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,e performance of the urban rail transit system depends largely on the operation efficiency of its feeder system. An improved way
is proposed in this paper to calculate the accessibility index which is used for evaluation of feeder lines, and both passengers’
waiting time and the competition between different access modes are considered. Different from previous research, this paper
focuses on whether and how the geometric shape differences affect the performance of fixed-route feeder lines.,e impacts of line
shape on accessibility are analysed by derived formulas for calculating accessibility under ideal conditions. ,e finding emerging
from this study is that the accessibility of feeder lines differs obviously due to their shapes, given the same conditions of total line
length, stop spacing, and vehicle fleet size. ,e service area of feeder lines with branches or a loop is closer to the rail station
compared with that of linear lines, thus leading to fewer passengers served but shorter average travel time under specific routing
plans. For further exploring the universality of the above finding, route alignment optimization models to maximize accessibility
are built for different shaped lines. ,e optimal solutions of different shapes are obtained and compared in the cases of random
generation to analyse the impacts of shapes on accessibility under different line length conditions.

1. Introduction

As the backbone of urban transportation, urban rail transit
system undertakes the long-distance passenger trans-
portation on the main corridors in a city. However, the
service coverage of rail transit lines is limited due to rela-
tively large stop spacing, so it is necessary to design efficient
feeder systems to gather and distribute passengers. ,e
feeder lines can be divided into fixed-route type and de-
mand-response type according to whether their route and
stops are fixed or not [1, 2]. ,e former usually has specific
geometric shape and routing plans and is more common in
big cities with large population density, e.g., light rail lines
used as feeder lines or conventional feeder bus lines. ,e
latter has variable route alignment and stops adjusted by
passengers’ travel reservation and is more likely to be seen in
less populated areas [3, 4]. ,is paper focuses on fixed-route
feeder lines and attempts to investigate whether the shape

difference affects the performance of a feeder line and what
factors contribute to these impacts.

Previous literature ignored the impacts of shape on the
performance of feeder lines and paid particular attention to
the optimization of route alignment and frequency to
minimize both the cost of the operator and the travel time of
passengers when designing a feeder line [5]. Chandra
proposed to use accessibility index to measure the perfor-
mance of a feeder line from the perspectives of passenger
demand and passengers’ average travel time [1], which can
reflect more the nature of feeder line design, that is, how to
collect more passengers to urban rail transit stations with
higher efficiency. Based on Chandra’s research, this paper
redefines the accessibility index of fixed-route feeder lines,
adding considerations of both passengers’ waiting time and
the relationship between passenger demand and access
distance, to make it closer to reality. Different from previous
studies, this paper focuses on the influence of different
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shapes or routing plans on the accessibility of fixed-route
feeder lines. ,e analysis has been conducted from two
perspectives. Firstly, referring to the study of Quadrifoglio
and Li [6], the accessibility calculation formulas for different
shaped feeder lines under the condition of equal stop spacing
are derived and applied to analyse the difference in acces-
sibility influenced by shapes. ,en, route alignment opti-
mization models with the maximized accessibility as the goal
for three typical shaped lines are built. ,e optimal solutions
in the randomly generated cases are obtained and compared
to verify the findings of impacts by shape types. According to
the difference in accessibility, transportation planners can
choose the best line shape in specific situations when de-
signing fixed-route feeder lines.

,is paper is structured as follows: Section 1 is the in-
troduction of this paper; Section 2 reviews the previous
literature; Section 3 describes the new definition of acces-
sibility index of feeder lines; Section 4 analyses the impacts of
shape difference on the accessibility of feeder lines; Section 5
explains the practical significance of the findings in this
paper; conclusions are drawn in Section 6.

2. Literature Review

Accessibility is a complex and diverse concept, which can be
traced back to the gravity model proposed by Reilly in the
description of the commercial distribution in 1931 [7].
Previous literature has provided a plethora of definitions and
calculation methods on accessibility, and different scholars
have their understanding and utilization to achieve their
specific research objectives. For it often introduced to ex-
press the interaction between transportation and land use,
accessibility has long been discussed and used by trans-
portation planners and policymakers to improve the quality
of life and equity [8].

Accessibility can be defined as people’s ability or ease to
reach something such as destinations, activities, and ser-
vices [9]. Hence, it is usually linked to the service equality of
a transit system and widely used in transportation research
[10]. In transit-specific research, the meanings of accessi-
bility are traditionally distinguished by terms of “to transit”
and “by transit” [11]. To-transit accessibility is defined as
people’s ability to access to transit system from origin,
reflecting the coverage level of specific transit systems. For
example, from individual-based perspective, it is usually
measured as the space or time barrier between origin/
destination and bus stop or metro station [12], or the
number of bus stops people can reach within a threshold
time or distance [13]. Lessa et al. expressed accessibility as
the ratio of the number of bus stops in the region to the
total population of the same region [14]. From infra-
structure-based perspective, the area or population covered
within specific walking distance or time cost is also a
measurement of to-transit accessibility [15]. By-transit
accessibility concerns the convenience of accomplishing
specific activities by transit, so it focuses more on travel
time, transfer times, and fare cost. Some scholars define it
as the number of activities people can accomplish with
space-time constraints [16]. Xu and Yang divided the city

into several grids and defined bus accessibility as the
number of grids that could be reached within two transfers
in the bus network [17]. Curtis et al. used an accessibility
index, which is defined as the number of population and
jobs that a node could cover in an isochronous circle, to
represent the level of transportation supply [18]. Also, Cui
et al. defined accessibility as the ratio of the number of
high-paying jobs to the total number of jobs within a
certain commuting time range [19]. ,e gravity model is
often used to measure by-transit accessibility, for it con-
sidered both attractiveness of destinations and passengers’
travel cost [20–22]. Zhu and Liu and Merlin et al. defined
accessibility based on the gravity model in their research to
measure the impacts of new-built transportation infra-
structure to the employed population [23, 24]. Rather than
only physical access to destinations or activities, a broad
definition of transit accessibility also concerns about
people’s perception such as affordability, reliability, and
safety. For example, built environment around bus stops
and convenience of pedestrian affect people’s willingness to
take a bus [25, 26], so they can also be considered as ac-
cessibility indicators. As people’s feelings about different
parts of the journey time are not the same, the weighted
average travel time is used as a measure of accessibility
instead of actual travel time in some literature studies
[20, 27, 28].

Although there is a wealth of research on transit ac-
cessibility, few studies apply this conception to the evalu-
ation of the urban rail transit feeder system. ,e
performance of a feeder line can be measured from two
perspectives [10]. One is from a spatial perspective, using
coverage indicators to reflect the number of people served by
the feeder line, as the research did by Aklilu and Necha [15].
It is a kind of to-transit accessibility, for it concerns about the
scope of feeder line services but ignored the time or other
costs spent by passengers on the buses. ,e feeder system is
expected to have high transport efficiency, and therefore, its
operating speed in the main travel direction must be
guaranteed, especially for the demand-response feeder lines
[29]. ,e other is from the perspective of time, to calculate
the time spent by passengers from feeder lines stop to the
main rail transit station, reflecting the transport efficiency.
Quadrifoglio and Li derived a formula for calculating the
average travel time of the residents served by linear fixed-
route feeder lines to reflect the service level of the feeder line
[6]. According to Quadrifoglio and Li, Chandra et al. first
proposed the definition of accessibility of feeder lines which
is the ratio of the total service population P to the weighted
average travel time E[T] based on the gravity model from
the both two perspectives [1] and derive its calculation
formula for linear fixed-route lines which has the following
form:

accessibility �
P

E[T]β
, (1)

P � ρWd(n − 1), (2)

E[T] � E Trd  + cE Twk , (3)
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E Trd  �
N

2
d

v
+ t , (4)

E Twk  �
1

vwk

W

4
+

d

4
 , (5)

where ρ is the population density of the service area, d is the
average stop spacing, n is the number of stops of feeder lines,
W is the width of the line service area, E[T] is the average
travel time of all passengers taking feeder buses from home
to rail transit station, which is composed of the average
riding time E[Trd] and the average walking time E[Twk], c is
the weight coefficient of walking time, vwk is the average
walking speed, and β is the impedance decay factor.

,emethod proposed by Chandra et al. is suitable for the
evaluation of feeder lines for it considers both the service
scope and passengers’ time cost [1]. It can be considered as a
by-transit accessibility indicator for evaluating the perfor-
mance of a feeder line or a to-transit accessibility indicator to
evaluate the coverage level of the main rail transit system.
However, it missed two factors that are necessary to evaluate
the performance of feeder lines from the viewpoint of op-
eration. First, the assumption of equal potential demand at
all stops does not consider the competition between different
feeder modes. For example, the bicycle mode will have a
higher split rate in the areas near the rail transit station,
where the demand for feeder bus lines is low [30, 31].
Moreover, the average waiting time is not included as part of
the average travel time in their definition. ,e journey on
feeder buses is usually short, so waiting time accounts for an
unneglectable large proportion of the total travel time.
,erefore, the accessibility of feeder lines defined in Section
3 of this paper takes both of these two factors into con-
sideration in order to make the results more realistic.

,is paper focuses on the impacts of different shapes or
routing plans on the accessibility of fixed-route feeder lines.
,ere are few studies on the accessibility of feeder lines in the
previous literature, and the research on fixed-route feeder
lines does not consider the influence of line shape. ,e
reason why ignoring line shape may be that previous lit-
erature did not consider the competition between different
feeder modes when evaluating feeder lines so that the im-
pacts of shape difference is not obvious. ,is paper attempts
to analyse these impacts realistically.

3. Definition

In this paper, a new by-transit accessibility indicator based
on equation (1) is given to explore the impacts of shape on
the performance of feeder lines. ,e calculation of P and
E[T] is revised to make them closer to reality.

,e population served is calculated as the product of line
service area and population density in equation (2) so that
the potential demand of all stops is equal and will not be
affected by the distance between the stop and the main rail
station when the stop spacing is constant. However, this
hypothesis is not close enough to reality. Zhang et al. found
that, with the increase of access distance, the split rate as well

as passenger demand of feeder bus lines gradually increased
as shown in Figure 1 [31]. When the distance between
passengers and the main rail transit station is short, walking
and cycling have a higher split rate [30]. ,is law is very
important for the analysis of accessibility differences caused
by shape differences. In this paper, P is represented as the
demand function p(x) shown in equation (6), where s is the
maximum travel distance of cycling, q is the maximum
demand of a stop, and x is the access distance:

p(x) �

x

s
· q, x< s,

q, x≥ s.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(6)

,e average travel time is represented as the weighted
sum of the average riding time and the average walking time
in equation (4), but for short distance feeder lines, the
proportion of waiting time is not small. ,erefore, the av-
erage travel time of passengers defined in this paper is
composed of three parts, average riding time, average
waiting time, and average walking time which has the fol-
lowing form:

E[T] � E Trd  + cwtE Twt  + cwkE Twk , (7)

where cwt and cwk are the weight coefficients of waiting time
and walking time, respectively. According to Wardman’s
research, their values could be cwt � 1.77 and cwk � 1.69
[32]. ,ough travel cost, comfort, safety (as discussed by
Tabassum et al. [33]), and reliability of feeder lines can affect
residents’ travel choices [34, 35], residents in different areas
accept them differently. Also, commuters are more sensitive
to travel time which is the most important and universal
measure of travel impedance. In this paper, the average
travel time defined in equation (7) is taken as the only
measurement of impedance. ,e impedance decay factor β
reflects people’s willingness to travel by a specific transit
system [20] and its value is usually greater than 1 [36]. Due
to the lack of trip travel data, the value of β is assumed in the
analysis.

In summary, there are two differences between the ac-
cessibility index defined in this paper and that by Chandra
et al. [1]. One is the way to calculate the number of people
served. ,is paper assumes that the demand of each stop is
related to the distance to the rail station which is represented
as a passenger demand function p(x).,e other is the way to
calculate average travel time, as waiting time is considered in
this paper.

4. Methodology and Results

4.1. Feeder Lines with Different Shapes. Feeder lines have
many different shapes in operation, and four of them are
studied in this paper. Linear lines and loop lines are really
common (see Figures 2(a) and 2(b)). Some light rail lines
were also built as Y-shaped lines. Bukit Panjang LRT in
Singapore has a special shape that can be regarded as a
combination of a line and a ring. ,is kind of feeder lines is
defined as spoon-shaped lines in this paper.,e general view
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of Y-shaped lines and spoon-shaped lines is shown in
Figures 2(c) and 2(d), respectively. ,e linear part near the
main rail station is the trunk, while the branch part at the far
end is spread out in two linear lines or one loop line. ,e
intersection of the trunk part and the branch part is called
the branch point.

,e shape difference is mainly reflected in the difference
in routing plans. Before deducing the accessibility calcula-
tion formulas of different shaped feeder lines, the routing
plans of loop, Y-shaped, and spoon-shaped lines are defined
as shown in Figure 3. It is supposed that all the three kinds of
shaped lines have two routings, and the number of running

vehicles on each routing is N1 and N2, respectively. In the
derivation of the formulas, it is assumed that passengers
travel following the two principles: (1) in the line with the
shape of a loop, passengers choose the direction that has the
less travel time to arrive at the main rail station; (2) if the
travel time of two directions is equal, passengers can choose
either direction. According to equation (2), the calculation
formulas for accessibility of feeder lines with different shapes
are shown in Table 1, where p(x) is the passenger demand
between the feeder bus stop and the main rail transit station
and x is the distance between them, which is calculated as
feeder bus riding distance. ,e average walking time of

Main transit station/
transfer stop of the feeder line
Feeder fixed stops

……

Main transit line

Feeder line

(a)

Main transit station/
transfer stop of the feeder line
Feeder fixed stops

……

……
Main transit line

Feeder line

(b)

Main transit line

……

Feeder line

Trunk

Branch point

Main transit station/
transfer stop of the feeder line
Feeder fixed stops

(c)

Feeder line

……

……

……Main transit line

Trunk

Branch point

Main transit station/
transfer stop of the feeder line
Feeder fixed stops

(d)

Figure 2: Shapes of feeder lines. (a) Linear line. (b) Loop line. (c) Y-shaped line. (d) Spoon-shaped line.
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Figure 1: Demand varies with distance from stops to the main rail station.
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passengers is calculated by equation (5). ,e other pa-
rameters have been defined in Section 3.

4.2. Comparative Analysis Based on Formulas. Previous lit-
erature has discussed the impacts of line length on the
accessibility of feeder lines. ,e total length of the line is an
important measure of the construction and operation costs.
,erefore, this paper compares the accessibility of different
shaped lines based on the same total length. Without loss of
generality, it is assumed that the stop spacing is 500m, the
number of vehicles in operation is N� 6, the speed of ve-
hicles is v � 40 km/h, the dwell time is t� 30 s, the width of
the service area is W� 600m, s� 3 km, and q� 200 in de-
mand function p(x). It is assumed that the length of the
trunk of Y-shaped and spoon-shaped lines is 1/3 of the total
line length, and the number of vehicles in operation in
different routings is equal.,e comparison of accessibility of
feeder lines with different shapes calculated by the formulas
is shown in Figure 4.

As shown in Figure 4(a), with the increase of line length,
the accessibility of four kinds of feeder lines increases due to
the expansion of their service area. However, the slopes of
their change curve vary differently. When the line is short,
the accessibility of linear lines is relatively high, while that of
loop lines is low. ,e accessibility of Y-shaped and spoon-
shaped lines is in between. When the line is long, the result is
just the opposite.,is is because the service area of the linear
line is further away from themain rail transit station with the
same line length, while that of the loop line is close. ,e
linear line serves more distant residents, while the loop line
serves the people who have shorter travel times on average.
According to the definition of passenger demand function in
equation (6), the demand of feeder lines at the near end is
small, so the accessibility of loop lines is low when the line is
short. With the increase of line length, the gap between the
two shaped lines in the number of people served gradually
approximates and the difference in average travel time be-
comes significant, so the accessibility of loop lines increases
faster.

,e Y shape and the spoon shape can be regarded as a
combination of linear and loop shapes. Under the as-
sumptions above, the accessibility of Y-shaped lines is a little
higher than that of spoon-shaped lines, but the gap between
them narrows with the increase of line length. It is similar to

the comparison of linear lines and loop lines in the last
paragraph. As shown in Figure 5, the average riding time and
waiting time of spoon-shaped lines are both lower than those
of Y-shaped lines with the same length, but the passenger
volume (number of people served) of the latter is higher than
that of the former. ,is is because spoon-shaped lines have
fewer stops than Y-shaped lines under the same line length
and stop spacing from a geometric point of view (Figure 6)
and its service area is closer to the main rail transit station.
Also, passengers served by the farthest stop of spoon-shaped
lines can take buses in both directions, which decreases the
average waiting time.

As shown in Figure 4(b), when β � 1.5, there is a bigger
difference in the accessibility of different shaped lines than
when β � 1.1. When the lines are long enough, the ac-
cessibility of all the feeder lines except loop lines begins to
decrease with the increase of line length, further indi-
cating that the loop shape is more suitable for long feeder
lines.

,e ratio of the length of their trunk and branch also has
impacts on the accessibility of Y-shaped lines and spoon-
shaped lines because it can affect passengers’ average riding
time and waiting time. For a spoon-shaped line, the longer the
trunk is, the closer it is to a linear line. When the total length
of the line is 6 km, 8 km, 10 km, and 12 km, respectively, the
variation of accessibility with the proportion of the length of
the trunk is shown in Figure 7 (β � 1.1), which is consistent
with the rule revealed in Figure 4.,ere is a rising trend when
the ratio is greater than 80% in Figures 7(b–d) because at this
time the decrement of the average waiting time is more than
the increment of the average riding time with the unit increase
of trunk length.

When the proportion of the trunk is 0, the spoon-
shaped line is converted to a loop line, and the Y-shaped
line is converted to a special linear line of which the
transfer stop is in the middle. Obviously, this special
linear line has high accessibility. ,e lines on both sides
of the transfer stop are two branches. ,e variation of the
accessibility of a linear line calculated by formulas in
Table 2 with the location of the transfer stop (an in-
termediate stop) is shown in Figure 8(a). ,e accessibility
of a linear line gets the highest value when the line length
on both sides of the transfer stop is equal and is even
higher than that of loop lines with the same line length
(Figure 8(b)).

Routing 2
Routing 1

(a)

Routing 2
Routing 1

(b)

Routing 2
Routing 1

(c)

Figure 3: Routing plans of 3 different shaped lines.
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4.3. Model. ,e discussion on accessibility in Section 4.2 is
based on the condition that the stop spacing is constant and
the demand of feeder lines strictly obeys the distribution of
demand function p(x), which is not close enough to reality.
In this section, the impact of shape on accessibility is analysed
from the perspective of optimization. Route alignment op-
timization models are built to maximize accessibility for

different shaped lines and the optimal solutions of them are
obtained and compared in the cases of random generation.
,e following analysis makes some concessions on the pre-
vious strict assumptions: (1) the passenger demand of each
stop is no longer strictly related to the access distance; (2) the
stop spacing is not constant; (3) and the feeder line no longer
extends straight to the far end, and there are some detours at
the near end, so the distance between the stop and urban rail
station is not equal to the riding distance.

,e models with the goal of maximized accessibility are
built to determine the route alignment and stops position of
feeder lines under the constraints of line length and the
number of stops. ,e decision variable of the model is a list
denoted as r, in which ri is the ith stop of the feeder line.
r1 � 0 represents that the first stop is designated as the
transfer stop with the urban rail station. Other parameters
involved in the model are listed in Table 3. It is assumed that
the number of vehicles on each routing is the same, i.e., N/2.

,e objective function of the model is formed as follows:
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Figure 4: Comparison of accessibility of feeder lines with different shapes: (a) β � 1.1 and (b) β � 1.5.
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However, the expressions of each part of the denomi-
nator of equation (8) are different for three shaped lines,
which are listed as follows.

4.3.1. Linear Lines. ,e turnaround time of linear lines is
given by

TLi �
2
v
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+ 2(n − 1)t. (9)

,e average waiting time of passengers served by all
stops is as follows:
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,e average riding time is as follows:
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According to the definition of equation (5), the average
walking time is as follows. It is assumed that the service
length of the last stop is twice the distance between it and the
previous stop:
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4.3.2. Loop Lines. ,ere is a stop at the farthest end of the
loop and its number is nL. ,e model assumes that pas-
sengers served by all stops can only travel in one direction.

,e turnaround time of loop lines is given by
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Figure 7: Variation of the accessibility with the length of the trunk as a percentage of the total line length. (a) Line length� 6 km. (b) Line
length� 8 km. (c) Line length� 10 km. (d) Line length� 12 km.

Table 2: ,e accessibility calculation formulas of the linear lines whose transfer stop is an intermediate stop.

Explanation ,ere are n stops on one branch including the stop at the branch point and m stops on the other one
P 
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,e average riding time is as follows:
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,e average walking time is given by
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4.3.3. Spoon-Shaped Lines. ,e spoon-shaped line has two
special stops. One is the stop at the branch point whose
number is nB. ,e other is the stop at the farthest end of the
loop part whose number is np.

,e turnaround time of spoon-shaped lines is given by
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,e average waiting time is as follows:
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,e average riding time is as follows:
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Figure 8: ,e impact of the location of the transfer stop on the accessibility of a linear line.

Table 3: ,e parameters involved in the model.

Parameters Meaning
n ,e length of list r, i.e., the number of stops of the feeder line
N ,e total number of vehicles in operation
v ,e average speed of the vehicles
cwt ,e weight coefficients of waiting time
cwk ,e weight coefficients of walking time
vwk Walking speed
W ,e width of the service area
β Impedance decay factor
di,j ,e distance between stop i and stop j
qi ,e passenger demand between stop i and the rail station
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,e average walking time is given by
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,e constraints for models of three different shaped
feeder lines are listed as follows.

Equations (21)∼(23) are line length constraints for linear
lines, loop lines, and spoon-shaped lines, respectively. Lmin
and Lmax are the lower and upper bound of the line length:

Lmin < 
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<Lmax, (21)
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,e following represents the constraint of the number of
stops, and nmin and nmax are the lower and upper bound,
respectively:

nmin ≤ n≤ nmax. (24)

For loop lines, the stop at the farthest end rnL
meets:
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For spoon-shaped lines, the stop at the farthest end rnp
meets:
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4.4. Solving Algorithm. With the increase of stops, the
number of alternative paths increases exponentially for Ve-
hicle Routing Problem (VRP) as an NP-hard problem. ,ere
are manymethods to solve this kind of problem, which can be
divided into precise algorithms and heuristic algorithms. ,e
former is limited in practical application because of the large
amount of computation. Considering the representation of
the decision variables of the above model, simulated
annealing algorithm is adopted in this paper.

Under the condition that every bus stop is numbered in
the study region, the solution is expressed as a list when
designing the algorithm, such as [2, 4, 5, 7, 9, 10, 13, 1, 6, 15,

3], which records the number and sequence of the feeder
stops except the transfer stop. ,e solutions of linear lines
and loop lines are represented as one-dimensional lists,
while those of spoon-shaped lines are represented as two-
dimensional lists, such as [[1, 4, 5, 7, 9, 10, 13, 8, 6, 15, 3],
[2]]. ,e number in the second sublist denotes how many
stops in the first sublist are at the trunk. In this example, the
number 2 means that [1, 4] is the stop sequence of the trunk
and [5, 7, 9, 10, 13, 8, 6, 15, 3] is that of the loop part.

,e steps of simulated annealing algorithm are designed
as follows:

Step 1: an initial solution list r0 is generated. Set the
current solution ri � r0, iteration step number k� 0,
and the current temperature tk � tmax.
Step 2: the neighbourhood search is conducted to find
some neighbourhoods rj.,e search process consists of
4 steps:

Step 2.1: two stops in the current solution are selected
randomly and exchanged with two stops outside the
solution.
Step 2.2: a stop is randomly added to or removed from
the current solution.
Step 2.3: for spoon-shaped lines, a third step is re-
quired. ,e number in the second sublist randomly
adds or subtracts 1.
,e Steps 2.1∼2.3 are all conducted with certain
probabilities.
Step 2.4: the order of stops in the current solution is
rearranged to optimize the route alignment. In order
to improve the calculation efficiency, Nearest
Neighbour method is adopted which is shown in
Figure 9. In an unordered collection of stops, firstly
the stop closest to the rail station is chosen as the
second stop of the feeder line (represented by the first
number in list r). ,en, the other stop closest to the
second stop is chosen as the third stop of the feeder
line, and so on.

For each neighbourhood rj, the difference in fitness
Δfij is equal to f(xj) − f(xi). If Δfij ≥ 0 or
exp(Δfij/tk) > random (0, 1) (a random decimal be-
tween 0 and 1), ri � rj.
Step 3: k � k + 1, tk � a · tk (a is the cooling coefficient
and 0< a< 1).
Step 4: repeating Steps 2 and 3 until the terminal
condition is met.

4.5. CaseAnalysis. As is shown in Figure 10, a service area of
a planned feeder system to a metro station is taken as an
example for case analysis. It is a 4 km× 4 km rectangular area
with the station, the red point, at the bottom left origin, and
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89 (the density of the demand points is about the same as the
density of bus stops within the third ring road of Beijing (872
stops in an area of 158.7 km2), which can be regarded as a
representative of high population density cities in east Asia)
passenger demand points, grey points, randomly generated
and scattered in the area.,e potential demand of each point
obeys uniform distribution U((1 − α) · p(x), (1 + α)· p(x)),
where p(x) is the demand function defined by equation (6)
and x is the distance between the demand point and the
metro station. It is assumed that q= 200, s= 3 km, and
α= 0.1. Now a feeder bus line to serve some of those demand
points needs to be designed extending from the metro
station to the far end to express the impacts of the rela-
tionship between passenger demand and the access distance.

To ensure the universality of the results, 100 regions alike
in Figure 10 are generated randomly, and simulated
annealing algorithm is applied to solve the optimal solution
of these regions with the following three conditions with
different line lengths and the number of stops:

Condition 1: Lmin � 5 km, Lmax � 6 km, nmin � 7, and
nmax � 9
Condition 2: Lmin � 8 km, Lmax � 9 km, nmin � 10, and
nmax � 12

Condition 3: Lmin �12 km, Lmax � 13 km, nmin � 14, and
nmax � 16

,e purpose of limiting the number of stops is to control
stop spacings within a certain range. ,e parameters in the
algorithm are set as follows: tmax � 200 and a � 0.98. ,e
iteration time is 100, and in each iteration, 200 neigh-
bourhoods are searched. ,e values of the parameters in the
model are the same as those in Section 4.2.,e scatter plot of
all optimal solutions of three shaped lines under three
conditions is shown in Figure 11. Under condition 1
(5∼6 km), the solutions of linear lines are better than those of
the other two shaped lines on the whole. However, the
solutions of spoon-shaped and loop lines are obviously
better than that of linear lines under condition 3 (12∼13 km).

By comparing the optimal solutions of the three different
shaped feeder lines in each of the 100 service regions, the
best solution is taken as the optimal solution of this region,
and the shape distribution of the optimal solution of the 100
regions is shown in Figure 12. Under condition 1, 80 optimal
solutions are obtained for linear lines, far more than the
other two shaped lines. ,e spoon-shaped lines get the most
optimal solutions under condition 2. Under condition 3,
although the number of optimal solutions obtained by
spoon-shaped lines is still larger than that of loop lines, the
gap between the two is greatly narrowed, which indicates
that the advantage of the loop lines in passengers’ average
travel time is reflected when the line is longer.,e number of
optimal solutions obtained by different shapes can be
regarded as a measurement of their performance under
specific line length constraint. ,is result verifies the find-
ings of the accessibility comparison among linear, spoon-
shaped, and loop lines with different line lengths in the early
part of this paper.

,e experimental results with different values of the
coefficient α under conditions 2 and 3 are shown in Fig-
ure 13. ,e number of optimal solutions obtained by loop
lines in condition 3 is more than that in condition 2 with
different values of α, so the law revealed in Figure 12 is
independent of α. When α is large, the quantitative rela-
tionship between passenger demand and distance between
the stop and the metro station is no longer strict, which is
more consistent with reality. ,e experimental results show
that the above findings are of universal applicability.

5. Practical Significance

,e research on the effects of shape on accessibility can
provide some inspiration for the planning and operation of
feeder lines. Different shaped feeder lines have their own
characteristics. Under the same line length, linear lines can
extend further to serve the distant passengers, while loop
lines mainly serve the passengers near the main rail transit
station. ,e service areas of Y-shaped lines and spoon-
shaped lines are between the above two. Transportation
planners can decide the transit routes and choose shapes
according to specific residential distribution. However, as
line length is not only a measure of operation and con-
struction costs but also a reflection of service scope, feeder
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Figure 9: Sorting of the stops.
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lines with different shapes have their suitable application
scenarios in a general way. ,e service scope shared by each
main rail station is small in the areas with high station
density, so the feeder bus lines do not need to be built long.

At this time, linear feeder lines can achieve the highest
accessibility as well as the travel efficiency of all passengers.
In suburban areas, the density of main rail transit stations is
small, so a feeder line needs to undertake the task of serving
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Figure 11: ,e scatter plot of all optimal solutions under three conditions.

80

23

0

20

54 56

0

23

44

0
10
20
30
40
50
60
70
80
90

Condition 1 Condition 2 Condition 3

N
um

be
r o

f o
pt

im
al

 so
lu

tio
ns

Linear
Spoon-shaped
Loop

Figure 12: ,e shape distribution of the optimal solutions under three conditions.

16
23

10

22 24

56 54

74

47

28

54

23
16

31
22

0

10

20

30

40

50

60

70

80

α = 0.05 α = 0.10 α = 0.15 α = 0.20 α = 0.25

N
um

be
r o

f o
pt

im
al

 so
lu

tio
ns

Linear
Spoon-shaped
Loop

(a)

Linear
Spoon-shaped
Loop

0 0 0 0 0

69

56
63

52
56

31

44
37

48
44

0

10

20

30

40

50

60

70

80

α = 0.05 α = 0.10 α = 0.15 α = 0.20 α = 0.25

N
um

be
r o

f o
pt

im
al

 so
lu

tio
ns

(b)

Figure 13: ,e results with different values of α. (a) Condition 2. (b) Condition 3.
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more passengers in a larger area. In this scenario, loop lines,
spoon-shaped lines, Y-shaped lines, or other nonlinear lines
can achieve higher accessibility. When designing feeder lines
for main rail transit stations, it may be better to consider
different shapes of lines in specific scenarios than only
choosing linear lines, and the accessibility index proposed in
this paper can be a good way for evaluation.

6. Conclusions

With the development of the automobile industry, urban
transportation faces many problems such as traffic con-
gestion and environmental pollution. Public transit man-
agers are attempting to improve strategies to optimize the
construction and operation of public transportation to re-
duce private car usage. Improving the first/last mile trans-
port connectivity between urban rail stations and residences
or offices is an important way to improve the competi-
tiveness of public transportation.

,e accessibility index based on the gravity model to
evaluate feeder lines has been proposed by the previous
literature. However, that definition of accessibility ignores
passengers waiting time and the competition between
different access modes, leading to its limitation in prac-
tical application. By considering these two important
factors, this paper redefines an accessibility index of
feeder lines based on the number of passengers and their
average travel time. Moreover, the impacts of shape
difference on the accessibility of feeder lines are analysed,
which is not studied by previous articles. ,e accessibility
calculation formulas of four typical shaped feeder lines are
derived under the same conditions of line length, stop
spacings, and vehicle fleet size, and comparative analysis
of shape and line length is conducted with these formulas.
Also, the optimization models of route alignment with
maximum accessibility as the target for the three different
shaped lines are built and solved, respectively, and the
findings of the above comparative analysis are verified by
comparing the solutions of different shaped feeder lines in
the cases of random generation.

,e main goal of feeder lines design is to maximize the
connectivity performance at a certain cost. ,is paper as-
sumes that the construction and operating costs of feeder
lines are related to the length of lines and the number of
stops. ,e conclusions are obtained by calculating and
comparing the accessibility of feeder lines with different
shapes and line lengths. ,ere are differences in the ac-
cessibility of four typical shaped feeder lines in the exper-
iment of this paper. Under the same condition of the line
length, stop spacing, vehicle fleet size, and other given pa-
rameters, when the line is short, the accessibility of linear
lines is the highest when comparing with other shaped lines
and that of loop lines is the lowest. ,e accessibility of
Y-shaped lines and spoon-shaped lines is somewhere in
between. As the line length increases, the accessibility of
spoon-shaped lines gradually reaches the highest. When the
line length is long, the accessibility of loop lines gets the
highest and that of linear lines becomes the lowest. ,emain
reason for the above difference is that the service scope of the

lines with the shape of branches or a loop is closer to the rail
transit station than linear lines under the same line length.
When the line is short, this kind of feeder lines mainly serves
the residents near the rail station and is in serious com-
petition with cycling and walking, so the passenger demand
for feeder lines is not enough and the accessibility is lower.
With the increase of line length, the difference in total
passengers served by different shaped lines is narrowing and
the advantage of short average travel time of such shaped
feeder lines becomes obvious, which leads to higher ac-
cessibility. ,erefore, the location of the stop at the branch
point in Y-shaped and spoon-shaped lines also affects the
accessibility.

,e performance difference of fixed-route feeder lines
caused by shape differences has been systematically
considered and studied in this paper, and some ideas are
given for thought for transit agencies and managers to
design feeder transit systems from the perspective of line
shape and routing plans. ,e results in this paper are
obtained under the assumption of certain parameters, but
the underlying laws revealed are universal and can be
applied to practical problems. ,ere are some deficiencies
in this study. Only two-direction routing plans are con-
sidered for the three nonlinear lines discussed in this
paper. In reality, there are some loop lines and spoon-
shaped lines that only run clockwise or anticlockwise, and
their accessibility could be lower than linear lines under
the calculation method in this paper. Also, the values of β
and the parameters in the demand function are assumed
based on a possible situation, so the charts and conclu-
sions in this paper cannot be directly used for trans-
portation planning. Moreover, only the accessibility of the
fixed-route feeder lines is studied, but not that of the
demand-response feeder lines. Future research can make
improvements in these aspects.
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