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AI for scien1fic discovery
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Generate hypotheses 

Design experiments (wet/dry lab)

Extract & synthesize knowledge

Recent emerging paradigm

AI as prediction engines AI as automation agents

Predict drug binding affinities 

Predict protein structures

Simulate particle interactions
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Generate hypotheses 

Design experiments (wet/dry lab)

Extract & synthesize knowledge

Recent emerging paradigm

AI as prediction engines AI as automation agents

Predict drug binding affinities 

Predict protein structures

Simulate particle interactions[Google research]
 [Sakana.ai]




AI agents for scien1fic discovery 
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[Cell]


Mostly rely on LLMs for tool use, code generation, data exploration, etc. 

‣ How to make AI agents work like human scientists? 

‣ How to measure the quality of scientific discoveries made by AI agents? 

AI agents: computer programs that can use tools, internal knowledge, and 
reasoning capabilities to conduct various tasks.

(Representative frameworks later than Popper)


A formal framework to ground the discovery process is needed
‣ This talk: some initial thoughts & explorations from a statistician’s viewpoint



Grounding AI agents for scien1fic discovery?
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Activities of AI agents can be framed as gathering 
evidence to test research hypotheses


A critical related thread: AI hypotheses generation 


Important to gauge their plausibility at scale

‣ Hypotheses generation also has hallucinations

‣ Not affordable/worthwhile pursing every generated hypothesis


Important to make the process more rigorous

‣ Reasoning process has hallucinations

‣ Open-ended exploration hard to reach confident conclusions

This talk: automating hypothesis testing with AI agents 



Hypothesis valida1on with AI agents
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Common type of “hypothesis” in the literature

How to rigorously validate free-form 
hypothesis at scale?

Challenge: Hypothesis of interest can be free-form, abstract, hard to directly test with data 
• E.g. LRRC32 is a drug target for Ulcerative colitis (UC)

Hypothesis

Pre-defined α
AI agent Reject or not

Same as classical hypothesis testing, except that it’s done by AI agents.



How does a scien1st validate a hypothesis?
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Popper: testing by falsification*
Conduct experiments

Collect data 

Analyze data

* We take Popper’s perspective on the falsification process (nature of scientific testing), but not necessarily more broadly his view of what is scientific or not.



Why falsifica1on tests?
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Lots of scientific hypotheses cannot be directly validated with data, but their implications can

‣ Hypothesis (null):  LRRC32 is not a drug target for Ulcerative colitis (UC)

‣ Implications of the null hypothesis


• LRRC32 expression should not be significantly high at UC-relevant cell types 
‣ Falsification experiment


• Null: LRRC32 expression is not high in UC cell types 
• Alternative: LRRC32 expression is high in UC cell types

Testable implications provide the opportunity to connect scientific theory to observations by comparing the 
implications (predictions) of a general hypothesis with real-world evidence (Godfrey-Smith, 2023)



Why falsifica1on tests?
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Lots of scientific hypotheses cannot be directly validated with data, but their implications can

Generate

Data

Wet-lab

Dry-lab

Statistical test P-value for testing 
an implication

Active data: New data produced 

for the experiment

Static data: existing massive hypothesis-
free database for data analysis

💡 Let agents conduct 
the falsification process!

Hypothesis Implications Experiments



Building an agent by imita1ng the falsifica1on process
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Designing a falsification experiment requires 

‣ Reasoning 


‣ Domain knowledge 


‣ Creativity 

We use an LLM as experiment design agent

• Input: the main hypothesis 


• Output: a designed experiment 

‣ Implied sub-hypothesis 


‣ The null and alternative 


‣ Experimental protocol (what data to collect/analyze)

H
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Designing a falsification experiment requires 

‣ Reasoning 


‣ Domain knowledge 


‣ Creativity 

We use an LLM as experiment design agent

• Input: the main hypothesis 


• Output: a designed experiment 

‣ Implied sub-hypothesis 


‣ The null and alternative 


‣ Experimental protocol (what data to collect/analyze)

H

Execution agent implements the experiment

‣ Data analysis 


‣ Wet-lab data collection (dream)


‣ Computer simulations

Basically, another LLM

• Input: the experimental design


• Output: p-values for testing the sub-hypothesis



Building an agent by imita1ng the falsifica1on process
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Designing a falsification experiment requires 

‣ Reasoning 


‣ Domain knowledge 


‣ Creativity 

We use an LLM as experiment design agent

• Input: the main hypothesis 


• Output: a designed experiment 

‣ Implied sub-hypothesis 


‣ The null and alternative 


‣ Experimental protocol (what data to collect/analyze)

H

Execution agent implements the experiment

‣ Data analysis 


‣ Wet-lab data collection (dream)


‣ Computer simulations

Basically, another LLM

• Input: the experimental design


• Output: p-values for testing the sub-hypothesis

Finally, want the process to continue if one round 
of falsification isn’t enough: Aggregation!



Sequen1al safe tes1ng with error control
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Want the process to continue if one round of falsification isn’t enough. Ideally, 

‣ Adaptively determine whether to continue or not 

‣ Combine diverse evidence from multiple rounds that test different sub-hypotheses

‣ Maintain statistical rigor for final output

Sequential testing with e-values! 

Benefits of e-values: 

easy to combine, flexible to construct, optional stopping, 

valid testing, interpretable as “wealth”…


E-value: non-negative random variable whose expectation 
under the null is at most 1. [Vovk and Wang, 2021]




POPPER: theore1cal framework 
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Goal: valid type-I error control  if the main null hypothesis  is true ℙ(reject) ≤ α H0

‣ Rigorous error control for scientific discovery 


‣ Quantify strength of evidence even for early-stage exploration

What is needed in the whole process to guarantee type-I error control?  

1. Implication

2. E-value validity

3. Optional stopping 

Then, aggregating the e-values in existing 
rounds leads to a valid e-value for testing 
H0



POPPER: theore1cal framework 
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sub-hypothesis  h0
i

‣ Null of the main hypothesis:

‣ LRRC32 is not a drug target for Ulcerative colitis (UC)


‣ Null of the sub-hypothesis:

‣ LRRC32 expression is not high in UC cell types

The falsification sub-hypothesis needs to be very 
relevant to the main hypothesis such that if the null of 
the main hypothesis is true, then the null of sub-
hypothesis must also be true.

1. Implication: In each round , the design agent proposes a sub-hypothesis  such that  implies 
i h0
i H0 h0

i



POPPER: sa1sfying condi1on 1
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1. Implication: In each round , the design agent proposes a sub-hypothesis  such that  implies 
i h0
i H0 h0

i

sub-hypothesis  h0
i

‣ Self-refine based prompting

Requires strong 
reasoning capabilities! 

‣ Relevance checker



POPPER: theore1cal framework 
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2. E-value validity: Let  be the data used in all rounds before , then the execution agent in round  
produces a nonnegative random variable  obeying  under the sub-null 

𝒟i i i
ei 𝔼[ei ∣ 𝒟i] ≤ 1 h0

i

sub-hypothesis  h0
i Conditionally valid ei

Satisfied if 

‣ Data is not reused


‣ With static data (fixed database), decision to use a dataset doesn’t involve the data 

‣ With active data collection, naturally true since data is collected anew


‣ Statistical analysis for getting the e-value is well executed 



POPPER: sa1sfying condi1on 2
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2. E-value validity: Let  be the data used in all rounds before , then the execution agent in round  
produces a nonnegative random variable  obeying  under the sub-null 

𝒟i i i
ei 𝔼[ei ∣ 𝒟i] ≤ 1 h0

i

sub-hypothesis  h0
i Conditionally valid ei

‣ Controlling information flow

• Meta-data only access (design agent sees only the schema, not the raw data) 
• No raw data from previous round is used in the next round

‣ Calibrate e-values from p-value (instead of directly asking for an e-value)

• We find current LLMs are good at getting valid p-values, but not at producing e-values directly 
• So we first ask the agent to compute a (conditionally valid) p-value and convert it to an e-value



POPPER: theore1cal framework 
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3. Stopping: Define aggregated e-value as . We stop if and only if  or Ei = ∏
t≤i

et i ≥ T0 Ei ≥ 1/α

The terminal e-value  obeys  under the global null , 
hence the test  controls the type-I error

Eτ 𝔼[Eτ] ≤ 1 H0
1{Eτ ≥ 1/α}

sub-hypothesis  h0
i Conditionally valid ei

Aggregated e-value Ei

Reject null H0

Continue

Ei ≥ 1/α

Ei < 1/α

1. Implication: In each round , the design agent proposes a sub-hypothesis  such that  implies 


2. E-value validity: Let  be the data used in all rounds before , then the execution agent in round  produces 
a nonnegative random variable  obeying  under the sub-null 

i h0
i H0 h0

i

𝒟i i i
ei 𝔼[ei ∣ 𝒟i] ≤ 1 h0

i



POPPER
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GRAP2 regulates IL-2

Type I error rate !

Main hypothesis

Experiment design agent

Falsification
experiment proposal

o Null sub-hypothesis
o Alternative sub-hypothesis

Experiment 
execution agent

P-value
Historical p-values <latexit sha1_base64="cveVcs3d9P8CPFWU5DFfEdaaRs8=">AAACAnicbVDLSsNAFJ3UV62vqCtxM9gKrkpS8LEsiuCygn1AE8pketMOnTycmQglBDf+ihsXirj1K9z5N07bLLT1wIXDOfdy7z1ezJlUlvVtFJaWV1bXiuuljc2t7R1zd68lo0RQaNKIR6LjEQmchdBUTHHoxAJI4HFoe6Orid9+ACFZFN6pcQxuQAYh8xklSks986ByjZ0B3GPHF4SmdpY6hMdDklV6ZtmqWlPgRWLnpIxyNHrml9OPaBJAqCgnUnZtK1ZuSoRilENWchIJMaEjMoCupiEJQLrp9IUMH2ulj/1I6AoVnqq/J1ISSDkOPN0ZEDWU895E/M/rJsq/cFMWxomCkM4W+QnHKsKTPHCfCaCKjzUhVDB9K6ZDorNQOrWSDsGef3mRtGpV+6x6elsr1y/zOIroEB2hE2Sjc1RHN6iBmoiiR/SMXtGb8WS8GO/Gx6y1YOQz++gPjM8f/P+Wjg==</latexit>

E � 1
↵

<latexit sha1_base64="BCT/jTKnV5Wr9dmv4M/p6j5JiD8=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWAruCpJwcfCRVEElxXsA5pQbqaTdujkwcxEKDELf8WNC0Xc+hvu/BunbRbaeuDC4Zx7ufceL+ZMKsv6NgpLyyura8X10sbm1vaOubvXklEiCG2SiEei44GknIW0qZjitBMLCoHHadsbXU/89gMVkkXhvRrH1A1gEDKfEVBa6pkHlRt8iR1fAEntLHWAx0PIKj2zbFWtKfAisXNSRjkaPfPL6UckCWioCAcpu7YVKzcFoRjhNCs5iaQxkBEMaFfTEAIq3XR6f4aPtdLHfiR0hQpP1d8TKQRSjgNPdwaghnLem4j/ed1E+RduysI4UTQks0V+wrGK8CQM3GeCEsXHmgARTN+KyRB0FkpHVtIh2PMvL5JWrWqfVU/vauX6VR5HER2iI3SCbHSO6ugWNVATEfSIntErejOejBfj3fiYtRaMfGYf/YHx+QNf9JUT</latexit>

E < 1
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Insufficient evidence, proceed with next falsification iteration

Sufficient 
evidence
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Observe
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Let me propose a falsification experiment: 

Initial Proposal: 
(1) Name: GRAP2 Expression Tissue Specificity Test  
(2) Test description: Test if GRAP2 is preferentially in … 
(3) Null sub-hypothesis h_0: GRAP2 levels in immune tissues …
(4) Alternative sub-hypothesis h_1: GRAP2 levels in immune …

Proposed falsification passes relevance check:
Relevance score 0.8 
Reasoning: …

Let me critique this proposal: 
Critic: 
1. Causality Check: … 2. Data Availability: … 3. Redundancy: …
Reflection: We need to revise the experiment to: …

Relevance 
checker

Self-refine

Initial 
proposal

Think: First, I need to analyze the GTEx tissue 
expression data to identify GRAP2 ...

Execute: df_gtex_tissue_gene_tpm.head()

Execute:
from scipy import stats 
# Perform Mann-Whitney U test

stat, pvalue = stats.mannwhitneyu( 
df_immune['Expression'], df_non_immune['Expression'], 
alternative='greater’)

Observe: Description      Tissue   Expression 
    ENSG00000186092  Adipose   0.045396

...... （Think -> Execute -> Observe） ......



Instan1a1on of POPPER with sta1c data
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Static data: massive atlas of hypothesis-free diverse multi-scale and multi-modal datasets


Raw database Experiment 1 

Experiment 2 

Experiment 3 

Experiment execution: python coding environment




Evalua1on domain
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‣ Target validation in biology (TargetVal):


‣ A key task in drug discovery


‣ Validating hypothesis of the form “Gene A regulates Phenotype B”


‣ Ground truth: expensive CRISPR experiment


‣ Discovery Bench: 86 non-null hypotheses mined from literature with paired data

‣ Sociology, biology, humanities, economics, engineering, and meta-science


‣ “From 1700 BCE onwards, the use of hatchets and swords increased while the use of daggers decreased”



Curated sta1c database for biology
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Typical biostatisticians work with a few datasets 
only; the agent can perform joint analysis across 
massive datasets from different modalities and 
sub-fields of biology.

This is a difficult task that requires expertise and 
familiarity with many cross-disciplinary skills.

We curated a database of 85 million 
observations (rows) across 22 
sources in biology for our experiment. 



A real example

17



A real example, con1nued
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A real example, con1nued
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A real example, con1nued
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A real example, con1nued
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A real example, con1nued
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A real example, con1nued
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POPPER achieves type-I error control & improved power

19

‣ Evaluating type-I error


‣ Randomly permute relevant columns in the databases so all hypotheses are null


‣ Evaluating power

‣ Use the original database, but test on hypotheses known to be non-null

Methods using LLM 
capabilities without the 
“statistical layer”

Methods using other 
aggregation of p-values / 
construction of e-values

‣ Safe testing and versatile p-to-e calibration is key to error control



POPPER achieves type-I error control & improved power
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Compared to NoReleCheck  
 relevant checker is a key factor in controlling type-I error (assumption 1)↝

Compared to CodeGen  
 reasoning in execution agent improves power↝



POPPER with various LLM backbones
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‣ The success of POPPER relies heavily on the reasoning capabilities of LLMs

• Need to create correct implied sub-hypotheses  
• Need to generate reasonable experimental designs  
• Need to coherently generate code (tool use) 
• Need to faithfully execute the experimental plan without hallucinations



Comparing POPPER with human experts
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‣ We recruited 9 >= graduate-level participants to conduct 2 hypothesis testing tasks from 
TargetVal-IL2, with access to the same databases (18 tasks are randomly assigned)



Comparing POPPER with human experts

22

Type I error estimation
Popper
Human

Popper
Human

Power estimation

9.7X

Falsification experiment types
Popper Human

32

1

Expression
Correlation

Interaction 
Network

eQTL

Genetic 
association 
enrichment

Variant 
overlap

LoF test

3.6X 2.5X

11.1%

22.2%

66.7%

66.7%

ANOVA

Statistical test types

5
Burden
Fisher’s

HyperGeo
M-W U test

SKAT

1

5
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Trajectory analysis
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Types of tests conducted

Actions taken in various steps 
in each round of falsification



Trajectory analysis
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Specific statistical tests used in each round

‣ POPPER prefers nonparametric tests

4
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3
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threshold

POPPER accumulates evidence for true hypotheses 
while maintaining validity for null hypotheses 

‣ Can be conservative due to the use of e-values



When does POPPER fail to execute an experiment?
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Summary
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‣ POPPER is an agentic framework to validate a free-form hypothesis

‣ Convert the main hypothesis to various implied, testable sub-hypotheses 

‣ Accumulate evidence from rounds of experiments to falsify the main hypothesis 

‣ E-value and sequential safe testing allows adaptive continuation of the process

‣ Unleashing the power of LLMs while maintaining statistical rigor 

‣ A “minimal” statistical framework to regulate scientific discovery by LLM agents 

‣ Safely exploit the encoded knowledge and reasoning abilities of LLM agents

‣ Limitations and future works 

‣ Relies on strong reasoning capabilities: errors are hard to detect & avoid due to randomness in generative AI 

‣ Need several tricks to make sure assumptions are satisfied (relevance checker, self reflection, etc.) 

‣ Other guarantees beyond type-I error (ongoing POPPER-v2)
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