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As a supply chain integrator, a fourth party logistics (4PL) typically does not have its own logistics
facilities, so the 4PL needs to match third party logistics (3PLs) and customers to meet customers'
logistics service demands. An effective matching method can not only improve the efficiency of
4PL supply chain management, but also establish more long-term and stable cooperative
relationships with customers and 3PLs. Therefore, we propose a novel two-sided logistics matching
method considering the trading psychology and matching effort of matching subjects under the
4PL. First, based on considering the trading psychology, the concepts of blocking pair and stable
matching are redefined. Then, based on the public values and matching effort of customers and
3PLs, the evaluation values of customers and 3PLs are calculated. And the trading possibilities of
customers and 3PLs are calculated by considering the fairness threshold. Next, we consider
different stable matching demands of customers and 3PLs and develop a bi-objective matching
model to maximize the trading possibilities of both customers and 3PLs. Furthermore, the

Fai X e, . . . . .
airness threshold properties of the proposed method are discussed. Finally, a numerical example and comparison

analysis are provided to prove the feasibility and effectiveness of the proposed method.
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1. Introduction

With the continuous development of economic globalization, to improve their competitive advantage, expand market share
and improve the satisfaction of logistics service, more and more enterprises focus on their own core business and outsource
logistics business to professional third-party logistics (3PLs) (Dong et al., 2022; OZcan & Ahiskali, 2020). And 3PLs
gradually became the mainstream at that time.

However, with the continuous improvement of digital technologies, as well as the high development of supply chain
management, the disadvantage of 3PLs is increasingly obvious. Hofmann and Osterwalder (2017) point out that the 3PLs,
which focus on providing standard logistics services, will lose a lot of market share in the future. In addition, due to the
limitations of their capabilities and resources, the 3PLs are unable to integrate all supply chain resources, so the logistics
efficiency in the supply chain cannot be further improved. Thus, fourth party logistics (4PL) becomes an ideal solution to the
bottleneck problem of 3PLs. The term of 4PL was first proposed by Andersen Consulting in 1998, which defines a 4PL as a
supply chain integrator, which provides and implements complete supply chain solutions by integrating the resources and
capabilities of 3PLs, leading consulting firms, and technology providers (Gattorna, 1998; Wang et al., 2022; Win & Walters,
2008). Usually, a 4PL has almost no logistics facilities, and as a broker between customers and 3PLs, the 4PL needs to match
3PLs with customers to meet the customers’ logistics service demands (Gruchmann et al., 2020). In addition, since a 4PL
determine the appropriate matching between two sets of subjects, i.e., customers and 3PLs, this type of matching is called
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two-sided matching which is first studied by Gale and Shapley (1962) to deal with college admission matching problem and
marriage matching problem. At present, the two-sided matching is used in the field of logistics, which has become an effective
mechanism for a 4PL to select the appropriate 3PL for customers to provide logistics services.

In the actual matching process, the 4PL needs to determine an appropriate matching scheme according to the demand
information provided by customers and 3PLs. And the 4PL takes the initiative in the process of determining the optimal
matching, which is manifested as follows: (1) In order to enhance the market values of customers and 3PLs, the 4PL tends to
appropriately package the information of customers and 3PLs and disclose the packaged matching values to the other party.
(2) Different customers and 3PLs have different demands on trading time, which may lead to different trading psychology.
The 4PL can improve logistics matching efficiency by evaluating the trading psychology of customers and 3PLs. (3) When
they obtain the public value of the other party published by the 4PL, the customers or 3PLs usually inquires with the 4PL
about more information of the interested matching subject. The 4PL can determine appropriate matching more pertinently and
more efficiently by evaluating the trading possibilities between two-side matching subjects.

Although there are two-sided matching methods which are able to address the logistics matching under the 4PL, there still
exists some research gaps.

(1) There are few studies on the active role of brokers in two-sided matching decisions. In fact, in the logistics market
dominated by the 4PL, the 4PL, as a broker between customers and 3PLs, has a significant impact on the matching result. For
example, the public values provided by the 4PL will affect the matching subjects’ evaluation values on the other party, and
the trading possibilities evaluated by the 4PL will affect the fairness of the matching. Therefore, the active role of the 4PL as
a broker should be considered in two-sided matching under the logistics market dominated by the 4PL.

(2) Few studies have considered the trading psychology of the matching subjects. In fact, in the logistics matching process
under the 4PL, customers and 3PLs may have different trading psychology. For example, customers with urgent logistics
tasks, who are eager to do a deal with 3PLs. Similarly, when 3PLs encounter some logistics tasks which are highly matched
to their own capability, they are eager to transact with the customers with these logistics tasks. And different trading
psychology of matching subjects usually make them have different requirements for the matching stability.

(3) The effort level of customers and 3PLs affects the discovery of the real value of the other party. The harder 3PLs and the
customers communicate with the 4PL, the more likely they are to obtain more information about the real value of the other
party, and the more likely their evaluation value on the other party is to be close to the real value of the other party.

In order to fill the above research gaps, we propose a novel two-sided logistic matching method considering the trading
psychology and matching effort of customers and 3PLs under the 4PL. The main contributions of our research are as follows:

(1) We introduce trading psychology of customers and 3PLs into logistics matching under the 4PL. And based on considering
the trading psychology of customers and 3PLs, we redefine blocking pair, stable matching and Pareto optimal matching.

(2) We consider the active role of the 4PL in two-sided logistics matching, and propose a novel method to calculate the
evaluation values of customers and 3PLs on the other party, which takes into account the public values and effort of customers
and 3PLs determined by the 4PL.

(3) We propose a method for calculating the trading possibility based on the trading fairness. And in order to obtain the
optimal matching more effectively, we develop a bi-objective matching model considering different demands of customers
and 3PLs on stability.

(4) We provide a case study in the background of two-sided logistics matching under the 4PL to demonstrate the feasibility
of the proposed two-sided matching method. Meanwhile, we provide a comparison analysis to reveal the effectiveness of the
novel method.

The rest of the paper is arranged as follows: The literature review on two-sided matching is presented in Section 2. And
Section 3 introduces some preliminaries regarding two-sided matching and stable matching. Section 4 describes the problem
background, the redefinition of some concepts and the resolution framework on logistics matching under the 4PL. The novel
two-sided logistics matching method under the 4PL is specifically presented in Section 5. And a numerical experiment and
comparison analysis are introduced in Section 6. Finally, the research conclusions and future research extensions are
summarized in Section 7.

2. Literature Review

In this section, we review the existing literature related to our research from two streams respectively, which are the application
of two-sided matching and two-sided matching methods.

(1) The application of two-sided matching

Early applications of two-sided matching mainly focused on marriage, labor, and college admissions and so on (Abraham et
al., 2007; Gale & Shapley, 1962; Roth, 1985). With the prosperity of the service economy and the increasingly diversified
customer demands, many two-sided matching problems with new characteristics emerge. Jiang et al. (2011) studied the
matching problem of one-shot multi-attribute exchanges considering quantity discounts in electronic brokerages, established
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a multi-objective model where the objectives are to maximize the matching degree and the trade volume. Chen and Song
(2013) studied the matching problem between firms and banks in the loan market, and developed a many-to-one two-sided
matching model. Jiang et al. (2018) studied the problem of matching home buyers and sellers in China’s real estate market,
defined the satisfaction degree functions considering buyers’ offer prices and preference orderings, seller’ reservation and
ideal prices, and developed a linear programming model to obtain optimal matching. Liu et al. (2018) studied the matching
problem between surgeons and patients, calculated the satisfactions of both surgeons and patients based on their subjective
preferences, and developed a two-objective matching model to maximize the satisfactions of matching subjects. Miao et al.
(2019) investigated the two-sided matching between overseas demanders and domestic suppliers in cross-border e-commerce,
and based on the integration of language and interval evaluation information, developed an optimal matching model with the
maximum satisfaction degrees of both parties. Xiang et al. (2019) studied the matching problem on complex product
manufacturing tasks on cloud manufacturing platforms, and proposed a matching model considering dual hesitant fuzzy
preference information. For logistics service matching, Peng et al. (2016) investigated matching problems between vessels
and cargos in the dry bulk shipping market, developed a stable matching model that maximizes the total surplus of carriers
and shippers, and proposed a price game mechanism based on Gale-Shapley. Li, J. et al. (2020) investigated the matching
problem between merchants and drivers in a freight O20 platform, and proposed a matching model considering pricing
strategy. Ling et al. (2021) investigated the vehicle-cargo matching problem and proposed a two-sided matching model to
maximize matching rate and matching profit.

It can be seen that there is more and more research on the application of two-sided matching, but there are few studies on two-
sided matching in the logistics market dominated by a 4PL. As a supply chain integrator, the 4PL plays an important active
role in the matching process. Therefore, the two-sided logistics matching problem considering the active role of the 4PL is an
important research direction.

(2) Two-sided matching methods

Klumpp (2009) constructed the stable matching model under non-transferable utility and transferable utility to resolve the
two-sided matching with spatially differentiated agents. Liu and Ma (2015) designed a new two-matching decision method
considering uncertainty of the preference sequences, and developed a matching model to maximize matching number and
minimize the total preference distance. Echenique and Galichon (2017) introduced the concept of non-traded stable matching
and proposed non-trading stable matching algorithms for solving ordinal matching and cardinal matching. Fan et al. (2017)
considered the psychological behavior of agents, and introduced the disappointment theory into calculating the modified
preference utilities, and on this basis developed a matching model to maximize the modified preference utilities of both
matching parties. Yue et al. (2019) developed a novel two-sided matching method with triangular intuitionistic fuzzy numbers
(TIFNs), in which, the similarity measure between TIFNs is refined, and a matching model based on extended similarity
measure is developed. Li, P. et al. (2020) proposed a novel two-sided method based on the regret theory for the probabilistic
linguistic term sets, in which the lowest acceptability value is considered. Zhang et al. (2020) proposed a novel two-sided
matching method with fuzzy preference relation with self-confidence. Zhang et al. (2021a) developed a two-sided matching
method with multi-granular hesitant fuzzy linguistic term sets. Pu and Yuan (2023) proposed a matching model where the
demands of intermediary and the matching subjects are considered to resolve the matching problem with different preferences
and individual bounded rationality.

From the above literature review, we can see that few existing methods consider the trading psychology and matching effort
of matching subjects. In the matching process, each matching subject may have different trading psychology, and different
effort levels, which affect the final matching result. Thus, it is necessary to propose a two-sided logistics matching method
considering different trading psychology and matching effort, to assist the 4PL to realize the logistics matching between
customers and 3PLs efficiently and establish long-term cooperative relationships with customers and 3PLs.

3. Preliminary

In this section, we introduce the concepts and definitions regarding two-sided matching, and stable matching, which will be
useful for the proposed two-sided matching method for the logistics market under the 4PL.

Two-sided matching is an important research method in market formation mechanism. Specifically, the mathematical
definition of two-sided matching is given as follows:

Let A={4,4,,...,A4,} and B={B,,B,,...,B,} be two sets of matching subjects, where A; represents the { th subject

in A,and B i donates the j th subjectin B, then the definition of two-sided matching is given as follows.
Definition 1 (Zhang et al., 2020). A two-sided matching is defined as a mapping 4 : A UB— AUB, if and only if the
following conditions are satisfied for VAi €A, VBJ. €B.

€)) ,u(A)e BU{A}, if ,U(A,) = A,., then Ai has no matching objectin B .
) ,u(Bj)e AU{BJ.}, if ,u(Bj) =B, , then B, has no matching object in A.
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() If 4(A4,)=B,,and U(B,)= 4;, then (4;, B, ) is the matching pair determined by matching 4 .
MIf U(A)=B,, then, u(4)#B,, B, #B,, B, €B.

The set of matching pairs determined by a two-sided matching £ is called a matching scheme.

Fig.1 shows a two-sided matching 4 , which includes two sets of matching subjects, namely 4 and B, and a broker. The

broker is between 4 and B, and tries to satisfy the demands of both 4 and B to determine the optimal matching. In Fig.
1, the straight lines between the matching subjects A and B represent the matching relationship between the two parties,

where the thick lines represent that the two parties have formed matching pairs. For example, (4,, B,) and (A4;,B,) are
two matching pairs determined by # . And the set {(A4,,B,),(4;,B,),...,(4,,B,)} is a matching scheme.

Broker

Fig. 1. A two-sided matching

Definition 2 (Xiang et al., 2019). Let S; and Sf be the satisfaction degree of AI. with B ; and the satisfaction degree of
B ; with A[ , respectively. The two-sided matching £ is stable if and only if none of the following conditions occurs:
C e 4 4 B B
(1) 34;,4, € A and 3B;,B, € B, yu(4,)= B,, u(A,) = B, , satistying s;; > s,/ and 5, > 5,
(2) 34, € A and EIBj,B/ € B, u(4,)=21B,, ,Ll(Bj) = Bj , satisfying S; > S;l )

4. Problem description and Resolution framework

In this section, we propose a novel solution framework to solve the matching problem between customers and 3PLs in the
logistics market dominated by a 4PL. First, we describe the research problem. Second, we redefine matching pairs, stable
matching, and Pareto efficient matching. Then, we introduce the notations and sets used in this paper. And finally, we present
the novel resolution framework for logistics matching problems.

4.1 Problem description

A logistics market dominated by a 4PL is considered, which consists of a 4PL, a set of customers, and a set of 3PLs. 3PLs
can provide professional logistics services. Meanwhile, customers need appropriate 3PLs to provide logistics services for
themselves. Customers and 3PLs are two-sided matching subjects. The 4PL as a broker needs to determine the optimal
matching between customers and 3PLs. Without loss of generality, we assume that one customer can only match one 3PL at
most, and one 3PL can only match one customer at most. In practice, customers and 3PLs both have different trading
psychologies in the process of logistics trading. For example, for urgent logistics tasks, customers will be more eager to make
transactions, while for non-urgent logistics tasks (such as transportation services procurement for long-term planning),
customers will be more patient in the transactions. The same goes for the 3PLs. We assume that the customers and 3PLs have
three types of trading psychologies respectively, namely, eager to make a deal, neutral deal, and patient deal.

In the actual matching process, the 4PL can evaluate the real values of the customers and 3PLs according to the relevant
information submitted by the customers and 3PLs, as well as the information accumulated in the long-term cooperation
process. At the same time, in order to improve the competitiveness of customers and 3PLs in the matching market as much as
possible, the 4PL will determine their public values which are slightly greater than the real values and publish them on the
matching market. Without loss of generality, each customer and each 3PL has an acceptable matching value threshold. Then,
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the challenge for the 4PL is how to determine the optimal matching to facilitate the logistics transaction between customers
and 3PLs as much as possible.

4.2. Notations

In this subsection, we introduce the notations used in this paper, which are as follows.

A set of customers, A={A4,4,,...,A,}, where A denotes the i th customer, i =1,2,...,m, A= QlA UQZA UQ; ,
o'NONO =D

B : set of 3PLs, B= {BlaBza---aBn} , where Bj denotes the j th 3PL, j= ,2,...n, B= QIB UQ;B UQ3B s
0'NO'NYI=2

QIA : set of customers who belong to eager deal type

QZA : set of customers who belong to neutral deal type

Q3A : set of customers who belong to patient deal type

IB : set of 3PLs who belong to eager deal type

Qf : set of 3PLs who belong to neutral deal type

Qf : set of 3PLs who belong to patient deal type

h' : Real value of customer A,

h? : Public value of customer 4; determined by the 4PL, and A >

g :Real value of 3PL B;

gj.] : Public value of 3PL B ; determined by the 4PL, and g;-] 2 gf

: Acceptable matching value threshold of Al
[ : Acceptable matching value threshold of B i
The purpose of this paper is to determine the optimal matching in logistics market based on the trading psychology of

customers and 3PLs, the public values 47 (i =1,2,...,m) and g;’ (j=1,2,...,n), and the real values hl-B (i=12,...m)

and g7 (j=1,2,..,n).

4.3. Redefinition of some concepts based on trading psychology

The introduction of the trading psychologies of matching subjects (i.e., the customers and 3PLs) has a significant effect on
the matching result. Therefore, it is necessary to redefine the blocking pair, stable matching and Pareto optimal matching. It
is worth pointing out that the above definitions are closely related to the matching values of the matching subjects.

Let g, be the evaluation value of customer Al on3PL B ;- Let hij be the evaluation value of 3PL Bj on customer Ai . The

realistic meanings and calculation methods of g and hl.j are given in detail in Section 5.1.

Based on the definition of two-sided matching, the mathematical definition of individual rational matching is given as follows.

Definition 3. Let ,Ll(Al.) =B 1L Oll.c and ,Bj represent the acceptable matching value thresholds of Ai and B ; respectively.

Then,
HIf g, > o , then matching £/ is the individual rational matching for 4.

2 If hij 2> ﬂ; , then matching /{ is the individual rational matching for B IE

Furthermore, if a matching is the individual rational matching for all customers and 3PLs, the matching A is called an

individual rational matching.

Considering that the significant difference between the matching subjects (i.e., customers and 3PLs) with different trading
psychologies is their different waiting costs. For example, in the real logistics matching process, if a logistics task has a short
time window and needs to be completed as soon as possible, the delay will bring serious breach loss to the customer, then the
customer who has the logistics task has a large trading waiting cost. Therefore, we introduce the waiting costs of the matching
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subjects into the definition of the blocking pair.

Let CZ.A and cf denote the waiting costs of customer Ai and 3PL B ) participating in the matching respectively. Then,

(HIf 4 € QIA (B; e OF), then Cf =oo (cf = oo), it indicates that the customer A, (3PL B) who belongs to cager
deal type is not willing to wait.

) If Al. € QZA (B ;€ QZB ), then CiA >0 (Cf > (), it indicates that the customer Ai (BPL B ) who belongs to neutral
deal type has a certain waiting cost.

B)If 4 € Q3A (B, e 07), then C,.A =0 (Cf =0), it indicates that the customer 4; (3PL B;) who belongs to patient

deal type has no waiting cost because it is not sensitive to the trading time.
In the actual matching process, the 4PL can obtain their matching time requirements (i.e., waiting costs) by directly inquiring
the customers and 3PLs.

Definition 4. For the matching pair ( Ai ,B ) ( Al. € A,B I B), if one of the following conditions is met, then the matching
pair ( A[. , Bj ) is called a blocking pair.

(DI ((A4)=4,. (B))=B;. g, 20 and hy;2f5.

QI u(4)=4, w(B)=4., B e UQ’ g, zaf Hh>h;+c].

it p(A)=B, u(B)=B,, 4e0/UQ}, g, >g,+c' Hh 2p;.

@I u(A4)=8, wB)=4, 4€0'UQ, B,e0/UQ, g, >g,+c and hy>h;+c].
Observingly, the definition of blocking pair can be briefly summarized as follows:

(1) If neither of the matching subjects is matched, and both parties are each other's individual rational matching.

(2) If one matching subject has a matching object, but the other matching subject does not be matched, the matched subject is
more willing to wait for the unmatched subject to match, and the unmatched subject regards the matched subject as an
individual rational matching.

(3) If two matching subjects already have their respective matching objects, now they prefer to match each other rather than
the original matched objects.

Definition 5. If a two-sided matching £/ : A4 UB— AUB hasno blocking pair, the matching {/ is called a stable matching.

Definition 6. For two matchings 4, and V, if VAi € A, it satisfies 8iva) > 8iuca) - Meanwhile, for VB/. eB,it

satisfies hv( B)j 2 hp( 5,); - Then matching V is Pareto dominant over matching M . Particularly, if there is no matching
J J

which is Pareto dominant over matching £, then I is called to a Pareto efficient matching.

4.4. Resolution framework

In this subsection, we construct a novel decision framework to solve the matching problem between customers and 3PLs
under the 4PL, which considers the trading psychology and matching effort, as shown in Fig. 2.

e A
| I
© O O } Evaluating the real values of }
[ customers and 3PLs ‘
\ v \
© O O ! " : l
} Publishing the public values of |
o O O ! customers and 3PLs |
| I
% I
Customers } l }
C [ } Obtaining feedback information from } [
A A A 4PL } customers and 3PLs }
I
I
VANRVANRRWAN | i !
I
| I
I
VANRWANERVAN ! Two-sided matching modeling !
I
AN A i !
3PLs The matching process The matching scheme

Fig. 2. The matching decision framework under the 4PL
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In our proposed framework, customers and 3PLs first make matching requests to the 4PL and provide the corresponding
information as required by the 4PL. Then, the 4PL starts the matching process and determines the optimal matching. The
matching decision process is described in detail below.

Stepl. Evaluating the real values of customers and 3PLs. After collecting matching requests from customers and 3PLs, the
4PL will require both matching subjects to provide necessary information (e.g., basic information of enterprises and credit
status information, and so on). Subsequently, the 4PL evaluates the real values (that is, the values in the matching market) of
the customers and 3PLs according to the expertise, as well as historical information accumulated in the long-term cooperation.

Step2. Publishing the public values of customers and 3PLs. The 4PL is always desirable to make as many matching pairs as
possible to obtain greater profits. Therefore, the 4PL usually increases the values of each customer and each 3PL based on the
real values of both customers and 3PLs, and publishes the increased values (that is, the public values) to the logistics matching
platform of the 4PL.

Step3. Obtaining the feedback information from customers and 3PLs. When the customers and 3PLs get the public values of
the other party published by the 4PL, they usually continue to inquire about the 4PL for the detailed information about the
other party they are interested in. And the 4PL further determines evaluation values of customers and 3PLs on other parties
according to the inquiry and feedback of the customers and 3PLs. Meanwhile, the customers and 3PLs will give feedback to
the 4PL about their eagerness for trading (i.e., trading psychology) according to their own situation.

Step4. Two-sided matching modeling. Based on the evaluation values of the customers and 3PLs, the trading possibility
between customers and 3PLs can be calculated. The 4PL needs to establish a matching model with the objectives of
maximizing the trading possibilities of both customers and 3PLs, based on the different stability requirements of matching
subjects, so as to determine the optimal matching.

5. Two-sided matching method considering trading psychology and matching effort

In this section, we first propose the method of calculating the evaluation values of customers and 3PLs. Then, a method of
calculating the trading possibility of two-sided matching considering matching fairness and trading psychology is provided,
subsequently. Next, a bi-objective 0-1 programming model is developed to obtain an optimal matching between customers
and 3PLs for the 4PL. Finally, we discuss some properties of our proposed two-sided matching model.

5.1. Calculating the evaluation values of customers and 3PLs

After the 4PL has published the public value of one party of matching subjects (e.g., the customers), the other party matching
subjects (e.g., 3PLs) usually continue to inquire about the 4PL for more details about the matching subject they are interested
in. The above behavior of the matching subjects is called matching effort in this paper. Obviously, the harder the matching
effort, the closer the evaluation value of one matching subject on the other party matching subject is to the real value.

Let WiA denote the matching effort of customer A4, , and WiA e[0,1].1f WiA =0, it indicates that the customer A4, has not
made any matching effort. If WZ»A =1, itindicates that the customer AI. makes complete matching effort. Let Wf denote the

matching effort of 3PL B ;»and wj? e[0,1]. 1f Wf =0, it indicates that 3PL B . has not made any matching effort. If

wh =
=
degree of matching effort based on the fact that one matching subject inquiries it for information about the other matching

subject.

1, it indicates that 3PL B ; makes complete matching effort. In a actual matching process, the 4PL can determine the

The harder the matching effort of the matching subject, the closer the evaluation value of the matching subject on the other
party is to the real value of the other party. Meanwhile, because of different matching efforts from different matching subjects,
different matching subjects may have different evaluation values on the same matching subject.

Let g i be the evaluation value of customer Al. on3PL B > which can be calculated by Eq. (1).

gy =w'g] +(-wgl (1)
If Wi"l =0, then 8= g_f , it indicates that the evaluation value of customer A4, on 3PL B ; is equal to the public value of
3PL B T when customer Ai has not made any matching effort. While, if Wl-A =1, then 8= gf , it indicates that customer
Ai can get the real value of 3PL B 1T when customer Ai makes complete matching effort.
Similarly, let hl-j be the evaluation value of 3PL B, on customer 4, , which can be given by Eq. (2).

hy = wihi' + (1= w})h! €)

If wf =0, then hl-j = h{, it indicates the evaluation value of 3PL B ; on customer A; is equal to the public value of
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customer Ai , when 3PL B ; has not made any effort. If wf =1, then hij = hl.A , it indicates that 3PL B ; can get the real
value of customer Ai , when 3PL Bj makes complete matching effort.

5.2. Calculating the trading possibilities of both customers and 3PLs

When there is a big difference between the two parties in the matching pair matched by 4PL in terms of the evaluation values
of the other party, the party whose evaluation value is too low will often choose to give up matching with the other party. Only
when the gap between the evaluation values of the two-sided matching subjects is within the acceptable range, the two-sided
matching subjects have the trading possibility. Therefore, we consider matching fairness as an important basis for calculating
the trading possibilities of two-sided matching subjects.

Let €1A R €2A ,and {:‘3:4 ({:‘IA > 6‘54 > 83:4 ) be respectively the fairness threshold set by the 4PL for deal eager, deal neutral and
deal patient customers. Let p; be the trading possibility that customer Ai eventually choose to trade with 3PL B ;- And

p; can be calculated by Eq. (3).

C
0.5+05—21 "% 0<h —g <e'g >af
c ij — &if ij i
mjaxglj—ai
12005405514 @ ggo p <ot g var
pij =02 F 00— ¢ S8y s 8,20 3)
mjaxglj—ai
0 Other

where £ denotes the fairness threshold set by the 4PL for customers. If 4, € QIA , then £ = SlA df 4 e Q2A , then
e'=¢gl 1t 4 €Qf, then ' = £
Similarly, let 813 , Sf , and é‘f (818 > 8? > Sf ) be respectively the fairness threshold set by the 4PL for deal eager, deal

neutral and deal patient 3PLs. Let pg be the trading possibility that 3PL B ; eventually choose to trade with customer Ai .

And pl-f can be calculated by Eq. (4).

h.. — B¢
0.5+0.5”—ﬁ’c 0<g, —h; <&’ h; 2 f;
m?xhij —ﬂj
h. — B¢ 5
B _ i — P ~(g,~hy)/e B ¢
pij = 05+05m8 OShij—gij <& ’hij zﬁj 4
0 Other

If B € QIB,then et =€1B.IfBjE QZB, then £ =8§.IfBje Q3B, then £ =83B.

5.3. The maximum trading possibility matching model

In this subsection, we develop a bi-objective 0-1 programming model, which can assist the 4PL to obtain an optimal matching
between customers and 3PLs.

Let X be a 0-1 variable, when X = 1, it implies that ( A[. ,B i ) is the matching pair matched by the 4PL, otherwise, X; = 0.

The matching model P1 is as follows:

m n

max » > p'x, )

i=l j=I
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max 3>, pjx ©)

i=l j=1

subject to
n
Z x; <1 @)
J=1
m
Z x,; <1 (®)
i=l1
4 B
X +Zk:gik2af ik +Zk:hAy2,8/“ xy2l 4€07, B ey ©®
A B B
xﬁ +Zk:g,-k20!f xik +Zk:h1q>hg’/‘*€f2ﬂ; xkj 21 Ai € Ql ’ Bj € Q2 U Q3 (10)
4 4 B
Xij +Zk:g,-k>g,-,-—c;"za,-“ ik +Zk:hk,-2ﬂf Y 2l 4€0, UQ3 ’ Bj €9, (D
4 4 B B
xij +Zklgik>gif—ci42%? x[k + Zkihkj>h,7'_0§2ﬂ; xkj 21 Ai € Q2 UQ3 ’ Bj € Q2 U Q3 (12)
x, € {0,1) (13)

where, objective (1) is to maximize the total trading possibility of customers, objective (2) is to maximize the total trading
possibility of 3PLs. Constraint (7) ensures that each customer is matched with at most one 3PL. Constraints (8) ensures that
each 3PL is matched with at most one customer. Constraints (9)-(12) is the stability constraint. Constraint (13) indicates that
the decision variable is a 0-1 variable.

The model P1 is a bi-objective linear programming model, and there are mature algorithms and optimization software to solve
it. In this paper, the variable step size algorithm (Steuer, 1986) is used to solve the two-sided matching model P1.

5.4. Some properties on the proposed two-sided matching method

Let X be the set of optimal matching obtained by solving model P1, where X~ = {(4,B)|x; =1ie{l,2,...,m}, j€
{1,2,....,n}}.

Lemma 1. If the optimal matching X includes (4., 4,) and (B »B) , then one of the following three conditions must
be satisfied: (1) g, 2 ¢, and h, < f8;.(2) g, <o and h, 2 7. (3) g; <@ and h; < [;.

Proof of Lemma 1. Suppose that the optimal matching X~ includes (4, 4,) and (B;,B;),and g; 2@, h; 2 ;. Let

* *
z, and z, be the two objective values corresponding to the optimal matching X " , respectively.

Because g, 2 and hi]. 2> ﬁ]c , it shows that (Al.,B i) is the individual rational matching mutually identified by customer
A; and 3PL B, . Then, p; >0 and p;} > 0. In addition, when x; =1, it does not affect the stability of the existing

matching. Otherwise, either customer Al. or 3PL B ; will have a matching scheme, so it is easy to prove that the constraints
(7)-(13) are satisfied.

Furthermore, we can obtain that Zl* + p; > Z: and Z; + plf > Z; . Clearly, the matching X~ U (4, B;) outperforms the

matching X ’ , contradicting the assumption that X " is the optimal matching.
Theorem 1. The constraints (9)-(12) can guarantee that there are no blocking pairs in the matching scheme formed.

Proof of Theorem 1. According to Definition 4, there are four cases for a blocking pair.
Casel. ,LI(AI) = Al and ﬂ(Bj) = Bj

According to Lemma 1, one of the following three conditions must be satisfied. (1) g, = & and h; < ,B}C () g; <o

and /1; > ,B; ,(3) g; <o and b < ,B; . Therefore, according to case (1) in Definition 4, ( 4, , B,) is not a blocking pair.
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Case?2. ,U(A[.) =4; and ,Ll(Bj) # Bj

() Bj S Q]B , then Z kg2 B Xy >1, it shows that customer Ak is an individual rational matching for 3PL B ; . According

to case (1) in Definition 4, ( Ai , Bj ) is not a blocking pair.

B B > . . .
2) B, € 0, UQ; , then Zk:h,q->hy-—cf2 5 Xy 21, it shows that customer A, is superior to customer 4 for 3PL B;.

According to case (2) in Definition 4, ( Ai , Bj ) is not a blocking pair.
Case3. U(A4)# A and ,U(Bj) =B,

(N Al. S QIA , then Zk.g x, =1, it indicates that 3PL Bk is an individual rational matching for customer 147

X
" 2&[ ik

According to case (1) in Definition 4, ( Ai , Bj ) is not a blocking pair.

1

y y o . , .
) 4€ O, UQ;, then Zk:gwgv_c 15 ik 21, it indicates that 3PL B, is superior to B, for customer 4. According

to case (3) in Definition 4, ( Al. s Bj ) is not a blocking pair.

Cased. U(A)# A and ,U(Bj) # B,
If 4(A4)# A; and f(B,) # B, , then x; =0 . We can obtain that Zk'g et ik +ZM s i =1, which
’ : ’ Bik 28— =t M >k =Cj =P

indicates that at least one matching subject of Ai and B ;- thinks the current matching scheme is better. According to case (4)

in Definition 4, ( Ai ,B ;) is not a blocking pair.

From the above arguments, we know that constraints (9)-(12) can guarantee that there are no blocking pairs in the matching
scheme formed.

Theorem 2. If all customers and 3PLs in a two-sided matching are eager to complete the transaction, the model P1 degenerates
into a model only including Eqs. (5)-(8) and (13).

Proof of Theorem 2. According to Eq. (3), if g; < o , then pl.‘; =0 . It indicates that it is impossible for customer Al. to

match 3PL Bj . Similarly, according to Eq. (4), if hl.j < 3¢, then p; = 0. It indicates that it is impossible for 3PL Bj to

n m
match customer Ai . Therefore, the constraints (7) and (8) can be reduced to Z X; <1 and Z X; <1,
j=l.g;2ef i=Lhy 2

respectively.

Since we assume that there is at least one individual rational matching for each matching subject, we can obtain: (1) If m < n ,

then any customer can find a matching 3PL, i.e., Z X; = 1.(2)If m>n, then any 3PL can find a matching customer,

Jj=1.g; 2o

m n m
ie., Z x; =1.min( Z x; <1, Z x; <D =1, and x; +Zk:g,-k2af X, +Zk:hk,2ﬁ;‘ x,; 21, it indicates

i=1,hy 2 ¢ j=l.gzzaf i=,hy 25
that constraint (9) is a redundant constraint. Therefore, if all customers and 3PLs in a two-sided matching are eager to complete
the transaction, the model P1 degenerates into the model only including Egs. (5)-(8) and (13).

Theorem 3. If all customers and 3PLs in a two-sided matching are patient transaction types, the model P1 degenerate into an
optimization model considering classical stability constraints.

Proof Theorem 3. If all customers and 3PLs in a two-sided matching are patient deal types, then, CI.A =0, cf =0.

According to constraint (12), we can obtain the following inequality.

>
xij + Zk:gik>gy 20f xik + Zk:hk/'>hilzﬁ,/c' xkj - 1 (14)
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According to theorem 2, because Zk:gikw;. Xy = 0, and Zk:hkf< 5 Xy =0, then the above inequality can be further
simplified as

xi/ + Zk:g

ik

) >

>g; i Zk:hk/. >hy Yy = 1 (15)
Therefore, according to literature (Vate, 1989), the models P1 degenerates into an optimization model considering classical
stability constraints.

Theorem 4. If all customers and 3PLs in a two-sided matching are neutral deal type, then the model P1 degenerates into an
optimization model considering & —stability constraints.

Proof of Theorem 4. If all customers and 3PLs in a two-sided matching are neutral deal type, then, cf >0, cf >0.

According to Theorem 3, constraint (12) can be transformed as

>
xij + Zk:gik >g; —cl."' xik + Zk:hk/ >hi/' *C;" xkj - 1 (16)
Furthermore, constraint (12) can be sorted out as
>
xif + Zk:gik —g‘»j>—c‘»A xik + Zk:hAj—h‘j>—cf ij - 1 (17)

Therefore, according to literature (Liang, 2015), the model P1 degenerates into an optimization model considering & —
stability constraints.

Theorem 5. The optimal matching ,u* is a Pareto efficient matching.

Proof of Theorem 5. Suppose that ,u* (4)= Bj , and V] is a stable matching which satisfies v,(4,) =B, . If g 28,

then it indicates that the matching V; is not Pareto dominant to matching & . If g, < g, , then we need to consider the

following cases.

i) If £ (B,)= B, then h, < [ . Otherwise, it contradicts that the matching £ " is a stable matching.

ii)If 44 (4)=B, and B, € QF ,then h, > 3¢ . Otherwise, it contradicts that the matching £ is a stable matching. And

when hlk > ,B,f ,3PL Bk who is eager to make a deal, will not give up the customer A,

i) If ,U* (A/) =B, and B, € QZB U Qf , then /’llk +Cf > /’ll.k . Otherwise, it contradicts that the matching ,U* is a stable

*
matching. Obviously, the matching v, does not Pareto dominate over matching / .

From the above arguments, we know that the optimal matching /{ is a Pareto efficient matching.

6. Numerical experiment

A numerical example on a 4PL-led two-sided logistics matching is designed to describe the implementation of the prosed
matching method. Also, the comparison analysis is conducted to illustrate the effectiveness of the proposed two-sided logistics
matching method.

6.1. A numerical example

A 4PL providing logistics management services to customers, is responsible to match customers with suitable 3PLs to provide

logistics services. We assume that there are 7 customers A ={A4,, A,,...,A,} who have logistics service demands, and 8

3PLs B= {BlaBzo"':Bg} who can provide logistics services. The 4PL needs to form the optimal matching between

customers and 3PLs.

To provide as good a service as possible, the 4PL immediately evaluates the real values of all customers and 3PLs. And then,
based on the real values, the 4PL determines the public values of customers and 3PLs, and publishes them on the logistics
matching platform. At the same time, before matching logistics services, the 4PL will investigate the trading psychologies of
customers and 3PLs and the historical transaction records of logistics services, and then estimate the trading psychologies and
matching efforts of customers and 3PLs. And the trading psychologies of customers and 3PLs are shown in Table 1.
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Table 1
Trading psychologies of customers and 3PLs
Trading psychology Customer Trading psychology 3PL
QIA Al > AS QIB Bl > B4 > B7
QZA AZ’AS’A6 Qf BZ’B3’BS
Q; A4 5 A7 Q}B B6 > BS

The real values, public values, matching efforts, lower bounds of acceptable matching value and waiting costs of customers
are shown in Table 2.

Table 2
Customers’ information determined by the 4PL
Al AZ A3 A4 AS A6 A7

hiA 0.35 0.56 0.67 0.46 0.82 0.75 0.71
h? 0.45 0.62 0.74 0.58 0.90 0.83 0.75
A 0.50 0.66 0.69 0.81 0.52 0.61 0.79
of 0.40 0.45 0.52 0.45 0.60 0.63 0.60
& - 0.09 0.07 0 - 0.12 0

Meanwhile, the real values, public values, matching efforts, lower bounds of acceptable matching value and waiting costs of
3PLs are shown in Table 3.

Table 3
3PLs’ information determined by the 4PL
Bl BZ B3 B4 BS B6 B7 BS

gf 0.61 0.37 0.55 0.43 0.64 0.82 0.69 0.70
gf-? 0.72 0.45 0.69 0.49 0.77 0.92 0.79 0.81
w; 0.55 0.66 0.61 0.42 0.63 0.84 0.78 0.57
B; 0.50 0.30 0.40 0.30 0.52 0.62 0.58 0.60
cf - 0.11 0.12 - 0.10 0 - 0

Then, using Eq. (1), the evaluation values of customers on 3PLs are obtained, shown in Table 4.

Table 4
Evaluation values of customers on 3PLs
B, B, B, B, B, B, B, B,

4, 0.67 0.41 0.62 0.46 0.71 0.87 0.74 0.76
4, 0.65 0.40 0.60 0.45 0.68 0.85 0.72 0.74
A, 0.64 0.39 0.59 0.45 0.68 0.85 0.72 0.73
4, 0.63 0.39 0.58 0.44 0.66 0.84 0.71 0.72
A, 0.66 0.41 0.62 0.46 0.70 0.87 0.74 0.75
A 0.65 0.40 0.60 0.45 0.69 0.86 0.73 0.74
A, 0.63 0.39 0.58 0.44 0.67 0.84 0.71 0.72

And using Eq. (2), the evaluation values of 3PLs on customers are calculated, shown in Table 5.
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Table 5
Evaluation values of 3PLs on customers
B, B, B, B, B, B, B, B,

4, 0.40 0.42 0.41 0.42 0.40 0.39 0.39 0.39
A, 0.59 0.60 0.60 0.60 0.59 0.58 0.59 0.58
A, 0.71 0.72 0.71 0.72 0.70 0.70 0.70 0.70
A, 0.52 0.54 0.53 0.54 0.52 0.51 0.51 0.51
A, 0.86 0.88 0.87 0.88 0.86 0.85 0.85 0.85
Aq 0.79 0.81 0.80 0.81 0.79 0.78 0.78 0.78
4, 0.73 0.74 0.73 0.74 0.73 0.73 0.73 0.73

. . . . 4
Based on long-term cooperation experience, the 4PL determines the fairness thresholds of customers & =0.30,

€1A =0.20, €3A =0.15 respectively, and the fairness thresholds of 3PLs ng =0.30, Ef =0.20, 833 =0.15

respectively. Therefore, according to Egs. (3)-(4), the matching possibilities of customers and 3PLs can be calculated
respectively, as shown in Tables 6-7.

Table 6
Matching possibilities of customers
B, B, B, B, B, B, B, B,

4, 0.65 0.51 0.64 0.56 0 0 0 0
4, 0.72 0 0 0.50 0.74 0.77 0.75 0.75
A, 0.68 0 0.61 0 0.74 0.87 0.79 0.80
A, 0.68 0 0.65 0 0.70 0 0 0
A, 0.61 0 0.54 0 0.69 0.98 0.76 0.78
A 0.54 0 0 0 0.63 0.94 0.72 0.74
4, 0.56 0 0 0 0.65 0.92 0.73 0.75

Table 7

Matching possibilities of 3PLs

B, B, B, B, B, B, B, B,

4, 0 0.60 0 0.60 0 0 0 0
A, 0.63 0.63 0 0.66 0 0 0.52 0
4, 0.75 0 0.74 0.65 0.75 0 0.72 0.70
4, 0.53 0.63 0.64 0.65 0.50 0 0 0
A; 0.84 0 0 0 0.87 1.00 0.91 0.92
A 0.80 0 0 0 0.83 0.85 0.84 0.84
4 0.76 0 0.74 0 0.78 0.74 0.77 0.76

]

Furthermore, according to Eqs. (5)-(13), a two-sided matching model with the goal of maximizing the trading possibilities is
established. The preference function proposed by the 4PL is P(z,,z,) =0.5(z, _21* )? +0.5(z, —Z;)2 , where Zl* and

Z; denote the maximum possible values of the objective functions z;, and z, . By adopting the variable step size algorithm,
the optimal matching is obtained, which is {(4,,B,),(4,,B,),(4;,B,),(4,,B;),(4;,B),(A4,, B;),(4,,B,)} .
6.2. Comparison analysis

In order to demonstrate the effectiveness of the proposed method, we compare the proposed method with the existing method.
Meanwhile, in the process of comparison analysis, five indexes including matching effort, waiting cost, fairness threshold,
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trading psychology and stability are mainly taken into consideration. The comparison results are shown in Table 8.

Table 8
Comparison of different two-sided matching methods
Ref. Method Matching Waiting cost Fairness Trading Stability
effort psychology
Azevedo (2014) Iterapve X X X X N,
algorithm
Echenique and Iterative
Galichon (2017) algorithm X X X X v
. Iterative
Liang et al. (2020) itk X X X X X
Patro et al. (2020) lterative X X J X X
algorithm
LinandLi(2017) Optimization X X J X J
model
Fan et al. (2017) Optimization X X J X J
model
Optimization
Zhang et al. (2019) model X X X X N,
Zhang et al. (2021b) ~ Optimization X X X X %
model

From Table 8, we observe:

(1) Existing two-sided matching methods can be roughly divided into two streams, i.e., optimization modeling and iterative
algorithm, which do not consider matching effort, waiting cost and trading psychology. However, matching effort, waiting
cost and trading psychology have a significant impact on the matching formation.

(2) When the matching effort is not considered, it is difficult to accurately obtain the evaluation value of one matching subject
on the other. And when the waiting cost is not considered, it is equivalent to believing that the matching subject has no waiting
cost, and then it is easy to mistake the eager matching subject for the patient matching subject. When the trading psychology
is not considered, it is easy to cause that all matching subjects have the same stability demand, and then the stable matching
scheme determined is not stable. When the fairness threshold is not considered, it is easy to lead to the situation that one party
has high value while the other party has low value, which affects the matching efficiency.

(3) Matching effort, waiting cost, fairness, trading psychology and stability are considered in our proposed method. And
different from the stability considered by existing two-sided matching decision methods, we allow different matching subjects
to put forward personalized stability demands. Meanwhile, the fairness of the proposed two-sided matching decision-making
method can not only balance the interests of both matching subjects, but also take into account the fairness of a single matching
pair, which provides support for the final matching between the two matching subjects.

7. Conclusions

This paper investigates a matching problem between customers and 3PLs in the logistics market dominated by a 4PL. We
propose a logistics matching method under the 4PL, in which trading psychologies and matching efforts of customers and
3PLs are considered. The main work of the paper is as follows:

(1) We consider trading psychology and matching efforts of customers and 3PLs in the two-sided matching process under a
4PL and redefine the blocking pair and stable matching considering trading psychology.

(2) On the basis of considering the public values and matching efforts of customers and 3PLs, we calculate the evaluation
values of both matching sides, and calculate the trading possibilities of both customers and 3PLs on the basis of considering
the fairness threshold. Then, to obtain optimal matching, we develop a bi-objective 0-1 programming model to maximize the
trading possibilities of both customers and 3PLs respectively.

(3) We design a numerical example to verify the feasibility of the proposed method and analyze the effectiveness of the
method by comparison analysis. Compared with existing studies, this paper considers the dominant role of a 4PL in two-sided
logistics matching. Because of the different trading psychology of matching subjects (i.e., customers and 3PLs), the matching
process is more in line with reality. Meanwhile, based on the analysis of different stability matching demands of customers
and 3PLs, the matching model is established, which makes the proposed matching method more practical. In addition, by
considering the fairness threshold and calculating trading possibilities of both customers and 3PLs, we can ensure that the
matching result formed can be accepted by as many customers and 3PLs as possible.

In terms of future work, there are two interesting directions, which are as follows.
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(1) In reality, it is more comprehensive to evaluate the matching subjects from different dimensions. Therefore, we can
introduce multi-attribute decision making into two-sided logistics matching, which would be an interesting research topic.

(2) Due to the large number of matching subjects involved in the real logistics matching problem, how to embed the proposed
matching model into the recommendation system to solve the large-scale logistics matching problem in 4PL is the focus of
the next research work.
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