
Decision Making: Applications in Management and Engineering, Volume 9, Issue 1 (2026) 200-215 

200 

A Decision-Support Framework for Supply Chain Cooperation under 
Asymmetric Information: Integrating AHP and Repeated Game Theory 
for Punishment Mechanism Design 

Xue Jin* 

1 Nanjing University of Finance and Economics Hongshan College, Nanjing, China, 211300. Email:  3212022020004@pgc.msu.edu.my 

ARTICLE INFO ABSTRACT 

Article history: 
Received 15 October 2025 

Received in revised form 22 April 2026 

Accepted 30 May 2026 

Available online 30 June 2026 

Keywords: 
Supply Chain Collaboration, 

Asymmetric Information, Repeated 

Games, Punishment Mechanisms, 

Multi-Criteria Decision-Making 

Variations in knowledge among partners within a supply chain can sometimes 
lead to untrustworthy behaviour, undermining sustained collaboration. This 
study introduces a multi-criteria framework incorporating the Analytic 
Hierarchy Process (AHP) to develop robust punishment mechanisms in 
repeated game contexts, aiming to preserve cooperation when one participant 
possesses less information than the other. The framework conceptualises 
supply chains as repeated games and evaluates a range of punitive strategies 
with respect to their economic outcomes, associated risks, enforceability, and 
fairness. By employing AHP, these evaluation criteria are systematically 
structured and weighted, ensuring that the selected policies effectively deter 
opportunistic behaviour while retaining overall benefits. To address imperfect 
information, the model explicitly incorporates information asymmetry when 
analysing firm strategies. The practical applicability of this approach is 
demonstrated through numerical simulations, highlighting improvements in 
supply chain stability, collective profitability, and trust among partners. Results 
suggest that integrating multi-criteria decision-making with game-theoretic 
punishment designs enables managers to mitigate risks and foster cooperative 
behaviour across the supply chain. Consequently, this methodology offers an 
enhanced tool for supply chain management and decision sciences, providing a 
structured, data-driven basis for aligning diverse objectives within complex 
organisational networks. By combining insights from repeated games with a 
rigorous analytical framework, the proposed approach supports more 
informed managerial and engineering decisions for the formulation of joint 
strategies. 

 
1. Introduction 

In today’s increasingly interconnected global business environment, the success of organizations 
largely depends on effective collaboration within supply chains. Companies rely on external partners 
to achieve cost reductions, improved service, innovation, and responsiveness to market demands [5]. 
Beyond contractual agreements, successful collaboration requires trust, integrity, and a shared 
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commitment among all parties [4]. Despite the potential for synergy, supply chain relationships 
frequently face difficulties due to conflicting interests, differing strategies, and, most critically, 
asymmetric information [19]. Uneven data sharing can foster opportunistic behaviour, undermining 
trust and cooperation [25]. Sustained cooperation is particularly vital over the long term, as stable 
interactions are necessary for high performance across the supply chain [12].  

Scholars frequently employ repeated game theory to model and regulate strategic interactions 
under uncertainty [11]. In this framework, firms are represented as decision-makers whose actions 
over multiple periods influence future behaviour [16]. The anticipation of future rewards or sanctions 
acts as a mechanism to encourage compliance, even in the absence of formal enforcement measures 
[32]. The effectiveness of repeated games in sustaining cooperation depends on the credibility and 
clarity of the punishment threats [23]. Implementing these mechanisms in practical contexts is 
challenging due to difficulties in detecting defections, delays in enforcement, diverse organisational 
priorities, and incomplete information [31]. Information asymmetry further complicates assessment, 
as it may be unclear whether breaches of trust are intentional or arise from miscommunication, 
hindering equitable enforcement [9].  

Consequently, decision-makers must evaluate punishment policies against multiple criteria, 
including economic impact, likelihood of occurrence, ease of enforcement, and perceived fairness 
[14]. Excessively harsh penalties risk provoking conflict and damaging relationships [27], whereas 
overly lenient approaches may permit continued opportunistic behaviour [28]. In complex supply 
chains involving numerous heterogeneous actors, nuanced judgement and contextual understanding 
are essential [13]. Given the dynamic nature of supply networks, punishment frameworks must also 
remain adaptable to evolving conditions [2]. Comprehensive evaluation should integrate multiple 
perspectives to identify mechanisms that are effective, feasible, and contextually appropriate [7].  

This research presents a multi-criteria framework that combines the AHP with repeated game 
theory to design suitable punishment strategies for supply chains characterised by information 
asymmetry. The method models supply chain interactions as repeated games and apply AHP to 
prioritise and rank potential punitive strategies according to key criteria, including economic 
outcomes, risk exposure, enforceability, and fairness. By integrating expert knowledge and empirical 
data, the framework allows managers to select punishment mechanisms that are both effective and 
aligned with organisational objectives. Furthermore, the model incorporates the influence of 
information asymmetry on strategic decisions and outcomes. Validation through numerical 
simulations demonstrates that this approach enhances supply chain stability, promotes joint 
profitability, and strengthens inter-firm trust. By uniting these two approaches, the framework 
provides a robust decision-support tool for managing the complexities of modern supply chains in a 
structured, evidence-based manner.  

The primary aim of this study is to develop and validate a framework that supports the selection 
of appropriate punishment strategies for repeated supply chain interactions, particularly under 
conditions of unequal information access. By integrating AHP with repeated game theory, the 
framework provides managers with a systematic means to assess the economic efficiency, risk 
implications, enforceability, and perceived fairness of various punitive measures. Ultimately, the 
framework seeks to reinforce long-term collaboration, deter opportunistic behaviour, enhance 
supply chain resilience, and cultivate trust across multiple organisational partners.  

 
2. Related Works 

The literature presents a wide variety of strategies and approaches designed to enhance 
collaboration among SC partners. These methods offer structured mechanisms to promote 
cooperative behaviour; however, they generally assume that all participants have access to the same 
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information and seldom account for fairness or enforceability. While such approaches may improve 
trust and transparency, their implementation is frequently costly or computationally intensive. 
Although MCDM tools such as AHP and TOPSIS have been employed in partner assessment and risk 
management, their application to strategic decision-making within SCs remains limited. As illustrated 
in Table 1, there is currently no integrated methodology that combines repeated games, multiple 
criteria, and genuine asymmetric information to formulate practical, validated punishment 
frameworks suitable for dynamic SC environments.  

Table 1:  
Comparison of Existing Game-Theoretic and Decision-Making Approaches for Supply Chain Cooperation 

Author(s) Techniques Involved Advantages Disadvantages 

Zhou et al. 
[33] 

Evolutionary game in 
construction SC finance 

Captures co-creation dynamics and 
evolving partner roles 

Sector-specific; limited applicability 
beyond construction 

Zhang et al. 
[32] 

Evolutionary game for LNG 
trade cooperation 

Analyses coordination in shipping and 
trading under energy constraints 

Restricted to LNG context; low 
generalizability 

Fan et al. 
[8] 

Opinion dynamics with 
probabilistic linguistic 
uncertainty 

Enhances group decision-making under 
ambiguous information 

Not focused on SCs or game-theoretic 
punishment mechanisms 

Feng et al. 
[10] 

Dynamic evolutionary game 
for green building materials 

Encourages sustainable strategies and 
stabilises market behaviour 

Confined to low-carbon building 
sector; limited broader applicability 

Hashemi et 
al. [15] 

Cooperative game integrated 
with genetic algorithm 

Improves land valuation by fostering 
cooperative behaviour 

Domain-specific to agriculture; does 
not address repeated interactions or 
enforcement mechanisms 

 
Zhou et al. [33] employed an evolutionary game analysis to examine value co-creation within 

construction SC finance. Their model captures the relationships among stakeholders and 
demonstrates how financial mechanisms shape collaborative behaviour throughout the project 
lifecycle. The study emphasises that successful cooperation in construction projects, which involve 
substantial investments, relies on aligning incentives and financial arrangements. However, while 
effective in construction contexts, the model lacks generalisability to other SC domains. Similarly, 
Zhang et al. [32] applied an evolutionary game framework to explore trading and shipping 
cooperation in the LNG import SC amid global energy shortages. The model illustrates how different 
SC actors respond to energy supply constraints and market fluctuations, providing insights into 
sustaining collaboration under resource limitations. Nevertheless, the model’s design is specific to 
the LNG sector, limiting its broader applicability to other SC contexts.  

Fan et al. [8] developed an opinion dynamics model utilising probabilistic uncertain linguistic 
information to enhance group decision-making. By addressing uncertainty in language, managers can 
more accurately express preferences, improving collective decisions in ambiguous scenarios. Despite 
these advantages, the study is not grounded in SC modelling or game-based punishment strategies 
and primarily contributes to decision theory rather than cooperative SC management. Feng et al. [10] 
proposed a dynamic evolutionary game model focused on promoting low-carbon building materials 
within the green construction market. The framework examines the influence of regulatory policies 
and market forces on stakeholder behaviour over time, encouraging stable and sustainable strategies. 
Although it offers valuable perspectives on SC sustainability, it primarily addresses environmental 
policy implementation and does not integrate multi-criteria evaluation or enforcement mechanisms 
necessary for broader SC collaboration.  

Hashemi et al. [15] combined cooperative game theory with genetic algorithm optimisation to 
enhance agricultural land valuation in consolidation projects. Their hybrid model improves fairness 
and cooperation among landowners and planners, refining allocation processes. Despite its 
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innovation, the approach is context-specific to agriculture and does not consider repeated 
interactions or punishment mechanisms relevant to strategic SC behaviour. Existing studies thus 
exhibit several limitations, including industry-specific focus, partial consideration of multi-criteria 
decision-making, minimal treatment of information asymmetry, and limited modelling of 
enforcement and fairness in cooperative strategies. To address these gaps, our proposed framework 
integrates repeated game theory with robust MCDM modelling. Unlike prior work, which often 
assumes symmetric information or concentrates on a single sector, this framework explicitly 
incorporates asymmetric information prevalent in SCs and evaluates punishment mechanisms across 
multiple dimensions, including economic performance, risk, enforceability, and fairness.  

By leveraging AHP to systematically rank criteria, the methodology provides a rigorous tool for 
designing credible punishment strategies that sustain long-term cooperation in complex and 
uncertain SC environments. It extends applicability across industries while simultaneously supporting 
balanced decision-making across technical, economic, and human resource considerations. The 
framework demonstrates how actors with unequal knowledge can interact over repeated periods, 
enabling the development of deterrent mechanisms to prevent opportunistic behaviour. By unifying 
previously separate considerations—information asymmetry, multi-criteria evaluation, enforcement, 
and fairness—into a single approach, the framework promotes equitable, resilient, and enduring SC 
collaboration.  

In summary, prior research offers various game-theoretic and decision-based approaches to 
enhance SC cooperation, including evolutionary games in construction finance and LNG trading, 
opinion dynamics in group decision-making, and cooperative game–genetic algorithm hybrids in 
agriculture. While informative, these studies remain largely sector-specific, assume symmetric 
information, and rarely integrate MCDM evaluation or enforcement mechanisms. This paper 
advances the literature by presenting a unified framework that combines repeated game theory, 
asymmetric information modelling, and AHP. By prioritising economic performance, risk, 
enforceability, and fairness, the framework facilitates the creation of credible, adaptive punishment 
strategies that maintain long-term collaboration across diverse SC networks, thereby strengthening 
data-driven decision-making in complex, information-intensive SC environments.  

 
3. AHP-Based Punishment Model for Supply Chains 

The study proposes a multi-stage system designed to support SCs facing information asymmetry 
in fostering cooperation and trust. The initial stage conceptualises the SC as a repeated game, 
encouraging firms to maintain collaboration by anticipating the consequences of their recurring 
decisions. Overall payoffs for each participant are quantified using a discounted utility function, which 
emphasises the value of engagement within an industry alliance. During this phase, various types of 
sanctions are formulated, including tit-for-tat, fixed-duration penalties, and grim-trigger strategies. 
These punishment mechanisms are intended to deter opportunistic behaviour and reinforce 
confidence among partners. Decision-makers can select the most appropriate response based on the 
severity and reversibility of any defection. The operational flow of the proposed methodology is 
illustrated in Figure 1. 

At this stage, an MCDM approach grounded in AHP is employed to prioritise and structure the 
selection of punishment strategies. A hierarchical framework is constructed, using economic 
performance, risk probability, enforceability, and fairness as primary criteria. Each alternative is 
compared with others to derive normalised weights through eigenvalue calculations, which are then 
applied to rank the strategies systematically. In the final phase, the framework incorporates 
mechanisms to address uncertainty, utilising probabilistic assessments, trust metrics, and adaptive 
thresholds tailored to specific contexts. These features enable differentiation between deliberate 
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violations and inadvertent errors, ensuring that all punishment decisions are objective and data-
driven. By integrating repeated game theory, AHP-based decision-making, and detailed treatment of 
asymmetric information, the model offers a practical and novel solution to enhance SC reliability, 
joint benefits, and strategic alignment under complex and uncertain conditions.  

 
Fig.1: Proposed Flow Diagram 

3.1 Modelling the Supply Chain as a Repeated Game 
The initial step involves conceptualising the SC as a repeated game, where firms engage 

collaboratively over multiple periods rather than in a single interaction. In this framework, the SC is 
modelled as the infinitely repeated game 𝐺∞(𝛿) of a stage game 𝐺 = ⟨𝑁, {𝐴𝑖}, {𝑢𝑖}⟩, where 𝑁 =
{1, … , 𝑛} is the set of firms, 𝐴𝑖  the action set of firm 𝑖, and 𝑢𝑖  its single-period payoff; the solution 
concept adopted throughout is subgame-perfect equilibrium (SPE). Each SC participant is treated as 
a rational decision-maker, whose choices depend both on current circumstances and anticipated 
future outcomes. This modelling approach highlights that firms operating in such markets rely on 
long-term relationship and established trust to guide their behaviour [17]. By framing interactions as 
a repeated game, the model demonstrates how the use of rewards and punishments promotes 
cooperation and discourages opportunistic actions, particularly under conditions of asymmetric 
information [21]. Sustained cooperation arises from the participants' preference to avoid future 
penalties by adhering to collaborative strategies. The payoff𝑈𝑖 to firm 𝑖 is shown in equation (1) 

𝑈𝑖 = ∑ 𝛿𝑡𝑢𝑖(𝑎1
𝑡 , 𝑎2

𝑡 , … , 𝑎𝑛
𝑡 )∞

𝑡=0                  (1)           

Here, 𝑢𝑖(𝑎1
𝑡 , 𝑎2

𝑡 , … , 𝑎𝑛
𝑡 ) is the reward for firm i at period 𝑡 from acting based on joint decisions 

with other firms; and 𝛿 ∈ (0,1)  represents the firm’s subjective way of assigning more or less 
importance to future gains. A higher 𝛿 increases a firm’s consideration of future payoffs, thereby 
enhancing the likelihood of forming enduring partnerships. To assess the temptation to deviate, the 
one-shot deviation gain of firm 𝑖$ when all other firms cooperate is defined as equation (1a) 

𝑈𝑖
𝐷 = max

𝑎𝑖∈𝐴𝑖

  𝑢𝑖(𝑎𝑖 ,  𝑎−𝑖
𝐶 )                (1𝑎) 

where 𝑎−𝑖
𝐶  denotes the cooperative action profile of all firms except 𝑖. Cooperation is sustainable 

as an SPE if and only if the incentive-compatibility constraint (ICC) holds: the present value of 
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cooperation must weakly exceed the one-shot deviation gain plus the discounted punishment path: 

𝑢𝑖
𝐶

1 − 𝛿
  ≥   𝑈𝑖

𝐷  +  𝛿 𝑈𝑖
𝑃             (1𝑏)  

Solving (1b) for 𝛿 yields the critical discount factor, below which cooperation collapses: 

𝛿∗ =
𝑈𝑖

𝐷−𝑢𝑖
𝐶

𝑈𝑖
𝐷−𝑈𝑖

𝑃 ,   cooperation is sustainable iff 𝛿 ≥ 𝛿∗.        (1c) 

Repeated interactions allow decision-makers to devise strategies that respond to deviations from 
agreed behaviour, maintaining trust among SC members even when information is asymmetrically 
distributed [3]. 

3.2 Defining and Structuring Punishment Strategies 
Within the framework, strategies for punishment are formulated to deter opportunistic behaviour 

in SC agreements. When SC interactions are treated as repeated games, firms must implement 
credible sanctions against breaches of trust to prevent opportunistic deviations and reinforce 
cooperation. Three primary punishment approaches are considered: tit-for-tat, fixed-duration 
penalties, and grim-trigger strategies [30]. In tit-for-tat, cooperative actions are reciprocated, while 
non-cooperative behaviour triggers equivalent punitive responses from partners. This approach is 
flexible, allowing trust to be restored after minor infractions. Fixed-duration penalties involve 
temporary measures, such as withholding rewards, delaying shipments, or reducing order quantities 
for a defined period. This method is suitable where small violations may arise from imperfect 
knowledge or external factors beyond a player’s control. The most severe approach, the grim-trigger 
strategy, terminates the cooperative relationship permanently after a single breach. While highly 
deterrent, it is sensitive to monitoring limitations and noise, as even minor missteps can provoke 
irreversible defection. The expected future payoff for a firm under a given strategy is represented by 
Equation (2).  

𝑈𝑖
𝑃 = 𝑢𝑖

𝐷 + ∑ 𝛿𝑡
𝑇

𝑡=1
 𝑢𝑖

𝑃𝑡                        (2) 

In this context, 𝑢𝑖
𝐷  is the one-shot gain from deviating while others cooperate, 𝑢𝑖

𝑃𝑡  shows the 

reward in punishment, δ is the discount factor and 𝑇 denotes the number of periods the player is 
punished [6]. This equation enables firms to anticipate the potential future losses incurred by a 
defective partner, facilitating the selection of strategies that maintain long-term cooperation. A 
punishment strategy is subgame perfect only if punishing a deviator does not leave the punisher 

worse off than continuing cooperation on every off-equilibrium subgame:
𝑢𝑖

𝐶

1−𝛿
  ≥   𝑈𝑖

𝐷 +

𝛿 𝑈𝑖
𝑃on every subgame. Proper design and implementation of these strategies allow decision-makers 

to ensure enforcement is contextually appropriate, safeguarding firms while preserving essential SC 
partnerships [22]. 

3.3 Developing a Multi-Criteria Evaluation Framework Using AHP 
Subsequently, AHP is employed to assess and prioritise the punishment strategies developed 

previously. AHP is a widely used MCDM technique that structures decisions around a central 
objective, relevant evaluation criteria, optional sub-criteria, and the alternative strategies under 
consideration [33]. The evaluation identifies indicators corresponding to the different impacts that 
punishment may have on SC cooperation. The primary criteria include: (i) economic performance, 
which examines the effect of punishments on SC profitability, implementation speed, and 
effectiveness; (ii) risk potential, accounting for possible retaliatory actions by other SC members and 
the likelihood of conflicts; (iii) enforceability, reflecting the practicality of applying each punishment 
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in routine operations; and (iv) fairness, considering how the penalties are perceived and assessed by 
all stakeholders [29].  

AHP helps to operationalize evaluation by having stakeholders or experts rate the importance of 

each criterion over every other one in a pairwise way, filling in a judgment matrix 𝐴 = [𝑎𝑖𝑗]. Each 

entry is drawn from the Saaty fundamental scale 𝑎𝑖𝑗 ∈ {1/9,1/8, … ,1/2,1,2, … ,8,9} , with the 

reciprocity constraint 𝑎𝑗𝑖 = 1/𝑎𝑖𝑗  and 𝑎𝑖𝑖 = 1 . The objective is to estimate [𝑤1, 𝑤2, … , 𝑤𝑛]𝑇 that 

indicates the influence or ranking of each criterion. The solution is obtained by 𝐴𝑤 = 𝜆𝑚𝑎𝑥𝑤 ,   where 
𝜆𝑚𝑎𝑥  describes high eigenvalue of the process and w is the associated eigenvector. Before the 
weights can be used, the consistency of expert judgements must be verified. The consistency index 

and consistency ratio are 𝐶𝐼 =
𝜆max−𝑛

𝑛−1
, 𝐶𝑅 =

𝐶𝐼

𝑅𝐼(𝑛)
,acceptable iff 𝐶𝑅 < 0.10.  

Once the weights are assigned using w so that their sum equals one, the scores for each strategy 
are combined with these weights to produce an aggregated score for every alternative [1]. Let 𝑣𝑗𝑘 ∈

[0,1] be the normalised score of strategy 𝑘  on criterion 𝑗  (obtained from a second-level pairwise 
comparison). The aggregated score of strategy 𝑘 is presented in Equation (3). 

𝑆𝑘 = ∑ 𝑤𝑗

𝑚

𝑗=1

 𝑣𝑗𝑘 , 𝑘 = 1, … , 𝐾                 (3)  

where ∑ 𝑤𝑗𝑗 = 1. This process generates a ranked set of potential punishment strategies, considering 

economic performance, risk exposure, enforceability, and fairness, thereby assisting decision-makers 
in selecting the most suitable option. Employing this structured, quantitative approach enhances 
impartiality, improves decision effectiveness, and promotes transparency in managing trust and 
cooperation within complex SC networks [18]. 

3.4 Incorporating Information Asymmetry into Strategy Evaluation 
The framework places particular emphasis on information asymmetry, a common feature in SCs 

where firms possess differing levels of knowledge regarding markets, data, or operational processes 
[24]. Such disparities can lead partners to misinterpret each other’s intentions, potentially resulting 
in unfair treatment or a breakdown in cooperation. To mitigate these risks, the framework 
incorporates mechanisms that explicitly handle uncertainty and incomplete information. Specifically, 
it evaluates the likelihood that a defection is deliberate rather than accidental, formally, via the 
Bayesian posterior, and employs adaptive thresholds that adjust responses to fluctuations in demand 
and production schedules [26].  

Let 𝐷  denote a deliberate defection and 𝐴  an accidental error, and let 𝑑  be the observed 
deviation. The posterior probability that the deviation is deliberate in Equation (4) 

𝑃(𝐷 ∣ 𝑑) =
𝑃(𝑑 ∣ 𝐷) 𝑃(𝐷)

𝑃(𝑑 ∣ 𝐷) 𝑃(𝐷) +  𝑃(𝑑 ∣ 𝐴) 𝑃(𝐴)
              (4)  

A punishment is triggered only when𝑃(𝐷 ∣ 𝑑) > 𝜃𝑖 . The adaptive trigger threshold adjusts to 
market volatility is 𝜃𝑖 = 𝜃0 ⋅ (1 + 𝛽 𝜎market), where 𝜃0  is the baseline threshold, 𝜎market  measures 
demand/production volatility, and 𝛽 ≥ 0is a sensitivity parameter. Higher volatility raises the bar for 
classifying a deviation as deliberate, reducing false positives. 

Additionally, a trust index of firm 𝑖 is a recency-weighted cooperation rate over the observation 
window 𝑇obs in Equation (5) 

𝜏𝑖 =
∑ 𝜔𝑡

𝑇obs
𝑡=1  𝟙[firm 𝑖 cooperated at 𝑡]

∑ 𝜔𝑡
𝑇obs
𝑡=1

, 𝜔𝑡 = (1 − 𝜌) 𝑇obs−𝑡, 𝜏𝑖 ∈ [0,1]         (5) 

where𝜌 ∈ [0,1) is the forgetting rate; recent behaviour carries more weight. The trust index then 

scales the penalty severity 𝑈𝑖
𝑃,adj = 𝑈𝑖

𝑃 ⋅ (1 + 𝛾 (1 − 𝜏𝑖)), 𝛾 ≥ 0, so that low-trust partners face a 
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harsher punishment path for the same deviation, tightening the ICC for them. 
By integrating these considerations, the framework ensures that punishment remains effective in 

deterring opportunistic behaviour, even when information is imperfect and fairness is a concern, 
thereby maintaining stable and sustainable SC partnerships [20].  

3.5 Integrated Methodology and Final Selection Rule 
The proposed methodology combines repeated game theory with AHP to design credible 

punishment mechanisms for SC collaboration under conditions of asymmetric information. SC 
interactions are modelled as repeated games, wherein firms evaluate current decisions against 
discounted future payoffs, and sanctions, including tit-for-tat, fixed-duration penalties, and grim-
trigger strategies, are formulated to prevent opportunism. These strategies are subsequently 
assessed using AHP, which systematically ranks them against four primary criteria: economic 
performance, risk, enforceability, and fairness, employing pairwise comparisons and eigenvalue-
derived weights.  

To enhance applicability in real-world scenarios, the framework incorporates asymmetric 
information by combining the AHP score 𝑆𝑘 (Eq. 3) with the information-asymmetry gate 𝑃(𝐷 ∣ 𝑑) 
(Eq. 4) and the trust index 𝜏𝑖 (Eq. 5), the final selection rule is in Equation (6): 

𝑠∗ = arg max
𝑘∈{1,2,3}

  𝑆𝑘   ⋅  𝜙(𝑃(𝐷 ∣ 𝑑), 𝜏𝑖)           (6) 

where the adjustment factor 𝜙(𝑃, 𝜏) = 𝟙[𝑃 > 𝜃𝑖] ⋅ (1 + 𝛾(1 − 𝜏𝑖))  gates punishment on the 

intent posterior and scales it by trust. This integrated approach enables decision-makers to select 
punishment mechanisms that are both data-driven and context-sensitive, promoting stability, trust, 
and effective cooperation in complex, dynamic SC environments.  

 
4. Performance Evaluation 

This section examines the outcomes of applying the proposed framework to develop effective 
punishment mechanisms within SCs characterised by information asymmetry. The analysis 
incorporates both mathematical modelling, providing a comprehensive assessment of the relative 
effectiveness of the strategies. Each punishment approach is evaluated in terms of economic 
performance, risk exposure, enforceability, and fairness to determine its influence on cooperation 
and the mitigation of opportunistic behaviour. The discussion highlights the interplay among these 
criteria and illustrates the complexity of selecting appropriate punishment mechanisms. 
Incorporating information asymmetry into the assessment underscores the real-world challenges SCs 
face due to knowledge gaps among partners. Overall, the findings indicate that the framework 
enables SC managers to design tailored strategies that support sustained collaboration, reduce 
disruption risks, and enhance joint profitability, thereby fostering more reliable and resilient SC 
networks.  

Figure 2 illustrates the trajectory of the Trust Index over 20 periods, providing numerical support 
for the primary framework. Initially, the Trust Index begins at approximately 0.59, indicating limited 
confidence among SC partners, likely due to minimal shared knowledge and nascent collaboration. 
As repeated game strategies incorporating punishment are implemented, trust rises sharply. By the 
fifth period, the index reaches nearly 0.81, demonstrating the early effectiveness of AHP-guided 
punishment strategies. Trust continues to increase steadily, attaining 0.95, which reflects improved 
collaboration as enforcement measures become effective. Between periods 13 and 20, the Trust 
Index stabilises just below 1.00, signalling that trust has plateaued. The results indicate that the 
proposed punishment framework can sustain cooperation even when SC partners possess highly 
asymmetric information. 
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Fig.2: Trust Index 

Figure 3 compares the performance of Tit-for-Tat, Fixed-Term, Grim-Trigger, and the proposed 
approach across four criteria: economic performance, risk, enforceability, and fairness. Overall, the 
proposed strategy consistently outperforms the alternatives, achieving high scores in economic 
performance (0.9), enforceability (0.95), and fairness (0.85), demonstrating its effectiveness in 
promoting cooperation within SCs. While the Grim-Trigger approach attains a strong score in risk 
(0.8), it underperforms in enforceability and fairness. Both Tit-for-Tat and Fixed-Term strategies 
display moderate and consistent performance across all criteria but fail to surpass the proposed 
method in any category. These results highlight that the AHP-integrated repeated game framework 
provides superior adaptability across diverse scenarios. The system reinforces trust, ensures effective 
punishment, and maintains fairness, which are critical for managing long-term operations and 
mitigating risks associated with information asymmetry in cross-border SCs.  

 
Fig.3: Punishment Techniques Scores Across Criteria 
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Figure 4 illustrates that increasing uncertainty negatively impacts the effectiveness of punishment 
mechanisms. As the noise threshold rises from zero to one, the probability of correctly enforcing 
penalties declines from one to zero. This relationship indicates that conventional punishment 
strategies may respond inaccurately to ambiguous or unreliable signals, potentially undermining the 
stability of cooperative behaviour. The results highlight the necessity of designing robust and adaptive 
punishment mechanisms in contexts where actionable information is incomplete, a scenario 
commonly encountered in cross-border e-commerce SCs.  

 
Fig.4: Probability of Correct Punishment 

Figure 5 presents the effectiveness of Tit-for-Tat, Fixed-Term, Grim-Trigger, and the proposed 
strategy, evaluated in terms of their ability to support cooperative behaviour. The proposed method 
achieves the highest scores, indicating it is the most reliable option for practical implementation. Tit-
for-Tat demonstrates strong enforceability, with a score of 0.90, slightly lower than that of the 
proposed strategy. Fixed-Term scores 0.70, reflecting difficulties in enforcement amid dynamic social 
interactions. Grim-Trigger attains a score of 0.50, highlighting challenges in maintaining enforceability 
due to its rigid and uncompromising rules. These results suggest that adopting the proposed strategy 
offers a strategic advantage. 

 
Fig.5: Enforceability Score  
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Figure 6 illustrates the relative weights assigned to the punishment evaluation criteria: economic 
performance, risk potential, enforceability, and fairness. The analysis assigns a weight of 0.40 to 
economic performance, indicating that financial outcomes are the most significant factor in decision-
making. Enforceability follows with a weight of 0.25, highlighting the importance of compliance and 
operational feasibility. Risk potential is weighted at 0.20, reflecting consideration of possible adverse 
events, while fairness receives a weight of 0.15, showing that ethical concerns are secondary to 
economic and enforceability considerations in this context. 

 
Fig.6: Weight Criteria 

Figure 7 demonstrates that the proposed punishment framework effectively enhances 
cooperation in SCs modelled as repeated games, particularly under conditions of asymmetric 
information. Across 50 simulation runs, the performance of four strategies—Grim-Trigger, Fixed-
Term, Tit-for-Tat, and the proposed method—was examined. The proposed approach consistently 
maintains higher cooperation levels than the alternatives. In the first iteration, cooperation under the 
new strategy is approximately 72%, compared with 62% for Tit-for-Tat, 43% for Fixed-Term, and 25% 
for Grim-Trigger, indicating that the framework fosters trust from the outset. Throughout the 
iterative simulations, all methods improve, yet the proposed approach converges fastest, achieving 
around 0.85 by iteration 50, remaining above the other strategies. Tit-for-Tat reaches approximately 
0.80, Fixed-Term 0.68, and Grim-Trigger 0.59.  

 
Fig.7: Cooperation Rate 
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Figure 8 compares four punishment strategies using AHP across four criteria: economic 
performance, risk, enforceability, and fairness. The proposed strategy achieves the highest composite 
score 0.97, demonstrating its capability to manage multiple decision dimensions and facilitate 
effective cooperation among SC partners with asymmetrical knowledge. Tit-for-Tat attains a score of 
0.85, whereas Fixed-Term and Grim-Trigger score 0.74 and 0.65, respectively. These results support 
the assertion in the abstract that integrating AHP with punishment design yields more reliable and 
effective mechanisms for sustaining cooperation. Beyond promoting balanced and jointly profitable 
SCs, the framework provides a structured approach for managing complex inter-organizational 
interactions. 

 
Fig.8: Composite Score  

5. Discussion and Conclusion 

This study demonstrates that the proposed framework based on AHP can effectively design 
punishment mechanisms to sustain ongoing cooperation in SCs where partners possess asymmetric 
knowledge. The approach provides a comprehensive solution for deterring opportunistic behaviour 
by modelling interactions as repeated games, evaluating payoff options, and assessing strategies in 
terms of economic performance, risk, enforceability, and fairness. Results from simulations indicate 
that the proposed method consistently outperforms Tit-for-Tat, Fixed-Term, and Grim-Trigger 
strategies, yielding higher cooperation levels and superior overall rankings.  

Initially, the Trust Index starts at 0.59, reflecting significant information asymmetry, but it rises to 
0.81 by the fifth period and stabilises near 1.0 by period 20, demonstrating the framework’s capacity 
to sustain long-term cooperation. Conventional strategies such as Tit-for-Tat, Fixed-Term, and Grim-
Trigger are consistently outperformed by the proposed method across key criteria. The proposed 
strategy achieves high scores in economic performance (0.90), enforceability (0.95), fairness (0.85), 
and risk mitigation (0.80), whereas Grim-Trigger, despite performing well in risk mitigation (0.80), 
scores poorly in enforceability (0.50). Criterion weights reinforce the priority of outcomes, with 0.40 
assigned to economic performance, 0.25 to enforceability, 0.20 to risk, and 0.15 to fairness. The 
framework sustains the highest cooperation levels throughout iterative simulations, reaching 0.85 by 
iteration 50, surpassing Tit-for-Tat (0.80), Fixed-Term (0.68), and Grim-Trigger (0.59). Furthermore, 
under conditions of misinformation, the adaptive punishment mechanism demonstrates robustness. 
The proposed strategy achieves a near-optimal composite score of 0.97 in AHP evaluation, 
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outperforming Tit-for-Tat (0.85), Fixed-Term (0.74), and Grim-Trigger (0.65). These findings highlight 
the framework’s ability to reinforce trust, facilitate effective collaboration, ensure proper 
enforcement, and enhance SC resilience, offering a practical approach to managing complex, 
asymmetric SC networks.  

These findings verify that combining game-theory construction with the AHP method helps 
strengthen trust, stabilise operation and raise collective profits throughout supply chains. The 
framework provides managers with a practical way to govern intricate inter-firm relationships and 
realise common targets when information asymmetry exists. From this study, supply chain managers 
ought to construct resilient, flexible punishment mechanisms grounded in multiple influencing 
factors. Managers can focus on economic penalties and guarantee enforceable clauses to push 
partners to comply with cooperative rules, while avoiding disruptions to daily supply chain 
operations. Emphasis on procedural fairness also keeps each participant devoted to cooperation, 
eases conflicts and solidifies partnerships accordingly. Using this analytical logic, managers can 
customise constraint strategies according to organisational traits and shifting market conditions, 
which supports sustainable development and sustains steady supply chain performance in the long 
run. 

 
6. Limitations and Future Work 

Despite the demonstrated utility of the proposed framework, several limitations remain. The 
reliance of AHP on expert judgment introduces potential subjectivity in criterion weighting and 
decision outcomes. Furthermore, the model assumes that all SC participants act rationally, which may 
not reflect real-world behaviours where external factors influence decision-making. Future work 
should explore the integration of behavioural economics and data-driven approaches to complement 
or automate expert input. Enhancing the framework to dynamically respond to evolving conditions 
over extended periods could improve its applicability in adaptive SC environments. Subsequent 
research could focus on incorporating market fluctuations and behavioural considerations to 
strengthen real-world relevance. Deploying the framework across varied industrial contexts would 
provide empirical validation of its effectiveness, adaptability, and capacity to manage complex, 
asymmetric SC networks.  
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