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ABSTRACT _
A real-time scheduling algorithm which guarantees an optimal makespan to each part which -
arrives in a line of chemical baths for surface treatment purpose is proposed. We first consider
the case when the treatment periods are much greater than the transportation times, which
allows us to neglect these times. We then extend our approach to the case when transportation
times cannot be neglected. Some numerical éxamples are provided to illustrate this approach.

KEYWORDS . , )
Makespan optimization, Real-time scheduling, Surface treatment. ‘

* INRIA»Lon'aine, Technopole Metz 2000, 4 rue Marconi, 57070 Metz, France
**  Center for Technological Education Holon, 52 Golomb St., 58102 Holon, Isragl
*#* Institute for Systems Research University of Maryland, College Park, MD- 20742 USA

Ce travail a élé financé par le programme franco-israélien ' Arc -en-Ciel/Keshet" n° 64.



-y

.

Ordonnancement en temps réel d'un produit
dans un systeme de traitement de surface

Fabrice CHAUVET*, Eugene LEVNER**, Leonid K. MEYZIN**
et Jean-Marie PROTH* et A

"RESUME

Nous proposons ici un algorithme en temps réel qui fournit 1'ordonnancement minimisant le
terﬁps d'achévement de la derniére opération pour chaque produit devant subir une suite de
traitements de surface par bains chimiques. Nous considérons tout d'abord le cas ot les durées
de traitement sont beaucoup plus importantes que les temps de déplacement entre bains, ce qui
permet de négliger ces temps. Puis nous étendons notre approche au cas ob les temps de
déplacement ne sont plus négligés. Des exemples numériques sont fournis pour illustrer ces

approches.
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1. INTRODUCTION

Industrial robots have an increasing role in production systems due to their enhanced
capacities. They have been applied to a great variety of production situations, such as material
handling, loading and unloading operations, especially in engineering, electronics and
electrochemical industries. The operational problem of how to use and schedule the robots in
an electroplating line is the concern of this paper. ’

A new real-time approach is introduced to schedule transport activities of the robots in the
line containing sequentiﬁl baths of several types. The parts (jobs) of several types enter the
production system .in arbitrary moments of time and are to be processed in a job-shop mode,
that is, each job has its own route through the machines in the line. Obviously, an efficient
robotic transport schedule may attain a maximum production rate for the line.

The problem considered is different from the traditional job-shop scheduling problems, due
to three factors. First, loading, unloading and transportation operations of the robot are
assumed to be non-negligible and must be taken into account. Second, processing operations
durations are interval-valued, that is given in the form of so-called "time windows". Third, and
the most imponantc, the jobs may enter the system at any time, and the control system must react
in real-time, quickly and effectively providing an on-line schedule for each part entering the
line. }

Due to the interval-valued processing times, the shortest processing time (SPT) on-line rule
used for traditional scheduling and sequencing [1] turns out inapplicable in our problem. Song
et al. [2] have considered a similar problem of scheduling identical parts in a chemical
processing tank line. ‘These authors suggest an on-line heuristic called "earliest start time"
(EST) rule according to which the start of each job entering the system is assigned to each
machine as early as possible. This rule is shown to give better results if combined with a
combinatorial enumeration of variants in the case of conflicts. Generalizing this approach, we
will study the case of non identical part schedule and consider, instead of the classical SPT and
EST rules, a new "forward-backward earliest start time" (FBEST) rule which is pro{/en to

_provide an exact optimum (the minimum makespan) for each entering job.

Several studies of real-time heuristics for sequencing robot activities in automatic line
applications have appeared in previous literature. These easy-to-implement heuristic algorithms
were recently produced by Lin et al. [3] for the minimization of makespan. Two heuristics for
the deterministic single-operator multiple-machine multiple-run cyclic scheduling problem,
based on the longest processing time rule, have been developed by Aronson [4] for the
minimization of the total costs of the opefator (robot) and machines. "An extended survey of
more than a hundred on-line rules for scheduling manufacturing lines (not necessarily with
robots) can be found in [5-7]. ,

In the second section of this paper, we describe the problem at hand, assuming that the times
spent by the parts in the baths are much greater than the transportation times; in other words, the

robot is supposed to be available at any time and to operate simultaneously. In Section 3, we
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introduce a real-time algorithm which guarantees that a part which arrives.in the system will be
completed as soon as possible. Section 4 extends the above algorithm to the case when
loading, transportation and unloading tasks of the robot should be taken into account, but the
empty moves of the robot are supposed to be dependent only on the baths. Section 5 is the

conclusion.

2. PROBLEM SETTING |
m different chemical baths are available. For i ='1,...,m, n; is the number of tanks

containing the same chemical mixture i. The problem arises at time 0. At this time, we know

the idle periods (also called windows) in each bath.
Fori=1,...m and j = 1,...,n;j, 1j is the beginning of the k-th idle period in tank j

containing the chemical rnixtune 1. We assume thatk = 1,....fij. Similarly, bi, j is the end of
this k-th period. »

We denote by 6 and 6f +8F respectively the lower bound and the upper bound of the time
a part which is manufactured following the m.anufacturing process g should spend in the
chemical mixture i. Indeed, Gg > 0. In the remaining of this paper, we do not use the notation
g for the shake of simplicity, since we c0n51der only one part at a time and no confusmn is
possible. » ‘ o

Furthermore, the m different chemical baths mentioned are those visited by the part under
consideration, in the order of their index, and the other baths are neglected. Indeed, the next
part arriving in the system may visit another sequence: of baths.

We denote by x; the instant the part starts its stay in bath i. Since a part is not ailowed to
stay outside a bath before its completion, x; is also the completion time of the previous
operation, if any. The xj values are the solution of the.problem. We assume that the part- visits

- successively the bath 1, 2, ..., m. Xm41 is the completion time of the m-th operation.

- In the following part of this.paper, Fik (a, ],bk ) is the k-th window concerning tank j

~ containing the chemical mixture (ie. the bath) i.

For the tanks'containing the same chemical mixture i, the windows F~k- are ordered in the
k

~ Increasing order of the 311 and, if two aj ; are identical, in the decreasing order of the b

After these ordering processes, we have the ordered sets:
S ={E} fori=l...m

We denote by o (resp. Biy), for r = 1,...,q;, the lower bound (resp. the upper b(_)nnd) of
the idle periods of the tanks containing the same chemical mixture i, ordered in the increasing
order of the lower bounds and, in case of equality of the lower bounds, in the decreasing order
of the upper bounds. According to the above notations, a period [0 r, Bir] corresponds to a
period [af;, bf;} where jis the j-th tank containing the chemical mixture 1, and [ak;, b¥;] s the

“k-th idle period in this tank, the periods being ordered as mentioned above.




Thus:
Si = {[air, Bi,r]}r=l,...,q;
where g is the number of idle windows associated with bath i. Note that, in this kind of
problem, Bj g, is always equal to infinity. Thus, a feasible solution always exists.
Let us first describe the problem in the case when the robot is available at any time, i.e. when
the times associated with the robot can be neglected. It can be set as follows:
Find Xx] < X2 < ... < Xy < Xm+1 and a sequence of intervals SQ = {[Qir,, Bir]}i=1,...m
which minimizes xp41 and satisfies: | A
0; < Xip1 - Xj < 0j + 9;
Xj 2 O,
Xi+1 S By
fori=1,....m

This set of constraints can be replaced by:

Xi+1 2 0 + xj ; | , (D
Xj 2 O, . (2)
Xi+1 < 6; + 8 + X (3)
Xj+1 < Bi,ri ’ : 4

fori=1....m.

A sequence X < X2 < ... < Xp < Xm+1 18 said to be feasible for the sequence SQ of windows’

if it verifies constraints (1) to (4).
3. AN FBEST ALGORITHM

3.1. Sequence building

In this section, we remain in the case when the operation times of the robot are negligible.

Let us build the sequence X = {X1, X2, ..., Xm+1} as follows, after choosing a sequence
[ctir;» Bi,r,] of idle windows: ‘

11 =01,y ' . (5-1)
ti = Max (O, 8i-1 + t-1), fori= 2.3,....m (5-2)
tm+1 = O + _[m ' (5-3)
Xm+1 = tn+1 ) 54
xi = Max (4, Xj41 - 0i- &), fori=m,m-1, ..., 1 (5-5)

In Result 1, we show that the elements of the sequence X1, X2, ..., Xm+1 verify inequalities
(1), (2) and (3). |

3.2. Feasibility

Result 1

The sequence X defined by (5-1) to (5-5) verifies inequalities (1), (2) and (3) for the given

-
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sequence [al r;, Bi,ri]» i=1,...,m, of idle windows which have been selected.

Proof

a. X verifies inequality (1) i.e. xjx] 26;+ x; fori=1,...m
- From inequality (5-5), we derive:

i + xi = Max (4 + 6j, Xj+1 - 8;) < Max (t; + 6;, Xij+1), fori= 1,....,m
~ But, according to (5-2).and (5-3):

ti+9; <tyyq, fori=1,....m
Thus, using inequality (7) in (6):

0i + xi < Max (ti+1, Xi+1), fori=1,....m
But (see (5-4) and (5-5)):

G<x;, fori=1,.. m+l
Then using (8) and (9), we obtain:

Bi + xi < Xj41

and X verifies inequality (1) for the sequence of idle windows into consideration.

b. X verifies inequality (2), i.e. x; > O, fori=1,.,m

According to (5-1) and (5-2):
20y, fori=1,...,m

Considering (9) and (10), we obtain:
~ X{204, fori=1,..,m

and X verifies inequality (2) for the sequence of idle windows into consideration.

c. X verifies inequality (3), i.e. xj+] < 6; + & +x; forz =1,
- According to inequality (5-5):
Xi+1 - 0 - 0; < xj, fori=1,....m
and thus: '
Xi+1 S Xj + 6j +8;, fori=1,...m
X verifies inequality (3) for the séquence of idle windows into consideration.

6) .

(7)

®)

)

(10)

Result 1 does not mean that a sequence X defined by applying (5-1) to (5-5) starting from a

given sequence of idle windows is feasible. It only shows that X verifies three (out of four)

conditions to be feasible. We still have to verify condition (4). *

The following definition is used in Result 2. A sequence S* = {ajy,, Bi,r,-} is a subsequent

. sequence of § = {0, v; Bi,vi} if vi 21 fori=12...,m and vj # r; for at least one

1e {1,2,...,m}



Result 2

Let us assume that, in a given sequence X defined by applying (5-1) to (5-5) starting from a
given sequence S of idle windows, there exists w € {1,...,m} such that Xw+1 > Bw,ry,» Where
[Ow,ry» Bw,ry ] 1S the w-th window in the secjuénce of idle windows under consideration, then
no subsequent sequence S* of idle windows containing [Olw,ry,, Bw,ry,] Will lead to a sequence

X* which is a feasible solution to our problem. Indeed, X is not feasible either, since
Xw+1 > Pw,r,, Means that relation (4) does not hold.

Proof .

Applying (5-1) to (5-3) to S* leads to values t’ik which are greater than or equal to the values
tj obtained by applying the same relations to S since oc;':ri 2 Ol

Considering (5-4), (5-5) and the fact that t? >t fori=1,...m, we see that x;k > x; for

i=1,....m.
* . ' . .
~ As aconsequence, Xy, 2 Xw+l > Bw,r,, and X* is not feasible since (4) does not hold.

3.3. Real-time algorithm
In this section, we propose a real-time algorithm which leads to a feasible solution. We have
proven that this feasible solution is optimal in the sense that it guarantees that the completion

time of the product at hand is minimal.

Algorithm 1
1. For each type i of chemical mixture, we order the idle windows as explained in Section 2.
The resulting sequence of idle windows is denoted by [0l 1, Bi,r]r=l,...,qi fori=1,...m.
2. We set ri=-l fori: 1,...,m. .
3. We build the sequence X = {X1, X2, ..., Xm+1} by applying the following sequence of
equalities:
t} =01,
ti = Max (0 r;, 6i-1 + ti-1), fori=273,....m
tm+1 = Om + tm
Xm+1 = ln+1
Xi = Max (4, Xj+1 - 6;-98y), fori=m,m-1,...,1
4. If, whateveri e {L,.. .,m}, inequality xij+1 > Pir, does not hold, we stop the algorithm.

5. For all the i € {1,...,m} which verify Xj4+1 > Bi,rp we set rj = rj + 1, and return in 3.

Since the sequence of equalities applied at the third step of the algorithm is the sequence (5-
1) to (5-5), we know that the sequences X which are obtained verify inequalities (1), (2) and
(3) (see Result 1). According to the fourth step of the algorithm, the sequence X obtained when
the algorithm stops verifies inequality (4), and X is feasible. Considering step five of the

A
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~algorithm and Result 2, the sequence X obtained when the algorithm stops corresponds to a

sequence of idle windows which is not a subsequent sequence of a sequence of idle windows

leading to a feasible solution. The result provided in the next subsection is based on this
N \ -
m

remark. Note that step 3 is executed at most Q times, where Q = Zqi is the number of idle

i=1
windows. Thus, the complexity of the algorithm is o(Q(m + logz(Q))).

Remark _ .
In step 5, if the idle period is included in the current one, that is [ai,rg+lrﬁi,ri+1] C (O,

Bi,r;], it is not necessary to test a sequence which contains this period. We have to consider the
next one; that is [0 r,+2. Bi r,+2]. assuming that this period is not included in [otir,, Big]-

3.4. Optimality

Result 3 ‘
The first feasible solution obtained by applying the algorithm is optimal.

Proof
As mentioned in the proof of Result 2, if S* is a subsequent sequence of windows of S, then
xl 2 xj fori=1,...,m, where xl is obtained starting from S* while x; is obtained starting from -

S. In partwular, xm+1 2 Xm+1, which ends the proof.

- 3.5. Example
Let us consider the following example. A part should be plunged in three chemical mixtures

~ denoted by I, 2 and 3. The first chemical mixture is available in three different tanks the

second one in two tanks and the third one in three tanks. The part to be processed arrives at
time 0. At this time, the idle periods are the tollowmg ones: '
Chemzcal mixture I ' ’
Tank 1: [0,2]; [4,9];[13,15]; [25,+00)
Tank 2: [0,4]; [8,17]; [20,+e0)
Tank 3: [4,8]; [13,16]; [20,35]; [40,+00)
Chemical mixture 2 -
Tank 1: [1,9]; [11,17]; [21,4o0)
Tank 2: [2.7]; [11,13]; [22,++)
Chemical mixture 3
Tank 1: [8,15]; [22,33]; [35,+c0) |
Tank 2: [7,11]; [22.28]; [30,35]; [40,+00)

. Tank 3: [4,15]; [18,22]; [30,40)
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For each chemical mixture, we order the periods as show in Section 2.

Chemical mixture 1 ' ,

S1 = {[0,4]; [0,2]; [4.97; [4.8]; [8,17]; [13,16]; [13,15]; [20,+); [20,35]; [25,+°);
[40,+00)} |

Chemical mixture 2

Sy = {[1,9]; [2,7]; [11,17]; [11,13]; [21,4e0); [22,400)}

Chemical mixture 3

S3 = {[4.,15]; [7,11]; [8,15); [18,22]; [22,33]; [22,28]; [30,+e°); [30,35]; [35,+c0);
[40,+00)} ‘

Let us assume that the part should remain:
e in the chemical mixture 1 between 2 and 3 units of time,
e in the chemical mixture 2 between 3 and 4 units of time,
e in the chemical mixture 3 between 2 and 4 units of time.
We develop the different steps of the algorithm (the first step is the order of the idle periods
performed above): '

2. Wesetrj=rp=r3=1
3. Sequence building:

t1=0

tp = Max (1, 2+0) = 2

t3 = Max (4,342) =5

y=2+5=7

X4=17

x3 = Max (5,7-4) =5

Xy =Max (2,5-4) =2

x] =Max (0,2-3)=0
4. Ineciuality checking:

x2=2<P1,1=4.

x3=5<P21=9

x4=T7<P31=15

As we can see, none of the i € {1,2,3} satisfies xi+1 > Bir,. Thus, the algorithm stops and -

the solution is as follows: ,
o the part is plunged in the second tank of the chemical mixture 1 at time x3 =0 and is taken
out at time x = 2,
e the part is plunged in the first tank of the chemical mixture 2 at time xp = 2 and is taken
out at time x3 = 5, '
e finally, the part is plunged in the third tank of the chemical mixture 3 at time x3 = 5 and is
taken out at time x4 = 7. '

x4 = 7 is the minimal makespan for this part.

»
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Only one iteration was necessary in this particular case. If, for instance, the first idle
window of ‘the chemical mixture 2 had been [1',4] instead of [1,9], we would have had
x3=5>f21= 4 and we would have had to restart the computation with the sequence [0,4];
[2,7] and [4,15] of idle Windows,vand SO on.

4. GENERALIZATION .

4.1. Notations and remarks

Let wji;1, be the time required by. the robot to transport a part from a tank containing
chemical mixture i to a tank containing a chemical mixture i+1. We also denote by ¢; the time
needed by the robot to arrive in a tank containing a bath i whatever its former position,
assuming that the robot is empty. '

- Three hypotheses are made at this level. The first one concerns the values Wi i+1, since it is
assumed that the time required by the robot to move from ‘a chemical mixture to the next one
does not depend on the tanks which contain these mixtures. This hypothesis is not very
restrictive in practice, since the tanks containing the same mixture are usually close to each
other. The second hypothesis gOncerns the empty moves, that is the moves made by the robot

to arrive in the tank where it is required. The time required by an empty move is supposed to

| depend only on upon the destination. This hypothesis is more restrictive than the previous one,

but not as restrictive as it could appear, since the empty moves are usually much faster than the
loaded moves. The third hypothesis is e; < 0;, which means that the so-called empty moves
need much less time than the minimal time a part remains in a bath. - '

Nevertheless, time e; must be chosen as the maximal time required to join a tank containing
the chemical mixture ¢ from any tank of the system, and this may slightly degrade the

efticiency of the proposed management.

4.2. Extension of the algorithm -
We denote by ng the number of robots available to move the parts from tank to tank. We

will show successively how to introduce the loaded moves and the empty moves.

a. Introduction of the loaded moves

We know that the part has to visit successively bath 1,...,m. Between each bath, a moving
operation is needed. Thus, the process required to complete the surface treatment can be -
represented as: '

1, (1,2), 2, (2,3), 3, ..., m-1, (m-1,m), m

The time spent by the part in bath i = 1,...,m is included in [6;, 6;+8;], while the time to
process transportation (i,i+1),i= 1...,m-1 is wj j+1. As we can see, there is.no flexibility for
the transportation time, unlike what happens for the time spent in the baths (i.e. the chemical
mixtures). ' B
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When the part arrives in the system, idle periods are available for each tank and each robot.

Each robot and each tank are resources. The first difference between these two types of

resource is that a tank is used at most once for a given part while a robot can be used several

times. The second difference is that no flexibility is allowed when using a robot. But these two

remarks have no effect on the following approach.

The introduction of the loaded moves does not modify the basis of the approach used in

Algorithm 1. Algorithm 2 leads to a minimal makespan when the loaded moves are taken in to

account and the empty moves are neglected or, in other words, the speed of the robot when it

‘moves unloaded is much higher than its speed when it moves loaded and than the minimal

period a part should remain in a chemical mixture.

Algorithm 2

1.

For each type 1 of éhefnical mixture and for the set of available robots, we order the idle

windows as explained in Section 2. The resulting sequence of idle windows is denoted
by [Qir. Birlr=1,...,q; for the chemical mixture i = 1,...,m and by [&o,r, Bo,rle=1,...,qo for

the set of available robots.

2. Wesetrj=1fori=1,....,mand z(i-1,i) = 1 fori =2,...,m.

. We build the sequence X = {X1, y1,2, X2, -.-» Xm-1,» ¥Ym-1,m» Xm} by applying the

following sequence of equalities:
=01, |
Uj-1i = Max (00 zGi-1,i)» 8i-1 + ti-1), fori=23,....m
ti = Max (Qir;, Wi-1,i + Ui-1,i), fori=23,....m
tm+1 = Om + tm
Xm+1 = tm+]
m = Max (tm, Xm+1 - Om - Om) y
¥i-1i = Max (uj-1,i, Xj - Wi-1,i), fori=m,m-1,...,2
Xi.1 = Max (.1, Yi-1i - 6i-1 - 8i-1), fori=m,m-1,...,2

If:

(1) Xm+1 S Bm,rm, and

(i) xi<Po.zi-1,i)» fori=273,...,m, and

(i) it < Bitryy fori=23...m,

then the algonthm stops and X 1s the optlmal solution of the problem (i.e. the components
for X are the starting time of the operations). '

If

(l) Xm+1 > Bm,rm, we set Iy =I'm + 1, .
(i) xi>PBozi-14) (€ {2.3.....m}), wesetz(i-1,i) = z(i-1,1) + 1,
(i) yi-1,i > Bi-1,r,; € {2.3....m}), wesetri1=ri1+ L,

and we return in 3.

[
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b. Introduction of the unloaded moves _
A loaded move algorithms follows an unloaded move. We made the assumption that an
unloaded move which arrives in a set of tanks containing the chemical mixture i needs a time e;

to be completed. :
As a consequence, Algorithm 2 applies by replacing 0 z(i-1,i) by 010,2(i-1,i) + €i-

4.3. Example
We consider an example with three chemical mixtures, each of them being contained in one
tank.
The idle periods are as follows:
¢ chemical mixture 1: [0,2]; [4,10]; [12,+e0)
¢ chemical mixture 2: [4,8]; [10,+c0)
* chemical mixture 3: [10,30]; [40,+c0)
e robot: [6,17]; [19,+00)
We assume that: -
e cach empty move requireé 1 unit of time to be performed,
- e e¢ach loaded move requires 2 units of time to be performed.
The times the part should remain in the baths are given hereafter:

61=2;061=2
02=4;0,=1
03=5;03=1

The first sequence of idle periods to be considered is:
[0,2]; [6,17]; [4,8]; [6,17]; [10,30]
The second and the third periods of the sequence concern the robot. According to Algorithm
2, we obtain: " |
t1 =0
uj2 = Max (6+1,2+0) =7
tp = Max (4, 2+7) =9
uz,3 = Max (6+1, 449) = 13
t3 = Max (10, 2+13) = 15

t4=5+15=20
x4 = 20 |

x3 = Max (15, 20-6) = 15

y2,3'=Max (13, 15-2) =13 )

x2 =Max (9, 13-5) =9
y12=Max (7,9-2) =7
X1 =Max (0,7-4)=3
We can see that:
- x4=20<PB31=30
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x3 =15 < Bo,z2,3) = 17
x2=9<Boz12 =17
y23=13>P2,1=8
y12=7>B1,1=2

According to Algorithm 2, the next sequence of idle periods to be considered is:

[4,10]; [6,17]; [10,4e0); [6,17]; [10,30]
Applying Algorithm 2, we obtain:
t1=4
u12 = Max (6+1, 2+4) =
tp = Max (10, 2+7) = 10
u2,3 = Max (6+1, 4+10) = 14
t3 = Max (10, 2+14) = 16
g =5+16 =21
x4 =21
x3 = Max (16, 21-6) = 16
y2,3 = Max (14, 16-2) = 14 -
xp = Max (10, 14-5) = 10
y1,2 = Max (7,10-2) =
=Max (4, 8-4) =4
We see that:
x4 =21<B3,1=30
x3 =16 < Boz23) =17
x2 =10 < Boz(21,2) = 17
y2,3=14<P22 =+
y12=8<P1,2=10
These inequalities show that the optimal solution is obtained.
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5. CONCLUSION »
Many algorithms have been proposed in the past to solve the hoist scheduling problem. As

mentioned in the introduction, the problem we solved in this paper is different, mainly since the

goal is to make decisions in real time, as soon as each part arrives in the system. Since the goal

1s to minimize the makespan of each part, considered individually, the tendency is to fill the

closest idle period first. As a consequence, the resources (tanks and robot(s)) are well utilized

in most of the cases which, in turn, leads to a high productivity.

We will explore the application of the FBEST approach to schedule job-shop systemé with

rhultiple (identical or not) resources, when the order parts are launched in the system is known.
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