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Abstract
The shipbuilding industry has been drastically affected by demand fluctuations. Currently, it faces intense global competition 
and a crisis because of an imbalance between supply and demand. This imbalance of supply and demand is caused by an 
excess of shipbuilding capacity. The Organisation for Economic Co-operation and Development has considered adjusting 
the shipbuilding capacity to reduce the imbalance based on the demand forecast. On the other hand, demand forecast of 
shipbuilding is a complex issue because the demand is influenced indirectly by adjustments in shipbuilding capacity. There-
fore, it is important to examine the influence of construction capacity adjustments on the future demand of ships based on 
demand forecasting for the sustainable growth of the shipbuilding industry. In this study, shipbuilding capacity adjustment 
is considered using a proposed simulation system based on a demand-forecasting model. Additionally, the system dynam-
ics model of a previous study is improved by developing a ship price-prediction model for evaluating the shipbuilding 
capacity-adjustment scenario. We conduct simulations using the proposed demand-forecasting model and system to confirm 
the effectiveness of the proposed model and system. Furthermore, several shipbuilding capacity-adjustment scenarios are 
discussed using the proposed system.

Keywords  Demand forecasting · Shipbuilding market modeling · Shipbuilding market analysis · System dynamics · 
Optimization

1  Introduction

1.1 � Importance of shipbuilding capacity 
adjustment

In the shipbuilding industry, the change in demand, i.e., 
orders for newly built ships, has been extremely drastic. 
From 2005 to 2008, orders increased rapidly because of 
the growth of seaborne cargo traffic, and the shipbuilding 
industry received the largest number of orders in its history. 
Therefore, the construction capacity of shipyards, particu-
larly in China and South Korea, increased rapidly, and many 

new ships have been built. Meanwhile, orders for new ships 
decreased rapidly after 2011. In the case of China, many 
shipyards became bankrupt, and the government decided to 
assist only the most excellent shipyards in their own country. 
Similarly, in South Korea, the government assists the ship-
building industry to continue the business. At the same, time 
in Japan, some shipyards have established agreements of 
cooperation to keep a strong international competitiveness.

The shipbuilding industry thus currently faces intense 
global competition and a crisis because of an imbalance 
between supply and demand. This imbalance is caused 
by an excess of shipbuilding capacity. For this reason, the 
Organisation for Economic Co-operation and Development 
(OECD) working party on shipbuilding has discussed the 
oversupply of shipbuilding capacity and assessed policy 
responses for governments [1]. Thus, adjustment of ship-
building capacity is one of the most urgent issues and impor-
tant subjects in shipbuilding industry today. However, no 
study regarding a shipbuilding capacity-reduction scenario 
considers future demand changes. On the other hand, fore-
cast of shipbuilding demands is a complex issue because 
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the demand is influenced indirectly by the adjustment of 
shipbuilding capacity. Therefore, it is necessary to consider 
the complex causal relationship in the market before imple-
menting a shipbuilding capacity adjustment.

1.2 � Related studies

Various studies on analyzing and modeling of shipbuilding 
markets have been conducted. Tayler [2], Nielsen et al. [3], 
the Japan Maritime Research Institute SD Study Group [4] 
developed a model to forecast ship order and fleet volume, 
etc. These studies focused on the demand and supply bal-
ance of the maritime market and considered the causal 
relation between its elements. Sakalayen et al. [5] focused 
on bulk carrier new building market, and formulated ship 
quantity order fluctuations using Newton’s law of gravita-
tion. Then, they developed a prediction model for the new-
building order by applying the multivariate autoregressive 
integrated moving average model.

As research focusing on the analysis of ship prices, 
Beenstock [6–8] et al. developed a model to forecast the 
price of newbuilding ships and second-hand ships as a part 
of developing a maritime market model that considered 
the demand and supply of the maritime industry. Jin [9] 
focused on the tanker market and developed a model to 
forecast newbuilding ship price considering orders, ship-
building capacity in shipyards, and other relevant maritime 
market factors. Similarly, Koyama et al. [10] and Nagat-
suka et al. [11] analyzed ship price and order books in 
shipyards, and found a relationship between these factors. 
In recent years, Gourdon [12] analyzed the price and cost 
determinants of new ships as a part of analyzing market-
distorting factors in the shipbuilding industry with a focus 
on government interventions. As shown in above, research 
on the modeling of the shipbuilding market has been con-
tinuously conducted, and a model to forecast ship prices 
is also being studied.

To support decision-making for complex problems in 
the shipbuilding market fields, some studies have dis-
cussed policy or strategy decision-making for shipbuild-
ing, considering the market influence. Won [13] suggested 
a South Korean shipbuilders strategy based on shipbuild-
ing market forecasting results and financial information 
analysis in South Korea. Concretely, they suggested that 
South Korean shipbuilders focus on offshore units, explore 
new market demand, and consider business diversification. 
Paul [14] discussed a marketing strategy for shipyards, 
considering both external and internal factors for the ship-
building market. These studies discussed qualitative poli-
cies or strategy for shipyards based on statistics data.

In addition, the following studies discussed policy 
influence or future demand change quantitatively using 
system dynamics in the shipbuilding field. Jun et al. [15] 

demonstrated and quantified the factors that influenced 
ship safety and ship accidents based on the application 
of system dynamics. As a result, the authors made policy 
recommendations for both the government and marine 
industry in South Korea. Lee [16] developed a tanker 
industry model, forecasting the tanker demand for newly 
built ships, in which complex relations between sea cargo 
movement, orders for new ships, and construction and 
scrapping of ships were considered simultaneously. Shin 
et al. [17] developed an empirical model to explain the 
changing global competition in the shipbuilding industry 
using the Cournot oligopoly with Choquet Expected Util-
ity (CEU) theory.

As shown above, some studies [13, 14] have focused on 
part of the policies or strategies for shipyards. However, 
none of these studies is quantitative and based on future 
demand. Additionally, some studies [15–17] focus on the 
optimal policies or demand forecasting for shipyards based 
on the model. However, these are not discussing the over-
supply of shipbuilding capacity issues. On the other hand, 
Paul [18] focused on public assistance behind the oversupply 
of shipbuilding capacity. He analyzed the structure of the 
shipbuilding market based on statistical data and discussed 
the influence government subsidies have on the shipbuild-
ing market. However, no shipbuilding capacity-reduction 
scenario considers future demand changes. Thus, there is 
no thorough method to support decision-making for govern-
ments and shipyards considering the shipbuilding market. 
The shipbuilding capacity-reduction scenario is not dis-
cussed enough despite the market emergency.

Incidentally, research to support decision-making based 
on prediction models has been progressing in other fields. 
Some studies have proposed a method to decide optimal pol-
icies or strategies by combining optimization methods and 
a prediction model. Elmahdi et al. [19] developed an irriga-
tion demand-management model using system dynamics, 
and the optimal allocation of cropping areas was determined 
by combining this model with a linear objective optimiza-
tion approach. McSharry [20] proposed cost-effective invest-
ment for reducing malaria expansion in Bolivia using system 
dynamics and a genetic algorithm.

1.3 � Research objective

In this study, we focus on the imbalances of supply and 
demand of the shipbuilding industry. The simulation system 
to consider the shipbuilding capacity adjustment is devel-
oped using the proposed demand-forecasting model and 
optimization method. Concretely, we refer to trends in other 
fields of research [19, 20]. Thus, we develop our simulation 
system to adjust the shipbuilding capacity by combining 
our proposed demand-forecasting model with optimization 
methods. Additionally, to implement a simulation system 
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that considers shipbuilding capacity adjustments, the system 
dynamics model of previous studies is improved by develop-
ing a ship price-prediction model based on knowledge from 
previous studies.

Thereafter, we conduct simulations using the proposed 
system and model to confirm their effectiveness. Then, the 
impacts of expansion and decrease of construction capac-
ity on the shipbuilding market are evaluated with various 
simulations. We have documented interim reports [21, 22] 
about this study. Finally, we summarize the results from 
these previous studies.

As described in Sect. 1.1, the shipbuilding market consti-
tutes a complex system. In recent years, a system engineer-
ing approach has been introduced effectively for analysis and 
decision-making of issues with complicated causal relation-
ships. In the field of shipbuilding, Hiekata et al. [23] have 
proposed a method for evaluating the impact of IoT tech-
nology in the maritime industry using the system engineer-
ing method. The authors [24] developed the shipbuilding 
demand-forecasting model using system dynamics, which 
is one of the system engineering approaches. Based on this 
background, we use a system engineering method to solve 
the supply and demand problem of ships in this study. It 
should be noted that the authors position this study as rel-
evant to the field of systems engineering, as it assists in the 
decision-making of how capacity should be adjusted in the 
shipbuilding market.

2 � Theoretical background

2.1 � Overview of our demand‑forecasting model

As mentioned in Sect. 1.3, we developed a demand-fore-
casting model for shipbuilding in consideration of the 
shipbuilding market characteristics using system dynam-
ics [25] in a previous study [24]. We developed system 
dynamics models for demand forecasting of shipbuilding 
and confirmed the validity of the proposed models.

The target ship type is the bulk carrier. The target 
cargo commodities include iron ore, coal, and grain. The 
demand-forecasting model of our previous study [24] 
is shown in Fig. 1. As shown in the figure, this system 
dynamics model consists of the following four sub-models:

1.	 Cargo transportation-prediction model: This model fore-
casts the amount of sea cargo movement based on world 
GDP and cargo transportation distance.

2.	 Order prediction model: This model forecasts the num-
ber of orders for ships based on sea cargo movement, 
ship bottoms, ship price, and order books at shipyards.

3.	 Construction model: This model determines the amount 
of ship construction. The ordered ships are placed on the 
shipping market after several years. The construction 
capacity and the order books at shipyards influence the 
construction period. This model controls these amounts 
and timings.

4.	 Scrap model: This model determines the monthly 
amount of scrapped ships based on the condition of the 
shipping market.

Fig. 1   Overview of demand-
forecasting models in our previ-
ous study [24]
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World GDP, cargo transportation distance, and ship 
price are difficult to forecast. Therefore, these variables 
are treated as exogenous variables and are set by system 
users. By inputting these variables and initial values at the 
start of the simulation (bottoms, order books, construc-
tion capacity, and amount of ships under construction), 
the number of orders, amount of construction, scrap, etc., 
are forecasted.

2.2 � Overview of construction model

In this section, we explain the basic concept of the construc-
tion model and clarify the calculation of the construction 
capacity, because the construction capacity is fundamental 
factor in this study.

The orders for new ships are added to the order books 
in shipyards. The amount of construction is determined 
based on the order books and construction capacity. Using 
Eqs. 1 and 2, the amounts in order books and in construction 
are calculated. There is a certain time delay between order 
books and the amount of ship construction in Eq. 2:

where Ob represents the order books (DWT) at shipyards, 
Or is the number of orders (DWT), C is the amount of ship 
construction (DWT), n is the construction period of ships 
depending on ship size, j is the ship size (1: capesize, 2: 
panamax, 3: handymax, 4: handysize), and t is internal time 
in the simulation (months).

(1)Ob
j

t+1
= Ob

j

t + Or
j

t − C
j

t,

(2)C
j

t = f
(

Ob
j

t−n

)

,

The relation between order books and construction is 
shown in Fig. 2. As shown in the figure, the following rela-
tions can be assumed between the two factors:

(a)	 Ordinary condition (Fig. 2a): Shipyards decide the 
amount of ship construction based on their order books. 
A linear relation is assumed between the order books 
and the amount of construction.

(b)	 Full operation (Fig. 2b): When the amount in order 
books increases, the shipyards construct ships at full 
construction capacity. In such a case, the amount of 
construction does not increase even when the order 
book level increases.

(c)	 Expansion of construction capacity (Fig. 2c): When the 
amounts in the order books increase further from the 
state of full operation, the shipyard invests in plants and 
equipment, and its construction capacity is enhanced. 
A linear relation is assumed between the order books 
and the construction capacity. There is a certain time 
delay between order book and construction capacity 
expansion. The amount of ship construction increases 
in conjunction with the construction capacity.

(d)	 Decrease in orders (Fig.  2d): The amount of con-
struction decreases when the amount in order books 
decreases. However, construction capacity remains at 
an expanded level. A linear relation is assumed between 
the order books and construction.

The amount of construction and construction capacity 
is calculated using this model and inputting initial value of 
construction capacity at the start of simulation.

Fig. 2   Overview of construction 
model in our previous study 
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2.3 � Limitations of our previous study

As discussed previously, the adjustment of shipbuilding 
capacity is one of high urgency and an important problem 
in the shipbuilding industry today. However, the adjustment 
of shipbuilding capacity was not discussed in the previous 
study because the purpose of that study [24] was to develop 
a long-term demand-forecasting model for the shipbuilding 
market and forecast the total number of orders, total amount 
of construction, etc. To realize this, in the previous study, the 
entire shipbuilding industry was represented by the construc-
tion model, and the perspective of differences in countries and 
competition of shipyards were not included.

As mentioned in Sect. 2.2, construction capacity indi-
cates the limitation of the amount of maximum construction 
of ships; therefore, this construction capacity influences the 
amount of ship construction directly. The number of ship 
orders is calculated using sea cargo movement and ship bot-
toms; therefore, the amount of ship construction influences the 
number of orders indirectly. As a result, construction capacity 
influences the whole of the maritime market. In addition, con-
struction capacity influences ship price, as shown in the previ-
ous study [9]. From the above, construction capacity is a very 
important factor because this influences not only shipyards, 
but also the whole maritime market. However, in the previ-
ous model, construction capacity is decided by order books in 
the construction model. It was difficult to discuss changes in 
market conditions due to appropriate adjustment of construc-
tion capacity. Therefore, it is necessary to study the optimal 
shipbuilding capacity adjustment.

In addition, it is necessary to consider the future profit to 
decide optimal shipbuilding capacity adjustment. The ship 
price is necessary to calculate shipyard profit. However, ship 
prices were not a target in our previous study. Therefore, the 
ship price was inputted into the demand-forecasting model as 
an exogenous variable by system users.

To discuss the above, we developed a simulation system 
that includes the following characteristics:

•	 A ship price-prediction model is newly defined to forecast 
ship prices. The ship price-prediction model was integrated 
into the previous demand-forecasting model.

•	 We developed the system to consider that optimal ship-
building capacity adjustment is developed using the pro-
posed demand-forecasting model and optimization meth-
ods.

The difference of the simulation system between this study 
and the previous study is summarized in below:

•	 This study develops the system to consider optimal ship-
building capacity adjustment.

•	 The forecasting model in the previous study is modified to 
add the ship price-prediction model.

•	 Some simulations were executed using the proposed model, 
and we evaluated the impacts of expansion and reduction 
of construction capacity on the shipbuilding market.

2.4 � Overview of the proposed system

2.4.1 � Problem definition

To consider the optimal adjustment of shipbuilding capac-
ity, we formulated this problem as an optimization prob-
lem, with the profit of the shipbuilding market as the 
objective function. In this formulation, we consider how 
to adjust shipbuilding capacity from the viewpoint of the 
entire world. By adjusting the shipbuilding capacity of 
the entire world, we grasp the broader insights of the sus-
tainable development of the shipbuilding industry from 
the viewpoints of the entire world. Along with this, as in 
the previous study, the proposed system does not include 
viewpoints such as differences in countries and competi-
tion in shipyards.

As mentioned in Sect. 2.3, the number of orders, ship 
prices, etc., is influenced by shipbuilding capacity. To 
consider shipbuilding market fluctuation by this factor, a 
shipbuilding capacity-adjustment system is developed by 
combining the proposed demand-forecasting model and 
optimization method.

2.4.2 � Basic concept of the system

The basic concept of the shipbuilding capacity-adjustment 
system is shown in Fig. 3. The design plan of the construc-
tion capacity expansion or reduction is created in the upper 
problem. Then, the design plan is fed into the demand-
forecasting model and the demand-forecasting simulation 
is conducted in the lower problem. Forecasting results are 
calculated by the simulation. A fitness value for the upper 
problem is calculated using the forecasting results. After 

Demand-forecasting
model

Design plan of 
Upper problem

Forecasting
results

Upper problem

Lower problem

Construction capacity 
optimization

Input value for lower problem 
SSiimmuullaattiioonn ssppaann GGDDPP ggrroowwtthh sscceennaarriioo
CCaarrggoo ttrraannssppoorrttaattiioonn ddiissttaanncceesscceennaarriioo

DDeessiiggnn vvaarriiaabbllee CConstruction capacity expansion
CCoonnssttrraaiinntt ccoonnddiittiioonn Minimum annual profit
OObbjjeeccttiivvee ffuunnccttiioonn Maximum profit for 

shipbuilding industry

Fig. 3   Optimization problem in this study
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that, an optimization calculation is executed in the upper 
problem. Thereby, the optimally applied timing and quan-
tity of shipbuilding capacity expansion or reduction can be 
planned. Simulated annealing [26] is applied in the optimi-
zation calculation. The construction capacity is considered 
as a design variable and the optimal shipbuilding capacity 
adjustment is planned.

3 � Overview of upper problem

3.1 � Formulation of upper problem

The optimal timing and quantity of construction capacity 
expansion are planned in the upper problem. The design vari-
able, objective function, and constraint condition are as fol-
lows. The symbols of the formulation are defined in Table 1.

•	 Design variable: Monthly changes of the construction 
capacity are considered as design variables. This construc-
tion capacity is set based on the size of ships in Eqs. 3 and 
4. This design plan is updated monthly.

•	 Objective function: The objective function is set as the 
maximum shipbuilding industry profit for the simulation 
span in Eqs. 5–10. This is the rough estimate profit in the 
market. Orders and ship price are used in the calculations 
for the lower problem. The cost calculation refers to Refs. 
[27–31].

•	 Constraint condition: The minimum annual profit Mp for 
the shipbuilding industry is set in Eq. 11. This is inputted 
by system users.

(3)Ep =

[

ep
j

t

]

,

(4)Cap
j

t+1
= Cap

j

t + ep
j

t+1
,

(5)max(Profit) =
∑

t

(

Incomet − Costt
)

,

(6)Incomet = Ort × Spt,

(7)Costt = Cst + ICt,

(8)Cst = � × stp ×
∑

j

(

LWj ×
C
j

t

sizej

)

,

(9)LWj =
(

sizej × 0.13 + 3423.5
)

(10)ICt =
∑

j

� × ep
j

t,

(11)Aprofit ≥ Mp.

Table 1   Symbols of formulation [Eqs. 3–11]

Symbols Explanation Symbols Explanation

[Suffix] [Objective function]
t Internal time in the simulation (months) C Amounts of construction (DWT)
j Ship size (1: capesize, 2: panamax, 3: hadymax, 

4: handysize)
IC Expansion of construction capacity cost (USD)

[Design variable] LW Light weight (tonne)
Ep Design plan of expansion of construction capac-

ity (DWT)
[Constant]

ep Expansion of construction capacity in 1 month 
(DWT)

stp Steel price (1000 USD/tonne)

Cap Construction capacity (DWT) α Cost coefficient (2.0(–))
[Objective function] β Expansion cost (1257.9 (USD/DWT))
Profit Total profit of shipbuilding industry (USD) size Representative ship size (DWT) Income 

of shipbuilding industry (USD) (cape-
size:180,000, panamax: 80,000, handymax: 
60,000, handysize: 35,000)

Cost Cost of shipbuilding industry (USD)
Or The number of orders (DWT) [Constraint condition]
Sp Ship price (USD/DWT) Aprofit Annual profit for shipbuilding industry (USD)
Cs Construction cost of ships (USD) MP Minimum annual profit (USD)
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3.2 � Optimization method

3.2.1 � Simulated annealing

Simulated annealing [26], which simulates the annealing 
process of metal, is used as a general-purpose approximate 
solution for solving optimization problems, such as com-
binatorial optimization problems. Simulated annealing is 
introduced as a stochastic equation that depends on tem-
perature parameters to allow the solution to become worse 
than the current solution. By this equation, it was possible 
to prevent falling into a local solution and realize a global 
solution search.

3.2.2 � Calculation flow

The calculation flow of simulated annealing is shown (1–8) 
and in Fig. 4.

1.	 Set the initial parameter
	   The temperature parameters (initial temperature T0, 

iteration time It, cooling time Ct, and temperature reduc-
tion coefficient γ) are set.

2.	 Generate the design plan
	   The initial design plan Ep0 is generated when the 

temperature is T0 (initial temperature). In other cases, 
a new design plan Ep′ is generated using a local search 
algorithm based on the design plan for the present status. 

The structure of the design plan and the local search 
algorithm are as follows:

•	 Structure of the design plan:
	   The structure of the design plan is shown in Fig. 5a. 

Each array expresses the expansion of the capacity rate 
for each ship size. The construction capacity-expansion 
rate, with maximum 10 and minimum 0, is stored in each 
array. In the case of considering construction capacity 
reduction, the construction capacity-expansion rate with 
maximum 0 and minimum − 10, is stored in each array. 
The bit size of each size of the ships is determined based 
on simulation span that system user sets. The change 
of each size of the expansion capacity is expressed by 
converting this design plan using Eq. 12 and the upper 
limitation of the expansion capacity in 1 month from 
Table 2. For example, the design plan for Capesize, the 
second bit from the begging (internal simulation time 
t = 2) is “5.” The maximum expansion capacity of Cape-
size in 1 month is 235,000 (DWT); therefore, 117,500 
(DWT) is the expansion capacity in t = 2. As a result, the 
design plan in Fig. 5a converts to the change of expan-
sion capacity in Fig. 5b. It should be noted that the 
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upper limitation of the expansion capacity in each array 
is set to twice the estimation results, based on the actual 
results. By giving a range to the expansion amount, it 
is possible to consider the appropriateness of the cur-
rent expansion speed. Additionally, initial plan Ep0 is 
set capacity expansion and reduction does not occurred. 
Therefore, Ep0 in each array is set as 0.

where ep is the expansion capacity for each size of ships 
(DWT), rate is the expansion rate of the design plan (–), 
le the upper limitation of expansion capacity (DWT), 
t is internal time in the simulation (months), and j is 
the ship size (1: capesize, 2: panamax, 3: handymax, 4: 
handysize).

•	 Local search algorithm
	   It is necessary that the local search algorithm searches 

neighboring solutions to the current solution in simu-
lated annealing. We search neighbor solutions using 
five local search methods in this study. We select these 
methods at random:

(a)	 Swap: We select 2 bits on the design plan at ran-
dom and interchange the values (Fig. 6a).

(b)	 Bit change: We select 1 bit on the design plan 
at random, and the values are changed at random 
(Fig. 6b).

(c)	 Insert: We select 1 bit and insert a point at ran-
dom and the selected bit is inserted into that point 
(Fig. 6c).

(12)ep
j

t =
rate

j

t

10
× lej,

(d)	 Reverse: We select 2 bits (start and end) on the 
design plan at random; the sequence of the inter-
nal bits is reversed (Fig. 6d).

(e)	 Infection: We select 1 bit on the design plan at 
random and the values of the surrounding 2 bits 
change to this value (Fig. 6e).

3.	 Evaluation
	   The demand-forecasting simulation is conducted 

using the proposed demand-forecasting model in the 
lower problem. After that, the objective function is cal-
culated using the result of the demand-forecasting simu-
lation and Eq. 5. The details are discussed in Sect. 4.

4.	 Acceptable criterion
5.	 Transition
	   The difference of profit Δp is determined using Eq. 13 

in the new design plan. After that, we use the Metropo-
lis criterion [26] as an acceptable criterion in Eq. 14. 
The Metropolis criterion is a criterion for determining 
whether to transition to the next state.

where profit is the total profit of the shipbuilding indus-
try (USD), Δp is the difference in profit (–), T is the 
temperature (–), Ap is the acceptable probability (–), and 
a is the iteration time (–).

	   If Δp improves (Δp becomes minus), Ap becomes 
“1” and the design plan Ep is updated to a new design 
plan. Otherwise, if Δp does not improve (Δp becomes 
plus), the design plan Ep is updated stochastically. In 
the case of a high temperature, the acceptable probabil-
ity becomes high, and the design plan Ep easily moves 
toward a small profit. On the other hand, in the case of 
a low temperature, the acceptable probability becomes 
low, and the design plan Ep becomes difficult to move 
toward a small profit. Using this criterion, it can pre-
vent falling into a local solution. The best design plan is 
saved and updated.

6.	 Cooling criterion
7.	 Cooling
	   Cooling is conducted when the iteration time reaches 

the maximum in the cooling time k. This maximum 
cooling time is inputted by system users.

	   In the cooling step, the temperature Tk+1 is calculated 
using Eq. (15). To keep the convergence of the solution, 

(13)Δp =
profita − profita+1

profita
,

(14)Ap =

{

1 if(Δp < 0)

exp
(

−Δp

T

)

otherwise
,
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we avoid sharp drops of temperature in the simulated 
annealing algorithm. Therefore, in general, the tempera-
ture coefficient γ is set to over 0.8 and less than 1[32].

where T is the temperature (–), γ is the temperature coef-
ficient (–), and k is the cooling time (–).

8.	 Stop criterion
	   The algorithm is stopped when the cooling time 

reaches the maximum.

4 � Overview of lower problem

4.1 � Improvement of system dynamics model

In the lower problem, the demand-forecasting simulation 
is conducted using the proposed demand-forecasting model 
based on the simulation span, simulation scenarios (world 
GDP and cargo transportation distance scenarios), and initial 
values at the start of the simulation (bottoms, order books, 
construction capacity, and amount of ships under construc-
tion). The number of orders, amount of construction, ship 
price, etc., are then forecasted. The exogenous variables, 
simulation span, and initial values at the start of the simu-
lation are set by the system user in advance. Based on the 
predicted values output from the SD model, the calculation 
of the objective function (Eq. 5) and the judgment of the 
constraint conditions (Eq. 11) are performed. It is possible to 
forecast construction capacity using the construction model 
of our previous study [24]. However, the demand-forecasting 

(15)Tk+1 = � × Tk ,

simulation is conducted using a design plan of construction 
capacity in the case of a construction capacity-control prob-
lem. Thus, the internal calculation of construction capac-
ity by construction model is not conducted. As mentioned 
in Sect. 2.2, the construction model in the SD model has 
modeled characteristics of capacity expansion for shipbuild-
ing based on actual results. By replacing the construction 
model with a design plan in optimization, we consider the 
fluctuation of the shipbuilding market when the construc-
tion capacity is expanded, which is different from the past 
characteristics.

It is necessary to develop the ship price prediction model 
and improve the demand-forecasting model to calculate 
the object functions and to check the constraint condition. 
Therefore, the demand-forecasting model is improved by 
developing the ship price-prediction model. This ship price 
model was integrated into the previous demand-forecasting 
model. The overview of the entire demand-forecasting 
model, integrated with the ship price-prediction model, is 
shown in Fig. 7. We define the backlog of the shipyards Bl, 
which means the stock rate of the order books. The backlog 
Bl is calculated using the order books, construction capacity, 
and period of facility expansion. The ship price is calculated 
using this backlog. The number of orders and the amount of 
construction, scrap, etc., are forecasted using this model by 
inputting only world GDP and cargo transportation distance.

4.2 � Development of ship the price‑prediction 
model

Ship price fluctuates by internal influences in the shipbuild-
ing market and external influences such as modification of 
international rules. Koyama et al. [10] and Nagatsuka et al. 
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[11] focus on how the ship price fluctuates by internal influ-
ences on the shipbuilding market. They indicate that there 
is a strong correlation between the order books at the ship-
yards and the ship price. However, the data utilized in these 
studies are annual data and limited to shipbuilders in Japan. 
Accordingly, it is difficult to apply to a demand-forecasting 
model, because we target monthly demand forecasting and 
the worldwide market in this study. We refer to these studies 
[10, 11], and analyze the relation between order books at 
shipyards, construction capacity in shipyards, and the ship 
price based on latest market data. The ship price-prediction 
model is developed based on the analysis result. It is difficult 
to forecast the ship price fluctuation caused by the external 
influence. Therefore, we focus on the relation between ship 
price and the internal influences on the shipbuilding market.

The calculation equation for the backlog Bl and the ship 
price are defined in Eqs. 16 and 17

where Bl is the backlog at the shipyards (year), Ob the order 
books in the shipyards (DWT), f1 the function to calculate 
annual construction capacity (–), Cp the construction capac-
ity at the current month (DWT), and ep the period of facility 
expansion (month). Here, Sp is the ship price (index), f2 is 
the function to calculate the ship price (–), and t is the inter-
nal time in the simulation (months).

The relation between the backlog and ship price is shown 
in Fig. 8. The ship price is forecasted using the characteris-
tics developed below. It should be noted that “Ship price” 
denotes the average price for each ship size. The unit for the 
ship price is the index value (index), which is the definition 
used in the Clarkson Shipping Intelligence Network [33]. 
This ship price index is calculated in the lower problem. It 
converts to the average ship price (USD/DWT) using the 

(16)Blt =
Obt

f1(Cpt, ep)
,

(17)Spt = f2(Blt),

relation in Fig. 9. The ship price (index) and average ship 
price (USD/DWT) consider all ship sizes (i.e., Capesize, 
Panamax, Handymax, and Handysize).

1.	 Rising period: The ship price increases as the backlog 
increases. The ship price increases rapidly when the 
backlog is between 1 and 3 years. However, the rate of 
the rising speed becomes gentler when the backlog is 
over 3 years.

2.	 Falling period: Ship price decreases as the backlog 
decreases. This is caused by the rapid expansion of 
construction capacity in the shipyards. The ship price 
decreases rapidly when the backlog is over 3.2 years. 
However, the ship price becomes constant when the 
backlog is between 3.2 years and 2.8 years. Addition-
ally, if the backlog is less than 2.8 years, the ship price 
starts to fall.

3.	 Forced falling period: When the backlog at shipyards 
becomes nearly 1 year, the ship price is forced into fall-
ing by the shipyards to keep the amounts of order books 
considering a likely future recession. Additionally, when 
the ship price reaches the bottom, it enters the rising 
period (1).

These relations are defined using the following data from 
the Clarkson Shipping Intelligence Network [33]:

1.	 The amounts of order books (DWT) from 1998 to 2012.
2.	 The amounts of construction capacity (DWT) from 1998 

to 2012; these are the analysis results in the previous 
study [24].

3.	 Ship price (Index) from 1998 to 2012.

4.3 � Sub‑model validation of ship price‑prediction 
model

To confirm the validity of the proposed sub-model of ship 
price-prediction model, we conducted a demand-forecasting 
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simulation from January 1998 to December 2012. The input 
data and outputs for the simulation are:

•	 The amounts of order books (DWT) from January 1998 
to December 2012;

•	 The amounts of construction capacity (DWT) from Janu-
ary 1998 to December 2012.

The simulation results for the sub-model are shown in 
Fig. 10. In the figure, the solid line shows the simulation 
results, whereas the dotted line shows actual results. The 
sub-model for the ship price-prediction model reproduced 
the rapid increases and decrease in ship price from 2002 to 
2005, from 2006 to 2008, and from 2008 to 2011. Thus, the 
proposed sub-model can reproduce the trends of the actual 
results; therefore, the validity of the proposed sub-model is 
confirmed.

4.4 � Entire model validation

To confirm the validity of the entire proposed model, 
including the ship price-prediction model, we conducted 
a demand-forecasting simulation from January 1998 to 
December 2012. The input data for the simulation were as 
follows:

•	 Input scenario: from January 1998 to December 2012

1.	 World GDP (actual data)
2.	 Cargo transportation distance (actual data)

•	 Initial value:

1.	 Bottoms: 2.65 × 108 (DWT)
2.	 Order books: 2.62 × 107 (DWT)
3.	 Construction capacity: 2.09 × 106 (DWT)
4.	 Ship amount under construction: 9.60 × 106 (DWT)

The simulation results for the ship price and orders are 
shown in Fig. 11. In the figure, black solid lines show the 
simulation results while gray dotted lines show actual results. 
Clearly, the almost trend of ship price can be simulated 
well (Fig. 11 left). Additionally, the trend of orders can be 
simulated (Fig. 11 right). Focused on ship price forecasting 
results, the reproducibility of simulation is reduced. There is 
a difference between the simulation and actual results around 
2002, from 2004 to 2005, and around 2008 compared with 
Fig. 10. This is the influence that the simulation result, espe-
cially the simulation results for orders, did not reproduce 
the short-term change with the proposed model. As a result, 
the difference between simulation results and actual results 
develops by this difference in accumulation.
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To confirm the number of months for which the proposed 
model reproduced the actual trend for price and ship orders, 
we conducted a correlation analysis between the simulation 
and actual results. The purpose of correlation analysis is to 
analyze how the output predicted values could reproduce the 
actual trends. We will verify the fineness of the model by 
correlation analysis. The moving average was taken against 
actual results for ship price and orders. The results are shown 
in Fig. 12. The solid gray lines in Fig. 11 show actual results 
by taking the moving average. The correlation coefficient for 
ship price was at a maximum (0.96 (–)) when the moving 
average period spanned 2 months. The correlation coeffi-
cient for the ship price decreases gradually when the mov-
ing average period is longer than 2 months. The correlation 
coefficient for orders was a maximum (0.89 (–)) when the 
moving average period spanned 6 months. Both the correla-
tion coefficients for orders and ship price show high values. 
From these results, the proposed model can forecast the aver-
age trend for orders for 6 months and the average trend in 
ship price for 2 months. The moving average period set to 
2 months is almost the same as without a moving average 
period. Therefore, the actual results without moving average 
(dotted lines), and the moving average of the actual results 
(gray solid lines) for ship price, are almost the same results 
as in Fig. 11.

Based on the above discussion, the proposed entire model 
can reproduce the trends of the actual results; therefore, the 
validity of the entire proposed model is confirmed.

5 � Case study

5.1 � Past simulation

To consider the optimal timing and magnitude of the con-
struction capacity expansion, we conducted optimization 
simulations. How the construction capacity expansion speed 

changes short-term and long-term and the effectiveness of 
the rapid construction capacity increase are verified by this 
simulation.

The simulation case, input scenario, initial value, con-
straint condition, and simulated annealing parameters are 
as follows:

•	 Simulation case
	   Case 1: The simulation span is set from 2004 to 2011.
	   Case 2: The simulation span is set from 2004 to 2020. 

The world GDP growth rate is set to 3.5% and the cargo 
transportation distance was assumed to be constant after 
2016.

•	 Input scenario: from January 2004 to December 2015

1.	 World GDP (actual data)
2.	 Cargo transportation distance (actual data)

•	 Initial value:

1.	 Bottoms: 3.02 × 108 (DWT)
2.	 Order books: 5.58 × 107 (DWT)
3.	 Construction capacity: 2.09 × 106 (DWT)
4.	 Ship amount under construction: 1.50 × 107 (DWT)

•	 Constraint condition

1.	 Constraint condition Mp is set to 1.0 × 1010 (USD)

•	 Simulated annealing parameters

1.	 Initial temperature T0: 0.15 (–)
2.	 Iteration time It: 20 (times)
3.	 Cooling time Ct: 150,000 (times)
4.	 Temperature reduction coefficient γ: 0.999 (–)

The optimization results of the simulation for construc-
tion capacity and orders are shown in Fig. 13. For Case 1, 
the construction capacity optimization is executed until 
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2011 and construction capacity was assumed to be constant 
after 2013. The actual results are shown from 2004 to 2012. 
The construction capacity is expanded in conjunction with 
a rapid increase in orders from 2007 to 2008. Compared 
with the actual results, the trends of orders and construction 
capacity agree well. However, the number of orders remains 
at low levels after 2012 because of the excessive supply of 
ship bottoms.

For Case 2, the construction capacity increases around 
2007 and then becomes constant after 2010. Compared with 
Case 1, the construction capacity expansion starts quickly, 
and the maximum amount of construction capacity is 48.0% 
lower. The simulation results for orders are changed by this 
influence. For example, the number of orders decreases from 
2007 to 2009 by a decrease in the construction capacity. 
After 2012, the shipbuilding industry takes constant orders. 
The start and end of the construction capacity expansion are 
almost identical with the start and end of the rapid increase 
in orders.

The optimization results for the profit of the shipbuilding 
industry are shown in Fig. 14. When we compare the actual 
result with Case 1, we see that the profit of the shipbuilding 
industry increases from 2007 to 2008 in conjunction with 
the orders. The trends of the profit agree well between the 

actual results and Case 1. The total profit for the shipbuild-
ing industry is 4.05 × 1011 (USD) in Case 1. However, the 
shipbuilding industry is in deficit around 2012 because of 
an excessive supply of ship bottoms. Similarly, the profits 
remain at a low level and continue to show a deficit after 
2012. Therefore, the total profits decrease (3.37 × 1011 
(USD)) when the simulation span is from 2004 to 2020 in 
Case 1.

On the other hand, the shipbuilding industry can acquire a 
sustainable profit in Case 2, because the construction capac-
ity expansion is decreased and gentler. The total profit for 
the shipbuilding industry is 4.20 × 1011 (USD). Comparing 
Cases 1 and 2, the shipbuilding industry makes more profits 
when the simulation span becomes long term.

The rapid expansion of the construction capacity is effec-
tive in obtaining a great profit in the 7 years from 2004 to 
2011. However, the rapid expansion of construction capacity 
is not effective in the long term. Additionally, the oversup-
ply of shipbuilding capacity does not occur if the expansion 
is stopped when the rapid increase of orders from 2006 to 
2008 is over. From these results, we conclude that the cur-
rent recession would not have occurred if the construction 
capacity expansion had been appropriately controlled.

5.2 � Future simulation

To consider the optimal timing and amount of construc-
tion capacity reduction in the future, we performed further 
optimization simulations. The input scenario, initial values, 
and simulation cases are described below. The simulated 
annealing parameters are the same as in Sect. 5.1, and the 
constraint condition Mp is not considered in the simulation 
because it is difficult to satisfy the constraint condition based 
on 2013.

•	 Simulation case
	   Case 3: Construction capacity is assumed constant 

from 2013 to 2030.
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	   Case 4: Considering construction capacity reduction
•	 Input scenario: from January 2013 to December 2030

1.	 World GDP (actual data until 2015)
2.	 World GDP growth rate: 3.5% after 2016
3.	 Cargo transportation distance: actual data until 2015 

and assumed constant after 2016

•	 Initial value:

1.	 Bottoms: 6.92 × 108 (DWT)
2.	 Order books: 1.27 × 108(DWT).
3.	 Construction capacity: 1.14 × 107 (DWT).
4.	 Ship amount under construction: 4.84 × 107 (DWT).

The optimization results of the construction capacity are 
shown in Fig. 15 left. The maximum construction capacity 
continues constantly until 2030 in Case 3. In Case 4, the con-
struction capacity continues to decrease until 2017, when it 
becomes almost constant. Compared with Case 3, the con-
struction capacity decreases by 59.6% in Case 4. The optimiza-
tion results for profits are changed by this influence.

The optimization results for the profit of the shipbuilding 
industry are shown in Fig. 15, right. The difference in prof-
its was approximately 9 times between Case 3 (0.92 × 1010 
(USD)) and Case 4 (8.40 × 1010 (USD)). The total profits 
increase by ship construction capacity decrease. In Case 3, 
the shipbuilding industry is in a deficit from 2015 to 2019, 
and the profits are changed at low levels after 2020. In Case 4, 
the shipbuilding industry is in a deficit from 2015 to 2018, and 
the profits continuously increase after 2023. The comparison 
results of Case 3 and Case 4 are summarized below:

•	 The shipbuilding market recovers faster, and the deficit is 
smaller in Case 4 compared with Case 3.

•	 There is a big difference in profits after 2023 between Case 
3 and Case 4, which is due to the increase in ship prices 
resulting from a decrease in construction capacity.

Thus, the more shipbuilding capacity is reduced, the more 
profit the shipbuilding industry makes.

From the results in Sects. 5.1 and 5.2, we can consider the 
optimal timing and magnitude of construction capacity expan-
sion or reduction influence on the shipbuilding market using 
the proposed system.

5.3 � Analysis of the impact of changing problem 
settings

5.3.1 � Change of configuration problems

For Sects. 5.1 and 5.2, the optimization simulation was 
executed from the shipbuilding industry aspects. However, 
the shipping industry aspects are not considered in these 
simulations. In this section, we include the shipping indus-
try aspects and consider how this changes the shipbuilding 
demand-forecasting simulation. Furthermore, the expansion 
of the construction capacity is replaced with the construction 
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model by the system dynamics model, and the difference 
from the optimization result is considered.

Incidentally, the ship running distance is defined and used 
to forecast shipbuilding demand. This ship running distance 
shows the sailing distance of ships in 1 month and indicates 
the condition of the shipping market. The ship running dis-
tance is calculated based on the amount of cargo transporta-
tion (tons-miles) and ship bottoms.

The relation between the ship running distance and the 
orders for new ships is shown in Fig. 16. As shown in the 
figure, the number of orders increases as the ship running-
distance gradually increases in the ordinary condition. On 
the other hand, when the ship running distance continues to 
increase, the operation of ships reaches a critical limit. In 
such a case, the number of orders increases rapidly. Thus, the 
amounts of transportation demand and ship supply become 
imbalanced because the ship bottoms are insufficient. There-
fore, the number of orders increases rapidly, and it is neces-
sary to consider the ship running distance and adjust the 
ship bottoms to realize stable transportation in the shipping 
industry.

We add Eq. (18) below, considering the ship running dis-
tance as a constraint condition. Cp is the critical limit of 
the ship’s operation. In summary, the ship bottoms become 
sufficient by this constraint condition.

where SRD is the ship running distance in 1 month (mile), 
Cp the critical limit of ship running distance for ship 
operation (mile), and t the internal time in the simulation 
(months).

5.3.2 � Simulation result

To consider the influence of the configuration problem, we 
conducted optimization simulations. The simulation cases 

(18)SRDt ≤ Cp,

and constraint conditions were as follows. The input sce-
narios, initial values, and simulated annealing parameters 
are the same as in Sect. 5.1.

•	 Simulation case
	   Case 5:The simulation span is set from 2004 to 2020. 

The world GDP growth rate is set to 3.5%, and the cargo 
transportation distance is assumed constant after 2016.

	   Case 6: The simulation span is set from 2004 to 2020. 
Capacity expansion was executed based on the construc-
tion model in the system dynamics model (Fig. 7). The 
scenario of the world GDP growth and the cargo trans-
portation distance is the same with Case 5. Optimiza-
tion calculation is not conducted; therefore, a constraint 
condition is not applied.

•	 Constraint condition

1.	 Constraint condition Cp is set to 2250.00 (miles).
2.	 Constraint condition MP in Eq. 11 is not set.

The simulation results for the construction capacity are 
shown in Fig. 17 left. Case 2 is the optimization results that 
only consider shipbuilding aspects as in Sect. 5.1. In Case 5, 
the construction capacity results are expanded from 2004 
to 2006, and the construction capacity expansion becomes 
constant after 2007. The construction capacity increases 
gently after 2010. The shipbuilding capacity increases at an 
earlier time of the simulation compared with Case 2. The 
capacity-expansion speed is slower than in Case 2. The max-
imum construction capacity is almost the same as for Case 2. 
Conversely, construction capacity expansion results in Case 
6 became almost the same trend as the actual result. The 
construction capacity expansion stopped around 2011 and 
resumed around 2012 in Case 6. The maximum construc-
tion capacity is about the same as the actual results because 
the construction model in the system dynamics model has 
modeled the actual shipbuilding capacity based on the actual 
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results. As a result, the transition of the construction model 
after 2013 will be constant.

The simulation results for orders are shown in Fig. 17 
right. For Case 5, more ships are added into the ship bottoms 
from 2004 to 2005 by the shipbuilding capacity expansion. 
As a result, the shipping company can use more ships than 
the actual result in 2008. Therefore, the rapid increase in 
orders is significantly suppressed. In Case 6, the simulation 
results on orders the same as the actual tendency became 
almost equal from 2004 to 2012. The amount of ship bot-
toms becomes insufficient; a rapid increase in orders occurs.

The optimization results for the ship running distance are 
shown in Fig. 18 left. The constraint condition Cp is satisfied 
in Case 5. This is because the amounts of ship construction 
increase from 2004 to 2005 by an early construction capacity 
expansion. By this influence, the tightness of ship bottoms 
is relieved compared with the actual result and Case 2. On 
the other hand, the constraint condition is not satisfied from 
2007 to 2008 in the actual results and Case 2, Case 6.

The optimization results for profit are shown in Fig. 18, 
right. The total profit for the shipbuilding industry is 
3.97 × 1011 (USD) in Case 5. However, the total profits in 
Case 5 are 5.5% lower than for Case 2. Total shipbuilding 
profits are decreased because the tightness of ship bottoms 
is relieved.

Case 6 has the same tendency as the actual results and 
can secure a large profit in the short term. However, it is in 
deficit in 2011–2013 and 2016–2018, and it has not been 

able to secure sufficient profit since 2011. The total profit 
for the shipbuilding industry is 2.55 × 1011 (USD) in Case 6.

From the above, the simulation results are significantly 
different between the case considering only shipbuilding 
industry aspects and the case considering both shipbuilding 
and shipping industry aspects. Additionally, we compared 
the simulation results using the system dynamics model and 
optimization and considered the differences. As a result, the 
optimization expansion scenario can be obtained even if the 
simulation conditions are changed. Thus, it can be applied 
to various problems depending on the setting of the system 
user.

5.4 � Discussion

In this section, we consider the simulation results of 
Sects. 5.1–5.3. Table 3 summarizes the objective of simula-
tion for each simulation case of Sects. 5.1–5.3.

In Sect. 5.1, Case 1 and Case 2 were compared, and the 
changes in shipbuilding capacity expansion due to differ-
ent simulation periods were compared. As a result, the 
actual results and Case 1 show almost the same construc-
tion capacity expansion, and the shipbuilding market is to 
pursue short-term profits. Conversely, Case 2 has secured 
long-term profits by stopping the expansion of construction 
capacity in 2010. As shown in Case 2, a long-term analysis 
of the impact of capacity expansion is necessary from 2010 
to stop the expansion of construction capacity. A forecast 
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Fig. 18   Optimization results for ship running distance and profit (2004–2020)

Table 3   Objective of each 
simulation case

Simulation case Simulation span Objective of simulation

Case 1 2004–2011 Evaluation of short-term optimization
Case 2 2004–2020 Evaluation of long-term optimization
Case 3 2013–2030 Impact analysis when shipbuilding capacity is not reduced
Case 4 2013–2030 Impact analysis when shipbuilding capacity is reduced
Case 5 2004–2020 Analysis when the order explosion does not occur
Case 6 2004–2020 Analysis that expansion of construction capacity replaced 

System Dynamics model in previous study [24]
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model for the shipbuilding market is considered essential to 
make such decisions.

In Sect. 5.2, we examined the impacts of shipbuilding 
construction capacity reduction to recover the market. As a 
result, the shipbuilding market will be able to secure profits 
by sharply reducing construction capacity. From this result, 
it is considered unhealthy in the entire shipbuilding market 
by subsidy or financial support from the government. It is 
necessary to formulate rules for shipyard support.

In Sect. 5.3, we analyzed the characteristics of the expan-
sion of the construction capacity to analyze the impact of 
changing the problem settings. Case 5 is a simulation that 
prevents a shortage of vessels in shipping by not caus-
ing vessels' order explosion. In this case, it is necessary 
to expand the shipbuilding capacity at an early stage and 
slowly. In Case 6, a simulation was also performed when 
the construction model was replaced in the system dynamics 
model in the previous study. Since Case 6 models the expan-
sion of shipbuilding capacity in actual results, simulation 
results become the same as actual results until 2012. In addi-
tion, there is no significant difference between the results of 
Case 6 and the results of Case 1 until 2011; the construction 
capacity and order quantity are almost the same. From these 
results, the system dynamics model (Case 6) and Case 1 are 
expanding the construction in pursuit of short-term profits.

Considering the above results comprehensively, we notice 
that Case 2 is considered a scenario in which profits can 
be obtained even after 2012 while securing profits in the 
shipbuilding market. To realize this scenario, it is necessary 
to make a different decision from the actual expansion of 
construction capacity. In addition, through these discussions, 
it was shown that the proposed method and model could be 
used to study scenarios that consider the sustainable devel-
opment of the shipbuilding market. The proposed model and 
system can be used by international organizations such as 
OECD wp6 and the governments of shipbuilding countries 
for policy planning.

As mentioned in Sect. 2.4, we focused on the entire ship-
building capacity and formulated the shipbuilding adjust-
ment problem as an optimization problem. From this point 
of view in the formulation, it is difficult to consider the mar-
ket fluctuation caused by differences in the strategy of each 
country. Similarly, it is also difficult to consider competi-
tion between shipyards and the difference in strategy. On the 
other hand, as pioneer research, Shin et al. [17] developed an 
empirical model of national competition in the shipbuilding 
industry using the Cournot oligopoly with Choquet Expected 
Utility (CEU) theory, as mentioned in Sect. 1.2. By incorpo-
rating the model of this research and upgrading the model 
in consideration of the difference in ship production costs, 
it may be possible to consider the optimal shipbuilding 
strategy for shipyards and the country. Additionally, mari-
time industry consists not only of shipyards, but also ship 

owners, operators, shippers, the ship equipment industry, 
etc., and it is also important to consider these stakeholders 
from a whole maritime industry aspect. In this study, we 
executed a simulation that prevented a shortage of vessels in 
shipping by avoiding an order explosion for vessels in Case 
5. However, the logistic service and freight rate were not 
considered in this study. To consider the many stakehold-
ers, the method of systems engineering was considered to 
be effective. In recent years, Hiekata et al. [23] developed 
a system to support the introduction of Internet of things 
(IoT) technologies in the maritime industry by considering 
the relations between stakeholders using the stake holder 
value network [34] and object-process methodology [35]. 
When using systems engineering techniques, it is necessary 
to improve the model to support multiple stakeholders in the 
maritime industry.

6 � Conclusion

In this study, we developed a simulation system to consider 
shipbuilding capacity adjustment for the shipbuilding indus-
try and discussed optimal shipbuilding capacity-adjustment 
scenarios using the proposed system. The key findings are 
as follows:

1.	 We developed a simulation system to consider the ship-
building capacity adjustment using an optimization 
method. We described the proposed demand-forecasting 
model, provided an overview of the system, and formu-
lated it as an optimization problem.

2.	 To predict ship prices, we examined causal relations 
between order books in shipyards, construction capac-
ity, and ship price, defining a new ship price-prediction 
model. Additionally, the ship price-prediction model 
was integrated into the previous demand-forecasting 
model.

3.	 To confirm the validity of the proposed ship price-pre-
diction model and the entire demand-forecasting model, 
we performed demand-forecasting simulations.

4.	 To consider the optimal timing and quantity of construc-
tion capacity expansion or reduction, we conducted opti-
mization simulations. We showed that the shipbuilding 
industry grew continuously by proper control of con-
struction capacity expansion or reduction. The effec-
tiveness of the proposed system was also shown by the 
simulation.

5.	 To confirm the effectiveness of the proposed system, we 
executed a simulation in different scenario settings. The 
characteristics of the simulation results were analyzed 
by comparing the case considering only shipbuilding 
industry aspects, the case considering both shipbuild-
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ing and shipping industry aspects, and the case using a 
construction model in a previous study.

We focused on the imbalances of supply and demand 
of the shipbuilding industry and developed a shipbuilding 
capacity-adjustment system. Therefore, in future work, we 
will improve the system so it will be able to consider optimal 
strategy based on competition between countries or ship-
yards. Additionally, the target industry of the shipbuilding 
capacity-adjustment system was only the shipbuilding indus-
try. Therefore, it was difficult to consider the influence of 
some stakeholders, such as the shipping industry and the 
ship equipment industry. We will develop a system that takes 
the influence of these stakeholders into account. Further-
more, the proposed model predicts the amount of sea cargo 
movement using GDP and cargo transportation distance. 
However, it is difficult to predict these values because of 
some uncertainty involved. In future work, we are consider-
ing handling these uncertainties.
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