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ABSTRACT The passenger-cargo Roll on/Roll off ship stowage (PRSS) is the core step of passenger-
cargo Roll on/Roll off (RoRo) transportation. The layout of vehicles in the cabin is directly related to the
space utilization of the cabin and the efficiency of stowage operations, which in turn affects the economic
benefits of the port. In this paper, we address the PRSS problem in the context of passenger-cargo RoRo
transportation in the Qiongzhou Strait of China. By focusing on the utilization ratio of the cabin area, the
PRSS problem can be viewed as a special version of a two-dimensional knapsack packing (2D-KP) problem
with additional constraints, such as two-phase, complex rotation and safe navigation constraints. Then we
present a mixed integer linear programming (MILP) mathematical model and an algorithm framework
to tackle the PRSS problem. In the algorithm framework, a novel multi-phase heuristic stowage method
is proposed to improve the current manual stowage decision-making state which completely depends on
operational experience. Finally, several instances are generated based on the realistic date of Qiongzhou Strait
to verify the effectiveness of the model and stowage method. Computational results show that the proposed
model and stowage method are well suited to solve the PRSS problem and the algorithm framework has a
strong robustness in large-scale application experiments.

INDEX TERMS Maritime transportation, ship stowage planning, passenger-cargo roll-on/roll-off, two-
dimensional knapsack packing, multi-phase heuristic.

I. INTRODUCTION
Roll on/Roll off (RoRo) ships usually transport cargo on
wheels such as cars, trucks, farming equipment, and military
equipment [1]. In China, general RoRo ships are mostly
used for long-distance mass transportation of commercial
vehicles, farming equipment, etc. which have the character-
istics of few types, large batch and similar specifications.
While passenger-cargo RoRo ships are mainly used for short-
distance transportation of sea-crossing vehicles and passen-
gers in coastal areas, among which sea-crossing vehicles
include cars, trucks, buses, etc. with multiple types, large
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numbers, and great differences in specifications. We take
passenger-cargo RoRo transportation in Qiongzhou Strait
of China, one of the busiest Straits in the world, as an
example to show the essential role of passenger-cargo RoRo
ship in circulation of passengers and goods between ports
across the Strait. Fig. 1(a) shows the geographical location
of Qiongzhou Strait, which is the only channel connecting
the mainland and Hainan Island of China. In recent years,
with the increasing prosperity of tourism and commerce in
China, the sea-crossing vehicle and passenger transport vol-
ume of passenger-cargo RoRo ships in Qiongzhou Strait have
repeatedly set new records, as shown in Fig. 1(b).

During the passenger-cargo RoRo transportation in
Qiongzhou Strait, the stowage of passenger-cargo RoRo ship
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FIGURE 1. Geographical location of Qiongzhou Strait and the transport
date of passenger-cargo RoRo ship.

directly affects the shipping efficiency and port benefits. The
type, size, weight and other attributes of sea-crossing vehicles
are quite different, and even some super-long and over-
heavy-duty trucks are included, making the actual loading
decision-making extremely difficult. The current manual ship
stowage based on operational experience lacks quantitative
assessment indicators. In actual operations, it often needs to
be adjusted several times and to make temporary decisions to
assist the stowage process, which greatly affects the stowage
efficiency and the transportation safety of ships. Given
the growing demand of sea-crossing vehicle and passenger
transport in Qiongzhou Strait, a fast and efficient stowage
decision-making method and intelligent stowage software are
urgently needed to improve stowage efficiency of passenger-
cargo RoRo transportation.

To the best of our knowledge, there is rare research on
passenger-cargo RoRo ship stowage. The existing studies on
ship stowage mainly focus on container ships, general cargo
ships and general RoRo ships. Among them, scholars are
keen on the container ship stowage. Kroer et al. [2] proposed
two approaches based on binary decision diagrams solvers

to solve the container ship stowage problem in a single-bay
section. Monaco et al. [3] studied the container ship stowage
problem considering the terminal management. Li et al. [4]–
[6] proposed several heuristic algorithms and mathematic
models to separately deal with the stowage planning for
inland container liner shipping. Zhao et al. [7] applied the
MCTS (Monte Carlo Tree Search) to container ship stowage
solution for the first time and created a generating algorithm
accordingly. Zhang et al. [8] and Wei [9] regarded container
ship stowage problem as a two-dimensional (2D) bin-packing
problem, and adopted the packing approaches to solve the
issue. Sciomachen and Tanfani [10] further analyzed the con-
nection between the container ship stowage problem consid-
ering the master bay and the bin packing problem. There also
has been little research on the ship stowage planning problem
for steel cargoes. Umeda et al. [11] used simulated annealing
(SA) algorithm to solve the ship stowage problem of steel
products. In Tang et al. [12], the stowage problem where the
steel coils without fixed positions on the ship was considered,
and a mixed integer linear programming (MILP) model and
a tabu search algorithm is developed for the problem. On the
RoRo transportation, stowage problem also plays a key role.
Nevertheless, the relevant research is very rare. In Øvstebø
et al. [1], [13], the stowage planning of general RoRo ship is
concerned, while the specific location of vehicles in ships is
neglected. The idea of applying 2D packing theory to general
RoRo ship stowage has only been concerned in [14], where
a stowage model and a shifting model are presented to solve
the stowage problem in RoRo liner shipping.

The above three kinds of ship stowage problems have
certain common characteristics, such as: a) they must meet
the stability constraints and load limits to ensure the naviga-
tion safety of the ship, and b) all of them need to consider
cargo handling constraints to facilitate the rapid loading and
unloading operations at the destination port. Nevertheless,
each type of those problems has its own uniqueness. In the
stowage problem of container ships and general cargo ships,
containers or general cargoes are stacked in layers in the
vertical direction, and the loading and unloading operations
are carried out directly by the corresponding lifting equip-
ment. In contrast, in the case of RoRo ship stowage, the ship
has multi-deck structure, and vehicles are driven directly
into the cabin without any loading and unloading equipment.
Furthermore, there are alsomany differences between general
RoRo ship stowage (GRSS) and passenger-cargo RoRo ship
stowage (PRSS), detailed in Table 1. It is worth noting that,
in GRSS problem, vehicles belonging to the same shipment
should be placed intensively and parked neatly along the lane
so as to ease the loading/unloading at a given port, as shown
in Fig. 2(a). In this way, based on the rated load capacity of
a ship and the total length of the lane divided by the cabin,
the loading degree of the cabin can be determined by measur-
ing the total length and weight of the loaded vehicle, which
is relatively easy to measure. However, in PRSS problem,
as there is normally only one destination port, in order to
make full use of the cabin area to improve the transportation
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FIGURE 2. Illustration of the GRSS and PRSS.

efficiency, it is not necessary for vehicles to be placed exactly
along the lane. In addition, there are two stowage phases
in PRSS, and the selection criteria and the parking freedom
degree of vehicles vary at different phases. As illustrated
in Fig. 2(b), some vehicles with small turning radius are
allowed to rotate 90 degrees in the stern area.

In the PRSS problem, it is assumed that the cabin is a large
rectangular bin, and the sea-crossing vehicles are rectangular
items. Then, the stowage problem can be regarded as a pack-
ing problem. Since the vehicle loaded in the cabin cannot be
stacked vertically, the problem can be further considered as a
two-dimensional (2D) rectangular packing problem. Specif-
ically, the classical 2D rectangular packing problem can be
divided into three sub-problems, namely two-dimensional
strip packing (2D-SP), two-dimensional bin packing (2D-
BP) and two-dimensional knapsack packing (2D-KP) [15],
[16]. Each of them can be further divided into four classes
according to whether the rotation and guillotine are required
[17]. Major classes of two-dimensional rectangular packing
problems are detailed in Table 2. One aim of the PRSS

problem is to pack a part of arrived vehicles into the cabin
efficiently within a certain period, which is close to that of
the 2D-KP problem.Moreover, the PRSS problem also has its
own stowage features, such as two-phase and complex rota-
tion. PRSS problem therefore can be regarded as an extended
2D-KP problem.

To dates, the study on 2D-KP method has been relatively
mature. A hybrid SA algorithm in [18] was proposed to
solve the 2D-KP problem. The algorithm used an adaptive
strategy to score the placed rectangles for constructing the
initial solution, and applied the SA algorithm to optimize
the solution. Shiangjen et al. [19] proposed an enhanced
heuristic placement algorithm, which was used to increase
the feasibility for packing more suitable items to a container
by improving the packing rules in [18]. Wei et al. [20] pro-
posed an improved best-fit heuristic algorithm based on the
algorithm presented in [21] for 2D-KP problem. The optimal
placement was obtained by scoring rectangular items placed
in the gap, and a random local search was used to find the
better packing sequence. Zhou et al. [22] studied the 2D-
KP problem with block packing constraints. In [23]–[25],
the 2Dmultiple knapsack problem in different scenarios were
discussed, respectively.

Note that RF means 90-degree rotation is allowed but the
guillotine is not required, RG means 90-degree rotation is
allowed and the guillotine is required, OF means rotation is
not allowed and the guillotine is not required, and OG means
rotation is not allowed but the guillotine is required. Here,
‘‘guillotine’’ means that each cut must be able to divide the
original rectangle into two rectangles.

From these reviews, we conclude that our PRSS problem
has several special characteristics. First, the PRSS problem
is quite different from the stowage problems of container
ship, general cargo ship and general RoRo ship. Existing
stowage decision-making methods are difficult to directly
apply in the field of PRSS. Therefore, it is necessary to
design a new stowage decision model and solution method
that fits the actual operation of PRSS. Second, considering the
packing characteristics in the process of the PRSS, this paper
regards the PRSS problem as an extended 2D-KP problem,
which belongs to the NP-hard problem. Therefore, in large-
scale stowage problems, it is difficult for manual decision-
making methods to obtain a better stowage plan in a limited
time. An intelligent optimization method is needed to solve
this problem. Third, the PRSS problem contains four out of
the ten categories of constraints summarized by Bortfeldt
and Wäscher [26]. Only 16% of the articles in their review
consider more than three constraints [27]. Hence our problem
is highly constrained.

The main contributions of this work are summarized as
follows:
(1) This work firstly addresses a PRSS problem with the

consideration of two-dimensional packing, safe navi-
gation, two-phase and complex rotation characteristics.
In view of the characteristics, a MILP model is pro-
posed to tackle the problem.
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TABLE 1. Differences between PRSS and GRSS problems.

TABLE 2. Major classes of two-dimensional rectangular packing problems.

(2) A biased random key hybrid algorithm (BRKHA)
framework is proposed to handle the problem. Sev-
eral effective operators are adopted to improve the
performance of proposed BRKHA, including biased
random key based encoding, multi-phase heuristics,
fitness evaluation and evolutionary operations.

(2) Simulation experiment and application experiment
including large number of instances are generated to
test the feasibility of the MILP model as well as the
BRKHA framework. Three widely used swarm intel-
ligence algorithms are applied separately in the evolu-
tionary operation of the framework as a result compar-
ison.

The rest of the paper is organized as follows. Section II
introduces the PRSS problem. The MILP mathematical
model is constructed in Section III. The algorithm frame-
work and heuristic methods for PRSS are described in
Section IV. The experimental results and analysis are reported
in Section V, followed by conclusions and research prospects
that are provided in Section VI.

II. PROBLEM DESCRIPTION
The intelligent management system of passenger-cargo RoRo
transportation in Qiongzhou Strait is in the stage of research
and development, while the matching intelligent stowage
decision-making method eagerly needs to be resolved. In the
intelligent management system, passengers or vehicle owners
make online reservations for ticket purchase in advance, and
the port dispatching center formulates the berth planning for
the waiting area and the stowage planning for each ship based

on the reservation information, as illustrated in Figure 3.
This paper focus on the problem of PRSS planning, which is
mainly oriented to the passenger-cargo RoRo coastal trans-
portation with the characteristics of single voyage (there are
no other ports between origin and destination), high flow of
people, large traffic, multi-type vehicles and efficient trans-
portation demand.

The 2D-KP problem is one of the most classical problems
in the combinatorial optimization field and has a lot of appli-
cations in the real world [28]. In the 2D-KP problem, each
item has a corresponding profit, and one needs to select a
subset of items to be packed in a single bin to maximize the
total profit of selected items [22]. Similar to the objective
of the 2D-KP problem, the PRSS problem aims to pack a
part of arrived vehicles into the cabin efficiently within a
certain period to maximize the cabin area utilization, thereby
improving transportation efficiency. We therefore consider
tackling the PRSS problem based on the 2D-KP theory.

First of all, the characteristics of PRSS are the key to
analyze the studied problem. They include two-dimensional
packing, safe navigation, two-phase and complex rotation.
Details of these characteristics are presented as follows.

A. TWO-DIMENSIONAL PACKING
During the stowage planning, as shown in Fig. 4(a), the cabin
and sea-crossing vehicles can be regarded as a rectangular
sheet and rectangular items, respectively. The PRSS problem
can be regarded as a problem that needs to select a subset of
rectangular items to be packed in a rectangular sheet under
specific stowage constraints to maximize the area utilization

95810 VOLUME 8, 2020



Y. Zhang et al.: Two-Phase Stowage Approach for Passenger-Cargo RoRo Ship Based on 2D-KP

FIGURE 3. The formulation process of PRSS planning.

of the sheet. Such problem can be regarded as a 2D-KP
problem with the particular constraints.

B. SAFE NAVIGATION
In order to ensure the navigation safety of the passenger-cargo
RoRo ship, the practical constraints such as ship stability and
safe distance between vehicles should be considered. In terms
of ship stability, it is required that the ship’s longitudinal and
horizontal moment and total weight should be maintained
within the rated range. For the safety distance, it is necessary
to leave a certain distance between not only vehicles but also
the vehicle and the cabin bulkhead in order to reserve the
operation space for operator and ensure the safety of vehicles,
as illustrated in Fig. 4(b).

C. TWO-PHASE
In actual port operations, with 80% of the cabin length as
the critical point, the stowage process in Qiongzhou Strait
is usually divided into two phases. Vehicles arriving at dif-
ferent stowage phases are treated differently, and the loading
sequence is not strictly first-come-first-served as the stability
of the cabin needs to be considered first. Specifically, during
the early phase, there is sufficient remaining area in the
cabin. It is necessary for the port to pack all arriving vehicles
into the cabin in a sequence that facilitates the utilization
of the cabin area, and we call this phase the main stowage
planning phase (MSPP). In the later phase, due to the limited
remaining area of the cabin, the stowage operator has to select
some vehicles into the cabin until the total weight of packed
vehicles reaches 90% of the cabin’s rated load or the cabin
is full. Correspondingly, this phase is called supplemental
stowage planning phase (SSPP).

D. COMPLEX ROTATION
During the loading process, the vehicle enters the cabin from
the stern and occupies the bow area preferentially. In MSPP,

considering the space limitation and unloading difficulties,
vehicles are not allowed to rotate, and the stowage problem in
this area only has the OF characteristic of the 2D-KP. In SSPP,
the space limitation and unloading difficulties are alleviated.
As shown in Fig. 4(b), small vehicles with small turning
radius are allowed to rotate 90 degrees flexibly, while large
vehicles such as trucks and buses are limited by the turning
radius and are still non-rotatable. In this area, the stowage
problem of small vehicles has both RF and OF characteristics
of the 2D-KP problem, but that of large vehicles has only OF
characteristic.

III. MATHEMATICAL MODEL
A. ASSUMPTIONS
Due to the ‘‘Roll on/Roll off’’ nature of passenger-cargo
RoRo ship, the stowage time is far less than the ship’s dwell
time in port. This paper does not consider the stowage time
constraints. The assumptions for the PRSS are presented as
follows:

1) The coordinate system is established in the lower left
corner of the cabin stowage area.

2) It is assumed that the cabin and vehicles are rectangular
with uniform mass.

3) Assuming that the number of vehicles to be packed is
larger than themaximum capacity of the cabin and the vehicle
data is known.

B. MILP MODEL
Notations:
I : Set of vehicles, I = {i|i = 1, 2, · · · , |I |}. The serial

numbers are numbered in order of arrival.
Is : Set of cars.
Ib : Set of trucks and buses, Ib = I − Is.
I1 : Set of vehicles at MSPP, I1 = {i|i = 1, 2, · · · , |I1|}.
I2 : Set of vehicles at SSPP, I2 = I − I1.
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FIGURE 4. Characteristic diagram of PRSS problem.

W ,L : The width and length of the passenger-cargo RoRo
ship.
dx , dy : The safety distance in direction of x-axis and y-

axis.
wi, li : The original width and length of the vehicle i.
wi, li : The width and length of the vehicle i containing the

safety distance.
mi : The mass of vehicle i.
M : An arbitrarily large number.
G : The rated load capacity of the ship.
Tx : The maximum horizontal moment of the ship in the

x-axis direction.
Ty : The maximum longitudinal moment of the ship in the

y-axis direction.
Variables:
(xi, yi) : Integer variables that define the x and y coordi-

nates of vehicle i in the ship.
zij : Binary variable. If vehicle i is on the left of vehicle j,

that is xi +wi ≤ xj or xi + li ≤ xj, zij = 1; otherwise, zij = 0.
bij : Binary variable. If vehicle i is below the vehicle j, that

is yi + li ≤ yj or yi + wi ≤ yj, bij = 1; otherwise, bij = 0.
si : Binary variable. If vehicle i is placed in the cabin, si =

1, otherwise, si = 0.
ri : Binary variable. If vehicle i is allowed to be placed in

rotation, ri = 1; otherwise, ri = 0.
ri :Binary variable. If vehicle i is placed in rotation, ri = 1;

otherwise, ri = 0.
Objective Function:
The aim of the PRSS problem is tomaximize the utilization

of the cabin area. In this work, the objective function is
presented as follows:

f = max
∑
i∈I

siliwi/LW (1)

Constraints:
The constraints are divided into four categories: two-

dimensional packing characteristic constraints, two-phase
characteristic constraints, rotation characteristic constraints

and safety navigation characteristic constraints. Details of
these constraints are presented as follows.
Two-dimensional packing characteristic constraints. Con-

straints (2)-(6) ensure that none of the placed vehicles over-
laps each other. According to the characteristics of the prob-
lem, the trucks and buses are not allowed to be placed in
rotation, and the cars can be placed in rotation. Constraints
(7)-(10) guarantee that all vehicles must be placed inside the
dimensions of the cabin.

zij + zji + bij + bji + (1− si)+ (1− sj)

≥ 1, ∀i 6= j, i, j ∈ I (2)

xi + rili + (1− ri)wi ≤ xj +M (1− zij + 2− si − sj),

∀i 6= j, i ∈ Is, j ∈ I (3)

yi + riwi + (1− ri)li ≤ yj +M (1− bij + 2− si − sj),

∀i 6= j, i ∈ Is, j ∈ I (4)

xi + wi ≤ xj +M (1− zij + 2− si − sj),

∀i 6= j, i ∈ Ib, j ∈ I (5)

yi + li ≤ yj +M (1− bij + 2− si − sj),

∀i 6= j, i ∈ Ib, j ∈ I (6)

xi + rili + (1− ri)wi ≤ W +M (1− si), ∀i ∈ Is (7)

yi + riwi + (1− ri)li ≤ L +M (1− si), ∀i ∈ Is (8)

xi + wi ≤ W +M (1− si), ∀i ∈ Ib (9)

yi + li ≤ L +M (1− si), ∀i ∈ Ib (10)

Two-phase characteristic constraints. Constraint (11)
ensures that all vehicles at MSPP must be placed in the cabin
and part of vehicles at SSPP is selected to be placed. |I1| is
uniquely determined by inequality (12).

si = 1, ∀i ∈ I1 (11)
|I1|∑
i=1

liwi ≤ 0.8LW <

|I1|+1∑
i=1

liwi (12)

Rotation characteristic constraints. Constraints (13) to
(15) represent the relationship between ri and yi. If yi ≥ 0.8L,
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the vehicles are considered to be at the stern of the cabin and
the cars are allowed to be placed in rotation, and then ri = 1,
otherwise ri = 0. Constraint (16) denotes the relationship
between ri and ri. If the cars are allowed to be placed in
rotation, ri = 1 and ri ∈ {0, 1}; otherwise ri = 0 and ri = 0.

Mri − (yi − 0.8L) ≥ 0, ∀i ∈ Is (13)

Mri − (yi − 0.8L) ≤ M , ∀i ∈ Is (14)

ri = 0, ∀i ∈ Ib (15)

ri ≤ ri, ∀i ∈ Is (16)

Safety navigation characteristic constraints. Constraint
(17) guarantees that the total load of the ship does not exceed
90% of its rated load. Constraints (18) and (19) ensure that the
longitudinal and horizontal moments of the ship are within
the rated range.∑
i∈I

misi ≤ 0.9G, ∀i ∈ I (17)

−Tx ≤
∑
i∈I

misi(xi + (rili + (1− ri)wi −W )/2) ≤ Tx ,

∀i ∈ I (18)

−Ty ≤
∑
i∈I

misi(yi + (riwi + (1− ri)li − L)/2) ≤ Ty,

∀i ∈ I (19)

Variable definition. Constraints (20)-(23) define the range
of variables.

xi, yi ∈ N+, ∀i ∈ I (20)

zij, bij ∈ {0, 1}, ∀i 6= j, i, j ∈ I (21)

si ∈ {0, 1}, ∀i ∈ I (22)

ri, ri ∈ {0, 1} ∀i ∈ I (23)

To verify the effectiveness of the model and algorithm,
the upper bound model (UBM) of the problem is obtained
by relaxing the model constraints. The UBM of the problem
is presented as follows:∑

i∈I

liwi ≤ LW , ∀i ∈ I (24)

(UBM)
{
f =max

∑
i∈I
siliwi

/
LW:(11) , (12) , (17) , (22) , (24)

}
which relaxes the two-dimensional packing characteristic
constraints (2)∼(10), the rotation characteristic constraints
(13)∼(16) and the safety navigation characteristic constraints
(18)∼(19). Formula (24) indicates that the total area of
vehicles does not exceed the cabin area.

IV. ALGORITHM
In this section, a biased random key-based hybrid algorithm
(BRKHA) framework is proposed to solve the PRSS problem.
The proposed algorithm framework mainly consists of biased
random key based encoding, multi-phase heuristics, fitness
evaluation and evolutionary operations. Biased random key
based encoding [29] generates the vehicles packing sequence.
Multi-phase heuristic constructs a ship stowage planning

FIGURE 5. Algorithm framework.

through a given encoding individual and three placement
strategies. And the fitness is used to evaluate the quality of the
stowage planning scheme. Given the excellent search ability
of swarm intelligence algorithm [30], evolutionary operations
based on swarm intelligence algorithm are utilized to find
the better packing sequence and improve the quality of the
solution. Fig. 5 shows the framework of proposed algorithm
framework.

A. ENCODING
In our algorithm framework, the encode method uses a string
of random keys to represent the packing sequence. The
stowage planning is obtained indirectly by the multi-phase
heuristic decoding the packing sequence. Each sequence
(called individual) consists of |I | random keys and is divided
into two phases according to the stowage process. The
stowage sequence in two phases is obtained separately by
ascending order of corresponding random keys.

Fig. 6 shows the encoding process of an example with
the stowage of 5 vehicles. The individual is composed
of 5 random keys, each of which corresponds to a vehicle
marked with the arrival number. The random keys sort in
ascending order to generate the vehicle packing sequence in
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FIGURE 6. Two-phase encoding of vehicles packing sequence.

both stowage phases. The final vehicle packing sequence in
Fig. 6 is 2→ 3→ 1 |5→ 4 .
Let PS be the population size of the algorithm. Since the

encoding operation assigns values to each individual, and
there are |I | vehicles, the worst-case computational complex-
ity (CC) of the encoding operation is O(PS ∗ |I |).

B. MULTI-PHASE HEURISTICS
Multi-phase heuristic consists of initial solution construction
and stability adjustment. The initial solution construction
obtains a stowage planning through three heuristics, which
satisfies the two-phase and rotation constraints, including
left-right-left stowage for the first layer (H1), main stowage
based on scoring strategy (H2) and supplemental stowage
(H3). The vehicles interchange strategy is used to change
the longitudinal and horizontal moment to meet ship stability
requirements.

1) INITIAL SOLUTION CONSTRUCTION
a: LEFT-RIGHT-LEFT STOWAGE FOR THE FIRST LAYER (H1)
The PRSS is more sensitive to horizontal moment than longi-
tudinal moment due to the hull structure feature of passenger-
cargo RoRo vessel. It is necessary to control horizontal
moment at a small value when packing vehicles to lighten the
difficulty of stability adjustment. According to the stowage
experience of stowage operators in the port, the distribution
of vehicles at the bottom of the cabin (bow) can largely
determine the distribution of subsequent vehicles, and then
affect the horizontal moment distribution of the ship. There-
fore, in order to produce a stowage planning with productive
horizontal moment, H1 is designed to achieve the first layer
placement at the MPSP and provide a good layout for subse-
quent stowage.

The key to H1 heuristic is to place similar or identical
vehicles symmetrically. Fig. 7 shows an example of the first
layer stowage process. In the case, the first step is to search
for the vehicle which is similar to vehicle 1 in the sequence.
There, vehicle 3 as shown is the most similar to vehicle 1.
Since the vehicle 1 is placed on the far left side of the first
layer of cabin, the vehicle 3 is placed on the far right side.
Likewise, the vehicle 2 is similar to the vehicle 5, and the
vehicle 2 is placed next to the vehicle 1, so that the vehicle
5 is placed next to the vehicle 3. When the gap of first layer
is unable to accommodate the current two similar vehicles,

FIGURE 7. An example of stowage for the first layer.

TABLE 3. Scoring strategy of vehicle placement.

the other two or one of the largest vehicles that can be placed
in the gap is selected to place in the gap.

b: MAIN STOWAGE BASED ON SCORING STRATEGY (H2)
H2 uses scoring strategy developed by [21] to evaluate the
placement of remaining vehicles at MSPP. The stowage
surface of cabin is defined based on the skyline in [21].
As shown in Fig. 8(a), the stowage surface formed by
packed vehicles can be represented by a sequence E =
{e1, e2, . . . , ej, . . . , ek}. E consists of k horizontal segments
counted from left to right with ej = {xej, yej,wej}. (xej, yej)
and wej respectively represent the left endpoint coordinates
and width of ej. The ej with the minimum y value becomes
the lowest stowage surface and is recorded as emin. The
adjacent stowage surface is the segments adjacent to emin in E.
Generally, emin has two adjacent stowage surfaces. But when
emin is the first or the last in E, there is only one adjacent
stowage surface in E. At this time, another adjacent stowage
surface is considered to be the edge of the sheet, and its height
is the length L of the sheet. The above provides the basis for
the H2 process.

While trying to place the vehicle in the cabin, a scoring
strategy is used to evaluate the quality of vehicle placement.
Table 3 details the scoring strategy, where situation A indi-
cates the matching degree between vehicle width (wi) and
stowage surface width (wej), and situation B reflects the
change in the number of stowage surfaces. A larger score
means a higher space utilization degree of the current stowage
surface.

The cabin is divided into left and right space along the y
axis. The stowage process is mainly as follows:
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FIGURE 8. Main stowage based on scoring strategy.

• Find out the emin in the current state and determine its
space in the cabin. The x-axis coordinate of the midpoint
of wemin is taken as criteria, which means emin is located
in the same space as the coordinate (xemin + wemin)/2.

• Place the vehicle in emin or raise the emin. If there are
vehicles in the MSPP sequence that can be placed in
emin, the vehicle with the highest score will be packed
into cabin.When there are several vehicles with the same
score, the first arrival vehicle is selected. Otherwise, emin
will be raise to the lowest one in the adjacent stowage
surface.

• Update E and repeat the above operation until the total
weight of packed vehicles reaches 90% of the cabin’s
rated load or the cabin is full.

In particular, if a vehicle with the score of 0, the vehicle
will be placed on the same side as emin in the cabin, so that
the ship will have a good horizontal moment. Fig. 8(b) is an
example of the H2 heuristic placement of vehicles, and the
score for each placement are shown in the figure.

c: SUPPLEMENTAL STOWAGE (H3)
At the end of MSPP, with the decrease of the remaining
vehicles, the stowage surface may be raised continuously,
because it is difficult to ensure that the vehicle to be placed
matches the lowest stowage surface. After entering the SSPP,
the vehicle set changes and there are a certain number of
vehicles that can be placed under the stowage surface which

FIGURE 9. Area waste due to phase transition.

has been raised at MSPP. This will result in a waste of part
of the cabin area, as shown in Fig. 9. Therefore, a repairing
strategy is designed to avoid this situation.When theMSPP is
completed, the raised stowage surface without vehicle placed
is returned to the previous state position, and the repaired
surface set is used as the initial stowage surface of the SSPP.

The stowage method and placement strategy of MSPP are
still used during the SSPP. However, it is worth noting that
when the ordinate y of emin is in the stern range, the available
rotation of small vehicles should be considered until the cabin
is full, in order to make full use of the cabin area.

2) STABILITY ADJUSTMENT
The longitudinal and horizontal moment of the passenger-
cargo RoRo ship are mainly determined by trucks which of
greater weight compared with cars and buses. In addition,
there are usually trucks of the same size but different weight
in the cabin. Therefore, an adjustment strategy is proposed
to optimize the longitudinal and horizontal moment with-
out destructive changes to the distribution layout, which is
achieved by exchanging trucks with different weight but the
same size. If

−→
T xy is used to represent the longitudinal and

horizontal moment of the stowage scheme, the ideal position
of
−→
T xy should be (0, 0). The purpose of interchanging trucks

is to make
−→
T xy as close as possible to the vector (0, 0) so as

to meet the stability requirements.
1Tx and 1Ty represent the horizontal and longitudinal

moment of the scheme respectively, which can be obtained
by formula (18) and (19), and the current stability can be
expressed as:

−→
T xy=(1Tx ,1Ty) (25)

For two trucks u and v of the same size, the change of the
horizontal and longitudinal moment after interchange can be
expressed as follows:
−→
1T xy=((xv − xu)(mu − mv), (yv − yu)(mu − mv)) (26)

Then the overall stability changes to:
−→
T ′ xy =

−→
T xy +

−→
1T xy = (1Tx + (xv − xu)(mu − mv),

1Ty + (yv − yu)(mu − mv)) (27)

When implementing the interchange strategy, there may be
the following situations:
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TABLE 4. Experimental vehicle proportions.

TABLE 5. Attributes of passenger-cargo RoRo ships.

TABLE 6. Types and data of vehicles.

¬ If there are several groups of trucks that can be inter-
changed, the two vehicles whose vector

−→
T ′ xy after the inter-

change is more close to the ideal position than other groups
are selected to perform the interchange operation.

 If the vector
−→
T ′ xy deviates from the ideal position more

than
−→
T xy, then the interchange is cancelled.

The heuristic stops when the stowage scheme meets the
stability requirements or no vehicle can be used for inter-
change. If the heuristically adjusted stowage scheme still does
not meet the stability requirements, the scheme is abandoned.

In multi-phase heuristics, the vehicle search process needs
to search (|I | − 1) + (|I | − 2) + (|I | − 3) + · · · + 1 =
|I | (|I | − 1)

/
2 times in the worst case, where |I | is the num-

ber of vehicles. Thus, the worst-case CC of the multi-phase
heuristics is O(PS ∗ |I |2).

C. FITNESS AND EVOLUTIONARY OPERATIONS
Fitness is used to evaluate the quality of heuristic stowage
scheme. In this paper, the area utilization ratio of the stowage
scheme is taken as the fitness, which is obtained by the
objective function of the MILP model.

The evolutionary operation is used to search for the better
solution, including elite retention and update operation. Elite
retention preserves the best individuals that have emerged

FIGURE 10. Visual comparison of ship V2 stowage area utilization.

so far in the evolutionary process to the next generation,
ensuring that the best solution is not destroyed by other
operations. In the update operation, the search mechanism
based on swarm intelligence algorithm is considered in this
paper.

The search operation of genetic algorithm (GA) is taken as
an example to illustrate the evolutionary operations of pro-
posed algorithm framework. The update mode of GA refers
to [29] including crossover andmutation operations. It selects
individuals randomly from the elite and non-elite groups for
crossover firstly. In the process of crossover, the random key
element is used as the operation object, and the corresponding
elements of the two chromosomes are selected according to
the crossover probability ρe to be transmitted to the next gen-
eration. The mutation operation randomly generates multiple
individuals in the way of generating the initial population.
During the evolution process, each individual represents a
stowage scheme of the PRSS problem. In each generation,
the best individual is selected according to the fitness value.
Finally, from the last generation of individuals, the best indi-
vidual is selected as the optimal stowage scheme of the PRSS
problem.

Since the fitness calculation and evolution operations are
performed for each individual, the CC at this stage is O(PS).

Combining the above three stages, the CC in each gener-
ation is O(PS ∗ |I |2). Therefore, the CC of the BRKHA is
O(PS ∗ |I |2 ∗ N ), where N is the number of iterations of
algorithm. Obviously, the computational cost of BRKHA is
not high, since the highest degree of the polynomial PS∗|I |2∗
N is only two.

V. COMPUTATIONAL STUDY
A. EXPERIMENTAL DESIGN
In order to test the MILP model and the proposed method,
40 instances are generated based on the actual operation of
a port in the Qiongzhou Strait in China. The instances are
divided into two groups according to the scale size. One
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group is used to simulate the stowage problem of two small
virtual passenger-cargo RoRo ships to verify the validity of
the model and method. The other group chooses three kinds
of actual passenger-cargo RoRo ships in the port to conduct
application experiment. The instances in each group are dis-
tinguished by ship type, operation scenario, the proportion
of vehicles and the number of vehicles to be packed. The
distribution of vehicle proportions varies between different
operating scenarios (night/daytime). According to the actual
port operation, at night, there are more trucks, fewer cars
and no buses. While in the daytime, there are more cars,
as detailed in Table 4. Attributes of passenger-cargo RoRo
ships and vehicle information are shown in Table 5 and
Table 6 respectively. In addition, the parameter λ is defined
to determine the number of vehicles to be packed |I | based
on the assumption 3), where λ is an arbitrary real number in
(0, 1] in order to ensure that there are sufficient vehicles to be
packed. Given a value of the parameter λ, there is a unique
that meets inequalities (28) and (29) at the same time. The
smaller the λ value, the larger |I | is. The value of parameter λ
in this paper is set to 0.5 (λ1) and 0.9 (λ2), which reflect the
sufficiency of the vehicles to be packed to varying degrees.

λ

|I |∑
i=1

liwi ≤ LW (28)

λ

|I |+1∑
i=1

liwi > LW (29)

The instance is named in the form of V/A-N/D-P-λ, where
V/Ameans virtual/actual ship type, N/Dmeans night/daytime
scenario, P means vehicle proportion (divided into P1 and
P2). The MILP model and the UBM are solved using the
solver Gurobi 7.5 and all algorithms are coded in Python 3.6.
The experimental tests are run on an Intel Core i5 Processor
of 2.3 GHz with 8 GB of RAM memory running 64-bit
Windows 10 operation system and all the results are the
average of 10 independent runs.

B. PARAMETER SETTING
To measure the performance of proposed algorithm frame-
work, three widely used swarm intelligence algorithms, GA
[29], particle swarm optimization (PSO) [31] and whale
optimization algorithm (WOA) [32], are applied separately
in the evolutionary operation of the framework. The elite
retention ratio in the framework is 0.1. All three algorithms
set the population size to 50 and the maximum number of
iterations to 100. The crossover probability in GA is 0.7 and
the mutation probability is 0.2 [29]. The learning factors c1
and c2 in PSO are both set to 2, and the inertia factor is
linearly decreased from 0.9 to 0.4 [31]. InWOA, convergence
factor a is linearly decreased from 2 to 0 over the course
of iterations, the element of random vector −→r is generated
in [0, 1], and the probability to choose between either the
shrinking encircling mechanism or the spiral model to update
the position of whales is 50% [32]. For three algorithms and

Gurobi, the time limit for solving each instance is set to 500
seconds.

All the three algorithms solve the PRSS problem based
on the BRKHA framework, and we hence call the three
algorithms BRKHGA, BRKHPSO and BRKHWOA.

C. RESULTS OF SIMULATION EXPERIMENT
The results of all methods are presented in Table 7, where
f represents the utilization ratio of the cabin area, T rep-
resents the solution time, and ∗ means the solution output
when it reaches the time limit. Fig. 10 compares the results
obtained by Gurobi and three algorithms in solving V2- series
instances. It can be seen that for the ship V1, all methods find
the optimal solution in a short time, but the Gurobi solver
has a shorter solution time than other three algorithms. For
the larger scale size ship V2, the Gurobi solver cannot find
the optimal solution in a limited time. The output solutions
of Gurobi are all inferior to those obtained by algorithms in
a shorter time. Among the three algorithms, the BRKHGA
is slightly superior to the other two in solving quality and
time, although the solution results of three algorithms are very
close.

The reasons behind the above result analysis may be as
follows. Firstly, Gurobi solver is good at solving small-scale
problems, but ineffective for large-scale problems. The per-
formance of Gurobi greatly declines when handling large-
scale problems. Secondly, our proposed three algorithms are
based on the swarm intelligence search, which has the charac-
teristics of self-organizing, adaptability and group-oriented,
and can effectively solve large-scale instances [33]–[35].

D. RESULTS OF APPLICATION EXPERIMENT
In this section, we take three kinds of actual passenger-
cargo RoRo ships as examples to conduct application exper-
iments. Since the ship size in the application experiment is
much larger than V1 andV2 in SIMULATIONEXPERIMENT
section, the Gurobi solver is not suitable for solving such
high complexity problems. Here, we use Gurobi to solve
the UBM, which is the relaxation model of PRSS problem,
and take the solution result as the upper bound of the three
algorithms. Given the complexity of the problem, we set
the maximum number of iterations to 200. The experimental
results of 24 instances are reported in Table 8, where u
represents the upper bound obtained by Gurobi, f (avg) and
f (std) respectively refer to the average value and standard
deviation of cabin area utilization ratio under 10 independent
runs, and the gap-value indicates the deviation between the
f (avg) and the u. Fig. 11 and Fig. 12 show the comparison of
the cabin area utilization and the gap-value obtained by three
algorithms for solving the PRSS problem with three different
sizes of ships. The value of u in the Fig. 11 is obtained by
Gurobi for solving the UBM.

The results in Table 8 and Fig. 11 show that the mean cabin
area utilization obtained by three algorithms all reaches a high
level of 96%. As seen in Table 8 and Fig. 12, for ship A1,
the gap-value of each algorithm is generally stable between
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TABLE 7. Results of simulation experiments.

TABLE 8. Results of application experiments.

2.5% and 3.8%. For ships A2 and A3, as the proportion
of cars increases, the gap-value overall drops from 6.5% to
1.5% with a downward trend. The reason for the difference
of gap-value trend among three ships can be attributed to the
following facts. Firstly, compared to the ship A1, the A2 and
A3 ships are wider, which results in the gap created by the
placed trucks being able to accommodate a wider variety
of cars. Therefore, the range of gap-value of ships A2 and
A3 is larger than that of A1. Then, the proportion of cars
arriving at the port in the daytime is higher than that at
night. As the proportion of cars increases, the utilization
rate of the gaps in ships A2 and A3 gradually increases.
Thus, in the experiment, as the scenario changes from night

to daytime, the gap-value of ships A2 and A3 gradually
decreases.

To make the experimental results more convincing, we use
Kruskal-Wallis ANOVA method [34]–[36] with the signif-
icance level of 0.05 to analyze the difference of the three
algorithms. Fig. 13 shows the significance test results for
three algorithms under PRSS problem. It is clear that all
the p-values are more than 0.05, which means there are no
significant differences among these three algorithms during
the solution of instances from the perspective of statistical
analysis. Furthermore, the sample median line of the mean
area utilization (the red line segment shown in Fig. 13(a))
of BRKHGA is the highest, and the sample median lines
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FIGURE 11. Visual comparison of ships A1∼A3 stowage area utilization.

FIGURE 12. Visual comparison of ships A1∼A3 gap-value.
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FIGURE 13. Kruskal-Wallis ANOVA significance test results for three algorithms under PRSS problem.

FIGURE 14. Visual display of stowage scheme obtained by BRKHGA.

of the mean standard deviation (the red line segment shown
in Fig. 13(b)) and the mean gap-value (the red line segment
shown in Fig. 13(c)) of BRKHGA are both the lowest. It

is obvious that the performance of BRKHGA is the best
among the three algorithms, which is consistent with the
result analysis in Table 8, Fig. 11 and Fig. 12.
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In summary, for three typical passenger-cargo RoRo ships,
the cabin area utilization obtained by three algorithms gen-
erally exceed 95%, and the average gap-value and average
standard deviation remain at a low level. Moreover, there
is no significant difference among these three algorithms
during the solution of instances, and the performance of
BRKHGA is slightly prominent. The reason may be that all
three algorithms are based on the same framework. In other
words, the evolutionary operations in the framework show the
following advantages: 1) evolutionary operation has strong
robustness, self-organizing, adaptability and group-oriented
characteristics which play an important role in the solution.
2) Multiple individuals will be generated with evolution-
ary operation, which increases the population diversity and
avoids the algorithm falling into local optimum. The only
difference in the three algorithms is the evolutionary search
mechanism. Based on the experiment results, GA’s evolution-
ary searchmechanismmay be a better choice for the proposed
algorithm framework in addressing the PRSS.

In order to visualize stowage scheme, Fig. 14 shows one
of the solutions of the instance A2-D-P1-λ2. The numbers in
the rectangles indicate the order in which the vehicle arriving
at the area to be loaded.

VI. CONCLUSION
This paper studies the PRSS problem with the objective to
maximize the cabin area utilization of the ship considering the
characteristics of two-dimensional packing, two-phase, rota-
tion and safe navigation. The corresponding MILP model is
formulated. The BRKHA framework consisting of encoding,
multi-phase heuristic and swarm intelligence search based
evolutionary operation is proposed to solve the problem. GA,
PSO and WOA are applied separately in the evolutionary
operation of the framework. Based on the data of a port in
the Qiongzhou Strait in China, the simulation experiment and
application experiment are designed respectively to verify
the validity of the model and the algorithm framework. The
results prove that all three algorithms based on the BRKHA
framework are well suited to solve the PRSS problem. More-
over, the Kruskal-Wallis ANOVA test indicates that the per-
formance of BRKHGA is the best one, although there is
no significant difference among these three algorithms. In
conclusion, the research of this paper is helpful for the realiza-
tion of intelligent stowage decision-making using computer
software.

This study has opened up several directions for future
investigations. Firstly, more efficient solutions could be
obtained by improving heuristics designed in this paper. Sec-
ondly, the proposed BRKHA framework may be further inte-
grated with other state-of-the-art optimization algorithms to
test its performance. Finally, the dynamic vehicle information
should be considered in extended study of PRSS problem.
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