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The optimization of railway track inspection schedules is of great significance for the monitoring of railway track conditions and
reasonable organization of track maintenance tasks. Here, an optimal inspection scheduling model for monitoring railway tracks
is proposed. Railway track inspection activities are divided into equal-length units in the time and spatial location dimensions. The
various constraints and objectives on the time and location of different track inspection activities are defined in detail regarding
subdivisions of individual management units. The objectives of the model development are to achieve a more optimized
equilibrium and robustness of the track inspection schedule. Based on the maximum entropy criterion, entropy is used to measure
the distribution equilibrium of the inspection schedule in the time dimension. The proposed model is verified using actual data

from the Lanxin railway.

1. Introduction

Following the development of high-speed railways, the safety
and continuous operation of trains and comfortable travel of
passengers necessitate the reliability, stability, and durability
of railway track systems. A railway track is a structure
composed of multiple components and is classified into two
types: ballasted and ballastless tracks [1]. The ballasted track
consists of rails, sleepers, fasteners, and ballast. Slab bal-
lastless tracks and double-block ballastless tracks are mainly
used in China’s high-speed railways. The slab ballastless
track consists of rails, fasteners, slab tracks, cement-emul-
sified asphalt mortar, and baseplates [2]. The railway track
system is a long and large linear asset that is categorized as
civil infrastructure and not electrical equipment. Therefore,
the achievement of real-time online monitoring of the
condition of the entire track system is difficult and costly.

Track inspection comprises both on-track and on-board
inspections for track geometry and track component in-
spection [3]. According to the rules of railway track

maintenance [4-6], inspection activities of various inspec-
tion methods for railway track systems should be scheduled
and organized scientifically and rationally. Ensuring that
managers are aware of the condition of railway tracks in time
and effectively organize maintenance operations is critical.
Common track inspection methods include track geometry
cars, track geometry trolleys, cabin-mounted track quality
instruments, portable track quality instruments, rail detec-
tion trolleys, and manual track walking inspection. On-track
inspections include track geometry trolleys and manual
track walking inspections among others, whereas on-board
inspections include track geometry cars and portable track
quality instruments, among others.

Optimizing the equilibrium of the time intervals between
adjacent inspection activities and overall robustness are the
main challenges experienced in the scheduling of track
inspection activities. The equilibrium of the time intervals
between adjacent inspection activities indicates that the time
intervals of different inspection activities should be as bal-
anced as possible. In addition T}, T, T'15, Tjy3, and Ty
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FIGURE 1: Diagram of adjacent inspection intervals for different
inspection activities.

should be as equal as possible, as shown in Figure 1. Im-
proved equilibrium allows for a more optimized distribution
of inspections, thereby preventing inspections that are
spaced out within too long a period or that are too frequent
within a short period. The robustness of the inspection
schedule refers to the ability to reduce the effects of various
random disturbances (such as severe weather conditions) on
the schedule during the execution process. Moreover,
min (T}, T .1, T 425 Tji3, T j14) should be as large as possible.
Improved robustness can increase the flexibility of the in-
spection schedule in the start or end time variation of in-
spection activities and prevent delays and advances in
inspection activities that disrupt the organization of re-
sources such as labor, materials, and machines, as shown in
Figure 1. In Figure 1, the horizontal axis represents the
location along the railway track, the vertical axis represents
the date of inspection activities, and the solid lines with
different colors represent different inspection activities.
Currently, research on the optimization of trans-
portation infrastructure inspection schedules mainly focuses
on the following two aspects. (1) In a certain scheduling
period, the optimal inspection frequency for the trans-
portation infrastructure using the same inspection method
and the inspection interval between two adjacent inspection
activities are studied [7-17]. These studies assume that the
inspection workload and inspection frequency of the
transportation infrastructure are not fixed periodically.
Liu [7] aimed to minimize the risk of derailment in the
transportation of dangerous goods and proposed a rail in-
spection frequency optimization model to determine the
optimal annual inspection frequency for different railway
segments under different risk levels. Soleimanmeigouni et al.
[8] proposed a cost-based track geometry inspection interval
optimization model to determine the time interval between
adjacent inspections of the track geometry in a scheduling
cycle. Liu et al. [9] proposed an optimization model for a rail
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detection trolley inspection schedule with the optimal ob-
jectives of optimizing traffic safety, cost, and transportation
efficiency. This model determines the number of rail de-
tection inspections in a scheduling period and the detection
time interval for two adjacent rail detection inspections with
a known number of detection times.

Khouy et al. [10] proposed an optimization model for
track geometry inspection intervals, with the minimum cost
(including inspection cost, fault repair cost, preventive
maintenance cost, and potential risk cost) corresponding to
the unit gross tonnage as the optimization objective.
Podofillini et al. [11] proposed an optimization model of rail
detection schedule using risk-informed approaches and
reliability-based approaches and determined the inspection
interval of two adjacent rail detection inspections with the
optimization objectives of cost and safety. Using the
structural reliability theory, Kashima [12] proposed an
optimization model for the inspection interval of rail de-
tection inspection based on the life cycle cost. Vatn and Svee
[13] proposed a risk-based optimization model for rail
detection inspection intervals, and their optimization ob-
jective was to minimize cost.

Lam and Banjevic [14] proposed a decision policy for
condition-based maintenance that schedules inspections
according to the current health of the system, optimized
myopically over the subsequent inspection interval. Yan
et al. [15] proposed and optimized a nonfixed periodic in-
spection strategy with a warning degradation threshold,
whose optimization objectives were the application of the
warning threshold and inspection interval. In the proposed
strategy, the above warning threshold is categorized as a
degradation process divided into two parts: normal and
warning areas, where two different inspection intervals can
be used. When the equipment is in normal areas, the cor-
responding inspection interval is long. When the equipment
is in the warning areas, the corresponding inspection in-
terval is short. Kim and Frangopol [16] proposed a cost-
based inspection and monitoring optimization model for
fatigue-sensitive structures using a probabilistic approach.
The inspection schedule is the solution to an optimization
problem to minimize the expected total cost (including
inspection cost and expected failure cost) and determine the
number of inspections and the interval between two adjacent
inspections within a planning cycle. Yang and Xie [17]
proposed a discrete-time SMDP-based decision-making
approach for determining optimal MR&R strategy and in-
spection intervals for infrastructure facilities, resulting in
cost savings and reducing unnecessary waste of resources.

Using the model predictive control (MPC) approach, Su
et al. [18] developed a scenario-based chance-constrained
approach for railway condition-based maintenance plan-
ning, minimizing disruption cost and setup cost of main-
tenance slots for a finite planning horizon. Further
advancing this research, Su et al. [19] proposed a multilevel
decision-making approach for both optimal long-term
condition-based maintenance planning and optimal short-
term maintenance crew scheduling, minimizing condition
deterioration and maintenance costs. The MPC and mixed-
integer linear programming (MILP) approaches were used.
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(2) The optimal selection of different inspection methods
for transportation infrastructure at different decision-
making stages in a certain planning horizon has been studied
[20-22]. These studies assume that the transportation in-
frastructure manager adopts a fixed periodic inspection
strategy. Only one inspection activity was selected from a
finite set for each decision-making stage. The finite set
consists of different inspection activities wherein different
instruments are used. Multiple inspection activities cannot
be selected during the same decision-making stage.

Madanat and Ben-Akiva [20] adopted the latent Markov
decision process to determine the types of inspection and
maintenance activities at different decision-making mo-
ments of road surfaces in a long planning cycle, considering
the difference in inspection errors and inspection costs of
different inspection methods. Durango-Cohen and Samer M
[21], considering the uncertainty of road surface state
degradation, dynamically adjusted the weight system of the
finite known Markov state degradation model using the
quasi-Bayes approach to describe the regulation of road
surface state degradation. The latent Markov decision
process method is used to determine the types of inspection
and maintenance activities at different decision moments in
a long planning cycle. Mishalani and Gong [22] established
the functional relationship between the inspection error of
different inspection methods of road surfaces and the un-
certainty of their spatial sampling and determined the in-
spection activity type and maintenance activity type of road
surfaces at different decision-making times in a long
planning cycle using the hidden Markov decision process
method.

In this study, railway track inspection activities were
divided into same-length units in the time and spatial lo-
cation dimensions to consider the influence of various
heterogeneous factors (such as geological conditions and
climatic conditions). Based on the features of railway track
inspection activities, and to optimize the equilibrium and
robustness of rail track systems, a time-location grid-based
optimal inspection scheduling model for monitoring railway
tracks is proposed. The constraint system includes time
constraint between activities, fixed duration constraint,
spatial constraint between activities, rate constraint of ac-
tivities, resource constraint, and continuity constraint.

Three fundamental perspectives distinguish our study
from previous investigations. (1) This study proposes a
method for the definition and division of time-location
grids. We divide railway track inspection activities into
same-length units in the time and spatial location dimen-
sions. Various constraints and objectives on the time and
spatial location of different track inspection activities are
defined in great detail with regard to subdivisions of indi-
vidual management units. (2) A time-location grid-based
optimal inspection scheduling model is proposed, with the
optimization objectives of attaining equilibrium and ro-
bustness. This model enhances the practicability of the in-
spection schedule, reduces the influence of various factors
on the inspection schedule, and guarantees the management
of the actual inspection activities on-site. (3) Based on the
maximum entropy criterion, entropy is used to measure the

distribution equilibrium of adjacent inspection activity in-
tervals in the inspection schedule.

The remainder of this paper is organized as follows. In
Section 2, we analyze the features of railway track inspection
activities, explain the concept of time-location grids for
railway tracks, and present the time-location grid-based
optimal inspection scheduling model for monitoring railway
tracks. A validation of the proposed model, conducted using
actual measurement data, is presented in Section 3. Our
conclusions are presented in Section 4.

2. Features of Railway Track
Inspection Activities

Although there are many types of railway track inspection
methods with varying inspection principles, railway track
inspection activities generally have the following
characteristics.

(1) Railway track inspection activities are continuous in
the horizontal direction. Generally extending from
one end of the line segment to the other, track in-
spection activities are mainly composed of activities
with repetitive features. For example, the inspection
activity of a track geometry trolley is generally
carried out continuously and repeatedly in multiple
line segments, which consumes time and advances
continuously in accordance with the mileage
position.

(2) The inspection items of the different inspection
methods are consistent. For example, the inspection
items of track geometry cars and track geometry
trolleys include surface, alignment, gauge, cross-
level, and twist. The rail detection car, rail detection
trolley, and manual inspection all inspect rail defects.

(3) To ensure the safety of the operator, the inspection
activities of certain inspection methods should be
scheduled within the maintenance window, such as
the inspection of the track geometry trolley and rail
detection trolley. At the same time, certain inspec-
tion activities such as the inspection of track ge-
ometry cars and rail detection cars do not need to be
scheduled within the maintenance window.

(4) There is no logical constraint on the sequence of
inspection activities with different inspection
methods in the time dimension; that is, the sequence
of inspection activities with different inspection
methods does not affect the perception of track
condition.

(5) There are no multiple inspection activities within a
temporal-spatial location. For example, when car-
rying out inspection activities involving rail detec-
tion trolleys, it is not possible to arrange inspection
activities involving track geometry trolleys at the
same location.

(6) The inspection activities are affected by various
temporal-spatial factors, such as the line segment
with high risk and hidden danger of equipment



4
4
Gy Gy Gy Gy
3
QE) Gi3 Gos Gs3 Gy
a2
G2 Gy, Gs, Gy
1
G Gy Gs; Gy
0 1 2 3 4
Location

FIGURE 2: Diagram of railway time-location grid.

quality, and the frequency of inspection activities
should be increased. The inspection speed is un-
certain owing to a variety of temporal-spatial factors.

3. Subdivision of Railway Track Inspection
Activity Based on Time-Location Grid

Railway grid [23] refers to dividing the linear, continuous,
and strip-shaped railway lines dividing railway track in-
spection activities into equal-length “small segments”
according to certain rules. The railway time-location grid
[24] refers to several small units formed by dividing the
entire life cycle process of railway infrastructure based on
time and spatial dimensions according to certain rules, as
shown in Figure 2. The horizontal axis represents the lo-
cation and the vertical axis represents time. Each time-lo-
cation grid is represented by G;;, where i represents the i
railway grid, and j represents the time period when the grid
is located. The railway time-location grid is a temporal-
spatial-based basic unit and is divided as follows:

(1) Time grid division: According to the actual work
requirements of railway infrastructure management,
the life cycle process of railway infrastructure can be
divided based on minutes, hours, days, weeks,
months, and years in the time dimension. In dif-
ferent application scenarios, the administrator can
choose the size of the time grid unit based on the
actual scenario requirements.

(2) Location grid division: As the smallest unit for di-
viding linear and continuous railway lines in the
spatial dimension, the division of the location grid
should take full account of the operation charac-
teristics of inspection activities and the management
needs of the railway site, the length of the railway
grid in the study is set at 200m, and the 100m
railway sign is selected as the demarcation point for
adjacent grids.

Railway track inspection activities have a clear time span
and mileage range information and consume a certain
amount of time and resources. Based on the railway time-
location grid, the railway track inspection activities are di-
vided into smaller time and spatial units, which can more
precisely define various constraints on the time and location
of inspection activities, and more accurately illustrate the
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influence of various time and spatial factors on inspection
activities. Therefore, railway infrastructure inspection ac-
tivities with relatively high temporal and spatial resolutions
are manageable, as shown in Figure 3. The horizontal axis
represents the location and the vertical axis represents time.
The blue line represents the inspection activities of railway
infrastructure. The angle between the blue line and the
horizontal axis indicates the rate of activity execution. The
smaller the angle, the faster the execution rate of the cor-
responding activities. The red shaded part in Figure 3(b)
represents the temporal-spatial constraints between any
time and mileage point in the entire execution process of two
adjacent activities.

4. Time-Location Grid-Based Optimal
Inspection Scheduling Model for Monitoring
Railway Track

4.1. Constant. The constants involved in the time-location
grid-based optimal inspection scheduling model for mon-
itoring railway track (TGOISM-MRT) are outlined as fol-
lows (Table 1):

4.2. Decision Variables. The decision variable of the TGO-
ISM-MRT is t{;, which indicates whether the track grid G;
performs the 1nspect10n activity of the inspection method C;
in the ¢ unit time, te] € [0, 1], as shown in equation (1).
t;; =1 indicates that the track grid G; performs the in-
spectlon activity of the inspection method C; in the ™ unit
time. As t; =0, the track grid G; does not perform the
inspection activity of the inspection method Cjinthe ™ unit
time.

(1)

e 1 1, Inspection activity is performed
ij =

0, Inspection activity is not performed.

For inspection method C;, the corresponding optimi-
zation problem has N x E Boolean decision variables to be
considered, as shown in Figure 4. There are M types of
inspection methods for the entire model; therefore, the
TGOISM-MRT has a total of M x N x E Boolean decision
variables that need to be considered.

4.3. Decision Expression. The decision expression involved
in the TGOISM-MRT is as follows.

Z;; represents a set of execution times of the previous
inspection activities of inspection method C of track grid G;
in a scheduling cycle. The number of elements in set Z;; 1s
equal to the inspection time threshold S;; of the C; is the ]
inspection method and G, the i track grrd The elements in
set Z;; are represented by zf, n € [1,2,. S,]] and zj;
1nd1cat1ng that track grid G; performs the 1nspect10n act1v1ty
of method C; in the zJ; th unit time. The functional rela-
tionship between z!. and te] (e€[1,2,...,E]) is illustrated
by equation (2). t}; :# 0 indicates that track grid G; performs
the inspection actlvrty of the inspection method C in the e™
unit time, and zj;
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F1Gure 3: Comparison of the condition before and after subdivision of railway track inspection activities based on the time-location grid. (a)
Diagram of railway inspection schedule. (b) Diagram of time-location grid-based railway inspection schedule.

TABLE 1: Variable denotations.

.., M])

Starting mileage of the inspection schedule
Ending mileage of the inspection schedule
= ED - SD, which represents the mileage length of the inspection activity
Length of the track grid is generally 200 m
= DR/LE represents the total number of track grids divided by railway lines
i"™ track grid
Total number of types of track inspection methods
™ inspection method
j™ inspection method of track grid G;
Total unit time in a scheduling cycle
Inspection time threshold of the j™ inspection method C ; of the i™ track grid G; in a scheduling

Sij cycle
Owing to the influence of various temporal and spatial factors, the inspection frequency values of
the same inspection method may differ for different track grids
S = Z;V:Il S;; which represents the inspection time threshold of the total number of inspection
! methods of track grid G; in a scheduling cycle
minT.. Minimum inspection interval threshold of inspection method C; of track grid G; in the scheduling
Y cycle
maxT. Maximum inspection interval threshold C; of track grid G; inspection method in a scheduling
Y cycle
maxL; Threshold of the maximum number of grids inspected in the inspection method C; per unit time
minL; Threshold of the minimum number of grids inspected in the inspection method C; per unit time
RC; Number of workgroups performing inspection activities with an inspection method C;
RC Total number of workgroups performing inspection activities

z?j = Inf {e|tfj¢0,e €[1,2,. ..,E]}.

(2) u;"=1nf{e|tfj¢o,ee[1,2,...,E],je[1,2,...,M]}. (3)

U; represents a set of execution times of the previous
inspection activities of all inspection methods of track grid
G; in a scheduling cycle. The number of elements in set U; is
equal to the inspection time threshold §; of the total number
of inspection methods of track grid G;. The elements in set U;
are represented by u!", m € [1,2,...,S;], and u}" indicating
that the track grid G; performs the inspection activity of
method C; in the u/"-th unit time. The functional rela-
tionship between 1" and tfj (e € [1,2,...,E])is expressed in
equation (3). £; # 0 indicates that track grid G; performs the
inspection activity of inspection method C; in the ™ unit
time, and u]" = e.

Q,;j represents the inspection times of inspection method
C; of track grid G; and is calculated as follows.

E
_ e
Q= ).t
e=1
v; represents the number of grids inspected by inspec-

tion method Cj in the ™ unit time and is calculated as
follows.

(4)

£ (5)

‘\.,ﬁm
1l
™M=

I
—_
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RS represents the number of workgroups required to per-
form inspection activities using inspection method C; in the
¢™ unit time and is calculated as follows. The TGOISM-MRT
assumes that there is only one workgroup for the inspection
activity using method C. If there are multiple workgroups
for inspection method C, the actual problem is divided into
several subproblems of a single workgroup according to the
inspection task.

N
RS :Inf<1|2tfj>0>. (6)

i=1
4.4. Objective Functions Based on Time-Location Grid

4.4.1. Equilibrium Objective Function. The TGOISM-MRT
uses entropy theory to construct an index called time en-
tropy that measures the equilibrium of the track inspection
schedule in the time dimension. The greater the time en-
tropy, the more balanced the inspection schedule in the time
dimension.

“Information Entropy” or “Shannon Entropy” [25] was
first proposed by Claude Elwood Shannon in 1948 to
measure the uncertainty of information. When the state or
result of the event is known, information entropy H is equal
to 0, where the greater the possibility of states or results of an
event, the greater the uncertainty, and the greater the H. The
mathematical abstraction of information entropy H is that
an event has n possible results X; (i € [1,2,...,n]), and the
probability of each result is p;. Information entropy H,
which measures the uncertainty of the event, is calculated as
follows.

n

H:_ZPiln P>

Zpl:l,ie (1,2,...,n], ?
i=1

pi20,i€[1,2,...,n]
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Based on the maximum entropy criterion [26], when
p;(i=1,2,3,...,n) satisfies the following conditions, H in
equation (7) is at its maximum value. Therefore, entropy is a
remarkable index for measuring the degree of a group of
data, partial to the system mean. The smaller the entropy, the
greater the deviation of the set of data from the mean. The
greater the entropy, the more concentrated the data is
around the mean, and the more balanced the distribution of
the data. When a set of data is completely equal, the entropy
value reaches its maximum value.

Pi=pi==pa= (8)
n
The TGOISM-MRT replaces variable p; in equation (8)
and redefines entropy as p} determined as the ratio of the
time interval b between two adjacent inspection activities
and the total number of unit times E—1 in the scheduling
cycle. This entropy is called the time entropy, TH;, of track
grid G; and is used as the equilibrium index to measure the
time interval between two adjacent inspection activities of
track grid G; in a scheduling cycle, as shown in equation (11).
The larger the value of the time entropy TH;, the more
balanced the time interval between two adjacent inspection
activities in the inspection schedule. b represents the time
interval between the 7+ 1™ inspection activity and the n™
inspection activity of the track grid G;, as shown in equation
(12). p! represents the ratio of b}’ to the total number of unit
times E—1 in the scheduling cycle, as shown in equation
(13), wherei € [1,2,...,N],andn e [1,2,...,S;-1]. E-1
is used to define p!' because the sum of all §; — 1 time in-
tervals b} in the scheduling cycle of track grid G; is equal to
E-1.

TH; = _Stz_lp?ln pis
n=1
b=t -l (9)
v’
Pi=E T

According to the maximum entropy criterion, when the
time entropy TH; of track grid G; reaches the maximum
value, pf(ne[l,2,...,5;—1]) values are equal to each
other. That is, in a scheduling cycle, the larger the value of
time entropy TH,, the closer the time interval value of two
adjacent inspection activities in track grid G;, and the higher
the equilibrium degree of the scheduled inspection of track
grid G;.

The time entropy of all track grids of the railway line is
expressed by TH, which is used to measure the equilibrium
of all track grids of railway lines in a scheduling cycle, and is
calculated as follows.

N Si-1

N
TH =) TH;=-) » p!ln p!. (10)

i=1 i=1 n=1

When the time entropy TH of the entire railway line
reaches the maximum value, the time entropy TH; of track
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grid G; (i € [1,2,...,N]) reaches the maximum value, and
the inspection schedule equilibrium degree of each track grid
in the entire railway line is at its highest.

According to the maximum entropy criterion, the ideal
maximum value TH; .. of time entropy TH, of track grid

G; without considering the task constraints is expressed as
follows.

TH _7§%E—U$—Um (E-1s-1)\_ (1
e E-1 s -1)

(11)

Accordingly, the ideal maximum value, TH ., of TH of
all track grids of the railway line is shown in

N 1
—Zm : (12)
i=1 Si -1

N
THmax = ZTHi,max =

i=1

The ratio of the time entropy TH of all the track grids of
the railway line to its ideal maximum value TH,,, is
expressed by the THR, as shown in

TH
THR = —
THmax ( 13)

The equilibrium objective function of TGOISM-MRT is
shown in

max THR. (14)

4.4.2. Robust Objective Function. The robustness of the
inspection schedule refers to the ability to reduce the effects
of various random disturbances during the execution pro-
cess. Owing to the influence of time and spatial factors (such
as severe weather and holidays), railway track inspection
activities may be delayed or canceled temporarily, which
may easily lead to chaos in the entire track inspection
schedule. Therefore, the prepared inspection schedule can
reduce the influence of various random disturbances.

The TGOISM-MRT defines robust, R, as the ratio of the
minimum time interval between two adjacent inspection
activities in the track grid to the total unit time E in a
scheduling cycle. It is considered to be an important index
for measuring the flexibility of the inspection schedule and is
calculated as follows.

71

b
R:mm}?WE[LZHMNLWNﬂLL”q&—II (15)

The robust objective function of TGOISM-MRT is
shown in

max R. (16)

4.4.3. Weight-Based Multiobjective Function. The TGOISM-
MRT can achieve multiobjective optimization of the equi-
librium and robustness of the time interval between adjacent
inspection activities of the inspection schedule. Using
weighted summation, the multiobjective optimization

problem is transformed into a single-objective optimization
problem. The optimal objective function after the trans-
formation of TGOISM-MRT is shown in equation (17),
where o and f are the weights of the two objective functions.
The values of « and f are set by the manager according to the
importance of the objectives of equilibrium and are robust in
the actual situation.

maxaTHR + R, (17)
where
a+p=1,
g (18)
0<a,Bf<1

4.5. Constraint System Based on Time-Location Grid. This
subsection defines the following six types of inspection
activity constraints based on the time-location grid of
railway track: time constraints between activities, fixed
duration constraints, spatial constraints between activities,
rate constraints of activities, resource constraints, and
continuity constraints, as shown in Figure 5.

4.5.1. Time Constraint between Activities. As shown in
Figure 5(a), the time constraints between track inspection
activities are as follows. @ In a scheduling cycle, the time
interval of inspection method C; of track grid G; should be
greater than or equal to the minimum inspection interval
threshold min T j» as shown in equation (21). @ In a
scheduling cycle, the time interval of inspection method C;
of track grid G; should be less than or equal to the maximum
inspection interval threshold max T}, as shown in equation
(22). In an inspection scheduling cycle, if the inspection time
specified by a certain inspection method is 1, the time
constraint of the inspection activity corresponding to the
inspection method is not considered. In Figure 5(a), the
horizontal axis represents the railway mileage, the vertical
axis represents the time, and the solid lines of different colors
represent different inspection activities. The horizontal axis
is divided by the length of the grid, and the vertical axis is
divided by the time granularity required for management to
form the track time-location grid.

Z:;+1_Z:;l2mianfva [1,2,...,81-]-—1], (19)
Zit -2l <maxT;¥m e [1,2,...,8; - 1]

The violation of the maximum time constraint hinders
the identification of quality-related problems in the track by
managers, and violation of the minimum time constraint
results in a waste of inspection resources.

4.5.2. Fixed Duration Constraint. The fixed duration con-
straint for track inspection activities includes two aspects. D
In a scheduling cycle, each type of inspection method needs
to complete the specified number of inspections. @ The
inspection activities of each type of inspection method in-
volve inspecting all track grids to avoid missing inspections.
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Therefore, in a scheduling cycle, the number of inspection ~ mileage, and the vertical axis represents the time. The
times Q;; of the inspection method C; of the track grid G;  horizontal axis is divided by the length of the grid, and the
should be equal to the inspection time threshold S;;. In  vertical axis is divided by the time granularity required for
Figure 5(b), the horizontal axis represents the railway = management to form the track time-location grid. The
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purple dotted line indicates the deadline of the inspection
schedule. In the figure, owing to the existence of d; >0, the
dotted frame area Q;; <S;;, which does not meet the fixed
duration constraint.

Q;=S;V¥ie[L,2....N]je [L2...,M]. (20)

ij>

The violation of the fixed duration constraint causes the
track line without risk to evolve into potential risk, and the
original low risk may evolve into a high risk.

4.5.3. Spatial Constraint between Activities. The spatial
constraint of track inspection activities means that at most
one inspection activity can occur in any time-location grid of
the railway track. That is, at most, one inspection activity can
occur in track grid G; per unit time, as shown in equation
(21) and Figure 5(c). In Figure 5(c), the horizontal axis
represents the railway mileage, the vertical axis represents
the time, and the solid lines of different colors represent
different inspection activities. The horizontal axis is divided
by the length of the grid, and the vertical axis is divided by
the time granularity required for management to form the
track time-location grid.

M
Y t;<1Vie[1,2,...,N],e€ [1,2,...,El. (21)
j=1

If the above constraints are violated, time-location
conflicts between inspection activities occur, affecting the
efficiency and safety of inspection activities.

4.5.4. Rate Constraint of Activities. The TGOISM-MRT
defines the inspection rate by the number of grids inspected
in inspection method C; per unit time of each type of in-
spection activity. As shown in Figure 5(d), the rate constraint
between track inspection activities is as follows. (DThe
number of grids inspected v; in inspection method C; per
unit time should be less than or equal to the maximum rate
threshold max L j» as shown in equation (22). @ The number
of grids inspected v5 in inspection method C; per unit time
should be greater than or equal to the maximum rate
threshold min L, as shown in equation (23). In Figure 5(d),
the horizontal axis represents the railway mileage, and the
vertical axis represents the time. The horizontal axis is di-
vided by the length of the grid, and the vertical axis is divided
by the time granularity required for management to form the
track time-location grid.

ngmaijVee (1,2,...,El,je[1,2,...,M], (22)

v§2minLjVeE (1,2,...,El,je [1,2,...,M]. (23)
The maximum rate constraint is used to guarantee in-
spection quality and prevent false and missed inspections.

The minimum rate constraint is used to ensure the efficiency
of inspection activities.

4.5.5. Resource Constraint. The resource constraint of track
inspection activities means that the number of inspection

activities R} with inspection method C; in unit time is less
than or equal to the corresponding number of workgroups
RC;, as shown in equation (24) and Figure 5(e). In
Figure 5(e), the horizontal axis represents the railway
mileage, and the vertical axis represents the time. The
horizontal axis represents the number of workgroups. The
purple dotted line indicates the RC; resource usage
threshold.

Ri<RC;Vee [1,2,...,El (24)

Meeting the resource constraints is the basic guarantee of
the feasibility of the inspection schedule. If the amount of
resources used by the inspection activities exceeds that of the
available resources, the organization and arrangement of
inspection activities will be unsuccessful.

4.5.6. Continuity Constraint. The continuity constraint of
railway track inspection means that the inspection activities
performed by each working group with inspection method
C; must be continuous and uninterrupted within a unit time,
as shown in equation (25) and Figure 5(f). In Figure 5(f), the
horizontal axis represents the railway mileage, and the
vertical axis represents the time. The horizontal axis is di-
vided by the length of the grid, and the vertical axis is divided
by the time granularity required for management to form the
track time-location grid. The Eurple dotted line indicates the
start and end times of the e unit time. Owing to the ex-
istence of d; >0 in the figure, the continuity constraint is not
satisfied.
p+v§—1

D t;;=vVe e [1,2,...E,3p € [1,2,...NI]. (25)

=p

If the above constraints are violated, the inspection
activities will be discontinuous or interrupted, which will
result in a waste of resources, loss of inspection efficiency,
and increased management costs.

5. Results and Discussion

5.1. Overview of Empirical Analysis. Actual data regarding
the track inspection schedule were collected from December
2016 on a segment in the downward direction of the Lanxin
railway between 721 and 765 km. The proposed model was
verified using accumulated data.

DR represents the segment length between 721 and
765 km in the downward direction of the Lanxin railway and
spans 44km. This railway segment passed through the
Jiayuguan and Heishanhu stations. The center mileage of the
Jiayuguan station is 737. 954km. The center mileage of
Heishanhu station was 759.319 km. The Jiayuguan Depart-
ment is a subsidiary branch under the jurisdiction of the
China Railway Lanzhou Group that offers inspection and
maintenance services. LE represents the length of the track
grid: LE =200 m. Therefore, the total number of track grids,
N, considered in this study is DR/LE =220.

In this study, an inspection schedule was prepared on a
monthly basis. E represents the total number of days in a
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TaBLE 2: Workload of track inspection activities for December 2016 in the Lanxin railway.
No. C ; j Direction SD (km) ED (km) Sets of track grid DR (km) Sij max Tij (day) minT ij (day)
1 Track geometry trolley 1 Down 721 765 (1,2,...,220] 44 1 35 15
inspection
2 Rail detection trolley inspection 2 Down 721 765 [1,2,...,220] 44 1 35 15
3 Manual inspection 3  Down 721 730 [1,2,...,45] 9 1 35 15
4 Manual inspection 3  Down 730 736 [46,47,...,75] 6 2 18 7
5 Manual inspection 3  Down 736 765 [76,77,...,220] 24 1 35 15
6 Track geometry car inspection 4 Down 721 765 [1,2,...,220] 44 2 18 7
manual i 1.4 5.8 9.2 [10.6 12.8
inspection
track geometry | 2.4 6 9.7/ 10.6 12.8
trolley inspection
rail detection 1.6 6 9.4 14 19
trolley inspection |
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

FIGURE 6: Box plot of activity rates of different inspection methods.

scheduled cycle and is calculated to be 31. Four track in-
spection methods were considered, including a track ge-
ometry trolley, rail detection trolley, manual inspection, and
track geometry car. The workload of track inspection ac-
tivities for the Jiayuguan Department in the downward
direction of the Lanxin railway in December 2016 is shown
in Table 2. The track quality of the segment between 731 and
736 km in the downward direction of the Lanxin railway is
poor. Therefore, the manual inspection frequency of the
track grids within the mileage ranging between 731 and
736km is one more time than the manual inspection fre-
quency of other track grids. The track geometry car in-
spection was prearranged on December 8th and 21st,
respectively, for the first and second inspections in the
downward direction of the Lanxin railway.

The Jiayuguan Department has four groups: Workgroup
1 is responsible for track geometry trolley inspections;
Workgroup 2 is responsible for rail detection trolley in-
spections; Workgroup 3 is responsible for manual inspec-
tion; Workgroup 4 is responsible for track geometry car
inspections.

To obtain the inspection rate for the inspection methods,
581 historical inspection rate data for the four workgroups
between January 2015 and December 2017 (three years) were

collected. These data were analyzed using box plot methods
to observe the overall distribution of these data and identify
possible outliers. The first and third quartiles in the historical
inspection rate data were selected as the upper and lower
thresholds of the inspection rate for the inspection methods.

The inspection rate was defined as the railway line length
inspected per unit of maintenance time. The box plot of the
activity rates for different inspection methods is shown in
Figure 6, where the horizontal axis indicates the inspection
activity rate, and the vertical axis indicates the type of in-
spection method. The rate constraints of the different in-
spection methods are listed in Table 3.

5.2. Analysis of Results. The First Optimization (1stOpt)
software [27] was used to solve the combined optimization
problem of the TGOISM-MRT. Parameter « in the objective
function was 0.5 and parameter 5 was 0.5. After the cal-
culation, the corresponding optimal objective function value
was 0.570. The equilibrium THR for the track inspection
schedule was 0.980. The robust R of track inspection was
0.161. The execution time is approximately two hours, and
the statistic was collected using a desktop with an Intel E5-
1620 3.50-GHz CPU and 16 GB RAM.
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TABLE 3: Rate constraints of different inspection methods.

11

minL; maxL;
Kk km per . km per .
No. Workgroups oF ) Number of track grids . Number of track grids
maintenance . ¢ maintenance . ¢
. per maintenance window . per maintenance window
window window
1 Workgroup  Track geometry 6 30 10.6 53
1 trolley inspection
) Workgroup rail d.etectlor.l 6 30 14 20
2 trolley inspection
3 Workgroup - Manual 3 5.8 29 10.6 53
3 inspection
The track geometry car GJ-5 lacks a power source and needs to be hung at the end of the
Workgroup  Track geometry . - . . .
4 . . 4 passenger train, to detect track irregularities. Its inspection rate depends on the speed of the
4 car inspection

passenger train.

12/30

12/25

12/20

12/15 ~

12/10

12/05

11/30 +

720 725 730 735 740

rail detection trolley inspection
—— track geometry car inspection

745 750 755 760 765

—— track geometry trolley inspection
—— manual inspection

FIGURE 7: Actual track inspection schedule in the Lanxin railway.

The actual track inspection schedule for the Lanxin
railway in December 2016 is shown in Figure 7. The track
inspection schedule for December 2016 in the Lanxin rail-
way using the OISM-RTG model is shown in Figure 8. In
Figures 7 and 8, the horizontal axis represents the railway
mileage, the vertical axis represents the time, and the solid
lines of different colors represent different inspection ac-
tivities. The solid red line indicates the inspection activities
of the rail detection trolley. The solid green line indicates the
inspection activity of the track geometry car. The solid blue
line indicates the inspection activity of the track geometry
trolley. The solid purple line indicates manual inspection
activities.

A comparison of the pre- and postoptimized track in-
spection schedules is shown in Table 4. Table 4 shows the
following:

(1) Constraints: The actual track inspection schedule in
the empirical analysis does not satisfy the fixed

duration constraint, space constraint between ac-
tivities, and rate constraint of activities. This is be-
cause the track inspection schedule is mainly based
on the management experience of field engineers. It
is difficult for these engineers to comprehensively
and systematically consider the track inspection
activity constraint system established in this study.

(2) Objective function: Compared with the actual track
inspection schedule, the track inspection schedule
using the TGOISM-MRT improves the equilibrium
THR by 22.5%. The robust R increases from 0 to
0.161. The corresponding weighted objective func-
tion value was enhanced by 42.5%.

In summary, combined with the visual presentation
results of Figures 7 and 8, the track inspection schedule using
the TGOISM-MRT is superior to the actual inspection
schedule prepared by the field engineer, with a more opti-
mized equilibrium THR and robust R.
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12/30 - T T e
12/25 - T
S S T
12/20 . .
12/15 A // L e
S
12/10 ~
S S S S
12/05
11/30 +
T T T T T T T T T T
720 725 730 735 740 745 750 755 760 765
—— rail detection trolley inspection —— track geometry trolley inspection
—— track geometry car inspection —— manual inspection
FIGURE 8: Track inspection schedule in the Lanxin railway using model TGOISM-MRT.
TaBLE 4: Comparison of actual and optimized track inspection schedule.
Item Inspection schedule Actual inspection schedule prepared by the field engineers
using the OISM-RTG P prep Y &
Time constraints Satisfaction Satisfaction
between activities
Fixed duration Violation. For example, the rail detection trolley inspection is not
. Satisfaction scheduled for track segments between 757.2 and 762 km in the
constraint . . . .
downward direction of the Lanxin railway.
Violation. For example, the track geometry trolley inspection and
Space constraints Satisfaction manual inspection are simultaneously scheduled for track segments
Constraint between activities between 747.2 and 758.8 km in the downward direction of the Lanxin
system railway.
Violation. For example, on December 26th, the track geometry trolley
. inspection is scheduled for track segments between 741 and 760 km in
Rate constraint of . . L L . ; .
. Satisfaction the downward direction of the Lanxin railway. The inspection rate is
activities . . .
19km per maintenance window and is nearly double the upper
inspection rate limit (10.6 km per maintenance window).
Resource constraint Satisfaction Satisfaction
Continuity constraint Satisfaction Satisfaction
Equilibrium THR 0.980 0.800
_— Robust 0.161 0
Objectives Wei htoeduf)b'rective
gred o) 0.570 0.400
function

Visual presentation results

A comparison of Figures 7 and 8 shows that the inspection schedule using the TGOISM-MRT
model is superior to the actual inspection schedule prepared by the field engineers.

6. Conclusions

This study analyzed the features of railway track inspection
activities and proposed TGOISM-MRT for optimal in-
spection scheduling of railway tracks. Track time-location
grids were the subject of this study. Time-location grid-based
objectives and constraint systems for different track in-
spection activities are constructed. The TGOISM-MRT is
optimized for the equilibrium and robustness of the track
inspection schedule to ensure the practicality and guidance

of the track inspection schedule. Constraint systems include
time constraints between activities, fixed duration con-
straints, space constraints between activities, rate constraints
of activities, resource constraints, and continuity
constraints.

The proposed model was verified using actual data for
segments ranging between 721 and 765 km in the downward
direction of the Lanxin railway. Compared with the actual
inspection schedule prepared by the field engineers, the track
inspection schedule using the TGOISM-MRT can satisfy the
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proposed constraint system and yields more optimized
equilibrium and robustness.

The TGOISM-MRT proposed in this paper can also be
employed to solve the optimization of the inspection
schedule of other linear assets (such as highways and
pipelines), with little modification. To improve the TGO-
ISM-MRT and promote the flexibility and practicability of
the track inspection schedule, further research will be carried
out.

(1) Owing to the assumption limitations of the TGO-
ISM-MRT, the model is suitable for the optimization
of the inspection schedule for a single line. Opti-
mizing the track inspection schedule for large-scale
railway networks can be a future research direction.

(2) The implementation of the railway track inspection
schedule will continue for a period of time. The
progress control of the inspection schedule is a
process of continuous circular adjustment of the
schedule. The optimization of the progress control of
the inspection schedule will be explored in future
research studies.
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