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Abstract: Collaborative designing of service networks using multiple logistics carriers can bring
advantages in both economic and environmental terms, and these carriers have symmetry in their
service areas. To enable such a collaborative service network and the corresponding benefits, this
study proposes a problem of collaborative service network design (CSND) considering demand
uncertainty. This problem is formulated as a two-stage robust optimization model using a budget
uncertainty set to handle the uncertain demand. A column-and-constraint generation algorithm is
developed to accurately solve the robust model. Numerical experiments show that the proposed
algorithm outperforms the Benders decomposition algorithm in terms of solving efficiency and
quality. Through comparative experiments, this research validates the advantages of collaborative
designing and the robustness of model solutions. In addition, three allocation mechanisms are tested
to investigate the importance of allocation in CSND.

Keywords: service network design; robust optimization; uncertainty; column-and-constraint generation

1. Introduction

Service network design (SND) is a key class of fundamental problems facing the
logistics industry [1], which aims to provide consolidation carriers with an economical
and efficient transportation service system. This system can satisfy the shipper’s freight
demand (origin—destination demand) with high resource utilization [2]. Service network
design is usually used to solve tactical planning problems in logistics operations, including
the selection of service lines, the scheduling of resources (such as vehicles, ships, and
drivers), and the planning of freight flow [3]. Intercity less-than-truckload (LTL) freight is a
typical application of this problem, with transportation modes including road, railroad,
and maritime.

Recently, the volume of LTL shipments is growing dramatically and the logistics and
transportation market is facing great changes. Timely delivery and low cost have become
the core requirements in the design of service networks. These new trends create stringent
challenges and require significant adjustments for the logistics carriers. In this situation,
it has become very difficult for logistics carriers to independently design their service
network to achieve low operating costs and high service quality.

Multi-carrier alliances to design a shared service network can bring significant eco-
nomic and environmental benefits for enterprises. Due to the enormous cost of trucks,
cargo ships, and other resources, their low utilization results in significant waste. Through
sharing and service synergies, collaborative alliances can realize the integration of freight
orders from different carriers, significantly improving the efficiency and service level of lo-
gistics carriers [4]. In fact, a multi-carrier sharing of service networks through collaboration
is not a new concept. As early as 1875, logistics firms engaged in maritime transportation
began to hold meetings to limit inter-firm competition [5]. In 1990, Sea-Land and Maersk
reached a consensus on collaboration to realize joint shipping [5]. In road LTL freight, there
is also a huge application prospect for collaboration. In 2013, Henan Changtong Logistics,

Symmetry 2024, 16, 1083. https:/ /doi.org/10.3390/sym16081083

https://www.mdpi.com/journal /symmetry


https://doi.org/10.3390/sym16081083
https://doi.org/10.3390/sym16081083
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com
https://doi.org/10.3390/sym16081083
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com/article/10.3390/sym16081083?type=check_update&version=2

Symmetry 2024, 16, 1083

20f19

together with Shandong Jiayi, Anhui Dazhongyuan, and other logistics carriers, set up
the Central China Logistics Alliance to realize efficient joint freight. It can be seen that
the collaborative design of service networks by multiple carriers has a broad application
prospect in multiple fields.

In the related research on SND, scholars have investigated it from various perspec-
tives [2]. For example, Crainic and Rousseau studied the problem of service network design
for multi-commodity, multi-transportation modes [6]. Bai et al., Lium et al., Wang and Qi
considered the service network design problem under demand uncertainty [1,3,7]. Hewitt
investigated the problem of flexible service network design [8]. Pedersen et al. and Ander-
sen et al. considered the management of resources in SND [9,10]. The limitation of these
studies is that they all ignored the benefits of sharing service networks among multiple
carriers. To the best of our knowledge, in existing studies, only Agarwal and Ergun consid-
ered the liner-sharing problem in maritime transportation and designed the corresponding
allocation mechanism based on the inverse optimization method [4,5]. In their research,
the liner resources of all carriers are centralized by establishing an alliance, i.e., no liner
scheduling is restricted by geography, and can provide services on any routes meeting the
capacity requirements. The executing enterprise on each service route is planned using
an assignment model. Summarizing the existing studies, there is no research that can be
applied to scenarios where the vehicles of each carrier can only serve in a specific area in
road freight, i.e., the carrier’s service areas are geographically symmetrical, and demand is
uncertain. To fill this research gap, this study proposes the problem of collaborative service
network design (CSND) for multiple logistics carriers considering demand uncertainty.

In the problem of CSND considering demand uncertainty, each carrier has its own
service area. Freight orders whose supply and demand points are not within one carrier’s
service area, which is defined as cross-regional orders, will be fulfilled through trans-
shipment. Specifically, the shipments of a cross-regional order will first be transported by
one carrier that has access to its supply point to an area shared by multiple carriers, and
then the carrier with access to the demand point will pick up the shipments and complete
the order. The interaction between vehicles of different carriers significantly increases
the computational complexity of the problem CSND. To effectively solve this problem, a
column-and-constraint generation (CCG) algorithm is proposed. The purpose of this study
is to provide a mathematical programming model and an effective solution algorithm for
the collaborative design of a service network among multiple regional logistics carriers,
investigate the benefits of collaboration in SND and examine the importance of a well-
designed allocation mechanism.

The contributions of this study are threefold. First, a multi-carrier collaborative service
network problem considering demand uncertainty is proposed, and a two-stage robust
optimization model is developed for it, where the uncertain demand is described using the
budget uncertainty set. The proposed model can serve as a modeling framework for carriers
to carry out the collaboration and can be extended to more practical scenarios. Second,
an exact column-and-constraint generation algorithm is provided for solving the problem
CSND. The proposed algorithm outperforms the Benders decomposition algorithm in
efficiency and effectiveness. The algorithm can also be the basic decomposition scheme
and adapt to more variants of problem SND. Finally, this paper reveals the advantages of
designing a multi-carrier collaborative service network and using the robust optimization
method under demand uncertainty and investigates the impact of allocation mechanisms
of cost savings on the collaboration incentive of individual carriers. The findings indicate
that carriers should choose suitable partners to form alliances and design specific allocation
mechanisms for the CSND problem in practice.

The remainder of this paper is organized as follows. In Section 2, we review the
relevant literature. In Section 3, the collaborative service network design problem (CSND)
under demand uncertainty is defined, and a two-stage robust optimization formulation is
introduced. In Section 4, we elaborate on the column-and-constraint generation algorithm
for the CSND problem. In Section 5, we test the algorithm, investigate the advantages of
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collaboration and a robust optimization method, and examine the impact of the allocation
of cost savings through computational experiments. Section 6 concludes this paper.

2. Literature Review

As an important part of the supply chain, SND is mainly used to solve the problem
of long-distance transportation of various raw materials or finished products. Different
from the network design problem, which needs to decide the facility locations, SND makes
decisions on service route selection, transportation resource scheduling, and cargo flow on
the basis of existing facilities. Existing studies have investigated this classical combinatorial
optimization problem from a variety of perspectives. Crainic and Wieberneit provided a
comprehensive review of related studies [2,11]. In this section, we provide a brief overview
of the existing literature in two aspects: one is the problem of SND under deterministic
environments, and the other is studies considering uncertainty.

2.1. SND in Deterministic Environment

Initially, scholars studied the SND problem in deterministic environments, and many
studies focusing on service scheduling and cargo flow planning have been proposed. For
example, Kim et al. considered a large-scale multimodal express parcel transportation
problem [12]. This research can be applied to scenarios with a tight service time window,
limited parcel sorting capacity, and a limited number of vehicles and aircraft. To efficiently
solve this problem, the authors presented a solution algorithm that mixes a column-and-
constraint generation technique with a heuristic method. Armacost et al. proposed a new
composite variable modeling approach for the express SND problem [13]. The method is
effective at improving the lower bound given by the linear relaxation model. To efficiently
solve the SND problem considering fixed costs and capacity constraints, Ghamlouche
et al. proposed a heuristic solution method based on the ring neighborhood structure [14].
This method improved the efficiency of solving the SND problem. Later, Ghamlouche
et al. and Yaghini et al. proposed a path reconnection-based approach and a cutting
plane-based neighborhood search algorithm, respectively, which further improved the
algorithm performance for solving the SND problem considering fixed costs and capacity
constraints [15,16]. These researchers studied the variants of the SND problem from
different perspectives and provided various solving algorithms based on the characteristics
of the problem, but they ignored the management and efficient utilization of resources and
focused on a single carrier planning a service network within its own service area.

In addjition to service scheduling and cargo flow planning, the management of assets
such as vehicles and personnel also plays a key role in the efficiency and cost of the service
network [2]. How to rationally allocate and reposition assets has become a major concern
for enterprises and has been the focus of related research in recent years. Smilowitz et al.
investigated the possibility of long-distance transportation integration in terms of both
mode of transportation and service level [17]. By reasonably allocating orders that can be
delayed to the transportation modes’ existing surplus capacity, this research achieved an
improvement in resource utilization and a reduction in transportation costs. In contrast
to the focus on integrating transportation modes, Pedersen et al. considered asset balance
constraints in the design of service networks [9]. The balance constraint specifies that the
number of assets entering and leaving each point during a scheduled cycle is kept equal.
The inclusion of such a constraint allows for a comprehensive consideration of asset usage
over multiple cycles, allowing assets to form circulation loops in the service network. In
addition to the balancing constraint, Andersen et al. considered multimodal transportation
and multi-fleet collaboration in SND and explored the potential of collaborative services
in improving resource utilization [18]. This further expanded the research on the SND
problem. For efficiently solving the SND problem considering resource balancing, Andersen
et al. proposed a branch-and-bound solution algorithm, which is able to solve large-scale
instances efficiently [19]. While these studies considered improving resource utilization



Symmetry 2024, 16, 1083

40f19

in the SND problem from various perspectives, they all focused on the SND including a
single carrier and did not consider the effects of demand uncertainty.

On the basis of resource balancing, many researchers added different practical con-
straints or needs to further deepen the research on the SND problem. For example, Crainic
et al. added the consideration of facility capacity in the design of a service network, which
limits the maximum number of resources available at each point [20]. Wang et al. investi-
gated the SND problem by considering heterogeneous vehicles [21]. The problem requires
decisions not only about service routes and cargo flows but also about the types and num-
bers of vehicles on the service routes. Through these studies, the authors provided some
managerial insights for carriers to manage their service network. In response to the situa-
tion where the time window of some freight orders may change, Hewitt proposed a service
network design problem with flexible scheduling [8]. Flexible scheduling refers to allowing
carriers to change the time window of some freight orders to reduce the transportation
cost of the service system. To efficiently solve these SND problems, Hewitt and Lehuédé
proposed a new modeling approach for the SND problem [22]. This modeling approach
can provide better linear relaxation models and effectively reduce the number of symmetric
solutions compared to traditional methods. Different from these studies, Agarwal and
Ergun considered the liner-sharing problem in maritime transportation, which includes
multiple carriers [4,5]. By considering the different requirements, including capacity con-
straints, multi-type vehicle and flexible time windows, these works make SND research
more closely related to practical scenarios. However, no research considered the practical
need for the collaborative design of service networks by multiple carriers.

In addition to the research, where the supply points for all demands are given, some
scholars have also investigated an extended service network design problem that requires
deciding on the supply point for each demand, often called logistics service network design
(LSND) problems. The LSND problem usually assumes that decisions are made on a
multi-level network structure [23]. Dufour et al. studied the humanitarian logistics service
network for a real case of humanitarian relief in East Africa in order to obtain an efficient
service solution to better respond to the humanitarian crisis [24]. Belieres et al. proposed
an algorithm based on Benders decomposition to accurately solve the LSND problem
[23]. Later, Belieres et al. proposed a partial Benders decomposition algorithm to further
improve the efficiency of solving the LSND problem [25]. The limitations of these studies
are that they ignore the advantages of collaborative design and the impacts of uncertainty.

Summarizing the existing research on SND in a deterministic environment, it is found
that although existing studies have investigated the service network design problem from
various perspectives, only Agarwal and Ergun considered the scenario where multiple
carriers jointly design the service network [4,5]. However, different from our study, the
work of Agarwal and Ergun did not consider the issue that each carrier only serves a
portion of the area, nor did they investigate the benefits of collaboration [4,5].

2.2. SND Considering Uncertainty

In reality, the operation of a supply chain is often affected by a variety of uncertainties,
and how to reduce the impact of uncertainty on the performance of a supply chain has
become a popular research direction in recent years [26,27]. In the studies of the SND
problem, the ways of dealing with uncertainties are mainly categorized into two types:
stochastic programming and robust optimization [28].

In the related studies on stochastic programming, Lium et al. verified the importance
of taking stochastic factors into account in the SND problem [3]. By comparing the service
network structure under uncertain and deterministic demand, the advantages of cargo
consolidation and route sharing in dealing with uncertainty are analyzed. Based on the
work of Lium et al., Bai et al. included the option of vehicle rescheduling in a stochastic
programming model for the design of the service network [1,3]. The authors investigated
under what circumstances vehicle rescheduling will change the network structure and
the impact of vehicle rescheduling on the flexibility of a service network. This study
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provided a favorable guarantee for improving resource utilization. Different from these
above studies focusing on the efficiency of service networks, Wang et al. investigated
the exploitable value of a deterministic solution in solving the stochastic programming
model of the SND problem [29]. In these studies, the authors assume that the distribution
information of uncertain parameters is known while ignoring the situation where the
distribution information is unknown.

In the studies of using a robust optimization method to solve the SND problem in
uncertain environments, Ng and Lo developed two robust optimization models for the
maritime SND problem with uncertain demand and made a comparative analysis of the
two models [30]. This informed the development of robust models for future SND studies.
Different from the mathematical model of Ng and Lo, Wang and Qi developed a two-stage
robust optimization model for the SND problem considering multiple types of services and
developed a column-and-constraint generation algorithm [31]. The experimental results
show that considering multiple services can reduce the number of vehicles and the total
cost of the transportation network. Later, Wang gave the corresponding two-stage robust
optimization models and column-and-constraint generation algorithms for SND problems
in more scenarios [7]. Facing the problem of a short-term surge in demand for express
delivery brought about by online shopping festivals, Zhang and Liu conducted research
on the design of an express delivery service network under demand surge [32]. Their
proposed strategy involves temporarily upgrading selected terminal nodes to transfer
nodes, effectively enhancing the service network’s processing capacity. Ma et al. considered
the design of a cross-border multimodal container transport network and developed an
uncertain programming model [33]. While these studies used the robust optimization
method to deal with demand uncertainty under various scenarios, none of them considered
the scenario of multi-carrier collaborative design of a service network like our research did
and investigated the advantages of collaboration.

Summarizing the existing research of SND considering uncertainty, there is currently
no research that investigates the design of service networks from the collaboration perspec-
tive of multiple symmetric enterprises. Our research considers the service network design
under demand uncertainty from the perspective of collaboration.

3. Problem Description and Formulation
3.1. Problem Description

Multiple regional logistics carriers need to design a freight service network for ful-
filling the given freight orders. These carriers exhibit symmetry in service areas, business
capabilities, and other aspects. The set of carriers is denoted by K, and N is the set of all
points in the network. The problem specifies that each carrier has its own vehicle resources
and service area, and Nj denotes the set of points that can be accessed by vehicles of carrier
k € K, and N = Uy Ng. A freight order consists of a supply point o € N and a demand
point d € N, which is denoted by (o0,d). Each freight order has its own delivery time
window (S(O,d)/ Lo.d) ), where S(o,4) denotes the start available time at the supply point and
l(o,4) denotes the deadline for the demand point. © is the set of all freight orders. The goal
of each logistics carrier is to complete the freight orders at the lowest possible costs.

If regional logistics carriers design their service network independently, each carrier
would need to solve an SND problem. Furthermore, many freight orders involve supply
and demand points that cannot be accessed by a vehicle of the same logistics carrier, and
consequently, these freight orders will not be fulfilled when carriers design their network
individually. If multiple logistics carriers can work together to design and operate a shared
service network, it will effectively improve the transportation efficiency. For example, a
freight order, for which the supply point and demand point belong to the service area of
different carriers, can be transported by one carrier to a point, which can be accessed by
another carrier, and then transferred by another carrier to the demand point. Through
the trans-shipment method, collaborative designing of the service network can effectively
enhance the ability of carriers to serve orders and achieve economies of scale. For this
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reason, this paper proposes a modeling framework for a collaborative design of service
networks using multiple logistics carriers.

The collaborative service network design (CSND) problem can be specifically de-
scribed as |K| regional logistics carriers forming a cooperative alliance to design and share
a service network. The vehicles of each carrier can only move within their own service area.
Through the centralized programming method, the alliance makes decisions on service
routes, resource scheduling, and cargo flow to transport cargo to the demand point within
the required time window of orders. The demand for a freight order is uncertain, and the
distribution function is unknown. In this study, the objective function is to minimize the
worst-case total cost of the service network.

The CSND problem is defined in a directed graph G = (N, E), where E is the set of
connected edges. The cyclic transportation planning is discretized into T equal-length time
periods, and T also denotes the set of discretized time periods. Each point and connected
edge in the service network has a corresponding copy at different time periods. Each

f
1
denotes the fixed opening cost of edge (i, ), and cfj is the per unit transportation cost or]1
edge (i, ). All carriers have the same type of vehicle with capacity Q.

Figure 1 gives an example of two logistics carriers collaboratively designing a service
network, and the symmetry of carriers in a service area is clearly shown. The network
consists of 4 points; the points accessible by carrier 1 are A, B, and C, and the points
accessible by carrier 2 are B, C, and D. The whole transportation planning cycle is divided
into 5 time periods. There are four freight orders in the service network: (A,C), (A, D),
(B,C) and (D, A), whose freight volumes are 10, 11, 8 and 7, and the transportation time
windows are (1,4), (2,3), (2,5) and (4,1), respectively. It can be seen from this figure
that if two carriers do not implement joint freight transportation, order (B,C) can be
accomplished by any one of them, and order (A, C) can only be accomplished by carrier
1, whereas orders (A, D) and (D, A) are unable to find a feasible service route. However,
when the two carriers design the service network collaboratively, orders (A, D) and (D, A)
can be accomplished by selecting point C as a transfer point. Through collaborative design,
the carriers can effectively expand the service area of each individual and improve the
resource utilization and service level with limited resources.

edge of the service network has a fixed opening cost and a variable transportation cost, ¢

,,,,, Carrier | el
Periods | Point A PointD " +: Order. The number in
: — parentheses represents
Period 1 o\ the demand quantity.
‘ —: Service route of carrier 1.
) ) | The number above is the
Period 2 v o | ° service frequency.
1 2l |
1 (11) \‘ ‘1 ———: Service route of carrier 2.
period 3| . ‘ o 1“ The number above is the
eno ' 1‘30 | T 1 ° i service frequency.
| ! [
‘ | i
I 1 \‘ 1 (@) f\\ | Notes: Dots of the same color
Period 4] Lo (10) | Ny ! | are copies at different periods
1 3 N ‘ for each point.
‘ 2 1
Period 5| © e \\‘

Figure 1. Example of collaborative freight service network.

The assumptions of this research are as follows:

*  Each logistics carrier has a sufficient number of homogeneous vehicles.

*  The scenarios considered in this paper are less-than-truckload (LTL) freight with
vehicle capacity sufficient to fulfill any freight order.

*  The scheduling of vehicles needs to satisfy balanced constraints.

e  Splitting is allowed for every freight order.
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e  Freight orders are allowed to be outsourced, and the cost of outsourcing per unit of
cargo is A.

3.2. Mathematical Formulation

In order to effectively deal with the effect of demand uncertainty and design a col-
laborative service network with good performance in any situation, this paper adopts a
budget uncertainty set to handle the uncertain demand and formulates a two-stage robust
optimization model. The budget uncertainty set method was proposed by Bertsimas and
Sim in 2004, which is different from the previous box uncertainty and ellipsoid uncertainty
methods. The box uncertainty method can give a linearized optimization model by consid-
ering all possible values of demand, but the resulting solutions are too conservative, which
leads to sacrificing too much optimality. The ellipsoid uncertainty method addresses the
issue of overconservatism by solving a conic quadratic problem. However, this method
has a practical drawback that solving the nonlinear model demands more computational
power. The budget uncertainty set method retains the advantages of the linear optimization
model of box uncertainty and can regulate the degree of conservatism by adjusting the
budget value [34].

In this research, the uncertain demand of freight order (o, d) is defined as D(O,d), with
a value range of D, 4) € [D(O 2 — D, ) D(od) + D(o,1)], where D(, 4 is the nominal value
of the uncertain demand D(O 4), and D(O 4) is its maximum deviation. In this study, only
when there is a positive fluctuation in uncertain demand, it will have a negative impact
on the service network system, so we only need to consider the range of fluctuation in
uncertain demand as D(o,d) € [D(o,d)/ D(o,d) + D(o,d)]' Corresponding to the variable D(o,d)/
Z(od) = (D(o,d) — D(o,d) )/ ZA)(OId) denotes the degree of its fluctuation. In addition, we define
the previous period of period ¢ as f. Since the period is cyclic, the value of f is not always
f=t—1. Whent=0,f=T—1.

In the two-stage robust optimization model, the first stage is to find a feasible planning
of the service route and scheduling of vehicles. Based on the given service network, the
second stage performs recourse operations based on demand uncertainty, i.e., cargo flow
and outsourcing decisions are made and recourse costs are calculated.

The decision variables used in the two-stage decision-making are as follows.

k.t .

X;; s a positive integer decision variable, which indicates the frequency of the service

provided by carrier k on edge (i, j) at period t. This variable can also be understood as the

number of vehicles deployed by the carrier k on edge (i, j) during the period t. fi(;’d)’t isa
positive decision variable denoting the cargo flow of order (o0,d) on edge (i, ) at period
t. Since orders can be split, the variable fl.E;.”d)’t does not necessarily equal the demand of
order (o,d). out, 4 represents the freight volume outsourced for order (o, d).

Based on the problem definition and the given decision variables, the two-stage robust
optimization model formulated for the problem CSND considering demand uncertainty is

as follows:

min Y Y Y Zc{] f]t+Opt RP) (1)

ieN jeN keK t=1
sthkt Zx VkeKieNteT )
jEN jEN

Zx’“—o VkeK,ie N,teT 3)
JEN

xfffez+, VieN,jeNkeKteT (4)

where Opt(RP) is the recourse cost given by the second-stage optimization model RP.
Model RP is as follows:
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max min ) ) )" ch]fl ) ) oty 4) (5)

zeZ(T) (0,d)€@iEN jEN t=1 (0,d)€®

st Y UM <QY WM, VieNjeN:jAiteT (6)

(0,d)c® keK
o)} _D(o,d) - D(o,d)z(o,d) + out(o,d) ifi =o0,t = $(0,d)
BN v Do) + Dioa)Z(0.d) = Ot (o), 1fi =d,F =100
JEN JEN 0, otherwise
Vie N,teT,(o,d) €©® @)

F99 =0, V(0,d) €@,ieN,jENt=l(q+]1 ®)
fj] V>0,  V(o,d)€®ieNjeNteET ©)
out(oq >0,  V(o,d) €O (10)

In the second-stage model RP, z is the vector consisting of all variables z, 4 and Z(I')
is the uncertainty set. The parameter I is the budget, which has values in the range of
0, K-

In this formulation, the objective function (1) is to minimize the worst-case total cost
of the collaborative service network, which consists of both the opening cost of the service
route and the recourse cost of the second-stage model. Constraint (2) is the design-balanced
constraint, which specifies that in each period, each carrier has equal vehicle entry and exit
at each point. This constraint ensures that the routes of vehicles form a closed loop in a
service network, thereby avoiding the accumulation of vehicles. Constraint (3) states that
the vehicles of each carrier can only visit points within their service area. This constraint
indicates that each carrier can only serve its own area. The objective function (5) of the
second stage is to calculate the recourse cost, which includes the transportation cost and
outsourcing cost of cargo. In this research, outsourcing of cargo is allowed. Constraint (6)
specifies that the total service capacity on each service route at each period has to satisfy
the freight demand. In other words, the flow of cargo on each edge of each period cannot
exceed the capacity of the vehicles on this edge. Constraint (7) is the cargo flow balance
constraint. If a point is a supply point for order (o, d), then that point has no inflow of cargo
of this order. If cargo arrive at a demand point, they will no longer flow out. If cargo reaches
a point that is neither its supply point nor its demand point, then the cargo must flow out
from this point. Constraint (8) ensures that the fulfillment of freight orders cannot be later
than their deadlines. Constraints (4), (9), and (10) specify the range of decision variables.

There are some limitations in the above two-stage robust optimization model, and
we can make some adjustments to make it applicable to more scenarios. For example,
if the processing capacity of each point is limited in the network, we need to add con-

straint ), ) < Cap; Vi € N,t € T to limit the number of vehicles entering each
keKjeN g
point in each period, where Cap; is the processing capacity of point i. If carriers have

a heterogeneous fleet, we need to add vehicle type set H and replace the decision vari-
k,h, t k,h,t

able x i) ! with X5 X indicates the number of vehicles with respect to type h de-
ployed by the carrier k on edge (i, j) during the period t, where h € H. Consequently, the
constraints (1), (2), (3), (4) and (6) need to be adjusted to reflect this change. These modifi-
cations of the two-stage robust optimization model increase the number of variables and
constraints, but the algorithm will not have much difference.

According to Ben-Tal et al., even a simple two-stage robust optimization problem is
NP-hard [35]. To efficiently solve the two-stage robust optimization model, our research
proposes a CCG algorithm to accurately solve the design problem of a collaborative service
network considering demand uncertainty. The details of the CCG algorithm are given in

Section 4.
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4. Algorithm Design

In the existing research, the algorithms for solving the two-stage robust optimization
model mainly include two categories: approximate algorithms and exact algorithms. The
exact algorithm contains two methods, one is the column-and-constraint generation (CCG)
algorithm proposed by Zeng and Zhao, and the other is the Benders decomposition (BD)
algorithm [36]. Compared with the BD algorithm, the CCG algorithm has a better per-
formance when dealing with the two-stage robust optimization model. For this reason,
the CCG algorithm is chosen to solve the problem of CSND considering demand uncer-
tainty. According to the CCG algorithm, the master problem of CSND is firstly solved
to obtain the optimal service scheduling, including routes and frequency. Based on the
incumbent solution of the master problem, the subproblem will decide the cargo flow and
the amount of outsourced freight. In this research, since outsourcing of freight orders is
allowed, the subproblem is always feasible. The algorithm stops when the upper and
lower bounds are equal or the gap is less than a set threshold; otherwise, the subprob-
lem will generate the corresponding constraints and return to the master problem. In our
algorithm, the Maximize-Minimize problem in the second stage is converted to a Maximize—
Maximize problem by dual theory, thereby constructing the subproblem required by the
CCG algorithm.

4.1. Column-and-Constraint Generation Algorithm

According to the CCG algorithm, the two-stage robust optimization model of the
CSND problem is decomposed into a master problem and a subproblem. In each iteration
(the number of iterations is labeled as r), based on the incumbent optimal solution x of
the master problem, the subproblem will find the possible worst-case combination Z, of
freight orders and return the worst-case cargo flow 7, the outsourcing volume out and
the corresponding constraints to the master problem. In the CCG algorithm, the master
problem (MP) can be specified as:

min Y 3 ) Zc{] i+ e (1)

ieN jeN keK t=1
s.t. Constraints (2)~(4)

) ZZZc”fl] T Y outl(old)g(p, viel,...,r (12)

(0,d)€@®iIeN jeN t=1 (0,d)€®

(od)tl<Q2x VieN,jeN:j#iteTlel,.. . r (13)

L f

(0,d)€®

keK

7D(o,d) i D(o,d)zl(o/d) + Outl(o,d) ifi=o0,t= 8(0,d)

(0,d),E1 0,d),t,1 _ L. _
Zf] & fo, It = Do) + Dioa)Z{pa) = 0ty ifi =d,F=1a)

JEN jEN 0, otherwise

Vie N,teT,(o,d) €0O,lel,...r (14)
fo0M =0, V(o,d)e@ieNjEN =gy +11E€L. .1 (15)
fijf” '>0, V(od)e®ieN,jeENLtETIETL... v (16)
outl(o’d) >0, V(o,d) €®,l€1,...,7 17)

In the MP, the variable ¢ is the intermediate decision variable and constraints (12)~(17)
are the constraints generated by the subproblems in r iterations. The upper and lower
bounds of the CSND problem are defined as UB and LB, respectively, and the optimality
gap between the upper and lower bounds is Gap = (UB — LB) /UB. The framework of the
column-and-constraint generation algorithm can be expressed as follows:
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4.2. Subproblem of CCG Algorithm

Since the second-stage model RP is a “Maximize-Minimize” problem that cannot be
solved directly, its inner minimization problem is transformed using the dual theory to
reformulate the RP into a solvable maximization problem. Specifically, when the worst-
case scenario and service frequency are given, we take the dual of the inner problem to
obtain a maximization problem. Then, the second-stage model RP is reformulated into
a “Maximize-Maximize” problem. Because the optimal solution of the dual model of the
inner problem is an extreme point of its feasible region, the “Maximize—-Maximize” problem
can be equivalently transformed into a maximization problem. At this point, we can solve
the second-stage problem directly, i.e., establish the subproblem of the CCG algorithm.

Fixed variables X and z, the inner minimization problem (RPI) of the second-stage
model is as follows:

min Z ZZZ l]fz(Od)t Z Out(o,d) (18)

(o, d)e@zeN]eNt (0,d)€®
st Y f <Q2x VieN,jeN:j#iteT (19)
(0,d)c® keK
—Dyody — Do arZ (0.0 + out ifi=o0,t=s
(0,d) (0,d)*(0,d) (0,d) (0,d)
A), (o0,d), 0k o .
Y. f,o - fi,q = Dod) + Do) Z(0,a) —0Ut oy  ifi=d, =1y
: j
JEN JEN 0, otherwise
Vie N,teT,(o,d) €© (20)
F9 =0, V(0,d) €@,i€N,jEN,t=l(pq+1 21)
F91 >0, Y(od)€®ieNjjENLET (22)
out(,q) =0, V(o,d) € ® (23)

According to the dual theory, the dual model (DRPI) of the inner problem RPI is
formulated as follows:

,d

max ) ) Z Y. Quiju%{+ Y. (Doa)+Dioa)Z od))(ﬁdz ﬁg?s(o),d)) (24)
ieN jeN:j#it=1keK (0,d)€®

s.taije+ By — B a0 <, ViENEN:j#£i(0,d) €0t =14 +1 (25)

A ..

ﬁ](,()t+)l_ﬁl(t )+7z(]t)— Cijjr VZEN,]ZI,(O,d)€®,t=l(0,d)—|—1 (26)

wijt B BT <, VieNjJEN:j#i(0,d) €0 teT it £l y+1 27)

5ggfﬁg><qy VieN,j=i(0,d) €@ teT:t £,z +1 (28)

ﬁd/l(o,d)+1 - ,Bo?s,(a/d) <A, V(O,d) €0 (29)

ajjr <0, Vie N,jeN:j#iteT (30)

where &, § and 7 are the dual variables corresponding to constraints (19)~(21), respectively.

Through dual transformation, the second-stage inner programming problem RPI
is transformed into a linear maximization problem DRPI based on which the second-
stage model can be equivalently transformed from a “Maximize-Minimize” problem to a
maximization problem, i.e., the subproblem SP required by the CCG algorithm. The model
SP is shown beIOW'

)
max Z Z ZZQ“fo Z od +Dod )(ﬁdl l()osod) (31)
2€Z(T) jeN jeNij£i t=1kek (0,d)€®
s.t. Constraints (25)~(30)
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In the second term of the objective function of model SP, there is a nonlinear term,
which can lead to difficulties in computation. To efficiently solve the model SP, the method
used by Wang and Qi is adopted to deal with the nonlinear terms [7]. In the linear
programming, the optimal solution must exist at the vertex of the solution space. Based on
this, when the budget I is a positive integer, there are only two optimal values of 0 and
1 for the decision variable z. In this case, the decision variable z is equivalent to a binary
variable. Based on these properties, the nonlinear term in objective (31) can be linearized by

introducing a new continuous decision variable v, 4y and the corresponding constraints,
(0,d) (0,d)

such that v, 4y = B; Joa+1 ~ Posa) when z(, 4) = 1, otherwise, v, 5y = 0. The constraints
introduced are as follows:
,d ,d
U(o,d) < (Bt(;l(:d)Jrl - Bg?s(o),d))' V(O,d) €0 (32)
,d ,d
0oy T (1= 20a)A 2 (B 1 = BiGy),  V(od) €© (33)
V(0,d) < /\Z(o,d)/ V(O, d) €O (34)
’U(o,d) >0, V(O, d) Q) (35)

Through the above linearization, the subproblem SP is reformulated into a linear
programming model (SPL) that can be directly solved. SPL is as follows:

max Y ) ZZQ"‘z]txz]+ Y Dioay (B i1~ Boin) + X Dioayo (36)

2€Z(T) jEN jeNj#i t=1 keK (0,d)c® (0,d)€®
s.t. Constraints (25)~(30), (32)~(35).

5. Computational Experiments

In this section, the effectiveness of the CCG algorithm in solving the collaborative
service network design (CSND) problem considering demand uncertainty is verified by
comparing it with the BD algorithm. Based on the accurate solution of the CSND problem,
the advantages of collaborative design of a service network are investigated by comparing
it with the model of carriers designing their networks individually. The robustness of the
proposed robust model in coping with demand uncertainty is evaluated. Moreover, three
allocation mechanisms of cost-saving are tested to investigate whether a simple allocation
mechanism can incentivize the carriers to participate in collaboration. All experiments were
conducted on a desktop computer with an Intel Core i7-10700 2.90 GHZ and 16 GB RAM.

5.1. Instance and Parameter Settings

Since no existing data instances were available, we created six groups of instances
with different settings for the CSND problem considering demand uncertainty based on the
parameter settings given by Wang and Qi [7,31]. Each group includes six tables of freight
orders and six cost matrices. By combining the order tables and cost matrices, we can create
36 different instances for each group of instances. The tables of freight orders contain the
supply and demand points, the delivery time windows, and the nominal value of demand.
The cost matrix contains information about the fixed opening costs and the transportation
costs. The six groups of instances are named I1, 12, ... 16. Table 1 gives the settings of
each group, including the number of carriers (|K|), the number of network points (| N|), the
number of periods (T) and the number of freight orders (#Orders).

For the experiments, the vehicle capacity Q is set to 20. The outsourcing cost per

unit of cargo A = 150. The fixed opening cost cf;. is randomly generated in [50,250] and
the transportation cost c}j» is randomly generated in [5,50]. The nominal value D(O,d) of
each demand is randomly generated in [4, 14], and the maximum deviation is equal to the

product of the parameter ¢ and its nominal value, i.e., D(o,d) = ﬁD(o,d)- The parameter ¢
indicates the degree of deviation of freight order. In all instances, all points of the service
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network are equally divided into |K| 4+ 1 copies. The first copy is shared by all carriers,
meaning that all vehicles can access these points. The remaining |K| copies of the point will
belong to |K| carriers in turn.

Table 1. Scale information of the instances.

No. |K| IN| T #Orders
Il 2 6 5 8
12 2 12 5 16
I3 2 12 10 16
14 3 12 5 16
15 3 18 5 24
16 3 18 10 24

5.2. Efficiency of Algorithm

Based on instances I1~16, we compare the performance of the CCG algorithm and
the BD algorithm in solving the problem CSND considering demand uncertainty, and
the results are given in Table 2. In the solving of instances, the violation probability
of robust optimization is set to 1%, the demand deviation & = 0.5, and the maximum
running time of both algorithms is set to 1 h. Notice that the algorithms may run longer
than 1 h as the algorithms will complete the current iteration before stopping when the
running time reaches 1 h. Both algorithms are implemented using Java calling CPLEX
12.10. Four metrics are used to compare the two algorithms, including the average running
time (T(s)) on 36 instances, the number of instances where the optimal solution is obtained
(#Opt), the number of instances obtaining a feasible solution (#Fs), the average optimality
gap (Gap(%)) on 36 instances and the difference in objective value between the CCG and
BD algorithm (Diff(%)).

Table 2. The performance of two algorithms on instances I1~16.

BD CCG
NO. Diff (%)
T (s) #Opt #Fs Gap (%) T (s) #Opt #Fs Gap (%)

nn 3517 1 36 28.16 100 36 36 0 7.42

12 3600 0 36 62.58 446 36 36 0 25.92

I3 3600 0 36 80.21 4128 13 36 1.13 54.46

14 3600 0 36 63.41 329 36 36 0 25.28

15 3600 0 36 87.68 1603 30 36a 0.06 78.16

16 4277 0 36 94.52 5906 1 36 3.66 146.13
Average 3699 17 36 69.43 2085 25.33 36 0.81 56.23

The experimental results show that the CCG algorithm significantly outperforms the
BD algorithm in all instances, and the difference in solution results between the two algo-
rithms can reach 56.23%. The BD algorithm finds the optimal solution for only 1 instance of
I1 within the limited time, and the average optimality gap is greater than 28% on instance I1.
In instances 12~16, the average optimality gap of the BD algorithm exceeds 60%. In contrast,
the CCG algorithm can quickly obtain the optimal solutions for small-scale instances (such
as for instances 11, 12, and I4). In instance 16, the CCG algorithm still performs strongly,
with an average optimality gap of 3.66%, even though it only solves the optimal solution
for one instance.

Moreover, it should be noted that the performance of the CCG algorithm will be
impacted by the computational environment. However, fortunately, algorithm performance
will be positively correlated with the computational environment. This research will not
discuss this impact in detail because it cannot be covered by the algorithm itself.
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5.3. Analysis of Collaboration

The numerical experiments in the previous section verified the effectiveness of the
proposed CCG algorithm. Based on the favorable performance of the CCG algorithm, this
section investigates the advantages of the collaborative design of a service network among
multiple carriers. The experiments are based on the instances I1 (two carriers collaborate)
and 14 (three carriers collaborate), and the carriers individually design the service network
as the benchmark. In the carrier-alone mode, i.e., non-collaboration (NC) mode, the freight
order will first be assigned to the corresponding carrier according to the area of the supply
point. When the supply point is a shared point among multiple carriers, the freight order
will be assigned to the corresponding carrier according to the area of the demand point. If
the demand point is also a shared point, the freight order will be randomly assigned to a
carrier. In this experiment, it is assumed that the penalty cost incurred when a freight order
cannot be fulfilled is the same as the outsourcing cost.

5.3.1. Cost Savings of Collaboration

This section investigates the cost benefits of collaboration. Figures 2 and 3 show the
cost savings of collaborative design compared to the NC mode under different demand
fluctuations (i.e., the parameter & has different values). The results of instance I1 are given
in Figure 2, and Figure 3 shows the results of instance I4. The total cost of the NC model is
the sum of the costs individually designed by each carrier.

29.0

!
>

28.0 4

N N

o N

o o
L L

Saing Rate(%)
N
(9]
o

24.0 ~+
23.0
220 +
21.0 T T T T T T —
0 0.25 0.5 0.75 1 1.25 1.5
Fluctuation

Figure 2. The advantages of collaboration between two carriers.
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Figure 3. The advantages of collaboration among three carriers.

The results in Figures 2 and 3 indicate that under any demand fluctuation, the collabo-
rative design of a service network by multiple carriers can lead to considerable cost savings.
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When the demand fluctuation is 0, i.e., the demand of freight order is determined, the cost
savings brought by collaboration is relatively low. As demand fluctuation increases, the
cost savings brought about by collaboration show a growing trend. When the demand
fluctuation exceeds 0.5, the growth trend slows down. The reason is that the collaborative
robust optimization model can utilize the synergies between carriers to design a robust
service network, which can effectively cope with the impact of uncertain demand and
improve resource utilization. When the demand fluctuation increases to a certain level, the
structure of the collaborative service network tends to stabilize, and the benefits brought
about by the synergies no longer significantly increase. Therefore, the growth trend of the
cost savings slows down.

The curves of cost-saving in Figures 2 and 3 all show some fluctuations. The reason
is that due to the influence of network layout and data, the cost savings of collaboration
caused by fluctuating growth in demand will vary at different stages. Therefore, these
curves will show some volatility, but this does not affect the overall trend.

5.3.2. Composition of Cost Savings

To further investigate how collaboration reduces the total cost of the service network,
we analyze the optimal solution composition of instances I1 and 14 and calculate the relative
cost savings of the opening cost of service lines (NetCost), transportation cost (FlowCost),
and outsourcing cost (OutCost), respectively. The results are given in Figure 4, where
“Total” indicates the total cost-saving brought about by collaboration. The results show that
the cost savings brought about by collaboration are mainly the reduction in outsourcing
costs, while the opening cost of service lines and transportation costs will increase in the
case of collaborative design. The reason is that the collaborative design of multiple carriers
can effectively expand the coverage of the service network and reduce the outsourcing of
freight orders. To serve the freight orders that were previously outsourced, the collaborative
service network has to increase the service routes and frequency. Therefore, compared with
the non-collaboration model, the collaborative design will cause an increase in the opening
cost of service routes and the transportation cost, but this increase is much lower than the
savings in outsourcing costs.

80
70 = Total ZNetCost 8 FlowCost B OutCost

60 A
50
40
30
20

Saving Rate(%)

0 Two Three

The Number of Carriers
Figure 4. The composition of total cost-saving.

5.3.3. Discussion

The above experiments demonstrate that the collaborative design of a service network
provides a new model for logistics carriers when they are limited by factors such as invest-
ment and risk. Collaborative designing can effectively improve the resource utilization and
reduce the operating costs of the service system.

5.4. Analysis of Robust Optimization

In addition to the collaboration, using robust optimization to cope with the demand
uncertainty is also the focus of this study. In this section, the two-stage robust optimiza-
tion model given in Section 3.2 is compared with the deterministic model to verify the
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advantages of robust optimization in solving the CSND problem. Based on instance I1, the
experiments are carried out to investigate the differences between the two models in terms
of total costs under different demand fluctuations and uncertainty budgets.

The total cost of the deterministic model is calculated as follows: firstly, the service
network is designed based on the nominal demand of freight orders, and then the real cost
of the network under demand uncertainty is re-evaluated. The specific calculation steps are
as follows: set the demand fluctuation of all freight orders as 0, and decide the collaborative
service network. Then, based on the incumbent service network, the subproblem SPL of the
CCG algorithm is called to obtain the corresponding transportation cost and outsourcing
cost for the uncertain demand. The total cost of the deterministic model is the sum of
the opening cost under nominal demand and the transportation and outsourcing cost
generated when uncertain demand occurs. This calculation indicates that the deterministic
model did not consider demand uncertainty when designing the service network but only
responded when demand fluctuated.

5.4.1. Advantages under Different Demand Fluctuation

The results given in Figure 5 show the cost savings of the two-stage robust optimization
model compared to the deterministic model under different demand fluctuations (demand
fluctuation increasing from 0 to 1.5). The uncertainty budget in this experiment is set to
8. The results show that, compared with the deterministic model, the two-stage robust
optimization model can effectively cope with the impact of demand uncertainty and reduce
the total cost of freight enterprises. The cost savings brought by the robust optimization
will increase with the increase in demand fluctuations. This result fully demonstrates the
robustness and superiority of the solution obtained by the robust optimization model in
dealing with demand uncertainty. Especially in scenarios with high demand fluctuations, it
is more important for carriers to adopt robust optimization to design the service network.
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Figure 5. The advantages of robust optimization under different fluctuations.

5.4.2. Advantages under Different Uncertainty Budget

To further investigate the effects of an uncertainty budget on cost savings, Figure 6
shows the change curve of the cost-saving of the two-stage robust optimization model
compared with the deterministic model when the uncertainty budget increases gradually.
In this experiment, the parameter ¢ is set to 0.5. The experimental results show that the
robust optimization model can effectively deal with the impact of uncertain demand and
reduce freight costs under different budget settings. With the increase in the budget, the
cost savings generated by the two-stage robust optimization model show an increasing
trend and tend to stabilize after the budget reaches 4. The reason for this phenomenon is
that when the budget value is low, the service network system believes that the probability
of demand changes is small. In this case, using a robust optimization model to design a
service network will not bring about large benefits. As the budget increases, the uncertainty
considered in designing a service network increases, and consequently, the advantages
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of robust optimization in designing a service network become more obvious. When the
budget increases to a certain stage, the service network obtained by robust optimization
becomes sufficiently robust to cope with more uncertainty, and the network structure tends
to remain unchanged. Therefore, the cost savings will tend to be stable.
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Figure 6. The saving rate under different budgets.

5.4.3. Discussion

The curves of Figures 5 and 6 all show some small fluctuations. This is because,
affected by the same factors as in Figures 2 and 3, the cost savings of robust optimization
caused by fluctuating growth in demand or uncertainty budget may vary at different stages.

These experiments indicate that ignoring demand uncertainty in the design phase can
lead to a significant increase in total costs. When the probability distribution of demand
cannot be accurately obtained, decision-makers can use the robust optimization method to
design a robust service network for effectively coping with the impact of uncertainty. In
robust optimization, by adjusting the uncertainty budget, decision-makers can design a
collaborative robust service network with different levels of conservatism.

5.5. Allocation of Cost Savings

The numerical experiments in the above sections indicate that the collaborative design
of a robust service network can bring considerable cost savings for carriers. However, in
addition to the cost-saving, the stability of a collaborative robust service network is also
affected by the allocation of cost savings. Consequently, how to fairly allocate the cost
savings for the participants is another issue worth studying. Carriers are often selfish,
and their biggest motivation for joining the alliance is to achieve maximum cost reduction.
Therefore, the allocation mechanism should ensure that the most attractive benefits are
provided to all collaborative participants, thereby encouraging them to stay in the alliance.
In cooperative game theory, the allocations in the core can ensure that the benefits provided
by the grand alliance to the carriers are not less than any sub-alliance, thereby ensuring the
stability of the grand alliance.

Based on instances 14 and I5, three allocation mechanisms are tested to investigate
the stability of the collaborative freight services provided by multiple carriers. The three
mechanisms are “Equal”, “Investment” and “Shapley” allocation mechanisms. “Equal”
is an equalization method, which stipulates that the total cost-saving will be equally
distributed to the alliance members. The “Investment” method allocates the total cost-
saving based on the carrier’s share of the opening costs of service routes in the collaborative
network. The “Shapley” method allocates the total savings based on the Shapley value. We
counted the number of instances where the allocations are in the core, and the results are
given in Table 3.
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Table 3. The number of instances whose allocation belongs to the core.

Equal Investment Shapley
14 0 0 0
15 0 0 0
Total 0 0 0

The results show that multi-carrier alliances are less likely to stabilize. When logistics
carriers are free to choose their partners, some carriers are prone to break away from the
grand alliance and form smaller ones that have greater benefits. In order to stabilize the
operation of a grand alliance, the relevant authorities may consider providing appropriate
economic subsidies to carriers participating in the collaboration. From the perspective
of enterprises, logistics carriers carrying out collaborative activities can start with the
selection of suitable partners and the design of reasonable allocation mechanisms to provide
assurance for the stability of collaboration. Suitable partner selection can bring about more
cost savings, while the reasonable allocation mechanism can fairly assess the contribution
of each participant.

6. Managerial Implications and Theoretical Contributions

Based on a clear identification of the advantages of collaboratively designing a robust
service network, this section provides managerial insights and practical implications for
managers. This study proposes a novel method for the service network design under
demand uncertainty and carriers that have specific service areas. A distinctive aspect of
this study is that collaboration and robust optimization are simultaneously considered to
improve the performance of the service network.

This work provides a set of policies for carriers to expand the market and improve
their service levels through collaboration and effectively share resources with partners
when their financial and resource constraints are limited. It is advised to collaboratively
design the robust service network using robust optimization methods when the demand is
uncertain and its distribution information is not known. This research indicates that robust
optimization can effectively mitigate the impacts of uncertainty and decrease the operation
costs in the CSND problem.

Moreover, carriers should select suitable partners and design reasonable allocation
mechanisms when collaborating. If the allocation is not stable and carriers belong to one
parent company, carriers can consider applying for subsidies to enable the parent company
to achieve cost savings. Perhaps, at some point, carriers could consider applying for
compensation from government agencies, since collaboration is beneficial to the community.

In summary, constructing a collaborative robust service network can enhance the
performance of the freight service network and bring about benefits for carriers.

7. Conclusions

Collaborative designing of a service network under demand uncertainty by multiple
symmetric logistics carriers can effectively integrate resources, improve resource utilization,
and reduce the impact of uncertain demand on a service system. In this study, a model for
the collaborative design of a service network considering demand uncertainty is proposed.
To efficiently solve this problem, a two-stage robust optimization model is formulated, and
an exact CCG algorithm is implemented. The numerical experiments show that the CCG
algorithm is significantly superior to the BD method in efficiency and effectiveness.

The analysis of the advantages of collaboration and robust optimization shows that
the collaborative design of a service network by multiple symmetric carriers can effectively
reduce the total cost of a service network, and the cost-saving generated by the collaboration
will increase with the increase in demand fluctuation. The robust optimization method can
take the demand uncertainty into account in the design stage, so as to design a robust and
resilient service network.
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Cost-saving allocation is an important factor affecting the stability of a collaborative
service network. The experimental results show that a simple allocation mechanism cannot
provide a stable allocation for the CSND problem. In practice, we can ensure the stability of
collaboration from aspects such as economic subsidies, selection of suitable partners, and
reasonable allocation mechanisms.

In future research, we can incorporate the selection of resource types in the design
of collaborative service networks. Due to the varying capabilities and costs of different
types of resources, a reasonable selection of resource types can effectively reduce the total
cost of collaborative service networks. Considering the carbon emissions of a collaborative
service network is also a good research direction. We can investigate how the structure of a
collaborative service network will change when considering carbon emissions.
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