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Abstract

Purpose — Train re-scheduling remains a longstanding challenge in railway operation. To design
high-quality timetable in fuzzy environment, the purpose of this paper is to study train re-scheduling
problem under the fuzzy environment, in which the fuzzy coefficients of the constraint resources have
the fuzzy boundaries.

Design/methodology/approach — Based on the improved fuzzy linear programming, the train
re-scheduling model is constructed. Aiming at dealing with the fuzzy characteristics of the constraint
coefficients value range boundaries, the description method of this kind of objective function is
proposed and the solving approach is presented. The model has more adaptability to model a common
train re-scheduling problem, in which some resources of the constraints are uncertain and have the
characteristics of fuzziness and the boundaries of the resources are fuzzy.

Findings — Two numerical examples are carried out and it shows that the model proposed in
this paper can describe the train re-scheduling problem precisely, dealing with the fuzzy boundaries
of the fuzzy coefficients of the constraint resources. And the algorithm present is suitable to solve
the problem. The approach proposed in this paper can be a reference for developers of railway
dispatching system.

Originality/value — It is the first time to study train re-scheduling problem under the fuzzy
environment, in which the fuzzy coefficients of the constraint resources have the fuzzy boundaries.
Keywords Optimization techniques, Operational research, Linear programming, Modelling

Paper type Research paper

1. Introduction

Railways are typically operated according to a planned (predetermined) timetable,
which determines the amount of trains and the dwell on the railway line. However,
railway accidents and natural disasters often affect the train operation, which
makes it a must to reschedule the trains, through adjust the inbound and outbound
time of the trains at the stations. So it is seriously important to study of train
re-scheduling problem.
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The survey of Cordeau ef al. (1998) reviewed a large number of papers dealing with - Re-scheduling

different problems arising in timetable design and train re-scheduling. Narayanaswami
and Rangaraj (2011) also presented a review on scheduling and re-scheduling of
railway operations, which classified the railway operations into four levels: strategic,
tactical, operational control and real-time control. The train re-scheduling is taken as
the operational control-level problem.

In view of their extensive survey, we limit our review to recent papers dealing with
train re-scheduling problems. Sahin studied the real-time conflict resolution problem
on a single-track railway. Conflicts between trains are resolved in the order in which
they appear. An algorithm based on look-ahead strategies predicted potential
consecutive delays and takes ordering decisions of merging or crossing points.
The problem was formulated as a job shop scheduling problem, and the objective is
to minimize average consecutive delays (Sahin, 1999). Schobel (2001) proposed
an approach which aimed to decide which connections had to be maintained
or canceled to minimize the inconvenience for the passengers. Dorfman and
Medanic (2004) proposed a discrete-event model for scheduling trains on a single line
and a greedy strategy to obtain suboptimal schedules. The model behavior was
similar to that of human dispatchers. The authors showed that adding nonlocal
information can prevent deadlocks. The approach could quickly handle timetable
perturbations and performs satisfactorily on three time-preference criteria.
Térnquist and Persson (2007) discussed how disturbances propagate and which
actions to take in order to minimize the consequences for multiple stakeholders.
They presented an optimization approach to the problem of re-scheduling railway
traffic in a n-tracked network when a disturbance has occurred. Computational
results from experiments using data from the Swedish railway traffic system
are presented along with a discussion about theoretical and practical strengths
and limitations. They came to the conclusion that there is a relation between
certain disturbance characteristics and the ability to find appropriate solutions
sufficiently fast, which can be utilized to configure and improve the suggested
approach further. Chang and Kwan (2005) described the application of evolutionary
computation techniques to a real-world complex train schedule multi-objective
problem. They proposed three established algorithms (genetic algorithm (GA),
particle swarm optimization and differential evolution (DE)) to solve the scheduling
problem. They drew a conclusion that DE is the best approach for this scheduling
problem. I’ Ariano et al (2007) viewed the train scheduling problem as a huge
job shop scheduling problem with no-store constraints. They utilized a careful
estimation of time separation between trains, and described the scheduling problem
with an alternative graph formulation. They developed a branch and bound
algorithm, which included implication rules enabling to speed up the computation.
Kroon et al. (2009) generated several timetables utilizing sophisticated operations
research techniques and utilized innovative operations research tools to devise
efficient schedules for rolling-stock and crew resources. They provided a new method
to generate train timetables, taking rolling-stock and crew into consideration.
Kroon et al. (1997) proved the NP-completeness of the general problem of routing
trains through railway stations to design a conflict-free timetable and show solvable
special cases.

There are also some publications on the real-time re-scheduling problem. Mazzarello
and Ottaviani (2007) described the architecture of a real-time traffic management
system that had been implemented within the European project COMBINE to test the
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feasibility of a completely automated system for conflict resolution and speed
regulation. Rodriguez (2007) proposed a heuristic approach to train routing problems
and consequent train reordering problems with operational purposes. The algorithm
was tested on a complex rail junction and can provide a satisfactory solution within
three minutes of computation time for instances involving up to 24 trains. Adenso-Diaz
et al. (1999) considered the problem of managing real-time timetable disturbances for a
regional network. They proposed an automated conflict resolution system for the
Spanish National Railway Company and a mixed-integer programming (MIP) model
was adopted to describe the problem.

It is easy to see from the literature that most of researches have been carried out
under the specified environment, in which all the parameters involved are fixed
quantities. Actually, since the railway transportation system is complex, dispatchers
inevitably meet uncertain parameters when re-scheduling trains on the dispatching
sections, such as random parameters and fuzzy parameters. However, some
researchers ignored the existence of the uncertainty in the literatures, which
probably caused poor quality of the re-scheduled timetable in the real applications.

Yang et al (2011) studied the railway freight transportation planning problem under
the mixed uncertain environment of fuzziness and randomness based on the
optimization methods under the uncertain environments. They proposed a hybrid
algorithm integrating simulation algorithms and a GA, to find optimal paths, the
amount of commodities passing through each path and the frequency of services.
It was a typical publication in which the mixed uncertain environment of fuzziness
and randomness was taken into consideration in railway operation.

Acuna-Agost et al (2011a,b) investigated the solution of train re-scheduling
problem through a MIP formulation. They proposed an approach called SAPI
(Statistical Analysis of Propagation of Incidents) to limit the search space around
the original non-disrupted schedule by hard and soft fixing of integer variables with
local-branching-type cuts and proved the model effectiveness with the computation
cases on the railway networks of France and Chile. Krasemann (2012) developed a
greedy algorithm which performs a depth-first search using an evaluation function to
prioritize when conflicts arise and then branches according to a set of criteria to solve
the train re-scheduling problem. Diindar and Sahin (2012) developed artificial neural
networks(ANNSs) to mimic the decision behavior of train dispatchers so as to reproduce
their conflict resolutions.

Castillo ef al (2011) dealt with the timetabling problem of a mixed multiple- and
single-tracked railway network. Min ef al. (2011) proposed a column-generation-based
algorithm that exploits the separability of the problem. Cacchiani et al (2010) studied
the problem of freight transportation in railway networks, where both passenger
and freight trains are run. Almodévar and Garcia-Rodenas (2013) proposed an
on-line optimization model based on a discrete-event simulation model to provide
and support decisions about reassigning vehicles from other lines of the transport
system to the disturbed line. Meng et al. (2013) constructed a hybrid timed event graph
model for networked train operation simulation and timetable stability optimization.

An assumption is made in the above publications, which is that the value range
boundaries of the fuzzy coefficients are identifiable. In the reality, especially in
engineering calculation, the value range boundaries of the fuzzy resources
coefficients are not clear; sometimes they also have the fuzzy characteristics.
In train re-scheduling problem, the interval between the foregoing train’s departure
from a station and the backward train’s arrival can be seen as a fuzzy number, and
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even the boundaries of the interval are fuzzy. Then it is necessary to study the train Re-scheduling
re-scheduling problem with fuzzy linear programming (FLP) model, in which the based on an
right-hand side coefficients are fuzzy numbers, with the fuzzy value range boundaries improved
of the fuzzy coefficients. p

In view of this fact, we will consider the problem under the fuzzy environment in this FLP model
paper, which intends to make service strategies on the train re-scheduling problem.

There are also numerous publications about the FLP problem in recent years. 1475
The ANN was trained and tested with data extracted from conflict resolutions in
actual train operations in Turkish State Railways. A GA was developed to find
the optimal solutions for small-sized problems in short times, and to reduce total
delay times by around half in comparison to the ANN. FLP with fuzzy resource
constraints coefficients is a typical FLP. The key characteristic of this kind of
programming is that the coefficients of the resource are fuzzy, and the coefficients of
objectives are clear. The researchers have paid considerable attention to the
constraint-coefficient-linear fuzzy programming (Tanaka, 1984; Delgado et al., 1993).
Delgado et al. (1993) considered the use of nonlinear membership functions in FLP
problems to solve the linear programming problems with fuzzy constraints. Gasimov
and Yenilmez (2002) proposed the “modified sub-gradient method” to solve linear
programming problems with only fuzzy technological coefficients and linear
programming problems in which both the right-hand side, and the technological
coefficients were fuzzy numbers. Ebrahimnejad (2011) generalized the concept of
sensitivity analysis in fuzzy number linear programming (FNLP) problems by
applying fuzzy simplex algorithms and using the general linear ranking functions on
fuzzy numbers. Kazuo (1984) proposed two extensions on the FLP proposed by
Zimmermann. He proved that fuzzy goals, and fuzzy constraints expressed as fuzzy
relations with fuzzy parameters can be considered as fuzzy sets on different real lines
under some assumptions. And optimization in the case where the membership
functions of the fuzzy goals and the fuzzy constraints were given in a piecewise linear
form can be achieved by using a standard linear programming technique. Frank ef al.
(2008) proposed a FLP model which included optimizing fuzzy constraints and
objectives that consist of a triplet, and they gave a modified simplex algorithm to
address these problems.

Kaur and Kumar (2013) presented a new method to find the fuzzy optimal solution of
fully fuzzy path, i.e., critical path problems in which all the parameters are represented
by LR flat fuzzy numbers. Ezzati ef al (2015) proposed a novel algorithm is proposed to
solve the fully fuzzy linear problem by converting it to its equivalent a multi-objective
linear programming (MOLP) problem and then solved it by the lexicographic method.
Dubey and Mehra (2014) proposed an approach to model fuzzy MOLP problems from a
perspective of bipolar view in preference modeling. Bipolarity was used to distinguish
between the negative and the positive preferences.

Wan and Dong (2014) constructed an auxiliary multi-objective programming to
solve the corresponding possibility linear programming with Trapezoidal fuzzy
numbers. Simic proposed a fuzzy risk explicit interval linear programming model for
end-of-life vehicle (ELV) recycling planning in the European Union, which had
advantages in reflecting uncertainties presented in terms of intervals in the ELV
recycling systems and fuzziness in decision makers’ preferences. Ebrahimnejada and
Tavana (2014) proposed a new method for solving FLP problems in which the
coefficients of the objective function and the values of the right-hand side are
represented by symmetric trapezoidal fuzzy numbers while the elements of the
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coefficient matrix are represented by real numbers. Rena and Wangga (2014)
considered a kind of bi-level linear programming problem where the coefficients of
both objective functions are fuzzy random variables and developed a computational
method for obtaining optimistic Stackelberg solutions to such a problem. Jin ef al.
(2014) developed a new Robust Inexact Joint-optimal a cut Interval Type-2 Fuzzy
Boundary Linear Programming (RIJ-IT2FBLP) model for planning of energy systems
by integrating both the interval T2 fuzzy sets and the Inexact Linear Programming
methods. Kumar and Kaur (2013) pointed out that the existing general form of such
fully FLP problems in which all the parameters are represented by such flat fuzzy
numbers for which is valid only if there is not a negative sign. They proposed a new
general form of linear programming to solve this problem. Kaur and Kumar (2014)
also proposed a fully FLP problems in which some or all the parameters are
represented by unrestricted L-R flat fuzzy numbers. Yano and Matsui (2013)
proposed an interactive decision-making method for hierarchical multi-objective
fuzzy random linear programming problems, in which multiple decision makers in a
hierarchical organization had their own multiple objective linear functions with fuzzy
random variable coefficients. Hajiagha et al (2013) proposed a model to extend the
methodology for solving MOLP problems, when the objective functions and
constraints coefficients are stated as interval numbers. Fan et ol (2013) developed a
generalized FLP method for dealing with uncertainties expressed as fuzzy sets.
Sakawa and Matsui (2013) proposed an a-level sets of fuzzy random variables and
defined an a-stochastic two-level linear programming problem for guaranteeing the
degree of realization of the interactive fuzzy random cooperative two-level linear
programming problem. Dybey ef al studied the linear programming problems
involving interval uncertainty modeled using IFS. The non-membership of IFS was
constructed with three different viewpoints namely, optimistic, pessimistic and
mixed. Ebrahimnejad generalized the concept of sensitivity analysis in FNLP
problems by applying fuzzy simplex algorithms and using the general linear ranking
functions on fuzzy numbers.

These publications about FLP problems give us much enlightenment on the
application of the FLP in the engineering computation. We improve the FLP in this
paper and apply it in the train re-scheduling problem.

This paper is structured as follows. Section 2 first introduces the problem in a
mathematical way, and then constructs a mathematical model under the specified
environment. In Section 3, to model the problem under the random fuzzy environment,
we improve the typical FLP with fuzzy resources. Section 4 constructs the improved
FLP model for train re-scheduling. In Section 5, a computation case is presented, based
on the data of Beijing-Zhenzhou railway section to show the effectiveness of the model.
Section 6 draws conclusions.

2. Problem statement

There are numerous methods for re-scheduling, including reduction of dwell time on
stations, reduction of running time in sections and change of the surpassing stations.
The goal is to recover the state in which the trains run according to the planned
timetable. In reality, the interval time and the buffer time are determined by the train
operating matrices. The elements of the inbound and outbound time matrix are
adjusted to change the running time in the sections, the dwell time at the stations and
the operation type when disruptions occur in real-world operations. This is the essence
of re-scheduling. A real-time re-scheduling plan must be proposed in a very short
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period. On some occasions, the train’s track can coincide with the lines on the planned Re-scheduling

timetable after some adjustments; sometimes it cannot.

2.1 Objective of train re-scheduling model
The goal of train operation adjustment is to make the actual dwell time accord with
the time as planned, when the trains are perturbed and delays occur. It is possible to
adjust the dwell of the trains so that there is a gap between the planned dwell and the
minimum time, as well as between the planned running time and the minimum
running time. The wider the gap, the less complicated the operating adjustment
work will be.

Thus, the train operation adjustment model with minimal summary delay time as
the destination can be defined as follows:

minz = :1 g} {max (ai,k—agk, 0) + (di,k—dgk)} 1)

where a;;, stand for the inbound time of train ¢ at station % and d;, stand for the
outbound time of train 7 at station %. ag , and dg » stand for the original planned inbound
and outbound times, respectively. Then the objective is to minimize the gap between
the re-scheduled timetable and the original timetable. Because that a passenger train
can arrive at a station earlier than it is planned and we do not care about it when
calculating the delayed time, so the gap between the re- scheduled arrival time and the
original planned arrival time is described as max(a;;— alk, 0). And d; >de Is a
constraint for the passenger trains, so the gap between the re-scheduled departure time
and the original departure time is set to be d;;— alZ b

2.2 System constraints
There are numerous prerequisite rules in railway operation to ensure the safety,
which are determined by the facilities such as the blocking systems. The most
important rule is to determine the relations between the inbound and outbound time
of all the trains, to separate the trains in space. So the system constraints are designed
as follows.

The difference between a backward train arriving time and a forward train arriving
time at the same stations must be longer than the technical intervals, which produces
the constraint:

a,~+1,k—al-,k>la, i=1,2 ..., N-1, k=12, ..., M @)

where [, is the interval time between the two inbound times of train 7 and train i + 1 at
station k.

Likewise, the difference between a backward train departing time and a forward
train departing time from the same stations must be longer than the technical intervals.
The constraint can be described as:

di+1,k—di,k >[1=1,2, ..., N-1, k=1,2, ... M ®)

where [; is the interval time between the two outbound times of train 7 and train 7+ 1 at
Station k.
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The interval between two trains must satisfy the departing arriving interval and
arriving departing interval. Set 7 .pqy—grrive t0 be the minimum time interval between a
train leaving a station and another train arrival the same station. The constraints
are defined in Equation (4):

ai+1,k_di,k > Tdepart—arrives Z = 1: 2: LR N_la k = 19 29 REE) M (4)

The running time of each train according to the re-scheduled timetable must be longer
than the minimum running time, which can be formulated as follows:

Gip1—dip =13, i=1,2, .., N, k=1,2, ..., M-1 5)

where tzlkin’m“ is the minimum time of train ¢ on the section between station # and &+1.
Again, the dwelling time of each train must be longer than the minimum dwelling

time, which produces the constraint:

dip—aip =t =12, .., N, k=1,2, .., M ©)
where t?};“’dwen is the minimum dwelling time of train 7 at station k.
The passenger trains must not leave the stations before the time as it is planned
on the timetable, which is made available to the public. So there is a constraint
as follows:

dip—d), >0, i=1,2 .., N, k=12, .., M (7)

2.3 Mathematical model
The mathematical model of this problem is constructed as follows:

N M
min z = ZZmax[(ai’k—agk, 0) + (di,k_d?,k)}

=1 k=1
s.t.
Grp=ip=1le, 1=1,2, .., N-1, k=12, ... M
dijri—dipg=1s i=1,2, .., N-1, k=12, .., M ®)
@i 1p—dip > Tdepart—arrive; 1=1,2, ..., N=1, k=12, ..., M
Gipr—dip =57, i=1,2, .., N, k=12, .., M-1
dyjp—ayp = 00l 10, N, k=12 .., M

dipg—d), >0, i=1,2, .., N, k=12 .., M

where a;; and d;;, are the inbound and outbound times of the ith train at kth
station.
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It is easy to see that all the parameters in the model (8) are supposed to be fixed
quantities. In the authentic conditions, a re-scheduled timetable is usually designed
after the occurrence of an emergency. Thus, the concrete values of some parameters
actually cannot be obtained in advance, especially the parameters on the right side of
the constraints equations. To deal with the problem in a mathematical way, we
usually treat these parameters as fuzzy variables according to the experts’ experience
when we cannot get enough real sample data to calculate out the parameters by
statistical ways.

To solve the model, we changed the styles of the objective and the constraints into
standard styles, reconstructing the model (8) as follows:

N M

max z = Cmax—zz [max (ai,k—a?,k, 0) + (di,k—dgk)}

i=1 k=1
s.t.
Aip—0iy1}p < I, 1=1,2, .., N-1, k=1,2, ... M
dl',k—di-;-l,k < —Id, 1= 1,2, ..., N-1, k= 1,2 .., M (9)
di,k_ai+1,k < Tdepart—arrives = 1,2, . k 2, .
dip—aip1 <~ i=1,2, ., N, k=12 ., M-1
aip—dip <~ i =1

2
dy—d; <0, i=1,2, ., N, k=1,2, .. M

3. FLP with fuzzy resource constraints theory
3.1 FLP with fuzzy resources
The typical FLP with fuzzy resources can be described as follows:

max z=clx

s.t.

Ax<b 10

x=0

where 0 is the fuzzy resources coefficients vector. For the fuzzy constraints Ax < b, the
ith constraint is:

Axy<b, i=1,2 .., m (11)

Set the maximal tolerance to be p; , the fuzzy function is defined as follows:

1, (Ax); <
o= p(x) =< 0 (Ax); > bi+p; 12
1—((Ax);—=b;) /bi» bi < (Ax); < bi+p;
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Then, the FLP model (1) can be remodeled as follows:

max z=clx

s.t.
(Ax); <bi+A—o)p;, 1—1,2, ..., m
x=0

(13)

Set @ =1—a, the model is turned to be:

max z=clx

s.t.
Ax<b+60p
x=0

The optimal solution to the model is:

8" = {@*(0), 1-0)|0<[0, 1]} (15)

3.2 FLP of resources with fuzzy coefficients boundaries of fuzzy resources

There is a kind of FLP problem for the engineering computation, which has the fuzzy

boundaries of the coefficients value range. The boundaries can be described as the

fuzzy numbers. That is to say, the upper and lower boundaries of b are fuzzy numbers.
The ith constraint of Ax < b is:

Axy<b, i=1,2 .., m (16)

Then, b; €[L; U, L;, U; are the lower and upper boundaries of b;, respectively.
Set:

Bi=/(U)) 17)

where f is a fuzzy membership function. It can be a triangle, a trapezoid or Gaussian
function. Then, U; can be described as:

Ui =f"(8) (18)

where ! is the inverse function of f.
Likewise, set:

7i =&(Ly) 19)
g 1is a kind of fuzzy membership function, similar with f.
Then:
Li=g(n) (20

where g1 is the inverse function of g.
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As it is known, b; €[L;, U;], then set:
o= uw(b) = qL;,U) @1

where ¢ and p are similar with f. They are also fuzzy membership functions. Then b;
can be described as:

b= 'L U =q7 (g7 ()57 (B) @)

where ¢~ is the inverse function of g.
So the model can be changed into:

max z=clx

s.t.

A, <a' @ U= (g2 (), £(R)), =12 om P
x=0

4. Improved FLP model for train re-scheduling
By using the theory in Section 3, model (9) can be remodeled as a FLP model with fuzzy
resources’ boundaries constraints.

The tiepart—arrive 15 @ fuzzy number. Even the boundaries of value range of
Tdepari—arrive A€ fUzzZy. So we can remodel the problem as follows:

N
max z = Cpax ZZ[maX(al—,k—a?’k, 0)—(di,k—d?,k)}

=1 k=1
s.t.
ai,k_ai+lk _]a, l:]. 2 N N—]_’ k:l’ 2’ Ca M
dyj—disip<—lg i=12 .., N-1, k=12 ..., M
di,k—di+1k<q— ( _1(“/), f_ (ﬁ)>’ 1=1, 2’ , N 1’ k_l, 2’ , M
dip—aip1 <~ i=1,2, .., N, k=12 .., M-1
di,k_di,k<—t2};ndwena =12 .., N, k:l, 2, ... M
&) —dip<0, i=1,2, .., N, k=12 .., M

24)

where y is the membership of the lower boundary of Tdepart—arrive and f is the membership
of upper boundary of  Taepari-arrive & Y4%) is the lower boundary of
Tdepart—arvive ANA f~ I p) is the upper boundary of 74.41—arive Cmax 1S an enough large
number which is much larger than %, SV, max(a;;—ay;,0) and di,k—d?’k.

In this paper, the membership functions, ¢, g and f are designed as the triangle
functions. The upper bound of 74p4r1—arive 1s U, which is a triangle fuzzy member.
U~[2, 4], and the average value of U is 3. The lower bound of 7 .p4y—arrive 1S L, whose
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Figure 1.

The left line is not
available when the
objective function is
triangle function

average value is 2. § is the value of membership:

0, U>4
(4-U)/(4-3), 3<U <4

b=r)= (U1-2)/(3-2), 2<U <3
0, U <2

(25)

Since the constraints in this problem are resources constraints, then the more the
resources are, the bigger the objective value will be. So when the membership value is g,
the left part of the polyline in Figure 1 is useless when solving the problem. Then the
useful part is kept, as follows:

O» U>4

p=r)= { U—U)/(4=3), 3<U <4 (26)

Then the upper bound of 74ep4r1—arrive is U=4—P.
In the like manner, y is set to be the membership value for the lower bound of

Tdepart—arrive-

0,L>3
1=80) =9 3_1)/(3-2),2<L <3 @7)
The lower bound of Zgepari—arrive 1S L =3-7.
Additionally, tgepart—arive 15 also described as a triangle fuzzy number. The
membership value « is:

o= N(Tdeﬁart—awive)
{ 07 Tdepart—arrive = U

(U_Tdepartfarrive) / (U_(U+L)/2) (U +L)/2 < Tdepart—arrive < U @8)

Then we get Tdepart—arrive = 4_ﬂ_(1/2)a(1_ﬁ+"/)-

ﬁA
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Then the model can be changed into:

max z = Cmax—iv:f: {max (a,-7k—a2k, 0) — (dl'7k_d2k):|

i=1 k=1
s.t.

Gip—Gipp < —lg 1=1,2, ...
dip—dis1p<—Ig, i=1,2, ...
di,k_ai+1,k < 4—/3—%0((1—34—7»), 1= 1,2, ...
dip—Gips1 < —l‘Z};n’mn, =12 ...
@i p—dip < —l‘z};n’dweu, i=1,2, ...

& —dip<0, i=1,2, .., N, k=12, .., M

1

In this model, a resource constraint is analyzed and seen as a fuzzy constraint. Even
the boundaries of the resource 7gpar—arrive are described as the fuzzy numbers. All the
fuzzy numbers are transferred into certain numbers to be ready to be solved. This
treatment makes the constraint and the model more accordance with the actual case. In
reality, some of the resources are actually very difficult to obtain and have the fuzzy
characteristics. So it is necessary to do such process. The most important improvement
compared to the existing fuzzy linear model for train re-scheduling is also such process.

5. Computation cases and analysis

5.1 Results of the computation cases

There are 13 stations and 12 sections on the section between Beijing and Zhengzhou.
We apply the model into two computation cases. The first one is that we assume
several trains are delayed for a period of time. The second one is that we assume that a
track in a section is affected by an emergency and the two-track railway section
becomes a single-track railway.

In total, 14 trains are planned at the down-going direction and another fourteen
trains at the up-going direction on the working diagram from 8 to 12 a.m. The original
planned timetable is shown in Tables I, Il and Figure 2. The minimum dwelling time of
all the trains at each station are listed in Table IIl. The data in Table IV are the
minimum running time of all the trains in each railway section. The trains are divided
into two grades. G71,G83,G79,G90,G92 belong to the first grade, which requires less
running time on each section that the trains G507,G651,G501,G653,G509,G571,G511,
(G655,G513,G657,G515,G560,G508,G562,G652,G502,G654,G512,G672,G6732,G6734,
(G6704,G602 and G92 which belong to the second grade.

Case 5.1. In computation case 1, we take it for granted that five trains at the down-
going direction, G83,G571,G511,G79,G655, and four trains at the up-going direction,
(G90,G508,G562,G652 are disturbed when running on section between Beijing and
Zhuozhou. They are later 9, 13.5,10, 10.5, 20, 10,10,10 and 10 minutes, respectively than
as planned.

In the computation, we use a computer with a CPU of 15-2400 and 2G RAM. The
software is Matlab 6.0.

In this experiment, the optimal solution is obtained with the parameters a=1, f=1.
I,=1;=3. tZ}?m’“m and tz}em’dweu are set as the data shown in Tables III and IV.
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Table 1.
The planned

timetable from 8 to

12 a.m. in section

between Beijing and

Zhengzhou in the

down-going direction

G507 G651 G501 G71 G653
Arrive  Depart Arrive  Depart Arrive Depart Arrive Depart Arrive  Depart
Beijing 8.0000 8.2100
Zhuozhou 82400 82400 84600  8.5400
Gaobeidian 82900 82900 85900  8.5900
Baoding 74600 74800 80900 80900 84100 84300 91100  9.1100
Dingzhou 75400 75600 80800 80800 82400 82600 85800 85800 9.2600  9.2600
Shijiazhuang 81900 82300 82400 82800 84900 85200 91900 9.2200 9.4600  9.4900
Gaoyi 83700 83700 84200 84200 9.0600 9.0600  9.3600  9.3600 10.0100 10.0100
Xingtai 85200 85200 85600 85800 92000 9.2200 95100 95100 10.1500 10.1500
Handan 9.0200 90400 91400 91600 93200 93200 10.0100 10.0300 10.2400 10.2400
Anyang 91800 91800 93000 9.3000 94700 94900 10.1700 10.1700 10.3700 10.3900
Hebi 93100 93300 94400 94600 10.0100 10.0100 10.3000 10.3000 10.5300 10.5300
Xinxiang 94900 95200 95700 95700 10.1100 10.1100 104100 10.4300 11.0500 11.1800
Zhengzhou  10.1300 10.1900 10.3100 11.0400 11.3900
G509 G83 G571 G511 G79
Arrive  Depart  Arrive  Depart Arrive Depart Arrive  Depart Arrive  Depart
Beijing 8.4300 9.0000 9.2700 9.3700 10.0000
Zhuozhou 9.0700 90700 92100 92100 94630 94630 10.0200 10.0400 10.2130 10.2130
Gaobeidian ~ 10.1100 101100 92500 92500 9.5200 95200 10.0830 10.0830 10.2530 10.2530
Baoding 92400 92600 93600  9.3600 10.0800 10.1000 10.2100 10.2100 10.3700 10.3700
Dingzhou 94400 95100 94830 94830 10.2500 10.2500 10.3600 10.3600 104950 10.4950
Shijiazhuang 10.1400 10.1700 10.0700 10.0900 104600 10.5000 10.5600 10.5900 11.0700 11.0900
Gaoyi 10.3000 10.3000 10.2030 10.2030 11.0330 11.0330 11.1300 11.2500 11.2030 11.2030
Xingtai 104300 104300 10.3200 10.3200 11.1800 11.2000 11.4230 114230 11.3200 11.3200
Handan 105400 105400 104100 10.4100 11.3600 114500 115500 11.5500 11.4030 11.4030
Anyang 11.0600 11.0600 10.5230 10.5230 11.5800 11.5800 11.5200 11.5200
Hebi 11.1800 11.2000 11.0330 11.0330
Xinxiang 11.3000 11.3000 11.1200 11.1200
Zhengzhou 11.5000 11.3000
G655 G513 G657 G515
Arrive  Depart  Arrive Depart Arrive Depart Arrive  Arrive
Beijing 10.0500 10.4800 11.0600 11.5000
Zhuozhou 10.3000 10.3000 11.1300 11.1300 11.3000 11.3000
Gaobeidian ~ 10.3500 10.3700 11.1800 11.2000 11.3500 11.3500
Baoding 105300 10.5500 11.3130 11.3130 114700 11.4900
Dingzhou 11.1000 11.1000 114500 11.4500
Shijiazhuang 11.3100 11.3400 12.0700 12.1100
Gaoyi 115030 11.5030

Note: aa.bbcc stands for bb minutes cc seconds at aa o’clock

Since Chax 18 set to be 5,000, the optimal objective of the model is calculated to be
4,197.5 according to model (29). The summary delayed time of the down-going trains is
485 minutes and the summary delayed time of up-going trains is 317.5 minutes. The
total delay time of all the trains at all the stations is 802.5 minutes, including the
arriving delay time and the departing delay time.

For different groups of parameters, the computational results are presented in
Figure 3.

According to the parameter linear programming algorithm, the solution to the train
re-scheduling model is shown in Tables V, VI and Figure 4. The inbound and outbound
times in Tables V and VI in italic type are the re-scheduled time based on the data in
Tables I and II.
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Beijing
Zhuozhou
Gaobeidian
Baoding
Dingzhou
Shijiazhuang
Gaoyi
Xingtai
Handan
Anyang
Hebi
Xinxiang
Zhengzhou

Beijing
Zhuozhou
Gaobeidian
Baoding
Dingzhou
Shijiazhuang
Gaoyi
Xingtai
Handan
Anyang
Hebi
Xinxiang
Zhengzhou

Beijing
Zhuozhou
Gaobeidian
Baoding
Dingzhou
Shijiazhuang
Gaoyi
Xingtai
Handan

G560
Arrive  Depart

11.3700
11.2600
11.0700
10.5300
10.3400
10.2030
10.0700
9.5500
9.3000
9.1300
8.5500

11.3900
11.2800
11.1000
10.5300
10.3400
10.2030
10.0700
9.5700
9.3800
9.1500
85700
8.3500
G502
Arrive  Depart

11.5600 11.5600
11.4400 11.4400
11.2100  11.3400

11.0100

G6734

Arrive  Depart
12.1900
11.5200
11.4100
11.2800
11.1330
10.5100
10.3730
10.2300

11.5400
11.4300
11.2800
11.1330
10.5300
10.3730
10.2300
10.1300

G90
Arrive  Depart
11.3000
11.0900
11.0430
10.5300
10.4100
10.2100
10.0830

9.5600
9.4700
9.3400
9.2400
9.1600

11.0900
11.0430
10.5300
10.4100
10.2300
10.0830
9.5600
94700
9.3400
9.2400
9.1600
9.0000
G654
Arrive  Depart

12.0000
11.4800
11.3830
11.2900

12.0000
11.4800
11.3830
11.2900
11.1200
G6704
Arrive  Depart
85700
8.2900
8.1800

8.3200
8.2000
8.0100

G508
Arrive  Depart

11.5100
11.3700
11.1300
11.0000
10.4300
10.3300
10.1830
10.0300

9.5330

11.5100
11.3700
11.1700
11.0000
10.4500
10.3300
10.1830
10.0500

9.5330

9.3200

G512

Arrive  Depart

11.5000 11.5200

11.3000
G602

Arrive  Depart

9.5300
9.2900  9.2900
9.2500  9.2500
9.1000  9.1200
85600 85600
8.3400

Note: aa.bbce stands for bb minutes cc seconds at aa o’clock

G562
Arrive  Depart

11.5130
11.2800
11.1400
10.5930
10.4700
10.2800
10.1300
10.0000

115130
11.3100
11.1400
10.5930
10.4900
10.3000
10.1300
10.0200

9.4000

G672

Arrive  Depart

12.0000 12.0200

11.4000

G92

Arrive  Arrive
11.0000
10.3800
10.3400
10.2100
10.0900

10.3800
10.3400
10.2100
10.0900

9.5000

G652
Arrive  Depart

11.5500
11.3800
11.2400
11.1400
11.0000
10.4500
10.3400

11.5800
11.4000
11.2400
11.1400
11.0000
10.4700
10.3400
10.1400
G6732
Arrive  Depart
10.2300
9.5900
9.5430
9.3900
9.2400
9.0000
8.4300
8.1730

9.5900
9.5430
9.4200
9.2400
9.0300
84500
8.1730
8.0600
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Table II.

The planned
timetable from 8 to
12 a.m. in section
between Beijing and
Zhengzhou in the
up-going direction

It is easy to see that all the delayed trains recover the operation according to the
original timetable before 11:40. G83 is planned to overtake G509 at Dingzhou at 9.5830.
Since G83 arriveds late at Shijiazhuang station, it is designed to overtake G509 at
Shijiazhuang according to re-planned timetable. It recovers to operate according to the
original timetable at Hebi at 11:0330. The other four trains at the down-going direction
eliminate the delays at Shijiazhuang station.

G90 1s rescheduled to reduce the delayed time in the whole section and arrives at
Beijing at time as it is planned. It still dwells on Shijiazhuang for two minutes. G560 is
affected by G90 because the minimum interval between departures is three minutes
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from 8 to 12a.m. in
section between

working diagram
Beijing and

The planned train

Figure 2.
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Table III.
The minimal

dwelling time of all

the trains at ea
Ztr_nm,dwell
i,k

station
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Table IV.

The minimal
running time of all
the trains in each

section (£,"""")

(G507,G651,G501,G653,G509,G571,G511,
(G655,G513,G657,G515,G560,G508
(G562,G652,G502,G654,G512,G672,G6732,

(G6734,G6704,G602,G92 G71,G83,G79,G90,G92
Beijing-Zhuozhou 21 20
Zhuozhou-Gaobeidian 4 3
Gaobeidian-Baoding 9 8
Baoding-Dingzhou 10.30 9
Dingzhou- Shijiazhuang 12.30 11
Shijiazhuang-Gaoyi 10 9.30
Gaoyi-Xingtai 12 10.30
Xingtai-Handan 9 7
Handan-Anyang 12 10
Anyang-Hebi 12 9.30
Hebi-Xinxiang 10 8.30
Xinxiang-Zhengzhou 20 18

Note: dd.ee stands for dd minutes and ee seconds

Figure 3.
Relation between
objective function
value and a,

and G90 departures from Shijiazhuang at 9:5800. G560 has to starts off not earlier than
10:01. G508 and G562 recover the operation according to the original timetable at
Shijiazhuang station and G652 fulfils the process at Gaoyi station.

In addition, it is needed to analyze the sensitivity of optimal objectives with respect
to the parameters. We set a and g, respectively and solve the FLP, as shown Figure 3.
We can see the larger the membership is, the larger the objective value is. When
a= =1 the programming degenerates into a typical FLP. With a and f rise, the
objective value becomes larger and larger. When a = =1, the objective value is the
maximal, 4,197.5. At this point, the membership is the biggest. The interpretation is,
the objective value is reaching the maximal value gradually with the more possibility
that the objective coefficient is set to be the biggest.
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G507 G651 G501 G71 G653
Arrive  Depart  Arrive Depart Arrive Depart Arrive Depart  Arrive  Depart
Beijing 8.0000 8.2100
Zhuozhou 82400 82400 84600  8.5400
Gaobeidian 82900 82900 85900  8.5900
Baoding 74600 74800 80900 80900 84100 84300 91100  9.1100
Dingzhou 75400 75600 80800 80800 82400 82600 85800 85800 9.2600  9.2600
Shijiazhuang 81900 82300 82400 82800 84900 85200 91900 9.2200 9.4600  9.4900
Gaoyi 83700 83700 84200 84200 9.0600 9.0600 9.3600 9.3600 10.0100 10.0100
Xingtai 85200 85200 85600 85800 92000 9.2200 95100 95100 10.1500 10.1500
Handan 9.0200 90400 91400 91600 93200 9.3200 10.0100 10.0300 10.2400 10.2400
Anyang 9.1800 91800 93000 9.3000 94700 94900 10.1700 10.1700 10.3700 10.3900
Hebi 93100 93300 94400 94600 10.0100 10.0100 10.3000 10.3000 10.5300 10.5300
Xinxiang 94900 95200 95700 95700 10.1100 10.1100 104100 10.4300 11.0500 11.1800
Zhengzhou  10.1300 10.1900 10.3100 11.0400 11.3900
G509 G83 G571 G511 G79
Arrive  Depart Arrive Depart  Arrive Depart  Arrive Depart  Arrive  Depart
Beijing 8.4300 9.0000 9.2700 9.3700 10.0000
Zhuozhou 9.0700 90700 93000  9.3000 10.0000 10.0000 10.1200 10.1400 10.3200 10.3200
Gaobeidian ~ 10.1100 10.1100  9.3530  9.3530 10.0400 10.0400 10.1600 10.1600 10.3500 10.3500
Baoding 92400 92600 94400  9.4400 10.1600 10.1800 10.2700 10.2700 104330 10.4330
Dingzhou 94400 95100 95800 95800 10.2930 10.2930 10.3900 10.3900 10.5330 10.5330
Shijiazhuang  10.1400 10.2200 10.1700 10.1900 104600 10.5000 10.5600 10.5900 11.0700 11.0900
Gaoyi 10.3200 103200 10.2900 10.2900 11.0330 11.0330 11.1300 11.2500 11.2030 11.2030
Xingtai 104500 10.4500 10.3930 10.3930 11.1800 11.2000 114230 11.4230 11.3200 11.3200
Handan 10.5400 105400 104700 104700 11.3600 114500 115500 11.5500 11.4030 11.4030
Anyang 11.0600 11.0600 105700 10.5700 115800 11.5800 11.5200 11.5200
Hebi 11.1800 11.2000 11.0700 11.0700
Xinxiang 11.3000 11.3000 11.1430 11.1430
Zhengzhou 11.5000 11.3000
G655 G513 G657 G515
Arrive  Depart  Arrive Depart Arrive Depart  Arrive  Arrive
Beijing 10.0500 10.4800 11.0600 11.5000
Zhuozhou 10.5000 10.5000 11.1300 11.1300 11.3000 11.3000
Gaobeidian 105500 105700 11.1800 11.2000 11.3500 11.3500
Baoding 11.0600 11.0800 11.3130 11.3130 11.4700 11.4900
Dingzhou 11.1830 11.1830 11.4500 11.4500
Shijiazhuang 11.3100 11.3400 12.0700 12.1100
Gaoyi 115030 11.5030
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Table V.

The re-scheduled
timetable from 8 to
12 a.m. in section

between Beijing
and Zhengzhou

in the down-going

direction in

Note: aa.bbce stands for bb minutes cc seconds at aa o’clock

computation Case 1

To show the advancement of the improved FLP proposed in this paper, we also did the
data experiments with the typical FLP model. The re-scheduled timetables are shown
in Tables VII, VIII and Figure 5.

Case 5.2. In this case, the relevant basic data are the same as those in computation.
We assume that an emergency occurs in the section between Beijing and Zhuozhou,
causing a failure of one of the tracks. Then the section between Beijing and Zhuozhou
becomes a single-track rail section. The time interval for two meeting trains at a station
is set to be 1 minute. Then the computing results of Case 2 are listed in Tables IX, X
and Figure 6.

According to the computing results, the departure from Zhuozhou of G6704 is
delayed for 15 minutes to avoid the conflict with G563. Then the chain reaction is
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Table VI.

The re-scheduled
timetable from 8 to
12 a.m. in section
between Beijing and
Zhengzhou in the
up-going direction in
computation Case 1

Beijing
Zhuozhou
Gaobeidian
Baoding
Dingzhou
Shijiazhuang
Gaoyi
Xingtai
Handan
Anyang
Hebi
Xinxiang
Zhengzhou

Beijing
Zhuozhou
Gaobeidian
Baoding
Dingzhou
Shijiazhuang
Gaoyi
Xingtai
Handan
Anyang
Hebi
Xinxiang
Zhengzhou

Beijing
Zhuozhou
Gaobeidian
Baoding
Dingzhou
Shijiazhuang
Gaoyi
Xingtai
Handan

G560
Arrive  Depart
12.0400
11.3700
11.2600
11.0700
10.5400
10.3530
10.2300
10.1000

9.5500
9.3000
9.1300
8.5500

11.3900
11.2800
11.1000
10.5400
10.3530
10.2300
10.1000
10.0100
9.3800
9.1500
85700
8.3500
G502
Arrive  Depart

115600 11.5600
11.4400 11.4400
11.2100  11.3400

11.0100

G6734

Arrive  Depart
12.1900
11.5200
11.4100
11.2800
11.1330
10.5100
10.3730
10.2300

11.5400
11.4300
11.2800
11.1330
10.5300
10.3730
10.2300
10.1300

G90
Arrive  Depart
11.3000
11.1200
11.0830
10.5900
10.4800
10.3100
10.1900
10.0700

9.5800
9.4600
9.3500
9.2600

11.1200
11.0830
10.5900
10.4800
10.3300
10.1900
10.0700
9.5800
9.4600
9.3500
9.2600
9.0000
G654
Arrive  Depart

12.0000
11.4800
11.3830
11.2900

12.0000
11.4800
11.3830
11.2900
11.1200
G6704
Arrive  Depart
85700
8.2900
8.1800

8.3200
8.2000
8.0100

G508
Arrive  Depart

11.5100
11.3700
11.1300
11.0030
10.4500
10.3730
10.2500
10.1200
10.0330

11.5100
11.3700
11.1700
11.0030
10.4700
10.3730
10.2500
10.1400
10.0330

9.3200

G512

Arrive  Depart

11.5000 11.5200

11.3000
G602

Arrive  Depart

9.5300
9.2900  9.2900
9.2500  9.2500
9.1000  9.1200
85600 85600
8.3400

Note: aa.bbcc stands for bb minutes cc seconds at aa o’clock

G562
Arrive  Depart

12.0600
115130
11.2800
11.1400
10.5930
10.4800
10.3100
10.2030
10.1000

12.0800
115130
11.3100
11.1400
10.5930
10.5000
10.3300
10.2030
10.1200

9.4000

G672

Arrive  Depart

12.0000 12.0200

11.4000

G92

Arrive  Arrive
11.0000
10.3800
10.3400
10.2100
10.0900

10.3800
10.3400
10.2100
10.0900

9.5000

G652
Arrive  Depart

11.5500
11.3800
11.2630
11.1830
11.0730
10.5500
10.4400

11.5800
11.4000
11.2630
11.1830
11.0730
10.5700
10.4400
10.1400
G6732
Arrive  Depart
10.2300
9.5900
9.5430
9.3900
9.2400
9.0000
8.4300
8.1730

9.5900
9.5430
9.4200
9.2400
9.0300
84500
8.1730
8.0600

caused for the trains from different directions cannot occupy the affected section
simultaneously. G509, G83 are postponed for 235 minutes and 12 minutes,
respectively to avoid G6704, and G79, G655 are delayed to avoid G6732, G92 is
delayed at Zhuozhou to avoid the conflict with G79 and G655 and so on. G511 is
rescheduled to arrive at Zhuozhou earlier than it is planned to assure that G6732 can
run as it is planned.

The summary delayed time of the down-going trains is 1,625 minutes and that
of the up-going trains is 125 minutes. It is because that the emergency occurs at
the section between Beijing and Zhuozhou, which affects the down-going trains
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Table VII.

The re-scheduled
timetable from 8 to
12 am. in section
between Beijing and
Zhengzhou in the
down-going direction

with typical
fuzzy linear
programming in

computation Case 1

Beijing
Zhuozhou
Gaobeidian
Baoding
Dingzhou
Shijiazhuang
Gaoyi
Xingtai
Handan
Anyang
Hebi
Xinxiang
Zhengzhou

Beijing
Zhuozhou
Gaobeidian
Baoding
Dingzhou
Shijiazhuang
Gaoyi
Xingtai
Handan
Anyang
Hebi
Xinxiang
Zhengzhou

Beijing
Zhuozhou
Gaobeidian
Baoding
Dingzhou
Shijiazhuang
Gaoyi

G507

Arrive

7.5400
8.1900
8.3700
85200
9.0200
9.1800
9.3100
94900
10.1300

Depart

7.5600
8.2300
8.3700
8.5200
9.0400
9.1800
9.3300
9.5200

G509

Arrive

9.0700
10.1100

9.2400

9.4400
10.1400
10.3400
10.4700
10.5600
11.0800
11.2000
11.3200
11.5200

Depart
8.4300
9.0700

10.1100
9.2600
9.5100

10.2400

10.3400

10.4700

10.5600

11.0800

11.2200

11.3200

G655

Arrive

10.5000
10.5500
11.0600
11.1830
11.3300
11.5100

Depart
10.0500
10.5000
10.5700
11.0800
11.1830
11.3600
11.5100

G651

Arrive

7.4600
8.0800
8.2400
8.4200
8.5600
9.1400
9.3000
9.4400
9.5700
10.1900

Depart

7.4800
8.0800
8.2800
8.4200
8.5800
9.1600
9.3000
9.4600
9.5700

G83

Arrive

9.3000
9.3630
9.4600
9.5900
10.1900
10.3100
10.4130
10.4900
10.5900
11.0900
11.1630
11.3200

Depart
9.0000
9.3000
9.3630
9.4600
9.5900

10.2100

10.3100

10.4130

10.4900

10.5900

11.0900

11.1630

G513

Arrive

11.1300
11.1800
11.3130
11.4500
12.0700

Depart
10.4800
11.1300
11.2000
11.3130
11.4500
12.1100

G501

Arrive

8.0900
8.2400
8.4900
9.0600
9.2000
9.3200
9.4700
10.0100
10.1100
10.3100

Depart

8.0900
8.2600
8.5200
9.0600
9.2200
9.3200
9.4900
10.0100
10.1100

G571

Arrive

10.0000
10.0400
10.1600
10.3030
10.4800
11.0500
11.1800
11.3600
11.5800

Depart

9.2700
10.0000
10.0400
10.1800
10.3030
10.5200
11.0500
11.2000
11.4500
11.5800

G657

Arrive

11.3000
11.3500
11.4700

Note: aa.bbcc stands for bb minutes cc seconds at aa o’clock

Depart
11.0600
11.3000
11.3500
11.4900

G71

Arrive

8.2400
8.2900
8.4100
8.5800
9.1900
9.3600
9.5100
10.0100
10.1700
10.3000
10.4100
11.0400

Depart
8.0000
8.2400
8.2900
8.4300
8.5800
9.2200
9.3600
9.5100

10.0300

10.1700

10.3000

10.4300

G511

Arrive

10.1200
10.1800
10.2900
10.4100
10.5800
11.1300
11.4230
11.5500

Depart

9.3700
10.1400
10.1800
10.2900
10.4100
11.0100
11.2500
11.4230
11.5500

G515

Arrive

Arrive
11.5000

G653

Arrive

8.4600
8.5900
9.1100
9.2600
9.4600
10.0100
10.1500
10.2400
10.3700
10.5300
11.0500
11.3900

Depart
8.2100
8.5400
8.5900
9.1100
9.2600
9.4900

10.0100

10.1500

10.2400

10.3900

10.5300

11.1800

G79

Arrive

10.3200
10.3530
10.4400
10.5430
11.0900
11.2100
11.3200
11.4030
11.5200

Depart
10.0000
10.3200
10.3530
10.4400
10.5430
11.1100
11.2100
11.3200
11.4030
11.5200

more seriously. The total delayed time is 1,750 minutes and the objective value is
3,250 minutes.
In the same manner, we did the data experiments with the typical FLP model on

Case 2. The re-scheduled timetables are shown in Tables XI, XII and Figure 7.

5.2 Analysis of the computation cases
According to the data in Tables VII and VIII, the summary delayed time of the
down-going trains is 590 minutes and the summary delayed time of up-going trains is
402.5 minutes. Compared to the results in Tables V and VI, the summary delayed time
of the down-going trains calculated out with the typical FLP model is 105 minutes more
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Beijing
Zhuozhou
Gaobeidian
Baoding
Dingzhou
Shijiazhuang
Gaoyi
Xingtai
Handan
Anyang
Hebi
Xinxiang
Zhengzhou

Beijing
Zhuozhou
Gaobeidian
Baoding
Dingzhou
Shijiazhuang
Gaoyi
Xingtai
Handan
Anyang
Hebi
Xinxiang
Zhengzhou

Beijing
Zhuozhou
Gaobeidian
Baoding
Dingzhou
Shijiazhuang
Gaoyi
Xingtai
Handan

G560
Arrive  Depart
12.0400
11.3700
11.2600
11.1000
10.5600
10.3700
10.2400
10.1130

9.5500
9.3000
9.1300
8.5500

11.3900
11.2800
11.1300
10.5600
10.3700
10.2400
10.1130
10.0100
9.3800
9.1500
85700
8.3500
G502
Arrive  Depart

11.5600 11.5600
11.4400 11.4400
11.2100  11.3400

11.0100

G6734

Arrive  Depart
12.1900
11.5200
11.4100
11.2800
11.1330
10.5100
10.3730
10.2300

11.5400
11.4300
11.2800
11.1330
10.5300
10.3730
10.2300
10.1300

G90
Arrive  Depart
11.3300
11.1400
11.1000
11.0100
10.4900
10.3100
10.1900
10.0700

9.5800
9.4600
9.3500
9.2600

11.1400
11.1000
11.0100
10.4900
10.3300
10.1900
10.0700
9.5800
9.4600
9.3500
9.2600
9.0000
G654
Arrive  Depart

12.0000
11.4800
11.3830
11.2900

12.0000
11.4800
11.3830
11.2900
11.1200
G6704
Arrive  Depart
85700
8.2900
8.1800

8.3200
8.2000
8.0100

G508
Arrive  Depart

11.5230
11.3830
11.1500
11.0130
10.4500
10.3730
10.2500
10.1200
10.0330

11.5230
11.3830
11.1900
11.0130
10.4700
10.3730
10.2500
10.1400
10.0330

9.3200

G512

Arrive  Depart

11.5000 11.5200

11.3000
G602

Arrive  Depart

9.5300
9.2900  9.2900
9.2500  9.2500
9.1000  9.1200
85600 85600
8.3400

Note: aa.bbce stands for bb minutes cc seconds at aa o’clock

G562
Arrive  Depart

12.0600
11.5130
11.2800
11.1430
11.0100
10.4900
10.3300
10.2130
10.1000

12.0800
115130
11.3100
11.1430
11.0100
10.5100
10.3500
10.2130
10.1200

9.4000

G672

Arrive  Depart

12.0000 12.0200

11.4000

G92

Arrive  Arrive
11.0000
10.3800
10.3400
10.2100
10.0900

10.3800
10.3400
10.2100
10.0900

9.5000

G652
Arrive  Depart

11.5700
11.4300
11.3000
11.2100
11.0800
10.5500
10.4400

12.0000
11.4500
11.3000
11.2100
11.0800
10.5700
10.4400
10.1400
G6732
Arrive  Depart
10.2300
9.5900
9.5430
9.3900
9.2400
9.0000
8.4300
8.1730

9.5900
9.5430
9.4200
9.2400
9.0300
84500
8.1730
8.0600

Re-scheduling
based on an
improved
FLP model
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Table VIII.

The re-scheduled
timetable from 8 to
12 am. in section
between Beijing and
Zhengzhou in the
up-going direction
with typical fuzzy
linear programming
in computation
Case 1

than that with the improved FLP model. Similarly, the summary delayed time of the
up-going trains is 85 minutes more. Correspondingly, the optimal objective of the model
is calculated to be 4,007.5, which is much smaller than 4,197.5. We can conclude that the
model proposed in this paper has more preeminent optimizing ability.

In Case 2, the optimal objective of the model is calculated to be 3,183. The summary
delayed time of the down-going trains is 1,684 minutes and the summary delayed time
of up-going trains is 133 minutes. Compared to the results in Tables IX and X, the
summary delayed time of the down-going trains and the up-going trains calculated out
with the typical FLP model is both more than that with the improved FLP model



4410

noyzonyy pue Jurllog usom3aq UoI1309s ul Juruuns

USYM POqIMISIp a1k suren dy3 Jeyy Ajdwr saur] Aaem 9y ] Suler} paqimisIp Y3 Jo soL10309(en Suraow panpayos-o1
A} 9IB SOUI| PaI Y, ‘SUTRI} PIQINSIP Y} JO SAL1039a[en Suraowr pouueld [eurSLIO oY) I0J PUL]S SUI] PANOP Y, :SAJON

pay

«

2599
00:0}

2955_2

059,

069,

006,

00:8

2,99 2089,
awl M
'L 00:2L 1557 ¥5957 oo;

noyzbuayz

Bueixury

X

1geH

7

BueAuy
2€/99

uepueH

<

rejburx

D il

1hoen

%
X

Buenyzeliys
$029D

N
N
<

Va

noyzbuig

7059
Ruipoeg

1G99

IPIgoeD

oyzonyz
10SO

Bullieg

<
N

SLSO 1999

1494

G599

LSO

LLSO

€89

6059

)

€590 y 1O
suopels

Figure 5.

The re-planned train
working diagram
generated with the

from 8 to 12 a.m. in
section between

programming model
Beijing and

typical fuzzy linear

(1d) 9T0Z JoquWeAON #T ST:2Z 1V STIDOTONHOTL NOILVYINHOANI 40 ALISHIAINN LNINHS VL Aq pepeojumog

Zhengzhou in

computation Case 1




Downloaded by TASHKENT UNIVERSITY OF INFORMATION TECHNOLOGIES At 22:15 14 November 2016 (PT)

Re-scheduling
based on an

improved
FLP model

1495

Table IX.

G507 G651 G501 G71 G653
Arrive  Depart  Arrive Depart Arrive Depart Arrive Depart  Arrive  Depart
Beijing 8.0000 8.2100
Zhuozhou 82400 82400 84600  8.5400
Gaobeidian 82900 82900 85900  8.5900
Baoding 74600 74800 80900 80900 84100 84300 91100  9.1100
Dingzhou 75400 75600 80800 80800 82400 82600 85800 85800 9.2600  9.2600
Shijiazhuang 81900 82300 82400 82800 84900 85200 91900 9.2200 9.4600  9.4900
Gaoyi 83700 83700 84200 84200 9.0600 9.0600 9.3600 9.3600 10.0100 10.0100
Xingtai 85200 85200 85600 85800 92000 9.2200 95100 95100 10.1500 10.1500
Handan 9.0200 90400 91400 91600 93200 9.3200 10.0100 10.0300 10.2400 10.2400
Anyang 9.1800 91800 93000 9.3000 94700 94900 10.1700 10.1700 10.3700 10.3900
Hebi 93100 93300 94400 94600 10.0100 10.0100 10.3000 10.3000 10.5300 10.5300
Xinxiang 94900 95200 95700 95700 10.1100 10.1100 104100 10.4300 11.0500 11.1800
Zhengzhou  10.1300 10.1900 10.3100 11.0400 11.3900
G509 G83 G571 G511 G79
Arrive  Depart Arrive Depart  Arrive Depart  Arrive Depart  Arrive  Depart
Beijing 9.0900 9.1200 9.2700 9.3700 10.2700
Zhuozhou 93030 93030 93530  9.3530 94630 94630 95800 10.0400 104830 10.4830
Gaobeidian 93500 93500 94000 94000 95200 95200 10.0830 10.0830 10.5300 10.5300
Baoding 94600 94800 95230 95230 10.0800 10.1000 10.2100 10.2100 11.0400 11.0400
Dingzhou 10.0200 100400 10.0630 10.0630 10.2500 10.2500 10.3600 10.3600 11.1600 11.1600
Shijiazhuang 10.2300 10.3100 10.2600 10.2800 104600 10.5000 10.5600 10.5900 11.3400 11.3600
Gaoyi 104200 104200 10.3900 10.3900 11.0330 11.0330 11.1300 11.2500 11.4600 11.4600
Xingtai 105330 105330 105030 105030 11.1800 11.2000 114230 11.4230 11.5630 11.5630
Handan 11.0130 11.0130 105830 10.5830 11.3600 11.4500 11.5500 11.5500 - -
Anyang 111230  11.1230 11.0930 11.0930 115800 11.5800 - -
Hebi 112400 11.2600 11.2100 11.2100
Xinxiang 11.3300 11.3300 11.2800 11.2800
Zhengzhou 11.5000 11.3500
G655 G513 G657 G515
Arrive  Depart  Arrive Depart Arrive Depart  Arrive  Arrive
Beijing 10.3000 11.3100 11.3400 11.5000
Zhuozhou 105200 105200 11.5200 11.5200 115500 11.5500
Gaobeidian 105600 10.5800 11.5600 115800 11.5900 11.5900
Baoding 11.0900 11.1100 - - - -
Dingzhou 11.2300 11.2300 - -
Shijiazhuang 11.3700 11.4000 - -
Gaoyi 115030 11.5030

Note: aa.bbce stands for bb minutes cc seconds at aa o’clock

The re-scheduled
timetable from 8 to
12 am. in section
between Beijing
and Zhengzhou in
the down-going
direction in
computation Case 2

presented in this paper. It proves again that the model proposed in this paper has more
preeminent optimizing ability.

To compare the computation efficiency of the improved FLP and typical FLP,
we recorded the computation time of the two algorithms when solving the train
re-scheduling model in Case 1. We did the data experiments 10 times with the
two programming models, respectively. The time computation cost with the improved
FLP varies from 1,828 to 1,837 milliseconds, see Table XIII. The average value is
1,832.9 milliseconds. The time cost with typical FLP varies from 1,650 to 1,660
milliseconds. The average value is 1,654.0 milliseconds. The computation time cost
with the typical linear programming is 178.9 milliseconds shorter that cost by the
improved linear programming. It stems from the fact that the improved FLP dealt with
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Table X.

The re-scheduled
timetable from 8 to
12 a.m. in section

between Beijing

and Zhengzhou in

the up-going
direction in

computation Case 2

Beijing
Zhuozhou
Gaobeidian
Baoding
Dingzhou
Shijiazhuang
Gaoyi
Xingtai
Handan
Anyang
Hebi
Xinxiang
Zhengzhou

Beijing
Zhuozhou
Gaobeidian
Baoding
Dingzhou
Shijiazhuang
Gaoyi
Xingtai
Handan
Anyang
Hebi
Xinxiang
Zhengzhou

Beijing
Zhuozhou
Gaobeidian
Baoding
Dingzhou
Shijiazhuang
Gaoyi
Xingtai
Handan

G560
Arrive  Depart

11.3700
11.2600
11.0700
10.5300
10.3400
10.2030
10.0700
9.5500
9.3000
9.1300
8.5500

11.2800
11.1000
10.5300
10.3400
10.2030
10.0700
9.5700
9.3800
9.1500
85700
8.3500
G502
Arrive  Depart

115600 11.5600
11.4400 11.4400
11.2100  11.3400

11.0100

G6734

Arrive  Depart
12.1900
11.5200
11.4100
11.2800
11.1330
10.5100
10.3730
10.2300

11.5400
11.4300
11.2800
11.1330
10.5300
10.3730
10.2300
10.1300

G90
Arrive  Depart
11.3000
11.0900
11.0430
10.5300
10.4100
10.2100
10.0830

9.5600
9.4700
9.3400
9.2400
9.1600

11.0900
11.0430
10.5300
10.4100
10.2300
10.0830
9.5600
9.4700
9.3400
9.2400
9.1600
9.0000
G654
Arrive  Depart

12.0000
11.4800
11.3830
11.2900

12.0000
11.4800
11.3830
11.2900
11.1200
G6704
Arrive  Depart
9.0800
8.2900
8.1800

8.4700
8.2000
8.0100

G508
Arrive  Depart

11.5100
11.3700
11.1300
11.0000
10.4300
10.3300
10.1830
10.0300

9.5330

11.5100
11.3700
11.1700
11.0000
10.4500
10.3300
10.1830
10.0500

9.5330

9.3200

G512

Arrive  Depart

11.5000 11.5200
11.3000
G602

Arrive  Depart
10.2600
9.2900
9.2500
9.1000
8.5600

10.0500
9.2500
9.1200
8.5600
8.3400

Note: aa.bbcc stands for bb minutes cc seconds at aa o’clock

G562
Arrive  Depart

115130
11.2800
11.1400
10.5930
10.4700
10.2800
10.1300
10.0000

115130
11.3100
11.1400
10.5930
10.4900
10.3000
10.1300
10.0200

9.4000

G672

Arrive  Depart

12.0000 12.0200

11.4000

G92

Arrive  Arrive
11.1500
10.3800
10.3400
10.2100
10.0900

10.5300
10.3400
10.2100
10.0900

9.5000

G652
Arrive  Depart

11.5500
11.3800
11.2400
11.1400
11.0000
10.4500
10.3400

11.5800
11.4000
11.2400
11.1400
11.0000
10.4700
10.3400
10.1400
G6732
Arrive  Depart
10.2300
9.5900
9.5430
9.3900
9.2400
9.0000
8.4300
8.1730

9.5900
9.5430
9.4200
9.2400
9.0300
84500
8.1730
8.0600

the boundaries of the fuzzy coefficients, which cost the computation time. Even so, the
improved fuzzy programming is acceptable because of the computational performance.

We also recorded the computation time of the two algorithms when solving the
train re-scheduling model in Case 2. The average time cost with typical FLP is
1,332.6 milliseconds, while it cost 1,523.2 milliseconds with the improved FLP averagely.
Case 2 also proved the improved linear programming is considered acceptable.

From the computing results, we also conclude that the performance of the proposed
model on the two numerical examples is steady and robust because that the cost time in
the computations varies slightly in the two cases.
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Table XI.

The re-scheduled
timetable from 8 to
12 a.m. in section

between Beijing

and Zhengzhou in

the down-going
direction with

typical fuzzy linear

programming in

computation Case 2

Beijing
Zhuozhou
Gaobeidian
Baoding
Dingzhou
Shijiazhuang
Gaoyi
Xingtai
Handan
Anyang
Hebi
Xinxiang
Zhengzhou

Beijing
Zhuozhou
Gaobeidian
Baoding
Dingzhou
Shijiazhuang
Gaoyi
Xingtai
Handan
Anyang
Hebi
Xinxiang
Zhengzhou

Beijing

Zhuozhou

Gaobeidian

Baoding

Dingzhou

Shijiazhuang
aoyi

G507
Arrive  Depart

7.5400
8.1900
8.3700
8.5200
9.0200
9.1800
9.3100
9.4900
10.1300
G509
Arrive  Depart
9.0900
9.3030
9.3500
9.4900
10.0500
10.3200
10.4200
10.5330
11.0130
11.1230
11.2600
11.3300

7.5600
8.2300
8.3700
8.5200
9.0400
9.1800
9.3300
9.5200

9.3030

9.3500

9.4700
10.0300
10.2400
10.4200
10.5330
11.0130
11.1230
11.2400
11.3300
11.5000

G655

Arrive  Depart
10.3000
10.5300
11.0000
11.1300
11.2400
11.4000
11.5030

10.5300
10.5800
11.1100
11.2400
11.3700
11.5030

G651
Arrive  Depart

7.4600
8.0800
8.2400
8.4200
8.5600
9.1400
9.3000
9.4400
9.5700
10.1900
G83
Arrive  Depart
9.1200
9.3530
9.4000
9.5230
10.0800
10.2900
10.3900
10.5030
10.5830
11.0930
11.2100
11.2800

7.4800
8.0800
8.2800
8.4200
8.5800
9.1600
9.3000
9.4600
9.5700

9.3530
9.4000
9.5230
10.0800
10.2700
10.3900
10.5030
10.5830
11.0930
11.2100
11.2800
11.3500
G513

Arrive  Depart

11.3100
11.5230 115230
11.5900  11.5900

G501
Arrive  Depart

8.0900
8.2400
84900
9.0600
9.2000
9.3200
9.4700
10.0100
10.1100
10.3100
G571
Arrive  Depart
9.2700
9.4630
9.5200
10.1000
10.2500
10.5000
11.0330
11.2000
11.4500
11.5800

8.0900
8.2600
8.5200
9.0600
9.2200
9.3200
9.4900
10.0100
10.1100

9.4630

9.5200
10.0800
10.2500
10.4600
11.0330
11.1800
11.3600
11.5800

G657
Arrive  Depart
11.3400
115530 11.5530
12.0000  12.0000

Note: aa.bbcc stands for bb minutes cc seconds at aa o’clock

G71
Arrive  Depart
8.0000
8.2400
8.2900
8.4300
8.5800
9.2200
9.3600
95100
10.0300
10.1700
10.3000
10.4300

8.2400
8.2900
84100
8.5800
9.1900
9.3600
9.5100
10.0100
10.1700
10.3000
10.4100
11.0400
G511
Arrive  Depart
9.3700
10.0400
10.0830
10.2100
10.3600
10.5900
11.2500
11.4230
11.5500

9.5900
10.0830
10.2100
10.3600
10.5600
11.1300
11.4230
11.5500

G515
Arrive  Arrive
11.5000

G653
Arrive  Depart
8.2100
8.5400
8.5900
9.1100
9.2600
9.4900
10.0100
10.1500
10.2400
10.3900
10.5300
11.1800

84600

8.5900

9.1100

9.2600

9.4600
10.0100
10.1500
10.2400
10.3700
10.5300
11.0500
11.3900

G79

Arrive  Depart
10.2700
10.5000
10.5430
11.0600
11.2000
11.3800

10.5000
10.5430
11.0600
11.2000
11.3600
114800 11.4800
11.5800 11.5800

6. Conclusions
On the operational planning level, a railway train re-scheduling problem is investigated
under the uncertain environment of fuzziness. In the problem, the coefficients of the
resources, which are on the right side of the constraints, are supposed to have the fuzzy
boundary value ranges. For this case, the traditional linear fuzzy programming model
will turn meaningless, and we improve the model, describing the boundaries of the
coefficients as fuzzy numbers.

On the basis of the improved FLP, the train re-scheduling problem with fuzzy
constraints is studied, which belonged to the operational level of railway operation. For
the convenience of solving models, some coefficients on the right side of the constraints
equation were simplified. The train re-scheduling model was turned to a parameter
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Beijing
Zhuozhou
Gaobeidian
Baoding
Dingzhou
Shijiazhuang
Gaoyi
Xingtai
Handan
Anyang
Hebi
Xinxiang
Zhengzhou

Beijing
Zhuozhou
Gaobeidian
Baoding
Dingzhou
Shijiazhuang
Gaoyi
Xingtai
Handan
Anyang
Hebi
Xinxiang
Zhengzhou

Beijing
Zhuozhou
Gaobeidian
Baoding
Dingzhou
Shijiazhuang
Gaoyi
Xingtai
Handan

G560

Arrive

11.3700
11.2600
11.0700
10.5300
10.3400
10.2030
10.0700
9.5500
9.3000
9.1300
8.5500

Depart

11.2800
11.1000
10.5300
10.3400
10.2030
10.0700
9.5700
9.3800
9.1500
8.5700
8.3500

G502

Arrive

Depart

11.5600 11.5600
11.4400 11.4400
11.2100  11.3400
11.0100

G6734
Arrive  Depart

12.1900
11.5200
11.4100
11.2800
11.1330
10.5100
10.3730
10.2300

11.5400
11.4300
11.2800
11.1330
10.5300
10.3730
10.2300
10.1300

G90
Arrive  Depart
11.3000
11.0900
11.0430
10.5300
10.4100
10.2100
10.0830

9.5600
9.4700
9.3400
9.2400
9.1600

11.0900
11.0430
10.5300
10.4100
10.2300
10.0830
9.5600
94700
9.3400
9.2400
9.1600
9.0000
G654
Arrive  Depart

12.0000
11.4800
11.3830
11.2900

12.0000
11.4800
11.3830
11.2900
11.1200
G6704
Arrive  Depart
9.0900
8.2900
8.1800

8.4800
8.2000
8.0100

G508
Arrive  Depart

11.5100
11.3700
11.1300
11.0000
10.4300
10.3300
10.1830
10.0300

9.5330

11.5100
11.3700
11.1700
11.0000
10.4500
10.3300
10.1830
10.0500

9.5330

9.3200

G512

Arrive  Depart

11.5000 11.5200
11.3000
G602

Arrive  Depart
10.2800
9.2900
9.2500
9.1000
8.5600

10.0500
9.2500
9.1200
8.5600
8.3400

Note: aa.bbcc stands for bb minutes cc seconds at aa o’clock

G562
Arrive  Depart

11.5130
11.2800
11.1400
10.5930
10.4700
10.2800
10.1300
10.0000

115130
11.3100
11.1400
10.5930
10.4900
10.3000
10.1300
10.0200

9.4000

G672

Arrive  Depart

12.0000 12.0200

11.4000

G92

Arrive  Arrive
11.1700
10.3800
10.3400
10.2100
10.0900

10.5500
10.3400
10.2100
10.0900

9.5000

G652
Arrive  Depart

11.5500
11.3800
11.2400
11.1400
11.0000
10.4500
10.3400

11.5800
11.4000
11.2400
11.1400
11.0000
10.4700
10.3400
10.1400
G6732
Arrive  Depart
10.2300
9.5900
9.5430
9.3900
9.2400
9.0000
8.4300
8.1730

9.5900
9.5430
9.4200
9.2400
9.0300
84500
8.1730
8.0600

Re-scheduling
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Table XII.

The re-scheduled
timetable from 8 to
12 a.m. in section
between Beijing
and Zhengzhou in
the up-going
direction with
typical fuzzy linear
programming in
computation Case 2

linear programming model with the triangle membership function. Two computation
cases in different scenarios are listed and used to verify the model. The numerical
examples show that the designed algorithm is steady and robust for not very large-
scale problems.

Additionally, it is worth pointing out that the main focus of this paper is to provide
the different decision-making methods for train re-scheduling problem under the fuzzy
environment. Generally, it is not easy to determine which model is the best, and the
applications of models are dependent on decision makers’ preferences. The approach to
re-scheduling the trains can help the dispatchers to redesign the high-quality timetable.
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Case 1 Case 2

Re-scheduling

With improved fuzy ~ With typical fuzzy ~ With improved fuzzy ~With typical fuzzy ~ Dased on an
linear programming linear programming linear programming linear programming 1mproved
1 1,832 1,654 1,524 1,331 FLP model
2 1,836 1,653 1526 1,332
3 1,834 1,650 1,530 1,333
4 1,830 1,654 1,520 1,332 1501
5 1,831 1,658 1,524 1,334
6 1,828 1,660 1,521 1,332
7 1,837 1,650 1,524 1,331
8 1,832 1,654 1,521 1,335
9 1,834 1,652 1,522 1,332 Table XIII.
10 1,835 1,654 1,520 1,334 The computation
Average 1,832.9 1,654.0 1,523.2 1,332.6 time in the two cases
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