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Abstract: To evaluate the quality of the train timetable roundly, train timetable stability is defiased on the analysis of the interior
and exterior factors affecting the timetable stability. The exterior factotadecthe grade of the railway lines, the blocking system
type, the station interlocking type, the leading locomotive performancéhenalverage mileage of the sections. The interior factors are
the capacity load of the sections, the capacity load of the stations, the totalujgplesient for running in the sections, the total time
supplement for dwelling on the stations, the timetable periodic time and ther linfles between train paths. We define the information
entropy of the exterior factors and the interior factors and presentjtraion to calculate the information entropy. Then train timetable
stability is quantized according to the definitions above. The computing cagesthe method to evaluate the train timetable stability
is feasible and efficient.
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1 Introduction operation according to the planned timetable when the
trains are disturbed by accidents randomly. Timetable

Train timetable is the key file for organizing the railway stability is the index to measure this possibility. Timédéab
traffic, which determines the inbound and outbound timestability is closely related to the train number assigned to
of trains. Railways typically operate according to a the railway sections and the time supplement distributed
planned (predetermined) timetable, and the quality of thefo each station and section, the probability that the tigin i
timetable determines the quality of the railway service. Sodisrupted at the stations and in the sections. So while
mapping out a high quality timetable for diverse trains is assigning the trains paths and mapping out the train
rather important. schedule, we should deliberately design the train number

Therefore, to ensure both the capacity and the order ofissigned to the sections and time supplement distribution,
the train operation, it is necessary to work out a reliable,not only considering the section capacity and station
stable, robust timetable and the feasible efficientcapacity, but also the minimum running time at each
re-scheduling of the planned timetable. The reliability of section and the minimum dwell on the station. Section
a timetable is the capability to finish all the trains’ trips capacity is the maximum number of trains that can run
within the given time, no matter what happens. Theover the section within a certain period of time. Station
stability of a timetable is the availability that the timeka ~ capacity is the maximum number of trains that the station
can afford for the trains to recover the situation that theycan receive and send within a period of time.
run as the timetable has stipulated after the trains are Timetable stability evaluation is a relatively new issue
disturbed when running. The robustness of a timetable isn the field of railway operation research. The research
the capability of a timetable to counteract the work was first published in the 1990s, beginning with the
disturbances and remain its original shape as planned. dynamic indexes of the timetablel]] The dynamic

A high quality timetable not only can decide the indexes also included the adjustability 2],
inbound and outbound time at stations, and moreequilibrium [4,5] and the rescheduling elasticitg][ The
importantly, it offers the possibility to recover the indexes were based on the more fundamental factors: the
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utilization coefficient of the section capacity and the timethe previous timetable stability evaluation based on
supplement in the sections and on the stati@hs [ dispatching section doesn'’t suit the networked timetable
The research experienced two stages. In the initialdesign and optimization. Engelhardt-Funke and Kolonko
period, it focused on the timetable of the railway considered a network of periodically running railway
dispatching section. Yang pointed out the basic rules oflines. They built a model to analyze stability and
appraising the vibrant performance of the train operationinvestments in railway networks and designed an
diagram from delay spread simulation and set up theadvanced evolutionary algorithm to solve the
corresponding dynamic index systerfi].[ Peng et al problem [L6]. Goverde analyzed the dependence of the
analyzed the influences of time supplement and itstimetable on the busy degree of the railway network. He
distribution pattern on train delay propagation in a givenagain hired the max-plus algebra to analyze the timetable
diagram and built the timetable elasticity evaluating stability of the railway network. On this basis, he
system B]. And they proposed the method to evaluate theproposed a new method to generate the paths for the
timetable equilibrium%]. They formed the basis to study trains on a large-scale railway network7]. Delorme et
the train timetable stability. Goverde built a discrete al presented a station capacity evaluating model and
dynamic system model to describe the timetable with theevaluated the stability on the fundamental parts of the
max-plus algebra based on the discussion of the timetableailway network: stations1fg]. We analyzed the complex
periodicity and analyzed the timetable stabili#}.[Carey = characteristic analysis of passenger train flow
developed a simulation model to test the schedulenetwork [L9] and studied the train flow vulnerability in
performance and reliability for train station8][ Hansen the previous studyZ0].
pointed out that the effect of the stochastic disturbance on g we can see that the timetable stability is not only

trains relied on the adjustment of the running time andye|ated to time but also the utilization coefficient capacit
buffer time in the timetable. He also analyzed the i ihe railway network 17, 18]. That is to say, the
advantgges and disadvantages of the capacny and_ stabilifyarworked  timetable stability study requires the
evaluating modeIQ_]. Zha et al used mtervallestmatlon of ombination of the railway network capacity utilization
the random variable under the specified level of 504 the time supplement distribution in the sections and
significance in mathematics statistics, and analyzed the, the stations. Most of the publications are concerned
time standard of the train running time in the section and,iih the stability of the timetable for a single dispatching
effects of the cushion time of train operation rai\way section, whereas, only a few publications are
diagram [0]. These researchers promoted the traingapqytthe networked timetable stability. Furthermore, the
timetable stability theory from the perspective of the research on the timetable is in the stage of evaluating,

running time in railway sections, the dwelling time on a1y qualitative, not the quantization of the timetable
railway stations and the buffer time between train paths-stability.

De Kort et al proposed a method to evaluate the capacity . I .
determined by the timetable and took the timetable 'N€ essence of the timetable stability improvement is
stability as a part of the capacity. The goal was to placel©® Utilize the transport resources more efficiently and
train running paths as much as possible, while taking thg"@ximize the function of the railway transportation
timetable into consideration at the same timg][ ~ SyStem. It is the transportation resources in the railway
Goverde presented the method based on max-plus tfansportation system that_ corresponds with the thermfal
analyze the timetable stability and took the Netherlands€nergy of & thermodynamic system. Then the entropy is
national railway timetable as a computing case to provetS€d to describe the distribution situation of the
the feasibility of using the method to design the timetablelf@nsportation resources, such as the time supplement,
of the railway network 12). Zong and Li studied the buffer time, in ra|IV\_/ay transportation system. On the one
reasonable time supplement of the trains running in thé'@nd, compared with the distribution of thermal energy in
sections 13]. Chen introduced the timed-PETRI network & thermodynamic system, the more symmetrically the
to build the trains operation model and utilized Exspect(atransportatlon resources are distributed, the more ahaoti

simulation software) to simulate the model and evaluatethe situation will be. Then the timetable is less stable. On
the timetable stability J4). We defined and qualified the other hand, although the transportation resources are
timetable stability, and took it as a goal when sufficient, the resources will be wasted without

rescheduling trains on the dispatching sectidr. [ WeII-_o.Iesigned distribution plan, which may lead to weak
So it is clear that time is the key factor to study the stability of the networked timetable. So we can conduct a
timetable stability of a dispatching railway section. research into timetable stability evaluation based on

Focusing on the delay timel]] the behind schedule €Ntropy theory.

ratio [1, 3], the time supplement 9] 13|, time We first quantize timetable stability index. Then we

deviation Pp], researchers studied the timetable analyze the factors affecting timetable stability, inched

adjustability, equilibrium, stability with theories of exterior factors and interior factors and hire information

statistics, max-plus algebra, etc. entropy theory to describe the timetable stability indices
In the following period, there is an increasing move We proposed an innovated method to evaluate the

toward networked timetable stability evaluation becausetimetable stability.
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The outline of the paper is as follows. Section 1 gives2.2 Exterior factors of the train timetable
the introduction on the timetable stability evaluating stability
problem. Section 2 analyzes the interior and exterior
factors affecting the train timetable stability. Then $@tt We consider the railway network as feame which
3 defines the train timetable stability based on theaccommodates the railway traffic. The hardness of the
information entropy of the interior and exterior factors. frame represents the capacity to endure the traffic volume,
The computing case is presented in Section 4. Finallywhich is related to the exterior factors affecting timegabl
Section 5 gives some conclusions. stability. The exterior factors to decide the networked
train timetable stability are as follows.

(1) The grade of the railway lines
. . . The grade of the railway lines is a symbol of the line
2 An.ajlyS|S of factors affecting timetable capacitygThe line grade de¥ermines theymaximal curve on
stability the line, the train running speed, the minimum tracking
interval time between two trains, even the block system.
These are all the factors to affect the capability of the
railway network. The higher grade the railway belongs to,
the bigger transport capacity it has, which means the
In reference 21], the timetable stability is described from higher stability for the timetable.
three aspects: (2) The blocking system type

There are mainly three kinds of blocking system
—Conflict stability: A timetable is called conflict stable, today: semiautomatic block system, automatic block
if the expected number of conflicts does not exceedsystem and moving block system. Different block systems

a desired maximal number of conflicts, assuming thatallow different minimum tracking interval time, which

the train delay distributions are given. enormously affects the capacity of the railway. Among

—Structural stability: A timetable is called structurally three of them, the moving block system produces the
stable, if the maximum probability that two routes |argest capacity, benefiting the networked timetable
will become incompatible does not exceed a desiredstability in the farthest way.

maximal probability, assuming that the train delay (3)The station interlocking type

distributions are given. Today electric interlocking and computer interlocking

—Cluster stability: A timetable is called cluster stable, if systems are all in use. The response speed of the
the expected number of conflicts of each train doesinterlocking system is the key factor to affect the station
not exceed a desired maximal number of conflicts percapacity of receiving and sending out trains. The deeper
train, assuming that the train delay distributions arejevel reasons include the communication capability, the
given. computing ability, the reliability and the fault-tolerant

ability.

In reference 22], the stability is defined as the system  Compared with the electric interlocking system, the
sensitivity and recovering ability under the threshold on computer interlocking system can enhance the station
the assumption that the train contrail deviates as plannedapacity better, accordingly, the latter can produce highe
We can see that the timetable stability is also definedimetable stability than the former.
based on the number of conflicts and a threshold setting  (4) The leading locomotive performance
for comparison. And the number of conflicts is obviously  The traction of the leading locomotive determines the
determined by the train number and the section transporrain speed to a certain extent, and then affects the
capacity and the station capacity. Therefore, it isrunning time at the railway sections. So the leading

important to take the capacity of the sections and stationgocomotive performance is also a factor affecting the
and the distributing plan of the trains into account while section capability.

defining the timetable stability. They are deep-seated (5) The average mileage of the sections
tangible factors to affect the timetable stability. Thug w The mileage of the sections can affect the section
define timetable stability as follows. transport capability to a certain extent, especially on the
Definition 1: Train timetable stability is the ability single-track railway. Mileage can affect the running time
provided by the timetable to recover the train operationof trains in the sections, which will affect the timetable
status according to the planned timetable when disturbedtability.
by the emergencies in a condition of a railway network
with a certain capacity.
According to the definition, we must consider not 2.3 Interior factors of the train timetable
only the exterior factors, such as the section transporktability
capacity and the station approaching and sending train
capacity, but also the interior factors which are equally The spatiotemporal relationship between the trains and
important in affecting the timetable stability. the two components of railway, sections and stations,

2.1 Definition of train timetable stability
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determined by the timetable decides the capacity load o8 Timetable stability
each part of the railway. The capacity load is the key
interior element affecting the timetable. 3.1 Information entropy

(1)The capacity load of the sections

The capacity load of each section is the ratio of theShannon pointed out that redundancies occur in all kinds
train number running through the section according to theof information. The size of the redundancy is related to
timetable for a day to the section capacity. If the capacitythe ratio of each character or the uncertain®g][ He
load is heavy, it is very difficult to reschedule the trains proposed the definition of information entropy and the
when they are disturbed and the hope to recover the statusquation calculating the entropy. pf is the probability of
that the trains are running according to the planneda specified signal, the summary information of several
timetable becomes slim. The bigger the capacity load issignals is— Y pilnp; . ThenH = —cy piInp; is defined
the smaller the timetable stability value becomes. as the information entropy, whereis a proportionality

(2)The capacity load of the stations constant. Thermodynamics is increasingly used in

The capacity load of each section is the ratio of thetransportation problem modeling, showing its availailit
train number arriving at and departing from the stationBianca and Coscia hired the kinetic theory (which is also
according to the timetable for a day to the station capacitya branch of thermodynamics) to deal with the derivation
for receiving and sending trains. Similar to the capacityand the analysis of a new mathematical model for
load of the sections, if the capacity load is heavy, it is veryvehicular traffic along a one-way road obtained by the
difficult to reschedule the trains when the trains arecoupling of a uniform and an adaptive discretization of
disturbed and we have slim hopes to recover the statuthe velocity variable 24]. In this paper, we hire entropy
that the trains are running according to the plannedtheory, which is also a branch of thermodynamics to
timetable. The bigger the capacity load is, the smaller thestudy the timetable stability evaluating problem.
timetable stability value is.

(3) The total time supplement for running in the
sections 3.2 Timetable information entropy

The total time supplement for running in the sections
is the summation of the running time supplement for e is assumed to be the factor affecting timetable stability,
every train in all the sections. The time supplementi =1,2,--- N. The interacting determinants of factoon
reserved for the train running can absorb some slighfactor j is fyj, k=1,2,--- N, j =1,2,--- ,N. Then the
delay of the trains, coping with the disturbances in theinteracting determinants form a matrix The affecting
process of trains running. The more time supplement isndex number of factoeg is p; , then
reserved, the more stable the train timetable will be.

(4) The total time supplements for dwelling on the ; fii+ g fij g fii + g fij
stations = i£1 1 =1

Similar to the total time supplement for running in the P=xn N - N N @)
sections, the more time supplement for trains dwelling on (Y fit ¥ fij) 25 3 f
the stations, the more stable the timetable will be. =1 k=l 1=1 k=)=t

(5) The timetable periodic time In Equation (1), the numerator is the summary of the

The planned running trajectories of the trains are linedinteracting determinants of factog acting on other
in the timetable graph circularly, which is called a path. determinants and received from other determinants. The
The time that a path occupies is called a train graph cycledenominator is the summary of all the interacting
On the single-track railway, the train graph cycle is the determinants between the factors.
factor determining the capacity of the timetable. The  Then the information entropy of train timetable
shorter the train graph cycle is, the more stable the trairstability is
timetable will be. S— _Cz piInp; )

(6) The buffer times between train paths

The buffer time between two train paths is the
allowance time that is added to the minimum time
between two train paths. It is well known that there must
be a period of time between two train paths, called
minimum tracing time, which can ensure the safety of the o . -
trains running in the sections under a certain type of3-3 Normalization of timetable stability
blocking system. Buffer times must be added on theinformation entropy
minimum time between train paths to prevent or reduce
delay propagation. So we can see that the more buffelhe timetable stability entropy is the key index to
time exists between train paths, the more stable eavaluate the train timetable stability. When the timetable
timetable will be. is stable, the factors are balanced and then the information

where ¢ = 1/In(N), which is the proportionality
constant to define the timetable stabiliy/is the number
of the factors which affect the timetable stability.
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entropy is high. When the factors present an orderec ., £*% ow o e o —\
appearance, the information entropy is low. But when the s~ by 0 TR v
information entropy is used to evaluate the timetable ... \:\ SN N NN )
stability, the problem is that it does not have a definitive =\ | T | TNTH T TN, T
value range, which makes it rather difficult to analyze the syt P o
timetable stability with the information entropy. N ZZ o N VE\\ ) ‘,4

In the previous publication, such as Herrmann's = \n G S
dissertation, timetable stability research is on the ! i el NP :
qualitative level and there is no clearly defined boundary - i N N N A AN
to tell the timetable stabilityZ1]. It is quite difficult to i \E‘ G Nq MG !
define the required number in the definition and it is very || BN vl \i
hard to tell whether the timetable is stable. Timetable **s ; e —

stability has the typical fuzzy characteristics and wedire

the fuzzy theory to describe it in a quantitative manner.Fig. 1: The timetable from Beijing to Zhengzhou from 8:00 to
Triangle function is the most commonly used function to 12:00

describe such characteristics and it is utilized in this

paper. So the information entropy can be normalized by

the membership degree functions, as follows. 4.1 The exterior timetable stability index

G=q(9,0<q(§ <=1 (3) e ~ e represent the grade of the railway lines, the
blocking system type, the station interlocking type, the

The triangle function is selected to map the leading locomotive performance and the average mileage
relationship from timetable stability entropy to timet@bl of the sections respectively. The interacting determmant

stability index as follows. between these five exterior factors are shown in Table
0 S<M
G= % M<S<L 4) Table 1: Interacting determinants between five exterior factors

1 S>L &g e e e e Total
M is the lower bound ofs andL is the upper bound L . ° ° 3 > 18
; ; & 2 - 4 3 2 11
of S. Of course, other membership degree functions can be & 1 4 _ 5 4 10
used to defing, such as the trapezoidal function, Sigmoid & 0 2 5 _ 3 10
function and Gauss function. e 1 2 5 4 - 12

Summary 4 13 19 12 14 62
pi 0.177 0.194 0.242 0.177 0.210

3.4 Timetable stability value InCp) -1.729-1.642-1.419 -1.729 -1.562

The timetable stability is affected by two kinds of factors, ~ According to the algorithm in Section 2.2, the
the interior factors and the exterior factors. So theproportionality constant and the exterior information
information entropy can be divided into two kinds. One is entropy are calculated as follows.

the interior factor timetable stability inde@"e"" the
other is exterior factor timetable stabilige€"". Then ¢=1/In(5) =0.621

the timetable stability value is defined as follows. gexterior _ —cy piinp = —0.6210.177x (—1.729)
nterior  —~exterior +0.194x (—1.642) +0.242x (—1.419)
W=G"" <G (5) +0.177x (~1.729) +0.210x (—1.562)] = 0.996

According to Equation (4), the exterior timetable
stability index calculating function is set to be

4 A computing case

0 Sexterior <09
Gexterior _ ) T 0.9 g Se;terior <1 (6)
We took the timetable of Beijing-Guangzhou high speed 1 1709 gexterior 5, 1
railway, section from Beijing to Zhengzhou and from -
8:00 to 12:00 as the evaluating target, shown in Eigt whereM is set to be 0.9. The value is also obtained
is equipped with moving block system and computerfrom the questionnaires sent back by the researchers and
interlocking system. The railway line has two tracks. experts.
© 2014 NSP
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Then the exterior timetable stability index@§<e" " = are given by the researchers and experts. Researchers and
099609 — 0.96 . experts marked the values in light of their experience,

knowledge and the relative data of the timetable. So the

deep-seated elements affecting timetable stability axe th
4.2 The interior timetable stability index interior factors and the exterior factors, which are grade

of the railway lines, blocking system type, station
hy ~ hs stand for the capacity load of the sections, theintérlocking type, leading locomotive performance,
capacity load of the stations, the total time supplementsverage mileage of the sections, capacity load of the
for running in the sections, the time supplements forSections, capacity load of the stations, total time
dwelling on the stations, the timetable periodic time andSUpplement for running in the sections, total time
the buffer time between train paths respectively. TheSupplements for dwelling on the stations, timetable

interacting determinants among these six interior factorg*@riodic time, buffer times among train paths.
are shown in Tablé. Timetable stability is closely associated with the
exterior timetable stability inde@®®"°" and the interior
timetable stability indexz™e"°". And we can see that the
_ _ o calculations ofG®e"or andG'"eor rely on Equation (4),
Table 2: Interacting determinants between five interior factors which determines the computing results.

hy hy hs ha hg hg Total

hy - 5 5 4 2 4 20

hp 5 - 4 0 4 2 15 5 Conclusion

hs 3 3 - 4 1 3 14

hs 3 3 4 - 3 4 W Factors which affect train timetable stability can be
hs °> 4 1 2 0 3 15 classified into two kinds, the interior and exterior. We can
hg 4 2 3 5 4 0 18

see that the information entropy theory is suitable for
describing the interacting relations among the affecting
factors of the train timetable stability. The normalizatio
function hires the triangle function, which is feasible and
easy to calculate. The interest of the proposed approach is
to hire the entropy theory to evaluate the timetable
stability, which cannot be seen in the previous

Summary 20 17 17 15 14 16 99
pi 0.202 0.162 0.157 0.162 0.146 0.172
In(p;) -1.599-2.344 -1.854 -1.823 -1.921 -1.762

c=1/In(6) = 0.558 publications. The method proposed can evaluate the train
cexterior _ —cy pilnp = —0.5580.202x (—1.599) timetabl_e s'gability e_ffecf[ive_ly and can g_ive some decision
+0.162x (—2.344) +0.157x (—1.854) supporting information in tlmgtable design process.
+0.162x (—1.823) 4+ 0.146x (—1.921) ~ Future reggarch is directed toward optimizing
10.172x (~1.762)] = 0.997 timetable stability based on the evaluating method with
entropy theory to broaden the research field. And the goal
According to Equation (4), the interior timetable is to optimize the timetable on the dispatching section as
stability index calculating function is set to be well as on the railway network. Moreover, it is important
o to consummate timetable evaluating and optimizing
o 0 gnterior < 0.9 models, including more affecting factors, restrictions to
Gnterior _ gm%égw 0.9 < gnterior -7 (7)  get a more practical timetable with high quality.
1 ’ gnterior 1
Then the interior timetable stability index@"e"™ = Acknowledgements
099709 _ ) g7 |
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