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Design and Development of a Manufacturing Enterprise Architecture 

Proposed Research Plan 

Introduction: To be suc.cessful, compettttve, and achieve excellence in today's global 
economy, a manufacturing entetprise must lead in successful use of the most advanced 
concepts and methods including Computer-Integrated Manufacturing (CIM). The scope of 
CIM transcends the traditional boundaries of the factory floor and encompasses the whole 
entetprise, giving rise to a Computer-Integrated Manufacturing Enterprise (CIME). CIME 
can be defined as one that utilizes computers for the engineering, planning, manufacturing, 
marketing and business functions of the enterprise, and for the integration of all these 
functions into a cohesive enterprise system through a common information/knowledge base. 

The Manufacturing Enterprise Architecture (MEA): An important prerequiSite for the 
successful implementation of CIM in a manufacturing entetprise is a detailed knowledge 
and understanding of the functions and information associated with the enterprise. Such a 
definition of the manufacturing entetprise is known as the architecture of manufacturing. 
A standard architecture would reduce the overall system complexity and enable users to 
build systems in increments. MEA is the framework that captures, represents and 
integrat~s the three major facets of an enterprise, viz., function, information and dynamics. 

Research Plan: The overall objective of this research effort is to design and develop MEA 
which will serve as a blueprint for the implementation of CIM in the factory of the future. 
There is a need for such a fundamental approach to the domain of manufacturing, 
especially in the context of CIM. During the initial phase of the research, the 
apparel/textile manufacturing sector will be used as the domain for the development of the 
Textile Apparel Manufacturing Architecture (TAMA). Methodologies currently available 
for the development of such an architecture, do not lend themselves well to the 
representation of experience-based knowledge. This opens up avenues for some interesting 
investigation since symbolic knowledge plays a crucial role in the successful operation of 
an enterprise (e.g., in production planning and scheduling). TAMA will subsequently be 
generalized to encompass other manufacturing processes. Issues related to a domain- or 
industry-independent view of manufacturing will also be investigated. Thus, the five-year 
research objective is not only to have a successful implementation of CIM in textile/apparel 
manufacturing, but also to have a generic MEA for the factory of the future. 

Summary of Current Activities 

Development of Textile/Apparel Manufacturing Architecture: Work is being carried out 
on the development of Apparel Manufacturing Architecture (AMA), the initial domain for 
T AMA and eventually MEA. The IDEF methodology developed under the US Air Force's 
ICAM Program [1] is being used in the development of AMA. The three models -
Function, Information and Dynamics -- capture and represent the operations of an apparel 
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enterprise. AMA will serve as a blueprint for the implementation of CIM in the apparel 
industry [2]. 

Domain-Independent Architecture: An important outcome of the research on AMA has 
been the concept of a domain-independent architecture for manufacturing. Basic concepts 
and preliminary ideas for further research in this area were presented at the IJCAI '89 
Workshop on Manufacturing [3]. A copy of the paper is attached. 

Improving the Modeling Methodology: One of the major drawbacks of the IDEF 
methodology is the lack of seamless integration between the function, information and 
dynamics models; consequently, efforts are being directed at laying the groundwork for a 
comprehensive methodology that will be suitable for developing MEA. 

Hewlett-Packard Equipment: A major equipment and software grant valued at $437,630 
has been received from Hewlett-Packard Company for use in the research activities. The 
hardware (HP 3000 925LX) has been installed and the Manufacturing Management 
Software is currently being loaded on to the System. This system will serve as the 
platform for implementing and testing the architectural concepts emerging during the course 
of th~ research. 

References 

[1] US Air Force Integrated Computer Aided Manufacturing Program Manuals, WPAFB, 
Ohio, 1981. 

[2] Jayaraman, S., "Design and Development of an Architecture for Computer-Integrated 
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Paper Presented at The International Joint Conference on 
Artificial Intelligence OJCAI '89) Workshop on Manufacturing, 

Detroit, MI, August 21-25, 1989. 
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On a Manufacturing Enterprise Architecture1 

Dr. Sundaresan Jayaraman 
School of Textile Engineering 

Georgia Institute of Technology 
Atlanta, Georgia 30332 

* * * 

For the Panel on Integrated Manufacturin~ Architecture: What does it mean? 

* * * 

Abstract 

The development of a Manufacturing Enterprise Architecture (MEA) is a prerequisite 
for the successful implementation of Computer-Integrated Manufacturing (CIM) in an 
enterprise. A definition of MEA is proposed and its scope outlined. A domain- or industry
independent view of manufacturing is discussed in light of the product continuum that 
ranges from commodity-type items to specialized items. The role of knowledge and 
experience in operating an enterprise are examined. Several key issues germane to research 
in the area of integrated architectures for manufacturing are presented. These issues will be 
discussed during the workshop. 

* * * 

Introduction: In this rapidly evolving and highly competitive global economy, the term 
"manufacturing" stands redefined. No longer restricted to the actual production process 
(e.g., milling, turning, cutting), it encompasses the design, development, production, 
distribution and marketing of the right product at the right price and at the right time (the 
three Rs of a manufacturing enterprise). To be successful, competitive, and achieve 
excellence, a manufacturing enterprise must lead in successful use of the most advanced 
concepts and methods including Computer-Integrated Manufacturing (CIM). The scope of 
CIM transcends the traditional boundaries of the factory floor and encompasses the whole 
enterprise, giving rise to a Computer-Integrated Manufacturing Enterprise (CIME). CIME 
can be defined as one that utilizes computers for the engineering, planning, manufacturing, 
marketing and business functions of the enterprise, and for the integration of all these 
functions into a cohesive enterprise system through a common information/knowledge base. 

The Manufacturing Enterprise Architecture (MEA): An important prerequisite for the 
successful implementation of CIM in a manufacturing enterprise is a detailed knowledge 

1This research is being supported by a Presidential Young Investigator A ward from the 
National Science Foundation, Washington, D. C. 
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and understanding of the functions and information associated with the enterprise [1]. Such 
a definition of the manufacturing enterprise is known as the architecture of manufacturing. 

MEA is the framework that captures, represents and integrates the three major facets 
of an enterprise, viz., function, information and dynamics. As shown in Figure 1, a 
functional representation of the enterprise is ~e foundation of the MEA. Information is the 
lifeline for the various functions and is the next level in the MEA~ Though function and 
information are shown separately in the figure, they are closely interlinked and together 
form the foundation of the framework. Just as a solid engineering structure can be 
constructed only after the foundation has been laid, a thorough analysis of the dynamics of 
the enterprise (including what-if analysis and system simulation) can be performed 
effectively only after the function/information foundation has been laid. This function
information-dynamics representation of the existing operations of an enterprise is known as 
the AS IS architecture. It serves as a starting point for assessing, developing and 
implementing a TO BE architecture. A TO BE architecture is a representation of what the 
enterprise is "to be" in order to realize the three Rs. 

Analysis of the Manufacturing Sector: The manufacturing sector can be viewed from 
different perspectives. The most common, albeit a narrow one, is based on the products 
produced, viz., automobiles, aircraft, textiles, chemicals, machine tools, etc. A second view 
represents the segments ~erved: transportation, food, clothing and machinery. Another 
commonly adopted classification is in terms of discrete parts and continuous manufacturing; 
examples of discrete parts manufacturing include garments, pens and automobiles, while 
sulfuric acid and paper manufacturing are examples of continuous processes. All these 
views emphasize the unique characteristics of the individual products and industry 
segments. However, they fail to highlight the infrastructure common to all of manufacturing 
(regardless of the product or industry segment), the infrastructure that is essential for 
attaining the three Rs. 

Moreover, while the problems and issues faced by the different industries may differ 
in magnitude, the challenges themselves are similar: responding efficiently to the rapidly 
changing demands of consumers by producing and offering high quality products in the 
shortest possible time at competitive prices. For example, in the automotive sector, the 
models typically undergo major changes once every four years (with minor upgrades every 
year), while in the apparel sector, there are garments for each of the four seasons in a 
year. Thus, the apparel sector is characterized by a higher frequency of changes in the 
various functions (engineering and aesthetic design, manufacturing planning, scheduling, 
production, distribution, marketing, etc.) when compared to the automotive sector. 
However, the set of functions defining the enterprise and its operation is essentially the 
same. Concepts of "quick response", "zero defects" and "just in time" manufacturing are 
applicable to both sectors. This leads to another, and probably more useful, view of 
manufacturing. 

A Domain-independent Perspective of Manufacturing: In a global sense, manufacturing 
is responsible for supplying a continuum of products ranging from commodity-type items 
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(e.g., socks, pens, television sets, etc.) to highly specialized or unique items (e.g., tailored 
suits, fighter aircraft, etc.). This is a domain- or industry-independent perspective because 
almost every industry segment produces such a continuum of products. For example, in the 
apparel sector, socks and high-fashion evening gowns represent the two ends of the 
spectrum, while personal computers and supercomputers are representative of the two 
extremes in the computer industry. While, at first glance, it might seem odd to think of 
any commonality between the apparel and computer manufacturing sectors, there indeed is 
an infrastructure or architecture shared by the two fields. Of course, the structures built 
over this foundation will vacy to accommodate the specifics of each industry. 

Analysis of the Product Continuum: How does this product continuum influence the 
operations of an enterprise? In other words, what are the specific parameters that determine 
the position of the product in the continuum and how do they change from one end to the 
other (see Figure 2). 

Information: One of the key parameters that changes in the product continuum is the 
associated information. As shown in Figure 2, the amount of information per unit product 
increases as one moves from a commodity-type product to a special product. Since a 
commodity-type product (e.g., socks or ball-point pens) is a fairly stable or standardized 
product, the associated information (design, production rate, demand, etc.) also tends to be 
stable. However, at the other end, the specialized items themselves change rapidly and with 
them the information, or some significant fraction of the information. So, the rate of 
change of information is higher for the special end of the spectrum. Likewise, the type of 
information will also vary from one end to the other. 

Extent and Type of Automation: Since commodity-type items will typically require fewer 
design changes and are produced in large quantities, the process lends itself well to 
automation. Moreover, it is easier to justify the large capital expenditures associated with 
this type of automation, commonly referred to as fixed automation. On the other hand, 
specialized products will require frequent changes, are produced in fewer quantities and 
typically at lower production rates, that fued automation may not only be uneconomical but 
also impractical. The specialized items call for production equipment that need to be 
flexible, giving rise to flexible automation. 

Product Demands and Quick Response: Commodity-type items have a fairly steady demand 
which can be forecast with a high degree of certainty. Consequent! y, production and 
process planning tasks are simpler and can be automated. In the case of specialized items, 
however, the demand cannot be forecast accurately and the enterprise must have the ability 
to respond quickly to the product's performance in the market. For example, in the apparel 
sector, if a new style of women's wear is selling well, the point-of-sale information must 
be utilized by the enterprise to gear up its production within days to meet the anticipated 
demand. So, the production and process planning tasks assume increased significance in the 
context of "quick response." Moreover, these tasks tend to be highly dynamic under such 
circumstances. Likewise, the "just in time" manufacturing strategy varies according to the 
position of the product in the continuum. 
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The Role of Experience and Knowledge: The functions (and the related information) in a 
manufacturing enterprise can be broadly classified into two major categories--formal and 
informal. As the name implies, in the formal class, the functions are well-defined, 
structured and represented in the system. An example of this class is the tool path on the 
Numerical Control or NC machine (defined), the set of instructions for the operation and 
the format in which the instructions are transmitted to the machine. In the second category, 
the functions are not always well-structured and represented in the system. This knowledge, 
typically embodied in the human component of the enterprise, is acquired over time by 
learning from experience. An example of this is the knowledge associated with the 
production planning process based on product demand forecasts. Intelligence in an 
enterprise is distributed: from the microchip in the machine on the factory floor to the 
human expert working as a strategic planner. Both human and machine intelligence are 
central to the successful operation of the enterprise. 

Need for MEA and its Role: The preceding discussion intends to make clear that there is 
a need for MEA so that the enterprise can deal with the wide range of issues and 
strategies encountered in the real world. The architecture, developed by adopting a systems 
approach to manufacturing, can serve as a blueprint for the effective implementation of 
new technologies, including computers, which are central to the successful operation of the 
enterprise. The architecture can serve as a communication vehicle in an enterprise both 
during the analysis of the enterprise operations and subsequently during the implementation 
of changes resulting from the analysis. It can be used to develop specifications and 
standards for the seamless integration of the various islands of automation in an enterprise. 

Scope of MEA: The activities of a manufacturing enterprise can be broadly classified into 
three major categories: (1) Strategic or long-term decision-making; examples include capital 
investment and expansion decisions. (2) Tactical decision-making related to the day-to-day 
workings of the enterprise; examples include production and process planning. (3) 
Operational activities whereby the tactical decisions are implemented; examples include 
product assembly. Since the purpose of the architecture is to represent the various activities 
of the enterprise, its scope should include all the three categories. The architecture must 
accommodate the continuum of products. And fmally, for it to be complete, the architecture 
should allow for the representation of experience-based knowledge associated with the 
human element in the enterprise. 

Research in Progress: Under a DoD-sponsored research effort at Georgia Tech, the 
architecture for an apparel manufacturing enterprise is being developed with the active 
participation of a major apparel manufacturer. Based on a set of evaluation criteria 
developed for the selection of the modeling methodology, the US Air Force's IDEF 
methodology was selected [2]. The function modeling has been carried out and information 
modeling is in progress [3, 4]. 

8 



Long-term Research Goals: One of the ultimate objectives of this research effort is to 
enhance and modify this apparel manufacturing architecture to make it a domain
independent architecture for the factory of the future. This endeavor is being supported by 
the National Science Foundation. A major shortcoming of the IDEF methodology is that it 
does not allow for the representation of experience-based knowledge. This opens up some 
exciting avenues for the incorporation of AI techniques in the existing methodology. So, 
another long-term objective of this research endeavor is to develop a suitable methodology 
(and a software tool) that will facilitate the development of the complete or "ideal'' 
manufacturing enterprise architecture. 

Discussion Issues: It should be clear by now that there are several key issues that need to 
be investigated in relation to the development of an integrated architecture for a 
manufacturing enterprise. These include: 

* 

* 

* 

* 

* 

* 

* 

Is the proposed defmition of MEA adequate? 
SJ: Yes, will be elaborated. 

Can the domain-independent view of manufacturing be used to develop an 
architecture for manufacturing? 
SJ: Yes, but needs to be explored further. 

Will a single architecture be adequate for the continuum of products? 
SJ: Probably Yes. 

Should the three viewpoints of an enterprise activities (strategic, tactical and 
operational) be integrated into a single architecture? If so, can they be? 
SJ: Yes; with some effort. 

Do the current methodologies accommodate experience-based knowledge? If not, 
how can this be accomplished? 
SJ: No; will be elaborated. 

Can the industry be convinced to take this "fundamental" (or long-term) approach to 
manufacturing and CIM? 
SJ: Yes, the architectural approach is gaining acceptance in the apparel industry. 

Once the architecture is developed, how should it be "validated?" 
SJ: Team of industry experts: positive feedback from the apparel industry. 

These issues will be discussed in detail during the presentation at the workshop. 

Acknowledgements: The U.S. Defense Logistics Agency (DLA) is sponsoring the 
development of the apparel manufacturing architecture under a research grant (DLA-900-87-
D-0018). The author thanks Mr. Don O'Brien, Mr. Dan Gearing and Ms. Helen Kerlin, all 
of DLA, for making this endeavor possible and Mr. Rajeev Malhotra, graduate research 
assistant working towards his Ph.D., for his participation in the development of the 
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Award from the National Science Foundation (NSF) for pursuing the long-term objectives 
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Design and Development of a Manufacturing Enterorise Architecture 

Proposed Research Plan 

Introduction: To be successful, competitive, and achieve excellence in today's global 
economy, a manufacturing enterprise must lead in successful use of the most advanced 
concepts and methods including Computer-Integrated Manufacturing (CIM). The scope of CIM 
transcends the traditional boundaries of the factory floor and encompasses the whole enterprise, 
giving rise to a Computer-Integrated Manufacturing Enterprise (CIME). CIME can be defined 
as one that utilizes computers for the engineering, planning, manufacturing, marketing and 
business functions of the enterprise, and for the integration of all these functions into a 
cohesive enterprise system through a common information/knowledge base. 

The Manufacturing Enterprise Architecture (MEA): An important prerequisite for the 
successful implementation of CIM in a manufacturing enterprise is a detailed knowledge and 
understanding of the functions and information associated with the enterprise. Such a 
definition of the manufacturing enterprise is known as the architecture of manufacturing. A 
standard architecture would reduce the overall system complexity and enable users to build 
systems in increments. MEA is the framework that captures, represents and integrates the 
three major facets of an enterprise, viz., function, information and dynamics. 

Research Plan: The overall objective of this research effort is to design and develop MEA 
which will serve as a blueprint for the implementation of CIM in the factory of the future. 
There is a need for such a fundamental approach to the domain of manufacturing, especially 
in the context of CIM. During the initial phase of the research, the appareVtextile 
manufacturing sector will be used as the domain for the development of the Textile Apparel 
Manufacturing Architecture (T AMA). Methodologies currently available for the development 
of such an architecture, do not lend themselves well to the representation of experience-based 
knowledge. This opens up avenues for some interesting investigation since symbolic knowledge 
plays a crucial role in the successful operation of an enterprise (e.g., in production planning 
and scheduling). T AMA will subsequently be generalized to encompass other manufacturing 
processes. Issues related to a domain- or industry-independent view of manufacturing will also 
be investigated. Thus, the five-year research objective is not only to have a successful 
implementation of CIM in textile/apparel manufacturing, but also to have _a generic MEA for 
the factory of the future. 

Summary of Activities in Year Two of the Award 
r 

Development of Textile/ Apparel Manufacturing Architecture: Work has been completed on 
the development of an apparel manufacturing architecture (AMA), the initial domain for 
TAMA and eventually MEA. The IDEF methodology developed under the US Air Force's 
ICAM Program [1] has been used for the development of AMA. The three models -
Function, Information and Dynamics -- capture and represent the operations of an apparel 
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enterprise. AMA was developed in cooperation with major apparel manufacturers and it will 
serve as a blueprint for the implementation of CIM in the apparel industry [2, 3]. The work 
on AMA received additional support from the US DoD under grant# DLA-900-87-D-0018. 

Modeling Methodology: During the course of this research, several shortcomings in the IDEF 
methodology have been identified and a new methodology tenned IFEM (integrated framework 
for enterprise modeling) has been proposed. This work forms part of a doctoral dissertation 
completed in March 1991 at Georgia Tech by Rajeev Malhotra, one of Dr. Jayaraman's 
graduate students [5]. The proposed schema can serve as the foundation for the development 
of manufacturing system modeling software. 

Domain-Independent Architecture: An important outcome of the research on AMA has been 
the concept of a domain-independent architecture for manufacturing [4]. Further work using 
object oriented programming (OOP) techniques has been initiated. A paper has recently been 
accepted for the Workshop on OOP in AI to be held during the 1991 American Association 
for Artificial Intelligence Conference in July [5]. The copy of the paper covering the new 
methodology and domain-independent enterprise architecture is attached. 

Hewlett-Packard Equipment: The HP 3000 925LX and Manufacturing Management software 
obtained through an equipment grant from Hewlett-Packard is being used as the test bed for 
AMA. Work on implementing AMA using the information entities and the associated schema 
as the foundation has been initiated. Dr. Malhotra has spent time learning the system and will 
be involyed in the implementation. 

Education-related Activities: The graduate student who worked on the development of AMA 
(Rajeev Malhotra) recently received his PhD degree. He· has since joined the team as a 
research scientist to assist in transforming some of the IFEM concepts to the development of 
software tools and also to implement AMA on the HP manufacturing management system. 
Another PhD student is working on the OOP aspects of MEA for his dissertation research. 
Yet another graduate student has been working on the knowledge-based systems aspect of 
:MEA. In short, several graduate students are working on MEA and closely related topics. 

The research activities are also finding their way into the classroom, both at the 
undergraduate and graduate levels. In the senior textile engineering design course, students 
are being introduced to hierarchical cell modeling techniques (e.g., IDEF), while at the 
graduate level, information processing aspects in textile science and engineering including CIM 
are being taught. In shon, efforts are being directed both at education of engineers/educators 
for the future, and research in CIM. 

Textbook Publication: While not supported by PYI funds, a textbook entitled Computer
Aided Problem Solving for Scientists and Engineers written by Dr. Jayaraman has recently 
been published by McGraw-Hill [7]. The text is aimed at freshman/sophomore 
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science/engineering students taking the frrst course in computing. The PYI award certainly 
provided the necessary freedom and flexibility to pursue this activity that hopefully will be 
beneficial to science/engineering students, especially in computing. Copies of the front and 
back covers of the book are attached. 

Equipment Grant from Sun Microsystems: Sun Microsystems has awarded an equipment 
grant worth $73,145 in support of Dr. Jayararnan's CIM research. A SPARCstation 470 has 
been procured and installed. The system is serving as the fileserver for the network of Sun 
workstations in the research laboratory. Several graduate students and research scientists in 
Dr. Jayaraman's group are making extensive use of the equipment Again, the PYI Award 
played a major role in the award of the grant 
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Abstract of Current & Projected Activities 

The overall objective of this research effort is to design and develop a Manufacturing 
Enterprise Architecture which will serve as a blueprint for the implementation of CIM in the 
factory of the future. The apparel manufacturing sector has been used as the initial domain 
and an apparel manufacturing aiChitecture (AMA) has been developed. Based on this work, 
a new methodology termed IFEM (integrated framework for enterprise modeling) has been 
developed. Work on implementing AMA on the HP platfonn has been initiated 

Research on developing the proposed methodology (IFEM) further will be continued. 
Object oriented programming techniques will be utilized for developing MEA. The HP system 
will continue to serve as the implementation vehicle for testing out AMA and MEA concepts. 

• • • 
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Budget -- Year 3 

(Matching funds for all five years utilizing HP' s equipment grant was approved by Dr. Louis 
Martin-Vega, NSF Program Director, in June 1990.) 
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MEA: AN OBJECT-ORIENTED FRAMEWORK FOR MODELING A 
MANUFACTURING ENTERPRISE1 . 

(Accepted for Workshop on Object-Oriented Programming in AI, AAAI-91, Anaheim, CA) 

K. Srinivasan and Sundaresan Jayaraman2 
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Atlanta, GA 30332-0295 

ABSTRACT 
Manufacturing Enterprise Architecture (MEA) is proposed as an object-oriented frame

work for modeling a manufacturing enterprise. MEA comprises three models encompass
ing the major facets of an enterprise, viz., function, information and dynamics. The three 
models are entity model, activity model and knowledge-beliefs model. These models are 
being designed to be independent of the manufacturing domain (textiles, automobiles, etc.) 
and viewpoint (manager, designer, etc.). The advantages of object-oriented programming 
in implementing MEA are discussed. Some yet-to-be-resolved representational problems 
in MEA are also presented. 

INTRODUcnON · 
Computers are playing an increasing role in improving the productivity of a manufacturing 

enterprise. The three broad functions perfonned by computers in the field of manufacturing are: 
1. Automation of manufacturing processes; 
2. Assistance in human performance of management functions; 
3. Integration of different functions through an underlying information framework. 
Computers in general, and the field of Artificial Intelligence in particular, have contributed 

significantly to automation of manufacturing and related processes such as design and diagnosis. 
There are well known intelligent systems available for assisting in management functions such as 
scheduling [ 1 ]. However, it is essential to have a clear understanding of all the functions of a man
ufacturing enterprise and its problems so that these systems do not form islands of automation, but 
contribute effectively towards achieving the goals of the enterprise. The objective of Manufactur
ing Enterprise Architecture (MEA) is to provide a comprehensive model for promoting the under
standing of an enterprise, and utilizing this model as an integrated framework for problem-solving 
and decision-making. 

Domain And Viewpoint Independent Model 
The area of manufacturing may be classified into different domains based on the product, 

viz., automobiles, computers, textiles, etc. The activities performed within an enterprise can be 
classified into three categories based on their viewpoint, viz., strategic activities (e.g., investment 
decisions), tactical activities (e.g., production planning) and operational activities (e.g., part in
spection). Jayaraman has proposed a model of a manufacturing enterprise which is independent of 
the domain of the enterprise [2]. Such a model is desirable, as irrespective of the domain, any man
ufacturing enterprise has the same goals, such as high profitability and increased flexibility; the na
ture of functions perfonned is also essentially the same. The progress made so far in the 
development of such a model is discussed here. 

1. This research is being funded in part by a US Department of Defense grant No. DLA 900-87-D-0018-0001 
and by a National Science Foundation Presidential Young Investigator Research Award No. DDM-8957861. 
2. To whom correspondence should be addressed. 



STRUCTURE OF MEA 
MEA consists of three models viz., the entity model, the activity model and a model to rep

resent expert knowledge and beliefs about a manufacturing enterprise (Figure 1). The arrows be
tween models stand for refers to relationship. Thus, the interdependence between the three models 
is apparent in the figure. 

Figure 1. Sb'UCtUJ'e of MEA 

Entity Model 
A part of the class hierarchy in the entity model is shown in Figure 2. The solid arrows rep

resent isA[n] or inheritance relation between classes. For example, Conceptual Entity 
isA[n] Entity which implies all instances of Conceptual Entity will have all the attributes 
defined for the class Entity. The dotted arrows, as in Figure 1, represent refers to relationships. 
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Figure 2. Pan of MEA Entity Model · 

In MEA, the class Entity is defined as follows: 

Class Entity 
Slots 

Index <An alphanumeric string> 
Input to <A list of Activities> 
Control to <A list of Activities> 
Mechanism to : <A list of Activities> 
Output from : <A list of Activities> 

Except index, which will have a unique value for each class, other slots can have lists of 
zero or more elements. Information such as the more general class of entities and list of attributes 



can be obtained from some fonn of Metaobject Protocol supported by Object-Oriented Program
ming Languages (OOPLs) [3]. 

Redundancy in Representation As can be seen in Figure 2, most of the refers to relation
ships between classes are two-way relationships. For example, the class definition for Sales Or
der will include a slot for the Customer who placed the order. Similarly,~ Customer class 
will have a slot for storing a list of Sales Orders from a particular instance of Customer. 
Such redundant representation has been intentionally chosen for two reasons: First, the entity de
scriptions are semantically more complete and second, reasoning is made more efficient However, 
with such redundant representation more care is required for consistency maintenance. OOPLs 
provide good support for such consistency checking. For example, in CLOS, before, after or 
around methods for accessor methods can ensure that when a slot value for one class is changed, 
corresponding changes are also made in slot values of related classes [3]. Assertions in Eiffel will 
also serve the purpose well [7]. 

Convergence in Entity Representation It is obvious that for MEA to be a realistic model of 
a manufacturing enterprise, a large number of entity classes is required. At first sight, it may appear 
that representing such a large number of entities and their interrelationship will make MEA too 
large to handle. However, the commonality among seemingly very disparate entities, coupled with 
the inheritance feature of OOPLs to capture such commonality, results in a convergence in the size 
of the entity model. For example, in Figure 2, Policy and Equipment Specification are 
seemingly two unconnected entities. However, both serve essentially the same purpose - specifying 
something. This commonality is implicitly shown by having both these entity classes as special
izations of a general Specification class. The Specification class has a slot whose value 
is a list of attribute-value pairs. For example, an element in this list for class Po 1 icy is "attribute: 
targeted customer; value: middle-aged, urban, affiuent male". Likewise, an element in the list for 
class Equipment Specification can be "attribute: level of automation; value: fully pro
grammable". Such convergence in representation has been reponed in literature [3]. 

Multiple Points of View - A Problem to be Overcome In an enterprise, the same entity may 
be viewed differently in different contexts. For example, Yarn is a Raw Material for the man
ager of a weaving plant From a structural engineer's viewpoint, it is a Flexible Material. 
Yarn inherits slots such as Vendor and Lead Time from Raw Material class, and slots 
such as, Tensile Strength from Flexible Material class. With multiple inheritance 
supported in most OOPLs, synthesizing such complex objects from multiple viewpoints is quite 
simple. Problems arise when specific applications are interested in only a particular viewpoint of 
an object. For example, if a process planner is interested in a Yarn object with only some slots 
from each of its parents, current OOPL technology enforces the planner to "take the gorilla even if 
all she/he wants is the banana." No solution has been finalized for implementation in MEA at cur
rent time for this problem of defining different and possibly overlapping windows to objects for 
different applications. 

Substance vs. Object How is the abstract concept Cloth related to a real piece of it, say, a 
beam of denim fabric woven on a particular loom and on a particular day? In MEA all entities, in 
general, are Substances, i.e., the class definitions include only slots to represent properties intrinsic 
to the entity. In our example, the class Cloth will have slots such as Strength and Fiber 
Composition. A Beam Of Cloth will have additional properties such as Length and Loom 
Number. 



Activity Model 
The activity model is a representation of the various functions performed in operating a 

manufacturing entetprise. Pan of the class hierarchy in the activity model is shown in Figure 3. The 
solid arrows, as before, represent isA[n] or inheritance relationship, e.g., Supervise Workers 
isA[n] Informal Activity. The dotted arrows represent is a sub-activity of relationship, 
e.g., Retrieve Parts is a sub-activity of Assemble Parts. Activities such as Operate 
a Manufacturing Enterprise and Manufacture Product are compound activities 
whose sub-activities may belong to different classes, but by themselves cannot be assigned to any 
class except the most general Activity class. While the activity model is based on the IDEF0 
methodology [4], it enhances the expressiveness of the IDEFo methodology by the following: (1) 
Adding an inheritance hierarchy to capture the commonality among various activities; (2) Repre
senting not only the static aspects of the activities, but also the dynamic aspects of it in the fonn of 
methods; and (3) Integrating with the entity model. 

Formal Aaiivty 

Do Assembly 

Figure 3. Pan of MEA Activity Model 

The class Activity is defined as follows in MEA: 

Class Activity 
Slots 

Index 
Input 
Control 
Mechanism 
Output 

. . . . . . . . . . 
Is Sub-Activity of : 
Has Sub-Activities 

<An alphanumeric string> 
<A list of Entities> 
<A list of Entities> 
<A list of Entities> 
<A list of Entities> 
<A list of Activities> 
<A list of Activities> 
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Primitive Activities as Methods In Figure 3, a few of the primitive operations which are 
sub-activities of As semble Parts are shown. In MEA, these primitive operations are represent
ed as methods. Assemble Parts will then have a method which will contain a collection of 
these methods. The ability to combine methods of classes at different levels in a hierarchy (e.g., the 
rich method-combination features of CLOS) make it possible to attach primitive activities common 
for all types of Assemble Parts activities (e.g., Retrieve Parts) to be included in the 
method for the Assemble Parts class. Primitive activities such as, Set-Up Equipment 
and Do Assembly are methods of more specific activity classes (not shown in Figure 3). The 
method corresponding to the primitive activity Do Assembly will depend on the use of the mod
el. In a real-time simulation, it will just be a call to a "sleep" function. In an actual control system, 
it may be a robot control program. 

Comparison with Entitv Model The characteristics of the entity model discussed earlier 
also hold for the activity model. There is a convergence in representation of apparently disparate 
activities; similar to substance-object distinction is the activity-event distinction and the activity 
classes in MEA, except some primitive level activities, do not make any assumptions on the <hr 
main of the enterprise or the viewpoint of the model. 

Knowledge-Beliefs Model 
Under a U.S. Defense Logistics Agency research grant, we have developed an Apparel En

terprise Evaluation Framework (AEEF), to evaluate the manufacturing capabilities of an apparel 
enterprise [5]. This framework uses a class hierarchy to represent some of the entities and activities 
in an apparel manufacturing enterprise, and production rules to represent expert knowledge and be
liefs about evaluating an enterprise. The class definitions also express certain beliefs such as Qual
ity Capability should be given 45% relative imponance in deciding the Overall Capability of an 
enterprise and Machinery Features should be given 25% relative importance in deciding the Qual
ity Capability. This is done by having a Weight slot attached to all classes. 

A typical production rule in AEEF is "If Raw Material is supplied by a vendor listed in Ap
proved Supplier List, Then There is no need to inspect the Raw Material." Such rules can be incor
porated easily into an object-oriented representation framework as assertions on methods and slots. 
The assertion language can be based on production rules or first order logic. We believe that a sig
nificant part of the knowledge-beliefs framework is domain-independent. However, using the 
framework for a different domain will require a full revision of parameters supporting the frame
work and this is a nontrivial knowledge acquisition task. 

CONCLUSIONS 
An object-oriented framework is being developed for modeling entities and activities in

volved in a manufacturing enterprise. Possible means for incorporating expert knowledge and be
liefs into this framework have been proposed. Some yet-to-be resolved problems such as multiple 
viewpoints of the same objects have been highlighted for further discussions to identify plausible 
solutions. 
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Design and Development of a Manufacturing Entemrise Architecture 

Proposed Research Plan 

Introduction: To be successful, competitive, and achieve excellence in today's global economy, 
a manufacturing enterprise must lead in successful use of the most advanced concepts and 
methods including Computer-Integrated Manufacturing (CIM). The scope of CIM transcends the 
traditional boundaries of the factory floor and encompasses the whole enterprise, giving rise to 
a Computer-Integrated Manufacturing Enterprise (CIME). CIME can be defined as one that 
utilizes computers for the engineering, planning, manufacturing, marketing and business functions 
of the enterprise, and for the integration of all these functions into a cohesive enterprise system 
through a common information/knowledge base. 

The Manufacturing Enterprise Architecture (MEA): An important prerequ1s1te for the 
successful implementation of CIM in a manufacturing enterprise is a detailed knowledge and 
understanding of the functions and information associated with the enterprise. Such a definition 
of the manufacturing enterprise is known as the architecture of manufacturing. A standard 
architecture would reduce the overall system complexity and enable users to build systems in 
increments. MEA is the framework that captures, represents and integrates the three major facets 
of an enterprise, viz., function, information and dynamics. 

Research Plan: The overall objective of this research effort is to design and develop MEA which 
will serve as a blueprint for the implementation of CIM in the factory of the future. There is a 
need for such a fundamental approach to the domain of manufacturing, especially in the context 
of CIM. During the initial phase of the research, the apparel/textile manufacturing sector will 
be used as the domain for the development of the Textile Apparel Manufacturing Architecture 
(TAMA). Methodologies currently available for the development of such an architecture, do not 
lend themselves well to the representation of experience-based knowledge. This opens up avenues 
for some interesting investigation since symbolic knowledge plays a crucial role in the successful 
operation of an enterprise (e.g., in production planning and scheduling). T AMA will 
subsequently be generalized to encompass other manufacturing processes. Issues related to a 
domain- or industry-independent view of manufacturing will also be investigated. Thus, the five
year research objective is not only to have a successful implementation of CIM in textile/apparel 
manufacturing, but also to have a generic MEA for the factory of the future. 

Summary of Activities in Year Three of the Award 

Enterprise Modeling Methodology: During the earlier phase of this research, several 
shortcomings in the IDEF methodology were identified and a new methodology termed IFEM 
(integrated framework for enterprise modeling) was proposed. Further work has since been 
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carried out in this area. The conceptual schema proposed earlier [ 1, 2] for MEA has been 
implemented in software using CLOS, an object oriented programming (OOP) language. A paper 
based on this work has been accepted for publication in the proceedings of the Workshop on AI 
in Enterprise Integration to be held during the 1992 American Association for Artificial 
Intelligence Conference in July 1992 [3]. A copy of the paper is attached. 

Utilization of Apparel Manufacturing Architecture: The Apparel Manufacturing Architecture 
developed earlier [ 4, 5] is being utilized in an apparel plant to model the planning and purchasing 
systems of the enterprise. The resulting function and information models have been used as the 
basis for setting up the prototype information system. The system is currently being evaluated 
at the plant. This work is also providing the necessary data for testing MEA discussed earlier. 
The work on AMA received additional support from the US DoD under grant# DLA-900-87-D-
0018. 

Hewlett-Packard Equipment: The HP 3000 925LX and Manufacturing Management software 
obtained through an equipment grant from Hewlett-Packard is being used as the test bed for 
AMA. Work on implementing AMA using the information entities and the associated schema 
as the foundation has been carried out. During the course of this effort, several limitations of 
the system were identified. 

NATO Advanced Study Institute: Dr. Jayaraman was invited to give a lecture at the NATO 
Advanced Study Institute on Advancements and Applications of Mechatronics Design in Textile 
Engineering held in Side, Turkey, during April 3-16, 1992. A copy of Dr. Jayaraman's lecture 
entitled Computer-Aided Design and Manufacturing: A Textile-Apparel Perspective is attached 
[6]. At the ASI, Dr. Jayaraman had the opportunity to interact with fellow researchers from other 
NATO countries and explore areas for future collaboration in research. 

Education-related Activities: Mr. Rajeev Malhotra, the graduate student who received his PhD 
degree working on the development of AMA, has recently joined United Parcel Service as an 
information systems design engineer. Mter his PhD, Dr. Malhotra continued as a research 
scientist in the group and worked on applying AMA and the IFEM methodology in a real-world 
apparel plant. Since Dr. Malhotra will be utilizing many of the concepts and knowledge gained 
during his study at Georgia Tech, the PYI program has contributed to the development of human 
resources for the industry and the dissemination of technical expertise through such individuals. 

Mr. K. Srinivasan is a PhD student currently working on the development of MEA for 
his dissertation. He is expected to defend his PhD dissertation proposal in summer. Another 
student is using simulation techniques to study the relative merits of different methods of work 
flow on the apparel plant floor, e.g., bundle and modular cells. Another graduate student is 
examining the role of various structural interlacement schemes in manufacturing light-weight 
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composites with better interlaminar mechanical properties. This work is being supported by 
NASA Langley. Yet another graduate student has been working on the knowledge-based systems 
aspect of MEA. In short, several graduate students are working on MEA and closely related 
topics. 

As part of the Georgia Tech contingent, Dr. Jayaraman participated in the TQM 
University Challenge hosted in May 1992 by Milliken & Company in Spartanburg, South 
Carolina. It was gratifying to find that many of the research topics being pursued in Dr. 
Jayaraman's group are indeed fmding their way into the textile plant (e.g., quick response, design 
for manufacturability, systems analysis). 

In addition, the research activities are also fmding their way into the classroom: In the 
senior textile engineering design course, students are being introduced to the concepts of design 
for quality, manufacturability and life-cycle, quick response, CIM and hierarchical cell modeling 
techniques (e.g., IDEF). In short, efforts are being directed both at education of 
engineers/educators for the future, and research in CIM. 

Publication of Instructor's Manual: While not supported by PYI funds, an Instructor's Manual 
for Dr. Jayaraman's textbook entitled Computer-Aided Problem Solving for Scientists and 
Engineers [7] was published last Fall by McGraw-Hill [8]. The text itself is aimed at 
freshman/sophomore science/engineering students taking the first course in computing. The PYI 
award certainly provided the necessary freedom and flexibility to pursue this activity. Copies 
of the front and back covers of the Manual are attached. 

Use of Systems from Sun Microsystems: The equipment received under a grant from Sun 
Microsystems in support of Dr. Jayaraman's CIM research is being used extensively in the 
research lab by students and research scientists. 
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Abstract of Current & Projected Activities 

The overall objective of this research effort is to design and develop a Manufacturing 
Enterprise Architecture which will serve as a blueprint for the implementation of CIM in the 
factory of the future. The apparel manufacturing sector has been used as the initial domain and 
an apparel manufacturing architecture (AMA) has been developed. Based on this work, a new 
methodology termed IFEM (integrated framework for enterprise modeling) has been developed. 
These concepts are being transformed into software. Work is also in progress on modeling an 
apparel plant and using this data to test and evaluate the MEA framework. 

Research on developing the proposed methodology (IFEM) further will be continued. 
Implementation work utilizing object oriented programming techniques to develop MEA will be 
continued. Since investment in technology should precede the implementation of advanced 
technologies, an additional (and new) area will be examined, viz., the roles of fmancial and 
managerial considerations in implementing advanced technologies in a manufacturing enterprise. 
Faculty members from the School of Management will be participating in this phase of the 
research. The HP system will continue to serve as the implementation vehicle for testing out 

. AMA and MEA concepts. 

* * * 
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Design and Development of a Manufacturing Enterprise Architecture 

1. Overall Proposed Research Plan 

Introduction: To be successful, competitive, and achieve excellence in today's global 
economy, a manufacturing enterprise must lead in successful use of the most advanced 
concepts and methods including Computer-Integrated Manufacturing (CIM). The scope of 
CIM transcends the traditional boundaries of the factory floor and encompasses the whole 
enterprise, giving rise to a Computer-Integrated Manufacturing Enterprise (CIME). CIME can 
be defined as one that utilizes computers for the engineering, planning, manufacturing, 
marketing and business functions of the enterprise, and for the integration of all these 
functions into a cohesive enterprise system through a common information/knowledge base. 

The Manufacturing Enterprise Architecture (MEA): An important prerequisite for the 
successful implementation of CIM in a manufacturing enterprise is a detailed knowledge and 
understanding of the functions and information associated with the enterprise. Such a 
defmition of the manufacturing enterprise is known as the architecture of manufacturing. A 
standard architecture would reduce the overall system complexity and enable users to build 
systems in increments. MEA is the framework that captures, represents and integrates the 
three major facets of an enterprise, viz., function, information and dynamics. 

Research Plan: The overall objective of this research effon is to design and develop MEA 
which will serve as a blueprint for the implementation of CIM in the factory of the future. 
There is a need for such a fundamental approach to the domain of manufacturing, especially 
in the context of CIM. During the initial phase of the research, the appareVtextile 
manufacturing sector will be used as the domain for the development of the Textile Apparel 
Manufacturing Architecture (T AMA). Methodologies currently available for the development 
of such an architecture, do not lend themselves well to the representation of experience-based 
knowledge. This opens up avenues for some interesting investigation since symbolic 
knowledge plays a crucial role in the successful operation of an enterprise (e.g., in production 
planning and scheduling). T AMA will subsequently be generalized to encompass other 
manufacturing processes. Issues related to a domain- or industry-independent view of 
manufacturing will also be investigated. Thus, the five-year research objective is not only to 
have a successful implementation of CIM in textile/apparel manufacturing, but also to have a 
generic MEA for the factory of the future. 

2. Summary of Activities in Year Four of the Award 

Enterprise Modeling Methodology: During the earlier phase of this research, several 
shortcomings in the IDEF methodology were identified and a new methodology termed IFEM 
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(integrated framework for enterprise modeling) was proposed. Further work has since been 
carried out in this area. The conceptual schema proposed earlier [ 1, 2, 3] for MEA has been 
implemented in software using CLOS, an object oriented programming (OOP) language [4]. 
The framework for activity and entity modeling has been completed and work is currently in 
progress to expand the framework to encompass dynamics modeling. An algorithm for 
establishing p~edence relationships in the activity model has been developed and is being 
implemented. A paper on this topic has been accepted for presentation at the upcoming AAAI 
'93 Workshop on Modeling at Large [5]. 

Textile Manufacturing Architecture: Work is in progress to expand the scope of the 
Apparel Manufacturing Architecture (AMA) developed early during the research program [6, 
7] to encompass the fiber, yam and fabric manufacturing segments of the textile-apparel 
complex. The work on AMA received additional support from the US DoD under grant# 
DLA-900-87-D-0018. Research has shown that AMA is generic enough at higher levels (e.g., 
product development, production planning, and distribution) to represent other sectors of 
manufacturing besides apparel. At the lower levels, however, information specific to the 
domain needs to be modeled. To further conrmn this hypothesis, the current research focuses 
on modeling the fiber, yarn and fabric facets of manufacturing. These models are being 
integrated with AMA to accomplish one of the research objectives of developing a 
comprehensive TAMA. 

Utilization of Apparel Manufacturing Architecture: Additional efforts have also been 
carried out to utilize AMA in yet another apparel plant (in addition to the one reponed last 
year). The research involved developing a model for the dual use of the production capacity 
for military and commercial purposes. In a non-mobilization mode, the plant supplies the 
military and a major commercial customer, McDonald's. However, in the event of a 
mobilization, the production capacity normally utilized for McDonald's will be diverted to 

, supply the military. Thus, the MEA research effort has involved industry partners to test out 
the research results and this arrangement has been mutually beneficial: industry feedback has 
been useful to enhance the quality of the research while the industry's operations have 
benefitted from the utilization of the latest research findings. The developed model is also 
being used to test MEA. 

Justification of Investments in Information Systems and Technologies: Infonnation is the 
lifeblood of an enterprise, especially when a manufacturing enterprise needs to rapidly 
reconfigure itself -- change designs, materials, styles, production techniques, etc. - in 
response to consumer demands and market trends [8]. The ability to successfully harness this 
valuable resource in a timely and well-coordinated fashion calls for investments in 
infonnation systems and technologies. The life-cycle view of an infonnation 
system/technology (IS/11) project has been used to explore issues related to the development 
of a methodology for justifying investments in infonnation systems and technology [9]. As 
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pan of this effort, discussions have been held with two major categories of organizations: 
those that use information systems (either developed in-house or developed by outside 
consultants), and those who develop information systems for clients. Preliminary findings 
indicate that there is no specific or well-defined methodology used by organizations to justify 
investments in IS/IT. 

Hewlett-Packard Equipment: The HP 3000 925LX and Manufacturing Management 
software obtained through an equipment grant from Hewlett-Packard is being used as the test 
bed for AMA. Work on implementing AMA using the information entities and the associated 
schema as the foundation has been carried ouL During the course of this effort, several 
limitations of the system were identified. 

Use of Systems from Sun Microsystems: The equipment received under a grant from Sun 
Microsystems in support of Dr. Jayaraman's CIM research is being used extensively in the 
research lab by students and research scientists. 

AMEF EI Focus ~ro11n~ Dr. Jayaraman was invited to join the Enterprise Integration Group 
of AMEF (Agile Manufacturing Enterprise Forum) at the Iacocca Institute (Lehigh 
University). As part of this group, he will be involved in developing a blueprint for enterprise 
integration in the context of an agile manufacturing enterprise. The work on MEA and the 
related real-world applications in textile/apparel plants are expected to facilitate this activity. 

Problems, Favorable or Unusual Developments: No problems were encountered during the 
course of the research effort. On the other hand, the enthusiastic response of the 
manufacturing sector to the research results has had a positive influence on the work. Also, 
the invitation to serve on the AMEF EI Focus Group is another recognition of the quality of 
the work being pursued under this research effort. Finally, the support of HP and Sun 
Microsystems during the course of the PYI award has been extremely encouraging. 

Significance of the Research Activities: The significance of the research work carried out 
can be assessed in terms of its contributions to the field of information systems in 
manufacturing, enterprise modeling methodologies and the real world of textile/apparel 
manufacturing. The contributions to education and human resources development are 
discussed in the next section. The manufacturing enterprise architecture is a reference model 
f91' building manufacturing information systems that is independent of the domain at the 
higher levels. IFEM represents a novel approach to enterprise modeling methodologies and 
helps develop an integrated view of a manufacturing enterprise. Since the research results are 
being tested in the real world, the work is contributing to enhancing the competitiveness of 
the manufacturing (specifically, textile/apparel) industry. Also, the refereed publications, 
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refereed workshop presentations (at AAAI) and real world case studies are indicators of the 
significance of the research work being carried oul 

3. Education & Human Resources Development Activities 

Mr. K. Srinivasan is a PhD student currently in the final stages of his dissertation on 
the development of MEA. He successfully defended his PhD dissertation proposal last 
summer. Another graduate student, Ms. Yin Zhou, successfully completed her M:S. thesis 
examining the role of simulation in studying the relative merits of different methods of work 
flow on the apparel plant floor, e.g., bundle and modular cells. She is currently employed as 
an engineer in an engineering consulting finn in Atlanta, Georgia. Another graduate student, 
Ms. Jill Davis, also successfully defended her M.S. thesis in which she studied the effects of 
various structural interlacement schemes on the mechanical properties of light-weight 
composites. This work has also been supported by NASA Langley. Another graduate 
student, Mr. Badri Narasimhan, has recently begun his M.S. thesis research and is developing 
the textile manufacturing architecture discussed earlier. Dr. Rajeev Malhotra, who earned his 
Ph.D. with Dr. Jayaraman while working on this project (during the early years) is presently 
an infonnation systems designer at UPS (United Parcel Service). In short, several graduate 
students have worked, and are working, on MEA and closely related topics. 

In addition, as in the past years, the research activities are also fmding their way into 
the classroom: In the senior textile engineering design course, students are being introduced to 
the concepts of design for quality, manufacturability and life-cycle, quick response, CIM and 
hierarchical cell modeling techniques (e.g., IDEF). In short, efforts are being directed both at 
education of engineers/educators for the future, and research in CIM. 
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n Abstract of Current & Projected Activities 

The overall objective of this research effon is to design and develop a Manufacturing 
Enterprise Architecture which will serve as a blueprint for the implementation of CIM in the 
factory of the future. The apparel manufacturing sector has been used as the initial domain 
and an apparel manufacturing architecture (AMA) has been developed. Based on this work, a 
new methodology termed IFEM (integrated framework for enterprise modeling) has been 
developed. These concepts are being transformed into software. Work is also in progress on 
modeling an apparel plant and using this .data to test and evaluate the MEA framework. 

Research on developing the proposed methodology (IFEM) further will be continued. 
Implementation work utilizing object oriented programming techniques to develop the 
dynamics component of MEA will be continued. · Work on modeling the fiber, yam and 
fabric manufacturing sectors will also be continued. Since traditionally non-manufacturing 
sectors can benefit from the application of concepts from manufacturing research, the 
possibility of expanding MEA concepts to such domains will be examined during the coming 
year. Interactions with industry partners to implement research results will also be continued. 
Finally, ideas and plans for continuing this research after accomplishing the present research 
objectives will also be developed. 

* * * 
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Modeling 
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Abstract 
The IDEF modeling methodology of the us Air 

Force's integrated computer aided manufacturing 
(ICAM) program is a powerful tool for analysis, specifi
cation and design of integrated manufacturing sys
tems. IDEF consists of methods for modeling the 
function structure, the data needed to support the 
functions, and the dynamic behavior of functions of a 
manufacturing enterprise. The resulting function, infor
mation, and dynamics models provide three distinct but 
complementary views of the system being modeled. A 
major deficiency of IDEF is the lack of cohesion 
between the three views whereby a single consistent 
description of the system is difficult to obtain, espe
cially when the modeled domain is large and complex. 
Among its other limitations are difficulty in capturing the 
semantics of real-world systems in the information 
model, and a dynamics-modeling language unsuitable 
for modeling flexible manufacturing systems. 

In this paper, we propose an integrated framework 
for enterprise modeling (IFEM) that extends the IDEF 
methodology to include methods that overcome the 
above-mentioned shortcomings of IDEF. The use of 
IFEM and its advantages over IDEF are illustrated using 
examples from a reference architecture developed for 
a computer-integrated apparel manufacturing enter
prise. 

Keywords: Enterprise Modeling, Function Model
ing, Data Modeling, IDEF Methodology, Computer
integrated Manufacturing (CIM), Relational Data 
Model 

Introduction 
The term ''computer-integrated manufacturing'' 

(CIM) was first used by Harrington 1 to describe a 
control-and-communication structure that tied (inte
grated) various components of a manufacturing 
enterprise into a single cohesive system by facilitat
ing prompt and efficient exchange of information 
between these components. Since information 
exchange is what integrates the manufacturing sys-
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tern components together, an enterprise-wide infor
mation system through which all the manufacturing 
system components communicate with each other is 
the core of a CIM system. 2 Typically, a manufac
turing enterprise consists of a large number of 
interacting functional components making the 
design of a CIM information system a complex task. 
As CIM has moved from a vision to reality. the need 
for a well-defined methodology for design and 
analysis of CIM systems has become evident. 3-s A 
few methodologies have evolved from the area of 
management information systems (MIS) designed to 
address this need. One such methodology is the 
integrated computer aided manufacturing defini
tions (IDEF)6-8 methodology of the US Air Force. 

IDEF is a set of three methodologies-IDEF0
6

, 

IDEF1x7 and IDEF2
8

• An IDER> function model 
provides a structured representation of the functions 
that the enterprise performs and the interconnections 
that exist between these functions. The IDEFlx 
information-modeling methodology is used to 
define the structure of the information needed to 
support the functions. IDEF2 is the dynamics
modeling methodology for modeling the time
varying behavior of the system components. The 
function, information, and dynamics models devel
oped using the IDEF methodology are, collectively 
or individually, referred to as the architecture of the 
system because they are used to understand. ana
lyze, and communicate how the various constituents 
of the system fit together and interact. The method
ology is intended for modeling existing (AS IS) as 
well as proposed (TO BE) systems. 

Our experience with IDEF in developing a refer
ence architecture for an integrated apparel manufac
turing enterprise (AMA)9 has revealed many defi
ciencies in the methodology, some of which have 
also been documented by other users of the 
methodology. 10

•
11 Among them are weak cohesion 



between the function. infonnation. and dynamics 
models; difficulty in capturing complete semantics 
of the modeled domain in the infonnation model; 
and a dynamics-modeling language poorly suited 
for modeling CIM systems in which flexible manu
facturing is implemented. In this paper. we discuss 
a framework for enterprise modeling that extends 
the IDEF methodology to overcome its shortcom
ings and to integrate the function. information, and 
dynamics models into a single cohesive representa
tion of the system. 

The shortcomings of the IDEF methodology and 
the need for enhancements to it are discussed in 
Section 2. The concepts underlying the proposed 
integrated framework for enterprise modeling 
(IFEM) are presented in Section 3. In Section 4. a 
part of the apparel manufacturing architecture is 
presented to illustrate the use of IFEM for modeling 
manufacturing enterprises and its advantages over 
the IDEF methodology. 

Shortcomings of IDEF fJiethodology 

Weak Cohesion Between IDEF Components 
The IDEF0 , IDEF1x and IDEF1 models represent 

different but complementary views of the same 
system. 12 For example, a machine is viewed as a 
resource in the IDEF2 dynamics model. as a mech
anism to perform an activity in the IDEF0 function 
model, and as an entity about which data are 
maintained in the IDEF1x information model. 
Although the IDEF approach of viewing a manufac
turing system in tenns of its function structure, 
information structure and dynamics facilitates the 
modeling task by letting the modeler concentrate on 
one aspect of the system at a time, it also points to 
the need to integrate the three models into a single 
consistent architecture of the system. One of the 
major shortcomings of the IDEF methodology is that 
the relationships between the entities common to the 
three models are not captured in the IDEF architec
ture. As a result, the IDEF function, infonnation and 
dynamics models lack cohesion. The modelers have 
to informally maintain these relationships to 
develop a consistent representation of the system
a task which becomes exceedingly difficult as the 
size and complexity of the modeled domain 
increase. 
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Limitations of IDEF1x 
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IDEF1x information methodology is based on 
Codd's relational data mode1 13 in which data is 
defined as a set of independent tables and is a 
further development of the Entity-Relationship (E
R) data-modeling approach. 14 Although the rela
tional model provides a conceptual definition of 
data that is independent of how the data may 
actually be stored on computer media, it has some 
inherent limitations in capturing the semantics of 
real-world entities. 15 

Poor Abstraction: The model limits attributes 
that describe the properties of an entity to single 
values of basic data types such as numbers and 
strings. Since the use of modeler-defined data types 
as domains for attributes is not permitted, entities 
cannot be defined as composites of simpler entities. 
Thus, the level of abstraction in the IDEF1x models 
is poor. Also, since only single-valued attributes are 
permitted, an attribute with multiple values, e.g., 
items purchased on a purchase order, has to be 
represented as a separate child entity which is 
related to the parent entity by migrating the parent's 
key attributes to the child. Thus, in an IDEF1x 
model. a real-world entity is fragmented into mul
tiple entities (normalization) making the model 
difficult to understand. 

Difficulty in Capturing Domain Constraints: 
Although the integrity constraints are well-captured 
in the IDEF1x model through the use of key
migration and specification of cardinality of rela
tionships, the constraints that express semantics of 
the attributes (domain constraints) are difficult to 
express. For example, a constraint such as the 
salary of an employee cannot exceed that of his 
supervisor cannot be expressed in an IDEF1x model. 

Instance-Identification Through Attribute 
Values: A subtle conceptual problem in modeling 
data using the relational-paradigm-based IDEF1x 
methodology results from the use of key attribute 
values to identify an instance of an entity. The 
implication is that an instance of an entity can exist 
only if key attribute values have been assigned to it. 
However, real-world artifacts can and often exist 
without having key attribute values assigned to 
them. For example, a purchase order, which is 
identified by a purchase order number, may come 
into existence and be fully prepared before a pur
chase order number, its key attribute, is assigned to 



it. To overcome this problem, an instance
of-an-entity needs to be referenced using an identi
fier that is independent of the values of its key 
attributes. 

Limitations of IDEF 1 
An IDEF1 model is a discrete-event simulation 

model of a manufacturing system conceptually sim
ilar to general-purpose simulation languages such as 
SIMAN16

, GPSSc7
, SIMSCRIPT18 and SLAM19

• 

These languages model the flow of entities such as 
materials and documents through a network of 
processing stations; an entity is processed at each 
station for a finite period of time and waits in a 
queue at the station if the resource associated with 
the station is busy. Some limitations of the general
purpose simulation languages are discussed by 
Adiga et al.10 The limitations specific to IDEF1 that 
make it unsuitable for modeling flexible manufac
turing systems are as follows: 

Lack of Abstraction and Parameterization: A 
serious limitation of the IDEF1 methodology is a 
lack of means for abstracting repetitive details in the 
model into sub-models that are represented once and 
referenced in many places. The methodology also 
lacks the means for referencing resources, entities 
and process sequences as generic parameters. 10 

With the lack of parameterization and abstraction, 
the process sequences have to be explicitly built into 
the entity flow networks-making it difficult to 
model manufacturing systems through which enti
ties having different processing sequences could 
flow. As a result, an IDEF2-model is a dynamics
model representing the flow of a speeific type entity 
through a specific configuration of the manufactur
ing system. This approach is not consistent with the 
flexible manufacturing approach adopted in CIM 
systems, whereby the system is capable of being 
reconfigured dynamically for processing a variety 
of entities requiring different processing sequences. 

InOexible Dispatching Model: Another signifi
cant limitation of IDEF1 in modeling CIM systems is 
its lack of flexibility in representing dispatching 
rules. In IDEF2, the priority of an entity in a queue 
can be determined only at the time the entity is 
placed in the queue. In a CIM system with flexible 
manufacturing, the processing priority of an entity 
is often determined based on the existing state of the 
system at the time a resource becomes available to 
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process the waiting entities. Due to this inflexibility 
in dispatching scheme, IDEF1 is not well-suited for 
modeling CIM systems. 

IFEM Static Architecture Concepts 
Based on the limitations of the IDEF methodol

ogy discussed in the previous section, the following 
extensions and modifications to the IDEF method
ology are needed: 

1. To ensure that the function-, information-, 
and dynamics-models represent exactly the 
same domain and are consistent with each 
other, the relationships between the views of 
the system provided by these models must 
also be defined. 

2. There is a need for a higher-level layer in the 
information model in which the entities 
appear in a composite form closer to their 
real-world equivalents, and constraints on 
data are better-expressed. 

3. There is a need for a dynamics-modeling 
language that facilitates abstraction and 
parameterization to permit modeling temporal 
interactions between the activities performed 
by an enterprise system-without committing 
the model to the flow of a specific type entity 
through the system. The language should also 
provide clear and straightforward means for 
modeling various types of dispatch strategies. 

These extensions to the IDEF methodology have 
been incorporated in the IFEM modeling framework 
proposed in this paper. In IFEM, the function-, 
infonnation-, and dynamics-models of the system 
are integrated into a single framework by sharing 
the entities common to these models through cross
references between the models. A composite-view 
layer added to the IDEF1x information model not 
only addresses the shortcomings of the IDEF 1 x 
methodology, but also provides the means for 
integrating the information and function models into 
a static architecture. The inputs, controls, outputs, 
and mechanisms (ICOMs) for the functions modeled 
in the function model are defined in tenns of the 
composite objects defined in the extended infonna
tion model. In IFEM, instead of using IDEF1 for 
dynamics-modeling, the function-model is extended 
to model the temporal interactions between the 



activities carried out in an enterprise. Thus9 the 
IFEM dynamics model is an integral part of the 
function model. 

Extensiotrs to IDEF 1x 
In the higher-level layer added to the infonnation 

model, views composed of data elements from. one 
or more IDEF1x entities are constructed. These 
views represent the real-world entities in their 
composite form. The IFEM views implerpent the 
concept of abstract data ~s, which is the basis of 
semantic data models21

• developed to overcome 
the shortcomings of the relational model in captur
ing the semantics of real-world entities in a database 
schema. The IFEM views are defined as data struc
tures in which the characteristics of the real-world 
entities are represented as features (Figure 1). 
Features are a more general case of the attributes 
that represent the characteristics of the entities in 
IDEF1x models. The domain of a feature can be a 
basic datum-type such as a number or character 
string, or a composite-type defined by any of the 
views in the model. In addition, a feature can be a 
function that returns a value derived from other 
features in the view. The first-normal form con
straint in IDEF1x is also relaxed in the views, 
allowing a feature to be multi-valued. Constraints 
on features are expressed using conditional expres
sions to qualify the feature definitions. 

RMVIEW 

I FEAT\1RES I 
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------------. Derived 
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The definition of a view consists of its unique 
identification number, its name, the names of its 
features and their definitions. Figure 2 provides an 
example of an IFEM view to illustrate how various 
types of features are defined. 

Basic Type: To associate IFEM views with the 
base IDEF1x information model, the features with 
values of basic data types are defined in terms of 
their equivalent attributes in the IDEF1x entity 
definitions. For example in Figure 2, the feature 
"Number" is defined as: 

Number: El.PONumber, 

This definition implies that feature Number in 
IFEM view, Fl/PURCHASE_ORDER is the same as 
the attribute PO Number in IDEF1x entity, El/ 
PURCHASE_ORDER. • 

Composite Type: A feature representing a com
posite object is defined in tenns of the IFEM view 
that defines the object. For example, the value of 
the feature Vendor in the view Fl!PURCHASE_OR
DER is defined to be an object of type VENDOR as 
follows: 

Vendor: F5 {VENDOR}; 

Through this feature definition, the relationship 
of the entity PURCHASE_ORDER to entity VENDOR . 
is expressed. This definition does not require the 
migration of primary keys between the entities to 
express the relationship. Thus the entities can be 
modeled without identifying the primary keys. 

Multi-valued: Multi-valued features are defined 
as a list of objects of a particular type. For example, 

FliPURCHASE_ORDEit 

FetUWU: 

Number 

laueDate 

Dud>alle 

Vcadar 

Swus 

: El.PONumba; 

: El.POissucDalc; 

: E l.JI()I)ucD.IIe; 

:FS(VENDOR); 

:El.P0$111111 

WHERE S1a1111 IN [ISSUED. SHIPPED. O.OSEDt 
: UST (Fl(PO_rt'EM}); 

:DERIVED O~~em.UnitCost. hcm.Quanliry); 

Figun 1 Fipn 2 
Structure of an IFEM VIew AD IFEM View Dermltioa 

•IFEM view names are prefixed with letter "F" while letter uE" is used as a prefix for IDEF1x entity names. 
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the feature Item in the view FI/PURCHASE_ORDER 
is defined to have one or more purchased items as its 
value as follows: 

Item: LIST (F2 {POJTEM}); 

Derived: A derived feature is defined as a 
function of the other features from which it is 
derived. For example, the feature Amount in Fl/ 
PURCHASE_ORDER represents a value derived 
from the features UnitCost and Quantity of the 
purchased items and is defined as follows: 

Amount: DERIVED (Item. UnitCost, Item. Quan
tity); The procedure for deriving the value is not 
specified as ·it is implementation-specific. A com
ment is optionally used to explain what the derived 
feature represents. 

Constrained: Constraints on the attribute values 
are stated using declarative expressions. For exam
ple. the con~traint that the status of a purchase is 
either ISSUED, _SHIPPED or CLOSED is expressed 
as: 

Status: POStatus IN [ISSUED, SHIPPED, 
CLOSED]; 

Integration of IDEF 0 and IDEF 1x Models 
Integration of function and information models is 

achieved by associating ICOM interfaces to the 
functions with composite views in the information 
model. To better understand the semantics of ICOM 
interfaces before attempting such associations, the 
ICOMs are categorized based on the type of infor
mation they represent. 

Classification of ICOMs: There are two orthog
onal classifications for the ICOMs: structure-based 
and persistence-based. ICOMs may represent enti
ties that are well-understood in tenns of their 
structure, or abstract ideas and knowledge whose 
structure is either poorly understood or difficult to 
define. For example, knowledge about fashion 
trends constrains the garment design function, but it 
is difficult to represent this knowledge as structured 
information. In IFEM, ICOMs representing unstruc
tured entities are classified as free1orm (F) and the 
ones representing structured entities are classified as 
structured (S). 

An ICOM may represent information of a tran
sient nature, (e.g., start, stop and acknowledge 
signals, sent from one process to another as part of 
a hand-shaking protocol) that ceases to be of interest 
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as soon as it is accepted by the receiver. Alterna
tively. an ICOM may represent persistent entities 
such as documents, parts and resources about which 
information needs to be maintained for a longer 
period of time. In IFEM. ICOMs are classified as 
transient <n or persistent (P), depending on the 
nature of information they represent. Each ICOM is 
assigned a code specifying the type of entity it 
represents . For e~ample the type code SIP in Figure 
3 signifies a structured and persistent entity. 

Structural Definition of an ICOM: To associate 
ICOMs with their equivalent IFEM views in the 
information model, the structure of ICOMs is 
defined in terms of IFEM views. Since the informa
tion model contains the definitions of entities about 
which data are maintained and whose structure can 
be modeled, the structures of only those ICOMs that 
are of structured and persistent type are defined. An 
example of an ICOM definition from the integrated 
function and information model (static architecture) 
is shown in Figure 3. The I COM Issued Purchase 
Order which is described as a purchased order that 
has been prepared and released to a vendor is 
defined structurally as follows: 

Fl PURCHASE_ORDER WHERE Status 
IS ISSUED; 

The above definition includes a constraint expres
sion to express the proper semantics. 

The definition of an ICOM may include only a 
selected set of features from a view instead of the 
entire view. For example, an ICOM representing a 
vendor's name and address could be defined as 
follows: 

(Name, Address) FROM F5 {VENDOR}; 

The above definition implies that only the Name 
and Address features of the view F5NENDOR are 
included in the definition of this ICOM. 

IFEM Dynamics Modeling Methodology 
In IFEM, the dynamic behavior of the functional 

components of the system and the dynamic interac
tions between these functions are modeled by 
extending the IDEF0 function model after it has been 
integrated with the information model. The result
ing dynamics model is completely integrated with 
the function and information models, and captures 
the dynamics behavior ·of all the functions of the 



enterprise included in the scope of the model instead 
of only those that participate in the flow of a 
particular type of entity. 

The IFEM dynamics model consists of scripts that 
describe how each lowest-level function in the 
function model hierarchy behaves and interacts with 
other functions. The scripts capture the temporal 
interactions between the inputs, outputs, controls, 

. and mechanisms of a function. The sequence of 
dynamic actions performed by a function to trans
form its input entities into its output entities is 
expressed in a script for the function. The mecha
nism entities represent the resources that must be 
available for the transformations to take place, and 
control entities constrain the transformation pro
cess. Examples of dynamic actions include engage
ment and release of resources. retrieval of entities 
from input queues, release of transformed entities 
into output queues, etc. From the viewpoint of the 
IFEM dynamics model, an ICOM interface repre
sents a channel along which entities can be moved 
between functions interconnected through the inter
face. The entities awaiting processing can queue up 
in the ICOM channel. The IFEM approach to dynam
ics modeling is illustrated with the help of a simple 
example. 

IFEI\f Dynamics Modeling Approach: Consider 
the example of a model of a flexible machining 
system (FMS). One of the functions of a FMS is to 
load a part on a machine (Figure 4). The input to 
this function is the part to be loaded (II) and the 
output is a part loaded on the machine (0 I). The 
resources used are a loading robot (Ml) and a 
machine on which the part is loaded (M2). The 
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Figun3 
An IFEM Definition for an ICOM Interface 
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function is controlled by the process sequence of the 
part (Cl). The dynamics script for this function 
expressed in textual fonn is as foiJow: 

I. Begin loading when a part is available at I I 
and a loading robot is available at MI. 

2. Select a part from input II. 
3. Lookup the process sequence for the part from 

control C I to determine on which machine the 
part should be· loaded next. 

4. Engage that machine from M2 when it 
becomes available. 

5. Engage an available robot M 1 to carry out the 
loading. 

6. Load part II on machine M2. 
7. Release the loading robot M 1. 
8. Release the part loaded on ·the machine as 

output 01. 
9. End loading 
In this description of the Load Machine function, 

entities and resources, e.g., parts and robots, are 
referenced using parameters; there is no reference to 
any specific part or robot. When the function is 
activated for loading a particular part, the selection 
of a specific robot and a machine is made based on 
the process sequence for the part. This description 
also provides a high level of abstraction in the 
model because it describes the loading of any part 
on any machine in generic terms. In the system 
being described, it is possible that two or more parts 
are being processed in the system at any given time 
and many machines get loaded simultaneously. In 
IDEF2 , this situation would be modeled by having 
one node for each loading station in the system. In 
IFEM, this situation is treated as multiple concurrent 
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Figure 4 
The Load Machine Function 



activations of the same function Load Machine, and 
not as multiple nodes. The number of concurrent 
activations depends on the availability of resources 
and other conditions. For example, the function 
wad Machine is activated when a loading robot is 
available and a part is waiting to be loaded. The 
conditions that trigger the activation of a function 
are specified in IFEM as part of the dynamics 
model. Treating multiple processes as activations of 
a single function permits development of models 
that are independent of actual size of the system. 
For example, since the IFEM description of the 
dynamics of the Load Machine function is indepen
dent of the number of robots and machines in the 
FMS, adding an extra robot or a machine to the FMS 
being modeled does not require alterations to its 
dynamics model. 

The feature that makes abstract and parameter
ized descriptions possible and distinguishes IFEM 
dynamics model from an IDEF1 model is that the 
process sequence is not considered a part of the 
function's dynamic description, but is treated as a 
data input to it. Thus, the IFEM dynamics modeling 
approach is particularly well-suited for modeling 
flexible data-driven processes that typically consti
tute CIM systems. 

To ensure consistency of the dynamics model 
with the static architecture, the dynamics scripts 
adhere strictly to the context provided by the ICOM 
interfaces of each function. A function has access to 
only those entities that are represented by its inputs 
and controls it can process (i.e., alter) and release 
only those entities that are represented by its outputs 
and it can use only those resources that are repre
sented by its mechanisms. 

IFEM Dynamics Modeling Language: The 
dynamic actions modeled in the scripts are repre
sented using a set of primitives listed in Figure 5. 
The ENGAGE and DISENGAGE primitives apply to 
the mechanisms' interfaces and represent grabbing 
and release of the resources. The RETRIEVE and 
COLLECT primitives are used to pick entities from 
input or control interfaces for processing. The 
ASSIGN and PROCESS primitives are used to alter 
the state of the processed entities by changing the 
values of their attributes. The processed entities are 
released to an output interface using the RELEASE 
primitive. The LOOKUP primitive is used to search 
for entities at an interface. A script begins with the 
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TRIGGER pnm1t1ve that specifies the condition 
activating a function; the script ends with an END, 
which terminates a particular activation. The mod
eling language also provides control primitives for 
conditional branching and repetitive actions. In 
general, a primitive has the following syntax: 

Operation /COM [Selection Criteria] [Delay]; 

Operation is the dynamic action that the primitive 
represents and ICOM is the interface on which the 
action is performed. The entities affected by the 
action are selected from the ICOM interface based 
on the specified Selection Criteria. If the time taken 
to complete an action is of interest, it is represented 
as Delay. Consider the following example: 

RETRIEVE II [Il.Color IS 'RED'] [Dl]; 

This primitive represents retrieval of all entities, 
whose feature Color has value 'RED', from input 
interface I 1. The time taken to complete this action 
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is D l. As illustrated by the above example, the 
removal of entities from an input queue takes place 
in an order determined by the selection criterion and 
not necessarily in the order in which the entities are 
placed in the queue. Selection criteria can be used to 
specify a range of dispatching rules- from simple 
fJ.rSt-in-first-out to a selection based on a complex 
set of conditions. 

IFEM Architecture for Apparel 
Manufacturing · 

We have used IFEM to develop a reference 
architecture for a computer-integrated apparel man
ufacturing enterprise. The architecture consists of 
the information-. function-, and dynamics-models 
of the enterprise. As a first step in the development 
of the architecture, modeling and analysis of the 
operations of an existing (AS IS) apparel enterprise 
were carried out using the IDEF0 function-modeling 
methodology. 14

'
15 The entities processed by the 

enterprise and represented as ICOM interfaces in the 
function model were described in detail in the model 
glossary. Through the a11:1!; .::: :: : ~this AS IS func
tion model and the contents of its glossary. a single 
integrated definition of the enterprise data was 
developed using the IDEF1x information-modeling 
methodology. This model serves as the conceptual 
schema for the integrated database that would sup
port the operations of the proposed (TO BE) apparel 
enterprise. The apparel enterprise functions that 
access the data defined in the IDEF1x model were 
modeled in the function model. The interfaces of 
these functions to the enterprise data were modeled 
using the IFEM extensions to IDEF. A part of the 
architecture26 is discussed here to illustrate how 
IFEM is used in enterprise modeling. 

Function Model 
Figure 6 depicts the top-level . functions of the 

apparel manufacturing enterprise. Garment styles 
are developed using the inputs from the customers 
(At). Production is planned for the developed styles 
and the necessary materials are procured (A3). 
Manufacturing orders are prepared, scheduled and 
released to the manufacturing plants, and their 
progress monitored (A4). Garments are manufac
tured, inspected and sorted (A5). Manufactured 
garments are packed and shipped to customers to 
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fulfill orders (A6). The information on materials, 
quality standards and manufacturing resources 
required to support the design, planning and manu
facturing functions is created and maintained (A2). 
The information passed between the functions is 
represented by the interface arrows on the diagram. 

Each top-level function is detailed further into its 
sub-functions. For example, the diagram detailing 
the Manufacture Garment function is shown in 
Figure 7. Fabric is cut and all the materials neces
sary for producing garments for a scheduled order 
are packaged together and shipped to the manufac
turing plants (A51). The production schedule is 
distributed to each manufacturing plant (A52). The 
garments are produced from the cut fabric parts and 
other materials shipped to them (A53). Quality audit 
is performed on the assembled garments (A54). The 
Produce Garments function (A53) is detailed fur
ther in Figure 8. Machines and operators are 
assigned to carry out the production tasks for an 
order {A531). Sewing and finishing operations are 
performed on the cut parts (A532). Finished gar
ments are graded and sorted, and sent for quality 
audit (A533). Accessories such as belts, tags 8:fid 
hangers are attached to the garments that pass the 
quality audit (A534). 

The Sew-and-Finish-Garments function (A532) 
is carried out in manufacturing modules whoSe 
functions are shown in Figure 9. This function 
models the activities of the sewing-and-fmishing 
shopfloor. The cut fabric parts and construction 
materials required to produce garments for an order 
are represented as input interface Cut Paclwge 
Shipment. The control interface to this function
Assignments-Plant Resources-represents the 
assignment of resources for each step involved in 
producing garments for the order. The resources 
assigned to produce garments are grouped into 
functional modules, each containing one or more 
workstations and designated to perfonn a set of 
operations. For example, six modules may be 
assigned for an order-one each for front, back, 
waistband and final assembly of the garment, and 
two for finishing. One or more operators are 
assigned to operate workstations in each module. 
The outputs from the function are finished garments 
and production status information represented by 
output interfaces Garments-Finished and Produc
tion Status, respectively. 
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Figure 6 
Top-Level Function Diagram of Apparel Manufacturin& Eaterprise 

The Sew-and-Finish-Garments function is 
detailed further to represent the basic shopfloor 
activities. The production operations are carried out 
at the sewing and finishing modules assigned to the 
order. Garment sub-assemblies for an order are held 
in a storage buffer from where they are taken to the 
modules for processing and brought back by trans
port devices serving the modules. The movement of 
sub-assemblies to the modules is controlled by the 
shopfloor controller that routes the sub-assemblies 
to the appropriate modules and ensures the correct 
sequencing of operations. 

Information Model 
Base IDEF 1x Model: The enttttes such as 

machines, operators, gannent sub-assemblies, and 
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production schedules involved in the gannent man
ufacturing functions (discussed above) are defined 
in the IDEF1x information model that complements 
the function model. Figure 10 shows the entities for 
scheduling a production order in a plant and for 
allocation of manufacturing resources. An order 
scheduled in a plant for a particular period is 
represented as E77/PLANT _scHJTEM. The entity 
E29/EQUIP _GROUP consists of workstations, stor
age buffer and transporters logically grouped 
together to work as a line or a module (Figure 11). 
The lines or modules assigned for producing gar
ments for an order are represented as E78/ 
ASSIGNED_EQUIP. One or more lines or modules 
may be reserved for an order. For example, four 
modules may be reserved for a production order, 
one each for trouser front assembly, back assembly, 
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Figun 7 
The Manufacture Garment Function 

final assembly and finishing. Each process step 
assigned to a module is represented as the entity 
E81 /WORK..ASSIGNMENT. Each module is 
assigned one or more operators. Garments produced 

· for an order are represented as E79/GARMENT _ 
UNIT (Figure 12). A garment is assembled from 
parts represented as EIOIIGAR_SUBASSEMBL Y. 
During the manufacturing process, parts are pro
gressively assembled into higher-level sub
assemblies till the complete garment is obtained. 

IFEM Views: Figure 13 shows the IFEM views 
that represent the composite forms of the IDEF1x 
entities representing production schedule, assigned 
resources, garments, and garment sub-assemblies. 
These views have been used to define the structure 
of the ICOM interfaces of the functions involved in 
sewing and finishing of garments. A few of these 
definitions taken from the model glossary are shown 
in Figure 14. For example, the ICOM Assignment
Plant Resources represents a structured and persis
tent data entity, and is defined as: 
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Structure: (Assgnmnt) FROM 
F77 {SCH_pRQD_ORD}; 

The feature Assgnmnt in the view F77 I 
scH_pRQD_ORD is defined as a list of resource 
assignments (F781PROD..ASSGNMT) for the sched
uled production order (Figure 13). Based on the 
above definition of Assignment-Plant Resources, 
the function Control Sewing and Finishing Produc
tion has access to the data on equipment, operators 
and operations assigned to a production order 
through this ICOM interface. 

Similarly, the other ICOM interfaces in the func
tion model are classified according to the types of 
entities they represent and, where appropriate, 
defined in terms of IFEM views. For the function 
and information models to be consistent, if an ICOM 
represents structured and persistent entities, the 
definitions of these entities must exist in the infor
mation model. The information model underwent 
numerous revisions to remove any inconsistencies 
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Figure 8 
The Produce Garments Function 

that were discovered while defining the ICOM 
interfaces in terms of information model entities. 
Additionally, precise and unambiguous definitions 
of ICOM interfaces resulted in greater clarity in the 
function model. 

The Dynamics Model 
To illustrate the use of IFEM for dynamics

modeling, part of this model covering the functions 
(Figure 9) involved in transforming cut fabric parts 
into finished gannents is discussed. The script 
corresponding to each lowest-level function under 
the Sew-and-Finish-Garments node describes how 
that function is activated and how it behaves once it 
is activated. The structure definitions of the entities 
available to each function at its interfaces (ICOMs) 
are contained in the function-model glossary, a part 
of which is shown in Figure 14. 

The Control Function: The shopfloor control 
activities are represented by the function Control 
Sewing and Finishing Production (A5321). The 
script describing the dynamics of this function is 
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shown in Figure 15. This function is activated when 
the entity Assignments-Plant Resources is avail
able at the control interface C 1. This entity is 
retrieved from Cl by the RETRIEVE primitive. The 
retrieved entity contains a list of assignments Ass
gnmt for individual modules to be used for produc
ing garments in the order. The assignments for 
modules (Equip) with function 'SEWING' or 
'ANISHING', are queued at the output interface 02. 

The sequence of actions inside the REPEAT loop 
is carried out until the status of the entire order is 
changed to 'FINISHED'. From C3, the sub
assemblies that belong to the order being processed 
and selected by the Select] module for further 
processing, are retrieved. The entities retrieved 
from C3 are processed by the Proc 1 module and 
released at the interface 03 by the RELEASE prim
itive. Next, the sewing and finishing assignments 
for this order whose status is not 'DONE' are looked 
up from the interface C2. If C2 does not contain any 
assignment with status not 'DONE', i.e., all the 
assignments are finished, the entity Production 
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Figurt 9 
The Stw 11nd Finish G11rmtnt Function 

Status is released at the interface 0 I after updating 
its status to 'FINISHED'. Once the REPEAT loop is 
exited, the function activation is terminated by the 
END primitive. 

In the dynamics script for the Control Sewing and 
Finishing Production function, modules for per
forming two types of tasks are identified: control 
and processing. The control module Select} is a 
selection function that encapsulates the logic used 
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to Orders 
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by the controller to select sub-assemblies for further 
processing. The processing module Proc 1 encapsu
lates the procedure for assigning the next processing 
location to which the selected sub-assemblies have 
to be routed. 

The Buffering Function: The function Hold 
Garment Sub-Assemblies (A5322) represents buff
ering of in-process sub-assemblies. The script 
describing the dynamics of this function is shown in 
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I 
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IDEF 1x Entities Describing Manufacturing Resources 



Figure 12 
IDEF1x Entities Describing a Garment and its Components 
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Definitions of JCOM lntmac:es Ia Terms of IFEM Views 

Figure 16. This function is activated by the arrival 
of the entity Cut Package at the input interface I I. 
A storage buffer is engaged from interface MI. A 
cut package is retrieved from input I I. All the 
sub-assemblies contained in the entity retrieved 
from II are released as work-in-process status at the 
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Figure IS 
Dynamics ~ription Script for the Control Sewing and 

Finishing Production Function 

output 0 I; this output provides the Control Sewing 
and Finishing Production function with a list of 
sub-assemblies available in the buffer. 

The sequence of actions within the REPEAT loop 
is executed until the status of the order for which the 
cut package was retrieved from I I becomes 
'FINISHED'. The sub-assemblies marked for further 
processing by the Control Sewing and Finishing 
Production function are retrieved by the RETRIEVE 
primitive. The retrieved sub-assemblies are released 
for transportation to the manufacturing modules at 
the output interface 03. The processed sub
assemblies transported back from the manufacturing 
modules are retrieved from I2. These sub
assemblies are released for the Control Sewing and 
Finishing Production function at 0 I by the 
RELEASE primitive. 

When the REPEAT loop is exited, the finished 
gannents are released at the interface 02 by the 
RELEASE primitive. Next, the storage buffer 
engaged from M I is released and the function 
activation is terminated. 

The Transport Function: The movement of 
sub-assemblies between the modules and storage is 
represented by the function Transport Garment 
Sub-Assemblies (A5323). The script describing the 
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Figure 16 
Dynamics Description Script for the HoUI Garment 

Sub-Assemblies Fundion 

dynamics of this function is shown in Figure 17. 
This function is activated when the entity Sewing & 
Finishing Assignrnents becon1es available at the 
control interface C I. This entity is retrieved from 
Cl. 

The sequence of actions within the REPEAT 
block is executed until the status of the entity 
retrieved from C I becomes 'DONE'. A transporter 
resource, e.g., a trolley or a conveyor, that belongs 
to the manufacturing module to be used for the 
assignment (retrieved from Cl) is engaged. The 
sub-assemblies released for further processing by 
the Hold Garment Sub-Assemblies function, and 
routed to the manufacturing module served by this 
transporter, are .retrieved from I 1 and released at the 
interface 01 for processing at the module. The 
processed sub-assemblies are retrieved from I2. The 
we attribute of these sub-assemblies is assigned the 
value NULL before releasing at 02 for the Hold 
Garment Sub-Assemblies function. The transporter 
resource engaged from M 1 is released. When the 
REPEAT block is exited, the function is terminated 
by the END primitive. 

The Processing Function: The activities of a 
manufacturing module are modeled as the function 
Process Garment Sub-Assemblies which is broken 
down further. The dynamics of this function are 
described by the scripts developed for its sub-
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Figur~ 17 
Dynamics Description Script for the Transport Garmenl 

Sub-Assemblies Function 

functions. This function represents a manufacturing 
module that performs the assigned process steps on 
the input sub-assemblies and returns them as Sub
assemblies-Processed. When the assigned work is 
completed, the status of the work assignment is 
updated to 'DONE'. 

Conclusion 
As a language for modeling CIM systems, IFEM 

addresses the shortcomings of the IDEF methodol
ogy and enhances its expressive power. In IFEM, 
the infonnation- and function-models are integrated 
into a static architecture of the system being m~
eled by defining the inputs, outputs, controls and 
mechanisms for each function in tenns of entities 
defined in the infonnation model. The IFEM 
dynamics model is developed as an extension of the 
static architecture of the system. Consistency check
ing between the integrated.· models is facilitated in 
the following ways: 

1. Precise meaning is imparted to ICOMs based 
on the rigorous definitions of the entities 
present in the information model. 

2. It is easy to determine whether all the data 
necessary to support the functions modeled in 
the function model are defined in the infor
mation model. 



3. The IFEM dynamics model uses the entity and 
function definitions from the static architec
ture and strictly adheres to the context pro
vided by the static architecture. 

The IFEM view-layer added to the information 
model provides a higher-level abstraction of data in 
the form of composite views representing the real
world entities being modeled. Meaningful con
straints reflecting the semantics of real-world enti
ties being modeled are expressed. The IFEM view 
layer provides the means for integrating the function 
and information models. 

In IFEM. a dynamics-modeling approach radically 
different from IDEF1 is adpted. Instead of modeling a 
sequence of steps involved in processing one partic
ular entity, the temporal interactions between the 
inputs, controls. outputs and mechanisms of func
tions are modeled, yielding a description that is not 
tied to the process-sequence of any specific entity. 
The IFEM dynamics-modeling methodology also per
mits greater flexibility in modeling dispatching rules 
through the use of complex selection criteria for 
picking entities from queues for processing. 

By defining the structure of ICOM interfaces to 
the functions in terms of entities defined in the 
information model, the expressive power of the 
function model is also enhanced. In IFEM architec
ture, the functions of the enterprise are viewed as 
applications that reference or manipulate the data 
maintained in the enterprise database. Incidently, 
the functions that physically transform entities, 
e.g., drill holes in a part, move products from 
storage to packing area, etc., also transform the data 
entities that are abstract representations of the cor
responding physical entities. Thus, an IFEM func
tion model not only depicts the function structure of 
the enterprise being modeled, but it also specifies 
the interface of each function to the enterprise 
database that forms the core of a CIM system. 

The classification of ICOM interfaces to functions 
based on the nature of information represented by 
them plays a very important role in the IFEM 
modeling process. Enterprise functions with ICOMs 
representing free-form information cannot be com
pletely automated as a human is required to process 
the free-form information. Thus the methodology 
can also be effectively used to identify the func
tional areas where complete automation is not 
feasible. 
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Abstract . 
Explicit representation of precedence relationships between activities is required for man-

agement decision making and is useful for analyzing information flow between activities. Prece

dence relationships cannot be propagated top-down in an aggregation hierarchy of activities and 

its bottom-up derivation is a complex task. Hence it cannot be specified a priori and requires com

puter assistance in derivation for any enterprise model. A procedure is proposed for deriving pre
cedence relationships from the representation of flows between activities in Enterprise Modeling 
Framework (EMF). It is shown how the representation framework for entities and activities in 

EMF makes such derivation efficient Some modifications to the precedence graph generated using 
this procedure are suggested before network analysis methods can be applied to it 

1. Introduction 

Most function modeling methodologies such as the IDEFo [ICAM 81], CIM-OSA [Jorysz 

1990] and the S-F-C paradigm [Caselli 92] use a hierarchical decomposition (i.e., an aggregation 
hierarchy) of activities. Hierarchical decomposition has the advantage of allowing one to study a 

pan of the enterprise being modeled without losing the overall context However, it does not 

explicitly denote the sequence or the precedence relationship between functions. While IDEFo and 

CIM-OSA do not address this issue, the S-F-C paradigm assumes a left-to-right execution ordering 

of activities on a diagram. This assumption is not always valid and too simplistic to allow for cycles 

in the precedence graph. Representation of the sequence between activities is required for malcing 

several management decisions such as scheduling and hence lack of it is a serious shortcoming in 

an activity model. 

The precedence relations are dictated by two types of constraints: (i) the constraints 

imposed by the flow of materials and information between activities; and (ii) the constraints 
imposed by resource availability. The impact of resource constraints will be evident only in an 

instantiated, enterprise-specific model and is best studied by simulation. Enterprise Modeling 

Framework (EMF) [Srinivasan 92] uses the materials and information flow constraints to generate 

an explicit representation of the precedence relationship between functions and augments the activ-

1. To whom correspondence should be addressed. 



ity model with this information. 

Section 2 of this paper provides an overview of EMF. The main focus is on showing how 

activities and the entities flowing between them are represented. The procedure proposed for deriv

ing the precedence relationship between activities is described in Section 3. It is shown that a priori 
specification of precedence relationships is not practical and the task is too complex to be per

formed manually. It also explains how the proposed procedure exploits redundancy in information 

about ftow of entities between activities in EMF to efficiently derive precedence relationships. Sec

tion 4 suggests some methods for breaking cycles in the precedence graph to make it suitable for 

applying techniques such as critical path method. 

2. Enterprise Modeling Framework: An Overview 

EMF is proposed as an object-oriented framework for developing integrated models of the 

three major facets of an enterprise, viz., function, information and dynamics [Srinivasan 91]. It 

comprises an Entity Model based on a Semantic (Object-Oriented) Data Model, an Activity Model 

with both specialization and aggregation hierarchies, and a Knowledge Model to represent expert 

knowledge and heuristics about the domain. Expen knowledge can be represented as separate 

knowledge bases (e.g., using rules) or can be represented as an integral pan of entity and activity 

models (e.g., as assertions on object attributes or as methods attached to different entities and ac

tivities). 

Figure 1 shows the basic framework for defining an Entity and an Activity in EMF. 

Class Entity 
Slots 

lndu : <An alphanumeric suing> 
N~ : <An alphanumeric string> 
GeM ric Elllil~s : <A list of Entities> 
Classification Basis : <An alphanumeric suing> 
Input to : <A list or Activities> 
Co111rol to : <A list or Activities> 
Output from : <A list or Activities> 
Mechonism to : <A list or Activities> 
Documenlation : <Description or the Entity> 

Class Activity 
Slots 

/IIIla : <An alphanumeric string> 
N~ : <An alphanumeric string> 
GeMriC Activities : <A list or Activities> 
Parelll : <A list or Activities> 
Children : <A list or Activities> 
.Jnputs :<A list or Entities> 
Con1rols : <A list or Entities> 
Outputs :<A list or Entities> 
Mechanisms :<A list or Entities> 
Docunteni/Jtion : <Description or the Activity> 
Prece~d by :<A list or Activities> 

Figure 1. EMF Entity and Activity Class Definitions 

The following features of this framework are relevant to the discussions in the subsequent 

sections: 

• Information about flow between activities (as Inputs, Controls, Outputs and Mechanisms, 



collectively called as ICOMs) is represented redundantly in both the Entity and Activity class def

initions. As can be seen in Section 3, this redundancy simplifies derivation of precedence relation

ships. The user does not have to pay the usual penalty for redundancy - consistency maintenance 

- as EMF takes care of it for the user. 

• A class of entities may be further classified based on several criteria resUlting in onhogo

nal sets of subclasses. For example, Customer Order can be classified as Stock Order and Spe

cial Order based on whether the order is for a regular product or a new product On the other hand, 

Customer Order can be classified as Past-Due, Critical and Non-Critical Orders based on the 

deadline for fulfilling them. While the sets of instances of subclasses based on the same ciiterion 

will be mutually exclusive, nothing can be said about subclasses based on different criteria. As will 

be explained in Section 3, it is necessary to find if two sibling classes belong to the same set (i.e., 

have the same basis for classification) or if they belong to onhogonal sets (i.e., have different bases 

for classification) to derive the sequence between activities in which they are involved. The slot 

Classification Basis1 helps in such identification: classes belonging to the same set will have the 

same value in this slot 

• The slot Preceded by of an Activity class contains the list of all the activities to be carried 

out before the current activity. In EMF, value for this slot is automatically derived by the system 

from other inform:~-:-~ :ontained in the Entity and Activity class slots. 

3. Derivation or Precedence Graph 

In this section, we will consider the features which make derivation of precedence relation

ships a complex task. Then we will look at a procedure for deriving the relationships. We will use 

the activities shown on Figures 2 and 3a-c for illustration. 

Figure 2 shows the context of three activities using a pseudo-IDEFo notation: Accept Cus

tomer Orders, Prepare Production Orders and Follow up on Customer Orders; Figures 3a

c show decomposition of the three activities into their sub-activities2. 

A first cut definition of precedence relationship is as follows: all the activities that generate 

an entitv which forms either an input or control to another activity have to precede that activitv. It 

can be expressed in FOPL as follows: 

V(x, y, z) [ACTIVITY (x) A ENTITY (y) A ACfiVITY (z) A 

(input (y, A) v control (y, A)) A 

(output-from (y, x) A.., 3z[consists-of (x, z)]) preceded by (A, x)] 

1. Most object~ented programming languages do not provide elegant means to group sibling classes. Pro
viding such a facility may be an interesting problem for language designers 10 consider. 

2. For brevity. only infonnation relevant 10 the current discussion is included in the figures; having only 2 
boxes in Figlft 3a is a violation of the basic 3-6 boxes rule in IDEFo-
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Where A is the activity for which the preceding activities are to be determined. 

There are two features that make deriving precedence relations between activities using this 

definition directly difficult: 

• Precedence relationships cannot be propagated top-down. An activity X precedes Y only 

implies that there is at least one sub-activity of X that precedes Y. For example, Prepare Produc

tion Order needs Order Status as one of its controls and hence should be preceded by Follow 

up on Customer Orders which generates Order Status (Figure 2); howe~er, one of Prepare 

Production Order's children, viz., Determine Material Requirements, can be carried out inde

pendently of any activity under Follow up on Customer Orders (Figure 3b). 

• Entities merge (into more generic or composite classes) and split (into more specific and 

component classes) as they flow between functions. This makes tracing the origin of entities, par

ticularly across levels in the aggregation hierarchy in the activity model, complex. There are three 

different types of junctions in entity flow between activities: 

Type 1. The outputs of several activities merge into a generic class1 before serving as an 

input or as a control to another activity. For example, Accepted Stock Order (output of Accept 

Stock Orders) and Accepted Special Order (output of Accept Special Orders) merge into their 
generic class Accepted Customer Order (Figure 3a) and serve as input to Prepare Production 

Order and its sub-activities (Figure 3b). 

Type 2. A generic entity splits into several specific classes and serve as inputs or controls 

to several activities. For example, Customer Order is split into Stock Order and Special Order 

and the specific entity classes serve as inputs to the activities Accept Stock Orders and Accept 

Special Orders, respectively (Figure 3a). 

Type 3. The outputs of several activities are specific entity classes (classified on a particular 

basis) and merge into a generic class; they again split into specific classes (classified on a different 

basis) before serving as an input or as a control to other activities. For example, Accepted Stock 

Order (output of Accept Stock Orders) and Accepted Special Order (output of Accept Special 

Orders) are sub-classes of Accepted Customer Order, classified based on the regularity with 

which particular products are ordered (Figure 3a); after merging, they are re-split into Past-Due 

Customer Order, Critical Customer Order and Non-Critical Customer Order based on 

deadline and serve as inputs to the children of Follow up on Customer Orders (Figure 3c). 

1. Only the specialization hierarchy of Entities is discussed here, although every1hing will be applicable to 
aggregation hierarchy of Entities also. 



Descriotion of the Procedure 

The procedure for detennining the precedence relationships is illustrated by finding the 

activities that precede Follow up Non-Critical Orders. 

Step 1. For each Input and Control to the currenl activity, find the lowest level activities 

that generate them (usually, the precedence relationship is sought to be established only among the 

lowest level activities as only they are executed in a real world setting). All these activities should 

precede the currently considered actiVity. This step identifies the precedence relationships deter

mined by the simplest fonn of entity flows -- no splitting or merging of entities and corresponds to 

the first cut definition proposed above. Follow up Past-Due Orders and Follow up Critical 

Orders are identified using this step (Figure 3c). 

Step 2. For each Input and Control find the lowest level activities which generate all their 

specific classes. It can be stated in FOPL as follows: 

\f(u, v, x, y) [ENTI1Y (u) "ENTI1Y (v) "ACTIVITY (x) A ACTIVITY (y) A 

(input (u, A) v control (u, A)) "generic-entity (u, v) 

((output-from (v, x)".., 3y[consists-of (x, y)]) ~ preceded-by (A, x)] 

This step identifies the precedence relationships determined by Type 1 entity flows. In our 

example, Production Order is the only entity class with specific classes, viz., Production Orders 

to Own Plants and Production Orders to Contractors. These are generated by Prepare Pro

duction Orders for Own Plants and Prepare Production Orders for Contractors (Figure 3b). 

Step 3. For each Input and Control,find the lowest level activities which generate their 

generic classes (except the most generic class in EMF, viz., Entity) of the Inputs and Control enti

ties1. This step identifies the precedence relationships determined by 'JYpe 2 entity flows. In the 

current case, Non-Critical Customer Order and its generic class Accepted Customer Order, Past

Due Order Status and Critical Order Status and their generic class Order Status are identified. Since 

neither of the two generic classes is generated by any lowest level activity, no precedence relation

ships are derived during this step. 

Step 4. For each Input and Control, find out all the sibling classes with a differenl basis of 

classification (Sibling classes with the same basis of classification have mutually exclusive 

instance sets and hence need not be considered in determining the precedence relationship). It can 

be stated in FOPL as follows: 

\f(u, v, x, y) [ENTITY (u) A ENTITY (v) A ACTIVITY (x) A ACTIVITY (y) A 

(input (u, A) v control (u, A)) " sibling-entity (u, v) 

((output-from (v, x) ".., 3v[classification-basis (u, w) "classification-basis (v, w)] 

A.., 3v[parent-of (BASIC-ENTITY, v)] ".., 3y[consists-of (x, y)]) ~preceded-by (A, x)] 

1. Since lhe FOPL representation of this step is very similar 10 that of Step 2, it is not shown. 



Non-Critical Customer Order has the following sibling classes: Past-Due Customer 

Order, Critical Customer Order, Accepted Stock Order and Accepted Special Order (Fig

ures 3a & 3c). Of these only the last two have a different basis of classification. The activities that 

generate them are Accept Stock Orders and Accept Special Orders (Figure 3a). 

Step S. Apply Step 4 recursively to the parent classes of Inputs and Controls, till the most 

generic class (except Entity, the base class in EMF) is reached. Steps 4 and S together identify the 

precedence relationships determined by 1)'pe 3 entity flows. 

Step 5. To avoid clutter, replace sub-activities by the parent activity whenever possible, i.e., . 

if all the sub-activities of a particular activity are in the Preceded by slot of an activity class, they 

can be replaced by the parent activity. In the current example, the activities Accept Stock Orders 

and Accept Special Orders can be replaced by Accept Customer Order (Figure 3a). However, 

when the precedence information needs to be used for decision making, the parent activity has to 

be replaced by its children. 

4. Using the Precedence Relationships 

The precedence relationships between activities can be used to analyze information flow 

between the activities, and to make management decisions employing network analysis. Contrary 

to the classical network models, the precedence graph derived by EMF will have the activities rep

resented as nodes. However, algorithms for the analysis of such networks are available and widely 

used in the construction industry [Lawrence 77]. 

It can be seen from Figures 2 and 3a-c that cycles will be common in the precedence graph. 

To apply deterministic network models to such graphs, the cycles have to be broken where possible 

by funher decomposition or aggregation of functions. Otherwise the cycles can be linearized by 

using stochastic models as shown in Figure 4. 

Raw Materials r Process Parts I Ylllishcd Parts(!) I Inspect Pans I 

Parts for Reprocessing : 

Graph with a Cycle 

98'11 

Good Parts (3) .. 

_t.J Process Pans I 2 •I•DSJICCl PariS r{!1 Process Pans I 2 •IInspca Parts I 3 
• 

2'11 

Stochastic Graph without the Cvcle 

Figure 4. Breaking Cvcle in the Precedence Relationship Graph 



5. Conclusions 

Aggregation hierarchy is the most common way of representing enterprise activities. The 

lack of precedence relationships between activities in such hierarchies is a serious shortcoming in 

them. A bottom-up procedure has been proposed for generating precedence graphs for an aggrega

tion hierarchy of activities with the entities flowing between the activities represented as aggrega

tion and specialization hierarchies. The procedure exploits the redundant representation of entity 

flows in both the entity and activity definitions. Some well-known methods have been suggested 

for utilizing the resulting relationship graphs in management decision making._ 
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Part IT Summary of Completed Project 

An important prerequisite for the successful implementation of Computer-Integrated 
Manufacturing (CIM) in an enterprise is a detailed knowledge and understanding of the 
functions and information associated with the enterprise. Such a definition of the 
manufacturing enterprise is known as the architecture of manufacturing. A standard 
architecture would reduce the overall system complexity and enable users to build systems in 
increments. The Manufacturing Enterprise Architecture (MEA), developed in this research, is 
the framework that captures, represents and integrates the three major facets of an enterprise, 
viz., function, information and dynamics. 

The overall objective of this research effort has been to design and develop MEA which will 
serve as a blueprint for the creation of a Computer-Integrated Enterprise (CIE). The research 
encompassed several complementary activities which led to the following significant 
accomplishments: creation of domain-specific models for yarn, fabric, apparel and carpet 
manufacturing enterprises; demonstration of the domain-independence of the manufacturing 
architecture through application of the architecture to healthcare delivery; design and 
development of a new methodology, viz., integrated framework for enterprise modeling 
methodology (IFEM); implementation of the IFEM methodology using object-oriented 
programming techniques resulting in the Enterprise Modeling Framework (EMF); design and 
development of specialty fabrics for ballet costumes using innovative CAD/CAM techniques 
for The Atlanta Ballet and the Centennial Cultural Olympiad; and transfer of technology and 
knowledge gained during the research to companies through graduates and collaborative case 
studies. 

,. . . ._ ... . -.. -~ ~ . . - . 

• .. . • : ._; -~ .'~ '# ~ ;_~ - • ~· . . .... - •• ::!"; .· .• : . - ~-.. . . . 
.. '~- . 

. . .. _ ..... . 
· .. · ··:. .,..._ • • •• · - . .. . - Oo; •• :, • • , ••••• - .. 
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Part ill Technical Information 

1. INTRODUCTION 

To be successful, competitive, and achieve excellence in today's global economy, a 
manufacturing enterprise must reengineer its operations and deploy the most advanced 
concepts and methods including Computer-Integrated Manufacturing (CIM). The scope of 
CIM transcends the traditional boundaries of the factory floor and encompasses the whole 
enterprise, giving rise to a Computer-Integrated Enterprise (CIE). A CIE can be defined as an 
enterprise that utilizes computers for the engineering, planning, manufacturing, marketing and 
business functions of the enterprise, and for the integration of all these functions into a 
cohesive enterprise system through a common information/knowledge base. 

2. NEED FOR AN ENTERPRISE ARCHITECTURE 

An important prerequisite for the successful realization of a CIE is a detailed knowledge and 
understanding of the functions and information associated with the enterprise. Such a 
definition of the manufacturing enterprise is known as the architecture of manufacturing. A 
standard architecture would reduce the overall system complexity and enable users to build 
systems in increments. The Manufacturing Enterprise Architecture (MEA), developed in this 
research, is the framework that captures, represents and integrates the three major facets of an 
enterprise, viz., function, information and dynamics. 

3. RESEARCH OBJECTIVE AND SCOPE 

The overall objective of this research effort has been to design and develop MEA which will 
serve as a blueprint for the creation of a CIE. The research has encompassed the following 
complementary activities aimed at realizing the overall objective: 

o Design and development of ~orilain-spec1fic architectures; 

0 

.. ' 
' - . ' ' . 

. ... · .:' 

Illustration of the domain-independence of the ma11ufacturing .architecture through its 
apPlication --tp ~ he~lt~~re . sy~t.e·ms; .. : . ~~ ~ : ~- .... ·-'~. :~~-- :.. . -.:>! ·f~~ ~--"·.· <: ·.1-!~~~:+' : .. -· ·:::~~~;-~· :·~-:: .;: . 

o Development of enterprise modeling methodologies using major software engineering 
1 • . techniques and tools including-object-oriented programming and databases; 

. ..... ... ......... 

· ·.·.·. :· tiiiiStrg~ti?~fbr. · th~~g~~:~·&~~~~~h~~;.~ .. th~,~~I'{~~~~fft.·.~~:i:{,::i· .•... 
o Investigation of methodologies for justification of investments in information 

technologies and systems; 
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o Systematization of domain-specific knowledge and its harnessing for instructional 
purposes using multimedia technology; and 

o Design and development of specialty yarns and fabrics using computer-aided design 
and manufacturing techniques for ballet costumes in collaboration with The Atlanta 
Ballet. 

4. SUMMARIES OF RESEARCH ACCOMPLISHMENTS 

The major highlights of the various research activities carried out as part of the PYI Award 
are presented here; the references cited for the various activities provide details of the 
accomplishments. 

4.1 Domain-Specific Architectures 

The first step toward developing a generic manufacturing enterprise architecture (MEA) was 
to develop domain-speclfzc architectures; these domain-specific models could then serve as the 
basis for the necessary generalization. Among the many sectors of the American industry 
facing intense foreign competition accompanied by the erosion of the manufacturing base and 
loss of employment opportunities is the textile/apparel sector. For this reason, the 
textile/apparel environment was chosen as the initial test bed for the development of the 
domain-specific manufacturing architectures. 

A set of criteria was devised for evaluating and selecting modeling methodologies [5] for 
developing the architecture. Based on these criteria, several methodologies were evaluated; the 
IDEF methodology-- developed under the US Air Force's ICAM Program-- was selected. 
The details on the Yarn and Fabric Manufacturing Architectures can be found in [16]; the 
details of the Function model of the Carpet Manufacturing Architecture can be found in [3]. 
The Apparel Manufacturing Architecture (AMA) is discussed in [10, 13, 14]. The research on 
AMA received funding from the US Defense Logistics Agency un~erJ:?~A~.9q~~8.7:-D~00~8. . _ .. -.- ··_ ""~: · 

l.::.. 

4.2 Domain-Independent Archi~e~tu~~ 
. • • ~... ~· . . . •. •.• .-? .. -~--..-~ , •• "" . ·:: l r~;-~~.t._.·":·· _7~~,--! ~ .,~t ~~:-:··. ,~ .. ~ ~ J .. ··-: -.. ~-~ .. ) 1}:· ·-) ·~.tT~ . ._~~ ... ::._!:·· .... . ..• · .. .. .. 

As the domain-specific. architectures w~re . tieing-developed, the ~~~sibility or~c~eating··~~ : · . . -.... 
domain-~ or industry-independent architecture was explored. The models were generic enough 
at higher levels (e.g., product development, production planning, and distribution) to represent 

.... , ot~~r s~c;tpr.s. 9f me1:nufacturing_ :b~_si.de~ .textil~~ : ~n_d . app~reL. At the · lowerJ~_yel~, , l)owever, . . .. _ . _ .. 
. . p.-_ irirohil~tion· :~P~¢ifit ·to: :tli~:-. 49hl~~~ ~-~~~~~- ~:!~~-.:~~64ei~~~;~fh~~- ~~i~t~;- ·_~f: ·:~~~-~i~nt~pts:. .. ·v-is·~-~~t~.:_·: :. /~::· ~ :_· .. 
. -.·. ·' 'vis ' the' product' 'continuum thai ranges' 'from· commodity-type Items to . speCialized items can be . 

found in [4]. The role of knowledge -and experience in operating an enterprise are also 
discussed in [4]. Several key issues ·germane to research in the area of integrated architectures 
for manufacturing were also identified. 

. . ~: . - . . . . ~ . . 
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4.3 Healthcare Delivery Systems Architecture 

To further explore the concept of a domain-independent architecture and the application of the 
manufacturing architecture to non-manufacturing domains, research was carried out in 
collaboration with pediatricians in a group practice. The healthcare delivery system was 
viewed as a manufacturing enterprise and the research resulted in the healthcare delivery 
system architecture [2, 12, 27]. This effort conclusively demonstrated the concept of the 
domain-independent modeling methodology and architecture. 

4.4 Enterprise Modeling Methodologies 

During the course of this research, several major shortcomings in the IDEF methodology were 
identified and a new methodology termed IFEM (integrated framework for enterprise 
modeling) was proposed [14, 15]. The proposed schema can serve as the foundation for the 
development of manufacturing systems modeling software. Such an enterprise modeling 
methodology is essential in the context of implementing advanced concepts of Quick 
Response and Just-in-Time manufacturing in an enterprise. 

MEA consists of three models, viz., entity model, activity model and knowledge & beliefs 
model to encompass the function, information and dynamics facets of an enterprise. A 
detailed discussion of the three models can be found in [28]. MEA overcomes the 
shortcomings of IDEF and other modeling methodologies and has the following salient 
features [29, 31, 34]: 

o An Entity model based on a Semantic (Object-oriented) Data Model. 

o An Activity model with both IS-A and PART-OF hierarchies of manufacturing 
functions. 

o Seamless integration of the Entity and Activity models: -'tbe interface between activities 
is defined as Views on Entities; the ~diting and browsing tools for MEA have been 
designed. for working concurrently ·'on both the models; automatic consistency 

. - ~ .. -·-# maintenance between· the · ·.t~o models.~. · . ··~ : ~ : < _ . 

The conceptu"al .schem·irptoposec(iif {28] for' MEA was implemented in software using CLOS, 
an object oriented programming (OOP) language [29, 30]. LispView was used to build the 
user inter(ace conforming to OpenLooJ,c standards. _Graphic~} _ tools for browsing through the 

-_ Actiyity ·afid -. Entity _ ·m~els : ~~re.·~6~~_kip~~;.~-the - ·ciyi?~rni~~ - s~_ri.P.t. :~a5 ~e~_:_integrated into the 
Activity model The resulting Enterprise Modeling Framework·-(EMF) represents··-a· significant-: __ , , , ___ ·_:_, __ . _ . :- -- - - - ~ 
contribution to the domain of enterprise modeling methodologies [17, 32, 33, 34, 35]. 
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4.5 Concurrent Engineering in the Textile/ Apparel Complex 

The textile/apparel industry is probably one of the most dynamic manufacturing industries; 
this is because textiles and clothing are seasonal and the consumer is increasingly fashion, 
value and quality conscious. The discerning consumer is seeking unique styles and the ability 
to choose from a wide variety of fabrics (woven, knitted) made from a range of yams (staple, 
filament), which in tum are made from an array of fibers (natural, man-made). Moreover, 
when the consumer doesn't find the specific item in the retail store, the consumer seeks 
alternatives and the potential sale may not materialize. Therefore, the ability to respond 
quickly to market trends is yet another important operating requirement for the textile-apparel 
complex [9] . This means the product and the associated manufacturing processes should be 
engineered to facilitate rapid production. The role of concurrent engineering in realizing these 
goals was explored [8]. 

4.6 Justification of Investments in Information Systems and Technologies 

Information is the lifeblood of an enterprise, especially when a manufacturing enterprise 
needs to rapidly reconfigure itself -- change designs, materials, styles, production techniques, 
etc. -- in response to consumer demands and market trends [11]. The ability to successfully 
harness this valuable resource in a timely and well-coordinated fashion calls for investments 
in information systems and technologies. Investments in such technologies, however, cannot 
always be justified using traditional techniques such as net present value, return on investment 
and payback period. This is because such investments may provide competitive, strategic and 
tactical advantages that may not be as tangible as operational benefits (e.g., savings in 
personnel costs and improved operator productivity). The primary objective of this research 
effort was to explore the various issues related to the development of a methodology for 
justifying investments in information systems and technology. 

The life-cycle view of an information system/technology (IS/IT) project was used to explore 
issues related to the development of a methodology for justifying investments in information 
systems and technology [1]. ,Preliminary findings indicated that there were no specific or 
-well-defined methodologies -used by organizations to justify investments in IS/IT and 
suggested the need for additional research in this area. 

4.7-Systematization of Domain•specific Knowledge 

The proliferation of powerful and inexpensive hardware/software systems has paved the way 
for innoVative applications of_information ·technology in the classroom: The_ first step towards 

- -bui~cJjng .. ~u.ch; m~l-~irri~di~·b¥~9· Jt1t~~lig~!.l.htm9.~~.& -sy~\~~~,~ i~, .. fu.e_ $J$t~~tizO;tion of d~niain . _ 
_ . )cnowl~dg~,~ an~ the . d~v.elopfueri,f .of.i.~ax~noriiy_ for knowledge representation. Therefore, - -
. ' .. :-researcb·.was.-·carried out-to'·develop . the ' kriowledg~ reptesentatioii-~scbema for the--domain of . 

textile engineering; the schema was subsequently used to implement a tutoring system, 
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TEESS, under MS-Windows using VisualBasic [25]. The system is expected to serve as a 
tool for imparting textile engineering knowledge to freshman students and new hires in the 
textile industry. Additional work is currently in progress to take advantage of the recent 
advancements in Web Browser technology and the World Wide Web. 

4.8 Computer-Aided Design and Manufacturing of Specialty Textiles 

The success of an enterprise depends, among other things, on its ability to effectively utilize 
advanced modeling methods and technologies in its operations, especially in the design and 
manufacturing facets. Therefore, to demonstrate the concepts of an integrated approach to the 
design and manufacturing of textiles, research was carried out on two major fronts: The first 
·was aimed at modeling the structure-property relationships of yarns produced under various 
manufacturing conditions. The second was the design and development of a specialty fabric to 
meet the functional and aesthetic requirements of ballet costumes. 

As part of the structure-property relationships research, the use of artificial neural networks 
for the prediction of yarn tensile properties was explored [26]; this effort turned out to be the 
first of its kind in textile research literature. The details of the studies and models can be 
found in [20, 21, 22, 23, 24]. 

The research on producing the specialty fabric was carried out in collaboration with The 
Atlanta Ballet [19]. Working with the ballet dancers, the characteristics (junctional and 
aesthetic) required of the fabric were developed; these were then used to engineer the 
required yams and fabrics using CAD/CAM systems. The fabric was used in the costume 
worn by the ballerinas during performances of the Atlanta Ballet and led one of them to 
remark "this is the best costume I have ever worn in my career; I felt like I had nothing on 
me during the program .... ". Considering the fact that the human skin is the ultimate garment 
for the human body, this remark testifies to the research accomplishments and also 
demonstrates the true fusion of art and technology. The fabric has been continuously 

. improve-d ·over the past thr~~ years and the mo~t recent version will t?e featured as part of The 
Atlanta Ballet's performance·s during ihe upcoming Cultural Olympiad iri-Atlanta [ 18]. · 

·- ·.,.. ... 
.- ' .·-

5. EDUCATION AND TECHNOLOGY TRANSFER 

Several graduate students (4 PhD and 9 MS), 3 post-doctoral fellows, 2 research associates 
- and 3 additional faculty members parttC,jpated ih tbe various research efforts'auring the course .. 

· - -~~ ... of the Award, - ~n~ thus were· able to~ piirsue their research mterest~.~In addition, the .. program .-.::.~~· ._ ·_ 
·- ;c,_:· :· affotdeq t9e PI the opportUnity to write a textbook and Instructor's Manual. for an · · · 

·jntroductory compu.ting co·'Q~s~ for erig'!neers [~, 7]. However, the _::Award funds were not used 
to support'. this actiyity. . .. -:. . . '. . --_·. -- ~ . _·. ~,.. . . : ~- .. , .-. . ::..':. :. '- . 

• "-. - • "f .- -· ~~··· - • .,. •• ... -· -h _ _:..::.. f -

. - . 
.·t" ·: 

.• - . ! -·-.: -:-;;~-. - .. ~ · :-- -""'" ... 
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The developed technologies have been transferred to the industry through two main channels: 
(i) collaborative efforts on case studies with industry; and (ii) the subsequent employment of 
graduates by major companies such as UPS (United Parcel Service), Intel, US Sprint and 
FedEx. The research results have also been transferred to the students in classroom settings in 
Senior and Graduate level courses at Georgia Tech, and at a NATO Advanced Study Institute 
(ASI) on Mechatronics held in Turkey. 

In summary, during the course of the PYI Award, considerable progress was made towards 
realizing the complementary goals of: 

o advancing knowledge and the state-of-the-art in manufacturing systems; 

o transferring technology to the industry; and 

o educating the future generation of scientists and engineers. 
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PART IV -FINAL PROJECT REPORT- SUMMARY DATA ON PROJECT PERSONNEL 

(To be aubmln.d to cognizant Program Officer upon completion of project) #' ' 

The data requested below are important for the development of a statistical profile on the personnel supported by 
Federal grants. The information on this part is solicited In resonse to Public Law 99-383 and 42 USC 1885C. All informa-
tion provided will be treated as confidential and will be safeguarded in accordance with the provisions of the Privacy Act 
of 1974. You should submit a single copy of this part with each final project report. However, submission of the requested 
information is not mandatory and is not a precondition of future award(s). Check the •Decline to Provide Information· 
box below if you do not wish to provide the nformation. 

Please enter the numbers of individuals supported under this grant. 
Do not enter information for individuals working less than 40 hours in any calendar year. 

Senior Post- Graduate Under- Other 
Staff Doctorals Students · Graduates Participants 1 

Male Fem. Male Fem. Male Fem. Male Fem. Male Fem. 

A. Total, U.S. Citizens \ 3 

B. Total, Permanent Residents 3 z 
U.S. Citizens or 
Permanent Residents 2: 

American Indian or Alaskan Native .... 

Asian ....••......•............... 

Black, Not of Hispanic Origin ......... 

Hispanic .•••••••..•••..••.•...•. 

Pacific Islander .•.•...•.......••.. 

White, Not of Hispanic Origin ..•..... 

c. Total, Other Non-u.s. Citizens 

Specify Country 

\ -=!- J I 1. \~,~ 

2. 'f::..b~"§\ .2. I 
3. 

D. Total, All participants 4- 3 + b \ \ (A+ B +C) 

Diaabled 3 

0 
Deciine to Provide Information: Check box If you do not wish to provide this information (you are still required to return this page 
along with Parts 1-111). 

1 Category includes, for example, college and precoUege teachers, conference and workshop participants. 
2 Use lhe category 1hat best describes the ethniC/racial status fo all U.S. Citizens and Non-citizens with Permanent Residency. (If more 
thlln one category applies, use the one category rhllt most dossly reflects the person's recognition in the community.) 
1 A person having a physical or mental inpairment that substantially limits one or more major life activities; who has a record of such 
Impairment; or who Is regarded as having such Impairment. (Diubled Individuals also ahould be countsd under the appropriate 
ethniC/racial group unless they are classified as -other Non-U.S. Citizens. •J 

AMERICAN INDIAN OR ALASKAN NAllVE: A person having origins In any of lhe original peoples of North America and who main· 
tains cultural identification through tribal affiliation or community recognition. 

ASIAN: A person having origins In any of 1he original peoples of East Asia, Southeast Asia or lhe Indian subcontinent. This area 
Includes, for example, China, India, Indonesia, Japan, Korea and Vietnam. 
BLACK, NOT OF HISPANIC ORIGIN: A person having origins in any of the black racial groups of Africa. 

HISPANIC: A person of Mexican, Puerto Rican, Cuban, Central or South American or other Spanish culture or origin, regardless of race. 

PACIFIC ISLANDER: A person having origins In any of lhe original peoples of Hawaii; the U.S. Pacific territories of Guam, 
American Samoa, and lhe Northam Marinas; lhe U.S. Trust Territory of Palau; the islands of Micronesia and Melanesia; or the 
Philippines. 

WHITE, NOT OF HISPANIC ORIGIN: A person having origins in any of lhe original peoples of Europe, North Africa, or the Middle East. 
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