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Before Lean, there was Z3

Z3 is a state-of-the-art SMT solver.



In the SMT world, “Logic is calculus of computer science”



Before Lean, there was Z3

Z3 powered bug-finding pipelines like Microsoft's SAGE fuzzing tool caught thousands of defects.

Patrice Godefroid, SAGE’s architect  

https://patricegodefroid.github.io/public_psfiles/cacm2012.pdf


Z3’s impact

Z3 is used by many research groups and big-tech companies. 

Z3’s paper has more than 12,000 citations, and “most influential systems paper in the first 20 years of TACAS”

Ships with many other popular systems: Isabelle, SLAM/SDV, Visual Studio.

Received the Programming Languages Software Award from ACM SIGPLAN in 2015.

Note: I met Jeremy Avigad in 2007, when I taught a lecture in 
Ed Clark’s course about SAT/SMT. The technology behind Z3.



Z3’s limitations

Z3 is also also used in software verification tools: Dafny, Verus, F*, VCC, ESC/Java 2, etc.

Users annotate programs with contracts, invariants, preconditions, etc.

Program logic: Dijkstra’s weakest precondition.

Verification condition generator converts annotations into Z3 queries.

Z3 input contains many universal quantifiers.



Z3’s limitations

Z3 is also also used in software verification tools: Dafny, Verus, F*, VCC, ESC/Java 2, etc.

Users annotate programs with contracts, invariants, preconditions, etc.

Program logic: Dijkstra’s weakest precondition.

Verification condition generator converts annotations into Z3 queries.

Main problems:

• Proof instability

• Proof opaqueness

• Scalability issues



Lean is an open-source programming language and proof assistant that is transforming how we 
approach mathematics, software verification, and AI.

The Lean project, started in 2013, aimed at merging interactive and automated theorem proving.

Lean provides machine-checkable proofs.



A small example



A small example
Mathlib is the Lean Mathematical library



A small example

Definition of an odd number



Our first theorem

Theorem statement, i.e., the claim being made



Our first theorem

A proof



Our first theorem

An incorrect proof



Theorem proving in Lean is an interactive game

The “game board”

“You have written my favorite computer game”, Kevin Buzzard



Theorem proving in Lean is an interactive game

A “game move”, aka “tactic”



Theorem proving in Lean is an interactive game

The “game move” simp, the simplifier, is one of the most popular moves in our game



Theorem proving in Lean is an interactive game

We complete this level using linarith, the linear arithmetic, move



Lean beginnings
Soonho Kong and I started coding in the Fall of 2013

Platform for

• Software verification

• Formalized Mathematics

• Domain specific languages 

First user after a few months: Jeremy Avigad (CMU)

Acknowledgement: Many thanks to Jeremy Avigad for digging up old messages between us.

Jeremy in July 2013: Is there a story behind the name "Lean"?
Me: I want it to be smaller and simpler than Z3.
Z3 is too big and has a lot of unnecessary optimizations.
I want the new code to be clean.



From the “about” page in our original website at the beginning of 2014. Crafted by 
Jeremy, Soonho, and me

“When Leo had an idea, it was a good idea to let him pursue it” – Tom Ball, MSR Manager 



Lean design philosophy

Issues should be closed as quickly as possible. 

“Jeez, can’t they savor a new feature for a few hours before filing the next issue?” - Soonho

The kernel should be minimal. It should be easy to implement independent type checkers.

Lean should be extensible.

Support for dependent types.

“You can cry and scream and tear your hair out, but there is no way you can get the system [based on HOL] to 
admit that some beautiful theorem about the ring class applies to Zmod N.” - Jeremy Avigad

Failure is not an option.



Lean 0.1: no inductive datatypes



Lean 0.1 was “extensible” but using Lua



Lean 0.1 example from January 2014



Lean 0.1 “It is a piece of crap”

Jeremy had already proved that there are infinite primes using 0.1 but constructing dependent pairs without 
inductive datatype support in the kernel was a disaster.

Build, rebuild … back to the drawing board



Lean 2

Elaboration as a constraint solving problem.

Soonho comes for another internship in the summer of 2014. 

Inductive datatypes and recursive equations support.

The kernel was configurable, and we had support for HoTT. 

Floris Van Doorn and Jakob von Raumer become major users.

Jeremy spends one month with us as a visiting researcher at Microsoft Research.

We started building a library for Lean.

Soonho built the Emacs lean-mode. Soonho has the warrior spirit. 

Ed Clarke (Soonho’s PhD advisor): ”Let’s teach a course using Lean"



Lean 2

Our first paper about Lean is rejected. My first rejected paper in more than 10 years.

Reviewer: “Why do we need another proof assistant?”

We succeed in submitting a system description to CADE 2015.



Tom Hales came to every single lecture.

”Theorem Proving in Lean” is the lecture notes used in this course.

Jeremy, Soonho, and I created them on the fly.

First win: We got Tom excited about Lean.



Sebastian’s arrival

“Having done some toy formalization of my own in Lean in both algebraic and non-algebraic contexts by now, I 
am even more confident that this will be the first dependent type theory theorem prover I could imagine 
myself switching to from Isabelle.” – Sebastian to Jeremy on April 29, 2015

“Today I am crying of happiness” – My reaction to Sebastian’s first PR to the Lean code base on May 14, 2015



Meeting Daniel Selsam and Mario Carneiro at CICM

Message to Jeremy July 14, 2015

“Daniel is an impressive guy. I had lunch and dinner with him today. He has a degree in music and history, and
only started to study Math and CS 6 years ago. He learned most of the material by himself using online 
course material and managed to get into MIT for masters and Stanford for PhD. He is super excited about 
Lean and has many projects in mind, most of them are based on machine learning …

BTW, I also met another young bright student, Mario Carneiro. He is working on metamath … I think it would 
be great to “convert" him to Lean :-)”



Retiring Lean 2

Adam Chlipala (MIT): “You need a real tactic framework in Lean”

Georges Gonthier and I submit a MSR expedition project: Lean + AI for education. 

• Daniel and Jeremy contributed a lot to the project. We had a stellar team with many researchers from 
CMU and Stanford.

• The project was not funded.

After thousands of commits, we retire Lean 2



A Lean 2 example



Lean 3 development starts in 2016

Simpler elaborator without backtracking search.

Daniel Selsam comes for an internship in the summer of 2016.

I decide to use Lean itself to write a tactic framework for Lean.

Daniel and I also started building “blast” a tactic based on the SMT solving techniques used in Z3.

Jeremy comes back as a visiting researcher for 4 weeks.

Gabriel Ebner joins the team.

Jeremy to Gabriel on Aug 7, 2016: “Work is proceeding nicely on Lean 3, a major rewrite of the current Lean. It 
is *really* cool. One big new feature is that there is a fast evaluator, so that you can use Lean as a programming 
language. It is faster than interpreted Ocaml and Python!”

Gabriel: “This is pretty nice. Is there any description that I can read up on? I have quickly looked over the code, 
and it seems to be a stack machine that implements a call-by-value evaluation order?”



Lean 3 – HoTT support was removed

Sometimes you disappoint your users.

We were basically implementing two systems. 

We did not have resources. I was the only person working full-time on Lean.

Lean was my research project at Microsoft Research. It was not a Microsoft Product.

Floris maintained Lean 2 with HoTT support until 2018.

Gabriel wrote a hack to simulate HoTT in Lean 3.



Lean 3 – POPL 2017 in Paris

First public demonstration of Lean 3. 

Gabriel Ebner, Jared Roesch, Sebatian Ullrich, and I presented a Lean tutorial at POPL.

Jared was a PhD student at UW.

We also wrote a paper about the new metaprogramming framework for ICFP, and it becomes popular very 
quickly. We don’t use Lua anymore for extensibility.



I presented Lean 3 at Big Proof; it was well received.



But more importantly, Tom Hales presented

Tom announces he will do it in Lean. After his talk, several people surrounded Tom trying to 
convince him to use other systems.

Kevin Buzzard watched Tom’s talk remotely.



Tensions with the community are rising…

Jeremy: “How are things going with you?”

Me: “I’m surviving here. I have been trying to address issues raised by the KreMLin project… I’m not sure they will 
be able to complete the compiler and verify it using Lean, but at least it is not a total disaster. Armael is not 
super disappointed with Lean anymore. He found so many issues :( …
I need success stories to tell upper management. So, it would be great to have Tom using Lean.
…
I’m ignoring Kim. It is sad, but it is the only way I found to recover my sanity. Otherwise, I have to spend 100% 
of my time with them.”



Mathlib moves to its own repository

We made the decision at the end of Big Proof.

Development model: Cathedral (Lean) vs Bazar (Mathlib).

Many heated exchanges with Mario.

There were many threats of forking the Lean code base.

Fought with Jasmin Blanchette about unreasonable expectations.

Me: "From my point of view, they are a bunch of entitled brats."



David Christiansen visits MSR in 2017

David gives a copy of his book: The Little Typer.

He implements the precursor of code actions in the lean-mode for Emacs.

It becomes clear that we need a way to represent Syntax in Lean.

In Lean 3, we simulate them using the kernel expressions themselves.

Limitation: We cannot reliably implement a code action that generates a match-expression.



Retiring Lean 3… 

After thousands additional commits, we thought we were retiring Lean 3.



Lean 4 plans start at the beginning of 2018

Following the metaprogramming popularity, I decide to implement Lean in Lean.

Sebastian is ready for the big adventure.

There are many tensions with the community, and I decide to make the Lean 4 repo private.



Lean 4: Stealth mode

It was amazing to work without distractions.

Many ideas for the code generator, Syntax, macro system, elaboration, etc. 

We are making Lean 4 very extensible.

I am still super bitter with the community, and don’t go to the first two Lean Together events. 

Sebastian gives an update on Lean 4 in these two events.

Gabriel heroically maintains Lean 3 while we develop Lean 4. The Lean 3 community version is born. 



Another Crisis

In 2019, Tom Ball became an IC again. He was my manager and the one giving me cover.

Daniel Selsam saved the project. He proposed the IMO Grand Challenge and announced he is going to use 
Lean. The MSR director loved the idea. Daniel joined MSR.

Later that year, Kevin visited MSR and gave a spectacular talk about formal mathematics and Lean’s 
relevance. It still is one of the most watched MSR talks ever. Daniel, Kevin, and I discussed the IMO GC.



Eureka, we compiled Lean 4 using Lean 4

In October 2020, we compile Lean 4 using Lean 4.

The code generator is still in C/C++, but the parser, elaborator, macro system, and tactic framework are all 
written in Lean itself.



In the meantime, Mathlib goes viral



The Liquid Tensor Experiment

Nov 2020: Peter Scholze posits formalization challenge

“I spent much of 2019 obsessed with the proof of this theorem, almost getting crazy over it. In the end, we 
were able to get an argument pinned down on paper, but I think nobody else has dared to look at the details 
of this, and so I still have some small lingering doubts.”



Lean 4 is publicly announced at Lean Together 2021
Marc Huisinga hacks a VS Code extension for Lean 4 in record time.

I am still bitter with the community, but I attend Lean Together

During a session with Kevin and others, I urge the community that we need success stories to keep 
the project alive.



It is the end of the stealth mode era…



The First Major Victory a few months later

Johan Commelin led a team with several members of the Lean community and announced the 

formalization of the crucial intermediate lemma that Scholze was unsure about, with only 

minor corrections, in May 2021.

“[T]his was precisely the kind of oversight I was worried about when I asked for the formal 

verification. [...] The proof walks a fine line, so if some argument needs constants that are 

quite a bit different from what I claimed, it might have collapsed”, Peter Scholze



MathPort

Daniel needs Mathlib for the IMO GC, and starts developing MathPort

Mario comes for an internship with Daniel to work on MathPort.



Meeting Sam Altman

Daniel Selsam and I meet Sam Altman at the end of 2021.

Sam starts the meeting saying: “I love Lean …”

OpenAI is trying to solve the IMO GC using Lean.

Daniel leaves MSR a few weeks later and joins OpenAI.



Beginning of 2022 is great for Lean

MSR leadership is excited about Lean’s success.

Meta is also trying to use Lean to solve the IMO GC.

I get headcounts for the project: 1 PM and 2 RSDEs (Gabriel and Sebastian).

Mac comes for an internship to work on Lake.

I also have a budget to hire David Christiansen to write: “Functional Programming in Lean.”

MSR also provides small research grants to several Lean community members.



Finally made peace with the community

A few weeks after the event, I hired Mario and Kim to port the Mathlib tactics to Lean 4.

MathPort cannot help with this part.



Achieving the Unthinkable
The full challenge was completed in July 2022.

The team not only verified the proof but also simplified it. 
Moreover, they did this without fully understanding the entire proof.

Johan, the project lead, reported that he could only see two steps ahead. Lean was a guide.

“The Lean Proof Assistant was really that: an assistant in navigating through the thick jungle 

that this proof is. Really, one key problem I had when I was trying to find this proof was that I 

was essentially unable to keep all the objects in my RAM, and I think the same problem occurs 

when trying to read the proof”, Peter Scholze



Another crisis…
August 2022, OpenAI leadership demos GPT4 to the Microsoft leadership.

In a few months, everything is about AI.

There is also an economic downturn.

Gabriel signed the contract before the crisis, but the headcount for Sebastian is cancelled.

Gabriel arrives in the middle of the storm.

There are also many doubts whether Mathlib will be ported to Lean 4 or not.



Crisis continues at the beginning of 2023
Mike Freedman sends a message to the leadership saying that Lean is one of the most important projects 
Microsoft Research has ever produced. The message is ignored. 

Sebastian and I are working on the Lean FRO proposal, but it is unclear whether it will happen or not.

It is unclear whether we will have funding to continue maintaining the project. Jeremy tries to cheer me
up: “It was a good run, we learned a lot”.

Mike Freedman and I leave MSR on the same day in March 2023.

I join AWS a few weeks later.



Soonho is back
Soonho also works at AWS. We start a massive campaign to promote Lean at AWS.

Emina Torlak is our first customer. She used Lean 3, and she loves the system.

We talk to countless potential users. 

Soonho has many ideas: Lean weekly meetings, slack forums, summaries with all success stories, …

We create LinkedIn accounts and ask Sebastian to create one too.





Lean is on the NYT



The end of the pre-FRO era
Sebastian and I launch the Lean FRO a few days later.

We have funding for a 5-year mission to accelerate Lean’s development.

We finally have a team for developing Lean.

Lean is not a research project anymore.

We run the Lean FRO as a startup.



Lean FRO 
Kim, David, Mac, Marc, Kyle all joined us at the Lean FRO.

Joachim Breitner joins us too.

Our roadmap is public.

From now on, it is a tsunami of success stories.



Terry Tao starts using Lean



And, a few months later…



Harmonic: Mathematical Super Intelligence
Daniel Selsam introduces Tudor Achim and Vlad Tenev to me in 2023.



Cedar in Lean, the first success story at AWS



SampCert
A project led by Jean-Baptiste Tristan at AWS.

An open-source Lean library of formally verified differential privacy primitives.

Tristan's implementation is not only verified, but it is also twice as fast as the previous one.

He managed to implement aggressive optimizations because Lean served as a guide, ensuring 
that no bugs were introduced.

SampCert is software, but its verification relies heavily on Mathlib. 

The verification of code addressing practical problems in data privacy depends on the 
formalization of mathematical concepts, from Fourier analysis to number theory and topology.

“SampCert would not exist without Mathlib” – Jean-Baptiste Tristan



"At Google DeepMind, we used Lean to build AlphaProof, a new reinforcement-learning based system for formal 

math reasoning. Lean’s extensibility and verification capabilities were key in enabling the development of 

AlphaProof." — Pushmeet Kohli, Vice President, Research Google DeepMind



A few months later, Lean is back at the NYT



Verifying Cryptography with Aeneas at Microsoft

Maintained by
proof engineers

Prove properties about

Pure, functional 
model

AeneasMaintained by 
software 
engineers Automatically 

generated

Code regenerated and 
proofs replayed in CI

Extensible (custom automation)
Libraries (Mathlib)



Lean is Taking Mathematics by Storm
"Lean enables large-scale collaboration by allowing mathematicians to 
break down complex proofs into smaller, verifiable components. This 
formalization process ensures the correctness of proofs and facilitates 
contributions from a broader community. With Lean, we are beginning to 
see how AI can accelerate the formalization of mathematics, opening 
up new possibilities for research." — Terence Tao

Fermat’s Last Theorem – Kevin Buzzard

Carleson’s Theorem (completed) – Floris van Doorn



IMO 2025: 3 Gold, 1 Silver*
OpenAI (informal) DeepMind (informal)

Harmonic (Lean) ByteDance (Lean)



Startups using Lean & AI

Math, Inc. Logical Intelligence

…and more to come



Vibe Proving

borisalexeev.com/pdf/erdos707.pdf

https://borisalexeev.com/pdf/erdos707.pdf


Vibe Proving



Prospective: AI+CS as the Next Frontier is Imminent

leanprover/cslib founded, supported by AWS, Google DeepMind, SDU, Centaur (Stanford)

Companies are starting to pivot their math-proven AIs towards program verification

harmonic.fun/news#blog-post-aristotle-tech-report

Spec auto-formalization + program synthesis + verification as a service

https://github.com/leanprover/cslib
https://harmonic.fun/news
https://harmonic.fun/news
https://harmonic.fun/news
https://harmonic.fun/news
https://harmonic.fun/news
https://harmonic.fun/news
https://harmonic.fun/news
https://harmonic.fun/news
https://harmonic.fun/news




Lean FRO: by numbers
25 releases and +7,000 pull requests merged in the main repository only since its launch in July 2023. 

The Lean FRO has 19 people.

Public roadmaps: https://lean-lang.org/fro/roadmap/y3/

The Lean CADE 2015 paper received the Skolem (test of time) award in 2025.

Lean received the Programming Languages Software Award from ACM SIGPLAN in 2025 at PLDI exactly 10 

years after Z3.

https://lean-lang.org/fro/roadmap/y3/
https://lean-lang.org/fro/roadmap/y3/
https://lean-lang.org/fro/roadmap/y3/
https://lean-lang.org/fro/roadmap/y3/


And Emilio J. Gallego Arias



Acknowledgements (and Many Thanks)
Sebastian Ullrich and Soonho for joining me on this journey and being true friends.

Sebastian Ullrich for unwavering belief in the project and support through challenges and successes.

Jeremy for friendship, being our first user, providing valuable feedback, advocacy, and constant 

encouragement.

Daniel for friendship, proposing the IMO GC, and many interesting discussions.

Joachim for friendship, great leadership, and always being ready to help and listen.

To Ashley, David, Henrik, Kim, Kyle, Jason, Joscha, Mac, Marc, Markus, Paul, Rob, Sebastian Graf, Sofia, and 

Wojciech for joining the Lean FRO.

To the entire Lean community.



What is grind?
New proof automation (Lean v4.22 – released mid August) developed by Kim Morrison and myself.

A proof-automation tactic inspired by modern SMT solvers. Think of it as a virtual whiteboard:

Discovers new equalities, inequalities, etc.

Writes facts on the board and merges equivalent terms

Multiple engines cooperate on the same workspace

Cooperating Engines:

Congruence closure; E-matching; Constraint propagation; Guided case analysis

Satellite theory solvers (linear integer arithmetic, commutative rings, linear arithmetic)

Supports dependent types, type-class system, and dependent pattern matching

https://lean-lang.org/doc/reference/latest/The--grind--tactic/


grind in a single example

This is not a toy: it encodes a real algebraic constraint derived from relations among diagrams in a pivotal 
tensor category. 

grind can handle this kind of reasoning automatically, in milliseconds. 

Generate proof term is massive, more than 20,000 terms.



grind +suggestions in action



grind +suggestions: do you have to keep guessing?

grind finds out for you exactly with theorems are relevant



grind interactive mode

Already available in v4.25.0. 

Higher level of abstraction.

Prediction: AI will learn how to use grind interactive mode in a few months. 



Conclusion

Lean is an efficient programming language and proof assistant.

Lean is very extensible and is implemented in Lean.

Lean proofs are maintainable, stable, and transparent.

Progress is accelerating with the Lean FRO: module system, new compiler, new proof automation, etc.

The Mathlib community is changing how math is done.

AI + Lean will have a huge impact on mathematics and software/hardware verification.

It is not just about proving but also understanding complex objects and proofs, getting new insights, and 

navigating through the “thick jungles” that are beyond our cognitive abilities. 

Software

Mathematics AI

L     N

AE



Thank You

https://leanprover.zulipchat.com/
x: @leanprover
LinkedIn: Lean FRO
Mastodon: @leanprover@functional.cafe
#leanlang, #leanprover

https://lean-lang.org/


