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There Is More Raw Information Than One Can Consume

I want to learn about “Sustainability” in-depth.
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Search Engines / 
IR Systems

Search Click

Read

Inefficient!



There Is More Raw Information Than One Can Consume

I want to learn about “Sustainability” in-depth.
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Chatting with Large 
Language Models (LLMs)

Hard to 
verify!



There Is More Raw Information Than One Can Consume

I want to learn about “Sustainability” in-depth.
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Commercial Generative 
Search Engines

Limited depth 
and breadth!

It’s hard to ask 
questions about 
something we 
don’t know.



There Is More Raw Information Than One Can Consume

I want to learn about “Sustainability” in-depth.
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Discover a well-organized 
article/report!



There Is More Raw Information Than One Can Consume
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I want to learn about “Sustainability of Large Language Models” in-depth.

There are thousands of topics on 
en.wikipedia.org/wiki/Wikipedia:Requested_articles!

https://en.wikipedia.org/wiki/Wikipedia:Requested_articles


This Work: 
Study How To Generate Wikipedia-like Articles From Scratch

Generating grounded, long-form articles in open domains is challenging.
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Domain
Sauper and Barzilay (2009) Two

Fan and Gardent (2022) One

Different domains emphsize 
different aspects.



This Work: 
Study How To Generate Wikipedia-like Articles From Scratch

Generating grounded, long-form articles in open domains is challenging.
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Domain Given Refs?
Sauper and Barzilay (2009) Two No

Fan and Gardent (2022) One No

Liu et al. (2018) All Yes

Balepur et al. (2023) One Yes

Different domains emphsize 
different aspects.

Collecting references requires 
literature research.



This Work: 
Study How To Generate Wikipedia-like Articles From Scratch

Generating grounded, long-form articles in open domains is challenging.
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Domain Given Refs? Scope
Sauper and Barzilay (2009) Two No Full article

Fan and Gardent (2022) One No Full article

Liu et al. (2018) All Yes One para.

Balepur et al. (2023) One Yes One para.

Qian et al. (2023) All No One para.

Different domains emphsize 
different aspects.

Collecting references requires 
literature research.

Generating long grounded 
articles is hard.



This Work: 
Study How To Generate Wikipedia-like Articles From Scratch

We tackle these challenges with STORM, an LLM-powered knowledge 
curation system.
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Domain Given Refs? Scope
Sauper and Barzilay (2009) Two No Full article

Fan and Gardent (2022) One No Full article

Liu et al. (2018) All Yes One para.

Balepur et al. (2023) One Yes One para.

Qian et al. (2023) All No One para.

Our work All No Full article

Different domains emphsize 
different aspects.

Collecting references requires 
literature research.

Generating long grounded 
articles is hard.



Learning From The Human Writing Process

How do humans write?
• Rohman, 1965: Pre-Writing the Stage of Discovery in the Writing Process

How do humans discover new information?

• Booth et al., 2003: The Craft of Research
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“It is crucial to the success of any writing that occurs later, and it is seldom given the 
attention it consequently deserves.”

“Chapter Ⅱ: Asking Questions, Finding Answers”
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Our System

The Future of Work

STORM:
Synthesis of Topic Outlines 
through Retrieval and 
Multi-perspective Question Asking



Breaking Down The Challenging Task
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Topic 𝒕 Full-length 
Article 𝒮



Breaking Down The Challenging Task
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Topic 𝒕

References ℛ

Outline 𝒪

Full-length 
Article 𝒮

Pre-writing

The pre-writing task:
Give a topic 𝑡, the pre-writing task is to find a set of references ℛ, and create an 
outline 𝒪, which is defined as a list of multi-level section headings, to organize ℛ.



Breaking Down The Challenging Task
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Topic 𝒕

References ℛ

Outline 𝒪

Full-length 
Article 𝒮

Pre-writing

Intruduce outline coverage metrics as a proxy of the pre-writing stage quality.
Given a human-written Wikipedia article on topic 𝑡,
• Heading soft recall

Compare the sentence-BERT embeddings of headings in 𝒪 and the human-written article.

• Heading entity recall
The percentage of named entities in the human-written article headings covered by 𝒪.



Breaking Down The Challenging Task
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Topic 𝒕

References ℛ

Outline 𝒪

Full-length 
Article 𝒮

Pre-writing Writing

The writing task:
Generate a full-length article 𝒮 based on 𝑡, ℛ, 𝒪.



Focusing On The Pre-writing Stage

Directly prompting LLMs to generate questions often results in questions that lack 
breadth and depth.

Research Question:
How to instruct LLM to ask good questions to research 𝑡?
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Topic 𝒕

References ℛ

Outline 𝒪

Full-length 
Article 𝒮

Pre-writing Writing

Literature Research via Question Asking



Perspective-Guided Question Asking

Inspiration: Freeman’s stakeholder theory in business

• Different stakeholders come with different backgrounds.

• They care about different aspects of the same topic.
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→ Adding perspectives provides LLM with prior knowledge.

→ Adding perspectives steers LLM generations to different directions.



Perspective-Guided Question Asking

STORM reads Wikipedia articles about related topics before 
searching any information about 𝑡.
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Related Articles

Topic
② Identify 

Perspectives

𝒫

① Survey 
Related Topics



Perspective-Guided Question Asking

STORM reads Wikipedia articles about related topics before 
searching any information about 𝑡.
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Related Articles

Sustainability

① Survey 
Related Topics

② Identify 
Perspectives

𝒫

E.g., wiki/Sustainable_development;
wiki/Corporate_social_responsibility

E.g., Social scientist – This editor 
will bring in a social perspective, 
focusing on topics such as social 
sustainability, cultural 
sustainability, and the role of 
nongovermental stakeholders in 
promoting sustainability.



Simulating Conversations To Allow Follow-up Questions

Some in-depth questions arise only after reading the information gathered.
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Q: Can you provide me with a list of the participating 
countries in the 2022 Winter Olympics opening ceremony?

Q: How is the order of participating countries in the 2022 
Winter Olympics opening ceremony determined?

A: The 2022 Winter Olympics featured a diverse group of 
countries participating in the opening ceremony. These 
included … Athletes from over 90 countries will enter the 
stadium in a specific order.

Question

Answer③ Read & Ask

Expert

④ Split Queries

⑤ Search & Filter

⑥ Synthesize

Wikipedia 
Writer



Putting Things Together
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Related Articles

Topic !

① Survey

② Identify 
Perspectives

Draft Outline "!
⑦ Direct Generate

References ℛ

Question $

Answer %

Wikipedia 
Writer

③ Read & Ask

Expert

④ Split Queries

⑤ Search & Sift

⑥ Synthesize

Add Specific Perspective

Outline "

Gather 

Conversations {'", … , '#}
⑧ Refine

+

Add Trusted 
Sources



Putting Things Together
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Watch the demo video ☛



Automatic Evaluation

FreshWiki Dataset (n=100)
• We seek out recent, high-quality Wikipedia articles that were created 

(or very heavily edited) after the training cutoff of the LLMs we test.
• Our process can be repeated at future dates when new LLMs emerge.

Two-stage Evaluation
• Evaluate the outline quality to assess the pre-writing stage.

heading soft recall, heading entity recall

• Evaluate the quality of the full-length article.
ROUGE scores, entity recall, rubric gradings with Prometheus model

24



Automatic Evaluation – Outline Quality
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Automatic Evaluation – Outline Quality
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Automatic Evaluation – Article Quality
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STORM outperforms baselines across ALL automatic metrics.



Wikipedia Editor Evaluation

Experienced Wikipedia editors favor articles produced by STORM.
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≥ 4 Rate
(1-7 Scale)

Interest 
Level Organization Relevance Coverage Verifiability

oRAG 57.5% 45.0% 62.5% 57.5% 67.5%
STORM 70.0% 70.0% 65.0% 67.5% 67.5%



Wikipedia Editor Evaluation

All the participants found STORM useful for their pre-writing stage.
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I think it can be specifically 
helpful for my pre-writing stage.

I think it will help me edit a 
Wikipedia article for a new topic.

I think it can be a potentially useful 
tool for the Wikipedia community.

Strongly AgreeSomewhat AgreeSomewhat DisagreeStrongly Disagree

30%50%20%

30%70%

10%60%20%10%

Neutral



Thank you!
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Email: shaoyj@stanford.edu
Website: https://cs.stanford.edu/~shaoyj/
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