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A PASSENGER FLOW ROUTING MODEL FOR HIGH-SPEED
RAILWAY NETWORK IN DIFFERENT TRANSPORTATION
ORGANIZATION MODES

ABSTRACT

Reasonable selection of passenger flow routes consid-
ering different transportation organization modes can meet
the demands of adapting to large-scale high-speed railway
networks and improving network efficiency. Passenger flow
routing models are developed to find and optimize a set
of passenger flow routes for a high-speed railway network
considering different transportation organization modes.
In this paper, we presented a new approach minimizing the
operating costs, including traveling cost, cost of travel time
differences between different lines, and penalties for the in-
ter-line. The network was reconstructed to solve the directed
graph with four nodes (node-in-up, node-in-down, nodes-out-
up, and nodes-out-down) indicating one station. To tackle
our problem, we presented an integer non-linear program-
ming model, and direct passenger demand was guaranteed
owing to volume constraints. Binary variables were intro-
duced to simplify the model, and the algorithm process was
optimized. We suggested a global optimal algorithm by Lingo
11.0. Finally, the model was applied to a sub-network of the
Northeast China railway system. Passenger flow routes were
optimized and the transportation organization mode was
discussed based on passenger volume, traveling distance,
and infrastructure.

KEY WORDS
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1. INTRODUCTION

High-speed railway (HSR) experiences a period of
rapid development in China. The length of high-speed
railways in service has reached 25,000 kilometers,
ranked number one in the world in 2017, and it will in-
crease to over 30,000 kilometers in 2020. High-speed
railway has provided more convenient services for
passengers. 30% of HSR lines operate at a maximum
speed of 300 km/h in China, depending on infrastruc-
ture conditions.

1.1 Features analysis of a large-scale HSR
network

There are three typical features of a large-scale
HSR network. The features will be elaborated by the
example of HSR in China.

Larger scale network and longer operating mileage

Compared with Germany, France, Dutch, and Ja-
pan, China’s high-speed railway network obviously has
larger scale and longer operating mileage. China has
the longest mileage and the largest scale high-speed
railway network globally. The length of HSR in service
has reached 25,000 kilometers, which is more than
60 percent of total HSR in the world.
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Figure 1 - High-speed railway change accounts for the
proportion of railway passenger traffic volume and length of
railways in operation

The HSR operating mileage and passenger volume
are increasing year by year. High-speed railway takes
43.4% of the railway passenger volume with an oper-
ating mileage of 18.5% in China (Figure 1).

At the same time, there are HSR lines with a mile-
age of 1,000 km and above. For example, the length
of the Beijing-Guangzhou high-speed railway is 2,298
kilometers, and it takes about 10 hours with a high-
speed train from Beijing to Guangzhou.

Lower proportion of direct transportation
and unbalanced passenger volume per direction

Since China has a vast territory and varied terrain,
passengers have created a pressing demand for direct
transport. Statistics shows that direct passenger train
services were provided to only 10% OD pairs in 2016.

On the other hand, HSR provides lower train fre-
quency for most OD pairs. 79.15% OD pairs are direct-
ly serviced with up to 5 trains, while 92.13% are direct-
ly serviced with up to 10 trains (Figure 2).

Unbalanced passenger volume by direction is wide-
spread in large scale HSR networks. Figure 3 shows
passenger volumes of several sections in the Bao-
ji-Lanzhou HSR. There is a big passenger volume dif-
ference for some sections per directions.

Complex passenger transportation in hubs

There were 687 high-speed railway stations in Chi-
na as of February 2017. Some cities have two or more
high-speed railway stations. There is little difference
in train classes between these stations. Connections
through several stations in a single city add complexity
to train operations. High-speed railway hubs have been
formed with different scale and different features.

For example, there are seven main railway stations
in Beijing: Beijing Railway Station, Beijing West Railway
Station, Beijing South Railway Station, Beijing North
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Figure 2 - The relationship of amount of OD pairs and train frequency
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Railway Station, Fengtai Railway Station, Xinghuo Rail-
way Station, and Tongzhou Railway Station. All of the
trains at the Beijing South Railway Station are EMUs,
while Beijing West Railway Station has 60% EMUs.
Other stations only have a few EMUs. Most of the sta-
tions cannot be connected to each other by railway.

More and more HSR stations will be constructed
and operated in other cities with the development of
the HSR network, such as Huizhou, Guangdong, which
will have 9 stations.

1.2 Transportation organization mode analysis
of a large-scale HSR network

These features have a big influence on the trans-
portation organization mode of HSR, and the content
of the transportation organization mode refers to di-
rect or transfer, periodic or non-periodic, and intra-line
or inter-line.

Definition of intra-line and inter-line. Intra-line: pas-
sengers’ origin and destination belong to same line,
and these passengers are serviced by one HSR line
in a trip. As Figure 4 shows, the examples of intra-lines
are 1-2-3-4-5-6-7, 1-11-12-13-14-8, and 7-8-9-10. In-
ter-line: passengers are serviced by two or more HSR

lines in a trip, passengers’ origin and destination be-
long to one or more lines. For example, 5-6-7-8, 5-6-7-
8-14, 7-8-14-13-12-11-1, and so on (Figure 4).

There are vague transportation organization modes
in HSR in China so far. The average path length of the
Chinese high-speed railway network is 1,403.36 km
(17.89 h) according to actual lines. Thicker lines mean
higher frequency of trains (Figure 5). Only a few lines
with shorter distance and large passenger volume
have high-frequency trains and approximate periodic
timetables. Most lines in the network have lower fre-
quency trains. There is a large percentage of inter-line
trains in the HSR network.

Figure 4 — Examples of intra-lines and inter-lines
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Figure 5 - Train service network of Chinese high-speed railway (2016)
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1.3 Relevant research

Previous studies introduced some relevant meth-
ods detailing the transportation organization modes of
HSR networks. They are classified into three catego-
ries: (1) transportation organization mode for specific
high-speed lines, (2) passenger flow routing program-
ming of high-speed railway network, and (3) passenger
routing in line planning and timetabling.

Studies on transportation organization mode for
specific high-speed lines. Many researchers explored
the transportation organization modes of some typi-
cal high-speed lines, such as Shijiazhuang-Taiyuan
HSR [1], Beijing-Shanghai HSR [2], Beijing-Tianjin HSR
[3]. The inter-line mode, periodic or non-periodic, was
discussed based on operation experience. There were
three levels of rail services in the Netherlands’ HSR
[4]: IC, IR, and AR, which provided varied and fixed
services based on a classified station system. A lot of
features and experiences regarding the transportation
organization modes of European [5] and Japanese
[6-7] high-speed trains have been reported, including
designing of train stops, train connections and trans-
fers, combination modes of through trains and trans-
fer trains via timetable mining. Train operation models
were constructed to solve the relationship of transfer
mode and nonstop mode [8-9] while determining the
proportion of different train classes.

Passenger flow routing in HSR network. In previous
studies, the object of passenger flow routing model
would be minimizing train traveling time or maximizing
the number of direct passengers. Enormous research
efforts go into selecting the shortest path. Dijkstra’s
algorithm was used with a physical traffic network [9-
13]. A model was put forward to pair nodes using an
undirected graph, and undirected passenger routing
was solved by a linear model which maximizes the
number of direct passengers [14]. Passenger routing
was transferred into a combinatorial optimization prob-
lem. The cross-entropy method was used to solve this
problem [15]. Some academic achievements focused
on passenger route choice behaviors and characteris-
tics both in hubs and network. Surveys about quality
service, adequate informing, quality of vehicles, line
routes, and timetables were carried out [16-19].
Passenger routing in line planning and timetabling.
Line planning and timetabling depends on passenger
flow routing. The typical method of line planning is
based on the line pool. Lines in the pool are selected
according to the shortest routes. The shortest routes
are selected as passenger flow routes based on maxi-
mum direct passengers. Claessens presented a math-
ematical programming model to solve the allocation
of passenger lines [20]. This problem was based on
maximizing the number of direct travelers. Schobel

focused more on line planning. He found a set of paths
for operating lines while aiming at minimizing transfers
[21-22]. He used the Dantzig-Wolfe decomposition al-
gorithm to solve the model. The sub-problem could be
solved onthe basis of shortest routes. Huiling Fu applied
the line planning method from Schébel to the Chinese
HSR network to design a line plan considering cost-ori-
ented and customer-oriented objectives [23-24].

In this work, we present a new approach for de-
termining the transportation organization mode of
an HSR network. We investigate the transportation
organization mode via passenger flow routing in high-
speed railway networks with respect to minimum to-
tal operation costs. The problem is solved through
two-stages. First, given the railway infrastructure
with the accompanying stations and passenger vol-
umes between main OD pairs, the model determined
operating cost-minimizing passenger flow routes.
Then, the optimal results combining with route dis-
tances and line features are discussed to define the
transportation organization mode of different trans-
portation corridors.

2. BASIC HYPOTHESES

These hypotheses are made to depict passenger
routing problems more logically and closer to reality.
Cyclic annular railway can be avoided according to hy-
pothesis 1. To describe the difference of passenger
routes in an operation period more logically, hypothe-
sis 2 was constructed. Hypothesis 3 is put forward to
explain the determination of passenger flow for pas-
senger routing.

1) The physical network is established based on cities,
choosing one station per city. However, two or more
stations in one city which cannot connect with each
other via railway are included. Cyclic annular railway is
avoided in this way.

Beijing South (L1) and Beijing (L3) belong to the city
of Beijing, and two independent nodes are set up
(Figure 6). Tianjin has three stations which can connect
by lines in the Tianjin hub. Only one node is set up in
this city.

Beijingnan

Beidaihe

Tianjin

Qinhuangdao

Figure 6 - An example of establishing a physical network
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2) The construction cost and rolling stock cost are not
considered because the costs are apportioned over a
long operation period.

3) Passenger demand is divided into several pairs of
nodes for cities with two or more stations, because the
demand data of all pairs of nodes indicates the de-
mand of two cities. As Figure 6 shows, the demand be-
tween Beijing and Qinhuangdao is averaged between
Beijingnan-Qinhuangdao and Beijing-Qinhuangdao.

3. RESEARCH RESULTS AND
PRESENTATION OF METHODS

A physical network is a finite, directed graph
PN=(N,E) with a node set N representing cities, and
an edge set E which contains driving edges and trans-
fer edges. For each node n. PN is constructed based
on L-space; it means that for each edge {u,v} there is
a direct line from node u to station v. For each edge
{u,v} we assume the driving time ¢z, and the travel time
differences between different lines ¢ are known. The

Table 1 - The definition of sets, parameters, and variables

edge cost ¢, is represented in three parts: driving
cost, cost of travel time differences between different
lines, and inter-line penalties per train.

Moreover, let RENXN denote the set of all origin
-destination pairs when q; means the sum of direct
passengers. OD pairs can be served through the short-
est route from i toj. The shortest route is calculated by
Dijkstra’s algorithm.

The definitions of main sets, parameters, and vari-
ables which are needed in the model are shown below
(Table 1).

3.1 Enterprise model process

Two models (Table 2) are introduced to solve the
passenger flow routing problem. M1 is established to
solve maximum direct travelers based on the undirect-
ed graph, which only considers the number of connect-
ed lines for each node. The number of direct travelers
is used in M2. The objective of M2 is minimum op-
eration cost, while considering nodes capacity, edges
capacity, and direct travelers. The solutions for paired
nodes, direct routes, and total cost are found.

R: set of OD pairs, all origin-destination pairs are contained
V: set of demand of all origin-destination pairs

N,

Sets Rif set of nodes of the route R@./,

K, Kj the number of nodes i and j connected with

K, Kff": the number of nodes i connected with upside and downside

Kj“l’, Kjd”: the number of nodes j connected with upside and downside

B, B,: the bound of capacity for each node and edge

/)

q.: direct passengers that can be served from i to j through shortest routes

o

/)

. the operating cost from i to j through shortest routes per train

Vi if the shortest route from i to j contains edge e or not
zlfj’.: if the shortest route from i to j contains node n or not

Parameters bg.: if the route is chosen for i,j pair & the route contains edge e or not
Wi if the route is chosen for i,j pair & the route contains node n or not

L: allowed number of trains, 490 people per train

0: the proportion of direct passenger

M: the most number of direct passenger (solved by M1)

Variables

X, if i and j are paired or not, xl.l.e{O,l}

Table 2 - The distinction of M1 and M2

Model M1 M2
Network Undirected Directed
Objective Max. direct travelers Min. operation cost

Constraints a. The number of connected lines

a. The number of connected lines
b. Nodes capacity
c. Edges capacity
d. Direct travelers

a. Paired nodes
b. Undirected routes
c. The number of direct travelers

Results

a. Paired nodes
b. Directed routes
c. Total cost
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3.2 M1 for maximum direct travelers

To solve the passenger flow routing problem, the
basic model was constructed [13]. Passenger flow
routing with maximum direct travelers is presented.
The M1 will pair nodes and select routes for maximum
direct travelers based on the undirected graph.

M1 objective maxQ= >. Y. qj xj

i€PN jEPN
st > x;<K, VijePN (1)
JEPN,i#j
> x;<Kj, Y.jENP (2)
i€ PN,i#j
{1 if iand j arepaired viie PN 3)
ij . . , €
"o ifiand jarenotpaired
q;>0 Vij€PN (4)

Constraints 1 and 2 make sure that the number of
routes through any node is not above the number of
lines which the node connects. The variables xl.je{O,l}
in Constraint 3 are set to be 1 if and only if i and j are
paired. Then Constraint 4 takes the passenger volume
into account, which is greater than 0. The objective
function we use is customer-oriented: we sum up the

passenger volume D, Y. gi-x; of a shortest route
iEPN jEPN
from i to j, we maximize direct travelers. It should be

noted that g, means all demand can be transported
through shortest route from i to ;.

The routes with more nodes and longer traveling
distance will be selected if maximum direct travelers
with efficient and rapid transportation cannot be guar-
anteed at the same time. This solution is not suitable
for a large-scale HSR network. The basic model dis-
regards restriction of carrying capacity in railway sec-
tions, which will lead to capacity imbalance and com-
plex transportation organization.

3.3 M2 for minimum total operation cost

We propose the passenger flow routing model with
minimum operating cost (M2) while ensuring the pro-
portion of direct passengers and considering capacity
constraints. We established some special terms for the
following research. (1) Inter-line trains. Trains run on
two or more lines with different operation speeds. (2)
Travel time differences between different lines. Trains
run on lines with different maximum operating speeds
due to inter-line operations. The time difference indi-
cates the difference between trains running on higher

The travel time difference due to operating speed is
used in a route which contains edges with different op-
erating speeds.

For the route A—B—C, the travel time differences
between different lines will occur for edge BC. Travel
time differences between different lines can be cal-
culated by the formula 5N = 132 - 13%° (Figure 7),
meaning that a train can run at 250 km/h regardless
of the interline effect. Travel time differences between
different lines of edge BC are between trains operating
on 250 km/h and 200 km/h lines.

200 km/h

250
tBC

A B C

Figure 7 - An example of travel time differences between
different lines

Constraints 1 and 2 in M1 will bring the new problem
in a directed graph because constraints only restrict
node-in and node-out. Passenger flow routes with the
same direction on the same side for one node will be
selected. Accordingly, the structure of the network
needs to be amended. Four nodes are added into the
nodes list for each station based on 2 directions of
lines and 2 directions of nodes, node-in-up, node-in-
down, nodes-out-up, and nodes-out-down, respectively.

A is the basic node form, B is the form of node-in
and node-out, then the form changes into a four-part
node in M2 (C) as shown in Figure 8.

Constraints 5 and 6 are proposed to make sure that
the number of train routes through any node belonging
to the network is not higher than that of the lines which
the node connects.

st Y, xg<KP Y, xy<K" (5)
JEPN,i#j JEPN,i#j
2 X <K, Y xy <K (6)
i€EPN i€PN,i#j

Besides, Constraint 7 is put forward to guarantee a
percentage of direct passengers because of the com-
bination of direct and transfer transportation. The
variable M is the maximum direct passengers, which
results from M1. 6 is the proportion of direct passen-
gers and the range of 8 is O to 1.

speed lines and those running on lower speed lines. > xiqi=0-M (7)
i€PN jEPN
e |\ — |- -|
_ = >()en— —ir> o-up
ouT ouTt O-DN < |-DNm=s
A B C

Figure 8 - The illustration of node expansion in PN
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The operating cost per train contains route cost c;
cost of travel time differences between different lines
c; and penalty of inter-line cg (Equation 8). The route
cost can be obtained by driving time multiplied by time
cost because time cost is different at different oper-
ating speeds (Equation 9). For each route, the cost of
travel time differences between different lines can be
calculated by cost coefficient multiplied by travel time
differences between different lines (Equation 10). Last,
inter-line penalty is closely related to inter-line times
(Equation 11).

ci=citcjt+ch (8)
¢l = (390 (200 1 (250 250 (9)
ci=tj-c’ (10)
b =fy-ch (11)

The cost of different train types can be obtained
based on the CRH EMU technology parameters
(Table 3).

Table 3 - Main cost parameters values [25]

Parameter Values Remarks
Operating speed:
200
c 341 €/hour 200 km/h
Operating speed:

250
c 595 €/hour 250 km/h and above

Compare with maximum

v 104
c 2.810"€/hour speed

M2 objective: min Z Z x;,--%-c;;

i€PN jEPN
st > D xiyvi-qi<B. (12)
i€EPN jEPN
2 2 x5z gy < By (13)
i€PN jEPN
qg/ZO, Be,BnZO (14)
6e(0,1] (15)
{1 ifiand j are paired
APTS ) . Vi,j € PN
0 ifiand jarenotpaired (16)
if the shortestrouteofito
. containsedgee .
Yu 0 if the shortest route of i Vije €PN (17)
to jdoesn't containedge e
1 if the shortestroute of i to j
containsnode
2 " vijnePN  (18)

0 if the shortestroute of i
to jdoesn't containnode n

The boundaries of carrying capacity of edges and
nodes are given in Constraints 12 and 13, respectively.
Constraint 14 guarantees the passenger volume and

capacity are greater than 0. The variables xije{o,l} in
Constraint 16 are setto 1 if and only if i and j are paired,
and the variables z;.,w;e{o,i} in Constraints 17 and 18
are setto 1 if and only if edge e or node n is included in
the shortest route from i to j. We sum up the operating
cost of a shortest path from i to j, calculating the op-
erating cost based on the number of operating trains,
and we minimize the operating cost.

The introduced variables ZZWZ will increase the
complexity of the algorithm due to capacity con-
straints. The capacity judgment is updated in each
iteration according to passenger assignment. The cal-
culation process will be complicated and calculation
time will be longer.

Other extensions variables are introduced to reduce
the complexity of the algorithm. Constraints 12 and 13
translate into Constraints 19 and 20 by introducing new
variables bgwl’]’ The variables wa;' in Constraints 21 and
22 are set to 1 if i and j are paired, and the shortest
route of i to j contains edge e or contains node n.

2 2 b qi < Be (19)
iEN jEN
2 2 wirqi =By (20)
iEN jEN

if therouteisn't chosen for i,j pair/

her n't contain
b theroute doesn't containedge e (21)

if therouteis chosenfori,jpair &
theroute contains edge e

if therouteisn't chosenfor i,j pair/
. theroute doesn't containnode n (22)
Wy if therouteis chosen fori,j pair &

theroute contains node n

3.4 Algorithm processes

The algorithm processes are improved when new
binary variables are applied. Passenger volume is as-
signed for the model after updating shortest routes.
A. Maximum direct volume for route R[j fromitojis cal-

J
culated with the formula Vz; = Z qij- Rij contains
i#jj=it+1
several nodes N, , and the passenger volume can be
1)
serviced for any two of these nodes paired in the di-

rection of the route. The maximum of Ny (Nry-1)

passenger volumes of OD pairs will be summe%.
NRj;

B. Vansr= 2,

nENRi<n<j
volume of each edge for each shortest route. N, -1
g

edges will be assigned for route Rij.

C. We calculate the passenger volume of

each node for each shortest route by formula
NRj Nrjj

g is used for passenger

Promet - Traffic & Transportation, Vol. 30, 2018, No. 6, 671-682
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x,.l—»o N: the network
R: shortest train routes

x: the upper bound

V: passenger volume
RN: shortest routes contains nodes
RS: shortest routes contains sections

TRAIN ROUTES SEARCH

Shortest routes
Dijkstra algorithm

T
A 4

volume in each route

A. Maximum direct passenger

T

v

B. Passenger volume of
each edge for each route

Y

Initial solution X

-

Lines constraints
Direct passengers

Summed up passenger
volume (B) for each edge

<:: PASSENGER
v ASSIGNMENT
C. Passenger volume of
each node for each route
i
<—
LINGO SOLVER
INLP
<,‘: Global optimal
Variables
Summed up passenger Constraints
volume (C) for each node Nonzeros

| Optimal solution X

End

Figure 9 - The improved M2 algorithm process

The improved algorithm is shown in Figure 9. The
initial solution X'is calculated by the Lingo solver, while
line constraints and direct passengers are judged, but
the judgment of node and section capacity constraints
should be solved based on passenger assignment.
The passenger volume of each edge (B) and passen-
ger volume of each node (C) for all selected routes are
summed. If capacity constraints are not reached, a
new solution will be applied, and the optimal solution
will be found after many iterations.

A route with more passengers will be replaced by
other routes if exceeding section capacity or nodes
capacity limit in this iteration process. The process of
iteration is the same as practical operation. The result
shows a route which can provide a more direct service
for OD pairs, and routes with less nodes are selected.

4. CASE STUDY

4.1 Case descriptions

Our approach is currently tested on a sub-network
of the Northeast China railway network, which has
seven high-speed railway lines (Table 4, Figure 10).
The maximum operating speed is 300 km/h and the
minimum operating speed is 200 km/h. The given PN
contains 76 expanded nodes, 36 edges, and 341 or-
igin-destination pairs. The demand data for the pas-
senger flow routing problem is given by the origin/des-
tination matrix, specifying the number of travelers per
day between all pairs of nodes.

Then a model with 49,104 variables and 36,667
constraints is built. The shortest route algorithm and
passenger assignment on each route are implemented
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Promet - Traffic & Transportation, Vol. 30, 2018, No. 6, 671-682




Wang Y, Han B-M, Wang J-K. A Passenger Flow Routing Model for High-speed Railway Network in Different Transportation Organization...

Table 4 - The basic information of PN

Numbers Lines Di?&zra‘:\]ce [&I}«Fr):/e:]
1 Beijing-Tianjin 120 250
2 Tianjin- Qinhuangdao 350 250
3 Qinhuangdao-Shenyang 404 200
4 Beijing-Qinhuangdao 120 200
5 Harbin-Dalian 921 300
6 Changchun-Hunchun 456 200
7 Harbin- Qigihar 282 250
Qigihar= Harbin

Y \
Taikang Dadqing » Dehui

Beijingnan
A Changchun
Y Y
Jilin Hunchun
Siping =
Shanrlaiguan
Shenyang

\

Tianjin Beidaihe Qinhuangdao Jinzhou = Yingkou

» Dalian

Figure 10 - The topological graph of the case

with C#, and Lingo 11.0 is used to solve the non-linear
programming model with a global optimal algorithm.
The solver performs on a PC with a 3.2 GHz, Intel™
Core™ i5-3470 processor and 16 GB of RAM running
Windows 7 (64-bit).

4.2 Results and discussion

We discussed the model for different situations
when parameters change.

The correlation between direct passengers and total
cost

The direct passenger volume grows in inverse pro-
portion to the increase of total cost. The more direct
passenger demand is satisfied, the more cost it pro-
duces. The growth of total costs accelerates when the
proportion of direct passengers is greater than 80%. A
rapid increase of total cost occurs when parameter 6
is greater than 85% (Figure 11).

The characteristics of routes

The different train routes are optimized. The char-
acteristics of the routes are summarized when param-
eter 6 changes. The average nodes number, distance,
and inter-line times increase with the proportion of di-
rect passengers (Table 5). The rate of increase in these
statistical values slows down when 6 is greater than
90% (Figure 12). More routes are selected when the

2,0007 | —e— Total cost 1700
—u— Direct volume .89 E3

629 - °
& 1,500 573 {600 g
5 536 2
= 504 Py
£ 10001 L7 PLIES g 2
b E
g 441 S
5 i
2 500{ 378 £

670
// 1400
./ 302
152

0 : 300
50% 60% 70% 80% 90% 100% 110%

Situation

Figure 11 - The correlation between direct passenger and
total cost

Table 5 - The statistical value of different situation

The Avg.
Situation number AV, ) AV, inter-line
nodes distance )
of routes times
100% 9 5.000 | 622.444 0.667
90% 9 4,778 570.111 0.444
85% 11 4.545 476.545 0.364
80% 15 3.333 | 348.200 0.267
70% 21 2.550 236.667 0.190
60% 22 2.409 203.273 0.182
50% 20 2.350 178.400 0.250
6 1,00
—"— Avg nodes
—e— Avg distance 5.0
57 48— ds00
45+ =
o =
£ {600 8
c S
2 3 z
1400 0
E:
2 -
1200

50% 60% 70% 80%

Situation

90% 100%

Figure 12 - The change of average nodes and average
distance when parameter 6 changed

proportion of direct passengers decreases because
routes with more nodes can satisfy direct passenger
volumes better.

The transportation organization mode

The longer distance routes are divided into sev-
eral parts with the reducing proportion of direct pas-
sengers. The longest distance of routes is 1,565 km
(Figure 13a). The total cost and difficulty of operation
increase rapidly. The longest routes are from Beijing

Promet - Traffic & Transportation, Vol. 30, 2018, No. 6, 671-682
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Qigihar= = = Harbin
Taik: Daqi Deh
Beijingnan aikang Daqing (}= Dehui Beijingnan
A - Rail Changchun et A
Beijing Y v
Siping = Jilin Hunchun
Shanhaliguan
- Shenyang
] \l
Tianjin Beidaihe Qinhuangdao Jinzhou ) > Yingkou Tianjin Beidaihe Qinhuangdao Jinzhou 1= Yingkou
|
= Dalian ()= Dalian
a) 100% direct passenger b) 90% direct passenger
Qigihar (O p—t— Harbin Qigihar - (O y——— Harbin

\
Taikang Daging (3= Dehui

{
Taikang Dading (4= Dehui
1

Beijingnan | Beijingnan
A A \
~ Beijing Changchun . ) ()= Beijing Changchun . .
Siping 4 Jilin Hunchun Siping < Jilin Hunchun
Shanhaiguan Shanhaiguan
A

y—t Shenyang Shenyang
Tianjin Beidaihe Qinhuangdao Jinzhou 1= Yingkou Tianjin Beidaihe Qinhuangdao Jitzhou 1= Yingkou
, Dalian >Dalian

c) 85% direct passengers

d) 80% direct passengers

Figure 13 - The illustration of paired nodes and routes in different situation

to Harbin or Harbin to Beijing (Figure 13b). The main
change in Figure 13c is that the longest routes in
Figure 13b are divided into two parts. The route from
Beijing to Dalian is the only longest route when param-
eter 0 is 85% (Figure 13c). The optimal result shows an
imbalance in the spatial distribution of passenger flow.
The optimal result in Figure 13d is unrealistic because
the influence of the Harbin-Dalian HSR is severely at-
tenuated.

The transportation organization mode of the net-
work in the case is demonstrated by the exiting line
plan (Figure 14). It is similar to the optimal result of
90% direct passengers, but the total cost is 12.5%
higher in comparison.

Table 6 - The operation mode of main corridors in sub-network

The optimal result using the second optimal model
(M2) is confirmed as the result of making the trans-
portation organization mode. The transportation or-
ganization modes of transport corridors are shown in
Table 6. Intra-line orinter-line and periodic or non-periodic
modes are determined based on route distances and
line features. Inter-line trains will operate in corridors
if routes are composed of several lines. Non-periodic
mode will be adopted in corridors if inter-line routes
have longer distances.

Passengers can finish trips only by taking one train
when both origin and destination are in a result route.
Passengers whose origin and destination is situated
in different routes need a transfer to finish their trips
based on results (Table 6).

OD Pairs Distance [km] Intra-line / Inter-line Periodic/Non-periodic
Changchun-Jilin 111 Intra-line Periodic
Hunchun-Changchun 471 Intra-line Periodic
Dalian-Shenyang 400 Intra-line Non-periodic
Beijing-South-Beidaihe 365 Inter-line Periodic
Beidaihe-Beijing-South 365 Inter-line Periodic
Qigihar-Harbin 312 Intra-line Periodic
Harbin-Qigihar 312 Intra-line Periodic
Shenyang-Harbin 550 Intra-line Periodic/Non-periodic
Harbin-Shenyang 550 Intra-line Periodic/Non-periodic
Shenyang-Beijing 703 Inter-line Non-periodic
Beijing-Dalian 1103 Inter-line Non-periodic
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qulhar - —“_ Harbin
Taik!mg nging » Dehui
Beijingnan
A —_—
~ Beijing Changchun - .
Jilin Hunchun
Siping =
Shan?aiguan
< Shenyang
\J
Tianjin Beidaihe Qinhuangdao Jinzhou = Yingkou
= Dalian

Figure 14 - The illustration of paired nodes and routes of
the actual network

5. CONCLUSIONS

We developed an integer non-linear programming
model for solving the passenger flow routing problem
that minimizes the operating costs, including traveling
cost, cost of travel time differences between different
lines, and penalty for the inter-line. Two binary vari-
ables were introduced to simplify the flow diagrams
algorithm. We discussed optimal results in different
situations, and the transportation organization modes
of a sub-network of the Northeast China railway net-
work were determined.

Different transportation organization modes in net-
work and unbalanced passenger flow are described in
the passenger routing model. The method can be used
to organize passenger flow in a large-scale HSR net-
work at different development stages. We can deter-
mine the transportation organization mode of a region
according to passenger routes.

On the one hand, the results provide a line pool
reference which adapts to the complex operation envi-
ronment for HSR network line planning. Network lines
will be more effective considering different transpor-
tation organization modes, especially for multiple line
speeds, unbalanced passenger flows, and different
grades of stations.

On the other hand, research on passenger organi-
zation in hubs can be improved based on passenger
routing models. Passenger organization in a hub con-
taining multiple stations is also complex. A passenger
routing model provides new ideas for the division of
labor at the station within a hub.
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