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Abstract: The global express market has expanded significantly in recent years. High-speed rail
express freight transportation has been implemented between multiple cities in China, significantly
improving transportation efficiency and effectively meeting demand. In this paper, an optimization
model for HSR (high-speed railway) express transport plan is constructed using a space-time-state
network, and an improved adaptive genetic algorithm is designed to solve the model. Reasonable
transport schemes could be arranged for each cargo flow with the objective of maximizing oper-
ational revenue. The numerical experiment based on the Harbin-Dalian high-speed railway in
China verifies the effectiveness and applicability of the proposed model. The results show that for
HSR operators, appropriate transport strategies can be planned in terms of delivery priorities and
transportation mode selection to make full use of the remaining capacity of HSR trains and increase
operational revenue.

Keywords: high-speed rail express; space-time-state network; transportation plan; adaptive
genetic algorithm

1. Introduction

The global express market has expanded significantly in recent years, with express
business volume and revenue continuing to rise. Take China as an example: China’s
express business volume has increased nearly 40 times in ten years, with China’s express
business volume reaching 108.30 billion pieces in 2021 and a total annual express business
revenue of RMB 1033.23 billion, representing significant gains. As the economy and
technology drive the development of high-precision industries, the demand for high-value-
added goods such as precision instruments, pharmaceuticals, and high-time efficiency
goods such as fresh and cold chain products has increased, reflecting the demand for high
quality in terms of transport efficiency and service quality. In 2012, China’s Guangzhou
Railway Group made its first attempt to launch a pilot high-speed rail freight service
from Guangzhou to Changsha in conjunction with courier companies. In 2014, the China
Railway Express launched four kinds of high-speed railway express products, including
“same-day delivery”, “next-morning delivery”, “next-day delivery”, etc. In 2017, the China
Railway Express jointly launched the “Double 11" Beijing-Shanghai express service with
the Shunfeng Express Company. In December 2020, the world’s first freight trainset product
with a speed of over 350 km per hour was released. The expansion of the scale of operation,
the gradual standardization of operation, and the technical attack are all important thrusts
in the development of high-speed rail express transport. However, the current high-speed
rail express is basically based on direct transport, failing to reasonably allocate capacity,
and the transport scheme is not flexible enough. In the face of huge transport demands and
development prospects, it is necessary to carry out research on the theoretical system of
high-speed rail express scheduling, to reasonably allocate transport resources, to improve
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the adaptability of product supply structure to changes in transport demand and freight
structure, and to promote green and low-carbon development of logistics.

Piggyback is a freight transportation organization mode in which small and high-
value-added commodities are placed in the luggage storage area or the last row of seats
on passenger trains. This mode does not need to modify the interior of the train car and
set up a division of express loading and unloading operation areas in the station and
platform, which indicates that the loading and unloading operation is very flexible. The
high-speed confirmation train mode is namely to transport express products by a high-
speed confirmation train, which runs before the official daily passenger loading to test
the normal operation of railroad equipment and facilities and ensure the safety of train
operation. This mode has no crossover with passenger transport, while passenger transport
has no impact on cargo loading and unloading. This mode can use more space in the train.

In this paper, the method of compiling the high-speed railway express train operation
scheme is designed with comprehensive consideration of the time requirements of high-
speed railway express freight. Based on the alternative set of HSR operating schemes, an
optimization model for HSR express transport schemes in the cargo transportation process
is constructed. We offer the following contributions to the research on high-speed rail
express transportation plan optimization:

(1) We consider both piggyback transport mode and high-speed railway confirmation train
mode in the research so that the optimization results have more practical significance.

(2) We propose a transportation plan optimization model based on the space-time-state
network for high-speed railway express (Section 3) to consider the time requirements
of high-speed railway express products.

(3) We illustrate the use of the optimization model and the improved adaptive genetic
algorithm (Section 4) to solve the problem of a real high-speed railway system.

The remainder of this paper is organized as follows. A brief review of the relevant
literature is presented in Section 2. The problem description and mathematical model
are given in Section 3. We give a detailed description of the improved adaptive genetic
algorithm in Section 4. In Section 5, numerical experiments with a real high-speed railway
line are provided to demonstrate the effectiveness of the proposed model and algorithm.
Section 6 provides conclusions and recommendations for future studies.

2. Literature Review

There are many types of railway express services, including conventional luggage
transportation using luggage carriages, container express, freight express trains, high-
speed railway express, etc. Scholars have conducted research on different types of railway
express transport scheme optimization problems, which provides a sufficient theoretical
basis for the model construction of high-speed railway express in this paper. The railway
express freight transportation scheme optimization model mainly adopts two kinds of
methods: direct modeling [1,2] and constructing network flow models based on space-time
networks [3-6].

In terms of modelling the high-speed rail express transport plan, Yang Zihan [7] con-
structed a two-stage cargo flow allocation model based on alternative paths in the context
of the global COVID-19 epidemic. Chaohui Jiang [8] et al. designed the transportation
organization scheme based on the predicted express freight volume of each category of high-
speed railway and used the Beijing-Shanghai high-speed railway to perform the case study.
Yao Yuying [9] considered passenger train piggybacking to complete “same-day” product
delivery carried out transport scheme design optimization with the goal of high-speed
rail express timelines and revenue, and analyzed the case along the route from Lanzhou
West to Xi’an North. Gao Ruhu [10] constructed a model for optimizing the timetable
and transport scheme of freight trains with the objective of minimizing the cargo arrival
time and verified that the integrated optimization model was better than the two-stage
model. Wang Yaning [11] constructed a two-stage model of “initial planning + dynamic
adjustment” to optimize the transport scheme of piggyback mode high-speed rail express



Appl. Sci. 2023,13, 6919

30f21

with the objective of minimizing transport costs. Li Shiyuan [12] considered the piggyback
mode with the objectives of maximizing enterprise revenue and minimizing customer cost
and constructed a model for optimizing the high-speed rail express transportation scheme
by considering the dynamic load limit that changes with the occupancy rate. Yang Jiayi [13]
considered the maximization of profit of high-speed rail express under the passenger-
cargo common transport mode as the objective and constructed an optimization model by
considering different product time limits and loading capacities.

In the research on the algorithm of the railway express product transportation scheme,
according to the existing research results, in order to reduce the scale of operation and
improve the efficiency of the solution, some scholars chose to adopt a two-stage algorithm
to build the model through the alternative set method. The “alternative set” refers to all
possible alternatives and feasible paths, and when optimizing the transport solution, a
subset of transport solutions should be selected from the alternative set for combination to
form the final solution. In 2009, Fu Huiling [14] introduced the concept of alternative sets
to the preparation of railway transport solutions. He Shiwei [15] proposed an alternative
set of nodal transport modes with the objective of minimizing total transport costs and
time costs and constructed a model to optimize the design of multimodal transport routes
and distribution flows. Based on the A* algorithm, Wang Pengxiang [16] searched for the
set of travelable paths for all ODs by combining the characteristics of the packet transport
organization and constructed a capacity allocation model for transport scheme optimization
based on the set of travelable paths for the packet with the objective of maximizing total
revenue and considering capacity constraints.

In the two-stage solution process, the first stage of feasible path alternative set solving,
its main algorithms include the A* algorithm, the double-sweep algorithm, and the Yen
algorithm [17]. The second stage is the allocation of cargo flows and is the essence of the
transport solution. The current algorithms for solving the model related to flow allocation
are mainly divided into intelligent optimization algorithms, column generation algorithms,
relaxation, or decomposition algorithms, etc. Intelligent algorithms are commonly used
for this problem, including simulated annealing algorithms, forbidden search algorithms,
genetic algorithms, and so on, to solve it faster, but the accuracy of the solution cannot
be guaranteed. Column generation algorithms have a long history of application and a
wide range of applications and are involved in solving traffic distribution problems related
to railways, roads, airlines, and other modes of transport. When the model is difficult to
solve directly, it needs to be processed first, divided into relaxation and decomposition.
The relaxation algorithm includes linear relaxation and Lagrangian relaxation, and the
decomposition algorithm is the Benders decomposition method.

Existing research on high-speed rail express transport is more concentrated, mainly
for freight train organization optimization, but at present, freight electric multiple units
(EMU) are not widely applied in the world, one reason for which is that such transportation
modes will occupy much of the line capacity and thus affect the passenger transportation
service. Considering the above situation, some scholars have shifted their research to the
piggyback transport mode, but there are fewer related studies [7], and the existing research
is mainly limited to single transport organization mode [18]. In this paper, the piggyback
transport mode and the high-speed railway confirmation train mode are included in the
scope of research so that the optimization results have some practical significance. We
refer to the research on piggyback and road transport and design the model solution based
on the alternative set so that the calculation scale is reduced and the calculation time is
shortened. In terms of optimization algorithms, the mainstream of existing research is the
intelligent optimization algorithm, which is faster to calculate. In this paper, an improved
adaptive genetic algorithm is applied to solve the model, which improves the speed and
accuracy of the solution.
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3. Mathematical Model

Based on the alternative set of HSR operating schemes, an optimization model for HSR
express transport schemes based on the space-time-state network in the cargo transporta-
tion process is constructed, and reasonable transport schemes are arranged for each cargo
flow with the objective of maximizing operational revenue. Considering the actual trans-
port capacity constraints of express loading capacity and station loading and unloading
capacity on different arc segments, the arc segments on different alternative paths are not
independent of each other, and this part needs to further analyze the flow of arc segments
on each path.

3.1. Problem Description and Assumption

The time nodes and space nodes of the space-time-state network correspond to the
space-time network; the difference is that the space-time network is mainly used to de-
scribe the operation process of the train and thus used to generate the alternative set of
express transportation solutions, as shown in Figure 1; the space-time-state network mainly
portrays the cargo in the station, inter-station state, and the corresponding temporal and
spatial nodes.

StationT
D
k1 k3
a3 al3
alé6
C a2 > —ag> s
als al7
a6 al1
a7
B —a5 -l O
k2
al a4 a9
A —

Space-time node —» Transportation arc — - — » Loading arc Connection Arc

Figure 1. Space-time network diagram representing the alternative set of express transportation solutions.

In Figure 1, we use a small example to show the space-time network where the time
range is 5-24 h, the space range is station A-D, and there are five alternative paths included.
Note that Figure 1 is in fact the visualization result of Table 1.

Table 1. Alternative paths within the A-D section.

oD Path Number Transportation Path Scheme Collection of Arc Segments Transportation Time/h
1 AklD {al, a2, a3} 7
2 AkiICk3D {al, a2, al6, al2, al3} 14
A-D 3 Ak2Ck3D {a4, a5, a6, a8, al7, al2, al3} 11
4 Ak2Bk3D {a4, a5, a7,al0, all, al2, al3} 11
5 Ak3D {a9, a10, all, al2, al13} 8

The process of high-speed rail express in the whole shipping process includes the

following cases: (1) goods are stored at the station; (2) goods are loaded at the station;
(3) goods are unloaded at the station; (4) goods are transported between stations; and
(5) goods follow the train to stop at the station. Therefore, it is necessary to generate cargo
service arcs for the above-mentioned cases in the space-time-state network.
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The following is the schematic diagram of the space-time-state network designed in
this paper for describing the whole shipping process of the cargo. The cargo state layer is
added to the two-dimensional space-time network to form a three-dimensional space-time-
state network, where the time range is 5-24 h, the space range is station A-D, and the cargo
state includes the departure layer, the storage layer, and the arrival layer. Figures 2 and 3
correspond to the two scenarios of the no transit storage process and the transit storage
process, respectively.

e Sl e b | Wi
By’ =
Arival L7 S o N
layer -/  ib4d  Jp5 <
” < /
/ /
Storage |~ . -~ o
layer > :Y__ S
// b2\ P
Departure |/ \ i 5
layer . -
Y 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 Time/h
Space-time-state node — - — » Loadingarc =~ -----ee-ed »  Dwell arc
—» Transportationarc — ~~ ~> Unloadingarc — — > Storage arc
Figure 2. Space-time-state network diagram of goods based on alternative paths between sections
A-D (no transit).
State 4 Station
Arrival y
layer
Storage
layer
Departure / >
layer . "
1o 11 12 13 14 15 16 17 18 19 20 21 22 23 24 Timeh
Space-time-state node — - —» Loadingarc =~ ---------4 »  Dwell arc
—» Transportation arc * = Unloadingarc — — > Storage arc

Figure 3. Time-space-state network diagram of goods under the A-D interval alternative path
(with transit).
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Among them, the logical relationship between the state layer and the cargo service
arc is the following: (1) If the arc segment stays at the storage layer, it is a storage arc;
(2) if the arc segment migrates from the storage layer to the departure layer, it is a loading
arc; (3) if the arc segment migrates from the departure layer to the arrival layer, it is a
transportation arc; (4) if the arc segment migrates from the arrival layer to the storage layer,
it is an unloading arc; and (5) if the arc segment migrates from the arrival layer to the
departure layer, it is a stopping arc.

As shown in Figure 2, {b1, b2, b3, b4, b5, b6} is a transit-free path in the space-time-state
network, which corresponds to path one of the alternative transportation schemes, as shown
in Table 1, indicating that the cargo chooses this alternative for transportation. In Figure 2, bl
represents the station storage process corresponding to the cargo from the consignment time
to the start loading time, b2 represents the loading process corresponding to the cargo from
the start loading time to the departure time, b3 represents the inter-station transportation
process of the cargo following the train k1 from A to C, b4 represents the dwell process of
the cargo following the train at C, and b5 represents the inter-station transportation process
of the cargo following train k1 from C to D. b6 represents the unloading process after cargo
arrives at the final arrival station D. The en route transportation time is 7 h, and the total
time is 10 h.

As shown in Figure 3, {b7, b8, b9, b11, b12, b13, b14, b15, b16} is a transit path in the
space-time-state network, which corresponds to path four of the alternative transportation
scheme in Table 1, indicating that the cargo chooses this alternative for transportation.

As shown in Figure 3, path 4, compared with path 1, has more transit processes in B.
b9 represents goods following train k2 after arriving at B. b10 is in the storage layer after
the unloading process of b10 at B. In addition, b11 represents goods stored at station B,
and b12 represents goods loaded at B to train k3, followed by train k3 transportation. The
transit time en route is 11 h, and the total time is 14 h.

The following model assumptions are made in this paper:

e In this paper, we only consider the transportation process between different cities on
the high-speed rail line and do not consider the short-distance intra-city transportation
process, including express collection and delivery between the two ends of the OD
from where the freight demand occurs to the high-speed rail station and between the
high-speed rail station and the freight destination.

e  Before making transportation plan decisions, the express cargo flow of different OD
zones, different product categories, and different shipping periods can be projected
in advance.

e  The physical network and train schedules of HSR do not change and can be known in
advance during the decision-time cycle.

e The existence of a large high-speed rail station in each target city for express freight
operations, with the operational facilities and conditions required in both high-speed
rail confirmation and piggyback transport modes.

e  Each express cargo flow can find the corresponding cargo service arc segment (includ-
ing the virtual arc segment) to complete the network flow allocation, and the same
cargo service arc can serve different cargo flows.

e  Assume that the operational process and efficiency in the process of loading and un-
loading, transit connection, etc., are relatively stable without considering the relevant
perturbations of external conditions on the transportation organization.

3.2. Parameters, Decision Variables, and Notations

The sets, input parameters, and variables for the optimization model are listed in
Table 2.
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Table 2. Sets, parameters, decision variables, and notations.

Type Symbol Definition
S Set of station nodes, including virtual stations
H Set of the time periods
E Set of OD pairs
Set of alternative space-time paths for OD pair e, including actual space-time paths
R, and virtual paths, where virtual paths are used to load infeasible flows between that

OD pair,e € E
Set of actual alternative space-time paths for OD point pair e, denoting the actual

R} paths of HSR trains running between OD pairs, where multiple paths may exist for
the same origin-destination pair, e € E, R, C R,
R Set of paths in the OD pair e for which there exists a high-speed confirmation train
e

transportation mode, e € E, R, C R,

M Set of high-speed rail express transportation modes

p Set of high-speed rail express product categories

Set of high-speed rail express product categories that can be handled within the OD

paire,e € E
! Set of acceptable shipping periods of express product p for OD paire,e € E, p C D,
Sets T ol Set of time periods when the same-day delivery products cannot be handled
e between OD paire, e € E
K Set of trains that handle express services
% Set of trains with piggyback transport as a mode of handling high-speed rail
s express business
K A collection of trains that handle high-speed rail express business in the mode of
1 confirmation train
SL Set of state layers to which the goods belong;
A Set of arcs in the space-time-state network
Aty Set of cargo transportation arcs
Agt Set of stopping arcs
Ao Set of loading arcs
Ay Set of unloading arcs
Asto Set of storage arcs
Aypir Set of virtual arcs
AT Set of arcs included in the r" alternative space-time path of the OD pair e,
€ representing the transport of goods en route,e € E, ¥ € R,
Set of space-time arc segments of the express whose delivery time is ¢, choosing path
ALy r between OD pair ¢, which denotes the complete transport process of the cargo
from the origin station to the final destination,e € E, ¥ € R,, t € Tf
ij Index of different stations, i,j € S
u,v Index of different state layers, u,v € SL
kK Index of different trains, k, k' € K
" Index of high-speed rail express transport mode, the m € M = {1,2}, respectively,
indicates two modes of high-speed rail confirmation train and piggyback transport
Indexes Index of high-speed rail express product types,p € P = {'a’,’V’,’c’}, including same
P day, next morning and next day

Index of acceptable shipping periods of e>’<ﬂpress products p between
OD paire. t € T
Index of the arc segment in the state-space—time network,

/g /
(et j ol we) a = (kK,i,j,hl,u,0) € A
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Table 2. Cont.

Type Symbol Definition
€ Time granularity, unit: min
P Unit weight of unit transport distance tariff of p type products, p € P,
unit: yuan (RMB)
d° Station distance for OD pair e, unit: km
o The transportation cost per unit distance of the selected path  for unit weight cargo
tr between OD paire, e € E, v € R,, unit: yuan (RMB)
Loading and unloading costs per unit weight of cargo, including the process of
C loading and unloading cargo at the origin, destination, and transit stations,
unit: yuan (RMB)
jer Required times of loading and unloading for cargoes choosing path r between OD
paire,e € E,r € R,
The transit costs incurred by the transit of goods per unit weight in the course of
Csto transportation, including the costs of storage and handling incurred by the transit,
unit: yuan/kg
sto®" Required transfer times for cargoes choosing path r between OD paire, e € E, r € R,
Parameters " Transport capacity of the transportation arc segment a that is related to the transport
mode, a € Ay, unit: kg
of Average efficiency of loading and unloading operations at the platform of
high-speed railway stations, unit: kg/min
P Freight traffic volume of express product p with shipping time t between OD pair e,
fert ecE pePte T?, unit:kg
P The promised arrival time of freight flow ff ;» that is, the interval from the shipment
et time t to the promised latest arrival time t',e€E, peEPlte Tf , unit: min
The actual arrival time of the freight flow fep + choosing path 7, that is, the interval
f,r from the shipment time f to the actual arrival time ¢’ for the fep + choosing path 7,
r € Re, unit: min ’
'yZ ) Whether the selection path r of freight flow ff ; is delayed, 1 for yes, 0 otherwise
7'[2 y Delay penalty factor of the selection path r of freight flow fep wpEP
op Delay penalty cost threshold factor of express product p, that is, ratio of the
maximum penalty charge to the freight rate for that category of goods, p € P
ty The critical delay time acceptable for express products, unit: min
Time length of loading arc and unloading arc «, which equals the dwell time at the
rad corresponding station, which marks the upper time limit of high-speed rail express
loading and unloading operations, a € A,; U Aj,, unit: min
Decisi pr 0-1 variable, if the path r is selected by freight flow ff ;» then xg =1,
Y% N Yot otherwise x/} =0
ariables pra ) ) et ) . .
Yo Integer variable, the traffic volume on the arc a of freight flow f;, choosing path r

3.3. Mathematical Model

This model is a 0-1 mixed integer programming (MIP) model based on a space-
time network of cargo states to describe the problem, which allows the problem to be
transformed into a networked multi-commodity flow problem with transport capacity
constraints and practical transport organisation and operational constraints. As HSR
express cargo has attributes such as dispatch time, class level, and arrival time, these
attributes need to be added to the constraints of the model in the modelling of the problem
so that the decision variables meet the relevant constraints. The model is set up as follows:

3.3.1. Objective Functions

For the objective function, this model takes into account the revenue as well as the
operating costs of high-speed rail express business, including five aspects: freight revenue,
transportation cost, loading and unloading cost, transit cost, and delay penalty.
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( Freight revenue
The revenue source of the high-speed rail express business for railway operators is
mainly the freight revenue from conducting express business.

_ 14 p.r
21 = Xeepd” - pep, s - Lyoqp Toery for - Yol )

@ Transportation cost
e,r 7T
zp = Leepd” - ZPGPe z‘i&eTe’7 2‘reR; Crr ferft ) xf/t &)

® Loading and unloading cost
The loading and unloading of express cargo takes place at the stations at both ends of
the OD and at the stations where transit connections are made.

— er (P pr
Z3 = (1 ZeGEZPGPg Z’tGTgp Z‘reR; . fe,t . xe,t (3)

(® Transit costs

The transit cost incurred by transit of express cargo in the transportation process,
including the storage and handling costs incurred by transit. Where the total number of
transits on the path r is less than or equal to the transit limit L.

— g P p.r
Z4 = Csto * ZeeEZPGPe ZteszreR; sto®" - fe,t "Xy 4)

® Delay penalty

High-speed rail courier products are often expected to arrive early and timely. The
shipping price and the time requirement of different categories are different, so the penalty
cost of delay should be different. At the same time, considering the effect of different delay
lengths, a stage function is set to express the different degrees of delay penalties, as shown
in Equation (6).

— pr p,r 14 p.r

25 = YecEXpeP, ZteTf TR T Ver *for Xet ®)
(Bt —%b) pr_ p /
Aret  et) | QP . Sp T — < t7l', vr S R

nf’,t” — tg :Be,t et = "'p e (6)

gr .sr’ﬁf': — “Zt > t,Vr € R,

Therefore, the final objective function is shown in Equation (7). The objective is to
maximize the operating revenue,

MaxZ = z1 — (22 + 23 + z4 + z5) (7)

3.3.2. Constraints

Equation (8) is the train loading capacity constraint. As there are different modes of
high-speed rail express transportation studied in this paper, the upper limit of the loading
capacity of transportation arcs varies for different modes. In addition, the same cargo
transportation arc can serve different cargo flows, so it is necessary to sum up all cargo
flows carried by the same arc segment. Equation (9) is the station loading and unloading
capacity constraint. The express transport capacity of high-speed trains also depends on
the impact of the amount of cargo that the train can load and unload at the station. In
particular, the stopping time of trains in piggyback mode is generally short, so the cargo
flow fe’f ; needs to meet the constraints of loading and unloading operation capacity at the
starting station, transit station en route, and final destination station. Among them, ef
is the average loading and unloading operation efficiency at the high-speed rail station.
Equation (10) is set to ensure that the express product p cargo flow ff ; between OD pair e
whose shipping time is t, can only choose the only path from the set of alternative space-
time paths and virtual paths. Equation (11) is the transportation mode constraint. The
high-speed railway confirmation train could not carry same-day delivery products due
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to its early departure time. Equation (12) is used to indicate the time period when the
same-day delivery products cannot be handled. Equation (13) is constructed to distribute
different cargo flows over the arc segments, considering that the arc segments on different
alternative paths are not independent of each other. Equations (14) and (15) are logical
constraints on the decision variables.

ZeeE Zpepg EteTf Seryhy <n,Va € Ay 8)
Yeck ZpePg D ier? Trerloy " < Thef,Va € Ay U A 9
Y er, ot =LVe€EpEP,teT, (10)

xy =0VreR/ecEteT (11)

x =0,YreR,ecEteT n (12)

yo = flexli Ve e E,p e Pt € T,y € Rpa € A (13)
xbi ={0,1},Ve€ E,pe Pt € T!,r €R, (14)

yhi" €N,Ve € E,p € Pt € T/, € R,a € Al (15)

4. Solution Algorithm

For the problem described in this paper, assuming that the number of OD pairs is
e, the product category type is p, the shipping time is t, each OD point pair has r actual
alternative paths, and each alternative path has m cargo service arcs, and the size of the
decision variables in the modelise x p x t x (r +1) x (m + 1). Therefore, the problem will
be solved on an exponentially larger scale as the size of the network and the type of cargo
flow increase. According to the characteristics of the proposed model, an improved adaptive
genetic algorithm framework-based algorithm is designed for solving the optimization
model of the express transport scheme of the high-speed railway. The basic flow of the
algorithm is shown in Figure 4.

Step 1: Parameter initialization. Input the required parameters, as shown in Table 2.

Step 2: Chromosome encoding. A binary encoding form is used with chromosomes
encoded as e x p X t gene fragments X, where each gene fragment includes r + 1 gene
loci on each gene fragment, representing the choice of r + 1 alternative paths for the cargo
stream represented by that gene fragment X, with a separate artificial virtual path that is
used for the loading of infeasible flow.

Step 3: Initial population generation. The initial population generation rules are set:
(i) mixed sorting by cargo class level and transport demand size; (ii) mixed sorting by
cargo class level and transport distance size; (iii) random sorting by cargo class level; and
(iv) random sorting by transport distance size.

When generating the initial population of individuals, the above initial population
rules are chosen randomly so that the quality of the solution is preserved while meeting
the requirements of diversity. After determining the priority of each branch cargo flow, it is
also necessary to assign paths to cargo flows so that they satisfy the relevant constraints
of the model, thus ensuring the feasibility of the network. So simply ensuring that the
paths depart later than the dispatch time so that the cargo flows make random choices of
paths may not satisfy the model constraints. Therefore, alternative transport options can be
traversed in chronological order. In the same way, crossover and mutation of the parents
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may also result in the requirements for the feasibility of the space-time state network not
being satisfied, and again, the paths need to be adjusted so that a feasible solution can
be derived.

Parameter
imitialization
Chromosome

encoding
Initial population
generation
Adaption value
calculation

'

Roulette wheel

A

selection
! New
1 p population
mMproved crossover generation

Y

Improved mutation

Achieving
termination
onditions?

Output the optimal
solution

End

Figure 4. Basic flow of the improved adaptive genetic algorithm.
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Step 4: Fitness value calculation. Choose the objective function as the fitness function,
that is, the fitness value is the maximal operation revenue.

Step 5: Roulette wheel selection. Use roulette wheel selection to select the better population.

Step 6: Improved crossover. The crossover probability is adjusted between the average
and maximum fitness of the population based on the fitness of the individuals to improve
the quality of the child solutions and the speed of convergence of the genetic algorithm,
and the crossover operator is designed as shown in Equation (16).
Fngx—F 5
- {k1- pp i F > Fig 16)

k3 if F < Faog

P, is the crossover probability, k1 and k3 are crossover probability parameters, Fy;y is
the maximum adaptation of the population, Fyy is the average adaptation of the population,
and F is the larger adaptation value of the two individuals participating in the crossover.

Step 7: Improved mutation. The mutation probability is likewise adjusted between
the average and maximum fitness of the population based on the fitness of the individuals.
The mutation operator is designed as shown in Equation (17).

k2. fme=E S Fr > Fope
Pm — max — Lavg (17)
k4 if F/ < Fayg

Py, is the mutation probability,k2 and k4 are mutation probability parameters, Fy;y is
the maximum adaptation of the population, Fyy is the average adaptation of the population,
and F/ is the adaptation value of the mutated individual.

Step 8: Achieving termination conditions? In this paper, we set the maximum number
of iterations to make the algorithm terminate. When the algorithm terminates, if the fitness
function curve also tends to be stable, it means that the algorithm has converged and the
currently obtained model solution is close to the optimal solution, which can be used as an
approximate optimal solution.

5. Numerical Experiment
5.1. Scenario Setting

The Harbin-Dalian high-speed railway connects Harbin City and Dalian City in China,
passing through Songyuan City, Changchun City, and Siping City in Jilin Province, as well
as Tieling, Liaoyang, Anshan, and Yingkou cities in Liaoning Province, as shown in Figure 5.
It passes through three provincial capitals and six prefecture-level cities and is an important
transportation artery in the northeast region of China. The Harbin-Dalian high-speed
railway is 921 km long with a total of 22 stations. Designed for a speed of 350 km per
hour, it is the first high-speed railway that runs through the three provinces of Northeast
China. The six cities along the Harbin-Dalian high-speed railway with the highest GDP
ranking are Dalian City, Yingkou City, Shenyang City, Harbin City, Anshan City, and
Changchun City. The economic situation of cities generally has a positive impact on express
delivery demand, and high-speed express delivery stations cannot be arranged for all
prefecture-level cities during the planning phase. Therefore, this paper selects Dalian City,
Yingkou City, Shenyang City, Harbin City, Anshan City, and Changchun City as the case
study objects.
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Figure 5. Schematic diagram of Harbin-Dalian high-speed railway.

The relative distance between some cities along the Harbin—Dalian high-speed railway
is shown in Table 3. Three categories of freight flow are analysed: “same-day delivery”,
“next-morning delivery” and “next-day delivery”, which indicate that the product will be
transported to the destination within the day, next morning, and the day after tomorrow,
respectively. Freight demand by product category for different ODs in different time
periods is shown in Table 4. In Table 4, the freight demand for different OD (Origin—
Destination) pairs, dispatch time periods, and product types has been subdivided. The
time limit requirements for high-speed express delivery services for different product types
during different time periods are generally high. In particular, the “same-day delivery”
product has a short delivery time limit, which imposes certain constraints on the dispatch
time domain.

Table 3. The relative distance between some cities along the Harbin-Dalian high-speed railway (km).

Dalian Yingkou Anshan Shenyang Changchun Harbin
Dalian - 206 283 378 687 921
Yingkou 206 - 77 172 481 715
Anshan 283 77 - 95 404 638
Shenyang 378 172 95 - 309 543
Changchun 687 481 404 309 - 234
Harbin 921 715 638 543 234 -
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Table 4. Freight demand by product category for different ODs in different time periods (kg).

OD Pair Delivery Time Period Product Type Freight Flow Volume
8.00-10.00 (159,192,311)
, , 10.00-13.00 (159,192,311)
Dalian-Harbin 13.0017.00 (a,b, c) (68,192,311)
17.00-22.00 (68,192,311)
8.00-10.00 (50,61,99)
. 10.00-13.00 (50,61,99)
Anshan—-Harbin 13.00-17.00 (a,b, c) (21,61,99)
17.00-22.00 (21,61,99)
8.00-10.00 (424,512,83)
B 10.00-13.00 (424,512,832)
Anshan-Shenyang 13.00-17.00 (@b, ) (181,512,832)
17.00-22.00 (181,512,832)

As an example, for the downstream direction, the candidate transportation plans for

15 OD pairs among the six cities along the Harbin—-Dalian high-speed railway are given.
The candidate transportation plan for the Anshan-Harbin is shown in Table 5, and the
visualization result is shown in Figure 6. It can be seen that due to the actual number
of high-speed trains operating in this section, some feasible paths that meet the relevant
constraints contain transfer connections, which increase the capacity of the candidate set
and the carrying capacity of high-speed express delivery. For some OD pairs (such as
Dalian-Harbin), due to the relatively small number of actual high-speed rail trains and the
even distribution of train operating times, feasible alternative transportation path solutions
without any transfer are found, as shown in Figure 7.

Table 5. Anshan—-Harbin alternative transport plan.

(2633 Harbin West Station

OD Pair Path Number  Alternative Transport Plan Arrival Time of Tra1n§ from Trar}sporta'tlon
the Departure Station Time/min
Anshan West Station G729
1 Harbin West Station 19:19 177
Anshan West Station G767
2 Harbin West Station 18:05 194
Anshan West Station G717
3 Harbin West Station 13:32 198
Anshan West Station G771
4 Harbin West Station 8:11 200
Anshan West Station DJXX1 .
5 Harbin West Station 6:10 220
Anshan-Harbi Anshan West Station G771
nshan=tarbin 6 Shenyang North Station G47 8:11 235
Harbin West Station
Anshan West Station G8019
7 Shenyang North Station 17:27 249
(G1201 Harbin West Station
Anshan West Station G767
8 Shenyang North Station 18:05 251
(G729 Harbin West Station
Anshan West Station G729
9 Shenyang North Station 19:19 257
(G941 Harbin West Station
Anshan West Station G717
10 Shenyang North Station 13:32 279
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Figure 6. Alternative set of high-speed rail express transport plans from Anshan to Harbin.
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Figure 7. Alternative set of high-speed rail express transport plans from Dalian to Harbin.

Some basic parameters for the model are set and shown in Table 6.

Table 6. Model parameter values.

Parameter Description Value
sP Different categories of express delivery goods’ pricing and revenue parameters (0.03, 0.025, 0.02)
il Express delivery goods’ freight parameters (0.006, 0.01)
C Express delivery goods’ loading and unloading cost parameters 0.3
Csto Express delivery goods’ transfer cost parameters 0.5
op Critical coefficient of delay pena%ty cost for different categories of express (1.2,1.0,0.8)
delivery goods
ocf, ¢ Promised delivery time limit for cargo flow fep ¢ (12, 24, 36) * 60
- Maximum acceptable delay time for different categories of express "
ty deli d (2,3,4)*60
elivery goods
nt Express loading capacity parameters for trains in different modes (10,000, 1000)
ef Loading and unloading capacity parameters for train stations 320
N Population size 100
(k1,k3) Parameters of crossover probability (0.7,0.75)
(k2,k4) Parameters of mutation probability (0.2,0.2)
X Maximum number of iterations 100
dae Distance between OD pair e See Table 2
fﬁt Freight traffic volume of express product p with shipping time ¢ between See Table 3

OD pair e
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5.2. Parameter Tune and Performance Analysis of the Algorithm

The population size determines the size of the search space of the algorithm to a certain
extent, while the crossover probability and variance probability determine the size of the
global search and local search abilities of the algorithm. As there are many parameters
to be tuned, in order to reduce the workload of tuning and not affect the results of the
algorithm, both the population size N and the variance probability are tuned, and the
crossover probability is adjusted separately on this basis. The range of adjustment for
population size N and mutation probability is shown in Table 7, and the results are shown
in Tables 8-10.

Table 7. Tuning range of population size N and mutation probability.

Crossover Possibility Population Size Mutation Probability
k1 k3 N k2 k4
1 1 {40, 70, 100, 130, 160} 0.2 0.2
1 1 {40, 70, 100, 130, 160} 0.3 0.3
1 1 {40, 70, 100, 130, 160} 0.5 0.5
Table 8. Result of tuning population size N and mutation probability-I.
Povulation Number of Average Average
pSize Iteration Repeated Crossover Possibility Mutation Probability Running Objective
Experiments Time(s) Value
N X k1 k3 k2 k4
40 100 5 1 1 0.2 0.2 48.2 38,977
70 100 5 1 1 0.2 0.2 94.6 40,893
100 100 5 1 1 0.2 0.2 172.4 42,948
130 100 5 1 1 0.2 0.2 241.6 44,172
160 100 5 1 1 0.2 0.2 342.1 44,326
Table 9. Result of tuning population size N and mutation probability-II.
Population Number of Average Average
L Iteration Repeated Crossover Possibility Mutation Probability Running Objective
Size . .
Experiments Time(s) Value
N X k1 k3 k2 k4
40 100 5 1 1 0.3 0.3 58.3 39,511
70 100 5 1 1 0.3 0.3 96.5 41,026
100 100 5 1 1 0.3 0.3 171.6 41,742
130 100 5 1 1 0.3 0.3 2447 40,235
160 100 5 1 1 0.3 0.3 345.9 41,137
Table 10. Result of tuning population size N and mutation probability-III.
Population Number of Average Average
PSize Iteration Repeated Crossover Possibility Mutation Probability Running Objective
Experiments Time(s) Value
N X k1 k3 k2 k4
40 100 5 1 1 0.5 0.5 50.4 38,427
70 100 5 1 1 0.5 0.5 98.8 39,648
100 100 5 1 1 0.5 0.5 192.3 40,892
130 100 5 1 1 0.5 0.5 253.6 40,365
160 100 5 1 1 0.5 0.5 356.1 40,983
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The objective function is 42,948 when the population size is 100, 44,172 when the
population size is 130, and 44,326 when the population size is 160. The best choice in terms
of objective function merit was 160. However, the most suitable population size is 100.
When the number of iterations is 100, the crossover probability is (1,1) and the mutation
probability is (0.2,0.2).

The same analysis method is used to analyze the data in Table 7, which show that the
most suitable population size is 100 when the number of iterations is 100, the crossover
probability is (1,1) and the mutation probability is (0.3,0.3), and that the most suitable
population size is 100 when the number of iterations is 100, the crossover probability is
(1,1), and the mutation probability is (0.5,0.5).

From the perspective of the objective function, the population size of 100 is the largest
objective function value; from the perspective of the running time of the program, the
running time of Experiment 1 is between that of Experiment 2 and Experiment 3, so a
population size of 100 and a variance probability of (0.2,0.2) is the best combination of
parameters for the current experimental environment.

The cross-sectional probabilities are adjusted in two stages: fixing k1 and adjusting k3;
and adjusting k1 on the basis of k3. The crossover probability parameter k3 is adjusted in
the range [0.5,1] in steps of 0.05. The experimental results are shown in Table 11.

Table 11. Tuning result of k3.

Number of Average Objective

Experiment ID Repeated Crossover Possibility Mutation Probability Running Function
Experiments Time(s) Value

N k1 k3 k2 k4
1 5 1 0.5 0.2 0.2 145.6 43,252
2 5 1 0.55 0.2 0.2 151.3 40,137
3 5 1 0.60 0.2 0.2 124.7 39,751
4 5 1 0.65 0.2 0.2 154.6 42,348
5 5 1 0.70 0.2 0.2 143.4 43,022
6 5 1 0.75 0.2 0.2 144.9 43,894
7 5 1 0.80 0.2 0.2 157.5 41,275
8 5 1 0.85 0.2 0.2 136.6 40,388
9 5 1 0.90 0.2 0.2 160.7 41,294
10 5 1 0.95 0.2 0.2 179.8 44,276
11 5 1 1 0.2 0.2 197.5 43,023
Other parameters: the population size N is 100, and the maximum number of iterations is 100.

In general, either k3 = 0.5 or k3 = 0.75 is desirable, but considering that k3 is the
crossover probability, which determines the global search ability of the algorithm, and 0.5 is
weaker than 0.75, k3 = 0.75 is finally chosen.

The crossover probability k1 is then adjusted to [0.5, 1] in steps of 0.1, and the results
are shown in Table 12.

Table 12. Tuning result of k1.

Number of Average Objective

Experiment ID Repeated Crossover Possibility Mutation Probability Running Function
Experiments Time(s) Value

N k1 k3 k2 k4

1 5 1 0.75 0.2 0.2 144.5 44,015
2 5 0.9 0.75 0.2 0.2 153.7 43,277
3 5 0.8 0.75 0.2 0.2 140.9 43,501
4 5 0.7 0.75 0.2 0.2 142.6 44,203
5 5 0.6 0.75 0.2 0.2 154.8 43,108
6 5 0.5 0.75 0.2 0.2 174.4 43,229

Other parameters: the population size N is 100 and the maximum number of iterations is 100.
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From the data in Table 12, the best optimization results and the smallest program
running time are obtained when the crossover probability k1 = 0.7. Therefore, k1 = 0.7
is taken.

The parameters of the adaptive genetic algorithm are determined as follows: popula-
tion size N = 100, number of iterations 100, crossover probability (0.7,0.75), and mutation
probability (0.2,0.2).

We also solve the problem using the commercial solver GAMS, classical GA (genetic
algorithm) and improved adaptive GA under the same maximum number of iterations of
100. For other parameters in classical GA, the crossover probability P, is set to 0.75 and
the mutation probability Py, is set to 0.2. All numerical experiments were completed on a
Windows 10 personal computer with Intel(R) Core (TM) i7-6700 CPU 3.40 and 16.0 GB of
RAM. The comparison results are shown in Table 13.

Table 13. Comparison results of GAMS, classical GA, and improved adaptive GA.

GAMS Classical GA Improved Adaptive GA
Objective Running Objective Running Objective Running
Value Time (min) Value Time (min) Value Time (min)
42,311 5 40,885 1 42,728 1
44,975 20 41,268 3 44,387 3
44,562 60 41,451 5 44,416 5
44,657 120 43,979 15 44,503 15

As can be seen from the data in Table 13, the adaptive genetic algorithm outperforms
the GAMS software (https://www.gams.com/, accessed on 18 April 2023) in terms of
solution time but is slightly inferior to the GAMS solution in terms of the quality of the
objective function. When compared to the classical genetic algorithm, it outperforms the
classical genetic algorithm in terms of solution time and quality.

5.3. Results, Discussion, and Analysis

Based on the actual train timetable information of the Harbin—-Dalian high-speed rail-
way, the algorithm is developed in python language for model solving so as to co-ordinate
and plan the transport scheme of 180 freight flows in 15 OD pairs in the downstream
direction and analyse the scheme. The results of the freight flow transport scheme under
different OD pairs and its analysis are shown as follows.

There are 180 freight flows in this case, and the transport scheme and freight flow of
different freight flows are obtained, in which some sections of Dalian-Harbin, Anshan—
Harbin, and Anshan-Shenyang are summarised in the transport scheme of each freight
flow as shown in Table 14. The delay penalty accumulated for the different goods is 4271.

Table 14. High-speed rail express transport plan of partial OD pairs.

. . . . Departure Arrival Time at
OD Pair Dehl"/er.y :{lme Product Type Tranls\g OEtatlon Transll,alorr’:atlon Time at the the Destination
ero ode a Origin Station Station
a Piggyback OG773® 14:12 18:45
8.00-10.00 b Piggyback OG729® 17:57 22:16
c Confirmation train ODIXX1® (:l_f g) (2150(1))
10.00-13.00 a Piggyback DOG773® 14.:12 18.:45
Dalian— b, c Confirmation train ODIXX1® (if g) (2'155))
Harbi . .
arbm 13.00-17.00 b Confirmation train ODJIXX1® (i'fg) (3'153)
. 9:47 13:55
C Piggyback OG711® (+1d) (+1d)
b Confirmation trai DIXX1 4:40 9:50
17.00-22.00 onfirmation train  ODJXX1® (+1d) (+1d)
9:47 13:55

c Piggyback OG711® (+1d) (+1d)
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Table 14. Cont.

. . . . Departure Arrival Time at
OD Pair DellI‘)/er.y glme Product Type Tranls\g o(l:itatlon TransII)alortatlon Time at the the Destination
erto ode an Origin Station Station
a Piggyback B@G8019®G1201(® 17:29 21:36
8.00-10.00 b Piggyback ®G767@G729® 18:07 22:16
c Confirmation train ®DJXX1® (i:12 c(l)) (2:15(21))
a Piggyback ®G8019®G1201(® 17:29 21:36
10.00-13.00 6:20 9:50
Anshan- b, c Confirmation train ®DJXX1® 1d 1d
Harbin (g~20) (;'50)
13.00-17.00 b, c Confirmation train ®DIXX1® ( 1 d) ( 1 d)
. . . 6:20 9:50
17.00-22.00 b Confirmation train ®DIXX1® (1 El 817) (2 +21 ?6)
c Piggyback @G767®G729® ( +1 d) ( 1 d)
a Piggyback ®G8045® 10:03 10:51
8.00-10.00 b Piggyback ®G1225@ 21:22 22:09
C - - - -
a Piggyback ®G729® 19:21 20:01
Anshan- 10.00-13.00 . 8:13 8:54
Shenyang b Piggyback @G771® (+1d) (+1d)
C - - - -
13.00-17.00 lC) Plgg}_/back @G1_283@ 21i37 22117
17.00-22.00 b, c - - - -

Note: The numerical serial numbers and stations correspond to the following: (D: ‘Dalian North Station’, :
“Yingkou East Station’, ®: ‘Anshan West Station’, @: ‘Shenyang North Station’, &: ‘Changchun West Station’,
and ®: "Harbin West Station’.

The idea behind the design of the model is to allocate the express cargo flow according
to the different freight demand differences. The analysis of the results of the different
sectoral freight flow transport schemes reveals that the solution results are basically in line
with the expectations of the model in the following aspects:

1. Delivery priorities

® For different categories of express shipments, delivery is generally prioritized
for the higher-category shipments with a higher time requirement because
of the model’s goal of maximizing revenue. In the 8:00-10:00 shipping time
period of the Dalian—-Harbin section. For example, the time priority for delivery
of same-day products (type a) is higher than that of the other two categories.

©) When the cargo flow is small and the train transport capacity and station
loading and unloading capacity meet the requirements, different cargo flows
under the same OD pair will appear to be merged onto the same train. For
example, train DJXX1 of the Dalian-Harbin section can be found to be in line
with the above analysis.

® For express cargoes with different ODs, generally, the greater the length of
the section, the higher the transportation benefits will be and the more fully
occupied the loading capacity of the train in the whole section will be. For
example, in this case study, the distance between Anshan-Shenyang is smaller,
and the distribution priority is correspondingly lower.

2. Transportation mode selection

The confirmation train is usually the first train of the day. Considering the early
departure time of the confirmation train, constraints are set in the model to restrict the train
from carrying same-day delivery products in this mode, and the results of this paper satisfy
this requirement.

In summary, for HSR operators, appropriate transport strategies for each batch of cargo
flows can be planned in terms of delivery priorities and transportation mode selection, thus
making full use of the remaining capacity of HSR trains and increasing operational revenue.
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6. Conclusions and Further Research

The global express market has undergone significant expansion in recent years. To
meet this growing demand, high-speed rail express freight transportation has been im-
plemented between multiple cities in China, resulting in significant improvements in
transportation efficiency and increased supply. In this study, we propose an optimization
model for the high-speed railway express transport plan using a space-time-state network.
Additionally, we designed an improved adaptive genetic algorithm to solve the model.
This optimization model aims to arrange reasonable transport schemes for each cargo flow
with the objective of maximizing operational revenue. We conducted numerical experi-
ments based on the Harbin—Dalian high-speed railway in China to verify the effectiveness
and applicability of the proposed model. The results indicate that HSR operators can
plan appropriate transport strategies by considering delivery priorities and transportation
mode selection to make full use of the remaining capacity of HSR trains and increase
operational revenue.

Overall, our study provides valuable insights for HSR express freight transportation
optimization and contributes to the further development of the global express market.
However, there are still some more to be studied in the future. In this paper, we study
the process of express rail shipments from the time of dispatch to the arrival at the target
station. In future research, the “station to door” component can be incorporated into the
model of the problem, and joint transport solutions between the express rail and other
modes of transport can be considered, thus describing the express “door to door” process
in a larger time dimension.

The constraints of train loading capacity and train station handling capacity are con-
sidered from the perspective of actual transport organisation requirements. It is necessary
to ensure the loading capacity of express trains and the efficiency of station loading and
unloading operations. Therefore, further research is needed on how to plan the construc-
tion of supporting technical equipment for high-speed rail express services and coordinate
passenger and freight operations.
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