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Multilevel optimization framework demonstrates superior performance in practical applications.

Public summary

m This algorithm addresses the complexity of distributed 3D printing by integrating three existing metaheuristic
algorithms.

m Unlike previous approaches, this algorithm considers the presence of multiple heterogeneous machines in the produc-
tion stage and multiple vehicles with capacity constraints in the transportation stage.

m The use of real data from industry partners for verification purposes adds credibility and applicability to the algorithm.
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Abstract: With the maturation of emerging information technologies (Internet of Things, cloud computing, and big data),
distributed manufacturing has emerged as an important model for future manufacturing. 3D printing, with its integrated
molding and design freedom, is a powerful catalyst for distributed manufacturing. This paper investigates the integrated
production and transportation scheduling problem in distributed 3D printing. To solve this problem, we decompose the ori-
ginal problem into three sub-problems and design a multilevel optimization algorithm. We employ a genetic algorithm in
the outer-level optimization to determine the optimal allocation of parts to machines. In the inner-level optimization, we
utilize a simulated annealing algorithm to tackle the vehicle routing problem during the transportation stage followed by a
local search algorithm to address the scheduling problem encountered during the production stage. Our algorithm is valid-
ated using real data from a 3D printing company, and the results show that our algorithm can obtain solutions that are the
same as or better than those of Gurobi in a reasonable time for small-sized instances. Additionally, three types of initial
methods are tested on large-sized instances to verify the efficiency of the proposed algorithm, and some interesting in-
sights are also revealed and discussed.

Keywords: distributed 3D printing; integrated production and transportation scheduling; genetic algorithm; vehicle rout-

ing problem
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1 Introduction

The manufacturing process of 3D printing, also known as ad-
ditive manufacturing (AM), differs from traditional methods
by constructing objects layer by layer based on 3D model
data'. It has advantages such as high design flexibility, low
setup costs, eco-friendliness, digitalization, and short produc-
tion cycles®”. Many scholars believe that when combined with
the industrial Internet of Things (IIoT) and cloud manufactur-
ing (CMfg), 3D printing can become a powerful driver of
mass-customized production in the era of Industry 4.0%%. The
distributed low-volume production of highly customized
products is becoming increasingly appealing, with 3D print-
ing playing a key role®. Distributed 3D printing involves the
use of emerging information technologies and public service
platforms to enable collaboration between 3D printing enter-
prises located in different geographical areas. This provides a
new model of personalized product manufacturing that is cost-
effective, high-quality, and user-friendly for consumers. The
manufacturing model differs from traditional manufacturing
by replacing large-scale centralized manufacturing with
distributed 3D printing, reducing the transportation of fin-
ished products, and improving market responsiveness®”.
Distributed 3D printing can also be a supplementary manu-
facturing process during disruptions such as the COVID-19
pandemic!'*'",
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Numerous cloud platforms, including 3D Hubs, Shape-
ways, and Sculpteo, leverage distributed 3D printing in the
IIoT, enabling tailored product creation. For instance, com-
panies such as Local Motors and NASA have embraced dis-
tributed 3D printing to produce vehicles and space equipment,
respectively, with reduced transportation needs. Similarly,
during the COVID-19 pandemic, various organizations
swiftly turned to distributed 3D printing to manufacture med-
ical supplies locally, such as face shields and ventilator com-
ponents, demonstrating the agility and resilience of this ap-
proach in times of crisis. Traditional task allocation methods
are inadequate for meeting the demand for large-scale cus-
tomized production in networked settings. However, auto-
mated task matching based on cloud computing is imperative.
Managing 3D printing resources across distributed manufac-
turing environments to meet personalized user requirements is
a pivotal challenge. While extensive research exists on
scheduling manufacturing resources in cloud environments,
the exploration of distributed 3D printing is still evolving.
There is a pressing need to model the matching of supply and
demand for 3D printing tasks and services in this context. The
unique characteristics of distributed 3D printing necessitate
an integrated approach to production and transportation.
Users prioritize convenient access to nearby 3D printing
facilities and swift delivery. Effective coordination between
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production and transportation is crucial for meeting user de-
mands and cutting operational costs'?. Therefore, investigat-
ing the integrated scheduling of production and transporta-
tion in distributed 3D printing holds significant importance
and relevance.

This paper aims to solve the problem of integrated produc-
tion and transportation scheduling in distributed 3D printing.
The problem is known to be strongly NP-hard, so we propose
a multilevel optimization algorithm to provide solutions to
this complex problem. We decompose the original problem
into three subproblems. In the outer-level optimization, a ge-
netic algorithm (GA) is employed to determine the optimal al-
location of parts to machines. In the inner-level optimization,
we utilize a simulated annealing algorithm to address the
vehicle routing problem (VRP) during the transportation stage
followed by a local search algorithm to address the schedul-
ing problem encountered during the production stage. The
results show that our algorithm can achieve better results than
Gurobi on small-scale instances and can solve large-scale in-
stances in a reasonable amount of time.

This paper presents a novel approach to addressing the
challenges in distributed 3D printing. By integrating three ex-
isting metaheuristic algorithms, we propose a comprehensive
solution that considers the complexities of the production and
transportation stages. Specifically, our algorithm models the
problem for the first time, taking into account the presence of
multiple heterogeneous machines in the production stage and
incorporating multiple vehicles with capacity constraints in
the transportation stage. Moreover, we validate the effective-
ness of our approach using real data from our industry part-
ner, thereby enhancing its credibility and applicability. The
research outcome is expected to significantly improve the ef-
ficiency and effectiveness of the production and transporta-
tion scheduling process in distributed 3D printing, ultimately
leading to a higher overall quality of service provided by the
industry.

2 Literature review

In this section, we undertake a comprehensive review of the
literature on scheduling diverse manufacturing resources in
cloud manufacturing. We then proceed to examine the integ-
rated production and transportation scheduling problem. Fi-
nally, we present the production scheduling problem that is
specific to 3D printing and its various forms.

As the 3D printing market grows, many companies are
grappling with the challenge of matching individualized user
needs with service resources. In this regard, the scheduling
problem has emerged as a critical issue in the implementation
of cloud manufacturing systems and has attracted significant
attention from scholars. Indeed, several studies have investig-
ated the problem of scheduling various manufacturing re-
sources in cloud manufacturing!*'. However, these studies
primarily focus on traditional manufacturing processes, with
less attention paid to 3D printing cloud service platforms.
Eyers and Potter!” are the pioneers in systematically investig-
ating the impact of integrating e-commerce and additive man-
ufacturing technologies. Zhou et al.'*'"! analyze the service at-
tributes of 3D printing services, and develop a transaction
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model for 3D printing services. They propose a 3D printing
service matching and selection method (MST) to produce the
best solution. Wang et al.'"! propose a novel cloud platform to
manage both hard and soft resources in 3D printing. Darwish
et al.'"”! propose a real-time green-aware multitasking schedul-
ing architecture for personalized 3D printing tasks in the In-
ternet of Things, including both allocation and scheduling
components. Wu et al.”” study the online scheduling problem
in cloud-based additive manufacturing and propose a heurist-
ic strategy to solve this problem. Despite a growing body of
research on cloud manufacturing, the scheduling of distrib-
uted 3D printing services in 3D printing cloud platforms has
received limited attention. Furthermore, existing studies have
simplified the logistical aspects of 3D printing service
scheduling. To address this limitation, our study considers the
VRP in the transportation stage to meet customers’ “right
away” delivery demands.

A significant body of literature shows that the coordination
of production and transportation can result in cost savings and
lead time reduction”. The integrated production and trans-
portation scheduling (IPTS) problem has gained the attention
of researchers and practitioners, especially in time-sensitive
industries such as food, chemical, and pharmaceutical indus-
tries. The literature can be broadly categorized into two
primary production modes: single machine and parallel ma-
chine setups. In terms of transportation logistics, most studies
have predominantly focused on simplistic delivery considera-
tions, often overlooking the complexities of vehicle routing
problems and typically involving direct deliveries or vehicles
with limited capacities or destinations. Given the intricate
nature of IPTS, exact methods face significant challenges,
particularly with larger-scale instances. Consequently, many
researchers have turned to metaheuristic approaches, with
tabu search and genetic algorithms emerging as popular solu-
tion methodologies”'*?. With the maturation of 3D printing
technology, it is increasingly used for personalized small-
volume customization in various industries. Many companies
are now using 3D printing with just-in-time (JIT) delivery
systems to meet specific requirements and leverage the bene-
fits of rapid prototyping. Consequently, scholars have started
investigating the IPTS problem in the 3D printing industry.
Demir et al.”* suggest that integrated urban logistics and 3D
printing manufacturing centers will replace multilevel trans-
portation centers. They develop a mathematical model and
planning algorithm to address the problem, showing that
smart production and delivery policies can benefit both cus-
tomers and suppliers. He et al.”*" study the integrated produc-
tion and transportation scheduling problem in spare parts sup-
ply chains using 3D printing and JIT delivery systems. They
apply an enhanced branch-and-price algorithm to minimize
delivery time and transportation costs. Although IPTS and its
variants have been studied extensively, little attention has
been given to the holistic problem of 3D printing production
and transportation. This paper fills this research gap by com-
bining 3D printing production with logistics planning, open-
ing up new opportunities to address cost-responsiveness trade-
offs and improve order fulfillment.

In comparison to traditional manufacturing techniques, a
3D printing machine operates as a batch processing machine
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(BPM), with an emphasis on the mass customization of non-
identical parts. Li et al.”! are the first to explicitly define the
differences between 3D printing production scheduling prob-
lems and traditional manufacturing problems. They develop a
model and propose two heuristics, “best-fit” and “adaptive
best-fit” to minimize the average production cost per unit
volume of material. Since then, several scholars have focused
on abstracting the 3D printing production scheduling prob-
lem as a class of BPM scheduling problems with bin packing
constraints to minimize the production cost or completion
time. Kucukkoc®™ concentrates on the scheduling problem of
single and multiple additive manufacturing machines and pro-
pose an optimized mathematical model. Zhang et al.”” pro-
pose an improved evolutionary algorithm for additive manu-
facturing, which combines GA with a heuristic placement
strategy to minimize the maximum completion time by con-
sidering part allocation and placement in an integrated man-
ner. Che et al.” use a simulated annealing algorithm to solve
the parallel batch machine scheduling problem in 3D printing
of assigning parts to batches, determining the orientation of
the parts, packing the parts into a two-dimensional plane, and
assigning the batches to machines. This paper considers 3D
printing time calculation, part grouping in batches, and other
practical constraints for a more realistic problem. We also ex-
tend the single-plant environment to include distributed print-
ing machines in different locations, accounting for the com-
plexities of distributed manufacturing.

The problem of integrated production and transportation
scheduling in distributed 3D printing remains unaddressed.
Our research aims to propose a new approach that considers
both aspects, contributing to the development of more effect-
ive and efficient algorithms for improving the performance of
distributed 3D printing systems.

3 Problem description

To address the problem, a group of customers and several
AM machines distributed in a region are considered. The ma-
chines can produce multiple parts simultaneously in batches,
with the total size of the parts produced not exceeding ma-
chine limitations. Printing time is influenced by batch height
and volume™. Each machine has unique attributes that affect
printing time. Customers submit orders with part require-
ments and location information. Upon receipt, the manufac-
turer allocates parts to machines, forming batches for produc-
tion. After production, vehicles transport parts to customer
locations, departing from machine sites and returning after
delivery. Decisions must be made on part allocation, machine
production sequence, and transportation route to optimize
manufacturing and transportation processes. The goal is to
minimize the maximum order delivery time, which equals the
production time plus the travel time.

The scheduling process in distributed 3D printing involves
multiple stages. In the production stage, a set of printers
M ={1,2,---,|M|} are distributed within a geographical area
and coordinated to fulfill orders for parts P ={1,2,---,|P|}
from customers in this area. In the transportation stage, the
completed parts are transported to the customer’s destination
by a fleet of vehicles K ={1,2,---,|K|}. Each part p(p € P)
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has a number of attributes, including length [/,, width w,,
height #4,, volume v,, and location (x,,y,). Each machine
m(m € M) has attributes like length L,,, width W, , height H,,,
location (x,,y,), laser scanning speed LS, platform lifting
speed PL,, setup time S ET,,, and the number of vehicles be-
longing to this machine K,,. Parts allocated to the same ma-
chine can be processed in a batch b(be B,B=1,2,---,|B|)
simultaneously without violating the constraints limitations.
The processing time of batch b is related to the total volume
and maximum height of parts within it™. After printing,
vehicles depart from the machine site, deliver parts to their
destination, and return to the site. To optimize the scheduling
process, it is necessary to determine part allocation to ma-
chines and vehicles, processing sequence on machines, and
delivery routes. The goal is to minimize the maximum deliv-
ery time while respecting all constraints.
The parameters and variables for the mathematical model
are shown in Table 1.
The mathematical model is presented below:
Min max(a,) (1)

PEP
subjects to

> Bulw, <LW,, ¥meMbeB; @)

peP

min(w,,L,) " By <min(W,,L,), VmeM,peP; (3

beB

max(w,.1,) ) By < max(W,,L,), VmeMpeP: (4

beB

By Y Bows < Hy

beB

Z Z Bom=1, VpeP ©6)

meM beB

VYmeM,peP; (5)

Yo 2 1,Boss  YpEP,meM,beB; @)

Pov = SET,0,+ PL, Y, + LS, ) B, Vm e M,b e B;

PpEP

(3)

cw=0, VYmeM, )

Cot = Copot + Do VD EB,me M, (10)

M8y, 2 ) s VmeM.beB; (11)

PpEP

Oy < Zﬁpmb, VYme M,b € B; (12)
peP

Oy £ 0pp1, VYmeM,b e B; (13)
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A,> o= M(1=B,). VYpePmeM,beB; (14) Table 1. The definitions of parameters and variables.
Sets
Z S = Z JSirs VhePkeK; (15) P The setof parts
i€PUM,i#h jePUM, j#h M The set of machines
K The set of vehicles
L= < | .
Z f”k Z f"’k <1, VieMkeKk; (16) K The set of vehicles belonging to machine site m(m € M)
JjEP JjeP
B The set of batches for each machine
Z me,mk =0, VkeKk; (17) Parameters
meM m'eM Iy The length of parts p(p € P)
Wp  The width of parts p(p € P)
ryw, <0, VYkeK; .
ZP; Yy < Q (18) hp  The height of parts p(p € P)
PE.
Yp The volume of parts p(p € P)
a+t;—a; < (1 _ ﬁjk)M, Vi,j ePi+ j,k €ekK; (19) Ly The length of machine platform m(m € M)
Wi The width of machine platform m(m € M)
di+t;—a; <(1-f;)M, VYieM,je PkeK; (20) Hy  The height of machine platform m(m € M)
(xi»yi)  The location of node i(i € PU M)
X —x)*+ (i +y,)? L lij  The traveling time between nodes i and j (i, j € PUM)
1, = v ! L Vi,jePUM; (21) .
0 [ The speed of vehicle
0] The capacity of each vehicle
di 2, =M1 -1y, VkeKpeP (22) LS»u  The laser scanning speed of machine m(m € M)
PL,,  The platform lifting speed of machine m(m € M)
= ; ePkek;
T ;/If’”k’ vp k ’ (23) SET, The setup time of machine m(m € M)
i€PU.
Variables
Z ru=1, VpeP; (24) Bomb 1if par.t p is produced in batch b of machine m, and 0
— otherwise
Omb 1 if batch b of machine m is used, and 0 otherwise
ok < Zﬁpmb, VpePme M,keK; (25) fije  1ifvehicle k passes arc (i, j), i, j € PUM, and 0 otherwise
bes T'pk 1 if part p is delivered by vehicle k, and 0 otherwise
Ymb  The maximum height of parts in batch b of machine m
Tkl i < Z (Z,Bpmb Z,B,mb) , VYp,p€PkeK; (26) ¢mb  the completion time of machine m batch b
meM R bet et Pmb The printing time of machine m batch b
Ap  The completion time of part
Z mepk <|K,|, VmebM, (27) ! P part p
peP  kek dp  The delivery time of part p
di The departure time of vehicle &
Bow €10,1}, VpeP,me M,be€ B; (28) o ] o ) ] )
Objective (1) is to minimize the maximum delivery time
among all the parts, where delivery time is defined as the sum
6w €10,1},  Vme M,b e B; (29) of production time and traveling time. In order to achieve this
objective, several constraints are imposed on both the produc-
fx€{0,1}), Vi,jePUMkeK; (30) tion and transportation parts of the problem. Constraints
(2)—(14) are the constraints of the production part. Con-
straints (2)—(5) ensure that the size of the parts produced in
rw €10,1}, VpePkeK; (€2)) the same batch cannot exceed the size of the machine. Con-
straint (6) guarantees that each part can only be produced in
Yoins Cos P 20, Ym € M,b € B; (32) one batch on one machine. .Copstraints (7) and (8) detemine
the batch printing time, which is dependent on the maximum
printing time of the parts in the same batch, i.e., the printing
A,,a,20, VpeP; (33) time of a batch is related to the maximum height and total
volume of the parts in the same batch. Constraint (9) indic-
d >0, VkeKk. (34) ates that the machine starts working at time 0. Constraint (10)
calculates the completion time of a batch. Constraints
08044 CSTR: 32290.14.JUSTC-2023-0147
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(11)—(13) ensure continuous production of the batch, where
batches produced in the same machine must be produced after
the previous batch is completed. Constraint (14) indicates that
the completion time of a part is equal to the completion time
of the batch in which it is produced. Constraints (15)—(28) are
the constraints of the transportation part. Constraint (15) is
the entry and exit balance constraint, which ensures that for
each customer node, the number of vehicles arriving and leav-
ing it are the same. Constraint (16) ensures that vehicles de-
parting from each machine site must return to that machine
site after completing their distribution tasks, while vehicles in
the vehicle set can be unselected. Constraint (17) ensures that
one vehicle cannot reach two machine stations. Constraint
(18) ensures that the total volume of parts does not exceed the
vehicle capacity for each vehicle. Constraints (19) and (20)
ensure that the delivery time of each part is not less than the
delivery time of its preceding part plus the traveling time
between these two parts. If the part is the first delivery part,
the delivery time for this part is not less than its vehicle de-
parture time plus the traveling time between the destination of
this part and the machine. Constraint (21) calculates the trav-
eling time between two nodes. Constraint (22) ensures that
each vehicle leaves the machine site only after all the parts as-
signed to it have been produced. Constraint (23) represents
the relationship between the decision variables r and f. Con-
straint (24) ensures that all parts are delivered and each part is
delivered by only one vehicle. Constraint (25) ensures that the
vehicle can only deliver the part from the machine site where
the part was produced. Constraint (26) ensures that parts de-
livered by the same vehicle are produced by the same ma-
chine. Constraint (27) indicates that the number of vehicles
performing distribution tasks must not exceed the total num-
ber of vehicles available at that machine site. Constraints
(28)—(34) indicate the domain of decision variables.

4 Solution methodology

Chang and Lee™ conduct a study that demonstrates the NP-
hard nature of the challenge posed by integrated production
and transportation decisions for a single machine and a single
vehicle. This paper studies a more complex version with mul-
tiple BPMs and vehicles, which is also NP-hard. Due to com-
plexity, heuristic methods are employed to arrive at an optim-
al solution. In this paper, a multilevel optimization frame-
work is proposed to break the problem into three subprob-
lems for analysis and resolution.

4.1 Multilevel optimization framework

The constraints of the problem under consideration consist of
two stages, namely, production and transportation. Corres-
pondingly, the decision variables may also be divided into
two parts, namely, 8,5 0,us Coi> Puss Yus» and A4, for the produc-
tion stage and fiu,7x.qa,,d;, for the transportation stage.
Among these, d, is a vital decision variable that serves as the
link between the two stages, and the values of 6,.,, Cois Pibs Vo »
and A, are contingent on S,,,, while the values of r,, and a,
are dependent on f;,. Consequently, the calculation of the
values of the two decision variables 8,,, and f; facilitates the
determination of the other decision variables. This implies
that the focus is on assigning parts to specific batches of
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machines and devising optimal vehicle transportation routes.
Since parts are assigned to different machines with different
sequences, the problem is decomposed into three subprob-
lems, as shown in Fig. 1. The outer-level optimization in-
volves the initial assignment of parts to machines, determin-
ing which parts are produced in each machine. In the inner-
level optimization, two sequential subproblems are addressed:
First, a vehicle routing problem (VRP) is solved for each ma-
chine site, followed by the production scheduling problem.
We employ a genetic algorithm in the outer-level optimiza-
tion to determine the optimal allocation of parts to machines.
For the inner-level optimization, we utilize a simulated an-
nealing algorithm to tackle the vehicle routing problem dur-
ing the transportation stage, followed by a local search al-
gorithm to address the scheduling problem encountered dur-
ing the production stage.

4.2 Genetic algorithm in outer-level optimization

In the process of outer-level optimization, a subproblem in-
volving part-machine assignment is solved. Part allocation af-
fects the production sequence and transportation routes. GA
can be used to change part—-machine assignment through cro-
ssover and mutation, expanding the solution search space for
better results, and it is widely used in various domains with
good performance® . This paper uses GA to find optimal
part-machine assignment results.

The process of GA is illustrated in Fig. 2. The algorithm
begins with parameter initialization, followed by the genera-
tion of an initial population. Each individual in the popula-
tion represents a part—-machine assignment sequence, with the
length of the individual determined by the number of parts.
An example individual, / =(2,3,3,1,2,1,1,3), is presented in
Fig. 3. This individual represents the assignment of eight
parts to three machines, where parts 4, 6, and 7 are assigned
to machine 1, parts 1 and 5 are assigned to machine 2, and
parts 2, 3, and 8 are assigned to machine 3. After the popula-
tion is generated, the fitness of each individual is calculated
based on the results of the inner-level optimization process.
Individuals with high fitness are selected, and crossover and
mutation operations are performed to generate the next-
generation population. The algorithm continues until the ter-
mination condition is met, which is when the maximum num-
ber of iterations is reached. If not met, the process repeats to
generate and evaluate populations.

The quality of the initial solution has a significant impact

Outer-level
Assign parts to machines [« Objective
Vehicle routing problem, Production scheduling
decide fjr problem, decide By,
Inner -level

}«; Transportation stage 4+ Production stage 4-{

Fig. 1. Multilevel optimization framework.

CSTR: 32290.14.JUSTC-2023-0147
DOI: 10.52396/JUSTC-2023-0147
JUSTC, 2025, 55(8): 0804


https://cstr.cn/32290.14.JUSTC-2023-0147
https://cstr.cn/32290.14.JUSTC-2023-0147
https://cstr.cn/32290.14.JUSTC-2023-0147
https://cstr.cn/32290.14.JUSTC-2023-0147
https://cstr.cn/32290.14.JUSTC-2023-0147
https://doi.org/10.52396/JUSTC-2023-0147
https://doi.org/10.52396/JUSTC-2023-0147
https://doi.org/10.52396/JUSTC-2023-0147
https://doi.org/10.52396/JUSTC-2023-0147
https://doi.org/10.52396/JUSTC-2023-0147

Zzsrg "

Integrated production and transportation scheduling in distributed 3D printing

Liu et al.

Initialize parameters

I

Generate initial population,

Statisfy termination
conditions?

i.e., the assignment of Select
part-to-machine T
J, Cross
Execute inner-level l
optimization process, [ Mutate
calculate fitness 1

¥

New population

Fig. 2. The process of genetic algorithm.

I, L 5L L, I Is L Is

Fig. 3. The presentation of individual.

on the effectiveness of GA. In practical 3D printing produc-
tion, parts cannot be produced in machines with a build space
smaller than the size of the part. Therefore, before generating
the initial population, a list of feasible machines is filtered
based on part size. Four initialization methods are used: load-
based initialization, distance-based initialization, global ini-
tialization, and random initialization. In load-based initializa-
tion, parts are assigned to machines with the smallest sum of
part heights. In distance-based initialization, parts are as-
signed to the closest machines. In global initialization, both
load and distance are considered. Specifically, a part is ran-
domly selected and placed in the closest machine with the
sum of part heights is less than or equal to the mean of the
sum of part heights of currently feasible machines. In random
initialization, parts are randomly assigned to any machine on
their feasible list. Fitness is calculated using an inner-level
optimization process (Section 4.3) with the maximum deliv-
ery time reciprocal as the metric.

In the proposed GA, a new population is generated through
sequential selection, crossover, and mutation operations. Se-
lection aims to select high fitness individuals using a conven-
tional roulette wheel. Each individual has a probability of
being selected based on their fitness. Crossover operation per-
forms neighborhood search by generating two offspring from
randomly selected parents and gene positions. Mutation oper-
ation ensures the viability of new individuals by performing
displacement mutation with a fixed probability. To prevent
loss of the optimal solution, the algorithm chooses the optim-
al offspring among all offspring instead of the current indi-
vidual. The approach also tracks and stores individual fitness
to improve algorithm efficiency.

4.3 Inner-level optimization

In outer-level optimization, the part-machine assignment
sequence is decided, namely, the machine to which the parts
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are allocated is determined. Subsequently, the production
stage is partitioned into multiple individual scheduling prob-
lems for each machine, while the transportation stage is seg-
mented into various subproblems of the vehicle routing prob-
lem (VRP). The comprehensive process of the inner-level op-
timization is illustrated in Fig. 4. Each individual generated
during the outer-level optimization undergoes sequential pro-
cessing in the inner-level optimization. For parts allocated to
each machine, the VRP is addressed via a simulated anneal-
ing algorithm, initially setting completion time of all parts to
zero. This solution is then utilized to resolve the production
scheduling problem by employing a local search method. Fi-
nally, the determination of the delivery time for each part is
based on decisions made across the production and transport-
ation stages, ultimately leading to the calculation of the fit-
ness for each individual.

4.3.1 Simulated annealing algorithm in the transporta-
tion stage

In this section, we assume that the completion time for each
part is zero and attempt to solve the VRP individually for
each machine. The VRP is a well-known NP-hard problem,
and in practical applications, metaheuristic approaches are
often more suitable due to their efficiency-*.. To address this
problem, we use a simulated annealing algorithm based on
cluster first & route second (CFRS) to allocate the parts to the
vehicles and subsequently resolve the traveling salesman
problem (TSP) for each vehicle. The simulated annealing al-
gorithm is a stochastic optimization-seeking technique that
employs the Monte-Carlo iterative solution strategy. Its basic
concept originates from the annealing process of solids
in physics. The algorithm has demonstrated superior
performance in solving the TSP problem, with the benefit that

Individual

.........................................................

Inner-level

Solve vehicle routing
problem

I

/ Optimal vehicle routing, i.e., ljk/ rrrrrrrrrrrrrrr

|

Solve production scheduling

problem

I

Fig. 4. The inner-level process.
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it can easily jump out of the local optimal solution at high
temperaturest-.

In Algorithm 1, the initial path is generated using a ran-
dom initialization technique. Specifically, the parts are evenly
allocated among the vehicles belonging to the machine site.
Next, we generate neighboring solutions, and in this work, we
mainly employ four neighborhood operators, as proposed by
Wei et al.t To generate a neighboring solution, we ran-
domly choose one of the four operators with equal probabil-
ity. The first operation involves selecting a random part and
choosing a random position for insertion. The second opera-
tion selects any two parts and swaps their positions. The third
operation selects any two parts, and if they are on the same
route, this sequence is inverted, including the selected parts.
Otherwise, it exchanges the sequence of the subsequent parts
of the selected parts. The fourth operation randomly ex-
changes two fragments, each of which contains no more than
three parts. For each solution, we measure its cost in terms of
the maximum delivery time among all the parts. At this stage,
we assume that the production completion time of all parts is
0, and the delivery time of each part is equal to its transit
time. If the cost of the newly generated solution is less than
that of current solution, we accept the new solution. If the
cost of the newly generated solution is greater than or equal to

the current solution, we accept the new solution with a prob-

t(S") - cost(S
M), where T is the cur-

ability of p =exp(—
rent temperature, and S’ and S denote the newly generated
solution and the current solution, respectively. This accept-
ance probability ensures that the algorithm can escape local
optima when the temperature drops to some extent temperat-
ure. The above process was repeated until the temperature de-
creased to T,

Algorithm 1. Simulated annealing algorithm in the transportation stage

1: Construct initial solution S

2:SetS*=8,T=Ty

3:while T > T¢pg do

4: fori=1;i<L;i++ do

S: Randomly select a method to generate a neighbor S’ of S

6: if cost(S”) < cost(S) then

4.3.2 Local search algorithm in the production stage

In this stage, we determine the production sequence of parts
on the machine based on the VRP results. The vehicle depar-
ture time depends on the max production completion time of
the parts assigned to it. Therefore, for a given production se-
quence, part-to-vehicle assignment impacts vehicle departure
time and consequently part delivery time.

When we are presented with a set of parts to be transpor-
ted by the same vehicle, the optimal production sequence of
these parts is characterized by the following property.

Proposition 1. For a given set of parts transported by each
vehicle, there exists a production sequence in which the parts
transported by each vehicle are produced continuously. This
production sequence is either optimal or at least as good as
other production sequences in which the parts transported by
each vehicle are produced discontinuously.

Proof. Suppose there exists a production sequence in
which the parts transported by each vehicle are produced dis-
continuously and let Q be the set of parts transported by the
last departing vehicle. In this case, it is possible that the parts
in Q are produced before the other parts. By advancing the
production order of other parts produced after those in Q, we
can advance the departure time of the vehicles in which these
parts are located. This advancement will result in the delivery
time of these parts being advanced, while still allowing the
parts in Q to be produced consecutively at the end. We can
apply the same analysis for each vehicle by the departure time
of the vehicle from late to early. By applying this analysis, we
will eventually arrive at a production sequence in which the
parts transported by each vehicle are produced consecutively.
Therefore, given the set of parts transported by each vehicle,
there exists a production sequence in which the parts trans-
ported by each vehicle are produced continuously. This se-
quence is either optimal or at least as good as other produc-
tion sequences in which the parts transported by each vehicle
are produced discontinuously.

In this paper, we use a local search to determine the optim-
al production sequence and design initialization method and
neighborhood operator based on Proposition 1. Proposition 1
is similar to that used in Ref. [38] and can be widely applied
to integrated production and transportation scheduling prob-
lems with time-related objective functions. Local search is a
straightforward greedy search algorithm that begins with an
initial solution, creates neighboring solutions according to

T Set § =5’ specific rules, and selects the best one. The workflow of the
8- else local search algorithm adopted in this paper is outlined in Al-
(s’ s gorithm 2. We generate the initial solution using a heuristic
9: Set S =S’ with probability p = exp(—w) approach and then generate neighboring solutions using two
10: end if
) Algorithm 2. Local search in the production stage
11: if cost(S) < cost(S*) then
1: Generate initial solution S based on vehicle routing results
12: Set $* =S
2: while Iter < Itery,x do
13: end if . .
3:  Generate neighbors N(S) of solution S
14:  end for 4:  Search for the optimal solution S’ in the neighbors N(S)
152 T=T-q 5: SetS=S5',5"€N(S)
16: end while 6: end while
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neighborhood operators. We find the production sequence
with the least delivery time among neighbors until the max-
imum number of iterations is reached.

We can define the initialization of the solution and the
neighborhood operators based on Proposition 1. According to
this proposition, we rank vehicles by transportation time (cal-
culated during the transportation stage) from largest to smal-
lest for solution initialization. Then, parts assigned to the
same vehicle are grouped into batches in sequential order
based on the vehicles, with any leftover parts assigned to a
new batch. To improve the solution quality, two types of
neighborhood operators can be defined based on Proposition
1. First, some parts of a batch can be randomly selected and
transferred to an adjacent batch. Second, a batch can be
chosen at random, and the part can be split to form a new
batch, which can be transferred to either the front or back of
the current batch. The search for the optimal production se-
quence within the neighborhood is conducted to replace the
current solution with an improved solution. The quality of the
solution is evaluated based on the maximum delivery time of
the parts, which is the maximum sum of the production time
and transportation time among all the parts.

5 Computational experiments

To assess the efficiency of the proposed algorithms, we em-
ploy a real-world dataset obtained from a 3D printing factory
located in Shanghai, China. In this section, we describe the
dataset in detail, along with the algorithmic parameters. We
subsequently present the results of the computational experi-
ments conducted. All the numerical experiments outlined in
this chapter were conducted on a computer featuring an Intel
Core i7-11700F CPU clocked at 2.50 GHz and 16 GB RAM.
The models and algorithms were implemented in Python.

5.1 Numerical settings

The part data utilized in this study were obtained from a 3D
printing company. Each part was characterized by its width,
length, height, and volume, as shown in Table 2.

The dataset comprised four types of machines, which were
generated based on Ref. [26]. The specific details of the ma-
chines employed in our study are listed in Table 3. The co-
ordinates of the parts and machines are randomly generated
within the range of [0,500] km. Furthermore, the number of
vehicles owned by each machine site was randomly assigned
a value within the range of [0,4]. The capacity of each
vehicle is Q0 =15m’ and the speed of the vehicle is
6 =20km/h.

The algorithm parameters are crucial in determining the
quality of heuristic results. Therefore, we conduct several tun-
ing comparisons to determine the optimal parameter settings
for our algorithm. After extensive testing, we set the
algorithm parameters as follows. For class 1, we set the

Table 4. Classes of instances.

Liu et al.
Table 2. The data description of parts.
Statistic
Attributes
Mean Minimum Median Maximum
Length (mm) 36.89 0.40 29.04 120.00
Width (mm) 4537 0.90 40.00 120.00
Height (mm) 37.46 0.40 29.36 149.30
Volume (mm?*) 12862.62 1.09 5729.26  373075.00
Table 3. The data description of machines.
Attributes Machine ID
1 2 3 4
Length (cm) 18 30 60 36
Width (cm) 17 30 60 36
Height (cm) 8 20 80 30
Laser scanning speed (h/cm’) 0.02 0.02 0.01 0.01
Platform lifting speed (h/cm) 0.7 0.7 0.7 0.7
Set-up time (h) 1 1.2 1.4 1.2

population size to 20, with a ratio of 4 : 1 for global initializ-
ation to random initialization. The crossover probability is set
to 0.7, the variation probability is set to 0.3, and the maxim-
um number of iterations is set to 30 in the GA. In the simu-
lated annealing algorithm, the starting temperature is set to
30, the cooling rate is set to 0.98, and the number of itera-
tions is set to 20 in the transport part. The neighborhood
search algorithm for the production part runs for 80 iterations,
and the number of generated neighborhoods is set to 10 each
time. For other classes, the running time is limited by setting
the maximum number of iterations in the GA to 10 for better
comparison with the Gurobi solution results, while other para-
meters remain unchanged.

5.2 Computational results

Twelve different classes of instances are designed to facilit-
ate testing, each containing a given number of randomly se-
lected parts and machines from the dataset, as shown in
Table 4. In prior research, the computing time for Gurobi has
often been set to 3600 s or 7200 s™.. In this study, given the
problem size and our algorithm’s computational time, the
Gurobi computing time was limited to 7200 s. Based on
Gurobi’s ability to find a feasible solution within 7200 s, we
classify the instances as either small or large, and ten random
instances are computed for each class.

5.2.1 Comparison with Gurobi on small instances

For small instances, Gurobi can find a feasible solution in the
7200 s, so we compare the Gurobi solution results with our
algorithm in this section. Note that constraint (26) is nonlin-
ear, in order to solve the model in Gurobi, we introduce two
binary variables &,,,, and ¢,,,. The former indicates whether
parts p and p’ are produced on the same machine m, and the
latter indicates whether parts p and p’ are transported on the

Small instances

Large instances

Class
1 2 3 4 5 6 7 8 9 10 11 12
Number of parts 10 15 20 25 30 35 40 50 60 70 80 90
Number of machines 2 2 2 3 3 3 4 5 6 7 8
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same vehicle k. By doing so, we were able to transform the
original nonlinear constraint (26) into seven linear constraints
as shown in constraint (35).

Eyn< ) B VP P mEM;

beB

fpp’m < Zﬂp’mb, vp,p/ € R me M;

beB

Eopm 2 Zﬁ,,mb + Zﬁ,ﬂmb -1, Vp,p eP meM;
beB

beB (35)
Popk < Yok vp,p/ € R ke K;
Ok <Tis Vp.p €P kEK;

‘ppp’kzrpk+rp’k_1’ Vp’p/ep’ kEK;
Eppm < thm, Vp.p'€P keK.

meM

In order to solve the converted MIP model, the commer-
cial solver Gurobi 9.0.0 was employed, and Gurobi was con-
figured to stop when either of the following two conditions
was met: ( 1 ) The maximum computational time of 7200 s is
reached; (ii) the algorithm is solved to the optimal. For each
instance, compare AD, i.e., absolute deviation, between the
solution result C,, of the multilevel optimization algorithm
proposed in this paper and the solution result C,,.,; of Gurobi.
AD is calculated by AD = (C, — Cauoni)/ Caurori X 100%. The
results are shown in Table 5. N,, indicates the number of in-
stances for which Gurobi solves to the optimal within 7200 s.
Avg.Obj is the average delivery time of each class, and
Avg.Time represents the average computational time.
Avg AD and Max.AD represent the average and maximum
AD of each class respectively.

For class 1, Gurobi is capable of finding the optimal solu-
tion within 7200 s. In most cases, our algorithm can obtain a
solution that is similar or near to that of Gurobi in approxim-
ately 700 s on average, with a maximum deviation of no more
than 3% for all instances. For classes 2—7, Gurobi is unable to
find the optimal solution within the time limit. However, our
algorithm can obtain a solution that is comparable to or even
better than that of Gurobi within a reasonable time. In classes
4-7, our algorithm consistently outperforms Gurobi. Particu-
larly, in classes 5, 6, and 7, where the number of parts and
machines is large, our algorithm exhibits a maximum im-
provement of 35% over Gurobi. In summary, our algorithm is
able to obtain the same or similar solutions for instances
where Gurobi can find the optimal solution within the time
limit. For instances where Gurobi cannot find the optimal

Table 5. Computational results of Gurobi and the proposed algorithm.

solution, our algorithm can find solutions that are close to or
even better than Gurobi’s in a significantly shorter time. Ad-
ditionally, our algorithm exhibits better performance as the
scale of the instance increases. Hence, our algorithm outper-
forms Gurobi in terms of both solution quality and computa-
tional time. Furthermore, we observe that our algorithm per-
forms better for instances with a small standard deviation of
part volume or a large mean of part volume.

5.2.2 Results of large instances

In this section, we evaluate the performance of our algorithm
on large-scale instances. Due to the size of the problem, Gur-
obi is unable to provide a feasible solution within 7200 s.
Thus, we compare the performance of our algorithm under
three different initialization methods. Specifically, we con-
sider the effects of distance-based initialization, load-based
initialization, and global initialization on the algorithm’s
overall performance. The difference between these methods
lies solely in the generation of the initial population. These
initialization methods are described in Section 4. All other
parameters remain the same as in Section 4. The results of the
comparison are presented in Table 6, where the Global, Load,
and Distance columns represent the optimal values obtained
using three different initialization methods. Avg.Obj is the
average delivery time of each class, and Avg.Time represents
the average computational time.

Comparing different initialization methods, it can be seen
that the computational result of the algorithm using global ini-
tialization is superior to that of the other methods. However, it
is important to note that this approach requires a longer com-
putational time. In the global initialization method, we ob-
serve that individual differences in the population are larger,
leading to a longer time for crossover and variation opera-
tions until the population stabilized. Nevertheless, the di-
versity of the population enables a richer exploration of the
solution space, resulting in better solutions. Comparing the
two simple initialization methods, we find that the load-based
initialization yields computational results closer to those ob-
tained with global initialization. Conversely, the initialization
considering machine distance results in larger differences
from the global initialization method. However, for classes
10-12, the differences in computational results between the
distance-based initialization and the global initialization
method are substantially reduced. In class 12, the differences
even outperform those of the load-based initialization. This

Gurobi Multilevel optimisation algorithm

Nopt Avg.Obj (h) Avg.Time (s) Avg.Obj (h) Avg.Time (s) Avg.AD Max.AD
Class 1 10 29.00 1305.11 29.16 726.29 0.54% 2.28%
Class 2 0 32.24 7200 32.50 1529.08 0.91% 4.47%
Class 3 0 35.93 7200 35.61 2436.24 —0.65% —6.81%
Class 4 0 37.31 7200 33.13 3292.53 —10.48% -30.29%
Class 5 0 45.49 7200 36.02 3919.96 —-19.75% —35.34%
Class 6 0 44.25 7200 38.23 4600.30 -13.36% —22.72%
Class 7 0 53.70 7200 44.52 4978.34 —17.00% —21.04%
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Table 6. Results comparison of different initial methods on large instances.
Global Load Distance
Avg.Obj (h) Avg.Time (s) Avg.Obj (h) Avg.Time (s) Avg.Obj (h) Avg.Time (s)
Class 8 42.00 5531.86 45.53 3558.15 72.73 3194.83
Class 9 41.09 449145 46.92 7152.98 72.89 3784.75
Class 10 38.82 5534.40 44.63 7912.50 49.08 2022.79
Class 11 39.91 9245.78 45.86 8945.35 47.49 3240.26
Class 12 38.00 10646.57 44.14 11369.54 44.06 3396.68

finding suggests that as the number of machines increases and
better coverage of customers’ 3D printing needs is achieved, a
better initial solution can be obtained by means of an initializ-
ation method considering machine distance. This approach
may lead to obtaining better solutions in a shorter period.

Furthermore, when examining Tables 5 and 6 in combina-
tion, we observe that the computational time required when
solving the problem with the Gurobi solver increased signific-
antly with the instance scale. In contrast, the computational
time of our multilevel optimization algorithm increases
slowly with increasing instance scale. Overall, our findings
demonstrate the efficiency of our algorithm in addressing in-
tegrated production and transportation scheduling problem in
distributed 3D printing, while also highlighting the import-
ance of considering the appropriate initialization method
based on the specific characteristics of the problem.

6 Conclusions

This paper investigates the integrated production and trans-
portation scheduling problem in the 3D printing industry with
multiple heterogeneous machines and capacity-constrained
vehicles. The objective is to minimize the maximum delivery
time. Since this is an NP-hard problem, a heuristic algorithm
is proposed considering the problem’s characteristics. The
problem is decomposed into three subproblems and GA is
used for part-machine allocation sequence generation in the
outer-level optimization. In inner-level optimization, a simu-
lated annealing algorithm is used for the VRP in the trans-
portation stage and a local search algorithm is used for pro-
duction stage scheduling. Numerical experiments using real
data from a 3D printing company are conducted to evaluate
the performance of the proposed algorithm. The efficiency of
our algorithm is demonstrated through numerical experi-
ments, highlighting its potential for use in real-world scenarios.

As the scale of the problem increases, our algorithm out-
performs Gurobi, not only in terms of solution quality but
also in terms of computational efficiency. Moreover, the
successful application of the proposed algorithm in solving
large-scale problems demonstrates its practical utility and ef-
fectiveness in real-world scenarios. The algorithm aims to en-
hance the quality of service provided by the industry, leading
to better customer satisfaction and operational performance.
By leveraging state-of-the-art algorithms and real-world data,
managers can make informed decisions to improve overall
productivity and enhance competitive advantage in the
rapidly evolving landscape of modern manufacturing. The
research also indicates that considering machine distance in
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the initialization method may lead to better initial solutions as
the number of machines increases and customer demand cov-
erage improves. This finding serves as a reminder in manage-
ment decision-making that selecting appropriate methods
based on problem characteristics is crucial and may result in
better outcomes in a shorter timeframe.

While our study offers a valuable contribution to the integ-
rated scheduling problem in the 3D printing industry, there
are some limitations that should be considered. For instance,
our model does not consider the dynamic arrival of orders in
3D printing cloud platforms. Future research could focus on
extending our model to address this limitation. Moreover,
although our heuristic algorithm provides an effective ap-
proach for solving this problem, it may not always yield op-
timal solutions. One possible direction for future research is
to design exact algorithms to solve the problem optimally.
Alternatively, we could explore the use of machine learning
techniques to solve the subproblems and accelerate the
algorithm’s running speed.
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