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ABSTRACT

Generating novel scientific hypotheses and designing experiments often requires
deep domain expertise and substantial time investment. This paper proposes a
meta-learning framework to accelerate hypothesis generation and experimental
design using agentic Al systems. The approach trains Al agents to learn across
diverse scientific domains (e.g., materials science, drug discovery, physics simula-
tions), enabling quick adaptation to new research problems with minimal labeled
data. Specifically, a few-shot learning mechanism facilitates rapid domain trans-
fer, while a reinforcement learning (RL) engine autonomously refines experimen-
tal parameters under resource constraints. Experimental results show up to 40%
reduction in design iterations and 25% faster convergence on valid hypothe-
ses, statistically validated with p j 0.05. These findings highlight the potential of
meta-learning to expedite scientific discovery, reduce trial-and-error, and improve
overall research efficiency.

1 INTRODUCTION

Scientific progress hinges on efficient generation and evaluation of hypotheses, followed by exper-
imental validation. Conventional approaches typically rely on domain experts to propose theories,
run feasibility checks, and refine experiments (1;2). However, as scientific datasets grow in size and
complexity, manual approaches can become time-consuming and may overlook subtle insights.

Agentic Al systems present an opportunity to automate aspects of the discovery workflow. Yet, do-
main shift—where each new research area requires unique assumptions—poses a critical challenge
(35 14). Meta-learning, which learns to learn across tasks, can deliver the flexibility to handle novel
scientific domains with minimal labeled data (5).

1.1 PROBLEM STATEMENT
Traditional AI methods in scientific discovery often:

* Require large, domain-specific labeled datasets, which are laborious to gather.
» Lack adaptability to emerging research fields or interdisciplinary questions.

* Provide limited support for experimental design, focusing primarily on static data analy-
sis.

This paper proposes a meta-learning framework aimed at hypothesis generation and experimen-
tal design in scientific domains. By integrating few-shot learning and reinforcement learning, the
system pursues:

1. Quick adaptation to new problems from minimal labeled data.
2. Autonomous hypothesis formulation and resource feasibility checks.

3. Iterative refinement of experiments, balancing cost, data quality, and success likelihood.
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2 INDUSTRY APPLICATIONS
* Materials Science: Screening candidate compounds or alloys, with Al suggesting doping
strategies or mixture ratios.

* Drug Discovery: Generating plausible biochemical hypotheses for disease targets, along-
side early-stage in-vitro experiment designs.

* Physics Simulations: Automated parameter tuning for fluid dynamics or climate models
to validate new theories rapidly.

» Agricultural Research: Proposing crop breeding experiments under different soils or cli-
mates with minimal pilot data.

* Automated Chemistry Labs: Robotic systems adapting compound synthesis protocols
based on intermediate results.

3 RELATED WORK

Al-driven tools for scientific discovery typically focus on pattern detection or retrospective analytics
(6; [7; 18)). Recent solutions utilize reinforcement learning for experiment planning, though typically
for a single domain (9; [10). Meanwhile, meta-learning (i.e., learning to learn) (55 [11} [12)) has
advanced in few-shot classification or RL-based control, but less so in domain-shifted scientific
tasks. Several projects explore agentic Al or automated labs (135 [14; [15), often lacking a meta-
learning perspective to generalize across multiple scientific areas.

4 METHODOLOGY

4.1 SYSTEM ARCHITECTURE
Figure[I| summarizes the pipeline:

* Meta-Learning Engine: Learns a shared initialization from various tasks (materials, drug
discovery, physics).

* Few-Shot Adapter: Leverages 5-20 labeled examples from a new domain to refine the
hypothesis generation module.

» Experimental Design RL: Interacts with a simulation or semi-automated lab environment,
adjusting experiment parameters (temperature, dosage, etc.).

* Feasibility Estimator: Checks resource usage, success probability, and data quality to
guide or prune experiments.
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Figure 1: Meta-Learning Framework for Hypothesis Generation and Experimental Design.

4.2 META-LEARNING COMPONENT

Meta-Training Datasets: Aggregate tasks across scientific domains, each reflecting a different
property prediction or classification (e.g., alloy conductivity, drug-likeness) (16; [17).

Few-Shot Adaptation:

* Inner Loop: Fine-tune parameters using 5-20 labeled samples from the new domain.

* Outer Loop: Optimize the meta-initialization so the system converges quickly on new
tasks (5 [11).
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4.3 HYPOTHESIS GENERATION

A generative model (e.g., attention-based) proposes hypotheses, such as “Compound X with doping
Y improves property Z by A%.” The Feasibility Estimator checks resource constraints (cost, lab
time) to prioritize feasible hypotheses (18).

4.4 EXPERIMENTAL DESIGN VIA RL
An RL agent runs in a feedback loop with the environment:

* State: Hypothesis, partial results, resource availability.
* Action: Modify experiment settings (temperature, concentration).

* Reward: Balances data quality, success probability, resource costs (9;[19).

This iterative process prunes unpromising experiments, refines parameters, and seeks to converge
on valid scientific findings with fewer trials.

5 EXPERIMENTAL SETUP

5.1 DOMAINS AND TASKS

* Materials Science: Predict doping impact on conductivity or hardness, validated via open-
source property data (175 20).

* Drug Discovery: Identify candidate molecules for a specific protein binding test. Use
partial in-silico screening for immediate RL feedback (10).

* Physics Simulation: Calibrate model parameters (boundary conditions, fluid viscosity) to
match known observational data (15)).

5.2 BASELINES
* No Meta-Learning: Each domain model trained from scratch, requiring large labeled sets.
* Static Protocols: Fixed experimental procedures lacking iterative refinement.
* Single-Domain RL: Specialized RL approach ignoring cross-domain generalization.

6 RESULTS & DISCUSSION

6.1 PERFORMANCE METRICS

Table 1| summarizes reduction in design iterations and convergence time across 5 repeated runs:

Table 1: Multi-Domain Performance (5-Run Averages)

Method Design Iteration

Reduction Convergence Time

(hours) Domains Covered

No Meta-Learning 15% 12 Single
Static Protocols 18% 10 Single
Single-Domain RL 25% 8 Single
Meta-Learning + RL (Proposed) 40 % 6  Multiple

Cross-Domain Adaptation: The meta-initialized system consistently outperforms single-domain
alternatives in new tasks, confirming robust domain transfer. Iteration Reduction: Up to 40%
fewer experiment trials. The method prunes irrelevant hypotheses or conditions promptly. Time
Savings: Convergence time improved by ~ 25%, validated with p ; 0.05.
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6.2 THEORETICAL GROUNDING

Although our empirical results are promising, the theoretical foundation behind integrating meta-
learning and RL in this manner remains an ongoing topic of research. Future work could explore for-
mal derivations of convergence guarantees under assumptions like limited domain shift or bounded
resource constraints, building upon frameworks in multi-task RL (11)) and Bayesian meta-learning
approaches.

6.3 ABLATION STUDY AND FAILURE CASES

The ablation study indicates that removing either the Few-Shot Adapter or Experimental Design
RL individually increased iteration counts by 15-20%, underscoring the synergy between fast do-
main adaptation and iterative experiment optimization. However, the study could be stronger
by dissecting specific failure cases—particularly in highly novel or unseen domains where meta-
initialization is less effective. Additional experiments could examine exactly when the system di-
verges or suggests invalid hypotheses.

6.4 COMPARISON TO RECENT SOTA APPROACHES

Our baselines include single-domain RL and static protocols, but there are newer multi-task RL or
Bayesian optimization frameworks for experimental design we have not benchmarked against (19}
10). Incorporating these state-of-the-art (SOTA) methods (e.g., advanced Bayesian optimization for
lab experiments) would further validate how our meta-learning approach fares in more competitive
settings.

6.5 LIMITATIONS

* Limited Theoretical Grounding: While empirical results are compelling, a more formal
derivation of meta-learning and RL integration would strengthen the framework’s founda-
tions.

* Experimental Realism: Our setup uses simulations that may not fully capture real-world
noise, safety protocols, or physical constraints in labs. Ensuring these complexities are
modeled or validated is essential for practical deployment.

» Ablation and Failure Cases: Although we provide an ablation study, a deeper exami-
nation of failure modes in highly novel domains would yield clearer insights into system
boundaries.

* Benchmarking Against SOTA: The current comparison with baselines is informative, but
testing against cutting-edge multi-task RL or Bayesian optimization methods could offer a
more rigorous performance assessment.

* Human Oversight: Experts must validate high-stakes experiments (e.g., biosafety, expen-
sive materials), as the Al might generate risky proposals.

7 CONCLUSION AND FUTURE WORK

This paper introduces a meta-learning strategy for scientific hypothesis generation and experimen-
tal design, combining few-shot learning with reinforcement-driven experiment refinement. Evalua-
tions in materials science, drug discovery, and physics simulations show fewer design iterations and
faster convergence compared to single-domain baselines. Future avenues include:

* Human-in-the-Loop Collaboration: Integrating domain experts for interpretability and
final decision checks.

* Federated Meta-Learning: Collaborative labs exchanging model updates without disclos-
ing raw data.

* Uncertainty Estimation: Accounting for unknown unknowns or domain leaps in highly
novel science.



Under review as a conference paper at ICLR 2025

* Deeper Theoretical Analysis: Formalizing conditions under which meta-learning + RL
converges reliably for diverse domains.

» Expanded Benchmarking: Evaluating performance against advanced Bayesian optimiza-
tion or multi-task RL approaches in experiment design.

Overall, agentic AI can accelerate discovery, reduce experimental trial-and-error, and enhance sci-
entific innovation under resource constraints.
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A APPENDIX: ADDITIONAL EXPERIMENT DETAILS

Hyperparameter Tuning. For the meta-learning engine, a three-layer feedforward network was
used as the embedding backbone. Learning rate was set to 1 x 10~ with Adam optimization. For
the RL agent, a policy gradient approach was implemented with v = 0.95 and mini-batches of size
32. Early stopping was triggered if validation performance plateaued for 10 epochs.

Expanded Domain-Specific Insights.

* Materials Science: Alloy doping tasks primarily used data on conductivity changes. The
RL agent learned to sequence doping increments cost-effectively, refining doping parame-
ters with minimal trials.

* Drug Discovery: Partial in-silico screening acted as a reward signal for RL, enabling real-
time updates to the experimental protocol. This approach significantly reduced the number
of wet-lab trials.

* Physics Simulation: The system adjusted boundary conditions in fluid simulations, guided
by observational data (e.g., from climate or hydrodynamic experiments), to converge on
parameter sets matching real phenomena.

Robustness to Missing Data. Real labs often confront missing sensor logs or partial anomalies.
The few-shot adapter proved resilient in transferring prior knowledge, though extreme cases (e.g.,
80% missing data) still required additional domain-specific heuristics.

Future Directions. Potential expansions include:

* Uncertainty Estimation: Incorporating Bayesian or ensemble methods to quantify relia-
bility in hypothesis generation.

» Safe RL: Integrating constraints for safety-critical domains (biosafety, nuclear facilities).

* Further SOTA Benchmarks: Comparing against advanced multi-objective Bayesian op-
timization frameworks for lab experimentation.
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