
Ilya Sergey

Velvet: A Multi-Modal Verifier  
for Imperative Programs in Lean

ilyasergey.net

http://ilyasergey.net


Get Velvet Now
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github.com/verse-lab/velvet

lake exe cache get; lake build

branch leanlang-demo

https://github.com/verse-lab/velvet


Floyd-Hoare Logic
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For predicates P and Q and program S, the Hoare triple 
{ P } S { Q } 

states the following: 
  

If S is started in any state that satisfies P,  
then S will not crash,  

and, if it terminates, it finishes in some state satisfying Q 

Examples:	 	 { x = 1   } x := 20      { x = 20  }   
          	 	 	 	 	 { x < 18 } y := 18 – x { y >= 0 } 
	 	 	          	 	 { x < 18 } y := 5         { y >= 0 } 

Non-example:	 { x < 18 } x := y { y >= 0 } 
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{ true }
// Check that this implication is valid (negation is unsatisfiable)

if (a) {

  if (b) {

    res := true

  } else {

    res := false

  }

} else {

  res := true

}
{ res ⇔ (a ⇒ b) }
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{ true }
// Check that this implication is valid (negation is unsatisfiable)

if (a) {

  if (b) {

    res := true

  } else {

    res := false

  }
{ res ⇔ (a ⇒ b) }
} else {

  res := true
{ res ⇔ (a ⇒ b) }
}
{ res ⇔ (a ⇒ b) }
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{ true }
// Check that this implication is valid (negation is unsatisfiable)

if (a) {

  if (b) {

    res := true

  } else {

    res := false

  }
{ res ⇔ (a ⇒ b) }
} else {
{ true ⇔ (a ⇒ b) }
  res := true
{ res ⇔ (a ⇒ b) }
}
{ res ⇔ (a ⇒ b) }
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{ true }
// Check that this implication is valid (negation is unsatisfiable)

if (a) {

  if (b) {

    res := true
{ res ⇔ (a ⇒ b) }
  } else {

    res := false
{ res ⇔ (a ⇒ b) }
  }
{ res ⇔ (a ⇒ b) }
} else {
{ true ⇔ (a ⇒ b) }
  res := true
{ res ⇔ (a ⇒ b) }
}
{ res ⇔ (a ⇒ b) }
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{ true }
// Check that this implication is valid (negation is unsatisfiable)

if (a) {

  if (b) {

    res := true
{ res ⇔ (a ⇒ b) }
  } else {
{ false ⇔ (a ⇒ b) }
    res := false
{ res ⇔ (a ⇒ b) }
  }
{ res ⇔ (a ⇒ b) }
} else {
{ true ⇔ (a ⇒ b) }
  res := true
{ res ⇔ (a ⇒ b) }
}
{ res ⇔ (a ⇒ b) }
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{ true }
// Check that this implication is valid (negation is unsatisfiable)

if (a) {

  if (b) {
{ true ⇔ (a ⇒ b) }
    res := true
{ res ⇔ (a ⇒ b) }
  } else {
{ false ⇔ (a ⇒ b) }
    res := false
{ res ⇔ (a ⇒ b) }
  }
{ res ⇔ (a ⇒ b) }
} else {
{ true ⇔ (a ⇒ b) }
  res := true
{ res ⇔ (a ⇒ b) }
}
{ res ⇔ (a ⇒ b) }
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{ true }
// Check that this implication is valid (negation is unsatisfiable)

if (a) {
{ (b ⇒ (true ⇔ (a ⇒ b))) ∧ (¬b ⇒ (false ⇔ (a ⇒ b))) }
  if (b) {
{ true ⇔ (a ⇒ b) }
    res := true
{ res ⇔ (a ⇒ b) }
  } else {
{ false ⇔ (a ⇒ b) }
    res := false
{ res ⇔ (a ⇒ b) }
  }
{ res ⇔ (a ⇒ b) }
} else {
{ true ⇔ (a ⇒ b) }
  res := true
{ res ⇔ (a ⇒ b) }
}
{ res ⇔ (a ⇒ b) }
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{ true }
// Check that this implication is valid (negation is unsatisfiable)
{ (a ⇒ (b ⇒ (true ⇔ (a ⇒ b))) ∧ (¬b ⇒ (false ⇔ (a ⇒ b)))) ∧ (¬a ⇒ (true ⇔ (a ⇒ b))  } 
if (a) {
{ (b ⇒ (true ⇔ (a ⇒ b))) ∧ (¬b ⇒ (false ⇔ (a ⇒ b))) }
  if (b) {
{ true ⇔ (a ⇒ b) }
    res := true
{ res ⇔ (a ⇒ b) }
  } else {
{ false ⇔ (a ⇒ b) }
    res := false
{ res ⇔ (a ⇒ b) }
  }
{ res ⇔ (a ⇒ b) }
} else {
{ true ⇔ (a ⇒ b) }
  res := true
{ res ⇔ (a ⇒ b) }
}
{ res ⇔ (a ⇒ b) }
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Automated Program Verifiers
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bdef withdrawSession (amounts : List Nat) returns (u: Unit)
  let mut tmp := amounts
  while tmp.nonEmpty do
    let amount := tmp.head!
    balance := balance - amount
    tmp := tmp.tail
  return

require balance >= 0
ensures balance >= 0
ensures balance + amounts.sum = balanceOld

❌ + counterexample 

✅

🤔🤦😐
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HTT

Interactive Program Verifiers
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HTT



HTT

A bad cost/benefit curve 
Benefit

Set up initial 
definitions

Prove some 
lemmas

Prove the main 
theorem

At this point: high cost, 
low benefit!

Cost (time, $, ...)

N things I learned trying to do formal methods in industry, Mike Dodds., Big Spec Workshop’24



HTT

QuickCheck
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Bug Finding Tools



QuickCheck
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HTT

🎯
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Multi-Modal 

Verification

HTT

QuickCheck



Verification Framework Design Aspects

• State

• Termination

• Bugs

• Non-determinism

22
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• State: Symbolic

• Termination: Total

• Bugs: Absence

• Non-determinism: ∀ 

Verification Framework Design Aspects
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• State: Symbolic

• Termination: Total vs Partial

• Bugs: Absence

• Non-determinism: ∀ 
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• State: Symbolic

• Termination: Total vs Partial

• Bugs: Absence vs Presence  

• Non-determinism: ∀  vs ∃



Verification Framework Design Aspects
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QuickCheck

• State: Symbolic vs Concrete

• Termination: Total vs Partial

• Bugs: Absence vs Presence  

• Non-determinism: ∀  vs ∃



We present Velvet
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We present Velvet

28

QuickCheck

Verification framework combining

+ + +
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HTT

QuickCheck

Velvet



Interactive  
Proofs

SMT 
grind, aesop
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Velvet



Velvet Demo
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• Stateful Programs 

• Handling Termination 

• Absence and Presence of Bugs 

• Non-deterministic choice
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Foundational Multi-Modal Program Verifiers 1:23

w.r.t. to given pre-/postconditions for a method, Velvet provides the prove_correct command (line
22), which takes a method’s name and generates the corresponding VCs derived from requires
and ensures annotations, as well as loop invariants and termination measures (cf. Sec. 5). The
loom_solve commands first generates one Lean proof goal per VC, and then runs a customisable
automation tactic to discharge each goal. If automation fails on at least one goal, the respective
annotation gets highlighted in the editor, and the residual proof obligation is left to the user to
prove. For instance, imagine the user forgot to add n := n + 1 at line 20, so that the measure
stated at line 11 does not decrease, and, consequently, an error message with the goal obligation
depicted at Fig. 12 will be emitted to prove interactively. While in this case the goal is not provable,
often, the residual obligations might be valid but out of reach for the available automation. In this
case, nothing prevents the user from attempting to prove them manually using Lean proof mode.

Unlike existing intrinsic verifiers [55, 58, 76], which bundle all proof obligations into a single
task, Velvet makes it possible to decouple proofs of partial and total correctness. This can be done
by defining two identical version of a program, one without termination-related annotations (high-
lighted in red in Fig. 11), and another without functional correctness-specific ones (highlighted in
yellow). The proof of the former constitutes partial correctness, and the latter proves termination.
We can then use the following theorem provided byVelvet to prove the program’s total correctness:

lemma partial_total_split {𝐿} : → (c1 c2 : VelvetM 𝐿) (P : Prop) (Q : 𝐿 → Prop),
eraseEq c1 c2 → triplePartial P c1 Q → tripleTotal P c2 (𝑀 _, True) → tripleTotal P c1 Q

8.2 Multiple Verification Modes for Sparse Data Computations
To exercise Velvet’s automated/interactive proof capabilities, we implemented several programs
that perform multiplications of sparse matrices and vectors. Such computations are known to be
challenging to verify mechanically [7, 27, 48]. To the best of our knowledge, only two approaches
offer computer-aided techniques to verify computations with multiple sparse structures [35, 52].

method SpMSpV (spm: SpM) (spv: SpV)
return (out: arrVal)

ensures size out = size spm
ensures → i < spm.size, out[i] =∑

j ↑ spv.size, spv[j] * spm[i][j]

Fig. 13. SpMSpV method signature

Fig. 13 shows a Velvet signature of SpMSpV method. It takes
a compressed sparse matrix (most of whose elements are ze-
ros) and a sparse vector, and returns the dot-product of de-
compressed inputs’ counterparts. A classical sequential SpMSpV
algorithm is implemented in the “two-finger merge” style [50],
iterating over each compressed row of the matrix and multiplying it by the input sparse vector. To
model the natural parallelism in SpMSpV, in our implementation, instead of iterating over each row
of the matrix sequentially, we use a simple non-deterministic scheduler to randomly interleave
those iterations, following a conventional way to encode concurrency in Dafny [60]. To verify
it, we follow a so-called two-layered paradigm [6], distilling the part of the proof amendable to
SMT solvers from mathematical reasoning involving complex properties of ∑. Interestingly, this
approach has already been studied previously in Rocq, although without automation in mind [48].

First, we come up with SpMSpV_pure: a recursive functional analogue of SpMSpV that does all the
computations sequentially. SpMSpV_pure can be used in the specification, so that we can verify in
Velvet that SpMSpV returns the same result as SpMSpV_pure via SMT, by treating SpMSpV_pure as
an uninterpreted function with natural definitional equalities. By doing so, we reduce reasoning
about effectful SpMSpV with loops and mutation to reasoning about pure recursive SpMSpV_pure.

Next, we prove that the result of SpMSpV_pure is equal to the big summation from Fig. 13 using
Lean tactics and facts from the mathlib library [72]. Both in our study and in the prior work [48],
the second layer of the proof extensively relied on algebraic properties of∑ and constituted about
300-400 LOC. However, in our case, the first layer of the proof required no manual reasoning at all.

functional correctness terminationsame 
program

total correctness



Demo
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(Functional and Total correctness of InsertSort)
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{P} c(args) {λ res. φ(args, res)} 

Combining program verification and math proofs



Combining program verification and math proofs

Two-layer verification: 

1. Prove the Hoare triple for a program c  
                           {P} c(args) {λ res. res = f(args)}  
  for some mathematical function f 

2. Prove that the result of f(x) satisfies the property φ(x, f(x))  

3. Specification weakening gets us:   
                             {P} c(args) {λ res. φ(args, res)} 

{P} c(args) {λ res. φ(args, res)} 



Combining program verification and math proofs

Two-layer verification: 

1. Prove the Hoare triple for a program c 
                           {P} c(args) {λ res. res = f(args)}  
  for some mathematical function f 

2. Prove that the result of f(x) satisfies the property φ(x, f(x))  

3. Specification weakening gets us:   
                             {P} c(args) {λ res. φ(args, res)} 

Often can be done 
via SMT

for free

interactive 
via mathlib

{P} c(args) {λ res. φ(args, res)} 



Case Study: Sparse Matrix/Vector Multiplication 

• Efficient multiplication of two 
compressed tensor representations 

• Both spm and spv are collections 
of arrays compressing the tensors



How does Velvet compare to  
state-of-the-art?
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grind problems
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findMajorityElement 
Find a majority element  

in an integer array 

findMajorityElement
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import CaseStudies.Velvet.Std

set_option loom.semantics.termination "partial"
set_option loom.semantics.choice "demonic"
 
…

method findMajorityElement (lst : List Int)
  return (result : Int)
  ensures lst.hasMajorityElement → (result ∈ lst ∧ lst.isMajorityElement result)
  ensures ¬lst.hasMajorityElement → result = -1
  do
  let n := lst.length
  let threshold := n / 2
  let mut i := 0
  let mut found := false
  let mut candidate : Int := -1

  while i < n
  invariant "i_bounds" 0 ≤ i ∧ i ≤ n
  invariant "found_implies_majority" found = true → (candidate ∈ lst ∧ lst.isMajorityElement candidate)
  invariant "not_found_checked" found = false → (∀ k : Nat, k < i → ¬lst.isMajorityElement lst[k]!)
  do
    let elem := lst[i]!
    let mut count := 0
    let mut j := 0

    while j < n
    invariant "j_bounds" 0 ≤ j ∧ j ≤ n
    invariant "count_correct" count = (lst.take j).count elem
    invariant "found_preserved" found = true → (candidate ∈ lst ∧ lst.isMajorityElement candidate)
    invariant "i_preserved" 0 ≤ i ∧ i < n
    invariant "elem_in_list" i < lst.length → elem = lst[i]!
    invariant "not_found_checked_inner" found = false → (∀ k : Nat, k < i → ¬lst.isMajorityElement lst[k]!)
    do
      if lst[j]! = elem then
        count := count + 1
      j := j + 1

    if count > threshold then
      found := true
      candidate := elem

    i := i + 1

  if found then
    return candidate
  else
    return -1

prove_correct findMajorityElement by
  loom_vc_gen <;>
  
   
  loom_solver

attribute [grind] List.take_succ_eq_append_getElem

findMajorityElement
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// Lemma: count in prefix increases by 1 when element matches

lemma CountPrefixIncrement(lst: seq<int>, x: int, j: nat)

  requires 0 <= j < |lst|

  requires lst[j] == x

  ensures countPrefix(lst, x, j + 1) == countPrefix(lst, x, j) + 1

{
  assert lst[..j+1] == lst[..j] + [lst[j]];

  CountConcat(lst[..j], [lst[j]], x);

}

// Lemma: count in prefix stays same when element doesn't match

lemma CountPrefixSame(lst: seq<int>, x: int, j: nat)
  requires 0 <= j < |lst|  requires lst[j] != x  ensures countPrefix(lst, x, j + 1) == countPrefix(lst, x, j)

{
  assert lst[..j+1] == lst[..j] + [lst[j]];  CountConcat(lst[..j], [lst[j]], x);}

// Lemma: full prefix equals the whole list
lemma CountPrefixFull(lst: seq<int>, x: int)
  ensures countPrefix(lst, x, |lst|) == count(lst, x)
{
  assert lst[..|lst|] == lst;
}

    var cnt := 0;
    var j := 0;

    while j < n
      invariant 0 <= j <= n
      invariant cnt == countPrefix(lst, elem, j)
      invariant found == true ==> (candidate in lst && isMajorityElement(lst, candidate))
      invariant 0 <= i < n
      invariant elem == lst[i]
      invariant found == false ==> (forall k :: 0 <= k < i ==> !isMajorityElement(lst, lst[k]))
      decreases n - j
    {
      if lst[j] == elem {
        CountPrefixIncrement(lst, elem, j);
        cnt := cnt + 1;
      } else {
        CountPrefixSame(lst, elem, j);
      }
      j := j + 1;
    }

    CountPrefixFull(lst, elem);

    if cnt > threshold {

findMajorityElement
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findMajorityElement

import CaseStudies.Velvet.Std

set_option loom.semantics.termination "partial"
set_option loom.semantics.choice "demonic"
 
…

method findMajorityElement (lst : List Int)
  return (result : Int)
  ensures lst.hasMajorityElement → (result ∈ lst ∧ lst.isMajorityElement result)
  ensures ¬lst.hasMajorityElement → result = -1
  do
  let n := lst.length
  let threshold := n / 2
  let mut i := 0
  let mut found := false
  let mut candidate : Int := -1

  while i < n
  invariant "i_bounds" 0 ≤ i ∧ i ≤ n
  invariant "found_implies_majority" found = true → (candidate ∈ lst ∧ lst.isMajorityElement candidate)
  invariant "not_found_checked" found = false → (∀ k : Nat, k < i → ¬lst.isMajorityElement lst[k]!)
  do
    let elem := lst[i]!
    let mut count := 0
    let mut j := 0

    while j < n
    invariant "j_bounds" 0 ≤ j ∧ j ≤ n
    invariant "count_correct" count = (lst.take j).count elem
    invariant "found_preserved" found = true → (candidate ∈ lst ∧ lst.isMajorityElement candidate)
    invariant "i_preserved" 0 ≤ i ∧ i < n
    invariant "elem_in_list" i < lst.length → elem = lst[i]!
    invariant "not_found_checked_inner" found = false → (∀ k : Nat, k < i → ¬lst.isMajorityElement lst[k]!)
    do
      if lst[j]! = elem then
        count := count + 1
      j := j + 1

    if count > threshold then
      found := true
      candidate := elem

    i := i + 1

  if found then
    return candidate
  else
    return -1

  
   
 

attribute [grind] List.take_succ_eq_append_getElem

prove_correct findMajorityElement by
  loom_vc_gen <;>

loom_solver
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findMajorityElement

import CaseStudies.Velvet.Std

set_option loom.semantics.termination "partial"
set_option loom.semantics.choice "demonic"
 
…

method findMajorityElement (lst : List Int)
  return (result : Int)
  ensures lst.hasMajorityElement → (result ∈ lst ∧ lst.isMajorityElement result)
  ensures ¬lst.hasMajorityElement → result = -1
  do
  let n := lst.length
  let threshold := n / 2
  let mut i := 0
  let mut found := false
  let mut candidate : Int := -1

  while i < n
  invariant "i_bounds" 0 ≤ i ∧ i ≤ n
  invariant "found_implies_majority" found = true → (candidate ∈ lst ∧ lst.isMajorityElement candidate)
  invariant "not_found_checked" found = false → (∀ k : Nat, k < i → ¬lst.isMajorityElement lst[k]!)
  do
    let elem := lst[i]!
    let mut count := 0
    let mut j := 0

    while j < n
    invariant "j_bounds" 0 ≤ j ∧ j ≤ n
    invariant "count_correct" count = (lst.take j).count elem
    invariant "found_preserved" found = true → (candidate ∈ lst ∧ lst.isMajorityElement candidate)
    invariant "i_preserved" 0 ≤ i ∧ i < n
    invariant "elem_in_list" i < lst.length → elem = lst[i]!
    invariant "not_found_checked_inner" found = false → (∀ k : Nat, k < i → ¬lst.isMajorityElement lst[k]!)
    do
      if lst[j]! = elem then
        count := count + 1
      j := j + 1

    if count > threshold then
      found := true
      candidate := elem

    i := i + 1

  if found then
    return candidate
  else
    return -1

  
   
 

1.3 s
Lean itself

attribute [grind] List.take_succ_eq_append_getElem

prove_correct findMajorityElement by
  loom_vc_gen <;>

loom_solver
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findMajorityElement

import CaseStudies.Velvet.Std

set_option loom.semantics.termination "partial"
set_option loom.semantics.choice "demonic"
 
…

method findMajorityElement (lst : List Int)
  return (result : Int)
  ensures lst.hasMajorityElement → (result ∈ lst ∧ lst.isMajorityElement result)
  ensures ¬lst.hasMajorityElement → result = -1
  do
  let n := lst.length
  let threshold := n / 2
  let mut i := 0
  let mut found := false
  let mut candidate : Int := -1

  while i < n
  invariant "i_bounds" 0 ≤ i ∧ i ≤ n
  invariant "found_implies_majority" found = true → (candidate ∈ lst ∧ lst.isMajorityElement candidate)
  invariant "not_found_checked" found = false → (∀ k : Nat, k < i → ¬lst.isMajorityElement lst[k]!)
  do
    let elem := lst[i]!
    let mut count := 0
    let mut j := 0

    while j < n
    invariant "j_bounds" 0 ≤ j ∧ j ≤ n
    invariant "count_correct" count = (lst.take j).count elem
    invariant "found_preserved" found = true → (candidate ∈ lst ∧ lst.isMajorityElement candidate)
    invariant "i_preserved" 0 ≤ i ∧ i < n
    invariant "elem_in_list" i < lst.length → elem = lst[i]!
    invariant "not_found_checked_inner" found = false → (∀ k : Nat, k < i → ¬lst.isMajorityElement lst[k]!)
    do
      if lst[j]! = elem then
        count := count + 1
      j := j + 1

    if count > threshold then
      found := true
      candidate := elem

    i := i + 1

  if found then
    return candidate
  else
    return -1

  
   
 

v

1.3 s

0.5 s

Lean itself

attribute [grind] List.take_succ_eq_append_getElem
VC generation

prove_correct findMajorityElement by
  loom_vc_gen <;>

loom_solver
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findMajorityElement

import CaseStudies.Velvet.Std

set_option loom.semantics.termination "partial"
set_option loom.semantics.choice "demonic"
 
…

method findMajorityElement (lst : List Int)
  return (result : Int)
  ensures lst.hasMajorityElement → (result ∈ lst ∧ lst.isMajorityElement result)
  ensures ¬lst.hasMajorityElement → result = -1
  do
  let n := lst.length
  let threshold := n / 2
  let mut i := 0
  let mut found := false
  let mut candidate : Int := -1

  while i < n
  invariant "i_bounds" 0 ≤ i ∧ i ≤ n
  invariant "found_implies_majority" found = true → (candidate ∈ lst ∧ lst.isMajorityElement candidate)
  invariant "not_found_checked" found = false → (∀ k : Nat, k < i → ¬lst.isMajorityElement lst[k]!)
  do
    let elem := lst[i]!
    let mut count := 0
    let mut j := 0

    while j < n
    invariant "j_bounds" 0 ≤ j ∧ j ≤ n
    invariant "count_correct" count = (lst.take j).count elem
    invariant "found_preserved" found = true → (candidate ∈ lst ∧ lst.isMajorityElement candidate)
    invariant "i_preserved" 0 ≤ i ∧ i < n
    invariant "elem_in_list" i < lst.length → elem = lst[i]!
    invariant "not_found_checked_inner" found = false → (∀ k : Nat, k < i → ¬lst.isMajorityElement lst[k]!)
    do
      if lst[j]! = elem then
        count := count + 1
      j := j + 1

    if count > threshold then
      found := true
      candidate := elem

    i := i + 1

  if found then
    return candidate
  else
    return -1

  
   
 

1.3 s

0.5 s

1.0 s

Lean itself

attribute [grind] List.take_succ_eq_append_getElem
VC generation

VC solving
prove_correct findMajorityElement by
  loom_vc_gen <;>

loom_solver
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Velvet 2.0 

•Lean got much faster itself! 
•New complier, new do-notation…  

•SymM framework for efficient metaprogramming  
•Canonising terms, hash-consing, cashing… 

•Incremental grind and simp context 
•grind and simp do not have to re-process context every time for each VCs from scratch 

49
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findMajorityElement
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findMajorityElement

1.3 s

0.5 s

1.0 s

Lean itself

VC generation

VC solving

0.60s

0.08 s

0.17 s

~2x

~6x

~6x



• Velvet is a multi-modal program verifier written in Lean  

• Velvet is foundational: each Velvet proof is checked with Lean kernel 

• Velvet is fast: its performance is comparable to Dafny 

• Velvet connects AI4Math progress to program verification 

To Take Away

Thanks!54

github.com/verse-lab/velvet

Velvet: A Foundational Multi-Modal Verifier for Imperative Programs in Lean, CAV’26

Certified Program Synthesis with a Multi-Modal Verifier, ASE’26

Foundational Multi-Modal Program Verifiers, POPL’26

https://github.com/verse-lab/velvet

