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Abstract In this work we consider a multiobjective job
shop problem with uncertain durations and crisp due dates.
ll-known durations are modelled as fuzzy numbers. We take
a fuzzy goal programming approach to propose a generic
multiobjective model based on lexicographical minimisation
of expected values. To solve the resulting problem, we pro-
pose a genetic algorithm searching in the space of possibly
active schedules. Experimental results are presented for sev-
eral problem instances, solved by the GA according to the
proposed model, considering three objectives: makespan, tar-
diness and idleness. The results illustrate the potential of the
proposed multiobjective model and genetic algorithm.

Keywords Job shop Scheduling - Uncertain duration -
Multiobjective optimisation
Introduction

Scheduling problems form an important body of research
since the late fifties, with multiple applications in industry,
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finance and science (Brucker and Knust 2006). Part of this
research is devoted to fuzzy scheduling, in an attempt to
model the uncertainty and vagueness pervading real-world
situations. The approaches are diverse, ranging from repre-
senting incomplete or vague states of information to using
fuzzy priority rules with linguistic qualifiers or preference
modelling (Dubois et al. 2003a; Stowiniski and Hapke 2000).

The complexity of scheduling problems such as job shop
means that practical approaches to solving them usually
involve heuristic strategies (Brucker and Knust 2006). In
the literature, we find some extensions of these strategies
to job shop problems with uncertain durations represented as
fuzzy numbers. For instance, genetic algorithms are used in
Sakawa and Kubota (2000), Fayad and Petrovic (2005) and
Gonzalez Rodriguez et al. (2008) for multiobjective prob-
lems while single-objective job shop is approached using
simulated annealing in Fortemps (1997) and a memetic algo-
rithm, combining a genetic algorithm with local search, in
Gonzélez Rodriguez et al. (2007b). Far from being trivial,
extending heuristic strategies usually requires a significant
reformulation of both the problem and solving methods. For
example, defining and computing critical paths remains an
open question, only partially solved for simple problems
(Dubois et al. 2003b).

In the sequel, we describe a job shop problem with uncer-
tain durations and crisp due dates. We propose a generic
multiobjective model where the objective function is defined
in order to lexicographically minimise the expected values
of several fuzzy goals (makespan, tardiness and idleness).
In addition to the priority structure for the lexicographical
minimisation, target levels for each objective are introduced,
in order to balance possibly incompatible goals. The result-
ing problem is solved by means of a genetic algorithm (GA)
based on permutations with repetitions that searches in the
space of possibly active schedules. We analyse the perfor-
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mance of the multiobjective GA on a set of problem instances,
both based on the expected values of each objective and on
the quality measures obtained from a semantics for fuzzy
schedules presented in Gonzélez Rodriguez et al. (2008).

Uncertain processing times

In real-life applications, it is often the case that the exact
duration of a task is not known in advance. However, based
on previous experience, an expert may have some knowledge
about the duration, thus being able to estimate, for instance,
an interval for the possible processing time or its most typical
value. In the literature, it is common to use fuzzy intervals to
represent such processing times, as an alternative to proba-
bility distributions, which require a deeper knowledge of the
problem and usually yield a complex calculus.

When there is little knowledge available, the crudest rep-
resentation for uncertain processing times would be a human-
originated confidence interval. If some values appear to be
more plausible than others, a natural extension is a fuzzy
interval or fuzzy number. The simplest model is a triangular
fuzzy number or TFN, using only an interval [a', 3] of pos-
sible values and a single plausible value a? in it. For a TFN
A, denoted A = (a L2 a3 ), the membership function takes
the following triangular shape:

1
axz_“al cal <x <d?
3
x—a’ 2 3
HA(X) = (o a7 <x=a (D
0 cx <alora’ <x

Operations on fuzzy processing times

Triangular fuzzy numbers and more generally fuzzy intervals
have been extensively studied in the literature (cf. Dubois and
Prade 1988). A fuzzy interval Q is a fuzzy quantity (a fuzzy
set on the reals) whose a-cuts QO = {u e R : uou) > a},
a € (0, 1], are convex, i.e., they are intervals (bounded or
not). The core of Q contains the elements with full mem-
bership o (u) = 1, and any of its elements is called modal
value. The support of Q is Qo = {u € R : uo(u) > 0}.
A fuzzy number is a fuzzy quantity whose «-cuts are closed
intervals, with compact (i.e. closed and bounded) support and
unique modal value.

In order to work with fuzzy numbers, it is necessary to
extend the usual arithmetic operations on real numbers. In
general, if f is a function f : R2 — R and Q1, Q) are two
fuzzy quantities, the fuzzy quantity f(Q1, Q») is calculated
according to the Extension Principle as follows:

Vu € R, pf(0;.00) @) = sup{min(ug, (wr),
Ho,(w2)) : fwy, w2) =u} (2)
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if f~1(u) # ¥, being equal to 0 otherwise. Computing the
above equation is cumbersome, if not intractable. It can be
somewhat simplified if M and N are two fuzzy numbers, so
the a-cuts M, and N, are closed bounded intervals of the
form [m,,my] and [n,, 7y ], and if f is a continuous iso-
tonic mapping from R? into R, that is, if u > «’ and v > v/,
then f(u, v) > f(u’, v'). In this case, the a-cuts of the fuzzy
quantity f(M, N), obtained by applying the Extension Prin-
ciple, are the images under f of the w-cuts of M and N:

V(X > 07 [f(Mv N)]Ol = [f(maa Qo[)! f(n_'lavﬁa)] (3)

which is a closed interval. Any fuzzy set can be expressed
as the union of its «-cuts according to the First Decompo-
sition Theorem, so the above property provides us with an
alternative formula for f(M, N):

J(M,N) =Ugeonlf(my, n,), fing, na)] “

In the job shop, we essentially need two operations on
fuzzy durations: the sum and maximum. Additionally, we
may need the substraction.

In the case of TFNs, both the addition and substraction
are fairly easy to compute, as they are reduced to operating
on the three defining points, so for any pair of TFNs M and
N, we have the following:

M+N=(m1+nl,m2+n2,m3+n3) (@)
M—N:(ml—nS,mz—nz,m3—n1). (6)

Unfortunately, for the maximum of TFNs there is no such
simplified expresion. Being an isotonic function, we can use
Eq. (4) above to compute the maximum of two fuzzy num-
bers. However, in general this still requires an infinite number
of computations, because we have to evaluate two maxima
for each value & € (0, 1]. For the sake of simplicity and trac-
tability of numerical calculations, we follow Fortemps (1997)
and approximate all results of isotonic algebraic operations
on TFNs by a TFN. Instead of evaluating the intervals cor-
responding to all «-cuts, we evaluate only those intervals
corresponding to the support and « = 1, which is equivalent
to working only with the three defining points of each TFN.

Notice that if we approximate the sum (an isotonic func-
tion), the approximation coincides with the sum of TFNs
given in (5). The same is not always true for the maximum
Vv, which would be approximated as follows:

M\/NNMl_IN:(mIan,m2Vn2,m3Vn3). (7)

However, it is possible to prove the following relationship
between the maximum and its approximation: let M, N be
two TFNs and let F = N v M their maximum and G =
N U M its approximated value; it holds that:

Ve e[0,1], [ <g . o =<2 ®)
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In particular, F and G have identical support and modal
value: Fy = Gg and F| = G1. The approximated maximum
can be trivially extended to n > 2 TFNs.

Expected value of fuzzy processing times

Possibility theory provides a framework to mathematically
model scheduling problems with uncertainty (Dubois et al.
1996). For a fuzzy quantity Q, its membership function ¢
can be interpreted as a possibility distribution on the real
numbers, so the possibility and necessity measurethat Q <r,
where r is a real number, are given by:

I <r)=suppu(x) NE =r)=1-—suppu(x) ©)
X=r X>r

Related to the dual measures of possibility and necessity is

the credibility measure that Q < r (Liu 2006):

1
Cr(@ =r) =@ =r)+N@=r) (10)

In this case, we have a self-dual measure, i.e. Cr(Q <r) =
1—Cr(Q >r).

The expected value of a fuzzy quantity Q is defined on
the basis of the credibility measure in (Liu and Liu 2002):

00 0
E[Q] :/ Cr(Q > r)dr —/ Cr(Q < rydr (11)
0 —00
provided that at least one of the above two integrals is finite.
Itis easy to prove that the expected value of a TFN A is given
by E[A] = }(a' + 242 + d?).

The expected value induces a total ordering <p in the
set of fuzzy intervals (Fortemps and Roubens 1996), where
for any two fuzzy intervals M, N M <pg N if and only
if E[M] < E[N]. Indeed, ranking fuzzy intervals is usu-
ally done via defuzzification methods, obtaining a scalar
value from a given fuzzy quantity, so ranking fuzzy inter-
vals becomes a matter of ranking their scalar substitutes. The
expected value E[M] coincides with the neutral scalar sub-
stitute s(M) of a fuzzy interval M (Yager 1981):

1
s(M) = %/0 (m,, + Ty )da. (12)

The neutral scalar substitute is cited in Dubois et al. (2003a)
as the most natural defuzzification procedure among those
proposed in the literature. This definition can also be obtained
using the area compensation method proposed in Fortemps
and Roubens (1996). Considering the set of all probability
functions dominated by the possibility function induced by
the membership function w7, E[M]is also the expectation of
the probability distribution which lies at the centre of gravity
of that set. An interesting property is its linearity. Trivially,
for any two TFNs A = (a!, a?, ) and B = (b', b%, b3), if
Vi,a' < b', then A <p B, but the reverse does not hold.

The expected value of a fuzzy interval will allow us to
give an interpretation or model for the fuzzy job shop and it
will provide a means of ranking objective values represented
by fuzzy intervals, something necessary to select the best
solution to the job shop with ill-known durations.

The job shop scheduling problem

The job shop scheduling problem, also denoted JSP, consists
in scheduling a set of jobs {Ji, ..., J,} on a set of physi-
cal resources or machines {M1, ..., M,,}, subject to a set of
constraints. There are precedence constraints, so each job
Ji, i = 1,...,n, consists of m tasks {6;1,...,60;,} to be
sequentially scheduled. Also, there are capacity constraints,
whereby each task 0;; requires the uninterrupted and exclu-
sive use of one of the machines for its whole processing time.
In addition, there may be due-date constraints, where each
job Ji, i = 1,...,n, has a maximum completion time D;
and all its tasks must be scheduled to finish before this time.
A solution to this problem is a schedule (an allocation of
starting times for all tasks) which, besides being feasible,
in the sense that precedence and capacity constraints hold,
is optimal according to some criteria, for instance, that the
makespan or the non-fulfillment of due dates are minimal.

Fuzzy schedules from crisp task orderings

A schedule s for a job shop problem of size n x m (n jobs and
m machines) may be determined by a decision variable x =

(x1, ..., xyn) representing a task processing order, where
1<x<nforl=1,...,nmand [{x; : x; =i} = m for
i = 1,...,n. This is a permutation with repetition as pro-

posed by Bierwirth (1995); a permutation of the set of tasks,
where each task is represented by the number of its job. A
job number appears in such decision variable as many times
as different tasks it has and the order of precedence among
tasks requiring the same machine is given by the order in
which they appear in the decision variable x. Thus, the deci-
sion variable represents a task processing order that uniquely
determines a feasible schedule. This permutation should be
understood as expressing partial orderings for every set of
tasks requiring the same machine.

Let us assume that the processing time p;; of each task ¢;,
i=1,...,n,j=1,...,mis afuzzy variable (a particular
case of which are TFNs). The problem may be represented by
amatrix of fuzzy processing times & such that§;; = p;; anda
machine matrix v such that v;; is the machine required by task
0; ;. For a given task processing order x, let C; (x, §, v) denote
the completion time of job J; and let C;;(x, &, v) denote the
completion time of task 6;;, i = 1,...,n,j =1,...,m.
The completion time of a job is the completion time of its

last task, thatis, C; (x, &, v) = Cipy(x, E,v), i=1,...,n.
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Fig. 1 Ganttchart of the schedule represented by the decision variable
(123231

The starting time S;;(x, §, v) fortask 6;;,i = 1,...,n, j =
1, ..., m will be the maximum between the completion times
of the tasks preceding 6;; in its job and its machine. Hence,
the starting and completion times of task 6;; are given by:

Sij(x,&,v) =Cij—1)(x, &, v)UCrs(x, &, v) (13)
Cij(x,&,v)=58;j(x.&v)+ pij (14)

where 0, is the task preceding 6;; in the machine according
to the processing order given by x. Cjo(x, &, v) is assumed
to be zero and, analogously, C,s(x, &, v) is taken to be zero
if ¢;; is the first task to be processed in the corresponding
machine.

For this fuzzy schedule, we may define the fuzzy makespan
Chax(x,&,v), the fuzzy maximum tardiness (fuzzy
tardiness for short) T, (x, &, v) and the fuzzy maximum
idleness (fuzzy idleness for short) 1, (x, &, v) as follows:

Cmdx(x7§7v) = |—|1§i§n (Ci(xvs"’)) (15)

Tmax(xag»v)=|—|1§i§n (Ci(xag’v)_Di)VO (16)

Imax(xv §v V) = Ui<i<n (Cmax(x» Ev V) - Cikjk(xv Sv v))
(17)

where C;, j, (x, &, v) is the completion time of the last task
to be processed on machine My, k = 1, ..., m, according to
the ordering provided by the decision variable x.

Let us illustrate the previous definitions with an example.
Consider a problem of three jobs and two machines with the
following matrices for fuzzy processing times and machine
allocation:

3,4,7) (1,2,3) 12
§=104,506)(2,3,4) v=|[21
(1,2,6) (1,2,4) 21

For instance, &, = (2, 3, 4) is the processing time of task 2
of job 2 6>, and, given that vy = 1, this task must be pro-
cessed on machine 1. Figure 1 shows the Gantt chart (adapted
to TFNs) of the schedule given by the decision variable x =
(1 2323 1). It represents the partial schedules obtained
from the decision variable for each machine. For machine 1,
tasks are processed in the following order: 011, 622, 63>, and
for machine 2, tasks are processed in the order 6>1, 631, 61>.

@ Springer

Given these orderings and precedence constraints, the starting
time for task 6> will be the maximum of the completion
times of 6> and 611, the preceding tasks in the job and in the
machine: S22 = Co1UCy; = (4,5,6)u(3,4,7) = (4,5, 7).
Consequently, its completion time will be Cop = S»p +&20 =
4,5, 7)+(2,3,4) = (6,8, 11).

Notice that if uncertain durations are given as fuzzy inter-
vals the schedule s will be a fuzzy schedule, in the sense that
the starting and completion times of all tasks and the make-
span are fuzzy intervals. These fuzzy intervals may be seen
as possibility distributions on the values that these times may
take. However, the task processing ordering represented by
x that determines such schedule is crisp; there is no uncer-
tainty regarding the order in which tasks are to be processed.
In other words, we obtain a fuzzy schedule from a crisp
task ordering. These ideas are essential for the semantics
of fuzzy schedules proposed in Gonzalez Rodriguez et al.
(2008) and described in the section “A posteriori semantics
of fuzzy schedules”.

Multiobjective models

Itis not trivial to optimise a schedule in terms of a fuzzy quan-
tity, since neither the maximum V nor its approximation LI
define a total ordering. In the literature, this problem is tack-
led using some ranking method for fuzzy numbers, compar-
isons based on A-cuts or defuzzification methods. Here the
modelling philosophy is similar to that of stochastic sched-
uling and is inspired in the work on expected value models
from Liu and Liu (2002).

If we only consider the makespan, the expected value
E[Cpax(x, &, v)] should be minimised, thus providing an
expected makespan model for fuzzy job shop
(Gonzdlez Rodriguez et al. 2007b). Similarly, we may define
the expected tardiness and the expected idleness models or,
in general, an expected model for any single fuzzy goal.

Alternatively, we may consider several objectives and for-
mulate a multiobjective problem. Now, with multiple goals it
is often the case that some are achievable only at the expense
of others, hence the need of a hierarchy of importance among
these possibly incompatible goals so as to satisfy as many as
possible in the specified order. In general, for k£ objectives
f1, ..., fr such priority structure should be established by
the decision maker (DM) and may be represented by a one-to-
one mapping p from {f1, ..., fx} onto {1, ..., k}, such that
p(f;i) is the priority level of f;,i =1, ..., k, where 1 repre-
sents the highest priority. For instance, if f| = Cpux, fo =
Tax and f3 = I, and the DM considers that the most pri-
oritary objective is minimising the expected tardiness, then
p(f2) = 1. Without loss of generality, let us assume that the
objective functions f; i =1, ..., k are ordered according to
their priority, that is, p(f;) = i. Then, we may formulate the
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following expected multiobjective model for the fuzzy job
shop problem (FJSP):

lexmin (Elfi(x, &, )], ..., E[fr(x, &, v)])
subjectto: 1 <x;<n, l=1,...,nm, (18)
Hx;:xp=i}|=m, i=1,...,n,

xeZt, 1=1,...,nm.

where lexmin denotes lexicographically minimising the
objective vector.

Additionally, a goal programming model may be used to
balance the multiple conflicting objectives, considering tar-
get levels established by the DM, so E[ f;(x, &, v)] should
not exceed a given target value b;, i = 1, ..., k. This trans-
lates into the following goal constraints:

Elfi(x. &) +d —df=b;, i=1..k (19)

where dl.+, the positive deviation from the target, should be
minimised. We thus obtain the following expected fuzzy goal
multiobjective model for the FISP:

lexmin df,....dH

subjectto: E[fi(x,&,v)+d; —d"=b;, i =1,...,k,
bi,d;,dt >0, i=1,...,k, 20)
1<x;<n, I=1,...,nm,
Hx;:xp=iYl=m, i=1,...,n,
xeZt, I=1,...,nm.

Notice that (18) is a particular case of (20). Indeed, this last
formulation is general enough to comprise all possible fuzzy
goals, priority structures and target levels established by the
DM. Similar ideas for the fuzzy parallel machine scheduling
problem with a fixed priority structure and three objectives
can be found in Peng and Liu (2004).

A posteriori semantics of fuzzy schedules

In Gonzélez Rodriguez et al. (2008), a semantics for the fuzzy
schedules was proposed and used to measure the performance
of such schedules. According to this semantics, solutions to
the FISP are interpreted as apriori solutions, found when
the duration of tasks is not exactly known. In this setting,
it is impossible to predict what the exact time-schedule will
be, because it depends on the realisation of the task’s dura-
tions, which is not known yet. Each schedule corresponds to
a crisp ordering of tasks and, it is not until tasks are executed
according to this ordering that we know their real duration
and, hence, obtain a real schedule, the aposteriori solution
with crisp job completion times and makespan.

Given this, the main interest of a solution to the FJSP
lies in the ordering of tasks that it provides a priori, when
information about the problem is incomplete. Ideally, this
ordering should yield good schedules in the moment of its

practical use, when tasks do have real durations. Hence, its
behaviour should be evaluated on a family of N crisp job
shop problems, generated from the fuzzy problem so that
they can be interpreted as its realisations. Such possible real-
isations are simulated by generating exact durations for each
task at random according to a probability distribution which
is coherent with the possibility distribution given by the fuzzy
duration.

Given a solution to the FISP, we consider the ordering
of tasks it provides, represented by the decision variable x.
For a crisp version of the FJSP, let  be the matrix of crisp
durations, such that ;;, the a-posteriori duration of task ¢;;
is coherent with the possibility distribution defined by the
fuzzy duration &;;. Then, the ordering x can be used by an
algorithm of semiactive schedule building to obtain a crisp
time-schedule, as presented in the section “Fuzzy schedules
from crisp task orderings” but using real durations instead of
fuzzy ones. For such crisp schedule, the Relative Makespan
Error, M E, is defined as the relative difference in time units
between the obtained crisp makespan C,qx(x, 7, v) and a
given lower bound for the makespan L B(n, v), that is:

Cmax(xv n, v) - LB(’?, v)
LB(n,v)

ME(x,n,v) = (21)

This lower bound may be obtained with some of the existing
methods from the literature. We also define the Feasibility
Error, F(x, 7, v), as the proportion of due-date constraints
that do not hold for a given ordering x for a given a-posteriori
realisation 5 of task durations.

If instead of a single crisp instance we consider the whole
family of N crisp problems, each with a duration matrix »,,
we obtain N values of M E, denoted M E; = M E(x, n;, v),
and N values of F, denoted F; = F(x,n;,v),l=1,...,N.
The overall performance of the fuzzy solution across the fam-
ily of N crisp problems is then measured by the following
average values:

(22)

We may now compare different solutions to the FJSP
based on due-date satisfaction (using F(x)), based on make-
span (using M E(x)) or even based on the overall achieve-
ment of both objectives (using some combination of F'(x) and
M E(x)). In any case, we should bear in mind the quality of a
given ordering x is measured on a family of problems which
may be quite diverse. In fact, the greater the uncertainty in
the FJSP, the greater the variety of possible crisp realisations
and hence, the diversity within the family of associated crisp
JSSPs.
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Require: an instance of fuzzy JSP, P
Ensure: a schedule s for P
1. Generate the initial population;
2. Evaluate the population;
while No termination criterion is satisfied do
3. Select chromosomes from the current population;
4. Apply recombination to the selected chromosomes to generate new ones;
5. Evaluate the chromosomes generated at step 4;
6. Apply the acceptance criterion to the set of chromosomes selected at
step 3 together with the chromosomes generated at step 4;
return the schedule from the best chromosome evaluated so far;

Fig. 2 Genetic algorithm

Using genetic algorithms to solve FJSP

The crisp job shop problem is a paradigm of constraint
satisfaction problem and has been approached using many
heuristic techniques. In particular, genetic algorithms (GAs)
have proved to be a promising solving method (Bierwirth
1995; Mattfeld 1995; Varela et al. 2003).

The structure of a GA for the FISP is described in Fig. 2.
First, the initial population is generated and evaluated. Then
the GA iterates for a number of generations. In each iteration,
a new population is built from the previous one by applying
the genetic operators of selection, recombination and accep-
tation.

To codify chromosomes we use the decision variable x,
a permutation with repetition, which presents a number of
interesting characteristics (Varela et al. 2005). The quality
of a chromosome is evaluated by the fitness function, which
is taken to be the objective function lexmin(d R d,j ) as
defined in (20).

In the selection phase, chromosomes are grouped into
pairs at random. Each of these pairs is mated to obtain two
offsprings and acceptance consists in selecting the best indi-
viduals from the set formed by the pair of parents and their
offsprings. For chromosome mating we consider the Job
Order Crossover (JOX) (Bierwirth 1995). Given two parents,
JOX selects a random subset of jobs, copies their genes to
the offspring in the same positions as they appear in the first
parent, and the remaining genes are taken from the second
parent so as to maintain their relative ordering. This oper-
ator has an implicit mutation effect. Therefore, no explicit
mutation operator is actually necessary and parameter set-
ting is considerably simplified, as crossover probability is 1
and mutation probability need not be specified.

From a given decision variable x as explained in the sec-
tion “The job shop scheduling problem” we may obtain a
semi-active schedule, meaning that for any operation to start
earlier, the relative ordering of at least two tasks must be
swapped. However, other possibilities may be considered.
For the crisp job shop, itis common to use the G&T algorithm
(Giffler and Thomson 1960), which is an active schedule
builder. A schedule is active if one task must be delayed for
any other one to start earlier. Active schedules are good in
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Require: a chromosome « and a fuzzy JSP P
Ensure: the schedule s given by chromosome x for problem P

1. A={0;1, i=1,...,n}; /*set of first tasks of all jobs*/
2: while A # 0 do
3. Determine the task 6’ € A with minimum earliest completion time C}, if

scheduled in the current state;

4:  Let M’ be the machine required by 6’ and B C A the subset of tasks
requiring machine M’;
Remove from B any task 6 that starts later than Cy/: Cé, < Sé, 1=1,2,3;
Select 0* € B such that it is the leftmost operation in the sequence x;
Schedule 6* as early as possible to build a partial schedule;
Remove 0* from A and insert in A the task following 6* in the job if 6*
is not the last task of its job;
9: return the built schedule;

® e x

Fig. 3 Extended G&T for triangular fuzzy times

average and, most importantly, the space of active schedules
contains at least an optimal one, that is, the set of active
schedules is dominant (cf. Brucker and Knust 2006). For
these reasons it is worth to restrict the search to this space.
Moreover, the G&T algorithm is complete for the job shop
problem.

In Fig.3 we propose an extension of G&T to the case
of fuzzy processing times. It should be noted nonetheless
that with uncertain durations we cannot guarantee that the
produced schedule will indeed be active when it is actually
performed (and tasks have exact durations). We may only say
that the obtained fuzzy schedule is possibly active.

It often happens that a sequence of tasks is not compatible
in order to obtain an active schedule, so the decoding algo-
rithm in Fig. 3 has to exchange the order of some tasks. This
new order is translated to the chromosome, for it to be passed
onto subsequent offsprings, thus GA exploiting the so-called
lamarckian evolution. Again, an implicit mutation effect is
obtained.

The GA described above has been successfully used in
Gonzdlez Rodriguez et al. (2007b) for a single objective job
shop to minimise the expected makespan using semi-active
schedules, comparing favourably to a simulated annealing
algorithm from the literature (Fortemps 1997). Also the GA
combined with the extended G&T improves the expected
makespan results obtained by a niche-based GA that fol-
lows the scheme proposed in Sakawa and Kubota (2000) with
matrices of completion times as chromosomes and recombi-
nation operators based on fuzzy G&T.

Experimental results

For the experimental results, we follow Fortemps (1997) and
generate a set of fuzzy problem instances from well-known
benchmark problems: FT06 of size 6 x 6 and LA11, LA12,
LA13 and LA14 of size 20 x 5. This will allow for compar-
isons with the simulated annealing (SA) algorithm proposed
in that paper. From a given crisp processing time x, a sym-
metric fuzzy processing time p(x) is generated as follows:
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Table 1 Results obtained by the GA
Problem Fitness E[f1] E[f2] E[f3]
Best Avg Worst Best Avg Worst Best Avg Worst
E[f1] 55.05 55.05 55.05 3.60 4.02 4.33 24.60 25.51 25.85
FT06 E[f2] 58.73 62.40 67.55 0 0 0 17.08 27.52 35.33
(55) E[f3] 63.18 64.80 70.55 5.83 9.48 15.68 7.05 7.30 10.70
1123 55.05 55.39 56.28 0.55 1.69 3 22.78 24.66 2543
1213 56.90 58.03 58.90 0 0 0 18.10 20.30 27.15
E[f1] 1222 1222 1222 165.05 261.10 342.18 62.83 111.74 148.08
LAll E[f2] 1257.08 1314.69 1366.08 3.95 5.23 12 109.68 177.53 248.38
(1222) E[f3] 1223.30 124471 1294.98 208.78 308.99 408.85 3.98 7.95 13.85
1123 1222 1222 1222 66.73 72.15 92.78 23.13 50.02 79.33
113 1260.40 1300.45 1344.80 5.60 7.94 16.55 82.15 119.22 172.80
E[fi1] 1040.13 1040.13 1040.13 140.55 240.54 316.23 41.95 82.80 129.95
LAI2 E[f2] 1080.08 1140.30 1192.80 1.98 6.97 17.43 79.85 155.52 216.88
(1039) E[f3] 1041.23 1068.73 1149.08 141.23 286.85 441.30 3.10 7.09 10.70
1123 1040.13 1040.13 1040.13 31.38 41.51 56.73 16.95 31.94 61
213 1081.55 1117.50 1183.80 4.80 12.89 28.40 55.35 98.80 176.35
E[ f1] 1150 1150 1150 183.15 252.10 325.50 40.70 84.05 119.45
LAI13 E[ f2] 1189.55 1240.74 1303.83 0 1.35 2.58 101.40 179.02 253.48
(1150) E[f3] 1153.55 1181.28 1225.05 236.15 321.04 400.65 3.50 5.75 7.40
1123 1150 1150 1150 57.78 83.48 137.18 28.05 50.12 92.35
213 1183 1191.63 1204.65 0 2.42 5.20 73.70 96.03 143.65
E[f1] 1292 1292 1292 230.95 328.89 404.20 81.55 150.73 235.90
LA14 E[f2] 1295.80 1339.04 1402.30 7.25 17.67 31.95 95.60 194.73 273
(1292) E[f3] 1292.65 1310.67 1350.75 249.35 365.62 446.15 4.30 8.35 14.55
123 1292 1292 1292 39.4 49.55 78.35 45.96 77.09 126.75
1213 1297.80 1308.28 1360.20 3.65 10.17 29.2 51.05 86.51 170.10

the modal value is p?> = x and p!, p? are random values,
symmetric w.r.t. p> and generated so the TFN’s maximum
range of fuzziness is 30% of p®. To generate due dates, we
use a method proposed in Gonzélez Rodriguez et al. (2006).
For job J;, let ¢; = 27’:1 pl.zj be the sum of most typical
durations across all its tasks, for a given task ¢;;, let p;; =
Zr#,s#/:vm:wj pi s be the sum of most typical durations
of all other tasks requiring the same machine as 6¢;;, and let
pi =max ;. pij be the maximum of such values across
all tasks in job J;. Then, the due date D; is a random value
from [¢; +0.5p;, t; + pi]. In total, ten instances of fuzzy job
shop are generated from each original benchmark problem.

Given the three fuzzy goals fi = Cpax, f> = Tinax and
f3 = @Lnax, we consider five objective functions: three sin-
gle-objective functions given by the expected values E| f1],
E[ f>] and E| f3] and two multiobjective functions that result
from incorporating two different priority structures in expres-
sion (20). The first multiobjective function /1>3 corresponds
to the priority structure defined by p (i) = i, that is, the most

prioritary goal is the makespan f1, then the tardiness f> and,
finally, the idleness f3. The second objective function /313
corresponds to p(f1) = 2, p(f2) = 1, p(f3) = 3, i.e. the
most prioritary goal is to minimise tardiness, and the make-
span becomes the second goal. These hierarchies correspond
to probably the most common objectives in the job shop lit-
erature, namely minimise makespan or maximise due-date
satisfaction.

For each problem instance and objective function, the GA
is run 30 times with population size 100 for 200 generations.
To fix the target value b for the expected makespan, we use
the experience gained using E[ fi] as single objective and
set b1 equal to the average value of E[ f1] across 30 runs of
the GA. Target values for expected tardiness and idleness are
in all cases b» = b3 = 0. Table 1 shows a summary of the
results: for each fitness function we measure E[ f1], E[ f>]
and E[ f3] for the obtained schedule and compute the best,
average and worst of these values across the 30 executions
of the GA and the 10 problem instances generated from the
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same original problem. The optimal makespan value for the
original crisp problem is also shown between brackets, as
it provides a lower bound for the expected makespan of the
fuzzified version (Fortemps 1997).

From the results in Table 1, it is clear that the multiobjec-
tive versions with /123 and />13 behave similarly to the corre-
sponding single-objective ones, E[ f1] and E[ f>], regarding
their most prioritary goal. Besides, they improve consider-
ably on the remaining goals. Indeed, /123 and E[ f1] obtain
identical makespan values in all problem instances except
those stemming from FT06, where the relative difference
with respect to the expected makespan lower bound (55)
is less than 1% in average. The expected tardiness values
with 123 are better than with E[ fi] in all cases. Clearly,
minimising the makespan does not always imply minimis-
ing tardiness. If we consider the relative values of E[f>]
with respect to the lower bound of the expected makespan
(as a means of comparing tardiness values across different
problem instances) we see that /123 obtains an average reduc-
tion of 4.24% in FT06 instances and of 17.73% in LA prob-
lem instances. Regarding expected idleness, /123 improves
in average 1.55% for FT06 instances and 4.65% for LA
instances (again, relative to the lower bound for the expected
makespan). If we compare /513 to E[ f>], expected tardiness
is equal for FT06 instances and only 0.8% worse in average
for LA instances, while expected makespan improves in aver-
age 7.94 and 2.5% for FT06 and LA instances, respectively.
Expected idleness also improves in both families, with val-
ues 13.13 and 6.46% better in average. This illustrates that,
despite being the last goal, I, is indeed taken into con-
sideration in the optimisation process when /123 and /513 are
used. Of course, being the last prioritary goal in both cases,
it is natural that the expected idleness values for /123 and /513
are not as good as those obtained with E[ f3].

Notice that the expected tardiness improvement for /123
is greater in LA problems than in FT06 instances. This is
not surprising since tardiness values obtained with E[ f1] for
FTO06 are already close to target values. This is not the case
for LA instances, where there is greater room for improve-
ment. The same explanation holds for makespan improve-
ment when using />3 instead of E[ f>], which is greater for
FTO06 instances than for LA ones. Notice as well that com-
parisons between different multiobjective functions do not
make sense, as they model different priority requirements.

Let us now compare the GA using /123 with the single-
objective SA algorithm from Fortemps (1997). In that work,
ten problem instances were also generated from the same
original benchmark problems with the same method but using
6-point fuzzy intervals, a particular case of which are TFNs.
Table?2 contains expected makespan results for both meth-
ods. It shows the best, average and worst solutions obtained
by the GA with /1,3 across the ten instances generated from
the same crisp problem, together with the results reported in

@ Springer

Table 2 Comparison of results for E[Cyqx]

Problem E[f;] and SA l123 and GA

Best Avg Worst Best Avg Worst
FT06 55.02 55.2 56.01 55 55.05 55.25
LAI1l 1222 1222 1222 1222 1222 1222
LAI2 1041 1046.81 1056.35 1039 1040.13  1043.25
LAI13 1150 1155.07 1181.76 1150 1150 1150

LA14 1292 1292 1292 1292 1292 1292

Table 3 Results for the apriori semantics

Problem % E[fi] 123 E[f2] L3
FT06 ME 0.95 1.53 15.29 5.68
F 0.00 0.00 0.00 0.00
LA1l ME 0.03 0.12 6.28 5.16
F 4.62 0.00 0.41 0.00
LA12 ME 0.07 0.23 9.72 6.18
F 3.48 0.00 0.78 0.00
LA13 ME 0.07 0.15 7.40 3.61
F 2.68 0.30 0.85 0.00
LA14 ME 0.02 0.10 3.14 1.97
F 3.40 0.00 1.37 0.00

Fortemps (1997). In the section “Using genetic algorithms to
solve FJSP” we already mentioned that the GA optimising
only E[C,4y] compared favourably with the SA algorithm.
Table 2 shows that this is also the case for the multiobjective
function /13 with makespan as its most prioritary goal.
Finally, Table 3 presents the obtained values of the perfor-
mance measures M E and F based on the a posteriori seman-
tics presented in the section “A posteriori semantics of fuzzy
schedules”. They are average values across the ten problems
of a same family, rescaled as percentage values, obtained
with different objective functions: two single-objective func-
tions corresponding to makespan and tardiness and the two
multiobjective functions /123 and /13 where the most prior-
itary goal is, respectively, the makespan and the tardiness.
The results for the aposteriori semantics, i.e., the behaviour
of the task processing order on possible realisations of task
durations, coincide with the results for the expected objec-
tive values in Table 1 and further support the correspond-
ing analysis: the multiobjective versions with /123 and />3
behave similarly to the corresponding single-objective ones,
E[ f1] and E| f>], regarding their most prioritary goal, whilst
improving on the secondary goal. If we compare the multiob-
jective function /123 to E[ f1], we see that the M E increases
in average less than 0.2%, whilst F is considerably reduced.
In fact, F' becomes null in all cases except LA13, where it
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goes from 2.68 to 0.3%. Comparing /513 to E[ f2], the mul-
tiobjective version clearly outperforms the single objective
one: not only do relative makespan errors M E improve con-
siderably (up to 10%), but due-date fulfilment is also better
or equal in all cases. In fact, in all cases but one the a-pos-
teriori schedules obtained with multiobjective optimisation
fully satisfy the due dates. There seems to be a clear synergy
effect among different goals in the multiobjective approach.

Conclusions and future work

We have considered a job shop problem with uncertain dura-
tions. Such uncertainty is modelled using TFNs and the goal
is to find a task processing order that yields a feasible sched-
ule optimising several objectives, for instance, fuzzy make-
span, fuzzy tardiness and fuzzy idleness. We have proposed
to formulate the multiobjective problem as a fuzzy goal pro-
gramming model according to a generic priority structure
and target levels established by the decision maker, using the
expected value of the fuzzy quantities. As solving method, a
GA with codification based on permutations with repetitions
has been described. Experimental results on fuzzy versions
of well-known crisp problem instances illustrate the poten-
tial of both the proposed multiobjective formulation and the
GA. This is further illustrated with experimental results that
incorporate the semantics of fuzzy schedules proposed in
Gonzdlez Rodriguez et al. (2008).

In the future, the multiobjective approach will be further
analysed using a more varied set of problem instances. This
wider set of problems should also enable a thorough paramet-
ric analysis of the target values established by the decision
maker. Finally, the GA may be hybridised with other heuris-
tic techniques, such as local search, to increase its potential.
This leads to further studying task criticality for fuzzy dura-
tions.

Acknowledgements All authors are supported by MEC-FEDER
Grant TIN2007-67466-C02-01.

References

Bierwirth, C. (1995). A generalized permutation approach to jobshop
scheduling with genetic algorithms. OR Spectrum, 17, 87-92.

Brucker, P., & Knust, S. (2006). Complex scheduling. NY: Springer.

Dubois, D., Fargier, H., & Fortemps, P. (2003a). Fuzzy scheduling:
Modelling flexible constraints vs. coping with incomplete knowl-
edge. European Journal of Operational Research, 147, 231-252.

Dubois, D., Fargier, H., & Galvagnon, V. (2003b). On latest starting
times and floats in activity networks with ill-known durations. Euro-
pean Journal of Operational Research, 147, 266-280.

Dubois, D., Fargier, H., & Prade, H. (1996). Possibility theory in
constraint satisfaction problems: Handling priority, preference and
uncertainty. Applied Intelligence, 6, 287-309.

Dubois, D., & Prade, H. (1988). Possibility theory: An approach to
computerized processing of uncertainty. New York: Plenum Press.

Fayad, C., & Petrovic, S. (2005). A fuzzy genetic algorithm for real-
world job-shop scheduling. Innovations in applied artificial intelli-
gence. Lecture Notes in Computer Science (Vol. 3533, pp. 524-533).
Bari: Springer.

Fortemps, P. (1997). Jobshop scheduling with imprecise durations: A
fuzzy approach. IEEE Transactions of Fuzzy Systems, 7, 557-569.

Fortemps, P., & Roubens, M. (1996). Ranking and defuzzification
methods based on area compensation. Fuzzy Sets and Systems, 82,
319-330.

Giffler, B., & Thomson, G. L. (1960). Algorithms for solving production
scheduling problems. Operations Research, 8, 487-503.

Gonzilez Rodriguez, 1., Puente, J., Vela, C. R., & Varela, R. (2008).
Semantics of schedules for the fuzzy job shop problem. /EEE Trans-
actions on Systems, Man and Cybernetics, Part A, 38(3), 655-666.

Gonzalez Rodriguez, I., Vela, C. R., & Puente, J. (2006). Study of objec-
tive functions in fuzzy job-shop problem. ICAISC 2006. Lecture
Notes in Artificial Intelligence (vol. 4029, pp.360-369). Zakopane:
Springer.

Gonzilez Rodriguez, 1., Vela, C. R., & Puente, J. (2007a). A genetic
solution for multiobjective fuzzy job shop based on lexicographical
goal programming. In Salido, M. A. & Fdez-Olivares, J., (Eds.), Pro-
ceedings of the Workshop on Planning, Scheduling and Constraint
Satisfaction (pp. 93—104). Salamanca, Spain.

Gonzdlez Rodriguez, 1., Vela, C. R., & Puente, J. (2007b). A memetic
approach to fuzzy job shop based on expectation model. In Proceed-
ings of IEEE International Conference on Fuzzy Systems, FUZZ-
IEEE2007 (pp. 692—697). London.

Liu, B. (2006). A survey of credibility theory. Fuzzy Optimization and
Decision Making, 5, 387-408.

Liu, B., & Liu, Y. K. (2002). Expected value of fuzzy variable and
fuzzy expected value models. IEEE Transactions on Fuzzy Systems,
10, 445-450.

Mattfeld, D. C. (1995). Evolutionary search and the job shop investiga-
tions on genetic algorithms for production scheduling. NY: Springer-
Verlag.

Peng, J., & Liu, B. (2004). Parallel machine scheduling models with
fuzzy processing times. Information Sciences, 166, 49—-66.

Sakawa, M., & Kubota, R. (2000). Fuzzy programming for multiobjec-
tive job shop scheduling with fuzzy processing time and fuzzy due-
date through genetic algorithms. European Journal of Operational
Research, 120, 393-407.

Stowinski, R., & Hapke, M., (Eds.). (2000). Scheduling under fuzziness
(vol. 37 of Studies in Fuzziness and Soft Computing. Heidelberg:
Physica-Verlag.

Varela, R., Serrano, D., & Sierra, M. (2005). New codification schemas
for scheduling with genetic algorithms. Artificial intelligence and
knowledge engineering applications: A bioinspiried approach. Lec-
ture Notes in Computer Science (Vol. 3562, pp. 11-20). Las Palmas:
Springer.

Varela, R., Vela, C. R., Puente, J., & Gomez, A. (2003). A knowl-
edge-based evolutionary strategy for scheduling problems with bot-
tlenecks. European Journal of Operational Research, 145, 57-71.

Yager, R. R. (1981). A procedure for ordering fuzzy subsets of the unit
interval. Information Sciences, 24, 143—161.

@ Springer



	A genetic solution based on lexicographical goal programmingfor a multiobjective job shop with uncertainty
	Abstract
	Acknowledgements
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


