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Abstract. The operational scheduling of cascaded reservoirs presents a signifi-
cant challenge due to the complex landscape of conflicting objectives and stake-
holder interests. Existing multi-objective decision-making methods often con-
flate these two distinct conflicts into a single, monolithic evaluation, which can
obscure whether a solution is sub-optimal due to imbalanced objectives or unsta-
ble stakeholder coalitions. To address this gap, this paper proposes a two-stage
cooperative game-theoretic framework. This framework decouples the complex
decision problem into two distinct, sequential games: the explicit decoupling of
inter-objective conflicts (modeled as the "Target Game") and inter-stakeholder
conflicts (modeled as the "Stakeholder Game"). This decoupling enables inde-
pendent assessment of two critical dimensions that were previously intertwined,
overcoming the limitations of monolithic evaluation approaches. In the first
stage, a “Target Game” is formulated to assess the balance of benefit distribution
among operational objectives, quantified by the variance of the Shapley value. In
the second stage, a “Stakeholder Game” is established to evaluate the stability of
cooperation among stakeholder coalitions, measured by the degree of Core con-
straint violation. A final decision is then made by synthesizing these two dimen-
sions using the weighted ideal point method. The framework's effectiveness is
demonstrated through a case study on a representative two-reservoir system. The
results indicate that the proposed approach can identify a solution that, while in-
volving a calculated trade-off in power generation, yields substantial improve-
ments in both ecological conditions and flood safety. This study contributes a
structured and analytically robust methodology for selecting holistically superior
strategies in complex reservoir systems.
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1 Introduction

The coordinated operation of reservoirs in series is pivotal for the integrated manage-
ment and utilization of water resources, yet their scheduling is a notoriously complex
task[1]. In systems composed of two such reservoirs, this complexity is particularly
acute, arising from two distinct, yet intertwined, sources of conflict: (1) inter-objective
conflict, where optimizing one objective often compromises another, and (2) inter-
stakeholder conflict, involving the competing interests of different entities, such as up-
stream and downstream beneficiaries.

To address these challenges, Multi-Objective Evolutionary Algorithms, such as
NSGA-III, have been widely employed to generate a set of non-dominated solutions
known as the Pareto front. This provides decision-makers with a landscape of optimal
trade-offs. However, the “last-mile” problem of selecting a single, final solution from
this vast set remains a significant challenge. While various Multi-Criteria Decision-
Making methods have been applied[2,3], they often fail to capture the strategic interac-
tions inherent in the system[4].

Cooperative game theory offers a more sophisticated lens for this decision problem
by viewing the system as a grand coalition seeking to maximize joint benefits[5]. How-
ever, existing game-theoretic applications in reservoir operation tend to conflate the
two aforementioned types of conflict, for instance, by mixing objectives and stakehold-
ers as players in a single, oversimplified game. This can obscure the true nature of the
trade-offs and lead to solutions that are either unbalanced across objectives or unstable
among stakeholders[6]. For instance, a solution that heavily favors power generation
might appear acceptable in a monolithic game, yet our decoupled approach would re-
veal its sub-optimality by identifying both a severe lack of inter-objective balance (due
to neglecting ecology) and a high risk of inter-stakeholder instability (as downstream
users would likely reject it).To address this critical gap, this paper proposes a two-stage
cooperative game-theoretic framework that decouples these two conflicts. The primary
contribution of this study is the development of a systematic framework that models
the decision process as two sequential cooperative games. The first, a “Target Game,”
is formulated to exclusively assess the inter-objective balance of each solution using
Shapley value variance as a metric. The second, a “Stakeholder Game, ” is designed to
evaluate the inter-stakeholder stability using the Core as a solution concept. The effec-
tiveness of this dual-game framework is then demonstrated through a representative
case study of a two-reservoir system, showcasing its ability to identify a holistically
superior operational strategy.

2 Methodology

The decision-making framework proposed in this study integrates multi-objective op-
timization with a two-stage cooperative game-theoretic evaluation. It consists of three
main steps: (1) Pareto front generation and screening; (2) a two-stage game-theoretic
evaluation for balance and stability[7]; and (3) final solution synthesis.
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2.1  Pareto Solutions Generation and Screening

First, a multi-objective optimization model for cascade reservoir operation is estab-
lished, which aims to simultaneously maximize hydropower generation, minimize
flood control risk, and minimize ecological flow deviation. This model is solved using
the NSGA-III algorithm[8-10] to obtain a large set of Pareto-optimal solutions, forming
the initial Pareto front. To reduce decision complexity, a hybrid screening method is
then applied to extract a smaller, representative subset of candidate solutions. The ef-
fectiveness of this screening is quantitatively assessed using the diversity metric (A),
which measures the uniformity and spread of the solutions.

2.2 Two-Stage Cooperative Game-Theoretic Evaluation

This section details the core of the proposed framework, wherein the evaluation process
is decoupled into two sequential games. For each candidate solution, the following
analysis is performed:

Stage 1: The “Target Game” for Inter-Objective Balance. To evaluate the fair-
ness of benefit distribution among the different operational objectives, the first cooper-
ative game, termed the “Target Game,” is formulated. In this game, the players are the
M operational objectives themselves: N = {Generation, Ecology, Flood Control}. For
a given solution, the values of its objectives are first normalized to a [0,1] scale to elim-
inate dimensional differences and ensure comparability. The characteristic function
v(S) for any coalition of objectives S € N is then defined as the sum of the normalized
values of the objectives within it. The evaluation metric for balance is the variance of
the Shapley values calculated for each objective. A smaller variance indicates a more
balanced distribution of benefits.

ISI'(n

0= Tseny B [y s ufi)-v(s)] (1)

where, o; is the Shapley value of objective i; N is the set of all objectives; S is
any subset of N that does not contain i; |S| is the cardinality of subset S; n is the
total number of objectives; and v(S) is the characteristic function of the coalition S.
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where, B is the variance of the Shapley values; o;is the Shapley value of objective
i; and o; is the average of the Shapley values for all objectives.

Stage 2: The “Stakeholder Game” for Inter-Stakeholder Stability. To evaluate
the stability of cooperation among key stakeholders, the “Stakeholder Game” is formu-
lated. The players in this game are K stakeholder coalitions, formed by aggregating
objectives based on shared interests. In this study, three primary stakeholders are de-
fined: the Upstream Alliance, the Downstream Alliance, and the Flood Control Alli-
ance. The characteristic function v(S) for a stakeholder coalition S'C N' is defined as
the sum of the normalized values of the objectives associated with it. The evaluation
metric for stability is the degree of Core constraint violation (3). A smaller 6 indicates
the solution is more stable. This total violation is calculated by summing the violations
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of efficiency, individual rationality, and group rationality constraints, which are
checked against a fair payoff allocation scheme derived from the Shapley values of this
stakeholder game.

8(x) = [Xien' xi = V' (N)| + Xienr max{0,v' (@) — x;}
+ Xsen js122 max{0,v'(S) — Xies x;} (3)

where, §(x) is the degree of Core constraint violation for a given allocation x; N’
is the set of all players; S is any sub-coalition of N'; x; is the payoff allocated to
player i;and v'(S) is the value of the characteristic function for coalition S.Decision
Synthesis with Weighted Ideal Point Method

Finally, to select the best compromise solution from PF_candidate, the results from
the two game stages are synthesized. A two-dimensional decision space is formed by
the Balance Metric and the Stability Metric. The weighted ideal point method is used
to rank the solutions. The solution with the minimum weighted Euclidean distance D
to the ideal point (0, 0) is selected as the final recommended strategy.

Di:\/<wsxsi)2+<wcxci)2 “

where, D, is the comprehensive distance for scheme i; S; and C; are the normal-
ized Shapley value variance and Core constraint violation for scheme i, respectively;
w, and w, are the weights assigned to the two dimensions, representing the decision-
maker's preference, where w, +w, = 1.

3 Case Study

3.1 Study Area and Model Setup

To demonstrate the application of the proposed framework, a numerical experiment
was conducted on a representative two-reservoir system. This system consists of two
reservoirs in series: the upstream Reservoir A and the downstream Reservoir B. The
multi-objective optimization model, detailed in Section 2.1, was run for a typical im-
poundment period (72 days) under a normal inflow scenario. The initial and final water
levels were set consistent with the historical operation to ensure a fair comparison. This
process yielded an initial set of 190 Pareto-optimal solutions. After applying the hybrid
screening method, a representative set of 20 candidate solutions was obtained for the
subsequent game-theoretic evaluation.

To visualize the complexity of the trade-off landscape and the effectiveness of the
screening process, Figure 1 illustrates the initial Pareto front in the three-dimensional
objective space. It is visually evident that the initial solutions (gray dots) form a com-
plex, non-uniform surface. The 20 candidate solutions selected by our hybrid screening
method (blue triangles) are more evenly distributed across the entire front, effectively
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preserving the diversity of the solution set. This ensures that the subsequent game-the-
oretic evaluation is based on a high-quality and unbiased set of alternatives. The de-
tailed objective values for these 20 schemes are presented in Table 1.

Comparison of Solution Screening Methods in Objective Space

Discarded Solutions

Retained by Hybrid Screening (Proposed)
Retained by TOPSIS-Entropy

Ideal Point

Nadir Point
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Fig. 1. Comparison of solution screening methods in the three-dimensional objective space.

Table 1. Solutions Retained by The Hybrid Screening Method

Power Generation

Scheme ID (10°8 kWh) Ecological Deviation Flood Risk (%)
1 1.25 17.13 0.07
2 1.36 16.09 0.12
3 1.38 15.99 0.14
4 1.39 14.86 0.21
5 1.39 16.13 0.15
6 1.37 15.32 0.13
7 1.26 14.66 0.09
8 1.35 14.83 0.14
9 14 15.62 0.18
10 1.34 14.5 0.16

11 1.38 15.04 0.17
12 1.21 15.47 0.06
13 1.31 14.54 0.13
14 1.39 15.38 0.16
15 1.29 14.92 0.09
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16 1.34 15.06 0.11
17 1.24 16.93 0.06
18 1.33 15.51 0.09
19 1.35 15.64 0.1
20 1.3 15.25 0.08

3.2 Dual-Game Evaluation and Final Decision

The 20 candidate solutions were then evaluated using the two-stage game-theoretic
framework. For each solution, two key metrics were calculated: the Shapley value var-
iance to represent its inter-objective balance (a lower value is better), and the degree of
Core constraint violation (§) to represent its inter--stakeholder stability (a lower value
is better).

To synthesize these two dimensions and select a final compromise solution, the
weighted ideal point method was applied. In the absence of a priori information favor-
ing one dimension over the other, equal weights were assigned to both balance and
stability to ensure an objective and impartial evaluation. The final weighted Euclidean
distance (D) to the ideal point (0, 0) was calculated for each scheme.

The complete evaluation and ranking results are summarized in Table 2. As shown
in the table, Scheme #20 was identified as the best compromise solution, as it possesses
the minimum weighted distance (D = 0.259). This scheme represents the most superior
trade-off between achieving balance among objectives and ensuring stability among
stakeholders under an impartial preference.

Table 2. Ranking of Comprehensive Decision Outcomes via Weighted Ideal-Point Method

Scheme ID  Shapley Variance (Balance)  Core Violation (Stability) Normalized Balance

20 0.0075 0.4042 0.259
7 0.0076 0.4076 0.264
15 0.0040 0.4184 0.278
16 0.0060 0.4191 0.280
17 0.0045 0.4373 0.301
18 0.0024 0.4526 0.311
19 0.0193 0.3804 0.311
1 0.0559 0.4435 0.435

3.3  Performance Validation of the Optimal Scheme

Based on the comprehensive evaluation, Scheme #20 was identified as the best com-
promise solution. To further assess its practical value and illustrate the underlying op-
erational logic, its detailed hydrographs were compared against the historical operation
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plan. Figure 2 visualizes this comparison for both the Sanliping and Siping reservoirs
in the cascade.
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Fig. 2. Comparison of operational hydrographs for the optimal scheme (#20) and the historical
plan at (a) Reservoir A and (b) Reservoir B.
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The comparison highlights the intelligent trade-offs captured by our selected
scheme. As depicted in Figure 2, the optimal scheme demonstrates a more sophisticated
and proactive scheduling strategy. For instance, at the upstream Reservoir A (Fig. 2a),
the optimal scheme maintains a lower water level before the major flood peak, effec-
tively reserving flood control capacity. This not only significantly reduces the flood
risk but also avoids the massive water spillage that occurred in the historical plan,
thereby allowing for more efficient water utilization. Concurrently, the outflow process
under the optimal scheme is considerably smoother and consistently remains above the
ecological flow requirement (dashed green line), ensuring the ecological health of the
downstream river. A similar, coordinated operational pattern is observed at the down-
stream Reservoir B (Fig. 2b).

Furthermore, the operational hydrographs in Figure 2 provide insights into the qual-
ity and robustness of the optimal scheme. Unlike the historical plan, which exhibited
large, erratic fluctuations in both water level and outflow, Scheme #20 demonstrates a
significantly smoother and more predictable operational trajectory. This smoothness is
a key indicator of a high-quality solution, as it implies reduced stress on dam structures
and more stable downstream hydraulic conditions. Moreover, the ability of Scheme #20
to consistently maintain outflows above the ecological requirement, even while man-
aging flood peaks, demonstrates its robustness against intra-seasonal hydrological var-
iability. It is not merely a single-point optimum, but a dynamically stable strategy that
can better adapt to a range of conditions throughout the impoundment period.The quan-
titative performance comparison is detailed in Table 3. While Scheme #20 involves a
calculated sacrifice, reducing total power generation by 11.8% compared to the histor-
ical benchmark, this decision unlocks overwhelming improvements in other critical ar-
eas. Specifically, it leads to a 73.4% reduction in ecological deviation and a near-com-
plete elimination of flood risk, which plummets from 23.2% to a mere 0.08%.

This demonstrates that our framework does not simply seek optimization, but rather
a holistic rebalancing of priorities. By accepting a marginal decrease in one objective,
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Scheme #20 achieves a disproportionately large gain in overall system safety and envi-
ronmental health. Therefore, from a comprehensive perspective that values ecological
integrity and public safety alongside economic benefits, Scheme #20 represents a sig-
nificantly superior and more sustainable operational strategy.

Table 3. Performance comparison between the optimal scheme (#20) and the historical plan.

Scheme Power Generation(10"8 kWh) Ecological Deviation Flood Risk (%)
Scheme #20 1.30 15.25 0.08
Historical 1.475 57.312 23.2

4 Conclusion

This paper addressed the challenge of multi-objective decision-making for the opera-
tion of a two-reservoir system by proposing and applying a two-stage cooperative
game-theoretic framework. The framework first models the trade-offs among opera-
tional objectives as a “Target Game,” evaluated by the variance of the Shapley value.
It then models the interactions among stakeholders as a “Stakeholder Game, ” evaluated
by the degree of Core constraint violation. This approach allows for a separate assess-
ment of inter-objective balance and inter-stakeholder stability.

The framework was successfully applied to an illustrative case of a two-reservoir
system. The results indicated that the proposed methodology could effectively identify
a compromise solution (Scheme #20) from a large set of Pareto-optimal alternatives. A
comparative analysis showed that this selected scheme, while resulting in an 11.8%
decrease in power generation, led to a 73.4% reduction in ecological deviation and a
99.7% reduction in flood risk when compared to the historical operation plan.

In conclusion, this study demonstrates a method for integrating cooperative game
theory into the decision-making process for multi-objective reservoir scheduling. By
quantifying and decoupling the concepts of objective balance and stakeholder stability,
the framework provides a structured basis for evaluating and selecting operational strat-
egies.

Future work could extend this research by incorporating more complex utility func-
tions within the stakeholder game or by integrating the decision framework with real-
time forecasting systems to support adaptive operational management.
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