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A NOVEL HYBRID EVALUATION METHOD
FOR TRANSFER EFFICIENCY ASSESSMENT
BETWEEN RAIL TRANSIT AND PUBLIC BICYCLES

ABSTRACT

This paper proposes a new hybrid evaluation method
including Improved Analytic Hierarchy Process (IAHP),
Entropy Method (EM), and Grey Comprehensive Evalu-
ation Method (GCEM) to assess the transfer efficiency
between rail transit and public bicycles. In particular,
the IAHP method that replaces the nine-scale approach
with three-scale approach to naturally meet the consis-
tency requirements is applied to qualitatively calculate
the weights of evaluation indices, the EM method is uti-
lized to calculate the weights of evaluation indices with
relatively high degrees of quantification, and the GCEM
method is used to calculate the transfer efficiency be-
tween rail transit and public bicycles. In addition, a
three-level evaluation-index system including target lev-
el, criteria level and index level is established. A numer-
ical example is also provided to verify the feasibility of
the proposed hybrid evaluation method and explore the
reasons for low transfer efficiency between rail transit
and public bicycles.
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1. INTRODUCTION

Public bicycle-sharing system has become in-
creasingly popular in recent years [1]. The combined
use of rail transit and public bicycles for one trip has
increased dramatically in many countries [2]. The
increasing interest stems from the fact that public
bicycles can help solve the problem of “the last
mile” of rail transit. As a supplement mode, public

bicycles are faster than walking and more flexible
than other public transportation modes [3, 4]. Howev-
er, transfer efficiency between rail transit and public
bicycles is definitely low. This may be because the
long transfer distance, the imperfect transfer signs,
and the insufficient transfer facilities restrict the de-
velopment of public transportation and reduce the
attractiveness of public transportation [5]. Thus, it
is necessary to assess transfer efficiency between
rail transit and public bicycles to further identify the
reasons for low transfer efficiency.

Although the rapid growth in the joint use of rail
transit and public bicycles has been recognized, re-
search on the transfer efficiency evaluation between
rail transit and public bicycles is extremely insuf-
ficient [6]. Thus, the objective of this paper is to
develop a hybrid evaluation method that includes
Improved Analytic Hierarchy Process (IAHP),
Entropy Method (EM), and Grey Comprehensive
Evaluation Method (GCEM) to assess the transfer
efficiency between rail transit and public bicycles.
More specifically, the weights of indices are giv-
en by the IAHP and EM methods, and the GCEM
method is used to calculate the transfer efficiency
between rail transit and public bicycles. A numer-
ical example is provided to illustrate the feasibility
of the proposed hybrid evaluation method.

The organization of this paper is as follows.
Section 2 provides a brief overview of transfer effi-
ciency evaluation method. Section 3 establishes an
evaluation-index system for the transfer efficiency
assessment between rail transit and public bicycles.
Section 4 develops a hybrid evaluation method to
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assess transfer efficiency between rail transit and
public bicycles. Section 5 provides a numerical ex-
ample based on real-world data from six transfer
stations selected in Nanjing to verify the feasibility
of the proposed hybrid evaluation method. Section
6 gives the conclusions of the paper.

2. LITERATURE REVIEW

There have been extensive investigations on
transfer efficiency evaluation. Chen and Chen [7]
employed the Analytic Hierarchy Process (AHP)
to evaluate the transfer efficiency between inter-
city rail and conventional public transit. Song et al.
proposed an AHP method to evaluate transfer effi-
ciency between rail transportation modes [8]. Sun et
al. proposed a two-stage data envelopment analysis
(DEA) method to evaluate transfer efficiency of the
urban public transportation terminal [9]. Sun et al.
constructed a structural equation model to evaluate
transfer efficiency of rail transit P&R facilities [10].
Cheng et al. presented a multi criteria/attribute de-
cision-making (MCDM/MADM) model for mea-
suring transfer efficiency between urban rail station
and its feeding bus stops [11]. Xu et al. established
a generalized cost function model to quantitatively
analyse transfer efficiency inside the transfer sta-
tion [12]. However, although there has been a large
number of studies on transfer efficiency evaluation,
little research has been done on the transfer efficien-
cy evaluation between rail transit and public bicy-
cles. For example, Guo and Wang applied the AHP
approach to evaluate the transfer efficiency between
rail transit and public bicycles [13].

It should be noted that the above-mentioned
studies on the transfer efficiency assessment focus
on the single evaluation method. It is well known
that the single evaluation method has its own de-
fects. To overcome deficiencies of the single evalua-
tion method, more and more attention has been paid
to hybrid evaluation methods. Xu et al. employed
grey correlation method and the principal compo-
nent analysis method to evaluate transfer efficien-
cy between urban metro and buses [14]. Zhu et al.
combined grey relation projection analysis method
with information entropy theory to evaluate transfer
efficiency of rail transportation hub [15]. Xia and
Ma applied grey entropy method to determine the
optimal transfer stations scheme for rail transit and
conventional bus [16]. Hence, a question arises: is it
feasible to construct a hybrid evaluation method for
transfer efficiency assessment between rail transit

and public bicycles? To the best of our knowledge,
the results on this problem are rare, which remains
an interesting research topic.

Obviously, the transfer efficiency between rail
transit and public bicycles has not been fully inves-
tigated. This research gap is the first motivation for
this paper. In addition, it has been common practice
in previous research to evaluate transfer efficien-
cy between rail transit and public bicycles without
explicit consideration of the combined use of sub-
jective weight and objective weight. Tackling this
issue is the second motivation for this paper. Thus,
this paper proposes a novel hybrid evaluation meth-
od to assess the transfer efficiency between rail tran-
sit and public bicycles by combining IAHP, EM and
GCEM.

3. ESTABLISHMENT OF EVALUATION
INDEX SYSTEM

The evaluation-index system is the basis of
transfer efficiency assessment between rail transit
and public bicycles. It is crucial to select representa-
tive evaluation indices so that each index is relative-
ly independent and easy to quantify. A three-level
evaluation-index system including objective lev-
el, criteria level and index level is established, as
shown in Figure 1.

Average transfer time is the average time re-
quired for the passengers to complete the entire
transfer process, including walking time, time of
ticket purchase, and waiting time. Here, the transfer
process refers to the process of passengers getting
off the public bicycle to taking the rail transit. This
index measures the fastness and compactness of the
transfer process.

YL XTI XTI
r=—-tl 4+~ +4= (D)

4 Sp SR
=1 =1

where T is the average transfer time [min]; n is the
total number of transfer passengers; L, is the walk-
ing distance of transfer passenger i from the public
bicycle station to the rail transit station [m]; Vis the
average walking speed of all transfer passengers,
which is 66 [m/min]; Tl is the time of ticket pur-
chase of transfer passenger i [min]; Pl.'is 1 if transfer
passenger i is purchasing the ticket, 0 otherwise; 7?
is the time when transfer passenger i waits for rail
transit [min]; P, is 1 if transfer passenger i is wait-
ing to take the rail transit, 0 otherwise.
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Objective level Criteria level

Index level

—>| Average transfer time

—’[ Average transfer distance

—DI Matching degree of transport capacity

Evaluation-index system for transfer
efficiency assessment between rail
transit and public bicycles

w% The ratio of transfer passengers holding a public bicycle card
—’l Setting rate of transfer signs

|
|
—>[ The number of transfer passengers per unit time I
|
|
|

Per capita transfer facilities area I
Transfer confort I
Average conflict points of transfer passengers |

2 Isolation situation of bicycle lane I

Average transfer fee I

Figure 1 — Evaluation-index system of transfer efficiency

Average transfer distance is defined as the ratio
of the transfer distance of all transfer passengers to
the total number of transfer passengers, which mea-
sures the rationality of the layout of public bicycle
stations.

L En @
n

where L is the average transfer distance [m]; L, is

transfer distance of transfer passenger i [m]; # is the

total number of transfer passengers.

The number of transfer passengers per unit time
is considered to be the ratio of the total number of
transfer passengers to the statistical time. The great-
er the number of transfer passengers per unit time,
the higher the transfer efficiency will be.

0
0-< 3)
where Q is the number of transfer passengers per
unit time [person/min]; Q' is the total number of
transfer passengers in the statistical time; 7 is the
length of statistical times [min].

Matching degree of transport capacity is the
ratio of the number of people who need to trans-
fer from other transport modes to rail transit to the
transport capacity of transfer stations during peak
hours. This index measures the adaptability of the
transfer infrastructure configuration.

k
_lE

y= 4
where y is the matching degree of transport capaci-
ty; O, is the number of transfer passengers for trans-
port mode i during peak hours; £ is the transport
capacity of rail transit stations during peak hours
[person]; k is the total number of transport modes.

The ratio of transfer passengers holding a public
bicycle card is interpreted as the percentage of the
transfer passengers holding a public bicycle card to
the total transfer passengers. This index measures
the convenience of the transfer passengers.

k- )

where K is the ratio of passengers holding a pub-
lic bicycle card; Q" is the number of transfer pas-
sengers holding a public bicycle card; # is the total
number of transfer passengers.

Setting rate of transfer signs is the percentage
of the number of transfer signs set to the number
of transfer signs that should be set in public bicy-
cle stations and rail transit stations. It measures the
smoothness of the transfer process

5= (6)

where ¢ is the setting rate of transfer signs; M is
the number of transfer signs set in public bicycle
stations and rail transit stations [PCS]; M is the
number of transfer signs that should be set in public
bicycle stations and rail transit stations [PCS].

Per capita transfer facilities area refers to the ra-
tio of the area of the rail transit stations to the num-
ber of passengers who transfer from public bicycles
to rail transit. [t measures the comfort of passengers
during the transfer process. It also effectively evalu-
ates the adaptability of transfer facilities.

S
o (7

where S is per capita transfer facilities area [m?];
S’ is the area of the rail transit stations [m?]; Q" is
the number of passengers who transfer from public
bicycles to rail transit.

S=
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Transfer comfort is interpreted as the satisfac-
tion level obtained by the transfer passengers from
the service of the transfer stations. It measures the
service level of the transfer stations. In particular,

M= %,/lz = %, and U3 = % are determined by
historical data and expert experience [17].

®)

where u,, u,, and p, are the coefficients of transfer
service level; 4, h,, and h, represent the situation of
transfer signs, cover facilities, transfer channel and
platform equipment in the transfer process.

Average conflict points of transfer passengers
are interpreted as the intertwined influence degree
of various transfer passengers flow in rail transit
stations. It can evaluate the rationality of ingress/
egress settings for rail transit stations and traffic
streamline settings. The fewer the conflict points
at the transfer station, the higher the security of the
transfer passengers will be. The values of the evalu-
ation indices can be obtained by field investigation.

Isolation situation of bicycle lane consists of the
physical isolation, sharing the same lane with the
motor vehicles, sharing the same lane with pedestri-
ans. This index is mainly used to measure the safety
of transfer passengers. The values of the evaluation
indices can be given by experience.

E=hi+ faha+ Ushs

Table 1 — Values ofh], hz, and h3 [18]

Average transfer fee can be explained as the ra-
tio of the transfer fees of all passengers to the total
number of transfer passengers. The transfer fee in-
cludes rail transit travel expenses and public bicycle
rental fee. This index is one of the most important
factors that affects traffic mode choice of the pas-
sengers during their trips.

R 9)
where F is the average transfer fee (units: yuan);
F is the transfer fee of transfer passenger 7 (units:
yuan); # is the total number of transfer passengers.

4. METHODOLOGY

A hybrid evaluation method is proposed to as-
sess the transfer efficiency between rail transit and
public bicycles. It uses IAHP and EM methods to
determine the weights of the evaluation indices, and
then uses the GCEM method to calculate the transfer
efficiency between rail transit and public bicycles at
each transfer station. The process of applying the
proposed hybrid evaluation method to calculate the
transfer efficiency between rail transit and public
bicycles at each transfer station is shown in Figure 2 .

Percentage [%] 0-30 30-50 50-70 70-90 90-100
Situation of transfer signs &, 0-2 2-4 4-6 6-8 8-10
Situation of cover facilities 4, 0-3 3-5 5-7 7-9 9-10
Situation of transfer channel and platform equipment /., 0-4 4-6 6-7 7-9 9-10

The evaluation-index system for the transfer
efficency assessment

I

!

1

Determine the subjective weights of the
evaluation indices

Determine the objective weights of the
evaluation indices

Improved Analytic Hierarchy Process (IAHP)

- Establish the judgment matrix

- Calculate the optimal transfer matrix

- Calculate the optimal decision matrix

- Calculate the subjective weights of the
evaluation indices

Entropy Method (EM)

- Establish the initial matrix

- Calculate the entropy values

- Calculate the difference coefficients

- Calculate the objective weights of the
evaluation indices

[

]

Determine the weights of the evaluation indices

]

Grey Comprehensive Evaluation Method (GCEM)
- Construct the initial matrix
- Calculate the correlation coeficient
- Calculatet the correlation degree

1

Determine the transfer efficency of each transfer station ‘

Figure 2 — Calculation process of transfer efficiency
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4.1 Determination of the weights of the
evaluation index

The weights characterize the contribution of the
evaluation indices to the goal. The weights of eval-
uation indices are given by IAHP and EM methods.
More specifically, the IAHP method improved by
three-scale method is used to qualitatively deter-
mine the weights of evaluation indices, and EM
method is utilized to quantitatively determine the
weights of evaluation indices.

Calculation of the subjective weights of the
evaluation indices

The Analytic Hierarchy Process (AHP) [19-24]
is a multi-criteria decision method developed by
Saaty in the 1970s [25]. The IAHP method improves
the AHP method by replacing the nine-scale method
with a three-scale method. In this case, after a series
of transformations are performed on the judgment
matrix, the judgment matrix is a consistency matrix,
so it naturally meets the consistency requirements
[26]. In this paper, the AHP with three scales (-1,
1) is used to calculate the subjective weights of
the evaluation indices, and its steps of calculating
weights are as follows:
Step 1: The judgment matrix C=(C) pim will be
established by comparing the relative importance
between indices. In other words, for each element
in the adjacent higher layer, the relative importance
between the indices in this layer is compared based
on the experience and knowledge of experts [27].
The judgment matrix is described as follows.

Cu Ci ... Cin
C= C:21 C:22 C:2m
le Cm2 Cmm

(10)

1, i is more important than j
C;j=40, i is as important as j

1, i is not more important than j

Step 2: To obtain the decision matrix, the optimal
transfer matrix 7, i is first calculated by Equation 11.

(11)

Substituting 7' i into Equation 12, decision matrix Dij
is further obtained.

Tiji%Z(Cik*Cly‘)

k=1

Dy = exp(Ty)

(12)

Step 3: The eigenvector corresponding to the largest
eigenvalue is considered to be the weight of each el-
ement of the level. The product root method is used
to calculate the eigenvector, which can be described
as:

—ZI(HID) (13)

Calculation of the objective weights of evaluation
indices

The concept of entropy is derived from the prin-
ciple of thermodynamics handling energy, and later
introduced information theory by Shannon [28]. The
EM method uses the value of information entropy
to calculate the weights of evaluation indices [29].
It is worth noting that the difference coefficient is
the key in the process of calculating the weights,
because the difference coefficient and the weight of
the index are proportional. The steps of using EM
method to calculate the objective weights of evalu-
ation indices are as follows:
Step 1: According to the original index values sur-
veyed at the transfer stations, the initial matrix 4
of evaluation indices is established. Matrix 4 needs
to be normalized to derive matrix B because eval-
uation indices have different unit and property. If
it is a benefit index (i.e., the bigger the better), the
standardized value of evaluation index should be
calculated by Equation 14.

Xi

9
ZXhi
e

where X, is the value of evaluation index i
(i=1,2,...,m) of the transfer station i (h=1,2,...q).
If it is a cost index (i.e. the smaller the better), the
standardized value of evaluation index is calculated
by Equation 14 based on reciprocal of the evaluation
index value.

Step 2: According to the definition of entropy in the
information theory, the entropy value of evaluation
index i is calculated by Equation 15.

Yii=

(14)

q
5,':-’)/2 YhflnYhi,)/=—1n]q (15)
h=1

For evaluation index i, it gradually increases the
influence of transfer efficiency assessment with the
growth of the values of difference coefficients. In
addition, the smaller the entropy value, the larger
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the weight coefficient of the index will be, and vice
versa. The difference coefficient is calculated by
Equation 16.

Hi=1-8 (16)

Step 3: Substituting the difference coefficients y;
into Equation 17, the weights of evaluation indices are

calculated by Equation 17.
a;= nluj
2 Hi

i=1

(17

Calculation of the weights of evaluation indices
The AHP with three scales (-1, 1) is first used
to obtain the subjective weights of the evaluation
indices, and then the objective weights of the eval-
uation indices determined by the EM are applied to
revise the result calculated by the AHP with three
scales (-1, 1). Finally, according to [29], Equation 18
is applied to calculate the weights of the evaluation
indices as follows.
T

; (18)
Z Til;
i=1

wi=

4.2 Calculation process of transfer
efficiency

Grey correlation degree is the key to the grey

comprehensive evaluation method, which measures
the correlation degree between evaluation indices.
If the correlation degree calculated by GCEM meth-
od is large, it means that the evaluation indices of
the transfer station are close to the optimal index;
meanwhile, it indicates that the transfer efficiency
of the transfer station is superior to other transfer
stations. The ranking of transfer efficiency between
rail transit and public bicycles at each transfer sta-
tion is further obtained. The calculation process of
the transfer efficiency between rail transit and pub-
lic bicycles using the GCEM method can be divided
into the following four steps:
Step 1: Let J'=[j| j,....j,] be the set of optimal in-
dex values, where j;(k=1,2...,m) denotes element k
of set J*. If an index with a large value is good, the
maximum value of the evaluation index should be
selected at each transfer station, and vice versa. Ini-
tial matrix J is established as follows.

where j/ is the original value of evaluation index k
at transfer station i (i=1,2,...,n).
Step 2: It is assumed that there exists a range
Vs> Jiols where j,, and j,, are the minimum and
maximum values of evaluation index £ in all trans-
fer stations, respectively. The original values of ma-
trix J are converted into dimensionless values by
Equation 20.
JR-Jk
Normalization matrix G is further obtained as
follows.

Gi (20)

5

R @)
gl g ... gn

Step  3: According to grey system theory,

g"=lg.g,.---g,] represents a reference sequence,
and g=[g/.g,,....g, ] denotes a comparison sequence.
The correlation coefficient between evaluation in-
dex k and optimal index £ at transfer station 7 is ob-
tained by using the correlation analysis method. The
correlation coefficients are calculated by Equation 22
as follows:

. . * i * i
min rnkln’gk - gk |+pmax rn]?x‘ gk -g}f|
1 K 1 C

&i(k) = (22)

| gi - gk |+ pmax max| gi - gi|
where p is resolution factor, p=0.5.
Step 4. The w, calculated by AHP with three
scales (-1, 1) and EM methods is substituted into
r=wXe (k) to calculate the correlation degrees. Spe-
cifically, if correlation degree r, is the largest, which
means that {g'} is the closest to the optimal index
{g"}. In other words, it indicates that the transfer
efficiency of transfer station 7 is superior to other
transfer stations. Thus, the ranking of the transfer
efficiency between rail transit and public bicycles at
each transfer station is obtained.

5. NUMERICAL EXAMPLE
5.1 Data

A field survey was conducted for six transfer
stations (i.e. Jimingsi station, Fuqiao station, Dax-
inggong station, Minggugong station, Zhangfuyuan

A station and Sanshanjie station) in Nanjing. Twelve
- Gy people were divided into six groups to inquire, pho-
oo (19) tograph, and record at the designated transfer sta-
JUJs e m tions. The original values of the evaluation indices
284 Promet — Traffic & Transportation, Vol. 32, 2020, No. 2, 279-289
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Table 2 — Initial values of evaluation indices

Transfer stations El E2 E3 E4 ES5 E6 E7 E8 E9 E10 Ell
Jimingsi 22 462 0.45 0.63 85 90 3.8 87 3 83 3
Fugiao 9.1 132 0.7 0.7 87 87 3.6 88 2 85 2
Daxinggong 15 198 1.25 0.9 92 92 2.3 82 4 87 4
Minggugong 10.6 139 0.95 0.8 90 88 2.6 85 3 88 3
Zhangfuyuan 8.3 146 0.75 0.65 89 91 3.2 87 3 86 3
Sanshanjie 6.5 106 0.5 0.6 90 86 3.5 90 2 86 2

Note: EI - average transfer time [min]; E2 — average transfer distance [m]; E3 — the number of transfer passengers per unit time [passengers/
min]; E4 — matching degree of transport capacity; E5 — the ratio of passengers holding a public bicycle card; E6 — setting rate of transfer
signs; E7 — per capita transfer facilities area [m2/passenger]; E8 — transfer comfort; E9 — average conflict points of transfer passengers; E10 —

isolation situation of bicycle lane; E11 — average transfer fee (vuan)

for all transfer stations obtained during the morning
peak (7:30-9:30) and evening peak (4:30-6:30) are
shown in Table 2.

5.2 Calculation process

Calculate the subjective weights of the evaluation
indices

In order to construct a realistic judgment matrix,
it is better to select more than 15 experts, including
research scholars in the field of rail transit and pub-
lic bicycles, as well as the government administra-
tors. These experts are required to have more than
five years of work experience. Then face-to-face
questionnaires were conducted with them. For each
element of criteria level, the elements of index level
are compared to each other by three scales (-1, 1)
based on the experience and knowledge of experts.
More specifically, if the i-th element is more import-
ant than the j-th element, then judgment matrix Cl.j
is equal to 1, and vice versa, it is -1. Moreover, if
the two elements are equally important, judgment
matrix Ci]. is equal to 0. The comparison results giv-
en by most experts as the initial values of judgment
matrix C=(C;),,.,, are selected as follows.

0011 1 111111
o011 1 111111
-1-101 00111 11
-1-1-10-1011110
-1-101 0011110
c=[-1-10 0 0 011010
-1 -1-1-1-1-100-1-1-1
-1-1-1-1-1-100-1-1-1
-1-1-1-1-10110 10
-1 -1-1-1-1-111-10 -1
-1-1-10 0011010

According to Equations 11 and 12, decision matrix
D, is easily obtained as follows:

1 1 1.58
1 1 1.58 227
0.63 063 1 144 1.10
0.44 0.44 0.70 1 0.76 091 2.27
0.58 0.58 091 1.31 1 1.20 2.98 2.98
0.48 0.48 0.76 1.09 0.83 1 248 248
0.19 0.19 0.31 0.44 034 040 1 1 053
0.19 0.19 0.31 0.44 0.34 040 1 1 0.53 0.76 0.44
0.37 0.37 0.58 0.83 0.63 0.76 1.89 1.89 1 144 0.83
0.26 0.26 0.40 0.58 0.44 0.53 1.31 1.31 0.70 1 0.58
0.44 044 070 1 0.76 091 227 227 120 1.73 1

227 1.73

1.73

2.07 5.14
2.07 5.14
1.31 3.26

5.14
5.14
3.26
2.27

2.72
2.72
1.73
1.20
1.58
1.31

391 3.27
391 3.27
248 1.44
1.73 1
227 131
1.89 1.10

0.76 0.44

The subjective weights of evaluation indices
are further calculated by Equation 13, i.e. 7,=0.1828,
7,=0.1827, 7,=0.1120, ,=0.0780, 7,=0.1024,
7,=0.0852, 7,=0.0343, 7,=0.0343, 7,=0.0650,
7,,=0.0453, 7,,=0.0780.

Calculate the objective weights of the evaluation
indices

Initial matrix A4 is established from the survey
data that have been accurately quantified.

22 87 3
9.1 88 2
15 82 4
=106 85 3
8.3 87 3
6.5 90 2

The

Equation

462 0.45 0.63
132 0.7 0.7
198 1.25 09
139 095 0.8
146 0.75 0.65
106 0.5 0.6

85
87
92
90
89
90

90
87
92
88
91
86

3.8
3.6
2.3
2.6
32
3.5

83 3
85 2
87 4
88 3
86 3
86 2

data in matrix 4 are
14 to obtain matrix B.

then normalized by

0.10
0.18
0.16
0.20
0.17
0.20

0.06 0.10 0.18
0.20 0.15 0.17
0.13 0.27 0.13
0.19 0.21 0.15
0.18 0.16 0.18
0.25 0.11 0.19

0.16
0.16
0.17
0.17
0.17
0.17

0.17
0.16
0.17
0.16
0.17
0.16

0.20
0.10
0.12
0.14
0.17
0.18

0.17
0.17
0.16
0.17
0.17
0.17

0.16
0.24
0.08
0.12
0.16
0.24

0.16
0.17
0.17
0.17
0.17
0.17

0.15
0.23
0.12
0.12
0.15
0.23

The entropy value of each evaluation index
is calculated by Equation 15, i.e. 6,=-0.962, 6,=
-0.958, 6,=-0.966, §,=-0.995, 6.=-0.999, 6,=-0.999,
0:=-0.991, 6,=-0.999, 6,=-0.983, 4,,=-0.999,
0,,=-0.983. According to Equation 16, the difference
coefficients are obtained, i.e. x,=0.038, 1,=0.042,
15=0.034, 1,=0.05, 15=0.001, 1=0.001, 1,=0.009,
1=0.001, 14=0.017, x,,=0.001, w,,=0.017. The
objective weights of evaluation indices are further
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calculated based on Equation 17, i.e., a,=0.2336,
a,=0.2556, @,=0.2109, @,=0.0327, @,=0.0011,
2,=0.0010, ,=0.0527, ,=0.0014, ,=0.1051,
,,=0.00006, o, =0.1051.

Determine the weights of the evaluation indices

The subjective weights of evaluation indices cal-
culated by the AHP with three scales (-1, 1) and the
objective weights of evaluation indices calculated
by the EM method are substituted into Equation 18
to calculate the weights of evaluation indices, i.e.
w,=0.3218, w,=0.3520, w,=0.1780, w,=0.0192,
ws=0.0008, w=0.0006, w,=0.0136, w¢=0.0004,
w,=0.0515, w,,0=0.0002, w,,=0.0618.

Calculate the transfer efficiency between rail transit
and public bicycles

In the first place, when the evaluation index with
a small value is good, the minimum value of the eval-
uation index in each transfer station is selected, and
vice versa. Matrix J constructed from the original
values of the evaluation indices is as follows.

6.5 106 1.25 0.6 92 92 3.8 90 2 88

2
22 462 0.45 0.63 85 90 3.8 87 3 83
9.1 132 0.7 0.7 87 87 3.6 88 2 85
J=| 15 198 1.25 09 92 92 2.3 82 4 &7
10.6 139 095 0.8 90 88 2.6 85 3 88
8.3 146 0.75 0.65 89 91 3.2 87 3 86
6.5 106 0.5 0.6 90 8 3.5 90 2 86

N W W R N W

In the second place, after normalizing matrix J to
matrix G by Equation 20, it is easy to obtain the cor-
relation coefficients based on Equation 22.

0.33 0.33 0.33 0.83 0.33 0.60 1.00 0.57 0.50 0.33 0.50
0.75 0.87 0.42 0.60 0.41 0.38 0.79 1.00 1.00 0.45 1.00
0.48 0.66 1.00 0.33 1.00 1.00 0.33 0.33 0.33 0.71 0.33
0.65 0.84 0.57 0.43 0.64 0.43 0.44 0.44 0.50 1.00 0.50
0.81 0.82 0.44 0.75 0.54 0.75 0.57 0.57 0.50 0.56 0.50
1.00 1.00 0.35 1.00 0.64 0.33 0.71 1.00 1.00 0.56 1.00

ei(k)=

Finally, substituting the weight of evaluation in-
dex i, i.e. w,, into r=w xe(k) to calculate the correla-
tion degrees, which are r,=0.371, ,=0.760, r,=0.614,
r,=0.680, r=0.707, r,=0.879. It is well known that
the transfer efficiency gradually increases with the
growth of the correlation degrees. Thus, the ranking
of'the transfer efficiency between rail transit and pub-
lic bicycles at each transfer station is obtained.

5.3 Result analysis

Weights analysis

To validate the accuracy of the weight results,
another improved analytic hierarchy process meth-
od is used to calculate the weights of evaluation
indices. It is worth noting that it uses three scales

(0, 2) to construct the judgment matrix instead of
three scales (-1, 1). Please refer to [30, 31] for de-
tailed calculation steps of AHP with three scales (0,
2). We further compare the weights calculated by
AHP with three scales (0, 2), AHP with three scales
(-1, 1), EM, combination method (0, 2) (i.e., AHP
(0, 2) and EM) and combination method (-1 ,1) (i.e.
AHP (-1, 1) and EM) as shown in Figure 3.

0.4

AHP (0,2)

—»— AHP(-1,1)

—s— EM

Combination method (0,2)
Combination method (-1,1)

Weights

El E2 E3 E4 5 E6 E7 E8 E9
Evaluation indices

Figure 3 — Weight comparison between different methods

In Figure 3, it can be seen first that the sum of the
weights of the average transfer time and the aver-
age transfer distance calculated by the combination
method (-1, 1) is about 50%, and the weight of the
average transfer distance is the largest, i.e. 35.2%,
which means that the transfer distance should be
taken into account during the layout planning of the
public bicycle stations. Secondly, it can be seen that
the weights of the isolation situation of bicycle lane
are minimal, i.e. 0.6% which indicates that this in-
dex has the least influence on the transfer efficiency.

Thirdly, it can be seen that the weights calculated
by the AHP (-1, 1) are significantly different from
weights calculated by the EM method. Moreover,
compared with the AHP (-1, 1) and EM, the results
of the weights calculated by the combination meth-
od (-1, 1) indicate that the weights of the evaluation
indices which have great influence on the transfer
efficiency become larger, and the weights of the
evaluation indices which have small influence on
the transfer efficiency become smaller. It means
that the combination method (-1, 1) can enhance the
differences in the weights of evaluation indices. The
above analysis also applies to the three scales (0, 2).

Finally, it can be seen that the ranking of the
weights of the evaluation indices determined by the
AHP (0, 2) and the AHP (-1, 1) are the same. It can
also be seen that the ranking of the weights of the
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evaluation indices calculated by the combination
method (0, 2) and the combination method (-1, 1)
are the same. It means that the selection of three
scales will not affect the results of the weights. In
this case, the accuracy of the results of the weights
is enhanced.

Transfer efficiency analysis

In this section, we use the analytic hierarchy
process with three scales (0, 2)-based grey compre-
hensive evaluation method (AHP-GCEM (0, 2)),
AHP-GCEM (-1, 1), entropy method-based grey
comprehensive evaluation method (EM-GCEM),
hybrid method (0, 2) (i.e., AHP (0, 2), EM and
GCEM) and hybrid method (-1, 1) (i.e., AHP (-1, 1),
EM and GCEM) to calculate the transfer efficiency
of each transfer station, and the results are shown
in Figure 4.

1

<
~

Transfer efficency
f=]
N

o
%)
T

AHP-GCEM (0,2)
AHP-GCEM (-1,1)
EM-GCEM

Hybrid method (0,2)
Hybrid method (-1,1)

R —

P

e
o
T

0.1F

—_——

Jimingsi Fuqiao  Daxinggong Minggugong Zhangfuyuan Sanshanjie
Transfer stations

Figure 4 — Transfer efficiency between different methods

In Figure 4, it can be observed first that the trans-
fer efficiency of Sanshanjie station is the highest,
i.e. 0.879, and the transfer efficiency of Jimingsi
station is the lowest, i.e. 0.371. The highest transfer
efficiency of Sanshanjie station could be attributed
to the least average transfer time and the shortest
average transfer distance. In contrast, the longest
transfer distance between the Jimingsi station and
the nearest public bicycle station results in the low-
est transfer efficiency.

Secondly, it can be observed that the hybrid
method (-1, 1) can enhance the difference in transfer
efficiency. For example, compared with the results
of the AHP-GCEM (-1, 1) and EM-GCEM meth-
ods, the transfer efficiency of Sanshanjie station
and Zhangfuyuan station becomes higher, and the

transfer efficiency of Jimingsi station becomes low-
er. The above analysis is equally applicable to the
three scales (0, 2).

Finally, it can be observed that the rankings of
transfer efficiency of each transfer station calculat-
ed by AHP-GCEM (0, 2) and AHP-GCEM (-1, 1)
are the same. Similarly, the rankings of transfer effi-
ciency calculated by hybrid (0, 2) and hybrid (-1, 1)
are also the same. It reconfirms that different three-
scale methods will not affect the results of transfer
efficiency. Meanwhile, it also enhances the accura-
cy of the results of transfer efficiency.

6. CONCLUSION

This paper proposes a hybrid evaluation meth-
od for the transfer efficiency assessment between
rail transit and public bicycles. First, a scientific
evaluation-index system was established. Second,
the weights of the evaluation indices were given
by combining the IAHP method and EM method.
More specifically, the IJAHP method was used to
determine the subjective weights of the evaluation
indices, and the EM method was used to determine
the objective weights of the evaluation indices. Fi-
nally, the GCEM method was applied to calculate
the transfer efficiency between rail transit and pub-
lic bicycles at each transfer station.

To validate the proposed method, we used the
survey data of six transfer stations in Nanjing to
calculate the weights and transfer efficiency. The
results indicate that the sum of the weights of the
average transfer time and the average transfer
distance calculated by the combination method
(-1, 1) is approximately 50%, which means that
these two evaluation indices play more important
roles in the transfer efficiency assessment between
rail transit and public bicycles. The weight of isola-
tion situation of bicycle lane is minimal, i.e. 0.6%
which indicates that this index has the least influ-
ence on transfer efficiency. In addition, according
to the ranking of the transfer efficiency, it can be
concluded that the transfer efficiency of Sanshan-
jie station calculated by the combination method
(-1, 1) is 0.879, which is the highest compared to
other transfer stations. In contrast, the transfer ef-
ficiency of the Jimingsi station is the lowest, i.e.
0.371.

To verify the accuracy of the results of the
weights and transfer efficiency, we applied AHP
(0, 2) and AHP (-1, 1) to calculate the weights of
evaluation indices. The results indicate that the
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ranking of the weights of the evaluation indices de-
termined by these two methods are the same, which
enhances the accuracy of the results of the weights
of the evaluation indices, thereby enhancing the ac-
curacy of the results of transfer efficiency.

Some suggestions will be proposed to improve
the transfer efficiency between rail transit station
and public bicycles. For example, the layout be-
tween rail transit stations and public bicycle stations
should be considered. The locations of the public
bicycle stations should be clearly marked inside
the rail transit stations so that the transfer passen-
gers can reach the public bicycle stations quickly
and accurately. In addition, smart cards between rail
transit and public bicycles should be popularized to
reduce the transfer time and attract more travellers
to choose public transportation.

In the future, the principal component analysis
and factor analysis can be used to further select the
evaluation indices. In addition, other methods for
evaluating the transfer efficiency between rail tran-
sit and public bicycle can be explored, such as Data
Envelopment Analysis (DEA), fuzzy comprehen-
sive evaluation method.
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