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ABSTRACT

This paper introduces a game-theoretic multi-agent Al framework where au-
tonomous Al agents negotiate and refine hypotheses in either a cooperative or
competitive scientific environment. By leveraging tools from Nash equilibrium
analysis and cooperative game theory, agents can independently validate scien-
tific hypotheses, manage shared computational resources, and optimize discovery
pathways. Experimental results in climate modeling, astrophysics, and biomedi-
cal research show that this agentic Al approach significantly accelerates scien-
tific exploration while providing robust conflict resolution among heterogeneous
domain tasks. Our findings highlight both the theoretical foundations of multi-
agent negotiation for scientific hypothesis generation and the practical potential
to transform decentralized scientific collaborations.

1 INTRODUCTION

Scientific discovery frequently involves multiple teams, each with unique data constraints, method-
ologies, and high-level objectives. Traditional Al-based scientific workflows often rely on single-
agent optimization, risking overlooked cross-domain conflicts or synergy (1). For instance, two as-
trophysics labs might both request prime telescope time, or multiple HPC-based sub-models might
saturate computational queues in a climate study.

Game-theoretic approaches offer a principled method to model interactions as negotiations among
self-interested or cooperative agents (2). By mapping resource usage, experiment scheduling, or
hypothesis validation to strategic choices with payoffs, equilibrium concepts can help balance agent
autonomy. Meanwhile, agentic AI systems emphasize each agent’s capacity to propose and refine
hypotheses with minimal central oversight (3} 4).

1.1 PROBLEM STATEMENT
Despite interest in multi-agent Al for scientific research, existing frameworks often lack:

* Explicit conflict modeling: HPC usage, lab time, or observation windows can create re-
source contention unaddressed by single-agent RL.

* Scalable resolution: Large multi-lab collaborations require approximate or hierarchical
game solutions.

* Flexible outcome concepts: Agents may behave competitively (Nash) or adopt cost-
sharing (cooperative game theory), which single-agent designs rarely unify.

We propose a game-theoretic multi-agent Al system that toggles between Nash equilibrium and
cooperative bargaining for hypothesis generation and resource allocation. Our system reduces
domain conflicts, fosters synergy, and yields stable outcomes respecting each agent’s local incen-
tives.

2 INDUSTRY APPLICATIONS

Climate Modeling: Agents representing sub-models (land, atmosphere, ocean) can coordinate HPC
usage for integrated runs or compete if synergy is low (5). Astrophysics: Multiple telescope net-
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works negotiate prime observation slots or unify coverage for cosmic phenomena, balancing HPC
post-processing (6). Biomedical Research: Drug discovery or gene-editing labs share HPC-based
molecular docking; game theory resolves conflicts over HPC queues while leveraging synergy from
shared data (7). Cross-Institution HPC Collaboration: Multi-lab HPC scheduling with side pay-
ments or cooperative cost-sharing for urgent tasks, ensuring fair resource distribution.

3 RELATED WORK

Multi-agent RL has advanced in resource allocation, sensor networks, or collaborative robotics
(8; 19 110), but seldom uses game-theoretic equilibrium or bargaining for scientific tasks (11).
Meanwhile, agentic Al often implies autonomous hypothesis-driven systems (3} 14), lacking formal
conflict resolution. Cooperative game theory addresses synergy-based cost-sharing, but real sci-
entific labs might have partial or ephemeral alliances (12). Our approach merges game-theoretic
negotiation with domain synergy, bridging conflicts and agent autonomy (2).

4 METHODOLOGY

This section describes our game-theoretic multi-agent architecture, focusing on how each scientific
agent models local utility, synergy, and resource usage. Then we detail toggling between Nash
equilibrium and cooperative bargaining to reflect competitive or collaborative research modes.

4.1 HIGH-LEVEL SYSTEM OVERVIEW

Figure [T] illustrates the multi-agent environment. Agents from climate, astrophysics, or biomedical
labs each propose hypotheses or HPC usage requests. A game solver determines stable outcomes
based on synergy or cost-sharing opportunities.

4.2 GAME-THEORETIC DECISION FLOW

We next show how agents dynamically switch between Nash Equilibrium and Cooperative Bar-
gaining modes, triggered by synergy thresholds or domain policies.

4.2.1 NASH EQUILIBRIUM (NE)

* Agents treat each other’s strategies as fixed, seeking to maximize local utility.
* An NE is stable: no agent unilaterally benefits by deviating. HPC usage or telescope

scheduling might reflect each agent’s best response (135 [14)).

4.2.2 COOPERATIVE BARGAINING (CB)

* Agents coordinate to maximize joint payoffs (total scientific yield), then split gains using
cost-sharing or side-payments (15)).

* Particularly helpful when synergy across labs is high (e.g., co-analyzing gene-editing data).

Our system toggles these solutions per synergy threshold: if synergy surpasses «, we attempt a
cooperative approach; else default to NE-based competition.

4.3 EXPERIMENTAL WORKFLOW

Figure 3| outlines how agents interact with HPC clusters, telescopes, or labs. Each agent provides
local data (utility, synergy), which the solver uses to finalize resource allocations or experiment
sequences.
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Figure 1: High-Level Overview: Agents representing different scientific domains negotiate HPC
usage, synergy, or instrumentation.

Figure 2: Game-Theoretic Decision Flow. Agents evaluate synergy; below threshold, they adopt
NE; otherwise, cooperative bargaining.

5 EXPERIMENTAL SETUP

5.1 DOMAINS AND BASELINES

Climate Domain: 3 sub-models (atmosphere, ocean, land) (I7). HPC-limited runs for short-term
extremes. Astrophysics Domain: 2 telescope arrays scheduling prime slots (18). Biomedical
Domain: 3 Al labs investigating gene-editing or compound docking, partially overlapping HPC
usage (7).

Baseline methods:

 Single-Agent RL: A single manager lumps all tasks.
* Static Scheduling: HPC usage or instrument time pre-assigned.

* Hierarchical Manager: One supervisor distributing tasks, ignoring synergy or direct ne-
gotiation.
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5.2 IMPLEMENTATION DETAILS

Solver Algorithms: Weighted iterative best-response for NE, plus a cost-sharing approach for
synergy-based tasks (145 [15). Synergy Matrices: Each domain pair has synergy s;;, indicating
co-analysis advantage (e.g., co-located HPC tasks reduce overhead). Stopping Criteria: 30 steps
or < 1% HPC usage change across all agents (9; [16).

6 RESULTS & DISCUSSION

6.1 COMPARISON METRICS

* Resource Utilization: HPC usage, instrument usage rates.

* Hypothesis Yield: Number or impact of validated hypotheses (e.g., a 2% forecast improve-
ment).

¢ Equilibrium Stability: Post-solution changes in agent strategies.

* Solve Time: Negotiation overhead (seconds/minutes).

6.2 PERFORMANCE ANALYSIS

Table 1: Performance (Averaged over 5 runs) Across Multi-Agent Domains

Method HPC Usage Validated Hypotheses  Stability ~ Solve Time
Single-Agent RL 72% 15 Medium 13 min
Static Scheduling 68% 13 High 10 min
Hierarchical Mgr 75% 16 Med 12 min
Game-Theoretic (Ours) 86 % 20 High 15 min

Resource Efficiency: Our game-theoretic approach yields HPC usage of 86%, surpassing single-
agent (72%) or hierarchical (75%). Agents leverage synergy or side payments rather than competing
blindly (10).

Hypothesis Discovery: 25% more validated or refined hypotheses, attributed to cooperative syn-
ergy especially in climate sub-model integration and astrophysics scheduling.

Equilibrium Stability vs. Overhead: Fewer post-solution changes (High stability) means solutions
seldom require re-negotiation. Solve time is slightly higher (15 vs. 10-12 min), but synergy gains
offset overhead.

6.3 LIMITATIONS AND FUTURE WORK

* Complex Game Solvers: Large multi-agent NE or co-op solutions can be computationally
heavy. Hierarchical or approximate solutions reduce run time but may lose optimality (16)).

* Domain Realism: Real labs face staff schedules, hardware failures, or uncertain synergy.
Incorporating dynamic, uncertain payoffs is an open challenge.

* Theoretical Guarantees: While classical game theory underpins this approach, synergy-
based partial best-response lacks a formal global convergence proof (9).

* Scaling to 50+ Agents: Communication overhead might balloon. Future designs could
adopt multi-level negotiations or advanced multi-agent RL frameworks.

* Comparisons to SOTA: Additional benchmarks vs. advanced multi-agent RL or partial
observable scheduling could highlight pros/cons of game-theoretic solutions.

7 CONCLUSION

We proposed a game-theoretic multi-agent Al system for scientific discovery, modeling resource
conflicts, synergy, and negotiation among domain-focused agents. By toggling between Nash equi-
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librium and cooperative bargaining, the framework resolves HPC usage disputes, schedules ex-
periments, and fosters synergy in climate, astrophysics, and biomedical tasks. Empirical results
show improved HPC usage (up to 86%) and a 25% boost in validated hypotheses. Future research
includes more scalable game solvers, synergy modeling under uncertain data, and bridging human
experts for safety-critical or ethically sensitive tasks.
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A APPENDIX: ADDITIONAL EXPERIMENT DETAILS

A.1 HYPERPARAMETERS AND SOLVER SETTINGS

* Nash vs. Cooperative Solver: Weighted Tikhonov-regularized iterative best-response for
NE; for cooperative bargaining, a Shapley-based surplus allocation (15)).

* Domain-Specific Models: - Climate sub-model uses a partial PDE solver with 0.5-degree
resolution. - Astrophysics tasks revolve around telescope scheduling heuristics. - Biomedi-
cal tasks rely on gene-editing success estimators or molecular docking RL.

* Stopping Criteria: - Up to 30 negotiation rounds or equilibrium utility changes below
1%. - Cooperative negotiations allow 5 extra side-payment steps if synergy triggers cost-
sharing.

A.2 EXTENDED RESULTS AND OBSERVATIONS

Computational Overhead: On a 32-CPU cluster, each NE or cooperative solve (6-8 agents) took
20-30 seconds. For 10+ agents, we observed 2—5 minutes. A hierarchical approach (e.g., climate
vs. astro vs. bio subgames) mitigates growth (16)).

Failure Cases in Real Labs: If synergy is misestimated or an agent drops offline, negotiations
freeze. Letting offline agents rejoin from a saved partial solution helps continuity. Uncertain synergy
remains an open problem: real synergy might differ from the agent’s guess.

Human Oversight & Ethics: In pilot demos, domain experts occasionally overrode equilibrium so-
lutions for urgent HPC tasks or safety concerns in gene-editing. A new negotiation round readjusted
resource splits accordingly, showing the system can accommodate partial manual interventions.
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Figure 3: Experimental Workflow. Agents pass synergy/cost/utility data to the game solver, which
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