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ABSTRACT: This work aims at finding an optimal solution of assembly operations in a
system of multi-stage production in a shipyard. Shipbuilding of large-size ships is a complex
manufacturing process involving the production and assembly of a big quantity of blocks.
These blocks are then assembled on the block erection final process, with a predefined order.
To achieve competitiveness in this market, the development of efficient operation strategies
is a potential alternative. To reach this objective, a mixed-integer linear mathematical model
(MILP) is proposed. The model is based on the continuous time-slot time batches concept.
This mathematical formulation allows obtaining efficient solutions to academic problems with
reasonable computational effort. The MILP problem was tested and computational experiences
were reported for industrial problems.
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1. INTRODUCTION

Shipbuilding is a complex manufacturing process which traditionally it carried out by a project-
oriented approach. Naturally, each individual ship has some degree of customization and there
are only few units based on the same design. Therefore, a modular approach was begun to
implement in the last decades taking into account Lean principles and standardizing processes
(Zhang et al., 2015). This approach consists of the use an integrated modular design to construct
ships.

Large ships are divided into blocks and they are subsequently assembled in a dry dock. These
blocks are the basic units in the shipbuilding process which have different elements incorporated
such as pipes, supports, and some electronic equipment. Therefore, the prefabrication of steel
blocks or structures is carried out technological advances and more detailed planning. A block
consists of the assembly of one or more sub-blocks. The block division of a ship depends on
the ship design. This representation of the construction in blocks is shown in Figure 1 which
illustrates how two sub-blocks make up a block.

Figure 1: Method of division into blocks - Modular construction
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Block-based shipbuilding process involves several stages which require a high degree of
coordination between diverse resources. Hence, numerous researches have focused on
improving the planning of shipbuilding using different perspectives. For instance, Cho et al.
(Cho et al., 1998) point out that the block assembly process takes more than half of the total
shipbuilding processes, soitis very important to have a practically useful block assembly process
planning system which can build plans of maximum efficiency requiring minimum man-hours.

Seo et al. (2007) and Kim et al. (2002) model the problem of the block assembly planning
as a constraint satisfaction problem where the precedence relations between operations are
considered constraints. To optimize the block spatial scheduling, Shang et al. (2013) proposed
an allocation algorithm and mathematical model.

On the other hand, different simulation tools were used in scheduling problem (Back et al.,
2016; Park et al., 2016). Cebral et al. (2016) and Liu et al. (2011) proposed discrete-event
simulation based model to achieve an efficient production planning and control. In addition, Lee
et al. (2009) and Chen et al. (2013) develop a simulation-based production system applying
heuristics to solve the shipbuilding problem. Basan et al. (2017) introduces a heuristic simulation-
based approach to generate good schedules in a system of multi-stage production of ships in a
shipyard.

Many studies have used heuristic algorithms to improve long-term area utilization and minimize
processing times of blocks in the planning of the shipbuilding process (Koh et al., 2008; Zhuo et

35

Iberoamerican Journal of Indurstrial Engineering, Florianépolis, SC, Brasil, V.10, N.20, P. 35-48, 2018.



36

al., 2012). On the other hand, methods and algorithms have been proposed recently to solve the
scheduling problem in shipbuilding from different approaches, but they do not ensure an optimal
solution of the scheduling problem. Nevertheless, a research made by Xiong (2015) considered
a hybrid assembly-differentiation flowshop scheduling problem and introduced a mixed integer
programming (MIP) model to present some properties of the optimal solution. This approach
could be useful to the shipbuilding issue, because it could also be considered an assembly
flowshop scheduling problem.

In this research, we present the development of a new mixed integer linear mathematical
formulation (MILP) to solve the scheduling problem aiming at minimizing the total processing
and assembly time of blocks and sub-blocks (makespan) in the yard. The present work aims at
finding out the optimal solution of production and assembly operations in a system of multi-stage
production of ships of a shipyard while all constraints are satisfied. A ship manufacturing system,
which involves a series of production and assembly processes of block and sub-block for large-
scale shipbuilding is considered. Hence, a MILP model based on continuous time-slot concept
was developed.

This paper is organized as follows. In Section 2, the block assembly process with all stages
is described. The model developed with the assumptions and nomenclature used is presented
in Section 3. Next, in Section 4, computational results obtained of the model are shown. Finally,
the conclusions are given in Section 5.

2.THE BLOCK ASSEMBLY PROCESS

The shipbuilding process is carried out from the assembly of the hundred blocks of the final
structure in the so-called block erection process that is generally performed in a dry dock. Based
on the modular approach, the common unit of production for most stages of the process is a block
or sub-block. Hence, the manufacturing process of shipbuilding begins with block division. Each
block is different in size, type, and consists of one or several sub-blocks assembled, depending
on the types of ships. A sub-block is composed of steel plates in accordance with the design
drawing of the ship. Both blocks and sub-blocks are considered types of basic intermediate
products in the modular design and construction.

In the block assembly process, sub-blocks are assembled in specific workshops to form large
blocks. Next, the blocks are assembled in a dock to form the hull of the ship. Therefore, in the
early stages of the shipbuilding process steel plates are processed to construct the sub-blocks.
In the following stages, the blocks (assembled sub-blocks) are processed and assembled by a
given sequence, respecting the specifications of ship assembly.

The main stages of the shipbuilding process are illustrated in Figure 2. The shipbuilding
process begins by first stage called Cutting Steel, where the welding and cutting processes of
steel plates are performed according to the requirements of the sub-blocks designs. Panels,
sections, and assemblies are obtained as output from this stage. Then, in the Pre-assembly
stage, the small steel components fabricated in the previous process, as webs and panels,
are assembled to form the sub-blocks using welding operations. In the following stage (Pre-
outfitting) assembled sub-blocks are internally outfitted with items like pipes, brackets, and
auxiliary components. Finished sub-blocks are obtained of this stage.

Iberoamerican Journal of Indurstrial Engineering, Florianépolis, SC, Brasil, V.10, N.20, P. 36-48, 2018.



37

Figure 2: Shipbuilding process
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Once the blocks are outfitted, they are assembled in Assembly stage. The blocks assembly
consists of welding operations of sub-blocks to compose a specific block. This process is carried
out according to the specifications of each block. Then blocks are ready for the Outfitting 1
process that consists of installing pipes, and electrical and lighting lines inside blocks. Part of
the outfitting work is performed when the ship is upside down due to the objective is to facilitate
material handing tasks. After assembling the sub-blocks to form blocks and their equipment,
they are painted in the painting booths (Painting stage). The protection and design requirements
of blocks are considered in blasting and painting operations.

A second oultfitting process of blocks is performed after painting. All equipment that could be
deteriorated in the painting process, such as electronic components, is installed at this Outfitting
2 stage of the shipbuilding process.

Finally, after the painting process and the installation operations of final equipment, a Block
erection process is carried out. Prefabricated blocks are positioned in the dry dock to build the
ship, and are assembled one after another. Welding operations are also used in this stage.
There is a defined order to erect these blocks, so if a block arrives earlier, it has to wait until its
precedent is completed.

3.MATHEMATICAL MODEL

The shipbuilding process is a complicated and long-term process that requires coordination
of many different resources. Hence, a mathematical model is developed to determine the
production planning for each workshop and optimize the overall shipbuilding process. In other
words, the processing sequence of the blocks at each stage is optimized minimizing the total
processing time.

Therefore, in this research we introduce the mathematical model based on the continuous
time-slot batches concept developed for the process of shipbuilding. The qualitative problem
description given in the previous section and the assumptions described below, in section 3.1,
are taken into account in the proposed model. The nomenclature used in the model is detailed
in section 3.2. Finally, in section 3.3 we describe all constraints that represent the features of the
problem and the objective function of the model.
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3.1THE ASSUMPTIONS

The shipyard could be considered a multi-stage and multi-product plant where the parallel
units in each stage are identical. Let | denote the number of blocks (i=1,2,...,n) that the shipyard
must process in the upcoming scheduling horizon. Each block is different and has its own
requirements, and follows the sequence 1,2,...,c of stages for processing. We assume the
following hypotheses for the process described above:

- There are two types of products in the shipyard: sub-blocks (formed by steel panels and
open units) and blocks (formed by one or more sub-blocks).

- A unit (or workshop) cannot process more than one block (or sub-block, as appropriate) at a
time. In other words, each workshop has capacity to process one block at a time.

- More than one unit cannot process a single block (or sub-block) in each stage.

- Processing units do not fail and processed blocks (or sub-blocks) are always satisfactory.

- Each block is made up of two known sub-blocks.

- The assembly sequence on slipway (the last stage of the line) is known a priori.

- The start of the current scheduling period is zero time.

- All units can start processing at time zero.

- The processing times of each block are known a priori.

- Transfer times of the blocks (or sub-blocks) between the workstations are considered
negligible.

- Raw materials are unlimited.

- Intermediate storage between stages is considered NIS (non-intermediate storage).

- The production of the shipyard is programmed until the stage Oultfitting 2, due to the output
order of finished blocks of this stage is the order in which these blocks will be assembled in the
last stage of shipbuilding (Erection).

3.2NOMENCLATURE
Indices

blocks

sub-blocks

S stages

k machines or workshops
p slots

| set of blocks (index i, i=1,2,...,n)

J set of sub-blocks (index j, j=1,2,...,m)

S set of stages (index s, s=1,2,...,¢)

K set of machines (index k, k=1,2,...,q)

P set of slots (index p, p=1,2,...,m)

Ji set of sub-blocks of each block i

Ks set of parallel machines in stage s

Is set of blocks that can be processed in stage s

Js set of sub-blocks that can be processed in stage s
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Parameters

TPj,s processing time of sub-block i at stage s
TPbi,s processing time of block i at stage s
mcs parallel units in stage s

M big constant in big-M constraints

Continuous variables

Tij,s initial processing time of sub-block j in stage s
Tfj,s final processing time of sub-block j in stage s
Thii,s initial processing time of block i in stage s
Tfbi,s final processing time of block i in stage s
TSip,kinitial processing time of slot p in machine k
TSfp,kfinal processing time of slot p in machine k
mk  makespan

Binary variables

Xj,p.k,s 1, indicates whether sub-block j is processed in position p of machine k of stage s
yi,p,k,s 1, indicates whether block i is processed in position p of machine k of stage

3.3CONSTRAINTS

The MILP model developed to determine the optimal production scheduling minimizing
makespan includes different constraints. In the shipbuilding process we need to consider the
following important constraints: the allocation constraints, the sequencing constraints, the timing
constraints and the resource constraints. Following, we introduce the formulation used in the
model considering these restrictions.

3.3.1 ASSIGNMENT OF SUB-BLOCKS AND BLOCKS

At one time, each sub-block and block can only be processed in one workshop of each stage.
The difference between equations (1) and (2) is that sub-blocks are manufactured in the first 3
stages and blocks are processed in the latter 4 stages.

N mcg
Z xj,p,k,szl Vie],seSs<3
p=1k=1kEK, Eq. 1
N mcg
Vipis = 1 Viel,s€S,s>3 Eq. 2

p=1 k=1,kEK,

3.3.2 ASSIGNMENT OF SLOTS

One sub-block (or block) can only be manufwactured on one workshop, as well as one
workshop can only process one sub-block. This constraint is represented in equations (3) and
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(4), which assigned only one sub-block (or block) in each slot of each workshop.

M

ij,p,k,s“—:l Vp€eEPk€EK,sES,s<3 Eq. 3
j=1

N

ZJ’i,plk,sél VpEP,KEK, ,5ES,s>3 Eq. 4

In addition, there should be no empty positions between consecutive sub-blocks (or blocks).
The equations (5) and (6) forced to assign sub-blocks to the slots in an orderly manner.

M M

ij,(pﬂ)_kas = Z X1 ks VpEP,kEK,sES,s=<3,j*j Eq. 5
j=1 j’=1

N N

Zyi,(pﬂlkj = Z Vit Vi EP. ek seESgs31%EE Eq. 6
i=1 i'=1

3.3.3 TIMING CONSTRAINTS

The following equations (7)-(10) calculate final processing times of each product (sub-block
and block) in each stage s of shipbuilding process, and final processing times of slots of each
workshop k. Therefore, the start/end processing times which blocks and sub-blocks should fulfill
to optimize a scheduling criterion such as minimum makespan are determined. Note, the binary
variables xj,p,k,s and vyi,p,k,s are used to determine the workshop and the slot in each stage

products are processed.

N
Tl = Tt Z Z L ¥ TR, NFELSES523 Eq.7
p KkEKg
N
Tbf,, = Thi;, + Z Z Yioks *TPhs Vi€Ls€S,s>3 Eq. 8
p kEK:
M
_ i Eq. 9
TSfpr =TSipe+ ) Xjpps*TPis VDEPKkEK,sES,s<3
¥
N
TSfppe =TSips + zyi.p,k,s *TPb;; VpEP,kEK,5ES5>3 Eq. 10
i

3.3.4 SEQUENCING CONSTRAINTS
The sequencing constraints restrict the processing order of the blocks and sub-blocks
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at each stage of the assembly process of the shipyard. Note the equations (11)-(13) differ
according to the product processed at each stage s. Equation (11) corresponds to stages that
manufactured sub-blocks, and equation (12) represent stages that only process blocks. The
assembly sequence of the sub-blocks in the Assembly stage (s=4) is modeled by equation (13).

Thie<Theery VYIELSESS<3 Eq. 11
Thf;s < Thij(s41) ViE€ELsSES,s>3 Eq. 12
T]j-}s < Tbiij(sﬂj VieljELsES =3 Eq. 13

Equation (14) ensures that slots of the same workshop are processed in the established
order:

TSfp,k = TSi(p+1),k Vk (= K,p epP Eq14

The final assembly sequence required in the dry dock to meet the constraints and specification
of shipbuilding process in the shipyard is modeled by the follow equation:

Thfy < Thfisss vielLseSs=|sli<|f Ea.15

3.3.5 RELATIONSHIP BETWEEN SLOTS AND BLOCKS (OR SUB-
BLOCKS)

If a sub-block (or block) is processed in position p of the of machine k of stage s (i.e. xj,p,k,s=1
or yi,p,k,s=1) then the start time of the slot p must match with the start processing of the sub-
block (or block). These relationships are represented by equations (16)-(19), and the constant M
is used to limit the relationship between the sub-blocks (or block) and the slots. The constant M is
used to limit relationships between the sub-blocks (or block) and the slots, which are represented
by equations (16)-(19).

~M(1—x,ps) <Ti;s— TSi,, Vi j€EJ,pEPkEK,sES,s<3 Eq. 16
M(1—%,.;) > Ti;y— TSip; Vi,jEJ,pEP,kEK,SES,s<3 Eq. 17
—M(1 = yiprs) < Thijs— TSip, Vii€lLpeEP,k€EK,s€S,s>3 Eq. 18
M(1—y;p0s) = Thi;, — TSip;,  Vii€el,peP,keK,s€S,s>3 Eq. 19

3.3.6 OBJECTIVE FUNCTION

Equations (20) and (21) represent the objective function of the mathematical model. The
makespan is calculated as the higher final time of the slot s, and minimized.

mebei,s Viel,seS§,s >3 Eq21

41

Iberoamerican Journal of Indurstrial Engineering, Florianépolis, SC, Brasil, V.10, N.20, P. 41-48, 2018.



42
4. RESULTS

The following description belongs to a small case study where a set of representative blocks
and sub-blocks are proposed to show the results obtained by the continuous time-slot batches
approach previously presented. In this work, real processing and assembly times are not
mentioned for confidentiality reasons. Therefore, the data of times and the configuration used of
the shipbuilding system are fictitious but representative.

An example of the utilization rate of each stage of the block assembly process is shown in
Figure 3. Note that both Cutting Steel and Painting stage present the highest utilization rates.
The first one causes a large queue at the beginning of the assembly line producing less use in
the following stages.

Figure 3: Utilization graph of shipbuilding stages.
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In the example bellow, a set of the different types of blocks i1-i10 and sub-blocks j1-j20 have
to schedule in different units (or workshops). The data of processing and assembly times of each
representative block (or sub-block) in each stage of shipbuilding process is presented in Table 1.
Note both the transferring times and intermediate storage between consecutive stages are not
considered. Table 2 shows the parallel machines in each stage of the block assembly process.
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TABLA 1- PROCESSING AND ASSEMBLY TIMES OF BLOCK | IN EACH

BLO- SUB- CUTTING PRE-AS- PRE-OU- ASSEM- OUTFIT- PAIN- OUTFIT-
CK BLOCK S T E E L SEMBLY TFITTING BLY TING 1 TING TING 2

TIME TIME TIME TIME TIME TIME TIME
1 1 60 100 15

20 20 35 40
2 60 100 15
3 50 90 25

2 25 25 30 125
4 50 90 25
) 60 100 15

3 20 20 30 40
6 60 100 15
7 50 90 25

4 25 25 30 125
8 50 90 25
9 50 90 25

5 25 25 35 125
10 50 90 25
11 60 100 15

6 20 20 30 40
12 60 100 15
13 50 90 25

7 25 25 30 125
14 50 90 25
15 50 90 25

8 25 25 30 125
16 50 90 25
17 60 100 15

9 20 20 35 40
18 60 100 15
19 50 90 25

10 25 25 30 25
20 50 90 25
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TABLA 2- PROCESSING AND ASSEMBLY TIMES OF BLOCK | IN EACH

STAGE (S) NAME MACHINES (K) ENTITY TO PRO-

CESS

1 Cutting Steel k1 Sub-blocks

2 Pre-assembly k2,k3,...,k8 Sub-blocks

3 Pre-outfitting k9,k10,k11 Sub-blocks

4 Assembly k12,k13,...,k16 Blocks

5 Outfitting 1 k17,k18,k19 Blocks

6 Painting k20,k21 Blocks

7 Ouffitting k22,k23,k24 Blocks

The solver used is CPLEX with Gams software in PC Intel Core 2 Quad 2,5 GHz. The results
reported in Table 3 show the main statistic of test problem analyzed for system described above
(considering all blocks). The optimal solution of 1310 days is reached by the mathematical model
in 5598.83 CPUs. However, the model proves a good solution with 8% relative gap in a shorter
CPU time, 1791 seconds

STATISTICS MILP MODEL RE-
SULTS
Binary variables 7000
Continuous variables 8161
Equations 100211
Makespan (days) 1310
Gap % 0%
CPU time(s) 5598.83

TABLA 3- STATISTIC AND RESULTS OF THE EXAMPLE PROPOSED

New simplified systems are defined in different scenarios and then tested in the MILP model.
In these scenarios, the modular construction of the ship stars with a smaller number of blocks and
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gradually increases up to reaching the original scenario quantity of bocks. Then, computational
efficiency is determined for each one. In Table 4, the reported results show variations in model
statistics when changing the number of blocks in the modular decomposition of the ship. By
gradually increasing the number of blocks, a considerable increase in computational time can be
observed. This remarkable growth is due to the computational size of the model (variables and
equations). When the system has more than 10 blocks (and 20 sub-blocks) the model does not
provide an optimal solution in an acceptable computational time.

STATISTICS SCENA- SCENA-SCENA-SCENA- SCENA- SCENA-
RIO RIO RIO RIO RIO RIO
1 2 3 4 5 6
Blocks-Sub-blo- 4-8 5-10 6-12 7-14 8-16 9-18
cks
Binary variables 1120 1750 2520 3430 4480 5670
Continuous varia- 1585 2331 3217 4243 5409 6715
bles
Equations 8471 15081 24491 37205 53727 74561
Makespan (mk) 659 757 890 977 1090 1210
Gap % 0% 0% 0% 0% 0% 0%
CPU time(s) 3.74 14.87 35.33 179.88 935.69 169.75

TABLA 4- RESULTS REPORT FOR FLEXIBLE NUMBER OF BLOCKS

The Figure 4 shows the scheduling for shipbuilding process with different times and properties
of the system mentioned above. The schedule of the case study proposed with 10 blocks and
20 sub-blocks is graphed. As can be seen in the Gantt chart, the planning horizon is 3.6 years.
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Notice the bottleneck of the global block assembly process can be easily identified in the schedule
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5.CONCLUSIONS
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Figure 4: Solution schedule of case study proposed

1400

AMILP model was developed for scheduling optimization of block assembly process of a naval
industry. Results reported demonstrate that the mathematical model could obtain good-quality
results in less than 1 hour of CPU time when the division in blocks of the ship does not exceed a
certain number of blocks. Different scenarios were tested in order to find the best configuration,
in terms of MK and CPU effort. Therefore, MILP-based model could be used to obtain a primary
solution of real world complex scheduling problem. Future research could address the problem
of bigger number of blocks combining the MILP model with other tools such as simulation and
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UMA FORMULACAO EFICAZ EM TEMPO CONTINUO
PARA PROGRAMAR A OTIMIZACAO EM UM PROCESSO DE
MONTAGEM DA CONSTRUCAO NAVAL

RESUMO: Este trabalho visa encontrar uma solugéo 6tima de operagdes de montagem em
um sistema de produgao em multiplos estagios em um estaleiro. A construgdo naval de navios
de grande porte € um processo complexo de fabricagdo que envolve a produgao e montagem
de uma grande quantidade de blocos. Esses blocos sdo entdo montados no processo final
de montagem do bloco, com uma ordem pré-definida. Para alcangar competitividade nesse
mercado, o desenvolvimento de estratégias eficientes de operagdo € uma alternativa em
potencial. Para atingir este objetivo, € proposto um modelo matematico linear misto inteiro
(MILP). O modelo é baseado no conceito de lotes de tempo de slots de tempo continuos. Esta
formulacédo matematica permite obter solugdes eficientes para problemas académicos com
razoavel esforco computacional. O problema do MILP foi testado e experiéncias computacionais
foram relatadas para problemas industriais.

PALAVRAS-CHAVES: horario continuo, construgdo naval, programagao, modelo MILP,
sistema de montagem de blocos de estaleiro.

Originais recebidos em: 01/11/2017
Aceito para publicagao em: 03/09/2018
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