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ARTICLE INFO ABSTRACT
Keywords: With the growing demand for high-quality mobility services, transportation service providers
First-mile ridesharing need to offer transit services that not only fulfill passengers’ basic travel needs but also ensure

Service quality preferences
Multiple passenger groups
Ride-time minimization

an appealing quality of service. During rush hours, fleet sizes are often insufficient to cater
to all passenger preferences on service quality, such as ride time and number of co-riders,
Labeling algorithm with novel dominance rules %eadin.g to the.sacrif‘ice (.)f servi?e quality for. some pas§engers. Motivated. by thes‘e practices, we
Column generation investigate a first-mile ridesharing problem incorporating passenger service quality preferences.
Branch-and-price This problem involves intricate decisions about the match between requests and vehicles,
vehicle routing, and route schedules. To solve this problem, we first develop an arc-based
mixed-integer linear programming (MILP) model for this problem. For obtaining near-optimal
solutions within practical computation time requirements, we reformulate the MILP model as
a trip-based set-partitioning model and propose a math-heuristic algorithm. This algorithm
builds upon the column-generation algorithm and tailored bidirectional labeling algorithms
with novel dominance rules. Additionally, we introduce a proposition to determine the best
schedule for each ridesharing route. To obtain the optimal solution for large-scale instances,
we introduce a branch-and-price exact algorithm. Computational experiments based on real-
world road networks and randomly generated instances confirm the effectiveness and efficiency
of the proposed approaches, demonstrating that the proposed matheuristic finds near-optimal
solutions within 40 s for all instances. The results also show that the presented approach
significantly improves the quality of first-mile services for prioritized riders, with the ratio of
satisfied requests increasing by 23% even when the fleet is generally insufficient.

1. Introduction

Ridesharing has experienced rapid expansion in recent years, emerging as an efficient, cost-effective, and environmentally
friendly mode of transportation. With the increasing popularity of ridesharing services, there has been a continuous rise in the
number of users, leading to greater diversity among passengers in terms of age, gender, and income (Si et al., 2023). Consequently,
the range of passenger service preferences, including ride time, the number of co-riders, and travel costs, has become more
pronounced. In response to these diverse preferences for service quality, transportation network companies (TNCs), such as Lyft,
Uber, and Didi, have diversified their ridesharing services. For instance, Didi offers ridesharing options with fewer co-riders and
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shorter trip times for passengers seeking higher service quality, while providing services with more co-riders and longer trip times
for those prioritizing cost-effectiveness.

When designing ridesharing services for passengers heading to the same metro or train station, also known as the first-mile
ridesharing problem (Bian and Liu, 2019; Bian et al., 2020, 2022; Zheng and Pantuso, 2023), it is essential to consider passenger
preferences on service quality. During rush hours, the fleet size may struggle to meet the service quality needs of all passengers,
potentially compromising the service quality of some passengers. For instance, private operators such as TNCs typically prioritize
offering high-quality first-mile services to riders who generate high revenue (Bian et al., 2020). In contrast, public transit agencies
may prioritize delivering high-quality services to high-demand corridors or specific passenger groups, such as the elderly, with the
goal of promoting equity (Zuo et al., 2020). These groups rely heavily on public transportation and have limited access to alternative
travel modes compared to general travelers. The elderly, for instance, may have reduced accessibility to driving or cycling due to
physical limitations (Brown et al., 2021).

Given the short travel distances between first-mile travelers and the station, private or TNCs-affiliated drivers often exhibit
reluctance to provide first-mile travel services due to the perceived lower revenue potential of these short trips (Human Transit).
Consequently, addressing the first-mile travel challenge becomes an inescapable responsibility for public transportation agencies.
Operating a dedicated fleet for first-mile travel services is financially impractical for public transit agencies (Currie and Fournier,
2020). As a result, public transit agencies are exploring cost-effective solutions, such as providing subsidies to drivers or establishing
partnerships with TNCs to facilitate first-mile ridesharing services (Chandler, Arizona; RTA Mobility Pilots). For instance, Solano
Mobility and Lyft have partnered to provide 80% off Lyft rides (up to $25) to transit centers, train stations, and express bus stops
(Solano Mobility).

Building on the aforementioned analysis, this paper investigates the first-mile ridesharing problem with passengers’ service
quality preferences, encompassing tolerable ride times and maximum number of co-riders. Unlike previous studies that treated
service quality requirements as hard constraints, we relax them as soft constraints. Specifically, if the ridesharing service exceeds a
passenger’s service quality preference, a penalty is imposed, with the penalty value determined by the extent of the deviation. This
relaxation ensures that more passengers can access first-mile ridesharing services, especially during fleet shortages. Additionally,
we categorize passengers into general and high-priority groups to better accommodate their service preferences. Priority is given to
meeting the service quality preferences of high-priority passengers, particularly in cases of fleet insufficiency.

Incorporating service quality preferences into the first-mile ridesharing problem adds complexity to decision-making. For
instance, when considering passengers’ ride time preferences as soft constraints, alongside hard constraints such as earliest service
times and latest arrival times, the optimal departure times of vehicles and pickup times of passengers must be determined for a
ridesharing route. This optimal schedule aims to satisfy passengers’ ride time preferences as much as possible, thereby minimizing
penalty costs. In contrast, traditional first-mile ridesharing problems typically set passenger ride times as hard constraints, requiring
only a feasible schedule. The ‘time slack’ method, commonly used in the dial-a-ride problem (Cordeau and Laporte, 2003; Sohrabi
et al., 2024), can be applied to determine a feasible schedule (He et al., 2023). However, this method becomes inadequate for
determining an optimal schedule. Consequently, it is essential to explore alternative approaches to identify an optimal schedule for
first-mile ridesharing routes.

To address this challenging problem, we first present two mathematical models, both aiming to minimize total operating costs.
Then, we develop a branch-and-price exact algorithm to obtain optimal solutions and a column-generation math-heuristic algorithm
to identify near-optimal solutions within a short computation time. The exact and matheuristic algorithms build upon a dedicated
bidirectional labeling algorithm with a novel dominance rule for generating columns and a problem-specific strategy for reusing
columns. In addition, a tailored label extension procedure is introduced to check the feasibility and identify the best schedule for
each route. More importantly, our models and algorithms cover more practically relevant aspects, such as earliest pickup times and
service quality preferences, that have never been combined into a single model or algorithm. Accordingly, the contributions of this
work are summarized as follows.

(1) We investigate a novel first-mile ridesharing problem that incorporates passenger service quality preferences, which covers
more practically relevant aspects and necessitates additional decisions to identify the best schedule for each ridesharing route. To
model this problem, we develop an arc-based mixed-integer linear programming (MILP) model and then reformulate it as a trip-based
set-partitioning model.

(2) We introduce a proposition for determining the optimal schedule for a given first-mile ridesharing route. We then introduce a
bidirectional labeling algorithm to identify promising trips (ridesharing routes with optimal schedules) based on the proposition. A
novel dominance rule is designed to eliminate unpromising labels, which builds upon the characteristic where penalties associated
with a label present a piecewise-linear convex function during label extension processes.

(3) We develop a branch-and-price algorithm to obtain exact solutions for this challenging problem and a column-generation
math-heuristic algorithm to yield high-quality solutions within practical computation time requirements. Several problem-specific
strategies are devised to expedite the solving process of the math-heuristic algorithm, which may be applicable to related ridesharing
and routing problems with heterogeneous fleets and soft constraints on travel times.

The remainder of this study is organized as follows. Section 2 reviews related work and positions our work. Section 3 elaborates
on the first-mile ridesharing problem with passenger service quality preferences and introduces two mathematical models. A
column-generation math-heuristic algorithm and a branch-and-price algorithm are devised in Section 4. Real-world case studies
are conducted in Section 5. Conclusions and future work are presented in Section 6.
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2. Literature review

There are two areas of research related to this study: research on heterogeneous transportation services and research on the
first-mile ridesharing problem.

2.1. Related research on heterogeneous transportation services

Some studies have explored the provision of transportation services with heterogeneous service qualities. For instance, Wong
et al. (2008) explored an urban taxi service with multiple passenger groups (low- and high-income) and vehicle types (luxury and
normal taxis). Smith et al. (2010) addressed a dynamic vehicle routing problem that utilized multiple types of vehicles to service
demands with multiple priority classes and heavily penalized service delays for high-priority demand classes. Zhen et al. (2016)
investigated a multiperiod yard template planning problem considering the heterogeneous periodicities of vessels and developed a
local branching-based approach, as well as a Particle Swarm Optimization (PSO) algorithm to solve this problem. Doan et al. (2021)
proposed a vehicle routing problem with relaxed priority rules for several groups of customers, where customers with the highest
priorities are typically served before the lower priority ones. Lin et al. (2023) focused on the post-harvest preprocessing problem for
fruits and vegetables. They employed a heterogeneous fleet to provide multiple preprocessing and transportation services. He et al.
(2024) investigated a flexible airport bus routing problem that considers service priorities for business travelers and developed
two heuristic algorithms to obtain high-quality solutions. These studies show that providing heterogeneous services for different
passenger groups is helpful in reducing total operating costs or improving service quality for passengers.

In some practical situations, transportation service providers have to offer multiple types of services for different passenger
groups due to limited fleet size or vehicle capacity. For instance, Bulhoes et al. (2018) addressed a vehicle routing problem with
service level constraints for several groups of delivery demands. In this scenario, the delivery service provider must prioritize serving
a subset of requests according to their relative profitability since the fleet size or vehicle capacity is limited. Beirigo et al. (2022a)
and Beirigo et al. (2022b) explored a ridesharing problem with service-level contracts for heterogeneous passengers, where idle
autonomous vehicles could be dynamically hired to inflate the fleet and offer ridesharing services. They found that dynamically
hiring free-floating vehicles can meet the strict service level constraints for different passenger groups, but service quality suffers
without a sufficient fleet.

2.2. Related work on first-mile ridesharing problem

In recent years, the shared economy has facilitated the rapid growth of on-demand travel services for riders, like ridehailing
and ridesharing. Ridesharing, in particular, is a flexible, cost-effective, and high-quality transportation mode, making it an effective
means of addressing first-mile travel challenges (Masoud et al., 2017; Shen et al., 2018; Stiglic et al., 2018; Ma et al., 2019; Bian and
Liu, 2019; Bian et al., 2020, 2022; Chen et al., 2020; Kumar and Khani, 2021; Grahn et al., 2022; Ye et al., 2022). For instance, Stiglic
et al. (2018) explored the potential benefits of integrating ridesharing services and public transportation systems and found that
this kind of service can potentially enhance the first-mile and last-mile connectivity with public transit systems as well as increase
the use of public transportation.

In real-world scenarios, obtaining a ridesharing solution quickly is often imperative, leading to the prevalent use of simulation
or metaheuristic algorithms in current studies. For instance, Bian employed solution-pool (SP) approaches to seek feasible
solutions (Bian and Liu, 2019; Bian et al., 2020, 2022). Chen et al. (2020) devised a clustering-based heuristic algorithm for
rapid solution acquisition. Kumar and Khani (2021) developed matching algorithms capable of solving the problem within five
minutes. Huang et al. (2022) introduced a rule-based matching algorithm to address the problem efficiently. However, these methods
suffer from unstable solution quality. Bian pointed out that the quality of solutions obtained by the SP algorithm is slightly worse
than those obtained by CPLEX within three hours for instances with fewer than 41 nodes (Bian et al., 2022).

Recently, math-heuristic algorithms have become popular for identifying high-quality ridesharing solutions within practical
computation time. For instance, Lu et al. (2022) introduced a network partitioning math-heuristic algorithm that determines near-
optimal solutions within six minutes for the passenger and parcel ridesharing problem. He et al. (2024) developed a Benders
decomposition math-heuristic algorithm to solve the flexible bus and last-mile ridesharing problem from the airport, with numerical
experiments demonstrating that this algorithm can obtain optimal or near-optimal solutions within practical computation time.
Therefore, we also resort to the math-heuristic algorithm to identify high-quality solutions in real time for the first-mile ridesharing
problem.

Additionally, as summarized in Table 1, existing studies on first-mile ridesharing tend to disregard passengers’ earliest pickup
time constraints and set passenger ride times as hard constraints. If the earliest pickup time constraint is not considered (Shen et al.,
2018; Bian and Liu, 2019; Bian et al., 2020; Beirigo et al., 2022b; Grahn et al., 2022; Zheng and Pantuso, 2023), the passenger’s
travel time is not affected by the vehicle’s departure time. To satisfy the latest arrival time requirement, vehicles can depart as early
as possible. However, in the presence of earliest pickup time constraints, this strategy may lead to vehicle waiting times to serve
some passengers, which may increase the travel time of passengers already on board (He et al., 2023; Wang et al., 2023).

When considering earliest pickup times and ride times as hard constraints (He et al., 2023), a feasible schedule for a given first-
mile ridesharing route must be determined, including the vehicle departure time and passenger pickup times. A feasible schedule
can be determined based on the ‘time slack’ method commonly employed in the dial-a-ride problem (Cordeau and Laporte, 2003;
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Table 1

Overview of literature in first-mile ridesharing.
Reference Main consideration Solution method

Fleet Route schedule Hete. service Service quality MRT MCR LAT

Shen et al. (2018) Homo. Hard con. v Agent-based simulation
Stiglic et al. (2018) Homo. Hard con. v v Enumeration
Bian and Liu (2019) Homo. Hard con. v v v Solution pooling heuristic
Bian et al. (2020) Homo. v Hard con. v v Solution pooling heuristic
Chen et al. (2020) Homo. Hard con. v Cluster-based algorithm
Kumar and Khani (2021) Homo. Hard con. v v A matching algorithm
Bian et al. (2022) Hete. v Hard con. v v v Solution pooling heuristic
Huang et al. (2022) Homo. Hard con. v v Dynamic pooling algorithm
Grahn et al. (2022) Hete. Hard con. v Matching-routing algorithm
Ye et al. (2022) Homo. v Hard con. v Cluster-based algorithm
He et al. (2023) Homo. v v Hard con. v v ALNS algorithm
Zheng and Pantuso (2023) Hete. v Hard con. v Evolutionary algorithm
This study Hete. v 4 Soft con. v v v Column generation heuristic

* Homo.: Homogeneous; Hete.: Heterogeneous; Hard con.: Hard constraint; Soft con.: Soft constraint; MRT: Maximum ride time of a request; MCR: request’s
maximum number of co-riders; LAT: request’s latest arrival time; ALNS: Adaptive large neighborhood search.

Bongiovanni et al., 2024; Sohrabi et al., 2024). For example, He et al. (2023) designed a route feasibility check algorithm that
incorporates the idea of ‘time slack’.

To ensure that more passengers can be served during peak hours, we relax passenger ride time preferences to soft constraints. In
this case, passenger ride time preferences can be unsatisfied (but incur a penalty cost), necessitating the determination of an optimal
schedule. However, the ‘time slack’ method is unable to identify an optimal schedule under these conditions. To fill this gap, we
introduce a proposition and design a bidirectional labeling algorithm suitable for this scenario.

3. First-mile ridesharing with passenger service quality preferences
3.1. Problem description

Consider a public transit agency that operates a ridesharing platform for delivering on-demand first-mile ridesharing services.
Both drivers and requests submit their first-mile trip details to the platform in advance. Drivers who are willing to share the ride
to the station provide essential information, encompassing the departure location (also known as ready location), earliest departure
time (ready time), latest arrival time, and the number of available seats. For each request, the first-mile travel information includes
the pickup location, number of riders, earliest pickup time, latest arrival time, maximum willingness to share the trip with others
(also known as the maximum number of co-riders), and detour tolerance (maximum ride time).

The platform determines the best ridesharing scheme after collecting information on drivers and requests. The objective of
the agency is to minimize total operating costs, encompassing a fixed subsidy for each vehicle employed, transportation cost per
kilometer for each vehicle, and the penalties associated with unmet requests. A penalty cost is incurred if a request’s service quality
preferences for co-riding and detouring cannot be met. The service provider categorizes passengers into types (general or high-
priority groups) according to their registration or order information. To ensure service priority for high-priority requests, the penalty
coefficient for them is larger than that for general requests. Both riders and drivers are notified of their first-mile service when the
ridesharing scheme is determined. Each driver (vehicle) departs to pick up matched passengers after the earliest departure time
from the parking garage and must arrive at the station before the latest arrival time of the driver. Similarly, each request can be
picked up after its earliest pickup time and must arrive at the station before its latest arrival time.

The transit agency can employ the rolling horizon method to partition the entire planning horizon into a sequence of time
intervals with uniform durations and fixed spacing between adjacent intervals (Chen et al., 2020; He et al., 2023), such as 10 min.
This approach reduces decision-challenging and enables dynamic responsiveness to incoming requests and available vehicles. At the
beginning of each time horizon, the agency determines the best ridesharing scheme for requests whose earliest pickup time falls
within that interval and for drivers whose earliest departure time is smaller than the end time of the interval.

Fig. 1 illustrates a ridesharing scheme for six requests and two available vehicles, with requests 1, 2, and 3 assigned to vehicle 1,
and other requests assigned to vehicle 2. To better meet the service quality preferences of high-priority requests, it may sacrifice the
service quality of general requests, especially when the fleet is insufficient. For instance, to meet the detour tolerance of high-priority
request 6, vehicle 2 first picks up request 5 and then heads to pick up request 6. If the system does not consider service heterogeneity,
vehicle 2 will first pick up request 6 and then request 5.

3.2. Notations
Let ./ denote the set of all nodes, including request nodes, ready locations of available cars, and the station which can be denoted

by 0. Let <7 denote the set of arcs connecting the nodes of .4, & = {(i, j)|i,j € A ,i # j}. Then, this problem can be defined on a
directed graph G = (.//, &/). Other notations are defined in Table 2.
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Fig. 1. An illustrative example of a ridesharing scheme for the first-mile ridesharing problem with service heterogeneity.

Table 2
Parameters and decision variables.
Notations Descriptions
Sets
K Set of available cars
K Set of high-priority requests whose earliest pickup time is within the current time horizon
R Set of general requests whose earliest pickup time is within the current time horizon
R Set of all requests, Z = Z,U Z;
7 Set of ready locations for cars, ¢ = {g, 8. &2}
N Set of all nodes, A = 2 U ¢ U {0}
Parameters
i Available seat numbers of car k
re Ready time for car k, indicating when it will be available to offer first-mile service
L, Latest arrival time at the station for the driver of car k
2 Number of riders of request i, i € Z
s Service time for request i, i € Z
w, Maximum number of co-riders for request i, i € 2
u; Maximum ride time for request i, i € 2

Earliest service start time for request i, i € #

a; Latest arrival time for request i, i € #

T Maximum value of the latest arrival time among all requests
P Total number of riders among all requests

¢ Transportation cost ($) per kilometer for each vehicle

Se/Sa Penalty factor ($) for the number of co-riders exceeding the co-riding willingness of a general
/high-priority request

a,/ay Penalty factor ($) for the ride time exceeding the detour tolerance of a general/high-priority
request

d; Distances (km) between nodes i and j, i,j € A

f Fixed cost ($) for hiring a vehicle

v Average travel speed (km/hour) for each vehicle

Variables

xf“/. € {0,1}. 1 if vehicle k traverses arc (i, j); otherwise, 0.

Vi € {0,1}. 1 if vehicle k is hired; otherwise, 0.

i* > 0. Service start time for request i served by vehicle k.

dt, > 0. Departure time of vehicle k.

0 € Z*. Carried number of riders when car k arrives at the metro station.

& € Z*. Number of co-riders exceeding the co-riding willingness for request i, i € 2.

& > 0. Total ride time for request i, i € Z.

z; > 0. Ride time exceeding the detour tolerance for request i, i € Z.
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3.3. Arc-based MILP model

Then, we can formulate this problem as an arc-based mixed-integer linear programming model:

min YN Y cdyxl 4 Dyt Y plagzi+ ol + Y plagz; +6al) @

ke X ie N jeN ke X i€EZ g i€EZp

subject to:
xffj =1YieZ# (2)

ke A jeRU{OY\{i}

>y o k- Y xh=oviezvkex 3
JERU{g \i} JERV{0I\(i}
Ve = Zx’;k.j= Y Xk <LVkex )]

JEZR iER
0 = Z Z Di xf.‘j <q.Vkex 5)

i€ jeZZV{0}\(i}
G2o-p—wm—-PA—- Y X Vkex Viez (6)

N TING!
> rd s T (1 —xffj) i€ RNjERUI0)LYKkE A %)
K2 dy+dg  o-T(1-x5 ). Vi€ B Vke X ®
e <t <ai—dy/v-s Ni€ BNke X ©)
a+TA- ) )25 vke X ,ieR (10)
JEZUL{0}
Ly > 15,k € X amn
g2tk —d -1 - Z xX{).Vi € BNk € A 12)
JEZU{0}

z; 2 & —u Ni€R 13
dt, > ri,Vk € X 14
x{fj,yk € {0,1},Vi,j € ¥/ VNke X (15)
dt,tf 2 0,vie ZU{0},Vk € ¥ (16)
z;,&>20,Vie# a7
(ELTVNIiER 18
or €ELTVke X 19

The objective function (1) aims to minimize the total costs associated with the first-mile service. These costs include transporta-
tion costs, fixed costs for hiring cars, and penalty costs. Transportation costs are calculated by multiplying the total travel distances
by the mileage cost per kilometer. Penalty costs are incurred when the number of co-riders exceeds the maximum willingness to
share the trip for each request, or when the actual ride time exceeds the maximum willingness to detour. The penalty costs for
each request are determined based on the penalized number of co-riders or the penalized ride time, multiplied by the corresponding
penalty coefficient. To ensure service priority for high-priority passenger groups, their penalty coefficients are higher than those for
general requests.

Constraints (2) denote each request must be matched with a ridesharing route. Constraints (3) impose that each request is picked
up and delivered by the same vehicle and ensure that the service flow is conserved. Constraints (4) denote whether vehicle k is
hired to render services. If hired, the vehicle will depart from the ready location (g, ) and ultimately arrive at the station. Constraints
(5) ensure that the total number of riders to be picked up meets the capacity constraint of each car. Constraints (6) determine the
number of co-riders that exceed the co-riding willingness for each request. Constraints (7)-(8) specify the pickup time at each node,
the departure time of each car, and the relationship between the departure time and pickup time. Constraints (9) ensure that the
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Fig. 2. A feasible and two optimal schedules for a route.

pickup time for each request must be larger than its earliest pickup time and smaller than the latest arrival time minus the direct
travel time from that request to the metro station. Constraints (10) and (11) enforce that the actual arrival time at the station meets
riders’ requirements and is earlier than the latest arrival time of the vehicle. Constraints (12) identify the ride time for each request.
Constraints (13) determine the penalized ride time of each request when the actual ride time exceeds its maximum tolerance towards
the detour time. Constraints (14) mean that the departure time of each car is larger than its ready time. Constraints (15)-(19) define
the domain of decision variables.

Note that although the model only considers two classes of passengers, it can easily be extended to scenarios with multiple
passenger classes by simply modifying the passenger set parameters and penalty costs associated with different passenger classes in
the objective function.

3.4. Route, schedule, and trip

Consider a given route S, of vehicle k with the route node sequence {iy,i,,...,i,_;,i,}, where i, denotes the ready location of
vehicle %, i, is either a request or the station, and i, ...,i,_; indicate requests served by the route. Without loss of generality, we
assume that route S, satisfies vehicle k’s capacity and requests’ pickup time constraints. Then, we can check the feasibility of the
latest arrival time and identify the best departure time for vehicle k and the optimal pickup time for requests to minimize the total
ride time penalty of route S,. We define the departure and pickup times as a schedule for route S;. Let S, (r) = {#,,1,,....1,} denote
a feasible schedule that meets the pickup time and latest arrival time requirements for each matched request. Here, ¢, refers to the
departure time at the parking lot or the ready location of vehicle k, and 7, is the pickup time at node n or the arrival time at the
station.

Definition 1 (Optimal Schedule of Route S;). Let C(S;,S, (1)) be the total cost of route S, associated with schedule S,(r), and let
(S, (1)) be the set of feasible schedules for route S;. The schedule % is an optimal schedule for route S, if and only if C(Sk,%)
< C(Sp S ), ¥ S,(1) € (S, ().

Note that multiple optimal schedules may exist for route S,. For instance, Fig. 2 presents two optimal schedules for the route
with four requests. In such cases, we select the schedule with the earliest arrival time at last node » as the best one, such as schedule
1 in Fig. 2, as it enables the vehicle to arrive at the destination earlier than other schedules. We refer to this type of optimal schedule
as Sy(1).

Definition 2 (Trip). Let route S, of vehicle k and an optimal schedule S, (¢) denote a trip.

3.5. A set partitioning formulation

The MILP model aims to find the best trip for each car, which can be decomposed into a series of sub-problems to determine
promising trips and a master problem to select the best combination between trips. Let T, be the set of trips for vehicle k, and let
8. (. € Ty) (a binary decision variable) denote whether the trip 7, € Ty is selected. For a given trip 7, let e, denote total costs.
€,, consists of transportation costs, penalty costs for requests matched by car k, and fixed costs of car k. The binary parameter ;(;'k
is set to one if request i (i € #) is matched by trip 7, and zero otherwise. Then, the set partitioning model is formulated as

[MPImin ) 3 e,6, (20)

ke X 1. €Ty
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subject to:
> Y X6, =1LViez (21)
ke X €Ty
Y 6, <LVkex (22)
7 €Ty
6, €{0,1},Vr, € T,,Vk € X (23)

The objective function (20) minimizes the total costs of selected trips. Constraints (21) denote that each request must be served.
Constraints (22) denote that each car can be deployed on at most one route. Constraints (23) are the integrality constraint.

4. Solution methodology

Enumerating all trips in the MP formulation is impractical due to the exponential number of complete trips. Instead, a common
approach is to relax the binary decision variable . into a continuous variable, and then solve the restricted MP, also known as
the RMP, focusing on a subset T, of T, using column generation algorithm (Desaulniers et al., 2006; Zhen et al., 2022, 2024). To
identify promising trips for the RMP, pricing sub-problems (PSP) associated with each vehicle are solved. In the following, we will
first introduce the RMP and the PSP. Then, we will present a customized bidirectional labeling algorithm designed to solve the PSP.
Finally, we will showcase two algorithms, a column generation heuristic and a branch-and-price exact algorithm, for solving the
RMP and MP.

4.1. Restricted Master Problem (RMP)

To ensure that the RMP is always feasible, we introduce a set of auxiliary decision variables v;,i € # to represent the initial
column set T,,. If the value of v;,i € # is positive, it will incur a penalty cost in the objective function.

[RMPImin Y Y e 6, + Y M, 24
ke 1, €T, i€ER

subject to:
Z Z X+ =1LVieR (25)
ket ‘[kETk
Y 6, <LVkex (26)
rkeﬁk
8, > 0,0, >0V, €Ty Yk € A @27

The set partitioning models typically provide better lower bounds than those identified by original formulations (Costa et al.,
2019), for instance, the arc-based MILP formulation of this problem.

4.2. Pricing subproblem (PSP)

This problem involves a heterogeneous fleet, where each vehicle has different numbers of available seats, ready times, and ready
locations. Therefore, it is necessary to determine promising trips for each vehicle, including the number of matched requests, the
departure time, passenger pickup times, and the arrival time at the station. The pricing subproblem of the RMP model serves to
find trips that can be added to the current set of columns with negative reduced costs for each car, which can be formulated as
an elementary shortest path problem with resource constraints (ESPPRC). Consequently, the detailed matching strategies between
requests and vehicles are determined by this pricing problem and the associated solving algorithm. Let z;(i € %) and w,(k € %)
be the dual variables of constraints (25) and (26), respectively. Then, the reduced cost of trip 7, associated with car k is q =

€, — Yieq X m — ;. Let x;; be a binary variable that denotes whether the arc (i, j) is traversed. Therefore, the subproblem for
Tk i€ Tl 1
vehicle k can be formulated as:
[PSP] mine, = Z 2 cdy xj;+f + z pia,z; + () + Z pilagz; +¢4¢) — Z )(ikﬂ, — Wy (28)
ieN jeN i€EZ G i€EZp i€

Constraints for the PSP model can be obtained directly by dropping index k in constraints (2)-(19).

The ESPPRC is a well-known NP-hard problem (Dror, 1994), and the common method to solve the ESPPRC as well as its variants
to optimality is to employ the labeling algorithm. However, this PSP problem, in addition to deciding which requests to serve and
in what order, also involves schedule decisions regarding the vehicle’s departure time and the pickup times of matched requests. To
improve the efficiency of solving the PSP, we devise a tailored bidirectional labeling algorithm. This approach involves generating
labels, or partial paths, from both the forward and backward directions, and concatenating the resulting forward and backward
labels to form complete routes.

We will introduce the forward and backward labeling algorithms in Sections 4.4 and 4.5, respectively. As mentioned in Righini
and Salani (2006), the computation time of bidirectional labeling algorithms can be reduced by setting a critical resource, for
instance, the medium time of the planning horizon. We also select the medium time as the critical resource. To speed up the entire
computational efficiency, we propose two heuristic labeling algorithms in Sections 4.4 and 4.5 and integrate them into a PSP-solving
procedure for the column generation algorithm.
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Table 3

Notations for defining forward labels.
P(Lk) Set of nodes visited by label £F;
oLl Total reduced cost of the partial path P(£F);
V(Ef) Number of riders that vehicle k carried after visiting node i;
lU(Ef‘) Vector of visited requests and inextensible requests for this label;
LA(LY) Latest arrival time for requests visited by label £¥, with an initial value of L,;
DR"(Ef‘) Minimum trip duration from node » to i along the route nodes of label E:‘;
Q,(L5) Remaining number of co-riders without co-riding penalty for request n of £¥;
A,,(tf‘) Remaining ride time without exceeding the detour tolerance for request n of Cf‘;
EVT, (k) Earliest pickup time at node n considering LA(LY);
LVT,(£h) Latest pickup time at node n considering LA(LY).

4.3. Identifying the optimal schedule for a given ridesharing route

For a given ridesharing route, the eight-step ‘time slack’ procedure widely applied in dial-a-ride problems (Cordeau and Laporte,
2003) can obtain a feasible schedule that meets the hard constraint of passenger ride times. However, in this problem, it is necessary
to identify the best schedule for minimizing total ride time penalties since the ride time constraint is relaxed from hard to soft. As
a result, the ‘time slack’ procedure is not applicable to this first-mile ridesharing problem.

To address this, we first check the feasibility of latest arrival times for served passengers. The ‘as early as possible’ (AEAP)
strategy (Sohrabi et al., 2024), vehicles departing as early as possible at each route node, can be applied to determine the earliest
pickup time for each passenger. Additionally, the earliest pickup time at the last node is also the earliest arrival time for served
requests. If the earliest arrival time exceeds passengers’ latest arrival times, the given route has no feasible schedule. Otherwise, a
feasible schedule with the earliest arrival time at the last node can be obtained. We refer to this schedule as S/k\(t), which serves as
a basis to identify the optimal schedule. We will first introduce a proposition and then explain how to derive the optimal schedule
based on S/k(t\) and the proposition.

Proposition 1. For a given feasible schedule S/k\(t), the pickup time can be adjusted in reverse order to minimize the ride time for each
node, thus obtaining an optimal schedule S, (z).

Proof. See Appendix.

Using the feasible schedule depicted in Fig. 2 as an illustrative example, we can first start from request 4 and transfer its waiting
time to its predecessor node, request 3, by postponing the pickup time at request 3. Accordingly, the reduction in ride time for
request 3 equals the decrease in waiting time at request 4. Then, we can also postpone the pickup time at request 2 to eliminate
waiting time at request 3, without introducing waiting time at request 2. As a result, all the requests achieve the shortest ride time,
allowing us to attain an optimal schedule %, which corresponds to optimal route schedule 1.

In summary, to determine an optimal schedule for a first-mile ridesharing route S,, we can first try to derive a feasible schedule
S/k\(t) with the AEAP strategy (Sohrabi et al., 2024). If schedule S/k\(t) exists, we can then utilize Proposition 1 to derive an optimal
g,:(t‘j based on the S/k(T) schedule by postponing pickup times as much as possible for predecessors of each node.

4.4. Forward labeling algorithm

We will introduce the notation for the forward labeling algorithm in Section 4.4.1 and provide a detailed explanation of the
customized label extension procedure in Section 4.4.2. Throughout the labeling extension process, the dominance rule plays a
crucial role in eliminating unpromising labels. However, this pricing problem involves minimizing detouring and co-riding penalties
for riders, which makes the dominance rule used in conventional routing problems inapplicable. Fortunately, we found that the
objective value associated with this pricing problem exhibits the characteristics of a piecewise-linear convex function during the
labeling extension process. Leveraging this characteristic, we propose exact and heuristic dominance rules in Sections 4.4.3 and
4.4.4, respectively.

4.4.1. Label definition
In this ad-hoc labeling algorithm, we establish a set of notations, as shown in Table 3, to define a label Ef.‘ = {P,C,V,U, LA,
{DR,,2,,4,,EVT,, LVT,,Vn € P\{g,}}} ending at node i and associated with vehicle k.

4.4.2. Label extension and feasibility check

Let £‘6 =({g¢},0,0,0, L, {0}, {w,}, {u}, {ri}, {L;}) be the initial label for car k. Then, we can extend this label to all reachable
requests. A new label £¥ can be obtained by extending label Ef.‘ along an arc (i, j) with travel time #;;. During the label extension
process, we need to update several pieces of information, such as the minimum route duration, the number of riders and the
remaining number of co-riders, as well as the departure and remaining ride times of served requests. In addition, it is crucial
to verify the feasibility of the new label, which is more complex than the conventional label extension procedure. As a result, we
propose a tailored label extension procedure that consists of the following eight steps.
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Step 1: Partial information update after the label extension along arc(i, j):

P(Lh) = P(LH) U {)) v
V(L) = V(L) + p (ﬂ)
EVTJ.([,?):maX{EVT,'([::()'Ftij +5p.¢;) v

min{max{e;, LVT, (LX) +1,, +5;}.a; —=1;0—s5;} LVT,(L) > EVTi(ﬁj.f)

4
EVT,(L%) LVT(LX) = EVTi(£h) 9

LVTj(ﬁjf) = {
Egs. (/1) and (f2) respectively update the visited requests and the occupied capacity for the new label. Eq. (/3) renews the
earliest pickup time at node j, and it should be the maximum value between the earliest pickup time of request j and the earliest
arrival time from node i. Eq. (f4) updates the latest pickup time at node j based on two cases: (a) If the earliest pickup time equals
the latest pickup time at node i, this relationship is maintained at node j; (b) Otherwise, LVT/-(E;?) is set to the minimum value
between the latest pickup time for request j (which equals the latest arrival time of request j minus the service duration and the
direct travel time to the metro station) and the latest arrival time from request i.
Step 2: Check if the service time window at request j is satisfied, and the extension is infeasible if EVTj(Ej?) >a;—t;—s;.
Step 3: Starting from the last node, update the pickup time window for predecessors of request n:

EVTn—I([:?) = min {EVTn(Ef) = Sp—1 trl—Ln’ Ap_1 = Sp—1 — tn—l,()} (fs)

LVT, () = min { LVT,(L5) = 8y =ty ey = S5 = zn_w} (6)

For each request n, the earliest and latest pickup times are updated via Eqgs. (/5) and (/6). Using the earliest and latest pickup
times identified in Step 1 with the AEAP strategy, Step 3 builds upon Proposition 1 to identify an optimal schedule (EVT,,
Vn € IP’(E;?)) by postponing the pickup time of each predecessor node as much as possible. Then, we can efficiently compute the
minimum ride time for each node along the partial route in Step 4.

Step 4: Update the ride time for each request served by label £jf via Eq. (f7):

DR,(LY) = EVT,(LY) - EVT,(L}),Vn € P(L}) N

Note that we can also use the difference in latest pickup times between nodes j and j to compute the minimum ride time for
request n.

Step 5: Update and check the latest arrival time for the new label E;f :

The latest arrival time of the new label can be updated by Eq. (/8), and the extension is infeasible if 7;, +5; + E VTj(E;?) >
min{ LA(LY), a;}.

LA(E;‘) = min{ LA(LF), a;} (f8)
Step 6: Renew the remaining ride time and number of co-riders without penalty cost for each served request:

A,(L5) = max{0,u, — DR,(L)},Vn € P(L}) 9

Qn(ﬁf) = max{0, (L —p;},Vn € JP(ﬁjf) (f10)

Step 7: Renew the inextensible nodes for label £§?:

Let U(L¥) « P(ﬁj?) U [U(Cff), then the above steps can be utilized to check whether it is feasible to extend label £f to each node
ne =%’\IU(EJ.). If the extension is infeasible, the inextensible nodes will be updated: IU(E;? )« U(ﬁ;?) U {n}.

Step 8: Update the reduced cost of Ej? and return the new label £j?.

[B(ck)]-1
ky —
oLk = Z ¢ dy(etympictynn +f + Y palagmaxio,
n=0 ne]P’(ﬁjf N Zg)
DR,(L5) —u,}) + ¢ (max{0, V(LS = p, —w, DI+ D p,lay(max{0, (f11)

nemﬁ’;)n(@[,}

DR,(LY) = u,)) + ¢max{0,V(L5) = p, —w, )1 = Y 7, -y
ne]P(cf)

10
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Fig. 3. Two different labels, ending with the same node 2, extend to the same node m but result in different cost increases.

4.4.3. Dominance rule

To avoid unnecessary extensions and accelerate the entire labeling algorithm, dominance rules are typically leveraged to
eliminate unpromising labels that cannot constitute the optimal solutions. We first give some definitions and introduce Proposition 2.
Let Q(Ef.‘) be the set of feasible extensions of label £f.‘ to the station. Let Ef.‘ D, e Q(Ef.‘) denote a feasible complete path by
concatenating # to label El’,‘, and C(El’.‘ @ ) is the resulting reduced cost. Then, the dominance rule concluded by Dabia et al. (2013)
can be introduced and presented in Proposition 2.

k
il

QL) € Qef) (a)

Proposition 2. For labels £¥ and £¥ ending at the same node i, £¥ dominates L¥ if conditions () and (b) hold.

C(L ® ) S CL @),V € QL) ®

See Dabia et al. (2013) for the proof of Proposition 2. Condition (¢) means that £f_‘l can generate more complete paths by

concatenating them with more feasible extensions to the station. To ensure that condition (a) always holds in this pricing problem,
we need to guarantee that Ef_‘l has more vacant seats, fewer inextensible nodes, a larger latest arrival time, and a smaller earliest
pickup time at request i. These conditions are ensured by Egs. (iii) to (vii), respectively. For conventional shortest-path problems
that minimize total transportation costs, the condition (b) can be easily ensured when Ef,‘l has a smaller reduced cost than EI’_‘Z,
namely Egs. (i). However, this cannot always ensure that condition () holds in this pricing problem, as the same extension cannot
guarantee the same increases in penalty cost for Efl and ﬁf,‘z. Fig. 3 is an illustrative example that focuses only on the ride-time
penalty, with the penalty factor being one dollar per minute, and all requests being general requests. Prior to extending to request
m, we assume that C(£f‘ ) is less than C(ﬁk ). However, after extending to request m, labels £fn , and £k incur $7 and $5 penalties,
respectively, which may cause C(E" ) to be greater than C(E"z) As a result, additional conditions are necessary to ensure that
condition (b) always holds. The s1mplest way is to check that each request served by £k and £k has a longer remaining ride time
and a larger remaining number of co-riders in El , as shown in inequality (ii). Consequently, condltlons (i)=(vii) need to be checked
to establish the dominance relationship between labels El’_‘l and £f_‘2.

Lower reduced cost: C(E" )< C(E ) ®
Q(£)>Q(£)and4(£)>4(£)VnEIP’(E )UIP’(E) (i)
Fewer occupied seats: V(E" ) < V(E 2) (iii)
Fewer inextensible nodes: U(LY) < U(LE) (iv)
Larger latest arrival time: LA(E" ) > LA(C 5) (v)
Smaller earliest pickup time at request j: EVT; (£" )< EVT; (£ 5) (vi)
Larger latest pickup time at request j: LVT; (E" )= LVT; (E ) (vid)

Dominance rule 1: If inequalities (i/)—(vii) hold and at least one is strict, then ££‘1 dominates £f,‘2.

However, this dominance rule is not strong for eliminating unpromising labels since condition (ii) is weak. Accordingly, we
propose an alternative dominance rule.

Let @«(u) and l[/ak(v) be penalty costs for requests served by £k when u riders and v minutes ride time are added to £k
respectlveiy Then, we can ensure that condition (b) in Proposition 2 always holds with inequality (¢) and ().

@k () < @pk () Yk (0) Syt (0),Vu € Z*u < q = (L),

(©
0 < v < min{ LA(LY) — EVT, (LX), LA(LY) — EVT;(LK))

11



P. He et al. Transportation Research Part E 192 (2024) 103749

Z‘ A 24
E 3
S|
2 R -
‘ k
Ly, Lk,
e
G
k
f1
a
Number of pe;)vly Ride time
picked-up riders increased

Fig. 4. Visualizations of functions ¢ (u) and .« (v).

For each label Ef, the penalty cost associated with ride time (or co-riding) for served requests follows a piecewise linear convex
function pattern as the ride time (or the number of co-riders) increases during the label extension process, as shown in Fig. 4. Given
the characteristics of the piecewise linear convex function, the inequality (¢) can be met if the penalty of Ef_‘l is always less than
or equal to that of £f2 at each inflection point (such as a, b, c, d, e, f, and g in Fig. 4(a)) of the penalty functions. These inflection
points are all attributed to the number of newly picked-up riders exceeding the remaining co-riding willingness of one or several
requests. Accordingly, we just need to ensure that the penalty of £f_‘l is less than or equal to that of £ff2 when the number of newly
picked-up riders equals the remaining number of co-riders for each request in Labels £f.‘l and Blf‘z, as well as when the number of
newly picked-up riders equals the difference between the vehicle capacity minus the total number of on-board riders. Likewise, the
penalty corresponding to the ride time can be treated in the same way. This simplifies the process of checking the inequality (c).

Dominance rule 2: If inequalities (i), (¢), and (iii)—(vii) hold and at least one is strict, then Ef.‘l dominates £f‘2.

4.4.4. Two heuristic dominance rules

Even if dominance rule 2 can eliminate more unpromising labels, it is still not remarkably strong. To accelerate the computation
speed of the forward labeling algorithm, we introduce two heuristic dominance rules.

Heuristic dominance rule 1: If inequalities (i),(iii), and (v)-(vii) hold, then Ef‘l dominates Efz.

As inequalities (ii) and (iv) are too strict in dominance rule 1, they can be removed to obtain a relaxed dominance rule, which
helps eliminate more labels and therefore improves computational efficiency. Before presenting another heuristic dominance rule,
we first give four new definitions.

* Q(£"): remaining number of co-riders without co-riding penalty cost for label £¥;

+ Q%(£%): remaining number of co-riders without co-riding penalty cost for high-priority requests on label £¥;
. A(tf.‘): remaining ride time without exceeding detour tolerances for requests of label £f.‘ ;

. Ad(cf.‘): remaining ride time without exceeding detour tolerances for high-priority requests of label Ef ;

Heuristic dominance rule 2: If inequalities (i), (iii)-(vii), and (d) hold, then Lif_‘l dominates El’_‘z.
QLk) > Lk), QUL > ULk ALX) > ALh). and A(LF) > 47(LE). €))

The inequality () relaxes (ii) since (d) focuses only on the minimum remaining ride time and remaining number of co-riders for
general and high-priority requests on the label, which also helps to find high-quality routes and facilitates a reduction in computation
time for the labeling algorithm. It is worth noting that these heuristic dominance rules may eliminate some promising labels that
constitute the optimal solution. Therefore, the exact dominance rule will be applied to find trips with negative reduced costs when
heuristic dominance rules do not work.

4.5. Backward labeling algorithm

In the backward labeling algorithm, labels originate from the station and extend along reachable arcs to generate new labels.
Unlike the forward labeling algorithm, backward labels do not need to be associated with a specific car, so we can use £, to denote
a backward label corresponding to a partial path starting from the station and ending at node i. As with the forward labeling
algorithm, we give the following definitions, as shown in Table 4, for a backward label £;. For any £L;, the remaining ride times for
requests served by £, will not change during the backward extension process. As a result, there is no need to use the notation 4,,(£;)
defined in the forward labels. In addition, there is no need to update the earliest and latest pickup times for each served request,
so we only keep track of the earliest and latest pickup times at the end node i.

12
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Table 4
Notations for defining backward labels.
P(L;) Set of path nodes visited by label £;;
(L) Reduced cost of the partial path P(L,);
V(L) Number of riders after visiting node i;
oL, Vector of visited requests and inextensible requests for this label;
LA(L)) Latest arrival time for all requests served by this partial path;
DR, (L) Minimum trip duration from node n to the station along nodes of label £,;
2,(L) Remaining number of co-riders without incurring the co-riding penalty for
request n served by L;;
EVT(L)) Earliest pickup time at node i;
LVT(L) Latest pickup time at node i.

Let £, = ({0},0,0,4,T,{0},{P},0,T) be the initial backward label. Then, we can extend this label to all reachable requests. Given
a backward label £;, it can be extended along a feasible arc (j,i) using the following extension function. Before proceeding with
the extension, we need to check whether two inequalities are met: e i+ s;+1; < LVT(L;) and EVT(L;) > ResourceBound. If these
conditions are not satisfied, the extension is infeasible.

P(L) =PULHu{j) (1)
V(L) = V(L) +p, b2)
EVT(L;) =max {EVT(L) —1;; —s;.¢;} (63)
LVT(L;) = min{max{LVT(L;) —t; —s;,¢;},a; —1jo— 5;} (b4)
LA(L;) = min{ LA(L,),a;} (65)
DR;(L;) = DR(L) +1;; +5; +max{0, EVT(L) —1;; —5; — (a; — 1;0 — 5,)} (56)

Note: The extension is infeasible if DR;(L;)+ EVT(L;) > a;.

Q,(L;) = max{0,2,(C,) - p,},Yn € P(LH\{0) ®7)
Bz ;)1
cep= Y cdpic 2 pne) + Y pulag(max{0, DR,(L))
n=0 neP(L )N Z g}
—u, }) + ¢g(max{0,V(L;) — p, — w, ] + Z pplay(max{0, DR, (L)) (68)

neP(LHN( R p)

—t,}) + ¢y(max{0, V(L) = p, —w, D] = D =,
neP(L;)

Let U(L;) « P(L) v ULy, then the above steps can be utilized to check whether it is feasible to extend label £ ; to each node
n € Z\U(L,). If the extension is infeasible, the inextensible nodes will be updated: U(£;) < U(L;) U {n}. We also give the following
definitions for using the heuristic dominance rule 2.

* Q(L;): remaining number of co-riders without co-riding penalty cost for label £;; and
QAL ;): remaining number of co-riders without co-riding penalty cost for high-priority requests on label £;. (£;) and Q4L )
can be updated via Egs. (»9) and (»10).

Q(L;) = min{Q,(L;),Vn € P(L)\{0}} (09)
QL)) = min{Q,(L,).Yn € PLH\{0} N {Zp}) (b10)
The forward dominance rules can be directly applied to the backward labeling algorithm.
4.6. Merging forward and backward labels
When all forward and backward labels are generated, feasible routes can be constructed by merging the forward and backward
labels. A forward label £f and a backward label £;, both ending at the same node i, can be joined if the following conditions are

satisfied:
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Fig. 5. Illustration of the “label-vehicle matching” strategy.

S VEH+VEL) - P < g
« EVT(LY) < LVT(L,), and
« EVT(LH + DR/(L)) + max{0, EVT(L)) — LVT,(L5)} < LA(L).

The first inequality ensures feasibility regarding vehicle capacity. The second inequality means that the earliest pickup time at
node i for the forward label £f.‘ is less than the latest pickup time at node i for the backward label £;. Otherwise, the merging is
infeasible. The third inequality guarantees that each request’s latest arrival time is met. The resulting label £ = Cf.‘ @ L£; has the
following attributes:

« P(L) = P(LHy U PL)),

< V(L) = VL) + VL) - p;,

* DR,(L) = DR(L¥) + DR,(L)) + max{0, EVT(L,) — LVT(L¥)},vn € P(£}), and

* C(L), which can be obtained via Eq. (/11). If the accumulated reduced cost C(£) for the new label £ is negative, then the
corresponding route can be added to be the RMP route set. Otherwise, label £ will be discarded.

4.7. Column generation math-heuristic algorithm

To obtain near-optimal solutions for the MP model efficiently, we introduce a column-generation math-heuristic algorithm with
a combined procedure for solving the PSP, which aims to reduce the number of times employing the exact labeling algorithm. First,
we can utilize the heuristic labeling algorithm to generate a set of labels starting from a dummy depot with a dummy car. Then, we
match the set of labels with each vehicle to generate a set of trips, from which we select the one with the most negative reduced
cost as the best trip for the corresponding vehicle. We refer to this strategy as “label-vehicle matching”. As shown in Fig. 5, we can
use the labeling algorithm just once to generate feasible trips for multiple vehicles. Consequently, this strategy is highly efficient for
reducing total computation time, especially when the fleet is large. Accordingly, we can define the following labeling algorithms.

Labeling algorithm 1 (LA1): employing the bidirectional labeling algorithm with heuristic dominance rule 1 and the
“label-vehicle matching” strategy to generate labels.

Labeling algorithm 2 (LA2): leveraging the labeling algorithm with heuristic dominance rule 1 to obtain labels for each vehicle,
respectively.

Labeling algorithm 3 (LA3): leveraging the labeling algorithm with heuristic dominance rule 2 to determine labels for each
vehicle, respectively.

Labeling algorithm 4 (LA4): applying the labeling algorithm with the exact dominance rule to find labels for each vehicle,
respectively.

During the process of iteratively solving the RMP, the PSP procedure is also executed repeatedly. If a labeling algorithm fails to
find any trips with a negative reduced cost, then it can be skipped in the subsequent process of solving the PSP. To accomplish this,
a Boolean flag can be assigned to each labeling algorithm, which is initialized to true and set to false when the algorithm cannot
identify trips with negative costs. When all labeling algorithms fail to find columns with negative reduced costs, we solve the MP
model based on these columns to obtain an high-quality integer solution (Desaulniers et al., 2006; Joncour et al., 2010). With these
preparations, the combined procedure for solving the PSP problem and the column-generation algorithm can be depicted in the
flowchart shown in Fig. 6.
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Fig. 6. Flowchart of the PSP solving procedure and the column-generation math-heuristic algorithm.

4.8. Branch-and-price algorithm

The column-generation procedure can be used to solve the linear programming (LP) relaxation of the restricted master problem,
but the solution obtained may not be an integer solution. In these cases, the branch-and-bound algorithm can be utilized to search
for an integer solution. The branch-and-bound tree is explored with the best-first search strategy, whereby the node with the lowest
lower bound will be explored first. Once the fractional solution is found at a tree node, we will branch on the arc flow variables. First,
we need to determine the values of each arc flow variable x;; = Der ZTk T, ;(,.T/." b, Then, we select the arc (i, j) < argmin|x;; — 0.5]|
and generate two child nodes with imposed constraints x;; = 0 and x;; = 1, respectively. Accordingly, the directed graph G (.4, &)
and the columns of the restricted master problem will be modified. The details are as follows:

* Impose the constraint x;; = 0 to one child node.

At this node, arc (i, j) is forbidden in the subproblem and the master problem. Therefore, the distance of arc (i, j) can be set to
positive infinity, and the columns containing this arc are removed from the master problem.

* Impose the constraint x;; = 1 to another child node.

At this node, the successor of node i must be node j. Consequently, the distances of arcs {(i,k) |k # j} and arcs {(m, j)|m # i}
can be set to positive infinity, and the columns that contain node i without the successor node j and contain node j without the
predecessor node i are deleted from the master problem.

5. Numerical experiments

This section aims to evaluate the performance of the proposed column generation math-heuristic (CGM) algorithm and to analyze
the impacts of incorporating service quality preferences into the first-mile ridesharing problem. We implement these algorithms
in C++ and utilize CPLEX 12.8 to solve the arc-based formulation, the RMP model, and the MP model. All the experiments are
conducted on a laptop equipped with a 3.0 GHz AMD Ryzen5 4600H processor and 16 GB of RAM. The maximum running time of
the CPLEX solver and the branch-and-price algorithm is set to 7200 s.

5.1. Instances generation and parameters setting

We conduct experiments on randomly generated instances based on the road network within a 5 km radius of the Xinzhuang
metro station in Shanghai, along with randomly generated requests and vehicles. We set the ratio of general requests and high-
priority requests to 2:1, and the probabilities of having 1 or 2 riders per request are 75% and 25%, respectively. We assume that
the agency is designing ridesharing schemes for requests whose earliest pickup times are within the time interval [8:00, 9:00]. As
a result, the earliest pickup time for each request is randomly generated within this time interval. The latest arrival time and the
maximum ride time of each request are also randomly generated based on the direct travel time to the station and the specified
earliest pickup time. The maximum number of co-riders for each request is also randomly generated from 2, 3, or 4. Each vehicle
has either four or six passenger seats. Other parameters are summarized in Table 5.
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Table 5
Value of parameters.
Parameter n c s; [ Cq a, a, v
Value $3 0.5 $/km 1 min $6 $12 6 $/min 12 $/min 25 km/hour

5.2. Computational performance

To evaluate the computational performance of the CGM algorithm, we compare their computational results with those obtained
by the CPLEX solver and the branch-and-price exact algorithm on two groups of instances: small-scale and large-scale instances.
Each group consists of two sets of instances, with set 1 having relatively insufficient vehicles available and set 2 having sufficient
vehicles available. As shown in Tables 6 and 7, each instance is named with the format “R_V”, where ‘R’ represents the number of
requests and ‘V’ denotes the number of available vehicles. For example, the instance named ‘6_2’ in Table 6 indicates that there are
six requests requiring first-mile services and two vehicles available to provide first-mile ridesharing services. All the computational
results are reported in Tables 6 and 7.

5.2.1. Small-scale instances

The experiments are conducted on two sets of small-scale instances, and the results are reported in Table 6. The ‘Obj’ column
shows the objective value of the best integer solution identified by the corresponding solution method, while the ‘Time’ column
reports the computation time spent in finding the solution. The ‘Gap’ column represents the relative difference between the lower
bound and the upper bound found by the CPLEX solver. ‘Gapl’, ‘Gap2’, and ‘Gap3’ denote the difference between the objective
values of integer solutions obtained by the solver, the branch-and-price algorithm, and the CGM algorithm. As shown in this table,
CPLEX cannot obtain the optimal integer solution for some small-scale instances within 7200 s. The branch-and-price and column-
generation algorithms are capable of yielding solutions that are equal to or superior to those found by CPLEX within three seconds.
Furthermore, the CGM algorithm finds exact solutions for most small-scale instances, with only four exceptions, when compared
to the solutions obtained by the solver and the branch-and-price algorithm. With respect to computation time, the CGM algorithm
outperforms the other two methods, with an average computation time of less than one second for all instances.

5.2.2. Large-scale instances

To evaluate the computational performance of the CGM algorithm on large-scale instances, we compare its computational results
with those obtained by the CGM algorithm with the monodirectional labeling procedure, as well as those generated by the branch-
and-price algorithm. The results are reported in Table 7, from which two conclusions can be drawn. In terms of computation time,
both CGM algorithms significantly outperform the exact algorithm. Additionally, the CGM algorithm is faster than the CGM algorithm
with monodirectional labeling, as it can obtain a near-optimal solution within an average computation time of less than 11 s, whereas
the CGM with monodirectional labeling requires 14 s. Regarding solution quality, the CGM algorithm can find a high-quality integer
solution for all instances, with an average optimality gap of 0.61% compared to the exact solution. These results demonstrate that
the proposed CGM procedure can achieve near-optimal solutions within a short computation time for this problem.

5.3. Sensitivity analysis on penalty factors

To investigate the impact of penalty coefficients on service quality, we conduct experiments with multiple penalty coefficient
values. Specifically, we take the penalty coefficients for ride time and co-riding between 0 and 6. These penalty factors are for
general passengers, and we set the penalty factor for high-priority riders at twice that of general passengers. Then, we record the
service quality under different penalty coefficients, and the results are presented in Fig. 7, which shows the number of requests with
unmet service quality under different combinations of penalty factors for ride time and co-riding. The results indicate that even a
small penalty factor can significantly enhance service quality. For instance, when both penalty factors are increased from 1 to 2,
the number of requests whose service quality is not met decreases by 73.08%.

5.4. Sensitivity analysis on the ratio of single-passenger to two-passenger requests

To investigate the impact of different ratios of single-passenger to two-passenger requests on the operational costs and
computational efficiency of ridesharing services, we select six large-scale instances: 30_10, 40_13, and 50_15 from set 1, and 30_15,
40_20, and 50_25 from set 2. Then, we conduct numerical experiments for each instance, setting the ratios of single-passenger
to two-passenger requests at 1:1, 2:1, 3:1, 4:1, and 5:1. The experimental results are shown in Fig. 8, where ‘CT’ represents the
computation time and ‘Obj’ represents the value of the objective function.

According to Fig. 8, the average computation time for all instances in different ratios is 21.3 s, with the longest being 57.1 s.
Additionally, different ratios have minor impacts on computation time for the same instance. Regarding the average operational
cost, it decreases from $210.5 to $169.04 as the ratio of requests with one passenger increases. This is because a higher ratio of
single-passenger requests allows each vehicle to serve more requests, reducing the number of employed vehicles and thus the average
operational cost.
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Table 6
Computational performances for small-scale instances.
Instances CPLEX solver Branch-and-Price CGM GapAlgorithm
Obj Time Gap Obj Time Obj Time Gapl Gap2 Gap3
@™ (2) 3 “@ 5) (6) @) ®) (©)] (10) an
Set 1 6.2 223.40 0.1 0.00 223.40 0.1 223.40 0.1 0.00 0.00 0.00
7.2 233.40 0.1 0.00 233.40 0.1 233.40 0.1 0.00 0.00 0.00
8.2 363.85 0.1 0.00 363.85 0.1 363.85 0.1 0.00 0.00 0.00
93 214.13 0.3 0.00 214.13 0.1 214.13 0.1 0.00 0.00 0.00
10_3 224.13 0.4 0.00 224.13 0.1 224.13 0.1 0.00 0.00 0.00
113 244.13 0.7 0.00 244.13 0.1 244.13 0.1 0.00 0.00 0.00
12.4 282.35 5.4 0.00 282.35 0.2 282.35 0.2 0.00 0.00 0.00
134 292.35 11.0 0.00 292.35 0.2 292.35 0.3 0.00 0.00 0.00
14 4 368.79 104.9 0.00 368.79 0.3 368.79 0.4 0.00 0.00 0.00
155 129.44 121.9 0.00 129.44 0.3 129.44 0.3 0.00 0.00 0.00
165 139.44 1602.1 0.00 139.44 0.3 139.44 0.4 0.00 0.00 0.00
175 141.81 3531.1 0.00 141.81 0.3 141.81 0.5 0.00 0.00 0.00
186 164.47 7233.7 67.34 164.47 0.4 164.47 0.5 0.00 0.00 0.00
196 173.44 7232.2 66.74 173.44 0.5 173.44 0.6 0.00 0.00 0.00
206 183.44 7235.6 60.69 183.44 0.4 183.44 0.7 0.00 0.00 0.00
Average 237.25 1805.3 12.98 225.24 0.2 225.24 0.3 0.00 0.00 0.00
Set 2 6.6 47.02 0.1 0.00 47.02 0.1 47.02 0.1 0.00 0.00 0.00
76 57.02 0.2 0.00 57.02 0.1 57.02 0.1 0.00 0.00 0.00
8.6 57.51 0.2 0.00 57.51 0.1 57.51 0.1 0.00 0.00 0.00
97 46.30 1.1 0.00 46.30 0.1 46.30 0.2 0.00 0.00 0.00
107 54.99 0.9 0.00 54.99 0.2 54.99 0.2 0.00 0.00 0.00
117 74.99 3.5 0.00 74.99 0.2 74.99 0.2 0.00 0.00 0.00
128 82.86 35.9 0.00 82.86 0.2 82.86 0.3 0.00 0.00 0.00
138 84.46 111.1 0.00 84.46 0.3 84.46 0.4 0.00 0.00 0.00
148 87.38 184.0 0.00 87.38 0.4 87.38 0.5 0.00 0.00 0.00
159 78.24 7201.6 21.12 78.24 0.4 78.24 0.6 0.00 0.00 0.00
169 88.24 3021.4 0.00 88.24 2.4 89.08 0.8 0.00 0.95 0.95
179 97.99 7292.4 60.36 94.43 3.4 95.62 0.7 -3.63 -2.42 1.26
18_10 101.65 7232.8 61.68 101.65 14.3 102.56 0.7 0.00 0.90 0.90
1910 109.21 7216.5 70.23 102.74 7.5 105.90 0.8 -5.92 -3.03 3.08
2010 112.74 7243.7 65.85 111.54 3.6 111.54 0.9 -1.06 —-1.06 0.00
Average 78.71 2636.4 18.62 77.96 2.2 78.36 0.4 -0.71 -0.31 0.41

*Gapl = [(5)-(2)1/(2) x 100%; Gap2 = [(7)-(2)1/(2) x 100%; Gap3 = [(7)-(5)1/(5) x 100%.
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Fig. 7. Results for sensitivity analysis on penalty cost factors.
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Table 7
Computational performances for large-scale instances.
Instances Branch-and-Price CGMMore CGM GaptoM
Obj Time Obj Time Obj Time Gapl Gap2
@™ 2) 3 “@ ) 6) @) ®) (C)]
Set 1 208 102.08 11.1 102.08 0.9 102.08 1.1 0.00 0.00
228 117.27 16.8 120.09 1.1 121.23 1.5 2.40 3.38
249 113.55 1.4 113.55 1.5 113.55 1.8 0.00 0.00
269 142.22 248.7 142.22 2.5 142.22 1.8 0.00 0.00
2810 154.76 320.3 158.81 3.5 154.76 2.9 2.62 0.00
30_10 167.48 182.3 169.30 3.8 169.30 2.6 1.09 1.09
3211 163.62 1579.3 164.18 6.2 163.86 5.3 0.34 0.15
3411 179.51 1893.2 180.90 6.2 180.19 5.5 0.77 0.38
3612 194.52 120.2 203.91 8.2 198.92 6.6 4.83 2.26
3812 220.46 821.8 223.09 15.0 223.09 9.7 1.19 1.19
4013 209.69 1236.7 209.69 12.0 209.69 12.5 0.00 0.00
4213 232.73 54.9 232.73 18.3 232.73 14.3 0.00 0.00
4414 247.27 139.7 247.27 21.8 247.27 20.9 0.00 0.00
46_14 273.09 1582.4 274.00 41.1 276.24 21.3 0.33 1.15
4815 255.04 147.1 255.04 34.0 255.04 29.1 0.00 0.00
5015 268.47 321.2 269.08 56.9 268.47 38.2 0.23 0.00
Average 190.11 542.3 191.62 14.6 191.17 10.9 0.86 0.60
Set 2 2010 86.94 7.8 86.94 1.0 86.94 1.4 0.00 0.00
2211 85.90 20.1 85.90 1.1 85.90 1.4 0.00 0.00
2412 96.00 379 96.00 1.6 96.00 2.2 0.00 0.00
2613 101.29 35.0 102.08 2.1 102.10 2.4 0.78 0.80
28 14 108.11 52.3 108.90 3.3 109.86 2.9 0.73 1.62
3015 106.07 681.3 106.89 3.8 106.86 2.7 0.77 0.74
3216 118.76 389.2 121.40 5.1 118.76 4.4 2.22 0.00
3417 118.87 3323.3 118.95 6.6 120.54 4.5 0.07 1.40
36.18 123.48 126.8 126.73 9.2 123.48 7.9 2.63 0.00
3819 120.16 6099.7 120.16 8.0 120.89 10.1 0.00 0.61
40_20 128.05 7056.7 129.20 14.5 128.19 10.3 0.90 0.11
4221 130.58 7207.8 133.28 23.6 133.70 20.0 2.07 2.39
4422 138.32 1023.2 141.98 26.5 139.89 21.9 2.65 1.14
46_23 142.34 7202.7 143.23 30.0 143.44 21.4 0.63 0.77
4824 143.03 4131.1 143.20 34.1 143.20 26.2 0.12 0.12
50_25 143.59 7204.0 144.57 47.8 143.82 38.7 0.68 0.16
Average 118.22 2787.4 119.34 13.6 118.97 11.2 0.89 0.62

*Gapl = [(4)-(2)]1/(2) x 100%; Gap2 = [(6)-(2)]1/(2) x 100%.
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Fig. 8. Results for sensitivity analysis on the ratio of single-passenger to two-passenger requests.
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Fig. 9. Results for sensitivity analysis on ratios of general to high-priority requests.

5.5. Sensitivity analysis on the ratio of general to high-priority requests

To analyze the impact of different proportions of general to high-priority requests on operational costs and algorithmic efficiency,
we conduct numerical experiments based on the instances mentioned in the previous section. The proportions of general to high-
priority requests in these instances are set at 1:1, 2:1, 3:1, 4:1, and 5:1, respectively. The experimental results are shown in
Fig. 9.

As shown in the figure, the average computation time for all instances with different proportions is 22.2 s, with the longest being
56.2 s. Additionally, the different proportions have minor impacts on computation time for the same instance, with a maximum
deviation of 18 s. In terms of operational costs, the average operational cost decreases from $169.08 to $153.72 as the proportion of
general requests increases. This is because general requests typically have lower service quality requirements, allowing each vehicle
to serve more passengers, thus reducing the average operational cost.

5.6. Sensitivity analysis on vehicle fixed costs

To explore the impact of varying vehicle fixed costs on operational costs and algorithmic efficiency, we set the vehicle fixed
costs at $1, $3, $5, $8, and $10, respectively. Then, we conduct numerical experiments based on the six instances mentioned in
Section 5.4. The experimental results are shown in Fig. 10.

As shown in the figure, the average computation time for all instances with different vehicle fixed costs is 21.1 s, with the
longest being 63.3 s. Furthermore, the computation time increases as the vehicle fixed cost increases for the same instance, with
the average computation time increasing from 17.6 s to 27.0 s. In terms of operational costs, different vehicle fixed costs cause
significant changes in total operational costs. The average operational cost increases from $150.56 to $244.68 as the vehicle fixed
cost increases.

5.7. Sensitivity analysis on vehicle transportation costs

To examine the impact of different vehicle transportation costs on total operating costs and algorithmic efficiency, we perform
numerical experiments based on the six instances mentioned in Section 5.4 and set vehicle transportation costs at 0.2 $/km, 0.3
$/km, 0.4 $/km, 0.5 $/km, 0.6 $/km, 0.7 $/km, and 0.8 $/km, respectively.

As shown in Fig. 11, the average computation time for all instances is 20.0 s, with the longest being 54.7 s. Additionally,
different vehicle transportation costs have minor impacts on the computation time for the same instance. In terms of operational
costs, different vehicle transportation costs cause significant changes in total operational costs. The average operational cost increases
from $125.14 to $249.66 as the vehicle transportation cost increases.
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Fig. 11. Results for sensitivity analysis on vehicle transportation costs.

5.8. Service quality changes caused by considering service heterogeneity

To explore the impact of service heterogeneity on service quality, we analyze the satisfaction of service quality with and without
considering service heterogeneity based on instances with insufficient fleets. Note that service quality can be well satisfied when the
fleet is sufficient. Requests with unfulfilled co-riding or detouring requirements are considered unmet requests. Results are reported
in Fig. 12, from which two conclusions can be drawn. First, ignoring service heterogeneity leads to a lower satisfaction ratio among
high-priority requests as compared to general requests due to the former’s lower willingness to share rides and make detours. Second,
incorporating service heterogeneity significantly improves service quality for high-priority groups, with the average unsatisfied rate
dropping from 36% to 13%. However, taking service heterogeneity into account reduces the service quality for general requests, with
their average unmet rate increasing from 25% to 35%. The results suggest that service heterogeneity is vital to improving service
quality for high-priority groups when the fleet is insufficient, but it can come at the cost of service quality for general requests.
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Whether to consider service heterogeneity

Fig. 12. Ratio of unmet request for quality of services.

6. Conclusion and future research

This paper investigates the first-mile ridesharing problem with service heterogeneity for different passenger groups. We minimize
transit agencies’ total operating costs and penalties for causing inconvenience to riders while incorporating service priority by
giving higher penalty factors to high-priority groups. The decisions consist of matching requests, routing the heterogeneous fleet,
and determining the optimal schedule for each route. We first develop an arc-based mixed integer linear programming model
to solve this problem. For obtaining near-optimal solutions within practical computation time requirements, we reformulate the
MILP model as a trip-based set-partitioning model and propose a math-heuristic algorithm. To identify trips more efficiently for the
pricing subproblem, we introduce a new bidirectional labeling algorithm with novel dominance rules. To obtain exact solutions, we
implement a branch-and-price algorithm.

Real-world case studies are conducted based on the road network and randomly generated requests and available vehicles around
the Xinzhuang metro station in Shanghai, China. The results suggest that (1) the column-generation math-heuristic procedure is
applicable for solving real-world-sized problems and obtaining near-optimal solutions efficiently. For instance, the math-heuristic
approach can identify a solution for each case within 40 s. (2) When the fleet is insufficient, the service quality can be significantly
improved for high-priority requests by giving them service priority, with the ratio of satisfied requests increasing by 23%, but it
may sacrifice the service quality for general requests.

Although the proposed math-heuristic algorithm provides solutions in one minute for all instances, this work does not account
for real-time updating of the ridesharing scheme to accommodate new incoming requests and vehicles. Learning-based methods,
such as reinforcement learning algorithms, may be employed to update ridesharing schemes in real-time to respond to dynamic
incoming requests and vehicles. Moreover, in future work, stochastic or robust approaches can be adopted to model and tackle the
uncertainty of travel time.
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(c): Transferring wait time at [ to its predecessor node [ — 1 by postponing the pickup of | — 1.

ET: Earliest service start time LT: Latest service start time AT: Arrival time at the node PT: Actual pickup time

pudga1

g : Final destination —»: Travel time m— : Wait time : Ride time

Fig. A.13. An illustrative example of shifting the waiting time of node / to its neighborhood nodes, / — 1 and / + 1.

Appendix. Proofs of Proposition 1

Let 7, . denote the travel time from node p to its successor node, p + 1, along route S;, and AT;, WT,, PT}, as well as &, denote
the arrival time, waiting time, pickup time, and ride time for node (VI € S;), respectively. We assume that the service duration is
zero for each node, as it can be incorporated into the travel time to simplify.

Then, we can use ¥, .1, .1 + ,5; WT, to denote £, which consists of total travel time from node / to the last node of S; and
total waiting times at these successor nodes of /. Since travel times between nodes are deterministic, the ride time of each node is
only affected by waiting times at its successor nodes. Therefore, minimizing waiting times at its successor nodes allows us to obtain
the minimum ride time for node /.

For a given node /, we can transfer some of its waiting time to neighborhood nodes, / — 1 or / + 1, by adjusting its pickup time,
as shown in Fig. A.13. Based on ¥ 5,1, .41 + 2,5, WT,, we find that transferring the waiting time from node / to node / + 1 may
increase the ride time for node / without reducing the ride time for other nodes, as shown in Fig. A.13(a) and (b). Accordingly,
this type of waiting time transfer process is not helpful in reducing ride times. Instead, we transfer the waiting time at node / to
its predecessor node / — 1 by postponing the pickup of / — 1, with a maximum transfer limit of A = min{LT,_, — PT,_,, PT, — AT,}.
Then, the new ride time (51’,\11 € ;) for each node is as follows:

*Fornode I, & = 3 5 1) i1 + X WT, = &5

Fornode I — 1, & |\ =% o 1ty T WT =D+ 3 WT,=3 o1 1ty + X WT,—A=&_ —A<§y;

*For any node z preceding node I=1, &, = ¥ 1, i1+ 215 po; Wt W T +D+WT=D+ X o WT, = X sty i1+ 2, WT, =
.5 and

For any nodes following node /, their ride time remains the same since the travel times between each arc and wait time at each
node are unchanged.

Thus, by transferring the waiting time at node / to its predecessor node / — 1 (postponing the pickup time of / — 1), without
changing the waiting time at other nodes, we can reduce the ride time for node / — 1 and without change the ride time of other
nodes, as shown in Fig. A.13(a) and (c). By starting the transferring process from the last node and shifting the waiting time of each
node to its predecessor node, we can then obtain an optimal schedule with the minimal ride time for each node.
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