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AIS
CP
CSP
D/L
ETO
FJSSP
GA

IP
K/L
L/C
MIP
OPL
PMSP
SA
SPT
S/C

UPMSP

Abbreviation

Artificial Immune System

Constraint Programming

Constraint Satisfaction Problem
Delivery

Engineering To Order

Flexible Job Shop Scheduling Problem
Genetic Algorithm

Integer Programming

Keel Laying

Launching

Mixed Integer Programming
Optimization Programming Language
Parallel Machine Scheduling Problem
Simulated Annealing

Shortest Processing Time

Steel Cutting

Unrelated Parallel Machine Scheduling Problem
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Nomenclature

Index for ships

Index for berths

Index for time periods in the scheduling horizon
Index for resources

Set of all ships

Set of all berths

Set of all time periods

Set of fixed ships

Set of contracted ships

Set of expected ships

Set of eligible berths for each ship j, j € J, M; € M
Processing time of ship (job) j on berth(machine) i
Set of all quays

Index for quay

Quay processing time of ship j from berth i
Efficiency of ship j on berth i

Contract delivery date of ship j

The available number of parallel—tandem ship at berth i
Resource need of ship j for renewable resource v
The available amount of resource type v

The available amount of daily assembly workload for all
berth



xai]-

xb;

ij

Vijk

Parent ship of ship j

Series number of ship j

The possibility of semi—tandem of berth i : st; € {0, 1}
The possibility of parallel—tandem of berth i : pt; € {0, 1}
Sets of optional interval variable on berth i

Optional interval variable indicating whether ship j is
assigned to semi—tandem unavailable berth j,ps; =0

Optional interval variable indicating whether ship j is
assigned to semi—tandem available berth i before floating,
Vps; =1

Optional interval variable indicating whether ship j is
assigned to semi—tandem available berth i after floating,
Vps; =1

Optional interval variable indicating preceding process of
ship j completed to k% of total workload of preceding
process and whether ship j is assigned to berth i

Sets of all interval variable for ship

Interval variable for ship j that must be present in the
solution

Objective function for work stage priority

Objective function for due date tightness

Weight for 0Obj;

Weight for 0bj,

Increasing rate of berth lead time, I: Increased leadtime

Continuous batch rate of berth i
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Long—term planning

| Product mix planning I

v

| Berth planning I

v

I Capacity planning I

Key events

Mid—term planning

|— Erection schedule planning

| PE plancing | Quay outfitting key
| event planning
1

Quay outfitting

Pre—stage outfitting &
painting planning

T scheduling
| Assembly planning |—| l
| Fabrication planning I
Execution planning l
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Fabrication Assembly Qutfitting Painting

Figure 1—1 Scheduling process of shipbuilding
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A 2 A Unrelated parallel machine scheduling
problem

UPMSP (Unrelated Parallel Machine Scheduling Problem)+
PMSP (Parallel Machine Scheduling Problem) o4 s}A¥ F-x o]t}
PMSP& Figure 2-18F #Zo] Z=238 4 glom, Fojxl jobsel

thstol FA s FHs= oA e VAV A4S W, jobsel

de 29 +=4 2 AE AFsE 98 FY BAolh Awda
EAgLE BE jobs ¢ESe T Al HastolNwk EAlel wEl
FRAG MR8 $5 Ao

Job list Machine list

Figure 2—1 Example of PMSP with 4 jobs and 2 machines
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— Identical machines: p;; = py; for all i and j;
— Uniform machines: p;; = % for all i and j , where v; is the

speed of machine i, and p; is the processing time at unit
speed;

— Unrelated machines: p;; arbitrary for all i and j.

UPM (Unrelated Parallel Machines)? g2Jo] w=w Figure
2=1%Alel dg ZAPAHE Table 2-13 Zo] Folxd $ itk
UPMSPE HAsE =Fst7] 93 dugss A9 H3twel uket
thekstn]  Table 2-1°¢] Wi F2A28H < stuQl SPT(Shortest
Processing Time)E A €3% Figure 2-23 £ ZAyE IS
Atk G FAQ HAS = 402l SPTE AMEste] =Es dy:

40]7] wjEo] SPTE E3] HA 37} 95d AL 33 5 g}

Table 2—1 Example of processing time for UPM with 4 jobs and 2

machines
Machine A B C D
Machine 1 3 4 1 5
Machine 2 5 2 3 1
:1:) ] ] : : 1 i
= C A i
g 1 | :
=50 T
~ : : : E !
v - 1 1
=] i i
= D B ; :
g . : ; ! !
= | : | | |
0 1 2 3 4 5
Time

Figure 2—2 Gantt chart of result by SPT
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Aok =g B T g HAse Z2 tree search 7]REE
WS ARE-E T
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A3 o] obd HE Feliy duelEe A§HE ATEE Yol
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S A3t} (Costa et al. (2013); Cappadonna et al. (2013); Afzalirad
and Rezaeian (2016)).

Yunusoglu and Topaloglu Yildiz (2022) & 7] UPMSPo]| & 33t
AokzA (AAHE 7 s A, 29 o] FHl AgE, #]le] Add A,
29 v 7ML, A AEF 7hs dAb ol R E EAE E7191E 4714
dug]E P, CP, GA, AIS)ox F&détal Ads Hluwsiet. 249
716wt o] EAE A¥sglon, Table 2-2=42 =719

Al e A3 @S vEkd Aol
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Table 2—2 Comparison results of 4 algorithms for UPMSP (Yunusoglu and

Topaloglu Yildiz (2022))
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A 3.3 A CP 7]4F 4—queens &4 HA3}

4—queens A= thEA A CSP=E, 47019 3o queen®| Z}ZF 3+
WA w27 Eojok = FE-Aolth thak oJH F queen®E VIE, AlE,

thzbd wreke] A A =d ¢ ¢l wEo Figure 3—-1(a)+

I

2 whake] 2709 queeno] EQ7] witel E7HsE stateo] i,
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checking, maintaining arc consistency? &iglFo =z 77zt sjd&
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Figure 3—1 Example of states in 4—queens problem; (a): impossible state,
(b): possible state
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Figure 3—5 Comparison of propagation techniques (Bartak (1999))
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Table 4—1 Constraint satisfaction problem of berth planning

Category Content Description
Fixed ship Ship fixed when berth scheduling
) ) Shi tracted and actual t t
Variable Contracted ship b contracte gn actual targe
for berth scheduling
Expected ship Ship expected to contract
The dates of floating or L/C
Key event coincidence when parallel—tandem
or semi—tandem at the same berth
L ibili h
L/C day /C possibility on the exact day (s)
of week
L/C capacity Number of possible L/Cs per a day
Constraint
) . Delivery order by rules about
Series ship . .
series ships
Spatial Length and width capacity of
p berths
Workload Capacity for daily workload of
assembly
Work stage Value of cost effectiveness
priority between shiptype and each berth
Objective :
function Due date leference between contracted
; delivery date and scheduled
tightness

delivery date
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A5 EdH

A 5.1 @ OPL A9

2 A7 2d 7S 99 IBMO] ILOG CP optimizer 714
AFEERATE. g 9 7] Aol A= OPL(Optimization Programming
Language) 7|HFe]  strES  Alwsty 5338 schedulings 918
Alorxe &olatA 7+8& 4 AUdk(Laborie et al. (2018)). +

ATeM BE Fds flall AFRE= Alekxd B S Table 5-19)

B AT A% W4E Table 5—-103 #S global variable&
AFg3lH o] schedulings 207 sl Rdo] tiEAel wWgo|n,

A 2 Al vk Al 7 Wele V17 e Thite s

E=213F3 Zlolm g release date, B due datel @A, AT

W] 7he WelE JERdTh B3 s} e A4 Bdolx A H ook
el Aql Vo w 2 mEeM s 2 7IZEe HEgk B HUldts
H

= AYstFrt. Table 5-10L A Ao &y
ol

gl gosts £A4S EFsta 9o ol F3
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Table 5—1 OPL for CP model

Function Description Index
An interval variable with start time and
interval_var end time of unknown thing for scheduling D
problem
endBeforeStart | Constraint on preceding relationships ®
endAtStart Constraint on serial relationships ©)
. Constraint on alternative thing among
alternative . ) @
variable list
startOf Unknown start time of an interval variable ®
endOf Unknown end time of an interval variable ®
presenceOf Existence of an interval variable @
sizeOf Size of an interval variable
Cumulative function of constant value
step_at i i ©)
from the given point
ulse Cumulative function of constant value
p between the start and the end of interval

A
\ 4

g
a s e B Time

Figure 5—1 Definition of interval variable

B 299 global constraints %, Table 5—1@2} Table 5—-13<

(&
B
o
1o
o

Aell tigh Ak o R Table 5-1@+ F W] A8
w7 215, Table 5-10<& © Yok A& W9 vixh Al 9
W0 Al2E Al ] A A S 23St (Dechter et al. (1991)). Global
constraints %, Table 5-1@+ WF 18 #AE sk

AetzAolth, shte] thE M4 dF9lel oI optional WEE A

rok
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A524 CP7Idt AF 4 A3 24

AE 54 4495 99 cPrEe Ted 2k

FK

Maximize 1,0bj, - 1,0bj, (1)
S.t.

Z('presenceOf(xij) X efﬁ-j)

Obj, = , VIiEM;, Vje (2)
> (presenceOf(xij) X max(effij))

obi Z(presenceOf(xl-j) X (endOf(zi) + pq;; —dj))

J2 = IJ.] %90 ’ (3)

ViEe M, VjeE]

presenceOf(xal-j) = presenceOf (xb;;) (4)
endAtStart(xa;; , xb;;), VieM, VjeE] (5)
alternative(zj, {(xij|i € M), (xal-j|i € Mj)}), vje] (6)
cumulative(zj|j €/, 1,1%), YVEV (7)
endOf(x;) #T;, Vi€ M;, Vj €] (8)
endBeforeStart( zj, Zk), pj = P, dj < dy (9)

endBeforeStart( zj, Zk) pj = Pr, dj = dy, sn; < sn,  (10)

(startOf (xa;j) — StartOf(xbi]-))

x (startof (xay;) — endOf (xb;;)) = 0,

(endOf(xai]-) — StaTtOf(xbl-j))

x (endof(xa;) — endOf(xb;)) 2 0, Vj€j, Vi € M,

(1)
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Figure 5—7 Structure of ship variable(a) at the graving berth, (b) at the

floating berth
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Table 6—1 Ship data for validation of constraint satisfaction

Parameter Value
Number of fixed ships 52
Number of contracted ships 0
Number of expected ships 143
Number of shiptype 6

Table 6—2 Berth information for validation of constraint satisfaction

Berth Berth Semi—tandem Parallel—tandem
1D type possibility possibility
AD Graving O O
BD Graving O X
CD Graving X X
DD Float X X
ED Float X X
FD Float X X

Table 6—3 Berth—shiptype priority for validation

Ship Berth ID

type AD BD CD DD ED FD
ST1 7 10 10 3 7 3
ST2 5 3 3 3 5 3
ST3 0 0 0 10 7 10
ST4 0 0 0 10 5 10
STH 10 5 0 5 3 5
ST6 3 10 0 3 8 3

Table 6- Altetz CPEREF Al Aol

rule7]WFo. 2
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gatel HEZ
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Zolty,  ‘Optimization’2. 2  X7]¥  column¢] CPEYS ZAyjlo|d
‘Heuristic’2 2 ¥7]% column®] A& Aot} Ax F£HEZ 94
A Ayt &F ol 2% Zlo vlEl CPEYEE 967%7F ~Q ¥

4 2o Ax FRo] dst mE A FAE Aok

Aotz B FHA md uW AH Py BT P& FEo] A9
Hoglt e FAT & odid, ot UA HEES £UT W A

Table 6—4 Result comparison between proposed model and heuristic

Value
Content
Optimization | Heuristic
. . Several
Scheduling time 967 (s)
days
Number of L/C per day 0 5
constraint
L/C constraint 0) @)
Constraint Spatial constraint O X
Key event constraint O O
Workload constraint X X
Objective function value 1 0.95
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A 5y Auele vag Fo 2Uo A% H0% + AYAw
Wab Aokxde Agsay mustgy] MEe] 2de gFS fEd)
AMAE 29 TP ek AGRAY BH oRE: Aok k. B

delde &9 deoly 9 EaS uigow Rt Aekxzie] wkey
oARutS t27 o] A¥E wlwdttl Ship datarx Table 6-59
Zom Adle] JHiE= Table 6-23 o} AF-Ad 49 JH+=
Table 6-6<2 W&t} 3 capacity 35 715 55,000/years
Agste] 4 w2 A3 working day 7] °F 260¥9ZE o]

211/day® AAFsFSA T

Table 6—5 Ship data for validation of workload constraint

Parameter Value
Number of fixed ships 12
Number of contracted ships 59
Number of expected ships 143
Number of shiptype 12
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Table 6—6 Berth priority by shiptype for validation of multi—objective

functions

Ship Berth ID

type AD BD CD DD ED FD
ST1 1 3 3 5 3 3

ST2 0 0 0 7 10 10
ST3 0 0 0 5 10 10
ST4 5 0 0 0 0 10
STH 5 10 10 7 3 3

ST6 5 10 10 7 3 3

ST7 3 10 0 5 3 3

STS8 10 5 10 3 3 3

ST9 10 5 0 3 5 5

ST10 3 10 0 8 3 3

ST11 5 3 0 0 10 7

ST12 5 3 0 0 10 7

A¥= Figure 6-18F Zov ()& FapAkzzdo] wAdg HJx
(b= AZH3U. 48 Fat w2 el s (b o] HHge 211%
&3] F3b capacitys ZdshA FEF FRol HIAL (a)9
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Figure 6—1 Comparison of result for daily workload; (a) CP model without

workload constraint, (b) CP model with workload constraint
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Table 6—8 Result of the objective functions value by weight case

Case A Az Obj, Obj,
1 5 95 0.867 0.396
2 10 90 0.857 0.371
3 15 85 0.876 0.420
4 20 80 0.860 0.429
5 25 75 0.872 0.399
6 30 70 0.856 0.378
7 35 65 0.856 0.373
8 40 60 0.862 0.373
9 45 55 0.859 0.430
10 50 50 0.862 0.402
11 55 45 0.866 0.385
12 60 40 0.884 0.437
13 65 35 0.875 0.413
14 70 30 0.873 0.427
15 75 25 0.910 0.531
16 80 20 0.914 0.560
17 85 15 0.976 0.784
18 90 10 0.976 0.736
19 95 5 0.981 0.789

B =R At mdolA, 0bj; & HU3, 0bj, v HAIE
H A= 23t} o] = vlE o7 7} 71X caseo] thdt pareto £4
A3}, case 1, case 2, case 3, case b, case 8, case 11, case 12, case

13, case 15, case 16, case 18, case 192 % 127/Z A H+= pareto
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Table 7—1 Ship data for KPI analysis

Value
Parameter Small size Big size
problem problem
Number of fixed ships 5 12
Number of contracted ships 59 59
Number of expected ships 0 143
Number of shiptype 12 12

Table 7—2 Berth priority by shiptype for KPI analysis

Ship Berth ID

type AD BD CD DD ED FD
ST1 1 3 3 5 3 3
ST2 0 0 0 7 10 10
ST3 0 0 0 5 10 10
ST4 5 0 0 0 0 10
STH 5 10 10 7 3 3
ST6 5 10 10 7 3 3
ST7 3 10 0 5 3 3
STS8 10 5 10 3 3 3
ST9 10 5 0 3 5 5
ST10 3 10 0 8 3 3
ST11 5 3 0 0 10 7
ST12 5 3 0 0 10 7

T EAo the g4 A= Table 7—-39F Zt} 270 dlo]E] o tf sl

LT FAATE Folglon, el R W A= oF 3u) Ao

srom, Aekrael Mg ok 6 dpolzk Wk wold L] H ol
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Table 7—3 Optimization results for KPI analysis

Evaluation factor S;lgl{)llzi;e E;ibsiiezneq
Scheduling time (s) 1,800 1,800
Number of variables 6,368 17,253

Number of constraints 601,116 3,413,516
Number of solutions 132 210
Number of possible L/C for a
day constraint © O
L/C day constraint 0 @)

Spatial constraint @) O
Key event constraint O @)
Workload constraint O @)

Obj, 0.869 0.821
Obj, 0.348 0.319
Obj 0.521 0.502

- —Obj1 ---Obj2 —Obj

1 21 41 61 81 101 121
Solution

Figure 7—1 Value of objective functions (small size problem)
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Table 7—4 Solutions in the range of objective function value trade off

Solution Obj, Obj, Obj
12 0.855 0.581 0.274
13 0.846 0.515 0.331
14 0.846 0.510 0.336
15 0.846 0.508 0.338
16 0.846 0.504 0.342
17 0.846 0.501 0.345
18 0.846 0.500 0.346

1,800%2] A AzbzEel 210709 3siE ©A3EHTt) Figure
HAee W ke WskE o wel =243} stk 22 A7) A9

gl & A ' Aol trade off= WA &UTE o=

r>~
1o

Ao 74 HlEdE ddo]l gle ¢ 3A=H obj o ABF, =
Tek BAglel WA tde] B SACERYH JFS e eio|th
Ty 0bjp 0 A, mE A Alek @Y1 flo] miAl tid T13te] BE

Alol7] mEel Ak Aol et FFgFe W= weldth 27
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Figure 7—2 Value of objective functions (big size problem)
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Table 7—5 Indices according to size of problem
Value
Content
Small size problem Big size problem

R'(%) 119.382 111.714

Ry (%) 68.457 62.225

Rp (%) 14.233 77.598

R (%) 0 85.625

Rp (%) 93.333 64.767

Rg (%) 69.814 77.322

CRr (%) 58.985 72.211
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Abstract

Optimization of long—term
planning based on constraint
programming considering mid—

term plan workload

—Berth planning optimization model
considering block assembly workload—

Kiyoung Cho
Naval architecture and ocean engineering
The Graduate School

Seoul National University

The berth scheduling process pertains to the long—term
scheduling within the shipyard's production plans and directly
influences the annual operations of the shipyard. Due to its nature as
a shipbuilding schedule spanning 3 to 6 years or even longer, the
berth scheduling involves a large number of target ships, and it often
requires a significant amount of time for planning, mainly relying on
heuristic judgment by planners in most shipyards. Moreover, to
consider the load of preceding processes, the method of planning
multiple berths scheduling cases and subsequently calculating the
berth case—specific loads is employed. However, this approach
becomes a factor that increases the planning time. As a result, the

berth scheduling is currently being done based on trial and error
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without a specific algorithm, and this limitation arises due to the
constraints of the search space, which prevents the guarantee of the
optimality of the resulting schedules.

In this paper, we have developed a constraint programming—
based model for optimizing berth scheduling by defining the
constraints and objective functions. The model aims to derive the
optimal berth schedules that satisfy these defined constraints and
objective functions. Constraint programming is based on logical
operations, enabling the straightforward modeling of complex
constraints, and it leverages graph theory, making it a suitable
method for solving scheduling problems effectively. The berth
scheduling optimization problem is highly complex, consisting of
numerous intricate constraints and covering an extensive time frame,
making it a large—scale problem. Due to these challenges, we
employed the constraint programming methodology to address this
optimization problem effectively.

The proposed model in this paper includes five key constraints,
including daily launching frequency, possible launching dates for each
ship type, shipyard space, daily workload of assembly processes, and
key event constraint. By adding the daily workload constraint of the
processes, the berth scheduling and the workload analysis of
preceding processes have been integrated into a single model,
avoiding them being treated as separate tasks. Utilizing constraint
programming, the model efficiently searches for the optimal solutions,
enabling fast berth scheduling.

The model considers two main objective functions: maximizing
72



workstage efficiency and ensuring contract deadline compliance for
berth scheduling. To validate the model's effectiveness, we compared
the model's results with actual performance data and verified the
constraints using the same dataset. Additionally, we conducted a
welghted analysis of multiple objective functions to derive Pareto
optimal solutions, demonstrating the versatility of the model for berth
scheduling. After ensuring the wvalidity of the constraints and
objective functions, we conducted a case study on various ship
configurations and target ship quantities. During the case study, we
conducted an exploration of solutions, analyzing the objective
function values of the obtained results. Additionally, we performed
an analysis of metrics such as ship leadtime increasing rate and
consecutive assignment ratio by berth to gain a comprehensive
understanding of the berth scheduling solutions generated by the
model.

In this paper, we propose a constraint programming—based
model for optimizing berth scheduling. The developed model
overcomes the limitations of planner—based berth scheduling, which
heavily relies on implicit knowledge and experience and 1Iis
constrained by planning time, to guarantee optimal solutions.
Moreover, the model integrates dynamic optimization for the target
period, which was not addressed in previous studies, along with load
analysis, offering a comprehensive approach to berth scheduling
optimization. Through this research, we have established a
theoretical foundation for berth scheduling optimization and achieved

practical implementation in optimizing berth scheduling.
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