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ABSTRACT

Train formation planning (TFP) is essential for rail freight logistics services. The fluctuation of
railcar flows dramatically compared with before the outbreak of COVID-19. This paper studies
train formation planning, considering three types of train services provided for railcar flow
between pairs of technical stations (TS), including direct trains, district trains, and pickup
trains. This paper introduces an optimization model with average railcars flow data (OMAD)
and an optimization model with dynamic railcars flow data (OMDD) for the train formation
planning based on TS under railcar demand fluctuation while minimizing railcar-hour con-
sumption. The OMAD is a deterministic model, and the OMDD is a probability constraint
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model. To solve the OMDD, an approach for transforming probability constraints into
deterministic constraints is presented. Various groups of scenarios are given to verify the

effectiveness of the proposed models.
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1. Introduction

In recent years, the outbreak of COVID-19 has caused
many enterprises to switch between production shut-
down and resumption. This results in sharp fluctuations
in demand for raw materials and finished products.
Railway transport mainly delivers bulk commodities
and undertakes main-line transport tasks. So the cargo
of railcars is directly affected. To minimize the influence
of frequently working out railcar flow organization
schemes on railway transport management, the

b

2. Direction of railcar flow

g

3. Railcar demand fluctuation

method fitting railcar demand fluctuation needs to be
developed.

The railcar flow organization is the basis of railway
transport management. The key to railcar flow organi-
zation is working out the train formation plan, which
consolidates the railcars into the most reasonable
freight train service sequence. Generally, the trains
providing freight services between pairs of classifica-
tion stations mainly include direct trains, district trains,
and pickup trains. The classification station is the spe-
cific railroad station where the expensive marshaling
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infrastructure is composed of the arrival yard, the clas-
sification bowl with a sophisticated braking system,
and the departure yard is equipped. The railcar classi-
fication and train formation work can be operated in
the classification station. So the classification station is
also called the technical station in the China railway
system. To maintain consistency of the expression, we
will uniformly term technical station in this paper. The
long-distance direct train runs between a pair of non-
adjacent technical stations. But, the district train and
pickup train must be operated between pair of adja-
cent technical stations.

This study aims to achieve the train formation plan
based on technical station (TFP&TS) to minimize the
total railcar-hour consumption induced by consolidat-
ing railcars to form trains in the origin technical station
and classifying trains at the middle technical station. Its
core task is making block-train assignment decisions,
including pairs of technical stations providing train
service (block plan) and the train type providing for
the block.

The remainder of this study is organized as follows.
The previous studies are summarized in section 2.
Section 3 introduces a criterion for deciding the service
type of train and sets up the optimization model with
average data and the model with dynamic data.
Methodologies for transforming the probabilistic con-
straints into deterministic expressions are introduced
in Section 4. Section 5 presents a case study. Finally,
the conclusions are given in Section 6.

2. Literature review

The general train formation plan (also called the block-
ing plan in the North American railway system) consists
of the blocking problem, the train routing problem and
the train makeup problem.

The objective of the blocking problem is to deter-
mine the blocking policy at each technical station and
the shipment-to-block assignment. There is a lot of
literature about this. Bodin et al. [1] formulated the
blocking problem using an arc-based mixed integer
programming model. Its some capacity constraints
indicate each technical station in terms of the max-
imum number of blocks and the maximum number of
railcar. Chen et al. [2] investigated the single-block
train formation problem in railway freight transporta-
tion, the aim is to service all demands with minimal
costs, and a novel solution methodology was pro-
posed. Newton et al. [3] transformed the problem of
formation plan optimization into the problem of net-
work design, took a formation direction as an arc and
a technical station as a node to form a formation direc-
tion network, and constructed a model with minimum
cost as the goal. Xiao et al. [4] presented a solution for
the freight train formation plan problem in China using
both the single-block trains and the two-block trains.

The solution is tested on an existing railway network in
China. Crevier et al. [5] proposed an optimization
model which encompasses pricing decisions and net-
work planning policies for the railcar blocking. Xiao
and Lin [6] proposed a mathematical programming
model to solve the comprehensive problem of the
one-block train and two-block train. The model aimed
at minimizing the railcar-hour consumption of trans-
porting the commodities. A heuristic optimization
approach based on the ant colony system was pro-
posed to solve the model.

Many researchers use heuristic algorithms to inves-
tigate the problem of train formation plan optimiza-
tion from different problem perspectives. The reason is
that manual approaches are highly time-consuming
and highly rely on the experience of the designer.
Fast and high-quality solutions can be provided by
modern optimization models and heuristic algorithms
based on computers. Keaton [7] proposed a mixed
integer programming model for the combined pro-
blem, and a heuristic approach based on Lagrangian
relaxation was presented to solve the model. Keaton
[8] proposed a model for the problem by using the
service network design method, and the Lagrangian
relaxation was implemented by the dual-adjustment
method. Lin et al. [9] proposed a linear integer pro-
gramming model to solve the train service network
problem of the China railway system. A simulated
annealing algorithm is applied to the real-life Chinese
railway network, and a significant improvement in the
total railcar-hour consumption is achieved. Yaghini
et al. [10] presented a meta-heuristic algorithm based
on ant colony optimization to solve the railway block-
ing problem, and it aimed at minimizing the railcar-
hour consumption of transporting goods. There are
other researchers proposing heuristic optimization
algorithms to solve the problem, including genetic
algorithm [11,12], Lagrangian relaxation heuristic algo-
rithm [13], and large-scale neighborhood search algo-
rithm [14].

The train routing problem concerns the operating
policies for the freight transportation and the railcar
fleet management. In America and Europe, the routing
problem is an important part of the train formation plan.
The shipment-to-block and block-to-train problems are
considered in a daily or weekly periodic cycle. After work-
ing out the train formation plan, the operating route of
the train is also determined. However, in China, the rout-
ing problem is not a part of the train formation plan. The
dynamic change of the traffic flow is not considered in
solving the train formation plan problems. The routing
problem is typically made as a separate part together with
the train formation plan. Fuegenschuh et al. [15] pro-
posed a mixed integer programming model for the
freight railcar routing problem of Deutsche Bahn. It aims
at finding the railcar routes with the lowest railcar-hour
consumption, the train travel distance, and the amount of



used sorting tracks were considered. Alikhani-Kooshkak
et al. [16] proposed a multi-objective model to solve the
optimization problem of train routing and train formation
plan. It aimed at optimizing the total profit, satisfaction
level of customers, and underutilized train capacity. Sama
et al. [17] formulated the real-time train routing selection
problem as an integer linear programming model and
proposed a meta-heuristic algorithm based on ant colony
optimization to solve the problem. Fang et al. [18] devel-
oped a mixed-integer programming model and
a heuristic solution strategy. The scheduling and routing
of rail shipments of hazardous materials have been inves-
tigated. Lin [19] constructed a comprehensive optimiza-
tion model of formation plan and route based on direct
trains and district trains with the method of combinatorial
optimization. Zhu et al. [20] proposed a model for the
network design problem for freight rail transportation.
Car classification, train formation, service selection, and
scheduling were considered, and time-dependent custo-
mer delivery routes were built. Lin et al. [21] proposed the
0-1 programming model for the comprehensive optimi-
zation of the train formation plan and the train route, and
the large-scale case was solved.

There is some literature in regard to railway trans-
port with demand fluctuation, but not for freight
trains, they are for passenger trains. For example, Cao
and Feng [22] considered passenger demand uncer-
tainty and constructed a two-stage stochastic integer
programming model to get the capacity allocation
solutions in order to meet random fluctuations of pas-
senger demands in the daily operations. There is also
some literature on the problem of demand fluctuations
in highway transport. For example, Tarhini and Bish
[23] investigated network routing and traffic controls
of highway transport under demand uncertainty. The
literature on these issues is extensive and will not be
covered here. The research contents and methods of
the main references in this paper are listed in Table 1.
The differences between the research contents of this
paper and them can be clearly seen in Table 1.

It can be known from Table 1 and the actual situa-
tion, at present, there is little or no research on the
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fluctuation of railway freight transport. In addition,
many studies of train formation plan assume that dis-
trict trains must be operated between two adjacent
technical stations. The assumption is likely to cause
lower practicability of train formation plan in
a realistic railway transportation work.

In this paper, we will study the train formation plan
based on the technical station under railcar demand
fluctuation. The contributions of this paper are as
follows: first, we systematically analyze and summar-
ize the train service types between pairs of technical
stations. Second, we study the organizational condi-
tions of pickup trains and district trains without
assuming that district trains must be operated
between two adjacent stations. The critical railcar
flow condition deciding whether the district train
between two adjacent stations is operated or not is
designed, and then the criterion of deciding train
service type is obtained. Third, we establish two opti-
mization models based on average data and dynamic
data aiming at the minimum railcar-hour consump-
tion at all the stations in the railway network. Fourth,
we develop the approach for transforming probability
constraints into deterministic constraints. Finally, for
different railcar flow data fluctuation ranges, we test
and solve the proposed model on a railway network
composed of eight technical stations. The result
shows that the formation plan obtained by solving
the optimization model based on dynamic data is
highly adaptive within the range of railcar flow fluc-
tuation. It avoids frequently remaking the train for-
mation plan and brings great convenience to railway
transportation management.

3. Problem statement

In this section, we first analyze the core task of the train
formation plan based on the technical station. And
then, we introduce the notations used in this paper
and propose two detailed mathematical model formu-
lations for the TFP&TS problem.

Table 1. Comparison of previous studies and this paper on train formation plan of technical station.

Type of train Model Block train
Direct District Pick-up Linear Non-linear One-block Two-block Demand

Studies train train train model model train train fluctuation
Barnhart et al [13] v v X X v v X v
Crevier et al. [5] v v X X v v X v
Tarhini and Bish (2016) X X X X v X X X

[23]
Fugenschuh et al. [15] v v X v X v X v
Xiao and Lin [6] v v X X v v v v
Chen et al. (2019)[2] v v X v X v X v
[4] v v X X v v v v
Alikhani-Kooshkak v v X v X v X v

et al. [16]
Cao and Feng [22] v X X X v X X v
Lin et al. [21] v v v X e v X v
This paper v v v v v v X v
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3.1. Analysis of train formation plan

The railcar flow between pairs of technical stations is
usually carried by three types of trains, i.e. direct train,
district train, and pickup train. When the railway sec-
tion between pairs of technical stations provides the
train service, the railway section is named as one block.
The main task of the train formation plan studied in
this paper is to make block-train assignment decisions,
i.e. aims at specifying the following elements of the
problem:

(i) Blocking plan: which pairs of technical stations
should provide train service?

(i) Train type: which train should the block be
carried?

The direct train is the primary mode among the three
category trains. The remote railcar flows, which have
the same destination, should be consolidated into the
direct train. They run along railway sections between
two nonadjacent technical stations. There is at least
one technical station between the origin and destina-
tion on its itinerary. The direct train does not require it
to be reclassified at any middle technical station that it
passes through on its itinerary. As a result, the block
between pairs of nonadjacent technical stations is car-
ried by a direct train.

If the amount of railcar flow with adjacent origin-
destination satisfies the sufficient condition, they will
be consolidated into the district trains. They run along
railway sections between two adjacent technical sta-
tions. There are many intermediate stations between

Figure 1. The train service in rail.

two adjacent technical stations. Unlike technical sta-
tions, the intermediate stations are mainly used to pick
and deliver railcars from the loading-unloading points.
However, the district train does not require to perform
railcar handling at any intermediate station that it
passes through on its itinerary. As a result, the block
between pairs of adjacent technical stations is carried
by a district train.

When the amount of railcar flow with adjacent ori-
gin-destination does not satisfy the sufficient condi-
tion, they will be shipped by pickup trains. The pickup
train will perform railcar handling at an intermediate
station located on its itinerary. The operations of railcar
handling include detaching railcars from the pickup
train and putting them into the loading-unloading
points within the intermediate station, retrieving rail-
cars from the loading-unloading points within an inter-
mediate station and attaching them to the pickup
train, and so on. So, the block between pairs of adja-
cent technical stations is carried by a pickup train.

The train service can be illustrated in Figure 1.

In this study, three of the most practical and crucial
train formation patterns based on the technical station
are elaborated on and analyzed. The optimization of
the TFP&TS problem aims at determining the optimal
train services between pairs of origin-destination tech-
nical stations. The objective function intends to mini-
mize the total railcar-hour consumption induced by
consolidating railcars to form a train in the origin
technical station, classifying trains at the middle tech-
nical station, and additional operation of pickup trains.
Some practical conditions and logical constraints
among decision variables are considered in the model.



Train formation of loading stations (TFLS) is
essential for rail freight logistics services for bulk
goods. The main mode of it is the through train
that originates from a loading point to an unloading
station. After loading station organizes this train, the
remaining railcar flows are sent to the adjacent
technical station, they are transported by trains
organized by the technical station. The optimization
of the TFLS problem aims at determining the opti-
mal train services among loading and unloading
stations for bulk materials minimizing the total car-
hour consumption induced by the loading, unload-
ing, and reclassification operations and satisfying
practical conditions and logical constraints among
decision variables.

3.2. Problem definition and notation

Before introducing the mathematical formulations of
the studied problem, the notations and the decision
variables used in this paper are listed in Tables 2 and 3.

3.3. Criterion of deciding train service type

Deciding optimal train service type between pairs of
the origin-destination technical station is the core of
solving the problem. Remote railcar flows with the
same origin and destination should be consolidated
into the direct train. Short-distance railcar flows

Table 2. Notations.
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between adjacent origin-destinations can be option-
ally assembled to form a district train or pickup train.
Compared with the operating conditions of direct
trains, the selection of district and pickup trains is
more complex and challenging. This section focuses
on the train service types between pairs of adjacent
technical stations.

(1) Analysis of railcar flows between pairs of adja-
cent technical stations

There are two adjacent technical stations jand j, and
two intermediate stations a and b in the railway sec-
tion in Figure 2

The network includes one solid line with an arrow,
representing the district railcar flow from technical
station i to j. lts weight p; represents the value of
district railcar flow. The network includes two dot
lines with arrows, representing the pickup railcar flow
delivered to intermediate stations a and b. Their
weights f;; and fj, represent the value of pickup railcar
flow. The network includes two dashed lines with an
arrow, meaning the pickup railcar flow retrieved from
intermediate stations a and b. Their weights f; and fy;
represent the value of pickup railcar flow.

(2) Analysis of independent operation mode of
pickup train

If we independently operate the pickup trains
between adjacent technical stations i and j, the railcar
flow consolidated by the pickup train consists of the
following three parts.

Set

M Set of technical stations and m is the cardinality of M

M(i,j) Set of technical stations located at the physical paths from station i to j excluding technical station i and j

M(i)  Set of technical stations adjacent to station i
M (i)  Set of technical stations nonadjacent to station i

H Set of statistical time periods through planning horizon and h is the cardinality of H

Index

i Technical station

j Technical station

k Technical station

h Statistical time period

Parameters

a; Maximum number of railcars that can be handled by technical station i

b; The utilization rate of classification capacity of technical station i, which means the proportion of the remaining classification capacity after
deducting the reserved capacity at technical station i

G Assembling parameter at technical station i, which reflects the random arrival of railcars to form a train at technical station i

d; Number of available classification tracks at technical station i

e Number of railcars that can be accommodated in each classification track at technical station i

g Size of a train, which means the number of railcars forming the train i

t Relative delay at technical station i. It consists of delays in the arriving, inspecting, classification, assembling, and departing processes for
a railcar at technical station i

t;} Travel time of the district trains from technical station i to technical station j

tlfj Travel time of the pick-up trains from technical station i to technical station j

0 Critical value of railcar flow used to decide whether district trains can be operated between pairs of adjacent technical stations i and j or not

qij Addition railcar-hour consumption when the railcars are carried by pick-up train from technical station i to j

Random variables

the statistical time period h

nh Original O-D railcar flow volume from i to j, i.e. number of railcar flow that originates at technical station i and destines to technical station j in

fijf,7 Actual railcar flow volume from i to j, i.e. number of railcar flow that originates or reclassifies at technical station i and destines to technical j in

the statistical time period h

pf.j’. Service railcar flow volume from i to j, i.e. number of railcar flow that originates or reclassifies at technical station i, reclassifies or destines at

technical station j in the statistical time period h
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Table 3. Decision variables.

Decision variables

>
%

i

xfj‘. € {0, 1}. Railcar flow reclassification variable. It is a binary variable. Its value is 1 if the railcar flow originating technical station i and destining

technical station j is reclassified at middle technical station k. Otherwise, it is 0

<

block i—j

N

Otherwise, it is 0

i Yij € {0, 1}. Train service variable. It is a binary variable. Its value is 1 if train service types (including direct train and district train) is provided to

i 2y € {0,1}. Pick-up train variable. It is a binary variable. Its value is 1 if any pick-up train is provided from technical station i to adjacent station j.

The first one is the pickup railcar flow delivered to
intermediate stations between pairs of the adjacent
technical stations, whose value is written by f;; and f;.

The second one is the pickup railcar flow retrieved
from intermediate stations between pairs of the adjacent
technical stations, whose value is written by f;; and fp;.

The third one is the district railcar flow that origi-
nates at the rear stations of the original technical sta-
tion and travels to the front stations’ destination
technical station, whose value is written by p;. Here,
the station to which the train is heading while running
is the front station. The station opposite the train head-
ing direction is the rear station.

Let f,-jT denote the total pickup railcar flow value. It is
composed of the first one and the second one. We can
calculate its value using the following equation:

fl = fia+fio+ fo + fiy (1)

Because the district railcar flow and pickup railcar flow
are carried by pickup trains. Let o; denote the total
railcar-hour consumption induced by these two kinds
of railcar flows in this railway section. So it can be
expressed by the following formula:

o = (f,-,T +pi,-)t,4,+ (f,} +pij) x Tf(f,-f +pij> (2)

where t,(j represents the travel time of the pickup trains
from technical station i to technical station j, and T;(-)
represents the waiting time of the pickup trains at the
origin technical station i.

(3) Analysis of the hybrid operation mode of the
district and pickup train

If we synchronously operate the pickup train and dis-
trict train between adjacent technical stations i and j, the
pickup railcar flow composed of the first one and
the second one will be carried by the pickup train, and
the remaining district railcar flow will be carried by the
district train. Let 0, represent the total railcar-hour con-
sumption under synchronous operation conditions of the
district and pickup train. This can be expressed by the
following formula:

0y = Gg + pyt] + ]t + f,jTT,-(ﬂjT) (3)

Where ¢; represents the assembling parameter at tech-
nical station /.

(4) Criterion of deciding train service types

If 0, <0y, we will operate the district train between
adjacent stations i and j. So operation condition of the
district train can be formulated as follows:

g + ptd + f]T; (f,-}) <pjt]; + (f,-,T + p;,-) x T; (f,-,-T + pij)
(4)

When the volume of district railcar flow is low, it will
not increase the number of pickup trains that both
district and pickup railcar flows are carried by pickup
train. That is to say, the waiting time of the original
technical station i will stay the same when the

Figure 2. Railcar flows between pairs of adjacent origin-destination technical stations.



additional district railcar flow is also carried by the
pickup train apart from the pickup railcar flow. So, we
have:

T(f] +ps) ~ Ti(f]) (5)
And then we put Equation (5) into Equation (4), and
a simple equation can be obtained:

cig<p;,~(t§,ft,<‘,4) + pj x Ti(f,-jT> 6)

We convert the formula into the following form:

<9

Pi> ) )
-+ (7)

Equation (7) is the criterion for deciding the train ser-
vice type between two adjacent stations. Suppose
Equation (7) is tenable. In that case, we will additionally
operate the district train apart from the pickup train,
i.e. a hybrid operation mode of the district and pickup
train. Otherwise, we perform an independent opera-
tion mode of the pickup train.

The right-hand side of Equation (7) means the lower
bound of railcar flow volume used to decide whether to
operate the district train additionally or not. We call it the
critical railcar flow volume of district trains. In this way, we
have:

- <9
) ®

’/

From Equation (8), we can obviously conclude that the
critical railcar flow volume of district train is higher
under the shorter travel time t,(j of the pickup trains.

3.4. Optimization model with average data

To reduce the difficulty of solving the model, we set up
the model using the average daily railcar flow data in
the range of the planning horizon. That is to say, the
average value of railcar flow is used, i.e. f;, nj, and pj.
So the optimization model with average demand data
(OMAD) for the TFP&TS problem is formulated as
a mathematical programming model whose objective
function and constraints are expressed as follows:

(OMADMin  Z =" "cgy;+ > Z > F

ieM jeM ieM jeM' (i ()kEM(I,]

xutk + Z Z Z;q;ip;; (9)

ieM jeM(i)
st. > Py < dkex, k€M (10)
jem
S Fyxk < agby, k € M(i,j) (1)
’EM/EM )
yit X xk=1.eM;jeMi) (12)

keM(ij)
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Xk < yi,i € M k,j € M (i) (14)
1 6;—p; > . ;
z; = {O eu pUSO’IGM’IEM(I) (15)

yijvxl{/(‘€{1a0}7iaj€M7k€M(iaj) (16)

Equation (9) is the objective function, which minimizes
the sum of the railcar collection time of the outgoing
train at the technical departure station, train reclassifi-
cation time at the middle technical station, and addi-
tional operation time for the pickup train.

The auxiliary variable ?,»j is the average value of the
actual railcar flow volume f,f It is composed of two
parts. (i) The original railcar flow that originates at
technical station i and destines to technical station j.
(ii) The reclassification railcar flow that originates at the
rear technical station of technical station i reclassifies
at the technical station i and is destined to technical
station j. They are written by:

fh—n,/—i—z mj m/? ijeM (17)

fj =y + Z fmjxmp JeM (18)

The auxiliary variable nj is the average value of the
original O-D railcar flow volume ng in the statistical

time period. It is written by:
nj = Znu/h,l,jGM (19)

The auxiliary variable pj; is the average value of the
service railcar flow pf} in the statistical period. It is
composed of three parts: (i) The original railcar flow
that originates at technical station i and destines to
technical station j; (i) The reclassification railcar flow
that originates at the rear technical station of technical
station i reclassifies at the technical station i and des-
tined to technical station j; (iii) The reclassification rail-
car flow that originates at the technical station i,
reclassifies at the technical station j, and destines to
the front technical station of technical station j. We can
calculate by using the following equation: When the
technical stations i and j are nonadjacent, we have:

pg:fhy,,+2 fixl i€ MjeM@) (20

Py =fiyy+ > fudy.i € M,j € M (i) 1)
keM

When the technical stations i and j are adjacent, we have:

pll—fh—i—z x{fk,i,jeM (22)
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Py =Tj+ X fuxyij € M (23)
keMm

The auxiliary variable g is the additional railcar-hour
consumption when the railcars are carried by the
pickup train from technical station i to j. It consists of
two parts. (i) The assembling time of outgoing pickup
train made-up at departure station i. (ii) The additional
traveling time due to the pickup train delivering and
retrieving the railcar flow at the intermediate station
when the railcar is carried by pickup train instead of
district train between pairs of the adjacent technical
station. We can calculate g; by using the following
equation:

ai = (Ti(py) + ) — &) Py i€ MjeM(i) (24

Constraint (10) ensures that the number of occupied
tracks is less than the number of available classification
tracks. Constraint (11) provides that the number of
classified railcars is lower than the available classifica-
tion capacity of the technical station. Parameter by
means the proportion of the remaining classification
capacity after deducting the reserved capacity at the
technical station. Constraint (12) ensures that the rail-
car flow can either be directly delivered to the destina-
tion technical station or destined to the destination
technical station after being classified at more than
one technical station on its itinerary. Constraint (13)
guarantees that when the average value of railcar flow
between adjacent technical stations i to j is less than
the critical railcar flow volume, the district trains can-
not be operated. Constraint (14) ensures that the train
can select k as the first reclassification technical station
only if the train service i—k (block i—k) is provided.
Constraint (15) ensures that the auxiliary variable z; is
the unit step function of the critical railcar flow volume
of the district train. Finally, constraint (16) is the restric-
tion on decision variables.

3.5. Optimization model with dynamic data

To improve the performance of the solution, we
directly adopt the daily statistical railcars flow data to
set up the optimization model with dynamic demand
data (OMDD) for the TFP&TS. Compared with the opti-
mization model with average data (OMAA) belonging
to the deterministic model, the optimization model
with dynamic data (OMDD) is a stochastic model.
Here, we update the OMAD model by designing
three probability constraints so that the new OMAD
model can be developed.

(1) Probability constraint of train formation plan
with high railcar-hour consumption

In order to avoid the solution of the problem falling
into the local optimal trap and then improve the per-
formance of the solution, the strategy of accepting
inferior solutions within the maximum allowable

range is given. And then, a new probability constraint
which represents accepting the inferior solution under
a certain probability is added to the model. The prob-
ability constraint of accepting the inferior solution is
formulated as follows:

Pro{y Yagy+> X X fdt

ieMjeM ieMjeM’(,') keM(i )

+Z Z z,jq,-jpf} < G} >a,heH (25)
ieM jeM(i)

Where parameter a represents the acceptance rate of
the inferior solution and is within the range of [0.9, 1].
Here, the inferior solution denotes the train formation
plan with high railcar-hour consumption. Next, let us
define the proposal term “train formation plan with
high railcar-hour consumption.”

We put the average daily railcars flow data directly
to the OMDD model. A train formation plan can be
obtained by solving the OMDD model. Since the plan-
ning horizon includes the statistical time periods, we
put dynamic railcar flows into the train formation plan,
and the train formation plans, whose number is the
same as the time periods, can be obtained. We rank the
train formation plans in ascending order of railcar-hour
consumption and obtain the train formation plan
sequence. Define the train formation plans whose pre-
cedence is the position behind a in the sequence as
train formation plans with high railcar-hour consump-
tion. Thus let G be the set of railcar-hour consumption
of the train formation plan with high railcar-hour con-
sumption. Constraint (25) implies that all train forma-
tion plans whose railcar-hour consumptions are set G
can all be accepted. The number of acceptable solu-
tions is (1 — a) - h.

(2) Probability constraint of classification tracks
number restriction

We allow the solution with not satisfying classi-
fication track number restriction to be accepted in
a particular proportion. The constraint (10) repre-
senting classification tracks number restriction in
the OMAD model is updated as the following prob-
abilistic constraint form:

Pro{Zij<dkek} >BkeMhecH (26

jem

where the parameter f is the satisfying rate of classi-
fication track number restriction, it means the pro-
portion of the solution meeting classification track
number restriction and is within the range of [0.9, 1].

Constraint (26) implies that the proportion of the
train formation plan satisfying classification track num-
ber restriction is no less than B in the h train formation
plan obtained by solving the OMDD model. That is, the
number of train formation plans satisfying classifica-

tion tracks number restriction is no less than g - h.



(3) Probability constraint of classification capacity
restriction

We allow the solution with not satisfy technical
station classification capacity restriction to be
accepted in a particular proportion. The constraint
(11) representing technical station classification capa-
city restriction in the OMAD model is updated as the
following probabilistic constraint form:

Pro{z > Xk gakbk} >y, keMij),heH

iEM jeM' (i)
(27)

where the parameter y is the satisfying technical sta-
tion classification capacity restriction rate. It means
that the proportion of the solution that meets techni-
cal station classification capacity restriction is within
the range of [0.9, 1].

Constraint (27) implies that the proportion of train
formation plan satisfying classification capacity restric-
tion is no less than y in the h train formation plan
obtained by solving the OMDD model. That is, the
number of train formation plans satisfying classifica-
tion capacity restriction is no less than y - h.

In conclusion, the optimization model with daily
dynamic demand data (OMDD) for the TFP&TS pro-
blem is formulated as a mathematical programming
model whose objective function and constraints are
expressed as follows:

(OMAD)Min G (28)

Subject to Constraints (12) - (16), (25) - (27).

Equation (28) means that the train formation plan
with the lowest railcar-hour consumption in set G is the
optimal solution of the OMDD.

4. Methodology

In the OMDD model, the constraints (25), (26), and (27) are
formulated as the probability expression equation. It is an
unclear mathematical, analytical expression. If these prob-
abilistic constraints are not treated, it will lead to difficulty
in solving the model. Here, we expand the statistical rail-
car flow data and then transform the probabilistic con-
straints into deterministic expressions. Then, the model
can be solved using conventional methods.

(1) Expanding statistical railcars flow data based on
discrete uniform distribution

Considering that the statistical railcar flow data in
the statistical period is insufficient, the following
numerical simulation method is used to expand it.

Step 1: we find the minimum value u; and max-
imum value u, from railcar flow nf} between pairs of

technical station j to j in h time period. Since the
discrete uniform distribution has the excellent charac-
teristics that every discrete value within the value
range of a random variable has the same probability
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of occurrence, we use this distribution to describe the
railcar flow random variable. We denote it
as nfi~U(uy, uy).

Step 2: we generate r random numbers between
[0,1] and denoted as R = {r|0 < r < 1}. Letr > h.

Step 3: we use the equation nj; = ru; + (1 —r)u; to
generate T new railcar flows data n,’l As a result, the
expanding data set of fluctuant railcar flows can be
obtained and denoted as NF.

(2) Finding a train formation plan with the lowest
high railcar-hour consumption

The acceptance rate of the inferior solution is used
to find the train formation plan with the lowest railcar-
hour consumption from set G by the expanding railcar
flow data set.

Step 1: because there is ¥ expanding railcars flow
data in set NF. So the acceptance amount of the train
formation plan with high railcar-hour consumption is
Y=[r—7-a, which denotes minimum integer
greater than 7 —7 - a.

Step 2: the ¥ expanding railcars flow data in set Nf
replaces the average railcar flow data of the OMAD
model in turn. The OMAD model based on expanding
railcars flow data is solved ¥ times, and ¥ solutions can
be obtained.

Step 3: the T solutions are sorted by the ascending
order of their objective function value. Their objective
functions are denoted as {Z;7~-7Zé7~--72;}, where
0 =T — ¢ + 1. Obviously, the objective function value
set of train formation plan with high railcar-hour con-
sumption is G = {Z,,---,Z}. The objective function
value of train formation with the lowest railcar-hour
consumption in set G is Z,.

(3) Counting satisfying rate of railway network capa-
city of train formation plan

The following procedure is used to test the satisfy-
ing rate of railway network capacity of a train forma-
tion plan by the expanding railcar flow data.

Step 1: all train formation plan is placed into the
constraints (10) and (11) of the OMAD model.

Step 2: furthermore, all ¥ expanding railcar flow data
in set Nf is placed into the constraints (10) and (11) of
the OMAD model for judging whether the two con-
straints are both satisfied. The amount of expanding
railcars flow data satisfying the two constraints are
recorded and denoted as 7 .

Step 3: the satisfying rate of railway network capa-
city of the train formation plan can be counted by the
equation 7 /7.

5. A case study

In this section, we test the model and the solution
approach in a railroad network composed of eight
technical stations.
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5.1. Scenario setting of the experiments

An experimental railway network composed of eight
technical stations in China is shown in Figure 3. The
pickup railcar flow between the adjacent stations is
fixed relatively. When the district railcar flow is small, it
will not increase the number of pickup trains that both
district and pickup railcar flows are carried by pickup train.
So the assembling time T;() of the pickup train can be
simplified as a constant. The basic parameters of the
technical stations, including assembling parameters,
assembling time, reclassification time, classification capa-
city, and track, are shown in Table 4. The technical stations
are numbered from 1 to 8 in Table 1 for the convenience
of subsequent expression. The value of the average daily
railcars flow between pairs of O-D is shown in Table 5. The
trip time between pairs of adjacent technical stations and
critical railcar flow volume are shown in Table 6. The size
of the train, which means the number of railcars forming
the train, is 55. The number of railcars that can be accom-
modated in each classification track is 200.

5.2. Expanding statistical railcars flow data

Since the transportation of bulk goods (such as
coal) in China is mainly undertaken by railway trans-
portation, in China, Shanxi province has the largest
coal reserve and annual output. The coal output
before and after the epidemic in Shanxi province
is taken as an example to illustrate and estimate the

fluctuation of railway railcar flow. The coal output of
Shanxi province in 2019 and 2020 is shown in
Tables 7 and 8.

As can be seen from Tables 7 and 8, the fluctuation
range is 459.1/8016.3 =5.73% before the outbreak of
COVID-19, i.e. in 2019, and the fluctuation range is
872.5/8761=9.96% after the outbreak of COVID-19, i.e.
in 2020. Obviously, the fluctuation range after the out-
break is larger, so we used the fluctuation range of 9.96%
~ 10% to carry out the study. We use the discrete uniform
distribution to describe the railcar flow as a random vari-
able. Its mean is the value of the average daily railcar flow
shown in Table 9. Its fluctuation range is arranged within
the range from —10% to 10%. The railcar flow data with
the uniform distribution function is displayed in Table 9.

Since the railcar flow data obtained throughout the
planning horizon are insufficient for solving the OMDD
model, we use the proposed uniform distribution func-
tion to expand 56 railcar flows listed in Table 4. Here, the
expanding size of railcar flow data is set as r = 100 for each
railcar flow.

5.3. Train formation plan based on the OMAD
model

The daily average railcar flow value in Table 2 is put
into the OMAD model. Because optimization soft-
ware LINGO 18.0 is fast in calculation and conveni-
ent in programming, we use it to solve the model

Figure 3. Railway network composed of eight technical stations in China.

Table 4. Parameters of technical stations.

No. Station Assembling parameter Assembling time Reclassification time Classification capacity Track number
1 AK 13 2.5 34 580 7
2 XA 1.5 23 3.9 750 9
3 77 11.2 28 42 900 10
4 HD 11.6 24 45 836 9
5 T 1.8 2.6 3.6 695 6
6 YL 1.7 29 38 660 8
7 ZMD 1.4 25 37 625 10
8 HF 1.6 2.7 3.7 740 7

Note: 1 * The number in column 1 denotes the serial number of technical station.
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Table 5. Value of daily average railcars flow from origin to destination.

No. 1 2 3 4 5 6 7 8

1 0 132 116 178 154 186 142 189
2 164 0 246 173 155 79 132 118
3 146 182 0 166 144 239 134 186
4 153 149 86 0 86 234 175 158
5 147 158 68 156 0 127 108 122
6 178 163 114 164 185 0 56 137
7 164 152 84 136 175 126 0 146
8 154 184 156 179 178 165 149 0

Note: 1 * The number in column 1 denotes the serial number of technical station.

Table 6. Trip time between pairs of adjacent technical stations and critical railcar flow volume.

Rail section Trip time of district trains Trip time of pick-up trains volume of upward rail section volume of downward rail section
1-2 2.8 49 147.50 137.50
2-3 5.6 8.2 124.02 114.07
3-4 35 54 131.06 149.65
4-5 4.5 6.8 136.91 130.20
2-6 6.7 9.1 129.08 118.30
3-7 3.2 5.1 131.06 141.25
7-8 3.8 5.7 141.25 138.70

Note: 1 * The upward rail section in column 4 denotes the rail section from a small serial number technical station to a large serial number technical station.
And downward rail section in column 5 represents the rail section from a large serial number technical station to a small serial number technical station.

Table 7. Monthly coal output of Shanxi province in 2019 (10,000 tons).

Month 1 2 3 4 5 6 7 8 9 10 11 12 Mean

Coal output 67329 67329 82828 80195 8477.1 8782  8420.2 82546 8182 81742 83084 78284 8016.3
The difference

from the mean 1283.3 1283.3 266.5 3.2 460.8 765.7 403.9 2383 165.7 157.9 292.1 187.9 459.1
Note: 1 * The data comes from China Statistical Yearbook.
Table 8. Monthly coal output of Shanxi province in 2020 (10,000 tons).

Month 1 2 3 4 5 6 7 8 9 10 11 12 Mean

Coal output 6340 6340 9479.4 8595.4 8533.4 9298.3 8946.7 9477.7 9490.7 9543.5 9494.6 9592.3 8761

The difference

from the mean 2421 2421 7184 165.6 227.6 537.3 185.7 716.7 729.7 7825 733.6 8313 8725
Note: 1 * The data comes from China Statistical Yearbook.
Table 9. Railcar flow data with uniform distribution function.

Railcar flow Uniform distribution function Railcar flow Uniform distribution function Railcar flow Uniform distribution function

Ny U(118, 146) Nyg U(210, 258) ny3 U(75, 93)

s U(104, 128) Ngy U(157, 193) Ny, U(136,168)

Ng U(160, 196) Nyg U(142, 174) ny U(147,181)

Nis U(138. 170) Nsg (114 140) Ngs (166 204)

Mg U167, 205) nsy U(97, 119) Nes U(147,181)

ny7 U(‘|277 157) Nsg U(109, 135) Ng3 U(102 126)

Nig U(170, 208) Nez U(50, 62) Nea U(146, 180)

s U(221, 271) Nes U(123, 151) ne1 U(160, 196)

Nyg U(155, 191) nsg U(131, 161) Nsy U(140, 172)

Nys U(‘|397 171) ngy U(134 164) Ns3 U(61, 75)

Ny u(7, 87) Nge U(148, 182) ns; U(142, 174)

ny7 U(118. 146) Ngs U(160 196) Nsq U(132, 162)

nyg u(106, 130) Ngy u(161, 197) Ng3 U(77, 95)

N3y U(149, 183) Ng3 U(140, 172) Ngy U(134, 164)

nss U(129, 159) ng, U(165, 203) Ny U(137, 169)

N3g U215 263) ngy U(138, 170) ns; U(163, 201)

N3z U(120, 148) Nye U(113, 139) N3 U(131, 161)

Nsg U(167,205) nys U(157 ,193) Ny U(147,181)

Nys U(77 95) Ny4 U(122 ,150)

Note: 1 * The symbol U in columns 2, 4, and 6 denotes the uniform distribution function, and the number expresses the upper and lower bounds of uniform

distribution.

and obtain the optimal global solution. The solving
work has been executed using a computer with
Intel(R) Core(TM) i5-8400h CPU @ 2.80 GHz 2.30
GHz. The optimal train formation plan is shown in
Table 10 and Figure 4. Table 10 lists the rail section,
consolidated rail flow, railcar volume, and train

frequency. Figure 4 shows block-train assignment
decisions, including blocking plan and train type.
The solid line with a double arrow means that it
provides direct train service for the block between
pairs of nonadjacent technical stations. The solid
line with a single arrow means that it gives district
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Table 10. The train formation plan based on the OMAD model.

Rail Consolidated railcar Railcar Train Rail Consolidated railcar Railcar Train
No. section flow volume frequency  No. section flow volume frequency
1 1-2 Ny + N3 +Ngy 390 7.09 23 8-4 Ng4 179 3.25
2 1-4 Nig 178 3.24 24 8-3 Ng3 156 2.84
3 1-5 nis 154 2.80 25 8-2 N2 184 3.35
4 1-6 Nig 186 338 26 7-6 N76 + Ngs 291 5.29
5 1-8 Nig 189 3.44 27 7-5 Nys 175 3.18
6 2-3 Ny + Ni3 + Ne3 476 8.65 28 7-4 N74 136 247
7 2-4 N4 173 3.15 29 7-3 ns3 84 -
8 2-5 Nys 155 2.82 30 7-2 Ny, 152 2.76
9 2-6 N6 79 - 31 7-1 N71 + Ngy 318 5.78
10 2-7 Ny7 + Nq7 + Ng + Ngz 448 8.15 32 6-5 Nes 185 336
1 3-4 N34 166 3.02 33 6-4 N4 164 2.98
12 3-5 n3s 144 2.62 34 6-2 Ne2 + Ne3 + Ne7 333 6.05
13 3-6 N3 + Nsg 366 6.65 35 6-1 Ng1 178 3.24
14 3-7 N37 + Ns7 242 4.40 36 5-4 Ns4 156 2.84
15 3-8 N3g + Nsg 308 5.60 37 5-3 Ns3 + N5 + N57 + Nsg 425 7.73
16 4-5 Ngs 86 - 38 5-2 N5y + Ns; 305 5.55
17 4-6 Ngg 234 4.25 39 4-3 Ng3 86 -
18 4-7 N47 + Ngg 333 6.05 40 4-2 Ngy 149 2.71
19 6-8 Nes 137 2.49 41 4-1 Nt 153 278
20 7-8 N7g + Nag + Nag 422 7.67 42 3-2 N3y + N3 328 5.96
21 8-7 Ng7 + Nge + Ng1 468 8.51 43 2-1 Ny + N31 + N5y 457 8.31
22 8-5 Ngs 178 3.24

Note: 1 * Railcar volume in column 4 denotes the number of railcars carried by train per day in the rail section.
2* Train frequency in column 5 denotes the number of trains operating per day in the rail section.
3* The information in rows 9, 16, 29, and 39 denotes the railcar flow carried by the pick-up train.

train service for the block between pairs of adjacent
technical stations. The dotted line with a single
arrow means that it provides the pickup train ser-
vice for the block between pairs of adjacent tech-
nical stations.

We use two measures to evaluate the performance of
the OMAD model, which are railcar-hour consumption
and the satisfying rate of railway network capacity. The
railcar-hour consumption measure is the objective func-
tion value of the model. The satisfying rate of railway
network capacity represents the proportion of feasible
solutions that satisfy the model’s constraints. Railcar-
hour consumption of the optimal train formation plan

Table 11. The train formation plan based on the OMDD model.

obtained by solving the OMAD model is 32,662.2. The
satisfying rate of railway network capacity is 71%.

5.4. Train formation plan based on the OMDD
model

The 100 groups expanding data of 56 railcar flows
generated by the approach given in section 4.2 are
all put into the OMDD model. And then, we use
the procedure developed in section 3 to transform
the probability constraints of the OMDD model
into deterministic expression. Let the parameter a
be 0.96, which means the acceptance rate of the

Rail Consolidated railcar Railcar Train Rail Consolidated railcar Railcar Train
No. section flow volume frequency  No.  section flow volume frequency
1 1-2 Ny + N3 4+ nyg7 390 7.09 23 8-4 Nga 179 3.25
2 1-4 N4 178 3.24 24 8-3 Ng3 156 2.84
3 1-5 Nis 154 2.80 25 8-2 Ng, 184 335
4 1-6 Nig 186 338 26 7-6 N76 + Ngs 291 5.29
5 1-8 nig 189 3.44 27 7-5 nzs 175 3.18
6 2-3 N3 + N13 + Ne3 476 8.65 28 7-4 N4 136 247
7 2-4 Ny4 173 3.15 29 7-3 ns3 84 -
8 2-5 Nys 155 2.82 30 7-2 n;; 152 2.76
9 2-6 Ny 79 - 31 7-1 N71 + Ng 318 5.78
10 2-7 N7 + N17 + Nog + Ng7 448 8.15 32 6-5 Ngs 185 3.36
1 3-4 N34 166 3.02 33 6-4 Ne4 164 298
12 3-5 n3s 144 2.62 34 6-2 Ne2 + Ng3 + Ng7 333 6.05
13 3-6 N3g + Nse 366 6.65 35 6-1 Ng1 178 3.24
14 3-7 n37 + Nsy 242 4.40 36 5-4 Nsg 156 2.84
15 3-8 N3g + Nsg 308 5.60 37 5-3 Ns3 + Nsg + Ns57 + Nsg 425 7.73
16 4-5 Ngs 86 - 38 5-2 N5y + Ns; 305 5.55
17 4-6 Nag 234 4.25 39 4-3 N43 86 -
18 4-7 Ng7 + Ngg 333 6.05 40 4-2 N4 149 2.71
19 6-8 Nes 137 249 41 4-1 N4 153 2.78
20 7-8 N7g + Nag + Nyg 422 7.67 42 3-2 n3; 182 3.31
21 8-7 Ng7 + Ngg + Ngy 468 8.51 43 3-1 N3 146 2.65
22 8-5 Ngs 178 3.24 44 2-1 N1 + Nsy 3N 5.65

Note: 1 * Railcar volume in column 4 denotes the number of railcars carried by train per day in the rail section.
2* Train frequency in column 5 denotes the number of trains operating per day in the rail section.
3* The information in rows 9, 16, 29, and 39 denotes the railcar flow carried by the pick-up train.



Figure 4. Optimal block-train assignment decisions obtained
by solving the OMAD model.

train formation plan with high railcar-hour con-
sumption is 96%. Let the parameters 8 and y be
0.95, which means that the satisfying rate of the
classification track number and technical station
classification capacity is 95%. The OMDD model is
solved by the same method and software. The
optimal train formation plan is shown in Table 11
and Figure 5. Table 11 lists the rail section,

JOURNAL OF INDUSTRIAL AND PRODUCTION ENGINEERING . 13

Figure 5. Optimal block-train assignment decisions obtained
by solving the OMDD model.

consolidated rail flow, railcar volume, and train
frequency. Figure 5 shows block-train assignment
decisions, including blocking plan and train type.

We use the same measures to evaluate the perfor-
mance of the OMDD model. Railcar-hour consumption
of the optimal train formation plan obtained by the
OMDD model is 32,708.8. The satisfying rate of railway
network capacity is 98%.
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Table 12. Comparison of the results of the OMAD model and

the OMDD model.

Model Railcar-hour consumption Satisfying rate
OMAD 32662.2 71%
OMDD 32708.8 98%

Note: * Railcar-hour consumptions in column 2 imply the objective

function value of two models.

*Satisfying rate in column 3 imply the ratio of feasible solutions obtained

by solving the two models.

Table 13. Comparison of train formation plan between the OMAD model and the OMDD model under different fluctuation

ranges of railcar flow data.

Fluctuation range

Train formation plan of the OMAD model

Train formation plan of the OMDD model

Railcar-hour consumption

Satisfying rate

Railcar-hour consumption Satisfying rate

+10% 32662.2
+20% 32662.2
+30% 32662.2
+50% 32662.2

71%
49%
44%
26%

327088
32736.3
32736.3
32804.0

98%
99%
98%
95%

5.5. Comparison of train formation plans

We compare the solutions obtained from OMAD and
OMDD. We can see the difference between the two
measures, i.e. railcar-hour consumption and satisfying
rate. The results are displayed in Table 12.

From the comparison results, it can be known that
the difference between the total railcar-hour consump-
tion obtained by the two models is less than 0.14%,
while the satisfying rate of the OMDD model is 38%
more than that of the OMAD model because the satis-
fying rate measure represents the proportion of feasi-
ble solutions which satisfy all constraints of the model.
That is to say. This measure implies model stability. The
OMDD model dramatically improves the solution’s sta-
bility by slightly increasing railcar-hour consumption.

Because the fluctuation range of + 10% is based on
the coal output of Shanxi province every month, the
region is large, and the time span is long. Considering
the possibility of greater fluctuations when the region
is smaller or the time span is shorter, sensitivity analysis
was carried out on the fluctuation range of railcar flow.
Under the condition that all parameters and calcula-
tion methods are the same, experimental cases with
the fluctuation range of railcar flow of + 20%, +£30%,
and + 50% were added to further illustrate the effec-
tiveness of the proposed method. The results are
shown in Table 13.

It can be seen from Table 13, for the OMAD model,
the greater the fluctuation range of railcar flow data,
the lower the satisfying rate of train formation plan,
and the two are inversely proportional. When the fluc-
tuation range of railcar flow data is within a range of +
50%, the satisfying rate of train formation plan of the
OMAD model is 26%, and it is almost impossible to use
normally. For the OMDD model, with the increase of
the fluctuation range of railcar flow data, the satisfying
rate of train formation plan remains basically
unchanged and can be maintained at a high level all
the time, and the railcar-hour consumption increases

slightly, but the increase is small. When the fluctuation
range is + 50%, the formation plan of the OMDD model
has the highest railcar-hour consumption, which is
32,804, and the difference in railcar-hour consumption
between the OMDD model and the OMAD model is
0.43%, the difference in satisfying rate was 265%.
Obviously, a very small increase in railcar-hour con-
sumption in exchange for a large increase in satisfying
rate is very advantageous. It further validates the effec-
tiveness of the proposed method.

6. Conclusions

The continuous spread and frequent disturbance of the
COVID-19 epidemic have significantly impacted society's
well production. As a result, sharp fluctuations in raw
material and production consumption for the whole of
society happen. Because railway transport mainly delivers
bulk commodities and undertakes main-line transport
task, the demand for the railcars used by technical sta-
tions is affected. To minimize the influence of frequently
remaking train formation plans on railway transport man-
agement, the train formation plan fitting railcar demand
fluctuation needs to be created as soon as possible.

In this paper, three train service types provided for
railcar flow between pairs of technical stations, including
direct train, district train, and pickup train, are analyzed.
And then, the criterion for deciding train service type is
designed. Furthermore, we proposed two optimization
models for the TFP&TS problem. The objective function
intends to minimize the sum of the railcar collection time
of the outgoing train at the technical departure station,
train reclassification time at the middle technical station,
and additional operation time for the pickup train. Some
constraints indicating a unique formation plan, the classi-
fication tracks number restriction, and technical station
classification capacity restriction are considered. First, we
use the average daily railcars flow data in the statistical
period to develop the OMAD model. And then, we use



directly the daily dynamic railcars flow data to build the
OMDD model.

The OMAD model is a deterministic model, and the
OMDD model is a stochastic model. To solve the OMDD
model that includes three probability constraints, we
develop the procedure of transforming probability con-
straints into deterministic expressions. Finally, we test the
two models on a railway network composed of eight
technical stations. The block-train assignment decisions,
including the blocking plan and the service type of train,
can be obtained using the optimization software LINGO
18.0 to solve the two models. When the fluctuation range
of railcar flow data is within a range of + 10%, compared
to the train formation plan obtained using the OMAD
model, the train formation plan obtained using the
OMDD model increases the railway network capacity
satisfy ratio by 38%. It increases the total railcar-hour
consumption by 0.14%. When the fluctuation range is
within a range of + 20%, £30%, and + 50%, the results
are similar. So we conclude that the OMDD model dra-
matically improves the solution’s stability by slightly
increasing railcar-hour consumption.
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