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Operation Optimization of Reconnection Marshalling

Trains Considering Carbon Emission

Shixiang Wan, Changfeng Zhu, Jinhao Fang, Jie Wang, and Linna Cheng

Abstract— Aiming at the problems of insufficient transport
capacity of fixed marshalling trains in the peak period of
passenger flow and waste of transport capacity in the off-peak
period of passenger flow, the matching problem of subway
passenger flow and transport capacity can be effectively solved
by running reconnection marshalling trains. By considering
carbon emission, the objective function is to minimize the
passenger travel cost, enterprise operation cost, and carbon
emission, and the prospect theory is introduced to describe the
limited rationality of passenger travel path selection. The
passenger flow is divided into full-length and short-turn routing,
and a multi-objective optimization model for the operation
scheme of reconnection marshalling trains is constructed, along
with a quantum genetic algorithm designed for optimization.
Taking a particular urban rail transit line as the research object,
the validity and feasibility of the model and algorithm design
are verified.

Index Terms—Urban rail transit, Reconnection marshalling,
Carbon emission, Bounded rationality, Quantum genetic
algorithm

1. INTRODUCTION

he whole-day passenger flow time distribution of urban

rail transit has obvious "tidal" characteristics, and the
traditional fixed marshalling mode can no longer achieve a
high matching between passenger flow and transport capacity.
Therefore, a hot research topic in the field of urban rail transit
is the optimization of flexible train formation. One of the
flexible marshalling operation organization modes is the
reconnection marshalling operation organization mode. In
order to improve the uneven utilization rate of trains and the
mismatch between passenger flow and transport capacity, the
reconnection marshalling trains are operated in the transition
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phase of double-peak passenger flow (peak and off-peak
periods). In view of the dynamic change of rail transit
passenger flow demand with time and the unbalanced spatial
distribution, relevant scholars have studied the urban rail
operation scheme to achieve a good match between
passenger flow and vehicle flow.

In earlier studies, [1] put forward the operation scheme of
flexible marshalling and analyzed its technical feasibility,
advantages, and disadvantages. [2] analyzed the three
combined transportation organization modes and operation
characteristics of flexible marshalling and collinear operation,
flexible marshalling and multi routing, and flexible
marshalling and fast and slow train operation. [3] built a
multi-objective optimization model of train operation scheme
based on flexible marshalling and designed a four-stage
algorithm to solve the problem of unbalanced daily passenger
flow time distribution. [4] built a model to obtain the setting
of each traffic organization parameter with the least number
of train groups. [5] described the total waiting time of
passengers at the minimum station by calculating and
adjusting the railway train schedule with a given variable
starting point to the terminal passenger demand matrix. [6]
combined and optimized the train schedule with the train
bottom connection plan to reduce the train operation cost. [7]
put forward the minimum objective model of the total travel
time of passengers. [8] proposed a new strategy-level
collaborative optimization method for train stop planning and
train scheduling. [9] proposed a multi-train energy-saving
operation strategy suitable for various line conditions and
complex train schedules. [10] proposed a train set cycle
optimization model to minimize the total connection time and
maintenance cost. [11] proposed a mixed integer
programming model to solve the train scheduling problem on
two-way urban subway lines. [12] studied the problem of
train formation and proposed an accurate dynamic
programming algorithm based on the inclusion-exclusion
principle to split the train formation. [13] discussed the
relationship between the walking distance to the subway
station and the demographic characteristics of passengers,
providing an important reference for planners and transport
departments to optimize land use and transport infrastructure.
After analyzing the components of the total travel time of
passengers. [14] studied the dynamic characteristics of
passenger flow demand and the characteristics of train
departure headway under full-length and short-turn routing
modes and designed algorithms to solve the passenger flow
demand of each station in any time period. [15] built a
variable multi-objective optimization model for train
formation and optimized the operation scheme of full-length
and short-turn routing to solve the problem of passenger flow
difference at sections. [16] studied how to optimize the fixed
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marshalling into flexible marshalling, achieve "large
marshalling and high-density" operation during peak
passenger flow periods, and achieve "small marshalling and
high-density" operation during non-peak passenger flow
periods, balancing the contradiction between transport
capacity and service level. According to passenger flow
distribution and the characteristics of full-length and
short-turn routing trains operating on the same line. [17]
analyzed the mechanism of passenger distribution on the
platform, and the research results will help the subway
operation planners and station staff to take measures to
manage passenger distribution on the platform. [18]
dynamically assigned passengers to competent trains. [19]
put forward a coordinated optimization method of
transportation organization combining full-length and
short-turn routing schemes with multi-station joint flow
restriction to solve the problems such as uneven distribution
of passenger flow, mismatched supply and demand capacity,
and high safety pressure of large passenger flow at stations
during urban rail peak hours. [20][21][22] studied the
multi-formation of urban rail transit and solved the problems
of train operation, train capacity, and variable full load rate of
large and small formations. Some scholars have studied the
problem of train operation from the technical level.
[23][24][25] studied the full-length and short-turn routing of
urban rail transit and solved the problems of train operation,
balance of full load rate, and operation proportion.

Scholars in recent research, [26] generated a set of
alternative routes, built a service network according to the
layout of turn-back stations on the line, used the optimal
strategy to allocate passenger flow to the service network,
and described the passenger's choice behavior for trains with
different routes. [27] provided theoretical support and a
decision-making basis for subway operation departments to
formulate passenger flow control strategies by reducing
travel costs and alleviating overcrowding. [28] studied the
train organization problem of small-scale subway networks
during peak hours and comprehensively considered the
economic cost, capacity utilization, and transmission
coordination. [29] studied the problem of additional train
paths in multi-objective optimization and short-term planning
applications to minimize the total adjustment of initial trains
and the number of required train sets. In order to solve the
leftover phenomenon and passenger selection behavior. [30]
deduced the optimal schedule design of multi-phase demand
of two-way rail transit lines and solved the problems of
minimum passenger and total operation cost and reliability of
train formation. [31] proposed an accurate dynamic
programming algorithm to solve the problem of reordering
rail vehicles by rail lines. [32] introduced the specific flexible
marshalling scheme, functional requirements, and their
implementation, and analyzed the economic benefits of the
operation of 3-car marshalling trains in the flat peak period. It
has laid a technical and theoretical foundation for our
research on multiple marshalling. [33] proposed an accurate
mixed integer programming model to optimize the cycle skip
mode of fast trains running in the monorail metro system. [34]
proposed a two-stage stochastic programming model based
on flexible marshalling of urban rail car bottom operation
plan and robust passenger flow control strategy to solve the
imbalance problem of commuter passenger flow demand. [35]

built a two-level planning model considering a
multi-marshalling urban rail train cross-line operation plan to
solve the problems of uneven utilization of transport capacity
and significant differences in total load rate between
cross-line and non-crossline trains due to different train
service levels under the cross-line operation mode. [36] based
on the characteristics of flexible marshalling operation
organization mode, comprehensively considered the
competitive relationship between passenger flow and freight
flow, built a model solution algorithm to obtain the train
marshalling scheme, train diagram, and passenger freight
coordinated transportation scheme. [37] proposed a
collaborative optimization method of urban rail transit
timetable and underbody utilization plan considering
full-length and short turn routing, so as to reduce the
difficulty of preparing timetable and underbody utilization
plan for urban rail transit full-length and short turn routing.
[38] built a multi-objective nonlinear routing scheme
optimization model to solve the carbon emission
optimization problem of urban rail trains, taking passenger
travel cost, carbon emission of train operation, and enterprise
operation cost as optimization objectives. [39] built an urban
rail timetable optimization model considering the energy
saving of train operation and the use of vehicle bottom, and
solved the model with an efficient particle swarm algorithm
to solve the urban rail timetable optimization problem of train
operation energy consumption and the use of vehicle bottom.

To sum up, few theories on urban rail transit reconnection
marshalling have been proposed, most of which focus on the
research of fixed marshalling and only a small number of
studies on multi-marshalling and flexible marshalling. The
existing studies are all based on the assumption that
passengers are entirely rational, ignoring the limited rational
behavior of passengers, and rarely take carbon emission as
the optimization target in selecting objective functions.
Based on this, this paper takes the urban rail transit
reconnection marshalling trains as the research object and
takes the spatial and temporal distribution imbalance of the
whole day passenger flow as the starting point to study the
operation scheme of reconnection marshalling trains. Large
marshalling trains will be operated during the peak passenger
flow period, while small marshalling trains will be operated
during the peak passenger flow period, and large marshalling
trains and small marshalling trains will run together during
the bimodal transition period. At the same time, in addition to
the passenger travel cost and the enterprise operation cost, the
carbon emission is included into the optimization goal, and
the prospect theory is introduced to depict the limited
rationality of passenger travel path selection, providing a
basis for the green and efficient urban rail reconnection
marshalling operation optimization.

The rest of this paper is summarized as follows: Section II
describes the problem studied in mathematical language.
Based on the analysis in Section II, the model of the operation
scheme of the reconnection marshalling is established in
Section III. Section IV designs a case verifies the rationality
of the model constructed in Section III, and analyzes the
influence of some parameter changes on the results. Finally,
the conclusion of this paper is in Section V.
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II. PROBLEM DESCRIPTION

Reconnection marshalling is one of the flexible
marshalling operation modes of subway, which can
effectively improve the matching degree of subway
passenger flow demand and capacity configuration. The
double marshalling operation mode refers to the marshalling
mode in which large marshalling trains need to be
disassembled into small marshalling trains or two small
marshalling trains need to be reconnected into a large one in
order to improve the uneven utilization of trains during the
double peak passenger flow (peak and off-peak periods)
transition phase. The operation mode diagram of
reconnection marshalling is illustrated in Fig.1.

Small Marshalling for Reconnection
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. | | /‘/
| | —
—
Down Direction
L T =
Up Direction === ]
. | | /lj
| | —
Down Direction
Large Marshalling for Disassembly
= 2o G5 =
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i ] -
| | —
Down Direction
Fig.1. Operation Mode of Reconnection marshalling
Suppose L is an wurban rail transit line, let

S={S|S =12,--,N+1,-- '2N} be the station set. Full day
operation duration is 7, T = {TJr =12,- -.,H} .The interval

is marked as Y , Y={Yy‘y:1,2,---,N—1} .d defines as
d=1

Reconnection marshalling train is marked as m with m =1

for up direction and d =2 for down direction.;

denotes small marshalling and m =2  denotes large
marshalling. e indicates train routing, when e=1 it is
indicated small routing, when e =2 indicates large routing.
Let B = {b,’n} be the train formation type set, where b, refers
to the number of train formation type m during time period
T. b and b represent the upper limit and lower limit of the
number of train marshalling vehicles respectively E is the
train capacity. @, is the cost of purchasing trains. @, is the
running cost per kilometer. U= {um, d‘m =1,2,d= 1,2}

defines train symbol, where u, ; = {ulﬂd +u1’d} o 1 is the

ratio of departure frequency of large and small routing trains,
and 77= (flr’l +f1r’2 )/( 2r’l + 2r’2) .V, is the traveling

speed of the train in the direction d . T, is turning back time.

f}”,m
e

routing and b,

refers to the departure frequency of train with e
marshalling quantity 7. in time

segment. f, istop 18

i.operare 18 the running time of train section.

the actual dwell time of the train. K = {k‘k =1, 2,"',K}

r7

indicates the effective path of each OD. ¢ K refers to the

passenger flow of the £ -th route from station i to station j

during time period 7 . tf refers the running time of the train

. k . . .
inroute k .Zg  represents the dwell time of the train outside
stop

the departure and destination stations at the station of route

k .8 is1 if routing e is selected, otherwise it is 0. M
donates a large enough number. gl.'; represents random error,
and E (54.’; ) =0. W (Pl];) and W (Pl];) represent the
subjective probability of passengers choosing path k& when
the travel time of path k& between station i and station j is
less than or greater than the reference time. [, is the small
routing distance. L, is the large routing distance. CeO is the

total carbon emission in the subway operation stage. B, ...,

is the traction power consumption of metro train. P, , is
the power and lighting power consumption of metro

station. £ , is the electric power emission factor. P, is the

adhesion mass of the vehicle. g is the acceleration of

gravity. Py is the traction power of the train. 4, B,C are the

empirical coefficients of basic resistance.
To sum up, operation scheme ¥ of urban rail reconnection

marshalling trains can be

v={S.T.BU,1"}.

represented as

III. MODEL COSTRUCTION

To simplify the problem, it is assumed that passengers
arrive at the station evenly, obeying first come, first served
principle, and there is no reservation and relevant facilities
such as turn back station, marshalling and unmarshalling
station, and depot meets the requirements of running
reconnection marshalling trains. The specific model is as
follows:

A. Objective Function
A.1. Considering the travel cost of passengers with limited
rationality

The passenger flow is allocated with bounded rationality
[40], and travel time of passengers is the influencing factor
for route selection. In the process of taking urban rail trains,
passengers' travel time includes three parts: waiting time at
the departure station, interval operation time, and transfer
time. That is to say, passengers decide whether to choose a
route according to the travel time cost. The travel time cost of
passengers is calculated as follows.
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Because the tracking interval of subway trains is short, the
arrival of passengers can be considered independent of the
train schedule, showing the characteristics of random normal
distribution. According to statistics, the waiting time of
subway passengers at the departure station is considered half
of the train departure interval, as shown in (1):

vt _ _r M
+(77)

The running time of passengers in the section can be
divided into running time of the train and the dwell time of
the train at each station, as shown in (2):

k operate — Z L Z Z 5 (2)

AlupES
Passenger transfer time consists of travel time and waiting
time. Considering that passengers transfer through the same
platform for a single line, travel time is not considered and
only waiting time is counted, as shown in (3):
} 3

knans/‘er ZZZ|:
Then the time cost function of passengers traveling

rel, e=1 m=1

through path k from station i to station J is as follows (4):
Tk _ k wait + ZJc ,operate + tl\ J[transfer + g (4)

Set the average running time of all paths of each OD as
the reference point in the value function, as shown in (5):

K
>
0 =
T =t ®)

When the travel time cost is less than the reference point, it
means the gain; when it is greater than the reference point, it
means the loss. Therefore, the value function of route &
between station i and station j is shown in (6), and the

value function curve of route k between station I and
station j is illustrated in Fig.2.
o) V(@)= -5) T
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Fig.2. Time Value Function Curve

Taking the average travel time of all paths of each OD as

the reference point. Assuming that g; is independent of each

other and follows Gumbel distribution, then the MNL

(Multinational Logif) model can be introduced as the
objective passenger flow distribution proportion of route &
from station i to station j , as shown in (7):

) exp( (T"))

Dy =—,VkeK (7
Zexp(v(?}f ))
k=1

Since decision-makers tend to overestimate low
probability events and underestimate high probability events
when making decisions, the subjective probability of
passengers choosing route k& is shown in (8), and the
curvature diagram of weight function is determined by the
values of ¥ and & ofroute k£ between stations 7 and j ,as

shown in Fig.3.

v (#))= )
)T~ 1
() () +(1-pi) [
W\ Py | = ) . ) (®)
v (r))-= )
’ B 0\ ok 5'%
() (-]

w(p)4

The probability of the ideal

Overestimation of
small probability

----
.
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o 0.5 1 p
Fig.3. The value of ¥ and O are determined the weight function

pi]; represents the objective probability of passengers

choosing route & , so the foreground value of route & is

shown in (9):
1 5o () 1) () o

The actual distribution proportion of path £ between
station I and station j is shown in (10):

k
p —w VkeK (10)

Zexp( )

The travel time cost of passengers is represented by the
waiting time, interval operation time, and transfer time of
passengers at the departure station. The time cost
corresponding to all types of passenger flows is added as well.
In order to convert time cost into travel cost, considering that
passenger travel time does not belong to working time,
non-working time value is used to measure passenger time

value, then passenger travel time cost W] of each route k

from station i to station j can be formulated as (11):
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S
quk (tlllf wait + lk operate +t k transfer) (1 1)

A.2. Enterprise operating cost
The enterprise operation cost mainly includes the train
purchase cost and the train operation cost. The enterprise

operation cost W, (14) can be divided into the train purchase

cost &, (12) and the train operation cost &, (13):

" + +2T. |+
ég] :ﬁi (f f ) z i,operate ,Z i,stop z (12)
T 3600 ( e ) ZE o +ZE o
b
. (jl-r,l +f"”»2). Zt' operate +Zl} stop + 2T + (13)
S=a,V, m
( ) Ztl operate + Ztl stop
minl, =& +&, (14)

A.3. Carbon emission

As the most extended period in the whole cycle of the
subway, the subway operation consumes a large amount of
energy. Energy consumption in the metro operation stage
mainly includes train traction energy consumption and
station (including depot) operation energy consumption. In
this paper, the carbon emission in the subway operation phase
mainly focuses on the impact of energy consumption during
train acceleration traction and environmental control systems,
station power equipment, lighting equipment, and other
equipment. It is worth noting that the energy consumption
during subway operation is mainly electricity consumption.
Therefore, this paper only considers the carbon emission
generated by the power consumption in the subway operation
stage. The calculation method [41] is shown in (15).

CeO =P Ero + Prion Ere

subway station (1 5)

This paper considers the energy consumption of subway
traction. Ventilation, air conditioning, lighting, and escalator
account for 80% of the total power consumption of the station.
The power consumption is relatively fixed and does not
change due to different train operation schemes, so

P

) ation = 0 . The traction power of the train is solved by the
kinematics method. The work done by the train in operation
is calculated by the product of the adhesion traction force,
basic resistance, and the running distance of the train. The
calculation (16) and (17) are as follows:

12
Po=|P,g-[024+ —12
r [” g [ 100+8x 7,

'|:L1 '(flm + flr’2 )"‘ L,- ( 2” + fzr’2 )J ﬁ

+A+B~Vd+C-Vd2]
(16)

H
f;ubway :PF ZT;’

r=1

To sum up, the calculation (18) of urban rail transit carbon

(17

emission W, is:

H
minW; =P -E, - . T,

r=1

(18)

A.4. Constraints
(1) Constraints on the minimum departure frequency of the

r2

line. The departure frequency f of large routing

shall not be less than the minimum departure frequency f,;, -
As shown in (19).

f2r’l + 2r’2 e min (19)
(2) Constraints on the maximum passing capacity of the line.

Set the maximum departure frequency f, .. of the line. As

max
shown in (20).

P M <fo (20)

(3) Line maximum load factor constraint. As shown in (21).
max{px|x = 1,2,~-,X}
= £

Where, ¢ is the maximum load factor. p, is the section

e2y)

passenger flow of section x . When max( px) is in small
routing section, f, = f"' + £, and max(p,) is in large

routing section, f, = fy"' +
(4) Turn back station selection constraint. As shown in (22).
1<S, <S8, <N (22)
(5) Train formation quantity constraint. As shown in (23).
b <b, <b,m=1,2 (23)
(6) Constraints of train set connection relationship.
When the downlink trains u;, and #,, run from the

starting station N +1 to the terminal station 2N , three
options are available:

(DThe train set enters the depot and ends the multiple and
unmarshalling operation of the day. That is, no marshalling
and unmarshalling of other trains will be carried out
subsequently. Operation condition 1 of the marshalling and

unmarshalling train set is illustrated in Fig.4.

W[ — \ O O
L0l: T
Depot| -+ Swichback
KRN
NS

Figure.4. Operation condition of marshalling and decoupling train set 1

@ The train set enters the depot but then comes out of the
depot again to be reconnected and uncoupled to other trains.
The operation of the reconnected and uncoupled train set 2 is
illustrated in Fig.5.

Depot

Fig.5. Operation condition of marshalling and decoupling train set 2

(3 After turning back directly at station 2N , the train set
continues to recouple and un-marshal an uplink train. The
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operation of recouple and un-marshal train set 3 is illustrated
in Fig.6.

Depot| -+« Switchback
-\

L~

I = EEEEE=E

Fig.6. Operation condition of mar;halling a;ld découpling—train set 3

In order to describe the arrangement of the train set after
the train set is reconnected with the down train ¥, , , and the

down train u,, is unmarshalled and arrives at station 2N ,

for the up trains u;; and u,,; running from station 1 to

station N , since there is no depot where the train bottom
stays at station N , the responsible train set can only be
reconnected and unmarshalled with the next down train back
to station 1 after the station turns back. Define three 0-1

variables a, ., ~ p, , As shown in (24) ,

m2Um 1 N Up (U 2
(25),(26):
Ay iy =110) (24)
By, = {10} (25)
%, =150 (26)
Where, « =1 indicates that the train set is

U 2Um 1
reconnected and uncoupled to the down train u;, , u,,

indicates that the turn back operation is carried out at station
2N and the recoupled and uncoupled to the up train u,, ,

=1 indicates that

m2Um |

Upts> Q) = 0 indicates others. S,

the train set is reconnected and uncoupled, the down train

u,, enters the depot after u,, , and the out section is
reconnected and uncoupled on the up train uy; , up; ,

'Bum,zum,l =0 indicates others. Ay s =1 indicates that the

1t
train set is reconnected and uncoupled to the up train u ,
and after u, |, station N conducts turn back operation and is
reconnected and uncoupled to the down train u,, , u,,,

=0 indicates others.

Uy 1t 2

Selection of up train v, , #,, and down train u,  , U, ; in
the section:

(DFor any up train u; and u, , after arriving at station
N, its train set needs to connect with a down train u, , , U, ,

and return to station 2N , that is, (27) is satisfied. The
selection of up train 1 is illustrated in Figure 7.

Switchback -+ |Depot| Switchback -+ |Depot|
/. /.

=l st e—ass
Fig.7. Selection of Up Train 1

Z aum,lum.z =1, vum,l 27)
U '

@The train set of any up train u; and u,; can be from

the train set that comes out of the depot for the first time, or

from the train set that turns back after a down train u, , and

U, , 1is reconnected and unmarshalled, or comes out of the

depot after entering the depot, that is, (28) is satisfied. The
selection of up train 2 is illustrated in Fig.8.

Depot| - Switchback -+ [Depot|
1 - 9

Fig.8. Selection of Up Train 2

Z a“m,zl‘m,l + z ﬂum,lum,l = 1’ vu’”,l

Up o Up o

(28)

@ For any down train u,, and u,,, since the terminal

station 2N it arrives at is connected with the depot, after the
train is reconnected and unmarshalled, its corresponding train
group can enter the depot for marshalling and unmarshalling,
or turn back, or enter the depot and then exit the depot, (29) is
satisfied. The selection of down train 1 is illustrated in Fig.9.

— |Depot

Figure.9. Selection of Down Train 1

zaum,Zunl,l + Zﬂum,Zum,l = 1’ Vum,z
um,l

um,l

(29)

@The train sets of the down trains u;, and u,, of the

marshalling and unmarshalling can only come from the train
sets that turn back after the up trains u,; and u,, of the

marshalling and unmarshalling, that is, (30) is satisfied. The
selection of the down trains is illustrated in Fig.10.

Depot| -+ Switchback Depot

Fig.10. Selection of Down Train 2

(30)

Z“um,luml =1,Vu,,,
um 1

(7) Train marshalling time constraint

1. T,, arerepresented the time required for the train
Ny N tepartur
set to enter and leave the depot, £, and £, ’T’”’"“” are

respectively represented the time when the up trains %, ; and
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. . N, Ny
U, arrive at and leave station N ,. 7, ""2‘”” and 7, " “Care
5 m, m,

respectively represented the time when the down trains u, ,
and u, , arrive at and leave station N .

@ For the down train u,, , u,, running from station
N +1 to station 2N , whether its train set can directly
conduct turn back operation at station 2N and continue to be
reconnected and uncoupled to the up train u, , u,; depends

on whether the interval time between the two workshops
meets the limit of the turn back time of the train set, as shown
in (31).

i 2N)
mm . . _1)< D reaan _ (2N) departure
TZ(ZN) au’”l“'”»l +M (a“mz“nul 1) - [t"ny.l t"m.z (3 1)

< pmax +M - (1 —Q ),Vum,l Uy o

22N %,

@At station 2N , whether the train sets of the down trains

u;, and u,, can exit the depot after entering the depot and

be recoupled and uncoupled to the up trains u;; and u,,

depends on whether the interval time between them meets the
time limit required for entry and exit, as shown in (32).

Dreaer — 2N separare
! "t ' = (Tenter + Texit ) ’ ﬂum,zum’l

U, U2
M (B 1) Vit

3 For the up train u;; , u,; running from station 1 to

(32)

m2Um 1

station N , the train set at station N can only turn back and
return to station 2N . Therefore, whether the train set can be

reconnected and uncoupled to the down train u, , , u, , after

turn back depends on whether the interval time between the
two workshops meets the limit of the turn back time of the
train set, as shown in the (33).

{0

max
< Tz(N) : a”m,l“m,z +M - (] - al‘m,ﬂ‘m,z )’ vum,l )

Tmin .a (N )d@pur'}m'ﬁ
2(N) Uy 1t 2

In equation : M is a large enough positive

number; T(N/ZN) ={

max min max min
j T T |

2(N) Lz (V) L z(2n) L2 (2) are
represented the maximum and minimum turn back time of the
train set at station N and 2N respectively.

(8) Positive integer constraint. As shown in (34).

12 el 2
S A s abeZ” (34)

B. Algorithm Design
B.1. Combination of Quantum Computing and Genetic
Algorithm

Genetic algorithm [42] has strong robustness, but it has
some limitations, including slow convergence, too many
iterations, easy to premature convergence and easy to fall into
the local optimal solution.

Quantum computing has the parallelism of quantum
mechanics and the computational speed is faster. At the same
time, there are various quantum states, so it is rare to fall into
the local extreme value when searching for the optimal
solution.

Quantum genetic algorithm introduces quantum state
vector into genetic algorithm and applies the probability
amplitude of quantum bit to chromosome coding. A
chromosome is a superposition of marshalling quantum states,
and uses quantum revolving gates to achieve chromosomal
variation renewal.

Therefore, quantum genetic algorithm has the advantages
of fewer iterations, fast running speed, genetic variation with
fewer populations, wide search range, and difficulty in falling
into local extreme value.

B.2. Operation steps of quantum genetic algorithm

(1) Chromosome length calculation

In order to dynamically adjust the operation speed of the
algorithm and further improve the operation efficiency,
adaptive chromosome length is adopted here. The calculation
method is as follows:

(D Set the initial value of chromosome length L as a
smaller number;

(2Solve the fitness function to obtain the minimum fitness

Sumin (2) and maximum fitness f;,, (z) under the current

conditions, and then obtain the calculation accuracy

() (2)
L

(3 Compare the calculation accuracy with the previously

of this operation;

preset allowable calculation accuracy tolerance . If
£ > tolerance , the current chromosome length f is increased
by 1, and then return to step @. On the contrary, the current
chromosome length is the appropriate chromosome length.

(2) Quantum bit coding

Quantum computing is mainly accomplished through
quantum bits. As an information carrier, quantum bits are a
special two state system, which can be in the superposition
state of two different quantum states at the same time, such as

‘wq> = a|0> + ,B|1> , where |0> and |1> represent the spin

down and spin up states respectively, and the probability

amplitude constant (a, ﬁ) satisfies the normalization

condition as shown in (35):
2 2
lo| +|B] =1 (35)
The results of chromosome coding by quantum bits are
shown in (36) and (37):

- |cos(t9xl )| |cos(9x2 )| |cos(6’m)

= (36)
' |Sin(9xl) |Sin(9x2 )| |Sin(9xn)

ny=27z><rand,x=1,2,~-,m;y=1,2,---n (37)

In equation: P, is the X -th gene, and & is the phase of
the quantum bit; 71 is the number of chromosomes; 71 is the
number of bits of the qubit, that is, the dimension of the
solution space; rand is a random number in the range [(), 1] .

(3) Quantum revolving gate

Quantum rotary gate is the key to complete the evolution

of quantum genetic algorithm. The adjustment strategy of
quantum rotary gate is adopted in this paper to compare the

fitness f (z) of the current individual with the fitness
f (best) of the optimal individual. If f (Z) <f (best) , the

Volume 53, Issue 2: June 2023



TAENG International Journal of Applied Mathematics, 53:2, [JAM 53 2 18

probability amplitude (a, p ) will change in the direction of
best ; if f(z) >f(best) , the quantum bit at the
corresponding position in P, will be adjusted accordingly, so
that the probability amplitude (a,ﬁ ) will change in the

direction of z . It should be noted here that the greater the
difference between f (z) and f (best) , the greater the

amplitude of the rotation angle of the quantum rotary gate to
be changed; on the contrary, the smaller the amplitude of
change.

Based on this theory, this paper adopts the adaptive
rotation angle adjustment method of the quantum revolving
door, as shown in (38):

f(best) _ f(z)

e

.
AO=0, +(0 —em)-‘

max mi

‘ef(best) (38)

Where, 6., and 6 are the rotation angles of the

maximum and minimum quantum rotary gates, respectively,
and the ABe[0.0017,0.057] , so

6., =0.0017,6, ., =0.057.
(4) Chromosomal variation
To avoid local optimum, this paper introduces the means

of quantum mutation to operate chromosome mutation. The

specific process can be divided into two steps: crossover and
mutation:

Cross operation. Exchange the value of probability
amplitude constant (a, )

rotation angle

to implement chromosome

crossing. Because the number of gene exchanges between
parent chromosomes required for single point crossing is
large, which is easy to damage the current excellent
population individuals, the method of double tangent point
crossing is adopted here. This method has less gene
exchanges for parent chromosomes involved in cross
mutation, which can better retain the excellent population
individuals.

Mutation operation. Generally, quantum bits always

appear in pairs, so the probability amplitude constant (a, p )

of each pair of quantum bits is taken as a whole, and part of
the gene sequences in the current chromosome are changed
randomly to achieve chromosome mutation.

The parameter settings of the quantum genetic algorithm
are shown in Table I, the algorithm flow is illustrated in
Fig.11.

TABLE 1
ALGORITHM PARAMETER SETTINGS

Data loading: OD passenger flow, station spacing, basic
marshalling parameters, etc

‘ Generate initialization population Q ‘
3
Generation of the first generation population by
qubit updating and cross mutation

3
| Population algebra Gen=2 |
3

Parent and offspring merged into a new species |

—

The number of new

L Fast non dominated sortin ‘
species is equal to M? 8

|

i Congestion calculation |

The first generation
population is intentionally
generated when the qubit is

updated and crossed

Gen=Gen (Max) ?

Fig.11. Algorithm Flow

Selection of suitable
individuals to form a new
population based on crowding
comparison operator

Gen=Gen+1

Elitist strategy

IV. CASE STUDY

A. Case Background

To demonstrate the effectiveness of the model and
algorithm, a real-world urban rail transit line is used as case
study. There are 20 stations in the operation line, and the
depot and the parking lot are connected to the starting and
terminal stations. The starting and terminal stations and
turn-back stations have the capability of reconnecting and
unmarshalling. The parameter values are shown in Table II.

Parameter MEANING Value
gen,, .. Maximum population evolution algebra 200
4 popsize Quantum population number 20

]:Z Crossover probability 0.5
Pm Mutation probability 0.05
chrom Chromosome length 15

TABLE Il
PARAMETER VALUES
Symbol Meaning Value
1, min Minimum departure frequency 10 pairs/h
f. max Maximum carrying capacity of the line 30 pairs/h
E Vehicle capacity 310 person
N Number of stations 20 number
Vd Vehicle running speed (unified up and 35 km/h
down)
Tz Train turn back time 110s
A Risk aversion coefficient 2.25
8 Gravitational acceleration 9.81 m/s?
A Empirical coefficient of basic resistance 24
B Empirical coefficient of basic resistance 0.014
C Empirical coefficient of basic resistance 0.001293
7
() Train purchase cost 3.9X 10
yuan
@, Train operation cost 8 yuan/km
. . 0.7 kg
E ke Average level of national power grid COx/kW - h
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TABLE III
OPTIMAL OPERATION SCHEME

Departure frequency (pairs/h) . Turn
Passenger - - Passenger Enterprise Carbon
. Full-length routing Short-turn routing . - back
flow Routing mode travel cost operating emission .
. Large Small Large Small station
section . . . . (yuan) cost (yuan) (kg) .
marshalling marshalling marshalling marshalling position
Single routing 18 9 0 0 62540.84 30840.23 19762.85
Morning full-length
peak and short-turn 16 6 8 6 74176.47 25766.46 17040.07
routing
Single routing 14 7 0 0 43932.46 17379.43 12425.40
full-length
Flat peak ui-leng 9—16
and short-turn 12 6 6 6 53942.45 14376.83 11425.44
routing
Single routing 16 8 0 0 67544.15 32541.23 20362.67
Evening full-length
peak and short-turn 14 7 7 6 76514.56 27586.46 18543.57
routing
20000 Interval (Up Direction) £0.00%
Based on the multi-objective programming model ) o
constructed above, a quantum genetic algorithm is used to 2 25000 T
solve the problem on Matlab2021a , and relevant known ) O'O'O'O'Q._ 60.00%
. . 5 20000 : =
parameters and classified passenger flows under different e NS 50.00% 2
reconnection and unmarshalling schemes are substituted into & 15000 o 40.00% 5
. 2 o 1S 2
the model for solution. 4 o000 :o' > 30.00% =
After that, the optimal matching departure frequency of E | oo
large and small marshalling and full-length and short-turn £ 5000 o. Q 100050
routing, as well as the optimal values of each goal, are N I I? '

. . . . . 0 0.00%
obtained. The iteration diagram of the quantum genetic ) 3456 7 8 9101112131415 16 17 18 19
algorithm is illustrated in Fig.12. The optimal results mm Interval passenger flow demand
obtained are shown in Table IIL. +++O-++ Full load rate of fixed marshalling section

==O—Full load rate of reconnection marshalling section
Evolutionary process Fig.13. C(?mparison of full load rate l.)etw.een fixed marshalling and
0.94 T T reconnection marshalling (Upward direction)
7 Interval (Down Direction)
g 30000 80.00%
g 70.00%
g | g 25000 o
2 g (o 0:0:0 Q 60.00%
(=N
S 1 20000 LS
%, - 50.00% 2
2 & 15000 40.00% g
= 1 2 2
E L:l 10000 .o 3000% 2
: ] 5 g 20.00%
% = 300 o I I | I 10.00%
0.82 1
o 1 l ? 0.00%
123 4 8 9 10 11 12 13 14 15 16 17 18 19
0'80 50 160 150 200 mmmm [nterval passenger flow demand

Evolutionary algebra

Fig.12. Iteration diagram of quantum genetic algorithm

B. Discussion and analysis
B.1Comparison and analysis of full load ratio
The balance of the full load ratio between large and small
marshalling trains is one of the indicators reflecting the
advantages and disadvantages of the train operation plan.
The quality of fixed marshalling plan and reconnection
marshalling plan is compared and analyzed. The passenger
flow demand and load factor of the section under the two
marshalling plans are illustrated in Fig.13 and Fig.14.

+++O--- Full load rate of fixed marshalling section
==O=— Full load rate of multiple marshalling section

Fig.14. Comparison of full load rate between fixed marshalling and
reconnection marshalling (Downward direction)

According to the analysis, the full load rate of the train
reconnection marshalling plan in operation is 5%~10%
higher than that of the fixed marshalling plan in operation.
When designing the train marshalling plan for urban rail
transit lines, the flexible organization form of the train
marshalling plan in operation should be adopted as far as
possible to improve the section full load rate, save the
variable costs of enterprises, and then control the total cost of
the entire urban rail transit system.
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B.2 Passenger flow transportation capacity of unit train set

Compared with the fixed marshalling mode, the
reconnection marshalling mode needs to consider the
transportation capacity of the whole line section according to
the number of unit trains. When the unit fleet reaches a
specific number, the passenger flow transmission capacity of
the section reaches its peak. The maximum transport capacity
of passenger flow in each section varies with the number of
units. The number of unit train sets can be determined
according to the passenger flow in different sections. The
matching relationship between the passenger flow
transportation capacity and the number of unit vehicle groups
is illustrated in Fig.15.

X
S

EN o ® N o

[N)

o o o o
v R o ®

Section passenger flow transmission capacity/person
° -

¥ o 2 B
Quantity ofum.t 1 4
marshalling

1 z Quantity of unit 2
marshalling

Fig.15. Matching relationship between inter district passenger flow
transportation capacity and unit train set quantity

When the unit marshalling train reaches six car
marshalling, the passenger flow transportation capacity in the
section reaches the peak value and tends to be stable, and the
transportation capacity remains unchanged even the number
of marshalling vehicles increases.

B.3 Analysis of travel time prospect value
The impact on travel time of the change of income
sensitivity coefficient 0 and loss sensitivity coefficient ¥ .

05

045

0.4

Travel time prospect value

02
X 0 0 #

Fig.16. Prospect value of morning peak travel time

0.55

Travel time prospect value

0.2
X 0 0 o

Fig.17. Prospect value of evening peak travel time
It can be seen from Fig.16 and Fig.17 that when o is

constant, with the increase of y , the travel time prospect

value first increases and then decreases. When y is constant,
the travel time prospect value increases with O . In the early
peak period, y =0.5, the travel time prospect value reaches

the peak. It shows that passengers are more sensitive to the
loss of travel, which reflects the change of peak travel time in
the morning and evening.

V. CONCLUSION

Aiming at the optimization of train operation plans under
the unbalanced spatiotemporal distribution of passenger flow
in urban rail transit, a multi-objective optimization model for
train operation plans under the reconnection train formation
mode is constructed, and a quantum genetic algorithm
solution model is designed to obtain the optimal solution set,
and the ideal solution is selected as the optimal solution. The
results show that:

First of all, the advantage of the train operation scheme
with reconnection marshalling is that when the
spatiotemporal imbalance of passenger flow is obvious, the
passenger travel time cost can be reduced by adjusting the
departure frequency and marshalling type, which can
effectively reduce carbon emission and thereby achieve
energy conservation and emission reduction.

Secondly, by comparing the comprehensive cost of
reconnection marshalling and fixed marshalling schemes, it
can be seen that when the time-space distribution of
passenger flow demand in the line section is uneven, and the
line is equipped with reconnection marshalling operation
conditions, the full load rate of reconnection marshalling
trains is higher than that of fixed marshalling trains, and the
reconnection marshalling scheme is better. In the peak period,
the train marshalling shall be mainly large marshalling, and
the selection of train routing shall be appropriate to cover the
section with high line load rate.

Finally, in order to reflect the characteristics of passenger
travel, considering the limited rationality of passenger travel,
the time prospect value is proposed to describe the relative
travel time of passengers. It is reasonable and effective to
introduce prospect theory to measure the travel time of
passengers, so as to build an optimization model for the
operation of reconnection marshalling.
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In this paper, the train operation scheme of reconnection
train formation is adopted, which effectively reduces carbon
emissions, improves the sustainability of enterprise operation,
attracts passengers to choose urban rail travel, and provides
reference for the green and efficient train formation scheme
of urban rail transit, which has guiding significance.
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