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Abstract. Container vessel stowage planning is an important and influential decision problem that affects
the containers’ handling operations and the vessel’s berthing time. The stowage planning problem is a
complex one that can be solved with a successful decomposition approach, where the problem is decomposed
into two stages. The slot planning problem is considered the second stage of that approach. A solution
approach with multiple stages was developed, each stage is based on a rule-based heuristic, and additionally,
each stage has its objective either to minimize/eliminate a constraint violation or, improve the objective
function. The computational results elaborate on the efficiency and effectiveness of the proposed heuristic.
The 127 examined industrial instances were all solved to optimality except one case.
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1. Introduction

The trading of goods has increased globally since the emergence of standard containers six decades ago
[1]. A container is a metallic box that allows for high stacks of containers to be formed [2]. Containerized
shipping allowed for the expansion in vessel sizes, hence it facilitated the transportation of goods across the
countries worldwide [3].

In 2019, container throughput was estimated to be over 802 million TEUs, accordingly, it is accounted
for an increase of 2.3 percent from the previous year [4]. The COVID-19 pandemic had a detrimental
influence on worldwide trade, according to Container Trade Statistics (CTS), however, container throughput
climbed by 6.9% in September 2020 compared to September 2019. To face the high demand for a cost-
effective mode of transportation large container vessels that can transport up to 20,000 TEUs are deployed
[5].

A container vessel is a ship that transports containers with a small crew along their fixed cyclic route of
ports, where loading and unloading movements of the containers to/from the vessel are performed using
guay cranes at the container terminals. With larger container vessels, the number of these movements
increases and gets complicated, subsequently adding to the time the vessel stays in each port (i.e. long
berthing time) and decreasing the turnaround of the container vessel [2].

Since the operating cost of the shipping companies is partially determined by the port’s fees, it is of great
importance to manage effectively the complex activities in the port to reduce the vessel’s turnaround time
and the handling charges [7]. The containers’ handling operations and the berthing time are affected by the
effective arrangement of containers on board the vessel. This decision is called the stowage planning
problem. Nevertheless, an effective stowage plan is a key to reaching higher productivity [8].

The container stowage planning problem is an NP-hard problem; it is the problem of assigning a set of
containers of different types to a set of dedicated storage spaces within the vessel. This assignment should
ensure several structural and operational constraints related to both the vessel and containers, to achieve
different objectives one of which is minimizing the loading time [9].

In the past, stowage plans were manually generated by stowage coordinators. Recently, there has been an
increasing interest in finding optimization algorithms to help the stowage coordinators to make better
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decisions. This could be ascribed to the increase in the complexity of the problem and the importance of
getting an optimum solution in a reasonable time.

Producing effective stowage plans in practice is a challenging decision due to the following: the limited
time allocated to the stowage coordinators to make the decision, the thousands of loading/unloading moves
required by the large container vessels, the complex interactions between the high-level stress limits and
stability requirements of the vessel, and the low-level stacking rules. Furthermore, the practical requirement
from the shipping companies is that the used algorithms should be fast with a runtime that is less than 10
minutes [6].

Since the stowage planning problem is a complex problem, solution approaches that implement an
embedded hierarchical decomposition approach of the problem are commonly used. Such approaches mimic
the work process of human stowage coordinators, thus, making the problem scalable and producing
satisfactory results solving the real instances in reasonable times [10]-[15]. As shown in Fig. 1, the
hierarchical decomposition solution approaches break the problem into two consecutive stages.

Initially, the multi-port master planning stage uses the input data, such as the load list (i.e., a list of
containers to be loaded at the current port and a forecast for the later ones), and vessel characteristics to
generate a master layout plan. This is accomplished by assigning each group of containers to specific
locations in the vessel to satisfy the high-level stress and stability requirements. Furthermore, the next stage,
the slot planning stage, assigns an exact position to each container within its location to satisfy the low-level
stacking rules [2].

Master Planning stage Slot Planning stage

complete
Stowage
Load list, Plan
vessel's data,

ports data

Containers’ data of
Group xn , Locatkon

ndata

Fig. 1: The stowage planning decomposition into a master planning stage and a slot planning stage.

From the literature; as mentioned earlier, there is a practical requirement from the shipping companies
that the whole stowage plan is generated in less than 10 minutes. Given that the first phase is time-
consuming and that a large container vessel has about 100 locations. Subsequently, each independent slot
planning problem needs to be solved within 1 second, this is translated into a practical constraint for this
problem and thus increases the need for finding solutions approaches that are fast and efficient [16].
Additionally, slot planning is an NP-hard problem since it can deal with hundreds of containers which makes
solving the problem a hard task [6].

The focus of this study is the slot planning phase while considering the below deck locations only, and
the problem is denoted as the Container Stowage Problem for Below Deck Locations (CSPBDL). A heuristic
based on a structured rule-based search to solve the problem is introduced. The heuristic has multiple stages,
and each stage has the objective either to minimize/eliminate constraint violation or improve the objective
function by following guided rule-based structures.

The rest of the paper is organized as follows, section 2 includes the description of the problem under
study and section 3 presents the related literature. Subsequently, section 4 includes a detailed description of
the proposed heuristic and section 5 elaborates the computational results and analysis. Finally, section 6
presents the conclusions and future work directions.

2. Problem Statement and Description
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The objective of the detailed stowage plan is to find a specific cell/slot for each 40°/20” container within
each location in the master plan while taking into consideration the stack constraints. It is important to note
that there are different types and variations of containers, and they are characterized by some data: size: 1ISO
containers are normally 8 wide, height (8’6 and 9°6”), length (20°, 40’ and 45°), weight, discharge port (i.e.,
where it would be unloaded) and whether it is a reefer container or not (i.e., a refrigerated container that
needs an electric power supply).

The capacity of a container vessel is given in TEU, and the cargo space of a container vessel is divided
into a number of subsequent bays as shown in the abstract side view of the vessel shown in Fig. 2a), each bay
is divided by a hatch cover (represented by a red dotted line) into an on-deck and below-deck areas. The
hatch cover is a flat, leak-proof structure that prevents the vessel from taking in water.

Each bay is a collection of vertical container stacks that allows for vertical stacking of containers and
horizontal tiers, and it can be further considered as several locations which is a set of stacks that could be
over or below the deck. As shown in Fig. 2b), the bay is divided into 4 Locations (L1, L2, L3, L4). This
example also demonstrates the existence of blocked cells at the bottom (i.e., no container can be located in
them) because of the shape of the vessel.

The intersection between the horizontal tier and the vertical stack forms a cell that can either hold a
single 40’ container or two 20’ containers as shown in Fig. 2c). A cell consists of a fore slot and an aft slot.
Some of these cells/slots have access to power plugs to provide electricity to the reefer containers, they are
referred to as reefer cells/slots as shown in Fig. 2b). Each container stack has weight and height limit
restrictions.
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Fig. 2: The elements of the slot planning problem.

The problem under consideration is the problem of assigning a set of 40’ containers to a set of below
deck cells. These containers could be either standard (8’6 high), high cube containers (9’6 high), reefer, or
not. It is important to note that the loading and unloading of the containers are performed by quay cranes,
which can only access the top container of a stack.

The Container Stowage Planning Problem for a Below Deck Location (CSPBDL) is defined by the
following constraints and objectives, furthermore, the IP model is found in [6],. A feasible stowage plan for a
below-deck location must satisfy the following constraints:

o The containers assigned to a certain stack must be stacked on top of each other (i.e., no container can
physically hang in the air).

o A 40’ reefer container must be placed in a cell that has access to a power plug.

e The sum of the weights and heights of the containers that are allocated to a certain stack must
conform to the stack weight/height limits.

o Already existing containers cannot be relocated.

The necessary sets and variables used in the objective function in equation (1) are defined in Table 1.

Furthermore, the objective function is a scaler summation of a set of objectives (i.e., with different weights)
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that are defined to evaluate the quality of the generated valid solutions that satisfy the above-mentioned
constraints. The first term aims at decreasing the overstowage (i.e., a container is an overstowing container if
it has a discharge port further than any of the containers which are located beneath it). The second term
decreases the number of discharge ports in each stack while the third term decreases the number of used
stacks and finally the last term decreases the number of non-reefer containers occupying reefer cells.

Table 1: The sets, parameters and decision variables used to calculate the objective function.

Sets and parameters

C Set of containers to be loaded, where ¢ € {1,2, ..., C}
S Set of stacks, where s € {1,2, ..., 5}
D Set of discharge ports, where d € {1,2, ..., D}
H, Set of cells in stack s
Ry Number of reefer plugs in cell h of stack s
R, Indicated whether Container c is reefer or not, where R, € {0,1}

Decision variables

0, € {0,1} Indicates whether container c is an overstowing container or not
Psq € {0,1} Indicates whether stack s has a container with a discharge port d or not
as € {0,1} Indicates whether a stack s is empty or not
E s € {0,1} Indicates whether a container c is assigned to cell h of stack s or not
100 ZCEC Oc + 20 ZSES ZdED Dsa + 10 ZSES Qs +5 ZSES ZhEHS ZCEC Rhs * Echs (1 - Rc) (1)

The economic aspects of a stowage plan are targeted mainly by the first objective while the other
objectives are considered as the rules of thumb of the shipping industry; they allow for better stowage plans
in the downstream ports of the vessel’s voyage.

3. Related Work

The stowage planning problem is a variation from the container stacking problem and the container
premarshalling problem [17], [18]. It has been tackled in the literature through two different approaches: the
single-phase approach and the decomposition approach. The former approach deals with the whole vessel at
once considering the container vessel having a set of available container storage areas and assign a specific
container to a specific area as in [9], [19], [20], while the latter decomposes the problem into two successive
phases, the multi-port master planning phase and the slot planning phase.

The single approach is appropriate for smaller vessels as it can produce fast solutions for a complete
stowage plan for multiple ports, but for a very unconstrained problem (relaxed problem) where a lot of the
real practical constraints are being discarded. On the other hand, the decomposition approach can be applied
to vast variations of the problem while incorporating the practical constraints that face the real stowage
planning problem. The second phase of the decomposition approach is the main concern of this work, and
that is why the literature is limited to this phase only.

The Slot Planning Problem (SPP) for the below deck The Slot Planning Problem (SPP) for the below
deck locations has been approached in [6], [16], [21]-[23]. The objective which has been tackled in these
papers was to minimize a scalar objective function including four components; overstowage, number of
stacks used, multiple destinations in a stack (i.e., avoid having a stack that has containers of different
destination ports), and finally having a non-reefer container placed in a reefer slot to satisfy the stacking
rules. The problems considered 20°, 40, high cube, and reefer containers.

Delgado et al. [21], used a constraint programming approach to solve the problem, they tested a total of
17 instances and got optimal solutions for all of them. Furthermore, Pacino and Jensen [22] used a local
search extended heuristic to solve the same problem, and then the authors extended their work to include an
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integer programming model. They increased the number of instances to 133 to test the solution approach.
The results show that about 86% of the total instances were solved to optimality [23], [16].

The local search extended heuristic got the solution faster than the constraint programming in larger
instances. Delgado et al, provided an integer programming model and extensive experiments on 236
instances [6]. A constraint programming model was able to solve 90% of the instances in less than one
second, and it was faster than the integer programming model.

Parrefd et al., extended the problem to include the IMO containers and introduced an additional
objective which is the minimization of the rolled out containers (i.e. containers that were removed from the
list of the containers to load ) [2]. The authors developed a Greedy Randomized Adaptive Search Procedure
(GRASP) algorithm and presented a novel integer programming formulation. Furthermore, they provided a
comparison between different strategies for the GRASP algorithm and compared their work against the
constraint programming and constraint-based local search approaches.

In conclusion, the number of articles discussing the slot planning phase is limited and the proposed
solution approaches to solve this problem are rather small. The below deck locations have predefined
objectives and constraints, decided by the shipping line. The problem is NP-hard, and it is a crucial sub-
problem of the stowage planning problem. The time saved in reaching the optimal or near-optimal solutions
of the slot planning problem aid the stowage coordinators in developing an effective complete stowage plan.
Consequently, an effective stowage plan reduces the time spent at the port, increases the efficiency and profit
for both the shipping line and the port.

In this work, a solution approach with multiple stages is presented and tested. In this approach, each
stage uses a rule-based heuristic structure to eliminate/reduce a constraint violation and/or improve the
objective function. This approach mimics the planning process of the stowage coordinator and gives the
flexibility of adding new considerations by adding another stage in the solution approach.

4. Solution Approach

To tackle the problem of stowing 40’ containers within a location, an approach with multiple stages was
proposed that imitates the planning process of the stowage coordinator, each stage has the objective either to
minimize/eliminate constraint violation or improve the objective function by following guided rule-based
structures. The sets, parameters, and variables used in our approach are introduced in Table 2. An overview
of the proposed approach is presented in Fig. 3, then the details of the approach are presented below.

[ Problem initialization

[ Solution initialization

[ Solution decodlng
L2
[ Multi- stage heuristic

]
]
(e ad,us.mem ]
)
J

| Iter.=Iter.+1 |

Best Solution

[ Solution encoding ]

[ crossover ]

No
yes
[ Solution is reached ]

Fig. 3: An overview of the proposed solution approach.

1741



4.1. Problem Initialization

In this part all the inputs of the problem are declared, some of which are: the characteristics of the stacks
(i-e., height and weight limits), tiers and cells characteristics (i.e., reefer/not, feasible to stow a 40’ container
/not). Furthermore, the characteristics of the containers to be loaded and the already loaded if exists (i.e.,
reefer/not, height, weight), and the number of the discharge ports in the problem.

Table 2: The sets and variables used in the proposed solution approach.

c Set of containers to be loaded, where ¢ € {1,2, ..., C}
S Set of stacks, where s € {1,2, ..., S}
T Set of tires, where t € {1,2, ..., T}
X A complete solution
Cs Set of containers assigned to stack s
Ry Set of reefer containers assigned to stack s
EC, Set of feasible empty cells in stack s
RC Set of the remaining number of reefer cells in stack s

devC(s) | Difference between the number of assigned containers to stack (s) and the feasible empty cells in the
same stack, where s = 1...5 & devC(s) = C; — EC;

devH(s) | Difference between the sum of the total heights of the containers in a stack (s) and its height limit,
devH (s) = Hg — HL;

devW (s) | Difference between the sum of the total weights of the containers in a stack (s) and its weight limit,
devW (s) = Wy — WL

devR(s) | Difference between the remaining number of reefer cells and the assigned reefer containers in stack s,
devR(s) = RCs — R,

4.2. Solution Initialization

In this part, the initial set of solutions is randomly generated. The set size is 20 solutions and each
solution X as shown in Fig. 4 has a number of elements that is equal to the total number of containers to be
loaded (C). Whereas the location of the element in solution X indicates the container’s index (c),c =
1,2,..,C. Each element in the solution is a random positive real number (x), where {x e R*|1<x < S+
1} and (S) is the number of stacks in the problem.

This number is a float number within which the integer part specifies the stack number that the container
is assigned to, while the fractional part controls the order of the container within the stack (i.e., all the
containers assigned to a specific stack are ordered from the bottom up in descending order of their fractional
number).

X= |« a2 ... |x¢ ... [x¢ |

Fig. 4: A solution representation.

An example will be used to illustrate the explanation of all parts of our algorithm and the related
information is as follows: the problem has seven containers to be loaded, and the location has 3 stacks and 4
tiers. The details of the characteristics of both the container to be loaded and the location are provided in Fig.
5 showing the blocked cells and the reefer ones and the height and weight limits of each stack.
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C |H W [P R
1 259 |1 2 1
2 2.9 1513 1
3 2.9 1513 1
4 2.9 2 3 1
5 2.9 1.5]2 1 i
Height limit 2 6 1.5
6 259 l 3 O Weight limit 5.18 11.3 3
7 1259 |1 |2 |1 11000

Fig. 5: The information of the example of the containers to be loaded at the left including (container’s number, height,
the wight, discharge port and reefer characteristics (1 (reefer), 0 (non-reefer)), the location characteristics on the right
showing the blocked cells and the reefer ones denoted by (ones) and the height and weight limits of each stack.

The starting solution X can be as shown in Fig. 6. As noted, the containers {1, 3, 6} are assigned to the
1st stack, containers {2, 5} are assigned to the 2nd stack, and finally, containers {4, 7} are assigned to the
3rd stack. The fractional part of each number specifies the tier that the container will occupy.

Xoeror= | 1.32 | 2.45 [ 1.76 [ 3.76 | 2.67 | 122 | 3.56 |

Tiers

F 3

4

3 6
(1.22)

2 1 2 7
(1.32) (2.45) (3.56)

1 3 5 a4
(176) || 267 || G76) ||
1 2 I3 ISta'cks

Fig. 6: A randomly generated solution X for seven containers and its interpretation.

4.3. Initial Adjustment

In this part, the starting solution X is adjusted for feasibility in terms of the capacity of available cells for
each stack s i.e., C; < ECs. The mechanism of this subroutine is presented in Fig. 7. Initially (devC) is
calculated for all stacks, the positive values belong to a violating stack. Subsequently, assign the stack that
has the Maximum violation and the stack with the minimum deviation from the available cells.
Max(devC) = Max(devC(s)) and Min(devC) = Min(devC(s)),wheres = {1,...,5}. To remove the
violation, a number of containers are moved from the most violating stack to the stack with the least
deviation value by changing the integer part of the random number assigned to the containers.

—

Calculate
devC(s),s =1,..S

Max(devC),
Min(devC)

Adjusted to feasible
cells solution

Move
| Max(devC) | containers
from s = Max(devC) to
s = Min(devC)

Move
| Min(devC) | containers
L from s = Max(dev()

to s = Min(dev()

Fig. 7: The overview of initial adjustment.
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For the same example presented before, stack one and stack three have two cells available and stack two
has four cells available. As shown in Fig. 8 the first stack was the most violating and the second stack has the
least deviation value. This resulted in moving container one (i.e., the first container assigned to stack one) to
stack two and changing its random number. After the initial adjustment, the solution is decoded to start the
multi-stage heuristic, the solution representation of After is transformed from a series of random numbers to
locations as shown in the interpretation in Fig. 8.

4.4. The Multi-Stage Heuristic

In this subroutine, a sequence of procedures is performed to ensure a set of objectives: The feasibility of
the solution regarding each stack’s limits of both the height and the weight, the solution doesn’t have any
reefer container assigned to a non-reefer cell, and finally to minimize the value of the objective function.
Consequently, this is achieved using rule-based search structures on the solution Xaer, followed by
calculating the fitness function (i.e., total penalty) of the solution. An overview of the multi-stage heuristic is
presented in the flowchart presented in Fig. 9.

A brief description of each procedure is given and illustrated using the same example as follows:

Xae= | 232 | 245 [ 176 | 3.76 | 2.67 [ 1.22 | 3.56 |

Tiers A Tiers B
a 4
(] 1
3 (1.22) 3 (2.32)
2 1 2 7 2 & 2 7
(1.32) (2.45) (3.56) (1.22) (2.45) (3.56)
1 3 s a 1 3 s a
(1.76) |y | (267 | ] 3780 | (1.76) |1 ] 267 | ] (3.76) |
1 2 s I stacks 1 2 s I stacks
Awvailable cells 2 I 2 Awvailable cells 2 F ] 2
devC 1 -2 4] devC o -1 4]
+ 4 4+ +
Max Min Max Min
(devC) (dev(C) (devC) (devi)

Fig. 8: (a) The interpretation of Xpetore and (b) the interpretation of Xaser after the initial adjustment.

[ Height feamblllty procedure ]
[ Weight feamblllty procedure ] Port Clustering
¥ Procedure ]
[ Overstowage procedure ] L2
T [ Feasibility check ]
[ Allocate the containers to ¥
their feasible cells [ Total penalty calculation ]
L )
Reefer feasibility procedure ] L
[ | yP ( Solution is reached )

Fig. 9: The flow chart of the multi-stage heuristic.

a) Height feasibility procedure
This is performed using a guided rule-based search structure with the objective of minimizing the
violation of the height feasibility constraint of the stacks and to cluster the containers within fewer number of
stacks. The main idea of this procedure is shown in Fig. 10 and the Containers clustering sub-routine is
illustrated in Fig. 11. Additionally, Fig. 12 follows the previous example for the illustration of this procedure.
(HLy) is the height limit of stack s and (Hy) is the sum of the heights of the assigned containers to stack s.
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——[ Calculate devH(s),s = 1,...S

¥
Max(devH),
Min(devH)

Containers Height feasible
clustering solution

Swap a HC container from s =
Max(devH) with a regular
container from a non-violating stack

i.e(devH<=-0.31)

7

.

N
Move a container from

s = Max(devH) tos =
Min(devH)

Fig. 10: The main idea of the height feasibility procedure.

Tiers Tiers

5 5
Height
limit 4 4

([ {a H

1] 3(]2]]8 ifaf]3]]2

| | | 1, | | ] | |
11 210 31 41 5 Istacks 1 21 31 41 5 Tstacks
(B)

()
Fig. 11: Containers clustering sub-routine in the height feasibility procedure.

Stack one and stack three were in violation, initially, container number seven is moved to the second
stack with its updated random number as shown in Fig. 12 (a & b). Additionally, a swap between container
number three and container number one is performed in Fig. 12 (b & c). This resulted in a height feasible

container assignment.

Tiers A Tiers B Tiers ¢
1(2.59) 3(2.9)
4 4 f (2.32) 4 (2.32)
5 1(2.59) move | P [ e 5 2(2.9)
(2.32) (2.45) (2.45)
2 | | 6259 2(2.9) 7(2.59) 2 || 5259 7(2.59) 5 | | 8259 7(2.59)
(1.22) (2.45) (3.56) (1.22) (2.56) (1.22) (2.56)
1] 32 5(2.9) 4(2.9) NI 5(2.9) 4(2.9) IR 5(2.9) 4(2.9)
(1.76) 1 (2.67) | (3.76) _ (1.76) | (2.67) 1 (3.76) _ (1.76) 1 (2.67) 1 (3.76) N
1 I 2 I s S;acks 1 I s Svtacks 1 I I3 Svtacks
H 5.49 8.39 5.49 5.49 10.98 2.9 5.18 11.29 2.9
HL, 5.18 113 3 5.18 11.3 3 5.18 113 3
devH 031 -2.91 2.49 031 -0.32 -0.1 0 -0.01 -0.1
+ 4 L 4
Min Max Max Min
(devH) (devH) (devH)  (devH)
Fig. 12: (a) The decoded Xafer with containers’ heights and (¢) is the height feasible solution showing the steps of
getting it.

b) Weight feasibility procedure
A rule-based search structure is used with the objective of eliminating the violation of the weight

feasibility constraint of the stacks. Moving or swapping the containers to remove the weight constraint
violation should be performed in a manner that will not violate the previous procedure (i.e., height

feasibility). The main idea of this procedure is shown in Fig. 13.
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Fig. 14 follows the example for the illustration of this procedure, (W L) is the weight limit of stack s and
(W) is the sum of the weights of the assigned containers to stack s. Stack three was in violation, the swap
between container number three and container number four is performed (i.e., they are of the same height)
this resulted in a weight and height feasible container assignment in Fig. 14 (b).

—b[ Calculate devW (s),s = 1,...S }

Max(devW),
Min(devW)

Weight feasible
solution

Swap the heaviest container from
s = Max(devW) with a lighter

container from s = Min(devW)

Move a container from
s = Max(devW) to
s = Min(devW)
without violating the
heights

Fig. 13: The main idea of the weight feasibility procedure.

Tiers A Tiers B
3(1.5) a(2)
4 (2.32) 4 (2.32)
3 2(1.5) 3 2(1.5)
(2.45) swap (2.45)
2 6(1) 7(1) 2 6(1) 7(1)
(1.22) (2.56) (1.22) (2.56)
1 1(1) 5(1.5) 4(2) 1 1(1) 5(1.5) 3(1.5)
(176) |1] (2.67) |y| B.76) (176) |1 (2.67) |y| (3.76)
1 I I3 Stacks 1 2 I3 Stacks
W, 2 5.5 2 2 6 1.5
WL, 2 6 1.5 2 6 1.5
devW 0 -0.5 0.5 1] (1] 0
+ L

Min Max
(devW) (deviW)

Fig. 14: (a) The height feasible solution with containers’ weights and (b) is the weight feasible solution showing the
steps of getting it.

c) Overstowage procedure

In this part, the heuristic seeks to minimize the overstowage objective. The containers are arranged in
descending order of their destination ports from the bottom of the stack as illustrated with the example
shown in Fig. 15 (b). however, from the problem description, the location can have blocked cells and to this
point of the heuristic the exact position of the containers inside the location was not needed and the
containers were assigned to their stacks from the bottom up and they were not positioned in their actual cells.

Tiers A Tiers B
4(3) 7(2)
4 (2.32) 4 (2.32)
2(3) 5(2)
3 (2.45) 3 (2.45)
2 6(3) 7(2) 2 1(2) 4(3)
(1.22) (2.56) (1.22) (2.56)
1 1(2) 5(2) 3(3) 1 6(3) 2(3) 3(3)
(1.76) |y| 260 [)f 376) | (176) |y] (267 |j] 3.76) | =
1 I > I3 ‘Stacks 1 I > I 3 Stacks

Fig. 15: (a) The solution with containers’ destinations, and (b) the solution after rearranging the overstowage procedure.

To proceed with the heuristic and do a comparison between the reefer characteristic of the container and
the cell it occupies; containers must move to their feasible cells. If there are any containers already existing,
they will be added to the location as well. Fig. 16 illustrates that in the given example.
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Tiers X
a 1(2) 7(2)
(1.22) (2.32)
6(3) 5(2)
3 (2.45)

4(3)
(2.56)

2(3)
(2.67) |y

1 I 2 |

Fig. 16: The assignment of the containers to be loaded to their feasible cells.

3 Stacks

d) Reefer feasibility procedure
Then an attempt to reduce/eliminate the reefer infeasibility where there is a reefer container occupying a
non-reefer cell (i.e., violating container). A rule-based search structure was adopted to swap/move the
violating containers to reefer cells. It seeks a better solution by swapping containers to reduce and/or
eliminate the height infeasibility as done in the height feasibility procedure but only swapping containers
with the same reefer characteristics.

The details are illustrated in Fig. 17 it is important to note that if devR(s) has a negative value this
indicates that the reefer containers assigned to this stack (s) exceed the reefer capacity of this stack (i.e., a
reefer violating stack). Moreover, if devR = 0 then this indicates that the reefer containers assigned to this
stack (s) are equal/less than the reefer capacity of this stack (i.e., a reefer non-violating stack) Even though
the stack may be a non-reefer violating stack this doesn’t ensure that it doesn’t have violating-containers (i.e.,
a reefer container in a reefer cell), therefore swaps must be performed within this stack.

|

> Calculate devR(s),s = 1,..5 ]

For each s, Swap the violating
container with a non-reefer container
in a reefer cell in the same stack.

swap the viclating reefer )
container from s = Height modification trail ]
Min(devR) with a non-reefer T

container located in reefer cell
from another stack

Reefer feasible solution ]

( Move a reefer container from
L s = Min(devR) to a reefer

non-violating stack

Fig. 17: The main idea of the “reefer feasibility procedure”.

A
Tiers‘ Tiersj B Tiers c
1(1) 7(1) a 1[1) 6(0)
4 1 0 1 4 1.22) (2.32) (1L.22) (2.32)
6(0) 5(1) 7(1) 5(1) 3(1)
3 1 1 1 N e (2.45) N wre (2.a5) (3.76)
41) 4(1)
z [2.56) 2 (2.56)
2(1) 2(1)
! il @81 |t ! il esn |y
L Stacks 1 o2 T 3 Stacks
R, 1 4 1 2 3 1
RL, 2 3 2 2 3 2
devR 1 -1 1] 1
4
Min
(devR)

Fig. 18: (a) Location reefer characteristics, (b) and (c) are the assignment of the containers before and after applying the
reefer feasibility algorithm respectively.
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In the same example, only container number six is non-reefer which will be used to illustrate the
procedure. Fig. 18 (a) is the reefer characteristics of the location, the number “1”” means that the cell is reefer.
Fig. 18 (c) is the solution after applying this procedure where container number seven in stack two was
swapped with container number six in stack two.

e) Port clustering procedure

If there is more than one port of destination in the problem, this procedure is used to minimize the port
clustering objective. It moves sequentially over the stacks swapping containers between different stacks. This
is to cluster the containers with the same port of destination within the same stack, each swapping container
must be of the same height and reefer characteristics. In the given example no port clustering can be
performed. Fig. 19 can be an illustrative example of the simple overall objective of this procedure, and its
effect on decreasing the fitness function by decreasing the port clustering penalty.

Tiers 4 A Tiers 4 B

a 4

3 5(2) 3 5(2)
11(3) nz) 6(2) 7(2) 11(3) 3(3)

2 3(3) 2(3) 8(3) 10(3) 2 6(2) 2(3) 8(3) 12(4)

1 12) || a3 | ] 120 |, 9(4) 1] || 4@ || 0m [j] 2@ R
T Stacks 1 2 s g Stacks
Clustering penalty=180 Clustering penalty=100

Fig. 19: The effect of the port clustering procedure on decreasing the port clustering penalty of a feasible solution.

f) Total fitness function calculation
In this example, the fitness function (i.e., objective function) =100*(1) +20*(1+2+1) +10*(1+1+1) +5*(0)
=210. It means 100*(overstowing containers) +20*(number of discharge ports in each stack) +10*(stacks
used) +5*(number of non-reefer containers in a reefer cell). In this example container number six overstows
container number 5.
g) Height-weight-reefer feasibility check
The algorithm aspires to eliminate the infeasibility at each step, but it can’t be ensured. So, a feasibility
check must be performed. Consequently, if the solution is feasible then it is encoded back to its initial form.
In the example, the solution X is feasible, then its encoded form is shown in Fig. 20.

X= 1122 267 |3.76 |2.56 [245[232]176 |
Fig. 20: The solution X after applying the multi-stage heuristic.

4.5. Iterations

The first set of 20 different solutions have different objective functions (i.e., penalty cost), these
solutions are sorted based on their objective function value. The minimum value (i.e., best solution) is
recorded as the initial solution X. Subsequently, the idea of using a single point crossover is adopted from the
famous genetic algorithm heuristic to introduce the intensification process to our solution heuristic.
Consequently, a single point crossover between the solution (i) and solution (i + 1), where i = 1:19, in
which the cross-over point is randomly generated. After 10 iterations the final solution is reached.

5. Computational results and analysis

The proposed approach was coded using MATLAB R2017a ® and the instances were run on an Intel (R)
Core (TM) i7 CPU @ 3.6 GHz, and 8.00 GB RAM computer. There are 127 slot planning benchmark
instances of 40’ containers that are found in the literature [2]. The instances are partitioned into five different
groups where each one is a combination of instances that have similar features as shown in Table 3.

The first column represents the group ID, the second column indicates the number of instances in each
group, then the (maximum-minimum-average) number of containers in (TEUS) in each group is presented
and followed by the (maximum-minimum-average) available capacity of TEUs in each group. The following
columns indicate if the group has a specific feature; whether the group has containers that are High Cube

1748



(HC) and/or Reefer (R). The last three columns indicate the number of instances that have containers
belonging to one, two, or more destination ports in each group. Furthermore, almost 79% of the solved
instances have a container utilization (i.e., an indication of how full the location is with containers) of more
than 70% utilization, which is the case in real-life instances.

The model was first run to reach the initial solution without any iterations (i.e., crossover) each instance
is run five times and the fitness function of each of the five runs and the average time is reported, and the
proposed solution is then allowed to be stopped after one, five and ten iterations each is run for five times to
test the effect of the iterations on the solution improvement.

Table 3: Instances groups and characteristics.

. Cont. (TEU) Cap. (TEU) #Ports
Grp #inst. - - HC R
Min. Max. Avg. Min. Max. Avg. 1 2 >3
1 13 8 116 54 16 116 63 13
2 15 16 74 46 42 172 73 N N 15
3 78 2 202 63 6 208 79 \ 78
4 13 40 136 87 40 148 96 N 13
5 8 10 156 93 72 176 122 N N 6 2

The results for the different number of iterations are reported in Table 4, in the table, (IS) stands for the
number of instances solved in each group, (opt) indicates the number of instances that are solved to
optimality. The bolded red number indicates that there are non-optimal solutions reached within this group.
(%R) the ratio of the five runs that were able to obtain the optimum solution amongst all the runs performed
in that group. (T(s)) is the average time in second for all the runs of all the instances in the group.

The results indicate that our algorithm is effective and efficient in reaching the optimal solutions of the
benchmark instances. The quality of the initial solution is of a high standard as it was able to reach the
optimum solution for 125 instances of the benchmark instances in 95% of the total runs, the two non-optimal
solutions were deviated by 4.2% and 14.3% from the optimum solution. Moreover, the average time to
obtain the solution was 0.32 seconds which is satisfactory for the one-second limitation.

Table 4: The instances results.

Grp Initial solution Solution after 1 iteration Solution after 5 iterations | Solution after 10 iterations
IS |opt | %R | T(s) [ IS |opt | %R | T(s) | IS |opt | %R | T(s) [ IS | opt | %R | T(s)

1 13 | 13 1 28 | 13 | 13 1 .33 13 | 13 1 42 |13 | 13 1 .52

2 15 | 15 1 31 |15 | 15 1 .37 15 | 15 1 47 |15 | 15 1 .58

3 78 | 76 95 (.29 |78 |77 96 | .34 78 | 77 97 | 44 |78 |77 98 | 54

4 13 | 13 92 | 44 |13 | 13 95 | 51 13 | 13 1 71 |13 | 13 1 .92

5 8 8 85 | 46 |8 8 .88 | .55 8 8 98 | .75 |8 8 1 91

After ten iterations the solutions and the consistency of reaching the optimum solutions are improved, all
instances but one was solved to optimality in 99% of the total runs, the non-optimal solution was deviated by
2.8% from the optimal solution, additionally, the average time of getting the solutions was 0.61 second
which is less than the time constraint.

The performance of our algorithm is compared against the recently proposed solution approaches to
solve the problem of slot planning of below deck locations; namely the GRASP proposed by Parrefd et al.
[2], Constraint programming proposed by Delgado et al. [6], and Constraint-based local search proposed by
Pacino and Jensen [16]. The CP in [6] is run within a time limit of 1 second and 10 seconds, furthermore,
only the results of the 10 seconds are reported as they have better performance in terms of the percentage of
the obtained optimal solutions. Additionally, the number of instances that couldn’t obtain a feasible solution
within the time limit is reduced. The comparison is held on the instances that have only the 40’ containers
(Instances 1,6,4,8 and10 respectively).

The comparison is shown in Fig. 21 and Table 5. The first column indicates the group ID and.
consecutively, for each solution method, column %Sol indicates the percentage of problems solved,
column %Opt presents the percentage of problems solved optimally, and column T(s) shows the total
running time needed to solve all the instances in the group.
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Fig. 21: Comparing the results against GRSAP, CBLS and constraint programming algorithms.

Table 5: Comparing with the GRSAP and constraint programming algorithm and the CBLS heuristic algorithm.

G Our algorithm (10 itr.) GRASP (1s) CBLS CP(10s

P "%Sol % Opt T(s) %Sol % Opt T(s) %Sol % Opt T(s) %Sol % Opt T(s)
1 100 100 6.19 100 100 6.3 100 59 0.1 100 100 0.1
2 100 100 8.07 100 100 6 93 80 1.2 100 100 54
3 100 99 394 100 99 373 100 92 6 99 99 19.7
4 100 100 7.06 100 100 6.1 93 43 1.5 93 93 10.5
5 100 100 4.21 100 100 4.8 100 88 0.7 100 100 0.7

From the results, the performance of our algorithm in terms of the quality of the solution in terms of
reaching the optimal solutions is equivalent to the GRASP, additionally, the run times are almost the same.
Additionally, the quality of the solutions of both the CBLS and the CP (10s) are somewhat worse as they fail
to find a feasible solution in 2.8% and 1.6% respectively. Furthermore, both the CBLS and the CP (10s) fail
to find optimal solutions in 27.6% and 1.6% respectively. However, both the CBLS and the CP are much
faster, but this can be attributed to the fact that these approaches used parallel processing. Consequently, the
CBLS is considered the fastest approach but fails to reach the optimum solutions in more cases, this can be
attributed to getting stuck in a local optimum point.

6. Conclusion

In this paper, the slot planning problem of the 40” containers for the below-deck locations was solved. A
multiple-stage-based approach was developed where each stage is based on a guided rule-based structure.
Moreover, it has an objective either to minimize/eliminate constraint violation or improve the objective
function. The computational results show that our approach is fast and can produce optimal solutions for all
but one instance of the 127 industrial instances that were solved in less than 1 second, which is well within
the time constraint for practical usage. The performance of our algorithm showed its efficiency when
compared with the state-of-the-art algorithms.

After being used to solve 40’ feet container problems, the procedure can be further generalized to include

the 20’ as well as the IMOs containers. Further, future research includes also extending the CSPBDL to
include on deck locations and special containers such as out-of-gauge and pallet-wide.
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