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A B S T R A C T  A R T I C L E   I N F O 
This paper investigates optimal decision-making and coordination in a mate-
rial supply chain under multidimensional stochastic risks, including uncertain 
demand, yield, and processing activities. By analyzing a system consisting of a 
manufacturer and a supplier, we derive the unique optimal purchasing and 
stocking decisions that maximize the expected profit of the integrated supply 
chain. A wholesale price contract is proposed to coordinate decentralized par-
ticipants, incorporating risk allocation through a linear combination of produc-
tion cost risk and sales profit risk. The key findings indicate that elevated risk 
dimensions lead to an increase in optimal order and inventory quantities. How-
ever, they also result in a reduction in system profit and a narrowing of the 
coordination price range. Numerical analyses demonstrate that, when faced 
with heightened multidimensional risks, enterprises should increase safety 
stocks and ordering levels to maintain supply stability. At the same time, sup-
ply chain members should negotiate wholesale prices within a more restricted 
interval to achieve effective coordination. Contract flexibility and risk sharing 
become more significant in maintaining efficiency under high-uncertainty con-
ditions. Sensitivity analysis demonstrates the robustness of the proposed 
mechanism, emphasizing its flexibility in profit sharing under stochastic con-
ditions. This study contributes to supply chain risk management by providing 
a generalized contract framework that aligns decentralized decisions with cen-
tralized optimization, thereby ensuring stability and efficiency in high-risk in-
dustrial environments. 
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1. Introduction 
This paper investigates the design of a generalized coordination mechanism for coordinating mate-
rial supply chains across diverse uncertainty dimensions. These uncertainty dimensions arise from 
demand, yield, and processing activities [1]. Multiple uncertain risks affect the availability of mate-
rials during their transit from suppliers to construction projects. These risks can lead to perfor-
mance degradation, cost escalation, scheduling delays, and ultimately, project failures [2, 3]. Conse-
quently, inadequate supply chain management (SCM) can be regarded as a potential contributor to 
cost overruns and delays in the construction industry. Although the concept of supply chain man-
agement has its roots in the manufacturing industry, enterprises in the materials industry can also 
reap benefits from implementing such best-practice approaches in certain processes [4]. Neverthe-
less, SCM remains underdeveloped in the construction industry [5]. Furthermore, despite its signif-
icant potential, the application of supply chain risk management in the materials industry has yet to 
be investigated.  
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In the past few decades, both practitioners and scholars have emphasized that the complexity 
of engineering and construction exposes it to more significant risks than other industries. These 
risks can lead to reduced performance, increased costs, schedule delays, and ultimately, project 
failure [1]. There have been numerous natural and man-made disasters (e.g., earthquakes, eco-
nomic crises, wars, terrorist attacks, and sanctions) that disrupt the operations of the material 
supply chain. Coleman [6] found extensive evidence showing that the frequency of disruptions 
caused by man-made disasters has increased exponentially since the 20th century. These disrup-
tions have been observed to be increasing in both the probability of occurrence and their magni-
tude [7]. Supply chain disruptions are inevitable, making all supply chains risky [8]. Therefore, the 
effective management of risks in materials supply chains is of crucial importance for the success-
ful delivery of projects.  

More precisely, compared with other industries, large-scale engineering projects have faced a 
substantial number of risks due to the strategic characteristics of materials, the complexity of con-
struction techniques, the dynamic construction environment, the participation of diverse stake-
holders, and the lengthy construction cycle [9]. Ineffective supply chain management can be con-
sidered a potential cause of some of the cost overruns and delays in the engineering industry. 
Consequently, risk management is increasingly regarded in the engineering project management 
literature as a means to increase the probability of success of complex engineering projects [10]. 
Effective risk management systems aimed at preventing project performance deterioration, time 
delays, and unnecessary costs have prompted scholars to propose various risk management ap-
proaches [11]. Taroun conducted a review of 50 years of risk modeling and assessment in con-
struction projects and argued that there is a disparity between practice and theory, that managers 
mainly rely on their experience, and that the application of the analytical tools proposed in the 
literature is highly limited.  

In the face of uncertain risks across different dimensions, a fundamental issue that needs to be 
resolved is how the manufacturer (or supplier) formulates optimal purchasing (or stocking) de-
cisions and how to mitigate these risks. To the best of our knowledge, no existing literature has 
explored the problem of optimal decision-making for materials with uncertainties in project de-
mand, yield, and processing operations. Moreover, even fewer scholars have analyzed the coordi-
nated contract design based on risk allocation among firms within the framework of a material 
integration system. The traditional "manufacturer + suppliers" model has the drawbacks of un-
stable transactions and contracts. In contrast, the manufacturer–supplier model based on the 
material integration system can ensure a stable contractual relationship, effectively reduce trans-
action costs, and contribute to the healthy and sustainable development of industrialization [12].  

Therefore, based on the paradigm assumption that stochastic distributions describe multidi-
mensional uncertain risks, this paper investigates the optimal procurement and inventory deci-
sions of the manufacturer and the supplier, and proposes a coordinated contract encompassing 
multidimensional stochastic risks. The primary contribution of this article lies, on one hand, in 
extending the research on material operations optimization to scenarios where demand, yield, 
and processing activities are all stochastic, and conducting a distinctive analysis of the optimal 
decisions of the manufacturer and the supplier under multidimensional stochastic risks. Addition-
ally, the sensitivity of the optimal decision to risk variations is explored. On the other hand, a co-
ordinated wholesale-price contract covering risks is proposed, enabling the manufacturer and the 
supplier to flexibly share the optimal profit of the channel. Moreover, this contract can also coor-
dinate the material supply chain with stochastic yield and demand or only stochastic demand, 
which is why it is defined as a generalized coordinated contract. 

The subsequent sections review the relevant literature. Section 3 defines the modeling as-
sumptions and notational implications. Section 4 analyzes optimal decisions and simulations. The 
final section presents the conclusions.  

2. Literature review 
The optimal procurement decision of the firm under uncertainty can be traced back to the gro-
undbreaking research of Arrow et al. [13]. They initially derived an optimal inventory model 
where the future demand flow is a random variable with a known probability distribution. To 
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address the fundamental issue of how random yields impact the production or ordering decision 
in a periodic review system, Wang and Gerchak examined a periodic review production system 
characterized by random yield and demand uncertainty [14]. Numerous scholars have extended 
the research on firms' procurement or production under supply and demand stochasticity from 
multiple perspectives [15, 16]. Particularly, in the literature on project management, risk mana-
gement is increasingly regarded as a means to enhance the probability of success in complex en-
gineering projects [10]. Nevertheless, studies indicate that project managers inadequately utilize 
risk management practices [17]. More precisely, compared with other industries, the construction 
industry has been confronted with numerous risks owing to factors such as the strategic nature 
of its products, the complexities of construction techniques, the changing building environment, 
the involvement of diverse stakeholders, and long production cycles [11]. Therefore, the necessity 
of establishing an effective risk management system to prevent project performance degradation, 
time delays, and undesired costs has compelled project management scholars to propose a variety 
of risk management approaches. 

The allocation of uncertain risks during the sales period poses a substantial impediment to 
inter-firm cooperation [18]. To mitigate these risks, Pasternack initially investigated a supply-
chain coordination contract, namely the buyback contract, from the perspective of quantity 
buyback. That is, in the face of demand uncertainty, upstream firms commit to repurchasing the 
remaining inventory of downstream firms at the end of the sales period [19]. Over the subsequent 
three decades, scholars have formulated contracts to coordinate decentralized supply chains un-
der stochastic demand from multiple viewpoints, such as revenue-sharing contracts, quantity 
flexibility contracts, and sales rebate contracts [20]. As an expansion of the uncertainty risk di-
mension, He and Zhang proposed several risk-sharing contracts that distribute the random yield 
risk among the involved parties [21]. Güler and Bilgiç proposed two contracts for coordinating the 
supply chain under forced compliance, where both customer demand and supplier yield are ran-
dom [22]. Hu et al. examined a flexible purchasing policy considering random yield and demand 
uncertainty and proposed a revenue-sharing policy with an order penalty and rebate contract to 
fully coordinate the supply chain [23]. Güler and Keskin found that the randomness in yield does 
not alter the coordination capacity of the contracts but influences the values of the contract para-
meters [24]. Cai et al. introduced an option contract to enhance the performance of the inventory 
supply chain under yield uncertainty and stochastic demand [25]. Sonntag and Kiesmüller consi-
dered a single-stage production system with a favorable production time and random yield [26]. 
Stojic et al. presented the proposed model for monitoring and managing business risks in indu-
strial systems [27].  

Game theory and evolutionary game models have emerged as important tools for research on 
supply chain coordination and risk-sharing. Wang et al. [28] established a game-theory fra-
mework to optimize the cooperation and profit-sharing mechanisms between manufacturers and 
suppliers, offering a valuable reference for vertical cooperation and benefit distribution within 
supply chains. Zhao et al. [29] proposed an ANP–Hopfield neural network approach for supply 
chain stress testing, thereby enriching the quantitative methods for risk assessment and resilience 
verification under high degrees of uncertainty. Xi et al. [30] analyzed the influence of retailer fair-
ness concerns on freshness-keeping efforts and pricing strategies in fresh agricultural product 
supply chains and explored effective coordination mechanisms, providing insights for contract 
design under behavioral factors. Xu et al. [31] employed evolutionary game models to conduct a 
comparative analysis of the impact of fairness concerns on resource-sharing decisions in manufa-
cturing enterprises, uncovering the decision-making logic of cooperative behavior under risk 
asymmetry. Ji et al. [32] investigated the influence of government guidance on the production 
mode selection of automobile enterprises based on an evolutionary game, expanding the applica-
tion scenarios of game theory in supply chain decisions with external policy interventions. 

Regarding risk allocation contracts, He and Zhang proposed several risk-sharing contracts that 
allocate random yield risk among parties and evaluate supply chain performance [21]. They con-
sidered three scenarios in which the retailer shares random yield risk with the supplier. Zhou et 
al. constructed a model in which the retailer formulates a risk-sharing contract for the manufa-
cturer under conditions of random yield and private productivity information to analyze the in-
teraction between risk-sharing and asymmetric information [33]. Behzadi et al. comprehensively 
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reviewed the relatively scarce literature on quantitative risk management models for agricultural 
supply chains [34]. Besik et al. developed an integrated multi-tiered competitive agricultural 
supply chain network model in which farming and processing firms engage in competition to sell 
their differentiated products [35]. Our model takes into account multidimensional stochastic risks 
in the coordination contract parameters. In this model, multidimensional stochastic risks are in-
corporated into the coordination contract parameters, and the designed contract can be imple-
mented as the cooperative system provides a stable environment. 

3. The model 
This paper considers a material integration system comprising a manufacturer (M) and a supplier 
(S), in which the manufacturer organizes the supplier to supply materials to fulfill the project ne-
eds. Fig. 1 shows a schematic of this collaboration system. In a desirable situation, the manufactu-
rer can schedule the supplier to supply 𝑞𝑞  units of material with a random project need 𝑋𝑋 . 
However, the supplier may need to stock 𝑄𝑄 units due to various risks (e.g., uncontrollable pro-
cessing failures, poor humidity management, etc.). Hence, we are interested in how to determine 
the optimal 𝑞𝑞  and 𝑄𝑄  under a combination of uncertainties and how the manufacturer and the 
supplier can design the cooperative contract to achieve the optimal profit. The following genera-
lized assumptions are introduced to address these questions. 

Project material demand, material stock, and processing activities are assumed to be random. 
In practical applications, decision-makers often use probability distributions to characterize the 
uncertainties they face, as demonstrated in the classic newsvendor problem[16]. This approach 
is well established in the literature [1, 16, 20]. The assumptions are as follows. 

1. Let 𝑋𝑋 be a random project material needs variable on a closed interval [𝑋𝑋,𝑋𝑋], 𝑋𝑋,𝑋𝑋 ∈ ℛ+. The 
probability density function (p.d.f.) and cumulative distribution function (c.d.f.) of variable 
𝑋𝑋 are 𝑓𝑓(𝑥𝑥) and 𝐹𝐹(𝑥𝑥), respectively. 𝐹𝐹(𝑥𝑥) has monotonically increasing, second-order conti-
nuous differentiable, and reversible properties. Define 𝐹𝐹(𝑥𝑥) = 1 − 𝐹𝐹(𝑥𝑥), and the mean of 
demand is 𝜇𝜇𝑥𝑥. 

2. The actual materials yield is 𝑈𝑈𝑈𝑈 units, where 𝑈𝑈 is a random variable on the closed interval 
�𝑈𝑈,𝑈𝑈�, 0 ≤ 𝑈𝑈 < 𝑈𝑈 ≤ 1. The p.d.f and c.d.f of 𝑈𝑈 are 𝑔𝑔(𝑢𝑢) and 𝐺𝐺(𝑈𝑈), respectively. 𝐺𝐺(𝑈𝑈)has mo-
notonically increasing, second-order continuous differentiable, and reversible properties. 

3. Materials need to go through a series of processing activities before being applied to the 
project, such as stocking, picking, packing, transportation, etc. It is assumed that the pro-
cesses are random and that the final quantity on the project is 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑈𝑈𝑈𝑈, 𝑞𝑞), where variable 
𝑂𝑂 is random on a closed interval �𝑂𝑂,𝑂𝑂�, 0 ≤ 𝑂𝑂 < 𝑂𝑂 ≤ 1. The p.d.f. and c.d.f. of 𝑂𝑂 are 𝑚𝑚(𝑜𝑜) 
and 𝑀𝑀(𝑜𝑜), respectively. 𝑀𝑀(𝑜𝑜) has monotonically increasing, second-order continuous diffe-
rentiable, and reversible properties. The mean of variable 𝑂𝑂 is 𝜇𝜇𝑂𝑂. 

Although there are multiple uncertain risks in the material supply chain, for the sake of 
computational simplicity, this study posits that decision-makers, namely manufacturers 
and suppliers, are risk neutral and engage in collaboration through wholesale contracts. 
Risk neutrality is widely utilized in supply chain coordination literature to ensure analytical 
tractability when focusing on contract design and risk allocation [13, 20, 21]. In practical 
situations, construction material supply chains involve long-term integrated systems, 
where firms diversify risks at the corporate level, leading to approximately risk-neutral ope-
rational decisions at the project level [5, 15]. Since this paper emphasizes coordination and 
risk allocation through wholesale price contracts, risk neutrality helps to clarify the mecha-
nism without introducing unnecessary complexity. Therefore, 

4. The manufacturer purchases 𝑞𝑞 units of materials for 𝑤𝑤 per unit, where 𝑞𝑞 is the decision va-
riable, and 𝑤𝑤 is the contract parameter. 

5. The supplier plans to stock 𝑄𝑄 units of materials for the cost 𝑐𝑐𝑆𝑆 per unit, in which 𝑄𝑄 is the 
decision variable. 

6. The manufacturer receives 𝑚𝑚𝑚𝑚𝑚𝑚(𝑈𝑈𝑈𝑈, 𝑞𝑞) units of materials and has 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑈𝑈𝑈𝑈, 𝑞𝑞) units ap-
plied to the project at unit price 𝑝𝑝 after a series of processing activities with cost 𝑐𝑐𝑀𝑀 per unit, 
where we assume 𝑝𝑝 is an exogenous variable. Such an assumption is reasonable when a 
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particular supplier and manufacturer cannot influence the global market. 
In summary, given the wholesale contract, the manufacturer purchases 𝑞𝑞 units, and the 

supplier stocks 𝑄𝑄 units. However, the former receives 𝑚𝑚𝑚𝑚𝑚𝑚(𝑈𝑈𝑈𝑈, 𝑞𝑞) units, and the final quan-
tity of materials available for application is 𝑂𝑂 𝑚𝑚𝑚𝑚𝑚𝑚(𝑈𝑈𝑈𝑈, 𝑞𝑞) due to uncertainties. Further-
more, the salvage value and stock-out penalty for the materials are assumed to be zero. 

Assuming a zero salvage value and a zero stock-out penalty represents a standard simplifica-
tion within supply chain coordination and newsvendor-based models. This simplification is 
employed to ensure analytical tractability without sacrificing generality [16, 19, 20]. This assum-
ption facilitates the isolation of the impacts of multidimensional risks (including demand, yield, 
and processing uncertainty) and the coordination mechanism. It is extensively adopted in rese-
arch concentrating on contract design and risk allocation [21, 24]. Extensions incorporating posi-
tive salvage or stock-out costs would merely adjust the optimal thresholds without altering the 
core coordination structure of the proposed wholesale price contract. 

 
Fig. 1 Schematic diagram of the material integration system under uncertainties 

4. Model analysis 
The model analysis is conducted in two parts. Initially, the optimal decision, which serves as a 
benchmark for the material integration system, is determined. Subsequently, the wholesale price 
incorporating risk factors is formulated to encourage the decisions of the manufacturer and the 
supplier to align with the benchmark.  

4.1. Optimal decisions 

The expected profit function of the material integration system is shown as Eq. 1, 
Π = 𝑝𝑝𝑝𝑝[𝑚𝑚𝑚𝑚𝑚𝑚(𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑈𝑈𝑈𝑈, 𝑞𝑞),𝑋𝑋)] − 𝑐𝑐𝑀𝑀𝐸𝐸[𝑚𝑚𝑚𝑚𝑚𝑚(𝑈𝑈𝑈𝑈, 𝑞𝑞)] − 𝑐𝑐𝑆𝑆𝑄𝑄                                (1) 

The first item in Eq. 1 represents the expected revenue from the project, and the last two re-
present the cost of the manufacturer’s processing activities and the supplier’s stock, respectively. 
Let 𝐿𝐿(𝑄𝑄, 𝑞𝑞) and 𝑆𝑆(𝑄𝑄, 𝑞𝑞) be the manufacturer’s expected purchasing and expected sales quantity, 
respectively. Then we can calculate the optimal decisions of the system shown in proposition 1. 

𝐿𝐿(𝑄𝑄, 𝑞𝑞) = 𝐸𝐸[𝑚𝑚𝑚𝑚𝑚𝑚(𝑈𝑈𝑈𝑈, 𝑞𝑞)] = 𝑄𝑄 �∫ 𝐺𝐺(𝑢𝑢)𝑑𝑑𝑑𝑑𝑞𝑞 𝑄𝑄⁄
𝑈𝑈 + 𝑈𝑈�, 

𝑆𝑆(𝑄𝑄, 𝑞𝑞) = 𝐸𝐸[𝑚𝑚𝑚𝑚𝑚𝑚(𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑈𝑈𝑈𝑈, 𝑞𝑞),𝑋𝑋)] = �
𝑋𝑋 + 𝑄𝑄 ∫ ∫ 𝑢𝑢𝑢𝑢(𝑢𝑢)𝑀𝑀(𝑜𝑜)𝐹𝐹(𝑜𝑜𝑜𝑜𝑜𝑜)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑂𝑂

𝑂𝑂
𝑞𝑞 𝑄𝑄⁄
𝑈𝑈 +

∫ ∫ 𝑔𝑔(𝑢𝑢)𝐹𝐹(𝑥𝑥)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑢𝑢𝑂𝑂𝑄𝑄
𝑋𝑋

𝑞𝑞 𝑄𝑄⁄
𝑈𝑈 + 𝐺𝐺(𝑞𝑞 𝑄𝑄⁄ ) �𝑞𝑞 ∫ 𝑀𝑀(𝑜𝑜)𝐹𝐹(𝑜𝑜𝑜𝑜)𝑑𝑑𝑑𝑑𝑂𝑂

𝑂𝑂 + ∫ 𝐹𝐹(𝑥𝑥)𝑑𝑑𝑑𝑑𝑂𝑂𝑞𝑞
𝑋𝑋 �

�. 

Proposition 1. There is a unique set of optimal values (𝑄𝑄∗,𝑞𝑞∗) that maximizes function Π and sa-
tisfies Eq. 2, 

�
∫ �𝑀𝑀(𝑜𝑜)𝐹𝐹(𝑜𝑜𝑞𝑞∗)[1 − 𝑟𝑟(𝑜𝑜𝑞𝑞∗)]�𝑑𝑑𝑑𝑑𝑂𝑂
𝑂𝑂 + 𝑂𝑂𝐹𝐹�𝑂𝑂𝑞𝑞∗� = 𝑐𝑐𝑀𝑀

𝑝𝑝

∫ ∫ �𝑢𝑢𝑢𝑢(𝑢𝑢)𝑀𝑀(𝑜𝑜)𝐹𝐹(𝑜𝑜𝑜𝑜𝑄𝑄∗)[1 − 𝑟𝑟(𝑜𝑜𝑜𝑜𝑄𝑄∗)]�𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑂𝑂
𝑂𝑂

𝑞𝑞∗ 𝑄𝑄∗⁄
𝑈𝑈 + ∫ �𝑢𝑢𝑢𝑢(𝑢𝑢)𝑂𝑂𝐹𝐹�𝑢𝑢𝑂𝑂𝑄𝑄∗��𝑑𝑑𝑑𝑑𝑞𝑞∗ 𝑄𝑄∗⁄

𝑈𝑈 =
𝑐𝑐𝑀𝑀∫ 𝑢𝑢𝑢𝑢(𝑢𝑢)𝑑𝑑𝑑𝑑𝑞𝑞∗ 𝑄𝑄∗⁄

𝑈𝑈 +𝑐𝑐𝑆𝑆
𝑝𝑝

        (2) 

where, 𝑟𝑟(𝑥𝑥) = 𝑥𝑥𝑥𝑥(𝑥𝑥)/𝐹𝐹(𝑥𝑥). 
Let Π∗ be the optimal value of the material integration system, which can be calculated by ta-

king (𝑄𝑄∗, 𝑞𝑞∗) into Eq. 1.  
We can see from Eq. 2 that the manufacturer’s optimal purchasing does not include the ran-

domness of material yield. The risk of both processing and demand affect the manufacturer's opti-
mal purchasing. However, the risk of yield, processing, and material demand affects the supplier's 
optimal stock quantity. 

To illustrate the practical implications of the model, an empirical case analysis is carried out 
using a large-scale transportation infrastructure project in western China. This project involves 
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the procurement of core construction materials, including high-strength steel bars, ready-mixed 
concrete, and asphalt mixtures. All these materials are subject to significant multidimensional sto-
chastic risks, which are presented as follows. (1) Demand uncertainty: The actual consumption of 
materials fluctuates due to the dynamic nature of construction progress, adjustments in geological 
conditions, and design modifications. Based on the project's historical consumption data, it con-
forms to a normal distribution 𝑋𝑋 ∼ 𝑁𝑁(60,102) (unit: tons/period). (2) Supply/yield uncertainty: 
The production yield of steel bars and concrete is affected by the quality of raw materials and the 
stability of the production line, with a random yield rate 𝑈𝑈 ∼ 𝑁𝑁(0.8,0.1²). (3) Processing/trans-
portation uncertainty: Random losses occur during the transportation and on-site processing of 
materials as a result of road conditions, loading/unloading operations, and mixing errors. The 
processing efficiency is characterized by a normal distribution 𝑂𝑂 ∼ 𝑁𝑁(0.8,0.2²). These parameters 
are fully consistent with the project's actual operational data, providing real-world industrial va-
lidation for the proposed model.   

Scenario I in Table 1 presents the optimal purchasing (77.60) and optimal stock (88.00) deci-
sions under the given parameter assignment and the optimal profit (20.53) of the system under 
these optimal decisions. 
 

Table 1 Optimal values for given parameter assignments  
Sce-
narios 𝑞𝑞∗ 𝑄𝑄∗ 𝜃𝜃 𝛩𝛩 𝑤𝑤𝐿𝐿/𝑝𝑝 𝑤𝑤𝑈𝑈/𝑝𝑝 𝛱𝛱∗/𝑝𝑝 

I 77.60 88.00 1.27 0.72 0.13 0.42 20.53 
II 65.24 80.00 1.15 0.81 0.12 0.51 27.37 
III 62.53 62.53 1.00 0.91 0.10 0.61 32.14 

Note: 𝑋𝑋~𝑁𝑁(60,102),𝑈𝑈~𝑁𝑁(0.8,0.12),𝑂𝑂~𝑁𝑁(0.8,0.22), �𝑈𝑈,𝑈𝑈� = �𝑂𝑂,𝑂𝑂� = [0.2,1.0], �𝑐𝑐𝑀𝑀𝑝𝑝 , 𝑐𝑐𝑆𝑆𝑝𝑝 � = (0.30,0.10) 
 

Corollary 1 is an extension of the firm's optimal decision. More specifically, if 𝑆𝑆(𝑄𝑄, 𝑞𝑞) is mo-
dified as ∫ 𝐹𝐹(𝑥𝑥)𝑑𝑑𝑑𝑑𝑞𝑞

𝑋𝑋 + 𝑋𝑋 − 𝑄𝑄 ∫ 𝐹𝐹(𝑢𝑢𝑢𝑢)𝐺𝐺(𝑢𝑢)𝑑𝑑𝑑𝑑𝑞𝑞 𝑄𝑄⁄
𝑈𝑈 , then proposition 1 reduces to an optimization 

decision solution when the yield and demand of materials are random. If 𝐿𝐿(𝑄𝑄, 𝑞𝑞) is modified to be 
𝑞𝑞, and 𝑆𝑆(𝑄𝑄, 𝑞𝑞) is corrected to be ∫ 𝐹𝐹(𝑥𝑥)𝑑𝑑𝑑𝑑𝑞𝑞

𝑋𝑋 + 𝑋𝑋, Eq. 2 reduces to an optimization decision problem 
that only assumes random demand. 

Corollary 1. (1) When the randomness of the processing activity is not considered, the optimal 
values that maximize (𝑞𝑞∗,𝑄𝑄∗) the system’s profit can be calculated as Eq. 3, 

�
𝑝𝑝𝐹𝐹(𝑞𝑞∗) − 𝑐𝑐𝑀𝑀 = 0

𝑝𝑝 �𝑞𝑞∗𝑄𝑄∗𝐹𝐹(𝑞𝑞∗)𝐺𝐺(𝑞𝑞∗ 𝑄𝑄∗⁄ ) − ∫ 𝐺𝐺(𝑢𝑢)𝐹𝐹(𝑢𝑢𝑄𝑄∗)[1 − 𝑟𝑟(𝑢𝑢𝑄𝑄∗)]𝑑𝑑𝑑𝑑𝑞𝑞∗ 𝑄𝑄∗⁄
𝑈𝑈 � − 𝑐𝑐𝑀𝑀 ∫ 𝑢𝑢𝑢𝑢(𝑢𝑢)𝑑𝑑𝑑𝑑𝑞𝑞∗ 𝑄𝑄∗⁄

𝑈𝑈 − 𝑐𝑐𝑆𝑆 = 0
.               (3) 

and (2) when only market demand is considered as a random variable, the optimal decision is 
shown as Eq. 4, 

𝑞𝑞∗ = 𝑄𝑄∗ = 𝐹𝐹
−1
�𝑐𝑐𝑀𝑀+𝑐𝑐𝑆𝑆

𝑝𝑝 �.                                                                (4) 

In Model I, the yield, processing operations, and demand are assumed to be stochastic. In Model 
II, there is no risk associated with processing operations, and in Model III, only the demand is 
stochastic. As can be observed from Table 1, with the expansion of risk, the manufacturer's pro-
curement volume (𝑞𝑞∗) increases, which further necessitates the supplier to hold a larger inventory 
of materials (𝑄𝑄∗). Fig. 2 depicts the trend of the manufacturer's procurement quantity in relation 
to its cost structure. From this, it can be seen that as the manufacturer's cost gradually rises, their 
procurement quantity tends to decline. Simultaneously, Fig. 2 also indicates that the magnitude of 
the decrease in the manufacturer's procurement volume increases as the type of risk intensifies.  

Likewise, Fig. 3 depicts the supplier's production quantity decision. It is evident that the suppli-
er's optimal production quantity declines as both its own cost structure and that of the manufa-
cturer increase. Additionally, Fig. 3 shows that for any given party's cost structure, the supplier's 
optimal production quantity decreases in relation to the given cost structure. Moreover, by com-
paring the three scenarios in Fig. 3, it is shown that the supplier's optimal production rises as the 
type of risk escalates.  
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Fig. 2 The changes of 𝑞𝑞∗ with the cost structure in different scenarios 

          Q* 

 
Fig. 3 Changes in 𝑄𝑄∗ with parties' cost structures under different scenarios 

4.2. Contract design 

The question is how these rational entities can distribute this optimal "resource" in the context of 
multiple stochastic risks. In order to achieve this, not only do the manufacturer and the supplier 
jointly share various stochastic risks, but their optimal decisions also align with those of the ma-
terial integration system.  

Given the wholesale contract, the expected profit functions of the manufacturer (𝜋𝜋𝑀𝑀) and the 
supplier (𝜋𝜋𝑆𝑆) are shown in Eq. 5, 

�𝜋𝜋𝑀𝑀 = 𝑝𝑝𝑝𝑝[𝑚𝑚𝑚𝑚𝑚𝑚(𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑈𝑈𝑈𝑈, 𝑞𝑞),𝑋𝑋)] − (𝑤𝑤 + 𝑐𝑐𝑀𝑀)𝐸𝐸[𝑚𝑚𝑚𝑚𝑚𝑚(𝑈𝑈𝑈𝑈, 𝑞𝑞)]
𝜋𝜋𝑆𝑆 = 𝑤𝑤𝑤𝑤[𝑚𝑚𝑚𝑚𝑚𝑚(𝑈𝑈𝑈𝑈, 𝑞𝑞)] − 𝑐𝑐𝑆𝑆𝑄𝑄

                              (5) 

In Eq. 5, the wholesale price serves as the sole link facilitating the profit transfer between the 
manufacturer and the supplier. Proposition 2 demonstrates the existence of an acceptable whole-
sale price, enabling both the manufacturer and the supplier to attain Pareto optimality.  

Proposition 2. Consider the parameter 𝑤𝑤 shown in Eq. 6, 
𝑤𝑤 = 𝛿𝛿𝑐𝑐𝑆𝑆𝜃𝜃 + (1 − 𝛿𝛿)(𝑝𝑝𝑝𝑝 − 𝑐𝑐𝑀𝑀),                                                    (6) 

and 𝛿𝛿 ∈ (0,1),𝜃𝜃 = 𝑄𝑄 𝐿𝐿⁄ ,𝛩𝛩 = 𝑆𝑆 𝐿𝐿⁄ . Under the wholesale price contract with the parameter 𝑤𝑤, the 
manufacturer’s and the supplier’s profit functions are shown in Eq. 7, 

� 𝜋𝜋𝑀𝑀(𝑄𝑄, 𝑞𝑞) = 𝛿𝛿Π(𝑄𝑄, 𝑞𝑞)
𝜋𝜋𝑆𝑆(𝑄𝑄, 𝑞𝑞) = (1 − 𝛿𝛿)Π(𝑄𝑄, 𝑞𝑞)                                                         (7) 

Moreover, the set (𝑞𝑞∗,𝑄𝑄∗) represents the manufacturer's optimal procurement and the suppli-
er's optimal inventory. The wholesale contract coordinates the material integration system.  

The proposition suggests that 𝛿𝛿 represents the manufacturer's share of the profit within the 
material integration system. Consequently, a wholesale price contract with parameter 𝑤𝑤 can co-
ordinate the system and allocate profit arbitrarily. The specific profit split selected likely hinges 
on the firm's relative bargaining power. As the manufacturer's bargaining position is enhanced, 
an increase in δ is anticipated.  

Parameters 𝜃𝜃 and 𝛩𝛩 describe different random risks in the material integration system. 𝜃𝜃,∈
[1,∞) is a ratio of the supplier’s optimal stock quantities to the manufacturer’s expected purcha-
sing and reflects the random yield risk of materials. The larger the value of 𝜃𝜃 is, the lower the 
expected purchasing will be, which means that the random yield risk of the materials is more sig-
nificant. Conversely, the manufacturer’s expected purchasing quantity tends towards the 
supplier’s optimal stock when 𝜃𝜃 → 1, which means there is almost no random yield risk. 𝛩𝛩,∈ (0,1] 
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represents the ratio of the manufacturer’s expected sales quantity to its expected purchasing. The 
value of 𝛩𝛩 reflects the combined risk of the random yield, processing activities, and demand. The 
larger the value of 𝛩𝛩 is, the closer the project sales are to the manufacturer’s expected purchasing; 
by contrast, the expected sales quantity is close to zero when 𝛩𝛩 → 0. In the case of the given risk, 
Table 1 mentioned above shows the values of 𝜃𝜃 and 𝛩𝛩 of the three models. 

Notably, 𝑤𝑤 serves as the link between the manufacturer and the supplier and is used to achieve 
the purpose of profit sharing and risk allocation. On the one hand, it is a linear combination of 𝑐𝑐𝑆𝑆𝜃𝜃 
and (𝑝𝑝𝑝𝑝 − 𝑐𝑐𝑀𝑀), representing the stock cost risk and sales-profit risk. It can be calculated that 𝑤𝑤𝐿𝐿 =
𝑐𝑐𝑆𝑆𝜃𝜃 when 𝛿𝛿 → 1, which indicates that the value per unit purchased from the supplier is meager. 
At this time, the manufacturer’s purchasing cost is low and captures the entire optimal profit of 
the material integration system. Conversely, we have 𝑤𝑤𝑈𝑈 = (𝑝𝑝𝑝𝑝 − 𝑐𝑐𝑀𝑀) when 𝛿𝛿 → 0, the supplier 
obtains the highest selling price, and the manufacturer must pay a higher marginal purchasing 
cost. Parameter 𝑤𝑤 is also a function of both parameters 𝜃𝜃 and 𝛩𝛩. These two parameters characte-
rize the risks derived from the material integration system's random yield, processing activities, 
and demand. Hence, risk allocation is achieved between the manufacturer and the supplier based 
on the coordinated wholesale price contract.  

The proposed wholesale price contract can be systematically implemented in practical mate-
rial supply chains through a standardized operational approach. First, channel members calibrate 
stochastic parameters such as demand, yield, and processing efficiency based on historical indu-
strial data. Second, the system-optimal procurement quantity (𝑞𝑞∗) and stocking quantity (𝑄𝑄∗) are 
jointly calculated to align individual decisions with the integrated optimum. Third, the feasible 
coordination wholesale price range ([𝑤𝑤𝐿𝐿 ,𝑤𝑤𝑈𝑈]) is determined to ensure acceptable profits for both 
parties. Fourth, the profit-sharing coefficient (𝛿𝛿) is negotiated according to relative bargaining 
power and risk-bearing capacity. Finally, the contract can be applied within the long-term mate-
rial integration system to achieve sustained risk sharing and efficient operation. This implemen-
tation path ensures the operability, transparency, and stability of the coordination mechanism in 
real industrial scenarios. 

As can be observed from Table 1, the coordination thresholds for wholesale prices vary across 
the three models. Fig. 4 depicts the variability of the coordinated wholesale price in relation to the 
firms' cost structure under the three scenarios. A comparison of the three models indicates that 
as the dimension of risks gradually expands, the range of coordination prices progressively con-
tracts. In other words, as the level of risk increases, the range of wholesale prices available for 
negotiation between manufacturers and suppliers diminishes.  

           w/p 

 
Fig. 4  Changing rules of coordinated wholesale prices with firms' cost structures 

Proposition 2 demonstrates that a wholesale-price contract incorporating risk factors can achi-
eve coordination between the manufacturer and the supplier within the material integration 
system. In this case, their decisions align with the system's optimal decisions. Consequently, when 
the wholesale-price contract is configured according to Eq. 6, the manufacturer's optimal pur-
chase quantity 𝑞𝑞∗ and the supplier's optimal stock 𝑄𝑄∗ can be derived from Proposition 1. Subsequ-
ently, the material integration system's optimal profit Π∗ can be computed in accordance with Eq. 
1. Table 1 documents 𝑞𝑞∗, 𝑄𝑄∗, and Π∗ for three models under the assumption that the stochastic 
risk is 𝑋𝑋~𝑁𝑁 (60,102),𝑈𝑈~𝑁𝑁 (0.8,0.12), and 𝑂𝑂~𝑁𝑁 (0.8,0.22), respectively. Fig. 5 depicts the influ-
ence of fluctuations (i.e., variance changes) in each risk on the optimal profitability of an 
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integrated supply chain. One key finding is that as the dimension of risk (or the variance of risk) 
increases, the optimal profit declines.  

 

 

 
Fig. 5  Variation in the integrated supply chain's optimal profit with risk fluctuations 

5. Conclusion 
This paper investigates the optimal decision-making and risk allocation mechanism for the manu-
facturer and the supplier within the framework of the material integration system under conditions 
of random materials demand, yield, and processing activities. The main conclusions are as follows.  

First, there is a set of optimal decision-making strategies that maximize the expected profit of 
the material integration system. Specifically, when faced with stochastic risks of various dimen-
sions within the material integration system, the manufacturer's optimal procurement quantity 
and the supplier's optimal inventory level are unique. These can be calculated according to Prop-
osition 1 and Corollary 1. The numerical and sensitivity analysis indicates that as the risk dimen-
sion increases, the optimal decisions of both the manufacturer and the supplier gradually increase, 
whereas the optimal expected profit gradually declines. Meanwhile, it is found that the manufac-
turer's optimal procurement quantity rises with the increase in risk (i.e., variance). Additionally, 
as the risk increases, the supplier's optimal inventory level ascends, while the optimal profit of the 
integrated system declines.    

Second, the designed wholesale-price contract incorporating multidimensional random risks 
can coordinate the actions of the participants. Both the manufacturer and the supplier can flexibly 
allocate the optimal expected profit of the material integration system. In this simple wholesale-
price contract, the negotiated transaction price is a linear combination of the inventory-cost risk 
and sales-profit risk. This implies that the coordinated wholesale price will be determined when 
the material supply chain is risk-free. However, as the risk dimension broadens, the lower bound 
of the coordinated trading price gradually increases due to the increase in 𝜃𝜃. Meanwhile, its upper 
bound gradually decreases due to the decrease in 𝛩𝛩. Consequently, the price range for coordinat-
ing the material supply chain narrows as the risk dimension increases. The sensitivity analysis 
validates this conclusion, as depicted in Fig. 4. The contract with multidimensional risk factors can 
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be executed once the firms participate in the material integration system.  
In summary, the major contribution of this paper lies in its analysis of an operations research 

model to address the optimal decision-making problem for the manufacturer and the supplier un-
der the conditions of random demand, yield, and processing operations. A comprehensively coor-
dinated wholesale price contract integrating multidimensional risks is formulated to flexibly allo-
cate the optimal profit of the integrated system. The imbalance between supply and demand in-
fluences the price fluctuations of materials. Hence, it would be more practical to consider optimal 
decision-making and coordination contracts with endogenous price variables. 

Moreover, this paper assumes that the costs of the manufacturer and the supplier are common 
knowledge. However, under multiple uncertainties, validating these costs presents challenges, 
which directly influence the determination of wholesale-price parameters. Additionally, it is as-
sumed that the salvage value and stock-out costs of the materials are zero. Nevertheless, these 
assumptions significantly impact the structure of the decision-making problem. Based on this pa-
per, these aspects shape the directions for future research.   
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