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Abstract. In this paper, we deal with the Job shop scheduling problem with
Multi-Purpose Machine and Availability Constraints. First, we propose a polynomial
algorithm solving exactly the problem for two jobs only. Then a lower bound as well
as a heuristic approach based on this algorithm are proposed for the general problem.
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1. Introduction

In the scheduling literature it is generally assumed that machines are
available during the whole planning horizon. However, in many real
situations, machines may be non-available for processing jobs after
a breakdown or during a preventive maintenance activity. In fact, in
manufacturing systems, machines are periodically submitted to mainte-
nance operations. This paper deals with the MPM job-shop with limited
machine availability. We consider the deterministic model where the
unavailability periods corresponding to maintenance tasks are known
in advance. We also assume that preemption of operations is not al-
lowed. More precisely, an operation O;; of job J; on machine Mj, starts
only if its execution can be finished before M} becomes unavailable.
The problem we consider is a generalization of the classical job-shop
problem and the multi-purpose machine problem studied in (Jurisch,
1992), where machines are available all time.

As compared to the literature dedicated to classical scheduling prob-
lems, studies dealing with limited machine scheduling problems are
rather rare. Availability constraints have been firstly introduced for
a single machine (Adiri et al., 1986) and parallel machines (Schmidt,
1988), (Schmidt, 1988). Lee extensively investigated flow-shop schedul-
ing problems with two machines (Lee, 1996), (Lee, 1997), (Lee, 1999).
In particular, the author defined the resumable, non-resumable and
semi-resumable models. An operation is called resumable if it can be
interrupted by an unavailability period and completed without penalty
as soon as the machine becomes available again. If the part of the
operation that has been processed before the unavailability period must
be partially (respectively fully) re-executed, then the operation is called
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semi-resumable (respectively. non-resumable). Recently, flow-shop schedul-
ing problems with two machines and resumable jobs were treated in
(Blazewicz et al., 2001), and (Kubiak et al., 2002). Job-shop problem
under unavailability constraints has also been considered recently. In
(Aggoune, 2002) the author proposed an extension of the geometric
approach to solve the two-job shop scheduling problem with availabil-
ity constraints as well as a branch and bound algorithm with lower
bound based on two-job for the job-shop problem with heads and tails
and unavailability periods. However to our knowledge MPM Job shop
with availability constraints has not been considered yet. The problem
is strongly NP-hard since problem without unavailability periods is
already strongly NP-hard (Jurisch, 1992). Therefore we propose in this
paper an approximation method to solve this problem.

The remainder of this paper is organized as follows. After a descrip-
tion of the considered problem in the following section, we focus, in
section 3, on the MPM job shop scheduling problem with two jobs. A
polynomial algorithm, which is an extension of the temporized geomet-
ric approach introduced by (Aggoune, 2002), is presented. In Section 4
we propose a lower bound for the general problem as well as an heuristic
solution.

2. problem description

The MPM job-shop with availability constraints may be formulated
as follows. There are n jobs Ji,...,J, to be processed on a set of m
machines ® = (M, ..., M,,). Each machine M}, can process at most
one job at a time. Each job J; consists of a sequence of n; operations,
that must be accomplished according to its manufacturing process.
Each operation O;; (¢ = 1,,n;j = 1,,n;) can be performed by any
machine 7 in a given set u;; C R for p;; time units. The operation
is non-preemptive, i.e. it must be accomplished without interruption.
Moreover, we assume that machine M} is unavailable during giving
periods corresponding to preventive maintenance. The starting times
and durations of these tasks are known and fixed in advance . The
objective is to construct a schedule with a minimum makespan.

According to the terminology concerning the machine availability
introduced in (Schmidt, 2000), the studied problem can be denoted by
J(MPM),NCwin | Cmaz, where NCwin means that non-availability
periods are arbitrarily distributed on machines.
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The scheduling problem in J(MPM)NCwin | Cpqs can be decom-
posed in two subproblems:

— a routing subproblem that consists in assigning operations to ma-
chines;

— an operation scheduling subproblem associated with each machine
aiming to minimize the makespan. This is a Job-Shop schedul-
ing Problem with Availability Constraints J(MPM ), NCwin |

Cmazx.

3. A Geometric representation for
J(MPM)NCwin |n =2 | Cnag

We focus in this section on the MPM job shop scheduling problem with
availability constraints in the particular case of two jobs to be sched-
uled. We first give a description of the Temporized Geometric Approach
(TGA)which is a polynomial algorithm for the two-job shop scheduling
problem with limited machine availability. It has been introduced by
(Aggoune, 2002) and is an extension of the classical geometric approach
developed for the two-job scheduling problem. Then we present a gen-
eralization of this approach, which allows dealing with limited machine
availability and flexibility of machines.

3.1. TEMPORIZED GEOMETRIC APPROACH FOR CLASSICAL JOB
SHOP WITH AVAILABILITY CONSTRAINTS

The geometric approach has been firstly introduced in (Akers and
Friedman , 1955). It consists in reducing the two-job shop scheduling
problem in the search of a shortest path and thus gives a polynomial
algorithm to solve the problem.

In this method the problem can be represented by a two dimension
plane with obstacles, defined as follows:

- Bach axis representing one job J; = O;1,Oj2, ..., Ojy, is decomposed
into n; sub-intervals. The length L;; of subinterval I;; is propor-
tional to the processing time p;; of operation O;;,

- Intervals O1; and Oy, form an obstacle if O1; and Oy, share the same
machine (see Fig. 1),

- the rectangle defined by the origin point O and the final point F,
which corresponds to the completion of the two jobs, is the final
obstacle.
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Figure 1. A shortest path in the plane

A feasible solution of the scheduling problem is then a path going
from the origin O to the point F. Such a path consists of horizontal,
vertical and diagonal legs. A horizontal (resp. vertical) leg represents
the exclusive progression of job Jj (resp. Jo2), whereas diagonal legs
correspond to simultaneous executions of the two jobs. Moreover, any
path must avoid the interior of the obstacles. This is due to the fact
that two operations can not be executed simultaneously on the same
machine and are not preemptable.

The TGA is an extension of the geometric approach which exactly
solve the problem J, Noyin|n = 2|Cmaz It allows to integrate the
evolution of time and so the availability of the machines, based on the
definition and the introduction of new vertices, as well as a new and
dynamic way to progress from one vertex to its successors.

Vertices Characterization and Definitions:
In the classical geometric approach, vertices of the network are the
north-west (NW) and south-east (SE) corners of the obstacles hit when
going diagonally in the plane. These corners are located at the ex-
tremities of the intervals corresponding to operations in conflict. Each
vertex can then be defined thanks to its coordinates in the plane: the x-
coordinate (resp. y-coordinate) of the vertex corresponds to operation
of job Jy (resp. J2) to be executed. In TGA, some vertices can be
located between two lines bounding an operation that is to say inside
intervals. For each coordinate of the vertices, an additional information
related to the duration already processed of the associated operation
is added (Fig. 2). An earliest starting time h(S) is associated to each
vertex S. h(S)is the length of the shortest path from the origin to S.

The set of vertices V of the network constructed by TGA is com-
posed by the three following types of vertices:
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Figure 2. Vertex characterization

Regular vertices, located at the intersection of horizontal and ver-
tical lines, to which NW and SE corners of obstacles belong.

Singular vertices, located on a horizontal (resp. vertical) line, which
means that the execution of the operation of job Ja (resp. Ji) has
not started yet

Waiting vertices, also located at the intersection of two lines, for
which the execution of operations of jobs J; and J> has not started
yet.

A singular vertex is created if the progression of only one job is pos-
sible (availability problem for the other job), whereas waiting vertices
are created if the progression is possible for none of the two jobs. A
waiting vertex is always a duplication of the regular vertex having the
same geometric coordinates but not the same earliest starting time.
The progression works as follow:

If the operations of the two jobs cannot start at time h(S), the
earliest starting time of vertex S, a waiting vertex is then created.

If there is an availability problem in the direction J; (resp. Ja2), the
progression is made along the vertical (resp. horizontal) line, that
corresponds to the execution of the operations of job Jy (resp. Ji)
only, until job J; (resp. J2) becomes available. A singular vertex ,
from which a diagonal progression is possible, is added as successor
of S.

If there is no availability problem, that is to say if the operations of
the two jobs can be executed at time h(S), the progression works
as in the classical geometric approach.

221


honghong
Text Box
 


Nozha Zribi
3.2. AN EXTENDED APPROACH

We propose a generalization of TGA in order to deal with the flexi-
bility property of the J(MPM), NCwin | n = 2 | Cypas. Like the job
shop problem, the scheduling of MPM job shop can be represented in
the 2-dimensional plane with potential obstacles that depend on the
assignment of machines for the two jobs. Let us define the vertices of
the network, the successors of each vertex and the distance between
any two vertices.

We develop the algorithm SuccVertex allowing to find the successors
of each vertex S = ((k1, A)), (k2, AiQ)).

The algorithm progresses diagonally as long as it exists a couple of
flexibility machines available for the operations of the two jobs. The
corners SE and NW of the potential obstacles that could be reached
from S are added as successors of S. If an availability problem occurs
in one of the two direction the algorithm SuccVertexAvailability is
used to define the successors of S in this case.

In fact the algorithm SuccVertexAvailability progresses horizontally
or vertically until the progression in the two direction becomes possible
, in this case a singular or a regular vertex is added as successor to S
; another availability problem occurs, and in this case a waiting vertex
is added as successor of S or an unavoidable obstacle is hit.

The algorithm SuccVertex is in three steps.

Step 1 is an initialization step. Set Ph (resp Pv) is defined to keep the
machines of job Js (resp Ji) allowing to progress. Set R is defined to
keep the machines allowing to progress until meeting an horizontal and
\ or a vertical. This set is used to progress in the next iteration of the
program.

E; is the set of machine flexibility of Ok, and E5 is the set of machine
flexibility of Oag,. The initialization of these two sets depends on the
type of the vertex , we have the following three cases:

— if S is a waiting vertex, F; and Es are made of machines used to
create this vertex.

— if S is a singular vertex, Fy and F» are made of machines used to
create this vertex.

— if S is a regular vertex, F1 = p1, and Ey = pop, this means that
all machines for Oy, et Oy, could be used for the progression.

In step 2, first we check the availability of the two machines for Oy, et
Ooy,. If these machines are available, we progress diagonally until a ver-
tical and or an horizontal is met. In step3, we update the current time
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current_ time, the sets E1, Fo, v and h. The algorithm SuccVertex is
stopped if the final obstacle is hit or when the diagonal progression is
not possible because of availability problems or unavoidable obstacle.
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AlgorithmSuccVertex

stepl h = ki, Al = A}, v = ko, A2 = A}, current_ time = h(v),
F is the set of machine flexibility of Oy,
E5 is the set is the set of machine flexibility of Oqp,
Pv=0,Ph=0,R=1
step2
if (h=nl+1)or (v=n2+1) then add F' as a successor. Stop
else
for all machine flexibility ¢; € £; do

for all machine flexibility to € Fo do

. . th to
calculate the beginning s_.,..cnt time> Scurrent. time aid the end

th t'2
current_ time’ “current_ time

of the unavailability period of £; and ¢
according to current_ time

check the availability of t1 and to

set dirl = 1 if t1 is available otherwise dirl =0

set dir2 = 1 if t1 is available otherwise dir2 = 0

if(t; = t2) add corners SE and NW of potential obstacle as successors

else
if dirl =1 and dir2 = 1 then
if (p1, — Al < pop, — A%)then
progress_ vertic = 1
P,=P,Ut;
R=RUty
if(p1, — A > pop, — A?) then
progress_ horiz =1
P, =P, Uty
R=RUt
if(p1, — A = pop, — A?) then
progress_ diag = 1
P,=P,Ut
P, =P, Uts
if dirl =1 and dir2 = 0 then
progress_ vertic_ availability = 1
P,_ availavility = P,_ availability U t;
Ry, _ availability = Ry, availability U ty
if dirl =0 and dir2 = 1 then
progress_ horiz_ availability = 1
P _ availavility = Pp,_ availability U to
R, _ availability = R,_ availability U t1
if dirl =0 and dir2 = 0 then
add the waiting place (h, A')(v, A%) as a successor,
the earliest starting time of this vertex is fixed to the minimum between
and T

current_ time
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step 3
if (progress_ vertic_ availability = 1)
SuccVertexAvailabilty is called
with Fy = P,_ availavility, Fo = Ry _ availability, current_ time, h, v
if (progress_ horiz_ availability = 1)
SuccVertexAvailabilty is called
Fy = R,_ availability, Fs = Py, availavility, current_ time, h, v
if (progress_ vertic = 1)
current_ time = current_ time + p1, — Al

v=v+1
Al =0
Ey = K1y
Ey=R
goto step2

if (progress_ horiz = 1)
current_ time = current_ time + pop, — A2
Al :Al—i-pzh—AZ

h=h+1
A?=0
Eo = pop
E1 =R
goto step2

if (progress_ diag = 1)

current_ time = current_ time + p1, — Al

h=h+1
Al =0

v=v+1
A? =0

Er = py
Ey = oy
goto step2

225


honghong
Text Box
 


Nozha Zribi

AlgorithmSuccV ertex Availability

h, v, current_ time, Ey , Ey are given
stepl
A'=0,A2=0,Pv=0,Ph=0,R=10
step2
if (h=nl+1)or (v=n2+1) then add F as a successor. Stop
else
for all machine flexibility ¢; € Fy do
for all machine flexibility to € Fo do
calculate the beginning s'! st and the end

current_ time’ “current_ time

et times U2 i of the unavailability period of ¢ and ¢y

according to current_ time

check the availability of t1 and to

set dirl = 1 if ¢1 is available otherwise dirl = 0

set dir2 = 1 if t1 is available otherwise dir2 = 0

if(t1 = t2) add corners SE and NW of potential obstacle as successors
else

if dirl =1 and dir2 = 0 then

. . 1 t2
if currentiime +p1y — A < T2 cni time

then
progress_ vertic =1
P,=PFP,Ut;
R=RUty

if current_ time 4+ pr, — A > T2

current_ time

. . to
progression until 7.2 . .. )

the singular vertex (h, 6! 4+ T2

current_ time current. time)(v, 0)

is added as successor of S

. . 1 mto
if current_ time + p1, — A" == Tcument, time

. . to
progression until 7.2 . . )

the regular vertex (h + 1,0)(v,0) is added as successor of S
if dirl =0 and dir2 =1 then
if current_ time + pay, — A2 < T

current_ time

then
progress_ horiz =1
P, =P, Uty
R=RUt

if current_ time + poy — A2 > T i

. . t1
progression until 7.} . . )

the singular vertex (h,0)(v,82 + T . .. — current_ time)
is added as successor of S

. . 2 __ qt1
if current_ time + P2n — A == Tcurrent, time

. . t1
progression until 7.} .~ .~

the regular vertex (h,0)(v + 1,0) is added as successor of S
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if dirl =0 and dir2 = 0 then
add the waiting place (h,0)(v,0) as a successor,

the earliest starting time of this vertex is fixed to the minimum between 7"

current_ time
to
and Tcurrent, time

step 3
if (progress_ vertic = 1)
current_ time = current_ time + pyp — A

v=v+1
Ey = pay
E2 =R
Al =0
goto step2

if (progress_ horiz = 1)
current_ time = current_ time + po, — A?

h=h+1
A?=0
Es = pop
E1 =R
goto step2

Distance Between Two Vertices S and 5’:

Let us suppose without loss of generality that S and S’ are located
on horizontal lines, we have: d(S,S") = Zi’_lplk — Al A3

For other cases, we need to check the availability of machines used
to go from S to S’ in order to calculate the distance between these two
vertices, this is not a problem because for any arc going from vertex
S = ((k1, A1), (k2, A?)) to vertex S" = ((k3, A®), (k4, A*)), machines of
operation Oy, and Oa; are already assigned by algorithm SuccVertex
for k = kl...kg, j = kg..k4.

Remarque: If F is a successor of S the distance between S and
F is calculated using only available machines if possible or machines
becoming available first. in fact we neglect the other paths.

Note that the distance could be calculated inside the algorithm
SuccVertex.

THEOREM 1. The set of vertices constructed by applying algorithm
SuccVertex is sufficient to determine the optimal schedule.
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Figure 3. Shortest path

The theorem 1 is due to the fact that TGA gives the optimal schedule
in the case of classical job shop (Aggoune, 2002).

3.2.1. Complexity Results

THEOREM 2. The scheduling problem J(MPM), NCwin | n = 2 |
Cmazx is polynomial and its complezity is at most equal to O(As?)
where m1 = Ki x ni,mg = Ko X ng, K; = max(card(pi;)) and s =
maz(ml,m2), A is mazimum number of unavailability periods that may
occur on each machine.

3.2.2. example
Let us consider the following example:

J1 = {Ms, M5,6},{Ms, Ma,5},{ My, M5,7},{Ms, M;1,6}
Jo = {Ms, My, 7},{ Mo, 4}, { My, Ma,6},{Ms, M3, 4}

M is supposed to be unavailable between times 16 and 22, Mo
between times 14 and 17, M3 between times 8 and 13 , M, between
times 15 and 20, M5 between times 20 and 25.

The shortest path is obtained in figure 3. It is composed of the
following vertices:

((0,0)(0,0)); ((2,0), (1,0)); ((2, 6)(1,0)); ((3,0)(3,0))

The optimal makespan is equal to 31, the assignment is as follow: O
is assigned to M5, Os1 to My, O15 to Ma, O to My, O3 to Ms, O3
to My,014 to Ms, Os4 to Ms.
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4. The general job shop problem with multi purpose
machine and availability constraints

THEOREM 3. A lower bound for J(MPM), NCwin | Cmax is cal-
culated by considering all O(N?) pairs of jobs and taking the mazimum
solution values obtained by the polynomial algorithm of the previous
section

From the result of the previous section we can deduce a lower bound
for the MPM job shop with limited machine availability (theorem 3) as
well as a greedy heuristic to calculate a solution for the problem. This
heuristic works as follows:

1. The two first jobs are optimally scheduled using the algorithm of
the previous section

2. Additional unavailability periods, corresponding to the execution
of operations of the two scheduled jobs, are fixed on each machine.

3. The algorithm is applied to the next two jobs of the sequence,
taking into account the initial and the new unavailability periods.
This procedure continues until all jobs are treated.

If the number of job is odd we need an insertion procedure to sched-
ule the last job. It is based on the following rule: an operation of the
last job is inserted in sort that it begins as early as possible, if we have
the choice between two machines we choose the machine giving the
smallest idle time.

4.1. EXAMPLE

Consider the following example with 5 jobs, 3 operations per job and
5 machines all data created aleatory(Table I).

M, is supposed to be unavailable between times 4 and 7, My between
times 7 and 10, M3 between times 8 and 9 , M4 between times 5 and
8, My between times 11 and 14.

We report in table II the makespan as well as the value of the lower
bound. For this example the value of the lower bound is closed to the
obtained makespan .

Note that the heuristic depend on the order of the input sequence.
We are actually studying this major point in order to improve the global
solution by controlling the initial input sequence.
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Table I. Example : N =5

I R T DR T R B

‘ H1j ‘plj H H2j ‘ij H H3j ‘p3j H Haj ‘p4j H Hs5j ‘p5j ‘

5 | 3 4 5 2,3 | 1 4 ] 2 2,3 | 5
4 | 4 || 432 2 || 5,34 3 5 19 1 1
23| 3 4 3 2,3 | 4 || 23] 3 | 245 6

Table II. Example : N =5

‘ makespan ‘ lower bound ‘

\ 26 \ 24 \

5. Conclusion

We have investigated in this paper MPM job shop scheduling problems
under availability constraints. We have proposed an extension of the
temporized geometric approach to deal with the machine availability
and the flexibility property of the problem. The developed algorithm
is polynomial, as function of the number of operations , flexibilities
and availability periods. The proposed approaches is used to develop a
lower bound as well as a heuristic for the general problem. As future
research, we will apply this method on some benchmarks with practical
data and compare this method with a two-phase heuristic developed in
a previous work (Zribi and al. , 2005).
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