IEEE TRANSACTIONS ON ROBOTICS AND AUTOMATION, VOL. 14, NO. 4, AUGUST 1998 513

Manufacturing Flexibility Measurement:
A Fuzzy Logic Framework

Nikos C. Tsourveloudis and Yannis A. Phillis

Abstract—Flexibility is recognized as an important feature in on economic advantages [3], [4], the effects on decision
manufacturing. This paper suggests a knowledge-based method- making [5], or the quantification of certain performance indices

ology for the measurement of manufacturing flexibility. We claim - 54 gnerational characteristics of flexibility [6], [7]. From a
that flexibility is an inherently vague notion and an essential

requirement in its measurement is the involvement of human Methodological point of view, measures have been proposed
perception and belief. Nine different flexibility types are mea- in the context of information theory [8], [9], graph theory [10],
sured, while the overall flexibility is given as the combined mathematical programming [11] and Petri nets [12]. Extensive

effect of these types. Knowledge is represented via (fizzy |iterature review of manufacturing flexibility can be found in
antecedent$§THEN (fuzzy consequent rules, which are used to [1] and [2]

model the functional dependencies between operational char- oo . .
acteristics such assetup timeand cost, versatility, part variety, EIeX|b|I|_ty Is a dgswable property of production systems
transfer speedetc. The proposed scheme is illustrated through which quite often is presented as a panacea to numerous

an example. practical problems. The development of flexibility measures is
Index TermS_Approximate reasoning’ f|ex|b|||ty types’ fuzzy eXtremer Useful in Order to eXpIOit the benefits Of a fleXible
logic, manufacturing flexibility, measurement. system. By utilizing these measures, decision makers have the

opportunity to examine different systems at different flexibility
levels. This objective seems elusive, unless measures provide
I. INTRODUCTION a direct and holistic treatment of flexibility components. It is
S globalization of markets raises competitive pressur&s:sential to remember that flexibility is an outcome of not
Aone essential requirement for the survival of organizé’my technological achievement, advanced organizational and
tions is their capability to meet competition. Market need®anagerial structure and practice, but also a product of human
cause unceasing Changes in the life Cyc|e’ Shape, qua"ty, Mities, Ski“S, and motivations. As manUfaCtUring systems are
price of products. Manufacturing flexibility is an effectiveoperated and managed by people, it is necessary to record and
way to face up to the uncertainties of this rap|d|y Changir@”ize human knowledge and perceptions about flexibility in
environment and it is defined as the ability to absorb varioif§ measurement. This requirement is clearly documented in
disturbances which occur in production systems, as well g@veral works [13], [14].
the ability to incorporate and exploit new technological ad- Regardless of the structure of each measure, it is important
vances and work practices. Taking full advantage of flexibilitie establish basic principles which should be satisfied by any
presupposes a clear definition together with the formation téxibility measure. In our view, any practical flexibility metric
a unified system to model and quantify the concept. Readiagould work as follows.
the relevant literature, one could observe overlappings in thel) Focus on specific flexibility types from which overall
dimensions and types of flexibility as well as a lack of a flexibility measures will be derived. The observable
universal measurement scheme [1], [2]. It is common belief,  parameters for each measure should be specified together
however, that flexibility is a multidimensional notion which is with the derivation methodology.

connected with almost all levels of an organization. 2) Allow flexibility comparisons among different installa-
The measurement of manufacturing flexibility has continued  tjons.

to be a major challenge to researchers. Numerous effortg3) provide a situation specific measurement by taking into

have been reported which can be categorized by the as- account the particular characteristics of the system.

pect of_ erxibiIi_ty _they measure or by the approach used 10 4) Incorporate the accumulated human knowledge.
determine flexibility. There are measures which concentrate, | s paper, we describe a new approach for measuring

manufacturing flexibility, in which all parameters needed in the
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The paper is organized as follows. Section Il reviewaptitude of multi-trained staff to carry out a wide variety of
various flexibility types and emphasizes the necessity ta#sks.
a knowledge-based approach to measure flexibility. In Direct measures of flexibility utilize operational parameters
Section lll, we discuss the measurement of the overalhich determine the flexibility type in contrast to measures
manufacturing flexibility within an approximate reasoninghat focus, for example, on the economic or performance
schema. In Section IV, the fuzzy IF-THEN rules and variableonsequences of flexibility. Certain points require additional
needed to modehachine, routing, material handling, product,attention when we develop direct measures. The functional
operation, process, volume, expansiand labor flexibilities, parameters can be studied in different hierarchical levels
are formulated. The proposed methodology is illustratemhd, usually, demand data that are not easily quantifiable
through an example and comparisons of three manufactursgch as the rerouting ability of a material handling system.
systems. We conclude in Section V indicating future resear8ometimes flexibility parameters cannot be accurately defined,
objectives. as for example the versatility of a workstation. In addition,
a sufficient synthesis method of the operational parameters
of flexibility is lacking. One of the reasons for this is that
Il. FLEXIBILITY TYPES AND the parameters involved in the measurement of each type are
KNOWLEDGEBASED MEASUREMENT not homogeneous. For instance, in the measurement of ma-
Manufacturing flexibility is a vague notion, exhibiting achine flexibility one should combine not only the changeover
polymorphism that makes quantification a difficult exerciséime with the number of operations the machine performs
For the sake of analysis, flexibility has been categorizéuit also with data concerning physical characteristics of the
into several distinct types. In one of the first systematiorkparts, such as weight, geometry etc. Another difficulty
classifications, eight flexibility types were identified [18]which stands in the way of measurement is the lack of
which still form the basis of understanding the various face® one-to-one correspondence between flexibility types and
of the concept. Several flexibility types have been suggesté¢ physical characteristics of the production system. As
subsequently which may be summarized without significadt result, we have inconsistent behavior of some parame-
oversights as follows. ters in the measurement of flexibility [19], [17] such as
Machine flexibilitydeals with the ease of making changegoncurrency and synchronization. An example of parameter
among the operations required to produce a number of pradeonsistency can be found in the measurement of routing
ucts. It is measured by the number of operations thatflaxibility, where the ability to absorb malfunctions may be
workstation performs and the time needed to switch from oméributed either to redundant similar machinery or to versatile
operation to another. workstations, which substitute dedicated machines that have
Routing flexibility is the ability of a production systembroken down.
to manufacture a part using several alternative routes in thdn our view, mathematical models have difficulties in deal-
system and it is determined by the number of such potentiag with the direct measurement of flexibility. To accomplish
routes and back-up machinery in case of breakdowns. this task it is important to take into account the ideas people
Material Handling System flexibilitys the ability of a have about the quantification of the observable parameters
transportation system to move efficiently several part-type# the notion. Algebraic formulae fail in putting together the
from one point to another. It can be measured by the numbeafious dimensions of flexibility; in much the same manner as
diversity, and transportation time of workpieces. in a medical diagnosis, for example, where it is inappropriate
Product flexibilityis the ease with which the part mix carto add or multiply clinical symptoms and laboratory test
be changed in order to manufacture or assemble new produtgsults, to specify how serious a patient’s illness is. On the
Quantitatively it is measured by the time or the cost needether hand, by a suitable representation of human expertise
to switch from one part mix to another. concerning the combination of the flexibility parameters, we
Operation flexibilityof a part refers to the ease of changingchieve a knowledge-based measurement which overcomes
the sequence of the operations required to manufacture tiiese problems. The key idea is to model human inference, or
part and it can be measured by the number of differeaguivalently, to imitate the mental procedure through which
operation sequences the part may be produced. experts arrive at a value of flexibility by reasoning from
Process flexibilitymeasures the ability of a manufacturingzarious sources of evidence. These experts could be man-
system to produce several part-types without reconfiguratioaglers, engineers, operators, researchers, or any other qualified
An index of this flexibility is the number of part-types thaindividual. It has been shown in [15] that experts are ca-
can be simultaneously processed by the system. pable of estimating flexibility if they know the values of
Volume flexibility is the ability of a system to operatecertain relevant parameters. For example, the existence of
profitably at different throughput levels. It is quantified bynany alternative production routes for each product, together
the range of volumes at which the system runs profitably. with on-line rescheduling capability, indicates high routing
Expansion flexibilityrefers to a system’s capability to beflexibility. Similarly, if a machine performs a wide variety
modular and expandable. It can be measured by the timeadbroperations with small setup times, then the machine level
cost required for the system’s expansion to a given capacitffexibility is high.
Labor flexibilityis the ease of moving personnel to different Verbal or linguistic values, such ésw, average, about high
departments of an organization and it is achieved by tl@d so on, are frequently used by managers and researchers



TSOURVELOUDIS AND PHILLIS: MANUFACTURING FLEXIBILITY MEASUREMENT 515

Suppose, thatF;,: = 1,-.--, N, is the set of flexibility
types and4; the linguistic value of each type; then the expert
knowledge general rule is

Léw " About_Low = Awerage  About High | High

IF Fy is A; AND
--- AND FN is AN THEN FJWF isMFE (1)

or

(A; AND Ay AND --- AND Ay) — MF )

Degree of membership 4 (x)

where M F' represents the set of linguistic values for manu-
facturing flexibility ;7. All linguistic values A; and M F

are fuzzy sets like those shown in Fig. 1 and defined on
base setsX and Y such thata;(z) and mf(y) denote the
membership grades of elementsand y in A; and MF,

) ) . ) respectively. “AND” represents the fuzzy conjunction and has
Fig. 1. Typical membership functions for the fuzzy sets: low, about low, . . . . e .
average, about high, and high. various mathematical interpretations within the fuzzy logic
literature. Usually it is represented by the intersection of fuzzy

. - : . - ... sets which corresponds to a whole classtedngular or
fy fl lity. Th I . .
to quantify flexibility. This provides an additiona motlvatlon_l__norms [21]-[23]. The selection of the “AND" connective

for building a knowledge-based system. But knowledge fs the flexibility rules should be based on empirical testing

almost never accurate and is completely contrary to wh thi ticular installati flexibilit diff A
mathematical models require. Knowledge is ordinarily erfuithin a particuiar nstafiation, as Tiexioility means ditteren

meshed in inexactness and vagueness. Fuzzy logic off ings to different people. Certain criteria for choosing logical
%onnectives are proposed in [24, p. 39].

a methodological framework [20] to represent knowledg =
together with a reasoning procedure whereby the value of-€b now, D = A; AND A, AND --- AND Ay. Then (2)

0 02 04 06 08 1
X

flexibility is deduced. Some of these issues are discussedbl Fomes
the following section. IF (F\,Fs,---,Fy)is D THEN Fypis MF  (3)
[Il. M ODELING AND MEASUREMENT OF FLEXIBILITY or D — MF, where (I, Fy,---,Fy) is called thejoint

The key idea of our model is the involvement of alyariable and represents the combined effect of the allocated

distinct types and corresponding operational parameters in {ngs ((j)fbcorgpqnents on flexibility. The fuzzy relatich
determination of the overall flexibility. This is implemented vighauced by (3) s

multi-antecedent fuzzy IF-THEN rgles, which are conditional Lpyr(z,y) = fo[d(z), mfy)] (4)
statements that relate the observations concerning the allocated

types (IF-part) with the value of flexibility (THEN-part). Anwhere f_, is the functional form of the fuzzy implication

example of such a rule is: and d(z) is the membership function of the conjunctidh
“IF Routingflexibility is Low AND Productflexibility is Equation (4) is the mathematical interpretation of a fuzzy
Average rule and leads to the construction of an implication matrix
THEN Manufacturingflexibility is About Low” which maps the fuzzy knowledge described by the rule. One

can use any implication and conjunction operators needed
do achieve the desirable knowledge representation within a

values are linguistic, such akpw, Averageand About Low given context. It should be noted, however, that an appropriate

rather than numerical. These values are fuzzy sets with certam\lD connective should combine the information of all

mathematical meaning represented by appropriate memberﬁﬁ}?}ameters (antecedents) by considering their importance in a
functions (Fig. 1) given context. In view of this need, operators that do not reflect

Fuzzy rules are an efficient way to map input spacé
to output spaces, especially when the physical relationstiperator, are not adequate. .
between these spaces is too complex to be described b he_|r_1puts to the described rules,_l.e. _the assessments
mathematical models. As the impact of individual flexibility?® f€xibility types, are fuzzy sets which, in general, are

types on manufacturing flexibility is hard to be analyticallfiiTerent from the4;'s included in the rule base. Consequently

computed, we devise fuzzy rules to represent the accumulal BB,CP_”J“F‘C“O” of these sets differs fral. Manufacturing
SXIbIhty is then computed from

human expertise. In other words, the knowledge concerni
flexibility, which is imprecise or even partially inconsistent, MF =D"°Lp_nr (5)
is used to draw conclusions about the value of flexibility by

means of simple calculus. In the following, we concentrate avhere® represents aapproximate reasoningrocedure [25],
the structure of fuzzy rules and explain the fuzzy formalismv/ F” is the deduced value of flexibility anB’ is the conjunc-
that is used toward measurement. tion of inputs.Fuzzyor approximate reasoning used to draw

whereRouting, ProductandManufacturingflexibility are the
linguistic variablesof the above rule, i.e. variables whos

ge interaction of flexibility factors, such as the minimum
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a conclusion from an observation that does not match exacthg present nine flexibility types and define fuzzy rules and
with the antecedents. For example, suppose that we know tlrduistic variables for each of them.

‘IF Routing flexibility is Low AND Product flexibility is
Average
THEN M anu facturing flexibility is About Low' (Rule),

IV. MODELING OF FLEXIBILITY TYPES

A. Machine Flexibility

A machine is the basic hierarchical element of a production
‘ Routing flexibility is more or less Low’ (Observation).  System. Modern machines are equipped with exchange mecha-
nisms for tools and workpieces which enable the machines to
By utilizing (5) we are able to compute the value of maniperform several operations in a given configuration in short
facturing flexibility. In the membership functions domain, thisoad, unload, and tool exchange times. Machine flexibility
value is given by (F) is the simplest kind of flexibility that can be defined in
IioN oo a manufacturing system and constitutes a necessary building
mfy) = d(2)" =), mf(y)] © block for the assessment of total flexibility. Although it is
where, mf'(y),d (x), mf(y), and d(x) are the membership mainly determined by the existing hardware, it is quite difficult
functions of MF', D', MF, and D, respectively. In (6) we to be analytically computed. The following parameters are
still need the membership functiety(x) which in the previous used in the computation aFfy; [17]:

example was the memberShip function of the |ingUiStiC value ]_) Setumr Changeover t|mé5) required for various prepa-

but for a given production system we have

“more or less Low Zadeh in [29] has pointed out that /& rations such as tool or part positioning and release,
is a Iinguistic value characterized by a fuzzy set, thenis software changes etc. In many cases machines are con-
interpreted as the modified version of the Original |ingUiStiC trolled by a central Computer and the Corresponding
value, i.e., fuzzy set, expressed as software changeover time is very small or negligible.
N N The setup time represents the ability of a machine to
A% = / [1a(z)] /377 reX () absorb efficiently changes in the production process and
X it influences flexibility heavily when the batch sizes are
where the integration sign stands for the uniornef(x), x] small.
pairs and “/" is a marker. For examplenore or less Ais  2) Versatility (V) which is defined as the variety of op-
defined as thelilation operationwhich is erations a machine is capable of performing. It refers
more or less A = DIL(A) = A% (72) to the _ability of a machi_n_e to change readi!y be_tween
operations or work conditions. Processes with different
and “Very A which is the result of theoncentration operation tools and conditions are also considered to be operations.
is given by Versatility may be associated with the physical charac-

teristics of a machine such as the number of motion axes
A, p—— pR— 2 L
Very A= CON(4) = A%, (7b) maximum accuracy, range of cutting speeds, number
Using (7) together with the interpretations of negation and the ~ Of fixtures, as well as the quantity and diversity of
“AND” connective, one is able to formulate the mathematical ~ workpieces on which the machine may operate.

meaning of composite linguistic terms, such agtvery high ~ 3) Range of adjustments adjustability (1) of a machine
and “about low but not too low which is defined as the size of working space and is

The overall measurement algorithm can be summarized in  related to the maximum and minimum dimensions of
the following structural steps: the parts that the machine can handle.

Step 1: Select the implication operator and the “AND” con-These parameters are not independent. A versatile machine,
nective: Choose the form and the mathematical meaning of flee example, minimizes the time needed for preparations in
rules that fit the practical system of interest. Use conjunctiamder to produce a set of parts. Similarly, the size of working
operators to interpret the dependencies of flexibility types epace affects the position-and-release time and therefore has

parameters. an influence on the duration of the setup period. Relations of
Step 2: Match the observations (inputs) with the anthis kind, although well known, are hard to be analytically
tecedents of the rules. defined. Linguistic or fuzzy rules overcome such deficien-

Step 3: Select and apply an approximate reasoning methades by involving already known facts into the measurement
Associate the observations with the available knowledge aprbcedure.
compute the value of flexibility. Specifically, let7” denote the set of linguistic values of
Details about the selection of operators and reasoning metbncern, such théfs, Ty-, Tg, andTx,, € T are the linguistic
ods will be given in the illustrative example of next sectiorvalue sets foiS, V, R, and F), respectively. The rules which
There, we explain the methodology within the context of theepresent the expert knowledge on how the variables affect
Compositional Rule of Inferencatroduced by Zadeh in [26]. flexibility are of the form
The Analogical Reasoning?7], Revision Principle[28], and
Rule Interpolatior{29] are other examples of approximate rea-  IF 5is Ts AND V'is Ty AND Ris Tp THEN
soning algorithms suitable for practical use. In what follows, Fyis Try,, (8)
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or compactly C. Material Handling System Flexibility

Limited work has been done in the area of modeling material
handling system flexibility(Z\igs) measures. In [30], the

. i ] ] ] ] impact that several types of material handling equipment have
where “AND” denotes fuzzy conjunction, ard is any given on flexibility was explored and linguistic assessments for

(T's AND Ty AND Tg) — Tk, (9)

fuzzy implication. several flexibility types were reported. These measurements
concern equipment of the type of belt and powered roller
B. Routing Flexibility conveyors, monorails, power-and-free conveyors, towline carts

Routing flexibility (F) allows for a quick reaction to @nd automated guided vehicles.
unexpected events such as machine breakdowns and minimize&1€ linguistic variables we define for the knowledge-based

the effect of interruptions of the production process. It i§€asurement of material handling flexibility are [17]
potential when part routes are predetermined but parts mayl) Rerouting factor(B), which indicates the ability of a

be dynamically rerouted during a breakdown,astual when material handing system to change travel paths auto-
identical parts are processed through different routes, indepen- matically or with small setup delay and cost. Rerouting
dently of breakdown situations. The benefits of routing flexi- ability is a necessary property for the establishment of

bility are well understood among researchers but there exists routing flexibility.
some confusion regarding its definition [1]. Routing flexibility 2) Variety of loads(P) which a material handling system
appears in the literature in different guises such as scheduling, carries such as workpieces, tools, jigs, fixtures etc. It
operations, process and, more often, manufacturing flexibility.  is restricted by the volume, dimension, and weight
It is achieved when the system consists of interchangeable requirements of the load.
and multipurpose machines together with a material handling3) Transfer speedC), which is associated with the weight
system, rescheduling control software, and redundancy in and geometry of products, as well as the frequency of
machines, tools, and processes. These requirements demand a transportation.
high investment, often making production prohibitively costly. 4) Number of connected elemer({t¥/) such as machines
Routing flexibility is an inherent property of the manu- and buffers.
factur?ng syst(_am and it expresses its.apility to respond.ﬁche general fuzzy rule here is
unanticipated internal changes and variations. We are mainly
motivated by the fact thatt’p arises from the existence ) ) )
of interchangeable machines, capable of performing similar IF Bis Tp AND Pis T AND C'is 1o AND
operations. The ability to handle breakdowns, which is the M is Ty THEN Fuyns 18 Thyps 12)
main characteristic off’g, exists if each operation can be
performed on more than one machines. We recognize thagra
key prerequisite in measurinfjy is the ability of a machine
to substitute for another.
The linguistic variables we define for the assessment of (T's AND Tp AND Te: AND Tis) = Ty (13)
routing flexibility are [17] -
1) Operation CommonalityCo) which expresses the num-D- Product Flexibility
ber of common operations that a group of machines canProduct flexibility (Fp) is associated with the number of
perform in order to produce a set of parts. products that are produced or assembled by the manufacturing
2) Substitutability(.Sz) which is defined as the ability of a system in a given time period. Product flexibility helps the firm
system to reroute and reschedule jobs effectively und@spond to demand changes by introducing new products in
failure conditions. The substitution index may also bthe market quickly. Parameters pertinent to the measurement
used to characterize some built-in capabilities of thef product flexibility are [17]
system as for example, real-time scheduling or availabley part variety (Vp) is associated with the number of
transportaylon Ilnks_. Substitutability is associated with new products the manufacturing system is capable of
the material handling system and the layout of the  hroducing in a time period without major investments

machines. in machinery and it takes into account all variations of

The IF-THEN rules of routing flexibility are of the form the physical and technical characteristics of the products.
2) Changeover effortSp) in time and cost that is required

IF Co is Tc, AND Spis Ts, THEN FgrisTr, (10) for preparations in order to produce a new product mix.

It expresses the ability of a system to absorb market

or equivalently variations.

3) Part commonalityf Cp) refers to the number of common

(Te, AND Ts,) — Tp, (11) parts used in the assembly of a final product. It mea-

sures the ability of introducing new products fast and
where the notation in (11) follows that of (9). The same economically and also indicates the differences between
notation is used throughout the remainder of this paper. two parts.
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The form of the general production rule is Expansion flexibility(£g) is the capability of changing
. . the capacity or variety of products easily and economically.
IF Vp is Ty, AND Sp is T, AND Expansion flexibility makes it easier to remove or add equip-
Cp is THEN Fp is Tp, (14) ment of any kind and reduces time and cost required for the
manufacture of new products. Expansion flexibility is often

or compactly equated to a system’s modularity and a necessary requirement

(Ty,. AND Ts, AND T¢,.) — Tr,. (15) for its achievement is the existence of material handling
systems with flexible traveling routes such as automated
E. Operation and Process Flexibility guided vehicles. The variables needed for the knowledge-based

measurement of'; are as follows.

1) Modularity index (Mp) which represents the ease of
adding new machinery to a production system without
significant effort and changes.

2) Expansion ability (Cg) which is the time and cost
needed to increase the capacity to a given level.

Operation flexibility (£) refers to the capability of pro-
ducing a part in different ways by changing the sequence o
operations which were originally scheduled. It is not a built-
in feature of the system but allows for an easier production
scheduling and real time rerouting. We define the linguistic
variable number of production sequencé®s) for all parts
manufactured by the system. For each p@g,is given by the The rules are
number of all possible sequences of operations whereby thay 7/, is 7, AND Cp is Tr, THEN Fg is T,  (19)
part may be produced)s is restricted by the technological
level as much as physical and quality constraints. The gene®&l(Zn, AND 1c,) — Tr,.

IF-THEN statement relate®s to operation flexibility as
G. Labor Flexibility

Labor flexibility (£7) is the ease of moving personnel
or simply, 7o, — Tr,- around various departments within an organization [31], [32].
Process flexibility (Fs) is a result of the ability of a By taking advantage of a flexible workforce, a firm will be
manufacturing system to produce different types of produable to respond quickly to unexpected work loads that may
at the same time. Very often it is referred to mdx, job, arise. This type of flexibility also allows the firm to reduce
variant and product-mix flexibility It reduces batch sizes andthe throughput times of jobs and improve customer service.
minimizes work-in-process, buffer sizes and inventory cosfbhe linguistic variables we define as labor flexibility level

Multi-skilled workers who carry out assignments in manyndicators are

workplaces enhance process flexibility. In order to achievel) Training level(W ). Improved flexibility can be achieved
process flexibility, a combination of certain desirable charac-  through education and cross-training programs. Hori-
teristics is needed, for example, a combination of multipurpose  zontal training programs aim at developing skills for
machines and fixtures, redundant equipment, material handling performing a wide variety of different tasks, rather than
devices and process variety. Here the linguistic variables of increasing specialization of work. Specialization is in

IF Os is To, THEN Fp is T, (16)

concern are conflict with labor flexibility. Each worker learns how
1) Set of part typegPs) that can be produced simulta- to perform a number of tasks in different departments
neously or without major setup delays resulting from instead of only the one to which he/she was initially
breakdowns or reconfigurations of large scale assigned. As a result, workers who have access to many
2) Setup costgCs). departments increase the firm’s capability to face unan-
Expert knowledge is represented by ticipated events. High training level implies high labor
flexibility. A completely flexible worker can perform all
IF Psis Tp, AND Csis Tc, THEN Fsis Tp,  (17) tasks or operate all machines in each department of a
firm.

or (TpsAND o) — T 2) Job rotation(.J). It is related to training and expresses

the frequency with which the workers are transferred

to new work positions, under normal conditions. Job
Volume flexibility (Fy/) is the ability of a manufacturing rotation increases the possibility of fast reaction to

system to change the production volume and still be able an unscheduled situation and, therefore, contributes to

to operate profitably. It can be regarded as the response to flexibility. An additional benefit of job rotation is that it

demand variations and implies that the firm is productive  broadens the knowledge of the personnel, enabling them

even at low utilization. It is also associated with the hiring to obtain a global vision of the company’s objectives.

of temporary personnel to meet changes in market demaffle fuzzy rules can be written as

The general linguistic rule is

F. Volume and Expansion Flexibility

IF Wis Tw AND J is Ty THEN Fy is Ty, (20)

or (TVV AND TJ) — TFL-
or Tgr,, — Tr,, Where Ry represents theange of volumest It should be noted that the nine types of flexibility we have
which the firm is run profitably. discussed here are not unique. Moreover, the proposed list of

IF RV is TRV THEN FV is TFV (18)
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X ; : X5 = TABLE |
§ — E
| Dam, [ Blxckian [ LiNnuisTIc DATA FOR EACH FLEXIBILITY TYPE
£ 1 ==
T | ¥ From Types of Flexibility Variables Observed Values
I ——1
h i - Setup () About Low
Bl Ty = Machine (F)) Versatility (V) Average
Adjustability (R) Low
Routing (F,) Operation Comnllfynality (Co) Very Hig. h
Substitutability (Sg) About High
Rerouting Factor (B) Iigh
Material I.oad Variety (P) About High
Handling (F,,,s) Transfer Speed () Average
# of connected Elements (Af) High
Part Variety (Vp) About High
Product (Fp) Changeover Efforts (Sp) Low
Part Commonality (Cp) More or less
Average
Operation (F,) # of Production Sequences(QOg) Very Low
Process (Fy) Pan lyPes (P?) Average
Setup Cost (Cs) More or Less Low
Volume (F,) Range of Volumes (Ry) Low
Expansion (F,) Modula_rity Imflc_x (Mp) Low
Expansion Ability (Cg) Average
Labor (F,) Training Ltl:vcl wy About Lz.)w
Job Rotation (J} About High

Fig. 2. Fuzzy assessment of manufacturing flexibility.

a

By representing the discrete membership functions of the
linguistic values withpp(z)/z,x € X, where ur(z) is the
membership grade of point, we have

pr = Low =[1/0,1/.1,0.7/2,0.5/.25,0.2/.3,0/.4]

Y

o
e}
T

where, for example, 1/0 means that 0 belongd.d¢ov with
membership grade 1. Similarly

About Low =1[0/.1,0.7/.2,1/.25,0.7/.3,0/ 4]
Average =[0/.25,0.2/.3,0.6/.4,1/.5,0.6/.6,
0.2/.7,0/.75]
About High =[0/.6,0.4/.65,0.7/.7,1/.75,0.7/.8,0/.9]

0 02 04 06 08 1 High =[0/.65,0.2/.7,0.5/.75,0.7/.8,1/.9,1/1].
xeX

(=4
B
T

Degree of membership ur(x)
(o]
(2}

©
o

We assume that for the given production system we have the
observations of Table I.

Let us now consider the case of routing flexibility to
illustrate the measurement schema. The observéatiogiven
attributes used in measurement is not exhaustive. ManaggysTable | is

may wish to define different types and attributes that fit ) . Lo :
better to their needs. The only restriction is that the relation O ©OPeration Commonality i¥cry High (VH)

Fig. 3. Membership functions of the linguistic valuek: = low, AL =
about low, A =average, AH = about high, andd = high.

between flexibility types and operational components should AND Substitutability isAbout High (AH)

be presented via fuzzy rules. which compactly can be written a8: Cp is VH AND Sp
is AH or more simple a®): VH AND AH. It is known [26]

H. An Example that for the fuzzy modifier Very’ holds that

In the previous section, we discussed the fuzzy formulationyery H = H? or equivalentlyuy i (x) = p2%(z),z € X
of nine flexibility types which are observed in various hierar-
chical levels. Fig. 2 is graphical representation of the propos@fd consequently
methodology, where manufacturing flexibility is given as they ¢,y Figh = [0/.65,0.04/.7,0.25/.75,0.49/.8,1/.9,1/1].
logical synthesis of all types. _ _ _ _
Suppose, now, that for a given manufacturing plant wehe rule with which observatio» matches best is
have five linguistic variations of the variables involved in IF Cp, is H AND Sp is AH THEN Fy is H
the fuzzy rules, namely,ow (L), About Low(AL), Average
(A), About High (AH), and High (H). Their membership or compactly
functions in X are denoted byur: X — [0,1], where HAND AH — H 21
T={L,AL, A, AH, H}. For simplicity and without loss of - (21)
generality, we define the membership functions in the unihe above rule contains the information we use to deduce
interval [0, 1], as shown in Fig. 3. the value of routing flexibility because its anteceden$, (
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“ Select HuIBase D
Types: Fuzzy Rules: # Rules: 25

Machine IF Common Operation is High AND Substitutability is Average THEN ,.:J
g Routing flexibility is About High .

Maternial Handling T— . e -

Product IF Common Operation is High AND Substitutability is About High

Process THEN Routing flexibility is High

gf";:‘s'g;l IF Common Operation is High AND Substitutability is High THEN

Volllume Routing flexibility is High

Labor

Manufacturing
Selected Fuzzy Rule:# 24
IF Common Operation is High AND Substitutability is About High THEN Routing Hexibility is High

Linguizstic Variable: Linguistic Yalue: Connectives:

Low
Substitutahility About Low OR
Routing Flexibility Average NOT

About Hiih

Fig. 4. Software implementation of the proposed methodology:Stkect Rule Basedialog box.

is H AND Sp is AH) are closer to the observatio®’§ is 0.4(0.49 v 0.7)/.8. Fig. 5 presents the membership function

VH AND Sg is AH) than any other rule in the rule baseof observationO for severaly values. Adjusting they-

In Fig. 4, a part of the routing flexibility rule base is showrparameter, one can regulate the impact of eitieror Sg

within a software tool for measuring flexibility that was firsthave on routing flexibility.

discussed in [15]. In order to achieve meaningful inference and since all the
The minimum operator, which usually represents the intdinguistic values we use are normal fuzzy sels Guch that

section of fuzzy sets, does not allow for any compensatigfz) = 1), the normalized membership of the observaiion

among those sets. For example, if the connective “AND” is computed. That is

represented by the minimum operator in the st_ateméﬁt “ VH AND AH =[0.279/.65,0.53/.7,0.96/.75,1/.8

AND L,” then pganpr(z) = puar(z) = 0, which does

not reflect the way managers merge the information of these 0.696/.9,0.696/1]

given values. In contrast, we are convinced that the “ANQyhere, e.g.,0.279/.65 = 0.6(0 A 0.4/0.5734)/.65 +

connective in the expert rules should take values between thgsgo v 0.4/0.5734)/.65 with 0.5734 the highest member-
given by the classical intersection and union. By taking thehip grade of the non-normalized membership function. The
convex combination of the unian and intersectiom for the  jmplication operator selected is a function of the conjunction
antecedent of (21), we have paanpan(z),z € X, and the consequepty (), y € Y, over

X x Y, which in the membership domain is given b
prannan () =1 —Vprnan(z) + yproan () X X, which P n 1S giv y

x € X,y €0,1] (22) LyAND an—i(%,9)

=L (z,y)=1—-p sl Vo opg(y). (23)
where~ is the grade of compensation and indicates where the (mw) = HAND 4 (7)) 1)

actual operator is located between the classical union (ffifom (23) we compute theelation matrix that is

compensation;y = 1) and intersection (no compensation, 84 &4 &4 1 1
v = 0) of the connected sets [33]. Intersection and union 6 6 7 1 1
are represented by the minimum (\) and maximum £ V) 3 5 7 1 1
operators, respectively, and for= 0.4, (22) yields L= 3 5 7 1 1

H AND AH =[0.16/.65,0.4/.7,0.7/.75,0.7/.8 'g 'g ; 1 1

0.4/.9,0.4/1], .
/ /1 where, for exampleL_,(0.65,0.7) corresponds to the first-

where, for instanc®.16/.65 = 0.6(0 A 0.4)/.65+ 0.4(0 v  row-first-column digit and it is given by (23) as follows:

0.4)/.65. L_(0.65,0.7) = 1 — pyaANDAy(065) V  ug(0.7) =
The discrete membership of the observatiois VH AND (1 —0.16) v 0.2 = 0.84 .

AH = [0.16/.65,0.304/.7,0.55/.75,.5734/.8,0.4/.9,0.4/1] The value of routing flexibility is inferred by applying

where for example0.5734/.8 = 0.6(049 A 0.7)/.8 + Zadeh’scompositional rule of inferen¢ewhich is the most
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Fig. 5. The membership function @@ = V H and AH for various values ofy parameter.

frequently used approximate reasoning method. It is describ&d extensive discussion on the selection of defuzzification
by the following inference pattern: methods can be found in [34, p. 132].
For the data of Table | we compute each type of flexibility.

O: V.H AND AH (Observation) The membership function of machine flexibility is
Expert rule (H AND AH) — H (Existing Knowledge)
— _ Fi, =1[0/.25,0.2/.3,0.6/.4,1/.5,0.6/.6,0.2/.7,0/.75]
Fr:O°L, (Conclusion)

o . . , nd the defuzzified valudef I, = 0.52
where® denotes the max-min composition defined by Zade% Similarly, we see the calcullgtions at the bottom of the next
[29] as page. The combined effect of these results is the input to the

Fi = max(O A L_) (24) manufacturing flexibility model. The membership function of
the overall flexibility for the system under study is
which gives the membership function of routing flexibility
MF =[0.4/.3,06/.4,1/.5,0.6/.6,0.4/.7]
Fl, =10.6/.7,0.6/.75,0.7/.8,1/.9,1/1] . _
and the defuzzified value igefMF = 0.533.
where, for instance, the grade of membership of point 0.7 is

0.6 =(0.279 A 0.84) V (0.53 A 0.6) v (0.96 A 0.3y - Flexibility Comparisons
V (L A 0.3) V (0.696 A 0.6) V (0.696 A 0.6). Cons_lder now three manufaqturlng systefis.Ss, anc_jsg,
respectively, that produce similar types of automobile parts.
In practice, a number in [0, 1] may be more preferableor simplicity, we examine just three flexibility types, namely,
than a membership function, in order to represent flexibilityouting, material handlingandproductflexibility. S; consists
This seems convenient, especially when comparing alternafefour identical horizontal machining centers [Fig. 6(a)],
manufacturing systems. The procedure that converts a masach with a storage magazine of 110 tools. Transportation
bership function into a single point-wise value, is calledf materials (pallets, tools, workpieces, etc.) is performed by
defuzzificationOne can choose among various defuzzificaticsmutomated guided vehicles (AGV’s) that use photosensors to
methods reported in the literature. Here, by applying the sdetect the light that is reflected by a fluorescent paint on the
called Center-of-Areadefuzzification method we derive thefloor. This type of AGV has the advantage of being easily

crisp value of routing flexibility, as follows: rerouted. The system manufactures five different families of
5 prismatic parts and the production rate is ten pieces per hour.

mew (z;) The second manufacturing system [Fig. 6(b)] consists of one

. = B horizontal machining center and two vertical turret lathes with
deflp=——"" automatic tool change and 24-tool storage magazine. The
Z“F{z(xi) system is capable of producing both prismatic and rotational
i=1 parts (two-part families of each shape) and a versatile conveyor

0.7-0640.75-064+08-0.7+.94+1 belt is used for the transportation of products. Two load-unload
= = 0.8538. . . -
0.6+06+07+1+1 areas are designated in both sides of the conveyor belt. System
(25) 53 produces a small variety of prismatic and rotational
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AGV

LLOAD / UNLOAD

(b)

Fig. 6. The manufacturing system: (&), (b) S2, and (c) Ss.

parts in high volumes. It consists of two vertical machining TABLE I
centers with a storage magazine of 90 tools which are equipped™EXBILTY DATA FOR THE MANUFACTURING SYSTEMS 51, 52, and 5
with robotic arms for loading and unloading workparts and

a numerically controlled vertical lathe with four degrees of S, S, S,
freedom. Machines are connected via a roller conveyor as Routing (Fyy | Oeration Commonality (Cg) | Very High 4 ot Low
shown in Fig. 6(c). Flexibility data for all three systems are T e T b i
summarized in Table 115, is similar to the system analyzed in Material Load Varicty (P) About High | About High | Average

. . i . Handling (F,,;) Transfer Speed (C) Average 8
the previous section. The data for systémare linguistic as # of connecied Elements (M) High | Abou High

. . . Part Vari Vi b igh A
well as numericalTransfer SpeedndOperation Commonality  prequet Changovii‘;‘ﬂ(fnf)(sp) Abowt Igh | pverege |
are represented by crisp numbers assuming that the knowledge Part Commonality (Cp) | About Average | Low
Flins =[0/.65,0.7/.7,1/.75,0.7/.8,0/.9], defFyms = 0.75
F, =[0/.25,0.7/.3,0.7/.4,1/.5,0.7/.6,0.7/.7,0/.75], defFp =10.5

F}, =[1/0,1/.1,0.49/.2,0.25/.25,0.04/.3,0/ 4], defF}, = 0.153
F§=[0/.1,0.72/.2,1/.25,0.72/.3,0/ 4], defF§ =0.25
F{, =[1/0,1/.1,0.7/.2,0.5/.25,0.2/.3,0/ 4], defFy, = 0.177
Fr=10/.1,0.7/.2,1/.25,0.7/.3,0/ 4], defFp =0.2516
F} =[0/.25,0.2/.3,0.6/.4,1/.5,0.6/.6,0.2/.7,0/.75], defF7, = 0.50.
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Fig. 7. The membership functions of manufacturing flexibility for the systémsSs2, and Ss.

about these variables is both complete and precise. In sucfThe measurement framework proposed in this paper is sim-
cases, the model uses the membership grades of the cplpin principle and appears to have the following advantages.

inputs, €.9./taverage(-4) = .6 is the membership grade of 1) |t is adjustable by the user. Within the context of fuzzy
4 andpap(.8) = .7 is the membership grade of .8 iABout logic, one can define new variables, values, or even
High.” For systemSs the linguistic variations of the flexibility rules and reasoning procedures. The model, therefore,
types under study are available. Note that the model does not  provides a situation specific measurement and it is easily
only accept numerical inputs but also inputs that correspond  expanded.

to a different hierarchical level. The membership functions 2) |t contributes to coding expertise concerning flexibility
of values are shown in Fig. 7, and the “AND” connective through multiple antecedent IF-THEN rules.

is the ‘compensatory ANDgiven by (22) withy = 0.4.  3) |t provides successive aggregation of the flexibility lev-
Furthermore, the whole reasoning procedure is the same as els as they are expressed through the already known
in Section IV-H. The rules that describe flexibility of system f|ex|b|||ty types and, furthermore, incorporates types

Si, with i = 1, 2, 3, are of the following form: which have not been widely addressed such as labor
flexibility.
IF F is T;, AND Fypyg is Ty  AND In the proposed scheme the value of flexibility was given
Fiis Ty, THEN MF!is Ty pi (26) by an approximate reasoning method taking into account the

knowledge that is represented by the closest rule to the real
o 4 o ) observation. An objective of future research is to investigate
where F}x’»FKIHS’FIZ’z are the flexibilites of system,. and the influence of more rules on the value of flexibility. An
Ty, Try . Tr;, their fuzzy values. The membership funcyqitional topic should be the examination of the relationship
tion of frex_'b'“ty for each system is presented in Fig. 7onyeen the level of flexibility and the corresponding financial
Manufacturing systent, is more flexible thans;, which o o mance of flexibility. The results of such a study will be

in turn is more flexible thanS;. Applying (24) on the qeql in determining how much flexibility is needed and to
membership functions of Fig. 7, one can clearly see that what extent it will affect the profitability of a firm.

defMF' =0.75> defMF? = 0.5> defMF? = 0.25.
REFERENCES

[1] A. Sethi and S. Sethi, “Flexibility in manufacturing: A surveylrit. J.
V. CONCLUSION Flexible Manufact. Systvol. 2, pp. 289-328, 1990.
FIexibiIity metrics are difficult to be defined, mainly due [2] Y. Gupta and S. Goyal, “Flexibility of manufacturing systems: Concepts

. . . and measurementsiZuro. J. Operat. Resvol. 43, pp. 119-135, 1989.
to the multidimensionality and vagueness of the concept ) N. Kulatilaka, “Valuing the flexibility of flexible manufacturing sys-

flexibility. In this paper, a knowledge-based framework for  tems,”|IEEE Trans. Eng. Managvol. 35, pp. 250-257, 1988.

; Sl G. K. Hutchinson and D. Sinha, “Quantification of the value of flexi-
the assessment of manufacturing flexibility has been presente,[‘cll]. bility.” J. Manufact. Systvol. 8. no. 1. pp. 47-56, 1989,

The measure incorporates certain operational parameters, thgir M. Mandelbaum and "J. Buzacott, “Flexibility and decision making,”
variations and their effect on the value of flexibility. The neces- _ Euro. J. Operat. Resvol. 44, pp. 17-27, 1990. Lo

. . . . . I['6] P. H. Brill and M. Mandelbaum, “On measures of flexibility in man-
sary expertise is represented via fuzzy logic terminology whic ufacturing systems,Int. J. Prod. Res.vol. 27, no. 5, pp. 747756,

allows human-like knowledge representation and reasoning.  1989.



524

(7]

(8]
(9]
[10]

(11]

[12]

[13]
[14]

(18]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]
[24]

[25]

[26]

[27]

IEEE TRANSACTIONS ON ROBOTICS AND AUTOMATION, VOL. 14, NO. 4, AUGUST 1998

L. Abdel-Malek and C. Wolf, “Evaluating flexibility of alternative FMS [28]
designs—A comparative measurérit. J. Prod. Econ. vol. 23, no. 1,

pp. 3-10, 1991.

D. D. Yao, “Material and information flows in flexible manufacturing [29]
systems,”Mater. Flow, vol. 3, pp. 143-149, 1985.

V. Kumar, “Entropic measures of manufacturing flexibilityrit. J. Prod.

Res, vol. 25, no. 7, pp. 957-966, 1987. [30]
V. P. Kochikar and T. T. Narendran, “A framework for assessing the
flexibility of manufacturing systems/tht. J. Prod. Res.vol. 30, no. 12,

pp. 2873-2895, 1992. [31]
P. Chandra and M. M. Tombak, “Models for the evaluation of routing
and machine flexibility,”"Euro. J. Operat. Resvol. 60, pp. 156-165,
1992. [32]
M. Barad and D. Sipper, “Flexibility in manufacturing systems: Defi-
nitions and Petri net modelingfht. J. Prod. Res.vol. 26, no. 2, pp.
237-248, 1988. [33]
Y. P. Gupta and T. M. Somers, “The measurement of manufacturing
flexibility,” Euro. J. Operat. Resvol. 60, pp. 166-182, 1992. [34]
T. J. Wharton and E. M. White, “Flexibility and automation: Patterns
of evolution,” Operat. Manag. Reyvol. 6, no. 3, pp. 1-8, 1988.

N. C. TsourveloudisManufacturing flexibility measurement: A fuzzy
logic approach Ph.D. dissertation, Technical Univ. of Crete, Chania,
Greece, 1995.

N. C. Tsourveloudis and Y. A. Phillis, “Fuzzy logic for the manufactur-
ing flexibility measurement,” irProc. 2nd Euro. Congress Intell. Tech-
nigues Soft CompuytAachen, Germany, 1994, vol. 3, pp. 1619-1621.

, “Fuzzy measurement of manufacturing flexibility,” isppli-
cations of Fuzzy Logic: Toward High Machine Intelligence Quotien
SystemsM. Jamshidi, A. Titli, L. Zadeh, S. Boverie, Eds. Englewood
Cliffs, NJ: Prentice-Hall, 1997, vol. 7, pp. 201-222.

J. Browne, D. Dubois, K. Rathmill, S. P. Sethi, and K. E. Steck
“Classification of flexible manufacturing systemd;’M.S. Mag, vol.
2, no. 2, pp. 114-117, 1984.

D. Gupta and J. Buzacott, “A framework for understanding flexibilit

M. Mukaidono, L. Ding, and Z. Shen, “Approximate reasoning based on
revision principle,” inProc. NAFIPS ‘90 Toronto, Ont., Canada, 1990,
pp. 94-97.

L. T. Céczy and K. Hirota, “Approximate reasoning by linear rule
interpolation and general approximatioriit. J. Approx. Reasonvol.

9, pp. 197-225, 1993.

K. E. Stecke and J. Browne, “Variations in flexible manufacturing sys-
tems according to the relevant types of automated materials handling,”
Mater. Flow, vol. 2, pp. 179-185, 1985.

J. T. Felan lll, T. D. Fry, and P. R. Phillipom, “Labor flexibility in a
dual-resource constrained job shopnt. J. Prod. Res.vol. 31, no. 1,

pp. 2487-2506, 1993.

M. K. Malhotra and L. P. Ritzman, “Resource flexibility issues in
multistage manufacturing,Decision Sci. vol. 21, no. 4, pp. 673-690,
1990.

H.-J. Zimmermann and P. Zysno, “Latent connectives in human decision
making,” Fuzzy Sets Systwol. 4, pp. 37-51, 1980.

D. Driankov, H. Hellendoorn, and M. Reinfranin Introduction to
Fuzzy Contral 2nd ed. New York: Springer-Verlag, 1996.

Nikos C. Tsourveloudisreceived the diploma and
Ph.D. degrees in production engineering and man-
agement from the Technical University of Crete,
Chania, Greece, in 1990 and 1995, respectively.

He is with the Robotics and Automation Labo-
ratory, Apparel-CIM Center, University of South-
western Louisiana, Lafayette. His research interests
are fuzzy control, modeling of flexible manufactur-
ing systems, planing, scheduling and integration of
production networks.

Dr. Tsourveloudis was President of the Hellenic

of manufacturing systemsJ. Manufact. Systvol. 8, no. 2, pp. 89-97, Association of Industrial Engineers from 1992 to 1995.

1989.
L. A. Zadeh, “The role of fuzzy logic in the management of uncertainty
in expert systems.Fuzzy Sets Syswol. 11, pp. 199-227, 1983.

D. Dubois and H. Prade, “A class of fuzzy measures based on triangular
norms: A general framework for the combination of informatiommt.
J. General Syst.vol. 8, pp. 43-61, 1982.

S. Weber, “A general concept of fuzzy connectives, negations, a
implications based on t-norms and t-conormBjizzy Sets Systvol.
11, pp. 115-134, 1983.

B. Schweizer and A. SklaRrobabilistic Metric Spaces Amsterdam,
Holland: North Holland, 1983.

H.-J. Zimmermann,Fuzzy Set Theory and its Applicatipnnd ed.
Dordrecht, The Netherlands: Kluwer, 1991.

L. A. Zadeh, “A theory of approximate reasoning,” Machine Intelli-
genceJ. Hayes, D. Michie, and L. Mikulich, Eds. New York: Halstead,
1979, vol. 9, pp. 149-194.

Yannis A. Phillis received the diploma in electri-
cal and mechanical engineering from the National
Technical University of Athens, Greece, in 1973
and the M.S. and Ph.D. degrees from the University
of California, Los Angeles, in 1978 and 1980,
respectively.

He worked at Boston University, Boston, MA,
from 1980 to 1986. He is Professor of Production
Systems at the Department of Production Engineer-
ing and Management, Technical University of Crete,
Chania, Greece, where he has been since 1986.

His research interests are in stochastic control, discrete-event systems, and

L. A. Zadeh, “Outline of a new approach to the analysis of compleapplications in manufacturing networks and environmental systems. He is on

systems and decision processdg§EE Trans. Syst., Man, Cybermol.
SMC-3, pp. 28-44, 1973.

the Editorial Board of the&Encyclopedia of Life Support Systems.
Dr. Phillis received the Professor of the Year award at Boston University,

I. B. Turksen and Z. Zhong, “An approximate analogical reasoning 1985. He was Chairman of the Fifth International Conference on Advances
schema based on similarity measures and interval-valued fuzzy sets, Communication and Control in 1995. He was President of the Technical

Fuzzy Sets Systvol. 34, pp. 323—-346, 1990.

University of Crete from 1993 to 1997.



