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a b s t r a c t

This paper describes a hybrid tabu search algorithm dedicated to a job shop problem with a no-wait con-
straint with a makespan criterion. The proposed here algorithm complexity is that the superior algorithm
based on the tabu search technique selects parameters controlling the work of a certain constructional
algorithm. This approach limits the checked solutions only to a group of solutions being able to be gen-
erated by the structural algorithm in question. It bears serious consequences both positive, for example it
limits the research scope for a small fraction of relatively extremely well quality of acceptable solutions,
and negative that is the lack of possibility of finding the optimal solution. In this paper numerical
researches of the proposed algorithm are conducted as well as a comparative analysis with reference
to the literature algorithms of the algorithm in question is made.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

In this work there was analyzed a strongly NP-hard job shop
problem with an additional no-wait constraint with an optimaliza-
tion criteria constituting a finishing moment of all tasks perfor-
mance (makespan). The presented here problem comes from a
classical job shop problem by setting additional requirements con-
cerning an acceptable solution. The difference between the
analyzed problem and its classical job shop problem equivalent con-
sists in the necessity to conduct the subsequent operations of a given
task exactly in the moment of finishing their technological predeces-
sors. This requirement is often encountered in real production pro-
cesses where machined components over the course of time
change their physical–chemical parameters. For example, during
the steel elements’ production materials should be heated to a prop-
er temperature in order to come next to form ready components. The
formation process has to start exactly in the moment of obtaining a
hot half-finished product (Wismer, 1972). Similarly, during some
foodstuff’ production because of both sanitary conditions and
undergoing chemical–biological processes it is essential to carry
out one activity directly after another (Hall & Sriskandarajah, 1996).

With reference to the complexity computational theory the
classical job shop problem is classified to a group of strongly
NP-hard problems, which is proved in a paper (Lenstra & Rinnooy
Kan, 1979). In the same paper it is presented that in a case of
adding a no-wait constraint the problem belongs to the same
class too, i.e. strongly NP-hard problems. Although the theoretical

complexity of both variants of the analyzed problem is the same,
according to many researchers, with the practical point of view, a
problem with a no-wait constraint is much more difficult. It re-
sults from the fact that the instance size, which can be solved ex-
actly for example by the branch and bound (B&B) method, is
much smaller for a variant with no-wait constraints. For example
in a paper (Mascis & Pacciarelli, 2002) there was presented an
algorithm finding an optimal solution in a reasonable time for
an instance of a no-wait problem, in which the size did not ex-
ceed 15 tasks executed on 5 machines or 10 tasks executed on
10 machines. Besides, different kinds of approximate algorithms,
an algorithm based on a tabu search technique (Macchiaroli,
Mole, & Riemma, 1999), algorithm based on a technique of simu-
lated annealing (Raaymakers & Hoogeveen, 2000) and a genetic
algorithm with elements of simulated annealing (Schuster &
Framinan, 2003), provide with solutions of a rather big deviation
calculated relative to the reference solutions.

In this work there is proposed a hybrid algorithm based on a
tabu search technique dedicated to a job shop problem with
no-wait constraints. The presented algorithm is regarded as a hy-
brid since the superior component – a tabu algorithm controls an
entry parameter of a constructional algorithm generating an
acceptable solution of a job shop problem with no-wait con-
straints. A proper algorithm’s construction generating a solution
assures that a free placement of controlling parameters obtained
by a superior algorithm always generates an acceptable solution.
Besides, the number of different possible placements of control-
ling parameters is much more smaller than the number of all pos-
sible active solutions of a main problem, which limits the
research scope. Generated solutions are of a relatively high qual-
ity taking into consideration the goal function’s value which re-
sults from a very calculated constructional procedure described
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in a further part of this work. Unfortunately, generally this ap-
proach makes finding optimal solutions, even in a case of the best
selected controlling parameters, impossible.

The presented here hybrid tabu search algorithm was examined
numerically on a literature group of test examples. These examples
are commonly used to examine new algorithms for the discussed
here subject. The obtained results are compared to the best known
results and confronted with GASA algorithm (Schuster & Framinan,
2003) and the latest works of Framinan and Schuster (Framinan &
Schuster, 2006; Schuster, 2006) taking into consideration both the
algorithms’ work time and the quality of obtained solutions. The
work is summarized by author’s conclusions about the proposed
here algorithm.

2. Problem definition

The job shop problem with a no-wait constraint can be mod-
elled as a classical job shop model introducing an additional con-
dition concerning the solution acceptability. The problem can be
defined as follows: there is a set of tasks: J ¼ f1;2; . . . ; rg, a set
of operations: O ¼ f1;2; . . . ;ng and a set of machines: M ¼
f1;2; . . . ;mg. The set of operations is divided into a r disjunctive
subsets referring to individual tasks. A task k 2 J equates with a
given sequence ok of operations;

P
k2Jok ¼ n. This sequence estab-

lishes the required order of task’s operation execution with a
number k and for a notation simplification it is assumed that it
looks like in the following way: jk þ 1; jk þ 2; . . . ; jk þ ok, where
jk ¼

Pk�1
i¼1 oi is a number of operations in tasks of f1;2; . . . ; k� 1g

and j1 ¼ 0. Additionally, for a further notation’s simplification
the sequence of task’s operation ki.e. H we mark as OK and as-
sume that a notation h 2 Ok means that h is a certain element
occurring in a sequence Ok (classically the 2 operator is defined
for a set of elements, not for a sequence).

Furthermore, for an each operation h 2 O there is determined
one machine lðhÞ 2 M, on which it is to be conducted within a per-
iod ph > 0. Additionally, in this model there exist three, typical for
this kind of problem, constraints:

� each machine can execute at that particular moment not more
than one operation;

� simultaneously more than one operation of a given task cannot
be carried out at that particular moment;

� executing an operation on a machine cannot be broken.

The accepted schedule is defined by moments of starting an
execution SðhÞP 0 of an operation h 2 O, N such that all above
constraints are satisfied. The problem consists in finding an accept-
able schedule minimizing the moment of executing all operations
maxh2OCðhÞ where CðhÞ ¼ SðhÞ þ ph.

Setting an extra requirement:

� no waiting – each operation (apart from the first one) of a par-
ticular task has to begin exactly at the moment of finishing the
previous operation’s conduction of the same task,

we obtain a model of a job shop problem with a no-wait con-
straint marked in the Graham’s notation (Graham, Lawler, Lenstra,
& Rinnooy Kan, 1979) by Jjno�waitjCmax.

Let tk denotes the starting time of the first operation of the kth
task (tk ¼ SðjkÞ). Due to the no-wait constraint this also deter-
mines the starting and finishing times of all operations h 2 Ok

of this task. For a case with no waiting the problem solution
can be represented by a vector T ¼ ðt1; t2; . . . ; trÞ of terms of all
tasks’ execution beginning.

3. Algorithm generating solutions

The general idea of a proposed here algorithm consists in find-
ing a solution by a systematic tasks adding to partly made in earlier
iterations schedules. The controlling parameter, which is at
the same time a governing variable for a superior algorithm, is
an order of tasks schedule. This schedule is further called a loading
permutation and is marked by p ¼ ðpð1Þ;pð2Þ; . . . ;pðrÞÞ, pðiÞ 2 J,
1 6 i 6 r. A set of all possible loading permutations is marked as
P. In ith iteration a task with a number pðiÞ is submitted to a sche-
dule. The process of pðiÞ task adding to a partial schedule consists
in determining all moments of SðhÞ beginning and moments of CðhÞ
finishing a conduction of each operation of this task h 2 OpðiÞ. After
an arrangement a task does not change its place in a schedule i.e.
established in ith iteration moments SðhÞ and CðhÞ, h 2 OpðiÞ will
be the moments of beginning and finishing execution of these
operations in the final arrangement. In ith iteration the way of
establishing the moments of beginning and finishing the operation
of a task pðiÞ is determined relative to the possibly smallest mo-
ment (satisfying all required constraints) tpðiÞ P 0 of the pðiÞ task
execution. Notice that each p loading permutation (a permutation
of the J set) defines exactly one schedule, what’s more this sche-
dule is always acceptable, which results directly from its way of
construction.

Conception of an algorithm generating solution from the
sequence of jobs was proposed by Macchiaroli et al. (1999),
Schuster (2006) and Schuster and Framinan (2003). In the work
of Schuster (2006) the best timetabling for the given sequence
is looked for, where the sequence is determined by the earliest
moment of beginning the job’s operation. This sequence cannot
be changed by the timetabling algorithm, and that is why it is re-
garded as NP-hard. We proposed a different approach here: to use
loading permutation as a base for a constructive algorithm which
inserts tasks one after another. An order of jobs – in understand-
ing of Framinan and Schuster – can be changed inside a
timetable.

Fig. 1 presents a skeleton of the algorithm generating solutions.
A variable taskStart is a time of beginning of the first operation of
the task. The implemented procedure possesses a computational
complexity Oðr2N2Þ for a case of at most one operation of job is exe-
cuted on each machine (as in benchmark instances), where
N ¼maxk2Jfokg means the largest number of operations in ar-
ranged tasks. In this case we can check possible collisions of oper-
ations in time OðNÞ during inserting of each task. For a general case
(no limit of the number of operations of job on each machine), an
upper bound of a computational complexity of the algorithm is
Oðr3N3Þ.

As it has been mentioned before even examining all possible
controlling parameter’s combinations cannot guarantee finding
an optimal solution. Fig. 2 shows an example of the optimal
solution which cannot be obtained by the proposed constructive
algorithm. However, a numerical examination was made, which
gives an idea of this problem’s scope. It is interesting both
how often it occurs in order that the best possibly solution
which can be obtained, marked as â, it would not be the optimal
solution, marked as a�, and what is the average deviation of the
goal function’s value of solution â relative to the goal function’s
value of the optimal solution a�. To answer the question one
should have a possibly wide range of instances with known goal
function’s values of optimal solutions a� and know goal func-
tion’s values of the best possible ones to generate a solution â.
For this purpose one has used 27 literature examples known
as La01-La05, La06-La10, La 16-La20, Orb01-Orb10, Ft06 and
Ft10. For these examples there are known optimal solutions ob-
tained by an algorithm based on branch and bound technique
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