decentralized coordination structure. The assertion being tested is that there 

is no difference in the performance of the APCS and the decentralized 

production control system. If this assertion can be rejected, then the 

conclusion is that one production control system is preferable to the other. 

Refinement 

As previously noted, the process of developing a prototype provides 

insight into the structure and behavior of a system. Deficiencies discovered 

during the development of the APCS required that steps one through eight of 

the long-term dimension be revisited. 
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Summary 

The development of prototype production systems, and the subsequent 

testing of such systems through the use of simulation, has become a widely 

accepted research practice. However, such research is often conducted 

without the benefit of a rigorous research methodology. The use of the 

Unified Research Methodology in this research provides such rigor. 

Step one of the long-term dimension, the formulation of a problem 

statement, was addressed in Chapter I. The following chapter. Chapter IV, 

presents the conceptual development of the APCS and incorporates steps 2 

and 3 of the long-term dimension. Chapters V and VI describe the design and 

implementation of the prototype APCS and provide steps 4 though 6 of the 

long-term methodology. Once the prototype has been developed it is used in 

the context of a case-based individual study to determine the viability of the 

APCS. The resuhs of this study appear in Chapter VII. 
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CHAPTER IV 

A CONCEPTUAL MODEL OF AN ADAPTIVE 

PRODUCTION CONTROL SYSTEM 

This chapter presents the conceptual model of the APCS. First, the 

desired system behavior of the APCS is specified. Once the desired system 

behavior is specified, knowledge-level concepts necessary to support the 

desired system behavior are introduced. Having established the knowledge-

level concepts, knowledge-level principles are constructed. Knowledge-level 

principles serve to relate the knowledge-level concepts to symbol-level 

concepts, the system behavior, and the system environment. Next, symbol-

level concepts are introduced. The symbol-level concepts provide a 

framework for encoding the knowledge-level. Once the symbol-level 

concepts are established, symbol-level principles are constructed. The 

symbol-level principles serve to relate the symbol-level concepts to the 

knowledge-level, the system behavior, and the system environment. 

System Behavior 

As discussed in previous chapters, academic and industrial research 

into the coordination structure of intelligent production control systems has 

focused on the structural extremes; centralized coordination structures and 

decentralized coordination structures. Yet, as Ishida et al. have shown, it is 

possible to construct intelligent systems that do not strictly adhere to either of 

these extremes. This raises the possibility of developing an intelhgent 

production control system that can dynamically alter its coordination structure 
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and thus synthesize the desirable attributes of centralized and decentralized 

coordination staictures. But what are the desirable attributes of centralized 

and decentralized coordmation structures? In a dynamically adaptive system, 

should one coordination structure be favored over another? Under what 

conditions should the system make the transition from one coordination 

structure to another? These questions are addressed in the following 

paragraphs. 

Attributes of Centralized Systems 

Centralized coordination structures allow for global control of the 

production system. Such control is required by production control systems to 

facilitate optimization of the production system. Hax (1974) was among the 

first to recognize the need for the hierarchical decomposition of planning and 

control within production systems. Hax proposed three levels of 

decomposition based on dimensions of time horizon, level of management 

involvement, scope, source of information, level of detail of information, and 

degree of uncertainty. These three levels are referred to as strategic planning, 

tactical planning, and operational control. Strategic planning involves such 

broad activities as investment in new facilities, expansion of existing 

facilities, and facilities design. Tactical planning is concerned with the 

effective allocation of resources taking into account costs and revenues 

associated with the production processes. Operational control addresses day-

to-day activities such as the sequencing of work orders and the assignment of 

^ Although the use of the term "optimization" is common in the production control literature, and 
as such is used in this research, the term "satisficing" more accurately describes the activity. 
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jobs to machines. Such a production system "although essential, caimot be 

made without decomposing the elements of the problem in some way, within 

the content of a hierarchical system that links higher level decisions with 

lower level ones in an effective manner, and in which decisions that are made 

at higher levels provide constraints for lower level decision making" (Hax, 

1974, pp. 235-236). 

Buzacott and Shanthikumar (1980), notmg the complexity of 

production systems, the vast number of possible part routings, and the 

variability in production times, suggest three levels of production control: 

Pre-release planning: at the pre-release phase, the parts that are to be 
manufactured by the system are decided, constraints on the operation 
sequence identified, and operation durations estimated. 

Release of input control: the purpose of input control is to determine 
the sequence and tuning of the release of jobs to the system. 

Operational control: at the operational control level the movement of 
parts between machines must be ensured. If a number of alternatives 
exist as to which part should go on a machine, the conflict must be 
resolved. Furthermore, if machines should break down it is necessary 
for the system to respond so that the consequent disruption is 
mmimized. (p. 340) 

Buzacott and Shanthikumar note that, due to the inherent complexity of 

the operation control level, it is advantageous to transfer some decisions from 

the operational control level to the pre-release planning level. An example 

given is decision making regarding ahemate part routings. Potential alternate 

routings may be determined at the pre-release planning level thereby, 

relieving the operational control level of this responsibility. However, 

Buzacott and Shanthikumar warn that "Ashby's Principle of Requisite 
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Variefy" states that the greater the control options available, i.e., the more 

variety available to the controller, the less will be the effect of disturbances 

on system performance" (Buzacott and Shanthikumar, 1980, p. 341). 

The issue of global control for the purpose of global system 

optimization is considered of paramount importance to proponents of 

centralized intelhgent production control systems. 

For example, global optimization is difficuk, if not impossible, without 
exercismg control over the job/machine/release-time decisions in a 
manufacturing system . Similarly, predictions of completion times, 
machine utilizations, and throughput are also very difficult in an 
environment where entities have no global knowledge. (Joshi and 
Smith, 1992, p. 500) 

In addition to concerns over optimization of production processes, proponents 

of centralized intelligent production control systems cite the perceived 

advantages of the classic hierarchical command/feedback control structure. 

These perceived advantages include ensuring "that the size, ftmctionality, and 

complexity of individual control modules is limited" (Jones and McLean, 

1986, p. 17). 

Attributes of Decentralized Systems 

Decentralized systems, encompassing the distribution of processmg, 

data, and knowledge, have been an area of mtense research for some time, 

and the benefits of distribution are well documented. Decentralized systems 

offer advantages in performance versus cost, modularity, expandability, 

availability, scalability, and reliability (Mullender, 1989). The advantages of 
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distributing knowledge and problem solving enumerated by Rich and Knight 

appear m Chapter I and are paralleled here by Smith and Davis (1981, p. 61): 

Distributed problem solving offers advantages of speed, reliability, 
extensibilify, the ability to handle applications with a natural spatial 
distribution, and the ability to tolerate uncertain data and knowledge. 
Because such systems are highly modular they also offer conceptual 
clarify and simphcify of design. 

In the context of designing an intelligent production control system a 

decentralized approach wiU reduce the complexity of the system by localizing 

the infonnation and control. Maintainability and modifiabilify will be 

improved because of modularity and self-configurability. In addition, 

software development costs will be reduced by eliminating the need for 

supervisory level modules (Duffie, 1990). 

The Preferred Coordination Structure 

A factory is an inlierently decentralized organization comprised of 

various production machines, processes, and people, distributed both spatially 

and temporally. The machines, processes, and people are logically grouped 

into work cells according to production tasks. "Such a series of work cells 

forms a production system in which the tasks and the intelligence necessary 

for task execution is physically distributed throughout the factory" (Gaylord, 

1987, p. 24). This would suggest that a decentralized coordination structure 

provides the best fit between the production management system and the 

production system being managed. 

In attempting to determine the preferred coordmation structure of an 

APCS some additional insight may be gained by examining current thoughts 
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on organizational theory as applied to traditional corporate organizations. 

Hammer and Champy (1993) trace the roots of the traditional centrahzed 

organizational structure back to Adam Smith's Wealth of Nations. The 

authors note that the centralized organization, while appropriate during the 

early years of the industrial revolution, does not allow for the flexibility and 

responsiveness necessary to compete in today's dynamic marketplace. These 

problems may be generalized to centralized production control systems. As 

previously noted, all commercially available production control systems are 

based on a centralized coordination structure and, as a whole, industry is 

reporting that the lack of flexibility in these systems is a major concern. 

The lack of flexibility in FMS and the root cause of the problem, 

namely the lack of flexibility in the FMS information system architecture, 

provide the impetus for the development of the APCS. The decentralized 

coordination structure has been shown to have distinct advantages in 

flexibility when compared to centralized coordination structures. The need 

for centralization of control, through the introduction of hierarchy, is 

necessary only when the optimization that such centralization would facilitate 

improves the system's performance. For these reasons, the APCS has a bias 

towards a decentralized coordination structure. 

The Transition Between Coordination Structures 

An APCS must not only have the ability to make the transition between 

a decentralized and a centralized coordination structure, it must also be able 

to detect when such a transition is warranted. Having established a 

preference for the decentralized coordination structure, some criteria for the 
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transition to a centralized coordination structure must be estabhshed. The 

desired attributes of the centralized coordination structure are primarily 

related to the need for optimization of the production system. The transition 

to a centralized coordination structure should be a fimction of the level of 

optimization required by the production processes. The introduction of 

hierarchy into the production control system need only occur in areas of the 

system requiring some level of optimization, and need only involve those 

agents necessary to facilitate the desired optimization activity. Once the 

required optimization activity has concluded, the need for the hierarchy is 

eliminated and the system should return to a decentralized coordination 

structure. 

The Desired System Behaviors 

The desired system behaviors are derived from the need to incorporate 

into the APCS the desirable attributes of centralized and decentralized 

coordination structures. Having established a bias for the decentralized 

coordination structure, and the motivations for making the transition to a 

centralized coordination structure, the desired system behaviors may be 

summarized as follows: 

1. The system should be capable of making the transition from a 

decentralized coordination structure to a centralized coordination 

structure, through the introduction of hierarchy, when such a 

transition would facilitate optimization of the production system; 

2. The system should be capable of luniting the introduction of 

hierarchy, both m height and scope, to only that portion of the 
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system that would benefit from the optimization that such hierarchy 

would facilitate; and 

3. The system should be capable of allowing those portions of the 

system in which hierarchy has been introduced to return to a 

decentralized coordmation structure when their respective 

optimization activities have concluded. 

These behaviors enable the APCS to adapt the coordmation structure to the 

optimization needs of the production system. In addition to these adaptive 

behaviors, the APCS must possess certain behaviors common to agent-based 

production control systems. These common behaviors are as follows: 

4. The agents that compose the system must be able to coordinate their 

activities through message passing; 

5. The agents that compose the system must be aware of their 

respective goals and seek to satisfy those goals, and; 

6. The agents that compose the system must be capable of evaluating 

their performance with respect to their goals. 

These common agent behaviors, together with the adaptive behaviors, 

constitute the desired behaviors of the APCS. 

Knowledge-level Concepts 

For the system to behave as described, each agent within the system 

must possess and maintam at least three general types of knowledge. First, to 

function m a dynamically changing coordination structure, each agent must 

have coordination knowledge. Next, each agent must have production 

knowledge in order to carry out the basic production control functions of the 
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system. Third, each agent must have interface knowledge to enable the agent 

to interface with the environment and with other agents. These concepts are 

discussed more fully in the following paragraphs. 

Coordination Knowledge 

Coordination knowledge consists of knowledge of the relationships 

between agents (agent-agent) as well as knowledge of the relationships of 

agents to the coordination structure (agent-coordination structure). Ishida, 

Yokoo, and Gasser identify tliree elements of agent-agent coordination 

knowledge (Ishida, Yokoo, and Gasser, 1990, p. 54): 

Dependencies: Each agent knows which rules in the organization have 
data dependency with its own rules; 

Interference: Each agent knows which rules in the organization may 
interfere with its own rules; and 

Locations: Each agent knows the location of rules appearing in its own 
data dependency and interference knowledge. 

Agent-coordination structure knowledge consists of local statistics, 

coordination structure statistics, and restructuring rules (Gasser and Ishida, 

1991). Local statistics measure the level of problem solving activity within 

an agent. Coordination structure statistics provide a measure of overaU 

system performance. Restructuring rules are used, in conjunction with local 

and coordination structure statistics, to facilitate the restructuring of the 

system. 
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Production Knowledge 

Production knowledge refers to knowledge of the capabilities, 

capacities, and costs associated with the production system under control. 

Production capabilities describes the nature of the work performed in the 

production system (millmg, turning, grinding, stamping, welding, etc.), the 

nature of the workpieces the production system can accommodate (material, 

size, weight, etc.), and the attributes of the production processes (accuracy, 

repeatability, etc.). Knowledge pertainmg to production capacities mcludes 

input queue capacity, output queue capacity, in-process capacity, current 

status of the input and output queues, and number of workpieces currently m 

process. Production costs include costs associated with production resources, 

such as operation costs. 

Production knowledge is necessary for the production control system 

to carry out its primary mission, the control of production activities. While 

production knowledge is of paramount importance to the development of real-

world production management systems, it is of somewhat lesser importance in 

this research. Given that the focus of this research is on the coordination 

structure of the production management system, the investigation of the 

requisite production knowledge is minimal. 

Interface Knowledge 

Two types of interface knowledge are required: agent mterface 

knowledge and environment interface knowledge. Agent interface knowledge 

is necessary to facilitate the integration of agents into the overall production 

control system. In the preferred decentralized coordination structure, agent 
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interface knowledge consists of the knowledge necessary to carry out 

negotiation using the contract-net metaphor previously described. Agents 

representing production resources must have knowledge of the pricing 

mechanism, the bidding protocol, and the bidding activity in which the agent 

is currently engaged. Agents representing parts must have knowledge of the 

fimds available with which to bid on resources. 

When hierarchy is introduced into the coordination structure of the 

production control system, agent interface knowledge is required to enforce 

the hierarchical lines of communication and control. All bidding and 

negotiating for resources under the control of the hierarchy must occur 

through the highest level of the hierarchy. Within the portion of the 

production control system controlled by the hierarchy, resources are not 

negotiated for. Rather, production tasks are negotiated for by higher level 

agents and directly assigned to lower level agents. Given that agents may, at 

different times, be required to function in centralized or decentralized 

coordmation structures, they require knowledge of how to interface in each 

structure and when each mode of interfacing is appropriate. 

Environment interface knowledge allows the agents to interface with 

the machines, processes, and people that comprise the production system. In 

the context of mterfacing to a specific machine, environment mterface 

knowledge consists of knowledge of the machine's communication protocol, 

knowledge concerning the meaning and severity of fault messages, etc. With 

respect to production processes, environment interface knowledge consists of 

knowledge of the sequence and timing of steps in the process, as well as 
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knowledge of communication protocols and knowledge concerning the 

meaning and severity of fauh messages. 

For the purposes of this research, environmental interface knowledge 

will be limited to a user interface capable of supplying basic information 

concerning system performance and status. More sophisticated interaction 

with the system is considered, by the author, as a fertile area of fiiture 

research. 

Knowledge-level Principles 

For the system presented in this research, the primary knowledge level 

principles relate to the coordination knowledge necessary to facilitate the 

adaptive behavior of the system. Of secondary concern, for this research, are 

principles concerning production and interface knowledge. The primary 

knowledge level principles are as follows. 

1. If the production control system has knowledge of alternative 

coordination structures and of how those coordination structures 

affect system performance (K), and is capable of organization self-

design (S), then the system may use such knowledge to alter its 

coordination structure to improve system performance (B). 

2. If the production control system has knowledge of how hierarchy 

may be introduced to facilitate optimization (K), and is capable of 

organization self-design (S), then the system may use such 

knowledge to introduce hierararchy to improve system performance 

(B). 
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3. If the production control system has knowledge of the span and 

height of hierarchy necessary to facilitate optimization (K), and is 

capable of limiting the the amount of organization self-design (S), 

then the system may lunit the introduction of hierarchy to only that 

portion of the system which will benefit from it (B). 

4. If the system has knowledge of the benefits gainied by the 

introduction of hierarchy and when those benefits are no longer 

being realized (K), and the system is capable of organization self-

design (S), then the system may eliminate hierarchy when it is no 

longer necessary (B). 

The first knowledge level principle focuses on the high level behavior sought 

from the APCS. The second, thnd, and fourth knowledge level principles 

serve to focus attention on the core behaviors, i.e. the introduction and 

elimination of hierarchy. These principles address the adaptive behavior of 

the APCS in terms of the knowledge necessary to facilitate such behavior. 

Symbol-level Concepts 

Symbol-level concepts provide a framework for encoding the 

knowledge-level. The APCS presented in this research is composed of 

agents. Thus, the agent framework becomes the highest symbol-level 

concept. Tliree types of agents are required within the APCS; the part agent, 

the resource agent, and the broker agent. The objective then is to develop 

additional symbol-level concepts that will facilitate the encoding of the 

knowledge level within an agent framework utilizing these three agents. 

Athought each agent type contains the three basic types of knowledge, i.e., 
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coordination knowledge, production knowledge, and interface knowledge, 

they are differentiated by their respective property lists and goal seeking 

behavior. 

The Part Agent 

When a physical part is introduced into the production system, it is 

represented by a part agent. This part agent is responsible for procuring and 

scheduling the various resources necessary for the production of the part. In 

addition to facilitatmg the production of the part, the part agent must maintain 

awareness of the coordination structure. This awareness of the coordination 

structure is necessary so that the part agent communicates with the proper 

agents for procuring and scheduling resources. 

To fulfill its role in the APCS, the part agent must contain coordination 

knowledge, production knowledge, and interface knowledge, as described in 

the knowledge level concepts. By encoding such knowledge within the part 

agent, the part agent may: (1) maintain awareness of the coordination 

structure (coordination knowledge); (2) determine the production 

requirements of the physical part bemg represented (production knowledge); 

and (3) mteract with resource and broker agents (interface knowledge). 

The goal of the part agent is to procure and schedule resources for the 

production of the part and to assure that the production of the part is 

accomphshed in the most efficient manner possible. Thus, the property list 

for the part agent includes statistics on the various times involved in moving 

the part through the production system. These times include waiting times. 
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queue times, transit times, processing times, down times, and time in the 

system. 

The Resource Agent 

Each of the components, e.g., controllers, machines, workstations, 

cells, etc., that compose the production system is represented by a resource 

agent. The resource agents interact with the part agents and, if they exist, 

broker agents, to facilitate the scheduling and processmg of parts through the 

production system. 

As with the part agent, the resource agent must contain coordimtion 

knowledge, production knowledge, and interface knowledge, as described in 

the knowledge level concepts. By encoding such knowledge within the 

resource agent, the resource agent may: (I) monitor and alter the coordination 

structure (coordination knowledge); (2) determine the production capabilities 

of the physical resource beiag represented (production knowledge); and (3) 

interact with part and broker agents (interface knowledge). 

The goal of the resource agent is to procure and schedule processes fcr 

the physical resource it represents and to assure that the resource is properly 

utilized. As such, the property list for the resource agent includes statistics on 

resource utilization. These statistics include overall system utilization, 

utihzation of similar machmes in the production system, and utilization of the 

resource represented by the resource agent. 
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The Broker Agent 

The broker agent, when introduced, acts as a supervisor over those 

resources within its span of control. Two methods for determining a broker 

agents span of control exist. The broker agent may supervise resources 

having similar processing capabilities and, in Malone's terminology, act as a 

fimctional manager; or it may supervise a set of dissimilar resources and act 

as a product manager. The latter method closely paralleling the group 

technology management approach. The broker agent assesses the current 

status of those resources withm its span of control and provides the services 

of those resources to part agents. The broker agent must have sufficient 

production knowledge to enable it to optimize the workload across the 

resources within its span of control. 

As with the part agent and resource agent, the broker agent must 

contain coordination knowledge, production knowledge, and interface 

knowledge, as described in the knowledge level concepts. By encoding such 

knowledge within the broker agent, the broker agent may: (1) monitor and 

alter the coordination structure (coordination knowledge); (2) determine the 

production capabilities of the physical resources being represented and seek 

to optimize the workload (production knowledge); and (3) interact with part 

and resource agents (interface knowledge). 

The goal of the broker agent is to maximize throughput of the 

production system. Thus, the property hst for the broker agent mcludes 

statistics pertaming to throughput. These statistics include flowtimes, 

lateness, tardmess, and penalties. 
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Symbol-level Principles 

Symbol-level principles serve to relate the symbol-level concepts (S) to 

the knowledge-level (K), the system behavior(B), and the system 

environment(E). In the context of this research, these principles are 

propositions related to the use of the symbol-level concepts just presented. 

1. A part agent must be capable of assessing the production 

requirements of the physical part, interfacing with other agents in 

the production control system, and monitoring the status of the 

coordination structure of the production control system. 

2. A resource agent must be capable of assessing the production 

capabilities of the physical resource, interfacing with other agents in 

the production control system, evaluating the performance of the 

coordination structure of the production control system, and altering 

the coordination structure of the production control system when 

warranted. 

3. A broker agent must be capable of assessing the production 

capabilities of all of the physical resources being brokered, 

mterfacing with other agents in the production control system, 

evaluating the performance of the coordination structure of the 

production control system, and exiting the production control 

system when its existence is no longer warranted. 

System Architecture 

This section provides a description of the system architecture necessary 

to develop a detailed conceptual model of the APCS. Fnst, a generic agent 
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architecture is introduced. Next, the system architecture necessary to support 

the preferred decentralized coordination structure is presented. Finally, the 

system architecture necessary to introduce hierarchy into the production 

control system is described. 

A Generic Agent Architecture 

The basic component of the APCS is the agent. The agent is a self-

contained rule-based expert system comprised of a knowledge base, 

knowledge acquisition and inferencing mechanisms, and interfaces. Figure 

4.1 provides a graphical representation of the generic agent architecture. As 

is evident m Figure 4.1, the knowledge base consists of coordination 

knowledge, production knowledge, and interface knowledge. The mterfaces 

include an agent interface and an environment interface. During system 

operation, knowledge about the system's performance relative to the 

coordination structure is acquired by the knowledge acquisition mechanism 

via the agent interface. This knowledge is used to update the coordination 

knowledge base. Through the use of the inferencing mechanism the agent 

may then reason about the effects of altering the coordination structure. 

System Architecture to Support a Decentralized 
Coordmation Structure 

The decentralized coordination structure is based on the negotiation 

metaphor. When a workpiece is introduced into the production system, a 

corresponding agent is introduced into the production control system. This 

agent has knowledge of the coordination structure of the system (coordination 
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knowledge), knowledge of its production requirements (production 

knowledge) and knowledge necessary to carry out the negotiation for 

resources (interface knowledge). 

The agent representing the part will have funds with which to negotiate 

for resources. The amount of these funds may be a fimction of the 

workpiece's priority, direct costs, operational costs incurred to date, tardiness 

costs, or finished goods price. The agent will, in addition to "fiinds," have an 

objective based on the customer's needs. The agent uses its fimds to acquire 

resources for production while attempting to achieve its customer driven 

objective. 

The various machmes and processes within the production system are 

also represented in the production control system by agents. These resource 

agents act as vendors trying to sell their production resources so as to 

maximize a "profit" or some other performance criterion. The "rate" that the 

resource agent charges may be a function of the resource's status, cost of 

operation, capability, current load, or some weighted combination of these 

factors. This "rate" is dynamic and serves to level the flow of workpieces 

through the production system. 

Part agents and resource agents interact by means of negotiation. The 

negotiation is, by necessity, a multi-way and multi-step negotiation process. 

It is a multi-way process because the workpiece wiU require the services of 

several resources, in a specific sequence, to facilitate production. It is a 

multi-step process because the workpiece must confirm the availability and 

commitment of each resource prior to beginning its production activities. If 

one or more resources is unavailable, those resources already committed to 
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the workpiece agent must be released. The announcement of workpiece tasks 

and subsequent negotiations are accomplished by the indiscriminate broadcast 

of messages. Figure 4.2 depicts the system architecture of the preferred 

decentralized coordination structure. 

System Architecture to Support a Centralized 
Coordmation Structure 

The premise on which this research is based is that by allowing a 

decentralized production control system to introduce various levels and 

extents of liierarchy, we may endow the system with the desirable attributes 

of both decentralized and centralized coordination structures. For the 

production control system to accomplish organizational self-design it must, as 

the production environment changes (Corkill, 1983, p. 60, repeated from 

Chapter II for clarity): 

monitor for decreased effectiveness caused by an inappropriate 
[coordination] structure; 

determme plausible alternative structures; 

evaluate the costs and benefits of continuing with its current structure 
versus re [structuring] itself into one of the ahemative stmctures; and 

carry out the re[stmcturing] if appropriate. 

The introduction of hierarchy mto the production control system is 

accomphshed through the dynamic introduction of broker agents. The 

interface knowledge of the resource agent is updated with the identity and 

communication parameters of the resources withm its span of control. The 

broker agent inqunes about the production knowledge of each of the resource 
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agents within its span of control and updates its own production knowledge 

with the resuhs of these inquiries. 

The interface knowledge of the subordinate agents will be updated to 

reflect the introduction of a broker agent. When the services of the broker 

agent are no longer required, the broker agent will be eliminated and the 

mterface knowledge of the subordinate agents will be updated to reflect the 

absence of hierarchy. Figure 4.3 depicts hierarchy within the system. 

Determmmg the need to introduce, or eliminate, broker agents, and 

hence hierarchy, in the coordination stmcture may be accomphshed through 

the use of local statistics and coordination stmcture statistics. Local statistics 

provide a measure of the performance of individual agents. Agents 

representing parts may, for example, collect statistics on the degree to which 

they are able to adequately secure resources for production of the physical 

part. Such statistics may include the amount of funds allocated and the 

amount of funds used, the number of requests for bids that were required to 

secure the resources, etc. 

Coordination statistics are a measure of overall system performance 

and are used to evaluate the impact of the coordination stmcture on system 

performance. For the APCS presented in this research, measures of 

performance may include such traditional production system measures as total 

throughput, average processing time, and average queue length. 

Summary 

This chapter has described the theoretical development of the 

conceptual model. The theoretical development was motivated by desned 
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system behaviors. These behaviors were used to arrive at a set of knowledge 

level principles that enabled the desired system behavior. Symbol level 

principles were then developed to encode the knowledge level principles. 

The net result of this methodology is a detailed description of the conceptual 

model. The conceptual model serves as a foundation for the developement of 

a prototype APCS. The prototype design requirements are derived and 

presented in Chapter V. 
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CHAPTER V 

PROTOTYPE DESIGN REQUIREMENTS 

This chapter describes the design requirements for the prototype 

APCS. The design requirements are drawn from the desired system 

behaviors, knowledge level, and symbol level principles set forth in Chapter 

IV. Prior to describing the detail design requirements, those factors and 

assumptions that influence the prototype design are estabhshed. The first 

factor to be considered is the choice of production scheduling mechanisms. 

Next, assumptions that allow for the focus of the research to remain on the 

research questions are presented. Once this foundation has been laid, the 

research model is introduced. The research model is a subset of the 

conceptual model and estabhshes the scope and boundaries of the prototype 

system. The chapter concludes with the design specifications for each of the 

agents that compose the APCS. 

Negotiation-Based Scheduling 

All of the agent-based decentralized production control systems 

appearing in the literature utilize negotiation-based scheduling mechanisms. 

The use of such scheduling mechanisms can be traced to the original work of 

Smith and Davis (1981) on the contract net/negotiation metaphor. Since 

Smith and Davis' work, in which they developed a decentrahzed sensor 

system, the contract net/negotiation metaphor has been continuously refined 

and adapted to decentralized production control systems. 
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As described in the literature review (and summarized here to illustrate 

their use) Duffie and Piper (1987) developed a production control system in 

which part and resource agents use "reserve" and "aUocate" procedures. 

Through negotiation, part agents attempt to reserve the services of resources 

and resources attempt to aUocate services to parts. O'Hare (1990), Duffie 

(1990), Lin and Solberg (1992), Lm (1993), and Veeramani, Bhargava, and 

Barash (1993) utilize negotiation-based scheduling in their respective 

decentralized production control systems. 

While the selection of a scheduling mechanism has an obvious and 

substantial impact on the performance of a production control system, it is not 

the focus of this research. Rather, given an adaptive production control 

system and a decentrahzed production system using identical scheduling 

mechanisms, we wish to analyze then respective performances and draw 

conclusions about the vahdity of the APCS. The Opportunistic Price-Based 

Scheduling mechanism described by Lin (1993) has been adapted for use in 

this research because it provides a straightforward mechanism for facilitating 

negotiation and is easily implementable. 

Opportunistic Price-Based Scheduling 

Under the opportunistic price-based scheduling mechanism developed 

by Lin (1993), parts enter the production system with some amount of 

ficticious fimds. The amount of funds aUocated to a part is determined by the 

objectives of the part. The part then negotiates with resources to purchase 

production services. The resources determine the amount of fimds to be 

charged for their production services based on their capabilities and the 
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demand for their services. Resources seek to seU their services, by bidding 

on available production processes, to parts so as to maximize their utilization. 

By using this opportunistic price-based scheduling mechanism, "the 

complicated coherent manufacturing control problem is decomposed into a 

collection of independent agents' decision-making problems" (Lin, 1993, p. 

107). The methods used to determine the allocation of fiinds to parts, to 

determine the price resources charge, and to evaluate bids are discussed in 

the foUowing paragraphs. 

Allocation of Funds. The amount of funds allocated to a part is based 

on the parts objective fimction and the number of processes required to 

produce the part. The objective function is a weighted linear combination of 

time, cost, and quality: 

Objpart(T,C,Q) = wpt*T + wpe*C + wpq*Q (5.1) 

where wpt, wpc, and wpq are corresponding weights for time, cost, and 

quality, and where: 

Zwpi=l (i = t, c, andq) (5.2) 

These weights reflect the firm's competitive priorities with respect to the 

dimensions of time, cost, and quality. A higlier value for either wp, wpc, or 

wpq indicates that the associated competitive priority is of greater importance 

relative to the other two. By way of example, the firm may have been 

contracted to produce a set of parts in which quality is the most important 

factor. In this example, the system operator would set the weight for wpj 

high and the weights for wpt and wpc lower. 

The variables T, C, and Q are each mapped to the interval {0,1} and 

represent the time, cost, and quality criteria for the individual part. The 
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variable T represents the time factor associated with the part. This time 

factor is used to adjust the ahocated funds based on the parts priority. A high 

priority part is assigned a high value for T so that it will have increased funds 

with which to purchase critical resources. The variable C represents the cost 

factor associated with the part. The part may require the services of a 

specialized resource that charges a higher price for its services. The cost 

factor, C, is used to adjust the allocated fimds to enable the part agent to 

secure such specialized resources. The variable Q represents the quality 

factor associated with the part. Parts, and then associated processes, have 

differing demands m terms of their precision, tolerance, and surface finish. 

Resources capable of meeting higher quality demands will likely charge a 

higher price than those resources having lower quality capabilities. The 

quality factor, Q, is used to adjust the allocated funds to compensate for these 

higher resource prices. 

This multiattributed weighting mechanism is then used to derive 

various fundmg strategies. The part objective fimction, 0BJ|5art(T, C, Q), will 

always be mapped onto the interval {0,1}. Thus, I constitutes the absolute 

maximum value for a part, whereas 0 represents no value whatsoever. These 

strategies may be iUustrated by means of a tree. For example, if the 3-tuple 

(wpt, wpc wpq) is given as (.4, .2, .4), then the funding strategies may be 

illustrated as in Figure 5.1. 

The total amount of fiinds allocated to a part, Fpart, is then given by: 

Fpart = OBJpart(T, C , Q ) X N (5 .3 ) 

where N is the number of processes required to produce the part. It is quite 

likely, indeed common, that some production processes will be more critical 
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than others. Those processes which are more critical to the production of the 

part should be budgeted a greater amount of the total allocated fiinds. To 

address this issue, each process is assigned a weight mdicating its importance 

relative to the other processes. The amount of fimds budgeted to a process, 

Fprocess, is given by: 

I^process ~ I"part X Wprocess \-^-^) 

where: 

Zwprocess= 1 (proccss = 1, 2, ..., N) (5.5) 

To prevent a part from becoming stuck in the system due to a lack of funds, 

each process has an mcentive factor, ĵrocess, associated with it. This incentive 

factor is used to increase the process' budgeted fimds after some user-defined 

threshhold has been met. The threshold used in the prototype is the number 

of unsuccessfiil rounds of negotiation that have occured in an attempt to 

procure and schedule a resource for the process. Thus, the final amount 

budgeted to an individual process may have been adjusted by the incentive 

factor and is given by: 

^process-adjusted t^process X Iprocess W - ^ / 

Taken together, these weights allow for the incorporation of the firms' 

overall competitive objectives with the production objectives of the individual 

parts. 

Resource Pricing. The amount of funds charged by a resource is 

derived in a manner compatible and consistent with the manner in which part 

agents determine their allocation of funds. The amount of funds charged by a 

resource is based on the resource's capabilities and the demand for its 

services. The capability fimction is a weighted linear combination of time, 
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cost, and quality: 

CAP,esource(T,C,Q) = WTt*T + wre*C + wrq*Q (5.7) 

where wrt, wrc, and wrq are correspondmg weights for time, cost, and quality, 

and where: 

Zwri=l (i = t, c, andq) (5.8) 

The weights wrt, VVTC, and wrq may be viewed as the firm's relative measure 

of worth or importance of its time, cost, and quality imperatives. For 

example, the firm may feel that a particular work cell is a high cost and high 

quality configuration of machines and as such should place more weight on 

those factors. Thus the firm would set higher values for wî  and wrq as 

compared to wrt. 

As with the part's objective function, the variables T, C, and Q are 

each mapped to the interval {0,1}. In this instance, these variables represent 

tiie time, cost, and quality capabilities for the individual resource. A resource 

capable of higher throughput, by virtue of having more horsepower, torque, 

etc., is capable of charging more for its services. A resource that has high 

operating costs associated with its services is capable of charging more to 

compensate for the additional costs. A resource capable of high precision, 

low tolerance operations is, though this weighting mechanism, capable of 

charging more for its services. 

As the demand for a resource increases, so should the price it charges 

for its services. This serves to reflect the current demand for the machine 

within the context of the production system and prevents a lower priced 

machine from monopolizing the market for processes. The parameter used in 

the research model to indicate the utilization of a resource is its queue length. 
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Thus, the amount of the bid on a given process, Ê rocess, is a fimction of the 

resource's capability fimction, its queue length, L, and is given by: 

Ijprocess ~ ^^^-^resourceV t ?v^,V) ^ \-^-^) 

Bid Evaluation. Given that the bids submitted by the resource agents 

incorporate the resources' capabilities and utihzation, the most common 

evaluation mechanism, and that used by the prototype, is to select the lowest 

bidder: 

Bwiiming = niin( Bi, B2,. . .,Bn) (5.10) 

where n is the number of bids received. 

Assumptions 

Several assumtions are made about the prototype APCS. These 

assumptions are motivated by: (1) the intended apphcation of the APCS, 

namely the control of FMS; (2) the choice of scheduling mechanism; and, (3) 

the resource lunitations inherent in a research environment. 

When a part enters the production system, it has associated with it a set 

of production processes. These processes must be performed, in sequence, to 

produce the part. The part agent schedules the first process on the resource 

that has submitted the winning bid. The start time given by the resource 

submitting the winning bid, together with tiie processing time required, yield 

the available starting time for the next process in the sequence. This method 

of scheduling the sequence of processes is repeated until ah processes have 

been scheduled. 

FMS have a notoriously rigid queuemg mechanism. Once a part has 

been placed in the input queue of the resource, it becomes extremely costiy to 
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attempt to remove or reposition it. By way of example, the FMS at LTV 

Aerospace m Dallas, Texas, utilizes milling machines that have a rail-guided 

input queue. To remove the part at the front of the queue would require that 

an automated guided vehicle (AGV) first remove the part at the back of the 

queue and transport it to a buffer area. The AGV would then return to the 

milling machine and repeat the process for the next part in the queue. Only 

by transportmg each part to a buffer area and returning would the AGV have 

access to the first part in the queue. For these reasons, the APCS does not 

allow the resequencmg or redistribution of parts once they are placed in a 

resource's queue. 

Additional assumptions are as follows: 

• processing times are deterministic; 

• the release rate of parts into the system is deterministic; 

• resources have an infinite queue length; 

• transport times are not considered; and, 

• machine breakdowns are not considered. 

These assumptions were made to simplify the constmction of the prototype 

and do not negatively impact the ability to examine and evaluate the adaptive 

behavior of the APCS. The first two constraints, deterministic processing 

tunes and a deterministic release rate, nearly match the behavior of an FMS. 

Although an FMS is designed to be a highly automated job shop, its behavior 

is much closer to that of an assembly line. Parts are released into the FMS 

accordmg to a predefined and deterministic schedule. The only adjustments 

made to the release rate occur in the event of a machine failure or some other 

dismption in the system. The parts are processed on computer-controlled 
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machines that, once set-up and verified, process parts in a known and nearly 

invariant amount of time. 

The Research Model 

Having established the factors and assumptions that bear relevance to 

the design of the APCS, the research model is now described. The 

conceptual model, presented in the previous chapter, describes an APCS 

capable of altering its coordmation stmcture through organization self-design 

(OSD). No limits are placed on the conceptual model in terms, of the number 

of alternate coordination stmctures that may be considered or implemented by 

the system. While the lack of limitations is appropriate for a conceptual 

model, it is impractical and unnecessary to constmct a prototype without 

establishing some limitations. 

The objectives of constmcting the prototype are to: (1) validate the 

conceptual model; (2) estabhsh the viability of OSD as a means of 

implementing an APCS; and (3) compare the performance of an APCS with 

the decentralized systems appearing in the current literature. A prototype 

APCS capable of altering its coordination stmcture between two distinct 

stmctural forms is sufficient to meet the objectives of the research. 

The coordmation stmctures used in the prototype design are the 

decentralized market and the centralized market. These coordination 

stmctures are shown in Figure 5.2. The decentralized market coordmation 

structure is identical to the negotiation-based production control systems 

appearing in the literature. The centralized market coordination stmcture may 

be viewed as having one level of hierarchy introduced, the broker level. 
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APCS Design Requirements 

The APCS consists of three types of agents; the part agent, the 

resource agent, and the broker agent. These agents function in a cohesive and 

interdependent manner to form the APCS. Because of the interdependent 

nature of these agents, their basic functions and mteractions are described 

first. After their basic functions and interactions are described, detail 

descriptions of their functions are provided. 

The Part Agent: Basic Functions 

When a part is introduced into the production system it is represented 

in the APCS by a part agent. The part agent is responsible for procuring and 

scheduling the resources necessary for the production of the physical part. At 

a minimum, the part agent must: 

• determme the production requirements of the part; 

• determine the amount of funds to be allocated to the part and the 

budget for each process; 

• determme the current stmcture of the coordination stmcture; 

• for each process required for the production of the part; 

• if the resouce type required by the process is being brokered; 

• request that the process be scheduled for execution; 

• if the resource type requned by the process is not bemg 

brokered; 

• request bids on the process; 

• collect bids; 
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• evaluate each of the bids received; and, 

• award the process to the appropriate resource. 

These functions form the basis of the part agent design requirements. 

The Resource Agent: Basic Functions 

Each of the production resources within the production system is 

represented in the APCS by a resource agent. The resource agent is 

responsible for procuring work for the associated physical resource. The 

resource agent must: 

announce its availability; 

monitor for bid requests; 

evaluate bid requests; 

determine bid amounts; 

submit bids; 

monitor for bid results; 

if a process is awarded, schedule the process for execution; and, 

continuously monitor the performance of the coordination stmcture 

and alter the stmcture when appropriate. 

These functions form the basis of the resource agent design requirements. 

The Broker Agent: Basic Functions 

The broker agent is introduced into the coordination stmcture at the 

request of a resource agent. A request for the services of a broker agent is 

made when a resource agent determines that the resource it represents is not 

being adequately utilized in the current coordination stmcture. When the 
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services of the broker agent are requested, the broker agent must: 

• determine which resources are to be brokered; 

• monitor the system for schedule requests; 

• determine the appropriate resource to provide services; 

• schedule the process for execution; 

• notify the part agent of the process scheduling; and, 

• continuously monitor the performance of the coordination stmcture 

and alter the stmcture when appropriate. 

These functions form the basis of the broker agent design requirements. 

Agent Interaction 

As is evident from the basic agent functions described in the previous 

paragraphs, the APCS is dependent on the interaction of these agents. Figure 

5.3 provides an illustration of the communication that takes place between the 

part agent and the resource agent, m the absence of hierarchy, within the 

APCS. Figure 5.4 provides an illustration of the communication that takes 

place between the part agent, the broker agent, and the resource agent when 

hierarchy has been introduced mto the APCS. 

The Part Agent: Detailed Design Requirements 

This section described the detailed design requirements for tiie part 

agent. These detailed design requirements elaborate on the basic functions of 

the part agent previously described. 

Determining Production Requirements. The part agent must have 

knowledge of the production requirements of the part. This knowledge is 
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necessary for the part agent to determme the number and type of resources 

that must be procured for the production of the part. This knowledge is also 

necessary for the part agent to determme the amount of funds to be allocated 

to the part. These funds will be used to procure the services of the resources 

required to produce the part. 

The most common method of representing production requnements is 

through the use of a process plan. A process plan defines, m detail, "the 

processes that have to be performed m order to transform the raw materials 

into a given shape" (Zhang and Alting, 1994, p. 14). The process plan may 

include such mformation as the raw material type, the raw material 

dimensions, tolerance and surface finish requirements, and a detailed 

description of each process to be performed. A process is defined as "a 

procedure in which one or one group of workpiece(s) is continually machined 

on one machine or workstation by one or one group of operator(s)" (Zhang 

and Alting, 1994, p. 16). 

Thus, the part agent must have access to a process plan corresponding 

to the part the agent represents. This is most easily accomphshed by 

assigning a part identifier to each part and maintainmg a database of process 

plans that may be accessed by part identifier. Within the process plan, each 

process is identified vsdth a process identifier. When a part enters the 

production system, its part identifier is made known to the part agent and the 

part agent may then access the process plan to determine the production 

requirements. 

Determinmg the Allocation of Funds. The amount of fimds allocated to 

the part is a fimction of the parts objective fimction and the number of 
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processes required to produce the part. The equations for determining the 

allocation of fimds, and for determining the budgeting of funds across 

processes, are provided m Equations 5.1 through 5.6. The weights wp, wpc 

and wpq, are set within the part agent. Values for the variables T, C, and Q, 

representing the time, cost, and quality factors for each part, are contained in 

the process plan associated with the part and vary from part to part. 

Determinmg the Stmcture of the Coordination Stmcture. As each 

resource and/or broker agent enters the production system, it writes a set of 

parameters to an address file. When a resource agent enters the system, it 

writes its resource identifier, resource type, resource address, and group 

identifier to the address file. When a broker agent enters the system, it writes 

its broker identifier, broker type, broker address, and group identifier to the 

address file. These parameters are discussed more fully in the descriptions of 

the resource and broker agent's design requirements. 

When the part agent enters the system, it accesses the address file to 

determine what resource agents or broker agents currently exist m the system. 

The part agent then uses this mformation to request schedulmg for a process 

(through a broker agent) or to request bids for a process (from resource 

agents). 

Requestmg Bids from Resources. Having estabhshed the number and 

type of processes required for production of the part, and the allocation of 

fimds for procuring the necessary resources, the part agent must request bids 

for the production of the physical part. Bids must be requested for each 

process requned for the production of the part. The bid request message 
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transmitted from the part agent to the resource agent(s) must include: 

• the part identifier; 

• the process identifier; 

• the time at which the part yydll be available for processing; and, 

• the amount of processing time required of the process. 

The part identifier is necessary so that the bidding resource agent(s) may 

access the part's process plan. The process identifier is required so that the 

bidding resource agent(s) may determine the type of process to be performed 

and evaluate its capability to perform the process. The requested start time 

and the processmg tune are requned so that the bidding resource agent(s) may 

ascertain their availability. 

Requesting the Scheduling of a Process. When a part agent determines 

that the resource requned for a particular process is being brokered by a 

broker agent, it submits a request to the broker for the process to be 

scheduled. The broker agent will, in tum, notify the part agent of the starting 

time of the process and the price it is being charged. The schedule request 

message transmitted from the part agent to the broker agent must mclude: 

• the part identifier; 

• the process identifier; 

• the time at which the part wiU be available for processmg; and, 

• the amount of processing time required of the process. 

The part identifier is necessary so that the brokered resources may access the 

part's process plan. The process identifier is required so that the brokered 

resources may determine the type of process to be performed and evaluate 

their capability to perform the process. The requested start time and the 
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processmg time are required so that the brokered resources may ascertain 

their availability. 

Once the broker agent has determined which resource to assign the 

process to, it notifies the part agent that the process has been scheduled. The 

schedule notification message transmitted from the broker agent to the part 

agent must contain: 

• the part identifier; 

• the process identifier; 

• the amount charged for the service; and, 

• the time at which the resource wiU perform the processing. 

The part and process identifiers are used by the part agent to verify that the 

proper part and process have been scheduled. The time at which the 

processing will occur is used to update the available startmg times for 

subsequent processes. 

Bid Collection. After the part agent has requested bids on a process, it 

must then collect and evaluate those bids. The bid submission message 

transmitted from the resource agent(s) to the part agent must include: 

• the part identifier; 

• the process identifier; 

• the amount of the bid; and, 

• the time at which the bidding resource is available to perform the 

processing. 

The identity of the part and process being bid on are required for the 

synchronization of the negotiation mechanism. The part agent uses this 

infonnation to verify that the bids received correspond to the bid request. 
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The amount of the bid is the key criterion by which the bid will be evaluated. 

The tune at which the bidding resource is available is used to update the 

requested start times of subsequent operations, if the bidding resource is 

awarded the process. 

Evaluatmg the Bids. The research model assumes that each resource in 

the production system will submit a bid. If the resource is not well suited to 

providing the type of processmg requued of the part, the resource agent will 

simply submit a bid sufficientiy high to assure that it will not be awarded the 

process. Bids are evaluated solely on bid amount, as previously described, 

using Equation 5.9. Once the part agent has received bids from ah of the 

resources m the production system, it compares the lowest bid with the 

amount of fimds aUocated for that particular process. If the lowest bid is less 

than or equal to the amount of funds ahocated, the resource submittmg the 

lowest bid is awarded the process. If none of the bids received is less than or 

equal to the amount of funds allocated, all bids are discarded and the request 

for bids is reissued. If, after some predefined number of failed negotiations, 

the part agent is unsuccessful in procuring and scheduling a resource for the 

process, the amount of funds budgeted to the process is increased by an 

mcentive factor as described by Equation 5.7. 

Awarding the Processes. Once the part agent has determmed which 

resource to award the process to, the part agent must notify each resource of 

the outcome of the biddmg. The resource agent that has been awarded the 

process requires notification so that it may schedule the process. Those 

resources that are not awarded the process are also notified. This is done so 
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that the resources whose bids are rejected may gather knowledge on their 

performance within the production control system. 

The process award message transmitted from the part agent to the 

resource agent must include: 

• the part identifier; 

• the process identifier; and, 

• the agreed upon starting time of the process. 

The identity of the part and process being awarded, and the agreed upon 

starting time, are required for the synchronization of the negotiation 

mechanism. The resource agent uses this information to verify that the part, 

the process, and the starting time matches the bid submitted. 

The bid rejection message transmitted from the part agent to the resource 

agent(s) must include: 

• the part identifier; and, 

• the process identifier; 

This information is sufficient to inform the resource agent that its bid has been 

rejected. 

The Resource Agent: Detailed Design Requnements 

This section described the detailed design requirements for the 

resource agent. These detailed design requirements elaborate on the basic 

fiinctions of the resource agent previously described. 

Announcing Availablihty. When a resource enters the production 

system, it must make its availability known to the rest of the agents in the 

system. This is accomphshed by writing a set of parameters to an address 
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file. These parameters consist of the resource's identifier, type, address, and 

group identifier. The resource's identifier is simply its name, such as 

machine 1, machme2, etc. The resource's type indicates the type of operation 

that the resource performs, such as milling, drilling, turning, etc. The 

resource's address is necessary so that other agents may estabhsh 

communications with the resource. The last parameter, the resource's group 

identifier, is used when a broker agent is introduced. All resources having the 

same group identifier fall withm the span of control of the broker agent. 

Monitor for Bid Requests. The resource agent represents a physical 

resource in the production system. It is the responsibility of the resource 

agent to procure work for the physical resource. Therefore, the resource 

agent must continually monitor the communication network for bid requests. 

These bid requests may be made by part agents or broker agents. Bid 

requests made by part agents have been previously described. Bid requests 

submitted by a broker agent will be discussed in detail in later paragraphs. 

Evaluate Bid Requests. Once a bid request is received, the resource 

agent must determine if the physical resource is capable of performing the 

process described by the bid request. In order to make this evaluation, the 

resource agent must have knowledge of the production requirements of the 

physical part. Specifically, the resource agent must know the type of process 

to be bid on (i.e., milhng, tummg, drilling, inspectmg, etc.). This knowledge 

is obtained by usmg the part identifier and process specified in the bid 

message to access the process plan associated with the part. 

In addition to knowledge about the production requirements of the 

physical part, the resource agent must also have knowledge of the production 
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capabilities of the resource it represents. The knowledge of production 

capabilities is used to evaluate the production requirements of the physical 

part and determine the suitability of the resource to the specified process. 

This knowledge is contamed m the production knowledge of the resource 

agent. Examples of production knowledge are provided in Chapter VI. 

Determinmg Bid Amounts. Once the resource agent has determined 

the feasibility of performing the process, the agent must formulate a bid. The 

amount of the bid is a reflection of the value of the resource to the firm and of 

the costs associated with operating the resource. A resource that is critical to 

the production process, and hence has a high demand, charges more for its 

services than a resource that is less critical and has a lower demand. 

Similarly, a resource that has a high operating cost charges more for its 

services that a resource that has a lower operating cost. As with the mles for 

determining funding allocation by part agents, the mles for determining bid 

amounts should be easily modifiable. The research model uses the resource's 

capability fimction and queue length to determme a bid amount, as given in 

Equation 5.9. 

Submission of Bids. When the resource agent has determined a bid 

amount, it must submit the bid to the corresponding part agent. In addition to 

the bid amount, the bid may include such mformation as the time at which the 

resource will be available to start the process, the total amount of time the 

resource agent expects to take in completing the process, and the number of 

parts (processes) in the bidding resources queue. 
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The bid submission message used in the research model is described in 

the previous section on the part agent. Specifically, the message transmitted 

from the resource agent(s) to the part agent must include: 

• which process is bemg bid on; 

• the amount of the bid; and, 

• the time at which the bidding resource is available to perform the 

processing. 

This information represents the minimal requirements to facilitate the 

negotiation or scheduling process. 

Monitor for Bid Results. Having submitted a bid, the resource agent 

must then monitor for the results of the bid. If the resource is awarded the 

process, it must schedule the process for execution. If the bid is rejected, the 

resource agent retains the mformation and uses it to determine its 

performance in the production system. 

Schedulmg Processes. As stated above, if the resource is awarded the 

process, it must schedule the process for execution. In an actual shop floor 

setting this would involve allocatmg production time on the resource 

represented by the resource agent, arranging for the transportation of the 

physical part to the resource, and the verification that all necessary tooling is 

available. 

The research model must simulate an actual shop floor settiqg. When 

the resource agent is awarded a process, the process is scheduled for 

execution m the sunulation subsystem. This involves notifymg the simulation 

subsystem that a process has been awarded and requires scheduling for 
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execution. The schedulmg message transmitted from the resource agent(s) to 

the simulation subsystem must mclude: 

• the resource that has been awarded the process; 

• the part identifier; 

• the process; 

• the start time; and, 

• the processing time. 

The identity of the resource is required so that the process is scheduled for 

the correct resource. The part and process identifier are used by the 

simulation subsystem to maintain statistics on parts and processes executed. 

The start tune and processing tune are used to schedule the process and 

update the status of the resource or its queue. 

Monitoring the Performance. The resource agent's perception of the 

performance of the coordination stmcture is derived from its ability to procure 

and schedule processes for execution on the physical resource it represents. 

If the resource agent is unsuccessfiil in procuring processes, it requests the 

assistance of a broker agent. The research model uses the number of valid 

bids rejected as an indicator of utilization. In this manner, if the production 

system is not heavily loaded, the resource agent is less concerned about 

utilization than if the system were heavily loaded. 

The Broker Agent: Detailed Design Requirements 

This section described the detailed design requirements for the broker 

agent. These detailed design requirements elaborate on the basic functions of 

the broker agent previously described. 
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Determining the Resources to be Brokered. When a resource agent 

requests the assistance of a broker agent, the broker agent must determine 

which resources it is to broker the services of This is accomplished by 

accessing the address file described earher and determining which resources 

in the production system have group identifiers matching that of the resource 

that requested the broker. Once the broker agent has determined which 

resources fall within its span of control, it removes their registration from the 

address file and replaces them with its own set of parameters. These 

parameters consist of the broker's identifier, the broker's type, the broker's 

address, and the broker's group identifier. 

Monitoring for Schedule Requests. Having detennined which 

resources are being brokered, the broker agent must monitor the system for 

schedule requests. Part agents, upon entering the system, will read the 

address file and determme the types of resource and broker agents that make 

up the production system. If the resources providing the type of processing 

required by the part agent are being brokered, the part agent will submit a 

request to the broker agent that the process be scheduled. 

Detennining the Appropriate Resource to Schedule. Once the broker 

has received a schedule request it must determine the appropriate resource to 

assign the process to. The broker agent will request a bid on the process 

from each of the resources within its span of control. This bid request, and 

the subsequent reply, are identical to those messages described m previous 

paragraphs. By requestmg bids from each of the resources withm its span of 

control, the broker agent may ascertain the capability of each resource to 

perform the requested process. In addition, the broker agent will, by virtue of 
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receivmg bids, know the time at which each resource is capable of starting 

the process. The broker agents withm the research model uses this time to 

assign the process to the resource submitting the earliest start time. In this 

manner the broker is fulfilling its role to unprove the throughput of the 

system. 

Summary 

This chapter has estabhshed the detailed design requirements for the 

prototype APCS. These design requirements were motivated by the desired 

system behavior, and the knowledge level and symbol level principles set 

forth in the conceptual model. These design requirements were influenced by 

the scheduling mechanism used, the assumptions made about the prototype, 

and the scope of the research model. The following chapter. Chapter VI, 

describes the unplementation of these design requirements. 
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CHAPTER VI 

PROTOTYPE IMPLEMENTATION 

This chapter describes the implementation details of the prototype 

APCS. The implementation of the prototype APCS was driven by the 

prototype design specifications given in Chapter V. This chapter begins with 

a description of the development environment. Once the development 

environment has been described, the implementation details for each of the 

agents that compose the APCS are presented. The chapter concludes with a 

description of the operation of the prototype. 

Development Environment 

Decisions regarding the prototype development environment included 

selection of an operatmg system, programmmg language, expert system, and 

message passing protocol. These decisions were motivated by the prototype 

design specifications developed in the previous chapter and by the distributed 

nature of the APC S. 

Operating System 

The APCS is intended to mn in a fiiUy distributed computing 

environment. Agents execute as a combination of autonomous computer 

processes on separate computer systems and autonomous computer processes 

on a single computer system utilizing a multi-tasking operating system. For 

evaluating the prototype APCS, all agents were mn on a single computer 

system. By utilizing a single computer system, along with a muhi-tasking 
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operating system, questions regarding the impact of using different computer 

systems and associated communications networks were eliminated. 

The UNIX operatmg system was chosen as a development platform 

because it: (1) offers multi-tasking capabilities; (2) is supported by a wide 

variety of programming languages and tools; and (3) is widely used in 

industry. The version of UNIX that was used is called LINUX and is 

available free of charge from various sites on the Internet. LINUX has been 

designed to provide a robust UNIX implementation capable of executing on 

Intel 80X86-based computer systems. 

Programming Language 

A wide variety of programming languages and scripting languages are 

currently bemg used to develop agent-based software. Among the 

programming languages being used are AI languages such as Lisp, Prolog, 

and Smalltalk, and conventional languages such as Pascal, C, and C++. 

Scripting languages have become popular agent development tools. Scripting 

languages used for agent development include Perl and TCL/Tk. 

The agents that make up the prototype APCS were developed using the 

C programmmg language. The UNIX operating system is written in the C 

programmmg language, as is LINUX, and for tiiis reason tiie C programmmg 

language has long been the standard development language for UNIX-based 

applications. A major virtue of the C programming language is its portability. 

By usmg standard C functions, the APCS agents should compile and execute 

on any machine having a C compiler. An additional advantage of using the C 

106 



programmmg language is that a variety of libraries containing development 

tools are available. 

Expert System Shell 

The CLIPS (C Language Integrated Production System) expert system 

development package was used m the implementation of the prototype APCS. 

CLIPS is a forward chaining mle-based expert system developed by NASA at 

the Johnson Space Flight Center. The development package for CLIPS 

includes all of the source code, written in the C programming language, and 

thus allows software developers to mcorporate the expert system into their 

own C programs. By utihzmg CLIPS, the developer avoids having to create 

an inferencing mechanism from scratch. 

CLIPS provides a rich instmction set. The instmctions used to develop 

the prototype APCS consisted of basic facts and mles. Facts were used to 

represent production knowledge for the part and resource agents. Rules were 

used to encode the funding mles for the part agent and to encode the biddmg 

mles for the resource agent. Rules and facts are maintained in separate files 

and are not read by the agent until they are required for execution of the 

expert system. By maintaining the facts and mles in separate files, they may 

be easily modified. 

CLIPS is syntactically very similar to Lisp. Facts are defined by first 

establishing a template for the fact. A template contains slots that are, in tum, 

used to hold values. A template in CLIPS appears as: 

(deftemplate fact-name 
(slot slot-name)) 
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A template may contain as many slots as is necessary. Having established a 

fact template, a fact may be defined by assigning values to the slots. A fact 

appears as: 

(deffact instance-name 
(fact-name (slot-name slot-value)) 

For example, the time, cost, and quality criteria assigned to a given part are 

represented m the foUowing manner: 

(deftemplate part"" 
(slot part-id) 
(slot tune-criteria) 
(slot cost-criteria) 
(slot quality-criteria)) 

(deffacts part-information 
(part (part-id parti) 
(time-criteria 0.6) 
(cost-criteria 0.4) 
(quality-criteria 0.6))) 

Rules are encoded in CLIPS usmg the defi*ule constmct. This constmct 

essentially represents an IF-THEN statement in the foUowing manner: 

(definle mle-name 
(pattern) => (action)) 

While the CLIPS syntax includes a wide variety of constmcts for handling 

complex knowledge manipulation, the basic fact and mle constmcts given 

here were sufficient for representing the part and resource knowledge 

necessary for this research. 
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Communications Support 

"Communication language standards facilitate the creation of 

mteroperable software by decoupling implementation from interface" 

(Genesereth and Ketchpel, 1994, p. 49). One goal of implementation was to 

develop a system that utilized a standard communications format. In doing 

so, the mteroperability and portability of the system is greatly increased. The 

communication language chosen. Knowledge Query and Manipulation 

Language (KQML), was developed as part of the ARPA Knowledge Sharing 

Initiative. The mtended purpose of KQML is to provide an agent 

communication language "for programs to use to communicate attitudes about 

information, such as querying, stating, believing, requiring, achieving, 

subscribing, and offering" (Draft Specification, 1993, p. 4). KQML provides 

the transport mechanism for messaging without regard to message content. 

For this reason, KQML messages encapsulate a content language. It is the 

content language that specifies the particulars of the message. 

The syntax of KQML consists of three components: a performative, 

parameter names beginning with a colon, and parameters. The perfomative 

specifies "that the message is intended to perform some action by virtue of 

being sent" (Draft Specification, 1993, p. 4). The tell performative is used in 

aU messages within the APCS. The syntax of the message is as foUows: 

(tell 
: sender sending-agent 
:receiver receiving-agent 
: content (message content)) 

109 



The message content is written in KQML syntax for consistency and includes 

performatives for the actions necessary to support the APCS. The syntax of 

all of the messages used in the APCS is presented in Figure 6.1. 

Current unplementations of KQML support three mechanisms for 

communication: TCP/IP, e-mail, and mbus. Of these three, TCP/IP provides 

the most appropriate mechanisms for communication in a real-time or near 

real-time environment. TCP/IP (Transmission Control Protocol/Internet 

Protocol) is a commonly used communication mechanism for both wide-area 

networks (WANs) and local-area networks (LANs). Using such a common 

and widely available communication mechanism improves the reliability, 

portability, and scalability of the prototype APCS. 

Part Agent Implementation 

The prototype design requirements for the part agent are implemented 

using the following fiinctions: 

InitCommO 

GetResourcesO 

AccessProcessPlanO 

RequestBidO 

RequestScheduleO 

NotifyBiddersO 

The purpose of the InitConmiO function is to establish the communication 

link between the part agent and the communication network. This is 

accomplished by calling the InitComm() fimction and passing to that fimction 

the TCP/IP address of the part agent. Having established its own 
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communication link with the network, the part agent must find out tiie 

number, type, and TCP/IP addresses of the resource agents and broker agents 

currentiy in the production control system. This is accomplished by calling 

the GetResourcesO function. The GetResources() function accesses an 

address file containing the resource or broker identifier, the resource or 

broker type, the TCP/IP address, and the group identifier for each of the 

available resources and/or brokers currentiy in the production control system. 

The part agent must then determine the number and type of processes 

required for the production of the part being represented. In addition, the part 

agent must determme the amount of fimds to be allocated to the part and 

subsequently budgeted to each process. These two activities are 

accomphshed by calling the AccessProcessPlanO function. The 

AccessProcessPlanO function loads the process plan, written in CLIPS 

format, and the fiindmg mle, also written in CLIPS format, into the expert 

system and executing the expert system. Figures 6.2 and 6.3 provide 

examples of a process plan and funding mle written in CLIPS format. The 

number of processes, their type, and the allocation of fiinds are returned from 

CLIPS to the AccessProcessPlanO function via global variables and are then 

available to the part agent. 

The part agent then issues one of two types of requests for each of the 

processes required for production of the part. It issues such requests one at a 

time for each process required. Thus requests for process n are issued only 

after process n-1 has been completed and requests for process n+1 are issued 

only after process n is fiiUy completed. If the type of resource required for a 

particular process is bemg brokered, the RequestScheduleO function is caUed 
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and a schedule request is issued. If the type of resource required for a 

particular process is not being brokered, the RequestBid() function is called 

and a bid request is issued. When the part agent sends a schedule request, via 

the RequestScheduleO function, it accepts that the response of the broker 

agent will be in the best interest of the production system. As such, the 

response of the broker agent is accepted and acted upon without question. 

As bids are received within the RequestBid() fimction of the part agent, 

they are inserted mto a linked-list in ascending order. When all of the bids 

have been received, the part agent then evaluates the bids by comparing the 

lowest bid m the list with the amount of funds budgeted for that process. If 

the lowest bid received is more than the amount of fimds budgeted, all bids 

are discarded and the request for bids is re-issued. If the lowest bid is less 

than, or equal to, the amount of funds budgeted, the resource that submitted 

the lowest bid is awarded the process. All resource agents are notified of the 

results of their bids via the NotifyBiddersO function. 

Resource Agent Implementation 

The prototype design requirements for the resource agent are implemented 

using the following fiinctions: 

InitCommO 

RegisterResourceO 

AccessParametersO 

GetBidRequestO 

GetQueueStatusO 

CalculateBidO 
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• SubmitBidO 

• ScheduleProcessO 

• RequestBrokerO 

As with the part agent, the resource agent must first estabhsh a 

communication link to the communication network by calling the InitCommO 

function. Making the resource agent's presence known to the production 

control system is accomphshed by a call to the RegisterResourceO function. 

Within the RegisterResourceO function, the resource agent writes its resource 

identifier, resource type, port number, and group identifier to the address file. 

Once the resource agent has estabhshed itself in the production conttol 

system, it must determine its capabilities and price for its services. This is 

accomphshed by a caU to the AccessParametersO fimction. The 

AccessParametersO flinction loads a file contammg a description of the 

resources capabilities expressed as facts in CLIPS format. The mles used to 

determine the resource's price, expressed as mles in CLIPS format, are then 

loaded and the expert system is executed. The capabilities and price are 

returned from the expert system via global variables. 

Next, the resource agent must monitor the communication network for 

bid requests. This activity is invoked by calling the GetBidRequestO 

fimction. Within the GetBidRequestO function the resource agent remains 

idle until a bid request message is received. By remaining idle, rather tiian 

contmually polling the communication network, the idle resource agent 

consumes less computer resources. When a bid request is received, the 

resource agent compares the type of process being requested with its own 

capabilities. If the resource is not capable of performing the process, the 
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resource agent sets the bid amount high enough that the bid will always be 

rejected. 

If the resource agent determines that the resource is capable of 

performing the process, it then must determme the availability of the resource. 

This is done through the GetQueueStatus() fimction. The GetQueueStatusO 

fimction queries the simulation sub-system to find out the earliest available 

start time for the process and the number of processes that are in the queue. 

This mformation is then passed to the CalculateBid() fimction. The 

CalculateBidO fimction uses the price that the resource charges, determmed 

earlier, and the queue length to arrive at a bid amount. 

Once a bid amount has been determined, the bid must be submitted to 

the requesting part agent. After submitting a bid, the resource agent must 

wait for a response from the part agent. Both of these activities are 

accomplished through the SubmitBid() fimction. The SubmitBid() fimction 

informs the part agent of the bid and waits for an award or rejection message. 

If the process is awarded to the resource, the ScheduleProcessO function is 

called. The ScheduleProcessO function sends a message to the simulation 

sub-system to schedule the execution of the process. 

One of two possible actions is taken if the bid submitted by the 

resource agent is rejected. If the rejected bid was associated with a process 

that the resource was not capable of performing, the bid rejection is ignored. 

If the rejected bid was associated with a process that the resource was 

capable of performing, a counter is incremented. When the counter ttacking 

the number of rejected bids reaches a threshold value, the resource agent 

requests the assistance of a broker agent. 
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Broker Agent Implementation 

The prototype design requirements for the broker agent are implemented 

using the following fiinctions: 

InitCommO 

RegisterBrokerO 

GetScheduleRequestsO 

RequestBidO 

SubmitScheduleO 

NotifyBiddersO 

RemoveBroker() 

As with the other two agent types, the broker agent must first establish a 

communication link to the communication network by caUing the InitComm() 

fimction. Once the broker agent has established a communication link with 

the communication network, it must determine its span of conttol and alter the 

coordination stmcture of the APCS. This is accomphshed by caUing the 

RegisterBrokerO fimction. Within the RegisterBroker() function, the broker 

agent reads the address file. The parameters for all of the resource agents 

currently in the production system are read in and stored in an internal data 

stmcture. 

Once the broker agent has knowledge of the resources currentiy m the 

production system, it determines its span of conttol by examining the group 

identifier associated with each resource. The address file is then rewritten 

with those resources not within the broker's span of conttol. The broker 

agent writes its broker identifier, broker type, port number, and group 
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identifier to the address file. This effectively alters the coordination stmcture 

because each part agent entering the system wUl access the address file and 

determine that a particular process type is being brokered by a broker agent. 

The broker agent monitors the communication network for scheduling 

requests submitted by part agents. This activity occurs within the 

GetScheduleRequestsO fimction. Within this fimction the broker agent agent 

remains idle, waiting for a schedule request. As with the resource agent, the 

broker agent conserves computing resources by remaining idle rather than 

continuaUy polling the communication network. Once a schedule request is 

received, the broker agent requests a bid on the process from each of the 

resource agents within its span of conttol. The requests for bids are 

ttansmitted to, and received from, the resource agent(s) using the 

RequestBidO function. 

Once the broker agent has received bids from each of the resource 

agents within its span of conttol, it must determine which resource is the most 

appropriate to perform the process. The research model uses the earhest 

available startmg time for a process as the determinmg factor. Utilizing this 

sttategy, the broker agent seeks to maximize the production system 

throughput. Having determined which resource to assign the process to, the 

broker agent notifies the part agent of tiie schedule using the 

SubmitScheduleO fimction. 

All resource agents within the broker agent's span of conttol are 

notified of the resuhs of their bids via the NotifyBiddersO fimction. Once the 

resource agents have been notified of the resuhs of their bids, the broker 

agent is removed from the coordination stmcture. Removing the broker agent 
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from the coordination stmcture is accomplished by calling the 

RemoveBrokerO function. Within the RemoveBroker() function the broker 

agent rewrites the address file with the information it contained when the 

broker agent entered the production conttol system. 

Summary 

This chapter has presented the unplementation details of the prototype 

APCS. The development environment, including operating system, 

programming language, expert system, and communication language, has 

been described. Implementation details of each agent type have been 

discussed herein. The next chapter. Chapter VII, describes the use of these 

agents in a simulated APCS and the results obtained from the simulated 

APCS. 
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(request-bid 

(status-queue 

(report-status 

(submit-bid 

:part-id AAAA 
:process-id AAAA 
:requested-start-time IIII 
: processing-time IIII) 

: resource-id AAAA 
: processing-time IIII 
:requested-start-time IIII) 

: resource-id AAAA 
: available-start-time nil 
: queue-length IHI) 

part-id AAAA 
process-id AAAA 
bid-amount FFFF 
available-start-time nil) 

(request-schedule 
:part-id AAAA 
: process-id AAAA 
:requested-start-time IHI 
: processing-time IIH) 

(submit-schedule 
: part-id AAAA 
process-id AAAA 
bid-amount FFFF 
available-start-time IIH) 

(assign-process 
:part-id AAAA 
:process-id AAAA 
: start-time IHI) 

(award-process 
:part-id AAAA 
: process-id AAAA 
: start-time nil) 

(schedule-process 
resource-id AAAA 
: part-id AAAA 
:process-id AAAA 
: processing-time lUI 
: start-time nil) 

(reject-bid 
:part-id AAAA 
:process-id AAAA) 

Figure 6.1. Agent Message Syntax 

118 



(deftemplate part"" 
(slot part-id) 
(slot time-criteria) 
(slot cost-criteria) 
(slot quality-criteria)) 

(deftemplate process "" 
(slot process-id) 
(slot process-type) 
(slot process-time) 
(slot process-weight) 
(slot fiinding-increment)) 

(deffacts part-information 
(part (part-id part 1) 

(time-criteria 0.4) 
(cost-criteria 0.4) 
(quality-criteria 0.4))) 

(deffacts process-infonnation 
(process (process-id pplO) 

(process-type mil l l ) 
(process-tune 10) 
(process-weight 0.4) 
(fiinding-increment 1.3)) 

(process (process-id pp20) 
(process-type mUl_2) 
(process-time 5) 
(process-weight 0.3) 
(fiinding-mcrement 1.2)) 

(process (process-id pp30) 
(process-type mill_3) 
(process-time 5) 
(process-weight 0.3) 
(fiinding-increment 1.2))) 

Figure 6.2. Example Process Plan 
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(defglobal ?*time-weight*) 
(defglobal ?*cost-weight*) 
(defglobal ?*quality-weight) 
(defglobal ?*fiinds* = 0.0) 

(definle calculate-fimds 
(part (time-criteria ?time-criteria) 

(cost-criteria ?cost-criteria) 
(quality-criteria ?quality-criteria)) 

= > 

(bind ?*flinds* (+ (+ (?time-criteria * ?tmie-weight) 
(?cost-criteria * ?cost-weight) 
(?quality-criteria * ?quality-weight)))) 

Figure 6.3. Example Fundmg Rule 
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(deftemplate resource "" 
(slot resource-id) 
(slot resource-type) 
(slot time-criteria) 
(slot cost-criteria) 
(slot quality-criteria)) 

(deffacts resource-mformation 
(resource (resource-id Resourcel) 

(resource-type mUll 
(time-criteria 0.45) 
(cost-criteria 0.45) 
(quality-criteria 0.45))) 

(defglobal ?*time-weight*) 
(defglobal ?*cost-weight*) 
(defglobal ?*quality-weight) 
(defglobal ?*price* = 0.0) 

(defrule calculate-price 
(part (tune-criteria ?time-criteria) 

(cost-criteria ?cost-criteria) 
(quality-criteria ?quality-criteria)) 

(bind ?*price* (+ (+ (?tmie-criteria * ?time-weight) 
(?cost-criteria * ?cost-weight) 
(?quality-criteria * ?quality-weight)))) 

Figure 6.4. Example Resource Capabilities and Pricing Rules 
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CHAPTER VII 

RESEARCH VALIDATION 

The purpose of this chapter is to present the vahdation of the research. 

As stated in Chapter I, the specific objectives of this research were to: (1) 

develop a concepttial model of an adaptive production conttol system (APCS) 

based on organization self-design (OSD); (2) demonsttate the internal vahdity 

of the model through the development of a prototype APCS; and (3) to 

demonsttate the external vahdity of the model by comparing the performance 

of the prototype APCS with a decenttalized production conttol system 

(DPCS) through the use of simulation. The first objective, to develop a 

conceptual model of an APCS, was addressed in Chapter IV. The second 

and third objectives, the internal and external vahdity of the conceptual 

model, are addressed m this chapter. 

Internal Vahdation of the Conceptual Model 

The mtemal vahdity of the conceptual model has been demonsttated by 

the constmction of a prototype APCS based on the conceptual model. The 

desired system behaviors, knowledge level principles, and symbol level 

principles were used to derive a system architecture. That architecture was 

then used to derive the design requirements for the prototype APCS. Those 

design requnements were, in tum, used to implement the prototype. The 

development of a fimctional prototype serves to validate the internal 

consistency of the conceptual model. 
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External Vahdation of the Conceptual Model 

The external validation of the conceptual model is accomphshed by 

comparing the performance of tiie APCS with that of a DPCS. However, 

prior to comparing the performance of tiie APCS with that of a DPCS, the 

input data and parameters used in the simulation model must be specified. 

Once these data and parameters have been estabhshed, the performance of 

the two systems are compared and evaluated. 

The Simulation Model 

Specifying the simulation model includes describing the part data, the 

parameters used within the part agent, the resource data, the parameters used 

within the resource agents, and data pertainmg to the manner in which parts 

are introduced into the production conttol systems. 

The sunulation model is totally deterministic. All resource engagement 

durations are fixed; there are no machine breakdowns, no random setup 

times, no random ttansit tunes, no randomness whatsoever. This obviates the 

need to insure that the simulation experiment is a statistically valid one. It 

also insures completely identical sunulated circumstances for the two conttol 

policies that were tested and compared. 

Part Data. Surveys of FMS implementations in the United States and 

Japan suggest that the size of the part family, i.e. the number of different 

parts, produced in an FMS is an average of 8. Information obtained from the 

two largest U.S. manufacturers of FMS, Cinciimati Milacron and The 

IngersoU Millmg Machine Company, suggests a slightiy higher part family 

size (Cincinnati Milacron, 1992, IngersoU, 1992 ). The sizes of the part 
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families associated with the 13 FMS mstallations described in the Cincinnati 

MUacron literature range from 6 to 1,300 parts. The majority of those FMS 

installations described in the Cmcmnati Milacron literature utilize a part 

family size ranging from 10 to 20 parts. 

The part data used for this research consisted of 16 different parts. 

These parts were identified within the simulation model as Par t i through 

Part_l6 and were differentiated by the number of processes required for their 

production and the tune, cost, and quality criteria associated with each part. 

Pa r t i through Part_8 each require three milling processes identified withm 

the simulation model as mi l l l , mill_2, and mill_3. Part_9 through Part_16 

each required six miUing processes, two each of processes mil l l , mill_2, and 

miU_3. The part routings for each of these parts is detennined by the order in 

which the processes are hsted in the process plan. The total processing time 

for each of Par t i through Part_8 is 20 minutes. The total processmg time for 

each of Part_9 through Part_16 is 50 mmutes. Table 7.1 summarizes the 

time, cost, and quality criteria assigned to the parts. Table 7.2 provides the 

sequence of processes to be performed on each part type and summarizes the 

process weights, mcentive factors and processing times. 

Part Agent Parameters. The parameters set within the part agent 

mclude the weights for tune, cost, and quality, and the number of failed 

negotiations the part agent wUl aUow before it mcreases the budget for a 

process by its associated mcentive factor. To examme the sensitivity of the 

model to changes in the weights for time, cost, and quality, two sets of 

simulations were run. In the first set of simulations, equal weights were 

apphed to time, cost, and quality. Thus the 3-ttiple (wpt, wpc, wpq) used for 
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the first set of simulations was (1/3, 1/3, 1/3). A second set of simulations 

were conducted with the 3-ttiple (wpt, wpc, wpq) set at (1/2, 1/4, 1/4). 

The simulation model uses a threshold of three failed rounds of 

negotiation. After failing for the third time to secure a resource for a given 

process, the part agent applies the incentive factor and increases the amount 

of fimds budgeted for the process. 

Resource Data. Survey literature suggests that the number of resources 

per FMS is "within the range 2-13 work stations per FMS, with a significant 

proportion m the lower half of that band" (O'Grady and Menon, 1986, p. 

157). Information obtained from Cmcinnati Milacron and The IngersoU 

Millmg Machme Company supports the survey literature. Thirteen FMS 

installations are depicted in the Cincinnati Milacron literature, having from 2 

to 18 work stations. The majority of the installations depicted have 2 to 6 

work stations (Cincmnati Milacron, 1992). 

FMS typically consist of a single type of work station, most often a 

numerically-conttolled mUling machine. These resources are then 

differentiated within the FMS by their production capabilities. Of the 13 

FMS depicted in the Cmcinnati Milacron literature, 11 feature a single type of 

miUing machine withm the FMS. The remaining installations combine milling 

machmes with latiies withm the FMS. 

The simulation model consists of 6 mUling machmes. While there are 

6 mUling machines, there are only 3 milling machine types, two machines of 

each type. These types are designated as mil l l , mill_2, and mill_3. These 

milling machines are identified within the model as Resourcel through 

Resource_6. Resourcel and Resource_2 are capable of performmg miUmg 
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process type 1, or mi l l l . Resource_3 and Resource_4 are capable of 

performing milling process type 2, or mill 2. Resource 5 and Resource 6 

are capable of performmg millmg process type 3, or mill_3. Differentiating 

the resources by production capability accurately represents actual FMS 

installations and provides a simulation model capable of rigorously testing the 

APCS. Table 7.3 summarizes the production capabilities of the resources. 

Resource Agent Parameters. The resource agent parameters include 

the firm's relative measure of worth or importance of its time, cost, and 

quality imperatives, as given by the weights wrt, wrc, and wrq. In addition, 

resource agent parameters must also be specified for the amount by which a 

resource's bid is increased as a fimction of its queue length. Lastly, the 

parameters that determine the threshold at which a broker agent is requested 

must be specified. 

In the first set of simulation runs, the weights for the time, cost, and 

quality imperatives were set equal. Thus, the 3-tuple (wrt, WTC, wrq) used for 

the first set of simulations was (1/3, 1/3, 1/3). For the second set of 

simulations, the 3-tuple (wrt, wrc, wrq) was set to (1/2, 1/4, 1/4). Resource 

agents within the sunulation model increased the amount charged for their 

services by 10% for each part in its input queue. The threshold for requesting 

the services of a broker agent was set at three bid rejections. 

Part Release Mechanism. A motivating factor for companies mstaUing, 

or considering the installation of, FMS is the ability of a FMS to mass 

produce parts in lot sizes of one. The sunulation model uses a random 

number generator to determine the part (Parti through Part_16) to be 

inttoduced into the production system. Parts are mttoduced at fixed tune 
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intervals. The time that elapses between part releases determines how light 

or how heavy the production load is on the production system. Three 

different production loads were simulated. A light load was defmed as 

releasmg a part mto the production system once every sixteen minutes. A 

moderate load was defined as releasmg a part into the production system once 

every twelve minutes. A heavy load was defined as releasing a part mto the 

production system once every eight minutes. 

Initial and Ending Conditions. The initial condition of the simulation 

model is empty and idle. No entities are in the system, all resource queues 

are empty, and aU resources are idle. The collection of simulation statistics 

begins when the first part agent is mttoduced into the system. 

The duration of the simulation is determined by specifying a time at 

which the sunulation is to end. In aU sunulation runs used in this research, 

the time specified is 480 minutes. Upon termmation of the simulation mn, 

only those parts that have had all processes completed are counted towards 

thoughput. Figure 7.1 Ulusttates the static architecture of the prototype APCS 

used m the sunulations. 

Simulation Results 

The performance measurements used in this research are throughput, 

resource utihzation, and m-process inventory. The maximum queue length 

for each resource is used as a measure of in-process inventory. For each of 

these measures, the performance of the DPCS and APCS are compared. 

These performance measures were examined under three different system 

loads. 
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As previously described, two sets of simulations were run in order to 

examine the sensitivity of the model to changes m the time, cost, and quality 

weights assigned to part and resource agents. The first set of simulation 

resuhs, those utUizing equal weights, are presented m Tables 7.4, 7.5, and 

7.6. The second set of sunulation results, in which unequal weights were 

used, are presented in Tables 7.7, 7.8, and 7.9. The resuhs from the first set 

of simulations are discussed in the foUowing paragraphs. The results from the 

second set of sunulations are used to address model sensitivity. 

Throughput. Throughput is measured by the number of discrete parts 

manufactured during a simulation mn. When the production system was 

hghtly loaded, the throughput of the DPCS and APCS were identical. Each 

system produced 24 parts during a sunulated eight hour production run. 

When the system was moderately loaded, the DPCS was able to produce 27 

parts during a simulated eight hour production mn while the APCS was able 

to produce 29 parts. When the system was heavily loaded, the DPCS was 

able to produce 32 parts during a simulated eight hour production mn while 

the APCS was able to produce 38 parts. 

The identical resuhs achieved under hght system loadmg are 

attributable to the fact that under light loading the APCS mtroduces little, if 

any, hierarchy and behaves in the same manner as the DPCS. As the load on 

the system increases, the APCS begins inttoducing hierarchy. The resuhs of 

this behavior are evident in the mcrease in performance of the APCS, 

compared to the DPCS, as the system load was increased. 
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Resource Utilization. The six resources that make up the simulated 

production system are grouped according to processmg capabilities. 

Resourcel and Resource_2 are grouped together. Resource 3 and 

Resource_4 are grouped together, and Resource_5 and Resoiirce_6 are 

grouped together. These groupings must be taken mto account when 

comparing resource utihzation withm the APCS and between the DPCS and 

APCS. 

Under light system loadmg, utUization of Resourcel in the DPCS was 

89.58% and utilization of Resource_2 was 0.00%. This compares with 

utilization of Resourcel m the APCS of 87.50% and utilization of 

Resource_2 of 2.08%. Utilization of Resource_3 m tiie DPCS was 48.96% 

and utilization of Resource_4 was 0.00%. This compares with utilization of 

Resource_3 m tiie APCS of 46.88% and utilization of Resource 4 of 2.08%. 

Utilization of Resource_5 in the DPCS was 45.83% and utilization of 

Resource_6 was 0.00%. This compares with utilization of Resource_5 ui the 

APCS of 42.71% and utilization of Resource_6 of 3.13%. 

Under moderate system loading, utilization of Resourcel in the DPCS 

was 94.79% and utilization of Resource_2 was 4.17%. This compares with 

utilization of Resource 1 m the APCS of 97.92% and utilization of 

Resource_2 of 18.75%. Utilization of Resource_3 in the DPCS was 52.08% 

and UtUization of Resoiirce_4 was 3.13%. This compares with utilization of 

Resource_3 m the APCS of 58.33% and utilization of Resource_4 of 3.13%. 

Utihzation of Resource 5 in the DPCS was 46.88% and utilization of 

Resource 6 was 6.25%. This compares with utilization of Resource_5 in the 

APCS of 48.96% and utilization of Resource_6 of 10.42%. 
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Under heavy system loading, utilization of Resourcel in the DPCS 

was 98.96% and utUization of Resource_2 was 17.71%. This compares with 

utilization of Resource_l m the APCS of 97.92% and utilization of 

Resource_2 of 50.00%. Utilization of Resource_3 in the DPCS was 59.38% 

and utilization of Resource_4 was 8.33%. This compares with utilization of 

Resource_3 in the APCS of 66.67% and utilization of Resource_4 of 17.71%. 

Utihzation of Resource_5 m the DPCS was 55.21% and utilization of 

Resource_6 was 11.46%. This compares with utilization of Resource_5 in 

the APCS of 59.38% and utilization of Resource_6 of 19.79%. 

These resuhs show that as the load on the system increases, the APCS 

more evenly distributes the load across resources than does the DPCS. This 

is due to the distribution function of the broker agent. As the load on the 

system increases within the APCS, the broker agent is invoked and resource 

utilization is used as the key criterion by which processes are allocated to 

resources. 

In-Process Inventory. As with the comparison of resource utilization, 

the grouping of machines within the simulation model must be taken into 

account. Under hglit system loading the maximum queue length for each of 

the resources is nearly identical for the DPCS and APCS. As the system load 

increases, the maximum queue length for each resource indicates that the 

APCS more evenly distributes the load than does the DPCS. 

Model Sensitivity. The simulation resuhs previously presented clearly 

show that the APCS performs better than the DPCS as measured by system 

throughput, resource utilization, and in-process. These resuhs were obtained 

by assignmg equal weights to the 3-tuples (wpi, wpc, wpq) and (wrt, wrc, WTq). 
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A second set of simulations were performed using (1/2, 1/4, 1/4) for both part 

and resource agent weights. This was done to examme the sensitivity of the 

model to changes in these weights. 

The results of the second set of sunulations appear m Tables 7.7, 7.8, 

and 7.9. The results of the second set of simulations are nearly identical to 

the results from the first set of simulations. As with the first set of 

sunulations, the performance of the DPCS and APCS are nearly identical 

under light system loadmg. As the load on the system increases, the APCS 

performs better than the DPCS as measured by throughput, resource 

utilization, and m-process inventory. It is evident from these results that 

under varyuig management objectives with respect to tune, cost, and quality, 

the APCS yields better results tiian tiie DPCS. 

Vahdation of the Knowledge Level Principles 

In addition to providing internal and external validation of tiie 

conceptual model, the prototype also serves to validate the knowledge level 

principles set forth m Chapter IV. Each principle is validated by 

demonsttatmg that the stated knowledge is present and that the desired 

system behavior is achieved through the use of that knowledge. 

The first knowledge level principle focuses on the high level behavior 

sought from the APCS. The principle states that a production conttol system 

having knowledge of alternative coordmation stmctures, and the ability to 

aher its coordmation stmcture, may use such knowledge and ability to 

improve the performance of the production system. A key mdicator of the 

validity of this principle is tiie marked mcrease in system throughput realized 
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by the APCS when compared to the DPCS. Given that all of the sunulation 

parameters were identical m the APCS and the DPCS, the adaptive behavior 

of the APCS is tiie only remaining contributing factor to the improved 

performance. The adaptive behavior of the APCS is only possible if the 

system maintams knowledge of its current coordination stmcture and has 

knowledge of its abUity to alter its coordination stmcture. 

The remainmg knowledge level principles focus on the inttoduction, 

localization, and elimination of hierarchy. The second knowledge level 

principle states a production conttol system having knowledge of how 

hierarchy may be inttoduced to facUitate optimization, and the abUity to 

inttoduce hierarchy, may use such knowledge and ability to improve the 

performance of the production system. The simulation model utihzes six 

resources grouped by processing capability. When a broker agent is 

mttoduced, its forms a hierarchy by brokering the resources withm a specific 

group. The unprovements in system throughput of the APCS when compared 

to the DPCS serve to vahdate this principle. In addition, an examination of 

resource utilization shows that the APCS more evenly distributed the 

production load than did the DPCS. By mference it would be easy to show 

that part tunes-m-the-system would be shorter for tiie APCS as compared to 

the DPCS. This is evident m the fact tiiat the amount of material in the 

system is reduced and the amount of material through the system is increased. 

This lends flirther support to the vahdation of the second knowledge level 

principle. 

The third knowledge level principle addresses the localization of 

hierarchy within the APCS. Tlie principle states that a production conttol 
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system having knowledge of the span and height of hierarchy necessary to 

facUitate optunization, and tiie ability to lunit hierarchy, may use such 

knowledge and ability to unprove the performance of the production system. 

The prototype APCS mttoduces broker agents only when they are requested 

by a resource agent. When mttoduced, the broker agent limits its span of 

conttol to only those resources that have been grouped together according to 

processmg capabilities. 

The fourth knowledge level principle focuses on the ability of the 

production conttol system to eliminate hierarchy when it is no longer 

necessary. The principle states that a production conttol system having 

knowledge of benefits hierarchy and when those benefits are no longer being 

realized,, and the ability to elimmate hierarchy, may use such knowledge and 

ability to eluninate hierarchy when it no longer benefits the production 

system. This principle is based on the belief that a decenttalized production 

conttol system is mherently more flexible than a centtalized production 

conttol system. The prototype APCS elimmates the broker agent after it has 

performed a scheduling operation. In this manner, the prototype APCS 

returns to the decenttalized form at tiie earliest possible opportunity. 

Vahdation of the Symbol Level Principles 

As with the knowledge level principles, the prototype also serves to 

validate the symbol level principles set forth in Chapter IV. Each symbol 

level principle is validated by demonsttating that the stated symbol level 

design is present and that the desned system behavior is achieved through the 

use of that design. 
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The first symbol level principle states that a part agent must be capable 

of assessing the production requirements of the physical part, interfacing with 

otiier agents m the production conttol system, and monitoring the status of the 

coordmation sttncture of tiie production conttol system. The APCS rehes on 

part agents to procure and schedule resources for the production of the 

physical part. For tiie part agent to accomplish this task it must be capable of 

interfacing witii resource and, possibly, broker agents. The part agent must 

also be aware of the current stnicture of the coordination stmcture. 

The second symbol level principle states that a resource agent must be 

capable of assessmg the production capabilities of the physical resource, 

interfacmg with other agents in the production conttol system, evaluating the 

performance of the coordination stmcture of the production conttol system, 

and altering the coordination stmcture of the production conttol system when 

warranted. The APCS relies on resource agents to secure processes for the 

physical resource bemg represented. The resource agent must be capable of 

interacting with part agents and, possibly, broker agents to accomplish its 

task. The resource agent must also be aware of the current stmcture of the 

coordmation stmcture. hi addition, the resource agent must be capable of 

altering the coordination stmcture to achieve the adaptation demonsttated m 

the sunulation results. 

The third symbol level principle states that a broker agent must be 

capable of assessing the production capabilities of aU of the physical 

resources bemg brokered, mterfacing with other agents in the production 

conttol system, evaluating the performance of the coordination stmcture of 

the production control system, and exiting the production conttol system 
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when its existence is no longer warranted. The unproved system performance 

in the face of mcreasing loads is evidence that the broker agents that 

characterize the APCS are effective. 

Summary 

This chapter has presented the validation of the research. The internal 

validation of the conceptual model was provided by the development of a 

prototype APCS. The external validation was provided by comparing the 

performance, as measured by throughput, resource utilization, and in-process 

mventory, of the APCS with that of a DPCS. As the simulation resuhs show, 

the performance of the APCS was significantly better than the performance of 

tiie DPCS. Under moderate system loadmg the APCS yielded a 7.41% 

increase in throughput over the DPCS. Under heavy system loading, the 

APCS yielded an 18.75% increase in throughput over the DPCS. In addition 

to validating the conceptual model, the prototype APCS and associated 

simulation results serve to validate knowledge level and symbol level 

principles on which the conceptual model is based. 

It is evident from these resuhs that the APCS provides distinct and 

measurable benefits m performance of the production system. Future 

research should include elaboration of the sunulation model and more 

extensive testuig. Preluninary studies demonstrate the superiority of the 

APCS over the DPCS for varymg managerial values. Further testing is 

necessary to assert unequivocaUy that this resuh is totally mvariant relative to 

managerial value systems. These issues, as well as the inherent limitation in 

this research, are addressed m the following chapter. 
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Resource 6 

Resource 5 

Resource 4 

Part Agent 
(Part i . . . Part_16) 

Resource 1 

Resource 2 

Negotiation 
Messages Resource 3 

Figure 7.1. Static Architecture of the Prototype APCS 
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Table 7.1. Part Production Criteria 

Part ID 

Part_l 

Part_2 

Part_3 

Part_4 

Part_5 

Part_6 

Part_7 

Part_8 

Time Factor (T) 

0.40 

0.40 

0.40 

0.40 

0.60 

0.60 

0.60 

0.60 

Cost Factor (C) 

0.40 

0.40 

0.60 

0.60 

0.40 

0.40 

0.60 

0.60 

Quality Factor (Q) 

0.40 

0.60 

0.40 

0.60 

0.40 

0.60 

0.40 

0.60 

137 



Table 7.2. Part Process Weights, Incentive Factors, and Processing Tunes 

Part ID 

Part_l - Part_8 

Part_9-Part_16 

Process ID 

mill_l 

mill_2 

mill_3 

mill_l 

mill_l 

mill_2 

mill_2 

mUl_3 

mill_3 

Process 

Weight 

0.40 

0.30 

0.30 

0.20 

0.20 

0.15 

0.15 

0.15 

0.15 

Incentive 

Factor 

1.30 

1.20 

1.20 

1.30 

1.30 

1.20 

1.20 

1.20 

1.20 

Processing 

Time 

(m Mm.) 

10 

5 

5 

15 

10 

10 

5 

10 

5 
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Table 7.3. Resource Production CapabUities 

Resource ID 

Resourcel 

Resource_2 

Resource_3 

Resource_4 

Resource_5 

Resource_6 

Time Factor (T) 

0.45 

0.65 

0.35 

0.55 

0.35 

0.55 

Cost Factor 

(C) 

0.45 

0.65 

0.35 

0.55 

0.35 

0.55 

Quality Factor 

(Q) 

0.45 

0.65 

0.35 

0.55 

0.35 

0.55 

Process 

Type 

mill_l 

mill_l 

mill_2 

mill_2 

mill_3 

mill_3 
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Table 7.4. System Performance Under Light Loading (Set 1) 

Measure 

Tliroughput 

Resource Utilization: 

Resourcel 

Resource_2 

Resource_3 

Resource_4 

Resource_5 

Resource_6 

Maximum Queue Length: 

Resourcel 

Resource_2 

Resource_3 

Resource_4 

Resource_5 

Resource 6 

DPCS 

24 parts 

89.58% 

0.00% 

48.96% 

0.00% 

45.83% 

0.00% 

3 

0 

4 

0 

5 

0 

APCS 

24 parts 

87.50% 

2.08% 

46.88% 

2.08% 

42.71% 

3.13% 

3 

0 

4 

0 

4 

0 
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Table 7.5. System Performance Under Moderate Loading (Set I) 

Measure 

Throughput 

Resource UtUization: 

Resourcel 

Resource_2 

Resoiirce_3 

Resoiirce_4 

Resource_5 

Resource_6 

Maximum Queue Length: 

Resourcel 

Resource_2 

Resource_3 

Resource_4 

Resoiirce_5 

Resource_6 

DPCS 

27 parts 

94.79% 

4.17% 

52.08% 

3.13% 

46.88% 

6.25% 

6 

1 

8 

1 

8 

I 

APCS 

29 parts 

97.92% 

18.75% 

58.33% 

3.13% 

48.96% 

10.42% 

4 

2 

6 

1 

6 

2 
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Table 7.6. System Performance Under Heavy Loading (Set 1) 

Measure 

Throughput 

Resource UtUization: 

Resourcel 

Resource_2 

Resoiirce_3 

Resource_4 

Resource_5 

Resource_6 

Maximum Queue Length: 

Resourcel 

Resource_2 

Resource_3 

Resource_4 

Resource_5 

Resource_6 

DPCS 

32 parts 

98.96% 

17.71% 

59.38% 

8.33% 

55.21% 

11.46% 

6 

2 

9 

2 

9 

2 

APCS 

38 parts 

97.92% 

50.00% 

66.67% 

17.71% 

59.38% 

19.79% 

5 

4 

7 

3 

8 

3 
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Table 7.7. System Performance Under Light Loading (Set 2) 

Measure 

Throughput 

Resource Utilization: 

Resourcel 

Resource_2 

Resource_3 

Resource_4 

Resources 

Resource_6 

Maximum Queue Length: 

Resourcel 

Resource_2 

Resource_3 

Resource_4 

Resources 

Resource_6 

DPCS 

24 parts 

89.58% 

0.00% 

48.96% 

0.00% 

45.83% 

0.00% 

3 

0 

5 

0 

5 

0 

APCS 

25 parts 

91.67% 

5.21% 

51.04% 

1.04% 

46.88% 

4.17% 

3 

1 

4 

0 

4 

0 
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Table 7.8. System Performance Under Moderate Loadmg (Set 2) 

Measure 

Tliroughput 

Resource UtUization: 

Resourcel 

Resource_2 

Resource_3 

Resource_4 

Resources 

Resource_6 

Maximum Queue Length: 

Resourcel 

Resource_2 

Resource_3 

Resource_4 

Resources 

Resource_6 

DPCS 

27 parts 

97.92% 

6.25% 

52.08% 

4.17% 

46.88% 

6.25% 

6 

1 

8 

1 

8 

2 

APCS 

29 parts 

98.96% 

14.58% 

58.33% 

5.21% 

50.00% 

9.38% 

4 

1 

6 

1 

6 

2 
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Table 7.9. System Performance Under Heavy Loading (Set 2) 

Measure 

Throughput 

Resource Utilization: 

Resourcel 

Resource_2 

Resource_3 

Resource_4 

Resources 

Resource_6 

Maximum Queue Length: 

Resourcel 

Resource_2 

Resource_3 

Resource_4 

Resources 

Resource_6 

DPCS 

34 parts 

98.96% 

21.88% 

65.63% 

8.33% 

59.38% 

11.46% 

6 

I 

8 

2 

9 

3 

APCS 

37 parts 

98.96% 

41.67% 

62.50% 

16.67% 

60.42% 

15.63% 

5 

4 

7 

4 

9 

2 
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CHAPTER VIII 

CONTRIBUTIONS, LIMITATIONS AND 

SUGGESTIONS FOR FUTURE RESEARCH 

Deliverables 

The deliverables for this research include the conceptual model of the 

APCS, a prototype of the APCS, detaUed analysis of the performance 

characteristics of the prototype APCS, and conclusions derived from the 

analysis and research. To facUitate testmg the prototype APCS, a prototype 

fiiUy distributed production conttol system based on the decentralized market 

coordination stmcture was also implemented. A description of each of the 

dehverables follows. 

The Conceptual Model 

The conceptual model provides the theoretical framework from which 

the APCS was derived. The conceptual model identifies the desirable 

attributes of both centrahzed and decenttahzed coordination stmctures as 

apphed to production control systems. From these desnable attributes a set 

of desired system behaviors was developed. The knowledge level concepts 

necessary to support the desired system behaviors were enumerated. Once 

the knowledge level concepts were enumerated, knowledge level propositions 

were developed to relate the system behavior to the knowledge level 

concepts, the system level concepts, and the system environment. 

The symbol level concepts were then enumerated. The symbol level 

concepts provided a framework m which to encode the knowledge level. 
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From these symbol level concepts symbol level propositions were defined. 

The symbol level propositions served to relate the desired system behavior, 

the knowledge level, the symbol level, and the system environment. From the 

desned system behavior, the knowledge level concepts and proposition, and 

the system level concepts and propositions, a conceptual model of the APCS 

was derived. 

The Prototype APCS 

The prototype APCS encoded the conceptual model. The prototype 

consists of a collection of agents, each representing a part agent, resource 

agent, or broker agent, derived from the generic agent architecture. The 

agents were implemented as expert system shells running as independent 

processes in a multi-tasking environment. The agents were written in the C 

programming language and use CLIPS as the inference engine. The agents 

communicate via message passmg when bidding on jobs, aUocating 

resources, and assessing current and alternate coordmation stmctures. The 

use of KQML provides a standardized message passing protocol among 

agents and contributes to the portability and scalability of the APCS. 

Analysis of System Performance 

Once the prototype APCS was developed, its performance was 

evaluated relative to a fiilly distributed production conttol system. To 

accomplish this each system was subjected to the same production load and 

its performance was measured. This process was repeated at different 
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production loads and the behavior of the two systems at these different 

production loads was analyzed. 

Conclusions Derived from the Analysis and Research 

The purpose of this research was to provide demonsttable support for 

organization self-design as a viable design ahemative for intelligent 

production conttol systems. A conceptual model of an APCS has been 

developed. The development of a prototype APCS serves as validation of the 

conceptual model. The perfonnance of tiie prototype APCS serves to 

validate the use of organization self-design as a viable design alternative for 

intelligent production conttol systems. 

Conttibutions of the Research 

This research provides demonstrable support for organization self-

design as a viable design alternative for intelhgent production conttol 

systems. This design approach "bridges the gap" between designs based on 

centtalized or decenttalized coordination stmctures and provides a synthesis 

of these two stmcttiral exttemes. Perhaps less tangible, but of no less 

significance, are contributions to the understanding of the temporal role of 

hierarchy withm mtelligent production conttol systems. At the core of this 

research is an examination of the role of hierarchy within the coordination 

stmcture of intelligent production control systems and the feasibility of 

developing a system that is capable of altering the hierarchy in response to the 

production environment. Current research stteams tend to favor either 
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centralized or decentralized coordination stmctures without investigating the 

nature and role of hierarchy within the production conttol system. 

This research broadens the understanding of hierarchy, pursues a new 

line of research, and contributes to the understanding of existing lines of 

research. The simulation resuhs from the APCS show that hierarchy is 

necessary within a production conttol system in order to facilitate 

optimization. However, that need for hierarchy is not constant and is not 

fixed in height or scope. The need for hierarchy exists only when such 

hierarchy is required to facilitate optimization of the production system. The 

APCS itself demonsttates the feasibUity of constmcting a production control 

system that freats hierarchy as a ttansient attribute of the system architecture. 

Limitations 

Several limitations exist for this research. The APCS is most 

appropriate for automated discrete part manufacturing, such as within a 

flexible manufacturing system. The system is of limited use in the process 

industries. The focus of the research is on the development of an APCS. The 

conceptual model, as well as the proposed prototype, do not fiiUy address the 

acquisition and use of production knowledge. Similarly, the fiill potential of 

the human mterface is not explored. In the interest of time and effort, the 

research concentrates on the requirements to constmct an APCS and the 

performance of such a system. 
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Future Research 

Future research should include a fiiU investigation of varioiB 

coordination stmcture performance statistics, such as tardiness, lateness, 

product costs, etc. used to measure the need for reorganization. Each of the 

types of knowledge referred to in this research, coordination knowledge, 

production knowledge, and mterface knowledge, would benefit from the 

application of rigorous knowledge engineering techniques. Ideally, the 

implementation of this system in an actual production facility would provide 

the most insight into its performance. 

At a more conceptual level, adaptation via organization self-design 

appears to be applicable to many types of conttol systems. Indeed, 

organization self-design may be applicable to any type of information system 

functioning within a dynamic environment. Future research should seek to 

establish those characteristics in information systems that suggest the 

applicability of organizational self-design and should seek to generalize the 

concepts set forth in this research. 
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APPENDIX A 

A USER'S GUIDE TO THE APCS 

This appendix describes the steps necessary to execute the prototype 

APCS and DPCS. The prototype APCS consists of resource agents, part 

agents, broker agents, a sunulation subsystem, and a part release mechanism. 

The resource agents, the sunulation subsystem, and the part release 

mechanism must be initiated by the user. The part agents are initiated by the 

part release mechanism. The broker agents are initiated by the resource 

agents. Upon successful execution of the prototype APCS, a file named 

events.log is created. This file contains the summary statistics from the 

execution of the simulation. The details of each of the components of the 

prototype APCS are discussed in detail in the following paragraphs. 

The Resource Agents 

Resource agents are initiatied from the command line using the 

followmg command line arguments: 

# resource <resource_id> <resource_type> <TCP/IP port> <group_id> 

where resourceid is a unique identifier assigned to the resource and 

resource type identifies the type of operation the resource is capable of The 

TCP/IP port number is a unique integer value greater than 2000 (mteger 

values less than 2000 are reserved by the operating system). The groupjd is 

an identifier assigned by the user. This identifier is used by broker agents to 

determine which resources are to be included withm its span of conttol. An 

example command line entry for a resource identified as resourcel, capable 
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of performmg a miU operation, usmg TCP/IP port number 2000, and 

belonging to the mUlgroup group, appears as follows: 

# resource resourcel mil l l 2000 millgroup 

Associated with each resource is a file containing information about the 

production capabilities of the resource. This file contains such information as 

the time, cost, and quality factors associated with the resource. This file is 

given a file name matchmg the resource identifier, resourceid. When the 

resource agent is initiated, the resource identifier given on the command line 

is used to access the file containmg the production capabilities of the 

resource. Each resource must have an associated file containing data about 

the resource's production capabilites. 

The Part Agents 

The part agents are initiated from within the part release mechanism. 

For this reason there are no command hue arguments to be provided by the 

user. Rather, the command line for initiation of the part agent is coded within 

the part release mechanism. Any modifications to the naming convention of 

parts must be reflected in the code of the part release mechanism. Within the 

part release mechanism, the command line for initiation of the part agent 

appears as foUows: 

# partagent <part_id> <TCP/IP port> 

where part_id is a unique identifier assigned to the part and the TCP/IP port 

number is a unique integer value greater tiian 2000. 

Associated with each part is a file containing information about the 

production requirements of the part. This file contains such infonnation as 
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the time, cost, and quality factors associated with the part, the number and 

type of processes required for production of the part, and the weights and 

mcentive factors associated with each of the processes. This file is given a 

file name matching the part identifier, partid. When the part agent is 

initiated, the part identifier given on the command Ime is used to access the 

file containing the production requirements of the part. Each part must have 

an associated file containmg data about the part's production requirements. 

The Broker Agents 

As with the part agents, broker agents are not initiated by the user. 

Rather, they are mitiated from within the resource agents. For this reason, 

any modifications to the parameters necessary to initiate broker agents must 

be reflected in the code of the resource agent. Within the resource agent, the 

command line for initiation of the broker agent appears as follows: 

# broker <broker_id> <broker_type> <TCP/IP port> <group_id> 

where brokerid is a unique identifier assigned to the broker and brokertype 

identifies the type of resource to be included in the broker's span of conttol. 

The TCP/IP port number is a unique integer value greater than 2000. The 

group id is not used but was included for consistency and for use m fiiture 

research. 

The Simulation Subsystem 

The simulation subsystem is responsible for simulating the processing 

of parts within the production system. The command line argument used to 

initiate the simulation subsystem is as follows: 
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#monitor 

No additional arguments are required. When inititiated, the simulation 

subsystem will detect the number of resources in the system and set up a 

queue for each. The simulation subsystem initializes all queue lengths to zero 

and initializes the file to which summary statistics wUl be wriiten. When the 

simulation subsystem. When the part release mechanism is initiated, as 

discussed in the next section, the simulation subsystem writes the simulation 

starting tune, the simulation mn time, and the part release interval to the 

summary statistics file. 

The Part Release Mechanism 

The part release mechanism is responsible for releasing parts mto the 

production system for a given amount of time and at prescribed intervals. 

The command Ime arguments necessary to initiate the part release mechanism 

are as follows: 

# release <mn_time> <release_rate> 

where mn time is the total amount of time, in minutes, the user desires to mn 

the simulation and releaserate is the time elapsing, in minutes, between the 

release of parts into the production system. An example of a simulation mn 

lasting a 8 hours witii parts being released into the system every 20 mmutes 

appears as follows: 

# release 480 20 

When the part release mechanism reaches the prescribed time limit for 

the sunulation, a message is sent to the sunulation subsystem and summary 

statistics are calculated. 
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Summary Statistics FUe 

Upon completion of the sunulation, the results of the simulation are 

written to a summary statistics file. The name if this file is events.log and it 

contains the following information: 

• the startmg time of the simulation; 

• the mn time of the sunulation; 

• the release rate of parts; 

• for each resource in the system; 

• the total number of processes performed; 

• the resource utihzation; 

• the maximum queue length; and 

• the total system througput. 

An example of the events.log file appears in Figure A.l. 

161 

I 



1km .^MLL^^illL^-^ 

Current time: 804276117 
Maxunum mn time 480 
Releaserate: 16 
Resource ID: miUl 

Total Processes: 34 
Total Processmg Time: 395 
Maximum Queue Length: 3 

Resource ID: mU12 
Total Processes: 1 
Total Processing Time: 10 
Maximum Queue Lengtii: 0 

Resource ID: mU13 
Total Processes: 32 
Total Processmg Time: 210 
Maximum Queue Length: 4 

Resource ID: mU14 
Total Processes: 2 
Total Processmg Time: 10 
Maxunum Queue Length: 0 

Resource ID: miU5 
Total Processes: 30 
Total Processmg Time: 200 
Maximum Queue Length: 4 

Resource ID: mU16 
Total Processes: 3 
Total Processing Time: 15 
Maximum Queue Length: 0 

Total Throughput: 23 complete parts 

Figure A. 1. Sample Output 
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APPENDIX B 

AN IMPLEMENTATION SCENARIO 

LTV Aerospace, located in Grand Praire, Texas, utUizes a flexible 

manufacturing system (FMS) containmg eight 4-axis Cincinnati Milacron 

machining centers, two 3-axis Digital Engineering Automation coordinate 

measuring machines (CMMs), an automated part washing facUity, two 

load/unload stations, and four automated guided vehicles (AGVs). Located in 

the center of this FMS is a conttol station consisting of several Digital 

Equipment Corporation PDP series computers. This FMS was built in the 

early 1980's for use in constmcting the fuselage of the Northrop Bl-B 

bomber. 

In this scenario, each of the productive resources of the FMS would be 

represented by a resource agent. These productive resources include each of 

the machmmg centers, each of the CMMs, each of the AGVs, tiie part 

washing facility, and the load/unload station. Each resource agent would 

requne production knowledge consisting of knowledge about the productive 

capability of the physical resource being represented. Each resource agent 

would require interface knowledge. Environment interface knowledge would 

consist of knowledge about the communication protocol and fauh messages 

of the physical resource. Agent interface knowledge would consist of 

knowledge required to interface witii other agents within the FMS. Finally, 

each resource agent would require coordination knowledge so that the agent 

would be capable of fimctioning properiy within the adaptive architecttire of 

the FMS conttol system. 
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Each physical part that would enter the FMS would have a part agent 

associated with it. This part agent would be a autonomous computer process 

executing on one of the FMS's centtal computer systems. The part agent 

would be responsible for negotiatmg with the various resources within the 

FMS for production of the physical part. The part agent would requne 

production knowledge, in the form of a process plan, in order to secure the 

appropriate resources for production. The part agent would require interface 

knowledge to facilitate communication with other agents within the FMS 

conttol system, and would require coordination stmcture knowledge so that 

the communication would take place along the proper lines of authority. 

At the request of the master production scheduler, a part and associated 

part agent would be mttoduced into the FMS. The part agent would first 

request that raw material be mounted on the appropriate fixture at the 

load/unload station. Next, the part agent would negotiate for the services of a 

machinmg center for the first machining operation. Once the services of the 

machining center had been secured, the part agent would negotiate with the 

AGVs for transportation to the first machining center. This process would be 

repeated until all machining operation had been completed. When the final 

machining operation had been completed, the part agent would negotiate for 

the services of the part washing facility and ttansportation to the facility. 

After having the part washed, the part agent would negotiate for the use of a 

CMM for inspection and ttansportation to that CMM. Upon completion of 

the inspection, the part agent would negotiation with the AGVs for 

ttansportation back to the load/unload station. At this point the physical part 

is complete and a signal would be sent to the part agent for tennination. 
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At time during the operation of the FMS, the load on the system will 

likely be such that broker agents would be mttoduced. These broker agents 

would execute as autonomous computer processes on the FMS's centtal 

computer system. When inttoduced, the broker agents would serve to 

optimize, or level the load, across those physical resources within the broker 

agent's span of conttol. When the services of a broker agent would no longer 

be required, the agent would be terminated. 
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