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Abstract 
Agile }v!anufacturing has emerged as a new paradigm for coping with the dynamic 
and turbulent manufacturing environments of the twenty-first century. Much work 
has been done to identify the basic elements deemed necessary for agility, using a 
"one size fits all" approach. Different types of agile manufacturing systems, 
however, will be required for different agile manufacturing environments. This 
paper discusses agile manufacturing from this point-of-view. 
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1 INTRODUCTION 

As we approach the twenty-first century, we are witnessing incredible changes in 
markets for manufactured products around the globe. Product variety is increasing 
almost without limit, while demand decreases towards single-unit levels. Time-to
market is shrinking and total life-cycle durations are becoming shorter. To cope 
with such characteristics, a new paradigm has emerged, agile manufacturing. 
This multifaceted term refers to the use of resources and people which can be 
changed quickly and cost-effectively, in unanticipated ways, to cope With 
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continuous and unanticipated change. The objective is for agile manufacturing 
enterprises to be able to perfonn in such environments as effectively as mass 
production enterprises do in stable, repetitive environments. The concept of agile 
manufacturing is relatively new, stemming in large part from the wolk of the Agile 
Manufacturing Enterprise Forum (AMEF) at Lehigh University (USA) since 1991. 

Many papers and books have appeared on agile manufacturing over the past 
several years. The bulk of the literature focuses on identifying and describing the 
various elements deemed necessruy for agility: innovative management and 
organizational structures, a knowledgeable and flexible wotkforce, flexible 
production technologies, supplier-wide information infrastructures, etc. The 
prevailing view is that such elements are more or less common to all agile 
manufacturing enterprises. This represents a "one size fits all" view: all agile 
manufacturing enterprises share the same basic attributes, thus, a single "type" ci 
agile manufacturing system (physical processing facility and planning and control 
strategies) exists. Such a scenario is plausible if all agile manufacturing enterprises 
are faced with same requirements (reduced time-to-market, high product variety, 
etc.). In actuality, however, different finns (industries) may be faced with different 
requirements, or agile manufacturing environments. As no one system type can be 
best-suited for all environments, one size will ll.Q1 necessarily fit all. Just as job 
shops are best-suited for high-varietyllow-volwne environments and flow shops for 
low-varietylhigh-volume environments, different types of agile manufacturing 
systems will be necessary for different agile manufacturing environments. 

Despite the interest in agile manufacturing, little work has been performed which 
describes or even acknowledges the existence of fundamentally-different agile 
manufacturing environments and types of systems. Manufacturing researchers and 
practitioners are long familiar with the basic types of "traditional" manufacturing 
systems (job shops, flow shops, etc.), the environment for which each should be 
employed, and the design problems encountered for each However, the basic 
foundation for identifying and characterizing agile manufacturing environments and 
types of systems, for similar purpose, have yet to be established 

This paper describes some of the work underway within the Industrial and 
Systems Engineering Department at Virginia Polytechnic Institute and State 
University (USA) to tackle this problem. Background material is presented in 
Section 2. Section 3 discusses the modeling of different agile manufacturing 
environments. Several different environments and types of systems are identified in 
Sections 4 and 5 respectively. Concluding remarks are presented in Section 6. 

2 BACKGROUND 

The original vision of agile manufacturing as a new paradigm for industty was first 
articulated in the two-volume report 21st Century Manufacturing Strategy: An 
Industry-led View (Iacocca Institute, 1991). This report, the result of a study 
conducted at Lehigh University's Iacocca Institute (with the support of a coalition 
of 13 US manufacturers and partial funding from the US Department of Defense) 
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ignited the agile manufacturing movement in the USA. It identifies three 
foundations of agility - flexible production technologies, a knowledgeable 
world'orce, and flexible management structures - and describes in detail the 
characteristics of agile manufacturing enterprises, using a top-down approach. Since 
this report, a large amount of work has been performed to try and identify how 
manufacturing enterprises can become agile. The vast majority of published woIk 
is aimed at identifying and describing the various elements deemed necessruy for 
agility, again via a top-down approach. Examples of such works include Voss 
(1994), Noaker (1994), Kidd (1994), and Goldman et al. (1995). 

Many of these works recognize the critical role played by the manufacturing 
system in establishing agility. For example, Dove (Voss, 1994) states "the 
essence of an agile corporation is the ability to reconfigure the plant facility itself." 
Little discussion if any, however, is made of how to obtain such systems: most 
works simply note that processes, machines, and control hardware/software must 
be reconfigurable, programmable, modular, flexible, etc. One item of contention, 
however, is the role played by virtual enterprises. Some authors (e.g., Goldman et 
al. 1995, Ashley 1997) see virtual enterprises as an essential component of agile 
manufacturing; others (e.g., Iacocca Institute 1991, Hormozie 1994) consider 
virtual enterprises as only one approach for achieving agility. The latter view is 
consistent with the idea of different types of agile manufacturing systems. 

At the same time, little work has been done to identify different agile 
manufacturing environments. Many researchers (e.g., Hormozie 1994) equate agile 
manufacturing with mass customization, implying a single agile manufacturing 
environment. As we will see, however, other agile manufacturing environments 
exist or are anticipated in the near future. 

Some work has been done, however, towards the identification of different types 
of agile manufacturing systems and environments. Harrison (1997) describes how 
certain types of traditional systems (project and batch production) will utilize 
agility to cope with traditional variety/volume environments. Dean and Carrie 
(1997) describe a procedure for assisting agile manufacturers in determining what 
enterprise type (amongst other things) should be employed. Works are just 
beginning to appear which take a "bottom-up" approach to the problem, looking at 
ways to make particular types of manufacturing systems agile. These woIks 
include Katayama (1996), Fujii et al. (1997), and Quinn et al. (1997). 

3 MODELING OF AGILE MANUFACTURING ENVIRONMENTS 

The most common way to model manufacturing environments is to consider two 
variables - product variety and production volume - and specify the relative level 
(e.g., low, medium, high) for each variable. To model agile manufacturing 
environments, a more detailed set of variables is necessaI)'. This set of variables 
will include the following: 

• Product variety (i.e., time between new product introductions). 
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• Quantity of levels in the bill-of-materials (BOM) for each product. 
• Extent to which successive products (end items and/or sub-assemblies) are 

similar, in terms of manufactured attributes. 
• Average ratio of customer lead time to manufacturing lead time. 
• Product life<ycle (PLC) length. Product life<ycles are assumed to consist cf 

three phases: growth (introduction), maturity, and decline. 
• Relative length of PLC growth, maturity, and/or decline phases. 
• Product demand (volume) during maturity phase. 

Using the above variables (or a given subset) and a suitable set of levels, a large 
variety of different manufacturing environments can be modeled. Any combination 
of levels which results in an environment of continuous and unanticipated change 
represents an agile manufacturing environment. It should noted that the actual 
range of values implied by a particular level may vary from industry to industry. 

4 SOME AGILE MANUFACTURING ENVIRONMENTS 

Based upon the above variables and levels, a large variety of different agile 
manufacturing environments can be identified. To illustrate, four environments 
which are foreseen for the near future are described below. 

4.1 Compressed Life-Cycle Environment 

The flrst environment is characterized by medium product variety, high product 
demand during product maturity, and short product life-cycles. This environment 
results when product demand is high, but technological advances occur and/or new 
features are introduced so rapidly that new products quickly become obsolete. 
Examples of products in this environment include home computers, audio 
equipment, and cameras. Demand for such products thus follows the traditional 
growth-maturity-decline period, but over a highly-compressed life<ycle: the 
environment can thus be referred to as the compressed lifo-cycle environment. Note 
that even though the maturity phase is relatively short, the product must still be 
mass-produced during this period. 

4.2 Compressed Time-To-Market Environment 

The second environment is again characterized by medium product variety, high 
product demand during product maturity, and short product life<ycles, but in 
addition, product life<ycle growth phases are extremely short. This environment 
results when competition is so flerce that companies must be able to provide high
volume production immediately upon product introduction or risk losing rruuket 
share to competitors. Thus, time-to-rruuket is the overriding concern: the 
environment can thus be called the compressed time-to-market environment. 
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4.3 Mass Customization Via Assembly Environment 

The third environment is characterized by extremely high (infinite) product variety, 
extremely low (single-unit) product demand, and short customer lead times, where 
product variety is obtained primarily through limitless combination of component 
options. Products in this environment will thus be assembled items with deep 
BOMs: examples include "customized" personal computers, automobiles, and 
consumer durable goods. This environment results in what has been termed the 
mass customization of products. Because product variety is obtained via assembly, 
we will refer to this as the mass customization via assembly environment. Note 
that component options may change frequently is this environment. 

4.4 Mass Customization Via Processing Environment 

The fourth environment is again characterized by extremely high (inf'mite) product 
variety, extremely low (single-unit) product demand, and short customer lead 
times, but now product variety is obtained primarily through limitless variety in 
item processing. In this environment, product BOMs will consist of a single level 
or a few levels at most: example products include one-hour lenses, made-to-order 
clothing and shoes, etc. This is also a form of mass customization, but where 
product variety is obtained primarily via individual item processing. We thus refer 
to this as the mass customization via processing environment. Both component 
options and processing alternatives may change frequently in this environment. 

5 SOME 1YPES OF AGILE MANUFACTURING SYSTEMS 

The type of system best-suited for a given environment can be determined by 
examining the requirements of that particular environment. This is illustrated for 
the above environments as follows. 

5.1 Agile Production Lines 

In the compressed lifo-cycle environment, manufacturing systems must be capable 
of mass-production of items over relatively short product life-cycles. To obtain the 
required production volumes, production (Le., manufacturing and/or assembly) 
lines are required. Production lines are typically designed for one or at most a rew 
product variants, with the requirement that the cost of the line can be amortized 
over the lives of the products. In the compressed life-cycle environment, however, 
product life-cycles are too short for this to be possible. Thus, the system must be 
capable of changing over time to cope with changing product requirements. 

One way to obtain systems which are capable of change is to design this ability 
in, i.e., make the system capable of adopting a large variety of states. This 
approach results in flexible production lines. There are two drawbacks to this 



148 

approach, however. The fIrst is that the possible states are fIxed in advance, 
limiting the ability of the system to cope with unanticipated changes. The second 
is that though flexibility is designed in and paid for in advance, it is only required 
at very infrequent intervals in this environment. The vast majority of the time, 
flexibility is of no value: the objective is to maximize throughput. Thus, the use of 
flexibility as a mechanism for coping in this environment is not cost-effective. 

An alternative approach is to design the system such that it can be reconfIgured 
as required. This results in agile production lines: lines constructed of modular 
processing equipment and control hardware/software, which can be reconfIgured in 
an almost limitless number of ways, both quickly and inexpensively. Because the 
set of states which are possible is not fIxed, the system can easily cope with 
unanticipated changes. Additionally, the system remains lean between 
reconfigurations, resulting in reduced production costs. 

5.2 Virtual Enterprises 

In the compressed time-to-market environment, manufacturing systems must 
provide full-load production capacity essentially "on-demand," and produce at 
mass-production levels for relatively brief periods of time, for medium varieties cr 
products. Time is insufficient to obtain the required capabilities/capacities from 
scratch (or even through modifIcation of existing facilities) and product life-cycles 
are too short for full amortization of the facility. One approach envisaged for this 
environment is that of using permanent, capability-based facilities which can be 
quickly "linked" together for mass production of specifIc products: following 
production, the links can be quickly broken. Because capacity is already in place 
prior to product introduction, it can be obtained quickly (e.g., via identifIcation 
and forming of partnerships over the Internet), and because each facility may be 
involved in multiple partnerships at any time, it is not necessary to amortize the 
facility over the life of any particular set of products. Such partnerships are 
commonly called virtual enterprises (e.g., Goldman et ai., 1995). 

5.3. Rapidly-Reconfigurable Assembly Systems 

In the mass customization via assembly environment, manufacturing systems must 
be capable of producing an infinite variety of end items through combination cr 
component options. Flexible assembly systems (FASs) are the logical choice for 
such environments, as they are capable of large ranges of operating modes (states) 
and can change from one state to another both quickly and easily. Such systems, 
however, will likely fall short of being able to satisfy the requirements of this 
environment. It may be impractical (impossible) to design an FAS which can cope 
with every conceivable combination of options. Additionally, the component 
options themselves may change frequently. The occurrence of option combinations 
which cannot (easily) be handled, andlor changes in component options themselves 
necessitates reconfiguring the FAS (i.e., changing its capability/capacity envelope). 
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This is typically extremely difficult, time-consuming, and expensive, however, as 
such systems are not designed to be reconfigured. In order to be able to petfonn 
reconfigurations, both quickly and easily, FASs must be made agile. We can refer 
to the resulting types of systems as rapidly-reconfigurable assembly systems. 

Unlike agile production lines, which rely almost exclusively on agility to cope 
with changing requirements, rapidly-reconfigurable assembly systems will employ 
both flexibility and agility. The relationship between agility and flexibility, 
however, is poorly understood at the conceptual level and all but unexplored at the 
operational level (e.g., Noaker 1994, Richards 1996). Techniques for establishing 
how much agility and flexibility to employ (and how) remain to be developed. 

5.4 Rapidly-Reconfigurable Manufacturing Systems 

In the mass customization via processing environment, manufacturing systems 
must be capable of producing an infinite variety of end items through limitless 
variety in item processing. In similar manner to the above, flexible manufacturing 
systems (FMSs) are the logical choice for such environments, but are unsuitable as 
they are too rigid and difficult to reconfigure. This results in the need for FMSs 
which can be reconfigured both quickly and inexpensively, or rapidly
reconfigurable manufacturing systems. Again. these systems will employ both 
agility and flexibility to cope with change. 

6 CONCLUDING REMARKS 

Agile manufacturing is still in its infancy. As noted by many researchers, the rules 
of agile manufacturing are yet to be developed. This is nowhere more true than in 
the design of agile manufacturing systems. Though the prevailing view of agile 
manufacturing today appears to be that "one size fits all," it is more likely that 
different types of agile manufacturing systems will be necessary with the emergence 
of different agile manufacturing environments. This hypothesis has implications 
for both manufacturing researchers and practitioners. 

For manufacturing researchers, the identification and definition of different agile 
manufacturing environments and types of agile manufacturing systems will result 
in a well-defmed set of domains for research in agile manufacturing system design. 
Just as various design and planning and control strategies, techniques, and 
algorithms have been developed for job shops, flow shops, etc., so will they be for 
agile production lines, virtual enterprises, etc. 

For manufacturing practitioners, the ability to identify what agile manufacturing 
environment they are faced with, and hence what type of agile manufacturing 
system should be employed, are of key strategic importance. Only after these 
questions have been answered can a finn work out what steps are necessary to 
obtain, whether from scratch or through modification, an agile manufacturing 
system which possesses the required characteristics for the environment at hand. 
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