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Abstract

Overlapping bus-rail corridors between conventional bus lines and urban rail transit are
common in integrated public transportation systems. When existing bus routes highly
overlap with newly operated rail transit lines, redundant services may reduce resource
utilization and increase operating pressure, while inappropriate route adjustment may
negatively affect the travel experience of original bus passengers. To address this prob-
lem, this paper proposes a constrained passenger-time-oriented optimization model for
conventional bus route adjustment under rail transit operation. The model evaluates pas-
senger travel cost while jointly considering passenger flow demand, service continuity,
route compactness, and the accessibility requirements of original bus passengers. Based
on the proposed model, a bus line generation algorithm is designed to obtain feasible and
compact adjustment schemes for co-linear bus segments. The methodological applicability
of the proposed method is evaluated through a simulation experiment, and its practical
applicability is illustrated through a real-world case study of Xiamen Bus Line 27. The
results indicate that the proposed method can reduce passenger travel cost and alleviate re-
dundant competition between conventional bus and rail transit services, while maintaining
acceptable service continuity for existing passengers.

Keywords: passenger-time optimization; constrained optimization; route compactness;
service continuity; public transport planning

1. Introduction

Urban rail transit has been rapidly developed in many large cities to provide high-
capacity, reliable, and efficient transportation services. Due to its advantages in speed,
punctuality, and carrying capacity, rail transit is generally regarded as the backbone of
urban public transportation systems and primarily serves medium- and long-distance
travel demands [1]. In contrast, conventional bus systems offer greater flexibility in route
design and station coverage, making them more suitable for short- and medium-distance
accessibility services [2,3]. Therefore, an efficient urban transit system should ensure effec-
tive coordination between rail transit and conventional bus services rather than allowing
these two modes to operate independently.
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However, the coordination between newly deployed rail transit systems and existing
bus networks is often insufficient during practical planning and operation [4]. As a result,
conventional bus lines may overlap with rail transit corridors and create overlapping
bus-rail corridors, where both modes provide redundant services along the same corridor
instead of forming complementary transportation services. Such competition not only leads
to inefficient utilization of transportation resources and increased operational pressure for
transit operators, but may also reduce the attractiveness of public transportation systems
for passengers [5]. For example, after the operation of Xiamen Metro Line 1, many existing
bus routes remained highly overlapped with the metro corridor, significantly weakening
the expected coordination benefits between rail transit and conventional bus services [6].

To improve public transportation efficiency, extensive studies have investigated tran-
sit network optimization problems, including bus route design, transit network layout
optimization, and timetable scheduling [7-9]. For example, Zhao et al. [7] investigated
bus network optimization through route restructuring to improve operational efficiency,
while Chu et al. [8] formulated the transit network design problem as a mixed-integer
optimization model that jointly considered route configuration and service frequency.
Zhao et al. [9] further incorporated timetable coordination into transit planning to improve
service reliability. Although these studies have significantly advanced conventional public
transport planning, they mainly focus on optimizing single-mode transportation systems
and do not explicitly consider the interaction between conventional bus services and urban
rail transit.

With the increasing prevalence of multimodal transportation systems, researchers
have further explored the coordination between bus systems and rail transit. Existing
studies can be broadly divided into two categories. The first category focuses on multi-
modal transit network optimization, where bus and rail systems are jointly optimized to
improve overall transportation efficiency [10,11]. Representative studies have investigated
integrated bus-rail optimization from different perspectives. Sun et al. [10] proposed a
multimodal network optimization framework for improving overall system performance,
Kang et al. [12] emphasized the coordination between bus services and rail transit to en-
hance passenger accessibility, and Sun et al. [13] developed a joint optimization model
for multimodal transit planning. These studies primarily aim to improve network-level
efficiency through coordinated multimodal planning, but they generally redesign tran-
sit systems from a global perspective rather than addressing the practical adjustment of
existing bus routes operating in overlapping bus-rail corridors. The second category inves-
tigates feeder bus network design, which aims to connect surrounding bus stations with
nearby metro stations to address first-mile and last-mile accessibility issues [14,15].

Despite these efforts, existing studies still have an important limitation. Most prior
works primarily optimize transit systems from the perspective of global passenger demand
or system efficiency, while largely ignoring the service continuity of existing bus passengers
during route adjustment. In practice, directly modifying an existing bus route may signifi-
cantly affect original passengers by increasing travel time, introducing additional transfers,
or reducing accessibility. Therefore, reducing bus-rail competition while minimizing the
negative impact on existing passengers remains an important yet underexplored problem.

The methodological novelty of this study lies in the integrated formulation of the route
adjustment problem for overlapping bus-rail corridors. Specifically, the objective function
explicitly distinguishes passengers retained on the adjusted bus route from those served
through alternative post-adjustment travel options. The constraint formulation further
combines route compactness, overlap control, accessibility preservation, and allowable
travel-time increase to protect the service continuity of existing bus passengers. The solution
strategy is designed as a greedy constructive heuristic for corridor-level route adjustment,
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aiming to obtain compact and feasible adjustment schemes without full path enumeration.
Therefore, the contribution of this work lies in the combination of a passenger-time-oriented
objective, service-continuity constraints, and a practical route generation strategy for
existing bus route adjustment.

To address this issue, this paper investigates the co-linear adjustment problem between
conventional bus lines and rail transit systems. We develop a constrained passenger-
time-oriented optimization framework that reduces passenger travel cost under practical
route adjustment constraints, including route compactness, overlap control, accessibility
preservation, and allowable travel-time increase. The main contributions of this paper are
summarized as follows:

*  Weinvestigate the optimization problem of conventional bus routes in overlapping
bus-rail corridors and formulate a bus route adjustment problem that explicitly con-
siders passenger travel demand, service continuity, and accessibility requirements.

*  We develop a constrained passenger-time-oriented optimization model that distin-
guishes retained bus-service travel time from alternative post-adjustment travel time,
and incorporates route compactness, overlap control, accessibility preservation, and al-
lowable travel-time increase into a unified formulation.

*  We propose a greedy constructive bus line generation algorithm that incrementally
selects candidate stations under practical route adjustment constraints, avoiding full
enumeration of all feasible station permutations for corridor-level planning scenarios.

*  We evaluate the practical applicability of the proposed method through both simula-
tion experiments and a real-world case study based on Xiamen Bus Line 27.

The remainder of this paper is organized as follows. Section 2 reviews related studies
on bus network optimization. Section 3 presents the proposed optimization model and
solution algorithm. Section 4 reports numerical experiments and real-world case studies.
Section 5 discusses the results and limitations, and Section 6 concludes the paper.

2. Related Works

Existing studies on bus-rail coordination can be broadly categorized into two research
directions: feeder bus network design and optimization of existing public transport networks.

2.1. Feeder Bus Network Design

Feeder bus network design aims to improve the connectivity between conventional
bus services and rail transit systems by efficiently linking surrounding demand areas with
metro stations. Early studies mainly focused on analytical models that optimize feeder
route locations and service frequencies under simplified network structures [16-18].

Kuah et al. [16] proposed one of the earliest analytical formulations for feeder bus
network design, aiming to minimize the combined costs of operators and passengers. Mar-
tins et al. [17] developed a search-based optimization framework for feeder route planning
under simplified network assumptions, while Chien et al. [18] further optimized feeder
route locations and service frequencies to improve the efficiency of bus-rail coordination.
These pioneering studies established the theoretical foundation of feeder bus planning,
but they generally relied on simplified network structures and primarily focused on the
design of new feeder services.

To better capture realistic urban transportation networks, subsequent studies adopted
network-based optimization approaches, where actual transit networks are modeled ex-
plicitly and optimized under various objectives, such as minimizing passenger travel costs,
reducing transfer frequency, shortening route length, and maximizing service coverage.
Shrivastava et al. [19] incorporated realistic transit network structures into feeder service
planning to improve passenger accessibility. Liu et al. [20] investigated feeder network
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optimization with the objective of reducing passenger travel costs, whereas Szeto et al. [21]
simultaneously optimized feeder routes and service frequencies to enhance system per-
formance. Lin et al. [22] further considered service coverage and operational efficiency
in practical feeder bus planning. More recently, Lai et al. [23] proposed a collaborative
optimization model that jointly determines feeder bus routes and operational strategies
for urban metro systems. Cai et al. [24] further optimized feeder bus routes and service
frequencies by considering the influence of shared motorcycles, while Gao et al. [25] de-
veloped a three-dimensional multi-objective optimization framework that simultaneously
optimizes feeder routes, service frequencies, and transit timetables. Chen et al. [26] investi-
gated coordinated optimization of microcirculation bus routes and schedules considering
the impact of shared bicycles, and Liu et al. [27] integrated continuous approximation
with GIS techniques to improve feeder bus network design along rail corridors. These
studies significantly improved first-mile and last-mile accessibility and strengthened the
integration between bus services and rail transit. However, they mainly focus on designing
new feeder bus routes to complement rail transit, rather than adjusting existing bus routes
that already overlap and compete with rail transit corridors after metro deployment.

2.2. Optimization of Existing Public Transport Networks

Another important research direction focuses on optimizing existing bus networks
after the deployment of new rail transit systems. Prior studies have evaluated bus net-
work performance and adjusted existing routes to improve coordination between different
transportation modes.

For example, Jia et al. [28] proposed a quantitative framework for evaluating urban bus
network performance to identify inefficient routes requiring adjustment. Rohacova [29]
employed data envelopment analysis (DEA) to assess the operational efficiency of existing
bus networks and provide decision support for route optimization. Zhang et al. [30] further
developed a comprehensive evaluation approach by considering multiple operational
performance indicators to improve bus network coordination after rail transit deployment.
These studies provide valuable tools for diagnosing inefficient transit services; however,
they mainly focus on network performance evaluation rather than explicitly optimizing
route adjustment strategies.

Meanwhile, some studies have incorporated operational uncertainties, such as stochas-
tic travel times and uncertain passenger demand, into bus network optimization models to
improve system robustness under dynamic traffic environments [31-34]. Long et al. [31]
incorporated stochastic passenger demand into transit optimization to improve service reli-
ability, while Hu et al. [32] investigated trip-based optimization under uncertain operational
conditions. Lou et al. [33] proposed a robust optimization framework to address travel-time
uncertainty, and Liang et al. [34] further enhanced bus network resilience by considering
dynamic traffic conditions. More recently, Wang et al. [35] jointly optimized bus bridging
service design and passenger assignment for urban rail transit disruptions. Li et al. [36] pro-
posed a reinforcement learning and spatiotemporal clustering based multiline customized
bus planning framework, while Jiang et al. [37] integrated vehicle scheduling and passen-
ger assignment for demand-responsive transit and conventional buses under rail transit
disruptions. Li et al. [38] further developed an efficient multi-agent reinforcement learning
framework to optimize customized bus routes under multi-source uncertainties. These
studies significantly improve system robustness and operational efficiency by incorporat-
ing intelligent optimization, demand-responsive operation, and reinforcement learning
techniques. However, they primarily optimize customized transit systems, emergency
transit services, or network-wide operational efficiency, and rarely consider the practical
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adjustment of existing conventional bus routes that overlap with newly deployed rail
transit corridors while explicitly preserving the service continuity of existing passengers.

Despite these efforts, an important research gap still exists. Existing studies largely
focus on improving overall network efficiency, expanding service coverage, or designing
feeder services, while insufficient attention has been paid to the overlapping bus-rail
corridors problem between conventional bus lines and rail transit. More importantly,
existing route adjustment approaches rarely consider the travel impacts on original bus
passengers after route modifications. In practice, directly adjusting existing bus routes may
increase passengers’ travel times, introduce additional transfers, or reduce accessibility.

Motivated by these limitations, this paper investigates the co-linear adjustment prob-
lem between conventional bus lines and rail transit and develops a constrained passenger-
time-oriented optimization framework that reduces redundant competition while pre-
serving route compactness and the service continuity of original bus passengers. The
cooperative and competitive relationships between rail transit and a conventional bus line
are illustrated in Figure 1.

T
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1 Competitive relationship
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= [ AN 7= =\ = == =
@ =D~ ©) ©) QO
10/ ‘ 9/’
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O  Conventional bus stop ——  Conventional bus line i Roads and intersections

Figure 1. An example of competition and cooperation between rail transit and a conventional bus line.
Labels 1-7 denote rail transit stations, labels 8-10 denote conventional bus stops, and rail stations
2 and 6 form transfer connections with bus stops 10 and 9, respectively.

3. Optimization Model for Bus Route Adjustment
3.1. Principles of Bus Line Optimization

The main objective of conventional bus line optimization is to improve the coordination
between rail transit and conventional bus services, thereby reducing redundant competition
and avoiding inefficient resource allocation. In this paper, the adjustment of co-linear bus
lines follows the principles below.

1. Reducing excessive overlapping bus-rail corridors. For rail transit corridors, a cer-
tain number of bus routes should be retained to supplement rail services, especially in
sections with local passenger-flow oversaturation. However, the overlapping length
between conventional bus lines and rail transit should be controlled within an accept-
able threshold. In practical route planning, long consecutive overlaps between bus
and rail services are usually regarded as an indicator of redundant service provision.
In this study, an overlap of more than four stations is used as an empirical threshold
to identify potentially strong bus-rail competition in the considered corridor. This
threshold is not intended as a universal standard and can be adjusted according to
local planning guidelines and operational conditions.
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2. Maintaining passenger accessibility. The adjustment of existing bus lines should
not simply remove overlapping services. Instead, it should ensure that passengers
served by the original bus line still have feasible travel alternatives after adjustment.
In particular, the origin—destination accessibility of existing passengers should be
preserved as much as possible.

3. Improving bus-rail complementarity. The rail transit route is regarded as fixed,
while the conventional bus line is adjusted to better support rail transit. The adjusted
bus route is expected to intersect with or connect to the rail line, rather than remain
highly parallel to it.

4.  Controlling additional travel time. Since route adjustment may increase the travel
time of some passengers, especially those traveling between the two ends of the
original co-linear segment, the additional travel time should be restricted within a
reasonable threshold compared with the original bus service.

5. Maintaining route compactness. The adjusted bus route should not introduce exces-
sive detours merely to cover more candidate stations or reduce the passenger-time cost
of some OD pairs. A compact route is more consistent with practical bus operation
and helps prevent the adjusted bus line from becoming an inefficient detour service.

Based on the above principles, the bus line adjustment problem in this paper is not
formulated as an unrestricted shortest-path problem or a pure passenger-time minimiza-
tion problem. Instead, it is formulated as a constrained passenger-time-oriented route
adjustment problem, in which passenger travel cost is optimized under practical con-
straints related to overlapping bus-rail corridors, service continuity, additional travel time,
and route compactness.

3.2. Problem Statement

The interaction between rail transit and conventional bus lines can generally be classi-
fied into two types: cooperative relationship and competitive relationship. In a cooperative
relationship, conventional bus lines connect surrounding bus stations with nearby metro
stations, allowing passengers to complete their trips through bus-rail transfer. In this case,
conventional bus services function as feeder or complementary services to the rail transit
system. In contrast, a competitive relationship usually occurs when a conventional bus line
runs parallel to a rail transit line. In this case, the bus line and the rail line serve similar
origin—destination demands within the same corridor, which may reduce the load factor of
the conventional bus line and lead to inefficient use of public transport resources.

This paper focuses on the adjustment of one existing conventional bus line that has
a high degree of overlap with an urban rail transit line. The rail transit line is regarded
as fixed, while the conventional bus line can be partially adjusted. The original bus line
is divided into three parts: two non-co-linear segments, denoted as segments A and C,
and one co-linear segment, denoted as segment B. The two metro stations located at the
ends of segment B are regarded as transfer stations between the bus line and the rail
transit line. The adjustment is only performed on segment B, while segments A and C
remain unchanged. The overlapping bus-rail corridor and the three bus-route segments
considered in this study are illustrated in Figure 2.

LetI = {Zy,Z,,...,ZN} denote the set of feasible candidate bus stations around the
co-linear segment B. These candidate stations can be selected to reconstruct the adjusted
bus route. Let I’ denote the set of bus stations in the non-co-linear segments A and C.
The two metro stations located at the ends of the co-linear segment are denoted as Zyne and
Ziwo- The adjusted bus segment is represented by an ordered route

Rb = (Zone/ Zi1/Zi2/~- -/Zip/ tho)/ (1)
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where Z; ,Z;,, ..
The binary decision variable x, is used to indicate whether candidate station Z, is

., Zip € I are the selected candidate stations.
included in the adjusted route:

1, if candidate station Z, is included in Ry,
Xn = ()

0, otherwise.

Non-overlapping Overlapping bus—rail corridors Non-overlapping
bus segment A (segment B) bus segment C

| 1
I |
| I
| I
| |
| I
| 1
1
\Hj I [ [l | 1 |

| L] eI L 1Ll L) D\

% L\ 1\ 1\ e 1\ 1\ e\
™/ \ 9 a Y \ Y \ Y% \ \ Y
| |
| T
| I
| |
I l
= Rail transit line o Rail transit station

— Conventional bus line D Conventional bus stop of the original bus line

Figure 2. An example of an overlapping bus-rail corridor, including non-overlapping segments A
and C and overlapping segment B.

The purpose of the route adjustment is not simply to select the path with the minimum
passenger-time value among all possible connected paths. In practical bus route adjustment,
a route with a lower passenger-time value may require a longer detour or excessive station
coverage, which may increase operating distance and weaken the intended reduction
of bus—rail competition. Therefore, the final adjustment scheme should jointly consider
passenger travel cost, route compactness, overlap reduction, accessibility preservation,
and allowable travel-time increase.

Accordingly, the problem studied in this paper can be stated as follows. Given an
existing bus line, a fixed rail transit line, candidate stations around the co-linear segment,
passenger flow demand, road connectivity, and travel-time information, determine an
adjusted route R, for the co-linear segment such that the passenger-time cost is reduced
while the adjusted route satisfies practical constraints on road connectivity, route length,
bus-rail overlap, passenger accessibility, and additional travel time.

3.3. Model Formulation

The objective of the proposed model is to minimize the passenger-time cost under
practical route adjustment constraints. The passenger-time cost consists of two parts,
and for each origin station, the travel cost is determined according to whether the station
is retained in the adjusted route or served through an alternative post-adjustment travel
option. The first part is the travel cost between candidate stations in the co-linear segment
and bus stations in the non-co-linear segments. The second part is the travel cost between
candidate stations and the metro stations at the two ends of the co-linear segment.

Let Qy,m denote the potential passenger flow from candidate station Z, to station
Zm € I'. Let Quone and Qy two denote the potential passenger flows from candidate station
Z,, to metro stations Zone and Ziyo, respectively. Let t,, ,, (R ) denote the travel time from
Zy to Zy, after route adjustment, and let t4m denote the corresponding travel time before
route adjustment. Similarly, ¢, one (Rp) and t,, two (Rp) denote the travel times from Z,, to the
two metro stations after route adjustment, while Fione and £y, two denote the corresponding
travel times before route adjustment.
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For an unselected station Z;, the original bus service may no longer be available after
route adjustment. Therefore, let fn,m (Rp) denote the minimum feasible post-adjustment
travel time from Z, to Z;, through available alternatives, such as walking to a retained
bus stop, transferring to rail transit, or using other bus services. Similarly, ,; one(Rp)
and f,, two(Rp) denote the corresponding minimum feasible post-adjustment travel times
from Z, to the two terminal metro stations. The alternative travel time is calculated as
the minimum travel time among all feasible post-adjustment travel options. The main

parameters and variables used in the proposed model are summarized in Table 1.

Table 1. List of parameters and variables.

Symbol Description

I Set of feasible candidate bus stations around the co-linear segment B.

r Set of bus stations in the non-co-linear segments A and C.

Zn The n-th feasible candidate bus station.

Z A bus station in the non-co-linear segments A or C.

Zone, Ztwo Metro stations located at the two ends of the co-linear segment B.

Ry Adjusted bus route in the co-linear segment B.

Xn Binary decision variable; x,, = 1 if station Z,, is included in the adjusted
route, and x;,, = 0 otherwise.

Qnm Potential passenger flow from candidate station Z, to bus station Z,,.

Qnones Quiwo Potential passenger flows from candidate station Z, to metro stations
Zone and Ziwo.

tum(Rp) Travel time from candidate station Z, to bus station Z,, after adjustment.

Fom Original travel time from candidate station Z, to bus station Z,, before
adjustment.

f,0ne (Rp) Travel time from candidate station Z,, to metro station Zgne after
adjustment.

ntwo (Rp) Travel time from candidate station Z,, to metro station Z,, after
adjustment.

tn,one/ tn,two

Original travel times from candidate station Z,, to metro stations Zope
and Zy, before adjustment.

€ij Road connectivity indicator between stations Z; and Z;.

L(Ry) Length of the adjusted route in segment B.

O(Ry) Overlap degree between the adjusted bus route and the rail transit
corridor.

Lmax Maximum allowable length of the adjusted co-linear bus segment.

Omax Maximum allowable overlap degree between bus and rail transit.

Amax Maximum allowable increase in passenger travel time.

Amin Minimum required accessibility ratio after route adjustment.

The total passenger-time cost is formulated as

min C(Ry) = C1(Rp) + C2(Ry), 3)

Rb,x

where C; (R;) represents the passenger-time cost between candidate stations in the co-linear

segment and stations in the non-co-linear segments:

N
Ci1(Rp) = Z Z Qn,m [xntn,m(Rb) +(1- xn)fn,m(Rh)]- 4)

n=1mel
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The term C;(R;) represents the passenger-time cost between candidate stations and
the metro stations at the two ends of the co-linear segment:

N
) (Rb) = Z [xn (Qn,one fn,0ne (Rb) + Qutwoln,two (Rb) ) )
n=1

+ (1 - xn) (Qn,onefn,one(Rb) + Qn,twofn,two(Rb))} .

The above objective function evaluates the passenger-time cost associated with the
adjusted route. However, since route adjustment must satisfy practical operational require-
ments, the optimization is subject to the following constraints.

First, the adjusted route should be physically feasible in the road network. Lete;; =1
if stations Z; and Z; are directly connected by an available road segment, and ¢;; = 0
otherwise. For any two consecutive stations in R, the following connectivity constraint
should hold:
=1, Y=01,...,p (6)

Cigigs

where Z; = Zone and Zip 1 = Ztwo-

Second, to avoid generating an excessively long detour route, the length of the adjusted
co-linear segment should be controlled by a route compactness constraint:

L(Rp) < Lmax, 7)

where L(R;) denotes the length of the adjusted route in segment B, and Lmax is the max-
imum allowable route length. This constraint ensures that the model does not select an
over-extended route merely to reduce the passenger-time cost of some OD pairs.

Third, the adjusted route should reduce excessive overlapping bus-rail corridors with
rail transit. Let O(R) denote the overlap degree between the adjusted bus segment and
the rail transit corridor. The overlap degree can be measured by the overlapping length,
the number of overlapping stations, or the number of consecutive overlapping sections.
The overlap control constraint is given by

O(Rh) S Omax/ (8)

where Onay is the maximum allowable overlap degree. This constraint reflects the planning
requirement that the adjusted bus line should provide complementary service rather than
remain highly parallel to the rail transit line.

Fourth, route adjustment should not impose an excessive additional travel-time burden
on original bus passengers. For passengers traveling between stations in the non-co-linear
segments, the increased travel time after adjustment should satisfy

£~ < Amax, VijET, 9)
where t?jj and f; ; denote the adjusted and original travel times between stations i and j,
respectively, and Amax is the maximum allowable increase in travel time. In this study, Amax
represents the passenger tolerance threshold for additional travel time caused by route
adjustment. A smaller Apax imposes a stricter requirement on service continuity, while a
larger value allows more flexible route modification.

Fifth, the adjusted route should preserve the basic accessibility of original bus passen-
gers. Since only the co-linear segment is adjusted, the accessibility evaluation focuses on
OD pairs between candidate stations and stations in the non-co-linear segments, which

are directly affected by the adjustment of the co-linear bus segment. Accessibility to
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metro stations is incorporated through the passenger-time cost term C,(R},) rather than the
accessibility constraint.

Let Py, m(Rp) denote the set of feasible post-adjustment travel paths between Z, and
Zpy. In this study, a post-adjustment travel path is considered feasible if the corresponding
OD pair can still be served by at least one available travel alternative after route adjustment.
Specifically, the feasible alternatives include: (i) direct service by the adjusted bus route,
(ii) bus-rail transfer through one of the terminal transfer stations, and (iii) walking to a
nearby retained bus stop followed by bus or bus-rail travel. The walking and transfer costs
associated with these alternatives are included in the corresponding post-adjustment travel
time. If none of these alternatives is available, the corresponding OD pair is regarded as
inaccessible after route adjustment. The accessibility indicator is defined as

a (Rb) _ 11 Pn,m(Rb) 7é ®/ (10)
o 0, Pum(Ry) = .

Accordingly, the passenger-flow-weighted accessibility ratio is defined as

_ EnN:1 Zme]’ Qn,man,m(Rb)

A(Ry) : (11)
Zy:l Lmer Qum
The accessibility preservation constraint is formulated as
A(Rb) > Amin- (12)

Here, Amin is a user-specified parameter representing the minimum service accessibility
requirement determined by transit planners according to practical planning objectives.
In particular, Amin = 1 corresponds to the strictest setting, requiring all OD pairs considered
in the accessibility evaluation to remain reachable after route adjustment. This constraint
prevents the adjusted route from sacrificing the service continuity of a large number of
original bus passengers.

Finally, the station-selection decision variable is binary:

x, €{0,1}, VZ, €l (13)

For compact presentation, let A(R;) denote the passenger-flow-weighted accessibil-
ity ratio defined in Equation (11). Therefore, the proposed model can be summarized

as follows:
min  C(Ry) = C1(Ry) + C2(Ry)

Rb,X
s.t. Ciyip,q = 1, v¢=0,1,.. P
L(Rb) < Lmax;
O(Rp) < Omax, (14)

d 5 ..
ti]] - i,j S Amax/ vz/] E I//
A(Rb) > Amin/

x, €{0,1}, VZ, €l

.

Under this formulation, the selected route is the route that minimizes passenger-
time cost within the feasible region defined by road connectivity, route compactness,
overlap control, accessibility preservation, and travel-time increase constraints. Therefore,
the selected route is not necessarily the path with the lowest passenger-time value among
all unrestricted candidate paths. This formulation is more consistent with practical bus
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route adjustment, where operational feasibility and service continuity are as important as
passenger-time reduction.

3.4. Bus Line Generation Algorithm

To avoid full enumeration of all possible station permutations, the proposed algo-
rithm adopts a greedy station-generation strategy. Instead of enumerating all feasible
paths, it incrementally adds the candidate station that yields the largest reduction in the
passenger-time objective while satisfying the practical route adjustment constraints. There-
fore, the algorithm is intended to provide a computationally tractable route adjustment
scheme for corridor-level planning scenarios with a moderate number of candidate stations.
The emphasis of this study is on the optimization model and its practical route adjustment
constraints, while the greedy algorithm is adopted as an efficient solution procedure for
solving the resulting optimization problem.

Starting from the two transfer stations at the ends of the co-linear segment, the al-
gorithm iteratively evaluates candidate stations that have not yet been selected. In each
iteration, a candidate station is temporarily added to the current selected station set, and a
candidate route is generated according to road connectivity and station ordering rules.
The passenger-time cost of the resulting route is then calculated. The candidate route is
accepted only if it satisfies the connectivity, route compactness, overlap control, accessibil-
ity, and travel-time increase constraints. Among all feasible candidate routes, the station
that leads to the largest reduction in the objective value is selected. The iteration termi-
nates when no remaining candidate station can further improve the objective value under
the constraints.

Algorithm 1 summarizes the proposed bus line generation algorithm.

In the algorithm, each candidate route is evaluated by the passenger-time objective
function and filtered by the practical route adjustment constraints. Therefore, the gen-
erated route is a compact and feasible adjustment scheme rather than an unrestricted
minimum-time path. This design is consistent with the purpose of bus route adjustment
in overlapping bus-rail corridors: reducing redundant competition with rail transit while
maintaining acceptable service continuity for original bus passengers. It should be noted
that the proposed algorithm is a greedy constructive heuristic rather than a full path-
enumeration method. At each iteration, only one candidate station is added to the current
route, and infeasible candidate routes are discarded immediately according to the connec-
tivity, route length, overlap, accessibility, and travel-time constraints. This design reduces
the search burden compared with exhaustive enumeration.

The computational complexity of the proposed greedy algorithm mainly depends
on the number of candidate stations and the cost of evaluating each candidate route.
In each iteration, at most N candidate stations are examined, and the algorithm runs for
at most N iterations. Therefore, the number of candidate evaluations is O(N?). Since
each evaluation involves the calculation of the passenger-time cost and the verification of
multiple practical constraints, the overall complexity can be written as O(N2H), where H
denotes the computational cost of evaluating a candidate route.

Compared with exhaustive enumeration, whose search space grows combinatorially
with the number of candidate stations due to different station combinations and route
orders, the proposed greedy algorithm provides a more tractable way to obtain a feasible
route adjustment scheme. Nevertheless, the proposed algorithm is mainly suitable for
corridor-level bus route adjustment with a limited number of candidate stations. For larger-
scale network redesign problems, more scalable optimization methods with pruning,
bounding, or metaheuristic search strategies, such as genetic algorithms or simulated
annealing, should be further investigated.
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Algorithm 1 Bus Line Generation Algorithm

Require: Candidate station set I = {Z1,7Z,,...,Zy}; station set I’ in the non-co-linear
segments; terminal metro stations Zone and Zgyo; road connectivity €i; distance l,»,j
between stations; passenger flows Qy m, Qn,one, and Qy two; original travel times fy, ,
F1one, and F two; thresholds Lmax, Omax, Amax, and Amin.

Ensure: Adjusted bus route R;, for the co-linear segment.

1: Initialize the selected station set | = @.

2: Initialize the route R, = (Zone, Ztwo) and calculate its objective value fy = C(Ry).

3: Setl = 0.

4: while! < N do

5. Setf* = fiand Z* = @.

6: for each candidate station Z, € I\ | do

7: Generate a candidate selected station set J? = JU {Z,}.

8 Construct a candidate route Ry based on ], road connectivity, and station ordering

rules.
9: Check the road connectivity of Rj.

10: Compute the route length L(Rj), overlap degree O(Rj), accessibility ratio,
and travel-time increases.

11: if R satisfies all constraints then

12: Calculate the passenger-time cost f; = C(R}).

13: if f; < f* then

14: Set f* = f,and Z* = Z,.

15: end if

16: end if

17 end for
18:  if Z* # @ then

19: Add station Z* into J.

20: Update R, according to the selected station set J.
21: Set fiy1=f"andl =1+1.

22:  else

23: Terminate the iteration.

24:  end if

25: end while
26: return adjusted bus route Ry,

The proposed greedy algorithm is intended as an efficient solution procedure for the
proposed optimization model rather than a new general-purpose optimization algorithm.
Its primary objective is to generate feasible route adjustment schemes that satisfy multiple
practical planning constraints with low computational complexity. Although metaheuristic
methods, such as genetic algorithms and simulated annealing, may provide alternative
solution strategies for the same optimization model, a comprehensive comparison among
different optimization algorithms is beyond the scope of the present study and will be
considered in future work.

4. Numerical Experiments
4.1. Simulation Experiment

To evaluate the proposed bus line adjustment model, we first conduct a simulation
experiment on a simplified co-linear transit corridor. In this example, metro stations A and
C are located at the two ends of the co-linear segment. Along the rail transit corridor, nine
surrounding conventional bus stations are considered and numbered from 1 to 9. In this
simplified simulation, the passenger demand considered in the optimization consists of
OD flows between the nine candidate bus stations and the two terminal stations A and C.

The distance and passenger-flow inputs are reported in Table 2 and Table 3, respec-
tively, with the complete matrices provided in Supplementary Tables S1 and S2. The
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existing-route travel times are reported in Table 4, while the complete travel-time inputs
used to generate and evaluate candidate routes are provided in Supplementary Table S3.
The original bus service is represented by the existing station sequence from Zyne to Ziwo
before route adjustment, and the adjusted route is generated by replacing the co-linear
segment while keeping the two terminal metro stations fixed. The travel times of buses
in the uplink and downlink directions are assumed to be the same for each road segment.
In the simulation, we adopt a conservative service-continuity setting with Apnax = 5 min
and Apin = 1. This means that the adjusted route should not increase the travel time of
affected OD pairs by more than 5 min, and all OD pairs considered in the accessibility
evaluation should remain reachable after route adjustment. Since accessibility is enforced as
a hard feasibility constraint in the route-generation process, each reported feasible scheme
must satisfy A(Rp) > Amin. Under the conservative setting Apin = 1, the selected adjust-
ment scheme achieves A(R;) = 1, indicating that 100% of the OD pairs considered in the
accessibility evaluation remain reachable after route adjustment.

To make the simulation setting more realistic, two stations are regarded as directly
connected only when their distance is no less than 400 m and no greater than 1800 m. Oth-
erwise, the two stations are considered unreachable. The distance data between connected
stations are shown in Table 2. Blank entries in Table 2 indicate that no direct connection
is allowed between the corresponding stations under the above connectivity rule, rather
than missing distance data. The complete distance matrix used in the simulation is also
provided in Supplementary Table S1. Given an average bus speed of 20 km/h, the travel
time between stations can be calculated accordingly. The passenger flows between bus
stations and metro stations are presented in Table 3, and the passenger travel times under
the existing bus line are shown in Table 4. For this simplified simulation, Table 3 represents
the complete OD passenger-flow matrix used in the experiment, and Table 4 represents the
complete existing travel-time matrix between the two terminal stations and the nine candi-
date stations. The travel times reported in Table 4 describe the travel times from the two
terminal metro stations to each candidate station under the existing bus line. For adjusted
candidate routes, travel times are calculated according to the connected road segments in
Table 2 and the assumed average bus speed.

Table 2. Distance between connected stations (meter).

Stations 1 2 3 4 5 6 7 8 9 A C
1 510 1740 535
2 400 650 1700 800
3 510 980 680 1500
4 400 800
5 980 1320
6 650 1000 1800
7 1740 1700 680 1320 740
8 1000 740 960
9 1800 960

Table 3. Passenger flow between bus stations and metro stations.

1 2 3 4 5 6 7 8

Metro station A~ 47 10 23 8 10 13 19 38
Metro station C 32 40 31 20 2 36 40 21 15
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Table 4. Passenger travel time under the existing bus line (minute).
1 2 3 4 5 6 7 8 9
Metro station A 5 38 7.5 7 11 15 14 11 12
Metro station C 42 6 29 4.5 21 10.5 23 19 7

Based on the proposed bus line generation algorithm, the selected adjustment scheme
is obtained as the path 1-3-7-2, with a passenger-time cost of 3224.99 min and a route length
of 3715 m. The selected route and the shortest-path benchmark are illustrated in Figure 3.
To further analyze the generated solution, we compare it with the route adjustment schemes
obtained by exhaustive enumeration under the same candidate station set. The 29 candidate
schemes in Table 5 are generated by enumerating feasible station sequences under the
same connectivity, route length, accessibility, and travel-time constraints, rather than being
manually selected. The complete list of candidate schemes used in the simulation, together
with their passenger-time costs, route lengths, and passenger-flow coverage, is provided
in Supplementary Table S4 to support independent verification of the reported numerical
results. Since different schemes may retain different bus stops and cover different passenger
flows, the total passenger-time values should be interpreted together with the passenger-
flow coverage shown in Table 5, rather than as normalized performance measures. In
addition, all candidate schemes reported in Table 5 satisfy the accessibility constraint;
therefore, accessibility is used as a feasibility condition rather than as an independent
ranking indicator in the comparison. The comparison results are shown in Table 5.

The path of our model solved
— The shortest path

(O8]
O

Metro -
Station A

Metro
station C

Figure 3. Selected route adjustment result in the simulation experiment. Numbers 1-9 denote the
candidate bus stations; the solid line denotes the route selected by the proposed model, and the
dashed line denotes the shortest path.

As shown in Table 5, different candidate schemes show different trade-offs among
passenger-time cost, route length, and passenger-flow coverage. Scheme 1 and Scheme 2
obtain smaller passenger-time values than Scheme 3. However, they require longer adjusted
routes, with route lengths of 4405 m and 4805 m, respectively, and involve a wider range of
station coverage. These results indicate that a lower passenger-time value can be achieved
by extending the adjusted route and covering more candidate stations, but this may also
introduce additional detours and weaken the compactness of the adjusted bus segment.

Under the proposed constrained passenger-time-oriented model, the final route is
selected not only according to the passenger-time indicator, but also according to practical
route adjustment requirements, including route compactness, accessibility preservation,
and reduction of redundant bus-rail overlap. Therefore, Scheme 3 is selected as the
effective adjustment scheme because it provides a balanced solution with a relatively low
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passenger-time cost and a shorter route length of 3715 m. This result is consistent with
the objective of this study, which is to obtain a compact and service-continuity-preserving
adjustment scheme rather than simply extending the bus route to minimize a single travel-
time indicator.

Table 5. Comparison of candidate route adjustment schemes.

Scheme Path T(ﬁlnzltl:)e Length (Meter) Passenger Flow
Scheme 1 1-3-7-8-6-2 2796.95 4405 350
Scheme 2 1-3-7-8-6-2-4 3047.71 4805 378
Scheme 3 1-3-7-2 3224.99 3715 242
Scheme 4 1-3-7-2-4 3390.70 4115 270
Scheme 5 1-3-5-7-8-6-2 3428.53 6535 362
Scheme 6 1-3-7-8-9-6-2 3610.14 6675 368
Scheme 7 1-7-8-6-2 3620.99 5465 296
Scheme 8  1-3-5-7-8-6-2-4 3720.60 6935 390
Scheme 9 1-3-5-7-2-4 3811.34 6245 282

Scheme 10 1-7-8-6-2-4 3847.72 5865 296
Scheme 11~ 1-3-7-8-9-6-2-4 3921.20 7075 368
Scheme 12 3-7-8-6-2 4020.28 5370 271
Scheme 13 1-7-2 4029.02 4775 188
Scheme 14 1-7-2-4 4170.71 5175 216
Scheme 15 3-7-8-6-2-4 4243.53 5770 299
Scheme 16 1-3-5-7-8-9-6-2 4266.88 8275 380
Scheme 17 1-7-8-9-6-2 4275.29 7205 314
Scheme 18 3-7-2 444493 4680 163
Scheme 19 3-5-7-8-6-2 4509.84 6990 283
Scheme 20 1-7-8-9-6-2-4 4562.32 7605 342
Scheme 21 3-7-2-4 4583.14 5080 191
Scheme 22 1-3-5-7-8-9-6-2-4 4619.26 8675 408
Scheme 23 3-7-8-9-6-2 4668.44 7130 289
Scheme 24 3-5-7-2 4682.24 6300 175
Scheme 25  3-5-7-8-6-2-4 4774.41 7390 311
Scheme 26 3-5-7-2-4 4861.77 6700 203
Scheme 27  3-7-8-9-6-2-4 4951.99 7430 317
Scheme 28  3-5-7-8-9-6-2 5183.16 8750 301
Scheme 29  3-5-7-8-9-6-2-4 5508.03 9150 329

The comparison further shows that a longer adjusted bus route does not necessarily
lead to better overall performance. For example, Scheme 22 and Scheme 29 cover more
stations and passenger flows, but their total travel times increase to 4619.26 min and
5508.03 min, respectively. This is mainly because excessive station inclusion increases
detour distance and weakens the benefit of reducing bus-rail competition. In contrast,
Scheme 3 avoids unnecessary extension of the co-linear bus segment and retains key
stations that contribute to passenger accessibility and route compactness.

Compared with the original bus service without adjustment, the selected scheme re-
duces the total passenger travel time by 48.69% for the passenger demand considered in the
model. Specifically, the passenger-time cost of the original bus route is Corj = 6285.50 min,
while the passenger-time cost of the selected adjustment scheme is Cge) = 3224.99 min.
Therefore, the reduction ratio is calculated as

Cori — Csel 6285.50 — 3224.99

100% — 100% — 48.69%. 15
Con 628550 % (15)
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The corresponding calculation is also provided in Supplementary Table S5. This reduction
is calculated with respect to the original bus route using the total passenger-time cost
defined in Equation (3), and should be interpreted as the improvement for the passenger
demand represented in the optimization model rather than as a system-wide reduction for
all passengers affected by the route adjustment. For passengers originating from stations
not retained in the adjusted route, the post-adjustment travel costs are evaluated using
the alternative travel-time terms introduced in Equations (4) and (5), which represent
feasible travel alternatives, such as walking to a retained bus stop, transferring to rail
transit, or using other bus services. This result demonstrates that the proposed constrained
passenger-time-oriented model can improve travel efficiency in a co-linear bus—rail corridor
while avoiding excessive route extension. More importantly, the selected scheme does not
simply shorten or extend the bus route, but reconstructs the co-linear segment according to
passenger demand, transfer accessibility, and route compactness. Therefore, the proposed
method can reduce redundant competition with rail transit while maintaining necessary
bus service for passengers who still rely on conventional bus routes.

4.2. Real-World Case Study

To further evaluate the applicability of the proposed model, we select Xiamen Bus
Line 27 as a real-world case. The total length of Bus Line 27 is 19.7 km, and its co-linear
length with Xiamen Metro Line 1 is 9.1 km, accounting for approximately 46% of the whole
bus route. Such a high overlap ratio indicates that Bus Line 27 has a strong competitive
relationship with the rail transit line. The case-study data include the station sequence
of Xiamen Bus Line 27, the spatial relationship between Bus Line 27 and Xiamen Metro
Line 1, passenger travel-time records before adjustment, and estimated post-adjustment
travel-time changes derived from feasible travel alternatives. These data are used to identify
the overlapping segment, determine the two terminal transfer stations, and evaluate the
passenger travel-time impact of the adjusted route. Specifically, the case-study evaluation
is based on aggregated passenger travel-time records, bus route information, and bus-rail
spatial connectivity information. These data are used to examine whether the proposed
framework can generate a practically feasible route adjustment scheme under real bus-rail
corridor conditions, rather than to conduct a post-implementation behavioral validation
based on long-term observed passenger responses.

In this case, Diangian Station and Hubin East Road Station are selected as the two
transfer stations. Accordingly, Bus Line 27 is divided into three segments: non-co-linear
segment A, from Xiangyuwujinjidiancheng Station to Malong Station; co-linear segment B,
from Malonghuojuyuan Station to Hudong Station; and non-co-linear segment C, from Lian-
banbei Station to Wucun Station. The proposed model is applied to adjust the route of
segment B while preserving the accessibility of the original bus passengers.

According to the proposed constrained passenger-time-oriented model, the se-
lected co-linear segment is adjusted as Nanhugongyuandongmen — Rencaizhongxin
— Huligongyuandongmen — Xinhuahuayuan — Yuehualukou — Diangian. The adjusted
route reduces the overlap with Metro Line 1 and guides the conventional bus service to
play a more complementary role in the integrated public transport system. After route
adjustment, the overlapping segment between Bus Line 27 and Metro Line 1 is reduced
to 1.4 km, corresponding to an 84.6% reduction compared with the original overlapping
length of 9.1 km. For the passenger demand considered in the case study, the adjusted
route also reduces the total passenger travel time by 8.73%. These quantitative results are
reported as case-study performance indicators for the specific Xiamen application scenario.
They describe the outcome of the generated adjustment scheme in terms of overlap re-
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duction and passenger-time cost, but should not be interpreted as statistical validation or
post-implementation behavioral validation of the proposed method.

To analyze the impact of route adjustment on passenger travel time, we further
consider the uncertainty of actual bus operation. In practice, the travel time of the same
OD pair is affected by road congestion, emergencies, departure delays, and peak-hour
traffic conditions. Therefore, directly comparing the average travel time before and after
adjustment may not accurately reflect the real influence on passengers. To address this
issue, a density-based clustering method is adopted to classify the travel-time records of the
same OD pair. If the travel time after adjustment falls into the same cluster as the original
travel-time distribution, the passenger travel time is regarded as not significantly affected.
In addition, passengers are also regarded as unaffected if they still have other direct travel
alternatives after adjustment. Therefore, the case-study evaluation focuses on whether
the adjusted route can reduce bus-rail overlap while keeping the travel-time increase of
affected passengers within an acceptable range. This evaluation is based on passenger
travel-time changes and the availability of direct travel alternatives after route adjustment.
For the accessibility evaluation in the real-world case study, an affected OD pair is regarded
as accessible if passengers can still complete the trip through the adjusted bus route, a direct
alternative bus service, or a bus—rail transfer path after route adjustment. The case-study
evaluation therefore checks not only the change in passenger travel time, but also whether
feasible post-adjustment travel alternatives remain available for affected passengers.

However, the current real-world case study does not provide a full OD-level numerical
accessibility validation. The available Xiamen case-study data support an accessibility-
preservation check based on feasible post-adjustment travel alternatives, but the complete
OD-level passenger records and detailed alternative-path statistics cannot be publicly
released due to passenger privacy and operational restrictions. Therefore, we do not report
the exact accessibility ratio, the percentage of passengers remaining accessible, the number
of inaccessible OD pairs, or a complete before-and-after accessibility matrix for the real-
world case. The accessibility assessment in the Xiamen case should be interpreted as an
aggregated accessibility-preservation check for the specific application scenario, rather than
as a fully reproducible quantitative accessibility validation.

The real-world results indicate that the proposed adjustment scheme can help control
the negative impact on existing passengers. Overall, the increased travel time is mainly
concentrated within 5 min, involving 37,045 passengers and accounting for 13.74% of
the total passenger volume. This indicates that only a limited proportion of passengers
experience a slight increase in travel time after route adjustment. For passengers whose
travel time increases by 5 to 10 min, the main reason is that some OD pairs require an
additional transfer after the bus route is adjusted. However, this increase is acceptable from
the perspective of system-level coordination, because the adjusted route reduces redundant
bus-rail competition and improves the functional division between conventional bus and
rail transit.

Meanwhile, the route adjustment also brings travel-time savings for some passengers.
After adjustment, some passengers who previously needed a “walking + transfer” mode can
directly reach the connecting station by bus. The reduction in walking distance and transfer
inconvenience improves the accessibility of these passengers. This result indicates that the
proposed model does not merely reduce the overlap between bus and rail services, but also
reorganizes the bus route according to passenger travel demand and transfer convenience.

It should be noted that the Xiamen case study is intended to illustrate the prac-
tical applicability of the proposed framework rather than to serve as a rigorous post-
implementation validation. The reported overlap reduction, passenger-time reduction,
and accessibility-preservation check are performance indicators of this specific case-study
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application, rather than statistical validation or behavioral validation of the proposed
method. The case study evaluates whether the proposed model can generate a feasible
route adjustment scheme under real bus-rail corridor conditions, but it does not include
sensitivity analysis, statistical validation over multiple cases, or behavioral validation
based on observed passenger responses after actual implementation. These aspects require
additional operational data, repeated scenarios, and long-term field observations, and are
therefore beyond the scope of the present study.

In summary, the simulation experiment demonstrates the methodological applicability
of the proposed model, while the real-world case study illustrates its practical applicability
in an actual bus-rail corridor. The simulation results show that the proposed algorithm
can generate a compact and feasible adjustment scheme under practical route adjustment
constraints, while reducing passenger travel cost compared with the original bus service.
The comparison among candidate schemes further indicates that passenger-time cost, route
length, and passenger-flow coverage should be jointly considered in bus route adjustment
in overlapping bus-rail corridors. The real-world case further suggests that the proposed
method can reduce redundant overlap between conventional bus and rail transit, control
the adverse impact on existing passengers, and improve the overall coordination efficiency
of the integrated public transport system.

5. Discussion

The numerical and real-world results indicate that the proposed constrained passenger-
time-oriented model can reduce redundant bus-rail overlap while maintaining basic service
continuity for affected passengers. Different from unrestricted shortest-path adjustment,
the proposed method jointly considers passenger-time cost, route compactness, overlap con-
trol, accessibility preservation, and allowable travel-time increase, thereby better reflecting
practical bus route adjustment requirements.

The proposed bus line generation algorithm is designed for corridor-level route ad-
justment, where the number of candidate stations is usually moderate. The greedy con-
structive strategy avoids full enumeration of all possible station permutations and provides
a tractable feasible solution. However, for larger-scale bus network redesign problems
involving many candidate stations or multiple overlapping bus lines, the search space may
increase substantially. In such cases, pruning strategies, bounding techniques, or meta-
heuristic methods such as genetic algorithms and simulated annealing may be required to
improve scalability.

This study also has several limitations. First, the current model focuses on the adjust-
ment of a single bus line overlapping with a fixed rail transit corridor. Second, passenger
demand is treated as deterministic based on available passenger-flow records. Third, sev-
eral planning parameters, such as the maximum overlap, route length limit, allowable
travel-time increase, and accessibility threshold, are specified according to practical route
planning requirements and operational considerations. Although representative parameter
settings are adopted in this study, a systematic sensitivity analysis would provide further
insights into the robustness of the proposed model. Future work will extend the model to
multi-line adjustment scenarios and incorporate stochastic passenger demand, comprehen-
sive sensitivity analyses of planning parameters, and more scalable solution algorithms.
Due to privacy and operational restrictions, the complete passenger travel records and
detailed OD-level data of Xiamen Bus Line 27 cannot be publicly released. Therefore,
the real-world case study is intended to illustrate the practical applicability of the proposed
framework rather than to provide a fully reproducible benchmark dataset. Accordingly,
full OD-level accessibility indicators for the real-world case, including the accessibility ratio,
the percentage of passengers remaining accessible, the number of inaccessible OD pairs,
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and the before-and-after accessibility comparison, are not reported in the current study.
These indicators require complete OD-level passenger records and detailed post-adjustment
alternative-path statistics, and should be further examined in future studies when such data
are available. Another limitation concerns the validation scope of the real-world case study.
Although the Xiamen case study illustrates the applicability of the proposed framework to
a real bus-rail corridor, it should be interpreted as an illustrative application rather than a
rigorous post-implementation validation. In particular, the overlap reduction, passenger-
time reduction, and accessibility-preservation results reported for the Xiamen case should
be regarded as performance indicators of the specific case-study application, not as rigorous
statistical validation of the proposed method. A more comprehensive validation would
require sensitivity analysis under different planning parameters, statistical testing over
multiple real-world corridors or repeated operational scenarios, full OD-level accessibility
indicators, and passenger behavior data collected after actual route implementation. These
requirements involve additional long-term operational data and field observations, which
are beyond the scope of the present study and will be investigated in future work. Future
work will also investigate alternative optimization algorithms, including metaheuristic and
exact optimization methods, to further evaluate the solution quality and computational
efficiency of different approaches.

6. Conclusions

This paper investigated the overlapping bus-rail corridors problem between conven-
tional bus lines and rail transit in integrated public transportation systems. To address this
issue, a constrained passenger-time-oriented optimization model was developed to adjust
existing bus routes by jointly considering passenger travel demand, route compactness,
overlap control, accessibility preservation, and allowable travel-time increase. A bus line
generation algorithm was further proposed to obtain compact and feasible route adjustment
schemes. The methodological applicability of the proposed method was evaluated through
simulation experiments, and its practical applicability was illustrated through a real-world
case study of Xiamen Bus Line 27. The results indicate that the proposed approach can
reduce redundant competition between conventional bus and rail transit while maintaining
acceptable service accessibility for existing passengers. In particular, the selected scheme
reduced passenger travel cost compared with the original bus service and improved the
coordination efficiency of the integrated public transportation system.

Future work will extend the proposed framework to multi-line adjustment scenarios
with stochastic passenger demand and more comprehensive operational constraints.
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