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Abstract. This work addresses the energy-efficient job shop scheduling
problem and transport resources with speed scalable machines and vehi-
cles which is a recent extension of the classical job shop problem. In the
environment under consideration, the speed with which machines pro-
cess production operations and the speed with which vehicles transport
jobs are also to be decided. Therefore, the scheduler can control both
the completion times and the total energy consumption. We propose a
mixed-integer linear programming model that can be efficiently solved
to optimality for small-sized problem instances.

Keywords: Job shop scheduling problem - Transport resources - En-
ergy efficient - Mixed integer linear programming model - speed scalable
machines.

1 Introduction

Energy-efficient scheduling methods have been increasingly attracting the atten-
tion of academia and practitioners. Energy-efficient scheduling attempts to lower
energy consumption while providing the same service level. The two main strate-
gies in energy-efficient scheduling are to switch off resources while in idle mode
[9] and to control the resources working speed (speed scalable) [5]. While the
former strategy has to balance energy savings from shutting down resources and
energy requirements to start and warm them up, the latter has to balance en-
ergy consumption and productivity (i.e., production rate, makespan, tardiness,
earliness, etc.). In addition, by reducing the working speed of some resources one
may reduce resources idle time as well as energy consumption without impacting
productivity.

In the classic job shop scheduling problem (JSP), the jobs are processed
on a set of machines following a known order. It is commonly assumed that
jobs are available at the machine processing their first operation and that a job
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is available to be processed on a machine as soon as the previous operations
has been completed, i.e., no job transport is required between machines or the
transport times are negligible. However, the transport of jobs between machines
is an important process that cannot be ignored, since job processing and job
transportation are interdependent and influence each other. The recognition of
such interdependencies lead to the job shop scheduling problem with transport
resources (JSPT), in which the machine scheduling, the transport allocation,
and the vehicle scheduling are determined simultaneously. For a recent review
of the JSPT works see [6] and the references therein.

The energy-efficient JSP (EEJSP) has recently become the center of atten-
tion of the JSP community; for instance, [12] proposes a Mixed Integer Linear
Programming (MILP) that minimizes the energy consumption (both direct and
indirect) for the JSP and proposes a solution method based on a gene expression
programming-based rule mining integrated with an unsupervised learning pro-
cess for the dispatching rules evaluation while [4] proposes a bi-objective MILP
for the EEJSP that minimizes the makespan and the energy consumption and
an enhanced estimation of distribution algorithm to solve the problem efficiently.
Although it takes into account the energy required to process production oper-
ations, to keep machines running while idle, and to transport jobs, it considers
that there are an unlimited number of vehicles available to transport the jobs.

The literature on speed scalable machine scheduling includes the single ma-
chine scheduling problem [2,3] and the EEJSP [11,1]. In [2] two mathemati-
cal models are proposed for the speed scalable and multi-states single-machine
scheduling and. The complexity of the energy-efficient scheduling of a multi-
state single machine is studied in [3] under two scenarios, namely: constant
energy price and increasing energy price; and both have been proved to be poly-
nomial. In addition, when considering time-of-use energy prices, the problem
has been proved polynomial for a fixed job sequence and NP-hard otherwise. re-
garding the EEJSP, [11] considers speed scalable machine spindle and proposes a
multi-objective MILP model that minimizes the makespan, energy consumption,
and process noise. Solutions are obtained by an efficient multi-objective genetic
algorithm. More recently, [1] considers the EEJSP with speed scalable and dete-
riorating machines in which the actual processing time of an operation depends
on the selected processing speed and on the permutation of operations that have
been previously processed on the machine. The machines are repaired occasion-
ally to restore their processing capabilities. To model the problem a bi-objective
MILP that minimizes the makespan and energy consumption (by production
operations and maintenance activities) is propose. Solutions are obtained by a
multi-population multi-objective memetic algorithm.

Scheduling vehicles with adjustable speed includes determining the speed
of the vehicles on the route segments which has already been studied, but in
other contexts, e.g., for automated guided vehicles scheduling in manufacturing
systems [10] and quay crane and vehicles scheduling in container terminals [7].

In this work, we consider energy-efficient JSPT with speed scalable machines
and speed scalable vehicles that provide additional flexibility, which in turn
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allows further energy reductions while providing the same level of service. In
addition, this is a new problem since the JSPT literature has only considered
machines and vehicles that, respectively, process and move jobs at a constant
speed.

Therefore, the contributions of our work are twofold: i) we consider a chal-
lenging problem that has never been addressed before, the energy-efficient job
shop scheduling problem and transport resources (EEJSPT) with speed scalable
machines and with speed scalable vehicles which, in addition, is relevant to the
industry and ii) we develop a bi-objective MILP model that can be solved to
optimality for small-sized problem instances.

In the following sections we provide a brief description of the problem in
Section 2, propose the mathematical formulation of the problem in Section 3,
report and discuss the computational experiments in Section 4.

2 Problem Definition

This section provides a detailed description of the EEJSPT, which requires
solving simultaneously five interdependent combinatorial optimization problems,
namely: scheduling the production operations on each machine (machine schedul-
ing), determining the machine processing speed of each production operation
(machine speed assignment), assigning each transport task to a vehicle (trans-
port assignment ), scheduling the transport tasks on each vehicle (vehicle schedul-
ing), and determining the vehicle travelling speed of each transport task (vehicle
speed assignment).

The production system includes a set of independent jobs and a set of ma-
chines. Each job consists of a set of ordered operations each of which to be
processed uninterrupted on a given machine. Each machine can only process one
operation at a time and each job can only be processed on one machine at a time.
The machines can process each operation at one of several possible processing
speeds with a known energy consumption that depends on the processing time
and on the processing speed [11] (the higher the processing speed, the higher
the energy consumption). In addition, it is assumed that idle machines are in a
“stand-by” mode and have a negligible energy consumption. Furthermore, there
are no machine setup times and thus, whenever an operation is completed the
machine can start processing the next operation immediately.

Each job enters the production system through the load/unload (LU) area
and needs to be transported, by a vehicle, to the machine processing its first
operation, between the machines processing consecutive operations, and then
from the machine processing its last operation back to the LU. Once a job
reaches a machine it is either processed immediately, if the machine is idle, or
it waits for the machine in the machine input buffer; either way the vehicle can
promptly pursue its next assignment. Vehicles have to wait for a job if they reach
the machine processing it before the operation being processed is completed.

The transport system comprises a set of identical vehicles that can carry one
job at a time and are initially parked at the LU area. The vehicles transport
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the jobs between machines and also between machines and the LU area (and
vice-versa). Since any vehicle can perform any transport task, vehicles may need
to do an empty travel, from their current location (dwell point) to the location
where the job of the next assignment needs to be picked up at, before performing
the assigned task.

It is assumed that the transport tasks are nonpreemptive and can be per-
formed at different average speed levels. The vehicle’s energy consumption per
time unit depends not only on the average speed of the vehicle, but also on its
load, i.e., empty travels have lower energy consumption than loaded ones. The
travel time and energy consumed between any two locations at each speed level
are known, since the layout is known and the transport tasks are nonpreemptive.
As is the case for machines, it is assumed that idle vehicles are in “stand-by”
mode and have negligible energy consumption.

Among all possible solutions for this problem, we are interested in those that
minimize both the makespan (completion time of the last production operation)
and the total energy consumption (by machines and vehicles).

3 MILP formulation

The EEJSPT problem considers a set J of jobs, each of which with n; ordered
production operations to be processed on a set Z of machines. Let all the produc-
tion operations be a member of set O = {01, 09,...,05}, where N = Zjej n;
is the total number of operations. Then, 1 to n; represent the production op-
erations of the first job (01 to on, ), 1 + 1 to ny + ns represent the production
operations of the second job (0(n,11) t0 0(n,4n,)), and so on. Each production
operation, say o;, can be processed at any one of the speed levels in set P;, on the
pre-specified machine m; € Z. The operation previous to operation o; is denoted
by i, either a dummy operation oy, if o is the first operation of the job, or o)
otherwise. (Note that m,, is by default the LU area.) Clearly, the job needs to
be transported from machine m,, to machine m;, before processing can start on
m;. Therefore, a transport task ¢; is associated with production operation o; and
it is performed by one of the A identical available vehicles, which can travel at
any one of the speed levels in set V.

Since each job consists of a set of ordered operations, each requiring a trans-
port task, it is clear that an operation/task can only be started once its predeces-
sor has been completed and its successor can only be started after its completion.
Therefore, we can define a list F of pairs of operations/tasks (k, ) such that o; /¢
is a predecessor of o/ ti. (Note that (k, k) € F.) For example, if job 1 has at
least two ordered production operations, then the list has at least the following
pairs (1,1),(2,1) and (2,2) € F.

Let us first define the parameters and decision variables and then provide
the MILP model and its description.

Parameters:
m7: Processing time of operation 05,1 € O at speed level p € P,
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: Energy consumption of machine m; when processing at speed level p € Py,
¢ Vehicle empty travel time from my, to m,, for performing ¢; at speed level

v € V immediately after completing ¢, k,l € O;

: Vehicle empty travel time from LU area to m,,, performing ¢;, I € O at

speed level v € V as the first task of an AGV;

: Vehicle loaded travel time from m,, to my, [ € O at speed level v € V;
: Vehicle energy consumption per time unit travelling empty at speed level

v EV;

: Vehicle energy consumption per time unit travelling loaded at speed level

v EV;

Decision Variables:

p
Wy,

;+ Binary variable taking the value 1 if o;,1 € O is processed at speed level

p € P; immediately after og, k € O in the same machine, and 0 otherwise;

fﬁm: Binary variable taking the value 1 if 0;,1 € O is processed at speed level

p € P; as the first operation in machine m; € Z;

tim,: Binary “dummy” variable taking the value 1 if 0;,] € O is the last operation

processed in machine m; € Z, and 0 otherwise,

x},+ Binary variable taking the value 1 if ¢;, | € O is done at speed level v € V

Y
Zle

Cpe

e

Cm

E:

immediately after tx,k € O by the same vehicle, and 0 otherwise,

: Binary variable taking the value 1 if ¢;, I € O at speed level v € V is the

first task of a vehicle, and 0 otherwise,

Binary “dummy” variable taking the value 1 if ¢;, [ € O is the last task of a
vehicle, and 0 otherwise,

Production completion time of o;,1 € O, (cg by default is 0),

Arrival time of the vehicle at the machine processing o;,1 € O,

ax: Makespan of the production operations,

Total energy consumption in production operations and transport tasks.

Minimize: {Crax, £} (1)
Subject to:
C’max 2 Ci, Vi e Ov (2)

€= D D (quf)+> > () +

k,JleO: peP; leO peP;
(k,D)¢F

DD W EO )+ > Y a0+ ), 3)
leOvey k,l€eO: vey
(k,D)¢F

S+ Y S wh =1, Vi€ o, (4)

pEP: keO: peP,

(k,)¢F

SN wh i, =1, Vi€ O, (5)

keO: peP;

(Lk)¢gF
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DD S =1 ¥m €1, (6)

leO peP;
> tim, =1 Vm €T, (7)
leO
doa=) > u <A 8)
leo leO veV
Yo+ > D an=1, Vi€ o, 9)
veVY keO: vey
(k)¢ F
Z Zxﬂ +z =1, vie O, (10)
keO: veV
(l,k)¢gF
c—r — Z Z wgﬂrf — Z ffmlﬂf >0, Vie O, (11)
keO: peP; pPEP,
(kD)¢F
a—c— Yy whml =M > wh —1|,  VkleO: (k1) ¢F, (12)
pEP,; pEP;
R S N o1 T A = Vi e o, (13)
keO: vey veV
(k)¢ F
Ty — g — ZJ;EZ (T +0))>M (Zx%l - 1) , Ve, 1eO: (k)¢ F, (14)
veV veV
r= Yy (g +67) =0, Vi€ 0, (15)
veEV
Cmaxagaclyrl > 07 Vi e Oa (16)

wglaffmlathmeZlayz)azl € {071}7 Vkal cO: (kal) ¢ ‘va € Pl,U eVv. (17)

The objective is to minimize the makespan and the total energy consumption
as in Equation (1) and their values are given by expressions (2) and (3), respec-
tively. Constraints (4) and (5) impose that each operation should be immediately
followed and immediately preceded by exactly one other operation on the same
machine. Constraints (8) ensure that the number of first and last tasks is the
same and does not exceed the number of available vehicles. Constraints (9) and
(10) require each transport task to be immediately followed and immediately
preceded by exactly one other transport task, respectively.

Each operation can be completed once i) the job arrives at the machine and its
processing time (at the chosen speed level) has elapsed (as in constraint 11) and
ii) the previous operation on the same machine is completed, in addition to its
own processing time (as in constraint 12), where M is a sufficiently large positive
integer. Similarly, a job can only arrive at a machine after its previous operation
has been completed and the job has been transported (see constraint(13)). In
addition, if a vehicle has transported some other job to have an operation, say
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k € O, processed immediately before the current one, then it needs to (i) deliver
such job to machine my, (ii) travel empty from machine my, to the job previous
operation or the LU area if it is the job first operation, and (iii) deliver it to
the corresponding machine, which is enforced by constraints (14). Clearly, if
this is the first transport task of a vehicle, then it can be started immediately,
see constraints (15). Finally, constraints (16) and (17) define the nature of the
variables.

4 Results & Discussion

For evaluation purposes, we use a data set designed in [11] for EEJSP (with
speed scalable machines) and adapt them for EEJSPT by adding layout data
(randomly generated) and a fleet of two to six identical speed scalable vehi-
cles. The instances are designated as Yin0Ol and Yin02 and have four and 10
jobs with 12 and 40 operations to be processed at two to three average speed
levels in five and six machines, respectively. The speeds and energy consump-
tion are borrowed from [8]. We consider three different vehicle speeds, namely:
0.9, 1.2, and 1.5 meters per second (m/s). The corresponding energy consump-
tion is 63, 75, and 86 watts per second when traveling empty and 74, 90,
and 108 watts per second when traveling loaded. (We assume the same weight
of 48 Kilograms for all the jobs.) The full data set can be downloaded from
https://fastmanufacturingproject.wordpress.com,/ problem-instances/.

The MILP model was implemented in Python® 3.7 and solved using Gurobi®
9.0. All computational experiments were carried out on a 3.20 GHz Intel®
Core " i7-8700 PC with 24 GB RAM.

The bi-objective model was solved using a “lexicographic” methodology [7]
which allows for finding two extreme best solutions of the problem. Table 1 re-
ports instance characteristics (J-number of jobs, N-number of operations and
tasks, M-number of machines, and A-number of vehicles), and T'T a coefficient
used to change the magnitude of travel times. We also report the minimum
makespan (Cf..) and the associated energy consumption (£), the minimum
energy consumption (£*) and the associated makespan (Cpax) under three dif-
ferent scenarios in which (i) all machines and vehicles operate always at the
lowest speed (LS), (ii) all machines and vehicles operate always at the highest
speed (HS), and (iii) operating speed levels are chosen for each operation and
for each task among the three speed levels considered (3S). Finally, the GAP
values for the objective values under 3S scenario are computed. For instance,

Elos)—E .
GAPg. = -5 05 %100, where E(3s) and £ gy are the minimum energy con-
LS

sumption under 3S and LS scenarios, respectively.

The results show that under the 3S scenario the £* can be decreased in
comparison to the one obtained in scenario LS, on average, by about 7%. It
is interesting to notice that decreasing £* not only does not imply additional
time, but also, in most cases, allows for its reduction (on average, by about
17.5%). Regarding the C% ., under the 3S scenario we can obtain the same

values as those obtained under the HS scenario while significantly decreasing the
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energy consumption (on average by 9% and by up to 25%). Therefore, unlike
the common belief that minimum energy consumption can only be achieved at
the expense of a longer makespan, we show that speed management can be used
not only to decrease the energy consumption but also to decrease it without
sacrificing the makespan.

Considering zero travel times, the extreme solutions found under the 3S sce-
nario match those found in [11] for EEJSP problem instances which in turn
validates our MILP model and its implementation. Moreover, considering dou-
bled travel times increases the problem complexity. Accordingly, the MILP model
was not able to solve Yin02 to optimality. Nevertheless, it can solve it if there
are two more vehicles.

Table 1. Results for small-sized problem instances under three different scenarios.

Instances LS HS 3S GAPs
Name J-N-M-A TT & Cmax Croax E & Cmax Cl.x £ E" Cmax Cpay 3

Yin01 4-12-5-2 0 4.89 35.0 22.0 6.79 4.82 35.0 22.0 5.81 -1.43 0.00 0.00 -14.43
4-12-5-2 1 494 589 248 6.84 4.86 424 24.8 6.21 -1.62-28.01 0.00 -9.21
4-12-5-2 2 499 72.0 39.6 6.89 4.91 587 39.6 5.17 -1.60 -18.47 0.00 -24.96

Yin02 10-40-6-4 0 20.22 61.0 40.0 19.39 17.73 56.0 39.0 19.39 -12.31 -8.20 -2.50 0.00
10-40-6-4 1 20.42 74.3 44.419.57 17.90 56.6 44.4 18.87 -12.33 -23.88 0.00 -3.55
10-40-6-6 2 20.59 85.0 50.1 19.75 18.05 62.7 50.1 19.31 -12.33 -26.28 0.00 -2.22

Mean -6.94 -17.47 -0.42 -9.06

The EEJSPT addressed in this paper is harder than most scheduling prob-
lems, since it involves not only scheduling production operations and transport
tasks but also the determination of processing and transport speed levels for
each operation and each task, respectively. The numerical analysis shows that
the use of speed scalable resources can decrease the energy consumption and/or
makespan at almost no extra operational cost.
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