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Abstract

This dissertation presents a flexible coherent framework for managing the on-line.
high-level operation of an assembly cell that has multiple robotic manipulators. This framework.
which uses the concept of an agent as understood by the research subfield of multi-agent systems.
supports the task-level scheduling and programming of assembly operations. The execution of an
assembly operation was decomposed into the two distinct phases of part assembling and parnt
fetching. Part assembling is concerned with how a robotic manipulator manoeuvres a part into its
proper place within the overall assembly of a product. Part fetching has to do with suitably
delivering a part to a robotic manipulator for part assembling. In this framework. the operation of
a multi-robot assembly cell was distributed among four different types of agents: agent(s)
responsible for part assembling. agent(s) responsible for part fetching. an agent to properly
schedule the assembly operations. and an agent to control access to the shared physical space of the
cell. Each of these agents was implemented in software using the object-oriented programming
language C++. The physical-level of this framework was evaluated by physically implementing a
proof of concept. assembling agent. The system-level of this framework was evaluated by
integrating the software agents into a discrete event simulation and then simulating a tractable and

prototypical example for different operating circumstances.
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Chapter 1

Introduction

This introductory chapter includes an overview of the research problem. motivations for
studying this problem. properties of an ideal solution. a synopsis of the proposed solution.

contributions of this dissertation, and an outline of the remaining chapters of this dissertation.

1.1 Overview of the Research Problem

The research of this dissertation has an interdisciplinary nature. since it takes place at the
intersection of the field of manufacturing. the field of artificial intelligence (AI). and the field of
robotics. More precisely, this intersection occurs between manufacturing cells, the Al research

subfield of multi-agent systems. and robotic assembly respectively.

The specific system under study in this dissertation is a multi-robot assembly cell (MRAC).
The multiple robots of this cell manipulate parts into their proper place within the overall assembly
of a product. Given that a MRAC is a complex, spatially and temporally distributed, physical part
processing system, the specific research problem addressed in this dissertation is how to

effectively manage the high-level operation of such a system.

The question now becomes what does it mean to manage a MRAC whose on-line operation

is decomposed into the loosely coupled coordination of its components. In this case, management



of system operation means addressing the high-level aspects of control. communication.

organization, scheduling, and coordination of these components. This dissertation provides and

investigates a solution to this specific problem.

1.2 Motivations and Solution Discussion

A key motivation for studying the high-level management of a MRAC is to operate it at a
higher level of abstraction. The reasoning behind this motivation is that there is a strong link
between the level of automation of a manufacturing system and the level of abstraction at which
instructions are input to such a system. Another motivating factor. which relates to this level of
abstraction, is to provide techniques for the task-level scheduling and programming of assembly

operations carried out by a MRAC.

Another strong motivation for studying this problem is that although researchers have
studied many different issues regarding robotic assembly cells. the management of the on-line,
high-level operation of multi-robot assembly cells (MRACS) remains a relatively unexplored
problem. Another obvious motivation for studying MRACS versus single robot assembly cells is

the potential of reducing the cycle time or throughput of the cell.

Ideally. the solution to manage a MRAC would have as many of the properties of being
modular. extensible, reliable. efficient. robust. maintainable. and adaptable. as possible. Clearly.

these properties are important considerations in deciding upon a solution.

The solution proposed and investigated in this dissertation makes a modest step towards
this ideal solution. Specifically, our solution is a generic, agent-based framework for managing
the on-line, high-level operation of a MRAC. This framework uses and applies concepts from the
research subfield of multi-agents systems to the operation of a MRAC. In particular, the operation
of a MRAC was distributed among four different types of agents: a task scheduling agent, m

assembling agent(s), n part presentation agent(s), and a shared space agent.

The input to a MRAC managed with this framework is a directed graph of assembly

[ 5]



operations that respect the precedence relations of an assembly. The assembly operations of this
graph are specified as task-level instructions. The physical execution of each assembly operation
was decomposed in this cell into the two distinct phases of part fetching and part assembling.
These two phases correspond with the responsibilities of the part presentation agent and the

assembling agent respectively.

1.3 Contributions
This section summarizes the primary contributions of this dissertation that arose from

investigating the problem of managing the operation of a task-level MRAC. These contributions
are:

* an original agent-based framework for managing the on-line. high-level operation
of a MRAC: its operation was distributed among four types of agents based. in
part, upon the decomposition of an assembly operation into the two distinct phases
of part fetching and part assembling:

* unique application of the contract net technique for coordinating a multi-agent
system to a MRAC: specific contents of messages exchanged during contract net
negotiation defined for the tasks of assembly operations:

* novel approach to the problem of task planning for an assembly robot with
implications for task-level robot programming: this approach was encapsulated
within the internal structure of an assembling agent:

* implementation of a proof of concept. assembling agent: this physical agent was
implemented using a six degree of freedom. Puma 500. industrial manipulator with
a force/torque sensor and a range sensor;

* development of a prototyping tool to simulate the discrete event behaviour of
MRACs managed with our framework: this tool allows the comparison of
alternative configurations of MRACs: and

* development of one of the few frame-based knowledge bases in the C++
programming language.



1.4 Outline
Chapter 2 begins by giving an overview of the fields of manufacturing. artificial
intelligence. and robotics from the unique perspective of this dissertation. This chapter continues

by surveying research that overlaps among these fields from this perspective.

Chapter 3 describes the agent-based framework for managing the on-line. high-level
operation of a MRAC. This chapter discusses fundamental issues regarding this framework
including a reiteration of the motivations for its proposal. This chapter also presents details on the
overall operation of this framework. internal aspects of the four types of agents. messages

exchanged between the agents. and the relationship of this framework with existing research.

Chapter 4 describes how the agents of this framework were implemented in software. In
particular. this chapter details the implementation of these agents using the object-oriented

programming language C++.

Chapter 5 details how an assembling agent was physically implemented. This chapter
describes the physical setup and preexisting robotic programming environment that our
implementation was based upon. This chapter also discusses the demonstration of a basic. peg in

hole. assembly operation. and how our implementation relates to existing research.

Chapter 6 describes the integration of the software agents into a discrete event simulation.
describes a tractable and prototypical example that was simulated. and presents the results of

simulating this example in order to evaluate the system-level operation of our framework.

Chapter 7 gives conclusions and presents future research directions for this dissertation.



Chapter 2

Interdisciplinary Survey of Related Research

The research of this thesis takes place at the intersection of three fields of study:
manufacturing. artificial intelligence. and robotics. This chapter gives an overview of these three
fields and then surveys research that overlaps among these fields. That is, the interdisciplinary
survey progresses from general to specific and aims to give an appreciation of the larger context

within which our research occurs and to describe research related to our own.

Since each of the aforementioned fields is large. the most relevant aspect of each field is
indicated in order to demarcate the unique perspective of this survey. With respect to the field of
manufacturing, the level of manufacturing cells is most significant with an emphasis placed on
robotic assembly cells. With respect to the field of artificial intelligence. the subfield of distributed
artificial intelligence / multi-agent systems is most relevant. With respect to the field of robotics.

more attention is paid to industrial robots that do assembly by manipulating parts.

2.1 The Field of Manufacturing

The field of manufacturing is one of the key application areas of the technologies of
automation [Goetz, 1989]. This field has advanced through the establishment of different
strategies to improve the overall operation of manufacturing systems. Each of these strategies, in
turn, was an attempt to rectify deficiencies or improve upon the shortcomings existing in the

previous infrastructure. This section briefly discusses each strategy of significance.



2.1.1 Flexible Manufacturing Systems

Historically, the first automation of manufacturing facilities relied on the introduction of
automatic machinery to continually repeat a specific operation. Although this strategy. called fixed
or hard automation [Goetz. 1989], was effective for mass production of products. it lacked
flexibility and adaptability. The concept of a flexible manufacturing system (FMS) [Ranky. 1983:
Draper Laboratory. 1984: Pao and Jelinek, 1988] was introduced and developed to improve upon
the existing rigid systems. Flexibility in manufacturing allows rapid responses to be made to
changing demands and circumstances. Examples include optimizing and adapting production
schedules as a function of resource availability. producing variants of similar products. responding
to changes in customer demands. coping with short product life cycles. and responding to market
trends. For a more recent examination of the literature on FMSs and suggestions for future

research. one can refer to [Gunasekaran et al.. 1995].

The operation of a FMS is usually broken down into at least three distinct levels. We

distinguish between the following four levels:

- factory or enterprise level
- shop or line level

- cell level

- component level

The factory or enterprise level involves the overall operation of the manufacturing system. The
shop or line level is concerned with a major aspect of the factory. such as the efficient manufacture
of a product family. This level is usually implemented as a collection of cells. A cell is a basic unit
of production in a manufacturing system. The cell level is concerned with the effective operation
of 1ts collection of components. Depending upon the cell. components can be automated guided
vehicles, buffers. CNC (computer numerical control) machines, industrial robots, lathes, pallets,

parts feeders, sensor systems, tool changers, various workstation(s), etc.

Since the problem of scheduling is addressed in our robotic assembly cell. we mention two

papers on scheduling of a FMS. Akella and Krogh [1987] used an analytical approach to examine



the scheduling problem for a hierarchical. multi-cell flexible assembly system. Graves [1987] used

a heuristic approach to optimize the schedule for flexible assembly systems.

2.1.2 Computer Integrated Manufacturing

The strategy of computer integrated manufacturing (CIM) [Ranky, 1986a: Spur and
Specht. 1987] followed shortly after the one of FMSs. These two strategies are clearly linked
together. The emphasis of FMSs is to make the process of physical production as flexible as
possible: whereas, the emphasis of CIM is to integrate all of the data, information. and knowledge
surrounding a manufacturing system. Computer Aided Design (CAD) and Computer Aided
Manufacture (CAM) are two technologies that support CIM. The primary purpose of this
integration is to make it easier for technical staff to design and manufacture new products. for
management to observe and analyze the complete operation of the enterprise, and for marketing to
promote the products. Researchers continue to refine the details of the concept of CIM. A special
issue on CIM that discussed current issues of CIM was published in [Desrochers and Silva. 1994].

In addition. Camarinha-Matos et al. [1995] presented a thorough taxonomy of CIM activities.

centralized <@——————® hijerarchic “@&———————® heterarchic
Figure 2.1: Types of control architectures.

The question of what type of architecture to use to integrate manufacturing activities is
discussed here since this question also applies to our robotic assembly cell. [Dilts et al., 1991]
gave an excellent assessment of the control architectures used for automated manufacturing
systems. Figure 2.1 displays the type of control architectures reviewed in [Dilts et al., 1991].
These architectures historically evolved from left to right. In a centralized architecture, the control
of the entire system is directly handled by a single global coordinator. In a hierarchic architecture,
the control occurs at multiple levels with master/slave relationships between adjacent levels. Ina
heterarchic architecture, the control is distributed among locally autonomous entities that

communicate on a peer to peer level. Refer to the original source [Dilts et al., 1991] for a more



detailed discussion of these types of architectures. More recently. Williams et al. [1994] presented

complete descriptions of architectures for CIM.

2.1.3 Concurrent Engineering

According to [Nevins et al., 1989]. concurrent design refers to the coordinated design of
products and processes and using this approach could result in more efficient and effective
manufacturing. The key issue is that the early design decisions critically affect the life cvcle of the
product and therefore. all of the departments of a company should work from the beginning on the
design of new products [Nevins et al., 1989]. Concurrent engineering (CE) focuses on the parallel
interaction of team members during various life cycles of the product [Ranky. 1994]. Two areas
of study that are related to this strategy are Design for Manufacture (DFM) and Design for
Assembly (DFA). From a CE point of view. CIM provides the infrastructure for a CE solution

[Ranky. 1994].

2.1.4 Agile Manufacturing

The most recent strategy for improving manufacturing systems promotes the concept of
agile manufacturing (AM). This strategy came out of a United States based initiative called the
agility forum that was organized in 1991. For discussions about how AM relates to and differs
from the earlier strategies. one can refer to [Burgess. 1994: Kidd. 1994: Noaker. 1994: Booth
1996]. This strategy was partly a response to the strategy of just-in-time lean production
developed by the Japanese company Toyota [Booth. 1996] and it was also viewed as a replacement
for the outdated mass production model [Burgess. 1994]. The characteristics of an AM system
include the ability to quickly produce low cost, low volume, high quality. customized products

[Burgess, 1994].

We indicate references that discuss three specific aspects of AM. Pant et al. [1994]
discussed the problem of information integration from the perspective of AM but also relate it to the
approaches of CIM and CE. The prospect of achieving AM in the automobile industry was

discussed in [Tracy et al., 1994a, 1994b). Wang et al. [1996] discussed an architecture for AM



and its interface to CIM.

2.2 The Field of Artificial Intelligence

The field of artificial intelligence (AI) is concerned with the implementation of certain
aspects of human intelligence on a machine and it is a broad field with many research directions
[Barr et al.. 1982]. A complete discussion of this field is obviously beyond the scope of this
section. however, we must be aware of it since the subfield of distributed artificial intelligence
(DAD / multi-agent systems (MASs) has its roots in this field. This section begins by introducing
this subfield to the reader and giving a synopsis of the major topics being investigated by

researchers. We also more closely examine the concept of an agent.

2.2.1 Distributed Artificial Intelligence / Multi-Agent Systems

DAI basically studies concurrency in all of its forms within the field of artificial intelligence
(AD). Early developments of this subfield were published in a series of workshops that began in
1980 [Sridharan. 1987]. Bond and Gasser [1988] compiled a collection of seminal DAI papers
and they also partitioned the study of this subfield into two primary branches. distributed problem
solving (DPS) and multi-agent systems (MASs). DPS examines how the solving of a particular
problem can be divided among cooperating modules. while MASs concerns itself with
coordinating the behavior of a collection of intelligent agents [Bond and Gasser. 1988]. More
general information on DPS is available in [Chandrasekaran. 1981:; Decker. 1987: Durfee et al.,
1989]. From this point, the research on DAI continued to evolve and many researchers have
published on this theme including [Hern, 1988: Demazeau and Miiller, 1989: Gasser and Huhns,
1989: Durfee, 1991; Chaib-Draa et al., 1992; Gasser 1992]. Moreover in 1992, Rosenschein

presented a paper on how to best teach the body of knowledge known as DAL

At the same time, research in the branch of MASs burgeoned so much that this branch now
subsumes DAI instead of vice versa [Lesser, 1995]. That is, the terms, DAI and MASs, are now

essentially interchangeable. Durfee and Rosenschein [1994] gave a good discussion of this



transformation in terminology while it was happening. Grant [1992] gave a good review of the
techniques available to a MAS researcher. An excellent survey of both the theory and practice of
MASs are given in [Wooldridge and Jennings, 1995]. These same authors also examined
applications of agent technology [Jennings and Wooldridge, 1995]. A more extensive
bibliography of MASs was compiled in [Wooldridge et al.. 1995]. Currently. one of the most

updated sources for information on these agents is on the web [AgentWeb. 1997].

A distinction is made between the micro and macro aspects of MAS research. Micro
aspects have to do with all aspects of individual agents, such as agent theories. agent architectures.

and agent languages. Macro aspects have to do with the behavior of groups of agents.

Figure 2.2 gives a basic breakdown of the major, micro and macro topics of MASs based
upon our readings. An agent theory or model of self has to do with how do researchers
conceptualize agents and how do agents conceptualize themselves [Wooldridge and Jennings.
1995]. The study of agent control architectures has to do with how to best implement agent
theories in hardware and software [Wooldridge and Jennings, 1995]. Agent languages address the
question of how to effectively program agents [Wooldridge and Jennings. 1995]. The next three
micro topics are usually incorporated into the internal architecture of an agent [Ferguson. 1992;
Miiller. 1996]. We list them separately to emphasize their importance. Typically. an agent has to
be able to construct a model of its environment. The quality of this model is limited by the
perceptual capabilities of the agent. The topic of local resource management has to do with an
agent properly managing its own resources such as energy, computing cycles, etc. An agent also
usually has a model of its community or society in order to operate reasonably within its
environment. There are strong interconnections between these micro topics listed in this figure.
For example. an agent's model of self and its community is affected by the model of its

environment that is constructed with its perceptual capabilities.

With respect to the macro aspects. the method of coordination that varies from cooperative

to competitive is a key defining aspect of the behavior of groups of agents. Although researchers



Agent

* agent theories / model of self

- capabilities. limitations. beliefs. intentions. plans. etc.

* control architectures
- deliberative. reactive, hybrid

» agent languages
« model of environment / perceptual capability
 local resource management

* model of its community / society

- models of acquaintances, role in the overall community.
method of coordination, etc.

Collection/Group of Agents

* methods of coordination
- cooperative (information sharing. task sharing. etc.)
to competitive
* group behavior

* common resource management

Figure 2.2: Synopsis of micro and macro aspects of multi-agent systems.

have investigated several different methods of cooperation, we listed only the two most
fundamental [Smith and Davis, 1981: Jennings, 1994] in the figure. Durfee et al. [1989] provided
a much more extensive interpretation of the different categories of cooperation from a DPS
perspective. They categorized the methods of cooperative coordination into the following six
approaches: negotiation, functionally-accurate cooperation, organizational structuring, multi-agent
planning, sophisticated local control, and theoretical frameworks [Durfee et al., 1989]. Jennings

[1994] developed a new approach to cooperation for MASs that used the concept of a joint action.
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Joint actions were cooperative interactions where participating agents were responsive to the
actions of others and mutually supportive. This approach was applied to the industrial problems of
cooperative fault diagnosis of a particle accelerator and cooperative electricity transportation

management.

We briefly discuss the contract net [Smith. 1979. 1980: Smith and Davis. 1981: Davis and
Smith. 1983}, a commonly applied method of cooperation. According to [Durfee et al.. 1989]. the
contract net is a negotiation approach to cooperation. From a more general perspective. the
contract net is a framework for cooperation in distributed problem solving, a high-level
communication protocol for negotiation of tasks between contractees and contractors. a means for

dynamic allocation or scheduling of tasks. or some combination of the above.

The blackboard structure [Lesser and Erman, 1980] was and continues to be a common
approach for implementing a DAI/MAS system. Given that the two primary models of inter-agent
communication are shared memory and message passing, this structure is typically introduced as
the most widely used model for shared memory [Decker. 1987: Jennings. 1994]. In this structure,
a group of expert systems, knowledge sources. or agents cooperate by retrieving. storing. and

modifying the information of a global database or blackboard.

The topic of group behavior examines various facets of the overall operation of the group
of agents. The topic of how the common resources are shared or managed amongst the agents is

also an important issue to address.

2.2.2 Concept of an Agent
The definition of the term agent varies considerably. Consider the following list of

definitions:

"In this dissertation. an agent shall be considered to be any goal-directed
computational process capable of robust and flexible interaction with its
environment.” [Ferguson, 1992, p. 2, emphasis in original]

“An agent is a self-contained problem-solving entity that exhibits the following



properties: autonomy. social ability, responsiveness, and proactiveness.”
[Jennings and Wooldridge. 1995. p. 357]

"An agent is anything that can be viewed as perceiving its environment through
sensors and acting upon that environment through effectors” [Russell and
Norvig, 1995, p. 31, emphasis in original]

"Internally. it [the black box model of an agent] is described by a function f which
takes perception and received messages as input and generates output in terms of
performing actions and sending messages” [Miiller, 1996. p.8]
These definitions complement one another and together give a more complete interpretation of this
term. A hardware and/or software-based entity must have the properties specified in the second
definition in order to pass the weak notion of agency [Jennings and Wooldridge. 1995). The
stronger notion of agency implies also having mentalistic properties, such as knowledge. belief.

intention. and obligation [Wooldridge and Jennings. 1995]. The last two definitions are much

more compatible with the robotics perspective that this dissertation takes.

To further examine the concept of an agent, we present our own taxonomy for categorizing
agents that was inspired in part from a recent survey article on software agents [Nwana. 1996].
This article split the research on agents into two main strands [Nwana. 1996]. The first strand was
what we described in section 2.2.1 and this article emphasized that initially this strand concentrated
on macro aspects [Bond and Gasser, 1988: Chaib-Draa et al., 1992]. while later the focus
switched to the micro aspects [Wooldridge and Jennings. 1995]. According to [Nwana. 1996].
the second strand of agent research began with the work on actors [Hewitt. 1977: Hewitt and
Jong. 1983: Hewitt and Inman. 1991]. An actor is essentially a concurrent object that can
communicate via message passing with acquaintance actors. This survey article continued by

giving a good review of this second strand of software agents that has flourished since about 1990.

In our categorization, an emphasis is placed upon the application area for which the agent
was designed. Figure 2.3 displays our taxonomy of agents. In this taxonomy, the agents that

resulted from the DARPA (Defense Advanced Research Projects Agency) knowledge sharing
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effort [Neches et al.. 1991: Genesereth and Fikes. 1992; Gruber. 1992: Finin et al.. 1994;
Genesereth and Ketchpel, 1994: Patil et al., 1994; Mayfield et al.. 1995. KQML. 1997] are
categorized as Al agents. Interface agents typically provide assistance to users with computer tasks
[Lashkari et al.. 1994]. Another term that researchers use for these software agents is a softbot or
software robot [Etzioni and Weld, 1994]. The category of network agents encompasses any
agents that make use of a network of computers and/or hardware. This category varies from
agents for network management [Reinhardt. 1994] to agents that perform tasks on the internet
[Nwana. 1996]. Internet examples include a softbot interface to the internet [Etzioni and Weld.
1994 Etzioni et al., 1995] and an agent that coordinates a visitor of a laboratory using the internet
[Kautz et al. 1994]. A mobile network agent can move from computer to computer and properly
execute its tasks [TRIO. 1997]. Although the adjective mobile is used to modify network agents
and robotic agents, it should be clear that this mobility occurs in very different environments.
Network mobility means transporting an executing program from one computer to another while
robot mobility means properly navigating in a physical environment. We defer the discussion on

robotic agents until section 2.6 of this chapter.

agent
Al interface network robotic
collaborative = mobile stationary ~ manipulative mobile

Figure 2.3: Taxonomy of agents.



2.3 The Field of Robotics

The field of modern robotics only recently emerged when the ability to construct an actual
physical robot became feasible [Saveriano, 1988]. Although developments in several fields were
necessary to make this construction possible, developments in the two key fields of automatic
control and of computers were critical. This section gives a perspective on robotics before

discussing assembly and robotics.

2.3.1 A Perspective on Robotics

Although the field of robotics has an inherently multidisciplinary nature with many
research directions, we maintain that three key factors are adequate to appreciate these directions.
We use the term. robotic system. as a general term that encompasses the full range of systems that

researchers view as robotic.

The first factor is the type of robotic system that is determined for the most part by its
physical construction and operational characteristics. which are usually interdependent. A key
operational attribute is the degree of autonomy of a robotic system which can vary along a
continuum from teleoperated to autonomous. Most robotic systems can be classified into one of
two types based upon their primary area of competence. That is. most robotic systems are either
manipulators or navigators. A robotic manipulator can skillfully manipulate parts in its
environment to accomplish a variety of tasks. while a robotic navigator can skillfully navigate
through an environment to accomplish a variety of goals. Only a handful of researchers have

considered robotic systems that can both skillfully manipulate and navigate.

The second factor that distinguishes between robotic research directions is the particular
subject matters emphasized by the researcher. Is the focus on sensing, control, programming,

planning, navigation, manipulation. learning, intelligence, architectures, or some combination?

The third critical factor that aids in the understanding of robotic research is the

environment(s) that the robotic system can operate in. On Earth, environments can be classified
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into air. ground. water. and space and each of these classifications has a number of different
specializations. Some descriptors that researchers have used in reference to environments are
indoor. outdoor, structured, unstructured. static, dynamic. etc. In addition. the breadth of
applications for which robotic systems are considered potentially useful has often led to a novel
environment that changes the approach and the type of questions that researchers explore. The

following list of applications:

patrolling a prison

- mining precious metals on the ocean bed
- mechanical "guide dogs" for the blind
domestic servant

fast food work

agriculture

construction

demonstrates this point by giving applications whose environment and associated tasks are
significantly different from the majority of applications. For example. for fast food work.
researchers have to address the question of the hygiene of the robot. The dependence between the
environment of application and the type of robotic system that is constructed and used is important

[0 note.

2.3.2 Assemblv and Robotics
With respect to assembly. the type of robotic system is an industrial manipulator. the
environment is a manufacturing plant. and all the previously mentioned subject matters have been

studied to different degrees by researchers.

This subsection commences by outlining seminal assembly research that was described in
[Nevins and Whitney. 1977. 1978, 1980]. These two authors studied both the theoretical and
experimental aspects of part mating. Part mating is the study of how parts interact during
assembly. Four types of assembly were identified by [Nevins and Whitney, 1980]. The first type
of assembly is the manual labour of people and this type has the highest flexibility but the lowest

precise repeatability. The second type of assembly identified is done by special purpose machines



and it is designed for mass production with low flexibility and high repeatability. The third type of
assembly is done by programmable assembly machines, typically industrial manipulators. and this
type has both medium flexibility and repeatability. The last type of assembly is simply any

combination of the three previously identified types [Nevins and Whitney, 1980].

Rathmill compiled a collection of papers of the trends in robotic assembly in 1985. Hoska
[1988] gave a good overview of assembly robots and according to this article. assembly
applications comprised only about 11% of robotic applications in the United States in 1985. For a
more recent state of the art review of robotic assembly, one can refer to [Rampersad. 1995a]. The
field of assembly and task planning concerns itself with the automatic synthesis of a detailed plan
to assemble a product with a robot, given only a high level product description [Gottschlich et al..
1994]. During assembly planning, the order of the mechanical instructions to build a product from
parts are determined. while during task planning these instructions are converted into actions

executable by a robotic system [Gottschlich et al.. 1994].

Having provided a basic introduction to each of the three major fields of relevance to this
dissertation. the following four sections examine research that overlaps between these fields. In
particular. we examine the research that overlaps between these fields in the following order:
manufacturing and Al, manufacturing and robotics, Al and robotics. and lastly all three. Note that
the classifying of a reference according to this scheme of overlap was not always straightforward:
however. the best effort was made to most appropriately classify each reference. The constraints

that were given in the introduction of this chapter will continue to guide the presentation.

2.4 Manufacturing and Al

This section examines the research that overlaps between the field of manufacturing and the
field of Al. This section comments on the relationship between manufacturing and traditional Al,
introduces the overlap between manufacturing and MASs, and then presents specific applications

of MASs to the field of manufacturing. Researchers have applied the field of MASs to the field of
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manufacturing at all levels: factory or enterprise. shop or line. cell. and component. This section

discusses applications of MASs to manufacturing that do not emphasize robotic assembly.

2.4.1 Manufacturing and Traditional Al

The field of manufacturing has been and continues to be a common application area for the
methods and techniques developed by researchers from the field of Al. Before focusing on
applications of DAI to the field of manufacturing. we comment on the applications of Al to this
field. In short. researchers have investigated applications of Al to all levels of a manufacturing
system and these applications are too numerous to discuss here: however. several articles have
examined different aspects of this relationship between manufacturing and Al including [Cook and
Emrich. 1987: Bratko. 1988: Kempf, 1988: Meyer et al.. 1988: Rogers and Williams. 1988: Swyt.
1989: Tzafestas. 1990: Shapiro. 1992: Walker et al.. 1994: Benjamin et al.. 1995: Toguyeni et al..

1995: Tzafestas and Verbruggen. 1995: Wozny and Regli, 1996].

The specific topic of scheduling of a FMS using Al techniques has received considerable
attention [Ben-Arieh et al.. 1988: Charalambous and Hindi. 1991: Fischer. 1993: Hindi and Singh.
1995: Huang et al.. 1997]. Knowledge-based scheduling approaches were an attempt to improve
upon the deficiencies of the more traditional approaches to industrial scheduling that used the
techniques of operational research [Hindi and Singh. 1995]. The bulk of these scheduling systems

described centralized approaches to knowledge-based scheduling.

2.4.2 Manufacturing and MASs - Introduction

One of the first articles that discussed the potential of distributing the intelligence of a
manufacturing system among its elements and also of using a heterarchic architecture was
[Hatvany. 1985]. O'Hare [1990] described the difficulties that were encountered during the
development of a CIM system and how DALI has the potential to solve some of the inherent
complexities in implementing a CIM system. Albayrak and Krallman [1995] gave a state of the art
review of research projects that have used DAI to control a manufacturing system. They also

provided an extensive introduction to blackboard systems and the description of a specific



implementation of a blackboard system. Kokkinaki and Valavanis [1995] compared single agent
or Al planning with multi-agent planning or DAI planning as applied to automated manufacturing

systems.

2.4.3 Manufacturing and MASs - Factory or Enterprise Level

Three major current initiatives are actively investigating the general idea of agent-based
manufacturing [AARIA, 1997; AIMS. 1997: SIAM. 1997]. The first initiative is the Sandia
Intelligent Agents for Manufacturing project [SIAM. 1997]. This project has an agent-based
architecture that uses a public domain, Java agent template. This Java agent communicates using
the KQML (Knowledge Query and Manipulation Language) protocol {Finin et al.. 1994]. The
Sandia group have implemented their framework on a computer integrated machining cell
[Panceralla et al.. 1995]. The second initiative is the AARIA (Autonomous Agents for Rock Island
Arsenal) project [AARIA. 1997: Parunak et al.. 1997]. The specific goal of this project is to
develop an industrial-strength agent-based factory scheduling and simulation system for an army
manufacturing facility [Parunak. 1997]. This project also aims to integrate the dialog with
suppliers and customers into an overall agent-based manufacturing enterprise [AARIA. 1997].
The third initative is the AIMS (Agile Infrastructure for Manufacturing Systems) project [Sriram
and Candadai. 1996: AIMS, 1997]. This project aspires to develop the information infrastructure
needed to implement the strategy of agile manufacturing [Sriram and Candadai. 1996]. The current
form of this infrastructure is called AIMSNet [Crocker et al., 1996]. AIMSNet uses an agent-
based architecture to support the concept of an agile virtual enterprise [Sriram and Candadai.

1996].

Several researchers have investigated the topic of using DAI techniques to control the
scheduling of a complete FMS. In this scheduling research. the application of the contract net

[Smith. 1979] was a common approach.

We present three early applications of the contract net to this scheduling problem. Shaw

and Whinston [1985] made each cell of a FMS an agent and these group of agents would perform
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the tasks of the FMS through contract net based cooperation. They modelled the bidding scheme
using augmented Petri nets [Shaw and Whinston. 1985: Shaw. 1987]. Parunak [1985] used the
hierarchical structure of the levels of a manufacturing system to apply the contract net. That is.
each node of this hierarchy was made into an agent that could communicate with parent. children.
and sibling nodes. Depending upon the situation, nodes could be accepting to do a task or granting
a task to another node. The method of audience restriction was used to reduce the communication
overhead [Parunak, 1985]. Parunak [1990] evaluated the current state of manufacturing
applications of the contract net. Duffie et al. [1988] described their ideas on a heterarchical control
architecture for a fault-tolerant manufacturing system. They decomposed the operation of a FMS
consisting of a machining cell and an assembly cell with four types of entities: pallet. part
processing, material handling, and human. Part processing entities included machine tools.
assembly robots. and input and output stations. These entities cooperated with each other using

the contract net method of coordination.

The remainder of the contract net applications to scheduling of a FMS are presented. Baker
[1992] proposed a contract net model for the production planning and control system of a small-
batch or job-shop manufacturer. This model allowed for the direct connection of customers to
suppliers. That is. a customer's order would get fulfilled by cost-based negotiation among the
workstations [Baker, 1992]. Rabelo and Camarinha-Matos [1994] proposed a multi-agent
architecture for dynamic scheduling of a CIM system. They decomposed the architecture with four
types of agents, scheduling supervisor. local spreading center, enterprise activity. and consortium,
that cooperated using the negotiation metaphor [Rabelo and Camarinha-Matos. 1994]. Tchako et
al. [1994] modelled and simulated a contract-net approach to structure a manufacturing system.
The entities of the manufacturing system, such as workstation, cell, production line, and handling
system, were considered as autonomous agents that cooperated to achieve a production program.
They simulated their approach on a manufacturing system consisting of a machining cell, an
assembly cell, and a pallet transportation network of conveyors [Tchako et al., 1994]. Tsukada

and Shin [1994, 1996] addressed the problem of rescheduling a decentralized manufacturing



system in the case of unexpected scheduling disruptions. In their approach. the cell with a
disrupted schedule politely negotiates a new schedule with other cells [Tsukada and Shin. 1996].
Saad et al. [1995] discussed a heterarchical scheduling approach for FMSs where workcells and
the products to be constructed are modelled as autonomous agents. In this paper. they detailed the
negotiation process that occurs between these agents. Ramos [1995] discussed a deadline-based
approach for dynamic scheduling of manufacturing systems. This system was decomposed into
task agents and resource agents. Task agents were responsible for carrying out tasks by
negotiating with resource agents. Resource agents were responsible for managing what we
referred to as the components of a FMS in section 2.2.1. Ramos [1995] also proposed an

approach to renegotiation in the case of exceptions.

We continue by presenting other research that has studied the application of MASs to the
higher levels of a manufacturing system. Parthasarathy and Kim {1990] proposed and studied an
actor-based model for an autonomous manufacturing system. They used this model to study the
capabilities of autonomous production systems in a manufacturing environment. Pan and
Tenenbaum [1991] presented an agent framework for complete integration of a manufacturing
enterprise. Although their approach evolved independently from the field of DAL it clearly has
strong similarities with this field [Pan and Tenenbaum. 1991]. Researchers [Cutkosky et al..
1993. Kuokka and Harada, 1995] investigated the application of MASs to the problem of
integrating the process of concurrent engineering design with physically distributed team members.
Sikora and Shaw [1994] discussed a multi-agent solution to the problem of integrating the
manufacturing information associated with the production processes of making printed circuit
boards. Barbuceanu and Fox [1995] presented a multi-agent solution to integrate the supply chain

of a manufacturing enterprise.

2.4.4 Manufacturing and MASs - Shop Level
Researchers have also investigated the idea of agent-based control of the shop floor. Lin

and Solberg [1992] proposed and simulated a generic framework for controlling a shop floor using



autonomous agents. This framework was intended for a highly uncertain and changing
manufacturing environment. They decomposed the control architecture into the following agents:
part agents, resource agents. intelligence agents. monitor agents. communication agents. and
database management agents. These agents controlled and scheduled the real-time activities of the
shop floor by cooperating through a multi-step negotiation process that was based upon the
contract net and that used a price evaluation mechanism [Lin and Solberg. 1992]. Fischer [1994]
presented a MAS framework for planning and controlling a FMS with an emphasis placed on the
shop floor control system. The planning component had a six layer. hierarchical structure
[Fischer. 1994]. The top two layers were the production planning level and the shop floor control
level. The remaining four layers made up the internal architecture of each autonomous agent on the
shop floor. These lower layers were labelled task coordination, task planning. task execution, and
machine control. The specific example used to illustrate their system was the coordination between
an industrial robot and a heating cell [Fischer. 1994]. Hahndel and Levi [1994a. 1994b] applied
the techniques of MASs to the problem of production planning and scheduling for a FMS
consisting of agents that could machine. assemble. and/or paint. Each agent consisted of two basic
elements. a knowledge base and a combined communication and planning module. These agents
coordinated with each other using the contract net to produce a schedule for the shop floor
[Hahndel and Levi. 1994a. 1994b]. Parunak [1994] gave a preliminary report on the status of a
collaborative project involving a group of industrial companies to implement agents on the shop
floor. This collaboration continues today as the AARIA project [AARIA. 1997]. Shih and Srihari
[1995] presented a MAS approach to control the shop floor for a surface mount. printed wiring
board. assembly facility. They defined an intelligent agent as a stand alone expert system or a
control unit that implemented heuristic reasoning on the shop floor. They decomposed the
architecture into six types of agents — central coordination, line balancing, status monitoring,
machine configuration, and scheduling — that communicated using a blackboard mechanism [Shih

and Srihari. 1995].

tg
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2.4.5 Manufacturing and MASs - Cell and Component Level

At the cell level, O'Grady and Lee [1990] described a hybrid method to control a
manufacturing cell. In particular. their method of control combined the actor and blackboard
approaches. With respect to the application of MASs to the nonrobotic components of a
manufacturing cell. Barata and Steiger-Gargao [1994] described a multi-agent approach to the real
time monitoring and prognosis of a numerically controlled (NC) machine. They used the specific
hardware of transputer-based computing to construct a first prototype of their system [Barata and
Steiger-Gargao, 1994]. Lefrancois and Montreuil [1994] presented an agent-based approach to
control the workstation components of a manufacturing system. They stressed the reasoning
activities of these agents and illustrated their approach by applying it to the modelling of

workstations in a rolling-mill facility [Lefrancois and Montreuil, 1994].

2.5 Manufacturing and Robotics

This section examines the overlap of the field of manufacturing and the field of robotics.
This section does discuss research that applies traditional Al techniques but it excludes research
that applies MASs. We limit this investigation to research of greater interest to this dissertation by
concentrating on specific aspects of each research field. In short. the focus is on the cell level of a
manufacturing system and on robotic assembly. In addition. this section places a greater emphasis
on muiti-robot assembly cells (MRACSs). The issues that researchers have addressed for robotic

assembly cells include the following:

- sensors / multi-sensor integration

- task planning / execution

- automatic error recovery

- assembly planning / sequencing / scheduling

- communication / coordination / control / management
- optimal design

In this list, the items progress from local to more general and related items on a single line are

separated by a forward slash. For general discussions on the role of robotic systems in a CIM



factory. one can refer to [Andrews and McCarroll. 1988: Howell. 1988]. In the remainder of this

section, we discuss each of these items in their own subsection.

2.5.1 Robotic Assembly Cells - Sensors / Multi-Sensor Integration

A few references on sensors and multi-sensor integration for robotic assembly are
mentioned. Selke and Pugh [1986] overviewed the different uses of sensors during each stage of
their generic assembly concept of feed-transport-mate. Mochizuki et al. [1987] described placing a
connector on a printed circuit board using visual and force sensors. Hutchison and Kak [1989]
analyzed how to optimally choose the best sensing strategies in a robotic cell with multiple sensors.
Kelley et al. [1990] presented an approach to multiple sensor integration during the insertion of
printed circuit boards into slots. Eccles et al. [1991] presented a method to integrate multiple
vision sensors for the purpose of controlling a robotic assembly cell. They also stated that richer
sensory input provides potential benefits for robotic assembly in the form of robust operation.
reduced fixturing. and automatic error recovery. Werling [1991] gave a good overview of the
different approaches that were being used to plan sensing strategies for vision sensors in assembly
environments. Bagherzadeh et al. [1992] developed a knowledge-based expert system to interpret
the data from a vision system and thereby. improve the control of a robotic assembly cell.
Zussman et al. [1994] presented a technique to plan the best viewpoint to scan data when using a
laser scanner during robotic assembly. Miura and Ikeuchi [1995] developed a sensing strategy for
a laser range finder to be used during robotic assembly tasks. Rowland and Nicholls [1995]
proposed a virtual sensing implementation to sensor integration for a flexible assembly machine

that works at multiple levels of abstraction.

2.5.2 Robotic Assemblv Cells - Task Planning / Execution
Recall that, task planning addresses the problem of converting mechanical assembly
instructions into actions executable by an assembly robot. Both the task planning and execution of

these actions by an actual robotic system are important.

Smithers and Malcolm [1987] outlined their ideas upon a behavioral approach to task



planning that would overcome the limitations of existing robotic assembly systems. Rubin and
Dilworth [1992] delineated an approach to task planning that used a second generation expert
system with learning capabilities and they presented an example with drilling. milling. screwing.
and assembly. Tung and Kak [1994, 1996] detailed an integrated framework for sensing. task
planning, and execution that they implemented with an assembly robot. Their task planning
module incorporated sophisticated geometric reasoning capabilities into its planning. Najjari and
Steiner [1996] described a knowledge-based task planning system for a single robot that had a

learning mode and an execution mode.

2.5.3 Robotic Assembly Cells - Automatic Error Recovery

Sensors are vital to the process of automatic error recovery in robotic assembly cells.
According to [Abu-Hamdan and El-Gizawy. 1992]. the three phases of automatic error recovery
are monitoring and detection, diagnosis, and recovery. The majority of this research used a

knowledge-based approach and was done for a single assembly robot.

Lee et al. [1987] presented a model-based causal reasoning approach to error diagnosis for
a robotic assembly cell. Hardy et al. [1987] described a robotic task error detection and recovery
approach that used the frame knowledge representation scheme. Selke et al. [1987. 1991]
presented a rule-based approach to error detection during robotic assembly that learned from its
mistakes. Hou [1989] proposed a low level. error detection and recovery routine for robotic
assembly. Russell et al. [1989] outlined an error recognition, diagnosis, interpretation. and
correction method for collaborating robots operating in an assembly cell. Raczkowsky and
Seucken [1991] discussed a knowledge-based system for the diagnosis of assembly process errors
that they structured as a blackboard system. Abu-Hamdan and El-Gizawy [1992] developed an
error diagnosis system for a cell that was demonstrated with a knowledge base of fifteen different
assembly errors. This system was decomposed into three expert systems that cooperated with each
other using a blackboard structure. Kang and Wenham [1993] developed a framework for error

diagnosis and recovery for a multi-robot assembly cell (MRAC) that used concepts from the theory



of fuzzy sets. Lastly. Borchelt and Alptekin [1994] gave a good review of the problem of

automated diagnosis and error recovery in a robotic assembly workcell and then proposed a

different control structure for this problem.

2.5.4 Robotic Assembly Cells - Assembly Planning / Sequencing / Scheduling
Although assembly planning, sequencing. and scheduling are related. each of them
emphasize different issues. Assembly planning has to do with determining and representing all
feasible sequences in which a product can be assembled from its parts. The output of the process
of assembly planning is typically used during sequencing and scheduling. Many researchers have
studied the problem of assembly planning including [Popplestone et al.. 1990: Homem de Mello
and Sanderson. 1991: Huang and Lee, 1991: Missiaen, 1991; Wolter, 1991: ElMaraghy and
Laperriére. 1992: Maimon and Kapitanovsky, 1992: Tonshoff et al.. 1992: Wolter et al.. 1992;
Chen and Pao. 1993: Hara and Nagata. 1993: Kapitanovsky and Maimon. 1993: Werling and
Wild. 1994: Ames et al.. 1995: Cao and Sanderson. 1995: Caracciolo et al.. 1995: Gutsche et al.,
1995: Mascle. 1995; Noorhosseini and Malowany. 1995]. In our literature search. Park and
Chung [1993] was the only paper to discuss assembly planning that directly considered a multi-

robot cell and generated all parallel feasible assembly sequences.

The topic of sequencing is concerned with determining an optimal sequence and assignment
of operations, given a specific robotic workcell and criteria of optimization. Freedman and
Malowany [1988] described a method to select the time optimal sequence for a robotic cell with
repetitive sequences of operations. They illustrated their approach on a two robot cell configured
for the inspection and repair of hybrid integrated circuits and printed circuit boards. Sanderson et

al. [1990] discussed an interactive tool for selecting the best assembly sequence.

Meanwhile, scheduling focuses on the proper assignment and coordination of operations
during the actual execution of the robotic assembly cell. The problem of scheduling a MRAC was
characterized well in [Coupez et al., 1989: Glibert et al., 1990]. They distinguished between an

opportunistic, on-line approach and a quasi-optimal, off-line approach. They used an enumerative



technique in combination with a branch and bound method to find an optimal schedule.
Boneschanscher [1990] proposed a method to determine a minimum time schedule for a small
batch MRAC. Gasmi et al. [1990] presented a knowledge-based approach to the on-line planning
and scheduling of a MRAC. Researchers [Fu and Hsu, 1993; Hsu and Fu. 1995] optimized the
schedule for a two-robot assembly cell by formulating this scheduling problem as a state space

search problem and then using the A" search algorithm.

2.5.5 Robotic Assembly Cells - Communication / Coordination / Control /
Management

The topics of communication, coordination, control, and management all have to do with
various aspects of the proper operation of a robotic assembly cell. Each of these topics can be

studied at different levels of abstraction. In general. the more abstract levels are of greater interest

to this dissertation.

In the case of a robotic assembly cell, the topic of communication has to do with the
sending and receiving of data, information. or knowledge between its components.
Communication provides a foundation for coordination. control, and management and it occurs at
different levels of abstraction. Low level communication. which is concerned with how
information is physically sent and how to synchronize events, often relies on operating system
constructs and overlaps with research on distributed computing environments. High level
communication is more interested in the content and meaning of the information or knowledge sent
and how to coordinate the operations of a robotic assembly cell at a higher level of abstraction.
Gauthier et al. [1987] gave an excellent review of low level communication in the context of
distributed robotics for manufacturing cells. They discussed both the various interprocess methods
of communication and the hardware choices available for setting up communication between cell
components [Gauthier et al., 1987]. Temmes et al. [1986] described the hardware of a two robot
assembly cell and the low level communications setup for this cell. Akcadag et al. [1992] detailed
the hardware and software for the low level communication and computer control of a commercial

robot as a component of a flexible robotic cell.



Although the study of coordination has many facets. in this case we focus on the
coordination of multiple robots in an assembly cell. Loosely coupled coordination refers to
multiple manipulators working independently but having to coordinate with each other to share the
common resource(s) of their environment [Shin and Epstein. 1987]. Several researchers have
studied this type of coordination for the sharing of physical space [Mayer and Wood. 1986: Roach
and Boaz, 1987: Duffy et al.. 1989: Shih et al.. 1991; Manivannan. 1993]. Tightly coupled
coordination refers to multiple manipulators. usually two. physically cooperating to carry out a
single task [Shin and Epstein. 1987]. The dissertation of [Maimon, 1984] was the first significant
attempt to address the problem of loosely and tightly coupled coordination for a MRAC. He used
an algorithm based method to optimize the control of the manipulators and operating system
constructs to coordinate the resource conflicts. The dissertation of [Schneider. 1989] studied
thoroughly the tightly coupled coordination of a semi-autonomous robotic system with two
manipulators. The system used a four-level hierarchy to investigate the dynamic and strategic
control of these manipulators. Yamada et al. [19935] discussed the applications of multiple robots

in loosely and tightly coupled configurations to the problem of automobile assembly.

The topics of control and management of a robotic assembly cell have to do with directing
the overall operation of the cell. The study of control architectures is closely related to these topics
since such architectures define a structure for directing the operation of a robotic assembly cell.
We view the topic of management as being more general or abstract than the topic of control. In
either case. the topics of control and management often incorporate issues studied in the previously

mentioned topics into their solution.

We begin by examining knowledge-based methods to control and manage robotic assembly
cells. Chochon and Alami [1986] presented a knowledge-based system to cope with execution
monitoring. action scheduling. and failure diagnosis and recovery for a MRAC. Kak et al. [1986]
described an experimental. single robot. assembly cell that used a knowledge-based approach to

insert a peg in a hole with the aid of a 3D vision camera. Picardat [1986] used an expert system for



planning. plan execution monitoring. and supervising a single robot of an assembly cell. Mina
[1987] presented ideas on a knowledge-based reasoning module for an industrial manipulator to be
used in real-time cell applications. Rembold and Soetadji [1987] outlined the early progress made
towards an autonomous assembly robot with two manipulators. They indicated that an Al-based
system for assembly planning, implicit programming, obstacle avoidance. assembly monitoring.
and error recovery was under development. Researchers [Malowany and Malowany. 1988: Chung
and Malowany, 1988] simulated a rule-based framework to control a multi-robot workcell for
circuit board assembly and repair. Kim et al. [1989, 1991] proposed and simulated a knowledge-
based approach to manage the operation of a MRAC. Delchambre et al. [1991] described a
knowledge-based approach to process planning., scheduling, error recovery. and supervising and
diagnosis for a two robot assembly cell. Ferullo and Billatos [1992] presented the conceptual
design for a sensor network and knowledge based expert system to control and monitor a single
robot assembly cell. Chutima et al. [1992] discussed a knowledge-based. decision support system
that could react in real-time to disturbances in the control of an automated. industrial robot.
assembly line. Lastly. Lépez-Mellado [1995] presented a knowledge-based approach. which uses

frames and production rules. to synthesize a real-time controller for an assembly system.

Researchers have also proposed control architectures for robotic assembly cells. Several of
these architectures have been object-oriented [Booch. 1986]. Stevenson [1987] introduced a
distributed architecture for an assembly cell where the individual sensing and manipulation systems
ran as separate processes in parallel under the supervision of a cell conttoller. Maimon and Fisher
[1988] described an approach to control where the components of the single robot assembly cell
were represented as objects that communicated with each other with messages. Alander et al.
[1990] outlined a framework for a robotic assembly cell that would use high-level, object-oriented
control and that would also have the properties of modular, multipurpose, and multiarm. Esteban
and Courvoisier [1991] described a multi-level, hierarchical control architecture for a MRAC.
Fabian and Lennartson {1992] proposed and simulated an object-oriented method to control a

workcell that contained one robot, two machines, and two buffers. Farsi [1993, 1994] detailed the



lower level aspects of an open system architecture whose goal was to allow for the flexible and
modular combination of the components of a manufacturing cell. Culbreth et al. [1994] presented
an object-oriented architecture for the intelligent control of a prototype manufacturing cell for the
production of furniture components. Lin et al. [1994] discussed an object-oriented approach to the
control of a robotic flexible manufacturing cell. In their approach, the cell controller handled
coordination and synchronization issues while the individual objects. representing components.
were responsible for their own activities. Finally. researchers [Kim et al.. 1997: Merat et al..
1997} specified and implemented an object-oriented software architecture to control an agile
manufacturing cell for light mechanical assembly. Their cell included muitiple Adept robots. a
Bosch conveyor system. multiple flexible parts feeders, and cameras for parts feeding and

hardware registration {Merat et al.. 1997].

2.5.6 Robotic Assemblv Cells - Optimal Design

This subsection explores the issues that are related to the optimal design of a MRAC. He et
al. [1990] developed a procedure to design a MRAC for optimal productivity. Their design
considered workspaces. kinematic and dynamic manipulability of the robots. and trajectories of the
end-effectors [He et al.. 1990]. Rajan [1994] demonstrated that the design of assembly products
and of cooperating MRAC:s is affected by the interactions between fixed assembly constraints and
variable robot constraints. Researchers [Cardarelli et al.. 1995: Pelagagge et al.. 1995, 1996]
presented criteria to aid in the design of assembly cells with cooperating robots. Their design
criteria considered the following four points regarding such assembly cells: cell layout, assembly
task characterization, precedence relationships. and no-collision planning [Pelagagge et al., 1995,
1996]. Rampersad [1995b. 1996] introduced a total productivity model for a MRAC that
considered both technical and economic issues. This model. which was simulated as a discrete
system, offered the opportunity to compare the total productivity of alternative system designs

[Rampersad, 1996].
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2.6 Al and Robotics

This section examines the relationship between the field of Al and the field of robotics. To
begin with, the cross-pollination between these two fields has been substantial. For an exploration
of the relationship between traditional Al and robotics, one can refer to [Basran and Petriu. 1993].
This section begins by giving a perspective on MASs and robotics and then uses this perspective to

more closely explore the overlap between MASs and robotics.

2.6.1 A Perspective on MASs and Robotics

Consider the following definition for the field of robotics:

"Robotics is the inrelligent connection of perception to action.” [Brady. 1985. p.

79. emphasis in original]
There is a striking similarity between this definition for the field of robotics and two of the
definitions for an agent listed in section 2.2.2. I[n essence. it is the robotic system or the robotic
agent that must somehow intelligently connect perception to action. Based in part on this
observation. we make four points. First. developments in robotics and MASs have occurred in
parallel and continue to occur in parallel. Second. robotics is a common application area for
MASs. Third. the main difference between a robotic agent and the other types of agents displayed
in figure 2.3 is that a robotic agent should have a physical implementation as well as a
computational implementation. The majority of nonrobotic agents only have computational
implementations. Fourth. except for the property of social ability or the ability to communicate
with other agents, the majority of autonomous robotic systems would pass the weak notion of

agency [Wooldridge and Jennings. 1995].

We present a framework for viewing research in the field of robotics from a MAS
perspective. Recall that, research in MASs was split into micro aspects and macro aspects in
section 2.2.1. Micro aspects have to do with the issues internal to the operation of an agent or
intra-agent issues. Macro aspects have to do with the issues between a group of agents or inter-

agent issues. Given that most robotic systems are either manipulators or navigators as described in
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section 2.3.1. this leads to four research groupings:

manipulators and intra-agent issues
manipulators and inter-agent issues
navigators and intra-agent issues
navigators and inter-agent issues

The following four subsections summarizes research on manipulators and navigators that fits into

these groupings but does not stress robotic assembly.

2.6.2 Manipulators and Intra-Agent Issues

A few researchers that examined control architectures for robotic manipulators are
discussed. Taylor and Grossman [1983] described the low-level aspects of implementing a system
architecture for a manipulator. They also detailed AML (A Manufacturing Language). a high-level
language for programming a manipulator. A complete control system architecture for a
manipulator was described in [Albus et al.. 1987: Lumia et al., 1989). Although this architecture
was intended for telerobot control. it provided a rich framework. This framework was composed
of three multi-level hierarchies: task decomposition. world modelling. and sensory processing

[Albus et al., 1987: Lumia et al.. 1989].

Various intra-agent aspects of the implementation of control architectures for manipulators
are presented. Harmon et al. [1984. 1986] presented the use of a distributed blackboard
mechanism to coordinate the subsystems of an advanced welding robot in an automated cell and a
robot vehicle for ground surveillance. They used the blackboard to store and maintain consistency
in the world model that was divided into model of self and model of environment [Harmon et al.,
1986]. Sakane et al. [1993] developed an agent-based approach for a cooperative multi-sensor
system. They applied this system to the robot vision task of inspecting for water leaks on the
sleeve of a valve [Sakane et al., 1993]. Bohner [1994, 1995] presented an agent-based method to
control the joints of a single manipulator or multiple manipulators. This method used a distributed
fuzzy rule base and the joint agents communicated with each other in order to achieve global

suboptimal control [Bohner, 1994, 1995]. Zanichelli et al. [1994] discussed a multi-agent



framework to control a manipulator. They tested their framework by simulating the manipulator
task of exploring an unknown workspace and manipulating blocks. Suehiro and Kitagaki [1995]
described an agent-based implementation of the control of a direct drive manipulator. Kao et al.
[1996] proposed an agent-based approach to collision avoidance for a manipulator. They

simulated their approach for a six, DOF (degree of freedom), Puma robot that was performing a

welding task.

2.6.3 Manipulators and Inter-Agent Issues

The question of how to coordinate the physical cooperation of multiple manipulator agents
has been addressed by the robotics community but is not of direct concern to the field of MASs.
Typically, physical cooperation studies the manipulation of a single object with two such agents.
This type of coordination is also referred to as tightly coupled coordination [Shin and Epstein.
1987]. The methods for physical coordination occur at a lower level and on a shorter time scale
than the methods of coordination of MASs listed in figure 2.2. Shin and Epstein [1987] proposed
low-level communication primitives to support a distributed modular architecture for an integrated
multi-robot system with a cooperative capability. Many researchers have investigated the difficult
problem of physical cooperation including {Maimon. 1984: Maimon and Nof. 1985: Classe and
Feldman. 1986: Hawker et al.. 1986: Nof and Hanna. 1989: Schneider, 1990: Kountouris and
Stephanou. 1990; Yun, 1993; Yamada et al., 1995].

Researchers have also studied approaches to multi-agent planning where the agents are
robotic manipulators. Multi-agent planning of robotic manipulators often takes a global or
centralized approach and this planning is related to the study of loosely coupled coordination [Shin
and Epstein, 1987]. An example of loosely coupled coordination is the specific problem of
manipulators sharing a workspace [Shin and Epstein, 1987]. Just a note that this problem of

sharing a workspace was already discussed in subsection 2.5.5.

Georgeff [1983] proposed a method to synthesize a multi-agent plan by inserting

communication acts into single agent plans to synchronize activities and avoid harmful interactions.
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This method was illustrated for the case where two manipulators had to place metal stock in a
single lathe [Georgeff, 1983]. Amori [1988] discussed a multi-agent planner that used a
hierarchical approach to construct a static plan to be carried out by a set of robotic agents. Kamel
and Syed [1988] presented an object-oriented approach to the multi-agent planning problem that
was suited for agents with similar capabilities. They applied their approach to the problem of metal
cutting a part from raw material using three robotic agents [Kamel and Syed. 1988]. Kamel and
Syed [1994] presented a method of multi-agent planning for agents with disparate operational
capabilities. They used interagent constraints during the planning process to avoid interagent
conflicts and they applied their approach to the problem of metal cutting a part from raw material

using three robotic agents with disparate capabilities {Kamel and Syed. 1994].

Amamiya et al. [1993] proposed an agent language to help in the modelling of the control
of a multi-robotic-agent system. One of the examples that they demonstrated with their language

was two robotic agents physically cooperating to translate a bar.

2.6.4 Navigators and Intra-Agent I[ssues
The overlap between mobile robotic agents and the field of MASs is much more substantive
than between manipulative robotic agents and the field of MASs. This subsection examines this

overlap between mobile robots and the field of MASs.

The study of control architectures is one significant common research area. We give only a
very brief introduction to this topic for extensive surveys refer to [Ferguson. 1992: Miiller. 1996].
Miiller {1996] identified four types of control architectures: deliberative. reactive. interacting, and
hybrid. In a deliberative architecture. the agent plans what to do before acting. In a reactive
architecture, the agent reacts to situations that arise in its environment. In an interacting
architecture, the agent knows how to cooperate and coordinate with other distributed intelligent
agents [Miiller, 1996]. A hybrid architecture attempts to optimally integrate the deliberative.

reactive. and interacting architectures into a single architecture [Miiller, 1996].

We mention a few references where robotic agents were physically implemented with
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various control architectures. The mobile robot. SHAKEY . that was described as an application of
Al techniques in the development of an integrated robot system [Nilsson. 1969] was implemented
with a deliberative control architecture. Meier [1987] implemented a deliberative architecture on a
mobile robot using an expert system. Brooks [1986a, 1986b, 1990, 1991a, 1991b] proposed.
developed, and advanced the subsumption architecture for mobile robot control. This architecture
was essentially a layered, reactive control architecture. Connell [1992] implemented a hybrid
architecture on a navigator that mapped indoor office environments. Bonasso et al. [1995]
described their experiences implementing hybrid architectures on several different types of robotic

systems. For further discussions on robot architectures. one can refer to [Malcolm et al.. 1989:

Neves and Gray, 1995].

Another interesting development is the implementation of the control architecture of a
mobile robot agent using a MAS approach. Elfes [1986] described a distributed control
architecture for an autonomous mobile robot that was implemented using a blackboard structure.
Researchers [Thomas et al.. 1993; Tigli and Thomas, 1994] proposed a method to design mobile
robot controllers using a multi-agent approach. Bozinovski. [1994] implemented a MAS to control
a mobile robot using a multitasking system. Berge-Cherfaoui and Vachon [1994] integrated
reactive behavior into the control architecture of their mobile robot by implementing the system
using an agent-based approach with a blackboard structure. Researchers [Hu et al.. 1995; Hu and
Brady. 1996] developed a modular hybrid architecture for control of a mobile robot that they

implemented using multiple locally intelligent control agents on a parallel processing system.

In closing, we mention a reference on programming of navigators. Lim [1994] presented a
programming language for mobile robots that represented the program as a graph structure of

agents.

2.6.4 Navigators and Inter-Agent Issues
Researchers have studied approaches to multi-agent planning and scheduling where the

agents are robotic navigators. With respect to multi-agent planning and scheduling, we observed
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that on the whole centralized approaches were more common for manipulators while decentralized
approaches were more common for navigators. Pape [1990] gave a good summary of the
differences between centralized and decentralized multi-agent planning and scheduling approaches.
More specifically, this article developed a mixed strategy, both centralized and decentralized. for
the problem of task planning and scheduling for manipulators and navigators. This strategy was
simulated for the case of three heterogeneous robots carrying out user requests for copies of
microfilm in an indoor office environment [Pape. 1990]. Premvuti and Yuta [1992] presented a
decentralized solution to the problem of moving without colliding and sharing a pathway for a
multiple navigator system. Shibata and Fukuda [1993] proposed a novel strategy for motion
planning of multiple navigators. In their approach. each robot planned its motion based upon its
own situation and the motion planning was optimized by applying a genetic algorithm [Shibata and
Fukuda. 1993]. Rausch et al. [1995] described a technique for multiple robots to coordinate with

each other and avoid collisions during the crossing of a traffic intersection.

Several researchers have investigated various issues regarding the cooperative pushing.
transporting. or carrying of an object from one location to another with mobile robots. Caloud et
al. [1990] described a project to control the operation of dozens of mobile robots in an indoor
environment. The majority of tasks involved transporting of relatively small objects between
locations. They presented their current solutions to the multi-robot research issues of motion
planning, task planning. and task scheduling [Caloud et al.. 1990]. Researchers [Ishida et al.,
1991: Asama et al.. 1992] described the communication and cooperation of a system of multiple
mobile robots that was based upon the actor formalism. They used the contract net for high level
negotiation between mobile robotic agents and they demonstrated their solution for the task of
multiple navigators pushing an object [Ishida et al., 1991]. Kawauchi et al. [1993] presented an
approach to distributed decision making where each unit or mobile robotic agent should obey some
simple control laws. They implemented this approach in the context of the Cellular Robotic
System (CEBOT) [Fukuda et al.. 1989]. a reconfigurable or self-organizing robotic system. They

demonstrated their decision making approach for the task of multiple units carrying a single object
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[Kawauchi et al.. 1993]. Kube et al. [1993] described a mechanism to control the group behavior
of multiple mobile robots executing a collective task. They simulated their mechanism for the task
of pushing a box. Noreils [1993] described an architecture for cooperative. mobile robotic agents
that was demonstrated with two actual examples using two indoor mobile robots. The first
example of cooperation was where one robot led the second robot to a target destination. while the
second example was cooperative box pushing [Noreils, 1993]. Aylett et al. [1995] discussed the
architectural issues associated with two mobile robots cooperating to relocate an object to a
specified destination. Brown and Jennings [1995] presented and implemented a cooperative model
for two mobile robots pushing a box. In their model. one robot steered while the other robot
pushed the box between them [Brown and Jennings. 1995]. Ota et al. [1995] proposed a lavered
hierarchical structure for the motion and task planning of multiple mobile robots. They simulated

their structure for the task of transporting many objects between two points [Ota et al.. 1995].

We briefly summarize a few references that have explored other cooperative tasks with
multiple mobile robots. Balch and Arkin [1994] compared three different types of communication
for reactive. multi-navigator systems. They evaluated these communication schemes by simulating
and experimenting with mobile robots that were carrying out the three tasks of foraging.
consuming. and grazing [Balch and Arkin. 1994]. Parker [1994] experimented with the
cooperation of real mobile robots for the task of toxic waste cleanup. Dubreuil [1995] proposed a
simple behavioral and communication architecture for the task of foraging and grazing with
multiple mobile robots. Lin and Hsu [1995a. 1995b, 1996a. 1996b] proposed and simulated two
distinct coordination protocols for multiple. homogeneous mobile robots working together on an
object-sorting task. These articles detailed the algorithms for these two protocols. The object-

sorting task was essentially a foraging task with different destination locations for each object of a

different type.

We end this subsection by discussing two general articles on the topic of navigators and

inter-agent issues. Dudek et al. [1993] presented a taxonomy of the different ways that a collection
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of autonomous robotic agents could be structured. They used the term swarm to denote a large
number of smaller. simpler robots. They identified seven dimensions along which robotic swarms
could vary: size. communication range. communication topology. communication bandwidth.
reconfigurability, processing ability, and composition [Dudek et al.. 1993). Mataric [1995]
overviewed the issues and approaches in the group behavior of autonomous agents with a slant
towards the mobile robotics community. She divided the research of MASs into the three major
strands of distributed artificial intelligence, physical multi-robot systems. and artificial life. Their
group demonstrated the group behaviors of avoidance, following, aggregation. dispersion.
flocking. wandering, foraging. docking. and learning to forage with approximately 20 mobile
robots [Mataric, 1995]. Artificial life studies. interrelates, and intermingles the group behavior of
intelligent agents from a biological and a robotic perspective. For more information on artificial life
from a robotics perspective, one can refer to the following references [Deneubourg et al.. 1991:
Arkin and Hobbs. 1993: Drogoul and Ferber. 1993: Kube and Zhang. 1993: Mataric. 1993:
Numaoka and Takeuchi. 1993; Parker. 1993: Yanco and Stein, 1993: Arkin and Ali. 1994;
Beckers et al.. 1994: Mataric. 1994: McFarland. 1994: Nolfi et al.. 1994: Smithers. 1994: Steels.

1994a. 1994b. 1995].

2.7 Manufacturing, AI, and Robotics

This section concentrates on research that takes place at the intersection of the field of
manufacturing, the field of Al, and the field of robotics. For a short but general commentary on
the subject of robotics in manufacturing from the point of view of the field of AL one can refer to

[Bekey, 1996].

In particular, this section discusses applications of agent-based concepts to robotic
assembly cells. We categorize these applications into agent-based control architectures for

assembly manipulators, multi-agent planning for assembly, and agent-based assembly systems.
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2.7.1 Agent-based Control Architectures for Assembly Manipulators

Hérmann et al. [1989] implemented the control architecture of an autonomous assembly
robot with two manipulators using the blackboard structure. They decomposed the operation of
this robot into the following modules: plan interpreter, resource scheduler. operation coder.
communication system. world model. and failure monitor. This blackboard structure was later
modified in order to decentralize the responsibility for coordination and scheduling to all system

components [Laengle and Lueth. 1994].

Researchers [Herd et al.. 1990: Duffy and Herd, 1991: Duffy et al.. 1991] proposed and
developed an agent-based control architecture for a multi-sensor. MRAC. In their decomposition.
the robot control system was broken down into three major subsystems: robot plan execution.
sensing. and error detection and correction. Each subsystem was implemented as a group of
agents with their own organizational structure. For example. they implemented the robot plan
execution system as a hierarchy of agents. They used a global information approach to coordinate
these subsystems. They divided the information into a task pool. world model pool. and error
pool. and they represented this information using the frame knowledge representation scheme.
They applied their architecture to a cell with two different commercial cartesian robots, a
wrist/force torque sensor. touch sensors. multiple cameras. and a 3-D laser ranging system. At the
time. they were starting work on a parallel processing architecture with a shared memory model to
support the real-time operation of the robots [Herd et al., 1990: Duffy and Herd, 1991: Duffy et
al., 1991].

The most thoroughly investigated agent-based control architecture for a single manipulator
operating in an assembly cell has been developed by the following researchers [Oliveira et al.,
1991: Ramos and Oliveira, 1993; Oliveira. 1994; Oliveira and Rocha, 1994: Oliveira and Ramos,
1996]. They decomposed the operation of an assembly robot into six intelligent subsystems or
agents: task level planner, execution level planner, vision-based object recognition system, three-

dimensional object recognition system. data base representing object features, and world
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descriptor. The cooperative layer of each agent consisted of a high level communication module.
an agent acquaintance module, and a self model module. while the internal communication and
decision making of each agent was implemented using the blackboard structure. The agents

cooperated with each other using both client/server and negotiation protocols.

Tzafestas and Tzafestas [1991] outlined a blackboard decomposition for an assembly cell
consisting of a stationary manipulator. mobile manipulator with attached platform. pallet.
worktable. input stream. output stream. dustbin. toolkit. and sensors. They partitioned the domain
knowledge of the assembly cell into four sources: arrival. access pallet, assemble. and user. They
also described a control mechanism to coordinate the activity of the blackboard system. Tzafestas
and Tzafestas [1995] proposed a layered reactive architecture for assembly robots. In their
architecture. each robot had a repertory of behavioral components and a reasoning control system
to choose between these behaviors. They evaluated their architecture through simulation with an
assembly cell consisting of a transfer robot. an assembly robot, a part storage pallet. and two

conveyor belts.

Osato [1993] proposed and implemented an agent-based control architecture for a
manipulator that worked on the well-known puzzle. Towers of Hanoi. a simplified assembly task.
From their viewpoint. each agent was a logical component of high-level control for a robotic

system.

Jagannathan and Evans [1994a. 1994b] proposed a cooperative, hierarchical. agent-based
control architecture for a manipulator operating in an assembly line. They decomposed the
hierarchical structure into the following four layers: task level supervisor. task planner and
organizer. task execution. and path tracking. Each layer was further decomposed into the set of
agents necessary to realize an intelligent controller that is one with learning, self-organization, and

high-level supervision.

Tsuda and Takahashi [1995] proposed and simulated a multi-agent approach to detect and

change the contact state of a manipulator while it carried out the task of single-peg and dual-peg
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insertion. Their approach used sensors and local models to determine the contact state of the

robotic assembly [Tsuda and Takahashi, 1995].

2.7.2 Mulri-Agent Planning of Assembly Manipulators
This subsection discusses multi-agent planning for manipulators that do assembly. Note

that the topic of scheduling of a MRAC is related and this topic was already discussed in

subsection 2.5.4.

Nagata et al. [1988] developed a system for planning of multiple manipulator agents. This
system was decomposed into a fundamental planning subsystem for multiple manipulators and a
subsystem for detecting and avoiding collisions of cylindrical-type robots. They demonstrated
their muiti-agent planning system for two manipulators operating in the blocks world and for three

manipulators cooperating on a vertical assembly with three main parts and two screws [Nagata et

al.. 1988].

Hormann [1992] described the on-line task planning and execution system for a two

manipulator assembly robot. This system was implemented using a centralized knowledge-based

approach.

Chu and ElMaraghy [1993] presented an integrated task planning and execution system for
a MRAC. Their solution integrated the system with a two-phase, five-layer structure. The two
phases were off-line planning and on-line execution. They divided the multi-agent planning
problem into the two subproblems of mono-agent plan generation and manipulator task allocation.
They used a finite state machine to synchronize the robots and prevent collisions in the shared
workspace. They demonstrated their system on a two robot, assembly cell that vertically

assembled a dishwasher power module.

Nof and Rajan [1993] described an approach to task planning for a MRAC where physical
cooperation was emphasized. They divided the planning process into two steps. Given the

assembly and cell description, the output of the first step was a matrix representing the capabilities
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of robot sets for the assembly tasks and the robot and cell constraints. Given the output of the first

step. the second step generated a consistent and coordinated global execution plan.

2.7.3 Agent-based Assembly Svstems

Hasegawa et al. [1994] presented a holonic architecture for planning and scheduling a
manufacturing system. A holon is an agent that has an information processing component and may
or may not have a physical processing component. They explained their architecture using a
simplified robotic assembly testbed. They decomposed the operation of this testbed into six types
of holons or agents: product. part. machine. machine-type. operation. and coordinator. Given a
product holon generated by a customer. these holons negotiate with each other using the contract
net during the planning process in order to determine an assembly sequence and a list of machine-
types needed for the assembly. They proposed and simulated a near optimal scheduling approach

for their holonic architecture that used a Lagrangian relaxation technique [Hasegawa et al.. 1994].

Rizzi et al. [1997] presented their initial thoughts on an agile assembly architecture for
modular precision assembly systems. They described an agent-based approach for the distributed
design. modelling, simulation. and control of a minifactory for precision assembly. In their
minifactory, the focus was on vertical assembly with four degrees of freedom (DOF). This
assembly problem was uniquely structured as the cooperative execution of a 2 DOF. stationary
manipulator agent with a courier agent. a 2 DOF planar manipulator. The courier agent had the
dual role of both transporting the subassembly and of transiently cooperating with the manipulator
agent to form a four DOF manipulator for precision assembly. In their system. the individual
agents were made both capable of and responsible for negotiating for the use of shared resources.
In particular, they proposed a distributed reservation scheme to resolve space conflicts. They
foresee this distributed approach offering a number of advantages including: modularity,

robustness, scalability, and ease of use [Rizzi et al., 1997].



2.8 Synopsis

This chapter delineated the research that defines the larger context within which our
research occurs. This delineation began by providing a brief overview of the three major research
fields that provide the foundation of this dissertation. These overviews were used to establish the
most relevant aspects of each research field for this dissertation. The remainder of this chapter
studied the interdisciplinary relationships between these research fields by examining research that

overlapped among all combinations of these fields.

The sections and subsections of this chapter will be referred to as necessary in order to help

indicate how our research differs from or relates to the existing research.
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Chapter 3

Framework for Agent-based Management

This chapter details our framework for the agent-based management of a task-level multi-
robot assembly cell (MRAC). This chapter is broken down into six sections. The first section
addresses issues that are fundamental to the framework described in this dissertation. The second
section introduces the reader to this framework. The third section presents the internal structure
that each agent has in common. The fourth section discusses the aspects where each of the agents
differ from one another. The fifth section describes the content of the messages that are being
communicated among the agents in order to cooperate with each other. The last section examines

how this framework is related to and distinguishes itself from the existing research.

3.1 Fundamental Issues

This section clarifies specific characteristics of the problem under study in this dissertation
and discusses motivations for proposing this framework. Although our framework supports the
various strategies of automated manufacturing systems discussed in section 2.1, this chapter

presents it in relation to the strategy of FMSs.

3.1.1 Specific Characteristics of the Problem
An important observation from the previous chapter is that similar problems are being
addressed with different scopes. For instance, researchers have addressed the question of a

control architecture for an entire manufacturing system and for a single assembly robot. We make



this point to reiterate that the scope of this dissertation is on assembly cells. We further clarify by
noting that assembly cells are different from assembly lines [Lotter, 1986; Makino and Arai.
1994]. Given that ranges of production volume vary from low to medium to high or mass. then
flexible assembly cells and lines are used for medium production volumes, that is. between the
lower volumes of manual assembly and the higher volumes of dedicated automatic assembly

[Lotter, 1986: Makino and Arai, 1994].

Hara and Azuma [1988] discussed the differences between robotic assembly lines and
robotic assembly cells. In general, robotic assembly lines are larger in scale and have higher
productivity but lower flexibility than robotic assembly cells. Typically. robotic assembly lines
have a single flow of products through the system and these lines are intended to realize mixed
production of several product types with similar structures and a fixed assembly sequence [Hara
and Azuma, 1988]. Meanwhile, robotic assembly cells can be organized into a cell production
system with multiple possible product flows through the system. Such a cell production system
makes it easier to adapt to frequent product changes. allows for variability in the assembly
sequence. and creates a system with high extensibility [Hara and Azuma. 1988]. Because of these
positive characteristics of a cell production system and since robotic assembly cells can be

organized into a line structure, we concentrate on robotic assembly cells in this dissertation.

The second issue is concerned with the coordination of the components of the robotic
assembly cell. We investigate the loosely coupled coordination [Shin and Epstein. 1987; Hern,
1988] of the components of this assembly cell. With respect to the robotic manipulators, this
means that the manipulators do share a common workspace but parts are only handled by a single
manipulator at a time. The topic of tightly coupled coordination of manipulators was already

discussed in subsections 2.5.5 and 2.6.3.

Lastly, although the concept of a manufacturing cell is integral to FMSs, actual cells vary

widely [Watt, 1985: O'Grady et al.. 1987]. We identify four dimensions along which cells can

vary:
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type of cell
granularity of components

- scale
level of abstraction

The type of cell refers to the manufacturing purpose for which the cell is constructed. such as
machining, inspection. assembly. painting, welding. etc. The granularity of the components refers
to the size and degree of complexity of the individual components. This dimension may vary from
fine to medium to coarse. For instance. a robot with external sensors and error detection routines
is larger grained than a robot that operates without such sensors and routines. The scale dimension
is a function of the actual number of components that make up the cell. The scale of a cell may
vary from small to medium to large. For example. a small scaled cell could consist of a single
machining center plus a loading/unloading robot while a large scaled cell could manufacture an
entire product family [O'Grady et al.. 1987]. The level of abstraction refers to the type of
instructions that the cell and its components can accept. Our research is directed towards robotic
assembly cells with coarse grained components. on a medium scale. and task-level instructions as

the basic level of abstraction.

3.1.2 Motivations
A MRAC is a complex. spatially and temporally distributed. physical part processing
system. The basic question is how to best organize and operate such a system. I[deally. one would

like to design this system so that it has as many of the following properties as possible:

- modular

- extensible

- reliable

- efficient

- robust

- maintainable
- adaptable

One of our general motivations is to work towards a MRAC that has as many of these systemic

properties as possible.
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Broadly speaking. two specific but related approaches to developing systems with many of
these properties have evolved. The object-based/onented approach developed out of the field of
software engineering [Booch. 1986: Korson and McGregor. 1990]. Researchers that have studied
object-based approaches to managing robotic assembly cells were discussed in section 2.5.5. The
second approach is the agent-based approach that we thoroughly discussed in the previous chapter.
The agent-based approach was chosen for two main reasons. First, the agents of a MAS and the
components of a MRAC share the characteristics of being autonomous. loosely coupled.
heterogeneous, asynchronous, and distributed. Second, although these two approaches share
common architectural issues [Aarsten and Brugali, 1997]. the agent-based approach organizes and

structures a system at a higher level of abstraction.

To operate a MRAC at a higher level of abstraction is a key motivation for proposing the
agent-based management of this assembly cell. There is a strong link between the level of
automation of a manufacturing system and the level of abstraction at which the instruction(s) are
input to this system. For example. specifying the instruction as simply build product is obviously
at a higher level of automation and abstraction than specifying a sequence of mechanical
instructions to assemble a product. Such a sequence of mechanical instructions is the output of the
process of assembly planning [Gottschlich et al.. 1994] and it is the input that we assume for our
cell. In particular, we expect this sequence to be specified as a directed graph that respects the
precedence relations of the product assembly. A primary goal of our agent-based management
approach is to provide a framework to flexibly support this assembly planning level of abstraction

for a MRAC.

Another motivating aspect of our framework, which also relates to the level of abstraction,
is to provide a MRAC techniques for task-level scheduling and programming. In this case, the
tasks are assembly operations that are specified as mechanical instructions as discussed in the
previous paragraph. The assumption is that assembly operations specified as task-level

instructions are in the current manufacturing environment the most natural level of abstraction to

47



encapsulate the functionality of the agents of an assembly cell.

In closing. we just want to add that one of the obvious motivations for using an assembly

cell with multiple robotic manipulators is to reduce the cycle time of the cell [Chu et al.. 1991].

3.2 Introduction to the Framework

This section introduces our framework for agent-based management of a MRAC. This
section deliberates on the problem of how to partition such an assembly cell into an agent-based
system before providing a basic description of the framework. A condensed description of this
framework that used the acronym FABRIC (Flexible Agent-Based Robotlc assembly Cell) was

provided in [Basran et al.. 1997b].

3.2.1 How to Partition?

One of the basic questions is how to most appropriately partition a MRAC into an agent-
based system. Through the process of partitioning, researchers decide how to distribute the
functionality and intelligence of the overall cell into specific agents. Tzafestas [1994] gave a
general discussion on the problem of how to decompose a modern manufacturing system into a
MAS system. The three types of decomposition described were task-based. robot-based. and
hybrid. Examples of these types of decompositions were given for assembly cells. According to
[Tzafestas, 1994], task-based decompositions are scalable on the number of tasks and work best
for a static physical setup. robot-based decompositions are scalable on the number of robots and
are more useful for assessing the performance of a variety of multi-robot cells, and hybrid
decompositions are scalable on both task agents and robot agents. This article also argued that the
central issue of decomposition was the granularity level of the individual agents. The last relevant
point from [Tzafestas, 1994] is the observation that there is a coupling between how to decompose

a system and the method of coordination being used by the group of agents.

The term robot-based decomposition is too specific and needs to be generalized to

equipment-based decomposition since this latter decomposition was used by many of the agent-
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based decompositions discussed in subsections 2.4.3 and 2.4.4. With this slight change in terms.

we have decomposed our MRAC using a hybrid approach.

Several factors influenced our decomposition. The first factor was the decision to use the
contract net [Smith, 1979] as the cooperative method to coordinate the behaviour of the majority of
agents. Second, equipment-based decompositions support extensibility of the physical
components of an assembly cell and could potentially reduce the physical setup time. Third. the
question of how to manage the shared space of an assembly cell among the agents needed to be
addressed. Fourth, the support for task-level scheduling and programming was another key factor

in determining how to best partition the system.

3.2.2 Basic Description of the Framework

This subsection commences by summarizing the basic operation of the contract net [Smith.
1979. 1980: Smith and Davis. 1981: Davis and Smith. 1983]. The contract net is a high-level
communication protocol for dynamically allocating or scheduling tasks between managers and
contractors and it is particularly suited for assembly since task execution time is quite variable. An
agent has a task that it needs done but that it cannot perform itself. This agent. the manager or
contractee. broadcasts a task announcement message with a deadline for receiving bids to its
acquaintance agents. The acquaintance agents that can perform the task specified in this
announcement message respond to the manager with a message containing a bid. After waiting
until the deadline, the manager selects one of the bidding agents and then sends a message
announcing which one of them was awarded or granted the task. If the manager did not receive
any bids by the deadline. it reannounces the task. The successful agent becomes the contractor and
assumes responsibility for carrying out the announced task. When the contractor completes its
task. it sends a report message to the manager. Although that completes this synopsis of the
contract net, one should note that other types of high-level communication messages inciuding
directed awards, termination, availability. request, and information were also discussed in [Smith,

1979].
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Having addressed the background issues. we now describe the agents that cooperate to
manage the operation of the MRAC. We partitioned this assembly cell with four types of agents.
Figure 3.1 depicts the communication messages that are exchanged among all of these agents. An
arrow points from an agent that sends a message to the agent that receives this message. Just a
reminder that we decompose our assembly operations into the two distinct phases of part

assembling and part fetching.

The task scheduling agent (TSA) is responsible for scheduling the assembly operations
specified as task-level instructions so that the precedence constraints of the current assembly are
satisfied. In other words. the input to the TSA is the output of the process of assembly planning or
more precisely a directed graph specifying the precedence relations of the assembly and the
associated task-level mechanical instructions. The TSA is a manager agent that schedules these
tasks using the contract net. In figure 3.1, the arrows connected to the TSA depict the messages

exchanged during contract net negotiation.

Each assembling agent (ASA) is a self-contained. sensor-based. robotic system that is
capable of physically manipulating parts to execute the part assembling phase of an assembly
operation. Figure 3.1 shows the general case with n ASAs. Each ASA can and does respond to
the TSA as a contractor agent that can execute assembly operations specified as task-level
instructions. These assembly operations are carried out by the ASA by coordinating with the part
presentation agent (PPA) and the shared space agent (SSA). That is, each ASA uses the contract
net method as a manager to find a PPA to fetch parts for assembly and it cooperates with the SSA
in order to avoid collisions when it must enter a shared region of space. All of these messages

exchanged between an ASA and the other agents are also depicted in figure 3.1.

Each part presentation agent (PPA) is a mechanical piece of equipment that can obtain and
deliver parts to one or more of the ASAs to a reasonable degree of spatial accuracy. A PPA could
be an automated guided vehicle (AGV), an integrated hopper/feeder/conveyor belt system, etc.

Figure 3.1 displays the general case with m PPAs. The concept of a part presentation system or a
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Figure 3.1: Communication messages exchanged between the agents of a MRAC.
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flexible parts feeder is well accepted [Shaum. 1986: EIMaraghy and Knoll. 1989: Mazouz and
Han, 1989: Ross. 1994: Rao et al.. 1996: Causey and Quinn, 1997]. Each PPA responds as a
contractor agent to any ASA that it can deliver parts to, if it is available. If necessary. a PPA

cooperates with the SSA to prevent collisions in the assembly cell.

The shared space agent (SSA) is responsible for ensuring collision-free performance of the
ASAs and PPAs of the cell by properly managing the common resource of physical space. We
presume that the physical space of the assembly cell is divided into regions and each region is
shared by at least two physical agents. The physical agents of the assembly cell are aware of
which regions they need access to and they cooperate with the SSA to guarantee mutually exclusive

access to all shared regions of the cell.

With respect to our framework for the agent-based management of a MRAC. we assume
that there is a transportation system to move subassemblies both into and out of this cell. In other

words. we assume that this cell is part of a larger cell production system [Hara and Azuma. 1988].

3.3 Generic Internal Structure of Each Agent
The generic internal structure of our agents combines the essential aspects of agents from
the field of MASs described in section 2.2 with our previous research in multi-robot assembly

systems [Petriu et al.. 1996]. This section introduces this internal structure of each agent.

Figure 3.2 shows the three basic elements that define the internal structure of each agent.
The three elements are a messaging system. a knowledge base, and a communicating state-
machine. The messaging system can both send and receive messages from other agents. The
messaging system contains a message queue that stores all of the messages received by an agent.
Each agent has the option to deal with the messages on a first come., first serve basis or on a

priority basis.

Although there are several. different knowledge representation schemes [Barr et al., 1982;

Brachman and Levesque. 1985; Davis et al., 1993], in our case, the knowledge base of each agent



uses a frame knowledge representation scheme [Minsky. 1985]. A frame is a data structure that
typically represents a single object, a class of related objects. or a general concept [Karp. 1993].
Each frame has the property of being named and consists of a set of slots. Each slot describes a
single attribute of what its frame represents. The properties of slots are called facets. Typical slot
facets are name, value. datatype, and value restriction [Karp. 1993]. Frames are typically
organized into hierarchies and therefore, benefit from the concept of inheritance. A collection of

frames in one or more inheritance hierarchies is a knowledge base [Karp. 1993].

Structure of Each Agent

Communicating
State-Machine

Knowledge Base Messaging
(frame-based) System

Figure 3.2: Basic internal structure of each agent.

A more crucial question regarding this knowledge base is what does each agent have in it.
In the general case. each agent should store a model of self. model of its environment. and model
of its community in this knowledge base. The model of self would contain both declarative and
procedural knowledge of the capabilities and limitations of an agent. The model of its environment
would contain a sensor constructed world model that the agent would use in order to act sensibly in
its environment. The model of its community would store models of acquaintance agents and
different methods to coordinate with other agents. The question of what each type of agent actually

stores in their knowledge base is deferred until the next section.

The third element of the internal structure of each agent is the communicating state-machine

(CSM). Communicating state-machines (CSMs) define functional and temporal models of a
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distributed system consisting of multiple asynchronous components [Yourdon. 1989: Casavant
and Kuhl. 1990]. In our case. this model is finite and nonchanging. A CSM consists of a set of
states connected together as a directed graph with labelled transitions. Typically. a CSM is
represented pictorially. Our agents cope with certain basic errors by encoding contingencies as
specific transitions in their CSM. The states and transitions of this CSM together with the
knowledge in the knowledge base and the messages both sent and received by the agent determine

the overall behavior of each agent.

3.4 Specific Aspects of Each Agent

This section describes aspects specific to the four types of agents. Each type of agent has
its own unique CSM and the knowledge in the knowledge base varies from agent to agent. This
section begins by explaining the notation that we use to present the CSMs of the agents before

discussing each of the four agents in turn.

The states of a CSM are represented by ovals and the transitions between states are
represented by solid directed arcs. The state with a double border is the initial state of a CSM. The
transitions are labelled with a condition/action notation adopted with minor modifications from
[Yourdon. 1989]. The condition part is above the horizontal line while the action part is below the
horizontal line. Messages sent by a sender agent to the current agent take the form. <sender agent>
» <message>. Messages sent from the current agent to a destination agent take the form.
<destination agent> ! <message>. Multiple actions on a transition label are separated by the semi-
colon character. The dashed directed arcs between an oval and a rectangle indicate dependencies

between a state and the message queue of an agent or information specific to it.

3.4.1 Task Scheduling Agent

In the case of the TSA. we suppose that the directed graph specifying the precedence
relations of the assembly and the associated task-level, assembly instructions are stored in the
knowledge base before the TSA starts executing its CSM. The knowledge base is also used to

keep track of which assembly tasks have and have not been completed. The TSA does not store a
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model of its environment: however. its model of self simply stores the current state of its CSM and

the model of its community stores the ASAs with whom it is acquainted.

Task -— — 1. Init Ready _to
precedence _Launch list
graph 7

s init complete Message Queue

- bid

Rizgz&l,o - — —( = Any unannounced messages
tasks Ready_to_Launch - report

task: messages

A

all ASA'T announced ]
Kk e

—
— —

— —

3. Wait for messages
from ASA's

ASA; » bid for Tk

store bid

Tklimes out
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all ASA’ 'I'k announced

4. Bids made for Tk'.’

select: all ASA ! grant Tk o ASAJ

| ASA; » Ty finished
no

| update Completed_Tasks
| update Ready_to_Launch

5. Lasttask
completed?

6. Assembly
done

Figure 3.3: Communicating state-machine of the task scheduling agent.

Figure 3.3 depicts the CSM for the TSA. Based upon the task precedence graph, the TSA

sets up the list of assembly tasks that are ready to be launched or announced to the ASAs in state
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one. Having completed this initial setup. the TSA makes the transition to state two. where it loops
until all assembly tasks in the ready to launch list have been announced before switching to state
three. State three. wait for messages. defines the core functionality of the TSA. If a bid is
received for any announced task from any ASA, the TSA simply stores this bid for later
processing. When a deadline for submitting bids for a specific task passes. the TSA makes the
transition to state four. If bids were submitted for this task. the TSA selects an ASA. sends a task
granted announcement to all ASAs that bid for this task, and returns to state three. If bids were not
submitted for this task, the TSA reannounces this task to all ASAs and returns to state three. If the
TSA receives a task finished report from an ASA for a specific assembly operation. then it updates
the list of completed tasks and makes the transition from state three to state five. If all the assembly
tasks of the current precedence graph are not completed, then the TSA updates the ready to launch
list and shifts back to state two. If all the assembly tasks of the current precedence graph were
completed. then the assembly cell has completed a single cycle of production and can return to state

one to start another cycle.

3.4.2 Assembling Agent

Figure 3.4 displays the CSM for an ASA. The ASA starts in state one. the idle state. If the
ASA is in the idle state and it receives an assembly task announcement from the TSA that it is
qualified to perform. then it bids for this task and makes the transition to state two. wait for grant.
[f the ASA is granted this assembly task then it announces the task. fetch part. to all acquaintance
PPAs and makes the transition to state three: otherwise. it returns to the idle state. In state three,
the ASA waits for and accepts bids from the PPAs and it makes the transition to state four when
the deadline for submitting bids for the task. fetch part. is passed. If no bids were submitted, the
ASA reannounces the task, fetch part, and returns to state three. If bids were submitted, then the
ASA selects a PPA, sends a task granted announcement to the bidding PPAs, and makes the
transition to state five, wait for part. When the selected PPA returns with the part and its pose or

location, the ASA attempts to grasp the part during its transition to state six. If the part was not
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Figure 3.4: Communicating state-machine of an assembling agent.

successfully grasped, the ASA switches to state nine and tries to acquire the part again. If the part
was successfully grasped, the ASA requests the region of space needed for the assembly from the

SSA. informs the delivering PPA, if necessary, that the grasp was successful, and then shifts to
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state seven. wait for free region. When the ASA receives exclusive access to this region of space
from the SSA, it moves to the assembly location and proceeds to assemble the part during the
transition to state eight. If the part was successfully assembled. the ASA releases this region of
space by sending a message to the SSA, informs the TSA with a report message that the assigned
task was finished. and returns to the idle state. If the part was not successfully assembled. then the
ASA discards the part. releases this region of space. and tries again by switching to state nine. An
important observation regarding this CSM is that states one and two encode the ASA acting as a
contractor agent while states three and four encode the ASA acting as a manager agent in the

contract net method.

We discuss the type of knowledge stored in the knowledge base of an ASA. Its model of
self stores the declarative and procedural knowledge regarding its capabilities with respect to
assembly operations. This model of self also stores the current state of its CSM and the current
assembly task that i1s being performed. Regarding the model of its environment. we use a local
model of the environment in order to carry out the actions that make up an assembly operation.
The model of its community simply stores the PPAs with whom it is acquainted and a reference to

the SSA.

3.4.3 Part Presentation Agent

Figure 3.5 portrays the CSM for a PPA. The PPA starts in the idle state. state one. When
the PPA is in the idle state and it receives a fetch part task from an ASA that it can do. it submits a
bid for this task and makes the transition to state two, wait for grant. If the PPA is not granted this
task. it returns to the idle state. If the PPA is granted this task, it fetches the part and makes the
transition to state three. State three is included to allow for a variation in the types of PPAs. If the
PPA is a conveyor belt that does not need a pickup message, then it simply sends a message with
the pose of the part to the manager ASA and returns to the idle state. If the PPA is an AGV that
needs a pickup message. it sends a message with the pose of the part to the manager ASA and then

waits for a pickup message in state four. Such an AGV makes the transition to the idle state only

58



when it receives a pickup message from the manager ASA. In this CSM. we presume that the PPA

does not share any regions of space with other agents of the assembly cell.
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Figure 3.5: Communicating state-machine of a part presentation agent.

With respect to the knowledge stored in the knowledge base of a PPA. its model of self
stores the declarative and procedural knowledge regarding its capabilities in delivering parts to the
ASA(s). This model of self also stores the current state of its CSM and whether it requires a
pickup message from an ASA after it has delivered a part. The model of its community simply

stores a reference to the SSA.

3.4.4 Shared Space Agent

Figure 3.6 depicts the CSM for the SSA. Like the ASA and the PPA, the SSA starts in the
idle state, state one. If the SSA receives a message requesting a specific region of space from an
ASA or a PPA. it checks the availability of this region during its transition from state one to state
two. If this region is not available, the SSA adds this request to the list of unsatisfied requests and

returns to the idle state. If this region is available, the SSA grants the requesting ASA or PPA
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exclusive access to this region. updates the availability of this region. and returns to the idle state.
If the SSA receives a message releasing a specific region of space from an ASA or PPA, it updates
the availability of this region and shifts to state three. If the list of unsatisfied requests is empty.
then the SSA simply switches back to the idle state. If there are unsatisfied requests for regions of
space, the SSA gets the next request from the list and makes the transition to state four. If the
region of space for this former request is now available. then the SSA grants the requesting agent
exclusive access. updates the availability of this region. and returns to state three: otherwise. it just
directly returns to state three. The SSA alternates between state three and state four until all former

unsatisfied requests have been checked before returning to the idle state.

ASAj / PPA » request_region

check region availability

Message Queue
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Unsatisfied ----cccececeee ... 3. Any unchecked
requests request in list?
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check next request in list

ASA j / PPAr ! grant_region;
update region availability

4. Region now
available?

Figure 3.6: Communicating state-machine of the shared space agent.

60



The SSA uses the knowledge base to keep track of which regions of space are available and
which are occupied. The SSA stores this information of these regions of space in the model of its
environment. Its model of self simply stores the current state of its CSM and the model of its

community stores references to all of the ASAs and PPAs that could make requests for regions of

space.

3.5 Contents of Communication Messages

Although the types of messages exchanged between the four types of agents of our
framework are determined for the most part by the contract net [Smith. 1979], the contents of these
communication messages depends upon the application domain of robotic assembly. Before
detailing the specific contents of these messages. this section discusses the preliminary issues of
the format of the task-level, assembly instructions. the types of messages exchanged. and the

standard contents of all messages.

3.5.1 Preliminary Issues

Recall that. the basic input to our MRAC is a directed graph of assembly operations
specified as task-level instructions. The format of these task-level instructions provides the basic
structure for the messages exchanged between the agents of our framework. We have adopted a
format for these instructions from the field of robot programming [Lozano-Pérez. 1983].

Specifically. we define a task-level instruction as follows:

<ASSEMBLY_OPERATION> <PART> <ASSEMBLY_LOCATION> [OPTIONS]

where:

<ASSEMBLY_OPERATION> refers to an assembly operation such as peg in hole,
force fit, push and twist, crimp shut, etc. [Nevins
and Whitney, 1978]

<PART> the part with which to carry out the assembly
operation

<ASSEMBLY_LOCATION> the assembly location, often a fixture, to perform the
assembly operation
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[OPTIONS] options specific to this assembly operation

and this instruction was already used in figure 3.1 to indicate the primary contents of the message

that the TSA sends to all of the ASAs.

Five types of messages are exchanged between the agents of the MRAC. Four of these

types of messages are identified as task announcement, bid. grant, and report. We use the report
type of message to inform in three ways. First, a report message is used in the traditional sense of
a contractor agent reporting to its manager agent. The second and third way have to do with the
sending of information between the SSA and physical agents regarding the shared regions of space
of the assembly cell. The next section describes the second and third ways in greater detail. The
last type of message is a request for exclusive access to a specific region of space of the assembly

cell.

Regarding the standard contents of all messages, we include four items that relate to the
higher levels of communication. First. a symbolic reference to the sender of the message.
Second. a symbolic reference to the recipient of the message. Third. a symbolic reference to the

type of message. Fourth, a time stamp indicating the point at which this message was sent.

3.5.2 Specific Message Contents

According to [Smith, 1979]. a task announcement message contains a task abstraction, an
eligibility specification, a bid specification. and an expiration time. The task abstraction is a brief
description of the task that needs to be done. The eligibility specification contains a list of criteria
that the contractor agent must meet in order to bid for the task. The bid specification lists the
information that the manager agent wants in the bid. The expiration time is the deadline for
receiving bids for this task. The bid message from a contractor agent to the manager agent must
contain the information requested in this bid specification. In the grant message, the manager agent
grants the task to one of the bidding contracter agents and it also provides a complete task

specification. The selected contractor agent typically uses a message of type report to inform the



manager agent of the final outcome of the task execution [Smith. 1979].

The messages exchanged between the TSA and the ASAs are described. Figure 3.7
displays the generic contents of a task announcement message sent from the TSA to the ASAs.
The task abstraction is simply the task-level instruction described in the previous section without
the options specific to this assembly operation. The eligibility specification lists the basic criteria
that the ASA must meet in order to submit a bid. Each of these criteria is concerned with the basic
capability of an ASA to perform the assembly operation. Through the bid specification. the TSA
requests that any ASA submitting a bid must specify in their bid, the average time in seconds it
takes them to execute this particular task. The expiration time stipulates the global time in seconds
after which bids will not be accepted by the TSA for this task. The bid message from a qualified
ASA must contain this average execution time. When the TSA grants the assembly operation to
one of the bidding ASAs. it includes a task specification or in our case the complete task-level
instruction. When an ASA finishes an assembly operation. it sends a report indicating which

assembly operation was successfully completed.

task abstraction

<assembly_operation> <part> <assembly_location>

eligibility specification
can_do <assembly_operation>
can_grasp <part>

can_reach <assembly_location>

bid specification

average_execution_time_in_seconds

expiration time

global_time_in_seconds

Figure 3.7: Task announcement message sent from the TSA to ASAs.
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The messages exchanged between an ASA and the PPAs are described. Figure 3.8 shows
the generic contents of a task announcement message sent from an ASA to the PPAs. In this case.
the task abstraction is specified as <fetch_part> <part>. The part requested by an ASA is
obviously the one needed to perform the assembly operation that was granted from the TSA. The
two criteria in the eligibility specification ensure that the PPA meets the basic capabilities to deliver
the part to the manager ASA. The bid specification of an ASA., like the bid specification of the
TSA. compeis a PPA to include in their bid the average time needed to execute the task. which in
this case 1s delivering the required part. Since the task abstraction and task specification are the
same for this task, the ASA sends a grant message with the task abstraction included to all of the
bidding PPAs. When a PPA has fetched the required part. it sends a message of type report to its

manager ASA with the pose. position and orientation, of the part included.

task abstraction

<fetch_part> <part>

eligibility specification
can_deliver <part>

can_deliver_to <identity_of_ASA>

bid specification

average_execution_time_in_seconds

expiration time

global_time_in_seconds

Figure 3.8: Task announcement message sent from an ASA to PPAs.

The exchange of messages between the SSA and an ASA or PPA that needs exclusive
access to a shared region of space of the assembly cell is discussed. An ASA or PPA sends a
request message to the SSA that indicates the region of space for which exclusive access is needed.

When this region of space is available, the SSA sends a message of type report indicating to the
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requesting agent that it may now safely physically proceed into this region of space. When an
ASA or PPA is done with a shared region of space, it releases its hold on a shared region of space

by sending a message of type report to the SSA indicating which region is now free.

3.6 Relationship with Existing Research

Figure 3.9 visually represents the relationship between the framework detailed in this
chapter and existing research. We make several comments about this figure. First. the diagram is
bounded by three sides in order to reiterate the point that our research takes place at the intersection
of manufacturing, MASs. and robotic assembly. Second. the vertical axis of this diagram indicates
the scope of the manufacturing system under consideration. The four levels or scopes are factory
or enterprise. shop or line. cell. and component. Third, the horizontal axis of this diagram
indicates the year that the article was published and it varies from 1984 to 1997. The scale of the
horizontal axis is approximately linear. Fourth. the lines between the manufacturing levels are
dashed to emphasize that the borders between levels are not precise or rigid. Research at the higher
manufacturing levels often considers aspects of the lower levels and vice-versa. Fifth. the
references in this diagram were placed at the manufacturing level that was deemed the most
appropriate based upon our assessment. Sixth. due to space constraints. only a limited number of
references are included in the diagram. These references were chosen for relevance. quality, and

breadth.

We give an overview of the application of MASs to the factory or enterprise level. The
bulk of this research was described in subsection 2.4.3. Many researchers have considered the
application of the contract net [Smith, 1979] to the scheduling and control of a factory. Early
applications of the contract net included [Shaw and Whinston, 1985; Parunak, 1985; Duffie et al.,
1988]. More recent applications of the contract net included [Baker, 1992; Tchako et al., 1994;
Tsukada and Shin, 1994]. An agent framework for complete integration of a manufacturing

enterprise was presented in [Pan and Tenebaum, 1991]. Rizzi et al. [1997] presented an agile,
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agent-based architecture for a minifactory that executed precise vertical assembly with four degrees
of freedom. Current investigations into the application of agent-based systems to a manufacturing

enterprise include [AARIA. 1997: AIMS, 1997: SIAM. 1997].

The application of MASs to the shop level. which were described in subsection 2.4.4.
included the following researchers [Lin and Solberg, 1992: Fischer. 1994: Hahndel and Levi.
1994a. 1994b: Shih and Srihari. 1995]. A contract net based method was used to control the
acuivities of the shop floor in two of these research projects [Lin and Solberg. 1992: Hahndel and

Levi, 1994a, 1994b].

At the cell level. the diagram emphasizes issues of MRACs. Maimon [1984] proposed and
studied a centralized approach to control the activities of a MRAC with manipulators operating in
both loosely and tightly coupled configurations [Shin and Epstein, 1987]. Basic communication
and coordination issues of multiple manipulators were described in [Gauthier et al., 1987: Shin and
Epstein. 1987: Roach and Boaz, 1987]. Centralized approaches to schedule or plan the operation
of a MRAC were also investigated [Glibert et al., 1990: Chu and ElMaraghy. 1993: Fu and Hsu,
1993]. Object-oriented control architectures for assembly cells were explored by several
researchers [Maimon and Fisher. 1988: Alander et al.. 1990: Lin et al., 1994; Merat et al., 1997].
A blackboard structure for an assembly cell was also studied [Tzafestas and Tzafestas. 1991].
Hasegawa et al. [1994] presented a holonic or agent-based architecture for planning and scheduling
a manufacturing system that they illustrated with a simplified robotic assembly testbed. They used
a contract net approach to determine the assembly sequence and the machine-types needed for the
assembly. They also simulated a centralized. near optimal approach to scheduling [Hasegawa et
al.. 1994]. Research at the cell level summarized here was discussed in various subsections

including 2.5.4, 2.5.5, and 2.7.3.

At the component level, two types of components are of interest. The first is the assembly
robot. Several researchers have proposed and developed agent-based control architectures for

assembly robots [Hormann, 1989; Duffy and Herd, 1991; Oliveira et al., 1991; Tzafestas and
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Tzafestas, 1995: Oliveira and Ramos. 1996]. Each of these architectures were already described in
subsection 2.7.1. The research of [Kak et al.. 1986; Tung and Kak, 1996] presented and
implemented a sophisticated and integrated framework for synthesizing a manipulation plan for a
single assembly robot. The reference [Rembold and Soetadji. 1987} was included in the diagram
because it was an early reference about an actual assembly robot with two physical manipulators
that has received considerable study in the last decade. The second component is a part
presentation system [Shaum. 1986] or a flexible parts feeder [Ross, 1994] and this component

continues to be studied and implemented [Causey and Quinn, 1997].

As shown in the diagram. the FABRIC framework is an investigation at the cell and
component levels with a greater emphasis on the cell level. This framework or scheme
distinguishes itself from the existing research in several ways. First. in the general sense.
FABRIC is an original cooperative. heterarchic. agent-based architecture for managing MRACS.
Second. we distinguish ourselves by focusing on the inter-agent communication and macro-level
aspects of this agent-based MRAC. Third. although many applications of the contract net to the
factory and shop levels of a manufacturing system have been reported. FABRIC uniquely applies
the contract net to the operation of a MRAC. In particular. our application focuses on the task-level
scheduling of the assembly operations of a MRAC. Fourth. the internal structure of our agents is
distinct with respect to the communicating state-machine. Fifth. we uniquely decompose a MRAC
into agents. One result of our decomposition is the encapsulation of the capabilities of an assembly
robot at the level of task-level instructions within the concept of an ASA. This encapsulation has
implications regarding the task-level programming of a robotic manipulator that will be discussed
in chapter five of this dissertation. Moreover. the making of a part presentation system into an

agent is also distinct.

In closing, we mention that the state of the art of industrial robotic assembly [Rampersad,
1995a] has not yet considered modern agent-based solutions as a means to integrate, operate, and

maintain assembly systems.
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Chapter 4

Software Implementation of the Agents

This chapter describes how the agents described in the previous chapter were implemented
in software. In this software implementation. both the generic aspects of each agent and the

specific aspects of the four types of agents that cooperate in a FABRIC system were programmed.

This chapter is partitioned into five sections. The first section discusses issues about the
software technology that was used in this implementation. The second section gives an overview
of the software implementation of our generic concept of an agent. The third section details the
implementation of a frame-based knowledge base. The fourth section elaborates on the software
implementation of the four specific types of agents. The last section summarizes the contents of

this chapter.

4.1 Software Technology
We chose to implement the agents of FABRIC using object-oriented software technology.
This section gives a very brief introduction to this technology and also summarizes the object-

oriented notation that we will use to detail our implementation.

4.1.1 Object-Oriented Software Technology

One of the key questions with respect to using an object-oriented software technology is
selecting an object-oriented programming language. Although there are many ways to categorize
object-oriented programming languages, we group them into two broad categories. This

dichotomy emphasizes general characteristics of these languages and historically can be traced to



differences in the perspectives of software engineering (SE) and artificial intelligence (AI) [Masini

et al.. 1991].
Software Engineering Artificial Intelligence
Perspective Perspective
compiled environment interpreted environment
static typing dynamic typing
manual memory management automnatic garbage collection
efficient flexible
slow prototyping fast prototyping
industrial use research use

Table 4.1: Typical characteristics of the two broad categories of object-oriented languages.

Table 4.1 displays the typical characteristics of languages from these two categories. This
table was constructed by using two sources [Masini et al.. 1991; Khoshafian and Abnous. 1995].
Typically. environments where the source code of a program is compiled into machine executable
form are more common in SE. while environments where this source code is interpreted and then
executed by the computer are more common in Al. Static typing means that the structure and
behavior of classes. which are organized in an inheritance graph, are fixed at compile time and
therefore cannot change during program execution. Dynamic typing means that this inheritance
graph is modifiable during program execution and therefore new classes and new methods can be
added at run-time. Typically. memory management is the responsibility of the programmer in SE,
whereas the technique of garbage collection automatically manages the memory of the computer
system in Al. Generally speaking. an interpreted environment has the properties of being more
flexible but less efficient and of enabling faster prototyping than a compiled environment.

Languages of SE have been employed more in industrial environments while languages of Al have

70



received more use in research environments. Examples of SE. object-oriented programming
languages include Simula and C++ and examples of Al. object-oriented programming languages
include Smalltalk and CLOS (Common Lisp Object System). This dichotomy is by no means
rigid. In fact, the introduction of the Java object-oriented programming language [Gosling and

McGilton, 1995] has even further blurred the distinction between these two categories.

We selected the object-oriented programming language. C++ [Ellis and Stroustrup. 1990].
for three reasons: efficiency. more common in industry, and building upon an existing system

programmed in C.

With a slant towards C++, we summarize the basic features of an object-oriented
programming language. A class defines both the structure and behaviour of a family of objects.
The structure defines the content. variables. or data structures of the class while the behaviour
specifies the methods, procedures. or functions that work with the structure. Placing the contents
and methods into a single class in order to control both the access to and the operations performed
on the contents is known as the concept of encapsulation. An object is a particular instance of a
class. Objects communicate with each other by sending messages. A template class defines a

family of classes that vary with one or more parameters.

Classes can be organized into inheritance graphs where classes inherit the structure and
behaviour of all classes that are traversed from its location to the class at the root of the graph.
Specific terms are used to describe two classes that are adjacent or directly linked together in this
graph. The class that inherits in this link is known as the derived class. subclass, or child class
while the bequeathing class is known as the base class, superclass, or parent class respectively.
We use the terms base class, derived class, and parent class in our explanations. The case of
single inheritance occurs when each class in an inheritance graph only inherits from a single base

class and this graph is also referred to as an inheritance hierarchy.

There are three levels of access control to the variables and methods of a class. We present

regular access before discussing an exception. Variables and methods declared private are only
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accessible by direct instances of the declaring class. Protected variables and methods are accessible
by the declaring class and all derived classes of this class. Public variables and methods are
accessible by all. A friend declaration allows the programmer to make exceptions to these levels of
access control. If a class declares a function or another class as a friend. then it means that this

function or class can access all private and protected, variables and methods of the declaring class.

We introduce the concepts of polymorphism, operator overloading. and run-time type
identification. Polymorphism refers to the fact that for a method declared virtual. the actual method
that is called depends upon the type of object at run-time. For instance, a base class defines a
general approach to a problem with a set of virtual methods that each derived class can override or
implement in its own way. If a pointer of this base class refers to an instance of a derived class
and it calls a virtual method that the derived class has overridden. then the method of the derived
class 1s executed. Operator overloading permits functions with different arguments to have the
same name and allows classes to redefine the meaning of basic operators, such as =, +. *. -, (). [
]. or &. within their own context. Run-time type identification means that at run-time an object can
return the identity of the class from which it was instantiated. This concept allows the programmer

to safely cast or coerce the type of a class during program execution.

4.2.2 Object-Oriented Notation

Object-oriented notations specify visual methods to represent both the static and dynamic
aspects of an object-oriented system. These notations are customarily associated with a particular
technique for object-oriented analysis and design and many researchers have put forth such
techniques [Hutt, 1994a. 1994b]. We decided to use the notation associated with the object-
oriented analysis and design technique known as the Unified Modeling Language (UML)
[RATIONAL, 1997]. The UML technique unified two well known methods of object-oriented
analysis and design: the Booch method [Booch, 1994] and the OMT (Object Modeling Technique)

method [Rumbaugh, 1995].

Although these notations can represent both the static and dynamic aspects of an object-



oriented system. this subsection only describes the visual methods provided by UML to represent
the static aspects. In other words, the remainder of this chapter presents the static structure and
behaviour of the classes that implemented the FABRIC agents. This decision to detail the static
aspects of the software implementation was considered justified because the dynamic aspects of
our agents are reasonably straightforward and these aspects were already described in subsection

3.4.

Figure 4.1 displays the object-oriented notation that we have adopted from the UML
[RATIONAL. 1997] and will use to explain the software implementation of the FABRIC agents.

As much as possible, this figure uses the terms that were introduced in the previous subsection.

The complete visual representation of a class consists of a rectangle with three
compartments. From top to bottom. the compartments hold the name of the class. the contents or
variables of the class, and the methods of the class respectively. The minimal representation of a
class is to simply identify its name in a rectangle. The three symbols, +. #. and -. which are
shown at the bottom of figure 4.1. are used to indicate the access control for specific variables or
methods of a class. A template class is visually represented as a rectangle with a smaller dashed
rectangle superimposed on the upper right hand corner. The rectangle holds the name of the
template class. while the dashed rectangle contains the formal parameters of the template class. A

specific class created from a template class is designated by:

Template Name<specific_parameter( ). specific_parameter(2). .... specific_parameter(n)>

A package is a grouping of model elements such as a set of classes that implement some particular
functionality. A package is visually represented as a rectangle with a small rectangle attached to its
upper left corner. If the contents of the package are shown then its name may be indicated in the
small rectangle; otherwise. its name is indicated in the large rectangle as shown in figure 4.1.
Although stereotypes provide a mechanism to introduce new modeling elements and thereby extend

UML, we only use them to express certain predefined stereotypes. whose names are
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Object Oriented Notation adopted from the Unified Modeling Language

Visual Representation Object-Oriented Meaning

Name of Class

Contents class

Methods

r-=——"=s===7=—<= h
1 Formal Parameters;

—— —— e - —

Template Nam -I

template class

Name of package
Package
association assoclation ' association
role name role binary assoctation
class A class B
multiplicity muluplicity
class A K> | class B contains association

class A I& -1 class B composed of association

class A Di class B generalization
classA p---emen—- 1 class B dependency
<< name of stereotype >> stereotype
+ public access control
# protected access control

private access control

Figure 4.1: Object-oriented notation adopted from the Unified Modeling Language.
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«constructor», «friend». and «binds». A constructor defines how an instance of a class is created.

The names of stereotypes are placed between double angle brackets or more precisely guillemets

[RATIONAL, 1997].

We now describe different relationships between two generic classes that are indicated as
class A and class B in figure 4.1. In this figure, the visual representation of a binary association is
shown as a solid line with complete labelling. The name of the association is optionally indicated
above or below the middle of this line and this name may have a black triangle beside it that
indicates the direction of the association. In this figure, the binary association reads "class A
association name class B". The association role beside each class optionally specifies the role that
each class plays in an association. The multiplicity beside each class optionally indicates the range
of allowable cardinalities for each class of an association. The * symbol is used to indicate an
unlimited cardinality. The next two associations are displayed without any labelling. If an
association is shown as a solid line with a hollow diamond at one end and an arrow at the other
end. then it indicates a contains association. If the hollow diamond is replaced by a solid black
diamond. then it indicates a composed of association. In figure 4.1, without indicating the
multiplicity these associations read "class A contains class B" and "class A is composed of class B"
respectively. A solid line with a hollow triangle at one end indicates the relationship of
generalization. The triangle points from the specific class or derived class to the general class or
base class. A dashed line with a single arrow indicates a dependency between two classes. In this
figure, the dependency reads “class A depends on class B". The dependency relationship in
combination with stereotypes can be used to indicate a friend declaration between two classes and a
binding between a template class and a specific class created from this template class with specific

parameters.

4.2 Software Implementation of a Generic Agent
Recall that, the three generic elements of all our agents are a messaging system, a frame-

based knowledge base, and a communicating state-machine (CSM). The class Agent directly

75



incorporates the first two elements plus it provides methods to support the CSM. to cope with

many aspects of the contract net. and to add acquaintance agents.

Figure 4.2 displays the essential structure and behaviour of the Agent class using the UML
notation. We make a few more points about the notation used in this figure. The notation used for
each variable of a class is the symbol of access control. the name of the variable. and an optional
colon followed by its specific type. The notation used for each method of a class is as follows:
symbol of access control. name of the method. parameters in parentheses. and a colon followed by
its return type. If the return type is not specified it is void in C++. The notation that we used for
the parameter(s) of a method is either its name or its specific type depending upon which is more
informative. The question mark is used to indicate a single parameter of a method that is not
specified for the sake of brevity. If the extension _Prr is appended to the name of a basic type. it

indicates a pointer to this basic type.

The relationship of the class Agenr with other classes is first described. The class Agent
declares the class Simulator as a friend. This declaration is necessary in order to make it easy to
simulate the behaviour of a group of FABRIC agents. The class Simularor and the
simulations/experiments generated with it will be discussed further in chapters five and six. The
class Agent is composed of a frame-based knowledge base that we have represented as a package
in this figure. The set of classes that define this package are detailed in the next section. The
template class Basic_Queue defines a generic simple queue that an agent can operate on with the
public methods displayed in figure 4.2. The class Agent is also composed of the template class
Basic_Queue with the parameter Srorage_Type set to a pointer to a class of type Message_Frame.
This queue stores the messages that an agent receives and as the name Message_Frame implies, the
agents exchange messages in the form of frames with each other. These message frames are

explained in greater detail in subsection 4.4.1.

Besides the major elements of a knowledge base and a message queue, the class Agent also

privately stores a unique name for each agent and the name of the direct parent or class from which
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«friend»

Agent

- _name_of_agent
- _name_of_direct_parent

«CONSCIuUctor»
# Agent(name_of_agent, name_of_direct_parent)

get_current_state() :State
set_current_state(new_state)
virtual Add_Acquaintance (new_agent_frame)

#* I W

Send_Message(recipient_agent, message_to_send)
Send_Limited_Broadcast(?, ?)
virtual Receive_Message (message_to_receive)

W

#H:

Eligibility_Requirements_Met (the_task) :Boolean
Bid_Submission_Deadline_Met {(the_task) :Boolean
Get_First_Potential_Task(the_task)
Setup_Bid_Information(the_task, bid_information)
Get_Bids_for_Task(task_identity, the_bids)
Select_Best_Bid_Randomly(the_bids, best_index)
Select_Best_Bid based_on_Minimum Time({the_bids, ?)
Received_the_Grant (the_grant) :Boolean
Get__the_Report_Message(the_report) :Boolean

R R RN I L R

Send_Request_Message_to_SSA(?, region_of_space)
# Send_Release_Message_to_SSA(?, region_of_space)

ETH

L}

virtual Execute(type_of_event)

Simulator

1 1
_—1 1 1
Frame-based Basic_Queue<Message_Frame_Ptr>
Knowledge A
Base
«binds» |

Basic_Queue

+ Is_Empty () :Boolean

+ Push_to_Back(Storage_Type)
+ Push_to_Front (Storage_Type)
+ Pop_from_Front{) : Storage_Type

Figure 4.2: UML notation for the class Agent.
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an agent was instantiated. In our implementation. the convention of beginning all variables of a

class with an underscore was adopted.

All constructors and methods presented in figure 4.2 are protected and therefore only
accessible by classes derived from the class Agenr. The protected constructor is used by derived
agents to initialize their name and the name of their direct parent. We have divided the remainder of

the methods listed in the bottom compartment into five groupings.

The first group of methods make it easier to perform certain actions with the knowledge
base of an agent. It is easier to set and get the current state of the CSM of an agent with the
methods named: get_current_state and set_current_state. The method entitled. Add_Acquaintance.
provides a default method for the derived agents to add an acquaintance agent to their knowledge
base. Since this method is declared virtual. the derived agents can override how an acquaintance

agent is added to their knowledge base.

The second group of methods defines the functionality available for agents to exchange
messages with each other. The method Send_Message sends the given message to the specified
agent while the method Send_Limited_Broadcast sends a given message to all acquaintance agents
of a particular type. The virtual method Receive_Message implements a default first in. first out
queue that a derived agent typically overrides. This virtual method is also important in properly

simulating the group behaviour of the FABRIC agents.

The third group of methods implements many of the basic steps involved during contract
net negotiation between agents. We only explain two of these methods for exemplary purposes.
The method Bid_Submission_Deadline_Mer takes as input the announced task of interest to an
agent, determines whether the deadline for submitting bids has passed, and then returns a Boolean
indicating its evaluation. Having received bids for a previously announced task, an agent can

select one of the bids randomly by calling the method Selecr_Best_Bid_Randomly.

The fourth group of methods make it easy for an ASA or PPA to request or release a region

of space from the SSA. The last group declares the single method Execute with the single
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parameter rype_of_event. The parameter rvpe_of event refers to a transition in the CSM of an
agent. This method specifies how the core execution of an agent in terms of the interaction
between events in its CSM and its knowledge base is to be implemented. This method is declared

virtual since each derived agent must override this method to define its own independent execution.

This subsection closes by mentioning that Appendix A contains a complete listing of the

header file and source file for the class Agent.

4.3 Software Implementation of a Frame-based Knowledge Base
According to [Karp 1993], in the last twenty years over fifty frame-based knowledge
representation systems have been implemented. The bulk of these systems were implemented
using the programming language Lisp or one of its derivatives. Common Lisp. Scheme. CLOS
[Karp, 1993: Kantrowitz, 1994]. Our frame-based system is one of the few implemented using

the object-oriented programming language. C++ [Ellis and Stroustrup. 1990].

We repeat for the sake of convenience the basic synopsis of a frame-based knowledge base
that was provided in section 3.3. A frame is a data structure that typically represents a single
object. a class of related objects. or a general concept [Karp. 1993]. Each frame has the property
of being named and consists of a set of slots. Each slot describes a single attribute of what its
frame represents. The properties of slots are called facets. Typical slot facets are name. value.
datatype. and value restriction [Karp. 1993]. Frames are typically organized into hierarchies and
therefore. benefit from the concept of inheritance. A collection of frames in one or more

inheritance hierarchies is a knowledge base [Karp, 1993].

This section presents the internal details of the software implementation of this frame-based
system or package using the UML notation. This section is divided into two subsections. The
first subsection provides an overview of the whole system in which the software implementation of
the knowledge base and the frames is described. The second subsection details the software

implementation of the slots.
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4.3.1 Overview of the Implementation
Figure 4.3 provides a visual overview of the object-oriented software implementation of a
frame-based knowledge base. In this figure. classes with all three compartments or complete
classes only display the essentials of their structure and behaviour, while classes with only a single

compartment containing their name are compressed due to limitations of space.

We begin by explaining the template class Hash_Table. A hash table defines an efficient
mechanism to store and retrieve elements that typically operates in constant time [Sedgewick. 1983:
Musser, 1995]. Each element has a unique key of identification. Each entry in the hash table
consists of an element plus its key. This key is input to a hash function that returns an integer.
which is evenly distributed over a prespecified range of values. Typically. each integer identifies a
unique. singly linked list that stores all of the entries whose keys have generated its integer. The
template class Hash_Table has two parameters. Key and Base_Element. The parameter
Base_Element is expected to be a base class that outlines the core structure and behaviour for its
derived classes. This base class is required to specify a virtual method Clone that allows the hash
table to make a copy of it or any derived class. Two basic variables define the contents of the
template class Hash_Table. The variable _number_of_buckets specifies the range of integers
starting from zero that the hash function will return. The variable _the_entries is an array of
vectors that store entries of the hash table. These vectors used the implementation of the Standard
Template Library [Stepanov and Lee, 1995]. Based upon the key. the three methods of this

template class add, get, and remove elements from the hash table.

As shown in figure 4.3, two classes were created from the template class Hash_Table. In
both cases. the key of the hash table was the class CString, a simple class for manipulating strings.
The first of these classes, which has the second parameter set to the class Base_Frame, is
contained by the class Knowledge_Base. The class Knowledge_Base uses this hash table class to
add, get, and remove frames from a knowledge base. The method Ger_All_Frames retrieves all

frames that were created from a particular parent.
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Knowledge_Base

+ Add_Frame(frame_to_add)

+ Get_Frame(name_of_instance) :Base_Frame_Ptr
+ Get_All_Frames(name_of_parent,
+ Remove_Frame (name_of_instance)

the_frames, number_of_frames)

i

i «friend»
1

Base_Frame

-

1

_name_of_instance
_name_of_direct_parent

«constructor»

3
”

LT

Base_Frame(name_to_give,
name_of_direct_parent)

Override_String_Slot (?, ?)
Override_Double_Slot (?, ?)
Override_Long_Slot(?, ?)

Override_Short_Slot(?, ?)

virtual Clone() :Base_Frame_Ptr

Add_Slot(slot_to_add, 2}

Get_Slot(name_of_slot):
Generic_Slot_Ptr

Remove_Slot(name_of_slot)

1
«friend»

Hash_Table<CString, Base_Frame>

A

. t
«binds»;

Hash_Table -—=-—-—---=---- -

- _number_of_buckets
_the_entries

+ Add_Element (Key, Base_Element_Ptr)
+ Get_Element (Key) : Base_Element_Ptr
+ Remove_Element (Key)

T

«binds»

Y

.

Hash_Table<CString, Generic_Slot>

-~-4Generic_Slot

T

r===1
1 Type i

L -—

Slot

r===1
) Type

l
L -t

Constraint_slotr

1

Multi_Slot

Figure 4.3: The knowledge base package represented in UML notation.
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The second of these classes. which has the second parameter set to the class Generic_Slot.
is contained by the class Base_Frame. The class Base_Frame defines the core structure and
behaviour of the frames of our knowledge base. The class Base_Frame and its derived classes use
this hash table class to add. get. and remove slots from their representation. Also note that the
virtual method Clone was defined for this class in order to satisfy the requirements of the template

class Hash_Table.

The basic variables of the class Base_Frame are its name and the name of its direct parent
or class from which it was instantiated. The protected constructor expects these two variables as
input and it is meant to be used by all derived classes. Four convenience methods are defined in
order to make it easy for derived classes or frames to override the value of slots of four basic
types. The class Base_Frame declares the class Knowledge_Base as a friend since the class

Knowledge_Base needs access to certain private aspects of this class.

The class Generic_Slor outlines the core structure and behaviour of an attribute of a frame.
The class Generic_Slot declares the class Base_Frame as a friend in order to allow the class
Base_Frame complete access to its structure and behaviour. The class Mulri_Slot is derived from
the class Generic_Slot and it 1s recursively composed of zero or more Generic_Slot(s). The
template classes Slot and Constraint_Slor define the structure and behaviour for complete families

of classes and slots.

An agent interacts with this frame-based knowledge package through the public methods of

the class Knowledge_Base. the class Base_Frame. and the slot classes.

4.3.2 Implementation of the Slot Classes
This subsection expands on the internal details of the four slot classes. In particular, we

use the UML notation to explain the essential structure and behaviour of these classes.

Figure 4.4 displays the essential structure and behaviour of the class Generic_Slot. The

variables of the class Generic_Slot define four basic facets. First, all slots have a name. Second, a



slot can be read only. Third, if a slot is overrideable then a frame that inherits such a slot can
change its value.  Fourth, if a slot is specified as "no inherit" then this slot is only created for
direct instances of a frame and is not inherited by derived frames. The protected constructor
expects all four facets as input and it is used by all derived classes. The virtual method Clone was
defined for this class in order to satisfy the requirements of the template class Hash_Table. Each

derived class must override this method in order to make a proper copy of itself.

Generic_Slot

# _name_of_slot
# _read_only
# _can_override
# _no_inherit

«constructor»
# Generic_Slot(name_to_give, 2, 2?2, ?)

+ virtual Clone() :Generic_Slot_Prtr

Figure 4.4: Essential structure and behaviour of the class Generic_Slor.

l‘;-_l
i Typel
Slot L

# _the_slot_value:Tvpe

«constructor»
+ Slot({name_to_give, initial_vaiue, ?, ?, ?)

+ override Clone() :Generic_Slot_Ptr

+ virtual Set_Slot_Value(Type)
+ Get_Slot_Value() :Type

Figure 4.5: Essential structure and behaviour of the template class Slot.

Figure 4.5 depicts the essential structure and behaviour of the template class Slot. The
template class Slot is derived from Generic_Slot and it adds the facet that a slot only store values of
a specific type. With its definition. the programmer can easily create a slot of any type. The

variable _the_slot_value stores the actual value specified by the parameter Type of this template
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class. The template class Slor places no restrictions on the values of its datatypes. In addition to
the information expected by the class Generic_Slot. the public constructor of this class also expects
an initial value. This template class overrides the method to clone itself and return a pointer to the
class Generic_Slot. Two access methods are defined by this template class. The method
Set_Slotr_Value allows the user to change the value of a slot and it is declared virtual in order to
allow derived classes to override how a slot's value is changed. The method Ger_Slor_Value
simply returns the current value of a slot. We have used several different types of slots including:

Boolean, CSkill_Ptr, CString, double, RPY_Location, short, State.

[ o |
. 1 Type t
Constraint_Slot ==
# _minimum
# _maximum
# _constraint_set
# _apply range_constraint
¥ _apply_set_constraint
«constructors»

+ Constraint_Slot (name_to_give, initial_value, 2?2, 2?2, ?)
- Constrainz_Sloc(?, ?, minimum_value, maximum_value, 2, ?, ?)
+ Constraint_Slot(?, ?, constraint_set, 2, 2?2, ?)

+ override Clone() :Generic_Slot_Ptr

+ Specify_Range_Constraint (minimum_value, maximum_value)
+ Specify_Constraint_Set(constrainz_secz)

+ Add_Single_Constraint_to_Set(acceptable_value)

+ Remove_Single_Constraint_£from_3Set(value_to_remove)

+ override Set_Slot_Value(value_to_set)

Figure 4.6: Essential structure and behaviour of the template class Constraint_Slot.

The template class Constraint_Slot simply adds a facet to restrict the values of its datatype
inherited from a specific Slor class. Figure 4.6 shows the essential structure and behaviour of this
template class. Two approaches to restricting the values of a datatype were implemented. The user
can restrict the datatype to a range of values from a minimum to a maximum or the user can

constrain the datatype to a specific set of values. Only one of these restrictions can be active at a
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time and the two variables. _applv_range_constraint and _apply_set_constraint. reflect this
condition. From top to bottom. the three constructors allow the user to set up a slot with an initial
value and no initial constraints. a range constraint. or a set constraint. This template class
overrides the Clone and Set_Slor_Value method to ensure that they properly execute in its case.

The remainder of the methods implemented in this template class permit the constraints of a slot to

be dynamically changed.
Multi_Slot
# _the_fields
# _minimum_cardinality
# _maximum_cardinalicy
# _current_cardinalicy

«CONStructor»
+ Multi_Slot(name_to_give, ?, 2?2, ?)

+ override Clone() :Generic_Slot_Ptr

+« Set_Minimum_Cardinality(minimum)
+ Set_Maximum_Cardinality(maximum)
+ Get_Current_Cardinality() :unsigned long

+ Get_Slot(position):Generic_Slot_Prr

+ Prefix_Slot(Generic_Slot_Ptr)
Append_Slot (Generic_Slot_Ptr)
Insert_Slot (Generic_Slot_Ptr, position)
Replace_Slot(position, Generic_Slot_Ptr)
Remove_Slot (position)

+

+ o+ 4+

Figure 4.7: Essential structure and behaviour of the class Multi_Slot.

Lastly, the class Multi_Slor. which is derived from the class Generic_Slot and is depicted
in figure 4.7, allows one to store, retrieve, and remove slots from a list. This class defines four
variables. The variable _the_fields stores the list of slots as a vector from the Standard Template
Library [Stepanov and Lee, 1995]. The three remaining variables store the cardinality of this list.
That is. a user can restrict the minimum and maximum number of items in this list. The public

constructor requires the same information as the protected constructor for the class Generic_Slot.
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The virtual method Clone had to be overridden in order that the class Mulri_Slor properly copied all
of its slots and cardinality information. The rest of methods of the class Mulri_Slot reflect its
purpose. In other words, methods to change the cardinality and methods to get. prefix. append.

insert, replace. and remove slots from the current list of slots were implemented.

4.4 Software Implementation of the Specific Agents

This section summarizes how the specific agents of FABRIC were implemented in
software using the object-oriented programming language. C++. Just a reminder that section 3.4
described how the four types of FABRIC agents differ from each other. Like the previous section.
this section is also partitioned into two subsections. The first subsection discusses general and
common aspects of the software implementation of these agents while the second subsection details

specific aspects of this implementation.

4.4.1 General and Common Aspects
Figure 4.8 shows the class hierarchy of the agent classes. All of the classes are shown in a
compressed format. The four classes derived from the class Agent implement the four types of
FABRIC agents. These derived classes are distinguished from the base class in three key ways.
First. the CSM that defines the execution of an agent has a different implementation for each type
of agent. Second. the knowledge base of each derived agent regarding itself. its capabilities. its
environment. and its acquaintances is unique. Third. how each agent implements its functionality

and capabilities is specific to it.

Each of these derived classes implement their respective agents as generically as possible.
That is, the classes, Assembling_Agent, Part_Presentation_Agent, Shared_Space_Agent, and
Task_Scheduling_Agent, implement a generic version of an ASA, PPA, SSA, and TSA
respectively. In this implementation, it is the specialized capabilities and knowledge in the
knowledge base of each agent that distinguishes one agent from another and demarcates its proper

behaviour. Deriving a new agent class from one of these four classes is an obvious way to
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completely specialize the capabilities and knowledge of an agent.

Assembling Agent

Part_Presentation_Agent

Agent |<|——

Shared_Space_Agent

Task_Scheduling_Agent

Figure 4.8: Hierarchy of agent classes.

Figure 4.9 displays part of the class hierarchy of the frames of FABRIC. As would be
expected. the class Base_Frame is at the root of this hierarchy. Three of the frames depicted in this
figure are used by each agent to specialize its knowledge. The class Acquaintance_Agent_Frame
implements a basic frame to store a reference to an agent that is an acquaintance. More specific
frames were derived from this class but are not shown in the figure. The class
Model_of_Agent_Frame represents a basic model of self that at a minimum stores the current state
of an agent in a slot and typically also stores slots representing the basic capabilities of an agent.
The class Model_of_Environment_Frame is available for an agent to represent a basic model of its

environment in its slots.

The five classes derived from the class Message_Frame implement the five types of
messages that are exchanged amongst the FABRIC agents. These messages were described in
section 3.5 The base class Message_Frame ensures that all messages include the standard
contents — sender, recipient, type, and time stamp. The class Bid_Frame adds a list of slots or a
Multi_Slot in order to allow an agent to include any information that the manager agent has
requested. The class Grant_Frame adds a slot to include the task specification when granting a
task to a contractor. The class Report_Frame uses the type of a message to identify different types

of report messages and it also adds a list of slots to report any information. The class
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Request_Frame adds a slot to indicate the type of request and a slot to specify what is being
requested. Lastly. the class Task_Announcement_Frame exiends the class Message_Frame by
including a slot for the task abstraction. a slot indicating a deadline for receiving bids. and two lists

of slots stipulating task eligibility and bid specification.

Acquaintance_Agent_Frame

Bid_Frame

Grant_Frame

Base_Frame % Message_Frame Q Report_Frame

Request_Frame

Task_Announcement_Frame

Model_of_Agent_Frame

Model_of_Environment_Frame

Task_Frame

Figure 4.9: A portion of the class hierarchy of the frames.

The class Task_Frame is used by the TSA to store all of the information regarding an
assembly operation. The slots of this frame represent the different fields of a task-level instruction
specifying an assembly operation as described in subsection 3.5.1. In particular. slots
representing the fields of an assembly operation. with a specific part, at an assembly location, and
with specific options are included. In addition, this frame stores the assembly operations, which
must precede an assembly operation. in a list of slots and a slot to store the current state of an

assembly operation.
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4.4.2 Specific Aspects

This subsection describes the essentials of the internal structure and behaviour of the

classes that implement the four types of FABRIC agents. The UML notation is used again in this

presentation.

Figure 4.10 displays the core structure and behaviour of the class Task_Scheduling_Agent.
Three variables define the contents of this class. The variable _ready_to_launch_tasks stores the
assembly tasks that are ready to be launched or announced using the contract net in a simple queue.
The other two variables store the number of assembly tasks left to do in the current production

cycle and the number of cycles left to do in the current production run.

Task_Scheduling_ Agent

- _ready_to_launch_tasks
- _tasks_left_in_cycle
- _cycles_left_to_do

- Precedence_Constraints_Satisfied(?) :Boolean

- Setup_All_Ready_to_Launch_Tasks ()

- Create_Task_Announcement_Frame (Task_Frame_Ptxr, ?, seconds_to_wait)
- Create_Grant_Task_Fframe(Bid_~rframe_Ptr)

- Select_Best_Bid_and_Grant_Task(the_bids)

«COoNsStructors»
# Task_Scheduling_Agent (name_of_agent, name_of_direct_parent)
+ Task_Scheduling_Agent (name_of_agent)

Execute_Initialization_State(current_state)
Execute_Initialization_Completion(current_stacte)
Execute_Single_Task_Announcement (current_state)
coe
Execute_Update_Ready_to_Launch(current_state)
Execute_Assembly Done_State(current_state)

H* I

*

# override Receive_Message (message_to_receive)
# override Execute(type_of_event)

Figure 4.10: Core structure and behaviour of the class Task_Scheduling_Agent.

The private methods of the class Task_Scheduling_Agent define basic procedures to work
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with assembly tasks and be a manager agent in the contract net [Smith. 1979]. Methods to work
with assembly tasks include determining if the precedence constraints of an assembly operation are
satisfied and setting up assembly operations whose precedence constraints are satisfied into a ready
to launch list. Methods implementing the contract net include creating a task announcement frame
or message given a pointer to a Task_Frame and the number of seconds to wait for bids. creating a
grant message given a pointer to the best received bid. and selecting the best bid from a list of bids

and granting an assembly task.

The constructors of the four FABRIC agents follow a similar pattern. A protected
constructor that requires the unique name of an agent and the name of its direct parent is intended
for use by all derived agents or classes. A public constructor that only requires the unique name of
an agent is meant to be used to create an agent directly from its corresponding class. There are

slight variations but this is the basic pattern.

The next group of methods shown in figure 4.10 also have a similar style for each of the
FABRIC agents. Each of these methods begins with the characters Execure_ and take the current
state of the agent as input. An ellipsis displayed in the middle of this group of methods indicates
that not all method(s) were included in this list. These methods implement the proper execution of
a transition or state in a CSM of an agent. For example. the method Execute_Initialization_State
sets up all ready to launch assembly operations in state one of the CSM of the TSA. which is
shown in figure 3.3. Since the four agents have unique CSMs. these groups of methods vary
from agent to agent. These methods are used to implement the overall execution of the CSM of an

agent in the virtual method Execute.

Recall that. the class Agenr only defined a basic method to receive a message from another
agent and only specified the form of the method in which the execution of an agent is to be
implemented. The class Task_Scheduling_Agent redefined how it receives a message from
another agent and defined its execution by overriding the virtual method Execute. With respect to

receiving messages, the TSA gives higher priority to report messages than bid messages.
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Figure 4.11 displays the core structure and behaviour of the class Assembling_Agent. No
significant contents were added to this derived class. Private methods implementing the role of a
manager in the contract net include creating a task announcement message for the PPA(s) given a
pointer to a Grant_Frame and the number of seconds to wait for bids. requesting a part from
acquaintance PPA(s) given a pointer to a Grant_Frame. creating a grant message given a pointer to

the best received bid. and selecting the best bid from a list of bids and granting a fetch part task.

Assembling_Agent

- Create_Task_Announcement_Frame(Grant_Frame_Ptr, ?, seconds_to_wait)
- Request_Part(Grant_Frame_Ptr)

- Create_Grant_Task_Frame(Bid_Frame_Ptr)

- Select_Best_Bid_and_Grant_Task(the_bids)

- Request_Region_of_Assembly_Location()
- Release_Region()

«CONsStruccors»
# Assembling_Agent (name_of_agent, name_of_direct_parent)
+~ Assembling_Agent(name_of_agent)

3

Add_Can_Do_Capabilicy(assembly_operation)
Add_Can_Grasp_Capability{tche_part)
Add_Can_Reach_Capability(assembly_location)
# Add_Execution_Time_~for_Capabilicy(?, 2, ?2)

a

ETS

virtual Move_and_Grasp_Part(Report_Frame_Ptr) :Boolean
virtual Move_to_Assembly Location()
virtual Assemble_the _Parct():Boolean

virtual Discard_cthe_Parc ()

R I (S

Execute_Check_if_Qualified(current_state)
# Execute_Submit_Bid_for_Task(current_state)
# Execute_Request_Part (current_state)
# Execute_Assemble_Part(current_state)
# Execute_Successful_Assembly Transition(current_state)

# override Receive_Message (message_to_receive)
override Execute(type_of_event)

Figure 4.11: Core structure and behaviour of the class Assembling_Agent.
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Private methods to request and release the region of space of an assembly location from the SSA

were also implemented.

The protected and public constructors of this class have the same pattern as the class
Task_Scheduling_Agent. Four protected methods were defined to make it easier to specialize the
self knowledge of an ASA regarding its capabilities. The first method adds the capability to
perform a certain assembly operation to the repertoire of an ASA. The second method adds the
capability of an ASA to grasp a particular part. The third method adds the capability of an ASA to
effectively reach an assembly location. The last method adds the information of the average time

that an ASA takes to execute a specific assembly operation to its model of self.

Four virtual methods define the expected physical capabilities of an ASA. These methods
are declared virtual so that a specific ASA derived from this class can implement the execution of
its physical capabilities in its own way. The first method requires that an ASA will move and
grasp a part given a report from a delivering PPA and return a Boolean indicating whether the
grasp was successful or not. The success or failure of this grasp affects the transition that is made
in the CSM of an ASA. The second and third methods require that an ASA moves to the assembly
location and then proceeds to assemble the part according to the demands of an assembly
operation. The fourth method is only executed if an ASA fails to properly assemble the part as

indicated by the third method.

A few of the methods that implemented the execution of the transitions and states of the
CSM of an ASA are shown in figure 4.11. For example. the method Execute_Check_if_Qualified
determines if an ASA is qualified to submit a bid given the conditions of task eligibility specified
by the TSA. Finally, the class Assembling_Agent overrides the methods to receive a message

from another agent and to define its own independent execution.

Figure 4.12 displays the core structure and behaviour of the class Part_Presentation_Agent.
No significant contents were added to this derived class. A private method implements a procedure

to conveniently access its model of self and return whether or not it needs a pickup message upon



delivering a part to an ASA. The protected and public constructors differ from the other agents in
that these constructors must have a parameter indicating whether or not a PPA requires a pickup

message in addition to the regular parameters.

Part_Presentation_Agent

- Require_Pickup_Message() :Boolean

«CONStrXuctors»
# Part_Presentation_Agent (name_of_agent, pickup_message_needed, ?)
+ Part_Presentation_Agent (name_of_agent, pickup_message_needed)

# Add_Can_Deliver_Capability(the_part)
Add_Can_Deliver_to_ASA_Capability(name_of_ASA)
# Add_Execution_Time_for_Capability(?, ?)

4%

# virtual Retrieve_Specific_Part(part_id)
Send_Part_Information_to_ASA()

*

Execute_Check_if_Qualified(current_state)
Execute_Submit_Bid_for_Task(current_scate)
Execute_Fetch_Part (current_state)

£ L 5

L N ]
Execute_Return_Part_Pose_And_Wait(current_state)
Execute_Return_to_Idle(currentc_state)

*® W

override Recelve_Message (message_to_receive)
override Execute(type_of_event)

* W

Figure 4.12: Core structure and behaviour of the class Parr_Presentation_Agent.

Three protected methods were defined to make it easier to specialize the self knowledge of a
PPA regarding its capabilities. The first method adds the capability to deliver a specific type of
part. The second method adds the capability of delivering to a specific ASA. The third method
adds the information of the average time that a PPA takes to fetch a specific part to its model of

self.

The expected physical capability of a PPA is expressed as a single virtual method, called

Retrieve_Specific_Part. This method is declared virtual in order that each PPA derived from this
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class can implement its own physical techniques to retrieve or fetch a part. The related protected
method, Send_Part_Information_to_ASA. makes it easy to send the pose. position and orientation.

of the part to a manager ASA.

Some of the methods that implement the execution of a transition or state of the CSM of a
PPA are also listed in figure 4.12. For instance, the method Execute_Fetch_Part fetches the part
using the previously discussed methods and also makes the transition from state two to state three
of the CSM of a PPA. The class Part_Presentation_Agent also overrides the methods to receive a

message from another agent and to define its execution.

Figure 4.13 displays the core structure and behaviour of the class Shared_Space_Agent.
This class contains a single variable. _unsatisfied_requests, which keeps a list of all requests for
regions of space from an ASA or PPA that were not satisfied. The private methods of this class
define methods to conveniently handle requests for exclusive access to a specific region of space.
The first method returns a Boolean indicating whether a region of space is currently occupied given
a pointer to a Request_Frame. The second method sets up a report message to grant a particular
region of space to a requesting agent. The third method uses the first two methods to handle a
request tor a region of space and returns a Boolean indicating whether the region was granted or

not. This return value changes the transition that a SSA makes in its CSM.

The protected and public constructors of this class have the same pattern as the class
Tusk_Scheduling_Agent and the class Assembling_Agent. A single protected method was also
defined in order to make it easy to specialize the model of its environment by adding different

regions of shared space.

The next group of methods implement the proper execution of a transition or state in the
CSM of a SSA. A general observation is that for all agents there were more of these execution
methods defined in the actual class than listed in their figures. As expected. the class
Shared_Space_Agent also overrides the methods to receive a message from another agent and to

define its autonomous execution.
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Shared_Space_Agent

- _unsatisfied_requests

- Get_Region_Slot (Request_Frame_Ptr) :Slot<Boolean>
- Setup_Grant_Region_Message (Request_Frame_Ptr)
- Handle_Region_Request(Request_Frame_Ptr) :Boolean

«CONSCIructors»
# Shared_Space_Agent (name_of_agent, name_of_direct_parent)
+ Shared_Space_Agent (name_of_agent)

# Add_Region_of_Space_to_Environment (identity of_region)

# Execute_Request_Region{current_state)
# Execute_Release_Region{current_state)
# Execute_Grant_Region(current_state)
coe
# Execute_No_Unchecked_Request_in_List(current_state)
# Execute_Return_to_List_Checking(current_state)

# override Recelve_Message (message_to_receive)
# override Execute(type_of_event)

Figure 4.13: Core structure and behaviour of the class Shared_Space_Agent.

In closing. appendix B lists the C++ source code for the class Task_Scheduling_Agent
while appendix C lists the C++ source code for the class Assembling_Agent. A very brief account

of the software implementation detailed in this chapter was published in [Basran et al.. 1997a].

4.5 Synopsis

This chapter provided a description of the software implementation of the agents used to
decompose a MRAC into an agent-based system. This implementation was made possible through
the use of object-oriented software technology. In particular, we chose the object-oriented
programming language C++ for the three reasons of efficiency, that it is more common in industry,

and building upon an existing system programmed in C.

Having chosen this object-oriented programming language, it was a nontrivial task to

define and implement the classes for the different agents of our framework. One of the basic
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difficulties is that the oriented paradigm in general and the C++ programming language in particular
are not meant to implement knowledge bases. Programming languages like Lisp or Prolog are
better suited to implement such knowledge bases. Although it was a disadvantage to implement a

frame-based knowledge base in C++ from scratch, it was also a significant accomplishment.

An advantage of an object-oriented implementation is that it makes it easier to create or

instantiate specific instances of each agent and therefore. different configurations of FABRIC

systems.
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Chapter 5

Physical Level Evaluation of the Framework

Of the four types of agents implemented in software. both ASAs and PPAs should also
have an associated physical implementation: however, ASAs are definitely more critical to the
potential usefulness of a FABRIC system. For this reason, we investigated the implementation of
a proof of concept. actual ASA’. This chapter details the implementation of this ASA within the
context of a FABRIC system in order to provide a partial evaluation of the physical level.
feasibility of our framework. This chapter is based in part on [Basran and Petriu. 1997: Basran et

al.. 1997¢7].

This chapter is partitioned into four sections. The first section introduces the reader to the
overall implementation of this physical agent. The second section describes a preexisting robotic
programming environment upon which we based our implementation. before detailing how we
adapted and extended this environment in order to implement an ASA. In the third section. we
demonstrate the operation of this ASA within a FABRIC context for a basic. peg in hole. assembly
operation specified as a task-level instruction. The fourth section discusses how this

implementation relates to existing research and what this implementation implies.

" The implementation of this ASA was carried out while | was a guest worker of the Visual Information Technology group
which belongs to the Institute for Information Technology at the National Research Council of Canada in Ottawa.

-
" Permission to do so was granted by the International Society for Computers and Their Applications.



5.1 Introduction to the Overall Implementation
This section begins by describing the robotic system that we used to physically implement
an ASA. This section continues by presenting the software implementation of a class

encapsulating the assembly capabilities of this robotic system into an ASA.

Figure 5.1 displays the physical robotic system. This robotic system is a Puma 500,
industrial manipulator that has six degrees of freedom. Two sensors are mounted on the wrist of
this manipulator. The force/torque sensor measures the forces and torques around three orthogonal
axes of its wrist. The range sensor measures the distance from its wrist to the physical
surroundings along a single projected line or profile of laser light. A single range profile contains

256 surface measurements.

Figure 5.1: Physical implementation of an assembling agent.

The basic question is how to integrate this robotic system into the form required of an
ASA. Figure 5.2 displays the class hierarchy of the agents with the class implementing a Puma
500, ASA added with a bold border. The class Assembling_Agent_Puma500 was derived from
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the class Assembling_Agent. This method of specializing the capabilities and knowledge of an

agent by deriving a new agent class from one of the base agent classes was already noted in

subsection 4.4.1.

Assembl ing_Agent—ld— Assembling_ Agent_PumaS00

Part_Presentation_Agent

Agent 14-—

Shared_Space_Agent

Task_Scheduling_Agent

Figure 5.2: Class hierarchy of the agents with a Puma 500, ASA added.

Assembling_ Agent_PumaS500

- _the_assembly frame

- Setup_the_Assembly Operation_Frame ()
- Do_Peg_in_Hole_Assembly_ Operation(task_specification) :Boolean

«constructors»
+ Assembling_Agent_PumaS500 (name_of_agent)

# override Move_and_Grasp_Part (Report_Frame_Ptr) :Boolean
# override Move_to_Assembly_ Location()
# override Assemble_the_Part () :Boolean

Figure 5.3: Essential structure and behaviour of the class Assembling_Agent_Puma500.

Figure 5.3 depicts the essential structure and behaviour of this derived class using the UML
notation [RATIONAL, 1997] described in the previous chapter. The single variable,
_the_assembly_frame, points to a frame that represents both the declarative and procedural
knowledge regarding the current assembly operation. Two private methods are indicated in this
class diagram. The first method sets up the proper assembly frame for the current assembly task

that was granted from a TSA. Given the specification for a task-level instruction, the second
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method carries out a peg in hole, assembly operation. Technically, a private method for each
assembly operation that a physical ASA can do should be here but in our implementation we only
considered the peg in hole. The public constructor of this class simply takes a unique name as
input. The Puma 500, ASA class has overridden the execution of three of the four virtual methods
outlining the physical capabilities of an ASA as declared by the class Assembling_Agent. That is,
the Puma 500, robotic system has its own techniques to move and grasp a part, move to an
assembly location, and assemble the part according to the demands of an assembly operation. A

method to discard a part after an unsuccessful assembly operation was not implemented.

5.2 Details of Implementation
This section expounds upon how we implemented an ASA using a Puma 500, robotic
system. Since the answer to this question depends in part upon the preexisting state of this robotic

system, this section begins by describing the most relevant aspect of this system.

5.2.1 Preexisting Robotic Programming Environment
Before summarizing the preexisting robotic programming environment [Archibald and
Petriu, 1993 Archibald, 1995], we introduce the field of robot programming with a slant towards

assembly, task-level programming.

The field of robot programming concerns itself with the efficient computer programming of
the operation of a robotic system and many researchers have written expositions on this field
including [Bonner and Shin, 1982; Lozano-Pérez, 1983; Blume and Jakob, 1986; Rembold and
Hoérmann, 1987; Gini and Gini, 1991; Capizzi et al., 1993]. Approaches to robot programming
still fall into three major categories [Lozano-Pérez, 1983]. The first category is teach pendant
programming or teach by guiding the robot through what it has to do. The second category is
robot-level or explicit programming. In this case, the detailed instructions that an industrial robot
has to carry out are specified step by step using the constructs of a robot-level programming

language. The third category is task-level or implicit programming. In this case, the instructions
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to the industrial robot are specified at the level of robot independent, operations on parts. In the
majority of cases, the tasks of task-level robot programming are assembly operations. Just a
reminder that the process of converting task-level, assembly operation, instructions into actions

executable by a robotic system is known as task planning [Gottschlich et al., 1994].

Two attributes help to further distinguish between approaches to creating robotic
programming environments. The first attribute has to do with whether the programming is on-line
or off-line [Gini and Gini, 1991]. On-line programming means that the physical industrial robot is
used during program development and is unavailable to the manufacturing system during this time
period. Off-line programming means that the initial program is developed and tested typically on a
3D graphic simulation of the industrial manipulator operating as part of a cell or manufacturing
system. The advantage is that the actual industrial robot is not removed from the manufacturing
system during program development; however, these programs are less reliable since they were
only tested in simulation and usually require on-line, fine tuning. Ravani [1988] published a
collection of papers that dealt primarily with off-line programming issues. James and Guptill
[1993] described a more recent implementation of an off-line programming system. The second
attribute has to do with whether the robot programming interface is textual or visual. The bulk of
early and existing programming interfaces were textual; however, more recently researchers have

advanced the notion of visual programming interfaces.

A few researchers that have focused on the assembly aspects of task-level programming are
presented. One of the earliest languages for describing assemblies and instructing an assembly
robot was RAPT [Popplestone et al., 1978, 1980]. Popplestone et al. [1980] stated that they were
not concerned with the run-time program to control a manipulator. Collins et al. [1984] described
a benchmark for planar assembly that allowed a comparison of the capabilities of assembly robot
programming systems. Nnaji [1993] thoroughly described and explored various aspects of
assembly, task-level, robot programming from a CAD perspective. In closing, researchers

continue to examine the problem of programming assembly tasks [Holm et al., 1993; Deacon and
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Malcolm, 1994; Sato and Maciejewski, 1994; Toukal et al., 1995].

We now give a synopsis of the preexisting robotic programming environment whose
acronym was SKills-Oriented Robot Programming (SKORP) {Archibald and Petriu, 1993;
Archibald, 1995]. SKORP is an on-line, visual, robotic programming environment. The primary
goal of SKORP was to reduce the cost of programming robotic systems. The concept of a robotic
skill is critical to this environment. A skill is a parameterized, sensing and/or actuation. action that
a robot can accomplish repeatably [Archibald and Petriu, 1993; Archibald, 1995]. A skill is

represented as an icon and its parameters are interactively modifiable through a dialog window.

According to [Archibald and Petriu, 1993; Archibald, 1995], the robot programmer
develops an operation by connecting skill icons together into a desired sequence of robotic
execution, determining and entering the required parameters for each skill, and debugging the
entire operation by executing it. The debugging process usually entails adjusting the parameters
for each skill and may require modifying how the skills connect together to form an operation.
Using SKORP, a robot programmer could connect together a sequence of robotic skills and adjust

the parameters in order to implement a task-level, assembly operation.

5.2.2 Puma 500, ASA

Having adopted the basic structure of this robotic programming environment, the question
becomes how do we use it in order to deal with the task planning problem that is part of the internal
operation of an ASA. In the process of addressing this problem, we advanced from SKORP
[Archibald and Petriu, 1993; Archibald, 1995] in that the robot programmer did not interactively
place, connect, and modify the sequence of robotic skills, but an ASA automatically generated and
connected its skills together into an assembly operation with the appropriate parameter values.

Also note that providing a solution to the task planning problem strongly supports the task-level
approach to robot programming.
Figure 5.4 displays our approach to address the task planning problem for the Puma 500,

ASA. The basic approach that we used for task planning was task translation, that is, parse each
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task-level instruction and then in conjunction with the frame-based knowledge base decompose
each assembly operation into a sequence of robotic skills with all parameter values fully specified.
The values of these skill parameters are determined from the task-level instruction and through the
knowledge base of this ASA. Clearly, the type and level of abstraction of the basic skills
executable by a robotic system constrain the assembly operations that its corresponding ASA can

convert. Both the preexisting skills and the new skills developed for this ASA were implemented
in the C programming language.

<assembly_operation> <part> <assembly_location> [options]
1
U

Knowledge Base Task Translati@
(frame-based)

sequence of specific skills

Puma 500, Assembling Agent

Figure 5.4: Translation of assembly operations into skills by the Puma 500, ASA.

Given this knowledge-based approach to task translation, what frames did the Puma 500,
ASA define in order to do this translation. These frames also consequentially store the knowledge
about the capabilities of this ASA in its knowledge base. Figure 5.5 displays the frame classes that
the Puma 500, ASA added to the class hierarchy of frames. The original class hierarchy of frames
was depicted in figure 4.9. In the explanations to follow, we use the concepts of the frame
knowledge representation scheme in order to present the basic structure and behaviour of these

classes.

The class Skill_Frame and its derived classes represent the robotic skills of the Puma 500,

ASA as frames. The class Skill_Frame defines two basic slots. The first slot stores the name of a

103



Assembly_Operation_Fram;]<F—— Assembly_Peg_in_Hole_Frame

Part_Round_Hole_Frame

Part_Frame M—-

Part_Round_Peg_Frame

Skill_ ATH_Frame

Skill_ATP_Frame

Skill_End_Exec_Frame

Base_FrameIﬂ Skill_Grasp_Part_Frame

Skill_Insert_Part_Frame

Skill_MC_Frame

Skill_Frame K} Skill_MTNL_Frame

Skill_MTSL_Frame

Skill_Pick_CL_Frame

Skill_Place_CL_Frame

Skill_Standoff_Frame

Skill_Start_Exec_Frame

Skill_Touch_Frame

Figure 5.5: Frames added and used by the Puma 500, ASA.

class that implements a skill's visual representation and stores its parameter(s). The second slot
actually stores a pointer to an instance of the skill class specified by the first slot. The thirteen
derived classes or frames, which begin with the characters Skill_, override the values of these two
slots plus add slots, if necessary, to store the specific parameter(s) of each skill. Of the thirteen

derived skill frames, four represent new skills that we implemented. These four new skills were
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align to hole, align to plane, grasp part, and insert part. We discuss three of these four skills in
greater detail in subsection 5.3.3. The base class Skill_Frame also provides an interface to change

the values of the skill parameter slots.

The class Assembly_Operation_Frame is used by the Puma 500, ASA to store the common
declarative and procedural knowledge on executing an assembly operation specified as a task-level
instruction. This class defines a slot to store the type of assembly operation. This class also stores
a list of skill frames that is used to specify a sequence of skills for completely decomposing a
particular assembly operation. The common knowledge of this class has to do with the fact that
during all assembly operations an ASA has to grasp a part and move to an assembly location before
performing the actual assembly operation. This class defines methods that our ASA can call in
order to execute these steps of an assembly operation. The derived class
Assembly_Peg_in_Hole_Frame overrides the slot defining the type of assembly operation and
appends the skill frames that implement a basic, peg in hole, assembly operation to the inherited list
of skill frames. This derived class also defines a method that our ASA can call in order to perform

a peg in hole.

The class Part_Frame is used to represent information on a part. This class defines a slot to
store the type of part. The two classes derived from this base class override the value of this slot
and add slots to store the specific parameter(s) of their part type. For instance, the class
Part_Round_Peg_Frame simply stores two slots, one storing the diameter and the other the height

in centimeters.

The specialized knowledge stored in all of these frames about how to perform assembly
operations, plus the corresponding knowledge stored in the model of self about what assembly

operations are doable, is what differentiates this ASA from any another.

5.3 A Demonstration

This section describes the details behind the demonstration of a basic, peg in hole,
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assembly operation carried out by the Puma 500, ASA in a FABRIC context. This section is
divided into three subsections. The first subsection provides an overall perspective of this
demonstration. The second subsection describes the specific breakdown of this assembly

operation into robotic skills. The third subsection discusses certain details of the new skills

implemented for this demonstration.

5.3.1 Overall Perspective

In the demonstration that we performed with the Puma 500, ASA, it was treated as one of
agents within the overall FABRIC framework. In particular, a simulation/experiment with a TSA,
a virtual ASA, an actual ASA, two virtual PPAs, and a SSA was run. The adjective virtual refers
to an agent that should have a physical implementation but whose operation is implemented only in
software. The agents of this simulation/experiment were instantiated from the software classes

described in section 4.4 and section 5.1.

At some point during a simulation run, the TSA, which was implemented as a specific
instantiation of the class Task_Scheduling_Agent, announces the task-level, assembly operation,
instruction: peg_in_hole round_peg fixturel. We describe what happens from the point of view
of the Puma 500, ASA at the level of its CSM. This ASA was implemented in software as an
instance of the class Assembling_Agent_Puma500. This ASA is first granted this announced
instruction from the TSA through contract-net based negotiation. Then, this ASA requests and
receives the round_peg and its location from one of the 2 virtual PPAs. Having grasped the
round_peg and obtained exclusive access to the region of space of the assembly location from the

SSA, this ASA proceeds to the location of fixture! and then performs a peg_in_hole assembly.

5.3.2 Peg in Hole - Skill Breakdown

At an internal level, the Puma 500, ASA breaks down its execution of an assembly
operation at the CSM level into a sequence of robotic skills with all parameters specified. This
section describes the complete translation of the peg in hole, specified in the previous subsection,

into a sequence of skills.
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Figure 5.6: The sequence of skills automatically generated for a peg in hole, assembly operation.

Figure 5.6 displays a screen dump of the Macintosh™ computer application that ran the
simulation/experiment for our demonstration. This application, which is based upon the research
of [Archibald and Petriu, 1993; Archibald, 1995], advances from the original system as described
in subsection 5.2.1. In this screen dump, the complete peg_in_hole operation was broken down
into eight skills by the Puma 500, ASA. Each of these skills were implemented as robustly as
possible by including explicit sensor routines that test for proper execution. The first skill simply
allows this ASA to prepare for skill execution. The second skill moves the Puma 500 robot to the
location of the round peg as specified by one of the virtual PPAs. The third skill, Grasp Part, uses
the range sensor to grasp the round_peg. The fourth skill moves this robot to the assembly

location fixturel. The fifth skill, Align to Hole, uses the range sensor to align the Puma 500 robot
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perpendicular to the hole of interest. The sixth skill, Insert Part, uses the range sensor and the
force sensor to insert the round_peg into the hole. The seventh skill simply moves the Puma 500
robot back to its idle location. The eight skill ensures that the execution of this assembly operation

is properly terminated by this robot.

2 (3

4 1) (6

Figure 5.7: Sequence of pictures demonstrating a peg in hole, assembly operation.
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Figure 5.7 contains a sequence of pictures that show the Puma 500 robot carrying out this
task-level instruction to perform a peg in hole, assembly operation with a round peg. The first
three pictures display the robot grasping the round peg. The fourth picture displays the robot
aligning itself to the hole using the range sensor. The fifth and sixth pictures display the robot

inserting the round peg into the hole.

5.3.3 Details of New Skills
This section presents a few details of the skills, Grasp Part, Insert Part, and Align to Hole.

Each of these skills uses a local model to execute a parameterized action as robustly as possible.

The skill parameters used for two of these skills are enumerated. The parameters for Grasp
Part are the type of part, the speed with which to grasp the part, and a list of geometric parameters
that for a basic round peg are diameter and height. The parameters for Insert Part include the

parameters for Grasp Part plus a list of geometric parameters of the hole.

n
o

N
0

[A)
[=3

&

S 0000 0000 00 sg0 covene’®

H
o

llllllllllllllllllllllll

S 00000 e go®eto ey o0

Distance from Range Scanner (centimeters)

&

Distance from Gripper Center {centimeters)

Figure 5.8: Range profile obtained and processed during the Align to Hole skill.

Figure 5.8 shows a single profile of typical range data obtained from the range scanner that
is mounted on the wrist of the Puma 500 robot. This range data was processed during the

execution of the skill, Align to Hole. Each dot in this diagram represents a single surface
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measurement taken by this range scanner. The horizontal axis represents the distance from the
center of the gripper of this robot to a surface measurement. The vertical axis represents the
distance from the mount point of this range scanner to a single measurement. In this plot, the
edges of the round hole are marked by two x's. These edges were determined by filtering the

range data and then searching for an appropriately sized gap in the range data.

5.4 Discussion

This section begins by relating how the internal implementation of our ASA compares with
existing research. The primary focus is on the various issues associated with the implementation
of task planning [Gottschlich et al., 1994] for an assembly robot in the context of task-level robot
programming [Lozano-Pérez, 1983]. As much as possible, we emphasize other research projects

that have worked with actual robots.

To begin with, the problem of task planning has been examined by many researchers
including [Smithers and Malcolm, 1987; Malcolm and Smithers, 1990; Petropoulakis and
Malcolm. 1990], [Segre, 1988, 1991], [H6rmann, 1989, 1992; Hormann et al., 1989: Hérmann
and Rembold, 1991], [Lozano-Pérez et al., 1989, 1992], [Gottschlich and Kak, 1990; Hutchison
and Kak, 1990; Tung and Kak, 1994, 1996], [Chen and Trivedi, 1992, 1995], [Ramos, 1992;
Ramos and Oliveira, 1992], and [Vijaykumar and Arbib, 1987: Kimbler and Malave, 1989; Ko
and Lee, 1991; Rubin and Dilworth, 1992; Chu and ElMaraghy, 1993; Czarnecki, 1995; Bagchi et
al., 1996].

Our approach to the task planning problem is unique in three ways [Basran and Petriu,
1997]. First, unlike task planning that focuses on deciding the order and the type of robotic
operations to perform in order to complete a task-level instruction, we emphasize task translation
— determining and specifying the parameters of the prespecified skill sequence for a task-level
instruction. This decision made our approach to this planning problem less sophisticated than
certain planners, such as [Lozano-Pérez et al., 1989, 1992; Hutchison and Kak, 1990; Tung and

Kak, 1994, 1996], but at the same time our technique is still adequate for a robotic manipulator
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operating in an assembly cell. Second, we completely encapsulate our task planning approach
within the internal structure of an ASA. Third, our approach occurs within the larger context of the
FABRIC framework and this framework supports the loosely coupled coordination of multiple
ASAs. These distinctions reflect the fact that our approach merges ideas from three fields of study:

robot programming, assembly and task planning, and MASs.

With respect to skills or elementary operations for robotic assembly, several researchers
have developed and investigated such skills [Nakamura and Xu, 1988; Cheng et al., 1991;
Hasegawa et al., 1991, 1992; Chongstitvatana, 1994; Kaiser et al., 1994; Lee et al., 1994;
Morrow and Khosla, 1995, 1997; Pfeiffer, 1996; Suehiro and Kitagaki, 1996; Zhang et al.,
1997]. Our implemented skills have an average degree of sophistication when compared with the

complexity of skills implemented by these researchers.

Our approach to task planning, where task-level, assembly operation, instructions are
decomposed into robotic skills, has two major characteristics in common with previous
implementations. First, like some approaches to task planning [Hormann, 1989; Kimbler and
Malave, 1989; Chen and Trivedi, 1992; Ramos, 1992], some approaches to implementing robotic
skills [Nakamura and Xu, 1988; Chongstitvatana, 1994; Lee et al., 1994], and some task-level
programming systems [Clermont et al., 1986; Rodighiero and Canciani, 1987; Frommherz and
Werling, 1989; Benameur et al,, 1991; Kelley, 1991}, we hierarchically decompose an assembly
operation. Second, we use a frame-based knowledge representation scheme [Minsky, 1985] and
this scheme has been used by [Kak et al., 1986; Nakamura and Xu, 1988; Hérmann, 1989; Chen
and Trivedi, 1992].

We continue by noting that the peg in hole is one of the most thoroughly studied assembly
operations [Inoue, 1979; Goto et al., 1980; Mason, 1981; Raibert and Craig, 1981; Whitney,
1987; Gottschlich and Kak, 1989; Strip, 1989; Park and Cho, 1993; Patarinski and Botev, 1993:
Qiao et al., 1993; Volpe and Khosla, 1993; Bruyninckx et al., 1995; Giirocak and Lazaro, 1995].

One of the main reasons for our interest in this operation is that it is usually the most common
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operation for assemblies.

A few comments on the software implementation of the complete system and of the Puma
500, ASA are made. Including the five program files, which implement the five agent classes
described in the previous chapter, but excluding template classes and the C source code
implementing the four new robotic skills, the complete software implementation of this
demonstration in C++ required 114 program files. Of these files, 63 of them were needed to
implement the basic robotic programming environment while the remaining 51 implemented the
FABRIC system. The object-oriented techniques provided in the C++ programming language
were essential to the practical implementation of this system. The last comment is that an
advantage of implementing both the behavioral part of an ASA, the state machine, and its intelligent
part, the knowledge base, in the C++ programming language was that the integration of the two

parts was seamless.

We address the question of what our implementation of an ASA implies. Our approach to
an agent-based MRAC supports task-level programming in that the Puma 500, ASA decomposes
an assembly operation into a sequence of skills that are presented to the programmer in a visual
debugging environment [Archibald and Petriu, 1993; Archibald, 1995]. This potentially allows a

programmer to debug the unsuccessful execution of a task-level, assembly operation.

In closing, the successful demonstration of a basic, peg in hole, assembly operation with
the Puma 500, ASA in a FABRIC context supports three key points. First, it indicates that our
approach would work in principle for other assembly operations. Second, it demonstrates that our
approach to the task translation problem is viable. Third, the integrated simulation/experiment

partially validates the feasibility of implementing the physical agents of FABRIC.
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Chapter 6

System Level Evaluation of the Framework

This chapter details the computer simulations that we did in order to evaluate the system
level operation of the FABRIC framework. This chapter is made up of five sections. The first
section introduces the topic of simulation from the point of view taken in this dissertation. The
second section describes how the specific concepts of simulation that were discussed in the first
section were applied to a FABRIC system. This section also describes the hypothetical assembly
cell that our simulations are based upon. The third section discusses certain aspects of the software
implementation of a FABRIC simulation. The fourth section presents the results of our
simulations. The fifth section uses these results in order to compare FABRIC systems both
between different physical configurations and the same configurations under different operating

circumstances.

6.1 Introduction to Simulation

The notion of a system and its properties are central to any simulation [Pooch and Wall,
1993]. For our purposes, a system is a collection of interacting and interdependent entities. A
continuous system is one whose changes in state occur continuously over time, while a discrete
system is one whose changes in state only occur at specific points in time [Pooch and Wall, 1993].
A hybrid system possesses the property of being both continuous and discrete. A system also has
the property of being deterministic and/or stochastic. In a deterministic system, changes in state

are completely determined by the previous state. In a stochastic system, transitions from one state



to another have an element of randomness [Pooch and Wall, 1993].

In order to simulate a system, researchers must choose a formalism or approach to model
and evaluate the actual system. Each of these approaches determines the potential and limitations
of a simulation to represent and evaluate a system. The approaches that can be used to model a

system depend upon whether the system has continuous and/or discrete properties.

The first subsection of this section discusses different approaches that researchers have
used to simulate various aspects of manufacturing systems with an emphasis directed towards
robotic assembly cells. The second subsection summarizes the concepts of the primary approach

used to simulate a FABRIC system.

6.1.1 Simulations of Manufacturing Systems

Simulations have been extensively used to study the characteristics of manufacturing
systems, which are typically hybrid systems. A key reason for using simulations is that the
interactions of a manufacturing system are complex and controlled experimentation is an effective

technique to study these interactions.

The simulation of the continuous aspects of a manufacturing system usually concerns the
safe and proper operation of the physical equipment. Typically. a solid modelling package
provides the foundation of such a simulation. These packages allow the user to build geometric
models of the physical equipment. A geometric model is just the starting point for such a
continuous simulation. For example in the case of a physical robotic manipulator, a kinematic
model is required while a dynamic model and sensor model(s) would significantly improve the
quality of this simulation. Differential equations are one type of formalism that are used to model
these continuous systems. Researchers that have simulated robotic assembly cells using this
approach include [Ranky, 1986b, 1991; Liu and Sadler, 1992]. Also note this type of continuous

simulation is typically used to test an off-line program written for a robotic manipulator.

Researchers have used several approaches to model and evaluate the discrete aspects of a
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manufacturing system. These approaches include queueing networks. Markov processes. discrete
event simulation, perturbation analysis, and Petri nets [Viswanadham and Narahari, 1988; Al-Jaar

and Desrochers, 1990].

A few references that used two of these approaches to model and evaluate manufacturing
cells as discrete systems are presented. Cash and Wilhelm [1986] simulated a network model of an
robotic assembly cell by using the computational techniques of discrete event simulation.
Researchers have used a Petri net approach to model the real-time control of a machining cell
(Boucher et al., 1989] and to model the control of a computer-integrated assembly cell [D'Souza
and Khator, 1993]. Zhou et al. [1993] thoroughly described how to synthesize and analyze a Petri

net model for a manufacturing cell.

6.1.2 Approach to Simulate a FABRIC System

Although a FABRIC system is a hybrid system, the system level operation of this system
was modelled and evaluated as a discrete system. This choice was deemed justified for four
reasons. First, the core operation of the four types of FABRIC agents was defined as a CSM, a
graphical model for a discrete system. Second, the discrete temporal behaviour of a FABRIC
system was considered the most important because of the variations in time needed to carry out the
physical tasks of part assembling and part fetching. Third, FABRIC is a MAS that cooperates
using the high-level communication protocol of the contract net [Smith, 1979] and this protocol is
verifiable as the simulation of a discrete system. Fourth, one of the goals of our simulation was to
develop a prototyping tool to compare alternative FABRIC systems. Building simulations of
FABRIC systems as a discrete system are less time consuming than as a hybrid system, since these
latter simulations require doing the nontrivial task of building a solid model simulation for each

alternative physical system.

The approach that we used to model and evaluate a FABRIC system was discrete event
simulation [Mitrani, 1982; Banks and Carson, 1984; Pooch and Wall, 1993]. In discrete event

simulation (DES), certain computational techniques are used to program the simulation of a discrete
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event system on a computer. A discrete event system is one whose changes in state occur in
response to events that happen at specific points in time. There are both advantages and
disadvantages to having chosen this approach to model and evaluate a FABRIC system [Banks and
Carson, 1984; Viswanadham and Narahari, 1988; Al-Jaar and Desrochers, 1990; Pooch and Wall,
1993]. The primary strength of this approach is also its major weakness. In short, the simulation
model can be made as accurate as desired to the real system but this accuracy comes at the expense
of greater programming time, greater time to initialize the program, and increased computer time to
run the simulation model [Viswanadham and Narahari, 1988]. Even with these disadvantages, this
approach was chosen for the sake of accuracy and for the fact that there is a natural parallel

between DES and MASs that will be clarified in the next section.

The important concepts of a DES are defined and explained using two references [Banks
and Carson, 1984; Pooch and Wall, 1993]. Recall that, a system is a collection of interacting and
interdependent entities. An entity is an object of interest that belongs to a particular system and
properties of entities are called attributes. The state of a system is the minimal information needed
to completely specify the state of a system at any time [Pooch and Wall, 1993]. Changes that
occur outside the system but that affect the state of the system are said to occur in the environment
of the system. In modelling a system, the boundary between a system and its environment should

be decided upon.

An activity is defined as an action that takes a specified duration of time and that can be
defined as a statistical distribution, an event is an instantaneous occurrence that can change the state
of a system, and a delay is an unspecified duration of time [Banks and Carson, 1984]. The term
endogenous refers to activities and events that occur within the system. The term exogenous refers
to activities and events that occur within the environment of the system. A system whose state
changes are only prompted by endogenous activities and events is known as a closed system. An
open system has state changes that are prompted by both endogenous and exogenous, activities

and events [Pooch and Wall, 1993].
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Verification refers to the process of assessing the correctness with which the simulation
model has been implemented by a computer program. Validation refers to the process of
determining the accuracy with which the simulation model represents the real system. Having
completed the process of verification and validation, the question becomes what performance

measure(s) to use to assess the results of the simulations.

Two major techniques of simulating a discrete event system are described. In the event-
oriented technique, the computer simulation concentrates on events and their effects on the state of
a system [Banks and Carson, 1984]. Each event has an associated procedure that handles the
effects on the overall system [Mitrani. 1982]. In the process-oriented technique, the computer
simulation revolves around a collection of processes. Each process is related to an entity and it

represents a time-ordered group of activities, events, and delays.

The key programming concept used to implement a DES is a future event list [Banks and
Carson, 1984]. The future event list stores the events of a system that are scheduled to occur at a
future time of the simulation. The traditional algorithm [Banks and Carson, 1984] to maintain the

future event list, schedule the events of a DES, and advance the time of a DES is as follows:

remove the next event to schedule from the future event list

advance simulation time to the time of the event removed in step one
execute this event; update the system state and the entities

generate future events and add them to the future event list

update cumulative statistics and counters

if an event remains in the future event list, then go to step one

A

This algorithm is straightforward except for step five, whose purpose is to collect the information

needed to calculate the performance measure(s) chosen to assess the results of the DES.

6.2 Simulating FABRIC Systems
This section discuses how the concepts of a DES were applied to the modelling of FABRIC
systems and describes the hypothetical assembly cell that the simulations of this chapter are based

upon.
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6.2.1 Concepts of DES applied to FABRIC
Table 6.1 characterizes a generic FABRIC system as a DES. The headings of the columns
of this table correspond with the major concepts of a DES. The major concepts identified in this

table are system. entities, attributes, and activities, events, & delays.

The system, which is managed by our framework and is to be simulated. is a MRAC. This
system has the properties of being stochastic and closed. The state of the system is defined by
collecting the states of all the agents that cooperate in a specific physical setup or configuration of a
MRAC. The last point in this column has to do with the observation that there is a natural parallel
between the process-oriented view of a DES and the agent-based operation of a system. This

parallel should be obvious as the points in the remaining columns are explained.

The entities of the DES are the agents of FABRIC. In the general case, this means that the
entities include a TSA, n ASAs, m PPAs, and a SSA. The three attributes of these entities are
directly related to the internal structure of the FABRIC agents. First, the type of agent is a static
attribute that simply identifies which of the four types of FABRIC agents that an agent is. Second,
the specialized knowledge in the knowledge base of each agent is a major attribute of an entity.
This knowledge is both static and dynamic. For example in our case, an agent's knowledge of its
capabilities is static while an agent's knowledge of its current state is dynamic. Third, the

messages that an agent has received in its message queue is a dynamic attribute of an entity.

The activities, events, & delays of the entities are defined by the CSM of each of the four
types of FABRIC agents. With respect to these CSMs, the specified durations of the activities for
part assembling and part fetching must be specified for each ASA and PPA respectively. The

durations of these activities are a major determining factor in the results of any DES.

6.2.2 Multi-Robot Assembly Cell
This section describes the hypothetical MRAC that was simulated as a DES. To begin

with, there are a multitude of applications / case studies of MRACs that could be studied; however,
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a hypothetical one was chosen for two reasons. First, with a hypothetical cell, it was easier to
reconfigure the cell so that different physical setups or configurations of this cell could be analyzed
and evaluated. Second, with a hypothetical cell, it was possible to choose it to be as protoypical as

possible and at the same time allow us to illustrate the system level behaviour of FABRIC.

Figure 6.1 displays one of the five possible configurations that we considered for the
physical setup of a hypothetical car assembly cell. In this configuration. there are two PPAs and
three ASAs. These physical agents are responsible for cooperating with each other in order to
assemble the axles and the wheels to the subassembly of a car. Each of the PPAs consists of a
conveyor belt and two part feeders, one for axles and one for wheels. As shown in the diagram,
the two PPAs can only deliver these parts to specific ASAs. In particular, PPA/ can deliver to
ASAI and ASA3 while PPA2 can deliver to ASA2 and ASA3. The capabilities of the ASAs are
discussed later in this section. It is assumed that the car subassembly is moved both into and out

of this assembly cell by the transportation network of a cell production system.

= — =

PPAI ASA3 PPA2

AN, G 2 X
680 - 8.8

Wheel RL Wheel
Feeder '@' Feeder

RR
ASAl ASA2

Figure 6.1: A physical setup of the car assembly cell.

Figure 6.2 portrays the task precedence graph for a single assembly cycle of our
hypothetical car assembly cell. At the beginning of the assembly cycle, both assembly tasks T/

and 72 can be launched. Task T/ specifies welding an axle to the rear of the car subassembly
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while task 72 specifies welding an axle to the front of the car subassembly. When assembly tasks
TI and T2 are completed, then assembly tasks T3, T4, TS5, and 76 can be launched. Tasks 733 and
T4 specify the assembling of the rear wheels onto the rear axle of a car. while tasks 75 and T6
specify the assembling of the front wheels onto the front axle of a car. The basic assembly
operation needed to assemble the wheels of a car is a simple peg in hole. When all six tasks are

completed, a single cycle of the assembly cell is finished.

| Start Assembly cyclel
R
Q_9
P9
v

I End Assembly Cycle l

Tl: weld axle rear

T2: weld axle front

T3: simple_peg_in_hole wheel rear_left
T4: simple_peg_in_hole wheel rear_right
TS: simple_peg_in_hole wheel front_left
T6: simple_peg_in _hole wheel front_right

Figure 6.2: Task precedence graph of the assembly operations.

Table 6.2 shows the essentials of the five configurations that we simulated and compared
for the hypothetical car assembly cell. The first column of this table simply has a number that is
used to identify a specific configuration of this assembly cell. For instance, the physical setup that
was displayed in figure 6.1 corresponds to configuration number 4 in this table. These identifying

numbers are used in the remainder of this chapter. The second column of this table indicates the
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number of PPA(s) and ASA(s) in each configuration and specifies which ASA(s) each PPA can
deliver to with arrows. For example in configuration 5, PPA3 can deliver to ASA/ and ASA2.
The last column indicates the capabilities of the ASA(s) in a particular configuration to carry out the
assembly tasks shown in the precedence graph of figure 6.2. For example in configuration 5,

ASA3 has the capability to perform assembly tasks T2, T5, and T6.

. - C cge -
Identifying Configuration apab;lmes
Number of assembly cell °
ASAs
' @ ASAL: TI-T6
ASAI: T2, TS5, T6
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ASA2: TI, T3, T4

ASALl: T2, T5.T6
ASA2: T1,T3, T4

ASALl: T1,.T3,T5
ASA2: T1,T4,T6

4
ASA3: T2, T5. T6
ASAIL: T1,T3,T5
5 ASA2: T1,T4.T6

ASA3: T2,T5,T6

PPA3

Table 6.2: Different configurations of the car assembly cell.



6.3 Aspects of the Software Implementation

This section discusses aspects of the software implementation of a DES of FABRIC
systems using the context of the hypothetical car assembly cell. This section presents the software
implementation of the class Simulator and of one configuration of this assembly ceil. The UML
notation, which was described in subsection 4.2.2, is used to present the details of the object-
oriented software implementation. Also note that the implementation described in this section was

implemented on a computer system with a single processor.

6.3.1 The Class Simulator

The class Simulator and its friend relationship with the class Agent was previously
indicated in figure 4.2. Figure 6.3 displays the core structure and behaviour of the class
Simulator. Three private variables define the contents of this class. The variable _the_agents is a
hash table that stores all of the agents that are simultaneously executing in the current simulation.
The variable _the_event_list implements the future event list of the DES. This future event list was
implemented as a singly linked list that stores the discrete events in the order of time that they will
occur. In our case, each event contains the time of the event, the agent to which the event belongs,
and the type of event. The variable _the_simulation_time simply stores the current time of the

DES.

The private methods of the class Simulator fall into two groups. The first group consists of
three methods that all simulations of FABRIC systems invoke. The first method of this group,
called Add_Agent_to_Simulation, adds an agent to the hash table of agents maintained by this
class. The next two methods of this group define what to do just before and just after the
execution of a single simulation run. The second group consists of six methods that can create the
different configurations of our car assembly cell. Specifically, the first five methods that begin
with Create_FABRIC_Configuration_ create each of the five configurations of the car assembly
cell that were identified in table 6.2. The number at the end of these methods identifies the specific

configuration that is created. The sixth method Create_Agents_of _Simulation defines a simple
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textual interface that allows the user of the DES to select which configuration of the car assembly

cell to create.

Simulator

_the_agents
_the_event_list
_the_simulation_time

+

+

+

+

+

«constructor»

Add_Agent_to_Simulation(agent_to_add)
Prepare_to_Start_Simulation()
End_the_Simulation()

Create_FABRIC_Configuration_1()
Create_FABRIC_Configuration_2()
Create_FABRIC_Configuration_3()
Create_FABRIC_Configuration_4/()
Create_FABRIC_Configuration_5/()
Create_Agents_of_Simulation{)

Simulator()

Get_Current_Simulation_Time () :double

Send_Message (recipient_agent, message_to_send)

Add_to_Event_List_at_Time(time_of_event, agent_to_add, type_of_event)
Add_to_Event_List_with_Delay(time_to_delay, agent_to_add, type_of_event)

Run_Simulator()

Figure 6.3: Core structure and behaviour of the class Simulator.

The public constructor and public methods of the class Simulator are described. The

constructor of the class Simulator creates the agents of a DES by calling the method

Create_Agents_of _Simulation. The method Ger_Current_Simulation_Time as its name suggests

simply returns the current time of the simulation to the agent that requested it. Given the name of a

recipient message and the message to send, the method Send_Message is used by the class Agent

to send a message from one agent to another agent. Since the class Simulator stores all of the

agents of a simulation run, it only sends a message if the agent referred to is part of the current
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simulation. The method Add_to_Event_List_at_Time adds an event with the specified parameters
to the future event list of a DES. The method Add_ro_Event_List_with_Delay adds an event

delayed the specified amount from the current simulation time to the future event list of a DES.

The public method Run_Simulator executes a single run of the simulation. The specific

algorithm used in this method is as follows:

1. remove the next event from the future event list

2. advance simulation time to the time of the event removed in step one

3. call the method Execute of the agent to which this event belongs with the
parameter type of event

4. if an event remains in the future event list, then go to step one

This algorithm differs from the traditional algorithm [Banks and Carson. 1984] described in
subsection 6.1.2. The basic difference is that a core part of the operation of this DES has been
redistributed to the internal operation of an agent. Each agent of a simulation is responsible for
adding its own events to the future event list of the DES by using the public methods of the class
Simulator to add events to a simulation run. Each agent also assumes responsibility for collecting
statistics regarding its behaviour locally. These statistics are used to calculate the performance
measure(s) for an agent. The basic approach is that each agent creates a file to store both a trace of
its execution and its statistics and/or performance measures(s). With respect to generating different
random distribution functions and collecting the statistics for our DES, we ported some C++

program code from a public domain package [C++SIM, 1994].

Just a note that the implementation of a DES using object-oriented technology and its
application to the field of manufacturing has been studied previously by researchers such as
[Atabakhsh and Chan, 1992; Tchako et al., 1994]. Moreover, Simula, a programming language
originally developed for simulation, was one of the first object-oriented programming languages

[Masini et al., 1991].

6.3.2 Software Implementation of a Configuration

This subsection gives a brief overview of the software implementation of configuration 4 of
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the car assembly cell. Figure 6.4 displays the class hierarchy of the agents with the seven agent
classes added to implement this configuration shown in a bold border. The agent classes
TSA_Car_Assembly and SSA_Car_Assembly are used for all configurations of the car assembly
cell. The agent class TSA_Car_Assembly sets up the task precedence graph for the assembly
operations as shown in figure 6.2. The agent class SSA_Car_Assembly sets up all of the regions

of space that have the potential of being shared amongst the ASAs.

ASAl_Setup4

Assembl ing_Agentk ASA2_Setup4d

ASA3_Setupd

Agent |(} Part_Presentation_Agent 4—

Shared_Space_Agent Kl—— SSA_Car_Assembly

PPAl_Setup4

PPA2_Setup4d

Task_Scheduling_Agent |<}— TSA_Car_Assembly

Figure 6.4: Class hierarchy of the agents for configuration 4 of the car assembly cell.

The remaining five agent classes define and implement the capabilities of the five physical
agents of this configuration in software. There is a clear parallel between the class hierarchy of
agent classes and the physical setup of a MRAC. In particular, the classes, ASAJ_Setup4,
ASA2_Setupd, ASA3_Setup4, PPAl_Setup4, and PPA2_Setup4, define and implement the
capabilities of the physical agents ASAJ, ASA2, ASA3, PPAI, and PPA2 as indicated in figure
6.1 and table 6.1. With these agents, the question of how to behave is inherited from the parent
classes, but the question of what behaviour is possible is specialized by the knowledge added to

the knowledge base by each of these specific classes.
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6.4 Simulation Results

This section presents the results of simulating different configurations of the hypothetical
car assembly cell using two basic probability distributions to model the variability in time to
execute the physical operations of FABRIC. This section is divided into three subsections. The
first subsection discusses background issues of the DES. The next two subsections present the
simulation results using these two distributions. The subject of comparing alternative system

configurations is deferred until the next section.

6.4.1 Background Issues
This subsection discusses three issues of a DES in relation to our simulation: probability

distributions, verification and validation. and performance measures.
The two probability distributions that were used to model the variability in time were the
exponential and normal distributions. The exponential distribution is defined by:

f(x)=loe_b, x20and A 20
with mean = 1/A and variance = 1/A2
This distribution was used to mode! the case where the times to execute the physical operations are

highly variable. The normal distribution is defined by:

1 2/9g2
f(x)= > 0o TH)T/20T o x < oo
o\2r

with mean = yt and variance = 2
The standard deviation of this normal distribution is simply ¢. The specific parameters used in

these distributions for the simulations are presented in the following two subsections.

The verification that our computer program correctly implemented the DES model of
FABRIC was ascertained through two ways. First, the files that traced the execution of the
individual agents were examined to verify certain aspects of the proper operation of this system.
For instance, the satisfactory exchange of messages during contract net negotiation [Smith, 1979]

was verified in this way. These trace files were also used to debug problems encountered during
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simulation runs of various system configurations. Second, the simulator of FABRIC ran
successfully for several thousands of assembly cycles under various operating circumstances. The
validation of the DES program with the real system was not possible because of our decision to
simulate a hypothetical assembly cell. However, our results are consistent with previous
non-agent-based simulations of the assembly system using Petri nets [Petriu et al.. 1993] and
CSMs [Petriu et al., 1994]. The differences between our DES program and these prior simulations

are discussed in subsection 6.4.3.

Two questions are addressed regarding performance measures. The first is what
performance measures are used to evaluate a FABRIC configuration. The second is how to

measure them properly in a DES.

Although many factors contribute to the total productivity of a robotic assembly system
[Rampersad, 1995b, 1996}, two basic measures of performance were calculated for different
FABRIC configurations. The first is the time that it takes the MRAC to complete a single cycle of
production. In our case, this cycle time is the time between two successive starts of beginning to
carry out the six assembly tasks that are shown in the precedence graph of figure 6.2. This cycle
time is inversely proportional to the throughput or production rate. The second performance
measure is the percentage of time during a production run that the equipment or physical agents are
being utilized. In particular, each ASA and PPA is considered busy from the point that they are

granted a task until they return to the idle state of their CSM.

The method that we used to estimate these performance measures from simulations of
FABRIC is described using the reference [Banks and Carson, 1984]. In particular, this method
estimates a point value and a confidence interval for a performance measure, from initialization bias
free and statistically independent observations of this measure during a steady-state simulation. To
begin with, it is assumed that the simulation program was ran in order to estimate a performance

measure n times, Y|, Y, ..., Y,. Then according to [Banks and Carson, 1984] the following

equations can be defined:
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6 = the point estimate of a performance measure

A

:l-—
M:

i=]

S = the standard deviation of the estimates of a performance measure

n A
-6)?
s=2 o

A A

0(0) = the standard error of a point estimate
A A S
of)=—
=7

f = degrees of freedom of a t-test
= level of significance for a two-sided t-test
tyn, ¢ = value obtained from a t-test table with the specified parameters

w = half the width of a confidence interval
f=n-1

W =1Ig/ s ®0(6)

@ = the actual performance measure

6—-w < 0 < B+w

The inequality equation at the end of these definitions is the one that specifies the confidence
interval of a performance measure. The basic procedure is relatively straightforward. First,
calculate the mean, standard deviation, and standard error of the n estimates of a performance
measure. Then choose a level of significance, look up the t-test value needed to claim this level of
significance, and finally use this value in combination with the standard error of a point estimate in
order to calculate the confidence intervals of a performance measure. For explanations of the

t-test, refer to [Kennedy and Neville, 1974 Spiegel, 1975].

6.4.2 Results with Exponential Distributions
This subsection begins by introducing the basic parameters used in the exponential

distributions, presenting the convergence characteristics of a configuration, and illustrating the
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calculation of the performance measures for a single configuration. This subsection continues by
presenting the simulation results for all five configurations of the car assembly cell in both tabular

and graphical format.

The parameters that all simulations of this dissertation have in common are described. Note
that to keep the discussion general the dimensions of parameters that represent time are in generic
units of time. One of the key parameters of a simulation run is the number of cycles for which the
discrete event operation of an assembly cell is simulated. Each simulation run that was used to
estimate the performance measures of a FABRIC configuration consisted of 100 cycles. In
contrast to the times for the mechanical operations of a FABRIC simulation, the times for the
electronic operations are the same for all simulations. The delay in sending a message from one
agent to another agent was modelled as a normal distribution with p =0.10 and 6 = 0.02. With
respect to the contract net, the time that a manager agent waits for bids from contractor agents is
another key parameter. For all manager agents and simulations runs, this waiting time was set to

0.5 units of time.

Description of Mechanical Operation Mean of Exponential Distnbution
a PPA fetches a part for an ASA 4
an ASA picks up a fetched part 1
an ASA moves to an assembly location 1
an ASA executes task T1 or T2 6
an ASA executes task T3, T4, TS, or T6 4
resetting the assembly cell for the next cycle 1

Table 6.3: List of the mechanical operations and the means of their exponential distributions.

Table 6.3 shows the means of the exponential distributions that were used to model the
variability in time of the different mechanical operations of our hypothetical car assembly cell.

Only the means are indicated since the mean defines the variance and the parameter A of an

exponential distribution. For a PPA, the only mechanical operation is the time taken to fetch a part
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for an ASA. which is assumed to be the same for all parts. In all of our simulations, it is assumed
that each PPA physically delivers a part to an ASA using a conveyor belt and therefore does not
need a pickup message as indicated in its CSM. For an ASA, the minor mechanical operations are
picking up a part and moving to an assembly location, while the major mechanical operation is
carrying out one of the assembly operations specified in figure 6.2. The last item in this list
represents the time taken for the completed car subassembly to be moved out and the next

uncompleted car subassembly to be moved into this assembly cell.
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Figure 6.5: Estimates of the performance measures of configuration 3 using different cycles.

The matter of how the estimates of the performance measures vary with the number of
cycles that are simulated during a simulation run is addressed. Figure 6.5 displays a plot of the
estimates of the performance measures of configuration 3 of our assembly cell when the number of
assembly cycles was varied from 10 to 500. In this diagram, the percent utilization of the physical
agents — ASAI, ASA2, PPAI, and PPA2 — during a complete simulation run are plotted against

the number of cycles simulated. The average time needed to complete a single cycle of production
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is also plotted against the number of cycles simulated. As can be seen, the estimates of these

performance measure are quite stable and do converge.

Simulation Average Percent Utilization of

Run Assembly Physical Agents

Cycle Time ASAl ASA2 ASA3 PPAl PPA2Z
1 45.137 54.92 54.02 55.83 25.68 26.37
2 45.014 51.55 57.35 55.59 25.68 29.20
3 45.669 54.96 56.93 55.38 29.53 26.97
4 45.831 57.30 53.17 50.02 27.17 26.64
s 45.029 57.83 50.66 55.51 24.30 25.60
6 48.395 52.23 54.12 56.03 26.95 25.32
7 42.544 58.34 54.02 56.30 27.14 24.20
8 44 .2838 54.22 53.52 54.20 24.21 24.73
9 45.626 53.36 56.66 58.11 27.07 25.12
10 44.997 57.25 54 .56 53.74 26.67 26.63

Table 6.4: Ten estimates of the performance measures for configuration 4.

The calculations to determine the confidence interval of a performance measure are
illustrated. Table 6.4 shows the results of estimating the performance measures of configuration 4
of our hypothetical car assembly cell during ten simulation runs using the means for the
exponential distributions presented in this subsection. Each simulation run consisted of 100
assembly cycles. More specifically. the confidence interval of the percent utilization of ASA/ is
calculated. The first steps are to calculate the mean, standard deviation, and the standard error of

this performance measure. The results of these calculations are as follows:

A

eperccm utilization of ASA1 — 55.20
=2

Spcrccm utilization of ASAlI — 2.40

npcrccm utilization of ASAl = 10

A A

oo =0.76

percent utilization of ASAIl



The next steps are to choose a level of significance, look up the t-test value needed to claim this
level of significance, and finally calculate the confidence interval. A level of significance of 5%
was chosen to calculate the confidence intervals for all performance measures. With o =5 and the

number of degrees of freedom, f=9, then the value of t ,, ;from the t-test table is 2.262. The final

results of the confidence interval calculations are as follows:

=1.72

wperccnt utilization of ASAI
3348 < epcrccnt utilization of ASAI <5692 or

6 = 55.20 £3.1%

percent utilization of ASAl
Thus, with a 95% confidence level the percent utilization of ASA/ is between 53.48 and 56.92.
The last result in this series expresses the confidence interval as a percentage of the point estimate
of a performance measure. This percentage way to express the confidence interval of a
performance measure is used to present the performance measures of all five configurations of the
hypothetical car assembly cell. The point estimates and confidence intervals of the performance

measures are calculated in this way for all simulations.

Table 6.5 summarizes the results of the DES for the five different physical configurations
when using exponential distributions to model the temporal variability of executing mechanical
operations. The first column identifies the configuration according to the numbers that were used
in table 6.2. The remaining seven columns display the 95% confidence intervals of the
performance measures for each of these configurations as a percentage of their point estimates. In
particular, the second column displays the average cycle time of this assembly cell for each
configuration. The remaining six columns display the percentage utilization of the physical agents
in each configuration. A blank value in these six columns indicates that this physical agent was not

part of a particular configuration.

Figure 6.6 graphically displays the cycle time of the car assembly cell versus its five

physical configurations for exponential distributions. The two smaller dashes on the vertical line
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segments indicate the 95% confidence interval of the average cycle time of this cell. The two
longer dashes that are placed at the ends of the vertical line segments are located one standard
deviation to either side of the average cycle time. This standard deviation is the average of the
standard deviations of the cycle times calculaied during the ten simulation runs. The large
variances of the cycle times clearly reflect the fact that the exponential distributions were used to
model the times to carry out the mechanical operations. At the same time. the average cycle time

decreases in nonuniform steps from one configuration to the next.
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Figure 6.6: Cycle time statistics for each configuration when using exponentially distributed times.

Figure 6.7 graphically plots the percentage utilization of the physical agents of the car
assembly cell versus its five physical configurations for exponential distributions. The symbols in
this figure are located at the point estimates of these percent utilizations. The legend of this plot
specifies which symbols correspond to which physical agent. Symbols of the same physical agent
are connected together with line segments. An observation from this plot is that the percent

utilization of all ASAs and PPAs for a particular configuration are approximately the same. The
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reason for this similarity is that in each configuration of our hypothetical assembly cell these two
types of FABRIC agents respectively have comparable capabilities. That is, each ASA or PPA has
an identical theoretical likelihood to be randomly selected by a manager agent for performing a

task.
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Figure 6.7: Physical agent utilization for different configurations when using
exponentially distributed times.

6.4.3 Results with Normal Distributions
Having established the overall characteristics of our simulations in the previous subsection,

this subsection presents the simulation results when normal distributions instead of exponential
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distributions are used to model the variability in time of the different mechanical operations.

Table 6.6 shows the mean and standard deviation of the normal distributions that were used
to model this variability in time. The means of all these normal distributions are the same as the
previous exponential distributions. The standard deviations of all these normal distributions are

simply calculated to be 10% of the value of their respective means. The descriptions of the

mechanical operations are the same as table 6.3.

Description of Mechanical Operation Mean and Standard Deviation of
Normal Distributions
a PPA fetches a part for an ASA nu=406=04
an ASA picks up a fetched part u=106=0.1
an ASA moves to an assembly location u=1,0=0.1
an ASA executes task T1 or T2 L=60=06
an ASA executes task T3, T4, TS, or T6 L=4,6=04
resetting the assembly cell for the next cycle n=16=0.1

Table 6.6: List of the mechanical operations and the parameters of their normal distributions.

The conventions of how the simulation results are presented in tabular and graphical format
that were described in the previous subsection are used again in this subsection. Specifically, table
6.7. figure 6.8, and figure 6.9 follow the conventions of table 6.5, figure 6.6, and figure 6.7

respectively.

Table 6.7 presents the 95% confidence intervals of the performance measures for the five
different physical configurations when using the normal distributions specified in table 6.6. Figure
6.8 graphically displays the cycle time of the car assembly cell versus its five physical
configurations for normal distributions. As expected, the confidence intervals and the standard
deviations of the cycle times have much less variance than the simulation results with exponential
distributions. In this case, however, the cycle time does not decrease from every configuration to
the next. In particular, both the mean and variance of the cycle time increase from configuration 3

to 4.

137



"SuoNEIado [EDIURYII IY) 10§ SUOHINGLISIP [CULIOU Y1IM SINSDI UOHR|NLLLS DY) JO Awwung :/°9 9[qe,

BGE F O9°TT | %2°S F 86T | %9°V F 6°6T | $€'T F0°¢9| $T°C F8°65| $L°C F 6°19 ¥V°0 F T2 6€ S
BE'E F T°62 | ¥B°CT F T°627 | %6°T F 6°65| %0°€ F9°19| %6°C F v°09 | 50 F €1 1p 14
¥7°0 F T'0€ | %9°0 F 1'0¢€ $2°0 F 1°68 | %2°0 ¥ 6°68 ) $2°'0 T b6'6¢€ £

$C°0 ¥ 0°1% $L°0 F £°18 | $9°0 F €°98 | %2°0 F 60° LY 4
$2°0 ¥ 6°2¢ ¥t0°0 F 6°'96)%C°0 F 60°PbL T

tvdd Zydd 1vdd £VSY sy TVSY Swt.p "Brjuod
sjusby 1ed1sAud ] fo7.%) jo

9yl Jo uoriezii11in abejuasnisd obeaany JaquinN

138



80 -
75 4

s 1 1

E 70

& ]

S 654

2 ]

- 60

=

2
55

) ]

£ :

&= 504

v ] 1

o 45 -

> ]

© ]
40 I I I
35 T T T T T

1 2 3 4 5

Configuration of the Car Assembly Cell

Figure 6.8: Cycle time statistics for each configuration when using normally distributed times.

Figure 6.9 graphically plots the percentage utilization of the physical agents of the car
assembly cell versus its five physical configurations for normal distributions. With one exception,
the shape of this plot corresponds with the plot based upon exponential distribution times. From
configuration 2 to 3, the percent utilization of the ASAs slightly decreases with the exponential

distributions, while it slightly increases with the normal distributions.

The question of how the DES of FABRIC systems compares with the previous simulations
of MRAC systems [Petriu et al., 1993, 1994] is addressed. Table 6.8 compares the major
characteristics of these simulations. The first three points in the two columns are identical for both
simulations. That is, the probability distributions that model variability of mechanical operation
times, the five physical configurations, and the performance measures used, are the same for these
simulations. The last four points indicate differences between these simulations. A key difference

is that the components of the MRAC are now agents of FABRIC with a CSM, a knowledge base,
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and a message queue. The discrete event behaviour of these agents was completely simulated in
software. Second, the detailed description and implementation of the contract-net messages to
announce and grant tasks to the contractor agents of the FABRIC is another distinction. A third
fundamental difference is that the electronic delays were not assumed to be negligible in the agent-

based DES. Lastly. the space conflicts are handled by the SSA in FABRIC simulations.
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Figure 6.9: Physical agent utilization for different configurations when using
normally distributed times.
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Previous Simulations of the Agent-based DES of the

Multi-Robot Assembly Cell System Multi-Robot Assembly Cell System
exponential and normal exponential and normal
distribution times distribution times

S physical configurations simulated S physical configurations simulated

performance measures: cycle time performance measures: cycle time
and equipment utilization and equipment utilization
components of the MRAC agents have a CSM plus a

have a CsSM knowledge base and a message queue

choose potential contractor(s) for a | potential contractor(s) obtained via
task based upon global availability contract-net messages and specific

and select specific contractor contractor can be selected randomly
randomly or based upon qualifications
only mechanical execution times are electronic operations also have
modelled; all electronic delays delays; for example, incorporate
are assumed to be negligible message delays into simulation
space conflicts handled by space conflicts handled by
token availablity shared space agent

Table 6.8: Comparison of the previous simulations with the current agent-based DES.

6.5 Comparison of FABRIC Systems

This section is partitioned into three subsections. The first subsection introduces the topic
of comparing alternative systems using DES and then discusses how the different configurations of
the car assembly cell compare with each other. This comparison is done using the simulation
results of subsections 6.4.2 and 6.4.3. The second subsection presents a detailed example of

comparing the identical configurations of this assembly cell under slightly different operating
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circumstances. The third subsection gives a general closing discussion on all of the simulation

results.

6.5.1 Introduction and Comparison of Different Configurations

A straightforward technique to compare two systems is to compare the confidence intervals
of the same performance measure [Banks and Carson, 1984]. If the confidence intervals of this
performance measure do not overlap, then the hypothesis that one system is better than the other
system with respect to this measure is strongly statistically supported. If the confidence intervals
of this performance measure do overlap, then the differences between these systems does not have
strong statistical support [Banks and Carson, 1984]. In this latter case, the degree of confidence in
the differences between these two systems could be statistically calculated based upon a normal
distribution test or t-test [Kennedy and Neville, 1974; Spiegel, 1975]. The normal distribution test
can be used if the size of the sample is greater than or equal to thirty; otherwise, the t-test should be

used.

The question now becomes the confidence intervals of which performance measures to
check for overlap when comparing different FABRIC configurations. The two performance
measures that we estimated in our simulation runs were average cycle time and the percent
utilization of the physical agents of a configuration. Since only these two performance measures

were estimated, we use both of themn to compare different FABRIC configurations.

Examples of comparing different configurations of the car assembly cell that were
simulated with exponential distribution times are given using the performance measures, which are
summarized in table 6.5. One interesting question is does each successive configuration from one
to five decrease the average cycle time of this assembly cell? In fact, the adjacent confidence
intervals of this performance measure do not overlap for all five configurations. The five
successive configurations statistically decrease the average cycle time of this assembly cell.
Another potential question is whether or not the percent utilization of ASA3 has improved from

configuration 4 to 5. The percent utilization changed from 55.1 + 2.8% in configuration 4 to
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57.2% + 2.4% in configuration 5. The confidence intervals of this performance measure do
overlap; therefore. this change in configuration does not represent a statistically significant

improvement in the utilization of ASA3.

The comparative questions that were answered with exponential distributions times are now
answered for the case where the car assembly cell was simulated with normal distributions times.
In this case, the performance measures summarized in table 6.7 are used. Four of the five
successive configurations statistically decrease the average cycle time under these operating
conditions. The single exception is that the confidence intervals of the average cycle time of
configuration 3 are statistically better than configuration 4. Thus, adding ASA3 in configuration 4,
on average, increases the cycle time of our assembly cell. At the same time, the confidence interval
of configuration 5 is still statistically better than the interval of configuration 3. With respect to the
percent utilization of ASA3, it changed from 59.5 + 1.9% in configuration 4 to 62.0 + 1.3% in
configuration 5. These confidence intervals do not overlap; therefore, this change in configuration

is a statistically significant improvement in its utilization.

6.5.2 Comparison of Identical Configurations

The task precedence graph of assembly operations is a key input of a FABRIC system.
This graph determines the degree of potential parallelism in the operation of a particular FABRIC
configuration. This subsection presents a task precedence graph that allows for greater parallelism
than the original one described in subsection 6.2.2. This greater parallelism should improve the
performance of FABRIC configurations with multiple robotic manipulators the most. The
stmulation results for this changed graph but the exact same exponentially and normally distributed
times for the mechanical operations are presented. These results are used in conjunction with the
results already summarized in table 6.5 and table 6.7 in order to compare identical configurations

of the car assembly cell.

Figure 6.10 displays the changed task precedence graph for a single assembly cycle of our

hypothetical car assembly cell. This graph has two parallel branches with identical structures.
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Each branch concerns assembling an axle to a car subassembly before assembling the wheels onto

this axle. At the beginning of the assembly cycle, both assembly tasks T/ and T2 can be launched.

When assembly task T/ is completed, then assembly tasks T3 and 74 can be launched. When

assembly task 72 is completed, then assembly tasks 75 and T6 can be launched. The primary

difference with the previous task precedence graph is that assembly tasks 7/ and T2 do not both

have to be completed before all of the remaining four assembly tasks can be launched. When all

six tasks are completed, a single cycle of the assembly cell is finished.

Tl:
T2:
T3:
TS :
TS:
T6:

[§tart Assembly Cyclel

[ End Assembly Cycle

weld axle rear

weld axle front
simple_peg_in_hole
simple_peg_in_hole
simple_peg_in_hole
simple_peg_in_hole

wheel
wheel
wheel
wheel

rear_left
rear_right
front_left
front_right

Figure 6.10: Task precedence graph of the assembly operations with greater parallelism.

Using the same conventions as table 6.5 and table 6.7, table 6.9 and table 6.10 summarize

the simulation results with the changed task precedence graph for exponentially and normally

distributed times respectively for the mechanical operations.
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Figure 6.11 displays the cycle time of our assembly cell versus its five physical
configurations for both task precedence graphs and using exponential distribution times. The
vertical line segments with the two small dashes at their ends signify the 95% confidence intervals
of the average cycle time of each configuration of this cell. The standard deviations of the average
cycle times are not shown in this figure. The vertical line segments that are connected together
with a black line represent the values of this performance measure with the original graph. The
vertical line segments that are connected together with a gray line represent the values of this
performance measure with the changed graph. Based upon confidence intervals, this changed
graph clearly improves the average cycle time of all physical configurations that have multiple

ASAs.

(Units of Time)

Cycle Time

30 Y T T T T
1 2 3 4 S
Configuration of the Car Assembly Cell

Figure 6.11: Confidence intervals (95%) of the average cycle times compared for different task-
level graphs when using exponentially distributed times.

Figure 6.12 plots the percentage utilization of ASA/ and PPA/ of the car assembly cell for

both task precedence graphs and using exponential distribution times. Only the percent utilization
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of these agents was plotted because the utilization of the remaining ASAs and PPAs have
comparable values and also to keep the diagram clear. The symbols in this figure are located at the
point estimates of these percent utilizations. The legend of this plot specifies which symbols
correspond to which physical agent. Graph 1 refers to the original task precedence graph while
graph 2 refers to the changed task precedence graph. Symbols of the same physical agent for the
original graph are connected together with black line segments. Symbols of the same physical
agent for the changed graph are connected together with gray line segments. From this plot. it is
obvious that the point estimates of the percent utilization of these physical agents increase for each
configuration with multiple ASAs; however, whether this increase is statistically significant needs
to be ascertained by comparing the confidence intervals. As might be expected, the reduced cycle

time of the different configurations is reflected in a more efficient utilization of the physical agents.
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Figure 6.12: Point estimates of agent utilization compared for different task-level graphs when
using exponentially distributed times.
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Figure 6.13 and figure 6.14 use the same conventions as figure 6.11 and figure 6.12
respectively. Figure 6.13 displays the cycle time of our assembly cell versus its five physical
configurations for both task precedence graphs and using normal distribution times. One can again
observe that based upon confidence intervals, changing the task precedence graph clearly improves
the average cycle time of all physical configurations that have multiple ASAs. Figure 6.14 plots
the percentage utilization of ASAJ and PPA/ of the car assembly cell for both task precedence
graphs and using normal distribution times. The increases in the point estimates of the percent
utilization of these physical agents is less pronounced than for the case with the exponential

distribution times.
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Figure 6.13: Confidence intervals (95%) of the average cycle times compared for different task-
level graphs when using normally distributed times.

6.5.3 Closing Discussion

This section presented examples of comparing FABRIC configurations in a statistical sense
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Figure 6.14: Point estimates of agent utilization compared for different task-level graphs when
using normally distributed times.

using the results of the DES. This statistical comparison is one one way to evaluate alternative
FABRIC systems. The question of whether these statistical differences of various performance
measures also have a practical significance depends upon many factors in a particular robotic
assembly situation [Rampersad, 1995b, 1996]. For example. is the cost of installing another ASA
or PPA worth the reduction in cycle time. Our simulations provide the decision maker only with

information regarding how a system change affects various performance measures statistically.

Some basic comments regarding the upper and lower boundaries of the average cycle time
are made using the simulation results for the original task precedence graph and using normal
distribution times. The results for this case are summarized in table 6.7. These comments are
based upon simple calculations that use the means of the times to model the mechanical operations.

Based upon the means in table 6.6 and assuming that the electronic delays are negligible, the
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average cycle time of configuration 1 should theoretically be 65 units of time. The point estimate
of the average cycle time for this configuration from table 6.7 was determined to be 74.09 units of
time. What this implies is that in the worst case of contract-net negotiation, the electronic delays
account for approximately 12.3% of the total time of an assembly cycle in our hypothetical
assembly cell. In the case of configuration 5, the average cycle time should theoretically be 39
units of time. The point estimate of the average cycle time for this configuration was determined to
be 39.21 units of time. Clearly, the electronic delays are less significant in this configuration.
Moreover, if a physical configuration had four ASA and four PPAs that allowed for all four wheels
to be delivered in parallel and assembled in parallel then the average cycle time would theoretically

be reduced to 31 units of time.

Although the contract net is used to simulate all five configurations, the choosing of a
contractor agent only applied in configuration 4 and 5. Even though this is the case. the simulation
results of configuration 1, 2, and 3 provided a baseline to compare the results of the last two
configurations. Moreover. the proper operation of the car assembly cell in the first three
configurations demonstrates a point about redundancy. That is, if an ASA or PPA had an
equipment failure without disrupting the operation of an assembly cell and the remaining ASAs and
PPAs could perform all of the necessary assembly tasks, then the operation of a FABRIC system

could continue without interruption.
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Chapter 7

Conclusions and Future Research Directions

This dissertation proposed and investigated a solution to the research problem of managing
the on-line, high-level operation of a task-level MRAC. In the process, this dissertation introduced
a number of concepts. These concepts, which were implemented using object-oriented software
technology, were partly validated through physical experiments and they were also evaluated
through simulation experiments. The first section of this chapter examines these concepts and
experiments in relation to the contributions of this dissertation in order to provide some

conclusions. The second section discusses potential directions for future research.

7.1 Conclusions

The major concept that was introduced was a generic, agent-based framework as a solution
to this research problem. In order to define this framework, the concepts of a task scheduling
agent, an assembling agent, a part presentation agent, and a shared space agent were introduced
and detailed. In addition, the contents of the messages that were exchanged between these agents
in order to coordinate their actions were defined. Having introduced these concepts and
definitions, the next stage was to implement and test them. As a result of this research process,

several contributions were made.

Two contributions are associated with this framework. The first contribution was the
framework solution itself. A basic question regarding this solution is how does it measure up

against an ideal solution that has as many of the properties of being modular, extensible, reliable,



efficient, robust, maintainable, and adaptable as possible. In our opinion, this framework does
reasonably well with respect to the properties of modularity, extensibility, robustness, and
maintainability; however, there is room for improvement regarding the properties of efficiency and
adaptability. The second contribution, which is related to the definition of the message contents,
was the unique application of the contract net within this framework. Specifically. although many
researchers have investigated applications of the contract net to the field of manufacturing, our

application is unique by addressing the dynamic task-level scheduling of a MRAC.

Two contributions are associated with the concept of an assembling agent. This agent
plays a crucial role in the overall operation of a task-level MRAC. In this case. the first
contribution was the physical implementation of a proof of concept, assembling agent with a
sensor-based, Puma 500, robotic system. The second contribution concerns the internal operation
of this physical assembling agent. In particular, a novel approach to the problem of task planning

was proposed and implemented as part of the internal operation of this physical assembling agent.

Two contributions are associated with the development of software in order to evaluate this
framework through simulation experiments. The first contribution was the development of one of
the few frame-based knowledge bases in the object-oriented programming language C++. The
implementation of this knowledge base was required in order to accurately simulate the internal
behaviour of the FABRIC agents. The second contribution was the development of a prototyping

tool to simulate the discrete event behaviour of MRACs managed with our framework.

7.2 Future Research Directions
Given the interdisciplinary nature of the research studied in this dissertation. there are
several potential directions for future research. This section discusses three categories of research

directions.

The first category concerns research developments regarding the physical system.

Research concerning the basic robotic skills needed by an assembling agent in order to perform a
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set of assembly operations along with their implementation and testing need to be explored. The
physical implementation of a complete research FABRIC system would probably encounter several

subtle issues that would have to be addressed.

The second category of research directions concerns the simulation of FABRIC systems.
In particular, the existing simulator could be improved upon or extended in several ways. First.
one of the more time consuming tasks of simulating a particular FABRIC configuration is setting
up the knowledge base of each agent. This problem is well recognized as the knowledge
bottleneck by the Al community. This problem could be addressed by creating an interactive tool
to setup the knowledge of the agents. Second, the agents of FABRIC could be improved upon by
integrating some learning techniques into their simulation behaviour. Third, various options, such
as different performance measures, different probability distributions, alternative techniques for
task negotiation, agents with modifiable communicating state machines, etc., could be studied

through simulation.

The third category of research directions concerns the integration of aspects of the first two
categories. In this case, the research and development of a virtual prototyping environment for
FABRIC systems could be investigated. This investigation would require that the discrete event
simulation would have to extended by modelling and simulating the actions of the physical agents

using a commercial 3D solid modelling and animation package.
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Appendix A

Program Listing of the Class Agent

This appendix and the following two appendices contain the listings of the C++ program
files that implement certain agents of FABRIC in software. A few comments regarding these
listings are necessary. First, the software was written using Symantec C++ development
environment version 7.0.5 for the Macintosh™. Macros that begin with TCL_ are specific to this
environment and belong to the Think Class Library” are found throughout these listings. Second,
in these listings the header file of a class (name_of_file.h) is reproduced before the source file of a
class (name_of_file.cp). Appendix A contains the program files Agenr.h and Agent.cp. Appendix
B contains the program files Task_Scheduling_Agent.h and Task_Scheduling_Agent.cp.

Appendix C contains the program files Assembling_Agent.h and Assembling_Agent.cp.

* Trademark of Symantec Corporation.



*/

/'

/* Title: Agent.h */
/* Author: Jagdeep S. Basran */
/* Date: June 6, 1996 */
Vol Caments: header file for the class Agent "//
/t— e 1

#ifndef AGENT H
#define AGENT H

// include files needed

#include
#include
#include
#include
#include

Knowledge_Base.h"
Basic_List.h"
Basic_Queue.h”
Randam.h"
"Standard_File.h"

// Advance declaration of classes

class Acquaintance Agent_Frame;
class Bid Frame;

class Grant_Frame;

class Message_Frame;

class Multi_Slot;

class Report_Frame;

class Simulator;

class State;

class Task_Announcement_Frame;

// Class definition

class Agent

{

TCL_DBECLARE_CLASS

friend class Acquaintance_Agent_Frame;
friend class Simulator;

private:
1/

char

private variables

*_name_of_agent, *_name_of_direct_ parent;

Standard File _the_trace file;

double _the last_switch_time, _total busy time;
// private methods
void Initialize_Name_of_Agent(const char *name_for_agent);
void Initialize_Name_of_Direct_Parent (
const char *name_of_direct_parent);
void Setup_Basic_Knowledge (void) ;
void Set_Default_ Agent_Values(void);
void Free_Agent_Memory (void) ;
void Setup_Trace_Information(const char *name_of agent);
void Add _Agent_Utilization to_Trace_File(void);
protected:

// class variables
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static RandomStream *_the message_delay:;

static RandamStream * the mean_is_1:
static RandamStream * rthe mean is_4;
static RandamStream * the mean is §6;

// protected constants, variables, and methods

#define MODEL,_QOF_ SELF "model of self"
#define MODEL_OF ENVIRCNMENT "model of envirorment*
#define DELIMITER_STRING et

#define DELIMITER CHAR vt

Knowledge_Base _the knowledge base;
Basic_Queue<Message Frame *> _the message_queue;

// miscellaneous methods

char *get_agent_identity(void) const;
const State &get_current_state(void);
void set_current_state(const State &new_state);

// contract net methods

Boolean Eligibility Requirements_Met (

Task_Amnouncement_Frame *the_task);
Boolean Bid_Sulmission Deadline Met(

Task_Amouncement_Frame *the_task) ;
void Get_First_Potential_Task(Task_Armouncement Frame *&the_task):
void Setup_Bid_Information(Task_Announcement Frame *the_task,

Multi_Slot &bid_information):
void Get_Bids_for Task(CString &task_identity,

Basic_List<Bid_Frame *> &the_bids) ;
void Select_Best_Bid_Randomly (Basic_List<Bid_Frame *> &the_bids,

size_t &best_index) ;
void Select_Best_Bid_based_on_Minimum Time(
Basic_List<Bid_Frame *> &the_bids, size_t &best_index):;
Boolean Received_the_Grant (Grant_Frame *the_grant);
Boolean Get_the_Grant_Message(Grant_Frame *&the_grant);
Boolean Get_the Report_Message (Report_Frame *&the_report);
Report_Frame *Create_Report_Frame_ Response (Message Frame *the message,

CString &recipient_identity);
// methods to send messages

void Send Request_Message_to_SSA(const CString &task_string,

const CString &region_of_ space) ;
void Send_Release_Message_to_SSA(const CString &task string,

const CString &region_of_ space);

void Send Message(const char *recipient_agent,
canst Message Frame *message_to_send) ;
void Send_Limited_Broadcast (const char *type_of_acquaintance agent,
Message_Frame *message_to_send) ;

// simulation methods

void Register_Sending of_Message(const char * recipient_agent,
Message_Frame *message_to_send) ;

void Register_Trace_Message (const char *trace_message) ;

void Switch_to_Busy(void) ;

void Switch_to_Idle(void):
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// Constructors and destructor

Agent (void) ;
Agent (const char *name_of_agent, const char *name of direct_parent);

virtual ~Agent(void);
//  virtual methods
virtual void Add Acquaintance (Acquaintance Agent_Frame *new_agent_frame) ;

virtual void Receive_Message(const Message_Frame *message_to_receive);
virtual void Execute(int type of_event);

#endif
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*/

/*=

~ Title: Agent.cp */
™ Parent: None */
/* Author: Jagdeep S. Basran */
/* Date: June 6, 1996 */
/* Camments: this class defines a base class for a FABRIC agent. */
/* these agents have a cammmicating state-machine, a */
/* knowledge base, and a message queue and they cooperate */
/* using the contract net. */
/* === ======*/
//  include files needed for this class

#include "Agent.h"

#include "Multi_Slot.h"

#include "Simulator.h*

#include "Acquaintance_ASA Frame.h"

#include
#include
#include "Bid_Frame.h*
#include "
#include
#include "Report_Frame.h"

#include ‘Acquaintance:PPA_E‘rame .h-

#include
#include
#include
#include

Model_of_Agent_Frame.h"
Model_of_Envirorment_Frame.h”
*Task_Announcement_Frame.h"

#include
#include

<Float.h>
<time.h>

//
/7
1/

#define TRACE _INFORMATICN
#define NORMAL_DISTRIBUTION

// the following lines allocate and intialize
//  class Agent arnd its subclasses

RandomStream *Agent: :_the_message_delay

#ifdef NORMAL_DISTRIBUTION

RandomStream *Agent::_the mean is_1 =

RandamStream *Agent::_the mean is_4 =

RandomStream *Agent::_the _mean_is_6 =
#else

RandomStream *Agent::_the mean is_1 =

RandamStream *Agent::_the mean is_4 =

RandamStream *Agent::_the mean is_6 =
#endif

TCL_DEFINE CLASS M0 (Agent)

the following two defines allow the user to turn the detailed trace
files on or off and to determine whether the normal distribution is
used instead of the default exponential distribution.

the class variables of the

new NormalStream(0.10, 0.02);

new NormalStream(1.0, 0.01);
new NormalStream(4.0, 0.04);
new NormalStream(6.0, 0.06);

new ExponentialStream(l.0);
new ExponentialStream(4.0);
new ExponentialStream(6.0);

/*t'**'**‘l".'k‘."'***t'"'***'*t*tt'tf'f’.'ttt'*'ﬁii*f'"**tft*******'**t****fii

* Initialize_Name of_ Agent (private)

* this method initializes the name of this agent. it assumes that the

previous name is deleted.
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*
tttt'tvt't'itt""*t*t"""'Q"ttt"*t"i'tttf'tttf’t’t**'t*""t'vt"t'/

void Agent::Initialize Name_of_Agent (canst char *name_for_agent)

{
_name_of_agent = new char ([strlen(name_for_agent) + 1}

strcpy (_name_of_agent, name_fcr_agent);
}

/*ttff"f*t*'f'tt'f’*t*****'"*t'*'f"'*t"'**".f't**fff*****‘."*""*"'*'

* 1Initialize Name_of_Direct_Parent (private)

this method initializes the name of the direct parent of this agent.
it assumes that the previous name is deleted.

* % % %

**"*'tfi‘tt**it,*tt***t'ff*'f'*'"t'*'tt*ifit*t"tfi**f*i**"*tt’tttt't'*/

void Agent::Initialize_ Name of_Direct_Parent(
const char *name_of direct_parent)

{
_name_of_direct_parent = new char [strlen(name of_direct_parent) + 1];
strcpy (_name_of_direct_parent, name_of_direct_parent);

}

/t‘.'"tfitf*'fft"***'t'f*****’.*Q'ft*'f*"'t***'*tftf****f"'f***"""*"*

* Setup_Basic_Knowledge (private)

this method adds the frames that represent the model of self and the
model of the enviromment to the knowledge base of an agent. it is up
to the derived agent to define its own states and specific
capabilities in the model of self frame. the derived agent also adds
its own information regarding its enviromment to the second frame.

@ 4+ &

%

f"""fﬁ"ft**f******'t’*****Y"ff*f""t"'***ttf't*t****"‘.*f’f*‘.'t"*/

void Agent::Setup_Basic_Knowledge (void)
{
State mull_state;
Model of_Agent_Frame model_of_self (MODEL,_OF SELF, rull_state);
Model of_Enviromment_ Frame model_of_envirorment (MODEL_OF_ENVIRCONMENT) ;

_the knowledge_base.ddd_Frame (&model_of_self);
_the_knowledge_base.Add Frame (&model of_enviromment) ;
}

/*’t*"*"t""*t'**ﬁ"."t*'*‘.f**t****”""t""t'*fﬁftf**'f****‘.f*'*ff*'**

* Set_Default_Agent_ Values (private)

”

* this method sets up default values for the private variables.
»
f"'**ttt’t***fi***i'f**t'*ti*'.'*'**'*"*tttt"f*tf"'*'t"**'*'f**it*tttﬁ/

void Agent::Set_Default_ Agent_Values(void)
{
_name_of_agent = NULL;
_name_of_direct_parent = NULL;
}

/'*f"'tfit**t*"f*t’k*tfittt***'*i*’"f'****'fif*titti*tf*f*******'********f

* Free_Agent_Memory (private)

*

* this method releases all of the dynamic memory used by an agent.

*
't****tt*tf*i*t*t***‘.t*'*Q**"*******"’t**t*f****i****ttf*'.**f***ti"t*'ﬁ/
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void Agent: :Free Agent_Memory(void)

{
1f (_name_of_agent)
delete [] _name_of_agent;
if (_name_of_direct_parent)
delete [] _name of_direct_parent;
}

/ff'lttQ*Q***’*ti'*tf’*tt*fﬁ**ttittttf'*'***"t***it'*fi'*t*'tf"*f**'t"'"

* Setup_Trace_Information (private)

given the name of an agent, this method sets up a trace file in order
to trace the execution of an agent.

* 4 % #

"'""Qt*'*'ﬁt"tf*f*"*t***f".*t‘kY****ff"***'ﬁtf'*'*i"."**"*****"*"**/

void Agent::Setup_Trace_Information(const char *name_of_ agent)
{
CsString trace_file name;

trace_file_name = DELIMITER_STRING;
trace_file name += "Agent Traces";
trace_file name += DELIMITER_STRING:;
trace_file_name += name of agent;
trace_file name += ".log";

_the_trace_file.ocpen_file(trace file_name, “w+");

_the last_switch_time = _total_busy time = 0.0;
}

/*“*f‘.'fit'**f‘lf*ttit***t""'f""ff*"'fﬁ"*'f't*****tf*f*'*'***fi"***'**'*'t

* Add Agent Utilization_to_Trace_File (private)
* this method calculates the utilization of an agent and adds this
* information to its trace file.

*
""'t*t"*f*'t'***'****'*‘l’tt*t't"l"‘.f*'*t'f*i’""t""**"'ti'f*tt"f*ﬁ’/

void Agent::Add Agent_Utilization_to_Trace_ File(void)

{

double ctotal_simulation_time = the_simulator->
Get_Current_Simulation Time();

double percent_utilization;
char buffer{256];
percent_utilization = (_total_busy_time / total_simulation_time) * 100;
sprintf (buffer, "\n\nagent utilization:\t%.21f\n", percent_utilization);
_the_trace_file.write_file(buffer);

}

/****it*"****"*i****'**it******f****‘****f'tt""i’tt***’*t****ti****i*t*

* get_agent_identity (protected)

this method returns a copy of the camplete identity of the agent.

that is, it returns the concatenation of the name of the direct
parent, a colan, and the particular name of an agent. it is up to the
user to free the memory associated with this string.

P

*i**#*i't*t****'***'.t*t‘tt’."t*t'****'*‘.***’.**'**"i'**i***'*ttf'***if**t*/
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char *Agent::get_agent_identity(void) const

(
1f (! _name_of_direct_parent)
return(NULL) ;

size_t string length;
char *agent_identity:;

string _length = strlen(_name_of_direct_parent) +
strlen(_name of_agent) + 2;

agent_identity = new char [string length]:;

strcpy(agent_identity, _name_of direct_parent);
strcat (agent_identity, DELIMITER STRING) ;
strcat (agent_identity, _name_of_agent):;

return(agent_identity) ;
}

/'t*"""t*tti'f'*t'i't*t't'**t**t'ttt*fi**‘.*****i****t**‘*'tt'**it'tt't'
* get_current_state (protected)
»*

* this method simply retrieves the current state of an agent.
»
ftit*t"tttt'tt-tQQ*tﬂt'tt-tft*ttt**t*'***f*tttf*t*tttt****tttrtt**tiv«.t*t'/

canst State &Agent::get_current_state(void)

{
Base_Frame *frame_base_class:;
Model_of_Agent_Frame <*self_model_frame;
frame_base_class = _the knowledge_base.Get_Frame (MODEL_OF_SELF) ;
self_model_frame = TCL_DYNAMIC_CAST (Model_of_Agent_Frame,

frame_base_class);

return(self_model_frame->Get_Agent_State());

}

/"'*‘."Y'f't"f*'t"tt"""*f"t**'t*"".t"’.‘.Q"f"f"t*"ttt*t'**'t"tt

* set_current_state (protected)

*

* this method sets the current state of an agent.
~
tt"*"""t**t"**t"'f‘t**'f****ti'f’ii'tfi"Y"f'*'"'*"t'*f**i**"'fi*/

void Agent::set_current_state({const State &new_state)

{
Base_Frame *frame_base_ class:
Model of Agent_Frame *self model_frame;
frame base_ class = _the_knowledge_base.Get_Frame (MODEI, OF_SELF) ;
self_model_ frame = TCL_DYNAMIC_CAST (Model_of_Agent_Frame,

frame base class);

self_model_ frame->Set_Agent_State(new_state) ;

}

/ti’***'**’*f'**'t'f'**f*f*Y"***i'***t****ﬁ***'*'*"t'*f'ﬁf‘tf’*t*******"

* Eligibility_Requirements_Met (protected)

this method returns TRUE if an agent meets the eligibility
requirements of a particular task (part assembling, part fetching)

* % & »

t'****f**t’.**f***’*"it*t*'***tt*f******t't**t**f***********Yi'**tt**i***t/
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Boolean Agent::Eligibility Requirements_Met (

{

}

Task_Amnouncement_Frame *the task)

Base_Frame *frame base_ class;
Model of Agent Frame *self_model frame;
Generic_Slot *slot_base class;
Multi_Slot *eligibility_slots:;

_the_knowledge_base.Get_Frame (MODEL,_OF SELF);
TCL_DYNAMIC_CAST (Model_of_Agent_Frame,
frame_base_class);
slot_base_class = the_task->Get_Slot (ELIGIBILITY_SPECIFICATION);
eligibility_slots = TCL_DYNAMIC_CAST(Multi_Slot, slot_base class);

frame_base_class
self_model_frame

unsigned long slot_index;
Generic_Slot *current_slot;

for(slot_index=0; slot_index<eligibility_slots->
Get_Current_Cardinality(); slot_index++)
{
current_slot = eligibility_ slots->Get_Slot(slot_index);
if(!self_model_frame—>Eligibilty_Satisfied(current_slot))
return(FALSE) ;
}:

return(TRUE) ;
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*

*
-
-
-

Bid_Submission_Deadline_Met (protected)

this method returns TRUE if the bid submission deadline is satisfied
by an agent; otherwise, it returns FALSE.

'tf't"""""'t""""fi"'"’t""fﬁ""f"f""tt*"ti**'fi"""'Q'/

Boolean Agent::Bid_Summission_Deadline_Met (

{

}

Task_Announcament_Frame *the_task)

Generic_Slot *slot_base class;
Slot<double> *expiration_slot;
double current_time, expiration_time;

the_task->Get_Slot (EXPIRATICN TIME) ;
TCL_DYNAMIC_CAST (Slot<double>, slot_base_class);
expiration_slot->Get_Slot_Value():;

slot_base class
expiration_slot
expiration_time

current_time = the_simulator->Get_Current_Simulation_Time();
if (current_time < expiration_time)

return (TRUE) ;
else

return (FALSE) ;

/**"‘I*t*"*""t"""t't'*'*’k"**"'t**'t'*""It"f"t*'f***it"******i**

*

* %+ * ¥

Get_First_Potential_Task (protected)

this method returns the first task in the message queue that an
agent can do and that is still available.

t’t**f’**'*'**tf*f**tf*'t*f*"'*"t'*‘l**"tt*‘.'*’.*'**Q*'***Q'**"f***'*f*'*/

void Agent: :Get_First Potential_Task(Task_Announcement_Frame *&first_task)
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}

Message_Frame *the message;
Task_Announcement_Frame *the_task;
Basic_Queue<Message_Frame *> other messages;

first_task = NULL;
the_message = _the message_gueue.Pop_fram Front();
while(the_message)
{
the_task = TCL_DYNAMIC_CAST (Task_Armouncement_Frame, the_message);
if(the task)
{
if (('Eligibility_Requirements_Met (the_task)) ||
(!Bid_Submission_Deadline Met (the_task)))
delete the_task:
else
{
first_task = the_task;
break;

}
else
other_messages.Push to_Front(the message);

the _message = _the_message_queue.Pop_from_ Front();
}:

the_message = other_messages.Pop_from_Front();
while (the _message)
{
_the _message queue.Push_to_Front (the_message) ;
the_message = other_messages.Pop_fram Front();
}:

Vahdduh A AL At ittt lis st sl ii st ittt it sttt s sl als sl

-

* 4 4

Setup_Bid_Information (protected)

given the bid specification contained in the task announcement frame,
this method sets up the bid informarion in the specified multi-slot.

"'*'t’ti'*".t'tf"**"tt*tff**f’.*f**'*""*‘I"'*"Q""'fi**'tfﬁf*'t"'*"/

void Agent::Setup_Bid Information(

{

Task_Announcement_Frame *the_task, Multi_Slot &bid_information)

Generic_Slot *slot _base_class;
Slot<CString> *task_slot;
CString task_abstraction;
Multi_Slot *bid_slots:;
Base_Frame *frame base class;

Model_of Agent_Frame *self model frame;

slot_base_class = the_task->Get_Slot (TASK_ABSTRACTION);
task_slot = TCL_DYNAMIC_CAST(Slot<CString>, slot_base_class);
task_abstraction = task_slot->Get_Slot_Value();
slot_base_class = the_task->Get_Slot (BID_SPBECIFICATION) ;
bid_slots = TCL_DYNAMIC_CAST (Multi_Slot, slot_base_class);

frame_base_class = _the knowledge_base.Get_Frame (MODEL,_OF_SELF) ;
self_model_ frame = TCL DYNAMIC_CAST(Model of Agent_Frame,
frame_base_ class);

unsigned long slot_index;
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}

Generic_Slot *informatiaon_slot;
Slot<«CString> *current_slot;
CString information_string;

for(slot_index=0; slot_index<bid_slots->Get_Current_Cardinality():
slot_index++)
{
slot_base_class = bid_slots->Get_Slot(slot_index) ;
current_slot = TCL_DYNAMIC_CAST(Slot<CString>, slot_base class);
if (current_slot)
{
information_string = current_slot->Get_Slot_Value();
information_slot = self_model_frame->Get_Information(
information_string) ;

if (information_slot)
{
bid_information.Append_ Slot(information_slot);
delete information_slot;
};
}:
Y

/*"*"l'"f't"t*tt'*****'*’***t'****t'*"*fi**f'*tt*ift*****f*tfiit"tt'i

-

LN R I R A |

Get_Bids_for_Task (protected)

this method gets all bids that were sent in time from contractor
agents to a manager agent. only the bids that correspond to the task
whose submission deadline has passed are returned in the list provided
by the user.

"l't**"'tf"**'t*'**'*‘.f‘t‘.i"*fﬁ*'*"*t'tt"'**t'*ﬁ"*f*'fﬁ*'*'*f'fi"f‘t\‘/

void Agent::Get_Bids_for_Task(

{

Cstring &task_identity, Basic_List<Bid_Frame *> &the_bids)

Message_Frame *the_message:;
Bid_Frame *the_bid;
Basic_Queue<Message_Frame *> other messages:;

the_message = _the_message_queue.Pop_fram Front();
while(the_message)
{
the bid = TCL_DYNAMIC_CAST(Bid_Frame, the_message);
if(the_bid)
the_bids.Add to_Back(the_bid);
else
other_messages.Push_to_Back(the_message) ;

the_message = _the_message_qgueue.Pop_from Front();
}:

size t total_bids = the_bids.mmber_of_elements();
CString bid_string:
lang index;

for(index=total bids-1; index>=0; index--)
{
bid_string = the_bids[index] ->get_name_of instance();
if(stramp(bid_string, task_identity))
{
_the_message_queue.Push_to_Front (the_bids[index]);
the_bids.Remove_At (index) ;
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Y
}:

the_message = other_messages.Pop from Front();
while (the message)

{
_the_message_gueue.Push_to_Back (the_message) ;

the_message = other_messages.Pop_ from Front():
};
}

/t"'f""'".’fi*t*'t***'t*‘.*"f***fi"fitf".‘.'f*'*"**tt***f"f"*'*f'*""f

* Select_Best_Bid Randomly (protected)

*
* given all of the bids received by a manager agent, this method
* selects a contractor agent randamly.

"'l""*"ftt‘l**t‘.t't*""i’f***"t*'"Q*ff'*tf*t"l"t’.*'*"'**f*"**'i"'f*/

void Agent: :Select_Best_Bid_Randamly(
Basic_List<Bid_Frame *> &the bids, size_t &best_index)

{
size_t total_bids = the_bids.rumber of elements();

if(total_bids<=1)
{
best_index=0;
return;
};

double randam number;

randam_mumber = rand();
best_index = randam mumber * total_bids / (RAND_MAX+l);

/"ft*""'t'tf*f"'tt't'f*t*fi*fﬁ'*’l""'*ti't'f*’k"i'*'ttft**"f*f"tt'*t

Select_Best_Bid based_on Minimm_Time (protected)

given all of the bids received by a manager agent, this method
selects a contractor agent by picking the agent that can perform
the required task in the least amount of time.

4 4 A 4 4 2

ttf't‘.'"*""t*"t"*"*ﬁ’**’*'*f‘.f""*"*'ﬁf**-ﬁ**f’tf**"‘.**f****'f**'*/

void Agent::Select_Best_Bid based_on Minimum_Time (
Basic_List<Bid_Frame *> &the bids, size_t &best_index)

{

size_t total_bids = the bids.mmber of_elements();
size_t index;

double minimum_execution_time=DBL,_MAX;

Generic_Slot *slot_base class;

Multi_Slot *bid_information;

Slot<double> *execution_time_slot;

double execution_time;

for (index=0; index<total_bids; index++)
{
slot_base_class = the_bids{index] ->Get_Slot (BID_INFORMATION) ;
bid_information = TCL_DYNAMIC_CAST (Multi_Slot, slot_base_class);
if (bid_informatiaon->Get_Current_Cardinality())
{
slot_base_class = bid_information->Get_Slot(0);
execution_time_slot = TCL_DYNAMIC_CAST{Slot<double>,
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slot_base_class);
execution_time = execution_ time_slot->Get_Slot_Value():;
if(execution time<minimum_execution_time)
{
best_index=index;
minimum execution_time=execution_time;

};

}

else

{
best_index=0;
break;

}

/"'*"f**"*f"‘k"'t*f'ff*"'****fﬁ*"t*f’l'*'Qf*'**fi"t"f'f*"'f"'f**t'

* Received_the Grant (protected)

*

* this method returns TRUE if a grant message is for an agent.

*
'**'*'*‘If'.*f**tft"ft'**t*t**ﬁ*f***'**t*'t*'*f'if’*'t'*fﬁ'i"**"l’*t**"f’/

Boolean Agent::Received_the_ Grant (Grant_Frame *the grant)

{
char *agent_identity = get_agent_identity();
Generic_Slot *slot_base_class;
Slot<CString> *recipient_slot;
CString recipient_string;
const char *recipient_identity:;
Boolean received_grant;
slot_base_class = the_grant->Get_Slot (RECIPIENT) ;
recipient_slot = TCL_DYNAMIC_CAST(Slot<CString>, slot_base_class):
recipient_string = recipient_slot->Get_Slot_Value();
recipient_identity = recipient_string;
if (stromp(agent_identity, recipient_identity))
received grant = FALSE;
else
received grant = TRUE;
delete [] agent_identity;
return (received_grant) ;
}

/*'*‘.'*'*fi'**ﬂ’""f**'*"."Q"f'f".**"'*'f*t"fﬁ*"*""".t"***t’tf"f‘

* Get_the_Grant_Message (protected)

this method returns TRUE if the next message in the queue is a grant
message for this agent. this message is returned in the given
variable.

* 4 % % #

'*'***‘l’t*'l****'*fif’ttt*’i*f**f*****"*i't*'*tt'***"'t*ti*'f'***"ﬁ"*'**'/

Boolean Agent::Get_the Grant_Message (Grant_Frame *&the grant)
{
Message_Frame *the message;

the message = _the message_gqueue.Pop_fram Front();
the_grant = TCL_DYNAMIC_CAST (Grant_Frame, the message);
if(!'the grant)

retwrn (FALSE) ;

char *agent_identity = get_agent_identity();
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Generic_Slot *slot_base_class:
Slot<CString> *recipient_slot;
CString recipient_string:;
const char *recipient_identity;

slot_base_class = the_grant->Get_S1lot (RECIPIENT) ;

recipient_slot = TCL_DYNAMIC_CAST(Slot<CString>, slot_base class);
recipient_string = recipient_slot->Get_Slot_Value();
recipient_identity = recipient_string;

if (stramp(agent_identity, recipient_identity))

{
delete [] agent_identity:
delete the grant;
the_grant = NULL;
return (FALSE) ;

1

else

{
delete [] agent_identity;
return (TRUE) ;

}

/'f'ﬁf?*f'tt"'tt**i**'**f***'***f***t"'***'**'**fo'f*tf'ﬁf**'*f*'***f*f*’.

* Get_the Report_Message (protected)

this method returns TRUE if the next message in the queue is a report
message. this message is returned in the given variable.

4+ + %

'f'*'""t't'**'*"'f".*ff"."*'****Q*‘.*".'****ttt,*f’*’.i*fft*"tfifﬁ***'/

Boolean Agent: :Get_the_ Report_Message (Report_Frame *&the report)
{
Message_Frame *the message;

the_message = _the_message_queue.Pop_fram Front();
the_report = TCL_DYNAMIC_CAST(Report_Frame, the_message):
if(!the_report)
retuwrn (FALSE) ;
else
return (TPUE) ;
}

/"I'**'*'**t**"f*"*f"*'t*t't*"tt‘.t'.'*'**'*"'*".i'tt'****'*'f"f***t****'

* Create_Report_Frame_Response (protected)

this method creates a report message response to the specified
message and returns the identity of the message recipient. it is up
to the user to add the appropriate infornmation slots to this report
message and delete it when no langer needed.

L T S Y

'*’*t'tf’tii"’k"*‘l’f**ﬁft'**t'tt***i""***"*tt****'*'*‘.*'tt‘tt't"ti****'/

Report_Frame *Agent::Create_Report_Frame_Respanse (
Message_Frame *the_message, CString &recipient_identity)

{
CString report_identity;
char *sender_identity;
Generic_Slot *slot_base_class;
Slot<CString> *message._sender_slot;
Report_Frame *the_report;

report_identity = the message->get_name_of_instance();
sender_identity = get_agent_identity();

167



}

slot_base_class = the message->Get_Slot (SENDER) ;
message_sender_slot = TCL_DYNAMIC_CAST(Slot<CString>, slot_base_class);
recipient_identity = message_sender slot->Get_Slot_Value();

the_report = new Report_Frame(report_identity, sender identity,
recipient_identity):

delete [] sender_ identity;

return(the_report);

/**'*"*‘.'"'f"t*'*tt'*****f"t'ff*'tt*f*f*'**’*'*****"tt'ﬁ**"'fit***""

Send_Request_Message_to_SSA (protected)

given a task identifying string and the region of space, this method
sends a requests for this region to the shared space agent.

'f""‘tf""t*""'f‘kfff""*"'*ftit’f'"'*'Y****'f****".f**"t*"'*f?'*"/

void Agent::Send_Request_Message_to_SSA(

{

}

const CString &task_string, const CString &region_of_space)

CString recipient_string;
canst char *recipient_identity;
char *sender_identity:;
Base_Frame *frame base_class;

Acquaintance_SSA_Frame *shared_space_agent;

frame_base_class = _the_knowledge_base.Get_Frame (SPACE_MANAGER_STRING) ;

shared_space_agent = TCL_DYNAMIC_CAST(Acquaintance SSA_Frame,
frame base class);

recipient_string = shared space_agent->get_agent_reference();

recipient_identity = recipient_string:;

sender_identity = get_agent_identity():

Request_Frame *the request;

the_request = new Request_Frame(task_string, sender identity,
recipient_identity, MUTUAL_EXCLUSION, region_of_ space);

Send_Message (recipient_identity, the_request);

delete [] sender_ identity;
delete the_request;

/'f""""*""""t"t"t't"ttf'f"""'"""t*'*'tt***t*t*t*'***""'t

Send_Release_Message_to_SSA (protected)

given a task identifying string and the region of space, this method
sends a release message to the shared space agent informing it that
a previously occupied region of space is now available.

"t"""‘""""*tf**tif*f""t'*t"'f"'****'i‘tff’f**'*********f*f"ﬁ**t/

void Agent: :Send Release Message_to_SSA(

{

const CString &task_string, const CString &region_of_space)

CString recipient_string;
const char *recipient_identity;
Char *sender_identity;
Base_Frame *frame_ base_class;

Acquaintance SSA_Frame *shared_space_agent;
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}

frame_base_ class = _the_knowledge_base.Get_Frame (SPACE_MANAGER_STRING) ;

shared_space_agent = TCL_DYNAMIC_CAST (Acquaintance_SSA_ Frame,
frame_base_class);

recipient_string = shared space_agent->get_agent_reference();
recipient_identity = recipient_string;

sender identity = get_agent_identity();

Report_Frame *the report;
Slot<CString> region_released (REGION_RELFASED, region_of_ space);

the_report = new Report_Frame(task_string, sender_identity,
recipient_identity) ;

the report->Add Slot(&region_released,
TCL_CLASSNAME_FROM_POINTER(the_report)):

Send Message(recipient_identity, the report);

delete [] sender identity;
delete the_report;

/*"t't'tﬁ'**Q'.*""fi'***'**,**ﬁ""‘"f*‘t*'ﬁ't‘.*'f**f'***t'f’t*f*f**t*'**‘."

*

* 4 4 4

Send_Message (protected)

this method sends the specified message to the agent specified by the
character string.

tf""*"’.**'*ﬁft'*'l'*"thﬁ*‘l*****f"tt*".t"""*"’""t'**'f**'*f'*'*‘."/

void Agent: :Send_Message (

{

}

const char *recipient_agent, const Message_Frame *message_to_send)
Message_Frame *the message = (Message_Frame *) message_to_send;
the_message->Set_Message_Time(the_simulator->
Get_Current_Simulation Time());
the_simulator->Send_Message (recipient_agent, message_to_send) ;
#ifdef TRACE_INFORMATION
Register_Sending of_Message(recipient_agent, the_message);

#tendif

/"t'f‘.'Q't*i*if**tﬁt't'tt*"****t*f*t".*****"**f".*‘.f'fr**'*fi*f'*"t'*t

*

* 4 * % o

Send_Limited_BroadCast (protected)

given the type of acquaintance agent, this method sends the
specified message to all acquaintance agent of this type that an
an agent has stored in its knowledge base.

f"t***t****"*'***tf't*t*tit"it**'f*'****f*'**'**i****t**t**i*tt't'****/

void Agent::Send Limited_Broadcast (

{

const char *type_of_acquaintance_agent, Message_Frame *message_to_send)

Base_Frame **the agent_frames;

long total_agents, agent_index;
Acquaintance_Agent_Frame *the_agent;

CString recipient_string;

const char *recipient_identity:;

169



}

_the knowledge_base.Get_All_Frames (type of_acquaintance_agent,
the agent_frames, total_agents);
for(agent_index=0; agent_index<total_ agents; agent_index++)
{
the agent = TCL_DYNAMIC_CAST (Acquaintance Agent_Frame,
the agent_frames(agent_index]);
recipient_string = the_ agent->get_agent_reference();
recipient_identity = recipient_string;
message_to_send->Set_Message_Recipient (recipient_identity);
Send Message (recipient_identity, message_to_send) ;
}:

delete [] the_agent_frames;

/"**"‘."*f‘f'*'tf?'f**"**fi*t*t'f"'tt*f***"*'*'*fﬁ't""'*'"'t""f’t'

* % 4 »

Register_Sending_of_Message (protected)

this method registers the sending of a message in the trace file
of an agent.

*Q**'t*"kt*'.t**'*'**,t'*t"'*'tfi"*t"**t"ktt'*'*‘.****'**ﬁfi*"t'*fit"t/

void Agent::Register_Sending of_ Message(

{

const char * recipient_agent, Message Frame *message_to_send)
CString message_type, message_identifier:;

1£ (TCL_DYNAMIC_CAST(Bid_Frame, message_to_send))
message_type = "bid message*;

else if (TCL_DYNAMIC_CAST (Grant_Frame, message_to_send))
message_type = "grant message”;

else if (TCL_DYNAMIC_CAST(Report_Frame, message_to_send))
message_type = "report message”;

else if (TCL_DYNAMIC_CAST (Request_Frame, message_to_send))
message_type = "request message”;

else if(TCL_DYNAMIC_CAST (Task_Announcement_ Frame, message_to_send))
message_type = "task announcement message”:;

message_identifier = message_to_send->get_name_ of_instance();

Generic_Slot *slot_base_class;
Slot<CString> *sender_ slot;
CString sender, trace_message;

slot_base_class = message_to_send->Get_Slot (SENDER) ;
sendexr_slot = TCL_DYNAMIC CAST(Slot<CString>, slot_base_class);
sender = sender_slot->Get_Slot_Value();

trace_message = "SENDER:\t\t"; trace_message += sender;
trace_message += "\nMESSAGE:\t"; trace_message += message_type;
trace_message += " - '"; trace_message += message_identifier;
trace_message += "'"; trace_message += "\nRECIPIENT:\t*;

trace_message += recipient_agent;

double message_time = message_to_send->Get_Message_Time() ;
char buffer([256];

sprintf (buffer, "\n\nTIME:\t%.31f\n", message_time);
strcat (buffer, trace_message);

_the_trace_file.write_file(buffer);
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/tt"*"".""tf’*'f*'tf’f"*'t'*"""t‘.*"'"'f’**'.'*"tt'ff"f""f""

* Register_Trace Message (protected)

this method registers the trace message with a time stamp of the
current similation time.

* % %

'**"'*‘.*'*f*f“*'fii**t*'t'fi'i't"'Q'f‘.'*’.*'"’."f‘.'**"'t"f‘.""t""**/

void Agent::Register_Trace_Message (canst char *trace_message)

{
#1fdef TRACE INFORMATION

double time_of_ message = the_simulator->
Get_Current_Simulation_Time();

char buffer[256] ;

sprintf (buffer, *\n\nTIME:\t%.31f\n", time_of_ message);
strcat (buffer, _name of_agent):

strcat (buffer, DELIMITER_STRING) ;

strcat (buffer, trace message):

_the_trace_file.write_file(buffer);

#endif
}

/**t"**'fi*'**t**f*t"fif"*tt****t***t"f'*".'l".ff'.".ft*"*"'t*"'t"*f*

* Switch_to_Busy (protected)

assuming that an agent was idle, this method notes the time that an
agent switches to being busy. this method is used to help record

the time that an agent is utilized and therefore allows calculating
the percent utilization of an agent at the end of a simulation run.

* 4+ % % %

'*'*"*"f*'f"*"f**"*t'ft'*""*"*'t*"*t*tff*f**ﬁ’i""'*t""'f'**i/

void Agent::Switch_ to_Busy(void)
{

-the_last_switch_time = the_simulator->Get_Current_Simulation_Time();
}

/"‘."'"'t"""'*t'f’*f'f*"**"'t'f*t*1't"*"t'tf**".*'t"'i""f**'ft"*

* Switch_to_Idle (protected)

assuming that an agent was busy, this method determines the time that
it was busy and then adds this time to the total busy time of an agent.
this timekeeping allows calculating the percent utilization of an
agent at the end of a simulation run.

* % 4 % * #

'*'*Q'*'*'*'"i't*t*f'*"'f***'**t*'*f**""f*""*'***fft'*'*tff*f*t'*f'*'*/

void Agent::Switch_to_Idle(void)

{
double time_of_switch = the simulator->Get_Current_Simulation_Time();
_total busy time += (time_of_switch - _the_last switch_time);
_the last_switch_time = time_of_ switch;

}

/***'***'**"t'*"*'.*t*f'****ti*f'*t*t*"**f**'t***'**'**t*'*fi*'fi*'tifi*'

* agent (default constructor - protected)

the default constructor ensures that the internal variables are
properly initialized. technically, this constructor should never get

* » #
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* called. that is, all derived agents should call the next constructor.

-
tf*'t"t'tt"ti'tQ't't"ii*fit'tt"""t*'iftt'if*"tt""t'tttf*tt"f.t'/

Agent : :Agent (void)
{

Set_Default Agent_vValues();
}

/"'*".*"‘Ifﬁfti*t".***'*tt'f*‘.".*f"*'t‘.'*"*"I'**'*"*t*f’f*****'f"*f*'

* Agent (constructor - protected)

»

* the constructor initializes the agent with the given name and the
* given name for the direct parent.

»
'*t*'**f't'*'*f'*'f*t't'*'fi'""*i*'f***f"'f*".***'*'tiif'fi*t""t't**/

Agent: :Agent (const char *name_of_agent, const char *name_of direct_parent)
{

Set_Default_Agent_Values();
Initialize_Name_of_ Agent (name_of agent) ;
Initialize Name_of_Direct_Parent (name_of_direct_parent);
Setup_Basic_Knowledge() ;
Setup_Trace_Information(name_of_agent);

}

/**'f**'*"."f‘."ft'***'*"'*'t'f**t"*if**".?'**f"'*"f""'t*""*f't't'

* -Agent (destructor)

* the destructor adds an agent's utilization to its trace file and then
* simply frees the dynamic memory being used.

*

't""".*t'tf""ﬂ'*'ii'*t*tf'f'"'t’kf*ttf**'R"'*i*'t'f*"'ﬁ*‘l""'t"""*'1"/

Agent : :~Agent (void)

{
Add Agent_Utilization to_Trace File();
Free_Agent_Memory();

}

/'*""*'*t't**'t"'***"Q*"tft"‘.'*"t""'"'"*"'"*"""f’tt'*i".t"t

* Add Acquaintance (protected - virtual)

this method provides a default method for an agent to add another
agent to its list of acquaintances.

o+ %

*tf*t**"t*'*'**f*ﬁ*"ﬁ'***'*t*"'"'**t*fi*t*‘.'"‘.*’""t***'f**tfi'*tt'f*/

void Agent::Add Acquaintance (Acquaintance Agent_Frame *new_agent_frame)
{
Acquaintance_ASA Frame *ASA_Frame;

ASA_Frame = TCL_DYNAMIC_CAST (Acquaintance ASA Frame, new_agent_frame);
if (ASA_Frame)
{
_the_knowledge_base.Add Frame (ASA_Frame);
returmn;
};

Acquaintance_PPA_Frame *PPA_Frame;
PPA_Frame = TCL_DYNAMIC CAST (Acquaintance_ PPA_Frame, new_agent_frame);

if (PPA_Frame)
{
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}

_the_knowledge_base.Add Frame (PPA_Frame) ;
reoumn;
}:

Acquaintance_ SSA Frame *SSA_Frame;

SSA_Frame = TCL_DYNAMIC_CAST(Acquaintance_SSA_Frame, new_agent_frame);
1£(SSA_Frame)

{
_the_knowledge base.Add_Frame (SSA_Frame) ;

return;
}:

Acquaintance TSA_Frame *TSA_Frame;

TSA_Frame = TCL_DYMAMIC_CAST (Acquaintance TSA Frame, new_agent_frame);
1f (TSA_Frame)

{
_the_knowledge_base.Add_Frame (TSA_Frame) ;

return;
}:

/'*'f"f‘tt**'tt*'*f".'***t'*t*'***‘t"f'.**‘.'***'f*f‘t'ﬁ'*"'t***tifi'fﬁ""'

"

+ + 3 »

Receive_Message (protected - virtual)

the default method simply puts a copy of the message at the back of
the queue. all FABRIC agents override this method.

t".*t"**""t'f"'f***'**'**'f"."*'**‘.*‘.*****‘.*'tf*’*'*'f**f’f""'f""/

void Agent::Receive_Message({const Message_Frame *message_to_receive)

{

}

Base_Frame *frame_base_class;
Message_Frame *copied_message:

frame_base_class = message_to_receive->Clone();
copied_message = TCL_DYNAMIC_CAST (Message Frame, frame_base_class) ;

_the_message_gueue.Push_to_Back (copied_message) ;

/t"'**’f’*'*tff*fﬁ"*'f'f‘.'k**t*"i**'*’f,’****t’f't'*'***t*t'f’*******'*i

-

*

»

*

*

Execute (protected - virtual)

this virtual method must be overridden by each agent with its own
specific form of execution. the default method is empty.

*f"t*""""**""t"*'t""f*'***ﬁt*"'f"*"*'Qti*'****'*t*f’f*'**t'*f**/

void Agent::Execute(int type_of_event)

{
}
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Appendix B
Program Listing of the Class Task_Scheduling Agent



*/

/'————.——-_

/* Title: Task_Scheduling Agent.h */
’* Author: Jagdeep S. Basran */
/* Date: June 6, 1996 */
Vad Caments: header file for the class Task_Scheduling Agent */
/t P T T— '/

#ifndef TASK SCHEDULING_AGENT_H
#define TASK SCHEDULING_AGENT H

//  include files needed

#include "Agent.h"
#include *Variance.h"

// Advance declaration of classes

class Bid_Frame;

class Grant_Frame;

class Message Frame;

class Multi_Slot;

class Report_Frame;

class Task_Ammouncement_Frame;
class Task_Frame;

// Class definition

class Task_Scheduling Agent : public Agent
{

TCL_DECLARE_CLASS
private:
// private constants and variables

ermum State_of TSA { IDLE=1, INITIALIZATION, ANNOUNCING_TASKS,
WAITING_FOR_MESSAGES, BIDS_MADE_FOR_TASK,
LAST TASK_COMPLETED, ASSEMELY DONE };

erum Transition_of_TSA { INIT_START=1, INIT_COMPLETE,
NO_TASKS_TO_LAUNCH, TASK_TO_LAINCH,
TK_TIMES_OUT, SINGLE_BID_RECEIVED,
BIDS_NOT_MADE, BIDS _WERE_MADE, TK_TERMINATED,
LAST TASK_DONE, LAST TASK_NOT_DONE };

Basic_Queue<Task_Frame *> _ready_to_launch tasks;

unsigned short _tasks_left_in cycle;

unsigned short _cycles_left_to_do, _total_cycles;
double _cycle_start_time;

Variance _cycle_time variance;
Basic_List<CString> _tasks_announced;
Basic_List<double> _tasks_expiration_time;

Boolean _handling previous report;

// private methods

Boolean Precedence_Canstraints_Satisfied(
Multi_Slot *the_preceding tasks);
Boolean Get_Random_Boolean (void) ;
void shuffle_the_Ready_ to_Launch_Tasks(void) ;
void Setup_All Ready_to_Launch_Tasks (void) ;
Task_Announcement_Frame *Create_Task_Amnouncement_ Frame (
Task_Frame *the task, canst char *sender identity,
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double time_to_wait);
void Retransmit_Task_Ammouncement (CString &task_identity);
Grant_Frame *Create_Grant_Task_ Frame (Bid_Frame *the bid);
void Select_Best_Bid_and Grant_Task(
Basic_List<Bid_Frame *> &the bids);

void Check_Message_Queue_and_ Generate_Event_if_ Necessary(void) ;
void Record._Cycle_Time(
double &reset_assembly time = *(double *) NULL);
protected:

void Set_Tasks_left_in_Cyvcle(void) ;
void Setup_Knowledge_Base (void) ;

// protected constructor

Task_Scheduling Agent(const char *name_of_agent,
const char *name_of direct_parent);

// methods to implement its CSM

void Do_Initialization(void);

void Process_the Bids(void) ;

void Process_Campleted_Task (Report_Frame *the report);
Boolean Have Tasks to_Launch(void) ;

void Execute_Initialization_ State(State &current_state);

void Execute_Initialization_Campletion(State &current_state);
void Execute_Single Task_Armouncement (void) ;

void Execute_Single_Task_Armouncement_and Generate_Event (void) ;
void Execute_Armounce_Campletion(State &current_state);

void Execute_Store_Single Bid(State &current_state);

void Execute_Check_Bids_for_Task(State &current_state);
void Execute_Last_Task_Completed_State(State &current_state);

void Execute_Bids_Not_Made Transition(State &current_state):
void Execute_Bids_Were_ Made Transition(State &current_state);
void Execute_Update_Ready_to_Launch(State &current_state);
void Execute_All_Tasks_Done(State &current_state);

void Execute Assembly_Done_State(State &current_state);

// methods overridden

virtual void Receive_Message(const Message Frame message_to_receive) ;
virtual void Execute(int type of_event);

public:
// Constructors and destructor

Task_Scheduling Agent (void);
Task_Scheduling Agent(canst char *name of_ agent);

virtual ~Task_Scheduling Agent (void);
//  public method

void Set_Total Number_ of_ Cycles (unsigned short mmber_of_cycles)
{

}

—cycles_left_to_do = _total_cycles = mumber of_cycles;
}:
#endif
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/'
/t
/'
/*
/t
/‘f
/'
/'k

/7

*/

Title: Task_Scheduling Agent.cp */
Parent: Agent */
Author: Jagdeep S. Basran */
Date: June 6, 1996 =/
Caments: this class implements the behaviour of the task */
scheduling agent (TSA) in a flexible agent-based */

robotic assembly cell (FABRIC). v/

. T — —t/

include files needed for this class

#include "Task Scheduling Agent.h*

#include "Acquaintance ASA Frame.h"
#include "Bid_Frame.h"

#include "Grant_Frame.h"

#include "Model_of_ Agent_Frame.h"
#include "Report_Frame.h"

#include "Task_Frame.h"

#include "Task_Announcement_Frame.h"

#¢include *Multi_Slot.h"
#include "Simulator.h"

#include <Float.h>
#include <math.h>

TCL_DEFINE CLASS_D1 (Task_Scheduling Agent, Agent)

/"'"'l""'"'t*'i"*"*t'f"fi""**t't"'f*'*f*"*'*"**f’*"’f’**'*i*t"

*

*
”
*
*
-

Precedence_Constraints_Satisfied (private)

this method returns TRUE if all of the precedence canstraints of an
assembly operation specified by the multi-slot are satisfied;
otherwise, it returns FALSE.

"*'f'tt'tttt"ftifftttt'**"'t*'ti*ttt't'tt't'*'**ttt'i't'***tfitttt't*t/

Boolean Task_Scheduling Agent: :Precedence_Constraints_Satisfied(

{

Multi_Slot *the_preceding tasks)

unsigned long the_cardinality, slot_index;

Generic_Slot *slot_base_class;
Slot<CString> *the_ task_string;
Base_Frame *frame_base_class;
Task_Frame *the task;

the cardinality = the_preceding tasks->Get_Current_Cardinality(};
for(slot_index=0; slot_index<the cardinality; slot_index++)
{
slot_base_class = the preceding tasks->Get_Slot(slot_index);
the_task_string = TCL_DYNAMIC_CAST(Slot<CString>, slot_base_class);
frame_base_class = _the knowledge base.Get_Frame(
the_task_string->Get_Slot_Value()):;
the_task = TCL_DYNAMIC_CAST(Task_Frame, frame_base class);
if('the_task->Task_Is_Coampleted())
return(FALSE) ;

}:

return(TRUE) ;
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/ﬁ*"'f*".'t‘.'*'*'**"'"*'"'f"""'""'"'"l"""f"*"f’.""*f"’t"'

* Get_Randam Boolean (private)

k3

* this method randamly returns a zero or a one.
-
'f't"*ii‘.'"ttttt"'"'f""’tt*t'tt**fi*1?"***#**'**'t’*t*"ttf'*'t*t'*'/

Boolean Task_Scheduling Agent: :Get_Randam_ Boolean (void)
{

int randam mmber;

Boolean randam_boolean;

randam_mmber = rand():
random boolean = (randam mmber << 1) / (RAND_MAX+1l);
return (random boolean) ;

}

/"'f'*'tQ****t'f****'*f'ﬁ*‘.t'*"'""ﬁ’t****f'"*'*'ﬁf****f'**'**'t****i*'i*If

* shuffle_the Ready to_Launch tasks (private)

if there is more than one ready to run task, then this method
shuffles the ready to run tasks. this is done to ensure that the
the contractor agents are given an equal opportunity to camplete
their tasks during the course of a simulation run.

* * % 4+ %

QQ'**"**"**fi‘t'f**t****fi***f't"’*'t't"ff*'"'f"*'*'*fi****'f‘.*t*'*"/

void Task_Scheduling Agent::Shuffle_the Ready to_Launch Tasks (void)
{
if(_ready_to_launch_tasks.Is_BEmpty())
return;

Basic_Queue<Task_Frame *> temp_tasks:;
Task_Frame *current_task;
long munber_of_tasks=0;

current_task = _ready_ to_launch_tasks.Pop_fram_Front();
while (current_task)
{
temp_tasks.Push_to_Back(current_task) ;
number._of_tasks++;
current_task = _ready_to_launch tasks.Pop_fram Front();
}:

if (mumber_of _tasks==1)
return;

current_task = temp_tasks.Pop_fram _Front();
while (current_task)

{
if (Get_Randam Boolean())
_ready to_launch_tasks.Push_to_Back(current_task) ;
else
_ready_to_launch_ tasks.Push_to_Front (current_task) ;
current_task = temp_tasks.Pop_fram Front();
Y;

}

/'*Q*itt*'**t**f***'***t'*'***i*iti**i*t*t****t'******"'t***'**'*t***t***

* Setup_All_Ready_to_Launch_Tasks (private)

this method sets up the ready to launch task queue given the current
state of the task frames in the knowledge base.

+ o+ %
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L 4

t"'i"'ttttttfi"tittt*tt'tittttt'tt'*"itit'tQ'tt"ttftttfit*"'ttt't't/

void Task_Scheduling Agent::Setup All Ready to_Launch Tasks(void)
{

Base_ Frame **the_task_frames;
lang total_tasks;
_the knowledge base.Get_All_Frames ("Task_Frame", the task_frames,
total_tasks);
if('total_tasks
retum;
Task_Frame *the_task;
long index;

for(index=0; index<total_tasks; index++)
{
the_task = TCL_DYNAMIC_CAST (Task_Frame, the_task frames[index]);
1f (!'the_task->Task Is_Announced())
{
Generic_Slot *slot_base_ class;
Multi_Slot *the_preceding_tasks;
unsigned long the_cardinality;

slot_base_class = the task->Get_Slot (PRECEDING_TASKS) ;
the preceding tasks = TCL_DYNAMIC_CAST (Multi_Slot,
slot_base_class);
the_cardinality = the_preceding tasks->
Get_Current_Cardinality();
if(!the_cardinality)
_ready_to_launch_tasks.Push_to_Back(the_task);
else if(Precedence_Constraints_Satisfied(the_preceding tasks))
_ready_to_launch_tasks.Push_to_Back(the_task);
}:
};

Shuffle_the Ready. to_Launch_Tasks();
delete [] the_task_ frames;
}

/ AR AALAAS AL S LAl sttt Rl LR R R L T R T ERR RN e

* Create_ Task_Ammouncement_Frame (private)

given a task frame describing an assembly operation, this method
creates, sets up, and returns a task announcement message as a frame.
it is up to the user to free the memory of this frame when it is no
longer needed.

* % * % & %

*‘.*'*i't***"'**fi***tt'tt'*'ttt*'i*t't**t*'**f*i*'t*".'*t***tt*****f***i/

Task_Armmouncement_Frame *Task_Scheduling Agent::Create_Task_Amouncement_Frame
(Task_Frame *the task, const char *sender_ identity,
double time_to_wait)

CsString task_string, task_abstraction;
Generic_Slot *slot_base_class;
Slot<CString> *asserbly_operation, *part, *assembly_location;

task_string = the_task->get_name_of_instance();

task_abstraction = the_ task->Get_Task_Abstraction();

slot_base_class = the_task->Get_Slot (ASSEMBLY_OPERATION) ;
assembly_operation = TCL_DYNAMIC_CAST(Slot<CString>, slot_base_class);
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slot_base class = the_ task->Get_Slot (PART TO_ASSEMELY);
part = TCL_DYNAMIC_CAST(Slot<CString>, slot_base_class);
slot_base_class = the_task->Get_Slot (ASSEMBLY LOCATION) ;
asseambly_location = TCL_DYNAMIC_CAST(Slot<CString>, slot_base_class);

Mulci Slot eligibility_specification, bid_specification;
CString the_string;

Slot<CString> string_slot;

the_string = CAN_DO STRING; the string += DELIMITER_STRING;

the string += assembly_operation->Get_Slot_Value();
string slot.Set_Slot_Value(the string);
eligibility specification.Append Slot (&string slot);

the_string = CAN_GRASP_STRING; the_string += DELIMITER_STRING;
the_string += part->Get_Slot_Value();

string slot.Set_Slot_Value(the_string);
eligibility_specification.Append Slot(&string slot);

the_string = CAN_REACH STRING; the_string += DELIMITER_STRING;
the_string += assembly location->Get_Slot_Value();

string slot.Set_Slot_Value(the_string);

eligibility specification.Append_Slot (&string slot);

the_string = assembly_operation->Get_Slot_Value();
the_string += DELIMITER_STRING;

the_string += part->Get_Slot_Value();

the_string += DELIMITER_STRING;

the string += AVERAGE EXECUTION_TIME_ STRING;
string_slot.Set_Slot_Value(the_ string);
bid_specification.Append_Slot(&string slot);

Task_Announcement_Frame <*the_amnouncement;

the_announcement = new Task_Announcement_Frame (task_string,
sender_identity, NULL_STRING, task_abstraction, time_to_wait,
&eligibility_specification, &bid_specification);

return (the_armouncement) ;
}
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* Retransmit_Task_Announcement (private)

this method simply retransmits the task announcement referred to by
the task identity string.

* o+ % a4

"*'f'""Yt'"'"i".ttf't"*'"""'"'t‘l‘.*"'f**tt*tf‘t'*'**t'"'Q*t'i**/

void Task_Scheduling Agent::Retransmit_Task Armouncement {
CString &task_identity)

{
Base_Frame *frame_base_class;
Task_Frame *the task;

frame base_class = _the knowledge_base.Get_Frame (task_identity);
the _task = TCL_DYNAMIC_CAST(Task_Frame, frame_base_class):
_ready_to_launch_tasks.Push_to_Back(the_task);
Execute_Single_Task_Announcement () ;

}

/f*Y*'t’.f*t*'*".'*"f*f*"**'t*""**f'tf't*****'Yﬁf******'f""ﬁ'i'*t*"*t*

* Create_Grant_Task_Frame (private)

*
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* give the best bid fram a contractor agent, this method creates a
* grant task message frame. it is up to the user to free the memory

of this message

when it is no longer needed.

"f'**'*t'f'.tf*'f*"f‘.‘.f*"**'t'if*tf*'t*"'t**i***t'*i*f’*'*f*'i'*""*‘l’/

Grant_Frame *Task_Scheduling Agent::Create_Grant_Task_Frame(
Bid_Frame *the_bid)

{

}

char
Generic_Slot
Slot<CString>
CString
CString
Base_Frame
Task_Frame
Grant_Frame

task_identifier =

frame_base_class

*sender_ identity;

*slot_base_class;

*the sender_ slot;

task_identifier, task_specification;
agent_with_best_bid;
*frame_base_class;

*the task;

*the grant;

the_bid->get_name of_instance();
= _the_knowledge_base.Get_Frame(task_identifier);

the_task = TCL_DYNAMIC_CAST(Task_Frame, frame base_class);
task_specification = the task->Get_Task_Specification();

sender_identity
slot_base_class
the_sender slot

get_agent_identity():
the_bid->Get_Slot (SENDER) ;
TCL_DYNAMIC_CAST (Slot<CString>, slot_base_class);

agent_with_best _bid = the_sender slot->Get_Slot_Value();

the_grant = new Grant_Frame (task_identifier, sender_identity,

agent_with best_bid, task_specification);

delete [] sender identity;
return(the_grant);

/Q'tt"'*‘.t"i’*'i't"i"fﬂ*'*'f*'*"tf"'t"""""t'**'*'t'f"'tfff?f?'*'

* Select_Best_Bid_and_Grant_Task (private)

A 4 4 %

this method selects the best bid for an announced assembly task and
then sends a grant message to all of the bidding agents.

'Q*'*'*'f*"'f"'f"tt"*ﬁ't'**f*"*"if*f*"'*"""f‘.t'tffi'f""f""'/

void Task_Scheduling Agent::Select_Best_Bid_and Grant_Task(
Basic_List<Bid_Frame *> &the bids)

{

size_ t best_index;
Grant_Frame *the_grant;

Select_Best_ Bid_Randamly(the bids, best_index);

the_grant = Create_Grant_Task_Frame (the bids[best_index]);

size_t

size_t
Generic_Slot
Slot<CString>
const char
CString

loop;

total_bids = the_bids.mmber of_elements():;
*slot_base_class;

*the sender_slot;

*recipient_identity;

recipient_string;

for(loop=0; loop<total_bids; loop++)

{

slot_base_class
the sender_slot

the_bids[loop] ~>Get._Slot (SENDER) ;
TCL_DYNAMIC_CAST (Slot<CString>, slot_base_class);
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recipient_string = the_sender slot->Get_Slot_Value():
recipient_identity = recipient_string;
Send_ Message (recipient_identity, the_grant);

}:

delete the_grant;

CString task_identifier;
Base_Frame *frame_ base_class;
Task_Frame  *the_task:;

task_identifier = the_bids[best_index]->get_name of_instance();
frame_base_class = _the_knowledge base.Get_Frame(task_identifier);
the_task = TCL_DYNAMIC_CAST(Task_Frame, frame base class);
the_task->Set_Task_State_to_Started();

}

/"*"'tttt"'*'f’*"'***"*f**"'*"*"**‘.t**'"t*ft'*'f***f*'*tff*'**t*t’f

* Check_Message_Queue_and Generate_Event_if_Necessary (private)

this method gets the first message in the message queue and
generates the corresponding event if necessary.

* 4 2

‘.’i"ttt'tt*"**ﬁt*ttt"*f'**f'tQtf't"**'ﬁ*"ttt*'****f****t'**‘.*"***'f"/

void Task_Scheduling Agent::
Check_Message_Queue_and_Generate Event_if_ Necessary (void)
{
Message_Frame *the_message:

Report_Frame *the_report;
Bid_Frame *the_bid;
the_message = _the_message_queue.Pop_fram_Front():
i1f(!'the _message)
return;

the_report = TCL_DYNAMIC_CAST(Report_Frame, the_message) ;
the bid = TCL_DYNAMIC_CAST(Bid_Frame, the_message);

i1f(the_report)
{
the_simulator->Add_to_Event_List_with_bDelay(0, this, TK_TERMINATED);
_handling previous_report = TRUE;
}
else if(the bid)
the_simulator->Add_to_Event_List_with Delay(0, this,
SINGLE_BID RECEIVED) ;

_the_message_gueue.Push_to_Front (the_message) ;
}

/'t'*"'tt't'*'t*'*f'***t'*i’"'*""'*'**'*'i"f*fr*t"*f*t*""’t*f?'*'*f*

* Record_Cycle _Time (private)

*
* this method records the cycle time for a single assembly cycle.

"*******""*"."tQ*I*****‘t*'t*"'*‘.*'k**'**"Q*'t*""**"t**f*'****t""ﬁ*/

void Task_Scheduling Agent: :Record_Cycle_Time(double &reset_assembly _time)
{
double the_reset_time
double simulation_time
double cycle_end time;

(*_the mean_is_1) ():
the_simulator->Get_Current_Simulation_Time() ;

cycle_end _time = simulation_time + the reset_time;
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_cycle_time_variance += (cycle_end time - _cycle_start_time);
_cycle_start_time = cycle_end time;

if (&reset_assembly_ time)
reset_assembly_time = the_reset_time;
}

/"""'*""'fi'f"'"'*f"*'*fi***‘k*"'i LA A S 2 A2l R 22222222 R 2R 2 2 ]

* Set_Tasks_left_in Cycle (protected)

this method initially sets the mumber of assembly tasks in an
assembly cycle.

4 & 4

"*t‘."f't"*t't'*‘.*'*Q*'t".‘.'*f**".f*'""."f"'*'iftf'*f"*"*f*‘.‘.'*"f/

void Task_Scheduling Agent::Set_Tasks_Left_in_Cycle(void)

{
Base_Frame **the task frames;
long total_tasks;

~the_knowledge_base.Get_All_Frames ("Task_Frame", the_task frames,
total tasks);

_tasks_left_in_cycle = total_tasks:;

delete [] the_task_ frames;
}

/"t*f’Q'"t’tttf"l**'*"*'*'if?f’**'**"'*'*‘t"ﬁt'"1**"tt'*t**'f*t*'*‘.'f‘k*

¥ Setup Knowledge Base (protected)

-*

* this method sets up same basic knowledge of the task scheduling agent.

*

"'""ﬁ"Q't**""*'*t*tﬁ""'*"’.*"*"".""ﬂ"'*t't'*ifﬁ""f*ff"*ft"/

void Task_Scheduling Agent::Setup_Knowledge Base (void)
{
State startup_state(IDLE, IDLE_STRING) ;

set_current_state(startup_state);

_cycle_start_time = 0.0;
_handling previous_report = FALSE;
Set_Total_ Number_of_Cycles(50);

the_simulator->add to_Event_List_at_Time(0, this, INIT_START);
}

/"****"**f"k'**t**f**fi**'*"***fi""***’** LA A AEA LS RS2 22222 X2 X 2 2 2 2"

* Task_Scheduling Agent (constructor - protected)

this constructor initializes the task scheduling agent with the given
name and the given name for the direct parent. this is the primary
agent constructor for derived TSAs.

+ 4 % % @&

".t*'**f"*tfi'**t"*****ﬁtt*"*"**fﬁ"**'f*Y'f*f*f*tf’t***"*"f****f*'/

Task_Scheduling Agent::Task_Scheduling Agent (
const char *name_ of_agent, const char *name of_direct_parent) :
Agent (name_of_agent, name_ of_direct_parent)
{
Setup_Knowledge_Base() ;
}

/'***"R*'i*'*’**f**f'ttft'ttit'*i'iif*t’ttii'*f'ﬁf*t'*t**i'tf*'*'ii'*t*'**
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Do_Initialization (protected)

this method initializes the task scheduling agent at the start of
an assembly cycle.

L I R

*"t"""*"f"’.*f*'*‘.""f"*t*""f***tt*****'*"**tit’**"*'tt*f’*'*"'/

void Task_Scheduling Agent::Do_Initialization(void)
{

Setup_All_Ready to_Launch_Tasks();
}

/"t"’f*‘.f"'**"'f’f'**f’."‘."*f*"'f*".i'*'*f"*f**‘.t"t't*"*'*'*"*'*

* Process_the Bids (protected)

this method processes the bids that were received when a task
announcement times out.

* % 4 »

't"t'f***f"t*"tt't"Q**'*t**'**f*'*'**t't'**'.f"*‘.tif*’f"*t*"t*"'f**'/

void Task_Scheduling Agent::Process_the_Bids(void)
{
double simulation_time = the_simulator->Get_Current Simulation_Time() ;
size t index;
long time_difference;
Cstring task_identity;

for(index=0; index<_tasks_expiration_time.rumber of elements(); index++)

{
time_difference = (simulation_time - _tasks_expiration_time[index])
* 10000;
if(time_difference >= 0)
break;
Y

task_identity = _tasks_announced{index];
_tasks_amounced.Remove At (index) ;
_tasks_expiration_time.Remove At (index);

Basic_List<Bid_Frame *> the_bids;
double time_to_process=0.15;

Get_Bids_for_Task(task_identity, the_bids);
if (!the bids.mmber of_elements())

{
Retransmit_Task_Announcement (task_identity);
the_simulator->Add_to_Event_List_with_Delay(time_to_process, this,
BIDS_NOT _MADE) ;
return;
};

Select_Best_Bid and_Grant_Task(the_bids);
size_t loop;

for (loop=0; loop<the_bids.mmber_of_elements(); loop++)
delete the_bids{loop];

the_simulator->Add_to_Event_List_with_Delay(time_to_process, this,
BIDS WERE MADE) ;
}

/*t*‘.i'it**‘.'**i**’.i*'**t******t*tf'ktf**tt*********t****t*i'****'fi****t'*

* Process_Campleted_Task (protected)
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this method processes the campletion of an assembly task that is at
the front of the message queue.

L 2 A

"’*""""'"f'f"*'*"'t'*'*'*"""*"'*'**’*f**"**”‘t*""'f"**"*'*'/

void Task_Scheduling Agent: :Process_Coampleted_Task (Report_Frame *the_report)
{

CString task_identity;

Base_Frame ~*frame_base class;

Task_Frame *the task;

task_identity = the_report->get_name_of instance();
frame_base class = _the knowledge base.Get_Frame(task_idencity);
the_task = TCL_DYNAMIC_CAST(Task_Frame, frame_base_class);
if(the_task)
{

the task->Set_Task_State_to_Campleted();

Cstring trace_message(SINGLE_QUOTE_STRING) ;
trace_message += task identity;
trace_message += AROTE_COMPLETED_STRING;
Register_Trace_Message (trace_message) ;

}

/t*ii'*"f’tf’tf**f't**ft'*t'l"t*'".'*'f*"‘.'*t*t'Q**’*i**Q"f***t**"'*f'*

* Have_Tasks_to_Launch (protected)

this method sets up all of the ready to launch tasks and then returns
TRUE if tasks remain to launch; otherwise, it returns FALSE.

+ & & o

'f"'""'"t"*'t'.*'*f*"I"t"*t'.'***""*t'?***f*ti'***fif’*'ﬁ**""'fi'f/

Boolean Task_Scheduling_Agent: :Have_Tasks_to_Launch (void)
{
Setup_All_Ready to_launch_Tasks();

return(! (_ready_to_launch_tasks.Is_Bmpty()));
}

/""Rt""'t't"tf""'f""tl'-tf"*'*""f"ti‘***'ff"*t"*'f*'**f"*”'f"'

* Execute_Initialization_State (protected)

this method defines the execution of the initialization state for the
task scheduling agent.

+ 4+ % »

Q't't"*1”"'tt*t*f**'*'**'fff**'*f’**',**ftt****t**'f***"'*t'**"*'*'****/

void Task_Scheduling Agent::Execute_Initialization_State(
State &current_state)

{
current _state.set_state(INITIALIZATION, INITIALIZATION_STRING) ;
set_current_state(current_state) ;
Register_Trace_Message (START INITIALIZATION STRING) ;
Do_Initialization();
double time_to_initialize=0.005;

the_simuilator->Add_to_Event_List_with Delay(time_to_initialize, this,

INIT_COMPLETE) ;
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/f’t**'t‘."'t'"f""tt""*"""'tt"I"t*f"'t"""f".'tfﬁ"tf't"'*"'

* EBExecute_Initialization_Campletion (protected)

this method defines the execution of exiting the initialization state
for the rask scheduling agent.

A % % %

'*""""Q'*"t‘ltf’kt'"ﬁ"t""'”.**Y*"""'*itQ'f""*'*'f'ﬁ'*i"**"""'/

void Task_Scheduling Agent::Execute_Initialization Campletion(
State &current_state)

{
current_state.set_state (ANNOUNCING_TASKS,
ANNOUNCING_READY_TASKS_STRING) ;
set_current_state(current_state);

Register_Trace_Message (ANNOUNCING_READY. TASKS_STRING) ;
int cype_of_event;

if(_ready to_launch_tasks.Is_BEmpty())
of_event=NO_TASKS_TO_LAINCH;
else
type of event=TASK_TO_LAUNCH;

the simulator->Add_to_Event_List_with_Delay(0, this, type of event);
}

/"'*t'tt""t""tttttft'tt"t*t*'vtt**ftttttttfrttttti""**"fit*ttfi*'

* Execute_Single Task_ Announcement (protected)

this method announces a single assembly operation, task to the
assembling agents.

-
-
-
*
"""""tf"'t""i""'t""'"""*"*"""'fi"'*"'tt'*t'*f*"f't'/

void Task_Scheduling Agent: :Execute_Single_Task_Amnouncement (void)
{
Task_Frame  ~*the_task;

the_task = _ready_ to_launch_tasks.Pop_fram_Front();

if (the_task)

{
Task_Announcement_Frame *the_ammouncement;
char *sender_identity;
double waiting time=0.5;
CString task_identity;

sender_identity = get_agent_identity();
the armouncement = Create_Task_Announcement Frame(the_ task,
sender_identity, waiting time);

Send Limited_Broadcast ("Acquaintance_ASA_Frame®, the ammouncement);

the_simulator->Add_to_Event_List_with Delay(waiting time, this,
TK_TIMES_COUT) ;

delete the_ammouncement;
delete [] sender_identity:

task_identity = the_task->get_name_of_instance();

_tasks_announced.Add to_Back(task_identity);
_tasks_expiration_time.Add_to_Back(the similator->
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Get_Current_Simulation_Time() + waiting time);
the_task->Set_Task_State_to_Announced() ;
}:
}

/tf*'tf**'ftt't't'*titfi*f*'***"**f'"*'**ff'.*'**‘.'*'*f**"**i'f"'*'*"*

* Execute_Single_Task_Announcement_and_Generate_Event (protected)

this method amnounces a single assembly operation, task to the
assembling agents and then generates the proper event for the first
announcement of a task.

LI SN I A ]

t**"'.""*Q‘.**f*f’k't*'"ft't*t"*‘.***.****'****ti"**f*t'fif*f'ﬁ'*****"f"’k/

void Task_Scheduling Agent::
Execute_Single_Task_Ammouncement_and Generate_Event (void)
{
Execute_Single_Task_Announcement () ;

int type_of event;

if (_ready_to_launch_tasks.Is_Empty())
type_of_event=NO_TASKS_TO_LAUNCH;
else
type_of_event=TASK_TO_LAUNCH;

double time to_launch=0.15;

the_simulator->Add_to_Event_List_with_Delay(time to_launch, this,
_of _event) ;

}

/"*'*'"'.'*’**tf'fit"*'i*"'tfi*'fi"."if"*"*"'f'*fi'f’*'**'fﬁf’fi*"’

* Execute_Amnounce_Completion (protected)

this method changes the state of the assembling agent after campleting
the announcements for all ready to launch tasks.

4 % =

"'t'"*ﬁ"f*f't*tf’ttt'ﬁt**t*t***'***Q***t’ft**‘ki*""""'f"'*f*'****f’/

void Task_Scheduling_Agent::Execute Announce_Campletion(
State &current_state)

{
current_state.set_state (WAITING_ FOR_MESSAGES,
WATTING_FOR_MESSAGES_STRING) ;
set_current_state(current_state);
Register_’I‘race_Message (WAITING_FOR_MESSAGES STRING) ;
Check_Message_Queue_and_Generate_Event_i f_Necessary();
}

/*tit*f*'tt**fi***f*t'tf*tt*"tt**t**fﬁ'k'.'.'t*?*i'.*'f**fi"tt"t'*ti*tit**tt

* Execute_Store_Single Bid (protected)

this method simply notes that a single bid was received by the
task scheduling agent.

* % % %

t**f*****'itfi***t**'*t**f**t"*f‘.*'ﬁ*k*"t*t**'***t****tt***"t*'tfi**'t**f/

void Task_Scheduling_ Agent: :Execute_Store_Single_ Bid(State &current_state)
{

Register_Trace_Message (SINGLE_BID_MESSAGE _RECEIVED) ;
}
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Execute_Check_Bids_for_Task (protected)

this method checks whether bids were received for a previous task
ammouncement and responds accordingly.

* % % % 8

"t'"‘lt"ftt’"*'*""'t"f"'"ﬁ't'.f't"**f’*‘."'f'""""*"'i*****"'*/

void Task_Scheduling Agent::Execute_Check_Bids_for_Task(
State &current_stace)

I
current_state.set_state(BIDS_MADE_FOR_TASK, BIDS_MADE_FOR_TASK_STRING) ;
set_current_state(current_state) ;

Register_Trace_Message (CHECKING_S8IDS_FOR_TASK) ;

Process_the_Bids();
}

/f"'."'**"ff‘.’t"*'***‘lt'*'****"*'.**"t't'*f*"'t"'f*t’tt*'fi"ft*fi'f'**

Execute_Last_Task_Campleted_State (protected)

this method defines the execution of the last task campleted state
for the task scheduling agent.

* % 4 % 4

“t'?f‘.?*"t"'*t*’.'t't*"**"t'.ff"**t*f*f*'**f**'f"'tit*t*'*fﬁ'*‘.'f‘.**i’/

void Task_Scheduling Agent: :Execute_Llast_Task_Completed_State(
State &current_state)
{

Report_Frame *the report;
Generic_Slot *slot_base class;
Slot<CString> *report_slot;
CString report_type:
const char *report_type_ptr;

if(!Get_the_Report_Message{the_ report))
return;

slot_base _class = the_report->Get_Slot (TYPE_OF_REPORT) ;
report_slot = TCL_DYNAMIC_CAST(Slot<CString>, slot_base_class);
report_type = report_slot->Get_Slot_Value();
report_type_ptr = report_type;
if (stramp (report_type ptr, TASK_TERMINATED REPORT) )

return,;

Current_state.set_state(LAST TASK _COMPLETED,
LAST_TASK_COMPLETED_STRING) ;
set_current_state(current_state);

Register Trace Message (START CHECK_LAST TASK_STRING) ;

Process_Campleted_Task (the_report) ;
delete the report;
_handling previous_report = FALSE;

double time_to_check=0.001;

_tasks_lefr_in cycle--;
if (Have Tasks_to_Launch() || _tasks_left_in_cycle)
the_simulator->Add to_Event_List_with_Delay( time to_check, this,
LAST_TASK_NOT_DONE) ;
else
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the simulator->Add_to_Event_List_with Delay(time_to_check, this,
LAST TASK DONE) ;

}

/f'f*’.t"*"t"'f'****‘.'*'*"*'*"'*t**f'*fftfff”'tf**"*tf'ﬁ*""*f""**

* Execute Bids_Not_Made Transition (protected)

this method makes the transition back to the waiting state after
no bids were received for a previcus task announcement.

* % %

t"f'*i't"*""f"f'.*f***"'*'**f'*'**,****f*t'**ft*"*"ft""tf'f’.'*"*'/

void Task_Scheduling Agent::Execute_Bids_Not_Made Transition(
State &current_state)

{
current_state.set_state(WAITING FOR_MESSAGES,
WATTING_FOR_MESSAGES STRING) ;

set_current_state(current_state);
Register_’l‘race_Message (WATTING_FOR_MESSAGES_STRING) ;

Check_Message_Queue_and_Generate_Event_if_ Necessary() ;
}

/"*'tﬁf‘t"'tt'*'t'f*’*t'*'*ff*"**"ﬁ*Q***'R*"*t'f'*1"t"*f'*'.’tf*'iii*t"'?*t

* Execute Bids Were_Made Transition (protected)

this method makes the transition back to the waiting stace after
bids were received for a previous task announcement.

LR S 3

-

t"**"""'ﬂ'*'Qt"lt't‘.'*i**‘.t*"**t"f't'i'ff*f"*"**'*f*""*'"'f*"‘k/

void Task_Scheduling Agent: :Execute_Bids_Were_Made_Transition(
State &current_state)

{
current_state.set_state (WAITING FOR_MESSAGES,
WATITING_FOR_MESSAGES_STRING) ;
Set_current_state(current_state) ;
Regis ter_Trace_Message (WAITING_FOR_MESSAGES_STRING) ;
Check_Message_Queue_and_Generate_Event_i f_Necessary();
}

/""ff*""'tttt'*'i"tfi‘.t*t*"'*'**"*"*"."**'tfﬂ’"**'k"t**’*t**"t"

* Execute_Update Ready_to_Launch (protected)

+

this method updates the ready to launch tasks, after an assembly
task was campleted.

*

*

'*t'"'t****"t*f**'**'.**"l*'*tt*"*'*****"ﬁ’*f*********'tf"*'tt*'*******/

void Task_Scheduling Agent: :Execute_Update_Ready to_Launch(
State &current_state)

{
Execute_Initialization_Campletion(current_state);

}

/"*'*i*’t*f’tttttttttt*'t'*t*t'**i*fﬁ"*ti*i'fit***t"*****'**tt‘.***f’*t*

* Execute_All Tasks Done (protected)

this method executes when all of the assembly tasks for a single
assembly cycle have been campleted.

* % % #
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void Task_Scheduling Agent::Execute_All_ Tasks_Done(State &current_state)

{

}

current_state.set_state (ASSEMBLY_ DONE, ASSEMELY DONE STRING) ;
set_current_state(current_state);

the_simulator->Add_to_Event_List_with_Delay{(0, this, INIT_START);

/*i**‘tQ**t*'****'*t"t‘.*t*'**’.Yt***"*‘.*******'f*'*"**'f'*t*'*'*"ﬁ***""

*

4 % ¥

Execute_Assembly_Done_State (protected)

this method determines whether another cycle of this assembly cell
needs to be simulated and also records the cycle time for the just
campleted cycle.

**’.*f*f***".t’*ft*f*‘.'*"'l’*’*"."*f"ﬁ"'f*'*t**'*f*'f*'****i*'*ff****"‘.f/

void Task_Scheduling Agent::Execute_Assembly Done State(

{

State &current_state)
Register_Trace_Message (ASSEMBLY_ DONE_STRING) ;

printf ("Cycle mmber = %d\n", (_total_cycles - _cycles_left_to_do + 1));
_cycles_left to_do--;
if(!_cycles_left_to_do)
{
Record_Cycle_Time() ;
_cycle_time_variance.print (cout) ;
returmn;
}:

Base Frame **the_task frames;

long total_tasks;
_the_knowledge base.Get_All_Frames ("Task_Frame®, the_task_ frames,
total_tasks);
1f(!'total_tasks)
return;
Task_Frame *the task;
lang index;

for(index=0; index<total_tasks; index++)

{
the_task = TCL_DYNAMIC_CAST (Task_Frame, the_task_frames[index]):;
the_task->Set_Task_State_to_Unannounced() ;

};

_tasks_left_in_cycle = total_tasks;
delete [] the_task_frames;

double reset_assembly_time;
Record_Cycle_Time (reset_assembly time);

current_state.set_state(IDLE, IDLE STRING);
set_current state({current_state) ;

the_simulator->Add_to_Event_List_with_Delay( reset_assembly time, this,
INIT_START) ;
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* Receive_Message (protected - override)

this method makes a copy of the given message and responds to it
differently depending upon its type and the current state of the TSA.

&+ % &

'f"’k"t‘t*f***"'ti*'f'*t*'f"'*i*’t‘.'"*"t"'f’*f’*"'***"fi"""**t*f/

void Task_Scheduling Agent::Receive Message (
const Message Frame *message_to_receive)
{
Base_ Frame *frame_base_class;
Message Frame *copied_message:;
Report_Frame *the report;
Bid_Frame *the bid;
double message_time, message_delay = (*_the_message delay) () ;

frame_base_class = message_to_receive->Clone();

copied_message = TCL_DYNAMIC_CAST(Message_Frame, frame_base_class);
message_time = copied_message->Get_Message_Time() + message_delay;
the_report = TCL_DYNAMIC_CAST (Report_Frame, copied message);

the _bid = TCL_DYNAMIC_CAST(Bid_Frame, copied_message);

if(the report)

the message_queue.Push_to_Front (copied_message) ;
else if(the_bid)

_the _message_queue.Push_to_Back (copied message) ;

State current_state = get_current_state():

switch (current_state.get_state_id())
{
case VAITING_FOR_MESSAGES:
if(the_report & (! _handling previous_report))
{
the simulator->Add_to_Event_List_at_Time (message_time, this,
TK_TERMINATED) ;
_handling previous_report = TRUE;
}
else if(the_bid)
the_simulator->Add_to_Event_List_at_Time(message_time, this,
SINGLE BID RECEIVED);
break;
}:
}

/**f‘.****'fi’t"'t***"'"Q""*"*"ft'f"'t'"'*‘.*'*t'*'***"**'ttiﬁf'**ﬁ**

* Execute (protected - override)

* this method defines the execution of a task scheduling agent.

'tt*t*f*'*t*i"*f""'**'**f’f**'**'ﬁ*'tt"f’*'f""*'t"f*‘.*"*'***t*t*f*t/

void Task_Scheduling Agent::Execute(int type_of_event)
{
State current_state = get_current_state();

switch (current_state.get_state_id())
{
case IDLE:
1f (type_of_event==INIT START)
Execute_Initialization_State(current_state);
break;

191



case INITIALIZATION:
if (type_of_event==INIT COMPLETE)
Execute_Initialization_Campletion(current_state);
break;
case ANNOUNCING_TASKS:
if (type_of_event==TASK_TO_LAUNCH)
Execute_Single_Task_Armouncement_and_Generate_Event() ;
else if(type_of_event==NO_TASKS_TO_LAINCH)
Execute_Amnounce_Completion{current_state);
else if(type_of_event==TK_TIMES_OUT)
the simulator->Add_to_Event_List_wi th_Delay(0.05, this,
 of_event) ;
break;
case WAITING_FOR_MESSAGES:
if¢( type_of_event==SINGLE_BID_RECEIVED)
Execute_Store_Single_Bid(current_state);
else if(type of event==TK_TIMES_OUT)
Execute_Check_Bids_for_Task(current_state) ;
else if (type_of_event==TK_TERMINATED)
Execute_Last_Task_Completed_State(current_state);
break;
case BIDS_MADE FOR_TASK:
if (type_of_event==BIDS_NOT_MADE)
Execute Bids_Not_Made Transition(current_state):
else if(type_of_event==BIDS_WERE_MADE)
Execute_Bids_Were_Made_Transition( current_state);
else if(type_of event==TK_TIMES_OUT)
the_sinulat:or->Add_to_E:vent_List_with_Delay (0.05, this,
type_of_event) ;
break;
case LAST_TASK_COMPLETED:
i1f(cype_o f__event::LAST_TASK_mr_mNE)
Execute_Update_Ready to_Launch( current_state);
else if (type_of_event==LAST_TASK_DONE)
Execute_All_Tasks_Done{current_state) ;
else if (vtype_of_event==TK_TIMES_OUT)
the_s imulator->Add_to_E.\1ent_List_with_Delay (0.05, this,
type_of_ _event);
break;
Case ASSEMBLY DONE:
Execute_Assembly_Done_State(current_s tate);
break;

}

/'t'fi‘.'"'"t"t""""if‘.*"t"'""'"t".""'i'f*t""t"'tf****l"f'*

* Task_Scheduling Agent (default constructor - public)

t;he default constructor is needed for run-time type identification and
1S not meant to be used.

+ * 4 %

"""""t"ti'tfit'tf""""?"**"'f'*'."‘t'f'**'t't’f*'t*'*'*"*"'**'*/

Task_Scheduling Agent: :Task_Scheduling Agent(void) : Agent()
{
}

/'*f**t‘."'t't"’**’ttti"t"*'ﬁ*t't*f"'**"’**"**"Y'*t""*t**"*""'**

T Task_Scheduling Agent (canstructor - public)

this constructor initializes the task scheduling agent with the name
specified by the user.

* % % #
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Task_Scheduling Agent::Task_Scheduling Agent(const char *name of_agent) :
Agent (name_of_agent, TCL_CLASSNAME FRCOM_ POINTER(this))
{
Setup_Knowledge_Base() ;
}

/*"t’t‘."f"'*"'**’t""*"'f*t""f"'tf'f?""""'t"."""*""'fif"

~Task_Scheduling Agent (destructor - public)

*

* this destructor has nothing to free.

-
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Task_Scheduling Agent::~Task Scheduling Agent (void)
{
}
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Program Listing of the Class Assembling Agent



/'
./'
/'
/*
/t
/™

========*/

Ticle: Assambling Agent.h
Author: Jagdeep S. Basran
Date: June 6, 1996

Canments: header file for the class Assembling Agent

*/
*/
*/
*/
*/

#ifndef ASSEMBLING AGENT H
#define ASSEMBELING_AGENT H

1/

include files needed

#include "Agent.h"

// Advance declaration of classes

class Grant_Frame;

class Multi_Slot;

class Report_Frame;

class Task_Amnouncement_Frame;

/7

Class definition

class Assembling Agent : public Agent

{

TCL_DECLARE _CLASS

private:

// private constants and variables

ermum State_of ASA { IDLE=1, WAITING_FOR_GRANT, WAITING_FOR_BIDS,
BID_MADE FOR_PART REQUEST, WAITING FOR_PART,
PART_GRASPED, WAITING_ FOR_FREE REGICN,
PART_SUCCESSFULLY_ASSEMBELED,

TRY_PART ACQUISITION_AGAIN };

emm Transition_of ASA { TASK_LAUNCHED, BID_FOR_TASK, TASK_NOT_GRANTED,

TASK_GRANTED, SINGLE_BID_RBECEIVED,
REQUEST_PART_TIMES OUT, BIDS_NOT MADE,
BIDS_WERE_MADE, PART POSE_RECEIVED,
PART_GRASPED_SUCCESSFULLY,
PART_NOT_GRASPED_ SUCCESSFULLY,
REGION_REQUEST_GRANTED, PART WAS_ASSEMBLFD,
PART WAS NOT_ASSEMBLED, TRY_AGATIN } ;

#define REQUEST REGICN_ STRING "request_region"

#define RELEASE_RBGION_STRING "release_region”

Report_Frame *_pickup_message;

CString _identity_of_ PPA, _current_ fetch_part_task;
Task_Announcement_Frame *_potential task;

Boolean _checking qualifications;

// private methods

CString Get_Fetch Part_ Abstraction(Grant_Frame *the_ task);
CString Get_Fetch Part_Specification(Grant_Frame *the_task);
Task_Announcement_Frame *Create_Task_Armouncement_Frame (
Grant_Frame *the_task, const char *sender identity,
double time to_wait);
void Request_Part {(Grant_Frame *the_grant);
void Retransmit_Task_Announcement (void) ;
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Grant_Frame *Create_Grant_Task Frame(Bid_Frame *the bid);
void Send_Not_Granted_Task_Message(Bid_Frame *the bid);
void Select_Best_Bid and_Grant_Task(
Basic_List<Bid_Frame *> &the bids);

void Setup_Pickup_Message (Report_Frame *the report,

Boolean grasp_successful):;
void Request_Region_of_Assembly Location(void) ;
void Release_Region(void);

void Remove_Any Bid_Messages_fram_Queue (void) ;
void Check_Message_Queue_and Generate Event_if Necessary(void):;

void Get_Delimiters(CString &task_specification,
long &first_delimiter = *{(long *) NULL),
long &second delimiter = *((long *) NULL),
long &third _delimiter = *{(long *) NULL)):
protected:

// protected constant
#define CURRENT TASK "current task"”
//  parsing methods and method to get current assembly task

CString Get_Assembly Operation(CString &task_specification);
Cstring Get_Part_Identity(CString &task_specification);
CString Get_Assembly_Location(CString &task specification);
Grant_Frame *Get_Current_Task(void);

// methods to add capabilities to an ASA's model of self.

void Add Can_Do_Capability(CString &assembly operation):

void Add Can_Grasp Capability(CString &the part);

void Add_ Can_Reach_Capability(CString &assembly location);

void Add BExecution_Time_for_Capability(CString &assembly operation,
CString &the_part, double average_execution_time) ;

void Setup_Knowledge_ Base (void) ;
// protected constructor

Assembling Agent (const char *name_of_agent,
const char *name_of_direct_parent);

//  virtual protected methods of an ASA

virtual Boolean Move_and_Grasp_Part (Report_Frame *the_report,
double &time_to_grasp_part):;
virtual void Move_to_Assembly Location(double &time_to_move);
virtual Boolean Assemble_the_Part(double &time_to_assemble) ;
virtual void Discard_the_Part (double &time_ to_discard_part);

// methods to implement its CSM
void Process_the Bids(void) ;

void Execute_Check_if_Qualified(State &current_state);
void Execute_Submit_Bid_for_Task(State &current_state);
void Execute_Request_Part (State &current_state);

void Execute_Task_Not_Granted(State &current_state);
void Execute_Store_Single_ Bid(State &current_state);
void Execute_Check_Bids_for_Task(State &current_state);
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void Execute_Bids_Not_Made Transition(State &current_state);

void Execute_Grant_Part_Task(State &current_state);

void Execute_Grasp_ Part(State &current_state);

void Execute_Part_Grasped Transition(State &current_state);

void Execute_Part_Not_Grasped_Transition(State &current_state);
void Execute_Assemble_Part(State &current_state) ;

void Execute_Successful_Assembly Transition(State &current_state);
void Execute_Unsuccessful_Assembly Transition(State &current_state):
void Execute_Request_Part_Again(State &current_state);

// methods overridden

virtual void Receive_Message (const Message_Frame *message_to_receive) ;
virtual void Execute(int type_of_event);

public:
// Constructors and destructor

Asseambling Agent (void) ;
Assembling Agent (const char *name_of_agent);

virtual ~Assembling Agent (void) ;

#endif

197



/'
/'
/t
/*
/'
/*
/'

/ W

/7

=—====*/

Title: Assambling Agent.cp

Parent: Agent

Author: Jagdeep S. Basran

Date: June 6, 1996

Camments: this class inplements the generic behaviour of an
assembling agent (ASA) in a flexible agent-based
robotic assembly cell (FABRIC).

*/
*/
*/
*/
*/
*/
*/
*/

include files needed for this class

#include "Assembling Agent.h®

#include “Bid_Frame.h®

#include "Grant_Frame.h"

#include "Model_ of Agent_Frame.h*
#include "Report_Frame.h"

#include "Task_Announcement_Frame.h®
#include “Task_Frame.h"

#include "Multi_Slot.h"
#include "RPY_Location.h*
#include *Simulator.h"

TCL_DEFINE_CLASS_Dl (Assembling_Agent, Agent)

kbbb AAAALASSASRS RS Rl s Al sl bRttt sl i il sislza ittt dl ]
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Get_Fetch_Part_Abstraction (private)

given a granted assembly task, this method returns the task-level
abstraction to send to all part presentation agents.

*"t't"t'tt"t'v"t"'f'tt'f"'f't#tt't'tf*"tt*"ttfrt'tttt'tt*tt""'t/

CString Assembling Agent::Get_Fetch Part_Abstraction(

{

}

Grant_Frame *the_task)

Generic_Slot *slot_base_class;
Slot<CString> *rask_slot;
CString task_specification, part_id, task string;

slot_base_class = the_task->Get_Slot (TASK_SPECIFICATION) ;
task_slot = TCL_DYNAMIC_CAST(Slot<CString>, slot_base_class);

task_specification = task_slot->Get_Slot_Value();
part_id = Get_Part_Identity{task specification);

task_string = FETCH_PART_STRING; task_string += DELIMITER_STRING;
task_string += part_id;

return(task_string) ;

/""‘.""*‘.'f".'Qt"'*"*'t"t**'t'"."f"**"f""t*"i't’*'*'t"i"f*‘.f*

*

* % % & ¥

Get_Fetch_Part_Specification (private)

given a granted assembly task, this method returns the task-level
specification to send to all part presentation agents. currently,
the specification and the abstraction are the same.

""ﬁ‘.tf****'i"'**"'t*'f"*****'*""k**'*’k'1’*'**‘.*'tfi'*t*************'/
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CString Assembling Agent::Get_Fetch_Part_Specification(
Grant_Frame *the_task)
{

/"t"f‘l""f',"**""**'t"'*Q""tfi'f"‘.""'t*"’.""'f*t'fﬁ'f*f"f'?'

* Create_Task_Armmouncement_Frame (private)

return(Get_Fetch_Part_Abstracticn(the_task));

given the three parameters, this method creates a message to announce
the task of fetching a part for an ASA. it is up to the user to free
the memory of this message frame when it is no longer needed.

* % 4 4 ¥

'f't't'tt"*'t*’ifii*ttttt'*"*fff'ﬁ*'Y'*"""t't'i"'*"*".f"l"f’"f"/

Task_Announcement_Frame *Assembling Agent: :Create_Task_Announcement_Frame (

Grant_Frame *the_task,
const char *sender identity, double time_to_wait)

CString task_string, task_abstraction;

task_abstraction = Get_Fetch_Part Abstraction(the_ task);
task_string = the task->get_name_of_instance() ;
task_string += DELIMITER_STRING;

task_string += FETCH_PART STRING;

_currenc_fetch _part_task = task_string;

Generic_Slot *slot_base_class;
Slot<CString> *task_slot;
CString task_specification, _id;

slot_base_class = the_task->Get_Slot (TASK_SPECIFICATION) ;
task_slot = TCL_DYNAMIC_CAST(Slot<CString>, slot_base_class):
task_specification = task_slot->Get_Slot_Value();

part_id = Get_Part_Identity(task_specification};

Mulci_Slot eligibility_specification, bid_specification;
CString the_string;

Slot<CString> string slot;

intc index;

const char *sender _name;

the_string = CAN_DELIVER STRING; the_string += DELIMITER_STRING;

the_string += part_id;
string slot.Set_Slot_Value(the_string);
eligibility specification.Append_Slot(&string slot);

index=0;
while(sender_identity(index] !=DELIMITER_CHAR)
index++;
sender name = &(sender_identity(index+1]):
the_string = CAN_DELIVER_TO_STRING; the_string += DELIMITER_STRING;

the_string += sender name;

string slot.Set_Slot_Value(the_string);

eligibility specification.Append_Slot(&string slot);

the_string = task_abstraction; the_string += DELIMITER_STRING;
the_string += AVERAGE EXECUTION_TIME_STRING;
string_slot.Set_Slot_Value(the_string);
bid_specification.Append_Slot(&string slot);

Task_Ammouncement_Frame *the_ammouncement;
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the armmouncement = new Task_Announcement_Frame(task_string,
sender_identity, NULL_STRING, task_abstraction,
time_to_wait, &eligibility specification,
&bid specification):;

return (the_announcement) ;
}

Vbbbt s is st st dssiass it sttt sl tisss it atsssstdd)

* Reguest_Part (private)
* this method requests the part required for an assembly task that was
* granted to an ASA by the specified grant message.

*
t'tf"'vi't'fty'"Q"ttfv1'ttttt'ttt'tif**’in*"t'ttttttf*tttfrt't'tt*f'/

void Assembling Agent::Request_Part (Grant_Frame *the_grant)

{
Task_Announcement_Frame *the_armouncement:
char *sender identity:
double waiting time=0.5;
sender_identity = get_agent_identity();
the_amnouncement = Create_Task_Annocuncement_Frame(the_grant,

sender_identity, waiting time);
Send_Limited_Broadcast ("Acquaintance PPA Frame*®, the_announcement);
the_simulator->Add_to_Event_List_with_Delay(waiting time, this,
RBEQUEST_PART TIMES_OUT) ;

delete the_announcement;
celete (] sender identity;

}

T o N N N T AN AR N R R T A R N A R A A N T R RN ET RN T

* Retransmit_Task_Announcement (private)
* this method simply retransmits an arnnouncement message for the
* part fetching task of the current assembly operation.

"tvt"ttttt'f"v'tttttftft'ttt"ttt'?*ttt"t"ift*ttt"t'tttt*'tttttt"'/

void Assembling Agent::Retransmit_Task_Armouncement (void)

{
Grant_Frame *current_task = Get_Current Task();

Request_Part(current_task):
}

/".'t't""f"f"tf""ttft'tt**t'**"l""**""'t*"'t'ttfi"’*t"****’**f"

* Create_Grant_Task_Frame (private)

give the best bid fram a part presentation agent, this method creates
a grant task message frame. it is up to the user to free the memory
of this message when it is no longer needed.

# % % 2 o

f"fi'*'**""t"t"tt'*'*f*f**"t"*i".**‘.*'*‘.‘.**""*fﬁ'*t*'tt't**f’ktf'*t/

Grant_Frame *Assembling_Agent: :Create_Grant_Task_Frame(Bid_Frame *the_bid)
{

CString task_string, assembly_task_id, task_specificatiaon;
char *sender_identity;
Generic_Slot *slot_base_class;

Slot<CString> *the sender_slot;
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}

CString agent_with _best_bid;
Base_Frame *frame base_class;
Grant_Frame rthe_task, *the_grant;

task_string = the bid->get_name of_instance();

assembly_task_id = Get_Assembly Operation(task_string);
frame_base_class = _the knowledge_hase.Get_Frame (assembly_task_id);
the_task = TCL_DYNAMIC_CAST(Grant_Frame, frame_base_class);
task_specification = Ger_Fetch_ Part_ Specification(the_task);

sender_identity = get_agent_identity();

slot_base_class = the_bid->Get_Slot (SENDER) ;

the_sender_slot = TCL_DYNAMIC_CAST(Slot<CString>, slot_base_class);
agent_with_best_bid = the_sender slot->Get_Slot_Value();

the _grant = new Grant_Frame(task_string, sender_identirty,
agent_with best_bid, task_specification);

delete (] sender_identity:;
return(the_grant) ;

/"f'*t"f"'*""‘l’*'*"'t*'**f‘f".**t"'Yt’ki'*f*’*'*i'f?"t'**i’***""'t".

Send _Not_Granted_Task _Message (private)

this method sends a not granted task message to the agent who sent the
specified bid.

tttttf*t'tt""ffftt"t'tittttt'tt'**tt"*'t*Q*t**t*tft'*tit't"’ttt'ttt*/

void Assembling Agent::Send Not_Granted_Task_Message (Bid_Frame *the_bid)

{

}

CString task_string;
char *sender identity;
Grant_Frame *the_grant;

task_string = the_bid->get_name_of_instance():
sender_identity = get_agent_identity();

the_grant = new Grant_Frame(task_string, sender_identity,
NULL_STRING, NULL_STRING) ;
delete [] sender_identicy;

Generic_Slot *slot_base_class;
Slot<CString> *the_sender slot;
const char *recipient_identity;
Cstring recipient_string;

slot_base_class the bid->Get_Slot (SENDER) ;

the_sender_slot TCL_DYNAMIC_CAST (Slot<CString>, slot_base_class);
recipient_string = the_sender slot->Get_Slot_Value();
recipient_identity = recipient_string;

Send Message(recipient_identity, the_grant);

delete the_grant;

/**’.t**'*fttf*f"’*"*'**'*’*".""’kt*"tf'*'.'t'*'*'***""***f"'tt*'t*t'
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Select_Best_Bid_and_Grant_Task (private)

this method selects the best bid for an announced part fetching task
and then sends a grant message to all of the bidding agents.

t'«t*t«'t't**'tt*Qt"**ttftttttftt’*t*t*ttt*t't**tttt**t*'**t’t*'t'ttt'tt'v/



void Assembling Agent::Select_Best_Bid_and Grant_Task(

{

}

Basic_List<Bid_Frame *> &the_bids)

size t best_index;
Grant_Frame *the_grant;

Select_Best_Bid_Randamly(the bids, best_index) ;

the grant = Create_Grant_Task_Frame (the_bids [best_index]);

size_t loop:

size_t total_bids = the_bids.rmmmber_of_elements();
Generic_Slot *slot_base_class;

Slot<CString> *the sender slot;

const char *recipient_identity;

CString recipient_string;

for(loop=0; loop<total bids; loop++)

{
slot_base_class = the_bids(loop]->Get_Slot (SENDER) ;
the_sender slot = TCL_DYNAMIC_CAST(Slot<CString>, slot_base_class);
recipient_string = the sender slot->Get_Slot_Value():;
recipient_identity = recipient_string;
Send_Message (recipient_identity, the_grant);

nn

}:

delete the_grant;

/"*t't"t*t*'*'*"Y'f"f‘.'ti'*'t'*"'*f“fii"*fi"*'"*"'tf*'f*f?"itfi"
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Setup_Pickup_Message (private)

this method sets up a message to inform a part presentation agent that
a part was successfully picked up.

f"t"*"t'f"‘.'t't"'f?fﬁ"ft"*"*'ttt*f*t""f"kt""Q'*""'fi'?f'fr'/

void Assembling_ Agent::Setup Pickup Message (

{

}

Report_Frame *the_report, Boolean grasp_successful)
Slot<Boolean> grasp_slot (PART_WAS_GRASPED, grasp_successful);

_pickup_message = Create_Report_Frame Response (the_report,
_identity_of_PPA);
_pickup_message->Add_Slot (&grasp slot,
TCL_CLASSNAME_FROM_POINTER (_pickup message)) :

/I'*t**ff**‘kf*t"*""'t*"‘.tt"ﬁ'**"t*'**t'*"’f**t'****Y'*"*'*Yt"*'**t**

-
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Request_Region_of_Assembly Location (private)

given that a part was just grasped, this method requests the region
of space of the current assembly operation fram the shared space
agent.

t't**'*"‘.'*******’i*‘l'*t*t**tt'f*'*'f‘.'f**"‘.'*f*"**"'**'f***'*i’"tf’*"*/

void Assembling Agent::Request_Region_of_Assembly_Location(void)

(

Grant_Frame *current_task;

Generic_Slot *slot_base class;

Slot<CString> *task_specification_slot;

CString task_specification, region_of_space, task_string;



current_task = Get_Current_Task():
slot_pbase class = current_task->Get_Slot (TASK_SPECIFICATION) ;

task_specification_slot = TCL_DYNAMIC_CAST (Slot<CString>,
slot_base class);

task_specification = task_specification_slot->Get_Slot_Value();

region_of_space = Get_Assembly lLocation(task_specification);
task_string = current_task->get_name_of_instance();
task_string += DELIMITER_ STRING;

task_string += REQUEST_REGION_STRING;

Send_Request_Message_to_SSA(task_string, region_of_space);
}

/tv't'ﬂ"wtttt'tfif't*"titt'tt'frti'tt'f'tt’t**t't-ttttttt'*'tt*tf*ttt*t't

Release_Region (private)

* this method releases the region of space that was previously requested
* fram the SSA in order to carry out an assembly operation.

""'".'Q"'t"*tff"t*t"t*t't'f'*""'f‘.*"‘.t"*it"i""’."*'*'i*"'t*/

void Assembling Agent::Release_Region(void)
{

Grant_Frame *current_task;

Generic_Slot *slot_base_class;

Slot<CString> *task_specification_slot;

CString task_specification, region_of_space, task_string;

current_task = Get_Current_Task():;

slot_base_class = current_task->Get_Slot (TASK_SPECIFICATION ;

task_specification_slot = TCL_DYNAMIC _CAST(Slot<CString>,
slot_base_class);

task_specification = task_specification_slot->Get_Slot_Value();

region_of_space = Get_Assembly_ Location(task_specification) ;
task_string = current_task->get_name_of_instance();
task_string += DELIMITER_STRING;

task_string += RELEASE_RBEGION_STRING;

Send_Release Message_to_SSA(task_string, region_of_ space);
}

/"**Q'*f'*"*tf‘t'tt**it*t*t"f'"'"'*""*"f*'*f*"'f"*"t**'*t"'*‘.*tt*

* Remove_Any Bid_Messages_fram_Queue (private)

this method removes amy bid messages that were left in the
message queue.

4 * & x4
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void Assembling Agent::Remove_Any_ Bid Messages_fram Queue (void)
{
Message_Frame *the_message = _the_message_gueue.Pop_fram Front();

if (!the_message)

recurn;
Basic_Queue<Message_Frame *> other messages;
Bid_Frame *the_bid;
D
{



the_bid = TCL_DYNAMIC_CAST(Bid_Frame, the_message);
if (the_bid)
{
Send_Not_Granted_Task Message(the bid):;
delete the bid;
}
else
other_messages . Push_to_Front (the_message) ;

the message = _the_message_queue.Pop_fram Front();
}
while(the_message) ;

the message = other_messages.Pop_ fram Front();
while(the message)

{
_the_message_queue.Push_to_Front (the_message) ;
the_message = other_messages.Pop fram Front();
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* Check Message_Queue_and_Generate_Event_if_ Necessary (private)

* this method gets the first message in the message queue and generates
* the corresponding event if necessary.

*

't"t'tfif"'f'tf'tf"'tt'f**t'f"t***'*f'*tf*t*'t*'*"*i*'tft't"'*tf"t/

void Assembling Agenct::
Check_Message_Queue_and_Generate_Event_if_ Necessary(void)
{
Message_Frame *the_message:

the_message = _the_ message_gueue.Pop_fram_Front();
1 (!the_message)
{
_checking_qualifications = FALSE;
retum;
}:

Task_Announcement_Frame <*the_task;

the_task = TCL_DYNAMIC_CAST (Task_Armouncement_Frame, the_message) ;
if (the_task)

{
the_simulator->Add_to_gvent_List_with_ Delay(0, this, TASK_LAUNCHED) :

_Checking qualifications = TRUE;
};

_the_message_queue.Push_to_Front (the_message) ;
}

/t"'"t"""?"'f"fﬁ*"'f"'*ft"t""""f'.*f’f"'f‘.'f"’."**t*itf*"f**

Get_Delimiters (private)

* given the task specification of an assembly operation, this method
* retrieves the delimiters requested by the user.
*

't"‘.'*'Q"*""ﬁ"*'*t*'f‘."**"'*t"ﬁit*""**'t*****'tff***f'f'*fi**"'t/

void Assembling_ Agent::Get_Delimiters (CString &task_specification,
long &first_delimiter, long &second_delimiter, long &third delimiter)
{
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long index, total_delimiters;
lang string length = task_specification.length();
char *the string = new char [string length+l];

strcpy (the_string, task_specification);
total_delimiters=0;
string length = task_specification.length():
for (index=0; index<=string_length; index++)
if ((the_string(index]==DELIMITER_CHAR) || (the_string(index]==0))
{
total_delimiters++;
if((cotal_delimiters==1) && (&first_delimiter))
first_delimiter=index;
else if ((total_delimiters==2) && (&second_delimiter))
second_delimiter=index;
else if ((total_delimiters==3) && (&third _delimiter))
{
third delimiter=index;
break;
};
b

delete (] the_string;
}

/f't""*""*ﬁt"'*t't"'*f*'f*f*f**"**'*".*'*t'*t't"**f’t'tf’*t'**"t"

* Get_Assembly Operation (protected)

given the task specification of an assembly operation, this method
returns the string corresponding to the specific assembly operation.

% 4 4
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CString Assembling Agent::Get_Assembly_ Operation(CString &task_specification)
{

long first_delimiter, string length;

CString assembly_ operation;

Get_Delimiters (task_specification, first_delimiter);

string_ length = first_delimiter+l;
if(!string length)
return(assembly_operation) ;

char *operation = new char [string_length]:;
long index;

for(index=0; index<string length-1; index++)
operation(index] = task_specification(index];

operation(string length-1] = 0;

assembly_operation = operation;
delete [] operation;
return(assembly_cperation);

}

/*'i*”.*ttt"'ﬁit'***"'***f'f*'**f"""*"t’t'*‘k"f\‘**'f***'i'*f***’*f'ﬁfi'

* Get_Part_Identity (protected)

given the task specification of an assembly operation, this method
returns the string corresponding to the identity of the part to be
asseambled.

* % 4 4 #



"'t'vvt"t"'tttfttt’r'f""t'f""'t"*t"'t"t"ttitt'*t'tttt"'t""'/

CString Assembling Agent::Get_Part_Identity(CString &task specification)

{

}

long first_delimiter, second_delimiter, string_length;
CString part_string;

Get_Delimiters(task_specification, first_delimiter, second_delimiter):;

string length = second delimiter - first_delimiter;
if(!string length)
retwrn (part_string) ;

char *part = new char [string lengthj;
lang index;

for (index=0; index<string length-1; index++)
part{index] = task specification({index+first_delimiter+l];
part[string length-1] = 0;

part_string = part:;
delete (]} part;
return(part_string) ;

/Q'f"t"""'t"Iift'*f""'f*ff"ttt'f'*"*t'*"*‘.it*i**'ifﬂtf"*f*f’t**tt

-
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Get_Asseambly_location (protected)

given the task specification of an assembly operation, this method
returns the string corresponding to the location of where to assemble
the part.

"'*'*"""'*"f"tf"'*'*'f""ttttt**'?""tf'*’f*"""""'***f"*"/

CString Assembling Agent: :Get_Asseambly_ Location(CString &task_specification)

{

}

long second _delimiter, third delimiter, string_length;
CString assembly location;

Get_Delimiters(task_specification, *((long *) NULL), second delimiter,
third_delimiter) ;

string length = third_delimiter - second_delimiter;

if(!string_length)
return{assembly_location) ;

char *location = new char [string_ length];
long index;
for(index=0; index<string length-1; index++)
location[index] = task_specification{index+second_delimiter+l};
location(string length-1] = 0;

assembly_location = location;
delete [] location;
return (assembly_location) ;

/"*"t*"""tt"tf"ff'ft'tf"'f’*ﬁ'*****f*ti't"'*"I""*"'****"*'t*’***i

*

»

*

Get_Qurrent_Task (protected)

this method simply returns the grant message corresponding to the



* current task that an assembling agent is doing.

tt"""t't"1tf?""t""ttftvttfttt'tr*t't"ttt'tt"t""'ftttt't"'t"/

Grant_Frame *Assembling Agent::Get_Current_ Task(void)
{

Base_Frame *frame_base_class;
Model_of_Agent_Frame *model_of_self:
Generic_Slot *slot_base class;
Slot<CStxing> *current_task;
Grant_Frame *the_task;

frame_base_class = _the knowledge_base.Get_Frame (MODEL, OF_SELF) ;

model_of_self = TCL_DYNAMIC_CAST (Model_of_ Agent_Frame, frame base_class);

slot_base_class = model_of_self->Get_Slot (CURRENT TASK);

current_task = TCL_DYNAMIC_CAST(Slot<CString>, slot_base_class);

frame_base_class = _the_knowledge_ base.Get_Frame(
current_task->Get_Slot_Value()});

the_task = TCL_DYNAMIC_CAST(Grant_Frame, frame_base_class);

return(the_task);
}

/'f"'tf""*'t‘l",t?"'f""f"f?"’t"ﬁff‘l"*'*‘.'f**f‘t'f"t*f*"’f**'***"f"

* Add Can Do_Capability (protected)

this method adds the given assembly operation to one of the operations
that an ASA can do.

“ 4 A
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void Assembling Agent::Add_Can Do_Capability(CString &assembly operation)
{

Base_Frame *frame_base _class;

Model_of_Agent_Frame *model_of self;

frame_base_class = _the knowledge base.Get_Frame (MODEL,_OF_SELF) ;
model_of_self = TCL_DYNAMIC_CAST (Model_of_Agent_Frame, frame base class):;

CString can_do_capability label;

can_do_capability label = CAN_DO_STRING;
can_do_capability label += DELIMITER_STRING:
can_do_capability label += assembly_operation;

Slot<Boolean> can_do_slot(can_do_capability label, TRUE);

model_of_self->2dd Slot (&can_do_slot,
TCL_CLASSNAME_FROM_POINTER (model_of_ self)):;
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* Add_Can_Grasp_Capability (protected)

this method adds the given part to one of the parts that an ASA can
grasp.

*tt*'.*'****t****'t'fi"*'**'*'it"t"*"*f*"*"*t'***'ffi"*f"t*""*'*i/
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void Assembling Agent::Add Can Grasp Capability(CString &the part)
{

Base_Frame *frame_base_class:;

Model _of_Agent_Frame *model_of_self;



frame_base_class = _the_knowledge_base.Get_Frame (MODEL_OF_SELF) ;
model_of_self = TCL_DYNAMIC_CAST (Model of Agent_Frame, frame_ base_class);

CString can_grasp_capability label;

can_grasp_capability label = CAN_GRASP_STRING;
can_grasp_capabilicy label += DELIMITER_STRING:
can_grasp_capability_label += the_part;

Slot<Boolean> can_grasp_slot(can_grasp_capability label, TRUE);

model _of_self->Add_Slot (&can_grasp_slot,
TCL_CLASSNAME_FROM_POINTER (model_of_self)):
}
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* Add Can_Reach_Capability (protected)

this method adds the given assembly location to one of the locations
that an ASA can reach.

% % »
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void Assembling Agent::Add Can_Reach_Capability(CString &assembly. location)

{
Base_Frame *frame base_class;

Model_of_ Agent_Frame *model_of_self;

frame_base_class = _the knowledge_base.Get_Frame (MODEL,_OF_SELF) ;
model of_self = TCL_DYNAMIC_CAST (Model_of_Agent_Frame, frame_base_class) ;

CString can_reach_capability label;
can_reach_capability label = CAN_REACH_STRING;
can_reach_capability label += DELIMITER_STRING:
can_reach_capabilicy label += assembly location;

Slot<Boolean> can_reach_slot(can_reach_capability label, TRUE);

model_of_self->Add_Slot (&can_reach_slot,
TCL_CLASSNAME_FROM_POINTER (model_of_self));

}
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* Add Fxecution_Time for_Capability (protected)

for the given assembly operation and part, this method sets the
average execution time.

+ * o+

f*t""'*"*t‘.*tt'?*t't*t*'*t'***'**"""'f?t*'*'**'t*'*tt'**'t'*"**"**"/

void Assembling Agent::Add_Execution_Time_for Capability(
CString &assembly_operation, CString &the_part,
double average_execution_time)

Base_Frame *frame_base_class;
Model_of_Agent_Frame *model_of_self;

frame_base_class = _the_knowledge_base.Get_Frame (MODEL_OF_SELF) ;
model_of_self = TCIL_DYNAMIC_CAST(Model of_ Agent_Frame, frame_base_class);

CString execution_time_label;

execution_time label = assembly_operation;
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execution_time label += DELIMITER STRING;
execution_time_label += the_part:;

execution_time_label += DELIMITER_STRING;
execution_time label += AVERAGE EXECUTION TIME_STRING;

Slot<double> time_slot (execution_time_label, average execution_time);

model_of_self->Add_Slot(&time_slot,
TCL_CLASSNAME_FROM _POINTER (model_of_self));

/'t"t""'f""f'*'Q'***"‘.tt'f'"***'*f'*""'*"Qf**f**t*t'fi"'*f***'tt

* Setup_Knowledge_Base (protected)

-

* this method sets up the basic knowledge of an assembling agent.

"'t't"tt'"'7Q'tt’*'"*"*'*f*"*’*****""""t*"f"*f*"'f""*t'ttf‘/

void Assembling Agent::Setup Knowledge Base (void)

{
State startup_state(IDLE, IDLE STRING) ;

set_current_state(startup state);

Base_ Frame *frame base_class;
Model_of_Agent_Frame *model_of_ self;
Slot<CString> current_task(CURRENT_TASK, NULL_STRING);

frame_base_class = _the_knowledge_base.Get_Frame (MODEL_OF_SELF);
model_of_self = TCL_DYNAMIC_CAST (Model of_Agent_Frame, frame_base_class);
model _of_self->Add_Slot (&current_task,

TCL_CLASSNAME_FROM POINTER (model_of self)):;

_checking qualifications = FALSE;
}
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* Asseambling Agent (constructor - protected)

* this constructor initializes the asseambling agent with the given

* name and the given name for its direct parent. this is the primary
* agent constructor for derived ASAs.

-

'i‘"*"k*"?'Y*"tf'**tf’t*f"'**fi’t'1*‘.'Y'fif*'t""**f*f***"****'f'*ﬁﬁ/

Assembling Agent::Assembling Agent (
const char *name_of_agent, const char *name_of_ direct_parent) :
Agent (name_of_agent, name_of_direct_parent)

{
Setup_Knowledge_Base();

}
/*"t*'*'*'t***"tt*t**itﬁfi"".tt"'f"*t'tt*f*f‘t"t't*fﬁ'**f"tif**t’***tfit*
* Move_and ¢ _Part (protected - virtual)

»

* given the report frame sent by a part presentation agent, this method
* must be overridden by a specific assembling agent in order to move

* and grasp the part as delivered by this PPA. this method returns

* TRUE if the grasp is successful; otherwise, it returns FALSE. it

* also sets the time to grasp the part for the discrete event

* simulation. the default method sets the grasp time to 1 unit and

* returns TRUE.

*

'tt**ttt‘.i'*'*'f*t*'*tt**'****'*f*"****‘.*i*ttt***'f**tt*fit*f*'tt**t***f/



Boolean Assembling Agent: :Move_and _Grasp_Part(
Report_Frame *the_report., double &time_to_grasp_part)
{
time_to_grasp part = 1.0;

return(TRUE) ;
}
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* Move_to_Assembly Location (protected - virtual)

* this method must be overridden by a specific assembling agent in

* order to move from its current location to the location where the

* assembly is going to take place. this method also sets the time to
* move to the assembly location for the discrete event simulation.

* the default method simply sets the move time to 1 unit.

'tt""‘.'*f"'t""f"t*"t'it‘l"f"f"'t*"*‘t't*'f""*t*'*'tt**fi*'f"tff*/

void Assembling Agent::Move_to_Assembly Location(double &time_to_move)
{

time_to_move = 1.0;
}

/tt""t't'tt't't""tf't'tttttttftt***f*t'*f'tt*tfi'ttt***ttt'wfrttt'tt*'

* Assemble_the_Part (protected - virtual)

this method must be overridden by a specific assembling agent in
order to assemble the part according to the requirements of an
assembly operation. this method returns TRUE if the assembly
operation is successfully campleted; otherwise, it returns FALSE. it
also sets the time to assemble the part for the discrete event

* simulation. the default method sets the part assembling time to 5.0
* units and returns TRUE.

-

% & 4

*

"ttt't"""""vtt't"t"tttt"""tttt'tt'*'t't*ttttf'tt*'ﬁtfitt"t"t/

Boolean Assembling Agent::Assemble_the_Part (double &time_to_assemble)

{
time_to_assemble = 6.0;

recurn(TRUE) ;
}
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* Discard_the_pPart (protected - virtual)

this method should be overridden by a specific asseambling agent in
order to discard the part when an assembly operation was not
successful. the default method simply sets the time to discard
the part to 1 unit.

* % 4 * % #*

ttf"ff"t*"I"t'ft?'*t't"t"'?""'"*"f"'t***ft'"t‘.f**""t*'t".*'t/

void Assembling Agent::Discard_the_ Part (double &time_to_discard_part)
{

time_to_discard part = 1.0;
}

/'t*t**'*fi""t't'tftt"ﬂ’*'t*"'tff**f'f’*f"'"‘.f**’f'*'**tt*f*"ff*f’**

* Process_the Bids (protected)

*

* this method processes the bids that were received for the announcement



* of a part fetching task. it returns TRUE, if bids were sukmitted and
* the task is granted to a particular part presentation agent; otherwise,
* it returns FALSE.

*"'*'t'fii’."'tf’tf’f"tI't't*"'**"t*'t'*’f‘.'fi'f"""'.t"*""'f"'f'/

void Assembling Agent::Process_the Bids(void)

{
Basic_List<Bid_Frame *> the_bids;
double time_to_process=0.05;

Get_Bids_for_Task(_current_fetch part_task, the_bids);

if(!'the_bids.mmber_of_elements())

{
Retransmit_Task_Announcement();
the_simulator->Add_to_Event_List_with Delay(time_to_process, this,

BIDS_NOT MADE) ;

return;

};

Select_Best_Bid_and Grant_Task(the_bids);
size_t loop:

for (loop=0; loop<the_bids.mmber_of_elements(); loop++)
delete the bids[loopl:

the_simulator->Add_to_Event_List_with _Delay(time to_process, this,
BIDS_WERE_MADE) ;

/""'t"'tt*t***'k*'t'tt"f"**'?"'*'"*'"f'tff"'tt't"*f*t't"*'*'t't"

* Execute Check_if Qualified (protected)

-

* this method checks whether an ASA is qualified for any announced
~ assembly tasks and also generates its corresponding events.

*

'ttt"'ttt'tf't'ttt'tttttvtf*’fitttttt'tt'ttt'tt't't"t'tttttt***t'ttt't'/

void Assembling Agent::Execute_Check_if Qualified(State &current_state)

{
double time_to_send=0.02;

Get_First_Potential Task(_potential task);

if(_potential_task)
the_simulator->Add_to_Event_List_with Delay(time_to_send, this,
BID_FOR_TASK) ;

else
Check_Message_Queue_and Generate_Event_if Necessary();

/"f'.*"1"f'."*t'*f'*f**f*f**'**'*'*f*t'*f‘k*f'*t"""*"'t***f*""*"*"

* Execute_Sutmit_Bid_for Task (protected)

this method submits a bid for an assembly task that an assembling
agent is qualified to perform.

* 4+ 4 %

*’".'**ft‘.*'k*f**'f*"*f*ff**'f*fﬁtf?'f*t*'*f"'*"'*f"ti*tt**f'*t*t***"/

void Assembling Agent::Execute_Submit_Bid_for_Task(State &current_state)

{
current_state.set_state (WAITING FOR_GRANT, WAITING_FOR_GRANT STRING) ;

set_current_state(current_state);
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}

_checking qualifications = FALSE;

Generic_Slot *slot_base class;

Slot<CString> "message_sender_slot:

CString task_identity, recipient_identity;
Muliti Slot bid information;

task_identity = _potential_task->get_name of_instance();
slot_base_class = _potential_task->Get_Slot (SENDER) ;
message_sender_slot = TCL_DYNAMIC_CAST(Slot<CString>, slot_base_class) ;
recipient_identity = message_sender_slot->Get_Slot_Value() ;
Setup_Bid_Information(_potential_task, bid_information):

char *sender_identity = get_agent_identity();
Bid_Frame *the _bid_frame;

the bid_frame = new Bid_Frame(task_identity, sender_ identity,
recipient_identity, &bid information);

Send Message (recipient_identity, the_bid_frame);

delete [] sender_ identity;
_the_knowledge_base.Add Frame(the_bid_frame);
delete the_bid_frame;

delete _potential_task:;

/""‘."t"'tt"*'ff'I"t"ttt'*f"""'*"Q"lf"*tt"'.'*""'Q"f*'tftf'*'*’

*

% 4 %

Execute_Task_Not_Granted (protected)

this method makes the transition back to the idle state, if an
ASA was not granted an assembly task for which it bid.

"""*"'f"’ttt""*"""'*'f‘l""""'f"'t'*f'**""**'f*'fi'*'t"t‘./

void Assembling Agent: :Execute_Task_Not_Granted(State &current_state)

{

}

Grant_Frame ~*the_grant;
Get_the_Grant_Message (the_grant) ;
current_state.set_state(IDLE, IDLE_STRING);

set_current_state(current_state);
Register Trace_Message (NOT_GRANTED_TASK_STRING) ;
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*

*

-

*

*

Execute_Request_Part (protected)

this method requests the part needed to carry out an assembly
cperation from the part presentation agents.

"*"*l’f'*'f'*i'i'fi'tﬁ***'tf*f""***'*f*'*"*""t**‘t"t'*'*’.fif"‘.""**/

void Assembling Agent::Execute_Request_Part(State &current_state)

{

Grant_Frame *the grant;

if (!Get_the Grant_Message{the grant))
return;

Switch_to Busy():

Base Frame *frame_base_class;
Model_of_Agent _Frame *model_of_self;



Generic_Slot *slot_base_class:;
Slot<CString> *current_task;

frame_base_class = _the_knowledge_base.Get_Frame (MODEL_OF_ SELF) ;
model_of_self = TCL_DYNAMIC_CAST (Model of_Agent Frame, frame_base_class);
slot_base_class = model_of_self->Get_Slot (CURRENT_TASK) ;

current_task = TCL_DYNAMIC_ CAST (Slot<CString>, slot_base_class):
cauxrent_task->Set_Slot_Value(the grant->get_name_of_instance()});

_the_knowledge_base.Remove_Frame (the_grant->get_name of_instance());
_the_knowledge_base.Add_Frame(the grant):;

Request_Part (the grant);
delete the_grant;

current_state.set_state (WAITING_FOR_BIDS, WAITING_FOR_BIDS_STRING) ;
set_current_state(current_state);
}

/'\‘"'f""*'*"*'t"f'f"f't'*'**f'**t'I'f"'*‘.'t*‘k*"'*'**'*"*I'*f*f"f'f*f'

* Execute_Store_Single Bid (protected)

»

* this method simply notes that a single bid was received by an
*  ASA.

'ftt't""f""'t***f’t*"*i**'*t**tt*"Y*‘."****f?"*'f",""*".tf‘k't‘.'/

void Assembling Agent: :Execute_Store_Single_Bid(State &current_state)
{

Register_Trace_Message (SINGLE BID_MESSAGE RECEIVED) ;
}

T R A T A A T T N R A T A AT NIRRT TR RTXCRRN

* Execute_Check_Bids_for_Task (protected)

*

* this method checks whether bids were received for a previously
* amnounced part fetching task and responds accordingly.

-

"""tt*""'*'ttttf't*"t'f"'1,t"t'*if"'f*"""f't'*'*'Q't*"'t'*'*/

void Assembling Agent::Execute_Check_Bids_for_Task(State &current_state)

{
current_state.set_state (BID_MADE FOR_PART REQUEST,
BIDS MADE_FOR_FETCH_PART _STRING) ;
set_current_state(current_state);

Process_the_Bids();
}

/""f'*f"’f*f****'t*"tt'ttt**"tt**'t'f’k"'".'i".*"’*"***fitt"t""""

Execute_Bids_Not_Made Transition (protected)

this method makes the transition back to the waiting state when
no bids were received for a part fetching task.

4 * %+ 4 4

t"*""***"**Q*tt'*t*****'*i'tfi*t*tt't***'*f*1"*"'""ﬁ't’f"i'*"t**/

void Assembling_Agent: :Execute_Bids_Not_Made_Transition(
State &current_state)

{
current_state.set_state(WAITING_FOR_BIDS, WAITING_FOR_BIDS_STRING) ;

set_current_state(current_state);

Register_Trace_Message (WAITING_FOR_BIDS_STRING) ;



}

T R A N N T R R T R AN I T A AT AN T AT AT AN AN

»

* % % %

Execute_Grant_Part_Task (protected)

this method makes the transition to the waiting for part state for
an ASA.

"f"""ﬁ"7't*f'*i"tt'*f*t'*'"'**"*"'*"'fi'*'*"’f*tt*"*tt‘."""f/

void Assembling_Agent::Execute_Grant_ Part_Task(State &current_state)

{

}

current_state.set_state(WAITING_FOR_PART, WAITING_ FOR_PART_ STRING) ;
set_current_state(current_state);

Register_Trace_Message (WATITING_FOR_PART_STRING) ;

/'f"l'"t"’f"t*"'f*‘.'t*""**'t'tf'*f'f'"'f't’t***"'tfft"'*'**"*‘.'"

*

-

*

*

Execute_Grasp_Part (protected)

this method executes the grasp part transition in the CSM of an ASA.

tf*"*'tfi'*t'*""'t'**t'f?*t*'*'f*"'*""'"1"t**t'*f'*tt'tttt*'**ff*f/

void Assembling Agent::Execute_Grasp_Part(State &current_state)

{

}

Report_Frame *the report;
double time_to_grasp_part;
Boolean grasp_successful ;

if (!Get_the_Report_Message (the_report))
return;

grasp_successful = Move_and _Grasp_Part (the_report, time to_grasp_part):;
1f (grasp_successful)
the simulator->Add _to_Event List_with_Delay(time_to_grasp_part,
this, PART GRASPED_SUCCESSFULLY) ;
else
the_simulator->Add to_Event List_with _Delay(time_to_grasp_part,
this, PART_NOT _GRASPED_ SUCCESSFULLY);

Generic_Slot *slot_base_ class;
Slot<Boolean> *pickup message_slot;

slot_base_class = the_report->Get_Slot (PICKUP_MESSAGE_NEEDED) ;
pickup_message_slot = TCL_DYNAMIC_CAST(Slot<Boolean>, slot_base_class):;
if (pickup_message_slot->Get_Slot_Value())

Setup_Pickup_Message (the_report, grasp_successful);
else

_pickup_message = NULL;

delete the_report:;

current_state.set_state(PART_GRASPED, PART_GRASPED STRING);
set_current_state(current_state);

/'**'t*iﬁﬁ"’*'*".t****tf*f*'**'**"*".*'*'"’"*ﬁ*f"'*"******'i'*****t't*

*

* % % 4

Execute_Part_Grasped_Transition (protected)

after having successfully grasped the part, this method makes the
transition to the waiting for free region state of an ASA.
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void Assembling Agent: :Execute_Part_Grasped Transition(State &current_state)

{
if (_pickup_message)
{
Send Message (_identity_of_ PPA, _pickup_message);

delete _pickup_message:
}

Request_Region_of_Assembly_Location();
current_state.set_state (WAITING_FOR_FREE_RBGION,

TRY_PART_ACQUISITION_AGAIN STRING) ;
set_current_state(current_state);

Register_Trace_Message (WAITING_FOR_FREE_REGIQN_STRING) ;
}

/*"*'f'"""***Qtt****"tfi*******'f**"ft?*"*f‘l*'""""*Q""*'**i*"

* Execute_Part_Not_Grasped Transition (protected)

* 1if the part was not successfully grasped, this method makes the
* transition to the try part acquistion again state of an ASA.
*

"."'""*""t"t‘.'f'ft*"*tf"'f't’t't*"ﬁf"*""**'*?***'*tt***'**ttttf'*'/

void Assembling Agent::Execute_Part Not_Grasped_Transition(
State &Current_state)

{
i1f (_pickup_message)

{
Send_Message (_identity_of_PPA, _pickup_message);

delete _pickup_message;
}

Ccurrent state.set_state (TRY_PART ACQUISITION AGAIN,
TRY_PART ACQUISITION_AGAIN STRING) ;

set_current_state(current_state);

Register_Trace_Message (TRY_PART _ACQUISITION_AGATN STRING) ;
}

/‘t""*t'f'ft'ttf't"f'tfi***'"‘t"""""',*’f"'*""t'*t"t'f"**t**'*'

* Execute_Assemble_Part (protected)

* this method executes the move to assembly location and proceed to
* assemble the part transition of the CSM of an ASA.

'*"*'*"'*'*'*’*"fﬁ**'ﬁt**ff*f'*"t"t*‘."ft'*"*‘.ﬁ*f*"*'\'"**'f*f"t*****‘./

void Assembling Agent::Execute_Assemble_Part(State &current_state)

{
Report_Frame *the_report:;
double time_to_move;

if(!Get_the Report Message(the_report))
return;

delete the_report;
Register_Trace_Message (START MOVE_ASSEMELY LOC_STRING);

Move_to_Assembly_location(time_to_move) ;



Boolean assembly successful;
double time_to_assemble;

assembly_successful = Assemble_the Part(time to_assemble);
if (assembly_successful)
the_simulator->Add_to_Event_List_with_Delay(
time_to_move+time to_assemble, this, PART WAS_ASSEMBLED) :
else
the_simulator->Add_to_Event_List_with_ Delay(
time_to_move+time to_assemble, this, PART WAS_NOT_ASSEMBLED) ;

current_state.set_state (PART_SUCCESSFULLY ASSEMBLED,
PART_ SUCCESSFULLY ASSEMBLED_ STRING) ;

ser_current_state({current_state);
}

o R R N R A N N A R A AN R AR R TN AT RN

* Execute_Successful_Assembly Transition (protected)

this method executes the transition of an ASA when the part assembling
was successful.

% & «

t""'ttttt"fi"tt"'ttt't'ttfi’fi't'tit*t"'t't*tQtt*tttt*tt*tttf*"ttf/

void Assembling Agent::Execute_Successful Assembly_Transition(
State &current_state)

{
Register_Trace_Message (END_PART_ASSEMBLY STRING) ;

Release_Region();

Grant_Frame *the_task;

Report_Frame rthe_report;

Slot<CString> type_of_report (TYPE_OF_REPORT, TASK_TERMINATED_REPORT) ;
CString recipient_identizy;

the_task = Get_Currenc_Task();

the_report = Create Report_Frame_Response(the_task, recipient_identity);
the_report->add_Slot(&type_of_report,
TCL_CLASSNAME_FROM_POINTER(the_report));

Send Message (recipient_identicy, the report);

delete the_report:
_the knowledge_ base.Remove_Frame (the_task->get_name of instance());

current_state.set_state(IDLE, "idle");
set_current_state(current_state);
Switch_to_Idle();

Remove_Any_Bid_Messages_fram Queue();
Check_Message Queue_and_Generate_Event_if Necessary();
}

/t'**'t'*tf""*".t'."""'t"f"*""tf‘.**"'*'t't't"'*f*f*'t*"*if*f"t

* Execute_Unsuccessful_Assembly Transition (protected)

this method executes the transition of an ASA when the part assembling
was unsuccessful.

& % o

t'**"*'*f**""'".'f""ttf"li"."""iﬁf*".f'1'*'**"**"’*****'t*'**'**f/
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void Assembling Agent: :Execute_Unsuccessful_Assembly_Transition(
State &current_state)

{
double time_to_discard part;

Register_Trace_Message (START DISCARD_PART_ STRING) ;
Discard_the_Part (time_to_discard_part) ;
current_ state.set_state (TRY_PART_ACQUISITION_AGAIN,
TRY_PART ACQUISITION_AGAIN_ STRING) ;
set_current_state(current_state);
Release_Region() ;
the simulator->Add to_Event_List_with _Delay(time_to_discard_part, this,
TRY_AGAIN) ;
}

/'f""'.*t*‘.*'*'"i’"'***t'****'*"tl‘**'t***'**""f"*"f‘."*i'ﬁt"*"i'***

* Execute_Request Part_Again (protected)

if the part was not successfully grasped or the part assembling
was unsuccessful, this method requests the part from the PPAs again.

* % % #

t"itt‘.*'*f*".t't*'t*’lf'*".'Q"*"*""t'*"'tf*'f’.t*""f**'ﬁ*'*ti*'f’f*f'/

void Assembling Agent::Execute_Request_Part_Again(State &current_state)

{
Retransmic_Task_Armouncement () ;

current_state.set_state(WAITING_FOR_BIDS, WAITING_FOR_BIDS_STRING) ;
set_current_state(current_state) ;

Register_Trace_Message (WAITING_FOR_BIDS STRING) ;
}

T T T N R R A T N A A A T N R N AN AT T RN RN

* Receive_Message (protected - override)
~ this method makes a copy of the given message and responds to it
* differently depending upon its type and the current state of an ASA.

*

"tt*‘.*'***'f*".""‘.t*"**"'**'*t'f**'*Y*f'tt**"""'tt'*,t*t"f*"f*'/

void Assembling Agent::Receive Message(
const Message_Frame *message_to_receive)
{

Base_Frame *frame_base_class;

Message_Frame *copied_message;

Grant_Frame *the_grant;

Report_Frame *the_report;

Bid_Frame *the_bid;

double message_time, message_delay = (*_the message_delay) ():

frame_base_class = message_to_receive->Clone() ;

copied message = TCL_DYNAMIC_CAST (Message_Frame, frame base_class);
message_time = copied_message->Get_Message_Time() + message_delay;
the grant = TCL_DYNAMIC_CAST(Grant_Frame, copied_message) ;
the_report = TCL_DYNAMIC_CAST (Report_Frame, copied_message);

the bid = TCL_DYNAMIC_ CAST(Bid_Frame, copied_message);

if(the report || the_grant)
—the_message_queue.Push_to_Front (copied message) ;



}

else

_the_message_queue.Push_to_Back(copied message) ;

State current_state = get_current_state();

switch (current_state.get_state_id())

{

case IDLE:
if(!_checking qualifications)
{
the_simulator->Add_to_Event_List_at_Time(message_time, this,
TASK_LAIINCHED) ;

_checking qualifications = TRUE;
}:

break;
case WAITING_FOR_GRANT:
if (the_grant)
{
if (Received the Grant (the_grant))
the_simulator->Add to_Event_List_at_Time(message_time,
this, TASK_GRANTED) ;
else

the simulator->Add_to_ Event_List_at_Time(message_time,
this, TASK_NOT_GRANTED) ;

};
break;
case WAITING_FOR_BIDS:
if (the_bid)
the simulator->Add_to_Event_List_at_Time(message_time,
this, SINGLE_BID_RECEIVED) :

break;
case WAITING_FOR_PART:
if(the report)
the_simulator->Add to_Event_List_at_Time(message_time,
this, PART POSE_RECEIVED) ;
break;
case WAITING_FOR_FREE REGIQN:
1f(the_report)
the_simulator->Add_to_Event_List_at _Time(message_time,
this, REGIOGN_RBQUEST_GRANTED) ;
break;
};

T T R N R T R R R N A A A T T A A A A A R T I A R T T AT AN AT TN *N

Execute (public - override)

this method defines the execution of an assembling agent.

't*"t"""'""f"t""t*"'"f’f'**'ff’l'""*t't"f"‘.""tt*f't"f*t"‘/

void Assembling Agent::Execute(int type_of_event)

{

State current_state = get_current_state();

switch (current_state.get_state_id())

{
case IDLE:
if (type_of_event==TASK_LALNCHED)
Execute_Check_if_Qualified(current_state);
else if (type_of_event==BID FOR_TASK)
Execute_Submit_Bid_for_Task(current_state):
break;
case WAITING_FOR_GRANT':



if (cype_of_event==TASK_NOT_GRANTED)
Execute_Task_Not_Granted(current_state);
else if(cype_of_event==TASK_GRANTED)
Execute_Redquest_Part(current_state);
break;
case WAITING_FOR_BIDS:
if{type_of_event==SINGLE_BID_RECEIVED)
Execute_Store_Single_Bid(current_state);
else if(type_of_event==REBQUEST_PART TIMES_OUT)
Execute_Check_Bids_for_Task(current_state);
break;
case BID MADE FOR_PART RBPQUEST:
if (type_of_event==BIDS_NOT MADE)
Execute_Bids_Not_Made_Transition(current_state) :
else if({cype of_event==BIDS_WERE_MADE)
Execute_Grant_Part_Task (current_state);
break;
case WATTING_FOR_PART:
if (type_of_event==PART POSE_RECEIVED)
Execute_Grasp_Part (current_state);
break;
case PART GRASPED:
if(type_of _event==PART_ GRASPED_SUCCESSFULLY)
Execute_Part_Grasped Transition(current_state):
else if(type_of_event==PART NOT GRASPED_SUCCESSFULLY)
Execute_Part_Not_Grasped_Transition(current_state);
break;
case WAITING_FOR_FREE_REGION:
if (type_of_event==REGION_REQUEST GRANTED)
Execute_Asseamble_Part (current_state) ;
break;
case PART_SUCCESSFULLY ASSEMBLFED:
if(type_of event==PART_WAS_ASSEMEBLED)
Execute_Successful Assembly_Transition(current_state) ;
else if(type_of_event==PART WAS_NOT_ASSEMELED)
Execute_Unsuccessful_Assembly_Transition(current_state);
break;
case TRY_PART ACQUISITION_AGAIN:
if (type_of_event==TRY_AGAIN)
Execute_Request_Part_Again(current_state);
break;

/"f*"t't"'tf*'*'t'f’tt**Yt"'t"**"'.‘t"'""t’t"f”*tﬁ"'tf"?*'i'""'

* Assembling Agent (default constructor - public)

the default constructor is needed for rnum-time type identification and
is not meant to be used.

* 4 ¢ %

'*""*""*tttfi*t'fitt't*'**'*"‘.**'Q"ff'*"**tﬁt'tf*'i*'**fif"**f""/

Assembling Agent::Assembling Agent (void) : Agent()
{
}

/'*‘.**'*'i*ﬁtt'*t"fﬁtf**'t*'.t'*'*t*'*t""'*'1"*fitt'**'f'****t't**f*****'

* Assembling Agent (constructor - public)

the canstructor initializes the ASA with the name specified
by the user.

* 4 %

"***'f‘t*tt*'*""tff*i'*'*t**tt"***"*****'ff"*f'*tf"t"ﬁ't**"ﬁ*"'t*'*"/
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Assembling Agent::Assembling Agent (const char *name_of_agent)
Agent (name_of_agent, TCL_CLASSNAME_FROM_POINTER(this))
{
Setup_Knowledge_Base() ;
}

/""""'"Q'"'*i't't""*Q'f"*f"f"*'?*"*""ttt'*’f""f't"'**"f"'

* -Assembling Agent (destructor)

*

* this destructor has nothing to free.

-

""'"i’t*'*t**fi't*'t'f'f**t""f"".'""'*'*'.'tttf'**t"'tt"'f’*f""//

Assembling Agent::~Assembling Agent (void)
{
}
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