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Abstract: At present, the railway transport are always held up or even suspended because of the natural disasters occurred frequently.
In order to guarantee the smooth operation of the railway transport and reduce the number of trains affected by the disasters as few as
possible, proposal of train scheduling scheme with optimal invulnerability is proposed in this paper. Firstly, train scheduling network
model is proposed based on present train scheduling scheme in China, in which the real railway station is described as a vertex,
and the railway line is described as an edge, the number of trains on the railway lines is designed as the weight of edge. Secondly
a new indicator of invulnerability measurement is proposed and regarded as the object function to be optimized by using improved
particle swarm optimization algorithm. Finally comparison of invulnerability between the original scheme and optimal scheme with
selective attack and random attack are analyzed and the simulation results show that the optimal train scheduling scheme have better
invulnerability.

Keywords: Train scheduling network, invulnerability, particle swarm optimization algorithm, degree and weight effect.

1. Introduction tent of damage increase, the average shortest path length
increases at first, and then decreases, this particularity has

Railway is the primary transportation way in China. Chi- b_rqught much inconvenience in the research of invulnera-
nese railway network has been formed due to long-ternility. Therefore, Holme et al [3] make use of the global
development. However, the spatial accessibility [1] of our €fficiency E' and the maximum connected subgraph size
railway network is still poor because of harsh geograph-° to measure the network’s performance after attack, the
ical environment and expensive construction cost. Manydlobal efficiency is defined as formula (1).
previous examples proved that if some emergencies oc- 1 1
curred such as natural disasters, the train operation will b’ = N-(N-1) Z di;’ ()
influenced and railway transportation will be interrupted. i#j Y
Therefore, a reasonable train operation schedule with betwhereN represents the total node number of the network;
ter invulnerability to ensure train operating normally as d;; represents the average path length from niddenode
more as possible when some emergencies occur is an ug- Chinese railway geographic network is a tree network
gent problem needed to solve. [4], which has approximate zero average clustering coeffi-
The invulnerability research on complex network be- cient and very large average path length. If formula (1) is
comes a new focus, its theoretical significance and appliused to analysis the network’s invulnerability which will
cation value are recognised increasingly. Invulnerabilityresultin very small analysis results, so be hard to tell which
usually means the reliability of the network under artificial is better. Therefore, the global efficiency index proposed
destruction, it assumes the destroyer own all the informaby Holme is not suitable for evaluating the railway net-
tion of network structure and adopt a destructed strategwork’s invulnerability. Wu et al [5] proposed a new com-
[2], so it also called resistance to attack. Generally, the avplex network connectivity measu€ewhich consists of the
erage shortest path length is used to measure the damagbal efficiencyF and the maximum connected subgraph
extent of the network after attack. However, with the ex- sizeS, as formula (2). It divides the complex network into
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multiple connected branches, reduce the average shortestiginal scheme and the optimal scheme using selective

path length, but is not suitable to analysis the weightedand random attack patterns respectively are analyzed in

network’s invulnerability. this paper. Simulation results show that the network after
1 ) optimization is more stable than before.

CTuTTEr @

Wherew represents the network’s connected branch num-o Invulnerability analysis of train scheduling

ber, N; represents the node number of connected brancl?]e,[work

i, N represents the total node number of the netwdrk,

represents the average shortest path length of connected ) .

branchi. Zhang et al [6] proposed network coverage mea-2.1. Model of train scheduling network

sure, which analysis the scale-free network’s invulnerabil-

ity by the object of information fusion, namely research With Chinese geographic network as carrier, we use num-

the ratio value of coverage area of the information fusionber of trains operated between two stations to describe the

system in the total coverage area system can cover, aneldge weight according to present train scheduling scheme,

also it can be expressed the proportional of the networkso the weighted railway network can be constructed as

biggest clusters after attack in the initial network size in shown in Figure 1. In this diagram, the network’s nodes are

network model. However, railway geographic network does

not have scale-free network character [7] result in the net-

work biggest clusters and the initial network’s size almost

is same, this way also is not suitable to analysis network’s

invulnerability.

At present, the research in view of the weighted net-
work’s invulnerability does not see more. Jin Lei [8] has
analyzed the invulnerability of Xinjiang region’s highway
by grade. The research of Li et al [9] demonstrated that
the invulnerability of complex network drops rapidly with
the increase of the flow of network, and described the pro-
cess of complex network’s cascading failures. Namely a
certain node suffer damage, the flow of this node is dis-
tributed to the around nodes of it, which make other nodes’
flow load beyond their capacity limit to lead to cascading
collapse. However, when one site breaks down, the adja-
cent sites will process the affected vehicles until the origi-
nal site’s operation plan is in normal in the actual rail net- Figure 1 Train scheduling network model diagram.
work. This circumstance is not the same as the cascading
collapse of the power grid, so this method is also not suit-
able for studying railway network. Deng et al [10] use the
overload function to carry through the weights’ dynamic

(€]

actual railway stations and the network’s edges are actual
railway lines. Single-line or multi-line railway is consid-

: , .~ ered as one edge in this model. And the weight of edge is
allocation of the double small-world network’s Cascadmgldefined as num%er of trains operated on the ﬁ]ne. Andgt]hen

failures, but the nodes or edges’ invalidation in the actuathe topoloav of train scheduling network can be described
rail network will lead to cancel or postpone the schedule,. pology ot train's uling n rke scrl

namely the weights’ cancel is different from the weights’ in matrix form asA:
dynamic allocation. Therefore, it is necessary to put for-
ward a new invulnerability evaluation index for studying

the weighted railway network.

Because of its high construction cost, railway network
cannot extend in all directions as the ordinary highway,
this paper make use of adjusting the train scheduling scheme,
namely reasonable allocating railway network’s traffic flow,
to promote regional railway network invulnerability, but
not by increasing railway lines. Under the consideration
of the actual application in railway network, degree and
weight effect invulnerability measure is proposed and make
it as target function. Then improved particle swarm opti-
mization algorithm is used to optimize the network’s flow
distribution for obtaining train operation schedule with bet- where numerical vectar = [61, 16, 22, 22, 38, 22, 22, 65,
ter invulnerability. Subsequently, the invulnerability of the 12, 48] represents the network’s edge weight, which means
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the actual train operation quantity between the adjacenhodei; f represents average value of all the nodes’ degree

sites. Sum vector of non-zero element in every row or col-and weight effect value. If the fithegsis smaller, the bal-

umnd = [1,3,2,2,3,1,2,4, 1, 1] represents the degree of ance of the network flow is better and the invulnerability

each node. This diagram shows that the degree of nodef this railway network will be better.

is one for majority. The stations with higher degree are

the important nodes in regional network, and their nearby

edges often own higher weight. The damage of these stap 3. Particle swarm optimization

tions will make quite a large number of running trains

affected. Adequately considering this actual situation, weThe optimal solution of the flow distribution will be solved

will propose an optimization algorithm to redistribute the py ysing an improved particle swarm optimization (PSO)

edge weights and construct new train scheduling schemgigorithm. PSO [12] algorithm is an important branch of

which will have a less number of affected train when somethe group of intelligent optimization, which is inspired by

stations are damaged to promote the invulnerability of thethe predatory behavior of birds proposed by American scholar

railway network. Eberhart and Kennedy in 1995. This algorithm is of these
features: less setting parameters, fast convergence speed,
and it has been widely used in the engineering field af-

2.2. Invulnerability evaluating index ter ten years development. The particles in PSO algorithm
without quality and size fly across thedimension space

As already stated, the existing invulnerability evaluation by a certain speed, and dynamically adjust the group to the

index of complex network is not suitable for the weighted optimal state gradually by their own flying experience and

railway network, a new invulnerability evaluation index is companions flying experience, the math expression shown

proposed to solve this problem. Wang et al[11] puts for-in formula (5) and formula (6):

ward a flow distribution method of network in analysingall Yo (pt, — mi) + cara(p? — 23 4)).(5)

sorts of transportation systems. Making use of the lessons ¢ hd T AWy~ Tia) T CT2Pg T Tid))-

from this idea, this paper regards the operation train quan-

tity distribution of railway network as a network flow dis- £id = Tid T Vid- (6)
tribution problem. Network flow’s reasonable distribution Wherex; = (z; 1,254, -+ ,7;74) andv; = (Vi1sVigs s
can make the nodes’ importance of the railway networky; ;) represent the position vector and velocity vector of
keep balance and so reduce the affected train quantity Wh%rticlei respectivelyp? = (p®.,pt. -+ ,p? )andp? =

7 7,174,279 1g.d %

some nodes are damaged. In fact, it is not possible to keeP g g g s th i f varticl
this balance in railway network, because some railway sta~i,1>Pi.2" """ ,P5,4) TEpresents the position of particie

tions such as which locate in capital or some big cities. Searched _by itself and the best position of all partl_cles searched.
Considering degree of node and weight of edge synthetiNOnnegative constawi andc; represent the learning fac-

cally, a new evaluation index called degree and weight ef10f, 71 andr; represent random number of uniformly dis-

fect is proposed, which can be used to evaluate importanciibuted in the interval0, 1). In formula (5), the three items

of node, as shown in formula (3): on the right of the equation is corresponding to the inertia
of itself, the best history position of itself and the best posi-
fi = Si % ©) tion of the particle population. Adjust particles to their own
‘"8 D best position and population best position learning weights
Wheres; ,S represent the total number of the train that according to the study factor. _
pass by the railway statiohand the total operating train PSO algorithm has numerous improvement methods,

number of the network respectively;, D represent the ~Predatory search strategy combined with PSO algorithm is
node degree of the railway statiomnd the sum of the all one of the important methods. Predatory search strategy
nodes’ degree in the railway network respectively. This in-iS @ kind of new bionic computing thought put forward
dex considers the degree and the flow distribution of thedy Linhares[13]. This thought simulating animal feeding
railway network comprehensively, if the nodes own higherStrategy realize local search and global search by control-
degree or bigger network flow that shows these nodes arbng the limits size of the search space and the conversion
more important in the railway network. Furthermore, the between them, which have good local concentrated search
standard deviation of nodes’ degree and weight effect dis@nd jump out of local optimal ability. Predatory strategy
tribution is used as fitness function to evaluate invulnera-can balance the local search ability and the global search

bility of the train scheduling network, as shown in formula ability of the PSO algorithm, and this just makes up the
defect of the algorithm easily falling in local optimum.

Predatory search strategy combined with PSO algo-
rithm still has its limitations. Because this strategy affect
4) the algorithm search process only by adjusting the search
range size, and the search range limitation is randomly
WhereN represent the station number of the railway net- generated, when particles search in a small range but the
work; f; represents the degree and weight effect value ofsearch speed keep fast which is extremely easy to cause the
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algorithm to skip the optimal solution. In complex prob-

lems, this combined strategy will have no obvious effect.
Aiming at this shortcomings, this paper proposes a speed
adaptive control strategy, which will increase the particle et
search speed with the search range increasing, and vice
versa. The math expression shown in formula (7):

re(j t
L 7)
Wherere,,,., represents the range restriction quantsty,
and~ represent two adjustable parametergpresents the
current iteration times, and,,, .. represents the maximum

iterating times of every range limitations= 1,2, .....maaz-
When particles search in a wide range limitation, par-Figure 2 The original train scheduling network diagram of the

ticle keeping faster speed can quickly find a relatively op- Yangtze River Delta regional diagram.

timal solution. Then, the algorithm search in a small scope

centered on this relatively optimal solution, and at the same

time the particle speed will reduce in order to get a more o . . .
optimal solution around the relatively optimal solution. Be- {i¢les position information and speed information, and then

cause particle search speed and the current iteration rdUrn all the values into integers. The particles searching
lated, make particle velocity get a better adjustment. What’§2nges are defined as formula(9):

T34 =Ti4+ -
Umax

more, to prevent algorithm to entr:';lp.intc') local solution, the) 5 eq < T34 < 15 xeg. 9)
algorithm will re-generate range limitations when the par- ’
ticles can't find a more optimal solution. wheree, represents the original train scheduling network’s

As shown in Figure 1, the train scheduling scheme caredge weight, namely the operation train number of the be-
be described as & * N dimension adjacency matrix. In tween the adjacent stations.
this adjacency matrix,the nonzero elements indicate that 3) Calculate the fitness value of every particle by using
these two stations are adjacency and the value represerfiermula (4), get the global optimal fitness value and global
the weight of these two stations, the zero elements indi-optimal solution by comparing the fitness value of every
cate that these two stations aren’t adjacency. In PSO alparticle. If the value is better than current global optimal
gorithm, a particle code for the train operation number ofsolution, update the current global optimal solution. Then
the adjacent stations, namely consists of the nonzero elenakez; = p?(i = 1,2,--- , P), and turn to step 2).
ments of the triu or the tril in adjacency matrix, and make  4) Otherwise repeat the search process until the search
formula (4) as the objective function. In this problem, the times exceeding the maximum search timigs,., and
fitness value is smaller and the result is better under théhen randomly initialize all particles center on the current
constraints. This paper make the consistency of the trairoptimal particle in a larger range limitation and turn to step
operation number between the original train scheduling3).
network and the optimal train scheduling network as the 5) Output the optimal solution until all range limita-
first constraint. Another, passenger flow volume of everytions have been searched, and regress to a new train oper-
stations are different, just like the description of the eval-ation plan.
uation index degree and weight effect, so we define the
other constraint condition, as shown in formula(8):

opt

P < 0.2 % 5. (8) 3. Simulation results

wheres; represents the total number of the train that pass

by the railway station in the original train scheduling net-  3.1. Invulnerability optimization

work, as the sam&™" represents the total train number of

the optimal train scheduling network. The simulation analysis is based on the railway network
Algorithm procedure is as follows: of Yangtze River Delta region, as shown in Figure 2 and
1) Set the range limitation of all levels and the searchthe topology matrix of the original train scheduling net-

timesit,,.q.. Of every level. Determine the total station num- work is asA;. The data of Figure 2 comes from Chinese

ber N and the degree numbéy of every station, the par- Railway Passenger Transport Network in 2008, and choose

ticle numberP of the PSO algorithm. Calculate the total twenty-one stations as the nodes of the train scheduling

train number of the original train scheduling scheme, andnetwork. The weight of the station is the sum of all the

make it as the constraint of search results. edges connected to this station in the model. The bigger
2) Randomly initialize all particles speed ; inrange  station weight shows more trains go through this station,

limitation re(1). Using formula (5) formula (7) update par- and it is more important in the railway network system.

Is; — s

@© 2013 NSP
Natural Sciences Publishing Cor.



Appl. Math. Inf. Sci.7, No. 1, 113-119 (2013) / www.naturalspublishing.com/Journals.asp

%N S\ 117

In the improved PSO algorithma,= 0.8,c; = ¢3 = 2,

the search range limitation of particle has five levels, they o8y

are[3,6,9,12,15]. Settingit,,.. is equal to 400, setting
0 = remar = 9, Settingy = 0.5. Programming realizes
the weight optimization by platform of MATLAB7.0 and
gets a new train scheduling scheme, the topology matrix
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the affected weight percentage

of the RINZ5 S Ui $CHeFUINY HEWPT 5450 0 0 1
610160 0000000000000 0 0480 oaf
01602200000000000000000 s T
00220220000000000000000 e
000220038000000000000022 o1l » s " s
O O O O 0 0120 0 O O O O O 0 0 O O O O 0 delete the selective nodes
000038120250000000000000
8 8 8 8 8 82052052053052076018 8 8 8 8 8 8 8 8 Figure 3 Weight percentage affected by selective attack.
000000003000000000000
A=10000000027r000000000000
00000000610006000000000 such as Hefei(3),Chaohu(4),Changxing(8),Kunshan(14) have
00000000000600420000000 increased their operating train number. Calculate the fit-
00000000000042040000000 ness values of the original train scheduling scheme and the
00000000000004006300000 optimized train scheduling scheme by formula (2.2), they
00000000000000630670000 are 0.0044 and 0.0036 respectively which show the pro-
00000000000000067062000 portionality of the optimal scheme is better than original
0000000000000000620 0650 scheme.
00000000000000O0D00O0O0120
0480000000000000006512022
0000220000000000000 0220 3.2, Invulnerability validation
[06700 000000000000000007 321, Simulation analysis under selective attack
670130000000000000000220
01303300000000000000000 The important stations such as Bengbu(2), Wuhu(5), Hang
00330200000000000000000 zhou(9), Jiaxing(12) and Nanjing(20) with bigger weights
000200028000000000000030 are reduced in the original train scheduling network and
0000001400000000000000 the optimized train scheduling network in turn, namely
000028140380000000000000 delete the data of the corresponding nodes. Then respec-
00000038022000000000000 tively calculating the total weight values for deleting the
0000000220343032000000000 corresponding nodes occupies the proportion in the sum
0000000034000000000000 weight value (the total number of the train) of the railway
A= 0000000030000000000000 network, shown in Figure 3.
00000000320007400000000 From Figure 3, we can find the affected train num-
00000000000740480000000 ber has soared with the increase of the damaged stations
00000000000048050000000 (Bengbu(2),Wuhu(5), Hangzhou(9), Jiaxing(12) and Nan-
00000000000005007100000 jing(20)) in original train scheduling network under selec-
00000000000000710580000 tive attack. And the affected trains occupy 71.2% of the
00000000000000058067000 all train number in the network. But the affected trains’
00000000000000006700590 percent is about 62.6% when all the five selected stations
0000000000000000000140 are deleted in the optimized train scheduling network. Be-
0220000000000000005914023 cause the balance distribution of the network flow has ap-
L00003000000000000000230 | propriately reduced the flows of these five selected sta-

tions, but these five stations still contains a large percent-

From matrix A, we can know that the operating train
number of these important stations Bengbu(2), Wuhu(5)
Hangzhou(9),Jiaxing(12), and Nanjing(20) have been re-

age flows of the network.

duced in the optimized train scheduling scheme, but their3.2.2. Simulation analysis under random attack

weight values still are higher than most stations which shows

that the important position of these stations is in accor-In random attack mode which random select five stations
dance with the original train scheduling scheme in the mod#d.Btitick, and calculate the affected trains’ percent occu-
other stations with small degree and weight effect valuepied in the all train number of the network. Then separately
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0s | | | —— flow volume of these second-tier cities also will increase
original

------ optimized | accordingly, so the strategy proposed in this paper is in ac-
cordance with the development of passenger flow in China.
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