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We study a coordinated serial-batching scheduling problem that features deteriorating jobs, financial bud-
get, resource constraints, resource-dependent processing times, setup times, and multiple manufacturers
simultaneously. A unique feature but also a significant challenge in this problem is the dual constraints on
resources, i.e., financial budget and resource quantity. Some key structural properties are first identified
for the setting where the jobs and resources are already assigned to each manufacturer, which enables us
to develop the optimal resource allocation scheme. Then, a polynomial-time scheduling rule is proposed
to search for the optimal solution for each manufacturer in this setting. Then, a hybrid BA-VNS algorithm
combining Bat algorithm (BA) and variable neighborhood search (VNS) is proposed to tackle the studied
problem, and the optimal scheduling rule is implemented in its encoding procedure. Finally, computa-
tional experiments are conducted to test the performance of the proposed algorithm, and the efficiency
and improvements are compared with those of BA, VNS, and Particle Swarm Optimization (PSO), with
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respect to convergence speed as well as computational stability.
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1. Introduction

The batch scheduling problems exist in many practical manu-
facturing scenarios, which constitute a significant research area in
scheduling and have captured the attention of many researchers
(see [1,2]). In this paper, a coordinated serial-batching scheduling
problem is studied, characterized by deteriorating jobs, resource
constraints, resource-dependent processing times, setup times, and
multiple manufacturers simultaneously. In particular, dual resource
constraints are considered, specifically, on the quantity of the ac-
tual resources and the costs of financial resources. This problem
has significant practice relevance. In a typical manufacturing in-
dustry, increasing peer competition and cost pressure bring higher
requirements on production efficiency. Many enterprises operate
largely with resource limits, meanwhile struggling to reduce pro-
duction time. In view of this, how to effectively schedule the pro-
duction process under limited resources is a problem of great in-
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terests and significance. Furthermore, considering the actual pro-
duction scenario, some important features, e.g., deteriorating effect
and batch processing, should be taken into account. However, to
the best of our knowledge, rare study has investigated this type of
problems up to now.

Financial constraint or financial budget is a common prob-
lem in many practical production scenarios (see, e.g., [3-7]). This
set of problems considers the constraints on basically immate-
rial resources (i.e.,, money) consumed by actual non-renewable re-
sources (e.g., fuel, materials, etc.) for processing jobs. These finan-
cial resources mainly contribute to improving managerial decision-
making by providing more profits that can be easily calculated
[8]. By extending the classical scheduling problems to the finan-
cial constraints setting, some researchers have conducted specific
studies in the last decade [9,10]. On the other hand, production
resource constraint is another inevitable issue that should also be
considered in manufacturing process, given that resources cannot
be unlimitedly increased. It should be noted here that in most
cases, job processing times are related to the quantity of resources,
and thus the production speed and effectiveness can be enhanced
through increase in resources [11].

Thus, here comes the problem, i.e., how to find an optimal
schedule of the jobs considering resource amount constraint and
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financial budget for the resource, which are closely correlated with
each other. Some related studies can be found in [12-15] etc.
Specifically, recent research has achieved substantial improvements
under the financial and resource allocation constraints when jobs
are processed in a general way. However, more particular and
practical scheduling problems considering batch processing way,
known as batch scheduling problem, as well as the financial bud-
get and resource constraint are rarely explored. In this paper, we
consider these conditions simultaneously for the first time. The
mixed features make our studied scheduling problem much more
complicated than the general processing way setting.

The batch scheduling problems, mostly under two different pro-
cessing patterns, i.e., parallel-batching and serial-batching (see, for
example [16,17]), have been investigated extensively considering a
variety of settings and features. Particularly, in real-world situa-
tions the job processing times always fluctuate. For example, due
to the decreasing of the machine performance or other reasons,
some additional time is required for processing the job, which
is known as the effect of job deterioration [18,19]. The schedul-
ing problems involving the deteriorating jobs are first proposed
by Gupta and Gupta [20]. Since then, the deteriorating effect con-
sidering different jobs processing ways has aroused increasing at-
tention. Detailed illustrations can be found in [21-24]. For solv-
ing the batching scheduling problems, some metaheuristics have
been developed in recent studies. Shahvari and Logendran provide
an efficient meta-heuristic algorithm based on tabu search with
multi-level diversification and multi-tabu structure, which moves
back and forth between batching and scheduling phases [25]. Ar-
bib et al. propose a tabu-search algorithm exploring batch out-
put sequences [26]. Besides, the improved genetic algorithms are
also developed in some batching scheduling problems. Vallada and
Ruiz present a genetic algorithm for the unrelated parallel machine
scheduling problem in which machine and job sequence depen-
dent setup times are considered [27]. Francisco and Pedro propose
three genetic algorithms with different types of crossovers to solve
the short-term scheduling problem of batch processes [28].

More specifically, the scheduling problems incorporating learn-
ing/deteriorating effect have already been studied, with the con-
straints on financial budget and actual resources’ quantity [29,30].
Lately, the considerations on resource-dependent processing times,
including learning/deteriorating effect, provide important insights
into the properties of batch-scheduling problem [31,32]. To best
deploy the scheduling practices, relevant algorithms have been
developed [33,34], including some important heuristic algorithms
proposed by Gafarov et al. [3], Wang and Wang [31], Zhu et al.
[32], and He et al. [34]. In addition to the studies mentioned
above, researchers also pay attention to the resource scheduling
problems related to assignment problems (e.g., [33]). Some re-
searchers provide polynomial time algorithms to solve the schedul-
ing problems considering deteriorating effect. Even with the intro-
duction of time-dependent deterioration to job processing times,
the single-machine makespan minimization problem remains poly-
nomial solvable, see [35-38]. In real production, the deteriorating
effect exists when machine efficiency decreases during continuous
processing.

However, there is limited existing research on practical schedul-
ing problems combining learning/deteriorating effect, resource-
dependent processing times, financial budget, and batch process-
ing way simultaneously. Thus, this paper contributes to building
a bridge between the serial-batching scheduling and practically
significant constraints as well as to optimize the makespan. In
the past research, we have already studied some similar problems
[23,39-44]. In this paper we focus on exploring serial-batching
scheduling problem associated with deteriorating jobs, financial
budget, and resource constraint simultaneously, making it differ-
entiated from our previous research. Some structural properties as

well as a novel hybrid BA-VNS algorithm are proposed to solve this
problem, which differs greatly from [41] and [43]. The comparisons
of existing literatures and current study are shown in Table 1.

The main contributions of this paper can be summarized as fol-
lows:

(1) A coordinated serial-batching scheduling problem that fea-
tures deteriorating jobs, resource constraints, resource-
dependent processing times, setup times, and multiple man-
ufacturers is investigated. Specifically, we incorporate a
unique feature into this problem, which makes it much more
challenging, i.e., the dual constraints of resource on financial
budget and resource quantity.
Under the specific situation that the jobs and resources are
pre-assigned to each manufacturer, we first identify some
key structural properties, based on which an optimal re-
source allocation scheme is developed. Then, a polynomial-
time optimal scheduling rule is proposed for each manufac-
turer in such situation.

(3) For the general situation, an effective hybrid BA-VNS al-
gorithm which combines Bat Algorithm (BA) and Variable
Neighborhood Search (VNS) is proposed to tackle the studied
problem, and the optimal scheduling rule is implemented in
its encoding procedure.

(2

—

The remainder of this paper is organized as follows: the no-
tations and problem statement are illustrated in Section 2. Some
structural properties and the scheduling rule of the proposed prob-
lem are derived in Section 3. In Section 4, a hybrid BA-VNS algo-
rithm combining with the proposed optimal algorithms is devel-
oped to solve the problem, and some computational experiments
are conducted to testify its performance. We conclude this paper
and give some future research directions in Section 5.

2. Notations and problem statement

The notations used throughout this paper are given in Table 2.

The considered problem can be formally described as follows.
There is a set of N independent and non-preemptive jobs to be
processed on the serial-batching machines in g manufacturers.
Each manufacturer has a single serial-batching machine, and they
cooperate to finish the production task. All the jobs are first as-
signed and then processed in each manufacturer. The framework
of the studied problem is shown in Fig. 1.

All the jobs and machines are available at time tg, and these
jobs are processed in the way of serial batches such that jobs
within the same batch are processed one after another in a serial
fashion [45]. The number of jobs in each batch cannot exceed the
machine capacity c. We follow the resource-dependent processing
time model with the deteriorating jobs as proposed by Wei et al.
[46] and Wang and Wang [47], and further extend this model into
the setting of serial-batching production way.

pi=ai+bt—0u;, i=12....N

where g; >0 is the normal processing time of J;, b( > 0) is the de-
teriorating rate of all jobs, (> 0) is the resource’s compression
rate of all jobs’ processing time, and u; is the amount of a non-
renewable resource allocated to job J; with 0 < u; < %.

Dual constraints of the resource are considered. The first con-
straint is that the total amount of the non-renewable manufac-
turing resource for all manufacturers is limited, that is, >N, u; <
U, and the second one limits the financial budget on the non-
renewable manufacturing resources for each manufacturer, ie.,
wUg <Bg.

The batches’ setup time is required before processing each
batch, and it is defined as follows:

Sk = Mt
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Table 1
Comparisons of our previous work, existing literatures and current study.
Publication Effect Setup time  Objective Jobs processing Algorithm Constraints
LE DE FC RC
Pei et al. [23] N TD Crnax Serial-batching Heuristic algorithm - -
n
Pei et al. [39] Vv TD Cnax; 2. Gis Serial-batching Heuristic algorithm - -
i=1
n
Pei et al. [40] N N TD Cinax; Y Uis Emax Serial-batching Heuristic algorithm - -
i=1
Fan et al. [41] J J - Cinax Serial-batching Heuristic algorithm and VNS-ASHLO - -
n n
Pei et al. [42] Vv TD Cnax; Y Uis G Serial-batching Heuristic algorithm - -
i=1 =1
n
Pei et al. [43] N TD Emax; Y U; Serial-batching Heuristic algorithm and VNS-GSA - -
i=1
Pei et al. [44] J TD Cinax Serial-batching Heuristic algorithm and GSA-TS -
Gafarov et al. [3] - TD XT; General processing  Heuristic algorithm Vv
Wang and Wang [31] N - d*, u*, fid, u,m) General processing Heuristic algorithm Vv
Zhu et al. [32] J A cost function Group processing Heuristic algorithm Vv
Wei et al. [33] J - A cost function General processing ASS Vv
He et al. [34] Vv - A cost function General processing Heuristic algorithm Vv
Current study J TD Cinax Serial-batching Heuristic algorithm and BA-VNS J J

Note: Crgx denotes makespan, 3", G; denotes total completion time, }"}' ; U; denotes number of delayed jobs, Emax denotes maximum earliness, XT; denotes
total tardiness, and dand u denote due date and resources amount. LE and DE denote learning effect and deteriorating effect respectively, TD denotes time-
dependent setup time, and FC and RC denote financial constraint and resource constraint, respectively.

Table 2
Notations.
Notation  Definition
N The number of jobs
q The number of manufacturers
Ji Jobi,i=1,2,...,n
Mg The serial-batching machine in the gth manufacturer, g=1,2,...,¢q
Ng The number of jobs processed on Mg, g=1,2,....q
U The total amount of a non-renewable resource
b The deteriorating rate of all jobs
a; The normal processing time of J;, i=1,2,...,N
6 The resource’s compression rate of all jobs’ processing time
u; The amount of a non-renewable resource allocated to job J;, 0 < u; < % i=1,2,...,N
Ug The total amount of a non-renewable resource allocated to Mg, g=1,2,...,q, i.e, Xq: Uy =U.
g=1
w The unit cost of the non-renewable resource
P} The actual processing time of J;, i=1,2,...,N
m The number of batches
mg The number of batches on Mg, g=1,2,....q
bgk The kth batch processed on Mg, k=1,2,...,mg, g=1,2,....q
Ngi The number of jobs in bg, k=1,2,...,mg, g=1,2,....q
nw The deteriorating rate of batches’ setup time
Sgk The setup time of by, k=1,2,....mg, g=1,2,....q
c The capacity of the batching machine
Bg The financial resource budget for the gth manufacturer, g=1,2,...,q
S(bgk) The starting time of by, k=1,2,....mg, g=1.2,....q
C(bg) The completion time of bg, k=1,2,...,mg, g=1.2,....q
P(bg) The actual processing time of by, k=1,2,...,mg, g=1,2,....q
Xigkr 1, if J; is assigned in the rth position of bg; 0, otherwise, k=1,2,...,mg, g=1,2,...,9,r=1,2,...,ng
Clax The maximum completion time of jobs on Mg, g=1,2,...,m
Crnax The makespan

where u is the deteriorating rate of batches’ setup time, and t is
the starting time of processing any batch.

For the studied problem, the following decisions should be
made:

how to assign all jobs on the serial-batching machine of
each manufacturer for processing,

how to assign the resources to each jobs subject to dual con-
straints of the resource, i.e., the total quantity of resources
and financial budget for the resource,

how to break the assigned jobs into jobs batches on each
machine,

how to sequence the jobs in each batch, and finally

how to sequence the batches on each machine,

with the overall objective to minimize the maximum completion
time of all jobs on each machine.

In the following sections, we first investigate the structural
properties of the problem given that the resources have been as-
signed to each manufacturer, under which circumstance we pro-
pose a scheduling rule for each manufacturer. Based on the struc-
tural properties and the scheduling rule, an effective hybrid BA-
VNS algorithm which integrates Bat algorithm with Variable Neigh-
borhood Search is developed to solve the studied problem. Accord-
ing to the three-field notation schema «/|B|y introduced by Gra-
ham et al. [48], the studied problem in this paper is denoted as
P|s — batch, pj; = a; + bt — Ou;, FB|Cax.
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Fig. 1. The framework of the scheduling problem.

3. The structural properties and the scheduling rule

In this section, the completion time of each batch in a certain
manufacturer is derived, and we further use it in the studied prob-
lem. Then, we investigate the structural properties of resource al-
location, jobs batching and batches sequencing given that the re-
source has been assigned to each manufacturer.

Proposition 1. For any given schedule m = (by1,b12,...,
by, ..., bgm,), the completion time of by in schedule 7 is

f
Clbyy) = to(1 + 1) (1 +BYTh™ 4 37 (1 4 i)™
k=1

Ny N
f =
30 (14 X WS (0 Gy (31)
r=1 i=1
where l=1,2,...,8 f=1,2,...,m,.

Proof. This lemma can be proved by the mathematical induction
based on the number of batches. First, for f = 1, we have

ni1 N
Clbp) = su+ Y. prixinr = to(1 + ) (1 +b)™
r=1 i=1
ny N

+ (A +D)" T (@ — Oupxiy,
r=1 i=1

Thus, Eq. (3.1) holds for f=1. Suppose for all 2 < f <m; -1,
Eq. (3.1) is satisfied. We have

i
Cbyy) = to(1 + 1) (1 + b)Y 4 37 (1 4 i)

k=1
Mg I’ 1 N
X D (14 byXea MmZaa TN (g — Gup) X
r=1 i=1

Then, for the (f 4 1)th batch by, 1y,

pART
Clbigsn) =C(by)A+w)+ > ppy

r:l+2£:1 [

f
= (14 )| to(1+ ) (14 Dy ™ 37 (14 '™
k=1

Mk

N
f k-1
X 3 (1 byZaa M2 TR (@ Guy) i
r=1

i=1

Mi(f+1) N
£ (1 by MRS (@ )y
r=1 i=1
f+1
= to(14+ @) (1 + BT ™+ 30 (14 )1
k=1
ik 1 k-1 N
X Z 1+ b)zd:1 M= X1 Ma =" Z (a; — Oui)Xiyyr.
r=1 i=1

Thus, Eq. (3.1) holds for C(b;(y,1)), and the lemma is proved. O

Based on the above result of Proposition 1, we further investi-
gate the following properties on the argument of jobs number in
all batches and the number of batches.

Proposition 2. For the problem P|s — batch, p;; = a; + bt — Ou;, FB|
Crnax, it should be Mgk < Ng(41) for all batches processed on a certain
machine Mg, where k=1,2,....mg—1,g=1,2,...,q.

Proof. Here we assume that 7y and mg are an optimal sched-
ule and a job schedule on a certain machine Mg, respectively.
The difference between these two schedules is the transferring
of a job Jy from by to bysqy (f=1,2,....m—1,1=1,2,...,9),
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and Jy is assigned to the last position of by in the op-
timal schedule mg. That is, 7§ = (Wi, by, byrq),Wa), 7g=
Wy, (bis/Uu}), (bypi1) U lu}), Wa), where ny>2, Wy and W, rep-
resent two partial sequences, and W; or W, may be empty. J, is
the last one in by and then updated to the last one in byf, 1.

For 7§, the completion time of by, ) is

f+1
f+1 _
C(bisan) (75)) = o1+ )7 (14 DY ™ 4 37 (14 )+
k=1

ny N
f+1 _yk-1 _
x 3 (1 +byTaa M Zaa TN (@ Qup )iy
r=1 i=1

Then, for 7g, the completion time of bl(f+1) is

f+1
f+1
C(Biggen () = to(1+ )™ (1 by 4 57 (1 + )1
k=1

Mk

N
X 30 (1 bR TS (g Qup g
r=1 i=1
— (14 @)1 +b)"r=v (@, — Ouy) + (1 + b))+
x (ay — Ouy).

Consequently,

C(bieren(75)) = Cbigren) (7))
=1+ 1) +b)" (ay, — Ouy) — (1 +b)"* (ay — Ouy)
= (1 +b)" (a, — Ouy).

It can be derived that C(b,(fﬂ)(ng)) > C(by(41)(7Tg)), which
conflicts with the optimal solution. Thus, we can keep transferring
the last job from by to by g1y until ng < ng(, 1. The proof is com-
pleted. O

Based on Proposition 2 and the transferring operations of jobs,
the following lemma can be further obtained.

Proposition 3. For the problem P|s — batch, p;; = a; + bt — Ou;, FB|
Cnax, there should be f%'l batches in the gth manufacturer
(g=1,2,...,q) and all batches are full of jobs except possibly the

first batch for the batches processed in any manufacturer in the opti-
mal schedule.

Next, we analyze the properties for the assigned resource for all
jobs.

Proposition 4. For the problem P|s — batch, p;; = a; + bt — Ou;, FB|
Cmax, there exits an optimal solution which should be u, <
min{uy, %“} when Jy is processed after J, in a certain manufacturer.

This proof can be also completed by the transferring operations
of the resource, and we omit it.

Based on the result of Proposition 4, the following property on
resource allocation can be further obtained.

Proposition 5. For the problem P|s — batch, p;; = a; + bt — 6u;, FB|
Cmnax, if all jobs and resource have been assigned in the man-
ufacturers, then there exits an optimal solution where u, =

. -1 N, N d—1 <N i :
min{Ug — ZLl 3 N Kigkelli — Y0 iy Xigpelli, 3} when ]y s
in the dth position of bgs on Mg, f=1,2,...,mg, g=1,2,...,q.

Then, combining the results of Propositions 4 and 5, we further
investigate the properties of job sequencing and resource assign-
ment in any manufacturer.

Proposition 6. For the problem P|s — batch, p;; = a; + bt — 6u;, FB]|
Cmax, if all jobs and resource have been assigned in the manufac-
turers, then there exits an optimal solution where all jobs in any

manufacturer should be sequenced in the non-decreasing order of a;
(i=1,2,..., n).

Proof. We consider any two jobs in a manufacturer and then
two cases need to be considered, where one case is that these
two jobs are from the same batch, and the other one is that
they are from different batches. Here we consider the first case,
and assume that 7 and 7g are an optimal schedule and a job
schedule on a certain machine Mg, respectively. The difference
of these two schedules is the pairwise interchange of these two
jobs Jy and J,.1 (u=1,2,...,N;—1) in the same batch, that is,
% = Wi, Ju, Jur1, Wo), @ = (Wr, Juga, Ju, Wa), where Jy, Jy41 € blfv]u
and J,,q are in the rth and (r+ 1)th positions of by, ny>2, r=
1,2,..., me—1, f=1,2,..., my, 1=1,2,...,q. W; and W, repre-
sent two partial sequences, and W; or W, may be empty. It is as-
sumed that a, > a,,¢. Then, there exist three cases, i.e., (a) uy =0,
(b) 0 < uy < %, and (c) uy = % . Based on Propostion 5, we can fur-
ther derive that it should be (a) uy = 0 with uy,1 =0, (b) 0 < uy <
% with uy 1 =0, and (c) uy = % with 0 < uy,q < L. Specially,
for case (b), there should be two subcases, i.e. (b-1) 0 < uy < %‘
with 1, < ®1 and (b-2) 0 < uy < % with u, > “L. We first in-
vestigate subcase (b-1).
For 7§, the completion time of by is

f
f
Cbig()) = to(1 + )/ (1 + by ™ 5™ (1 4 )/ F17*
k=1
ik f+1 k-1 N
x Y (14 byXast M 2a TN (g, — Gup )iy
r=1 i=1

Based on Proposition 5, after the pairwise interchange of J, and
Jus1 in 7g, the resource assigned on J, should be transferred to
Ju+1- Then, the updated resource for J, 1 is ), ; = uy, and the up-
dated resource for J, is uj, = 0.

Then, for 7 g, the completion time of by is

f
f
C(biy(mg)) = to(1 4+ ) (1 by=a™ 4 37 (1 ) 17
k=1
ik f+1 k-1 N
X Y (14 byXasa M Rat TN (g — Q)X

r=1 i=1
— [ +5)™ (@ = 6ua) = [(1+5)" " sy
[ 45" (@t — 0w + [+ b)" " ay.

Furthermore,

C(biy(7g)) = C(bis ()
= [ +5)" (@ —Ou) + [(1+5)™ " aus
—[+ 5" (@1 = Ou)[ (1 + D)™ ay
=[A+b)"" = A +b)""[(@u - aus1)] > 0.

It can be derived that C(b;f(rg)) > C(bjf(7g)), which conflicts
with the optimal solution. Thus, J, should be processed after J, 4
in subcase (b-1).

Furthermore, we investigate subcase (b-2).

The same result of C(b;s(r4)) can be also obtained as subcase
(b-1). Similarly, based on Proposition 5, after the pairwise inter-
change of J; and J,,1 in 7, the resource assigned on J, should be
transferred to J,,q1. Then, the updated resource for J, ¢ is u/

u+1 =
%1 and the updated resource for Jyis u/, = uy — u/ ., = uy — 2L,
[ u u

+1 2
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Then, for 7g, the completion time of by is

f
f
Cbip(7rg)) = to(1+ p)! (1 + byt ™ 4 3~ (1 4 )/ 1+
k=1

1 k-1
e i
M= Myg—

> re
x Y (T4byiE = =Y (a — Oup)Xig
r=1 i=1
—[A+b)" (@ = Ou) = [(1+ )"y
+[a+bp)" ] (au+l -0. a‘é“)
N |
Furthermore,

C(bis () = C(bys ()
= [ +5)" (@ = Ouw) + [(1+5)" " ays,

~[aen -0 %)
mp—r— Ay
S CE R CRUCEE ]
= [ +b5)" " (au — Oua) + [(1+ D)™ auss

— [(1 + b)nlf7r71](au —Ouy + ayi1)
_ [(1 + b (14 b)nzf—r—l](au —6uy) > 0.

It can be derived that C(bjs(r3)) > C(bjs(7rg)), which conflicts
with the optimal solution. Thus, J, should be processed after J,,4
in subcase (b-2).

Thus, combining subcases (b-1) and (b-2), we can conclude that
the result holds for case (b).

Then, for cases (a) and (c), the same result can be obtained in
the similar way. Thus, the proof is completed. O

Propositions 2-6 establish the optimal policy for the jobs se-
quencing, jobs batching, batches sequencing, and resource alloca-
tion given that all jobs and resource have been assigned to a cer-
tain manufacturer. Then, we develop the following scheduling rule
for each manufacturer under such circumstance.

Scheduling Rule 1:

1. Setg=0.

2.Set g=g+ 1. If g> q, go to step 11; Otherwise, go to step 3.

3. All jobs assigned on M; are indexed in the non-decreasing order of a; such
that a; <a; <--- <ay,, and a job list is obtained.

4. Place the first Ny — (% —1)c jobs in a batch.

5. If there are unscheduled jobs in the job list, then place the first c jobs in a
batch and iterate. The batches are scheduled in their generation order.

6. Set f=0.

7.5et f=f+1andr=0.1If f > % go to step 2; Otherwise, go to step 8.

8. Set r=r+1.1f r > ng, go to step 7; Otherwise, go to step 9.

9. Set u, = min{U, LN:}#} and assign u, resource to the job in the rth
position in bgf.

10. Set Uy = Uy — uy. If Uy = 0, go to step 2; Otherwise, go to step 8.

11. Output the solutions of job scheduling and resource allocation for all
manufacturers.

Theorem 1. For the problem P|s — batch, py;; = a; + bt — Ou;, FB|Cnax,
if all jobs and resource have been assigned for each manufacturer,
then an optimal schedule can be obtained by Scheduling Rule 1 in
O(NlogN) time.

Proof. Based on Propositions 1-6, an optimal solution can be gen-
erated by Scheduling Rule 1. The time complexity of steps 1 and 2
is 0(q), and the time complexity of steps 2-11 is at most O(Nlog N).
Thus, the total time complexity of Scheduling Rule 1 is O(NlogN).
The proof is completed. O

Jobs assignment Resource assignment

Fig. 2. Coding representation.

4. The BA-VNS algorithm

In this section, we first analyze the complexity of the prob-
lem P|s — batch, pjij = a; + bt — Ou;, FB|Cnax, followed by a detailed
description about the developed BA-VNS in Section 4.1, and a new
local search operator is applied so as to introduce diversification
into the population. In Section 4.2, we report and analyze the re-
sults of the computational experiments.

When 6 =0, b=0, and the machine capacity c =1, the prob-
lem P|s — batch, pj; = a; + bt — Ou;, FB|Cnax can be reduce to the
classical parallel machines scheduling problem Pp||Cnax, Which is
proved to be NP-hard in Garey and Johnson [49]. Then, it can
be inferred that the studied problem is also NP-hard. For solving
this problem in a reasonable time, we put forward a BA-VNS al-
gorithm combining the proposed optimal algorithms. In addition,
some computational experiments are conducted to test the perfor-
mance of the proposed algorithm.

Variable neighborhood search (VNS) has a long record of good
results obtained with hybrid methods since it was first proposed
by Hansen et al. [50]. For instance, Jarboui et al. [51] develop a hy-
brid GA and VNS to solve no-wait flowshop scheduling problems.
Kovacevic et al. [52] propose a self-adaptive Differential Evolution
combining VNS for continuous global optimization, and represen-
tative benchmark functions are used to verify the effectiveness of
the hybrid method. Amaldass et al. [53] propose a hybrid algo-
rithm based on Ant Colony Optimization and Variable Neighbor-
hood Search, and this algorithm is proved effectively to solve this
scheduling problem to minimize the completion time. Djenic et al.
|54] consider the Bus Terminal Location Problem (BTLP) which in-
corporates characteristics of both the p-median and maximal cov-
ering problems, and a parallel variable neighborhood search al-
gorithm (PVNS) is presented to solve this problem. Hansen et al.
[55] and Hanafi et al. [56] explain the concept of VNS in detail and
propose several new VNS based 0-1 MIP Heuristics. It is known
that the key to success for VNS is the neighborhood structure
applied in the algorithm. Here we put forward a new neighbor-
hood structure based on the characteristics of our studied prob-
lem and introduce another effective metaheuristic called Bat al-
gorithm into VNS to integrate the advantages of both algorithms.
Bat algorithm (BA) is first proposed by Yang [57] inspired by bat
flight. In recent years, BA has shown competitive performance in
many optimization problems. Marichelvam et al. [58] solve hybrid
flow shop scheduling problems using BA. Osaba et al. [59] propose
an improved discrete BA for symmetric and asymmetric traveling
salesman problems. Extensive experiments in these studies indi-
cate that BA is a very effective and robust method for solving op-
timization problems. In this research, we design a hybrid method
of BA and VNS to solve the proposed combinational optimization
problem.

4.1. Key procedures of BA-VNS

4.1.1. Encoding scheme

To code solution vectors, we should consider the problem with
the following three stages: (i) assign all jobs and resource to man-
ufacturers, (ii) group the assigned jobs into batches on each ma-
chine, sequence the jobs in each batch and sequence batches on
each machine, (iii) assign the resource to each job subject to the
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Encoding correction strategy:

1. For position d = 1: N

2. x?" = Round(x®)

3. If x% <1 then

4, x4 =1

5. End if

6. If x4 > g then

7. x? =g

8. End if

9. End for

10. Set sum =0

11. For position d = N+ 1: N + q

12. If x¥ <0 then

13. x =0

14.  Endif

15.  If x¥' > i’—g then

6. x?=2

17.  Endif

18.  sum = sum + x%'

19. If sum > U then

20. x? =x% —sum+U

21. While(d < N + q) do

22. d=d+1

23. x4 =0

24, End while

25. Break

26.  Endif

27. End for

Fig. 3. Description of encoding correction strategy.
J, J, J, J, J. J M, M, M, constraints ofl the total qgantity of resource and financial resource

pareorsan [ o7 o [0 T [oa s [ Lo ]t e sages. Conseaquently, for the.frs
ateccomsion [ 2 T T = \/3 T e ] stage, a solution to the problem of assigning jobs and resources to

the manufacturers is an array of which the length is equal to the

Fig. 4. An example of encoding correction strategy.
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Local search operator:

1. Initial constant L

2. Setinteger y = Rand(1,N + q)
3. If y<N then

4. Set z = Rand(1,N)

5. Set x¥' =x? and x? =x? and obtain the neighbor solution.

6. Endif
7. If y> N then

8. Set z=Rand(N +1,N + q)

9. Set x7' =x¥ 4+ 1L+ Rand(0,1) and x7 = x7 — L Rand(0,1)

10. Endif
Fig. 5. Description of local search operator.

Table 3

Parameters setting.
Notation  Definition
N The number of jobs 20,40,60 (for small scale)

100,150,200 (for large scale)

q The number of manufacturers 3,6,9
b The deteriorating rate of all jobs 0.02
a; The normal processing time of J;, i=1,2,...,N [3,6]
0 The resource’s compression rate of all jobs’ processing time 1
w The unit cost of the non-renewable resource 1
nw The deteriorating rate of batches’ setup times 0.02
c The capacity of the batching machine 3
Bg The financial resource budget for the gth manufacturer, g=1,2,...,q [3,6]
U Total resource limit [25,35]

Table 4

Computational results for algorithms BA-VNS, BA, VNS, and PSO.

BA-VNS BA VNS PSO

No. n M  Ave(Min) RPD  Ave(Min) RPD  Ave(Min) RPD  Ave(Min) RPD
1 20 3 25.2(24.9) 1.2 26.5(25.2) 6.5 26.1(25.2) 4.6 25.7(25.0) 33
2 20 6 12.7(11.6) 9.3 13.4 (12.8) 153 13.5(12.3) 164  13.0(12.2) 11.6
3 20 9 8.5(7.7) 103  8.7(81) 125  8.8(8.4) 142 8.7(79) 12.1
4 40 3 57.7(57.2) 0.9 60.0(57.8) 5.0 59.4(57.8) 3.9 58.6(57.7) 2.4
5 40 6 27.5(26.1) 5.6 29.3(27.1) 123 29.4(27.7) 132  27.8(26.8) 6.5
6 40 9 18.9(18.2) 39 21.1(20.0) 163  20.1(18.5) 105  20.1(19.4) 10.9
7 60 3 96.3(95.5) 0.8 96.7(95.9) 13 96.5(95.8) 1.0 97.9(96.2) 2.5
8 60 6 44.3(42.2) 51 45.9(44.8) 8.8 46.0(45.1) 8.9 45.1(43.6) 7.0
9 60 9 27.7(26.4) 5.0 30.1(28.5) 14.1 30.0(28.5) 13.8  28.7(27.2) 9.0
10 100 3 200.0(198.8) 0.6 205.5(203.0) 34 206.2(201.0) 3.7 203.6(199.3) 24
1 100 6 85.3(82.5) 34 87.8(83.4) 6.4 87.2(83.2) 57 89.1(84.0) 8.0
12 100 9 53.5(51.0) 4.8 54.4(52.4) 6.6 55.1(52.3) 8.0 56.5(53.3) 10.6
13 150 3 368.8(367.7) 0.3 371.5(370.5) 1.0 371.6(369.5) 11 372.4(369.0) 13
14 150 6 129.5(128.1) 11 141.9(137.2) 10.8  140.0(134.2) 9.1 140.0(1334) 9.3
15 150 9 83.8(81.9) 23 86.7(83.7) 59 86.9(85.5) 6.1 87.1(83.9) 6.4
16 200 3 649.0(648.7) 0.1 651.3(649.9) 04 650.9(649.3) 04 660.1(652.1) 1.8
17 200 6 199.7(198.0) 0.9 206.3(202.1) 4.2 206.1(202.2) 4.1 210.3(205.2) 6.2
18 200 9 117.4(112.8) 41 124.1(119.4) 10.1 124.5(119.4) 104  125.2(118.6) 11.0

total number of the jobs and manufacturers. The first N position
values represent the manufacturer to which the job is assigned
while the last g position values represent the quantity of resources
assigned to the corresponding manufacturer. It should be noted
that this coding scheme is for the first time used in scheduling
problems with multiple manufacturers and limited resources con-
sideration, which is an innovative coding way to this kind of prob-
lems. Suppose that there exist six jobs and three manufacturers. A

feasible object structure is presented in Fig. 2. The object suggests
that jobs {2, 3}, {1}, and {4, 5, 6} with 3.5, 2.1, and 1.9 units of the
resource are assigned to manufacturers 1, 2, and 3 respectively. The
coding of resources and jobs is usually independent in existing lit-
erature. However, they would be too complex and difficult to be
implemented in many other scheduling problems. We combine the
jobs and resources in the encoding procedure, which makes the
searching process simpler and more efficient. Thus, metaheuristics
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BA-VNS algorithm

1.

20.

21.

22.

23.

24.

25.

26.

27.

31.

Initialize parameters, including tmax, poplong, fmin =0, fmaer =1[0.5,0.7,09,1.1], E =1,
A, 1y, @ and y
Set and it = 0, gbest = a large enough positive constant, randomly generate a population
pop = {X1,, Xi, " X poplong}  With poplong  bats, and each solution includes N +
q elements, X; = {x;1,*, X1q, ") Xiny ) Xiv4q)
Encoding correction
While (it < tmax)
Calculate fitness for each bat popfit = {fity, -, fit,** fit popiong}-
For population pop, [ =1 to poplong
Calculate f; = fin + finax(E) — finin) * Rand(0,1)
Set V= Vi + (Xf = Xpest) * i
Set Xf =X+t
End for
Encoding correction
If Rand(0,1) > r then
Calculate fitness for each bat popfit = {fity, -+, fity, = fit popiong }
Set Xpew = X1, | = Argming i cpopiong (fit)
Set Xpew = Xpew + €A
Encoding correction
End if

If min{fitpey, fit(X))} < fit(X}™) && Rand(0,1) < A4, then
Choose the better one from X, and X/ to update X,

End if

If i it,, th
gbest > 1515%;%0719 fit,, then

Set gbest = min  fit;, E=1,and X, = X,
1<l<poplong

else

Set E = E +1 and execute Local search operator for X;

If E >4 then
E=1
End if
End if

Set A =aA and r =1y[1 —exp(—y *it)]
End while

Output gbest

Fig. 6. Pseudocode of the BA-VNS algorithm.
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C D

v

Random Initialization

T

Fitness evaluation

v

Update frequency f, for each bat

v

Calculate the velocity and the new position of each bat

Rand(0,1)<r

Y

A 4

Select the best solution from the population

v

Generate a new position by a local random walk

Rand(0,1)<A and min{ fit,,,, } < fit, ]

Y

A 4

Accept the new solution with smaller fitness

Makespan
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Fig. 7. Flow chart of the BA-VNS algorithm.
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BA-VNS

Relative Percent Deviation (RPD)
Relative Percent Deviation (RPD)

Number of jobs

VNS

Relative Percent Deviation (RPD)
Relative Percent Deviation (RPD)

Number of jobs

65

BA

40
Number of jobs

PSO

Number of jobs

Fig. 9. RPD results with the different number of jobs and manufacturers.

can search more solutions in a shorter period of time, in turn,
better solutions can be obtained. In Section 3, some key struc-
tural properties are identified, based on which an optimal resource
allocation scheme is developed. Then, a polynomial-time optimal
scheduling rule is proposed for each manufacturer. The highlight
of the decoding is the application of the optimal scheduling rule,
which greatly improves the solution quality. In addition, the de-
coding ensures that the schedule on each machine is optimal, and
it is of great significance for real production.

4.1.2. Encoding correction strategy

In iterative processes, infeasible solutions may be generated for
two reasons. Firstly, jobs should be encoded with integers while
search operators may yield decimals. Similar to our previous work
in [60], this paper utilizes the coding correction strategy which
takes approximate values for the first N position values. Secondly,
considering the constraints on financial budgets and resources, the
coding correction strategy for the last g position values is designed
to fix possible illegal coding during iteration process. The complete
coding correction strategy is described in Fig. 3.

In order to illustrate the correction of position sequence, we
give an example of an object position sequence with six jobs as-
signed on the machines of three manufacturers, which is shown in
Fig. 4. It should be noted that XUz <5 and %g ={1.5,2.5,2.3} in
the presented object.

4.1.3. Local search

Due to the uniqueness of the coding scheme in this paper, clas-
sic local search operators may be inefficient in solving the pre-
sented problem. Thus, in the proposed BA-VNS, a new local search
operator is designed to improve the solution quality in each itera-
tion, and it is shown in Fig. 5.

4.1.4. Framework of BA-VNS

In classical BA, frequencies f,;; and fmax are identified in ad-
vance and remain unchanged throughout the search interaction. In
our proposed BA-VNS, fnax is flexible and adapted to varying solu-
tions. Actually, the hybrid method not only simulates the bat flight,
but also reflects the basic thought of VNS, and its core idea is to
possess the advantages of both BA and VNS. The algorithm frame-
work of BA-VNS is described in Fig. 6. The flow chart of BA-VNS

10 T T T T

Relative Percentage Deviation (RPD)

1 A L
BA-VNS BA

VNS PSO

Fig. 10. Means plot and LSD intervals at the 95% confidence level for evaluated
methods.

is given in Fig. 7. In the proposed hybrid BA-VNS, the neighbor-
hoods of VNS consist of BA operators. As shown in pseudocode of
the BA-VNS, fmax is the most important parameter in BA. However,
different fyqx values may result in varying performance of the BA
in different experiments and it is hard to find a fixed fiqx value
which applies for all problem categories. Thus, we define BA with
a certain fmax value as a neighborhood for VNS, and there are four
neighborhoods for BA-VNS in this paper, that is, BA(fimax = 0.5),
BA( fmax = 0.7), BA(fmax = 0.9), and BA(finax = 1.1).

4.2. Computational experiments and comparison

In this section, we conduct computational experiments to eval-
uate the performance of our proposed algorithm BA-VNS, with
three classic algorithms, that is, BA [61], VNS [50], and PSO [62].
The test problems are randomly generated based on the real pro-
duction as illustrated in Table 3. Based on the number of machines
and jobs, 18 instances are generated in our computational experi-
ments.
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We compare the results obtained by these four algorithms, and
the Relative Percent Deviation (RPD) with the best-known solu-
tions is measured for all test instances. The RPD is defined as fol-
lows:

Efit (ALG) — best fit
best fit

RPD(ALG) = x100 (4.1)
where Efit(ALG) denotes the expected makespan acquired by al-
gorithm ALG, and bestfit is the best-known value of makespan,
obtained after all experiments performed. Since the meta prob-
lem is a minimization problem, a positive RPD indicates that the
ALG algorithm does not find the best solution in a certain experi-
ment. The average objective value (Avg) and the minimum objec-
tive value (Min) are measured for each problem. To make sure that
algorithms can converge to a good solution, population size is set
to 20, and the maximum iteration is 200. In BA-VNS, parameters
are set as in [61], where A=1,19=1, « =0.9, and y = 0.9. All al-
gorithms are implemented in C++ and run on a Lenovo computer
running Window 10 with a dual-core CPU Intel i3-3240@3.40 GHz
and 4 GB RAM.

Table 4 reports the average objective value, the maximum ob-
jective value, and the RPD of BA-VNS, BA, VNS, and PSO over 18
instances, where each instance is run for 20 times. From Table 4,
we find that BA-VNS obtain the best average makespan, minimum
makespan and RPD among the four algorithms. For instances 13-
17, the RPD values of BA-VNS are even no more than 2.3, which
indicates that BA-VNS is more stable as the experimental scale in-
creases.

Figs. 8 and 9 give a more intuitive way to reveal the solution
quality in graphics. From Fig. 8, the makespan increases signifi-
cantly when either the number of jobs increases or the number of
manufacturer decreases, and BA-VNS can continuously obtain the
best solution among the four algorithms. However, it can be seen
from Fig. 9 that the RPD value decreases when either the num-
ber of jobs increases or the number of manufacturers decreases,
which indicates that the proposed method has a much better per-
formance in large scale experiments. In addition, we can see that
BA-VNS results in a smaller and more stable RPD value in Fig. 9.
Practically, for m = 3, the RPD values of BA-VNS are very small,
which indicates that BA-VNS can usually converge to the approx-
imately optimal solution. Though, PSO cannot converge to a good
solution while VNS and BA are unstable. From Figs. 8 and 9, we can
infer that BA-VNS is more robust and efficient than other selected
algorithms.

In order to show that the differences in the RPD values are sta-
tistically significant, the means plot and LSD intervals (at the 95%
confidence level) for four algorithms are shown in Fig. 10. We can
see that despite of the differences observed in Fig. 9, BA, VNS, and
PSO are not statistically different, of which the confidence intervals
are overlapped. It indicates that the performance of BA, VNS, and
PSO actually performs at the same level. Furthermore, since confi-
dence interval of BA-VNS is not overlapped with any other one and
it can obtain the minimum average RPD, we can state that BA-VNS
performs much better than other three algorithms from Fig. 10.
This result supports the mean difference obtained from Table 4 and
Fig. 9.

Fig. 11 shows the convergence behaviors of BA-VNS, BA, VNS,
and PSO for each instance. In each figure, 20 tests are conducted
and the average of the best solution in each iteration is listed. For
small scale cases, where n =20, 40, 60, PSO is usually conver-
gent to a better solution than BA and VNS. However, for large scale
cases, PSO cannot avoid trapping in local optimum and usually ob-
tain a worse solution than BA and VNS. Compared with BA, VNS,
and PSO, the hybrid BA-VNS has both faster convergence speed
and better results when solving the different scales of problems.
Particularly, the convergence graphs show that our hybrid BA-VNS

has strong exploration ability in large-scale instances. When n =
150, 200, BA, VNS, and PSO all converge to a local optimal solution
after 100 iterations. Though, BA-VNS can skip the local optimum
and continue to find better solutions. It is worthy of mention that
all the available results searched by BA-VNS are obtained within
reasonable time. For example, the running time is between 20 and
25 s in the instance with 100 jobs and 6 manufacturers. Thus, we
can infer that the running time of BA-VNS does not exceed 1.5 s in
a single run. Based on the above experimental results, we can infer
that the proposed BA-VNS is effective and robust in terms of both
solution quality and convergence speed.

5. Conclusion

In this work, we study the coordinated serial-batching schedul-
ing problem with deteriorating jobs, financial budget, and resource
constraint in multiple manufacturers, and the objective is to min-
imize the makespan. We first investigate the situation where the
jobs and resources are already assigned to each manufacturer, and
the structural properties are developed to obtain the optimal re-
source allocation scheme subject to dual constraints of resource.
Based on the structural properties and resource allocation scheme,
an optimal scheduling rule is proposed for each manufacturer in
this situation. Then, a hybrid BA-VNS algorithm combining Bat al-
gorithm and variable neighborhood search is proposed, and a com-
parison of the proposed algorithms with BA, VNS, and PSO shows
great improvements, with respect to convergence speed as well as
computational stability.

In the future research, we can extend the problem to settings
with stochastic production task, which means that the processing
time and required resource may be stochastic. Also, more practical
constraints can be considered, such as different job sizes, dynamic
job arrival, and transportation constraints. A number of interesting
and important issues remain open for further research. We may
also consider the cooperation of different production stages. Specif-
ically, the multiple-agent scheduling problem with resources limits
and deteriorating effect effect is worth being investigated.
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