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Abstract: In recent years, underground logistics systems have attracted more and more attention
from scholars and are considered to be a promising new green and intelligent transportation mode.
This paper proposes a yard design problem considering an underground container logistics system.
The structure and workflow of the underground container logistics system are analyzed, and key
features are recognized for the yard design problem, such as the container block layout direction, the
lane configuration in the yard, and the number of container blocks. We formulate the problem into
mathematical models under different scenarios of the key features with the comprehensive objective
of maximizing the total throughput and minimizing the total operation cost simultaneously. An
improved tabu search algorithm is designed to solve the problem. Experimental results show that the
proposed algorithm can generate a satisfactory layout design solution for a real-size instance. Our
research studies different container yard design options for introducing the underground logistics
system into port terminals, which provides an important scientific foundation for promoting the
application of underground container logistics systems.

Keywords: underground logistics system; container stacking; layout design; tabu search

1. Introduction

In recent years, with the rapid development of the global economy, the scales and
throughputs of container ports have grown continuously. Contradictions are increasing
between the expansion of container ports and the development of port cities in terms of
space, resources, and environment. In particular, thousands of trucks traveling through
the port city every day to collect the containers from or to the port increase the traffic
pressure in the city sharply. The heavy traffic of container trucks intensifies the congestion
and air pollution in the port cities. More yard area is also required to match the growing
throughput of large ports, which is quite difficult for major cities since land resources are
limited and expensive [1–6].

To alleviate the above-mentioned conflicts between the ports and cities, container
ports always look for more efficient, intelligent, and environmentally friendly operational
methods. The underground logistics system with automatic control is a relatively new
mode of cargo transportation that is considered to be more efficient and less polluted [7–10].
We consider an underground container logistics system proposed by Liang et al. (2022) [11],
where a suburban logistics park and a container port are connected by a deep underground
tunnel. Figure 1 shows the basic structure of the underground container logistics system.
There is a vertical shaft in the logistics park and the port terminal yard, respectively. The
import containers, for example, are unloaded from a ship and transported by internal trucks
directly to the shaft’s entrance or will be transported from the above-ground container
yard to the shaft after a temporary storage period. A gantry crane over the shaft loads the
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containers vertically from the trucks to underground logistics vehicles (ULVs). The ULVs
travel in the deep underground tunnel to transport the containers from the terminal to the
logistics park, and the containers will be unloaded through the shaft in the logistics park
from the ULVs to the trucks. The process is going in the opposite direction for the export
containers. This logistics system transfers as much traffic as possible from the surface to
the underground, which can not only reduce the traffic problems in the port city but also
control the expansion of the port yard by improving the handling efficiency [12–14].
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Figure 1. Schematic diagram of the underground container logistics system.

The detailed design and operational scheme affect the implementation of the under-
ground container logistics system in practice, but related research is still in its infancy.
Some scholars have carried on the concept design of the underground container logistics
system and the selection and operation of the equipment for the system [15–18]. To the
best of our knowledge, there is a lack of studies focused on the layout of the container yard
with an underground logistics system. The yard handles the storage of import and export
containers, which is the connection between the complex operations of the external trucks
or ships and the operations at the shaft and in the underground tunnel. The layout of the
yard directly influences the operations of the internal trucks and the gantry crane of the
shaft. Improving the layout of the container yard, including the vertical shaft with the
gantry crane, is the foundation for achieving efficient operation of the entire system.

Thus, this paper studies the layout design problem of the container yard with an un-
derground logistics system, considering the overall system throughput and operating costs.
Three features are analyzed, including container stacking direction, lane configuration, and
the number of blocks. Mathematical models are proposed for multiple scenarios based on
the features, and an improved forbidden search algorithm is designed to solve the problem.
Our results provide a quantitative criterion for container yard design with the underground
logistics system, which is significant in promoting the implementation of such a system in
practice. The proposed models and algorithm can be generalized to related yard planning
problems with other transportation channels.

The rest of this paper is organized as follows: Section 2 is the related literature review.
Section 3 describes the operations flow of the underground container logistics system and
the container yard layout problem precisely. Section 4 presents the formulations for the
yard layout problem. Section 5 designs an improved forbidden search algorithm to solve
the problem. Section 6 concludes the paper.

2. Literature Review

This section summarizes the state-of-the-art research in two related areas: the studies
on underground container logistics systems and those on the planning and design of
container yards.

Only a handful of scholars have studied underground container logistics systems.
Early studies focus on the system design point of view, considering construction and relia-
bility. Vernimmen et al. [19] analyzed the feasibility of the construction of an underground



J. Mar. Sci. Eng. 2024, 12, 1103 3 of 19

container transport system in the port of Andean Weeping and designed a new under-
ground container transport system for both sides of the Celtic River. Fan et al. [20] realized
the connection between the underground logistics system and the port by establishing
a port-convergence station. A robust optimization model was established to determine
the suitable location of the port-confluence station, and the proposed system was verified
by simulation.

There are some studies that have considered the operations of container terminals
with an underground logistics system. Rezaeifar et al. [21] developed a framework to
optimize the capacity of multimodal underground logistics transport terminals through
a discrete event simulation model. Chen et al. [10] took Shanghai Yangshan Port as an
example, comprehensively considered the total cost of transportation, transportation time,
and carbon emissions, and established a multi-objective planning model for the integrated
underground and above-ground transportation network. Pan et al. [22] designed an
underground container transportation system and established a two-stage model, where the
first stage is a 0–1 planning model used to determine the transportation cost of individual
containers, and the second stage is a simulation model of the volume of transported
containers at a specific time. Liang et al. [11] investigated a novel loading and unloading
scheme to optimize the underground container logistics system as well as the configuration
and scheduling of underground logistics vehicles and Automated Guided Vehicles (AGVs),
among others. Gao et al. [23] used an adaptive genetic algorithm to describe and solve
a mixed-integer planning problem to minimize the total time to handle all containers in
the Underground Container Logistics System (UCLS). This approach yields a reasonable
number of yard trucks for scheduling between loading and unloading points and yards in
the UCLS.

Container yard layout and design problems for traditional terminals are widely re-
searched. Most scholars study the layout design of the yard from two aspects: container
block planning and resource allocation. Container block planning refers to the study of
the size, layout, and space of the container blocks in the yard. Kim et al. [24] calculate the
influence of parallel and vertical layouts on the transportation distance of container trucks
by judging the traveling path of container trucks in the yards. Abu Aisha et al. [25] pro-
posed a new layout for container terminals in seaports to reduce costs and emissions from
port operations. The proposed layout can improve the sustainability of port operations by
reducing the distance between berths and interface points and avoiding double handling.
Taner et al. [26] developed various simulation models of man-made container terminals
and evaluated the performance of the terminals in different scenarios under these models.
They found that terminal performance is affected by its layout format. Wiese et al. [27]
focused on a particular type of layout for container yards, i.e., yard layout with transfer
lanes. They proposed an integer linear programming model for the problem. Petering
et al. [28] constructed a fully integrated discrete-event simulation model of a container
terminal to investigate how the width of storage blocks in the yard affects the overall
long-term performance of a container terminal.

Resource allocation problems focus on planning for a range of limited resources such
as loading/unloading equipment, storage space, and costs at the yard. Woo et al. [29], based
on the storage rules of container groups, discussed the impact of reserved container space
on production operations and proposed a method to determine the space requirements of
imported container yards. Lee [30] analyzed the layout of the high-throughput terminal
and designed the resource allocation minimization layout model. Stojaković et al. [31]
investigated the effect of the chosen layout and handling mechanization on terminal
productivity to determine whether shuttles could also be effectively used in small container
terminals with different yard layouts. Lee et al. [32] proposed an optimization model to
determine the optimal layout of a container yard. They considered factors such as the
storage space requirements, the throughput capacities of yard cranes and transporters, and
two types of yard layouts, namely parallel and vertical to the coastline.
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Table 1 is a summary of the related studies on underground container logistics prob-
lems and container yard design problems. The current studies on underground container
logistics systems focus mainly on the feasibility of system construction and equipment
scheduling within the system. Most of these studies set up the underground container
logistics operation area inside the terminal in a certain way. To the best of our knowledge,
no scholar has carried out research on the container yard layout design problem, taking the
underground logistics system into account. An appropriate yard layout is the foundation
for applying an underground system in a modern port terminal. Moreover, the existing
studies on container yard layout design problems consider traditional terminal yards. The
components in the yard and the workflow change after the underground container logistics
system is introduced into the port terminal, and the models and methods in the previous
studies cannot be used directly in the scenario with an underground logistics system.

Table 1. Summary of Existing Studies.

Title 1 Research Content Reference

System design of underground container
logistics systems

[19] Vernimmen et al. (2007), [20] Fan et al.
(2020)

System operations of underground container
logistics systems

[10] Chen et al.(2018), [22] Pan et al. (2019)
[21] Rezaeifar et al.(2022), [11] Liang et al.
(2019)
[23] Gao et al. (2023)

Container block planning
[24] Kim et al. (2008), [28] Petering et al. (2009)
[27] Wiese et al. (2010), [26] Taner et al. (2014)
[25] Abu Aisha et al. (2020)

Resource allocation of container yard
[29] Woo et al. (2011), [32] Lee et al. (2013)
[30] Lee et al. (2014), [31] Stojaković et al.
(2023)

3. Problem Description

Compared to traditional container terminals, handling and transportation operations
would change after introducing the underground container logistics system. In this section,
we describe the operating flow of the underground container logistics system in detail and
the corresponding yard layout design problem.

3.1. Container Yard Workflow with an Underground Logistics System

In general, the containers in traditional terminals are handled by internal trucks within
the port area and are transported by external trucks when delivered to destinations or being
picked up from depots. The containers’ destinations and depots are considered the logistics
parks in the suburban area of the port city. As described in Section 1, after introducing the
underground logistics system, a vertical shaft is used to connect the deep underground
tunnel and the above-ground yard at the container port terminal or the logistics park. The
vertical operations at the shafts and the transportation in the deep underground tunnel
need to be inserted into the previous operation process of the traditional container terminal.

The basic workflows of import and export containers in the underground container
logistics system are shown in Figure 2. For import containers, after being unloaded from
the ships by quay cranes, some of them are transported by internal trucks directly to
the entrance of the shaft, which is the loading/unloading end point of the underground
system. The other import containers could be transported to and stored in the above-
ground container yard, and each of them will be loaded onto an internal truck by the yard
crane and transported to the shaft when called by its destination. There is a gantry crane
over the shaft, and it is used to transfer the containers from the internal truck to the ULVs
in the deep underground tunnel or vice versa. The trucks may need to wait for the gantry
crane since it handles at most one container at a time, and there is a waiting point next to
the gantry crane in case of truck congestion. The ULVs will transport the import containers
to the destination logistics park through the deep underground tunnel, and the containers
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will be unloaded from the ULVs by the gantry crane at the shaft in the park. As shown in
the lower part of Figure 2, the process is the opposite for the export containers.
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Underground logistics transportation has advantages in terms of high transport effi-
ciency, safety, environmental friendliness, short transport cycle, etc., compared to traditional
container transportation. According to the above-mentioned workflow, it is necessary to
design a reasonable, optimized container yard layout to fit the underground system with a
better connection between the underground and the above-ground road transportation and
operations. The goal is not only to meet the import and export container storage needs but
also to avoid the redundant waiting of related external trucks and the congestion of internal
trucks. It is the foundation for facilitating the container yard by applying an underground
logistics system to meet the increasing demands.

3.2. Container Yard Layout Design Problem with Underground Logistics System

The container yard is used for stacking and handling containers; its layout design
needs to define the container position area, followed by appropriate consideration of the
arrival time of different types of containers, the annual throughput of the system, and other
affecting features. The underground container logistics system in this paper consists of the
following three key parts: (1) Underground logistics handling point. As shown in the left
part of (a) in Figure 3, it is the entrance of the shaft, including a gantry crane and different
lanes for internal trucks, and is used to complete the interaction between the above-ground
operation and underground transportation. (2) Container yard. The yard is used for the
temporary storage of containers, and as shown in the right part of (a) in Figure 3, the import
and export containers are stored separately. Figure 3b shows an example layout of the
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container yard with multiple blocks. The containers in this example are placed parallel
to the lanes of the handling points. The total area of the yard is fixed, so the number of
operating and transportation lanes and the direction of stacking the containers need to
be decided to maximize the use of limited land resources. (3) Gates. Since underground
transportation connects the port terminal and the logistics park, the gates are necessary
between the container yard and the underground logistics handling point, which play the
same role as the gates for external trucks to enter the port terminal. The gates ensure that
the container information is recorded before being transferred to the underground system.
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Based on the above analysis, the goal of our problem is to minimize the handling cost
of the system and maximize the estimated throughput of the system. We analyze three
features, namely, the direction of stacking the containers in the yard, the configuration of
the lanes, and the number of container blocks. The container yard layout design problem
is formulated into a mathematical model based on the calculation of total handling and
traveling costs in the system, considering different scenarios of the three features. Without
loss of generality, we make the following assumptions: (1) Containers are transported in
a single-cycle manner by trucks, namely, each truck handles a pickup or a delivery order
at each time; (2) Container trucks can only travel in a given direction on each road of the
yard; (3) The number of rows is the same for each container block, and so is the number
of columns.

4. Theoretical Model Formulation

The goal of the container yard layout design with the underground system is to
maximize the estimated system throughput Ωest and minimize the total system cost W
at the same time, namely max(Ωest − W). Integer variables M and N are the number of
rows and columns of each block in the yard, respectively. Integer variable T is the largest
stacking layer in the container area.

For the container yard, we consider two layouts of lanes, namely a single-lane layout
and a dual-lane layout. Figure 4 shows an example of the lanes between two container
blocks. There is one unidirectional lane operation lane in each of the blocks and one driving
lane between the two blocks. The truck could stop in the operation lanes to let the yard
crane load/unload the containers, while the driving lane supports two-way transportation
for two trucks at the same time. The single-lane layout indicates that each block has only
one operation lane on one side, as shown in Figure 4, and the two adjacent blocks can be
seen as a container block group since they share the driving lane. The dual-lane layout
means that there is one operation lane on each side of the block, and there are more driving
lanes required in this situation.
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Define the following integer variables: η = 1 indicates a single-lane layout is chosen,
and η = 0 indicates a dual-lane layout. θ = 1 indicates that the direction of stacking the
containers is vertical to the lanes at the underground logistics handling point and θ = 0
that the stacking direction is parallel to the handling point. The summary of the notations
is in Appendix A.

4.1. Estimated Transportation Distances of Trucks

Figure 5 shows the possible transportation routes of the trucks under the single-lane
layout and dual-lane layout modes, respectively. Figure 5a shows the single-lane layout,
where the vertical direction is the container area operation lane and driving lanes, and
the horizontal direction is the transportation lanes. The container truck with an operation
instruction drives in the yard in a given direction to arrive at the position of the designated
container and then waits for the yard crane operation. In addition, some trucks can directly
reach the underground logistics handling point through the two-way driving lane on
the left side without entering the yard. Figure 5b is the dual-lane layout mode, there is
one driving lane between any two blocks in the yard. According to the driving law of
the container truck, the driving path can be divided into horizontal driving distance and
vertical driving distance. Also, depending on the source of the truck, the travel path can be
divided into the transportation distance from the gate to the yard and the transportation
distance from the handling point to the yard.

(1) Transportation distance in single-lane mode.
Scenario 1-a: The direction of container blocks is parallel to the underground logistics

handling point.
If the vertical coordinate position of the container truck instruction is located within

the range [ (k−1)A
M , kA

M ], then the container truck’s traveling distance in the vertical direction
is 2kA

M . The probability of each line is the same, 1
M . According to the mathematical expec-

tation, the estimated traveling distance in the vertical direction of the container truck is
calculated as:

E1 =
2A
M2

M

∑
k=1

k = A(
M + 1

M
). (1)

The horizontal transportation distance on the gate side needs to consider the number
of container block group columns. When the number of container group columns is odd
(N = 2), if the range of longitudinal coordinate position of the container truck instruction is
located in [0, A

M ], the distance traveled by the container truck in the horizontal direction is
B, with a probability of 1

M ; if the range of longitudinal coordinate position of the container
truck instruction is located in [ A

M , A], the distance traveled by the container truck in the
horizontal direction is 2B, with a probability of M−1

M . When the number of container block
group columns is other odd numbers (N > 2), if the container truck instruction is located in
the longitudinal coordinate position range of [0, A

M ], the container truck traveling distance
in the horizontal direction is B, with the probability of 1

M ; if the container truck instruction
is located in the longitudinal coordinate position range of [ A

M , A], the container truck
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traveling distance in the horizontal direction is either {B + [(4k − 2)B/N]} or 2B, with
the probability of

[
4(M−1)

MN

]
or

[
2(M−1)

MN

]
, and according to the mathematical expectation

calculation of the container truck horizontal direction predicted distance of travel is:

E2 =
B

2MN2 [M(4 + 3N2)− N2 − 4]. (2)
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When the number of container group columns is even, if the container truck instruction
is located in the longitudinal coordinate position range of [0, A

M ], the container truck
traveling distance in the horizontal direction is B, with the probability of 1

M ; if the container
truck instruction is located in the longitudinal coordinate position range of [ A

M , A], the
container truck traveling distance in the horizontal direction is {B + [(4k − 2)B/N]}, with
the probability of

[
4(M−1)

MN

]
, and according to the mathematical expectation calculation of

the container truck horizontal direction predicted traveling distance is:

E2 = B(
3M − 1

2M
). (3)

Based on the above analysis, the estimated travel distance of the container truck from
the gate to the yard dgse is:

dgse = E1 + E2 =

B
[

M(4+3N2)−N2−4
2MN2

]
+ A(M+1

M ) , i f N/2 is an odd number

B( 3M−1
2M ) + A(M+1

M ) , i f N/2 is an even number
. (4)

The underground logistics handling point side does not set up gates, assuming that
the number of transportation channels and the number of columns in the container area
are the same. Vertical transportation distance is the same as E1, horizontal transportation



J. Mar. Sci. Eng. 2024, 12, 1103 9 of 19

distance derivation method is similar to E2: the probability of each transportation channel
selected by the container truck when entering the yard is 1

N , the probability of the driving
channel selection to reach the container area where the operation instruction is located is
2
N , so the horizontal estimated driving distance of the container truck is:

dbse = B
[

2(2N + 1)
3N

]
+ A(

M + 1
M

). (5)

Scenario 1-b: The direction of container blocks is vertical to the underground logistics
handling point.

When the direction of the container area is vertical to the handling point, the horizontal
transportation distance and vertical transportation distance are derived in the same way as
above. The estimated transportation distance of the gate-side container card is:

dgsa =

{
B (N+1)2

2N2 + A(M−1
M ) , i f N is an odd number

B(N+2
2N ) + A(M−1

M ) , i f N is an even number
. (6)

The estimated transportation distance of the underground logistics side container
truck is:

dbsa = B(
2N2 + 3N + 1

3N2 ) + A(
M − 1

M
). (7)

(2) Transportation distances in dual-lane mode.
Scenario 2-a: The direction of the loading/unloading crossing parallel to the container

area.
When the direction of the container area is parallel handling points, the horizontal and

vertical predicted transportation distances are derived similarly to E1, E2. The predicted
transportation distance of the container truck on the gate side is:

dgbe =


B
[
(N3−5N2+8N+4MN−8)

MN2

]
+ A(M+1

M )

, i f N is an even number

B
{

[(3N3+13N−5)(M−1)+11N2−9MN2]
4MN2

}
+ A(M+1

M )

, i f N is an odd number

. (8)

The estimated transportation distance for the underground logistics side container
truck is:

dbbe = B
[

2(4N2 − 3N − 1)
3N2

]
+ A(

M + 1
M

) . (9)

Scenario 2-b: The direction of container blocks is vertical to the underground logistics
handling point.

When the container area is oriented vertically to the handling points, the estimated
transportation distance of the gate-side container truck is:

dgba =

B
[
(N+1)2

2N2

]
+ A

{
[2+M(M−1)]

2M2

}
, i f N is an odd number

B
[
(N+2)

2N

]
+ A

{
[2+M(M−1)]

2M2

}
, i f N is an even number

. (10)

The estimated transportation distance for the underground logistics side container
truck is:

dbba = B
[
(2N2 + 3N + 1)

3N2

]
+ A

{
[2 + M(M − 1)]

2M2

}
. (11)
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Based on the above analysis, the expression for the predicted transportation distance d
of the container truck in the yard is:

d = η[θ(dgse + dbse)] + η[(1 − θ)(dgsa + dbsa)]+
(1 − η)[θ(dgbe + dbbe)] + (1 − η)[(1 − θ)(dgba + dbba)]

. (12)

4.2. Estimated Size of Operational Area

In the planning and construction stages of the container yard, it is necessary to estimate
the area of its operating area to avoid over-saturation of the yard, leading to congestion in
the port area operations, reduced efficiency, and higher operating costs. Referring to the
layout planning study of the railroad logistics center, there are two methods to estimate
the functional area: the analogical analysis method and the qualitative and quantitative
combination of methods. The former has a strong human subjective influence, so this paper
adopts the second method to calculate the area of the container yard and the operational
length of the underground logistics handling point:

The estimated area of the container yard operation area is:

S = C f (1 + λ), (13)

C = (1 + µ)(0.75N1t1 + N2t2 + 0.5N3t3), (14)

N1 =
Q1γα1

365q
, N2 =

Q2γα2

365q
, N3 = |N1 − N2|, (15)

where C indicates the average daily container capacity of the yard; f indicates the bottom
area of a container; λ indicates the container auxiliary area coefficient; µ indicates the
container yard capacity parameter; t1, t2, t3 respectively indicates the detention time of
export container, imported container and empty container, the detention time for import
and export containers is 1, and the detention time for empty containers is 2; N1, N2, N3
represent the number of containers imported containers, export containers and empty
containers, respectively; Q1, Q2 indicates that the container yard annual shipments and
arrivals; γ indicates that the cargo arrival and departure fluctuation coefficients; α1, α2
indicates that the total share of exports and imports of the volume of freight; q is the average
net weight of the container.

The estimated operating length of the underground logistics handling point is:

L =
Qγl

365qc
, (16)

where Q indicates the annual freight arrival and departure volume of underground logistics;
l indicates the average length of underground logistics wagon group, and; c is the number
of times of daily picking up and delivering wagons of underground logistics.

4.3. Estimated Number of Container Turnovers

In most container yards, the stacking position of containers is randomly arranged by
crane personnel and yard planners, with a high degree of disorder. Operations such as
import/export container lifting and loading, container retrieval, and transferring to the
stacks can result in container-turning operations. This leads to the port’s consumption of
excess power and manpower. The number of container turnovers [28] can be calculated by
the prediction of the number of shells in the container area and the stacking height, and
the stacking height can be calculated by the actual stacking area and the prediction of the
container stacking volume. The formula is shown below:

R =
(2T − 1)

4
+

(T + 1)
8α

, (17)

where α denotes the number of columns in each container block.



J. Mar. Sci. Eng. 2024, 12, 1103 11 of 19

(1) Estimated stacking heights in single-lane mode.
The number of container zones affects the planning of the number of lanes, thus

changing the overall size of the yard area. Calculate the vertical and horizontal lengths of
the yard and the height of the container stacks based on the number of lanes, lane widths,
and the number of rows and columns of the container zones. For a single-lane layout
(η = 1), calculate as follows. e denotes the width of the container area, w denotes the length
of the container area, h denotes the width of the horizontal channel between the container
areas, and v denotes the width of the vertical channel between the container areas.{

A = eM + hM
2 + 2h

B = wN + v(1 + N)
. (18)

Actual usable stacking area for containers:

pa = MNwe = eMB − eMv(N − 1). (19)

Container stacking height:

Th =
S f
pa

. (20)

The vertical and horizontal lengths of the yard are not only related to the number
of rows and columns of the container area but also the constraints of the total area to be
considered:

A · B ≤ S. (21)

(2) Estimated stacking heights in dual-lane mode.
When considering the double-lane layout (η = 0), the actual usable stacking area and

stacking height of containers are calculated the same as the single-lane layout, and the
vertical length and horizontal length of the yard are calculated as follows:{

A = eM + h(M + 1)
B = wN + v(1 + N)

. (22)

4.4. Estimated Container Throughputs

Throughput represents the operational efficiency of the entire container logistics
system, yard storage, container transportation, and crane loading and unloading will
produce operating hours. Any delay will have an impact on the operational efficiency of
the entire container logistics system, so it is necessary to take into account a comprehensive
consideration of the time consumption of all parts of the system, according to the queuing
theory and the system network homeostasis [33], to calculate the system’s estimated
throughput. t(DQ

i ) denotes the time required for the transportation of a container truck to
complete a cycle, NP denotes the number of on-dock container trucks, and NQ denotes the
number of gantry cranes at the handling points of the underground logistics.

Ωest =
NQ

∑
i=1

NP

∑
n=0

λ
Qi
n π

Qi
n . (23)

Average system delay time:

λ
Qi
n =

1

t(DQ
i )

(NP − n). (24)

System network homeostasis:

π
Qi
n = π

Qi
0 (

tp

t(DQ
i )

)
n Np!
(Np − n)!

. (25)



J. Mar. Sci. Eng. 2024, 12, 1103 12 of 19

4.5. Total System Cost

The cost of the system consists of the cost of container transportation, the handling
cost of loading and unloading by cranes, and the yard space occupation cost. The cost of
container transportation and handling is divided into two parts for consideration: in in
the yard and outside the yard. d represents the estimated transportation distance of the
container truck. Based on previous calculations, we have:

W1 = Lcttt + 0.5crtr, (26)

W2 = crtrβR + ctttβd + (1 − β)Acttt, (27)

W3 = AB. (28)

Let ai denote the weight of each component cost, the system cost is calculated as:

W = a1W1 + a2W2 + a3W3. (29)

5. Algorithm and Experiments
5.1. Improved Tabu Search Algorithm

The tabu search algorithm was proposed by Glover in 1986 [33]. The algorithm mimics
the human memory function with memory capacity and amnesty criteria. A tabu table
is used to block the region just searched to avoid a circuitous search and jump out of the
local optimal solutions. Some good states in the tabu region are amnestied to accept poor
solutions during subsequent searches, which in turn ensures the diversity of searches and
thus achieves the global optimum.

We design an improved tabu search algorithm for the proposed container yard design
problem, where a dynamic neighborhood expansion is embedded in the search process. Its
coding method is integer coding and a randomized move search for candidate solutions is
used. When the optimal solution remains unchanged for three generations or the candidate
solutions are all in the tabu table, the search neighborhood is expanded to improve the
performance of the algorithm to find the optimal solution. Details of the improved tabu
search algorithm are as follows.

(1) Tabu table: The tabu table records the local optimal point that has been reached. The
tabu point will no longer be selected in the next search to prevent the search from
looping. The main factors of the tabu table include tabu object, tabu length, and
amnesty criterion. The tabu length is the number of times the object in the table stops
participating in the search. The amnesty criterion is the appropriate relaxation of the
tabu object. When the object in the tabu table meets certain conditions, it can jump out
of the tabu table in advance. Too small a step length will reduce the algorithm’s ability
to jump out of the local optimal point. We set the tabu length to 200. It increases once
for each feasible solution. The tabu is lifted after the tabu step length reaches 200
times. The amnesty criterion sets that when the solution obtained by the object in the
tabu table is better than the current neighborhood solution and the tabu step length
exceeds 100 times, the tabu can be ended.

(2) Coding: A candidate solution is defined as an array [M, N, T, a1, a2, a3, a4]. The
variables M, N, T are integers as those defined in the theoretical model, which defines
the size of each container block. a1, a2, a3, a4 are 0–1 codes regarding the use of single-
lane layout, double-lane layout, container block vertical to the underground logistics
handling point, and that parallel to the handling point.

(3) Improved dynamic neighborhood search: The neighborhood size in this algorithm
represents the searchability of the tabu algorithm. The larger the neighborhood range,
the longer the search time and the greater the probability of reaching the optimal
solution. Randomly generate an initial solution x, and define its neighborhood S(x)
as S(x) = x + ud, where u is the random step size, and d is the search direction.
The initial search radius r = 2, that is, the neighborhood size is a 5 × 5 × 5 matrix.
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When the best solution remains unchanged for three generations or the candidate
solutions are all in the tabu table, the search radius is expanded to r′ equal to r+
current generation ⁄ 2 to improve the algorithm’s performance.

(4) Evaluation function: Select the objective function as the evaluation function, namely
Ωest − W, which indicates to maximize the estimated system throughput and mini-
mize the total system cost.

(5) Candidate solution selection: According to the generated neighborhood, the feasible
solution is checked. If the candidate solution is not in the tabu table, the evaluation
value of the candidate solution is calculated, and the candidate solution set is recorded.
Otherwise, it is determined whether the amnesty criterion is triggered.

The flow of the improved tabu search algorithm is shown in Figure 6.
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5.2. Instance Description and Parameters

In the model, all containers are 20 feet long. The bottom area f of each container is
12 square meters, and the average net weight q of a container is 25 tons. We assume that
the detention time of the export container t1, imported container t2 and empty container
t3 are 1, 1, and 2 respectively. The cargo arrival and departure fluctuation coefficients γ is
set to 1.2, the total share of exports and imports of the volume of freight α1, α2 are all 0.9,
the container auxiliary area coefficient λ is 3, and the container yard capacity parameter
µ is 0.15. The annual freight arrival and departure volume of underground logistics Q
regarding the freight volume of railroads is set as 3.475 million tons. With reference to the
railroad container freight, we set Q1, Q2 to 10 million tons and 6 million tons. The average
length of the underground logistics wagon group l is set to 7 m. The number of times of
daily picking up and delivering wagons of underground logistics c is 10. In addition, we
consider that the container area specification is 8 shells, the width of the container area
is 16.2 m, the length of the container area is 50.88 m, the width of the horizontal channel
(bidirectional transportation lane) is 20 m, and the width of the vertical channel (arrival
and departure lanes and operation lanes) is 26 m.

5.3. Results and Discussions

We set the largest iteration times as 100 generations. According to the results, the
proposed tabu search algorithm reaches a convergence in the 33rd generation. The search
neighborhood is expanded from generation 9, and its search radius is expanded from the
original 5 × 5 to 51 × 51. The iteration process is shown in Figure 7.
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According to the best solution, the container yard with the underground logistics
system should consider a single-lane layout, with the containers placed vertically at the
underground handling point. The best size of each block is 6 rows and 6 columns, and there
are 36 containers in total in each layer. The best vertical length of the yard is 197 m, and
the best horizontal length is 487 m. Inside the yard, there are nine transportation lanes, six
operation lanes, and three driving lanes between blocks. The overall road network density
is 19.8 km per square kilometer. The estimated annual throughput of the system under this
layout can reach 10,739,500 Twenty-feet Equivalent Unit (TEU), and the average cost of a
single container is 1242.55. The detailed results are shown in the second column of Table 2.
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Table 2. Best yard design results of different objective weights.

Yard Design Consider Throughput
and Operating Costs

Consider Only
Total Costs Consider Only Throughput

Number of columns 6 8 3
Number of rows 6 4 9
Layout direction Vertical to the loading port Vertical to the loading port Parallel to the loading port

Lane configuration Single-lane layout Single-lane layout Dual-lane layout
Effective length of

loading/unloading line
(meter)

205 205 205

Vertical length of yard
(meter) 197 249 128

Horizontal length of yard
(meter) 487 333 641

Single operation cost
(RMB/task) 1242.55 1228.80 1878.50

Estimated system throughput
(10,000 TEU/year) 1073.95 1072.08 1086.05

Overall road network density
(km/sq.km) 19.8 18.8 30.5

We also compare the best results generated with only one part of the objective by letting
one of the weight parameters be 0, namely, to consider only the estimated throughput or
only the total cost. As shown in the third column of Table 2, when the objective function
only considers the total cost, the overall road network density of the best layout generated
is 18.8 km per square kilometer, which is slightly lower than that of the best layout when
the comprehensive objective is considered. As shown in the last column of Table 2, when
the objective function only considers the throughput, the best solution consists of the dual-
lane layout mode with a road density of 30.5 km per square kilometer, and the estimated
throughput is 10,860,500 TEU/year. The road density in this case is 54% higher compared
to that of the best layout when the comprehensive objective is considered. The increase in
road density also leads to an increase in the overall stacking height, which increases the
cost of handling the containers.

Based on the experimental results, when introducing underground container logistics
systems, port authorities need to consider their conditions and main goals to optimize the
design of container yards. This study comprehensively considers the total throughput and
operating cost goals and obtains a satisfactory yard layout design through an improved
taboo search algorithm. In practice, if the main goal is to reduce the total operation and
transportation costs, the design direction of the container yard with the underground
logistics system is to expand the container block area and reduce the road density with
a single-lane layout. When the main goal is to increase the total throughput, the design
direction of the container yard with the underground logistics system is a dual-lane mode
to increase road density and improve operational efficiency.

Considering that land is the most critical and relatively scarce resource in the container
yard design problem, we conducted a sensitivity analysis of the yard space occupation cost
coefficient, a3. The results are shown in Table 3. The results of the analyses show that the
total estimated throughput decreases slightly with the increase in the cost coefficient, but
the overall change is not significant. Vertical layout was preferred in all cases. As the cost
coefficient increases, the resulting design solutions show a decreasing trend in road density,
and the layout of the yard changes from a dual-lane to a single-lane layout.
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Table 3. Sensitivity analyses of yard space occupation cost coefficient.

Cost Coefficients 0.2 0.4 0.6 0.8

Number of columns 10 6 10 6
Number of rows 3 6 3 4

Maximum Stacking
Height 4 3 4 5

Layout direction Vertical to the loading
port

Vertical to the loading
port

Vertical to the loading
port

Vertical to the loading
port

Lane configuration Dual-lane layout Single-lane layout Single-lane layout Single-lane layout
Footprint of the yard

(Square meter) 97,792 95,939 77,312 65,601

Operating cost
(RMB/task) 122.96 124.26 123.67 122.89

Estimated system
throughput

(10,000 TEU/year)
1073.9 1073.75 1072.8 1071.3

6. Conclusions

This paper proposes a container yard design problem considering an underground
logistics system. The structure and workflow of the underground container logistics
system are analyzed, and key features are recognized for the yard design problem, such as
the container block layout direction, the lane configuration in the yard, and the number
of container blocks. We formulate the problem into theoretical models under different
scenarios of the key features with the comprehensive objective of maximizing the total
throughput and minimizing the total operation cost simultaneously. An improved tabu
search algorithm is designed to solve the problem.

Experimental results show that the proposed algorithm can generate a satisfactory lay-
out design solution for the real-size instance, where the single-lane layout and the vertically
placed block are applied. By comparing the results of a single objective of throughput max-
imization, total cost minimization, and their combination, the single-lane layout model is
superior to the dual-lane layout model in terms of operation and transportation costs, while
the dual-lane layout model could result in higher estimated throughput. The best layout
derived from the comprehensive objective can meet the requirement for efficient operation
of the underground container logistics system and control the total operation cost at the
same time. Our research studies different container yard design options for introducing the
underground logistics system into port terminals, which provides an important scientific
foundation for promoting the application of underground container logistics systems.

Future studies could consider more comprehensive features of the underground
container logistics system. For example, different transportation rules for trucks and ULVs,
such as priorities or grouping. One can also consider a mix of the single-lane and dual-lane
layout modes.
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Appendix A

Table A1. Notations.

Symbol Description

A, B The vertical and horizontal lengths of the container yard, respectively
(meter).

C The average number of containers stacked (TEU).

Cd
The average daily container capacity of the container operation area
(TEU/day).

E1, E2
The estimated transportation distance of the container truck in the vertical
and horizontal directions, respectively (meter).

L The effective length of underground logistics loading and unloading lines
(meter).

M, N The number of rows and columns of the container area, respectively.

N1, N2, N3
The number of containers issued, arriving, and empty containers,
respectively.

NP The number of on-dock container trucks.

NQ
The number of gantry cranes at the handling points of the underground
logistics.

Qw
The annual cargo arrival and departure volume of underground logistics
(ton).

Q1, Q2
The annual shipment and arrival of cargoes in the container operation area,
respectively (ton).

R The number of container area berths.
S The container operation area (square meter).
T The number of stacking layers in the container area.
Th The container stacking height (meter).
W The total system cost (RMB).

W1, W2, W3
The container transportation costs, handling costs and yard space
occupation costs, respectively (RMB).

Ωest The estimated system throughput (TEU/year).
η The lane pattern of the yard.
θ The loading and unloading crossings for lanes.
γ The freight arrival and departure fluctuation factor.
λ The container auxiliary area coefficient.

λQi
n The average system delay time (second) .
µ The container yard capacity parameters.

πQi
n The system network homeostasis.

a1, a2, a3
The weight s of the container transportation costs, handling costs and yard
space occupation costs, respectively.

c The daily pickup and delivery times of underground logistics.
cr The spreader cost per second (RMB).
ct The cost per second (RMB).

d The expression for the predicted transportation distance of the container
truck in the yard (meter).

dbba
The estimated transportation distance for underground logistics side
container truck (meter).

dbsa
The estimated transportation distance of the underground logistics side
container truck (meter).

dbse The horizontal estimated driving distance of the container truck (meter).

dgba
The estimated transportation distance of the gate side container truck
(meter).

dgbe
The predicted transportation distance of the container truck on the gate
side (meter).
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Table A1. Cont.

Symbol Description

dgsa
The estimated transportation distance of the gate side container truck
(meter).

dgse
The predicted travel distance of the container truck from the gate to the
yard (meter).

dw The off-site handling distance (meter).
e The width of container area (meter).
f The bottom area of a single container (square meter).
h The horizontal aisle width (meter).
l The average Length of Underground Logistics Fleet (meter).

pa The actual usable stacking area for containers.
q The average net container weight (ton).

qw The average net weight of transportation trucks (ton).

t(DQ
i )

The time required for the transportation of a container truck to complete a
cycle (second).

tr The spreader handling time per trip (second).
tt The truck travel time per meter (second).

t1, t2, t3
The detention time of the export container, imported container and empty
container, respectively (second).

v The vertical aisle width (meter).
w The length of container area (meter).
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