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OPTIMIZATION OF THE SUBURBAN RAILWAY TRAIN
OPERATION PLAN BASED ON THE ZONAL MODE

ABSTRACT

Traditional all-stop train operation mode cannot
meet the demand of long travel distance and central-
ized travel of commuters very well. To meet this special
travel demand, a zonal train operation mode based on
“many-to-many”’ train stops is proposed. The coefficient
of passenger exchange is used to locate suburban areas
by depicting travel characteristics of commuters. Oper-
ational separating points within the suburban area are
used as decision variables to analyze the combined cost
components of this model, including passenger travel
costs and railway operating costs. An integer program-
ming model with the lowest overall cost is established,
and the genetic algorithm is employed to solve it. The
results proved good relative benefits in operation costs
and travel time. And the sensitivity analysis of both co-
efficient of passenger exchange and passenger intensity
has shown that the zonal operation mode is suitable for
suburban railways with centralized travelers. However,
the research also shows that when the passenger volume
rose to a very high level, the number of zones would be
limited by the maximized capacity of railway lines, which
may cause the decline of the relative operational efficien-

cy.

KEYWORDS

suburban railway, centripetal travel; train stop plan,
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1. INTRODUCTION

The suburban railway takes the main transporta-
tion tasks of commuting passengers between the cen-
tral city and suburban areas. Compared with urban
subway passengers, suburban commuters have the
characteristics of long travel distance and centripetal
travel direction. The operation of suburban railway,

if in conventional all-stop mode, will bring about a
large amount of unnecessary stoppage time and thus
become unbearable for long distance commuters. In
order to improve the efficiency of commuting travel
in large cities, suburban railway operators are ex-
pected to provide accelerated train services, without
stopping at every station. Therefore, the appropriate
design of train stop pattern, together with frequency,
becomes a major focus of suburban railway opera-
tors and researchers.

From the perspective of train stop optimization,
some scholars have studied the suburban transpor-
tation organization models aside from the conven-
tional all-stop subway model [1]. In general, five
kinds of train stop plans are commonly seen in
reality, which are the all-stop operation, skip-stop
operation, zonal operation, express/local operation,
and combined stop operation [2]. Vuchic [3] and
Shang [4] proposed methods to evaluate these stop
strategies by summarizing, analyzing, and compar-
ing each of them. Obviously, the all-stop strategy
is the simplest stop pattern for operation since all
trains have the same stop plan, and this strategy is
still widely used in many cities [5]. However, this
strategy unavoidably increases the total travel time
for long-distance passengers due to the large num-
ber of stops during their journeys. Hence, the other
four stop strategies have been emphasized in recent
studies, especially the skip-stop operation strat-
egy. A skip-stop policy involves trains operating
on the same track by alternatively skipping certain
stations to save time and increase operating speed
[8]-[10]. Yang [11] proposed mathematical models
for optimizing the skip-stop operation strategy in
urban rail transit systems by considering different
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realistic conditions and also designed an efficient ge-
netic algorithm to search for near-optimal solutions.
Jamili [12] proposed the model for skip-stop pat-
terns in urban transport systems and designed heu-
ristic algorithms to obtain a robust solution. Though
skip-stop operation has the advantages of relatively
lower investment and ease of implementation, for
suburban railways where the number of passengers
decreases in one direction, this mode cannot reduce
the running cost flexibly. In other words, it is more
suitable for urban lines with balanced traffic than
for suburban railways. For the express/local oper-
ation strategy, Xiong [6] and Gao [7] formulated
a linear programming model to determine the stop
stations for express trains with the purpose of max-
imizing the reduction in passenger travel time by
express trains and at the same time minimizing the
accordingly increased travel time for slow train pas-
sengers. The express/local operation strategy can
provide different frequencies of transport services
for different levels of stations, so as to ensure the
benefits of the majority. However, it has a great loss
of line throughput.

Suburban commuters usually gather along the
vast suburban areas of the city beside the railway
stations and arrive at several major stations or trans-
fer stations in the central city which has significant
centripetal travel characteristics in space, that is,
“many-to-one”. Centripetal travel in Tokyo and
Shanghai accounted for 64% and 62.98% [13] re-
spectively, which should attract enough attention in
transportation organization.

Salzborn [14] introduced the meaning of the
zonal stop mode for the first time in 1969. Wang
[15] gave an optimal strategy of elevator group
zoning dispatching in high-rise office buildings.
The method is also applicable to bus scheduling
at peak hours. The passengers in the two methods
share the common characteristics of centripetal
travel direction and lower exchange rate between
stations on the way. That is, the coefficient of pas-
senger exchange is lower [3], [16]. Goneimm [17]
proposed to divide train service districts according
to the centripetal characteristics of commuters. In
this way, the “many-to-one”” OD mode was adopted
to improve the efficiency of transportation. At the
same time, the mathematical model of quantitative
analysis was established. The method is based on
the demand characteristics of commuters and has a
strong innovative significance. However, it is limit-
ed in the case where the central station is unique. In

order to avoid excessive transfers at a single station,
more and more cities have expanded the number of
urban stations on suburban railways. At this time, a
railway operation plan that can be applied to more
complex and oriented “many-to-many” transporta-
tion needs to be proposed urgently.

From the above analysis, it can be seen that the
key issue in zonal research is to determine the de-
marcation point, that is, to define the boundary be-
tween the urban area and the suburbs, and to group
stations in the same area. In addition, it is necessary
to consider whether the plan is feasible in terms of
line capacity and what the operating benefits will
be. To solve these problems, based on the char-
acteristics of passenger exchange, we divide the
suburban railway into suburban and urban areas.
In the urban area, commuter trains operate as reg-
ular subways. In the suburban area, the train adopts
the zonal mode, only staying at the corresponding
section and boundary stations. Furthermore, we set
up a mathematical model to describe the changes
brought about in this way.

The rest of the paper is organized as follows:
Section 2 introduces the travel characteristics of
commuters and constructs a link between the pas-
senger flow centrality and the zonal operation
mode. Section 3 analyzes some of the basic condi-
tions for building a mathematical model, including
the method of transit assignment and the calculation
of line passing capability. Section 4 establishes a
mathematical model with zonal nodes as decision
variables, and designs genetic algorithm solutions
in Section 5. Section 6 verifies the feasibility of the
model and algorithm through case calculation, and
analyzes the range of passenger flow applicable to
the method. Finally, we made conclusions in Sec-
tion 7.

2. TRAVEL CHARACTERISTICS
AND OPERATION METHODS

The urban subway stations are surrounded by
various functional areas of the city, which can bring
about lots of exchange needs. Correspondingly, sub-
urban railways mainly serve commuting needs, and
their stations are commonly surrounded by residen-
tial areas. This results in a relatively simple nature
of the passengers in the suburbs and a low exchange
demand. To verify this phenomenon, this section
uses the coefficient of passenger exchange (CPE) to
describe the two types of passenger behavior.
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Figure 1 — Concept of CPE

Vuchic [3] defines CPE as the ratio of total pas-
sengers who board along a line to those who are not
replaced by alighting passengers. It indicates what
portion of passengers are exchanged along a line,
i.e., their turnover rate, which may reflect the char-
acteristics of the travel process of the centripetal
passenger, as shown in Equation 1. In it, a(i) and d(i)
are the intensity of the passengers on and off each
station (person/h) as shown in Figure 1. Each sta-
tion accumulates the total number of passengers on
board and those disembarked. The overlapping por-
tion indicates the number of boarding passengers
replaced by those getting off. 4, and D, can be ob-
tained by counting numbers on board and off board
from all stations. The overlap part P_indicates the
number of passengers on board replaced by those
off board, that is, 4,ND,.

= AIA-IPX (M

Figure 1a shows the boarding and alighting situa-
tion of suburban railway passengers during morning
commuting period. A large number of passengers
boards the trains between stations o to n, and further
from station 7 is the urban city area or the network
hub station, where the passengers are centralized to
get off or exchange. Passenger flow presents a ma-
ny-to-many pattern in direction and quantity. The
overlapping area P_in the figure, that is, the amount
of passenger flow exchange along the way is very
small, so that #_is also close to 1. Correspondingly,
Figure 1b reflects the passengers boarding and alight-
ing in a conventional subway line. Due to the diver-
sity of land distribution along the subway line, the
direction of passenger flow is chaotic and compli-
cated, which presents an all-to-all pattern and does
not show obvious regularity. The overlapping area
P_is always at a high level, and the CPE 7, is far
greater than that of the suburban railway with the
same passenger intensity.

According to the single-peak travel character-
istics of suburban railway commuters, the stations
along the line can be divided by critical station n
into two sections, each consisting one or several
stations.

Suburban railway construction rarely ends at the
edge of the city. On the line, there are usually mul-
tiple stations which have complex passenger char-
acteristics similar to subway passengers. The “ma-
ny-to-one” operation mode proposed by Ghoneim
[17] is not suitable for most lines in this context. As
opposed to this mode, the method proposed by this
paper has a more practical application value in di-
viding the suburban section according to the nature
of passenger travel.

In the “many-to-many” mode proposed in this
paper, the mileage between n-c stations in the urban
area is short enough so that trains can be operated
on regular subway mode. In the o-n section where
most of the lines are located in the suburbs, it is nec-
essary to organize centripetal passengers in this area
by special transportation methods.

3. MODELING BASIS

Based on the description of the suburban rail-
way transportation mode and application scope, this
section first briefly describes the problem. Next, the
composition of the passenger flow at each station
is analyzed. Finally, the line capacity is calculated
to verify the feasibility of the model implementa-
tion in railway lines. These provide the basis for the
establishment of mathematical models for the next
section.

To facilitate modeling, the following assump-
tions need to be made first:

Hypothesis 1: The preference sequence of commut-
ers for travel is accessibility, comfort, and non-trans-
fer. When suburban trains are operated by means of
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mass transit, the passenger flow allocation scheme
will be generated by the spontaneous choice of pas-
sengers rather than the strategy controlled by the
ticket sales. The analysis of passenger behavior will
have an impact on the modeling of train operation
mode, and it is necessary to make realistic assump-
tions. Once the basic travel demand could be met,
commuters with long travel distances would expect
travel comfort and a departure train with seat.
Hypothesis 2: The suburban railway adopts a regu-
lar periodic schedule published to the public. Since
the departure interval of suburban trains occupies
the middle ground between subway and trunk rail-
way trains, in order to facilitate trip planning and
enhance service for passengers, the train schedule
should be announced to the public. Studies have
also shown that public timetables on suburban rail-
ways can affect the travel behavior of passengers
and further affect modeling [18], [19].
Hypothesis 3: The vehicle scheduling of each run-
ning route during the study period is independent,
and the stop plan in the up and down directions
should be the same. The range of train stops in the
operation plan will have an impact on the cost of
vehicle scheduling, and the assumption can simplify
the turnover process of the vehicle scheduling.
Based on the above three assumptions, mod-
el parameters are constructed and represented in
Figure 2. S={i|i=[1,n]} is the station set of the sub-
urban line section, and it is also the implementation
scope of the zonal operation mode determined by
the characteristics of CPE. Y, is the decision vari-
able of the model used for judgment on whether sta-
tion, i is a zonal demarcation station, ¥={0,1}, iES.
B={b,_||t=[1,m+1]} is a collection of sequences

n-1
within the line, where B€S and m = ), ¥;. If there
i=2

are m demarcation stations in the suburbs, they can
be divided into m+1 operation zones or train routing.
The train collection is recorded as 7={¢|=[1,m+1]}.

The train operation process can be described in
the following way: train 7 originates from station b, ,
and stops between station b, , and b,. And then train
t only stops at the transfer stations between station

16, b, 2 b, b
Train 1 O—O—0O—0—0 ~ o o
Train 2 O—0O—0—0O O D

Train m+1 O—O—C—0

Figure 2 — Schematic diagram of the zonal operation mode

b,and n (it could be considered as station b, ). Af-
ter station », train ¢ arrives in the urban area, and all
stops should be served.

To verify the feasibility of the zonal operation
strategy, the diagram method is used to calculate the
throughput of the timetable, as shown in Figure 3. st
is the average stop time of a train. / is the interval
time of tracking train passing through the section.

Urban
area 74J

_______________________________________

Suburban
area 3

Suburban o h >
area 2

Suburban h,,,
area 1

Time
Figure 3 — Diagram of the passing through capacity of the
zonal operation mode

Figure 3 shows the timetable of some trains in the
morning peak. Most of the stations on the line are
located in the suburbs. Suburban lines are divided
into three operation zones, each of which operates
departure commuter trains. The train operation line
gradually becomes denser in the urban direction.
Due to the presence of heterogeneous trains in the
urban direction, the capacity of the timetable is re-
duced. When the trains are grouped, it can be seen
that the urban-close region or the maximum hetero-
geneous region will be the bottleneck of the time-
table capacity. The maximum operating frequency
of all kinds of trains is 60/, , and the minimum
departure interval of the same train /. is shown in

Formula 2.

t=1

1 ,
hminz & t
max [ + st Z xi-2 ) t=2,....m+1

i=b-1

2

The decision variable Y, can be used to determine
the location of the demarcation station in the line,
as well as the types of trains and other relevant pa-
rameters. The derived parameters proposed in this
section can simplify the model.

For station i:
Z. — Operation zone corresponding to station i.
t; — Zonal trains — corresponding to station i.
— The service frequency of the train
corresponding to station i. According to
assumption 1, f=f,, t€t,.

N
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For train ¢
X, —Stop stations set at the suburban section
1 — |5 [—
for t.raln .t, X= {xl.|z[.1 n]xi={0,1} }:
Z,  — Stations in the service zone of train ¢,

Z={ili€[b, ,b-11}.

Ql?j — The OD statistics of train ¢ is obtained by
adjusting the initial figure in 7Tuble 1.

C! .. — The maximum section passenger flow of
train ¢, which is calculated by Q,’j

f, —Period operating frequency of train 7.

4. MODEL CONSTRUCTION

According to the above-mentioned centripetal
and low-exchange characteristics of commuters,
if the suburban section is dismantled into several
operating zones, the consumption of train stops on
the way can be reduced and commuting speed of
each zone can be improved. However, it may reduce
the passing through capacity and increase transfer
costs. According to the operation rules proposed in
this paper, in this section the impact of the zonal
mode for the passengers and enterprises is analyzed
and mathematical models are established.

Passenger travel cost

According to the travel process for commuters,
it can be seen that the passenger travel cost CP is
composed of three parts, as shown in Equation 3. CW,
CV, and CT represent the waiting cost, transit time
cost, and transfer cost, respectively.

CP=CW+CV+CT

)

The waiting passengers include two types, wait-
ing for the first ride or the transfer. The arriving
behavior of the first ride passengers is related to
the train departure interval and their travel habits,
which is statistically subject to the f-uniform distri-
bution [18], [19]. The relationship between the pas-
senger waiting time and the train service frequency
is shown in Equation 4. Transfer waiting time is relat-
ed to the convenience of the transfer facility and the
train connection interval, and can be considered part
of the transfer cost.

Set unit passenger waiting cost as ¢, yuan/(per-
son min), and the total waiting time for passengers
is shown in Equation 5.

According to the train operation status, the tran-
sit time cost is composed of the section operating
time and stopover time. Determined by the train
traction and railway line conditions, the section op-
erating time constitutes a fixed cost. This paper only
takes variable operating cost into consideration, that
is, the cost of passengers in transit for the stopover
station, as shown in Equation 6.

Jj-1
05 2 xi

=i+l

m+1 bi-1 n

CV=en2, 2 2

t=1i=bp1 j=i+l

(6)

If stations 7 and j are not in the same operation
zone and station j is not a transfer station, accord-
ing to Hypothesis 1, passenger 0, needs to transfer
once. The average transfer cost is expressed as ¢,,
and the total transfer cost CT is shown in Equation 7.

n-1 n j-1
Cngttz z Q{/[l- H (I‘Yk)](l'Y.f) (7)
i=1j=i+1 k=i+1
Now we get Formula 8,
n-1 n m+1 be-1 n j-1
CP=en, 2. Quw(f)+en 2l 2 2 05 X xi+
i=1j=i+1 (=1 i=bi-1 j=i+1 i=i+1
n-1 n (8)

€Y, 2 Oy

i=1j=i+1

1- ﬁ (I-Yk)](l-Y./)

k=i+1
After combination and simplification, Formula 9

is obtained.

j-1

- 11

k=i+1

n-1n

CP:Z > Qif{&wm(ﬁ)‘*&r

i=1j=i+1
1

<1-m]<1 - y,)}+
)

Operating costs

According to Hypothesis 3, the up-and-down di-
rection trains operate under the same schedule. So,
the operating cost CC consists of three parts: train
travel cost CL, train start-stop cost CP, and average
vehicle turnaround cost CU.

CC=CL+CP+CU

(10)

Since the trains in each operating zone are inde-
pendent, the value of travel cost is the sum cost of
each train routing, as shown in Equation 11. [, is the
length of section i, f, is the running cost per unit
mileage of the train, yuan/km.

m+l n-1

CL=ﬂ1§_:Zb] Lfi (11)

Energy consumption cost and station service cost

twi =tw fi 4 . . .
() “) for the train to start-stop at a station, yuan/station.
n-1 n m+tl n-1
CW=ewn2, 2 Qutw(f) (5) CP=B.2 2 xif (12)
i=1j=i+1 =1 i=bi1
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The vehicle turnaround time decreases as the
number of zones increases. However, due to the in-
fluence of the ceil rule on the calculation of train
routing, the total number of trains may increase, as
shown in Equation 13. Therefore, when determining
the train operation mode, it is necessary to compre-
hensively consider the change in the average cost of
vehicle turnaround, as shown in Equation 14.
m+l[cmwr] Fyﬁrl Cinux}

t=1

(13)

—SZﬁ Z (607v" +xtst)+tr

t=1 i=b-1

(14)

Among them, the car turnaround time includes
the entire operating hours in the suburban and ur-
ban lines. The suburban operation is flexible enough
so that its turnaround time should be counted in,
whereas the running time in the urban operation will
be counted as the other time. Then, the operating
costs can be written as Formula 15.

[ﬁll, + Baxi+ 'BO (607;v"! +xlst)]+
(15)

Constraints

The train departure frequency f, should meet the
needs of the largest passenger section in the #-route
and does not exceed the passing through capacity
which satisfies the relationship of Equations 16 and 17.
C, is the train capacity, person/train.

Chax
2[ C.

, t=1,...m+1

(16)

(17

In order to ensure that all travel demands during
this time period can be satisfied within one transfer,
the zonal demarcation station should be set as the
mandatory stop for all trains, as shown in Equations
18 and 19.

om+1

ﬁS6%ﬂ+w2x”tt=L“

i€t

m+1

(m+ 1)< D xl, i=ber,..n
Py

(18)
(19)

nh=Y.=

Optimization model
Since all the costs have been unified into the

economic unit: yuan, the generalized comprehen-

sive cost of the operation mode can be expressed

by Equation 20.

minZ = cc+ CP

s.t. expressions (16) ~ (19) (20)

5. ALGORITHM DESIGN

Dynamic programming algorithm and genet-
ic algorithm have been widely used to solve the
problem of elevator stop in different zones and a
similar research by Ghoneim [17] has been applied
to suburban transportation. Wang [13] compared
two algorithms in the case of elevator zoning, and
proved that the genetic algorithm has higher speed
when the alternative scale is small, which is suitable
for solving suburban railway trouble within fewer
stations. The scale of the solution with # stations is
272 and the solution scale is relatively small. There-
fore, the genetic algorithm is designed to solve the
main process as follows:

1) According to passenger travel characteristics,
we define the station range of the zonal opera-
tion mode.

2) Encoding the chromosome in binary mode. Each
chromosome is a 0—1 array of 1 row and n col-
umns, which is marked as 1 by the demarcation
station and 1 is the first column and the nth col-
umn. If not, it is marked as 0.

3) Corresponding to the initial population, the OD
statistics is allocated by the method of table 1,
and Ql.‘j of each train is generated.

Table 1 — Passenger flow composition of train t

From/To PT?Sent The previous
section Z, station
Passed station [1, b, ,-1] N
This section Z, \/ N

According to Hypothesis 1, all trains need to
stop at the boundary station for passengers to trans-
fer. And the passengers departing from the bound-
ary station prefer the empty car from originating
station. Then the composition of the passenger flow
in train ¢ can be obtained by adjusting the initial OD
data according to the stop plan, as shown in Table 1.
4) According to the results of the OD statistics,

the operation cost of trains in each mode is

calculated, and the constraints are incorpo-
rated into the objective function as penalty
terms. Then the results of the objective func-

tion are converted into the fitness function.
Define evaluatePopulation(population[generation])=
sum(objectiveValue(individual)) + penaltyCoefficient -

sum(penaltyValue);

430
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5) Before the termination condition is reached, the
individuals with higher adaptability are selected
by roulette rules, and the offspring is generated
by crossing and mutation; then the process of
steps 2—4 is repeated.

In order to facilitate the understanding of the al-
gorithm process, a pseudocode could be listed.

generation = 0;

population[generation] = initializePopulation(populationSize),

evaluatePopulation(population[generation]);

While isTerminationConditionMet() == false do
parents = selectParents(population[generation]);
population[generation+1] = crossover(parents);
population[generation+1] = mutate(population[genera-
tion+1]);
evaluatePopulation(population[generation]);
generation++;

End loop;

6. CASE ANALYSIS

In this section, the rationality of the model and
algorithm design is verified by an example. On this
basis, sensitivity analysis of the two main parame-
ters is carried out to further explain the applicable
conditions of the zonal operation mode.

6.1 Parameter input

There are 14 stations in a suburban railway,
among which the 12, 13 and 14" station are lo-
cated in the downtown area. The 1% to 11" station
are located in the suburban whose boarding vol-
umes are larger than the alighting ones. According

to that, a zonal operation mode is established be-
tween stations 1-12 of the line, and the OD statis-
tics in the morning commuting period (one hour)
of the case line is shown in Table 2.

It can be seen from the data in 7able 2 and
Figure 4 that the passenger volume in this period
is large and the main direction points to the cen-
tral city. The closer to the city center, the greater
the passenger volume is. Lots of people boarding
the train between stations 1 to 11 and alighting it
after station 12. The CPE between stations 1-12
is 1.13, and the exchange passengers only account
for 11.5% of the total travel volume. We take it as
an example to design a zonal operation mode for
commuting direction in the morning commuting
period. The values of the parameters are shown in
Table 3.

20000
A —_—
5 [
< 15000 .
o [
= [
2 10000 Lol
5 I
g I
& 5000 : :
R R—— - |

——————T 1 s ===
Y e e 0 O N = ) o
T 2 3 4 5 6 7 8 90 1011 12

£! Boarding volume [ Alighting volume

Exchange volume

Figure 4 — Passenger exchange situation of the case line

Table 2 — OD data in the morning commuting period of the case line

Station 1 2 3 4 5 6 7 8 9 10 11 12
1 0 6 11 10 13 19 14 16 67 22 64 904
2 0 0 2 18 8 24 19 23 72 34 57 1,065
3 0 0 0 13 10 25 14 23 91 29 54 1,348
4 0 0 0 0 11 42 20 20 118 34 38 1,667
5 0 0 0 0 0 31 21 21 139 45 52 1,826
6 0 0 0 0 0 0 26 28 114 54 59 2,169
7 0 0 0 0 0 0 0 26 177 40 98 2,092
8 0 0 0 0 0 0 0 0 84 63 87 2,036
9 0 0 0 0 0 0 0 0 0 51 62 1,891
10 0 0 0 0 0 0 0 0 0 0 201 2,076
11 0 0 0 0 0 0 0 0 0 0 0 1,985
12 0 0 0 0 0 0 0 0 0 0 0 0

Promet — Traffic& Transportation, Vol. 33, 2021, No. 3, 425-436
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Table 3 — Values of the parameters

Parameter Meaning Value Unit Parameter Meaning Value Unit
Waiting . - Average section running
€, cost 0.5 yuan/(person-min) v speed 60 km/h
o . . . person/
€, In-train time cost 1 yuan/(person-min) C, Train capacity 1,322 train
. Minimum departure .
€, Transfer cost 5 yuan/(person-min) 1 interval 2 min
B, Tralncl(’)L;rtmmg 100 yuan/km tr Urban running time 15 min
5, Tragr;ssttop 450 yuan/train stop l_l Average station spacing 2 km
Vehicle use .

B, cost 2000 yuan/(train-h)

6.2 Solution results

Based on the algorithm, a Matlab program is
designed to obtain the optimal operation mode as
shown in Figure 5.

There are 4 types of trains running in the subur-
ban railway sections, and the stop range covers the
corresponding service zone and boundary transfer
station. The form of feasible solution is consistent
with our design, which proves the validity of the
model. In this mode:

1) On route 1, train stops are reduced to 1/3 of the
original plan, and the spatial and temporal acces-
sibility of the outer suburban area is increased.
Compared with the original mode, the attraction
of the region to commuters will be improved.

Trains on route 2 and 3 attract the commut-
ers in the middle distance, and the commuting
time is partially compressed. The suburban ar-
eas covered by the trains on route 2 and 3 have
a high comprehensive competitiveness in the

2)

commuting time and the living cost in the city
which can reduce the cost of passengers and en-
terprises significantly.

On route 4, the trains attract commuters at the
edge of the urban city and provide transfer ser-
vices for passengers in the suburbs. Operation of
a departure train in this zone can reduce passen-
ger retention in the commuting periods and im-
prove the efficiency of vehicle turnaround.

3)

6.3 Cost comparison

Compared with the conventional operation mode
of single routing, 29.45% of the comprehensive cost
can be saved in this mode. The cost comparison be-
tween the two modes is shown in Tuble 4, and the fol-
lowing conclusions can be drawn from the analysis.
1) Compared with the conventional mode, the zonal

mode provides differentiated services to stations

along the line. Although the train service fre-
quency of some stations is reduced, most trains

Suburban area Urban
area
Station |« e N
1 2 3 4 5 6 7 8 9 10 11 12 . Terminal station
Route | O—O0—C | 2Trains
Route 2 O—O—0O0—0 | 5Trains
Route 3 O—0—0—0 =+ 6Trains

Route 4 O—O—O—0O—=— 5Trains

Figure 5 — Morning commuting period train operation mode

Table 4 — Cost comparison between two modes (unit: yuan/hour)

Cost CW Cost CV Cost CT Cost CL Cost CP Cost CU | Total Cost
Zonal operation mode 33,198 43,270 5,350 23,600 41,400 39,867 186,685
Conventional operation mode 10,790 90,806 0 33,000 81,000 49,000 264,596
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improve their running speed significantly. When
publishing the timetable, more commuters will
arrive at the station on time instead of randomly,
and then the waiting cost will not increase linear-
ly by the departure interval.

2) Although the zonal mode adds the transfer pro-
cess for the passengers, there are only a few pas-
sengers who travel short distances in the subur-
ban area during the commuting period, and the
increased transfer cost should not be significant.

3) According to Equation 13, the total number of
trains may increase during this period. However,
the mode improves the efficiency of the vehicle
turnaround by diversifying the routes and reduc-
ing the stoppage. In turn, it reduces the operating
costs and passenger congestion.

6.4 Sensitivity analysis

In this section, the sensitivity analysis of key pa-
rameters is carried out to verify the applicability of
the zonal operation mode for passengers.

Applicability analysis of CPE

The paper qualitatively analyzes the relationship
between the CPE and the zonal operation method,
verifies the relative benefit of the mode through an

total number of passengers unchanged and adjust
the arrival distribution of OD statistics. In this way,
we can still compare the relative operating benefits
of different operation modes under different 7 , and
keep the cost scale in a relatively stable range.

The comparison of the calculation results in
Figure 6 shows the following:
1) The comprehensive cost of the conventional
mode varies greatly with the change of the CPE,
and the cost is reduced by about one third when
CPE increases from 1 to 2. That is because the
weaker the centrality of the commuters or the
higher the CPE, the shorter the average passen-
ger occupancy time of the train resources. The
passenger volume in the section is reduced and
fewer vehicles will be used. And the cost in tran-
sit is lower as the average passenger travel dis-
tance gets shorter. It shows the unique passenger
characteristics for suburban railways.
The comprehensive cost of the zonal operation
mode varies little with the change of the CPE.
This is because the CPE increases as the aver-
age passenger distance decreases. At this time,
the advantages of the zonal operation decrease
and the comprehensive cost basically remains
unchanged.

2)

example line with low CPE. However, to further 3) The relative benefit of the zonal operation mode
clarify the logical relationship between the two fac- for the cost savings of the conventional solu-
tors, it is necessary to verify the sensitivity of pas- tion is continuously narrowed to 0 as the CPE
senger conditions. increases. This indicates a high correlation be-
Generally, the sensitivity analysis of parame- tween the CPE and the efficiency of the zonal

ters needs to keep other relevant parameters fixed. operation mode. That is, the mode is applicable
However, it is difficult to accomplish because of to the low CPE suburban lines. When the CPE
the change of the CPE combined with the adjust- is greater than 2, the centrality of passengers is
ment of the basic OD table and other independent not obvious. At this time, the passenger flow as-
variables. In order to reduce the influence of other sumed by the line is complex and zonal opera-
variable floating on parameter analysis, we keep the tion mode will not be generated.
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= 300000 3

Z X~ 30
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Figure 6 — Sensitivity analysis of CPE
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The conclusion proves that there is a high cor-
relation between the CPE and the benefit of the
zonal operation mode. This mode is obviously ap-
plicable to the low CPE suburban commuter lines.

Sensitivity analysis of the passenger flow
intensity to the mode

In section 2.5, the analysis of the passing ca-
pacity of the zonal operation timetable suggests
that the benefit improvement of the divisional op-
eration mode is at the expense of the line capacity,
and the magnitude improvement of the passenger
volume may have an impact on the result of the
mode. In order to verify the conclusion and further
clarify the adaptive conditions of the mode, sensi-
tivity analysis is carried out.

With the other parameters unchanged, the OD
statistics in the case is scaled by 0.8—1.5 times.
Compare the change of operation benefits un-
der the actual constraints and ideal conditions, as
shown in Figure 6. In practical constraints, the op-
timal mode is limited by the line equipment con-
ditions. In an ideal situation, the capacity of the
zonal mode can be fully released by constructing
the overtaking lines in stations or sections. The
benefits of the two modes differ under the actual
constraints.

It can be seen in Figure 7 that when the passen-
ger volume floats between 0.8 and 1.3 times, the
calculation results of the two modes are almost
the same. This shows that when the line passing
capacity is sufficient, the regional operation mode
is more efficient. As the number of passengers

continues to increase, the throughput of the line
begins to be saturated. Solutions with the best oper-
ational benefits are available at this time. It is fore-
seeable that trains will be operated at the minimum
interval to accomplish the maximum of passenger
transportation volume.

In the face of high-intensity suburban passengers
that are further attracted by the advanced service,
the suburban railway operator in metropolis usually
constructs a double track in the bottleneck stations
or sections with limited capacity, so that the superi-
or partitioning mode can be adopted. In reality, the
four-track parallel mode is adopted in some sections
of the Tobu Tojo Line in the Tokyo private railway,
which eliminates the capacity bottleneck of trains of
different speed grades and keeps a relative balance
between transportation efficiency and reconstruc-
tion cost.

Sensitivity analysis of the algorithm parameters

In order to verify the accuracy and efficiency of
setting parameter values in the algorithm solving
process, we take the penalty coefficient of the in-
feasible condition as an example for the sensitivity
analysis.

In the GA algorithm in this case, the population
size is set to 50, the genetic algebra is set to 20, and
the penalty coefficient of the infeasible condition is
10 to the power of 2—6. For each case, 20 repeated
experiments were performed and the probability of
obtaining the optimal solution 186,685 after 20 gen-
erations of the genetic process was calculated.

4000001 -35 [%]
<
5] ] F30
E 350000
- F25
s 300000+
£ 20
§ 250000 s
& =K I
2 2000001 X m
2} _ /* —
5 150000 ¥ . Ly 4% s
[} . .
£ 00% 05% el 00%
E 100000+ e—T—*= == , , , 0
O 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
Scale multiple of passenger volume
--4-- Currentmode —.%.— Unconstrained mode = —+—— Difference ratio
Figure 7 — Sensitivity analysis of the passenger volume
Table 5 — The best solution ratio under different penalty coefficients
Penalty coefficient 100 1,000 10,000 100,000 1,000,000 10,000,000
Best solution ratio 0 0 55% 80% 70% 65%
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When the penalty coefficient is 100 or 1000, the
optimal solution, or even a feasible solution, cannot
be obtained in multiple trials. This is because the
penalty for infeasible conditions is too small, so that
even if some conditions are not feasible, the fitness
of the solution still seems to be the highest, thus be-
coming the optimal individual.

Once the penalty coefficient is greater than
10,000, the target value of the infeasible solu-
tion plus the penalty value is no longer lower than
186,685, and we can finally obtain the feasible opti-
mal solution. It is worth noting that the penalty co-
efficient is not the larger, the better. A larger penalty
coefficient greatly reduces the probability of infea-
sible solutions in the population, thereby reducing
the diversity of the population and reducing the
probability of obtaining the optimal solution within
20 generations. Therefore, we determined that using
100,000 as the penalty coefficient has the highest
solution efficiency.

7. CONCLUSIONS

According to the characteristics of the commut-
ers with high degree of centripetal travel, this paper
systematically introduced the method and applica-
tion of the modelling solution of the train operation
plan with sub-regional stops.

First, it can be concluded that the many-to-ma-
ny model is more adaptable than the many-to-one
model. By considering the passenger exchange co-
efficient of the suburban railway, the paper proposes
to use the zonal method for centripetal instead of
all-to-all travel. And the classic many-to-one mod-
el is extended to many-to-many model, based on
which a more adaptable optimization model is pro-
posed and verified. Second, although the adoption
of'a zoning plan has a relative cost advantage within
a certain range, the carrying capacity of the railway
line cannot be neglected. When the intensity of the
passenger flow continues to increase, the suburban
railway authority needs to evaluate comprehensive
costs and adjust the zoning operations or invest in
the project to expand the capacity of the line, if nec-
essary.

The passenger distribution model in the paper
can be improved and the operational benefits also
need to be verified by obtaining more data on the
suburban railway lines. These issues need to be
studied in future to improve the transportation theo-
ry and methods proposed in this paper.
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