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 Nowadays, tardiness has become a significant risk in the logistics industry. To address this 
problem, we introduce the tardiness risk index to quantify both the magnitude of the tardiness risk 
and the maximum probability of tardiness occurring. In this paper, we investigate the contract 
design problem with the tardiness risk index to mitigate the tardiness risk when a fourth-party 
logistics company (4PL) delegates the delivery task of a client to a third-party logistics company 
(3PL). Specifically, the contracts are designed in a decentralized system with information 
symmetry and information asymmetry when 3PL is risk neutral and risk averse. Furthermore, the 
incentive problems demonstrated that the 3PL is encouraged to make the optimal effort for delivery 
and the 4PL determines the optimal fixed payment and penalty coefficient. Through analyzing the 
experimental simulation results, we can find that the contract can effectively mitigate the tardiness 
risk and the maximum probability of risk occurrence.  
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1. Introduction 

The huge logistics business brings opportunities as well as challenges to the logistics industry. With the development of 
logistics, the client expects faster and more flexible logistics services. However, the traditional logistics relying on the 3PL 
which does not integrate logistics resources cannot meet the client's requirements of faster delivery. The 4PL, as a logistics 
integrator with an integrated operation model, can obtain higher delivery efficiency. For example, “Cainiao”, a logistics 
affiliate of China Alibaba Group, integrates existing industry logistics resources and connects carriers and shippers to 
implement efficient transportation solutions (Cainiao Network Overview, 2016). Specifically, Cainiao provides the client with 
comprehensive logistics service solutions based on the platform, while the 3PL on it performs the actual logistics operation 
and delivery. However, based on the client feedback from the Cainiao platform, the 3PL may not deliver the goods on time 
and experience tardiness. In addition, according to a report released by the PRC State Post Bureau in December 2018, tardiness 
is the major issue of client complaints about express delivery services, which accounts for 31.7\% of the total valid appeals 
(PRC State Post Bureau, 2018). Therefore, it is crucial to reduce the tardiness risk. There are some studies about time reduction 
for the manufacturing systems (Yamada et al., 2021; Çetinkaya et al., 2021), however, as an important service criterion for 
evaluating the delivery performance, few studies have focused on tardiness risk management in the design of logistics service 
supply chain contract (Heckmann et al., 2015).  
 
There are two major potential threats for the occurrence of tardiness. The first threats belong to external factors, including 
weather conditions, service road conditions, and government policies. The second threats belong to internal factors, including 
backward equipment and wrong delivery due to employee negligence. The 3PL can improve logistics operations efficiency if 
they invest in advanced equipment or a skilled workforce, etc. (Huang et al., 2019). 
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However, since the 3PL pays for the actual delivery and may have no incentive to invest or improve their delivery process, if 
the 4PL does not go to incentivize the 3PL and pays a mere fee regardless of the delivery performance. Moreover, risk 
management concerns not only the magnitude of the risk but also the probability of the risk occurrence. Hence the main 
objective of this paper is to design contracts to mitigate the tardiness risk and the probability of the risk occurrence, and 
focuses on solving the following questions: 
 

(1) How does the 4PL design contracts to motivate 3PL to make more efforts to mitigate the tardiness risk and the risk 
occurrence probability? 

(2) How does 3PL's asymmetric cost information impact the tardiness risk? 
(3) How does 3PL's degree of risk aversion affect the tardiness risk? 

 
To measure the magnitude of the tardiness risk, we adopt a tardiness risk index. The advantage of the tardiness risk index is 
that it not only measures the magnitude of the tardiness risk but also quantifies the maximum probability of violation 
occurrence (Jaillet et al, 2016; Adulyasak and Jaillet, 2015). The index is from Jaillet et al. (2016) who proposed the 
performance index to quantify the risk of requirement violations for an uncertain attribute in a routing problem. In addition, 
to motivate the 3PL to mitigate the tardiness risk, we endogenize the actual delivery time, and let it relates to 3PL's effort 
level, i.e., the 3PL can take action to reduce the tardiness risk (Huang et al., 2016). However, the 3PL's effort level is 
unobservable to the 4PL and difficult to be monitored. Therefore, as the principal, the 4PL usually inevitably uses contractual 
incentives to induce the 3PL to make more efforts (Laffont & Martimort, 2002; Zhou & Kim, 2019). We first establish a 
centralized system to minimize the system's tardiness risk. Second, as the 4PL and 3PL have different objectives and make 
decisions separately, using the principal-agent theory, we establish the model considering the tardiness risk index in the 
decentralized system. Specifically, as the cost coefficient of 3PL is unobservable to the 4PL, we assume that the 3PL may be 
a high type with a lower cost coefficient or a low type with a higher cost coefficient. Also, because the 3PL performs the 
actual delivery and invests in delivery, we assume that the 3PL is risk averse, while the 4PL is risk neutral considering that 
she does not pay the 3PL until the delivery is complete (Huang et al., 2019). Thus, we establish the decentralized models 
when the 3PL is risk-neutral and risk-averse under symmetric and asymmetric cost information, respectively. The problem 
under the asymmetric information is both a moral hazard problem (3PL's unobservable effort level) and an adverse selection 
problem (asymmetric cost coefficient information). 
 
We find that the tardiness risk and 3PL's effort level in the decentralized system under symmetric information (hereafter 
referred to as symmetric scenario) are equal to that in the centralized system. Thus, delegation is costless for the 4PL under 
complete information, and the 4PL achieves the same risk level that she would get if she is carrying out the task herself (with 
the same cost function as the 3PL). The effort level of the high type 3PL in the decentralized system under asymmetric 
information (hereafter referred to as asymmetric scenario) is smaller than that in the centralized system, and the effort level 
of the low type 3PL is equal in both cases, then the tardiness risk is larger in the asymmetric scenario that in the centralized 
system. This is because the high type 3PL in the asymmetric scenario gets the information rent by mimicking the low type 
3PL. In the asymmetric scenario, the numerical experiments show that comparing the tardiness risk when 3PL is risk neutral 
with that he is risk averse, it is found that the tardiness risk increases in the degree of the risk aversion.  
 
2. Literature review 
 
As a part of supply chain risk management (Govindan & Chaudhuri, 2016; Choi et al., 2016), risk management in the logistics 
service supply chain has been studied by some researchers from the perspective of quality risks and demand risks. Quality 
risks in logistics may include damage or loss of goods. Huang et al. (2019) designed optimal contracts for 4PL to make the 
3PL ensure freight quality. Liu and Wang (2015) studied the optimal mix of risk attitudes for quality control, and the results 
show that a logistics service integrator is more inclined to choose risk-seeking logistics service providers. Furthermore, some 
studies focus on demand uncertainty in the logistics service supply chain. Liu et al. (2015) focused on research on service 
quality guarantee problems with demand updating in the logistics service supply chain. Zhang et al. (2017) studied the problem 
of collaborative decision-making by carriers with uncertain demand in e-commerce logistics networks. The second stream 
relates to contract issues in the logistics service supply chain. Specifically, some researchers examined the single contract 
design issues. Lim (2000) established a contract in order that the third-party logistics service providers can reveal their true 
capabilities to the logistics buyer, and used the revelation principle to develop the game-theoretic model. Zhang et al. (2019) 
studied two logistics service providers among different competitive power structures with horizontal collaboration, and 
designed a revenue sharing contract to empower coordination in the E-commerce logistics. Ogier et al. (2013) studied multi-
period planning consisting of productions, transportations, and storage activities, using the quantity discount contract to 
coordinate the decentralized system. Some researchers investigate the performance of two or more different contracts. Gong 
et al. (2018) analysed the impact of four different contract structures on the level of investment of 3PL. Wang et al. (2018) 
studied two contracts to examine the impact of shipment insurance premium. When space requirements are random, Chen et 
al. (2001) considered space commitments that can be modified and study three forms of contracts between the user and third-
party warehouse. Alp et al. (2003) examined the design of transportation contracts by a manufacturer with a transportation 
company, and presented a method to design transportation contracts. Liu et al. (2018) took into account the characteristics of 
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mass customization in the OBOR region, exploring and evaluating cost-sharing contracts under four structures to improve 
logistics services in the region.  
  
In addition, other researchers examine how to design contracts to eliminate the double marginalization and to induce the 
logistics service supply chain to act in a coordinated way. Cai et al. (2013) proposed a wholesale-market clearance contract 
and a wholesale-price-discount sharing contract to coordinate a three-tier supply chain when the product is perishable. Wu et 
al. (2015) investigated two coordination mechanisms for the decentralized channel between the distributor and the third-party 
logistics under different power structures. Ogier et al. (2015) studied order allocation problem in decentralized planning in 
multi-period using minimal-information sharing contracts to coordinate. Recently, Moon et al. (2020) introduced a target 
rebate contract for sales promotion by coordinating a pair of retailers. The differences between our study and the above are as 
follows. First, Huang et al. (2019) studied delivery quality risk management in logistics, different from them, our problem is 
aimed at the 4PL platform tardiness risk management in the logistics service supply chain. We design time-based incentive 
contracts to minimize the tardiness risk, and endogenize the delivery time by modelling it related to the 3PL’s effort level and 
affected by the external factors. Second, we use a tardiness risk index to measure the risk in logistics risk management, which 
not only mitigates the magnitude of the tardiness risk, but also the maximum probability of the tardiness risk occurrence. This 
is different from other risk management papers, which only examine the level of risk mitigation. 
 
3. Problem model 
 
Supposing a 4PL platform receives a logistics delivery task required by a client, after which the 4PL delegates the 
transportation of cargoes to a 3PL. The delivery time of these cargoes is negatively correlated to 3PL's effort level and is 
uncontrollable for the 4PL. There exist many external random factors that affect the delivery time. Usually, the 3PL's effort 
level is difficult for the 4PL to predict, and only when the cargoes are received the 4PL can assess the 3PL's effort level by 
observing the final delivery time. In this paper, we introduce two contract terms including a penalty coefficient and a fixed 
payment, and a tardiness risk index into the contract, to motivate the 3PL for improving his effort level and mitigating the 
tardiness risk.  The sequence of events is: (i) the 4PL offers a contract considering tardiness risk; (ii) the 3PL decides whether 
or not to accept the contract, and if accepts, decides the effort level; (iii) the delivery is completed, and the transfer payment 
is achieved. 
 
3.1 Notations 
 
We model the actual delivery time �̃� as a nonnegative random variable, �̃� = 𝑎 − 𝑏𝑒 + 𝜀. The regular delivery time 𝑎 represents 
the expected delivery time of 3PL with zero efforts, 𝑒 is 3PL's effort level, and effort output level 𝑏 represents the output 
capacity of 3PL, 𝜀 denotes external factors and follows a uniform distribution, 𝜀 ∼ 𝑈(−𝑚,𝑚),𝑚 ≥ 0. The uniform 
distribution exhibits the increasing generalized failure rate property (Banciu and Mirchandani, 2013). The 3PL's cost is subject 
to the commonly used quadratic cost function 𝑘𝑒ଶ, where 𝑘 > 0 denotes the effort cost coefficient and measures how costly 
it is for the 3PL to deliver goods. A smaller 𝑘 means that the 3PL is more cost-efficient during the logistics delivery process. 
We assume that there are two types of 3PL: the high type with lower cost coefficient 𝑘 or low type with higher cost coefficient 𝑘(𝑘 < 𝑘), with the respective probability of 𝑣(0 < 𝑣 < 1) and 1 − 𝑣. The 4PL will receive a payment 𝐵 from the client 
about a certain delivery task. Assuming the client's requirement delivery lead time is 𝜏, if the tardiness occurs, the 4PL suffers 
a penalty of 𝜌[�̃� − 𝜏]ା from the client, 𝜌 is per unit time penalty (i.e., the penalty for each unit of time). Similarly, the penalty 
imposed on 3PL by 4PL is 𝛽𝜌[�̃� − 𝜏]ା, 𝛽 denotes the penalty coefficient. Besides, the 4PL gives the 3PL a fixed payment 𝛼. 
The 4PL provides a contract (𝛼,𝛽) for the 3PL. Then at the end of delivery, the 3PL gets payoff 𝛼 − 𝛽𝜌[�̃� − 𝜏]ା. The model 
notations and descriptions are shown in Table 1. 
 
Table 1  
Notations 

Symbols Descriptions 𝑘 3PL's cost coefficient  𝜀 A random variable follows uniform distribution 𝑈(−𝑚,𝑚), 𝑚 ≥ 0 𝑎 The expected delivery time of the 3PL with zero efforts  𝑏 3PL's effort output coefficient 𝜏 The delivery lead time required by the client  𝜌 Unit time penalty 𝛿 3PL's degree of risk aversion 𝜓 Tardiness risk index 𝑟 Risk tolerance parameter, 𝑟 > 0 𝐵 The payment that the 4PL receives from the client 
Decision variables 𝛼 The fixed payment  𝛽 The penalty coefficient imposed by the 4PL on the 3PL, 𝛽 ≥ 0 𝑒 3PL's effort level  
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Derived variables 𝜋 ,𝜋 ,𝜋௧ The profits of the centralized system, 4PL and 3PL 𝛱 ,𝛱,𝛱௧ The expected utilities of the centralized system, 4PL and 3PL 
 
We assume that the 3PL is risk averse given that he invests in delivery, while the 4PL is risk neutral considering that she does 
not pay the 3PL until the delivery is complete (Huang et al., 2019). To obtain an analytical solution and better analyze the 
problem, we will first consider the case that the 3PL is risk neutral in the decentralized system, and then further consider the 
case that the 3PL is risk averse. We assume that the tardiness risk occurs when the 3PL does not make efforts, i.e., 𝑎 + 𝑚 >𝜏. To ensure that the delivery time is positive, i.e., 𝑎 − 𝑏𝑒 −𝑚 > 0 always holds, we assume that 𝐵 ≤ (4𝑘𝑚(𝑎 −𝑚) −𝜌𝑏ଶ(2𝑚− 𝜏))ଶ/(4𝑏ଶ𝑚(𝜌𝑏ଶ + 4𝑘𝑚) + 𝜌𝑘(𝑎 + 𝑚− 𝜏)ଶ/(𝜌𝑏ଶ + 4𝑘𝑚) and 4𝑘𝑚(𝑎 −𝑚) ≥ 𝜌𝑏ଶ(2𝑚− 𝜏). We normalize 
the reservation utility to 0 for both 3PL and 4PL. To make the results more concise, we let 𝑡̅ = 𝑎 + 𝑚− 𝜏. The 3PL decides 
his effort level according to the contract to maximize his utility. The model for the logistics service supply chain is shown in 
Fig. 1. 

 
Fig. 1. The model of the logistics service supply chain.  

 
3.2 Tardiness risk index 
 
We adopt a risk measure introduced by Jaillet et al. (2016), which can not only measure the magnitude of the tardiness risk, 
but also provide the maximum probability of tardiness risk occurrence. Given the delivery lead time 𝜏, the tardiness risk index 𝜓 is 
 𝜓 = 𝑚𝑖𝑛ሼ𝑟 ≥ 0|𝐶(�̃�) ≤ 𝜏ሽ, (1) 𝐶(�̃�) = 𝑟𝑙𝑛𝐸൫𝑒𝑥𝑝(�̃� 𝑟⁄ )൯, (2) 
 
where 𝐶(�̃�) is the certainty equivalent under exponential disutility 𝑢(�̃�) = 𝑒𝑥𝑝(�̃� 𝑟⁄ ), 𝑢(�̃�) represents the 4PL exhibiting a 
risk aversion behaviour toward the delivery time. The propose of the index was inspired by the study of Aumann and Serrano 
(2008), that less risk-averse individuals accept riskier gambles in economics, then the riskiness of a gamble is the individual 
risk tolerance parameter. When the tardiness risk index 𝜓 is given, the probability of the lead time 𝜏 plus any period 𝜃 is up 
bounded by 𝑒𝑥𝑝(−𝜃 𝜓⁄ ) 
 𝑝(�̃� ≥ 𝜏 + 𝜃) ≤ 𝑒𝑥𝑝(−𝜃 𝜓⁄ ),∀𝜃 ≥ 0. (3) 
 
The probability 𝑒𝑥𝑝(−𝜃 𝜓⁄ ) is for the random event that the tardiness exceeds a duration 𝜃, and provides upper bounds of 
the probability of excess a duration. The upper bounds are available for a series of duration 𝜃, rather than for a single value. 
Also, a smaller 𝜓 corresponds to a smaller upper bound for the probability. Therefore, in this paper we adopt the method 
proposed by Jaillet et al. (2016) to allow the manager to reduce the upper bounds of the probability of risk occurrence while 
reducing the tardiness risk simultaneously. The function 𝐶(�̃�) can be derived with the moment generating function. Lemma 
1 shows the expression of 𝐶(�̃�) that proposed by Jaillet et al. (2016). 
 
Lemma 1. When �̃� follows a uniform distribution 𝑈(−𝑚,𝑚), the certainty equivalent of �̃� is 𝐶(�̃�) = 𝑎 − 𝑏𝑒 − 𝑚 + 𝑟ln ୣ୶୮(ଶ ⁄ )ିଵଶ ⁄ , 
where 𝐶(�̃�) is monotonically decreasing in 𝑟. 
 
Proof: See appendix B. 
 
3.3 Centralized system 
 
In the centralized system, the transfer payment between the 4PL and the 3PL is omitted. The system's objective is to minimize 
the tardiness risk. The centralized system's profit is 
 𝜋(𝑒) = 𝐵 − 𝜌[�̃� − 𝜏]ା − 𝑘𝑒ଶ. (4) 
 
Suppose the centralized system is risk-neutral, then the centralized system's expected utility can be expressed as follows: 
 𝛱(𝑒) = 𝐵 − 𝜌𝐸([�̃� − 𝜏]ା) − 𝑘𝑒ଶ. (5) 



H. Wang et al. / International Journal of Industrial Engineering Computations 13 (2022) 17

By replacing 𝐸([�̃� − 𝜏]ା) = (ఛାିି)మସ , the above equation (5) can be expressed as Eq. (6). The detail derivation of 𝐸([�̃� − 𝜏]ା) shows in appendix A. 
 𝛱(𝑒) = 𝐵 − ఘ(ିାିఛ)మସ − 𝑘𝑒ଶ. (6) 

 
The system determines the optimal effort level 𝑒 to minimize the tardiness risk index, we have 
 𝑚𝑖𝑛 𝑟, (7) 

subject to  𝐶(�̃�) ≤ 𝜏, (8) 𝛱(𝑒) ≥ 0, (9) 𝑒 ≥ 0, 𝑟 > 0.  
 
Constraint (8) represents that the certainty equivalent of delivery time should be less than the delivery lead time 𝜏 which is 
required by the client. Constraint (9) ensures that the system earns at least its reservation utility. Solving the problem, we get 
the following results. 

Proposition 1 In the centralized logistics system, if ఘ௧మఘమାସ ≤ 𝐵 ≤ (ସ(ି)ିఘమ(ଶିఛ))మସమ(ఘమାସ) + ఘ௧మఘమାସ, there exist the optimal (𝑒∗, 𝑟∗) which satisfy 𝑒∗ = ఘ௧ାଶට((ఘమାସ)ିఘ௧మ)ఘమାସ ,  𝑎 − 𝑏𝑒∗ − 𝑚 + 𝑟∗ ln ୣ୶୮(ଶ ∗⁄ )ିଵଶ ∗⁄ = 𝜏. 
The optimal utility of the centralized system is 𝛱∗ = 0. 
 
Proof: See appendix C. 
 
The above proposition shows the optimal level of effort and the minimized tardiness risk. It can be found that the logistics 
system only obtains reservation utility to minimize the tardiness risk. 
 
4. Decentralized system under 3PL's cost information symmetric  
 
In this section, we assume that the 3PL's cost coefficient 𝑘 is fully observable to the 4PL, while the effort level of 3PL is 
unobservable to the 4PL, so we have a moral hazard problem. 
 
4.1 Both the 3PL and 4PL are risk neutral (Case A) 

4.1.1 Optimal response of 3PL 
 

Given any pair of (𝛼,𝛽), the 3PL's profit is function can be expressed as follows: 
 𝜋௧(𝑒) = 𝛼 − 𝛽𝜌[�̃� − 𝜏]ା − 𝑘𝑒ଶ. (10) 
 
The expected utility of 3PL is 
 𝛱௧(𝑒) = 𝛼 − 𝛽𝜌𝐸([�̃� − 𝜏]ା) − 𝑘𝑒ଶ.  (11) 
 
After replacing 𝐸([�̃� − 𝜏]ା), Eq. (11) can be finally derived as  
 𝛱௧(𝑒) = 𝛼 − ఘ(ିାିఛ)మఉସ − 𝑘𝑒ଶ. (12) 

 
The objective of the 3PL is to maximizes expected utility 𝛱௧. Let 𝑒ௌ∗ represents the optimal effort level of the 3PL and can 
be obtained by solve 𝑒ௌ∗ = 𝑎𝑟𝑔𝑚𝑎𝑥𝛱௧(𝑒) . 

Lemma 2. Given the contract terms (𝛼,𝛽), the 3PL's effort level is 𝑒ௌ∗ = ఘఉ(ାିఛ)మఘఉାସ . The 3PL's effort decision 𝑒 increases 
in the penalty coefficient 𝛽.  
 
Proof: See appendix D. 
 
From Lemma 2, we can find that when the penalty coefficient is zero, the 3PL has no desire to exert any other effort. 
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4.1.2 Optimal response of 4PL 
 
The objective of the 4PL is to minimizes the tardiness risk. The total payment given by the 4PL to the 3PL is 𝛼 − 𝛽𝜌[�̃� − 𝜏]ା, 
where 𝛽𝜌[�̃� − 𝜏]ା is the penalty the 4PL imposed on 3PL. By given the triple (𝛼,𝛽, 𝑒ௌ∗), the 4PL's profit function can be 
expressed as follows:  
 𝜋(𝛼,𝛽, 𝑒ௌ∗) = 𝐵 − (𝛼 − 𝛽𝜌[�̃� − 𝜏]ା) − 𝜌[�̃� − 𝜏]ା. (13) 
 
The expected utility of 4PL is 
 𝛱(𝛼,𝛽, 𝑒ௌ∗) = 𝐵 − 𝛼 − 𝜌(1 − 𝛽)(𝑎 − 𝑏𝑒 + 𝑚 − 𝜏)ଶ4𝑚  

(14) 

 
The objective of the 4PL is to minimize the tardiness risk and the contracting problem with the 3PL can be formulated as 
follows: 
 𝑚𝑖𝑛ఈ,ఉ 𝑟, (15) 

subject to  𝐶(�̃�) ≤ 𝜏, (16) 𝛱(𝛼,𝛽, 𝑒ௌ∗) ≥ 0, (17) 𝛱௧(𝛼,𝛽, 𝑒ௌ∗) ≥ 0, (18) 𝛼,𝛽, 𝑒ௌ∗ ≥ 0, 𝑟 > 0.  
 
Constraint (16) represents the certainty equivalent of delivery time which should be less than the delivery lead time 𝜏. 
Constraints (17) and (18) ensure that the 4PL and 3PL earn at least their reservation utilities so that they are willing to 
cooperate. The above minimization problem can be solved by using Karush–Kuhn–Tucker condition. The optimal solution to 
the above problem is as follows. 
 

Proposition 2 If ఘ௧మఘమାସ ≤ 𝐵 ≤ (ସ(ି)ିఘమ(ଶିఛ))మସమ(ఘమାସ) + ఘ௧మఘమାସ, the optimal penalty coefficient is 

𝛽௦∗ = ଶ(ଶା௧ට(ସିఘ(௧మିమ)))ఘ(௧మିమ) ; 

The optimal fixed payment is 𝛼௦∗ = ௧(ଶା௧ට(ସିఘ(௧మିమ)))(ଶ௧ାට(ସିఘ(௧మିమ))) ; 

The 3PL's optimal effort level is 𝑒௦∗ = ଶା௧ට(ସିఘ(௧మିమ))ଶ௧ାට(ସିఘ(௧మିమ)); 
The optimal 𝑟௦∗, which cannot be derived as closed-form expression, satisfies the following equation: 𝑟௦∗ln ୣ୶୮(ଶ/ೞ∗)ିଵଶ/ೞ∗ = 2𝑚− ସ௧మఘఉೞ∗ାସ; 
 
The 4PL's optimal expected utility is Π௦∗ = 0, the 3PL's optimal expected utility is Π௧௦∗ = 0. 
 
Proof: See appendix E. 
 
From proposition 2, we can find that the 4PL and 3PL only obtain their reservation utilities, as all their other utilities are used 
to reduce the tardiness risk. 
 
Lemma 3. The optimal tardiness risk 𝑟௦∗ decreases in the optimal penalty coefficient 𝛽௦∗, and is independent in the optimal 
fix payment 𝛼௦∗. 
 
Proof: See appendix F. 

Substituting the expression of 𝛼௦∗ into the risk equation, we have 𝑟௦∗ln ୣ୶୮(ଶ/ೞ∗)ିଵଶ/ೞ∗ = 2𝑚−ଶ(௧మିమ)ට(ସିఘ(௧మିమ))ାଶ௧, so the following proposition holds: 
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Proposition 3 The tardiness risk 𝑟௦∗ increases in 𝜌, 𝑘 and 𝑎, and decreases in 𝐵 and 𝑏. 
 
Proof: See appendix G. 
 
For a certain tardiness risk, a larger unit time penalty 𝜌 means that the 4PL will compensate the client more. The larger the 
3PL's cost coefficient 𝑘, the more it costs him to complete a certain delivery task, which will lead to a larger tardiness risk. 
To reduce the risk of tardiness, the 4PL only obtains reservation utility, so the more the client pays the 4PL, the less tardiness 
risk for the 4PL. The larger the 3PL's effort output coefficient 𝑏 means that the 3PL saves more time by paying a certain 
amount of effort. The 3PL with a larger initial delivery time 𝑎 and smaller effort output coefficient 𝑏 means that the 3PL is 
less capable and has a larger tardiness risk. 
 
Comparing results in the symmetric scenario with that in the centralized system, we propose the following proposition. 
 
Proposition 4 The effort levels and tardiness risks satisfy 𝑒௦∗ = 𝑒∗, 𝑟௦∗ = 𝑟∗. 
 
Proof: See appendix H. 
 
From proposition 4, the minimized tardiness risk and the optimal effort level are equal in both cases. Proposition 4 shows that 
under complete information, the 4PL has the same tardiness risk that she would get if she was carrying out the task herself 
(with the same cost function as the 3PL), i.e., delegation is costless for the 4PL. 
 
4.2 The 3PL is risk averse and 4PL is risk neutral (Case B) 
 
In case B, the 3PL is risk averse and determines the optimal effort level to maximize his mean-variance objective function 
(Chiu and Choi, 2016), which is shown in Eq. (19). 
 𝛱௧(𝛼,𝛽, 𝑒) = 𝐸(𝜋௧) − 𝛿𝑣𝑎𝑟(𝜋௧), (19) 
 
where 𝛿 is the degree of the risk aversion. From var[𝑎 − 𝑏𝑒 + 𝜀 − 𝜏]ା = (ିିఛା)య − (ିିఛା)రଵమ , we have 
 𝛱௧ = 𝛼 − ఘ(ିିఛା)మఉସ − ఋఘమఉమ(ିିఛା)యଶ ቀଵଷ − ିିఛା଼ ቁ − 𝑘𝑒ଶ. (20) డడ = ఘ(ିିఛା)ఉଶ + ఋఘమఉమ(ିିఛା)మଶ ቀ1 − ିିఛାଶ ቁ − 2𝑘𝑒  (21) 

 
Let பஈபୣ = 0, we found that we cannot obtain the closed-form expression of 𝑒. Even though we cannot derive the closed-form 

expression of 𝑒, பஈபୣ = 0 be solved by using numerical optimization methods. To determine the contract terms (𝛼,𝛽) and to 
minimize the tardiness risk, the 4PL's contracting problem with the risk-averse 3PL can be formulated as 
 𝑚𝑖𝑛ఈ,ఉ 𝑟, (22) 

subject to  𝐶(�̃�) ≤ 𝜏, (23) 𝛱(𝛼,𝛽, 𝑒) ≥ 0, (24) 𝛱௧(𝛼,𝛽, 𝑒) ≥ 0, (25) 𝑒∗ = 𝑎𝑟𝑔 𝑚𝑎𝑥 𝛱௧(𝛼,𝛽, 𝑒), (26) 𝛼,𝛽, 𝑒 ≥ 0, 𝑟 > 0.  
 
Constraint (23) ensures that the certainty equivalent of delivery time should be less than the delivery lead time 𝜏. Constraints 
(24) and (25) ensure that the 4PL and 3PL earn at least their reservation utilities, so that they are willing to cooperate with 
each other. Constraint (26) represents that the 3PL determines his optimal effort to obtain maximum expected profit. We adopt 
the numerical analysis method to investigate the results. Considering the range of parameters provided by Huang et al. (2019), 
we set the model parameters as follows: 𝑎 = 8, 𝑏 = 2,𝑚 = 6, 𝜏 = 7, 𝜌 = 6,𝐵 = 20, and 𝑘 = {7, 7.5, 8}. In the following 
parts, four experiments are presented. In the first experiment, the penalty coefficient is investigated. The experimental result 
is shown in Fig. 2. In Fig. 2, the penalty coefficient decreases in the degree of risk aversion for 𝑘 equal to 7, 7.5, and 8, 
respectively. In addition, in Fig. 2, the penalty coefficient decreases in the cost coefficient. Because when the cost coefficient 
is larger, the 4PL should reduce the penalty to the 3PL to ensure that he obtains the reservation utility. Thus, for a low-type 
3PL with a higher cost coefficient, the 4PL imposes a higher penalty coefficient. 
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Fig. 2. The effect of degree of risk aversion on the penalty 
coefficient 

Fig. 3. The effect of degree of risk aversion on the fixed 
payment 

 
 

The second experiment is presented in Fig. 3 for exploring the fixed payment affected by the degree of risk aversion and cost 
coefficient. Fig. 3 indicates that the fixed payment decreases in the degree of risk aversion. Because with the degree of risk 
aversion increases, the penalty coefficient and effort level decrease, then the 4PL will reduce the fixed payment, ensuring that 
the 3PL still only achieves the reservation utility. The fixed payment increases in the cost coefficient. The third experiment is 
presented in Fig. 4 for exploring the 3PL's effort level. Fig. 4 indicates that the effort level decreases in the degree of risk 
aversion. The effort level decreases in the cost coefficient. Because when the cost coefficient is larger, the 3PL can only make 
less effort to ensure that he obtains the reservation utility. 
 

  
Fig. 4. The effect of degree of risk aversion on the effort 
level 

Fig. 5. The effect of degree of risk aversion on tardiness 
risk 

 
 

The last experiment is presented in Fig. 5 for exploring the tardiness risk affected by risk aversion and cost coefficient. In Fig. 
5, we find that the tardiness risk is increasing in the degree of risk aversion, which shows that 3PL's risk aversion leads the 
4PL to weaken incentives to the 3PL and have to take more tardiness risk. The tardiness risk is increasing in the cost 
coefficient. Because with a smaller cost coefficient, the 3PL can make more effort and the tardiness risk is smaller. As the 
cost coefficient increases, the difference between tardiness risks corresponding to the different cost coefficient also increases. 

 
5. Decentralized system under asymmetric information 
 
The cost of 3PL is related to many items, such as warehousing, distribution operatives, transportation, and packaging, then 
the cost coefficient of the 3PL is unobservable to the 4PL. Thus, this section assumes that the 3PL's cost coefficient 𝑘 is 
asymmetric information. We assume that the 3PL can be the high type with a low-cost coefficient 𝑘 or the low type with a 
high-cost coefficient 𝑘, with 𝑘 < 𝑘. The 4PL is the principal who only knows the probability 𝑣, but not the actual type. 
Also, the effort level of 3PL is unobservable to the 4PL, then the problem considered in this section is a mixed moral hazard 
and adverse selection problem. 
 
5.1 Both the 3PL and 4PL are risk neutral (Case A) 
 
In case A, both the 3PL and 4PL are risk neutral. Based on the two types of 3PL, the penalty and the fixed payment can be 
represented as (𝛼,𝛽) and (𝛼 ,𝛽). Considering that the 4PL determines the menu of contracts {(𝛼 ,𝛽); (𝛼 ,𝛽)} to 
minimize the tardiness risk. The problem can be formulated as 
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subject to  𝐶(�̃�) ≤ 𝜏, (28) 𝐶(�̃�) ≤ 𝜏, (29) 𝛱(𝛼,𝛽, 𝑒|𝑘) ≥ 0, (30) 𝛱(𝛼 ,𝛽 , 𝑒|𝑘) ≥ 0, (31) 𝛱௧(𝛼,𝛽 , 𝑒|𝑘) ≥ 0, (32) 𝛱௧(𝛼 ,𝛽 , 𝑒|𝑘) ≥ 0, (33) 𝑒∗ = 𝑎𝑟𝑔 𝑚𝑎𝑥 𝛱௧(𝛼,𝛽, 𝑒|𝑘), (34) 𝑒∗ = 𝑎𝑟𝑔 𝑚𝑎𝑥 𝛱௧(𝛼 ,𝛽 , 𝑒|𝑘), (35) 𝛱௧(𝛼,𝛽 , 𝑒|𝑘) ≥ 𝛱௧(𝛼 ,𝛽 , 𝑒|𝑘), (36) 𝛱௧(𝛼 ,𝛽 , 𝑒|𝑘) ≥ 𝛱௧(𝛼,𝛽 , 𝑒|𝑘), (37) 𝛼 ,𝛽, 𝑒,𝛼 ,𝛽 , 𝑒 ≥ 0, 𝑟 , 𝑟 > 0.  
 
The objective function (27) minimizes the tardiness risk. Constraints (28-29) represent that the certainty equivalent of �̃� should 
be less than the delivery lead time 𝜏. Constraints (30-33) ensure that the 4PL and two types of 3PL earn at least their reservation 
utilities. Constraints (34-35) denote that the two types of 3PL determine their optimal efforts for obtaining the maximum 
expected utilities. Incentive compatibility constraints (36-37) denote that it's in the best interest of the two types of 3PL to 
truthfully report their cost coefficients. 
 
The effort level of the 3PL is 𝑒 = ఘఉ(ାିఛ)మఘఉାସ , then the utility of 3PL is given by 𝛱௧(𝛼,𝛽) = 𝛼 − ఘ(ାିఛ)మఉమఘఉାସ . Let (𝛼,𝛽) be 

a pair of value that satisfies the 3PL utility curve 𝛱௧(𝛼,𝛽), then the ௗఈௗఉ = ସమఘ(ାିఛ)మ(మఘఉାସ)మ > 0 always holds. Define 𝑅 = 𝐵 −ΔΠ୲, where ΔΠ୲ = మఘమ(ାିఛ)మ(ି)ఉೌ ∗మ(మఘఉೌ ∗ାସ)మ > 0, then we have 𝐵 > 𝑅. The optimal solution to the above problem is as follows. 
 

Proposition 5. If 𝑚𝑎𝑥{ ఘ௧మସାఘమ , ఘ௧మସାఘమ + ΔΠ୲} ≤ 𝐵 ≤ 𝑚𝑖𝑛{(ସ(ି)ିఘమ(ଶିఛ))మସమ(ఘమାସ) +ఘ௧మఘమାସ , (ସ(ି)ିఘమ(ଶିఛ))మସమ(ఘమାସ) + ఘ௧మఘమାସ + ΔΠ୲}, the optimal penalty coefficients are 

𝛽∗ = ଶ(ଶோା௧ට(ସோିఘ(௧మିమோ)))ఘ(௧మିమோ) , 

𝛽∗ = ଶ(ଶା௧ට(ସିఘ(௧మିమ)))ఘ(௧మିమ) ; 

The optimal fixed payments are 𝛼∗ = ௧(ଶோା௧ට(ସோିఘ(௧మିమோ)))(ଶ௧ାට(ସோିఘ(௧మିమோ))) + ΔΠ୲, 
𝛼∗ = ௧(ଶା௧ට(ସିఘ(௧మିమ)))(ଶ௧ାට(ସିఘ(௧మିమ))) ; 

The minimum risk is 𝜓∗ = 𝑣𝑟∗ + (1 − 𝑣)𝑟∗, 
where 𝑟∗ln ୣ୶୮(ଶ/ೌ ∗)ିଵଶ/ೌ ∗ = 2𝑚− ସ௧మఘఉೌ ∗ାସ , 𝑖 = ℎ, 𝑙; 
The 3PL's optimal effort level are 

𝑒∗ = ଶோା௧ඨቆସோିఘቀ௧మିమோቁቇ
ଶ௧ାඨቆସோିఘቀ௧మିమோቁቇ, 

𝑒∗ = ଶା௧ට(ସିఘ(௧మିమ))ଶ௧ାට(ସିఘ(௧మିమ)). 
 
The 4PL's optimal utility is Π∗ = 0, the low type 3PL with high cost coefficient only obtains reservation utility Π௧∗ = 0, 
the optimal utility of the high type 3PL with low cost coefficient is Π௧∗ = ΔΠ୲, where ΔΠ୲ is the information rent. 
Proof: See appendix I. 
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The high type 3PL under asymmetric information earns information rent which reflects the informational advantage of high 
type 3PL over low type 3PL. The information rent depends only on the low type 3PL's penalty coefficient given by 4PL, and 
the information rent increases in the penalty coefficient for the low type 3PL. Comparing the optimal effort level and 
minimized tardiness risk in the asymmetric scenario with that in the centralized system, we have proposition 6. 
 
Proposition 6 From 𝐵 > 𝑅, the effort levels and tardiness risks satisfy 𝑒∗ = 𝑒∗, 𝑒∗ > 𝑒∗, and 𝑟∗ = 𝑣𝑟∗ + (1 − 𝑣)𝑟∗ >𝑟∗. 
 
Proof: See appendix J. 
 
From proposition 6, the high type 3PL makes less effort under asymmetric information than in the centralized system, which 
results in larger tardiness risk 𝑟∗. Then, the expected tardiness risk in the decentralized system under asymmetric information 
is larger than the tardiness risk with a high type 3PL in the centralized system, while is equal to the tardiness risk with a low 
type 3PL in the centralized system. The increase in the tardiness risk indicates that asymmetric information leads to a reduction 
in the efficiency of the logistics system.  Comparing the optimal penalty coefficients and fixed payments in the decentralized 
system under asymmetric information with that under symmetric information, we have proposition 7. 
 
Proposition 7. From 𝐵 > 𝑅, the penalty coefficients and fixed payments for the low and high type 3PL satisfy 
 
(i) 𝛽∗ = 𝛽௦∗,𝛽∗ < 𝛽௦∗,  
(ii) 𝛼∗ = 𝛼௦∗,  
(iii) 𝛼∗ < 𝛼௦∗, if 𝛽∗ < ସమఘ + 2；𝛼∗ > 𝛼௦∗, if 𝛽∗ > ସమఘ + 2. 
 
Proof: See appendix K. 
 
From proposition 7, for the low type 3PL, the penalty coefficient and fixed payment in the asymmetric scenario are equal to 
that in the symmetric scenario. For the high type 3PL, the penalty coefficient in the asymmetric scenario is lower than that in 
the symmetric scenario, while the fixed payment in the symmetric scenario may be smaller or larger than that in the 
asymmetric scenario. Thus, the penalty coefficient and fixed payment of the high type 3PL are distorted in the asymmetric 
scenario.  
 
5.2 The 3PL is risk averse and 4PL is risk neutral (Case B) 
 
In this case, both types choose the optimal effort levels to maximize their mean-variance objective function (Chiu & Choi, 
2016). 
 Π௧(𝛼,𝛽, 𝑒 ∣ 𝑘) = 𝐸(𝜋௧) − 𝛿var (𝜋௧), (38) 
 
where 𝛿 is his degree of the risk aversion. From var[𝑎 − 𝑏𝑒 + 𝜀 − 𝜏]ା = (ିିఛା)య − (ିିఛା)రଵమ , we have Π௧ = 𝛼 − ఘ(ିିఛା)మఉସ − ఋఘమఉమ(ିିఛା)యଶ ቀଵଷ − ିିఛା଼ ቁ − 𝑘𝑒ଶ. (39) 

 
To minimize the tardiness risk, the 4PL's contracting problem with the risk-averse 3PL can be formulated as 
 𝑚𝑖𝑛(ఈ,ఉ),(ఈ,ఉ)𝑣𝑟 + (1 − 𝑣)𝑟, (40) 

subject to  𝐶(�̃�) ≤ 𝜏, (41) 𝐶(�̃�) ≤ 𝜏, (42) 𝛱(𝛼,𝛽, 𝑒|𝑘) ≥ 0, (43) 𝛱(𝛼 ,𝛽 , 𝑒|𝑘) ≥ 0, (44) 𝛱௧(𝛼,𝛽 , 𝑒|𝑘) ≥ 0, (45) 𝛱௧(𝛼 ,𝛽 , 𝑒|𝑘) ≥ 0, (46) 𝑒∗ = 𝑎𝑟𝑔 𝑚𝑎𝑥 𝛱௧(𝛼,𝛽, 𝑒|𝑘), (47) 𝑒∗ = 𝑎𝑟𝑔 𝑚𝑎𝑥 𝛱௧(𝛼 ,𝛽 , 𝑒|𝑘), (48) 𝛱௧(𝛼,𝛽 , 𝑒|𝑘) ≥ 𝛱௧(𝛼 ,𝛽 , 𝑒|𝑘), (49) 𝛱௧(𝛼 ,𝛽 , 𝑒|𝑘) ≥ 𝛱௧(𝛼,𝛽 , 𝑒|𝑘), (50) 𝛼 ,𝛽, 𝑒,𝛼 ,𝛽 , 𝑒 ≥ 0, 𝑟 , 𝑟 > 0.  
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The objective function (40) is to minimize the expected tardiness risk. Constraints (41-42) represent that the certainty 
equivalent of �̃� should be less than the delivery lead time 𝜏. Participation constraints (43-46) ensure that the 4PL and two types 
of 3PL earn at least their reservation utilities. Constraints (47-48) represent that the and two types of 3PL determine their 
optimal efforts to obtain maximum expected utilities. Incentive compatibility constraints (49-50) denote that it's in the best 
interest of the and two types of 3PL to truthfully report their cost coefficients. Due to it is impossible to derive the closed-
form expression of tardiness risk, optimal effort level, fixed payment and penalty coefficient when the 3PL is risk averse. 
Considering the parameter setting of Huang et al. (2019), we set the model parameters as following: 𝑎 = 8, 𝑏 = 2,𝑚 = 6, 𝜏 =7,𝜌 = 6, 𝑣 = 0.5,𝐵 = 20, 𝑘 = 6 and 𝑘 = {7, 7.5, 8}. Fig. 6 indicates that the tardiness risk increases in the degree of risk 
aversion under asymmetric information. When the degree of risk aversion is given, the larger the cost coefficient, the larger 
the tardiness risk. Comparing Fig. 5 with Fig. 6, when the degree of risk aversion is given, the tardiness risk under symmetric 
information in Fig. 5 is greater than that under asymmetric information in Fig. 6. 
 

 
Fig. 6. The effect of degree of risk aversion on tardiness risk under asymmetric information 

 
6. Numerical results 
 
In this section, we investigate the 3PL’s optimal effort level and the tardiness risk in the centralized system and asymmetric 
scenario, and the optimal penalty coefficient and fixed payment in the symmetric and asymmetric scenario. We set the model 
parameters as follows: 𝑎 = 8, 𝑏 = 2,𝑚 = 1.5, 𝜏 = 6,𝐵 = 12, 𝑘 = 5, 𝑘 = 4, 𝑣 = 0.5, and 𝜌 varies from 5.4 to 9. Fig. 7 
shows that the penalty coefficient for the low type 3PL in the symmetric scenario is the same as that in the asymmetric 
scenario, while the penalty coefficient for the high type 3PL in the asymmetric scenario lower than that in the symmetric 
scenario. Fig. 8 shows that the fixed payment given to the low type 3PL in the symmetric scenario is the same as that in the 
asymmetric scenario, while the fixed payment given to the high type 3PL in the asymmetric scenario larger than that in the 
symmetric scenario.  
 

  
Fig. 7. The penalty coefficient in the symmetric and 
asymmetric scenario 

Fig. 8. The fixed payment in the symmetric and asymmetric 
scenario 
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Fig. 9 reveals that the low-type 3PL in a centralized system makes the same effort like that in the asymmetric scenario, while 
the high-type 3PL in a centralized system makes more effort than that in the asymmetric scenario. Therefore, the effort level 
of the high type 3PL is distorted under asymmetric scenarios. Fig. 10 shows that, for a low type 3PL, the tardiness risk in the 
asymmetric scenario is equal to that in the centralized system. For a high type 3PL, the tardiness risk in the asymmetric 
scenario is larger than that in the centralized system. 
 

  
Fig. 9. The 3PL’s effort level in centralized system and 
asymmetric scenario 

Fig. 10. The tardiness risk in centralized system and 
asymmetric scenario 

 
7. Conclusion 
 
In this paper, we investigate the optimal contracting problem for a fourth party logistics company (4PL) in the presence of the 
third logistics company (3PL) tardiness risk. To measure the magnitude of tardiness risk and the probability of tardiness risk 
occurrence, we adopt a tardiness risk index. With the index the 4PL designs incentive contracts that minimize the tardiness 
risk by motivating the 3PL to make more efforts in the delivery. Considering the 3PL’s unobserved cost coefficient 
information and risk-averse attitude, we propose contracts in the symmetric and asymmetric scenario when 3PL is risk-neutral 
and risk-averse, respectively. 
 
First, we study the risk management model for a centralized system, which gives a benchmark for the effort level and tardiness 
risk. Second, when the 3PL is risk neutral, the 3PL's effort level and tardiness risk in the symmetric scenario are equal to that 
in the centralized system, then the minimized tardiness risk guarantees the reduction of maximum probability of tardiness risk 
occurrence. Under asymmetric information, the effort level of the high-type 3PL in the decentralized system is smaller than 
that in the centralized system, and the effort level of the low-type 3PL in the decentralized system is equal to that in the 
centralized system. Thus, the asymmetry of cost coefficient information gives the high type 3PL an information rent, and 
leads to an increase of the tardiness risk. Finally, when the 3PL is risk averse, numerical experiments show that the tardiness 
risk increases, while the effort level, penalty coefficient and fixed payment decrease in the degree of risk aversion. Therefore, 
the risk aversion of 3PL makes the 4PL take more tardiness risk. 
 
This paper can provide some management implications for the 4PL, such as Cainiao, especially when the 3PL cannot meet 
the delivery lead time required by the client. To reduce the 3PL's tardiness risk and the maximum probability of the risk 
occurrence, the 4PL platform can design the fixed payment and penalty contract that takes into account the tardiness risk 
index. For the 4PL platform, the proposed contract design scheme benefits the mitigation of the tardiness risk and reduces 
compensation to the client for delivery time. 
 
Several directions can be extended for future studies, which are summarized as follows: (1) the contract under asymmetric 
information cannot coordinate the system. Other types of contracts under symmetric information can be explored; (2) this 
paper only considers one 3PL. There may be more than one 3PL on the market for the client to choose from, and it would be 
fascinating to study the competition among 3PL companies when designing the contract. 
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Appendix A: The derivation of 𝑬([𝒕 − 𝝉]ା) 
 
When ε follows the uniform distribution 𝑈(−𝑚,𝑚), the expression of 𝐸([�̃� − 𝜏]ା) is presented as follows: 𝐸([�̃� − 𝜏]ା) = ଵଶ (𝑎 − 𝑏𝑒 − 𝜀 − 𝜏)ିିఛି 𝑑𝜀 = ଵଶ (𝑎 − 𝑏𝑒 − 𝜏)𝜀|ିିିఛ − ଵସ 𝜀ଶ|ିିିఛ = ଵଶ (𝑎 − 𝑏𝑒 − 𝜏)(𝑎 − 𝑏𝑒 + 𝑚− 𝜏) −ଵସ ((𝑎 − 𝑏𝑒 − 𝜏)ଶ − 𝑚ଶ) = ଵସ (𝑎 − 𝑏𝑒 + 𝑚 − 𝜏)ଶ∎. 
 
Appendix B: Proof of Lemma 1 
 
If 𝑟 > 0, from the moment generating function, when �̃� follows the uniform distribution 𝑈(𝑎 − 𝑏𝑒 − 𝑚,𝑎 − 𝑏𝑒 + 𝑚), 𝐸൫𝑒𝑥𝑝(�̃� 𝑟⁄ )൯ = ௫((ିା) ⁄ )ି௫((ିି) ⁄ )ଶ ⁄ = 𝑒𝑥𝑝((𝑎 − 𝑏𝑒 −𝑚) 𝑟⁄ ) ௫(ଶ ⁄ )ିଵଶ ⁄ . Then  
 𝑟𝑙𝑛𝐸൫𝑒𝑥𝑝(�̃� 𝑟⁄ )൯ = 𝑟((𝑎 − 𝑏𝑒 −𝑚) 𝑟⁄ + 𝑙𝑛(𝑒𝑥𝑝(2𝑚 𝑟⁄ ) − 1) − 𝑙𝑛(2𝑚 𝑟⁄ )). (B.1) 
 
Take the logarithm of both side of the equation (B.1) and then multiply 𝑟, we can obtain the following equation: 
 𝑟ln 𝐸(exp (�̃�/𝑟)) = 𝑎 − 𝑏𝑒 −𝑚 + 𝑟(ln(exp (2𝑚/𝑟) − 1) − ln(2𝑚/𝑟)). (B.2) 
 
After make some basic arithmetic operations of equation (B.2), we can derive that 
 𝑟ln 𝐸(exp (�̃�/𝑟)) = 𝑎 − 𝑏𝑒 −𝑚 + 𝑟ln ୣ୶୮(ଶ/)ିଵଶ/ . 
 
Let 𝑓(𝑟) = 𝑟ln ୣ୶୮(ଶ/)ିଵଶ/ . In the following, we prove that 𝑓(𝑟)is monotone increasing in 𝑟. The first-order derivative of 𝑓(𝑟) with respect to 𝑟 is given by 
 𝑓ᇱ(𝑟) = ln (exp (2𝑚/𝑟) − 1) − ln (2𝑚/𝑟) − ୣ୶୮ (ଶ/)(ଶ/)ୣ୶୮ (ଶ/)ିଵ + 1 < 0. 
 
Finally, we conclude that when 𝑟 < 0, 𝑓(𝑟) is monotone decreasing, and we proof Lemma 1∎. 
 
Appendix C: Proof of Proposition 1 
From appendix A, we can obtain that E[�̃� − 𝜏}]ା = (ିାିఛ)మସ . Because the constraint (9) is quadratic with respect to 𝑒, so 
constraint (9) is concave in e. Furthermore, let 𝜇(𝑒, 𝑟) = −(𝑎 − 𝑏𝑒 −𝑚 + 𝑓(𝑟) − 𝜏), the first-order derivatives of 𝜇(𝑒, 𝑟) 
with respect to 𝑒 and 𝑟 are பఓப = 𝑏, பఓப = −ln (exp (2𝑚/𝑟) − 1) + ln (2𝑚/𝑟) + ୣ୶୮ (ଶ/)(ଶ/)ୣ୶୮ (ଶ/)ିଵ − 1. Then, the second-order 

derivatives of 𝜇(𝑒, 𝑟) with respect to 𝑒 and 𝑟 are பమఓபమ = 0, பమఓப ப = 0, பమఓபమ = (4𝑚ଶ/𝑟ଷ) exp(2𝑚/𝑟) /(exp (2𝑚/𝑟) − 1)ଶ +1/𝑟 > 0. The Hessian matrix of 𝜇(𝑒, 𝑟) is semi-positive definite, it follows that 𝜇(𝑒, 𝑟) is concave in (𝑒, 𝑟), so the problem is 
concave in (𝑒, 𝑟). Let 𝜆ଵ and 𝜆ଶ represent the non-negative lagrange multipliers. The Lagrangian function is 𝐿 = 𝑟 + 𝜆ଵ(𝑎 −𝑏𝑒 − 𝑚 + 𝑓(𝑟) − 𝜏) + 𝜆ଶ(𝑅 − 𝐵 + 𝜌(𝑎 − 𝑏𝑒 + 𝑚− 𝜏)ଶ/(4𝑚) + 𝑘𝑒ଶ).  பப = 𝜆ଵ(−𝑏) + 𝜆ଶ(−𝑏𝜌(𝑎 − 𝑏𝑒 + 𝑚− 𝜏)/(2𝑚) + 2𝑘𝑒) = 0, பப = 1 + 𝜆ଵ𝑓ᇱ(𝑟) = 0. 
 
Because 𝑓ᇱ(𝑟) < 0, we have 𝜆ଵ > 0. From 𝜆ଵ ≠ 0, it follows that 𝜆ଶ ≠ 0. Hence, we have 𝜆ଶ = ଶఒభ(మఘାସ)ିఘ(ାିఛ) > 0. 

From 𝜆ଵ, 𝜆ଶ > 0, we obtain 𝑎 − 𝑏𝑒 −𝑚 + 𝑓(𝑟) − 𝜏 = 0, 𝑅 − 𝐵 + ఘ(ିାିఛ)మସ + 𝑘𝑒ଶ = 0. Then we obtain 𝑒∗ =ఘ(ାିఛ)ାଶඥ((ఘమାସ)ିఘ(ାିఛ)మ)ఘమାସ . To ensure the delivery time is positive, we assume 𝑒∗ ≤ (𝑎 −𝑚)/𝑏, then we have 𝐵 ≤ (4𝑘𝑚(𝑎 −𝑚) − 𝜌𝑏ଶ(2𝑚− 𝜏))ଶ/(4𝑏ଶ𝑚(𝜌𝑏ଶ + 4𝑘𝑚)) + 𝜌𝑘(𝑎 + 𝑚 − 𝜏)ଶ/(𝜌𝑏ଶ + 4𝑘𝑚) and 4𝑘𝑚(𝑎 − 𝑚) ≥𝜌𝑏ଶ(2𝑚− 𝜏)∎. 
 
Appendix D: Proof of Lemma 2 
 
From the expression (12), the first derivative of Π௧ with respect to 𝑒 is given by డ(ఈ,ఉ,)డ = ఘ(ିାିఛ)ఉଶ − 2𝑘𝑒. 

Let డ(ఈ,ఉ,)డ = 0, we can obtain that ఘ(ିାିఛ)ఉ − 2𝑘𝑒 = 0. After solving this equation ఘ(ିାିఛ)ఉ − 2𝑘𝑒 = 0, 

we derive that 𝑒 = ఘఉ(ାିఛ)మఘఉାସ ∎. 
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Appendix E: Proof of Proposition 2 
We substitute 𝑒௦ in expressions (16)-(18) with ఘఉೞ(ାିఛ)మఘఉೞାସ . Let 𝜆ଷ, 𝜆ସ and 𝜆ହ represent the nonnegative. The Lagrange 
function is 𝐿௦ = 𝑟 + 𝜆ଷ ቀ𝑎 − మఘఉ௧ସାమఘఉ − 𝑚 + 𝑓(𝑟) − 𝜏ቁ − 𝜆ହ ൬𝛼 − ఘ௧మఉସାమఘఉ൰ − 𝜆ସ(𝐵 − 𝛼 + ସమఘ(ఉିଵ)௧మ(ସାమఘఉ)మ ). (E.1) 

Taking the derivative of 𝐿௦ with respect to 𝑟, 𝛼 and 𝛽, we have பమೞப = 1 + 𝜆ଷ𝑓ᇱ(𝑟) = 0, (E.2) பమೞபఈ = 𝜆ସ − 𝜆ହ = 0, (E.3) பೞபఉ = 𝜆ଷ(−𝑏ଶ𝜌) − 𝜆ସ𝑡𝑘𝜌 ସିమఘఉାଶమఘସାమఘఉ + 𝜆ହ𝑘𝜌𝑡. (E.4) 
 
The Eq. (E.4) can be simplified by using the condition that 𝜆ସ = 𝜆ହ. Then the Eq. (E.4) is reformed as  
 பೞபఉ = −𝜆ଷ + 𝜆ସ ଶ(ାିఛ)ఘ(ఉିଵ)ସାమఘఉ = 0. (E.5) 
 
Because 𝑓ᇱ(𝑟) < 0, we have 𝜆ଷ > 0. From 𝜆ଷ ≠ 0, it follows that 𝜆ସ = 𝜆ହ ≠ 0. Hence, we have 𝜆ସ = 𝜆ହ = ఒయ(ସାమఘఉ)ଶ(ାିఛ)ఘ(ఉିଵ) >0 that satisfy 𝛽 > 1. Then we obtain the desired results. From 4𝑘𝑚(𝑎 − 𝑚) > 𝜌𝑏ଶ(2𝑚− 𝜏), we have (ସ(ି)ିఘమ(ଶିఛ))మସమ(ఘమାସ) + ఘ(ାିఛ)మఘమାସ − (ାିఛ)మమ = − (ସ(ଶିఛ)ିఘమ(ଶିఛ))(ଶିఛ)ସమ < − (ାିఛ)ఘ(ଶିఛ)మସ(ି) < 0∎. 
 
Appendix F: Proof of Lemma 3 
 
Let 𝑓(𝑟) = 𝑟𝑙𝑛 ௫(ଶ ⁄ )ିଵଶ ⁄  and 𝑔(𝛽) = 2𝑚 − ସ(ାିఛ)మఘఉାସ . We can easily find that 𝑓(𝑟) = 𝑔(𝛽). Because 𝑎 + 𝑚 − 𝜏 > 0, 𝑔(𝛽) is monotone increasing in 𝛽.  Let 𝛽ᇱ and 𝛽ᇱᇱ are arbitrary positive values with 𝛽ᇱ > 𝛽ᇱᇱ > 0, 𝐺(𝛽ᇱ) > 𝐺(𝛽ᇱᇱ). 𝑟ᇱ and 𝑟ᇱᇱ corresponds the 𝛽ᇱ and 𝛽ᇱᇱ with 𝑓(𝛽ᇱ) = 𝑓(𝑟ᇱ) and 𝑔(𝛽ᇱᇱ) = 𝑓(𝑟ᇱᇱ). Obvious, 𝑓(𝑟ᇱ) > 𝑓(𝑟ᇱᇱ) is hold. Because the 
function 𝑓(𝑟) is monotone increasing in 𝑟, we can conclude that 𝑟ᇱ < 𝑟ᇱᇱ. Finally, we can conclude that when the optimal 𝛽 
is decreasing, the optimal 𝑟 is increasing∎. 
 
Appendix G: Proof of Proposition 3  
 
Let 𝑓(𝑟௦∗) = 𝑟௦∗ln ୣ୶୮ (ଶ/ೞ∗)ିଵଶ/ೞ∗ , taking derivatives of 𝑓(𝑟௦∗) respecting to 𝑘, 𝑎, 𝑏, 𝑅 and 𝜌, we have 

ப(ೞ∗)ப = −2𝑚ଶ𝑏 రೖಳషೖഐమశ್మഐಳ)మశర್మಳమమට(రೖಳషഐ(ೖమష್మಳ)) ାଶ௧
(ට(ସோିఘ(௧మିమ))ାଶ௧)మ < 0,  

ப(ೞ∗)ப = −ସ௧(ට(ସିఘ(௧మିమ))ା)(ට(ସିఘ(௧మିమ))ାଶ௧)మ −2𝑚𝑘 ଶమା ഐ್(ೖమష್మಳ)ට(రೖಳషഐ(ೖమష್మಳ))(ට(ସିఘ(௧మିమ))ାଶ௧)మ < 0,  

ப(ೞ∗)ப = 2𝑚 (మା௧మ)ට(ସିఘ(௧మିమ))(ට(ସିఘ(௧మିమ))ାଶ௧)మ + ସ௧ା (ೖమష್మಳ)ഐ್మಳට(రೖಳషഐ(ೖమష್మಳ))(ට(ସିఘ(௧మିమ))ାଶ௧)మ > 0,  

ப(ೞ∗)ப = ଶయට(ସିఘ(௧మିమ))ାସమమ௧(ට(ସିఘ(௧మିమ))ାଶ௧)మ + ್మ(రೖశ್మഐ)(ೖమష್మಳ)ට(రೖಳషഐ(ೖమష್మಳ))(ට(ସିఘ(௧మିమ))ାଶ௧)మ > 0,  

ப(ೞ∗)பఘ = −
మ್ഐ൬ೖమష್మಳ൰൬ೖమష್మಳ൰
ඨቆరೖಳషഐ൬ೖమష್మಳ൰ቇ

ቌඨቆସିఘቀ௧మିమቁቇାଶ௧ቍమ < 0. 

 
We complete the proof of Proposition 3∎. 
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Appendix H: Proof of Proposition 4 
 
From Proposition 2, 𝑒௦∗ can also be written as  𝑒௦∗ = ఘ(ାିఛ)((ାିఛ)మାమ)(ଶ(ାିఛ))మିమ(ସିఘ((ାିఛ)మିమ)) +ଶ((ାିఛ)మିమ)ඥ(ସିఘ((ାିఛ)మିమ))(ଶ(ାିఛ))మିమ(ସିఘ((ାିఛ)మିమ)) . 

 
Furthermore, we divide 𝑒∗ by 𝑒௦∗ and have 𝑒∗/𝑒௦∗ = 1. 
 
From 𝑒∗ = 𝑒௦∗, it is straightforward to verify that 𝑟௦∗ = 𝑟∗∎.  
 
Appendix I: Proof of Proposition 5 
 
The Lagrangian function is 𝐿 = 𝑣𝑟 + (1 − 𝑣)𝑟 + 𝜆(𝑎 − మఘఉ௧ସାమఘఉ − 𝑚 + 𝑓(𝑟) − 𝜏) + 𝜆(𝑎 −𝑚 + 𝑓(𝑟) − 𝜏 − మఘఉ௧ସାమఘఉ) − 𝜆଼(𝐵 − 𝛼 +ସమఘ(ఉିଵ)௧మ(ସାమఘఉ)మ) − 𝜆ଽ(𝐵 − 𝛼 + ସమఘ(ఉିଵ)௧మ(ସାమఘఉ)మ) − 𝜉ଶ(𝛼 + ఘ௧మఉସାమఘఉ − ఘ௧మఉସାమఘఉ − 𝛼) − 𝜉ଵ(𝛼 − ఘ௧మఉସାమఘఉ). 

Taking the derivative of 𝐿 with respect to 𝑟, 𝑟 ,𝛼,𝛼 ,𝛽 and 𝛽, we have பೌப = 𝑣 + 𝜆𝑓ᇱ(𝑟) = 0,  பೌப = 1 − 𝑣 + 𝜆𝑓ᇱ(𝑟) = 0,  பೌபఈ = 𝜆଼ − 𝜉ଶ = 0,  பೌபఈ = 𝜆ଽ − 𝜉ଵ + 𝜉ଶ = 0,  பೌபఉ = −𝜆𝑏ଶ𝜌 − 𝜆଼𝑘𝜌𝑡 ସିమఘఉାଶమఘସାమఘఉ + 𝜉ଶ𝑘𝜌𝑡 = −𝜆 + ଶఒఴ௧ఘ(ఉିଵ)ସାమఘఉ = 0, பೌபఉ = 𝜆 ିమ(ସାమఘఉ)మ + 𝜆଼𝑡( మ(ସାమఘఉ)మ − మ(ସାమఘఉ)మ) + ଶఒవ௧మఘ(ఉିଵ)(ସାమఘఉ)య = 0. 
Because 𝑓ᇱ(𝑟) < 0, we have 𝜆 > 0, 𝜆 > 0. From 𝜆 ≠ 0, it follows that 𝜆଼ ≠ 0. Hence, we have 𝜆଼ =ఒల(ସାమఘఉ)ଶ௧ఘ(ఉିଵ) > 0 that satisfy 𝛽 > 1. From 𝜆, 𝜆଼ > 0, we have 𝜆ଽ > 0 that satisfy 𝛽 > 1. Then we obtain the desired 

results∎. 
 
Appendix J: Proof of Proposition 6 
 
For the high-type 3PL, from 𝑅 = 𝐵 − ΔΠ௧, and ΔΠ௧ > 0, we have 𝑅 < 𝐵. Taking the derivative of 𝛽∗ with respect to 𝑅, we 

have డఉೌ∗డோ = 𝑘𝑚𝑡 ସ௧ାరೖమమశ್మ(రೖೃషഐ(ೖమష್మೃ))ට(రೖೃషഐ(ೖమష್మೃ))ఘ(మோି௧మ)మ > 0, i.e., 𝛽∗ is increasing in 𝑅. From Lemma 2, the 3PL's effort decision e increases in the penalty coefficient β, so the 3PL's effort decision e increases in 𝑅. From 𝑅 < 𝐵, we have 𝑒∗ > 𝑒∗.  
From 𝑟 is decreasing in e, we have 𝑟∗ = 𝑟∗, 𝑟∗ < 𝑟∗. Also, because 𝑒∗ = 𝑒∗, 𝑟∗ = 𝑟∗, we have 𝑟∗ = 𝑟∗ =𝑟∗ > 𝑟∗. Under the asymmetric information, the expected tardiness risk is 𝑣𝑟∗ + (1 − 𝑣)𝑟∗, it follows that 𝑟∗ = 𝑣𝑟∗ +(1 − 𝑣)𝑟∗ > 𝑟∗. The proof of 𝑒∗ = 𝑒∗ is as follows: 
Substitute 𝑅 = 𝐵 − మఘమ(ାିఛ)మ(ି)ఉೌ ∗మ(మఘఉೌ ∗ାସ)మ  into 𝑒∗.  ඨ𝑚((4𝑘𝑚 + 𝜌𝑏ଶ)(𝐵 − మఘమ௧మ(ି)ఉೌ ∗మ(మఘఉೌ ∗ାସ)మ − 𝜌𝑘𝑡ଶ) = 2𝑡𝑘𝑚𝑏𝜌(𝑏(4𝑘𝑚 + 𝑏ଶ𝜌)𝐵 − 𝑘𝜌𝑏𝑡ଶ +

2𝑘𝑡ට𝑚(4𝑘𝑚𝐵 − 𝜌(𝑘𝑡ଶ − 𝑏ଶ𝐵))), 𝐵(𝑏ଶ𝜌𝛽∗ + 4𝑘𝑚)ଶ − 𝑏ଶ𝜌ଶ𝑡ଶ(𝑘 − 𝑘)𝛽∗ଶ = 4𝑘ଶ𝑚𝑡ଶ𝑏ଶ𝜌ଶ(4𝑚𝑘𝑘𝑡ଶ𝐵 + 4𝑚𝑘𝑏ଶ𝐵ଶ − 𝜌(𝐵𝑏ଶ − (𝑘 − 𝑘)𝑡ଶ)(𝑘𝑡ଶ −𝑏ଶ𝐵) + 4𝑏𝑘𝑡𝐵ට𝑚(4𝑘𝑚𝐵 − 𝜌(𝑘𝑡ଶ − 𝑏ଶ𝐵))),  (𝑏ଶ𝜌𝛽∗ + 4𝑘𝑚)ଶ = 4𝑡ଶ𝑘ଶ𝑚((𝑏ଶ(4𝑘𝑚𝐵 − 𝜌(𝑘𝑡ଶ − 𝑏ଶ𝐵)) + 4𝑘ଶ𝑚𝑡ଶ + 4𝑏𝑡𝑘ට𝑚(4𝑘𝑚𝐵 − 𝜌(𝑘𝑡ଶ − 𝑏ଶ𝐵)))/(𝑘𝑡ଶ − 𝑏ଶ𝐵)ଶ, 
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𝑏ଶ𝜌𝛽∗ + 4𝑘𝑚 = 2𝑡𝑘 ଶ௧ାට(ସିఘ(௧మିమ))௧మିమ ,  

 
After make some basic arithmetic operations of 𝑒∗, we can derive that 𝑒∗ = 𝑒∗. Thus, we complete the proof of Proposition 
6∎. 
 
Appendix K: Proof of Proposition 7 
 
From the Proof of the Proposition 6, we know that 𝛽 is increasing in 𝑅, since 𝑅 < 𝐵, we have 𝛽∗ < 𝛽௦∗.Taking derivatives 
of 𝛼∗ with respect to 𝛽∗, we have డఈೌ∗డఉೌ∗ = 4𝑘ଶ𝑚𝜌(𝑎 + 𝑚− 𝜏)ଶ ସାଶమఘିమఘఉೌ∗൫మఘఉೌ∗ାସ൯య , then we have the following two scenarios. 

1) If 𝛽∗ < ସమఘ + 2, we have డఈೌ∗డఉೌ∗ > 0,i.e., 𝛼∗ < 𝛼௦∗; 2) If 𝛽∗ > ସమఘ + 2,we have డఈೌ∗డఉೌ∗ < 0, i.e., 𝛼∗ > 𝛼௦∗. Because 𝛽∗ <𝛽௦∗, it follows that 𝛼∗ = 𝛼௦∗. Thus, we complete the proof of Proposition 7∎.  
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