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Abstract
Verifying existing software is hard: Programs are developed in languages not amenable to verification,
involve complicated optimizations that obscure the underlying logic, and are gigantic in size. In this
paper, we propose a way to ease this pain via a simplification framework that employs interaction
trees as a language-agnostic interface. We show that local variable lifting, the technique underlying
AutoCorres for the Simpl language, can be generalized to interaction trees via an implementation in
Rocq. A key challenge with simplifying interaction trees is that they are highly dynamic structures
and we would like our approach to work with mostly uninterpreted trees. We address this challenge
via metaprogramming. Our metaprogramming framework is semi-automatic and proof-guided,
i.e., we obtain the simplified code via a constructive proof of equivalence that can be automated via
proof tactics, by utilizing Rocq’s Derive extension. This approach gives us simplified code and the
equivalence theorem in one step. We demonstrate that our approach is practical using examples
inspired by real-world applications.
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1 Introduction

Verifying existing software is hard. Existing software is typically developed in mainstream
programming languages that are not amenable to verification. These software programs
involve complicated optimizations that obscure the underlying logic. Their code is gigantic
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in size. Even though there have been many verification tools for mainstream languages like
C [3, 24, 26], Haskell [6, 29], and Rust [8, 11, 20, 23, 30], etc., verifying existing code remains a
daunting task.

How can we ease this task? Instead of directly reasoning about a complicated program,
we can try to simplify it first. This approach has been pioneered by AutoCorres [15–17] in
the context of C and Simpl [27,28]. AutoCorres and its recent fork, AutoCorres2 [5], have
been used in various frameworks, demonstrating their usefulness.

However, AutoCorres is based on a set of specific computation monads. This forces us to
stick to one underlying semantic model. For example, AutoCorres/AutoCorres2 represent
global variable read and write as state monad computation, which assumes that the global
memory operations are thread-safe. In this paper, we explore that we can apply techniques
underlying AutoCorres to more general models of computation.

In particular, interaction trees (ITrees) are a coinductive and executable model of com-
putation [32]. They are parameterized over any compositions of effects, which allows them
to model a variety of different language features. Unlike classical computation monads,
the interpretation of these effects are delayed in ITrees, making it possible to switch effect
semantics under different environments. In an ITree, we can leave global memory reads and
writes uninterpreted, so that we can simplify a program first, then decide on the semantics
model for global memory later. These characteristics also make ITrees an ideal language-
agnostic interface for both imperative and functional languages. In this paper, we show how
to implement local variable lifting (LVL), a key idea underlying AutoCorres, for ITrees while
keeping the modularity promise.

We make the following contributions:
We build a semi-automatic and proof-guided LVL framework for ITrees in Rocq. Our
approach allows us to obtain a simplified program and a correctness proof of the simpli-
fication at the same time. Our approach supports reasoning about conditionals and loops
based on three predicates (Section 4).
We conduct a qualitative case study based on three small, simple, but illustrative examples.
We show that our implementation produces similar simplified code to code generated by
AutoCorres2. We also show our techniques can effectively simplify ITrees reasoning by
removing proof obligations regarding local memory (Section 5).

In addition, we demonstrate our approach using a motivating example in Section 2. We
define an interface for languages with local variables for implementing LVL based on ITrees
in Section 3. Finally, we discuss related work in Section 6 and conclude in Section 7. All the
Rocq formalization of this paper can be found in our artifact, which will be made publicly
available upon acceptance.

2 Motivating Example

In this section, we illustrate our approach via a simple example presented in Figure 1. We
start from a function bump_counter written in C (Figure 1a). The function takes an integer n.
It runs for n iterations and increments a global counter Counter at each iteration. In order
to illustrate multiple types in local variable lifting, we use a boolean fg to control when
the loop stops, and write false to the flag when the counter is incremented n times. This
function is simple, but its behavior is common in real-world applications, e.g., profiling.

To reason about this program, we need to first “translate” it to a language amenable
for verification. In this paper, we choose Rocq as the target language. Such a “translation”
is shown in Figure 1b. On the surface, the Rocq function looks similar to the original



Y. Lin, I. Kariniemi, and Y. Li 16:3

1 void bump_counter(int n) {
2 int i = 0; bool fg = false;
3 while (!fg) {
4 fg = i >= n;
5 if (!fg) {
6 Counter += 1;
7 i++;
8 } else
9 fg = true;

10 }
11 }

(a) Function that takes an integer n and repeatedly
increments a global variable Counter n times.

1 fun n : Z =>
2 iter (fun (a, _): hlist [Z; bool] * unit =>
3 if negb (hhd (htl a)) then
4 if negb (hhd a >=? n) then
5 c <- read Z "Counter";;
6 write Z "Counter" (c + 1);;
7 Ret (inl ([hhd a + 1;hhd a >=? n],tt))
8 else
9 Ret (inl ([hhd a;true],tt))

10 else
11 Ret (inr ([hhd a;hhd (htl a)],tt))
12 ) ([0;false],tt);;
13 Ret tt

(c) The bump_counter function after local variable lifting,
named simple_bump_counter.

1 fun n : Z =>
2 write Z "n" n;;
3 write Z "i" 0;;
4 write bool "fg" false;;
5 iter (fun _ : unit =>
6 vflag <- read bool "fg";;
7 if negb vflag then (
8 vi <- read Z "i";;
9 vn <- read Z "n";;

10 write bool "fg" (vi >=? vn);;
11 b <- read bool "fg" ;;
12 if (negb b) then (
13 c <- read Z "Counter";;
14 write Z "_t" c;;
15 t <- read Z "_t";;
16 write Z "Counter" (t + 1);;
17 i' <- read Z "i";;
18 write Z "i" (i' + 1);;
19 Ret (inl tt)
20 ) else (
21 write bool "fg" true;;
22 Ret (inl tt)
23 )
24 ) else (
25 Ret (inr tt)
26 )) tt;;
27 Ret tt.

(b) Initial denotation of bump_counter as
an ITree, manually constructed.

Figure 1 Pipeline paired with initial and simplified ITrees for bump_counter.

function in C, except that it’s more verbose: we use explicit reads and writes to represent
memory operations that are implicit in the C code. These operations work on a memory
that uses strings representing variable names, and these strings are indices into our memory
representation. Note that this function has two “variables” named n: the function argument
and the variable on memory indexed by "n". We will use this convention for other variables
as well. In the beginning of the function, we write the content in n to the memory via a write
to initiate the function’s call state. In addition to variables "n", "i", "fg", and "Counter",
this function also uses a temporary variable "_t" to store the old value of "Counter" when
we increment "Counter" by 1. In this paper, the examples are manually translated from
CompCert’s Clight [4] AST in a syntax-directed manner: Sset and Sassign become write;
Evar and Etempvar become read; and Ssequence, Sifthenelse, and Sloop become bind, Rocq
if expression, and iter, respectively.

This function is monadic: the <- and ;; notations are like assignments and sequencing
in C, but they are in fact monadic binds [25,31]. We use an iter combinator to represent
loops: the loop body inside iter returns a sum type; the loop continues if the returned type
is a left injection (inl), and ends if it’s a right injection (inr).

ITP 2026
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CoInductive itree (E : Type -> Type) (R : Type) : Type :=
| Ret (r : R)
| Tau (t : itree E R)
| Vis {A : Type} (e : E A) (k : A -> itree E R).

Variant MemoryE {K V} : Type -> Type :=
| Read : ∀ (A : Type), `{Repr V A}

K -> MemoryE A
| Write : ∀ (A : Type), `{Repr V A}

K -> A -> MemoryE unit.

Variant ErrorE : Type -> Type :=
| Error : ∀ {A : Type},

ErrorE A.
Definition E0 {E : Type -> Type} :=

(MemoryE +' ErrorE +' E).

Figure 2 On the top, we show a simplified definition of interaction trees parameterized by
an event E. On the bottom, we show two event interfaces. These definitions are simplified for
presentation by excising implicit arguments. Here, we describe ITrees as a positive coinductive
type following Rocq’s historical style for simplicity, but ITree libraries define ITrees using negative
coinductive forms [32]. This is because positive coinductive types are known to break subject
reduction [13]. Constructors in this figure are implemented as “smart constructors” using notation.

We use Rocq’s Z type to represent integers and bool types to represent booleans. We
made a simplification here: we represent the bounded integer int in C using the unbounded
integer Z in Rocq. Although this simplification will prevent us from reasoning about integer
overflows, we can always change Z to a bounded integer type and our methodology still
applies. In this paper, we only deal with unbounded integers for simplicity.

Interaction trees. The monad we use here is called interaction trees, or ITrees [32]. Unlike
classical computation monads like state monads, read and write operations in interaction
trees are uninterpreted. If we are going to reason about their semantics, we define their
interpreters separately – this allows us to decouple effects and the semantics of effects in
different languages or systems. Furthermore, ITrees are parameterized by these effects,
enabling us to mix in different sets of effects depending on the source language. ITrees are
coinductive, allowing us to encode non-terminating programs with them.

We show a simplified definition of ITrees in Figure 2. An ITree has type itree E R, where
E : Type -> Type is an event parameter and R : Type represents the type of an ITree’s result.
The definition of itree contains three constructors:
1. Ret r, a pure result;
2. Tau t, a silent step, then continue with t;
3. Vis e k, which performs a visible event e : E A and continues with k : A -> itree E R.
ITrees are also known as freer monads [22]. We can define ret and monadic bind on them,
regardless of what event parameter E is present [22,32].

To describe programs like Figure 1b using ITrees, we need to define required events. We
show two common event types we used in Figure 2. MemoryE describes memory events such
as Read and Write over a variable-value model of memory. We use a Repr typeclass to encode
association between the source language (C here) types and Rocq types; we defer detailed
discussion of Repr to Section 3. ErrorE describes runtime errors. Events can be composed
like a sum type using the +' operator. For example, we define a special event transformer E0
that combines MemoryE and ErrorE with another arbitrary event E.

We can “embed” an event in an ITree by applying the Vis constructor. Since this is a
common pattern, the ITree library defines the following helper function:

Definition trigger {E : Type -> Type} : forall A, E A -> itree E A :=
fun _ e => Vis e (fun x => Ret x).
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As a convention, we use terms starting with capital letters such as Read, Write and Error, to
represent events. We use read, write and error to represent the smart constructors of these
events defined using trigger.

We say our representations based on ITrees are language agnostic because they are not
tied to the abstract syntax tree or the semantics of a specific language. For example, if we
switch the source language to Rust, we can still use ITrees. If these languages use different
memory models, we only need to define a different interpreter for read and write operations.
If these languages support additional features, we can mix in additional events in ITrees.

We can also implement loops using the iter combinator, whose type is:

iter : ∀ {E : Type -> Type} {R I : Type}, (I -> itree E (I + R)) -> I -> itree E R.

The iter combinator models the Elgot iteration [1, 14]. It takes a function representing a
loop body (I -> itree E (I + R)) and an initial argument of type I. Operationally, the iter
combinator repeatedly applies the loop body, starting with the initial argument. After every
iteration, the loop body either returns a value of type I, indicating that the loop should
continue, or a value of type E, indicating the end of the loop.

Local variable lifting. The representation in Figure 1b is complicated. Instead of directly
reasoning about it, we want to first have it simplified.

But how should we do that? First, we observe that "i" and "fg" are local variables that
cannot be modified by other functions. Instead of representing operations over them as
uninterpreted Reads and Writes over memory, we can model them using Rocq variables. We
can do this for "n" and "_t" as well, because "n" is passed into this function as a call-by-value
argument and "_t" is a temporary variable that expires when the function call ends. This
allows us to remove all the effectful reads and writes over them, so working with these
variables is ultimately stateless. This process is known as local variable lifting [16] (LVL).

However, LVL was proposed by David Greenaway et al. with an implementation in
Isabelle/HOL based on the Simpl language and a specific computation monad. In this paper,
we extend it and present a novel re-implementation of LVL for interaction trees in Rocq.

Simplifying the loop in Figure 1b is a key challenge. To work with loops, we developed a
mechanical approach based on different characteristics of local variables. Intuitively, we first
observe that "n" is never written to in the loop, so we can treat it as a value. We then notice
that "_t" is always first written to before anyone reads it, so we can remove the first write
and replace all subsequent reads with "_t"’s initial value. After removing "_t", we realize
"i" and "fg" are the only remaining local variables that the loop body writes to, so the loop
only needs to carry them in every iteration.

We show the simplified Rocq function in Figure 1c. This function only contains read
and write operations on the global variable "Counter". Variables "n", "i", and "fg" in the
memory are directly represented using Rocq variables n, hhd a, and hhd (htl a). The loop
carries a heterogeneous list a (hlist) that contains all variables “participating” in the loop.

Proof-guided simplification. We do not wish to manually write the simplified code. Instead,
we want the following characteristics in simplification: (1) We obtain the simplified code
semi-automatically; (2) We can define customized simplification “recipes”; (3) We get the
simplified code and a correctness proof of the simplification at the same time. In addition,
ITrees pose a challenge: they are too dynamic to be pattern matched on. More concretely,
the function continuation in the Vis constructor of ITrees (Figure 2) makes it impossible to
define a function that simplifies an ITree.

ITP 2026
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Derive simple_bump_counter in (
∀ (n : Z),

interp_local ["n"; "i"; "fg"; "_t"]
(bump_counter n) ≈

simple_bump_counter n
) as simple_bump_correct.
Proof. start_function. repeat forward.

lvl_iter ["n"]
(env["_t"] : TCtx [Z]) ["_t"]
(env["i"; "fg"] : TCtx [Z; bool]).

repeat forward. forward_if.
(* A series of similar tactics omitted. *)
finish.

Defined.

∀ rem (i : Z) s,
i + Z.of_nat rem = Z.max i n ->
get_memory s "n" = Some (Vint n) ->
get_memory s "i" = Some (Vint i) ->
get_memory s "fg"

= Some (Vbool false) ->
iter body_o (s, tt);; Ret tt ≈
bump_counter_trace rem

∀ rem i,
i + Z.of_nat rem = Z.max i n ->
iter body_l ([i; false], tt);;
Ret tt ≈
bump_counter_trace rem

Figure 3 On the left, we show the Derive command that simplifies bump_counter to a locally
lifted form. This proof is simplified to omit some extraneous arguments. On the right, we show a
comparison of loop invariants for bump_counter and simple_bump_counter, with the unlifted ITree
invariant on the top, and the locally lifted ITree invariant on the bottom.

Driven by these goals and challenge, we develop a proof-guided simplification process
to implement local variable lifting using Rocq’s Derive extension.1 Derive allows us to
meta-program Rocq terms in the style of Bird-Meertens program derivations [12], i.e., we
write a proposition that relates an existing Rocq term to an existential variable, then use a
constructive proof to instantiate the existential variable.

We show how we use the Derive command to obtain the simplified code of bump_counter
in Figure 3. The command declares a new existential variable, simple_bump_counter. The
proposition followed by in describes that for locals "n", "i", "fg", and "_t", interpret-
ing local memory events in bump_counter (interp_local) produces an ITree equivalent to
simple_bump_counter, according to an observational equivalence relation ≈ over ITrees. We
only interpret local memory effects in bump_counter. We do not need to interpret these effects
in simple_bump_counter because all local memory effects are lifted. We name this proposition
simple_bump_correct.

Our method does not rely on the Derive extension. Indeed, we can implement our
proof-guided simplification process without the Derive extension, e.g., by using proof mode
to define a term of a sigma type. However, the Derive command makes the process simpler.

After the Derive command, we can enter Rocq proof mode to prove this proposition. We
have defined a number of proof tactics that implement local variable lifting that help us obtain
simple_bump_counter. For programs without conditionals or loops, we can simplify an ITree
by interpreting them over a local memory, similar to normalization by evaluation [9]. For
programs with conditionals or loops like bump_counter, we need to apply all the observations
described earlier. We have defined three predicates NoWrites, WriteFirst, and WriteWithin
to capture characteristics of local variables. Applying our tactics require the user to specify
for which variables the predicates hold.

In the simple_bump_correct example, we use start_function to set up our proof over a
function, then repeatedly take evaluation steps forward that simplify the three write events
in the beginning of Figure 1b, reaching iter. To lift iter, we call our lvl_iter tactic,

1 https://rocq-prover.org/doc/v9.0/refman/addendum/miscellaneous-extensions.html

https://rocq-prover.org/doc/v9.0/refman/addendum/miscellaneous-extensions.html
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with arguments establishing "n" as NoWrite, "_t" as WriteFirst, and both "i" and "fg" as
WriteWithin in the loop. We defer detailed definitions of these predicates to Section 4. The
rest of the proof cleans up and repeatedly takes forward steps.

Notably, we can use simple proof tactics like reflexivity to obtain a naïve version of
simple_bump_counter that is not simplified. Indeed, nothing in simple_bump_correct states
that simple_bump_counter is simpler. In practice, we need to be mindful about how we
construct proofs and apply our proof tactics so that we end up with simplified ITrees.

What do all these mean to proofs? Does the simplification help with proofs? In
bump_counter, the answer is yes. First, we do not need to reason about reads and writes over
local memories. Second, we obtain a simpler loop invariant on bump_counter.

To demonstrate this, we present loop invariants for bump_counter and simple_bump_counter
to be ≈-equivalent to the specification bump_counter_trace: It specifies that for an input n,
the program generates a trace repeating n reads and writes of "Counter" with correct
values. Figure 3 shows the loop invariants of both programs in the right column. Each
invariant specifies the loop body passed to iter, where body_o and body_l are from Figure 1b
and Figure 1c, respectively. Both loop invariants describe the relation between i, n, and
the number of iterations remain. They also maintain a relation between the loop and the
specification. However, the loop invariant for bump_counter (upper-right) needs to additionally
maintain knowledge about three key-value pairs in the memory state s. In contrast, the loop
invariant for simple_bump_counter (lower-right) is stateless. The loop body only maintain an
hlist that includes the exact values participating in this loop.

LVL does not change what is true; it changes where that truth lives. Without LVL,
all information about local variables is buried in memory, so we must manually expose it
as hypotheses and repeatedly prove that memory operations preserve it. With LVL, local
variables participating in a loop are explicit and loop invariants are stated directly over
values.

3 Language Definition

In this section, we discuss our basic framework. Our goal is to extend local variable
lifting (LVL) to interaction trees. To demonstrate that, we have built a small language in
ITrees that can model local memory of a variety of languages.

Events and memory model. We use events MemoryE and ErrorE shown in Figure 2 for our
small language. MemoryE events parameterize over arbitrary variable types K and value types
A. Read A k represents reading a variable k from the memory. This read expects a value of
type A. Write A k v represents writing a value v of type A to variable k. When we handle
these events, we only interpret MemoryE events over local variables while leaving MemoryE
events over global variables and all other events uninterpreted.

We model the memory using an association list as a key-value map, where variable
names (i.e., strings) are keys. To store values of different types in the memory, we use a
closed family of tagged types representing in-memory values. We use a typeclass Repr V A,
shown in Figure 4a, to correspond this closed family of types V with Rocq types A. The
methods inj and prj represent injection to produce in-memory values and projection out of
in-memory values to untagged external values, respectively.

ITP 2026
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1 Definition handle_Write `{Repr V A} (locals : list K) (k : K) (a : A) (st : Memory)
2 : itree E0 (Memory * unit) :=
3 if var_in locals k then Ret (set_memory st k (inj a), tt)
4 else write A k a ;; Ret (st, tt).
5 Definition handle_Read `{Repr V A} (locals : list K) (k : K) (st : Memory)
6 : itree E0 (Memory * A) :=
7 if var_in locals k then read_state k st
8 else v <- read A k ;; Ret (st, v).
9 Definition handle_memory (locals : list K)

10 : ∀ T : Type, MemoryE T -> stateT Memory (itree E0) T :=
11 fun _ e st => match e with
12 | Read k => handle_Read locals k st
13 | Write k a => handle_Write locals k a st
14 end.
15 Definition handle_local (locals : list K)
16 : ∀ T : Type, E0 T -> stateT Memory (itree E0) T :=
17 fun R e st => match e with
18 | inl1 el => handle_memory locals _ el st
19 | inr1 er => (* omitted, leaves other events uninterpreted *)
20 end.
21 Definition interp_local (locals : list K) (t : itree E0 R) : itree E0 R :=
22 map snd (interp_state (handle_local locals) t empty_memory).

1 Class Repr {V : Type} (A : Type) :=
2 {
3 inj : A -> V;
4 prj : V -> option A;
5 prj_inj :
6 ∀ a, prj (inj a) = Some a;
7 }.

(a) The definition of the Repr typeclass.

1 Definition read_state `{Repr V A}
2 (st : Memory) (k : K)
3 : itree E0 (Memory * A) :=
4 match get_memory st k with
5 | Some v => match prj v with
6 | Some a => Ret (st, a)
7 | None => error st
8 end.
9 | None => error st

10 end.

(b) The definition of the read_state.

Figure 4 Definitions related to our interpretation and memory model, simplified for presentation.

Handlers. We interpret events by defining their handlers. Figure 4 gives handlers for
MemoryE and E0. Given an event e : E0, the handler handle_local (lines 15–20) dispatches e

to handle_memory or leaves it uninterpreted, depending on whether e is a MemoryE event or
not; and transforms E0 T to stateT Memory (itree E0) T, where stateT is the state monad
transformer [21]. Memory events MemoryE are handled by handle_memory (lines 9–14): on a
Read or Write of variable k, it checks whether k is local: if so, we handle Write by updating
the Memory with set_memory, and we handle Read via read_state (Figure 4b), which looks
up k with get_memory and projects the result, raising Error on a missing variable or failed
projection. If k is not local, it re-emits the MemoryE event with its smart constructor. The
top-level function interp_local passes these handlers to a helper function from the ITrees
library interp_state, which mediates the application of our handlers and threading of state.
The function interp_local then drops local memory from the result using map, where the
map function is the standard functor map defined on the ITree monad.
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Challenges of reasoning about interpretation. We can now reason about programs rep-
resented in ITrees using our interpreters. Given a set of local variables L, a state s, and an
ITree t of type itree E0 R, we use JtK(s) to denote interp_state (handle_local L) t s. The
set of local variables L is left implicit in the notation JtK(s); throughout the rest of the paper,
it is the L fixed by the surrounding context. We write s[x := v] to denote set_memory s x v,
and { x:= vx; y:= vy; ... } for the memory obtained by setting x to vx, y to vy, and so
on; and we write ∅ for the empty memory.

We have the following interpretation rules for local memory events: for any vari-
able x in given a set of local variables L, we have Jread A xK(s) ≈ read_state s x and
Jwrite A x vK(s) ≈ Ret (s[x := inj v], tt). A local write is total: it updates the Memory by
storing the injected value at the given variable. In contrast, reducing read to a Ret requires
two facts: the variable is present in the current Memory (Figure 4b, line 5) and the stored
value successfully projects from V to the requested type A (Figure 4b, line 6).

For straight-line code, we can reduce a read to a Ret by evaluating the preceding writes.
Consider a write immediately followed by a read of the same variable:

(s′, _)← Jwrite Z "x" 42K(s) ;; Jread Z "x"K(s′) ≈ Jread Z "x"K(s["x" := Vint 42]). (1)

The left-hand side simplifies to the right-hand side by interpreting write and then applying
the monad laws. Any subsequent read will be reading from a concrete state s["x" := Vint 42],
where the existence of "x" is immediate. Moreover, "x" is an integer (shown by its tag Vint),
which is exactly what read expects, we can reduce read_state to Ret.

Unfortunately, doing the same thing in a loop body or after a conditional is non-
trivial. Consider the bump_counter example: let titer denote the body of iter in Fig-
ure 1b (lines 6–26). Interpreting the three writes that precede the loop yields s0 =
{"n":= Vint n;"i":= Vint 0;"fg":= Vbool false} . We are then left to interpret iter titer tt
from s0. We do not want to interpret a loop, as a loop can be nonterminating. Instead,
we want to inspect the loop body titer . But even if the loop body does not contain any
additional loops, we still cannot know the values of local variables by interpreting operations
on them. This is because the state in the loop body can be s0, or the state after the first
iteration, or any states after some iterations. There are also similar challenges to conditionals,
because the join point of a conditional can come from either branch.

In larger programs, especially with nested conditionals and loops, the proof obligations for
existence and type of local variables propagate through the bind structure. LVL is designed
to make the relevant local-variable facts explicit at such control-flow boundaries.

4 Local Variable Lifting on ITrees

In this section, we present our implementation of local variable lifting (LVL) based on a
proof-guided transformation on ITrees with local memory. LVL targets the two challenges
identified last section. When s is universally quantified across iterations or differs across
branches: reads of variables not written in the region cannot reduce without an invariant
on s, while reads of written variables incur existence-and-type obligations across every bind.
We address each with one ingredient. First, a read-only interpretation of E0 – a handler
parameterized by a fixed Memory containing bindings for unmodified variables, so their reads
reduce to constants independently of the state threaded through the computation. Second, a
set of datatypes and operations representing the post-state of a computation as Rocq variables
– a typing context with a heterogeneous list of typed values – which propagates the existence
and type of each lifted variable into every continuation. We then state theorems justifying
LVL as semantics-preserving and discuss how the transformed ITrees ease verification.
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Inductive TCtx {K V : Type}
: list Type -> Type :=

| tctx_nil : TCtx []
| tctx_cons :

∀ {A : Type} {ts : list Type}
`{Repr V A} `{Default A},
K -> TCtx ts -> TCtx (A :: ts).

Inductive hlist {V : Type}
: list Type -> Type :=

| hnil : hlist []
| hcons :

∀ {A : Type} {ts : list Type}
`{Repr V A},
A -> hlist ts -> hlist (A :: ts).

Definition extract_hlist : ∀ {ts}, TCtx ts -> Memory -> hlist ts.
Definition reconstruct_memory : ∀ {ts}, list K -> hlist ts -> Memory.

Figure 5 Typed environments describe lifted variables, while heterogeneous lists store their
typed values. The implementation of extract_hlist and reconstruct_memory is omitted.

Read-only interpretation. The ITrees library lets us interpret E0 through alternative
handlers; we define the read-only handler with the following signature:

Definition handle_local_with_read_only (locals : list K) (read_only : Memory)
: ∀ T : Type, E0 T -> stateT Memory (itree E0) T.

This handler behaves like handle_local (Figure 4, lines 15–20) on writes and on variables
outside read_only. On a read, it first looks up the variable in read_only and only consults
state if that lookup fails. Given a set of local variables L, two values r and s of the Memory type,
and an ITree t, we write JtK(r, s) for interp_state (handle_local_with_read_only L r) t s,
leaving L implicit in the surrounding context. We call r the read-only state: it supplies
immutable bindings used by the handler. We call s the mutable state, or simply the state
when no ambiguity arises.

The key property is that the reads of variables from r reduce independently of s: ∀x ∈ L

and a : A, if get_memory r x = Some (inj a), then Jread A xK(r, s) ≈ Ret (s, a). In bump_counter,
binding "n" to its value n in r lets us reduce its reads inside the loop body to Ret (s, n) even
when s is the abstract iteration state – exactly the step that handle_local could not take.

Datatypes and operations. In LVL, we define TCtx, a typing context for users to specify
participating local variables, and hlist, a heterogeneous list of typed values. Our LVL
tactics use this typing context to extract a heterogeneous list containing all values during
proof-guided simplification.

We show all relevant definitions in Figure 5. First, a typing context uses a type-indexed
data structure TCtx. TCtx stores names of all local variables in the data structure, and
the associated type of each variable at the type level. For example, the typing context we
specified in bump_counter (Figure 1b) is:

tctx_cons "i" (tcxt_cons "fg" tctx_nil) : TCtx [Z; bool]

or ctx["i"; "fg"] : TCtx [Z; bool] with our custom notation. In addition, we require the
indexed types of TCtx representable in memory via the Repr typeclass constraint. We enforce
every indexed type to be inhabitable using a Default typeclass that can provide a “default
value” of this type, similar to Breitner et al. [6]. Note that we can encode TCtx without using
a list of Types as its index, we choose to define it this way because it would make it easier to
extract a heterogeneous list from it, as we will discuss shortly.
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Common rules (P ∈ {NoWritesL X, WriteFirstL y, WriteWithin(Γ,L) X}):

P (Ret s)
PRet

P t

P (Tau t)
PTau

∀v, P (k v) e /∈ {Read A x,Write A x}
P (Vis e k)

POthers

Specific rules:
∀v, NoWritesL X (k v)

NoWritesL X (Vis (Read A x) k)
NWRead

x /∈ L ∨ x /∈ X ∀v, NoWritesL X (k v)
NoWritesL X (Vis (Write A x) k)

NWWrite

x /∈ L ∨ x ̸= y ∀v,WriteFirstL y (k v)
WriteFirstL y (Vis (Read A x) k)

WFRead

x /∈ L ∨ x ̸= y ∀v,WriteFirstL y (k v)
WriteFirstL y (Vis (Write A x) k)

WFWriteNeq

x ∈ L

WriteFirstL x (Vis (Write A x) k)
WFWriteEq

∀v,WriteWithin(Γ,L) X (k v)
WriteWithin(Γ,L) X (Vis (Read A x) k)

WWRead

x /∈ L ∨ (x ∈ X ∧ Γ ⊢ x : A) ∀v,WriteWithin(Γ,L) X (k v)
WriteWithin(Γ,L) X (Vis (Write A x) k)

WWWrite

Figure 6 Definitions of NoWrites, WriteFirst, and WriteWithin.

We then define a heterogeneous list hlist that contains all values of local variables.
The hlist is also indexed by a list of Types – this is a standard technique for encod-
ing heterogeneous lists in dependently-typed languages like Rocq [7]. We implement
two operations: ∀ t : Type, ts : list Type, we get the first element of the hlist via
hhd : hlist (t :: ts) -> t; and we get its tail via htl : hlist (t :: ts) -> hlist ts.

Given a typing context Γ : TCtx ts and a Memory s, extract_hlist Γ s extracts, for each
variable named in Γ, its value from s and returns them in an hlist with the same type index
ts: if the i-th entry of Γ names a variable x of type A, then the i-th entry of the hlist is the
value of x and has type A. We call these variables the lifted variables. When x is absent from
Memory, that slot in hlist is filled with the default value of A from the Default typeclass.

Conversely, reconstruct_memory builds a Memory from a list of variable names (usually from
a typing context Γ) and an hlist of corresponding values, starting from an empty memory.
Crucially, its implementation is only recursive on the list of variable names, not on hlist. It
binds the i-th variable to nth_inj i hl, where nth_inj : ∀ ts, nat -> hlist ts -> V injects the
i-th element of the hlist into V using the inj method supplied by the Repr typeclass. As a res-
ult, when hl : hlist [Z; bool] is universally quantified, reconstruct_memory ["x"; "y"] hl
computes to {"x":= nth_inj 0 hl;"y":= nth_inj 1 hl}, where nth_inj 0 hl rewrites to
Vint (hhd hl) and nth_inj 1 hl rewrites to Vbool (hhd (htl hl)). Thus the reconstruc-
ted memory has the same shape as the updated state in right-hand side of Term (1): each
relevant variable is present, and each stored value is already an injection. Consequently,
reading "x" or "y" with read_state reduces to Ret without any additional proof obligation.

Local variable lifting theorems. To perform LVL, we need knowledge of the role each local
variable plays. We use three predicates to define these roles: (1) NoWrites describes an ITree
where a specific set of local variables are never written to. (2) WriteFirst describes an ITree
where a specific local variable is written first before being read. (3) WriteWithin describes an
ITree where all writes are within a specific subset of local variables.
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We define all three predicates coinductively in Rocq. We show these definitions as
inference rules in Figure 6. All three predicates are parameterized by an ITree t : itree E0 R
and a set of local variables L. Common rules PRet, PTau, and POthers are shared across
all predicates, as ITrees with no memory events naturally satisfy all these predicates.

NoWritesL X t asserts that t does not have any Write events to any variables in a set of
variables X. The rule NWWrite only allows Write to variables outside X or outside L.

WriteFirstL x t asserts that ITree t can never read the local variable x before it first
writes to x, i.e., the first local memory event involving x must be a Write. The rule WFRead
enforces that we can only read from variables that are not x, i.e., no Read from x. Similarly,
if there is Write on variables that are not x, we simply ignore this event by propagating the
predicate, as described by WFWriteNeq. Finally, the WFWriteEq specifies that an
ITree that starts with a Write to x is WriteFirst.

The WriteWithin predicate is additionally parameterized by a typing context Γ : TCtx ts,
where ts is a list of Types. WriteWithin(Γ,L) X t asserts that every local Write performed by
t is to a variable of a set X. In addition, the type associated to Write agrees with the type
assigned by Γ, as indicated by the WWWrite rule.

To facilitate proving an ITree satisfies one of these predicates, we prove compatibility
theorems for all three predicates over common ITree operators (e.g., bind, iter, trigger)
and conditionals (i.e., if) in Rocq.

We now show that each predicate over an ITree t enables us to rewrite t to a semantically-
equivalent ITree via Lemmas 1–3:

Given a state s and an ITree t, the equivalence JtK(s) ≈ JtK(∅, s) lets us rewrite the
top-level Derive goal into one using the read-only handler, initially with an empty read-only
state. The following operations then enable moving bindings between the read-only state
and the mutable state while reasoning about different subtrees of t:

Definition build_read_only : list K -> Memory -> Memory.
Definition remove_vars : Memory -> list K -> Memory.
Definition overwrite : Memory -> Memory -> Memory.

Here, build_read_only X s extracts the X bindings from s, remove_vars s X removes them
from s, and overwrite s1 s2 merges two Memorys, preferring s2 on conflicts. For JtK(∅, s), if t

never writes to X, then the X bindings of s may be moved from the mutable state to the
read-only state as JtK(build_read_only s X, remove_vars s X). The following lemma justifies
this transformation in a more general setting. Rather than requiring the read-only state to
be empty, it permits an existing r0 to be enlarged; this is needed when rewriting a subtree of
JtK(r0, ·) in which yet more variables are identified as read-only.

▶ Lemma 1 (NoWrites justifies a read-only state). Given a state s, a read-only state r0, a
set of local variables L, and an ITree t, if NoWritesL X t for some set of variables X defined
in s, then letting r = build_read_only s X,

JtK(r0, s) ≈ (s′, a)← JtK(overwrite r0 r, remove_vars s X);; Ret (overwrite s′ r, a).

To move variables between read-only and mutable state, we enlarge the read-only state
with overwrite r0 r and reduce the mutable state with remove_vars s X. Since the handler
handle_local_with_read_only returns only the mutable state, we merge the read-only bindings
back before handing the result to the continuation.

Given an ITree t, the top-level goal in Derive is over interp_local (Figure 4), which
uses map snd JtK(∅) to discard the final Memory, since the lifetime of local variables ends. We
introduce a relation I that relates two tuples of Memory×R for some type R:

I(X) (s1, r1) (s2, r2) := r1 = r2 ∧ ∀x /∈ X. get_memory s1 x = get_memory s2 x.
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This relation allows two memories s1 and s2 to differ on a chosen set of variables X while
requiring results r1 and r2 to be equal. ITrees library allows parameterizing a binary relation
R over ≈-equivalence, denoted as ≈R, to relate the results from two ITrees by R. Thus
t1 ≈I(X) t2 permits the resulting Memorys to differ on variables in X, while preserving the
returned value that remains after local variables go out of scope.

▶ Lemma 2 (WriteFirst justifies dropping variables). Given a state s, a read-only state r,
a set of local variables L, an ITree t : itree E0 A, and its continuation over an ITree
k : A→ ITree E0 B for some types A and B, if ∀a : A, x ∈ X, WriteFirstL x (k a) for
some set of variables X, then we have

(s′, a)← JtK(r, s) ;; Jk aK(r, s′) ≈I(X) (2)
(s′, a)← map

(
λ(s′, a). (remove_vars s′ X, a)

)
JtK(r, s) ;; Jk aK(r, s′). (3)

Lemma 2 states that, if some local variables X are always first written to before being read
in a continuation k over an ITree (k is also known as a KTree [32]), we can safely drop these
variables in k. We implement this by mapping over the results of t via remove_vars s′ X.
Because WriteFirst is also satisfied by variables that are never read or written, this lemma
holds only over ≈I(X). After X is dropped from the post-state of t, the continuation k may
not write every variable in X, so the final states may still differ there.

Lemma 2 is especially useful with conditionals and loops. If one can assume their ITrees
satisfy a scoping discipline common in modern programming languages: variables declared
and initialized within one branch of a conditional, or within the body of a loop, are not
meant to be used by the continuation after that control-flow construct. Such variables are
therefore dead for the continuation, a condition captured by the WriteFirst predicate.

The purpose of dropping these bindings is to make local states compatible at the join
point of a conditional or a loop. Given a state s, we define its domain, denoted dom(s),
as the set of variable names present in s. At the end of a conditional, branches may leave
behind different dead bindings, giving their post-states different domains. Dropping these
bindings aligns the post-states to a common local-state domain. Similarly, for loops, dropping
iteration-local bindings keeps the state domain the same across iterations.

After the dead variables have been dropped, the next lemma rewrites the head computation
appearing in Term (3), i.e., map

(
λ(s′, x). (remove_vars s′ X, x)

)
JtK(r, s). First, we define two

operations on typing context: vars Γ returns a list of variable names for some typing context
Γ; Γ1++Γ2 concatenates two typing contexts yielding TCtx (ts1++ ts2) for some Γ1 : TCtx ts1 and
Γ2 : TCtx ts2. Next, given a state s and a typing context Γ, we say s obeys Γ if dom(s) = vars Γ
and the value of each variable in s is well-typed under Γ. The key idea is that if s obeys Γ,
then extract_hlist Γ s yields hl, a hlist carries values of all variables in s where i-th value
of the hlist corresponds to i-th variable name of Γ, so reconstruct_memory (vars Γ) hl has
the same bindings as s.

▶ Lemma 3 (WriteWithin justifies extracting heterogeneous lists). Given a state s, a read-only
state r, a set of local variables L, an ITree t, and two typing contexts Γ1 : TCtx ts1 and
Γ2 : TCtx ts2, if
1. remove_vars s (vars Γ2) obeys Γ1, and
2. WriteWithin(Γ1++Γ2,L) (vars Γ1 ∪ vars Γ2) t,
then, for any ITree t, we have

map
(
λ(s′, a). (remove_vars s′ (vars Γ2), a)

)
JtK(r, s) ≈

(hl, a)← map
(
λ(s′, a). (extract_hlist Γ1 (remove_vars s′ (vars Γ2)), a)

)
JtK(r, s) ;;

Ret (reconstruct_memory (vars Γ1) hl, a).
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Lemma 3 describes that if we can remove certain local variables from the result of evaluating
an ITree t (via remove_vars s′ (vars Γ2)), we can also extract a heterogeneous list from
the rest of the local memory (via extract_hlist Γ1 (remove_vars s′ (vars Γ2))). Initially,
remove_vars s (vars Γ2) obeys Γ1. During the execution of t, WriteWithin restricts every
write to a variable in Γ1++Γ2 and requires the written value to be well-typed in that context.
Hence any post-state s′ of JtK(r, s) has no bindings outside vars Γ1∪vars Γ2, and the bindings
for variables in Γ1 remain well-typed. After removing vars Γ2 from s′, the remaining state
again obeys Γ1, so we can safely extract a hlist from it according to Γ1.

After interpreting t, we still need a Memory to pass to its continuation. We could use
the post-state produced by interpreting t, but we intentionally choose not to: instead, we
reconstruct a Memory from the resulting hlist according to Γ1. This makes the heterogeneous
list appear in the continuation. For example, imagine the continuation of a conditional is
interpreted from reconstruct_memory ["x"; "y"] hl given arbitrary hl : hlist [Z; bool],
which reduces to {"x":= Vint (hhd hl);"y":= Vbool (hhd (htl hl))}. Thus, the continu-
ation keeps its original Memory-passing type, while reads of lifted variables reduce to values
supplied by the heterogeneous list.

Putting Lemmas 1–3 together, we show the following main theorem that justifies LVL:

▶ Theorem 4 (Local Variable Lifting). Given a state s, a read-only state r0, a set of local
variables L, two typing contexts Γ1 : TCtx ts1 and Γ2 : TCtx ts2, an ITree t : itree E0 A, and
its continuation k : A→ itree E0 B for some types A and B, if
1. NoWritesL X t for some set of variables X,
2. ∀a : A, y ∈ vars Γ2, WriteFirstL y (k a),
3. WriteWithin(Γ1++Γ2,L) (vars Γ1++vars Γ2) t,
4. remove_vars s (vars Γ2 ∪ vars X) obeys Γ1
let r be (build_read_only s X), we have

(s′, a)← JtK(r0, s) ;; Jk aK(r0, s′) ≈I(vars Γ2)

(hl, a)← map
(
λ(s′, x). (extract_hlist Γ1 (remove_vars s′ (vars Γ2)), x)

)
JtK(overwrite r0 r, remove_vars s X) ;;

Jk aK(r0, overwrite (reconstruct_memory (vars Γ1) hl) r).

(4)

Theorem 4 essentially combines Lemmas 1–3 together. It lifts variables from the resulting
state of the head, then reconstructs the Memory for the continuation. To see how Theorem 4
simplifies ITrees in practice, consider the following conditional, where c : bool is a Rocq
variable, "A" and "B" are two global variables, all other variables are local:

1 if c then
2 a <- read Z "A" ;; write "t1" Z a ;; vt <- read Z "t1" ;; write "x" Z (vt + 1)
3 else
4 b <- read Z "B" ;; write "t2" Z b ;; vt <- read Z "t2" ;; write "y" Z (vt + 1) ;;
5 x <- read Z "x" ;; y <- read Z "y" ;; Ret (x + y)

We instantiate Theorem 4 with initial state s0 = {"x":= Vint 42;"y":= Vint 7} , empty
read-only state r0, X = ∅, two typing contexts Γ1 = ctx["x"; "y"] : TCtx [Z; Z] and
Γ2 = ctx["t1"; "t2"] : TCtx [Z; Z], and let f(s′, x) =

(
extract_hlist Γ1 s′, x

)
.

Let t1 and t2 denote the branches at line 2 and 4, respectively, let k denote the continu-
ation of the conditional (line 5). With Term (4), we rewrite Jif c then t1 else t2K(∅, s0) to
map f

(
Jif c then t1 else t2K(∅, s0)

)
. Since map commutes through conditional, we further re-

write it to if c then map f Jt1K(∅, s0) else map f Jt2K(∅, s0). Then we rewrite each branch with
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interpretation rules and hlist extraction, they become a← read Z "A" ;; Ret ([a + 1; 7], tt)
and b← read Z "B" ;; Ret ([42; b + 1], tt), respectively. We rewrite λ(s′, _). Jk ttK(∅, s′)
to λ(hl, _). Jk ttK(∅, reconstruct_memory (vars Γ1) hl). Under universally quantified hl, the
mutable state can still be rewritten to {"x":= Vint (hhd hl);"y":= Vint (hhd (htl hl))} .
So the continuation becomes λ(hl, _). Ret (hhd hl + hhd (htl hl)) with interpretation rules,
where the reads in k are reduced without extra proof obligations.

However, for loops, we need a different theorem. This is because the iter combinator is
defined on an ITree continuation of type I -> itree E (I + R). This means that there are
two places where Memory needs to be lifted and reconstructed in an iter: the state passed
into each loop iteration, and the state passed into the continuation after the loop.

▶ Theorem 5 (Local Variable Lifting for iter). Given a state s, a read-only state r0, a set of
local variables L, two typing contexts Γ1 : TCtx ts1 and Γ2 : TCtx ts2, the body of the iter over
an ITree t : I → itree E0 (I + A), an initial value of the iter i0 : I, and its continuation
k : A→ itree E0 B for some types A and B, if
1. ∀i : I, NoWritesL X (t i) for some set of variables X,
2. ∀i : I, a : A, y ∈ vars Γ2, WriteFirstL y (t i), and WriteFirstL y (k a),
3. ∀i : I, WriteWithin(Γ1++Γ2,L) (vars Γ1++vars Γ2) (t i),
4. remove_vars s (vars Γ2 ∪ vars X) obeys Γ1
let f : Memory× (I + A)→ hlist ts× (I + A) be

f(s, ir) :=
{

inl (extract_hlist Γ1 (remove_vars (vars Γ2) s), i), if ir = inl i

inr (extract_hlist Γ1 (remove_vars (vars Γ2) s), r), if ir = inr r
, (5)

let r be (build_read_only s X). We have:

(s′, a)← Jiter t i0K(r0, s) ;; Jk aK(r0, s′) ≈I(vars Γ2)

(hl, a)←
iter

(
λ(hl, i). map f Jt iK(overwrite r0 r, reconstruct_memory (vars Γ1) hl)

)(
extract_hlist Γ1 (remove_vars (vars Γ2++X) s), i0

)
;;

Jk aK(r0, overwrite (reconstruct_memory (vars Γ1) hl) r)

(6)

We now apply Theorem 5 to the bump_counter ITree of Figure 1b, taking titer to be the
iter body (lines 6–26). We specialize the theorem with the read-only set X = {"n"},
Γ1 = ctx["i"; "fg"] : TCtx [Z; bool], Γ2 = ctx["_t"] : TCtx [Z], an empty read-only
state r0, and the initial state s0 ={"n":= n;"i":= 0;"fg":= false} produced by the three
writes on lines 2–4 of Figure 1b. This rewrites Jiter titer ttK(∅, s0) into a loop that threads
hlist [Z; bool] between iterations. The initial hlist is [0; false] extracted from the values
of "i" and "fg" in s0. Let r ={ "n" := Vint n } , the loop body becomes

λ(hl, _). map f Jtiter ttK(r, {"i":= Vint (hhd hl);"fg":= Vbool (hhd (htl hl))} ).

Now, we rewrite it with interpretation rules, the reads of "i", "fg", and "n" reduce to Rets of
hhd hl, hhd (htl hl), and n respectively; also with map commuting conditionals and applying
hlist extraction, it becomes exactly the iter in Figure 1c (lines 2–12). Then we rewrite its
continuation λ(s′, _). JRet ttK(∅, s′) to:

λ(hl, _). JRet ttK(∅, {"i":= Vint (hhd hl);"fg":= Vbool (hhd (htl hl));"n":= Vint n} ).

For a more complicated continuation, the same reduction applies to any read of "i", "fg", or
"n" that occurs before the continuation modifies that variable.
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1 bump_counter' ?n ≡ do {
2 whileLoop (λ(fg, i) s. fg = 0) (λ(fg, i).
3 condition (λs. ¬ ?n < i)
4 (do { modify (Counter_''_update (λa. a + 1)); return (0, i + 1) })
5 (return (1, i)))
6 (0, 0); skip }

Figure 7 The simplified bump_counter obtained using AutoCorres2. We removed the guards
Autocorres2 inserts to maintain bounded integers in order to better illustrate the similarities of our
works on unbounded integers.

Limitations. Our WriteFirst rewrite can drop variables between loop iterations, but we
also require these variables to be dead at the entry of the continuation of the loop. This
is conservative: if a variable is always overwritten before any read in each iteration, then
the loop-carried value is irrelevant even when the continuation reads the variable after the
loop. Strengthening the rule to support this case is left to future work. Users must currently
supply the variable sets for NoWrites, WriteFirst, and WriteWithin. In future work, we plan
to integrate a liveness analysis to infer these sets automatically and reduce manual effort.

5 Case Study

To evaluate how our implementation works in practice, we conduct a qualitative case study
based on three simple examples: mult_by_add, the running example documented in the
AutoCorres2 manual; bump_counter, shown in Section 2; and profiler_reset, a function
adapted from the seL4 microkernel that resets an array (or a block of memory) using a
loop. We only present a full description for bump_counter here, and worked out examples for
mult_by_add and profiler_reset are in the artifact.

We use these programs to evaluate our implementation along two dimensions:
Comparison with AutoCorres2: Whether our local-variable lifting produces an
embedding that matches AutoCorres2’s treatment of lifting local variables.
Proof impact: How local variable lifting affects formal reasoning effort.

Correspondence with AutoCorres2. For variables that must be carried across loop itera-
tions (or more generally, across compound statements), AutoCorres2 returns these variables
as a tuple. In contrast, our implementation returns a heterogeneous list.

We illustrate this correspondence using bump_counter. Figure 7 shows the AutoCorres2
output, and Figure 1c shows our simplification. In this example, the loop carries exactly
two local variables between iterations: i and fg. In our embedding, these appear as the two
elements of the hlist bound to a: the first element of a corresponds to i in AutoCorres2,
and the second element corresponds to fg.

Across all three case studies, the number of lifted variables in our hlist matches the
arity of the tuple returned by AutoCorres2. After lifting, the loop iterations communicate
exclusively through the explicit hlist without relying on abstract local memories.

Differences with AutoCorres2. AutoCorres2 uses a specific computation monad to represent
effects like mutable states, exceptions, and control flows. In contrast, we use interaction
trees where effects are parameterized and their interpretation is delayed. As a result, our
simplified code and AutoCorres2 differ in how they represent global states and control flow.
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AutoCorres2 represents reads and writes of global states as operations on a state
monad. We show bump_counter after local variable lifting in AutoCorres2 in Figure 7.
State updates are expressed via modify, which takes a functional update (a function
mapping the old state to a new state). In contrast, our implementation keeps global-
memory effects uninterpreted as events. We also use an explicit read-compute-write pattern,
e.g., x <- read A ... ;; write A ..., as shown in Figure 1c. Because our implementation
does not interpret operations over global states, we can plug in any interpretations later.
This can be especially important for concurrent programs, where a global state might be
managed by multiple threads/processes.

AutoCorres2 uses loop constructs (whileLoop in Figure 7) that include conditionals as
termination guards. In contrast, we rely on the iter combinator provided by ITrees that
implements Elgot iteration [1, 14]. In Figure 1c, the guard at line 4 implies that hhd a >=? n
is false at line 7, but we do not have this simplification. AutoCorres2 does: in Figure 7,
line 4 returns 0 as the value of fg, i.e., Boolean false.

Proof impact of local variable lifting on ITrees. Local variable lifting significantly changes
proof obligations for establishing local variable properties, an advantage we share with
Autocorres2. To demonstrate this, we prove the same properties for each example based on
ITrees with and without local variable lifting.

We have described how simple_bump_counter is maintains a simpler loop invariant than
bump_counter in Section 2. This applies to the other two examples as well. For unlifted ITrees,
we required administrative proofs about get_memory and loop invariants that bookkeeps the
existence and types of loop carried variables in the state. After local variable lifting, we no
longer need those administrative proofs and the loop invariants are simpler. Moreover, the
lifted ITrees are structurally simpler. Interested readers can find more details in our artifact.

6 Related Work

Local variable lifting. LVL was initially proposed by Greenaway et al. as a key simplification
step in AutoCorres [15–17]. AutoCorres is a tool that translates deeply embedded C terms
to shallowly embedded, monadic terms in the Isabelle theorem prover. In addition to local
variable lifting, AutoCorres also performs simplifications such as peephole optimization,
exception elimination, and heap abstraction Recently, Brecknell et al. created a new fork of
AutoCorres named AutoCorres2 [5] that is more efficient and supports additional C features
like unions, function pointers, a limited set of gotos, and pointers to local variables.

Our work focuses on LVL for ITrees. Our implementation is based on the idea presented
in Greenaway [15]. We compare our implementation with AutoCorres2 in the last section.
We leave the implementation of other simplifications over ITrees as future work.

As described earlier, LVL in AutoCorres and AutoCorres2 is based on specific computation
monads. To perform LVL, Greenaway first parses a monadic program into blocks and identifies
a write set, a read set, an entry live set, and an exit live set of each block. These sets are
then used to guide LVL. Our implementation does not include an automatic live variable
analysis process, as we focus on implementing LVL for ITrees. We define three predicates on
ITrees that roughly correspond to the four sets used by Greenaway: NoWrites corresponds to
the read set minus the write set; WriteWithin corresponds to the write set; and WriteFirst
corresponds to the complement of the entry live set, and the complement of WriteFirst
corresponds to the exit live set.
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LVL and the translation proof in AutoCorres and AutoCorres2 are fully automatic.
The soundness of translation theorem states a refinement relation that there always exist
a pair of executions between an unlifted and a lifted program that starts from the same
precondition and corresponding states, and return the same value. Because the parsing and
live variable analysis steps are not verified, the translation can fail to produce evidence for
the refinement relation and not produce a translation. In contrast, LVL is proof-guided in
our implementation. Our approach does not reason about sets of executions. Instead, we rely
on an observational equivalence relation defined on ITrees. Our proof is only semi-automatic
at this point, but we believe a syntax-guided fully automatic proof tactic should be possible.

Functional extraction. There are other works that extract functional abstraction from
imperative programs, but do not rely on LVL. For example, Heapster uses a relational type
system with separation logic [19]. Users write types describing memory properties such as
pointer access permissions and memory shapes. From the types and the program, Heapster
creates an ITree representation of the program, type-checks the program under their relational
type system, and refines it to a functional specification without pointers. Heapster focuses on
heaps and separation logic, while our work focuses on local variables in states. Aeneas [20]
translates Rust (via MIR) into pure Gallina, leveraging ownership and borrow checking
to ensure memory safety and enable functional extraction. Electrolysis [30] targets Lean,
mapping immutable variables to pure values and modeling mutability with lenses. Both
systems face a join problem at conditionals: Aeneas requires no code after if-statements in
the source code, while Electrolysis duplicates the post-conditional continuation into each
branch rather than computing a join state. The Why3 [10] platform used by Creusot [8] also
has a constrained specification language WhyML. WhyML constrains input programs to have a
finite statically known set of names for l-values and disallows higher-order functions, so that
WhyML programs can be represented purely.

Appel observes that Static Single-Assignment (SSA) is functional programming and
suggests what SSA and functional programming can learn from each other [2]. We would
like to explore this connection further in our future work.

Verified Constructions. Gruetter et al. propose a novel approach for developing correct-by-
construction C programs [18]. Their work and ours intersect in providing an interface for
users to construct both an imperative program and a specification of its behavior in Rocq
simultaneously. We both use Ltac tactics to construct existential terms. We both include a
“step” tactic that takes symbolic steps on the program. The approach of Gruetter et al. is
tuned for proving C programs. It provides a set of tactics that are disguised as C syntax and
comments, and requires the user to annotate the code with separation logic predicates.

7 Conclusion

In this paper, we present an implementation of LVL for interaction trees in Rocq. Our
implementation is semi-automatic and proof-guided based on Rocq’s Derive extension. We
define three predicates, namely NoWrites, WriteFirst, and WriteWithin, that we can use to
identify local variables that can be lifted, including inside conditionals and loops. We prove
theorems based on these predicates that allow us to simplify programs. Finally, we conduct
a case study based on three simple examples. We show that our implementation produces
similarly simplified code to the code generated by AutoCorres. We also show that local
variable lifting simplifies proof obligations for reasoning about ITrees.
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