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Abstract

In urban public transport networks, subway and
bus systems complement each other and together
form a coupled system that serves passenger travel.
However, a disturbance in either subsystem can
propagate through coupling nodes across the entire
network, thereby reducing overall operational
efficiency. Most existing studies focus only on
the reliability of a single mode, and few have
analyzed the overall reliability of the system while
considering the coupling relationship between
the two. To address this gap, this paper proposes
a probabilistic evaluation model to assess the
reliability of the subway and bus coupling system.
System reliability is defined as the probability
that the network can meet all passenger demand
given uncertain demand and limited road and
rail capacity. The model accounts for passengers’
travel behavior of “prioritizing the subway” and,
by sequentially computing the load on each road
section, the subway’s share, and the remaining bus
load, determines whether the system is reliable
under a given demand combination. This provides
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an effective quantitative tool for the planning and
optimization of integrated urban transportation
systems.
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1 Introduction

Urban public transportation is essential to the
functioning of modern cities. It supports economic
activity, enables everyday mobility, and promotes
sustainable development [1, 16]. Among available
modes, the subway and the bus are the two most
widely used systems. Subways offer large capacity,
high speed, and reliable travel times, while buses
provide low cost, broad coverage, and flexible service
that distributes flows, links regions, and serves the last
mile [3, 4, 6,9].

In practice these systems are coupled rather than
independent [8, 12, 17, 21]. For example, during the
morning peak many passengers prefer the subway
for trunk travel while feeder buses deliver riders to
stations. A delay on a key subway line can quickly
crowd transfer stops, slow bus boarding, and spill
congestion back to upstream routes. Conversely, a
bus corridor bottleneck near a transfer hub can restrict
access to stations, suppress subway boardings, and
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shift loads to parallel lines. Such interactions travel
through coupling nodes and reshape demand and
capacity across the network. A real-world example
clearly illustrates these interactions. During the
morning peak on May 30, 2024, a signaling fault
on Beijing Subway Line 13 caused train delays and
long queues at transfer hubs such as Lishuigiao and
Wangjing. Many passengers switched to parallel
bus routes, which quickly became congested due to
limited road capacity, further exacerbating the overall
delays. This case highlights how disturbances in one
subsystem can propagate through coupling nodes and
degrade the performance of the entire multimodal
network. Much prior research evaluates reliability
mode by mode, implicitly assuming independence
between subway and bus [5, 13, 22, 23]. See literature
review part for a summary. This overlooks demand
shifting at transfer nodes and the conversion between
road and rail capacity. As a result, single mode
metrics can misestimate network reliability, miss
cascade effects from local disturbances, and lead to
suboptimal planning decisions on capacity, scheduling,
and redundancy.

To address this gap, we develop a probabilistic
evaluation model for the coupled subway and bus
system. We define system reliability as the probability
that the network can serve all trips under uncertain
demand and limited capacities on both road and
rail. The model reflects subway first travel behavior,
computes section loads sequentially, allocates the
subway share, and assigns the remaining load to buses
under coupling constraints. A numerical example
illustrates the full workflow from demand generation
to final reliability and examines the influence of key
parameters. The results show when single mode
assessments overstate or understate real performance
and provide guidance for capacity allocation, stage
based planning, and resilience improvement.

2 Literature Review

Research on subway reliability has focused on
headway regularity, on time performance, timetable
stability, redundancy, and the effects of signaling and
disruptions on section operations. Typical indicators
are derived from schedules and realized headways,
and modeling approaches examine how design
choices and control strategies stabilize operations and
maintain capacity under perturbations [14, 17, 19].

Bus reliability studies are more passenger centered.
They emphasize waiting time, schedule adherence,
on time arrival, stop congestion, and perceived
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service variability. Recent work incorporates capacity
constraints and demand uncertainty to capture the
imbalance between supply and demand during peak
periods. It also evaluates reliability under stochastic
operations and limited road space [8, 16]. Recent
work incorporates capacity constraints and demand
uncertainty to capture peak period supply and
demand imbalance and to evaluate reliability under
stochastic operations and limited road space [8, 16, 18].

With the rising complexity of urban networks, scholars
have begun to study multimodal reliability that
includes subway, bus, and other modes such as taxi
and shared mobility [11, 15]. Many contributions
use network topology based frameworks to measure
the effect of node failures or capacity reductions on
overall efficiency [7, 12, 20, 24]. However, most
models still treat subsystems as independent and
do not fully represent dynamic passenger transfer
and the conversion between road and rail capacity
at coupling nodes [2, 16, 19]. Work specifically on
the coupled subway and bus system is emerging,
including analyses of network structure, vulnerability,
and reliability under route choice or travel behavior
assumptions. However, these studies are often static
and do not jointly consider capacity limits, demand
uncertainty, and behavioral preferences [10, 13, 17, 23,
24]. Against this background, our contribution is a
tractable probabilistic model that explicitly couples
subway first behavior with section level capacity
constraints to evaluate the probability of meeting
all trips. This framework quantifies cascade effects,
identifies bottlenecks, and supports planning and
optimization for integrated urban transportation under
uncertainty.

The rest of this paper is organized as follows. Section 3
describes the system and model the reliability, Section
4 verifies the model through a numerical study, and
Section 5 concludes and proposes future work.

3 System Description

We consider a coupled network with one subway
line and one bus line, where a subset of stations is
co-located and function as transfer nodes. Passengers
are assumed to prioritize the subway because it
operates on dedicated tracks with higher frequency,
larger capacity, and lower travel time variability than
buses. In many cities, buses are designed as feeders
with integrated ticketing and coordinated transfers,
making rail the fastest and most reliable choice for
the main trip segment, especially during peak periods.
For simplicity, we focus on interactions that occur at
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Table 1. Combinations.

f\”f’je (7[’%37:91?%3: Ef Probability G1 G2 G3 G4 G5 G6 G7 G8 G9 GI0
1 (4,4,4,44) 0.3° 4 4 4 4 4 4 4 4 4 4
2 (4,4,4/4,6) 03*x07 4 4 4 4 4 4 4 4 6 6
3 (4,4,4,6,4) 0.3%x0.7 4 4 4 4 4 4 6 6 4 4
4 (4,4,4,6,6) 03°<072 4 4 4 4 4 4 6 6 6 6
5 (4,4,6,4,4) 0.3%x0.7 4 4 4 4 6 6 4 4 4 4
6 (4,4,6,4,6) 03x0.72 4 4 4 4 6 6 4 4 6 6
7 (4,4,6,6,4) 03072 4 4 4 4 6 6 6 6 4 4
8 (4,4,6,6,6) 032x0.72 4 4 4 4 6 6 6 6 6 6
9 (4,6,4,4,4) 0.3%x0.7 4 4 6 6 4 4 4 4 4 4
10 (4,6,4,4,6) 033072 4 4 6 6 4 4 4 4 6 6
11 (4,6,4,6,4) 03%x072 4 4 6 6 4 4 6 6 4 4
12 (4,6,4,6,6) 03°x0.7* 4 4 6 6 4 4 6 6 6 6
13 (4,6,6,4,4) 03x0.72 4 4 6 6 6 6 4 4 4 4
14 (4,6,6,4,6) 03°x0.7* 4 4 6 6 6 6 4 4 6 6
15 (4,6,6,6,4) 032x0.72 4 4 6 6 6 6 6 6 4 4
16 (4,6,6,6,6) 0.3x0.74 4 4 6 6 6 6 6 6 6 6
17 (6,44,4,4) 0.3%x0.7 6 6 4 4 4 4 4 4 4 4
18 (6,4,4,4,6) 03x0.72 6 6 4 4 4 4 4 4 6 6
19 (6,44,6,4) 03x0.72 6 6 4 4 4 4 6 6 4 4
20 (6,4,4,6,6) 032x0.72 6 6 4 4 4 4 6 6 6 6
21 (6,4,6,4,4) 03’072 6 6 4 4 6 6 4 4 4 4
22 (6,4,6,4,6) 03x0.72 6 6 4 4 6 6 4 4 6 6
23 (6,4,6,6,4) 0307 6 6 4 4 6 6 6 6 4 4
24 (6,4,6,6,6) 0.3x0.74 6 6 4 4 6 6 6 6 6 6
25 (6,6,4,4,4) 03°x072 6 6 6 6 4 4 4 4 4 4
26 (6,6,4,4,6) 03?x07* 6 6 6 6 4 4 4 4 6 6
27 (6,6,4,6,4) 032x0.72 6 6 6 6 4 4 6 6 4 4
28 (6,6,4,6,6) 03x0.74 6 6 6 6 4 4 6 6 6 6
29 (6,6,6,4,4) 03x0.72 6 6 6 6 6 6 4 4 4 4
30 (6,6,6,4,6) 03x0.74 6 6 6 6 6 6 4 4 6 6
31 (6,6,6,6,4) 03x0.7* 6 6 6 6 6 6 6 6 4 4
32 (6,6,6,6,6) 0.7 6 6 6 6 6 6 6 6 6 6

transfer nodes. Let IV denotes the total number of bus
stations, denoted as By, By, ..., By. Among these, M
stations are located adjacent to subway stations and
thus serve as transfer nodes. We denote this subset
by Bs1, Bs2, ..., Bsy, where 1 < 51 < 52 < -+ <
sM < N. Figure 1 provides an illustrative example
of a coupled subway and bus network. There are a
total of 11 bus stations, denoted as B, Bo, ..., Bi1,
among which By, By, Bg, Bg, By are transfer stations
connected to the subway line.

In a given period, the travel demand from station B; to
Bjis denoted as D;;, where 1 <i < j < N. We further
assume the bus capacity between adjacent stations
B; and B, is C;, and the subway capacity between
adjacent transfer stations By, and By(j1) is Eg. If

the total travel demand between all origin-destination
pairs can be fully accommodated by the bus or subway
network, the system is considered reliable.

The reliability of such system can be evaluated through
the following steps:

1. Collect historical data or distribute questionnaires
to estimate the distribution of D;;, and
use multinomial distribution to denote the
distribution of D; ;.

For each combination of D; ;, check whether the
system is reliable. The following scenarios may
appear:

(a) From the combination of D; j, calculate the
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Figure 1. Schematic diagram of a coupled subway and bus network.

load of the section between B; and B;1,
denoted as G;, by summing up all the D ;
for j > i.

(b)

Calculate the load of the subway line
between By, and By 4.1y as Hgy, where

Hsk == min(Esk, G$k7 ... 7Gs(k+1)—1)'

From G1,Go,...,GNn_1, obtain the
remaining load for all bus sections as

Vi,Va,...,VN_1, by deducting Hg, from
Gsky s Gyhg1)—1 fork=1,..., M.
(d) If (Vvla‘/?w'wVN*l) < (01702v"'7CN71)/

the system is assumed to be reliable.
Otherwise, the system fails.

3. Sum the probabilities of all combinations for
which the system is reliable to obtain the system
reliability.

)
By L)
B11 Q
=S
4 Numerical Study
We  establish  the study by  letting
D1’3, D3’5, D5’7, D7’g, Dg’n follow the same

binary distribution, taking the value 4 with
probability 0.3 and 6 with probability 0.7.
Meanwhile, let £y = Ey = By = Eg = 3, and
Cl = 6,02 = = Cg = 3,09 = 2,010 = 6. Based
on 2a in section 3, there are total 32 combinations of
G1,Gy, ..., Gy, as listed in Table 1. Figure 2 illustrates
the configuration of the coupled subway and bus
network used in the numerical study.

Following the steps in 2b, 2¢, and 2d, sequentially
process the 32 cases in Table 1 to obtain Table 2.

In Table 2, cases 1, 3,5, 7,9, 10, 11, 13, 15, 17, 19, 21, 23,
25,27, 29 are reliable. Thus, the system reliability can
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Table 2. Reliability evaluation.

Case (D1,3,D3,5, D5, iy H2, H4, Whether the
No. (7, D79, 09,11y Trobability (G, G10) 5-16, HS) (V1. V10) system is reliable
1 (4,44,4,4) 0.3° (4444444444) (3333) (41,1,1,1,1,1,1,14) Y
2 (4,4,4,4,6) 0.3*x0.7  (444444446,6) (3333) (41,1,1,1,1,1,1,36) N
3 (4,4,4,6,4) 0.3*x0.7  (4444446,644) (3333) (41,1,1,1,133,14) Y
4 (4,4,4,6,6) 0.3°x0.72  (4,4444,4,66,6,6) (3333) (41,1,1,1,1333,6) N
5 (4,4,6,4,4) 0.3*x0.7  (4444,6,64444) (3333) (41,1,1,33,1,1,1,4) Y
6 (4,4,6,4,6) 0.33x0.72  (4444,6,6,44,6,6) (33533 (41,1,133,1,1,3,6) N
7 (4,4,6,6,4) 0.33x0.72  (4,4,44,6,6,6644) (3333) (41,1,1,3333,14) Y
8 (4,4,6,6,6) 0.3°x0.7%  (4,4,44,6,6,6,6,6,6) (3333) (4,1,1,1,333,33,6) N
9 (4,6,4,4,4) 0.3*x0.7  (446,6444444) (3333) (4133,1,1,1,1,1,4) Y
10 (4,6,4,4,6) 0.3°x0.72  (4,4,6,6,6,644,6,6) (3333) (4133.33]1,1,3,6) Y
11 (4,6,4,6,4) 0.33x0.72  (4,4,6,64,4,6644) (3333) (41331,133,14) Y
12 (4,6,4,6,6) 0.32°x0.73  (4,4,6,6,6,4,6,6,6,6) (3333) (4,1,33,3,1333,6) N
13 (4,6,6,4,4) 0.33x0.72  (4,4,6,6,6,64,4,44) (33323) (41,3333,1,1,14) Y
14 (4,6,6,4,6) 0.32x0.7%  (4,4,6,6,6,644,6,6) (3333) (4133233]1,13,6) N
15 (4,6,6,6,4) 0.32x0.7%  (4,4,6,6,6,6,6,644) (3333) (4,13373333,14) Y
16 (4,6,6,6,6) 0.3x0.7*  (44,6,6,6,6,6,6,6,6) (3333) (41,333,3,33,3,6) N
17 (6,4,4,4,4) 0.3*x0.7  (6,64,4,4,44444) (3333) (63,1,1,1,1,1,1,1,4) Y
18 (6,4,4,4,6) 0.33x0.72  (6,6,4,44444,6,6) (3333) (631,1,1,1,1,1,3,6) N
19 (6,4,4,6,4) 0.3°x0.72  (6,6444,4,6644) (3333) (631,1,1,133,14) Y
20 (6,4,4,6,6) 0.32x0.73  (6,6,4,444,6,6,6,6) (3333) (63,1,1,1,1,33,3,6) N
21 (6,4,6,4,4) 0.3°x0.72  (6,6,4,4,6,64,4,4,4) (3333) (63,1,133,1,1,14) Y
22 (6,4,6,4,6) 0.32x0.7%  (6,6,44,6,644,6,6) (3333) (6371,1,33,]1,1,3,6) N
23 (6,4,6,6,4) 0.32x0.7%  (6,6,44,6,6,6,644) (3333) (631,1,3333,14) Y
24 (6,4,6,6,6) 0.3x0.7*  (6,6,4,4,6,6,6,6,6,6) (3333) (63,1,137333,3,6) N
25 (6,6,4,4,4) 0.3°x0.72  (6,6,6,6444,4,44) (3333) (63533,1,1,1,1,14) Y
26 (6,6,4,4,6) 0.32x0.73  (6,6,6,6,44,4,4,6,6) (3333) (63233,1,1,1,1,3,6) N
27 (6,6,4,6,4) 0.32x0.7%  (6,6,6,64,4,6,644) (3333) (6333,1,133,14) Y
28 (6,6,4,6,6) 0.3x0.7*  (6,6,6,64,4,6,6,6,6) (3333) (6333,1,133,3,6) N
29 (6,6,6,4,4) 0.3°x0.72  (6,6,6,6,6,6,44,44) (3,3,33) (633,53,33,3,1,1,1,4) Y
30 (6,6,6,4,6) 0.3x0.74  (6,6,6,6,6,644,6,6) (3333) (63333,3,1,1,3,6) N
31 (6,6,6,6,4) 0.3x0.7*  (6,6,6,6,6,6,6,64,4) (3333) (6353337333,14) N
32 (6,6,6,6,6) 0.7 (6,6,6,6,6,6,6,6,6,6) (33,33) (633,3,33,3,33,6) N
be denoted by 5 Conclusion and Future Work

P =0.3%+ (0.3 x 0.7) 4+ (0.3* x 0.7) + (0.3% x 0.7%)
+ (0.3 x 0.7) + (0.3% x 0.7%) 4 (0.3% x 0.7%)
4+ (0.3% x 0.7%) + (0.3% x 0.7%) + (0.3* x 0.7)
4+ (0.3% x 0.7%) + (0.3% x 0.7%) + (0.3% x 0.7%)
+(0.3% x 0.7%) + (0.32 x 0.7%) + (0.32 x 0.7%)
= 0.2412.

Note that the computed system reliability may be
insufficient for practical applications. In such cases,
increasing capacity on the bus or subway (or both)
should be considered to raise overall reliability.

This paper develops a probability-based method
for assessing the reliability of a coupled subway
and bus system. The reliability is defined as
the probability that all trips can be served under
uncertain demand and section-level capacity limits,
while reflecting a subway-first travel behavior. The
framework proceeds from modeling the demand
distribution to sequential load calculation and capacity
allocation across road and rail, and it pinpoints
the demand combinations and bottleneck sections
that trigger system failure. Numerical experiments
show that even with seemingly moderate mean
demand, tight coupling between demand volatility
and section capacities can depress overall reliability
far below expectation. This finding highlights the
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Figure 2. Configuration used in the numerical study.

importance of accounting for randomness rather than
relying solely on average values during planning.
Theoretically, the study formalizes system reliability
for a two-mode coupled network with behavioral
preferences and capacity constraints and offers a
tractable computation procedure that reveals how
coupling and variance shape outcomes. Practically,
it provides a diagnostic tool that supports targeted
capacity upgrades on specific subway sections or bus
links, enabling cost-effective interventions to raise
network reliability.

The framework can be extended in several directions.
First, extend the framework to settings where bus
priority and subway priority coexist and may switch
with time of day, demand level, or local congestion, so
that passengers choose the primary mode in a state
dependent way. Second, generalize the model from a
single pair of lines to realistic networks with multiple
subway lines and multiple bus lines, including interline
transfers, shared hubs, and overlapping service
corridors. Third, promote empirical studies using real

data such as smart card transactions, automatic vehicle
location, and station crowding sensors to calibrate
demand distributions, validate reliability estimates,
and evaluate policy interventions in practice.
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