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Abstract: To improve first/last mile travel services between metro stations and communities,
this study modeled and analyzed four kinds of feeder bus operation strategies in terms of travel time
and accessibility. The analytical modeling was used to compare the travel times and the simulation
experiments were used to compare the accessibilities of different operation strategies. The results
showed that when the ratio between length and width of study area increases, the number of stops
for the fixed route transit with fixed stops will increase. When the travel demand is low, the demand
responsive transit with separate routes has the highest accessibility. When the travel demand is high,
the fixed route transit with fixed stops provides the highest accessibility. In addition, the ratio of
flows in two passenger directions has different influences on the four operation strategies. This study
can provide guidance for feeder bus operation to improve public transportation attraction.

Keywords: feeder bus accessibility; fixed route transit (FRT); demand responsive transit (DRT);
travel time; public transport; metro stations

1. Introduction

Transportation plays an important role in the city’s development. With the expansion of cities,
public transit is the mode which can satisfy long term sustainable development. The urban transit
network of mega cities can be divided into two major components: the urban rail transit network
and the bus network [1]. With the large investments in recent years, the metro network system has
expanded quickly in China, and can provide convenient travel services for passengers. However, due to
the high implementation and operation cost, the density of metro stations is still low, especially in
suburban areas.

There exists the first/last mile problem, which concerns the provision of travel services between
the nearest metro station and the passenger’s actual origin/destination [2]. In addition, a poor
first/last mile service would weaken the attraction of the metro system. Thus, it is necessary to
provide some travel services to deal with the first/last mile problem. It is possible to deal with this
problem by planning efficient feeder transit services [3], such as public bikes [4,5] to connect residential
communities and metro networks, and even Park-and-Ride systems [6]. Such systems can contribute
to developing an efficient sustainable transport system [7].

Some studies have paid attention to feeder bus accessibility. Fixed route transit (FRT) and demand
responsive transit (DRT) were taken into consideration to evaluate feeder transit accessibility [8].
However, the overall expected travel time was used to measure FRT accessibility, which is not
accurate enough, as the expected travel times are different among stops. A quantitative network-based
framework extended the existing social network theory and identified five accessibility indicators to
assess and optimize the feeder bus network design [9]. Besides, an improved method was proposed
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to compute the accessibility index to evaluate feeder lines [10]. Besides, more operation strategies,
such as FRT with fixed stops, FRT without fixed stops, DRT with a loop line, and DRT with separate
routes, should be compared to select the best one. Modeling travel time and accessibility can help to
select the most suitable operation strategy.

This study aims to select the best operation strategy for feeder bus from the candidates that
provide services between the metro station and the residential community. Four kinds of operation
strategies are taken into consideration, including FRT with fixed stops, FRT without fixed stops,
DRT with a loop line, and DRT with separate routes. This study models and analyzes travel time and
accessibility to compare different strategies. Rather than the overall travel time, this study utilizes the
expected travel time of each station to measure accessibility. Different influence factors are analyzed in
the study, including the size of feeder bus service area, travel demand, the ratio of each travel direction
and so on.

This paper is organized as follows. Section 2 reviews the literature about transit accessibility.
Section 3 first introduces the background, and then models travel time and accessibility of feeder
bus. Section 4 presents the analytical analysis of travel time. Section 5 shows the simulated results of
accessibility. The final section concludes the key findings of this study and the implication for further
planning practices.

2. Literature Review

The concept of accessibility was firstly proposed by Hansen in 1959, which is defined as
“the potential of various opportunities for interaction” [11]. After that, much effort has been devoted
to exploring accessibility from its meaning, measurement to implication. We gather from this that
“each with which any land-use activity can be reaches from a location using a particular transport
system” [12], and the “extent to which land-use and transport systems enable individuals to reach
activities or destinations by means of a transport mode” [13]. Accessibility has been adopted in
several disciplines, including transportation, urban planning [14], geography and environmental
policy [15]. The adopted definition of accessibility is selected according to the specific research purpose,
collected data and other relating factors. The transportation field aims to improve the operation of the
transport system to increase accessibility, which cares about the actual running state of transport system.
In urban planning, researchers pay attention to the distribution of land use to increase accessibility
for cities. The geographical accessibility refers to the physical proximity of the service [16], which is
an static indicator and can be measured using GIS processes. Besides, some studies emphasized
that population changes and land use changes should be taken into consideration for improving
accessibility in the further [14,17,18]. Accessibility measures were divided into infrastructure-based,
place-based, person-based and utility-based measure [13]. As this study pays attention to feeder bus
accessibility, location-based measure is more suitable [19].

In accessibility modeling, there are two important factors, including opportunity and travel cost. In
general, travel time is the most widely used travel cost in current studies [20]. As a result, the relationship
between accessibility and travel time can be provided in specific equations. Besides, some studies adopt
weighted average travel time (WATT) as the accessibility indicator [21]. The lower the WATT is, the
higher accessibility is. However, travel time can only present the relationship among places in temporal
dimension, but accessibility can measure the interaction among places [22,23].

Transit accessibility was defined as the ability to reach certain opportunities (such as goods,
services and activities) via transit [21]. There has been a series of studies about public transit
accessibility in recent years. It was found that job accessibility has increased across most of urban
areas for the average resident [24]. WATT was implemented to effectively compute travel times
of public transit between each origin-destination pair for each 10-min period from 4:00 to 22:00 to
enable spatio-temporal public transit accessibility analysis using the general transit feed specification
data [21]. Different fare schemes are utilized to evaluate accessibility implications for the new
integrated transit system of Bogotd with the impedance of total transit fare and travel times [25].
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The fluctuated transit demand and supply were considered in the gravity method to measure transit
accessibility [26]. With travel time to the 17 destination types by transit and walking, the responding
accessibility scores were attained according to the range of travel time and transformed it into public
transit and walking accessibility index [27]. Similarly, the accessibility to jobs of different sectors was
measured, which found the differences between sectors in reachability and accessibility by transit [28].
These studies evaluate the accessibility of the public transit system. These studies evaluate the
accessibility of the public transit system.

In addition, some researchers work to generate the optimal urban network to maximize
accessibility. The urban network design problem was addressed by maximizing the system-wide
transportation accessibility between major activity locations [29]. Furthermore, the discrete network
design problems in metropolitan areas were studied by formulating two deterministic bi-level
programming models to maximize the network accessible flow [30]. Routing and scheduling
approaches were developed for the last-mile transportation system, including an exact mixed-integer
programming model and several computational feasible heuristics for optimizing routing and
scheduling decisions [2].

In recent years, some studies have attempted to deal with the first-last mile problem in transport.
With the experiences gained from different implementations, a theoretical framework was proposed to
assess and plan first-last mile travel [31]. A geographically weighted lasso based structure was applied
to measure the effects of first-last mile access, socioeconomics, built environment, and transportation
services when estimating transit use [32]. Furthermore, the potential integration between an electric
bike-sharing system and a semi-flexible demand-responsive transport system was proposed to improve
transit systems in rural areas [33]. In addition, more studies are mainly focused on the accessibility to
major transit stations and seek to improve it. It was found that access/egress accessibility is important
for different modes [34]. Besides, the mode of transit station access/egress (walking, cycling, or driving)
can influence the transit accessibility. A feeder bus is a vital mode to access metro stations. It can
significantly expand the station catchment area as well as provide a means of access for the elderly,
the disabled, riders without private cars, and people with difficulty walking to stations [35]. A model
was proposed to optimize the feeder bus route to maximize the flow density in single-loop wiring
pattern [36]. Additionally, whether the connectivity between the first/last mile transport and major
stations influenced accessibility was assessed [8]. DRT services are an intermediary to FRT and fully
point-to-point transport. Similar to a taxi, DRT has the opportunity to complement general public
transport services [37]. By integrating FRT’s cost efficiency and DRT’s flexibility, feeder buses were
allowed to temporarily deviate from the given route in order to serve reported travel demands [38].

There is a gap in previous studies that feeder bus accessibility should be calculated from the travel
time of each stop rather than the average travel time of all stops, and more operation strategies need to
be compared in detail. This study aims to model feeder bus accessibility and select the best operation
strategy to improve the attraction of the metro station and promote the usage of public transportation.

3. System Definition

3.1. Study Area and Travel Demand

This study considers a residential community as the study area (see Figure 1), which is represented
as a rectangle with width W and length (L + AL). The study area is similar to some previous studies [3].
The metro station is located in the middle of the far left edge of the study area. The metro station will
be the terminal of the feeder bus. Passengers within the area (W x AL), which is near the metro station,
will always choose to walk to/from the metro station. The service area of the feeder bus is the right part
area (W x L) and passengers are evenly distributed in space. The show up time is assumed to follow
a Poisson distribution. Although a Poisson distribution is proper for pick-up passengers, drop-off
passengers would show up in group according to the arrival of metro trains [39]. However, as the
headway of the metro is low and the travel time from the metro platform to the feeder bus stop is
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different for passengers. It is reasonable to assume a Poisson arrival rate [3]. « denotes the ratio of the
passengers which should be delivered from the residential community to the metro station (“pick-up”
passengers), and a ratio (1 — a) of the passengers should be delivered from the metro station to the
residential community ("drop-off" passengers). The value of « might change in different time periods.
Pick-up passengers show up at random locations within the service area and wait there or walk to the
nearest stop to catch the bus, whose schedule is given [40]. Drop-off passengers show up and wait
at the metro station, ride the bus to the stop nearest to their respective destination and then walk to
the destination, which is located randomly [40]. p is the passenger travel demand density. All travel
demands are between the metro station and the service area.

In this study, it is assumed that there is only one vehicle running with constant speed in
the feeder bus route. The passenger travel demand is the same in different operation strategies;
thus, their operation costs are similar. To represent locations of passengers and stops, a coordinate system
is built (see Figure 1), and the metro station is located in (0, W/2). In addition, rectilinear movements,
which can approach the actual traveled distance in real road networks, well are utilized [41].
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Figure 1. Study area of feeder bus.
3.2. Competing Operation Strategies of Feeder Bus

This study considers only one feeder bus moving with average speed Vj,;. The dwell time of
feeder bus stopping at each stop is t;. The average walking speed of passengers is Vy,x. The travel
demand of the service area is N = pLW.

In this study, a gravity-based accessibility model is adopted to measure the feeder bus
accessibility [8], which has the following form:

Nooq

Afp = Zl (total \p (1)

1=

where Ay, is the potential accessibility of the feeder bus, tfpt“l is the total travel time of passenger i,
which includes walking time, waiting time, and riding time, § is the impedance decay factor, and N is
the total number of passengers.

This study models travel time and accessibility of the feeder bus considering four operation
strategies. The four operation strategies include FRT with fixed stops, FRT without fixed stops,
DRT with a loop line, and DRT with separate routes. In FRT with fixed stops, passengers need to walk
to the nearest stop. In FRT without fixed stops, passengers would walk to the transit route to take
the feeder bus. The DRT strategy can pick up and drop off passengers at their desired locations [39].
However, they need to send their travel demands before the start of the operating cycle. For four
operation strategies, the riding conditions are similar. The walking conditions are similar for the two
FRT strategies. For the waiting time, pick-up passengers will wait at stops in the FRT strategies and
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wait at home in the DRT strategies. Thus, pick-up passengers in the DRT strategies can get better
waiting experience and a discount w is given for them to show the different time values.

3.2.1. FRT with Fixed Stops

The FRT with fixed stops includes continuous service among all stops with the same intervals
along the route (see Figure 2). There are M stops in total, one in the metro station, and (M — 1) in the
service area (L x W). This study divides the service area into (M — 1) zones and the travel demand
of each zone is N; = pdW. d denotes the interval between adjacent stops, which can be calculated
according to Equation (2).

L
d=— 2
M-1
@ feeder bus stop @ passenger from metro station to community
y O passenger from community to metro station
T
: g .
! ® ~W/2
| i,
@)
@ 1 2 O -
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I ® ‘
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Figure 2. FRT with fixed stops.

It is assumed that each passenger would walk along a rectilinear path to the nearest stop [40].
The expectation of walking time is calculated according to Equation (3).

Ik _ T
E(H™) = Vu}ulk (¥ T %) - 4Vzlualk (W+ (ML*U) ®)

The arrival time gap of the vehicle between two adjacent stops consists of the travel time and the
dwell time:

At = Vfus + ts - ths(lM_l) + ts (4)
For each cycle, the bus travels 2AL in the area AL x W, % x 2L in the area L x W,
and dwells for a period of (2M — 1). Thus, the cycle time is:
2M —3 AL
TN=L——+————+2M—1)t;+2 5
! Vbus(M - 1) ( ) ’ Vbus ( )

As passengers can appear at any time in a cycle. The expectation of waiting time for pick-up and
drop-off passengers is:

L . T
E(tzlumt,plck) _ E(t;uazt,drop) _ 71 (6)

The expectation of waiting time for all passengers is:

E(") = aB(5™7) + (1 - BE™) = 3 %
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Let M be the number of stops served by the FRT with fixed stops, since the riding time for stop i
is running time %;O'S)d+ and dwell time (i — 1)¢;. Thus, the expectation of riding time for pick-up

and drop-off passengers is:

ide,pick ide,d . .
E™) =BG = g+ e Bl = D) ys + (- 1t) = g+ s + 1M )

where i is the sequence number of bus stops from the left side.
The expectation of riding time for all passengers is:

E(%) = aE(t}"P ) + (1 - ) E(""7) = L 4 pb— + LM, )
The expectation of total travel time is:
E(1) = B(6™) + E(5") + E(£1) (10)

3.2.2. FRT Without Fixed Stops

FRT without fixed stops is presented in Figure 3. The vehicle will travel through the central line
of the area and stop anywhere in the route as passengers require. Each passenger needs to walk from
the origin to the boarding position or walk from the alighting position to the destination. It is assumed
that each travel demand requires the vehicle to stop for a time to provide boarding/alighting service.

@ feeder bus stop @ passenger from metro station to community
y O passenger from community to metro station
T
: [ ]
! ° ~W/2
| =
@ = I 1 2 O N
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S | ;
I Y ~ ~W/2
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Figure 3. FRT without fixed stops.

In FRT without fixed stops, the expectation of walking distance is W /4. With the average walking
speed Vqik, the expectation of walking time is:

W
E twulk — (11)
( 2 ) 4Vwalk

The cycle time of the feeder bus which begins and ends at the metro station is:

_ 2L 2AL
Vbus Vbus

T + (N +1)ts (12)

The expectation of waiting time for pick-up and drop-off of passengers is:

L . T
E(tzzuult,plck) _ E(t;wzzt,drop) _ 72 (13)
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The expectation of waiting time for all passengers is:

E(£87f) = aE(f;"™"") + (1 - ) E(t;™ ") = pl + pL + L(N + 1)t (14)

The expectation of riding time is:

; AL L
E(#54) =

1
=+ (N1t (15)
Vbus 2Vbus 4( ) ’

3.2.3. DRT With a Loop Line

With a no-backtracking policy, DRT with a loop line moves from left to right in the upper part,
and then moves from right to left in the lower part [8] (see Figure 4). As the feeder bus can provide
services at the required locations, the walking distance and walking time are ignored in this strategy.

@ passenger from metro station to community
y (O passenger from community to metro station
T
! 1
, ° ~W/2
! yl
temg o
S 3] i !
i y(N+l) L W/2
| /
I N
AL L
Metro line

Figure 4. DRT with a loop line.

Passengers are evenly distributed over space in the service area. According to the previous

study [40], the expectation of running distance in the horizontal direction is:
2LN
E = ——+2AL 16

Let y be a random variable which indicates the vertical distance between two adjacent passengers
in the schedule [40]. It can be calculated that E(y) = W /6. Let i1 /yn11 be the vertical distance between
the metro station and the first/last passenger in the schedule. It would be E(y1) = E(yn+1) = W/4.
Besides, let yy /2 be the vertical distance between the last passenger in the upper part and the first
passenger in the lower part. It can be calculated that E(yy,2) = W/2. Thus, the expectation of total
rectilinear distance of each cycle would be:

E(spus) = E(sx) + E(y1) + E(yn41) + E(yns2) + (N —2)E(y) = 3% +2AL + BN + 2 (17)

Combining the expectation of total rectilinear distance and the average running speed, the cycle
time is:

Ty = =04 4 (N + 1)t (18)

Since pick-up passengers show up, they need to wait for the end of the current cycle and the
feeder bus to reach them [40], they would wait E(t“#Pick) = (T3 /2 + T3 /2)w. Drop-off passengers
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need to wait E(t“%4roP) = (T3 /2), since they will show up and wait at the metro station uniformly
from time 0 to T3 of the current cycle.

Since pick-up passengers and drop-off passengers can be handled uniformly anytime from time 0
to T of the cycle, the riding time would be E (tgide’pi’:k) =E (tgide’dmp) =T3/2.

Thus, the expectations of the total waiting time (see Equation (19) and riding time
(see Equation (20)) are:

E(£9) = gE(£2""PF) 1 (1 — ) E(E2P) — awTs + B (1 — ) (19)
' ide, pi ' T
E(£549¢) = aE (57" %) 4+ (1 — a) E(£; 9Py = 73 (20)
Finally, the expectation of total travel time is:
E total — E(twait E(#ridey — T T: — Iz 21
(&) (t5") + E(t5) = T3 + awT3 — 3 (21)

3.2.4. DRT With Separate Routes

DRT with separate routes moves from left to right in the study area with a no-backtracking policy,
and then moves from right to left in the study area with a no-backtracking policy [8] (see Figure 5).

@ passenger from metro station to community

(O passenger from community to metro station

~W/2
g% B
S3 |
W2

Metro line

Figure 5. DRT with separate routes.

According to the previous study [40], the expectation of running distance in the horizontal
direction is:

2LN
E = _——+2AL 22
Let y be the random variable which indicates the vertical distance between two adjacent passengers
in the schedule [40]. It can be calculated that E(y) = W /3. Let y; /yn+1 be the vertical distance between
the metro station and the first/last passenger in the schedule. It would be E(y1) = E(yn+1) = W/4.
Thus, the expectation of total rectilinear distance per cycle would be:

E(spus) = E(sx) + E(y1) + E(yn41) + (N = 1)E(y) = 4 +2AL + WN + W (23)

Combining the expectation of total rectilinear distance and the average running speed, the cycle
time is:

Ty = (N + 1)t + L) (24)
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The expectation of riding time for all passengers is:

; i 1 ride,dr I Al
E(t”de) E( zde,pzck) (1 )E( ide,d op> 4
4 Vius

(25)

For pick-up passengers, they have to wait for an average of T/2 from the show-up time to the
end of the current cycle. They need to wait for the vehicle to serve the drop-off passengers first,
with an average of T/2. Besides, pick-up passengers can be served uniformly from time 0 to T/2.
Thus, the expectation of waiting time for pick-up passengers is:

wait,picky B B E o &

Since drop-off passengers show up, they only need to wait until the end of the current cycle with

an average of T/2. Thus, drop-off passenger expectation of waiting time is:

i T
E(tiuuzt,drop) _ 74 (27)

The expectation of waiting time for all passengers is:
E(#7) = aE(#™" ") + (1 — ) E(]™ ") = $Tyaw + B (1 — ) (28)

The expectation of total travel time is:

- o Ta AL 1.3
E(E0') = E(#9) + E() = 2+ 22 4 (5 + 2 Tyw (29)
i Ve 273

4. Analytical Modeling

The analytical analysis of the four operation strategies is given in this section. The parameters
are set as follows [10,40]: feeder bus running speed Vj,,s = 30 km/h, walking speed V,,;;x = 5 km/h,
feeder bus dwelling time t; = 30 s, passenger travel demand density p = 10 person/km?, AL = 0.5 km,
travel impedance parameter g = 1, and the ratio « = 0.5.

For each operation strategy, four L/W ratio cases are considered to compare accessibility. In each
case, the service area is 4 km?2. In the four cases, the length and width are set as follows: Case 1
(2 km x 2 km), Case 2 (4 km x 1 km), Case 3 (8 km x 0.5 km ) and Case 4 (16 km x 0.25 km).

4.1. FRT with Fixed Stops

The accessibility and travel time of FRT with fixed stops is presented in Figures 6 and 7,
respectively. For the four cases, the number of stops when the accessibility is maximized will increase
with the increase in L/W ratio. For cases with lower L/W ratios, the value of accessibility changes
is greater with the increase in stop number. For cases where L/W is large, the value of accessibility
becomes smaller as the number of stops increases. The number of stops is the factor that impacts
the travel time of FRT with fixed stops. According to Equations (3), (7) and (9), the expectations of
walking time, waiting time and riding time are all influenced by the number of stops. The travel time
distribution is presented in Figure 7. With the increase in stop number, the expectation of travel time
decreases at first and then increases.
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Figure 6. The accessibility of FRT with fixed stops.

When the accessibility of FRT with fixed stops is maximized, the expectations of walking time,
waiting time, riding time and travel time are calculated (see Table 1). With the increase in L/W ratio,
the accessibility decreases, and the number of optimal stops to maximize the accessibility increases.

Table 1. The expectations of travel time for FRT with fixed stops when the accessibility is maximized
(Unit: hour).

Number of Stops Walking Time Waiting Time Riding Time Travel Time

Case 1 3 0.150 0.088 0.071 0.309
Case 2 4 0.117 0.157 0.108 0.382
Case 3 6 0.105 0.303 0.183 0.591
Case 4 8 0.127 0.574 0.325 1.026
16 T T
—6€— 2km*2km
—%— 4km* 1km
14 —— 8km*0.5km

Travel time (h)

12

14
©

o
)

0.4

0.2

—&— 16km*0.25km ||

2 4 6 8 10 12 14 16 18 20
Number of feeder bus stops

Figure 7. The travel time of FRT with fixed stops.
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4.2. Feeder Bus Operation Strategies Without Fixed Stops

The expected travel times of three feeder bus operation strategies without fixed stops in the four
cases are calculated and presented in Figure 8. In the four cases, the expectations of travel time have a
similar pattern. When the travel demand is small, DRT with separate routes has the least expectation
of travel time. When the travel demand is large, FRT without fixed stops has the least expectation of
travel time. In Case 1, DRT with separate routes performs best with travel demand no more than 6 and
FRT without fixed stops is the best strategy when travel demand is more than 6. With the increase in
L/W, the critical values of the two strategies increase slightly.

| FRT without fixed stops DRT with aloop line DRT with separate routes |
15 15
a b

= <
(0] 1 () 1
£ £
T T
8 05 8 05
= =

0 0

0O 10 20 30 40 50 60 70 80 0O 10 20 30 40 50 60 70 80

Passenger travel demand Passenger travel demand
15 15
c d

) <
Q 1 () 1
£ £
T T
8 05 8 05
= =

0 0

0O 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80

Passenger travel demand Passenger travel demand

Figure 8. The expectations of travel time for feeder bus without fixed stops in different cases:
(@) 2 x 2km; (b) 4 x 1 km; (c) 8 x 0.5 km; (d) 16 x 0.25 km.

5. Simulation Experiments

5.1. Simulation Modeling

In the simulation, the travel demand was generated randomly and evenly within the service area.
There were 5000 groups of travel demands in total, and each group included 80 randomly generated
passengers. One end of each travel demand was located in the metro station. It was assumed that the
intrazonal travel demand did not exist. The simulation process was implemented in Matlab 2014a.
During the simulation of each group, passengers were incorporated into the simulation one by one to
analyze the changes in accessibility.

The simulated accessibilities of Case 1 are presented in Figure 9. In this simulation situation,
when the travel demand is less than 13, DRT with separate routes has the highest accessibility. When the
travel demand exceeds 13, FRT with fixed stops has the highest accessibility. Besides, when the travel
demand increases, the leading superiority of FRT with fixed stops will be enlarged. When travel
demand arrives at 15, FRT without fixed stops will be superior to DRT with separate routes in
accessibility. DRT with a loop line and DRT with separate routes have similar accessibility curves.
In view of accessibility, DRT with separate routes is the most suitable strategy for the low travel
demand, which is proper to be operated by small size vehicles. When the travel demand is large,
FRT with fixed stops is the most suitable strategy.
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300 T T T
— FRT with fixed stops
FRT without fixed stops
asoll T DRT with aloop line |
DRT with separate routes

200

150

Feeder bus accessibility

100

50

0 10 20 30 40 50 60 70 80
Passenger travel demand (person)

Figure 9. The simulated accessibilities of Case 1.

The simulated accessibilities of Case 2 are presented in Figure 10. The tendencies of accessibilities
are similar to those in Case 1. The dominant interval of FRT with fixed stops is enlarged and the critical
value increases to 24. In Case 2, DRT with separate routes always performs better than DRT with a
loop line, apparently. In addition, FRT without fixed stops surpasses DRT with separate routes in
accessibility when the travel demand arrives at 26.

250 T T T T T T T
FRT with fixed stops
FRT without fixed stops
DRT with a loop line
200} DRT with separate routes _

150

100

Feeder bus accessibility

50

0 1 1 1 1 1
0 10 20 30 40 50 60 70 80

Passenger travel demand (person)

Figure 10. The simulated accessibilities of Case 2.

The simulated accessibilities of Case 3 are presented in Figure 11. This is a bit different from
Case 1 and Case 2. When the travel demand is low, DRT with separate routes performs best.



Sustainability 2020, 12, 8942 13 of 17

However, FRT without fixed stops has the highest accessibility when the travel demand is between 30
and 36. FRT with fixed stops still performs the best with large travel demand. In addition, DRT with
separate routes has higher accessibility than FRT without fixed stops in the whole range and they have
similar tendency.

160 T T T
FRT with fixed stops
120l FRT without fixed stops |
0 DRT with a loop line
DRT with separate routes

120+ R
2
2 100
0
(]
Q
S
» 80
]
Qo
S 60
(5]
(3]
w

40
20
0 Il Il Il Il Il Il Il
0 10 20 30 40 50 60 70 80

Passenger travel demand (person)
Figure 11. The simulated accessibilities of Case 3.

The simulated accessibilities of Case 4 are presented in Figure 12. When the travel demand is
less than 55, DRT with separate routes performs better than FRT with fixed stops in accessibility.
When travel demand is during 32-43, FRT without fixed stops has highest accessibility.

100 ‘ ‘ ‘
FRT with fixed stops
90+ FRT without fixed stops b
DRT with a loop line
80} DRT with separate routes

701

60

50

40

Feeder bus accessibility

30

20

O L L L L L
0 10 20 30 40 50 60 70 80

Passenger travel demand (person)

Figure 12. The simulated accessibilities of Case 4.
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In summary, DRT with separate routes has the highest accessibility when the travel demand is
low, and FRT with fixed stops has the highest accessibility when the travel demand is high. In addition,
the critical value would change according to the operation situation. However, FRT without fixed stops
and DRT with a loop line have never been the dominant strategy from the perspective of accessibility.
Furthermore, with the increase in L/W ratio, the dominant interval of DRT with separated routes will
be enlarged.

5.2. Effect of w

In the actual operation, the ratio of passengers of each direction was changing in different time
periods. In the morning peak hours, more passengers were traveling from the community to the metro
station. In the evening peak hours, more passengers were traveling from the metro station to the
community. In a day, the value of a changes significantly over time. This study takes Case 1 as an
example to analyze the effect of « on feeder bus accessibility.

Five values of « are utilized to show the difference in accessibility (see Figure 13). The accessibility
of FRT with fixed stops is not influenced by the value of a. The curve distributions are the same for the
five values (see Figure 13a).

For FRT without fixed stops, the accessibility curve will change with various values of «.
In general, the accessibility of the feeder bus is the highest with « = 0.5 and the lowest with « = 0.1
(see Figure 13b).

For DRT with a loop line, the accessibility shows an apparent pattern with the change in «.
With the increase in «, the accessibility will decrease. The accessibility is the highest with « = 0.1 and
the lowest with « = 0.9 (see Figure 13c).

For DRT with separate routes, the accessibility curves are more complex. When the travel demand
increases, the accessibility curves will cross each other.

a=0.1 0=0.3 a=0.5 a=0.7 a=0.9
30 150
2z a 2 b
2 i
200 100
Q Q
a a
3 E
% 100 % 50
[V LL
0 0
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Passenger travel demand Passenger travel demand
120 120
2 2
= 100} © £ 100} @
80 80
Q Q
2 60 § 60
o 40 o 40
B 20 B 20
L LL
0 0
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Passenger travel demand Passenger travel demand

Figure 13. The effects of « on different feeder bus operation strategies: (a) FRT with fixed stops; (b) FRT
without fixed stops; (c¢) DRT with a loop line; (d) DRT with separate routes.

6. Conclusions

This study models and evaluates travel time and accessibility of feeder bus. Four operation
strategies are taken into consideration, including FRT with fixed stops, FRT without fixed stops,
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DRT with a loop line and DRT with separate routes. The analytical analysis was applied to evaluate
the travel time. It was found that, when the accessibility is maximized, the number of stops for FRT
with fixed stops will increase with the increase in L/W ratio.

The travel demand is generated randomly according to the given distribution. Then, the travel
time of each passenger is calculated in each operation strategy. Furthermore, the feeder bus accessibility
is measured in the simulation. The results show that DRT with separate routes has the highest
accessibility when the travel demand is low and FRT with fixed stops has the best accessibility when
the travel demand is high. The critical value of the two operation strategies will change with different
L/W values. In cases with large L/ W ratios, FRT without fixed stops has the highest accessibility in
the medium travel demand.

In addition, the value of « has different influences on the four operation strategies. FRT with
fixed stops is completely unaffected, and FRT without fixed stops is affected slightly. At the same time,
DRT with a loop line and DRT with separate routes are significantly affected.

Based on the results of this study, policy makers should select suitable operation strategies
according to the actual travel demand and service areas for each case. Besides, we should pay
attention to the travel pattern in the residential community so as to service the travel demand
better. The operation improvement of feeder bus can help to increase attraction of metro stations.
Furthermore, more passengers are attracted to ride the metro, which is a more sustainable mode.

There are also some limitations in this study. Further work will take the actual passenger demand
distribution into consideration with an actual service area. Passengers’ preferences for the mode of
last-mile travel will be investigated and incorporated into the modeling. Besides, more operation
strategies with different speeds, capacities, and fares can be compared in further feeder bus
accessibility assessment.
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