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Abstract
Optimal profits for third-party logistics providers (3PLs) can be analyzed using the net-
works model to determine decision-making processes within transshipment and logistics, 
distribution networks, etc. Increasing academic attention is currently being focused upon 
fields examining 3PLs’ operations within logistics networks. This paper studies coopera-
tive game theory (CGT) of retailers-3PLs that make an alliance with each other with a 
specified demand function. The logistics network involves several suppliers and retailers-
3PLs alliances, a distribution graph consisting of several nodes and arcs as well as multiple 
customers. Retailers-3PLs purchase the same goods from suppliers and sell to customers 
after shipping via the network; they also consider environmental issues to reduce pollutants 
and emissions fines. The proposed nonlinear programming (NLP) model aims to find the 
best flow and price of goods under cooperation conditions among retailers-3PLs by analyz-
ing their risk levels. Controlling uncertainty in the models is accomplished by Mulvey’s 
robust approach. In a general coalition, fair profit distribution methods are applied to share 
the profits among retailers-3PLs under different risk situations. We conduct a numerical 
analysis to present the application of our proposed model and find whether coalitions and 
cooperation between retailers-3PLs reduce costs and increase profits. Finally, we report the 
sensitivity analysis results regarding the penalties imposed for pollutant emissions, along 
with suggestions for future research. The results reveal that since their profit is greater in 
the coalition mode, they tend to cooperate with each other, whatever the amount of pollu-
tion fines be.
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Nomenclature

Subscripts
c	� Set of retailers-3PLs (c = 1,2,…,C)
D	� Destination node
i,j,k	� Index of nodes (initial or termination of arcs) (1,2,…,N)
�	� Set of suppliers (l = 1,2,…,L)
m	� Set of customers (m = 1,2,…,M)
n	� Coalition index
O	� Origin node
s	� Set of scenarios s�S

Key variables
Amcs	� Customer m’s demand of retailer-3PL c in scenario s
Amc[ cn]s

	� Customer m’s demand of retailer-3PL c in coalition cn and c ∈ C in scenario s
Pmc	� Selling price of per unit good transported by retailer-3PL c to customer m
Pmc[cn]

	� Selling price of per unit of good transported by retailer-3PL c to customer m in 
coalition cn

�
�jcs	� Flow of good transported between supplier � and node j by retailer-3PL c in 

scenario s
�ljc [cn]s

	� Flow of good transported between supplier � and node j by retailer-3PL c in 
coalition cn and c ∈ C in scenario s

�ijcs	� Flow of good transported between node i and node j by retailer-3PL c in sce-
nario s

�ijc [cn]s
	� Flow of good transported between node i and node j by retailer-3PL c in coali-

tion cn and c ∈ C in scenario s
�imcs	� Flow of good transported between node i and customer m by retailer-3PL c in 

scenario s
�imc [cn]s

	� Flow of good transported between node i and customer m by retailer-3PL c in 
coalition cn and c ∈ C in scenario s

Abbreviations
CGT​	� Cooperative game theory
DMs	� Decision makers
EU	� Extra utility
EUM	� Equal utility method
GT	� Game theory
HRAC​	� High risk averse coalition
IT	� Information technology
Led	� Leader
LRAC​	� Low risk averse coalition
MAD	� Mean absolute deviation
MINLP	� Mixed integer nonlinear programming
MIP	� Mixed integer programming
MmTSP	� Multi-depot multiple traveling salesman problem
MPC	� Model-predictive control policy
MRAC​	� Moderate risk averse coalition
NLP	� Nonlinear programming
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PEC	� Pollutant emission cost
PER	� Pollutant emission rate
3PL	� Third-party logistics provider
3PLs	� Third-party logistics providers
RL	� Reverse logistics
SC	� Supply chain
SCs	� Supply chains
TU	� Transferable utility

1  Introduction

The logistics industry has become increasingly focused on third-party logistics providers 
(3PLs) in recent years. Besides saving money, companies want to provide excellent ser-
vices to their clients. In order to avoid logistical complications, they engage individual 
companies to handle all their logistics needs. There is a high demand for third-party ser-
vices in the areas like transportation, warehouse management, consolidation of freight and 
handling, branding, marking and packing, stock control, recycling, order tracking as well 
as information technology for logistics (Rabinovich et al., 1999). Since the economic envi-
ronment has become more competitive, companies now outsource their logistics to 3PLs 
(Hsiao et al., 2010; Li et al., 2012). According to a 2019 third-party logistics report (Third-
Party Logistics Study, 2019), outsourcing accounts for 53% of shipper’s shipping costs and 
34% of warehouse operations costs. As a result, optimization in this area can create oppor-
tunities for companies to enhance customer experience, reduce asset costs, become more 
agile and concentrate on their core business.

In logistics networks and supply chains (SCs), the goal of all members is to maximize 
their profits. Therefore, it is necessary to consider an approach of cooperation or compe-
tition between the members. One approach aimed at maximizing the profits of network 
members is a game theory (GT) approach involving collaborative games. However, the col-
laborative approach method is often not sufficiently well-implemented in real-world sce-
narios. One reason is that the issue of profit-sharing has not been satisfactorily resolved. 
Profit-sharing is most commonly examined from a financial perspective and increasing an 
enterprise’s profit by lowering its costs is considered a positive outcome (Zhuang et  al., 
2010). This paper examines a multilevel transportation network, determining the impacts 
of collaboration and competition between retailers-3PLs on their profit margins and the 
selling price of goods. The network contains several suppliers of goods, retailers-3PLs and 
customers. In previous papers, 3PLs have been considered as only performing logistics 
activities such as transportation and packaging, while the activities of buying and selling 
goods are carried out by other members (such as retailers) and operated independently. In 
this paper, it is assumed that the third-party logistics provider (3PL) and the retailer make 
an alliance with each other and form a company called retailer-3PL, which competes and 
cooperates with other companies while purchasing goods from suppliers, shipping and sell-
ing goods to customers; also, the approach of cooperative and competitive games between 
companies is examined. The emission rate is one of the factors affecting the costs of retail-
ers-3PLs and their profits. Therefore, the issue is considered from an environmental point 
of view.

Employing 3PLs as logistical contractors can shift supply chain (SC) risks and 
uncertainties to 3PLs. However, research has shown that, under various circumstances, 
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3PLs’s operating efficiency cannot always be assured (Hill, 2005; Slack et  al., 2010). 
The inability to deliver during disruptions could lead to 3PL failure and exit from the 
market (Huo et al., 2008; Yeung et al., 2006). For example, according to a 2020 Covid-
19 report (The Impact of COVID-19 on Logistics Study, 2020), logistics companies, 
such as transportation service companies, were directly affected by the COVID-19 pan-
demic and shipments of various goods in different modes of transport were reduced due 
to COVID-19-related restrictions. The impact and reduction of freight volume in mari-
time and air transport over the road were reported. Therefore, with the outbreak of coro-
navirus, the activities of 3PLs due to labor shortages (disease or health protocols), cargo 
restrictions for delivery, packaging, transportation and other logistics services were sig-
nificantly impacted and reduced.

In general, logistics participants, including 3PLs, are exposed to two types of risk: 
(1) An inadequate supply–demand coordination risk and (2) Instability in the economy 
caused by civil unrest, labor conflicts or terrorist attacks (Klibi et al., 2010). This paper 
addresses the first risk type. In these circumstances, customer demand is highly unpre-
dictable, uncertain and dynamic, having a variety of influences, including competition, 
consumer preferences, legislation and economic crises, among others. Typically, there 
are three approaches to dealing with the uncertainty of such problems, namely sto-
chastic programming, fuzzy/possibilistic programming and robust optimization meth-
ods (Pishvaee et al., 2011). When the probability distributions of uncertain parameters 
are known via sufficient and reliable historical data, stochastic programming is used 
(Azaron et  al., 2008). When uncertain parameters are expressed based on insufficient 
historical data and decision makers’ (DMs) subjective opinions, probabilistic program-
ming might be employed. The robust optimization method is applied when historical 
data about the uncertain parameters as well as infeasibility of the problem cannot be 
tolerated (Ben-Tal et al., 2009). In this method, uncertainty of parameters is assumed to 
be varied within the given set and the robust counterpart optimization model seeks for 
the solutions immunizing the problem for any potential realizations of uncertain param-
eters. It should be mentioned that there are major drawbacks in using the possibilistic 
and stochastic approach, such as the unavailability of historical data, subjective opin-
ions of DMs and actual probability distributions for uncertain data. As a result, the best 
choice for dealing with parameter uncertainty in optimization issues is robust optimiza-
tion models, which can create the optimum solution for every realization of the uncer-
tainty in a given limited uncertainty set. Also, to the best of our knowledge, there is no 
research on applying the RO approach in the context of coopetition and cooperation 
among 3PLs-retailers in logistics networks.

In response to this uncertainty, a variety of vendors can form cooperative distribution 
alliance, which organizes and transports goods through 3PLs acting as a coordination 
center, according to the patterns of collaborative distribution centered on 3PLs enter-
prises. In this paper, in addition to distributing and transporting goods in the network, 
the purchase and sale of goods are done by companies consisting of 3PLs and retail-
ers, which make an alliance with each other and form a new company. The best way 
to maximize profitability is to reduce the cost of purchasing and transporting goods, 
penalties for pollutant emissions and distributing subsequent profits. It can also reduce 
excess cross-transport to achieve welfare benefits, such as traffic reduction and protec-
tion of environment, by lowering pollutant emissions. The employed approach can be 
defined as: the cooperation and competition among companies with the aim of maximiz-
ing their profits under conditions of customer demand uncertainty. Following this, a few 
methods are applied for dividing the profits among companies. A major contribution of 
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this paper is in exploring how competition and cooperation among retailers-3PLs affects 
profit, selling price of goods, flow of goods and emission of environmental pollutants; 
each of the participants has different risk-taking behaviors and may carry out purchas-
ing, shipping and selling activities.

The purpose of this paper is to address the following questions:

(1)	 What are the advantages of creating a collaborative environment between retailers-
3PLs?

(2)	 Which mechanism will allocate savings costs optimally between coalition members in 
the proposed models with different risk behaviors?

(3)	 What is the effect of cooperation between retailers-3PLs on the pollutant emission rate 
and the resulting penalties?

The literature review of our research topic includes two parts: competitive and coop-
erative relationships within 3PLs SCs and RO of mathematical models related to 3PLs. 
In the first part, Mahmoudi et al. (2021) examined the issue of sustainable supply chain 
management in the presence of the government through implementing the transporta-
tion sector outsourcing strategy to a 3PL. The problem is studied according to different 
formats of competition and game theory is used to model the problem. Hosseini Mot-
lagh et al. (2020) studied the issue of outsourcing the collection of defective drugs by 
a 3PL using the game theory approach. Initially, under the Stackelberg game model, a 
drug manufacturer outsourced drug recall management and the collection fee was paid 
to a 3PL company. Finally, a Nash bargaining model was proposed to divide the produc-
er’s profit and 3PL under the collection cost contract. With a GT approach, Mahmoudi 
et al. (2020) examined the stability of a SC, as well as its impact on the profits of other 
players in the SC by incorporating 3PLs. Chen et  al. (2019) studied the pricing and 
order strategies of a third-party logistics provider and a predominant retailer. In order to 
calculate equilibrium orders and prices among SC members using GT, they used logis-
tic service levels as an additional variable. Huang et al. (2019) investigated optimal SC 
strategies for a system with a supplier, a retailer and a 3PL. The optimal operational 
strategies were compared for both decentralized and centralized decision-making, and 
a SC coordination model was developed whereby the 3PL firm also provided financing 
services. Jamali and Rasti-Barzoki (2019) considered commodity prices, the greenness 
of the product of the first manufacturer and 3PLs factors, which included delivery time 
and carbon dioxide emissions in providing commodities to distant markets. Gong et al. 
(2018) conducted an analysis and survey of a 3PL’s information technology (IT) invest-
ment. They also considered how IT investments affected SC profits and suggested some 
arrangements between manufacturers and 3PLs. Chen et  al. (2017) presented a GT-
based equilibrium model of retailer-led, closed-loop SCs using logistics outsourcing. 
Based on the analysis, they determined the optimal logistics decisions for each member 
of the SC. Giri and Sarker (2017) examined a SC that included a manufacturer, a 3PL 
and several retailers. According to their findings, the demand function was not determin-
istic. Yu and Xiao (2017) presented separate Stackelberg competition scenarios. Their 
SC included a producer, a retailer and a 3PL that produced fresh agricultural products. 
Two separate problem scenarios were considered and the effect of channel leadership 
was examined. Wu et al. (2015) presented a SC for fresh foods and assumed a logistics 
outsourcing channel for the manufacturer to use; in that channel, they considered a dis-
tributor. According to them, logistics services affected demand, both in terms of price 
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and quantity, in their competitive SC setup. Yan et al. (2015) identified two alternative 
business models for recycled goods. According to the first model, goods were sold by 
manufacturers through retailers. Remanufactured goods were then collected by retailers 
for resale online and resold by those retailers. Products were sold to customers through 
retailers in the second model. For the collection and remanufacturing of goods, 3PLs 
were used. Zhang et al. (2015) investigated a competitive pricing situation for a 3PL that 
offered warehousing and transportation services. Jiang et al. (2014) explored decision-
making and collaboration within a SC involving a manufacturer, two retailers and a 3PL 
that offered low-cost logistics services; GT methodology was used to investigate this 
model. Cai et al. (2013) investigated a food SC that involved a manufacturer, a 3PL and 
a distributor. They used a perishable-goods-like random demand feature. A deteriora-
tion of the quantity and quality of products was also presumed and SC participants were 
considered to be in competition. Huang et al. (2013) examined a SC with a retailer and 
a 3PL competing to collect the recycled materials. GT was applied to calculate prices 
for each member, based on the competition between the retailer and 3PL. When retail-
ers are allowed to compete, Xiao-hua and Zhen-ning (2010) described how choosing a 
product for post-consumer recycling affected the price that consumers would pay for it.

The second part of the relevant literature is about the researches that focus on RO of 
mathematical models related to 3PLs. Abbasi et  al. (2020) designed a multi-objective 
mixed integer nonlinear programming (MINLP) model for locating, designing and forti-
fying SC hubs and distribution centers that minimized the cost and time of the SC. An 
optimal solution was found by considering disrupting hubs and centers and utilizing plau-
sible programming based on credibility. Ghafarimoghadam et al. (2019) created a robust 
model able to examine a 3PLs’s logistical infrastructure and pricing strategy. They mod-
eled uncertainty budget as a fuzzy number since the value of the parameter is epistemically 
uncertain. Ouhimmou et al. (2019) considered a distribution network design under uncer-
tain demand conditions and discussed a RO approach. A decision was necessary regarding 
where to open warehouses and the size of the space to rent from 3PLs. For 3PLs, Daghigh 
et al. (2016) applied a two-objective model to develop logistics networks. Suyabatmaz et al. 
(2014) examined reverse logistics (RL), including the decision-making process applied for 
testing under uncertain supply conditions. To deal with uncertainties in stochastic RL net-
work design, they used hybrid simulation-analytical modeling, employing mixed integer 
programming (MIP) models and simulation iteratively. Hendriks et al. (2012) considered 
a 3PL which had no control over supply and demand, and which was faced with the prob-
lem of delivering various goods from manufacturers to customers. A model-predictive 
control policy (MPC) created a practical network topology by optimizing decisions based 
on operational consideration made by the model. Jouzdani and Fathian (2012) proposed a 
robust mathematical model for a 3PL’s route-planning problem. The issue was modeled 
as a robust multi-depot multiple traveling salesman problem (MmTSP), with the numeri-
cal results. In order to capture the complexities in RL, Xanthopoulos and Iakovou (2009) 
suggested a simulation-based solution approach. Ko and Evans (2007) proposed a network 
architecture based on 3PL. They used complex parameters to analyze logistics movements 
both forward and backward. An uncertainty component was incorporated into the model 
using modeling procedures, and the model was solved with a hybrid genetic algorithm. 
Zhang et  al. (2007) developed a model for designing a remanufacturing logistics from a 
3PL point of view using a RL method. By a fuzzy chance constrained programming model, 
a triangular fuzzy number was used to represent the backward demand parameters and 
transportation costs. Summaries of some of the noteworthy recent studies in the literature 
are shown in Tables 10 and 11 in Appendix.
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According to the above review and to the best of our knowledge, 3PLs play a large 
role in various industries as logistics companies. To the best of the author’s knowledge, 
no research is to found that considers interactions of 3PLs that make alliances with other 
members in the logistics networks. Thus, three primary contributions are provided in this 
study. First, this paper proposes a mechanism of competition and cooperation of retailers-
3PLs alliances in the situations of uncertainty as a potential way to examine the mutual 
relationships of them and enabling retailres-3PLs to earn more profit. The main contribu-
tions of our work are that this paper considers the collaboration of retailers-3PLs in achiev-
ing the best flow, selling price of goods and reducing the emission of environmental pol-
lutants and its penalties; different collaboration game mechanisms are employed to address 
the issue of aligning coalition payoffs with their risk behaviors. Second, we consider dif-
ferent levels of risk behaviors (i.e., low risk, medium risk and high risk) of retailers-3PLs. 
Also, RO approach is used to deal with the uncertainty of the parameters. Eventually, in 
previous papers, 3PLs as logistics companies, they provide logistics services such as deliv-
ery, packaging, transportation and warehousing; other members of the SC, such as retail-
ers, buy and sell goods independently. In this paper, retailers and 3PLs make an alliance 
with each other, form a new company called retailer-3PL and work together to purchase, 
transport and sell goods.

The remainder of the paper is structured as follows. We present a definition of the prob-
lem, mathematical notations and assumptions for the model in Sect. 2. Specifically, robust 
mathematical models under non-cooperative and cooperative approaches are presented in 
Sect. 3. The results of the computations, as well as a discussion and description of their 
managerial implications, are provided in Sect. 4. Finally, the conclusions and some ideas 
for future research are presented in Sect. 5.

2 � Problem description, mathematical notations and assumptions

In this paper, a three-level logistics network is used as a platform. There are multiple sup-
pliers with unlimited supply capacity, a distribution graph consisting of several nodes, ori-
gin node (node O) and destination node (node D), several customers with uncertain poten-
tial demand and several retailers-3PLs as companies (who purchase a type of product from 
suppliers according to their selling price and sell to customers after crossing the network). 
One of the decisions is to determine the optimal amount of shipping to reduce environmen-
tal pollution and its penalties, which could affect the profit of each retailers-3PLs as a func-
tion of customer demand, dependent on the selling price of goods. Then, the optimal ship-
ping route must be determined, so that shipping costs in the network are reduced. There is 
also an assumption that the demand function is price-sensitive. Therefore, one more deci-
sion involves determining the optimal selling price of goods for each of the retailer-3PL, 
which affects the profit of each member. The SC is shown schematically in Fig. 1.

As mentioned earlier, pricing decisions affect and maximize the profits of each retailer-
3PL. The profit is the difference between revenue (the amount of sales multiplied by the 
price) and the costs of logistics. The SC budget contains the cost of purchasing the goods, 
the cost of handling between nodes and the penalty resulting from pollution emissions. 
Three-level nonlinear models are proposed to maximize profits for retailers-3PLs indepen-
dently while forming coalitions among them in order to compete with each other and the 
other retailer-3PL.
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In this section, the paper’s mathematical notations are presented, both when retailers-
3PLs operate independently and form coalitions, and when key assumptions are also 
examined. Table  1 shows the mathematical notations used when retailers-3PLs function 
independently.

Table 2 provides the mathematical notations used while the retailers-3PLs form a coali-
tion. In this paper, Cn relates to the set of retailers-3PLs considered for the formation of a 
coalition.

In modeling the described problem, the following assumptions are made:

(1)	 All retailers-3PLs buy the same good from the same suppliers with unlimited supply 
capacity and with the same transport fleet; optimal routes are used for shipping across 
a network consisting of several nodes and arcs; goods are delivered to the customers 
and sold at the optimal price.

(2)	 Players are a group of retailers-3PLs, all competing with each other and operating 
independently. Alternatively, a group of retailers-3PLs form a coalition and another 
retailer-3PL competes in the same network.

(3)	 The sum of the goods that each retailer-3PL buys from suppliers is equal to the sum 
of the goods that it sells to its customers; the good is not lost in the network. It means 
that the flow into and out of each node is the same.

(4)	 The risk sensitivity of the retailers-3PLs is assumed to assess the utility of the retailer-
3PL (m) via revenue-�i (cost). In terms of flow and price, �i represents the attitude of 
the retailer-3PL. Moreover, when a set of retailers-3PLs form a coalition, it is assumed 
that the risk sensitivity of its members determines its risk attitude. It can thus be 

Fig. 1   The schematic diagram of the network
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assumed that for coalition Cn , a coalition’s risk sensitivity is a linear combination of 
its members’ risk sensitivity, i.e., �n =

∑
i∈Cn

�i �i , where 
∑

i∈Cn
�i = 1 and 

�i ≥ 0,∀i ∈ Cn . This paper considers three cases of high risk averse coalition (HRAC), 
where �n = maxi∈Cn

{
�i
}
 , low risk averse coalition (LRAC), where �n = mini∈Cn

{
�i
}
 , 

and moderate risk averse coalition (MRAC) where �n =
∑

i∈Cn

1

�Cn� �i (Hafezalkotob 
& Makui, 2015).

5)	 Following Azari Khojasteh et al. (2013), for each retailer-3PL, a demand function is 
used where fmcs is constant customer m’s demand from retailer-3PL c in scenario s and 
�c is the retailer-3PL price sensitivity coefficient against customer demand. Also, �c 
is the competitive retailer-3PL price sensitivity coefficient against customer demand 

Table 1   Mathematical notations when retailers-3PLs operate independently

Notation Description

Index and sets
� Set of suppliers (l = 1,2,…,L)
c Set of retailers-3PLs(c = 1,2,…,C)
m Set of customers (m = 1,2,…,M)
s Set of scenarios s�S
n Coalition index
i,j,k Index of nodes (initial or termination of arcs) (1, 2,…, N)
O Origin node
D Destination node
Input parameters
fmcs A demand function scaling constant ( fmc> 0) in scenario s
�c Demand function price elasticity for retailer-3PL c
�c′ Demand function price elasticity for the competitors of retailer-3PL c
Wc Maximum fleet capacity (weight/volume) of retailer-3PL c
Ucs Number of retailer-3PL c’s fleet in scenario s
Tc Transportation (handling) cost per unit of good per unit of distance for retailer-3PL c
H�

Per unit purchase cost for supplier �
E
�j Distance between supplier � and node j

Eij Distance between node i and node j
Eim Distance between node i and customer m
Gc Pollutant emission rate of transported per unit of good per unit of distance for retailer-

3PL c
Bc Maximum budget of retailer-3PL c for transportation goods
N Penalty for emitting a polluted unit
Rs Probability of occurrence of scenario s
Decision variables
�
�jcs Flow of good transported between supplier � and node j by retailer-3PL c in

scenario s
�ijcs Flow of good transported between node i and node j by retailer-3PL c in scenario s
�imcs Flow of good transported between node i and customer m by retailer-3PL c in scenario 

s
Pmc Selling price of per unit good transported by retailer-3PL c to customer m
Amcs Customer m’s demand of retailer-3PL c in scenario s
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0 ≤ 𝛼c, 𝛽c′ < 1 and 𝛼c ≻ 𝛽c′ . It is assumed that the demand function is linear and a func-
tion of the retailer-3PL selling price. The customer demand function is as follows:

3 � Mathematical models

In this section, the stochastic model and the robust counterpart model of retailers-3PLs in 
two modes of independent activity and forming a coalition between them are presented.

(1)Amcs =

(
fmcs − �c .pmc +

∑
c�

�c� .pmc�

)
∀m ∈ M, c ∈ C, s ∈ S.

Table 2   Mathematical notations when retailers-3PLs form a coalition

Notation Description

Input parameters
fmc [cn]s

A demand function scaling constant( fmc> 0) in coalition cn and c ∈ C in scenario 
s

�c[cn] Demand function price elasticity for retailer-3PL c in coalition cn and c ∈ C
�c�[cn] Demand function price elasticity for the competitors of retailer-3PL c in coalition 

cn and c ∈ C
Wc Maximum fleet capacity (weight/volume) of retailer-3PL c
Uc [cn]s

Number of retailer-3PL c’s fleet in coalition cn and c ∈ C in scenario s
Tc[cn] Transportation (handling) cost per unit of good per unit of distance for retailer-

3PL c in coalition cn and c ∈ C
H�

Per unit purchase cost for supplier �
E
�j Distance between supplier � and node j

Eij Distance between node i and node j
Eim Distance between node i and customer m
Gc[cn] Pollutant emission rate of transported per unit of good per unit of distance for 

retailer-3PL c in coalition cn and c ∈ C
Bc[cn] Maximum budget of retailer-3PL c for transportation goods in coalition cn and c 

∈ C
N Penalty for emitting a polluted unit
Rs Probability of occurrence of scenario s
Decision variables
�
�jc [cn]s

Flow of good transported between supplier � and node j by retailer-3PL c in 
coalition cn and c ∈ C in scenario s

�ijc [cn]s
Flow of good transported between node i and node j by retailer-3PL c in coalition 
cn and c ∈ C in scenario s

�imc [cn]s
Flow of good transported between node i and customer m by retailer-3PL c in 

coalition cn and c ∈ C in scenario s
Pmc[cn] Selling price of per unit of good transported by retailer-3PL c to customer m in 

coalition cn
Amc [cn]s

Customer m’s demand of retailer-3PL c in coalition cn and c ∈ C in scenario s
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3.1 � Competitive and cooperative models

In competition and cooperation models, the profit of each retailer-3PL is calculated sepa-
rately and each one has its profit function. The difference between the sales and costs of 
retailers-3PLs is used to measure the profit function. Costs include per unit of goods is 
transported at a specific cost per unit of distance, the cost of purchasing one unit of goods 
from the supplier and the cost of emitted pollution per unit of goods sent over distance.

In our proposed models, it is necessary for the total goods imported into a node to be 
equal to the total goods exported from that node. For each retailer-3PL, the total cost of 
shipping goods from suppliers to customers is less than or equal to the amount of shipping 
budget per retailer-3PL. There is an equal amount of shipping from suppliers and goods 
purchased from customers. Each customer’s demand for goods is the total transported from 
the end node (node D) to that customer. The total goods carried by each retailer-3PL must 
be less than or equal to the capacity of the transport fleet. Based on the above, the stochas-
tic model of retailers-3PLs operating in independent mode and in coalition mode can be 
stated as follows:

3.1.1 � Mathematical model of retailers‑3PLs in their independent activity ∀c ∉ C[cn]

The NLP model of retailers-3PLs operating in the mode of independent activity, consider-
ing the defined notations in Table 1, is thus as follows:

Subject to:
(2)

max�c =
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∀c ∉ C[cn] .
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(4)

∑
�

�
�ocsTcE�o +

∑
j

�ojcsTcEoj +
∑
i

∑
j

�
ijcsTcEij+ ∀c ∈ C, s ∈ S, c ∉ C[cn]∑

i

�iDcsTcEiD +
∑
m

�DmcsTcEDm ≤ Bc

,
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The objective function (2) aims to maximize the profits derived from the difference in rev-
enues and costs of each retailer-3PL (shipping cost, cost of purchasing goods and cost of emis-
sions). The conservation of flow constraint (3) ensures the flow into a node must equal the 
flow out of every node; as a result, there is no loss of flow units. Constraint (4) is in charge of 
observing transport budget limitations for each of the retailers-3PLs. Constraint (5) guarantees 
that the total demand for goods for each retailer-3PL is equal to the total goods purchased from 
suppliers and that there is no shortage/surplus of goods. Constraint sets (6) and (7) mean that 
for each retailer-3PL, the total goods shipped on the network are equal to the total demand; 
hence, there is no loss of units while passing through the network. Constraint (8) assures that 
the total customer demand for retailer-3PL is equal to the sum of the goods that retailer-3PL 
provides to customers from the end node of the network and no commodity is lost along the 
way. Constraint (9) assures that the goods shipped to each customer are equal to that custom-
er’s demand and that each customer’s demand is met without a shortage or surplus of goods. 
Constraint set (10) guarantees that the total goods loaded in the fleet of any retailer-3PL do not 
exceed the capacity of the fleet. Constraints (11) and (12) relate to the problem variables.

3.1.2 � Mathematical model of retailers‑3PLs in coalition mode ∀c ∈ C[cn]

The NPL model of retailers-3PLs in the mode of coalition formation, considering the nota-
tions defined in Table 2, is thus as follows:

(8)
∑
m

Amcs =
∑
m

�imcs ∀c ∈ C, i ∈ N, i = D, s ∈ S, c ∉ C[cn],
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Subject to:

Objective function (13) and constraints (14)–(23) in the coalition mode are similar to 
the model in the retailers-3PLs independent activity mode. The exception to this is that, in 
the coalition mode, due to the cooperation of retailers-3PLs in the procurement, shipping 
and selling goods and meeting customer demand, the cn index is used in accordance with 
Table 2 for the relevant parameters and variables.

3.2 � Proposed RO model

In our proposed model, there are some uncertain and scenario-based parameters such as 
potential customer demand, price sensitivity coefficients of the demand function, num-
ber of freight fleets, shipping cost, emission rate and a maximum budget of retailers-3PLs 
according to real-world conditions. Due to the lack of access to sufficient historical data 
and the mental opinions of decision makers to obtain the actual possible distribution, 
robust optimization approach is used to deal with uncertainty. Robust optimization is one 

(14)
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of the most useful and popular methods in such situations for reducing the risk of uncer-
tainty. According to Mulvey et  al. (1995), RO should be used according to the problem 
conditions.

Mulvey’s method was the first application of this principle of optimization. The results 
of this model are not significantly affected by scenario values and the obtained results are 
similar to the optimal values. Variables in this model have two types: control variables and 
design variables. It is not possible to modify design variables once the parameters have 
been set, but it is possible to change control variables. A constraint can be either structural 
or control, and the change in data will dictate the control constraint. In contrast, a structural 
constraint would correspond to a linear programming constraint.

When unknown parameters are present, the y ∈ Rn2 vector can represent control deci-
sion variables, as well as a decision variable vector, also called a design variable. When 
determining the optimal value of the design variables, uncertain parameters are also taken 
into account. Accordingly, the model has the following form:

Subject to:

Constraint (25) is a fundamental constraint not affected by variance in data. Con-
straint (26) is related to the control flow and the definitions of Ω = {1, 2, 3,… , s} and {
ds,Bs,Cs, es

}
 are used. In each scenario, the probability of its occurrence is ps under the 

set of uncertain parameters within each scenario. An optimal and feasible solution is diffi-
cult to find in any case; a multi-criteria decision-making process must thus be used to strike 
a balance between the consistency of the solution and the consistency of the model. The 
feasibility of the solution is controlled by variable �s in the control constraint. According to 
Mulvey et al.’s (1995) approach, the RO optimization model is as follows:

Subject to:

An objective function’s first expression indicates that the solution is stable and its second 
expression indicates that the model is established. The objective function � = cT x + dT y 
of multiple scenarios is a random variable that has probability ps to take the value of 
�s = cT x + dTs y . To achieve a robust optimum, the objective function expression can be 
transformed into predicted values and variances. The objective function can be maximized 
using one example. In addition, the objective function variance can be minimized in vari-
ous circumstances, thus reducing the risk scale. The related formulation for this case is:

(24)Min cT x + d
T y,

(25)Ax = b,

(26)Bx + Cy = e,

(27)x, y ≥ 0,

(28)Min �(x, y1, y2,… , ys) + ��(�1, �2,… , �s),

(29)Ax = b,

(30)Bsx + CsyS + �S = es for all s ∈ Ω,

(31)x ≥ 0, y ≥ 0 for all s ∈ Ω.
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λ in Eq. (32) represents the level of risk in the model. As shown in Eq. (32), in the 
objective function, there is a quadratic argument. By contrast, Yu and Li (2000) used an 
absolute value, instead of the quadratic one:

However, the objective function remains nonlinear. In order to convert this function 
into a linear function, a non-negative variable and a constraint were added for each case 
by Yu and Li (2000). As a linear model, Eqs. (34)-(36) are used.

Subject to:

If �s −
∑
s∈S

�s ≥ 0 is true, then, the minimization function is �s = 0 and the objective 

function is 
∑
s∈S

ps�s∈S + �
∑
s∈S

p
s[(�s −

∑
s�∈S

ps��s� )]. Also, if �s =
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ps�s∈S − �s , then, the 

objective function must be stated as 
∑
s∈S

ps�s∈S + �
∑
s∈S

ps[(
∑

s�∈S ps��s�−�s)].

This approach leads to Eqs. (37)–(41) as the final linear model.

Subject to:

The following parameters and control variables are used to solve the problem in 
accordance with RO principles:

Addition of parameters to retailers-3PLs model in independent operation mode 
( ∀c ∉ C[cn] ): 
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s� �s� + �s ≥ 0 ∀s ∈ Ω,

(40)x ≥ 0, y ≥ 0 ∀s ∈ Ω,

(41)�s ≥ 0 ∀s ∈ Ω,
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R′
s
	� Likelihood of scenario s occurring.

�′	� A value that is fixed.

Addition of parameters to retailers-3PLs model in coalition mode ( ∀c ∈ C[cn]):

Rs	� Likelihood of scenario s occurring.
�	� A value that is fixed.

Control variables:

�′
s
	� Coefficient of linearization for scenario s for ∀c ∉ C[cn].

�s	� : Coefficient of linearization for scenario s for ∀c ∈ C[cn].

To consider the uncertainty of demand parameters in the objective function for retail-
ers-3PLs, objective functions transformed the utilizing penalties based on profit per unit 
∀c ∉ C[cn] and ∀c ∈ C[cn] . In order to consider the stability of response in the two independ-
ent modes of operation and coalition among retailers-3PLs, Sects. (3.2.1) and (3.2.2) of the 
robust counterpart model are formulated.

3.2.1 � Robust counterpart model ∀c ∉ C[cn]

The robust counterpart model in retailers-3PLs independent mode is as follows:
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Objective function (42), constraints (44)–(51) and constraints (53) and (54) are quite simi-
lar to objective function (2) and constraints (3)–(12) of the retailers-3PLs independent mode 
(Sect. 3.1.1). Regarding the added relation (43), there are two expressions for the objective 
function (43) within the optimization model: maximizing the mean of the profit functions of 
each scenario and maximizing their variance. A linearization constraint (52) of the objective 
function is also added to the model.

3.2.2 � Robust counterpart model ∀c ∈ C[cn]

The robust counterpart model in retailers-3PLs coalition mode is as follows:

Subject to:
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Objective function (55), constraints (57)–(64) and constraints (66) and (67) are quite 
similar to the objective function (13) and constraints (14)–(23) of the retailers-3PLs coali-
tion mode (Subsection 3.1.2). Regarding the added relation (56), specifically, in the first 
expression of objective function (56), everything is based on maximizing the mean of the 
profit function. The second function exists in order to maximize their variance. There is 
also a new constraint added to the model for linearizing objective function (65).

4 � Computational results and discussion

Using a collaborative retailer-3PL framework, a numerical worked example is provided in 
this section.
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4.1 � Numerical study

In this section, a numerical example is provided to investigate the problem and further 
analyze the models and variables of retailers-3PLs. Figure  2 demonstrates the logistics 
network, in which retailers-3PLs operate. Considering the operation of retailers-3PLs 
under conditions of cooperation and independence, the risk sensitivity of retailers-3PLs 
are reported to be 0, 0.5 and 1, respectively. The benefits of independent activity against 
those of cooperation between retailers-3PLs are assessed using the Nash equilibrium. The 
numerical example is defined by considering three retailers-3PLs that buy the same goods 
with the same quality from three suppliers, transport them across the network and, finally, 
sell them to three customers while forming a coalition. Demand is determined by the 
amount of each customer’s demand per order, as well as by the unit of weight of the order. 
The capacity of the retailers-3PLs fleet depends on the weight of the goods.

Two types of scenarios are considered in this paper. Two fundamental parameters of the 
demand equation are uncertain: the amount of fixed demand and amount of potential cus-
tomer demand. In the first scenario, fixed demand is low, while the second scenario is asso-
ciated with high fixed demand. In both scenarios, the probability of occurrence is 0.4 and 
0.6. The values in Table 3 are assumed for the parameters in each scenario of this problem. 
All the parameter values are set according to the numerical examples in the literature and 
the problem conditions. To this end, two references including Jafarnejad et al. (2020) and 
Hafezalkotob and Makui (2015) have been considered. It should be noted the numbers are 
not exactly repeated, but the exact patterns are followed to find the most suitable values for 
these problems. Because the structures of the problems investigated in this study and those 
in the literature are significantly different, it is not possible to utilize the same values. The 
highest demand for a good is allocated to f, according to data from the literature review. 
Also, in each scenario, α and β (as the price sensitivity coefficients against demand) can 
have values between 0 and 1.

First, each of the retailer-3PL’s cooperative robust problems will be solved individu-
ally as a non-cooperative case. Second, the issue of two retailers-3PLs coalitions will be 
resolved. Using this model, all three retailers-3PLs coalitions can be solved and the grand 
coalition will be reached. TU games should aim to maximize the profits of every coali-
tion by maximizing the profits of each individual, according to the super-additive prop-
erty, i.e., v(cm) ≥

∑
pi⊂cm

v(pi), ∀cm ∈ p . The extra utility EU (cm) generated by coalition 
cm is calculated by summing the maximum profits of the coalition and its members, i.e., 

Fig. 2   Multiple retailers-3PLs in a logistics network under uncertain demand
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EU(cm) = v(cm) −
∑

pi⊂cm
v(pi) ∀(cm) ∈ p (Hafezalkotob & Makui, 2015). Coalition mem-

bers should be individually evaluated for their additional utility. A more accurate indicator 
of a coalition’s synergy is the following specification:

Based on the numerical example provided earlier, synergy ( cm ) and EU ( cm ) will be as 
follows (Table 4). Table 4 displays the problem’s outputs for three risk scenarios: LRAC, 
MRAC and HRAC in the independent mode, as well as the creation of a coalition between 
retailers-3PLs. When the players work individually, the extra utilities and synergies are 
zero. Furthermore, the table shows that coalitions have nearly identical collaborative 
effects for their participants. In LRAC, retailer-3PL 1 joining with retailer-3PL 2 produces 
almost equal synergy (0.581) in comparison to retailer-3PL 3 (0.564). Therefore, retailers-
3PLs may form coalitions together in any combination with similar synergies.

The sale price variability through the coalitions’ arcs is lower in HRAC and MRAC sit-
uations than in LRAC, as shown in Table 4. As the result of LRAC, the expected sale price 
of goods is higher. This means that the more conservatism of retailers-3PLs in the coali-
tion, the lower the selling price of goods would be. With the increase in the risk sensitivity 
of retailers-3PLs and decrease in the selling price of goods, customer demand increases; 
therefore, the flow of goods in the network also increases. In Table 4, �1 and �2 show the 
amount of goods shipped by retailers-3PLs, which is equivalent to the total demand of 3 
customers, in the two scenarios studied. The amount of good flow, or the total customer 
demand for each coalition, is higher in the second scenario than the amount of product flow 
in the first scenario due to the increase in consumer demand. Also, when retailers-3PLs 
operate independently, they make more profit in the LRAC and MRAC. On the other hand, 
when they form a coalition, they become more profitable in the LRAC, displaying optimal 

(68)Synergy(Cm) =
EU(Cm)

v(Cm)

Table 3   Values of parameters

Parameters Value of parameters

Bc Bc1 = 4 × 106, Bc2 = 4.4 × 106, Bc3 = 4.6 × 106

�c �c1 = 3 × 10–6, �c2 = 3.2 × 10–6, �c3 = 3.4 × 10–6

�c �c1 = 4 × 10–7, �c2 = 4.5 × 10–7, �c3 = 4.8 × 10–7

Wc Wc1 = 25 , Wc2 = 25,Wc3 = 25

Tc Tc1 = 100 , Tc2 = 120 , Tc3 = 135

Gc Gc1 = 0.3 , Gc2 = 0.35 , Gc3 = 0.39

Rs R
1

= 0.4 , R
2

= 0.6

N N= 200

Ucs U
11

= 1 , U
21

= 1 , U
31

= 1 , U
12

= 2 , U
22

= 2 , U
32

= 2

H
�

H
1

= 1 × 106, H
2

= 1.2 × 106, H
3

= 1.3 × 106

fmcs f
111

= 8, f
112

= 11, f
121

= 8, f
122

= 11, f
131

= 8, f
132

= 11,

f
211

= 6, f
212

= 9, f
221

= 6, f
222

= 9, f
231

= 8, f
232

= 11,

f
311

= 7, f
312

= 10, f
321

= 7, f
322

= 10, f
331

= 7, f
332

= 10

E
�j E

10

= 7, E
20

= 9, E
30

= 8

Eij E
01

= 10, E
02

= 11, E
12

= 12, E
13

= 10, E
14

= 13,

E
23

= 9, E
24

= 10, E
34

= 14, E
35

= 11, E
45

= 10

Eim E
51

= 9, E
52

= 10, E
53

= 11

� �
1

 = 0, �
2

 = 0.5, �
3

 = 1
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results with lower conservative risk behavior. The cooperative game theory (CGT) between 
retailers-3PLs is also additive in three different situations. Therefore, the extra utility and 
synergy increases proportionately with the coalition size until they become the most valu-
able extra utility. Benefits and synergies of larger coalitions also increase. It can thus be 
inferred that retailers-3PLs join coalitions at all three risk levels; when retailers-3PLs have 
moderate risk behavior, their additional income and synergy are higher and they have more 
tendency to forming a coalition.

Given that retailers-3PLs are looking to maximize profits, they will aim to reduce their 
total costs. To this end, retailers-3PLs are looking to find the optimal route to transport 
goods and select the appropriate supplier to reduce shipping costs, cost of pollutant emis-
sions with regard to the shipping distance and cost of purchasing goods. In any coalition, 
retailers-3PLs will ship goods from node D to customers 1, 2 and 3, upon request. Table 5 
shows the optimal route of retailers-3PLs in MRAC in the two studied scenarios.

In Table 6, PEC and PER show pollutant emission cost and pollutant emission rate in 
the independent mode and the cooperation of retailers-3PLs under moderate risk averse 
behavior in the two studied scenarios, respectively. In both scenarios, when retailers-3PLs 
work together and form a coalition, the costs of emissions (penalties) and emissions are 
less than the total cost and emission rates in their independent mode. Therefore, transport-
ing goods in the form of a coalition and cooperation between retailers-3PLs reduces their 
costs, increases their profits and creates less pollution.

Table 5   Optimal transport route 
in MRAC​

Coalition Scenario 1 Scenario 2

C
1

= {1} �
1

-O-1–3-5 �
3

-O-1–2-3–4-5
C
2

= {2} �
1

-O-1–2-4–5 �
3

-O-1–2-3–4-5
C
3

= {3} �
1

-O-2–4-5 �
3

-O-1–4-5
C
4

= {1, 2} �
3

-O-1–3-5 �
3

-O-1–2-3–4-5
C
5

= {1, 3} �
1

-O-2–4-5 �
1

-O-1–2-3–4-5
C
6

= {2, 3} �
1

-O-2–4-5 �
3

-O-1–2-3–4-5
C
7

= {1, 2, 3} �
1

-O-1–3-5 �
3

-O-1–2-3–4-5

Table 6   Pollutant emission cost 
and pollutant emission rate in 
MRAC​

Coalition PEC1 PEC2 PER1 PER2

MRAC​ C
1

= {1} 3.6 × 104 7.6 × 104 1.8 × 102 3.8 × 102

C
2

= {2} 4.0 × 104 8.4 × 104 2.0 × 102 4.2 × 102

C
3

= {3} 2.7 × 106 8.8 × 106 1.4 × 104 4.4 × 104

C
4

= {1, 2} 1.6 × 105 4.3 × 105 8.0 × 102 2.2 × 103

C
5

= {1, 3} 1.7 × 105 4.6 × 105 8.5 × 102 2.3 × 103

C
6

= {2, 3} 1.8 × 105 4.9 × 105 8.9 × 102 2.4 × 103

C
7

= {1, 2, 3} 4.1 × 104 1.1 × 106 2.0 × 103 5.4 × 103
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4.2 � Collaborative robust problem for retailers‑3PLs

When the coalition benefits from retailers-3PLs cooperating, the utility should be shared 
among the participants. The main issue is how to distribute the coalition’s benefits among 
various members. In response, various CGT methods have evolved optimal methods for 
distributing utility evenly (Mohammaditabar, 2015; Hajir et al., 2016; Tushar et al., 2018). 
Some of these methods will be briefly reviewed before adapting them to retailers-3PLs 
cooperative robustness. The proportion of utility distributed among coalitions is next cal-
culated using well-known methods like the Shapley value, equal utility method (EUM) and 
the core center and least core.

A coalition made up of all players is defined as P = 1, 2, 3, …, N. If all players are par-
ticipating in a coalition, v(P) refers to the available utility. Suppose that for each player, 
i = 1, 2, 3,…, N, yi is equal to the real numbers with 

∑n

i=1
yi ≤ v(p) . It is an imputation if 

vector �⃗y = (y1, y2, y3,… , yn ) satisfies the criterion of individual and group rationality, i.e., 
y
i ≥ v(p) , and 

∑n

i=1
yi = v(p) . As a result, the imputation set for a game will be 

Y = 

�
�⃗y = (y1, y2, y3,… , yn)

�����
yi ≥ v(P),

n∑
i=1

yi = v(P)

�
 . The main CGT aim is to specify the 

form of imputation Y which offers a fair distribution of the overall gain. The concept of 
equal distribution has led to developing a number of different assignment methods, some of 
which are discussed here. More information can be found in Barron (2013) and Shapley 
(2010).

There are a series of allocations that ensure each alliance receives the least amount of 
incentives, which consists of:

According to Eq. (69), coalition excess is related to (C,
→

y ) = v(C) −
∑
i∈c

y
i . If the core is 

not empty, the game is said to be stable. � − core is defined for real number � as:

The least core value of � is core(�) ≠ � . Solving the mathematical model below will also 
provide the least core value:

Subject to:

Shapley (1950) developed a method of assignment based on four efficiencies, symmetry, 
additive and dummy axioms. The Shapley value is a solution concept in cooperative game 
theory. It assigns a unique allocation (among the players) of a total surplus generated by 
the coalition of all players to each cooperative game. The Shapley value ensures each actor 
gains as much or more as they would have from acting independently. Because there is 
no other motivation for actors to collaborate, the value obtained is crucial. The Shapley 
value is one method of distributing the total gains among the players, given that they all 

(69)Core (0) =
{
�⃗y ∈ Y||e(C, �⃗y) ≤ 0,∀C ⊂ P

}
=

{
�⃗y ∈ Y

||||||
V(C) ≤

N∑
i=1

yi,∀C ⊂ p

}
.

(70)Core (𝜀) =
{
�⃗y ∈ Y||e(C, �⃗y) ≤ 𝜀∀C ⊂ P,C ≠ P,C ≠ �

}
.

(71)Min �.

(72)e(C, �⃗y) = v(C) −
∑
i∈c

y
i ≤ 𝜀, for all C ⊂ P,C ≠ P.
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cooperate. It is a "fair" distribution in the sense that it is the only distribution with certain 
desirable properties. An imputation 

→

y = (y1, y2, y3 … yn) denotes Shapley value if:

where N is the set of all coalitions C ⊂ N that contain player P and |C| repre-
sents the number of members in coalition C. v(C) − v(C − {P}) gives the amount by 
which the cost saving of coalition C − {P} increases when player P joins it. Therefore, 
v(C) − v(C − {P}) represents the marginal cost saving of participate P with respect to 
coalition C. The formula of Shapley value denotes summation over all coalitions that 
contain player P (Zibaei et al., 2016).

Another allocation method is the EUM, which gives each utility an equal relative 
benefit (Audy et al., 2010). The maximum difference in usefulness between owners is 
reduced in this method. In order to calculate the EUM, one must solve the model:

Subject to:

Constraint (75) determines the difference between two players’ relative profits. Addi-
tionally, Z is the greatest difference that should be minimized as a part of the objective 
function. Calculations for the least core and EUM are performed using Lingo 11 soft-
ware. In MATLAB software, the TUGlab tool is used to calculate the rest of the results, 
which are presented in Table 7. In LRAC and with a lower conservative behavior, the 

(73)yi =
∑

C⊂N,P∈C

(|C| − 1)! − (|N| − |C|)!
N!

× [v(C) − v(C − {P})] i = 1, 2,… , n,

(74)Min Z.

(75)Z ≥
y
i

v({i})
−

y
i

v({j})
∀(i, j) ∈ p,

(76)
∑
i∈c

y
i ≥ v(C) for all C ⊂ P,C ≠ P,

(77)
∑
i∈P

y
i ≥ v(P),

Table 7   Allocation of profits 
based on different allocation 
methods (values × 10–7)

3PL Shapley �-Value Core center Least core EUM

LRAC​ {1} 4.19 4.20 4.22 6.18 4.60
{2} 3.71 3.71 3.70 1.07 3.36
(3) 3.77 3.76 3.75 4.41 3.71
Stable YES YES YES YES YES

MRAC​ {1} 2.84 2.50 2.52 3.73 2.65
{2} 2.22 2.22 2.21 0.575 2.06
(3) 2.24 2.23 2.21 2.64 2.22
Stable YES YES YES YES YES

HRAC​ {1} 1.56 1.57 2.52 2.34 1.68
{2} 1.39 1.39 2.21 0.3.61 1.29
(3) 1.40 1.40 2.21 1.65 1.39
Stable YES YES YES YES YES
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profit allocated to each participant is higher; as shown in Table 4, when retailers-3PLs 
form a coalition, the profit in LRAC is higher than either MRAC or HRAC. Therefore, 
the profit allocated to each retailer-3PL is higher within the situations of lower risk sen-
sitivity. Further, it appears that all methods (except least core) yield similar estimates.

The core space under the grand coalition of retailers-3PLs is shown in Fig. 3. The core 
is the shaded zone. In this case, the game would have a convex shape since every edge of 
the imputation set is covered by the core. This means that retailers-3PLs will tend to form 
coalitions in all three risk-sensitive situations.

Coalition satisfaction is measured by Fs(C, �⃗y) as follows:

As the result of the S coalition’s revenue, Fs(C, �⃗y) shows the difference between each 
player’s revenue if they operated alone. When the criterion is higher, the players are more 
satisfied with their income. According to the corresponding formulas, Table 8 shows the 
level of satisfaction with each coalition.

A coalition’s minimum satisfaction level determines the minimum distance from the 
core. A coalition’s responses in the core space will thus be evaluated according to this 
value. Simple calculations can also be performed using these values to determine the con-
sistency of each answer. It can also be observed from Table 8 that, in the � -value method, 
the utility is 7.05 × 10–6 at the lowest level of satisfaction. In all the methods and coalitions, 
retailers-3PLs are satisfied and dissatisfaction is not observed.

Various revenue allocation strategies are compared using the mean absolute deviation 
(MAD) index. A lower MAD value would indicate more efficient allocation of revenue, 
whereby the allocation of revenue to players would be similar. Equation (79) can be used to 
define this criterion:

(78)FS(C, �⃗y) =
∑
P∈s

yp − v(C) ∀s ≠ �, s ⊆ N.

Fig. 3   Core diagram and imputation
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∑
p

�y − y�� indicates the amount of the discrepancies in each participant’s earnings 

based on various methods. Table  9 shows the MRAC calculations for this index. The 
table’s results demonstrate how different the outcomes of different methods are, as well 
as where the method results are similar. The Shapley, core center and EUM solutions all 
generate similar results. The results of various approaches to CGT vary widely; so, 
these features should be incorporated into player contracts.

Figure  4 shows how pollution emission penalty sensitivity affects the Shapley val-
ues within a grand coalition under a robust cooperative model. We can see from the 
graph that as the penalty value rises, the Shapely value of retailers-3PLs decreases. As 
the fines for emissions increase and other parameters remain constant at the medium 
risk level, the cost of pollution increases. As a result, the profits of retailers-3PLs 
decrease. However, the profit of companies and their share in the Shapley value within 
the cooperative mode are higher than in the cases, in which they operate independently. 

(79)MAD(
→

y ,
→

y�) =
N

v(c)

∑
P

||y − y�||,

Table 9   Amount of absolute 
deviation

MAD Shapley �-value Core center Least core EUM

Shapley – 2.87 0.22 1.76 0.22
�-value – – 0.02 1.97 0.19
Core center – – – 1.96 0.18
Least core – – – – 1.78
EUM – – – – –

Fig. 4   Shapley values vs. pollution emission penalties sensitivity in MRAC​
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Therefore, when the level of risk of companies is moderate, the increase of emission 
fines affects the profit of their coalition; in both cases, cooperative and independent, 
activity decreases.

4.3 � Managerial insights

The numerical example provides various management insights, which can be listed as follows:

•	 Defining the price-sensitive demand function of a commodity can motivate retailers-
3PLs to optimize their prices and compete with them by reducing costs.

•	 The results reveal that retailers-3PLs are more profitable when they work together than 
when they operate independently. Therefore, it is suggested that companies use a coop-
erative approach and coalition profit-sharing to increase revenue.

•	 Coalitions and cooperation between retailers-3PLs reduces costs and increases profits; 
in the situation of moderate risk sensitivity, they are more willing to form a coalition 
and their level of satisfaction with the coalition’s overall utility is higher.

•	 The results show that increasing emissions fines has a significant effect on coalition 
profits. Increasing pollution fines leads to lower profits for retailers-3PLs and their coa-
litions, both in coalition and independent modes. However, since their profit is greater 
in coalition mode, they tend to cooperate with each other, whatever the amount of pol-
lution fines be. Also, cooperation between retailers-3PLs reduces emissions and the 
resulting fines relative to their independent mode of operation.

•	 It is important to consider the risk of retailers-3PLs when forming coalitions and form-
ing independent ventures. When retailers-3PLs operate independently, it is better to 
have low or moderate risk averse behaviors, and when forming a coalition, to be lower 
conservative and less risk-sensitive.

•	 The alliance between retailers and 3PLs as well as the formation of independent com-
panies makes all the activities of purchasing, selling and transporting goods carried out 
by one company and the profit earned is shared among the members.

5 � Conclusions and future research

A new mathematical programming model was proposed in this paper, involving multi-
ple retailers-3PLs and uncertain customer demand. A collaborative approach between 
retailers-3PLs was evaluated in order to raise the flow and price of goods by maximiz-
ing the expected value. As a result, the benefits of cooperation increased. From an envi-
ronmental point of view, one of the important benefits was the reduction in pollutant 
emission rates and environmental costs, which affected the profit of each retailers-3PLs. 
Various collaborative game-based methods were analyzed through a numerical example, 
including the Shapley value, EUM, core center and least core methods. A risk structure 
for coalitions (namely LRAC, MRAC and HRAC) affected the ability of coalitions to 
perform additional functions and provide additive properties. The scale of the coalition 
increased the synergy of cooperation in all the three situations. There was a space core in 
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all three risk modes. For the fair allocation of all cooperation rewards, members should 
prioritize realistic, rather than high-risk behaviors, since each member has an incentive 
to do so.

There are several possible directions of future research along the work presented here. 
First, in this paper, the constant demand parameter of customers is considered as an 
uncertain parameter. It is worth investigating the offered formulation in real cases where 
using parameters related to network uncertainty such as transportation cost, time and 
carrying capacity of routes. Second, this paper investigates the coopetition and coopera-
tion among retailers-3PLs in the logistics network, while in the real logistics network, a 
legislator or manager often organizes the 3PLs to assure satisfying customers’ require-
ments. Thus, taking into account the role of a top level manager, considering other 
games such as Stackelberg between retailers-3PLs and the manager and investigating 
the impact of manager intervention policies on the retailers-3PLs’s profits are interesting 
future research areas. Third, another interesting topic as the future works is to perform 
the proposed models for a real case study. A comprehensive and straightforward is pre-
sented that can be simply applied by someone to run to a real-world example. Fourth, 
in this paper, it is assumed it is impossible to stock goods within the network and that 
nothing would be lost during shipment. An interesting extension of the proposed models 
would be to accept these real-world conditions. Lastly, considering multi-period, multi-
objective, multi-commodity and multi-vehicle is very interesting topics for extending 
this paper.

Appendix

Tables 10 and 11
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