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WebAssembly, abbreviated Wasm, is a low-level portable bytecode. WasmFX is a proposed extension of Wasm

with primitives for explicitly manipulating execution stacks as continuations. By exposing an interface in the

style of effect handlers, WasmFX enables non-local control flow features to be compiled in a modular way: one

handcrafts a library that directly implements such features in WasmFX, and compilation then merely calls into

the library. Alas, code involving non-local control flow is notoriously challenging, and so this proposal raises

the questions of the soundness of the language extension, and of the correctness of such handcrafted libraries.

In this paper, we first describe WasmFXCert, a mechanisation of WasmFX in Rocq, and prove the expected type

soundness result. We then develop Iris-WasmFX, a program logic to reason about WebAssembly programs that

use effect handlers, and illustrate its application to two key use cases of effect handlers: a coroutine library,

and a generator. Together, these validate the design of stack switching, and provide a modular framework for

verifying future effect-based libraries.

1 Introduction
Wasm [Haas et al. 2017; Rossberg 2019, 2023] is a low-level portable bytecode extensively used both

on the client- and server-side. As such, it is the compilation target for code that involves non-local

control flow, including features such as promises, async/await, generators, and more. Compiling

such features to current versions of Wasm requires a whole-program transformation such as

the one used by Binaryen’s Asyncify [Zakai 2019]. However, such transformations suffer from

three problems. First, such transformations introduce complexity. Second, they incur a significant

overhead, in particular in code size. And third, they are not compositional: transformed code can

only be composed with transformed code, not with off-the-shelf Wasm code.

To enable simpler, more efficient, and compositional compilation to Wasm, WasmFX [Phipps-

Costin et al. 2023] extends Wasm with non-local control flow primitives based on Plotkin and

Pretnar’s effect handlers [Plotkin and Pretnar 2009, 2013]. WasmFX is in the process of being

standardised under the name stack switching [McCabe et al. 2025] as it provides a means for

switching stacks. Previously the design was also referred to as typed continuations [Hillerström
2021; Rossberg 2020; Rossberg et al. 2020], as it is founded on a notion of continuations that

follow the stack typing discipline of Wasm. In this paper we stick withWasmFX for conciseness.

We will sometimes refer to the official standardisation documents for WasmFX [McCabe et al.

2025] as the WasmFX proposal. WasmFX already has implementations and industrial uses, but two

important aspects remain to be investigated. First, although the static and dynamic semantics of

Wasm are given in the proposal, the typing rules for runtime administrative instructions and a type
soundness proof are missing. Second, the expected use case of WasmFX is to combine compiled

code with hand-optimised libraries efficiently implementing non-local control flow features of

source languages, raising the question of how to prove correctness of such libraries.
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Contributions. In this paper, we make two main contributions to the formal study of WasmFX:

WasmFXCert, a mechanisation of the operational semantics and type system of WasmFX; and

Iris-WasmFX, a program logic that enables modular reasoning for programs using WasmFX.

First, in order to formalise the semantics ofWasmFX, we introduceWasmFXCert, a mechanisation

of WasmFX in the Rocq proof assistant, built atop the existing WasmCert [Watt et al. 2021]

formalisation of plain Wasm. WasmFXCert defines the full operational semantics and syntactic

type system of WasmFX, including formally defined typing of administrative instructions, which

existing specifications did not cover beyond an informal description [Phipps-Costin et al. 2023,

§3.4]. WasmFXCert also provides the first result on the type safety of WasmFX, in the form of a

mechanised proof which covers administrative instructions — thus validating the basic consistency

of the WasmFX proposal.

Second, because effect handlers introduce non-local control flow, they famously hinder modular

reasoning at the level of the operational semantics [Dijkstra 1968; Madore 2001]. In particular,

capturing and storing of continuations make it challenging [Timany and Birkedal 2019] to reason

about a programmodule-by-module, as doing someans that control does not flow in awell-bracketed

way — and therefore not in a module-bracketed way — anymore. To address this difficulty, we

introduce Iris-WasmFX, the first modular reasoning method for WasmFX programs. Iris-WasmFX

is a program logic for WasmFX defined in the Iris separation logic framework [Jung et al. 2018] by

extending the existing Iris-Wasm program logic [Rao et al. 2023] for plain WebAssembly, and takes

inspiration from Hazel [de Vilhena 2022; de Vilhena and Pottier 2021, 2023], an Iris-based program

logic for an ML-style calculus with effect handlers.

In this paper, we outline the difficulties that we faced when defining Iris-WasmFX, and highlight

the challenges of doing machine-checked proofs of properties of industrial-size languages. Our

mechanisation and program logic are crucial tools for gaining a deep understanding of the behaviour

of WasmFX programs and establishing confidence in desired properties of specific programs.

Libraries whose behaviour is critical for safety can be verified manually, and users of WasmFX can

establish a high-degree of assurance in the soundness of its design. Together, WasmFXCert and

Iris-WasmFX validate the design of WasmFX, and illustrate how to achieve modular reasoning for

the prototypical kind of libraries that WasmFX was designed to support.

Plan. We first present our running example of a typical use-case of WasmFX, which we use

throughout the paper to demonstrate how to program, specify, and verify with WasmFX (§2). We

then describe the design of WasmFX and our formalisation, WasmFXCert, (§3), and establish type

safety. On top of this foundation, we describe our program logic, Iris-WasmFX (§4), and apply it to

two case studies (§5). Finally, we discuss related work (§6), and conclude (§7).

2 A Canonical Use Case of WasmFX: a Coroutine Library
In the remainder of this paper, we illustrate the design of WasmFX, our mechanisation WasmFX-

Cert, and our program logic Iris-WasmFX, on a canonical use case of WasmFX: a small cooperative

coroutine library module. The coroutine module exposes an interface comprising two functions.

Library function $par takes two function references as arguments; these define two coroutines

whose execution is interleaved. Library function $yield is used to signal that control should be

handed over to the other coroutine, thereby cooperatively interleaving the execution of the corou-

tines. Behind the scenes, $par implements a scheduler that starts running one function, and if that

function stops by invoking $yield, then starts running the other function, and so on.

This example illustrates the kind of code that WasmFX makes possible. Without it, this kind of

functionality would require a somewhat complex compilation of the client code, likely incurring

some code size inflation. Instead, with WasmFX, a concise definition can be given to $par and
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Iris-WasmFX: Modular Reasoning for Wasm Stack Switching 3

$yield, as we show below. Thanks to Wasm’s modularity, from the point of view of a client, the

functions $par and $yield can be called like normal functions, and the code of the client can thus

be written without using the new instructions in the WasmFX semantics.

A Simple Specification of Coroutines. A natural specification for this coroutine module in the style

of Concurrent Separation Logic (CSL) [Brookes and O’Hearn 2016] is centred around the notion of

an invariant: if both client functions $fi (for i in {1, 2}) being run ensure that they establish the

invariant 𝐼 before calling $yield, then they can rely on the fact that this same invariant is restored

when control returns to them — that is, when $yield returns. Assuming this, if each function $fi,
starting from precondition 𝑃𝑖 , ensures postcondition 𝑄𝑖 at termination, with access to invariant

𝐼 at the start and relinquishing it at the end, then running both functions via $par starting with

𝑃1, 𝑃2 and 𝐼 ensures that at termination, 𝑄1, 𝑄2 and the invariant hold. We give a more detailed

intuition for the shape of the specification by way of Hoare triples for the $yield and $par functions.
The Hoare triple for $par uses nested Hoare triples [Schwinghammer et al. 2009]: it requires in its

precondition corresponding specifications for $f1 and $f2 in the form of Hoare triples:

∀𝑃1, 𝑃2, 𝑄1, 𝑄2, 𝐼 .

{𝐼 }[invoke addryield]{𝐼 } ∗
𝑃1 ∗ 𝑃2 ∗ 𝐼 ∗
{𝑃1 ∗ 𝐼 }[invoke addrf1]{𝑄1 ∗ 𝐼 } ∗
{𝑃2 ∗ 𝐼 }[invoke addrf2]{𝑄2 ∗ 𝐼 }



func.ref $f1;
func.ref $f2;
invoke addrpar

 {𝑄1 ∗ 𝑄2 ∗ 𝐼 }

where addryield, addrpar , addrf1 and addrf2 are the addresses of the closures for $yield, $par, $f1
and $f2. We show how to make this informal specification precise in Appendix E.

Modularity. Importantly, this specification can be proved for the coroutine module by itself,

without access to the code of the client functions $fi, which can themselves be verified against this

specification, without reference to the code of the coroutine module.

Implementation. This coroutine module can be implemented using WasmFX: $yield suspends
the current program, saving the current continuation, and $par resumes the continuations of $f1
and $f2, round-robin, using the corresponding WasmFX instructions. We describe this simple

implementation of coroutines in Section 3, and give its code in Figure 3.

Library Client. A simple example use of this coroutine library is a client implementing a classic

‘message passing’ concurrency example [Sewell et al. 2010, 8–1][Maranget et al. 2012, §3]. We

implement this in Wasm (the code is in the appendix in Figure 13) in the form of a client module

that uses the coroutine module to concurrently run a ‘writer’ function $f1 that writes 42 to a ‘data’

global $x, and then 1 to a ‘flag’ global $y to signal that the data is ready in $x, with a ‘reader’

function $f2 that reads the ‘flag’ $y and then reads the ‘data’ in $x, with both functions calling

$yield in between their two accesses to globals. Using this specification of the coroutine library,

the goal is to prove that if the reader sees that the flag is set, then it should see 42 as the data. In

the rest of this paper, we build up to making the above specification precise and prove it correct.

3 WasmFXCert: Formal Operational Semantics for WasmFX
In this section, we introduce WasmFX and our mechanisation of it in the Rocq proof assistant,

WasmFXCert. Phipps-Costin et al. [2023, §2–3] give a more detailed introduction to WasmFX.

3.1 WasmFX, Informally
Design of WasmFX. WasmFX is effectively a variant of effect handlers, a mechanism for non-local

control flow that can be thought of as resumable exceptions: when an effect is performed, execution
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1 (loop $l

2 (block $b

3 ... ;; prepare function to run

4 resume ... (on $t $b) ;; run

5 ... ;; handle normal termination

6 br $l) ;; resume the loop, circumventing the code for yield below

7 ... ;; handle yield, changing function to run

8 br $l) ;; resume the loop

Fig. 1. High-level structure of the implementation of $par (full code in Figure 3)

is halted, and control is handed over to the innermost handler for that effect, thereby defining a

delimited continuation [Felleisen 1988]. If it was intended for programmers to routinely write code

directly in Wasm, it would make most sense to define a specific, user-friendly mechanism. But

since Wasm is designed as a compilation target, it makes most sense to offer a flexible mechanism

that can be used to implement different non-local control flow mechanisms, even if it is at the

cost of being less human-readable. Therefore, the design of Wasm’s effect handlers in WasmFX is

somewhat unusual, and we illustrate it on our motivating example. Phipps-Costin et al. [2023, §4]

show how to implement other types of non-local control flow using the instructions of WasmFX.

WasmFX Instructions. The core of WasmFX consists of two instructions: suspend, which stops

the current execution context, and reifies it as a continuation, a new kind of Wasm value with a

corresponding new Wasm type; and resume, which starts executing such a continuation — thereby

switching the stack, hence the name of the Wasm proposal. In our coroutine example, $yield can

be implemented by a suspend, interrupting the execution of the current function, and $par can be

implemented by resume-ing the other function, in a loop, as sketched in Figure 1. We now focus

on the resume instruction on line 4.

Block-Based Effect Handling. The main unusual feature of WasmFX is that suspend suspends to

a code block specified in the resume, as opposed to some more user-friendly mechanism. As such,

WasmFX continuations are delimited continuations [Felleisen 1988]. In our coroutine example, this

means that the code just after the resume (line 5, within the block) handles normal termination,

and the code after the block (line 7) handles the $yield. Because execution is fall-through, normal

termination (in block $b) has to jump over the handling of the yield (lines 7–8, after block $b).
Confusingly, in Wasm, loop only declares a block to loop to: actual looping only takes place given

an explicit br $l (lines 6 and 8).

Tags. To compose different effects modularly, suspend is annotated with a tag (called an effect
operation in the effect handler literature). Each tag specifies what types of values (the payload of

the effect) are to be passed along with it. Then resume can specify, for each tag, to which block it

should be suspended, using the on keyword. In our coroutine example, we only need one tag to

(ask $par to) pass over control to the other function: $yield then just suspends with that tag.

3.2 Operational Semantics
Pedigree. The WasmFX proposal builds upon Wasm 3.0. However, it only makes use of a few

features not present in Wasm 1.0: function references, and exception handling [Ahn and Titzer

2022]. Our mechanisation, WasmFXCert, takes advantage of this, and is built on top of WasmCert

1.0 [Watt et al. 2021], to which we have manually added the features of Wasm 3.0 that WasmFX
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uses. This is because Iris-Wasm [Rao et al. 2023], which we used as a departure point to define our

program logic (see §4), is defined for Wasm 1.0; defining it atop Wasm 3.0 would have required

dealing with the numerous features of Wasm 3.0 that are orthogonal to WasmFX.

In the rest of this section, we give an introduction to the semantics of Wasm. A reader familiar

with Wasm can safely skip to §3.3, where we describe the new instructions in WasmFX. A reader

familiar with WasmFX can skip to §3.4, where we describe type safety.

Syntax. We give the syntax for WasmFX in Figure 2, and illustrate how a Wasm module is

structured with our implementation of a coroutine module in Figure 3. To avoid confusion with the

symbol ∗ for the separating conjunction, we depart from the Wasm standard and use an ‘𝑠’ suffix

to indicate a list; e.g. bs indicates a list of 𝑏 elements. The coroutine module in Figure 3 defines a

type (line 2), a continuation type (line 3), a tag (line 4), and the two library functions $yield (lines

5–6) and $par (lines 7–39).

Frame and Store. The state of a Wasm program is separated in two parts: the frame and the

store. The store 𝑆 contains all objects (e.g. global variables, functions, memories, as well as, in

WasmFX, tags and continuations) declared by all modules instantiated thus far, making imports and

exports easy to deal with. The frame 𝐹 contains information about the environment of the function

currently being run. It consists of two components: the values of the function’s local variables and

the instance, a dictionary that translates local indices into addresses in the store. This indirection

is crucial to obtain Wasm’s local state encapsulation property, but increases the complexity of

defining a mechanisation and program logic.

Reductions. Reductions are of the form (𝑆, 𝐹, es) ↩→ (𝑆 ′, 𝐹 ′, es′), where 𝑆 and 𝐹 are the aforemen-

tioned store and frame, and es is a list of administrative instructions, a superset of basic instructions
that includes instructions used to represent a programmid-execution;WasmFX introduces a number

of administrative instructions, and we describe them in the rest of this subsection.

Control Flow. To express the semantics of loop and block, Wasm defines an administrative

instruction label𝑛{escont} es end, that both loop and block reduce to, where es represents the
body of the loop or block; escont represents the code that should be run in case of a break (i.e. the

entire loop again in the case of a loop, or nothing in case of a block), and 𝑛 is the number of values

that should be on the stack in case of a break. Wasm defines evaluation by the composition of head

reduction rules with the following evaluation-under-context rule:

reduce-label

(𝑆, 𝐹, es) ↩→ (𝑆 ′, 𝐹 ′, es′)
(𝑆, 𝐹, 𝐿[es]) ↩→ (𝑆 ′, 𝐹 ′, 𝐿[es′])

where evaluation contexts 𝐿 are as per Figure 2 (they are written lhi in Iris-Wasm [Rao et al. 2023],

and 𝐵𝑖 in the standard [Rossberg 2023].) Taking 𝐿 = [label𝑛{escont} [_] end], we get that after a
loop or block has reduced to a label, the code inside the label can run. If that code terminates on

a value, the final value exits the label and execution continues with the instructions that follow

the label. If however a br instruction (for break or branch) is encountered, the appropriate amount

of values is taken from the stack and code escont is run. In WasmFX, as we will detail in §3.3, the

resume instruction also reduces to a br $b when an effect is performed, meaning that the code

after the instruction corresponds to the code that will be run if no effect is performed, whereas the

code escont of the label instruction labelled $b will run if an effect is performed.

Function Calls. Wasm defines several mechanisms for function calls, and an administrative

instruction invoke addr that all the primitive call instructions reduce to. The simplest calling

instruction is call $f. The frame is used to determine at what address addr in the store to find the
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(numerical value type) 𝑛𝑡 ::= i32 | i64 | f32 | f64 (value type) 𝑡 ::= nt | rt
(reference value type) 𝑟𝑡 ::= ft .func | exn | ft .cont (function type) ft ::= ts → ts
(continuation clause) cc ::= on i i′ | on i switch (value) v ::= 𝑛𝑡 .const 𝑐 | rv

(immediate) 𝑖, addr,max ::= N (i for local indices, addr for store addresses)
(reference value) rv ::= rt .null | ref.func addr | ref.exn addr addr′ | ref.cont addr

(basic instructions) 𝑏 ::= 𝑛𝑡 .const 𝑐 | 𝑡 .add | other stackops | local.{get/set} 𝑖 |
global.{get/set} 𝑖 | 𝑡 .load flags | 𝑡 .store flags | memory.size |
memory.grow | block ft bs | loop ft bs | if ft bs bs′ | br 𝑖 | br_if 𝑖 |
br_table is | call 𝑖 | call_indirect 𝑖 | return | rt .null |
ref.is_null | ref.function 𝑖 | ref.call 𝑖 |
exception handling instructions | resume i ccs |
suspend i | switch i i′ | cont.bind i i′ | resume_throw i i′ ccs

(translated continuation clause) dcc ::= on addr i | on addr switch
(administrative instruction) e ::= b | trap | invoke addr | label𝑛{es′} es end |

frame𝑛{𝐹 } es end | call_host ft i vs | ref.func addr |
exception handling instructions | ref.cont addr |
prompt ts {dccs} es | suspend.addr vs addr

switch.addr vs addr ft addr ′

(functions) func ::= func i ts bs
(memories) mem ::= mem min max

(tables) tab ::= tab min max
(globals) glob ::= glob mutable t e init

(import descriptions) importdesc ::= funci 𝑖 | tabi i i′ | memi i i | globi mutable? 𝑡 | tagi i
(export descriptions) exportdesc ::= funce 𝑖 | tabe 𝑖 | meme 𝑖 | globe i | tage i

(modules) m ::= {types : fts, tags : fts, funcs : funcs, globs : globs, mems : mems, . . .}
(module instance) 𝑖𝑛𝑠𝑡 ::= {types : fts, funcs : addrs, globs : addrs, mems : addrs,

tabs : addrs, tags : addrs }
(frame) 𝐹 ::= {locs : vs, inst : inst }

(evaluation context) L ::= vs ++ [_] ++ es | vs ++ label𝑛{es′} L end ++ es |
vs ++ promptts{dccs} L end ++ es

(handler context) H ::= vs ++ [_] ++ es | vs ++ label𝑛{es′} H end ++ es |
vs ++ frame𝑛{𝐹 } H end ++ es |
vs ++ promptts{dccs} H end ++ es

(function instances) finst ::= {(inst; ts); bs}NativeClft | {hidx}HostClft

(continuation instance) cinst ::= cont ft H | dagger ft
(store) 𝑆 ::= {funcs : finsts, globs : ginsts, mems : minsts, tabs : tinsts,

tags : fts, exns : einsts, conts : cinsts }
(the meaning of some of the fields in the store is orthogonal to stack switching and is omitted)

Fig. 2. The AST of the WasmFXCert language. Black parts are in WasmCert 1.0 (plain Wasm 1.0). Indigo parts
are reference instructions from Wasm 3.0. Orange parts are the additions of exception handling, that are also
needed for WasmFX. Magenta parts belong to WasmFX proper. A full AST can be found in appendix, Figures 7
and 8. Places where WasmFXCert departs from WasmFX are shown boxed .
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1 (module ;; coroutine

2 (type $func (func))

3 (type $cont (cont $func))

4 (tag $t)

5 (func $yield ;; takes no arguments

6 (suspend $t)) ;; and just suspends

7 (func $par

8 (param $f1 (ref $func)) ;; takes two functions as arguments

9 (param $f2 (ref $func))

10 (local $current (ref $cont)) ;; local variables:

11 (local $next (ref $cont))

12 (local $next_is_done i32)

13 i32.const 0 ;; $next_is_done := false

14 local.set $next_is_done

15 local.get $f1 ;; $current := cont(f1)

16 cont.new $cont

17 local.set $current

18 local.get $f2 ;; $next := cont(f2)

19 cont.new $cont

20 local.set $next

21 (loop $l ;; while true do

22 (block $b (result (ref $cont))

23 local.get $current ;; resume continuation $current

24 resume $cont (on $t $b)

25 local.get $next_is_done ;; if it terminates, and $next_is_done

26 br_if 2 ;; return

27 i32.const 1 ;; $next_is_done := true

28 local.set $next_is_done

29 local.get $next ;; $current := $next

30 local.set $current

31 br $l) ;; loop

32 local.set $current ;; else (if effect is triggered) $current := cont

33 local.get $next_is_done ;; if $next_is_done

34 br_if $l ;; loop

35 local.get $current ;; swap $current $next

36 local.get $next

37 local.set $current

38 local.set $next

39 br $l)) ;; loop

40 (export "yield" (func $yield)) ;; make $yield available

41 (export "par" (func $par))) ;; and $par

Fig. 3. Implementation of our simple coroutine module using WasmFX

closure for $f, and call $f reduces to invoke addr . A module can also define a function table and

use call_indirect to call functions from it. In Wasm 3.0, the ref.function $f instruction creates

a reference to an existing function, which can be called using the ref.call instruction.
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Closures. The closures in the store can either be defined by the embedding host language (see

§3.5, in which case control is handed over to the host language, which in WasmCert is rendered

by reducing to a special call_host administrative instruction [Rao et al. 2023, §2.2]); or it can be

defined in Wasm, in which case invoke addr reduces to (frame |ts2 | {𝐹 ′} block ( [] → ts2) bs end)
where bs is the body of the closure, ts2 is the function’s return type, and 𝐹 ′ is the frame in which this

body is meant to be executed. This frame 𝐹 ′ contains the function’s arguments as local variables,

and the instance of the module in which the function was defined, hence ensuring the code of the

function can only access the elements of the store it is intended to.

The frame𝑛{𝐹 } es end administrative instruction (sometimes called local [Haas et al. 2017; Rao

et al. 2023]) represents the execution of a function call, and is responsible for ensuring encapsulation.

Its rule is similar to reduce-label, but updates the frame in its premise:

reduce-frame

(𝑆, 𝐹, es) ↩→ (𝑆 ′, 𝐹 ′, es′)
(𝑆, 𝐹0, [frame𝑛{𝐹 } es end]) ↩→ (𝑆 ′, 𝐹0, [frame𝑛{𝐹 ′} es′ end])

A return instruction is defined similarly to br and allows to exit a function by jumping out of

the closest frame instruction. Since an invoke reduces to the body wrapped in both a frame and a

block, the programmer can alternatively use a br instruction instead of a return, for example to

take advantage of the br_if instruction, as is done in the code of $par at line 26.

3.3 New Instructions in WasmFX
We now introduce formally the new WasmFX instructions sketched in §3.1. WasmFX defines a

new type, ft .cont, for continuations of type ft. All new continuations are created from a function

reference using the cont.new instruction. The new continuation is placed in the store at an address

addr , and ref.cont addr is returned:
reduce-contnew

𝐹 .inst.types[i] = ft 𝑆 ′ = {𝑆 with conts ++= cont ft ( [_] ++ [ref.func addr ; ref.call ft])}
(𝑆, 𝐹, [ref.func addr ; cont.new i]) ↩→ (𝑆 ′, 𝐹 , [ref.cont |𝑆.conts|])

Behaviour of resume and prompt. The resume instruction expects a value of the form

ref.cont addr on the stack, and runs the continuation present in the store at address addr . The
instruction takes a list of clauses as an immediate argument, describing the intended behaviour

in case an effect is triggered. This means that in WasmFX, there are not two distinct instructions

for running a continuation and installing a handler: both operations are dealt with by the resume
instruction. This means the usual distinction between shallow and deep handlers is meaningless.

Similarly to label and frame, WasmFX defines an administrative instruction prompt to represent
a continuation being run. Just like resume, prompt is decorated with a list of clauses that inform
the desired behaviour in case of a suspend or a switch. One small difference is that the resume
instruction’s clauses reference the local tag names as written by the programmer, whereas the

clauses in the prompt instruction has the explicit store addresses of these tags.

To account for the fact that in WasmFX, continuations are one-shot [Phipps-Costin et al. 2023,

§2.4], upon resuming, the store is updated with a dagger token to indicate the continuation has

already been resumed, and that therefore resuming it again would cause a trap:

reduce-resume

𝐹 .inst.types[i] = ft ft = ts1 → ts2 |vs | = |ts1 | 𝑆.conts[addr] = cont ft H
H [vs] = es 𝐹 ⊢ ccs → dccs 𝑆 ′ = {𝑆 with conts[addr] = dagger ft}

(𝑆, 𝐹, vs ++ [ref.cont addr ; resume i ccs]) ↩→ (𝑆 ′, 𝐹 , [promptts2 {dccs} es end])
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The ccs clauses in the resume are translated into explicit dccs clauses in the prompt instruction:

on 𝑖 𝑖′ and on 𝑖 switch are translated to on addr 𝑖′ and on addr switch if addr = 𝐹 .inst.tags[𝑖]. We

write 𝐹 ⊢ ccs → dccs to describe this translation. WasmFX extends execution contexts 𝐿 to also

include prompt contexts, so execution carries out inside of a prompt exactly like it does under a

label. Likewise, if this execution terminates in a value, WasmFX defines a reduction rule making

the value exit the prompt and continuing execution with the instructions following the prompt:
this constitutes the ‘normal return’ case of the effect handling.

Behaviour of suspend. The suspend instruction takes a tag $t as an immediate argument. In-

formally, it takes the required amount of values from the stack to constitute the effect’s payload,

creates a delimited continuation out of the current state of the stack, and yields control to the

innermost enclosing prompt that has a clause handling tag $t. This clause has the form on $t $l:
this means that the handler intends for a break to label $l to occur when the effect identified by tag

$t is triggered; hence the right-hand-side of reduction rule ewp-suspend below is a break.

Translated suspend. One caveat is that the suspend instruction’s immediate argument is a tag

name $t and the prompt instructions use tag addresses (into the store) in their clauses. The WasmFX

proposal originally attempted to do this translation implicitly but ended up using the wrong function

instance to do so. This bug in the proposal was exposed by the mechanisation and has now been

fixed. The reference interpreter avoided this by using a smaller-step operational semantics.

Our proposed solution in WasmFXCert is to make this translation from tag names to tag ad-

dresses explicit: we distinguish a basic instruction suspend with a local index for the tag, and an

administrative instruction suspend.addr, with the actual address into the store. This solution has

now also been adopted by the WasmFX proposal, albeit with a slight difference in naming, as the

proposal prefers to broaden the definition of the suspend instruction by allowing it to alternatively

take an address as an argument. This means that in the WasmFX proposal, suspend i is translated
to suspend addr instead of a new suspend.addr instruction as we do in WasmFXCert (see rule

reduce-suspend-translate below). This is in order to maintain consistency with other places

in the standard and limit the proliferation of administrative instructions. WasmFXCert uses two

distinct instructions for clarity, but both solutions have equivalent semantics.

In WasmFXCert, we find it convenient to also let this translation take the payload of the effect

from the stack and place it into the suspend.addr instruction itself. This has no effect on the

behaviour of the execution, but gives the language a property that will be crucial when defining

the Iris-WasmFX program logic (see Figure 5): inspecting an expression (without knowledge of the

store) is enough to know whether the expression is an effect, and if so what the effect’s payload is.

Without placing the payload into the instruction itself, it is impossible to know how many values

to take from the stack without knowing the type signature of the tag, which is in the store and not

visible in the expression itself. We explain in §4.2 why this is important.

Thus we introduce the following rule for explicit translation of the suspend instruction; the

standard has now introduced the same rule, but without relocating the payload:

reduce-suspend-translate

𝐹 .inst.tags[i] = addr 𝑆.tags[addr] = ts1 → ts2 |vs | = |ts1 |
(𝑆, 𝐹, vs ++ [suspend i]) ↩→ (𝑆, 𝐹, [suspend.addr vs addr])

The Rule for Suspension. The suspend.addr instruction itself is stuck and needs to be placed

under an appropriate context to reduce. When reducing 𝐻 [suspend.addr vs addr], we look up for

the innermost prompt in𝐻 which has a clause for tag address addr : this allows us to decompose the

expression into 𝐻1 [promptts{dccs} H2 [suspend.addr vs addr] end] where 𝐻2 is capture-avoiding;

we can use the reduce-label and reduce-frame rules to focus reasoning inside of 𝐻1, and then
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apply the rule reduce-suspend rule below. We use notation 𝐻 sus
addr [es] to denote capture-avoiding

plugging (i.e. no prompts with a suspend clause handling addr in 𝐻 ) of es into context 𝐻 .

reduce-suspend

𝑆.tags[addr] = ts1 → ts2 first_suspend_occurrence(addr, dccs) = on addr i
𝐻 sus

addr [suspend.addr vs addr] = es 𝑆 ′ = {𝑆 with conts ++= cont (ts2 → ts) 𝐻 }
(𝑆, 𝐹, [promptts{dccs} es end]) ↩→ (𝑆 ′, 𝐹 , vs ++ [ref.cont |𝑆.conts|; br i])

Behaviour of switch. The switch instruction optimises the common combination of a suspend
followed by immediately resuming a different continuation. It expects a continuation𝐻 on the stack,

creates a continuation out of the current state of the stack, and yields control to 𝐻 . Just like for

suspend, in WasmFXCert, we explicitly translate the local index by distinguishing two instructions

switch and switch.addr. We write 𝐻 sw
addr [es] to denote capture-avoiding (i.e. no prompts with a

switch clause handling addr in 𝐻 ) plugging of expression es in context 𝐻 .

reduce-switch-translate

𝐹 .inst.types[i] = ft ft = ts1 → ts2 𝐹 .inst.tags[i′] = addr′ |vs | + 1 = |ts1 |
(𝑆, 𝐹, vs ++ [ref.cont addr ; switch i i′]) ↩→ (𝑆, 𝐹, [switch.addr vs addr ft addr′])

reduce-switch

(on addr′ switch) ∈ dccs ft = (ts1 ++ ft′ .cont) → ts2
𝑆.conts[addr] = cont (ts′

1
→ ts′

2
) 𝐻 ′ 𝐻 sw

addr′ [switch.addr vs addr ft addr′] = es
𝑆 ′ = {𝑆 with conts ++= cont ft′ 𝐻 } 𝑆 ′′ = {𝑆 ′ with conts[addr] = dagger (ts′

1
→ ts′

2
)}

(𝑆, 𝐹, [promptts{dccs} es end]) ↩→ (𝑆 ′′, 𝐹 , [promptts{dccs} (H ′ [vs ++ ref.cont |S.conts|]) end])

Behaviour of cont.bind and resume_throw. Finally, WasmFX defines two more instructions

for ease of programming: cont.bind partially applies a continuation, and resume_throw resumes

a continuation but plugs in an exception-throwing instruction, as a way to cleanly discard a

continuation that is no longer useful. These instructions are not crucial to understanding WasmFX,

so we omit further mention of them, but we model them in WasmFXCert, and give them rules in

our program logic Iris-WasmFX, which can be seen in our Rocq development.

Departures from the WasmFX Proposal in WasmFXCert. We make a few minor departures from

the official WasmFX semantics. These are shown boxed in Figure 2:

• Different versions of the standard and proposals use equivalent but different grammars for

reference types and contexts. We pick one that is readable for the features we use.

• As discussed, we place the effect payload in suspend.addr and switch.addr.
• We add a type annotation on the prompt instruction and on the continuations in the store.

Those apply only to administrative instructinos, not source instructions, so this does not

affect typechecking of source code. We added these annotations because identifying the type

of these expressions is likely to be useful for future users of Iris-WasmFX when conducting

deeper analyses, like proofs by logical relation.

3.4 Syntactic Typing and Type Safety
To prove type safety for WasmFX, we need to extend the type system of Phipps-Costin et al. [2023]

to define typing rules for administrative instructions. In doing so, we identify a few minor defects in

their definitions (see Appendix C). We then prove the following theorem in Rocq (see Appendix C

or the Rocq development for precise definitions):
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Theorem 3.1 (Type Safety). If the store 𝑆 typechecks and 𝑆,𝐶 (𝑆, 𝐹 ) ⊢ es : [] → ts and (𝑆, 𝐹, es) ↩→★

(𝑆 ′, 𝐹 ′, es′), then either es′ reduces, or it is a constant value, or it is stuck on a host call, an unhandled
suspend, switch, or exception throw.

3.5 Instantiation
The process of preparing the modules for running is called instantiation: the code is typechecked,
the imports are fetched, the objects defined by the module itself are added to the store, and the

module’s exports are prepared for subsequent imports by other modules.

This process cannot be performed by Wasm itself but instead is done by an embedding host
language. The Iris-Wasm program logic [Rao et al. 2023] comes with a custom-designed host

language that can instantiate Wasm modules and do a few other Wasm operations like calling

Wasm functions or reading Wasm global variables. For example, to run our example from §2, the

host program (shown in Theorem 5.1) consists of three steps: instantiating the coroutine module,

instantiating the client module, and calling the $main function of the client module (see top of

Figure 13 in appendix for how to run these three steps in the reference interpreter of WasmFX).

This host language is mechanised in Rocq and has its own program logic; for simplicity, it does

introduce its own effects.

4 Iris-WasmFX: Modular Reasoning for WasmFX Programs
In this section, we introduce Iris-WasmFX, our program logic for WasmFX.

4.1 Iris and Iris-Wasm
Our program logic is defined in Iris [Jung et al. 2018], a framework for higher-order separation

logic which has already been used to reason about Wasm with Iris-Wasm [Rao et al. 2023] and

Memory-Safe Wasm (MSWasm) [Michael et al. 2023] with Iris-MSWasm [Legoupil et al. 2024],

among others. Once instantiated with our operational semantics, Iris provides us with proof rules

that can be used to reason about the execution of programs, and we can derive instruction-specific

rules to allow for mostly syntax-oriented verification proofs.

The central construct in our logic, used to give specifications, is our extended weakest precondition

ewp es ; 𝐹 ⟨Ψ⟩ {𝑤 𝐹,Φ(𝑤, 𝐹 )}

We define it by adding Wasm-specific components (see §4.2 and §4.4) to Hazel’s extended weakest

precondition [de Vilhena 2022; de Vilhena and Pottier 2021, 2023], which is itself built on the (plain)

weakest precondition statement from the Iris logic, wp es {𝑤,Φ(𝑤)}.
This weakest precondition statement can be read as ‘the expression es runs safely, and if it

terminates on a value𝑤 , then postconditionΦ holds of𝑤 ’. For readability, we also write specifications

under the form of a Hoare triple {𝑃}es{𝑤,Φ(𝑤)}, which means that as long as the precondition 𝑃

holds before execution, es runs safely and if it terminates on a value 𝑤 , then Φ holds of 𝑤 . This

Hoare triple is defined in terms of the weakest precondition, as □(𝑃 −−∗ wp es {𝑤,Φ(𝑤)}), where
−−∗ is a separating implication, and the persistent modality □means that this separating implication

can be used any number of times, but cannot rely on non-persistent knowledge when it is proven.

Resources. In the above definition, 𝑃 and Φ(𝑤) are separation logic predicates that describe

individual pieces of the program state. These can be thought of as (the conjunction of) resources,
each representing ownership of part of the state. In Iris-Wasm [Rao et al. 2023], these represent

individual pieces of the Wasm store, like function closures (addr wf↦−−−→ cl), globals (addr wg↦−−−→ gval),
etc. The arrow label differentiates the various kinds of resources. To accommodate WasmFX,

Iris-WasmFX defines two new resources: one for tags, and one for continuations.
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Tag Resources. Tag resource addr wtag↦−−−−→ ft represents ownership of a tag. We often use fractional

resources addr wtag↦−−−−→𝑞 ft (𝑞 ∈ Q), as an easy way to share the resource between parts of a program.

Continuation Resources. The second resource we introduce represents exclusive ownership of a

safe continuation and its type: addr wcont↦−−−−−→ (ft, scont). We define a safe continuation as being either

a dead continuation (which arise because WasmFX continuations are one-shot), or a safe context,
which is either the context [_] ++ [ref.func $f; ref.call ft] for some $f and ft, or a context of
the form [frame𝑛{𝐹 } H end] (with 𝐻 a handler context as defined in Figure 2). This means that

in our program logic, we enforce that continuations always start off as a function call. If 𝐻 is a

safe context, then once plugged with any expression es, the resulting expression 𝐻 [es] reduces
independently of the current frame (i.e. (𝑆, 𝐹1, es) reduces to (𝑆 ′, 𝐹 ′

1
, es′) if and only if (𝑆, 𝐹2, es)

reduces to (𝑆 ′, 𝐹 ′
2
, es′)), since a ref.call reduces to a call no matter the frame, and reducing the

body of a frame is always done with the frame 𝐹 specified in the frame instruction itself rather

than the frame 𝐹1 or 𝐹2 used when reducing the frame instruction. We show why this property is

crucial for soundness when we introduce the proof rule for resume in §4.3.

Proof Rules. The Iris-Wasm program logic [Rao et al. 2023] for Wasm 1.0 defines proof rules for

all Wasm instructions using the plain weakest precondition statement, most of which we inherit

almost as-is. For example, the Iris-Wasm rule for updating a global variable is:

wp-global-set

Fr

↩−−→ 𝐹 ∗ 𝐹 .inst.globs[$g] = addr ∗ addr wg↦−−−→ v1

wp [v2 ; global.set $g]
{
𝑤,𝑤 = immV [] ∗ Fr

↩−−→ 𝐹 ∗ addr wg↦−−−→ v2

} in plain Iris-Wasm

where immV is the constructor for logical values of Iris-Wasm:

Logical Values. In order to enable modular reasoning, Iris-Wasm defines several kinds of logical
values, all representing expressions that do not reduce:

• Immediate values immV vs represent lists of Wasm values.

• Trap values trapV represent a trap failure value.

• Breaking values brV i vh represent br 𝑖 expressions in a context vh syntactically enforced

(by dependent typing, which we omit here) to be too shallow to break out from.

• Return values retV sh represent return expression in a context sh without a frame.

• Host call values callhostV vs 𝑘 tf llh represent calls to host closures.

The reason that Iris-Wasm defines logical values more broadly than Wasm values is that it makes

reasoning modular by making it possible to have a standard bind rule [Jung et al. 2018, Fig 13],

which decomposes reasoning about a compound expression into reasoning about its parts in turn:

reasoning about es in context 𝐿, that is, 𝐿[es], can be decomposed into reasoning first about es
itself, and then about the result𝑤 of es in context 𝐿. In Iris-Wasm, this rule looks like this:

wp-bind-label

wp es
{
𝑤,wp 𝐿[𝑤] {𝑣,Φ(𝑣)}

}
wp 𝐿[es] {𝑣,Φ(𝑣)}

in plain Iris-Wasm

This rule mirrors reduction rule reduce-label, and makes it possible to focus reasoning on a

specific instruction so that one can, say, apply the proof rule specific to that instruction. Thanks to

brV i vh being a value, one can focus on code that will get stuck: once it is reduced to the value

𝑤 = brV i vh, the postcondition must hold of 𝑤 , which means there remains to prove a weakest

precondition on 𝐿[vh[br 𝑖]]. If 𝐿 contains the block targeted by br 𝑖 , then one can apply Iris-Wasm’s

wp-br rule to continue reasoning about the execution of the code after the jump. Otherwise, the

expression is again a value brV i (L ◦ vh), and one must now prove that Φ holds of that value.
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(block $b ...

...

resume $f (on $t $b)

;; on stack: vs'

{ Φ vs' }

...)

;; on stack: vs k

{ Ψ vs 𝑅 }

...

;; on stack: vs2

{ 𝑅 vs2 }

resume $k ...

...

;; on stack: vs

{ Ψ vs 𝑅 }

suspend $t

;; on stack: vs2

{ 𝑅 vs2 }

...

𝑎

𝑏

𝑐

𝑑

Fig. 4. The protocol Ψ relates the payload vs of the suspend (from 𝑎 to 𝑏) to the resumption condition 𝑅: the
condition under which the continuation can be resumed (from 𝑐 to 𝑑).

This rule is sound in Iris-WasmFX provided one limits the evaluation context 𝐿 to only contain

label and not prompt, since non-local control flow breaks the bind rule [Timany and Birkedal

2019]. Binding into a prompt requires a more intricate rule, as we show in §4.3 and Appendix B.

Frame. Iris-Wasm features a resource
Fr

↩−−→ 𝐹 that symbolises ownership of the frame. Instead,

our custom weakest precondition considers the frame as part of the expression rather than part

of the state. As this is both orthogonal to our main contribution and can be used intuitively, we

describe it in detail in Appendix B, and merely use our new approach in the rest of the paper.

4.2 Hazel
Motivation. When dealing with effects, the standard weakest precondition definition of Iris does

not provide a satisfying level of modularity. The problem is caused by the suspend instruction,

which translates to suspend.addr as per rule reduce-suspend-translate, and is then stuck: it

is neither a value, nor can it take a step by itself, only in the context of a prompt, as per rule
reduce-suspend. Contrary to br, the enclosing prompt handling the effect might be in a different

function or even a different module, and hence making suspend a logical value as is done for br in

Iris-Wasm would require knowledge of the entire handling environment and break modularity.

In our running example, this would mean that to reason about the client functions that invoke

$yield, and thereby suspend, one would have to consider the code of $par, breaking modularity.

Extended Weakest Precondition. The approach of Hazel [de Vilhena 2022; de Vilhena and Pottier

2021, 2023] is to extend the weakest precondition with a new component that locally accounts for

non-local effects. Hazel’s extended weakest precondition ewp es ⟨Ψ⟩ {𝑤,Φ(𝑤)} means not only (as

usual) that es runs safely, and that if it terminates on a value𝑤 , then postcondition Φ holds of𝑤 , but

also (as new in Hazel) that if es performs an effect, then that effect follows protocol Ψ. That protocol
relates the effect’s payload (some values vs) with a resumption condition [Liu et al. 2023] (a predicate

on values) describing the desired behaviour of the programwhen the suspended continuation is later

resumed, as illustrated in Figure 4. As such, the type of a protocol is vs → (vs → iProp) → iProp,

where iProp is the type of Iris propositions. Ψ v 𝑅 is thus a proposition that should hold whenever

an effect is performed (site 𝑎 in Figure 4) with payload v, and 𝑅(𝑤) is expected to hold when the

continuation is later resumed (site 𝑐 in Figure 4) with argument𝑤 . This resumption condition must
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be established when suspending (site 𝑎 in Figure 4) and can be relied upon when handling (site 𝑏 in

Figure 4). We give a few examples below of what protocols can look like in practice.

Logical Effects. In Iris-WasmFX, suspend is not a logical value (in fact, we retain the same defini-

tion of logical value as Iris-Wasm), but a logical effect, defined to be of the form suspendE, switchE or
throwE. For instance, effect suspendE vs addr H represents expression 𝐻 [suspend.addr vs addr]
where 𝐻 is syntactically enforced to not contain a prompt that captures the tag with address

addr (otherwise, the expression would not be stuck). Similarly, switchE and throwE represent a
switch.addr or a throw (from the exception handling suite) under a sufficiently shallow context.

Our Extended Weakest Precondition. In Iris-WasmFX, each tag gets its own protocol, so our

extended weakest precondition uses a metaprotocol Ψ instead of a simple protocol. A metaprotocol

is defined as the combination of three maps: the first is used for suspend effects, on which we focus

now, and reused for switch effects; the second only for switch effects, which we return to in §4.4;

and the last for exception handling. The first map in a metaprotocol maps tag addresses to protocols.

In this section, when we write Ψ addr , we mean application of the first map in metaprotocol Ψ.

Hence, our custom extended weakest-precondition is of the form

ewp es ; 𝐹 ⟨Ψ⟩ {𝑤 𝐹 ′,Φ(𝑤, 𝐹 ′)}

where the Wasm frame 𝐹 comes alongside the expression es, the metaprotocol Ψ is given to specify

the intended behaviour in case of an effect being performed, and the postcondition Φ is a predicate

on final values𝑤 and final frames 𝐹 ′.

Practical Protocols. While in principle a protocol can be any predicate at all, de Vilhena and

Pottier [2021] define a specific constructor inspired by session types [Honda et al. 1998] that is

sufficient for many practical examples: !𝑥 (𝑣1)⟨𝑃⟩ ?𝑦 (𝑣2)⟨𝑄⟩. Informally, this says “the suspender

sends payload 𝑣1 and resources 𝑃 to the handler; if execution is ever resumed, it expects to receive
return value 𝑣2 and resources 𝑄”. Formally, this protocol applied to values vs and predicate Φ is

∃𝑥, (vs = 𝑣1 ∗ 𝑃 ∗ ∀𝑦, (𝑄 −−∗ Φ(𝑣2)))

where 𝑥 , which can be used to describe the sent values, can be mentioned in 𝑣1, 𝑃 , 𝑣2 and 𝑄 ; and 𝑦,

which can be used to describe the received values, can be mentioned in 𝑣2 and 𝑄 .

Another useful protocol is the always false ‘bottom’ protocol ⊥, which symbolises an effect that

should not be performed. In practice, we often use at top-level a metaprotocol where all tags map

to the bottom protocol, and only start introducing non-bottom protocols when reasoning about

continuations run by way of a resume. As we will see in the next section, the reasoning rule for

resume lets the verifier use a different protocol in the premises than in the conclusion.

Running Example Protocol. For our coroutine example, the tag does not expect any values (and

this is enforced by typing), but the resumption condition is that the invariant has been restored.

Concretely, the metaprotocol Ψ0 is the bottom protocol ⊥ for all tags, except the tag address

corresponding to local index $t, for which the protocol is !(){𝐼 } ?(){𝐼 }.

Definition. We define the extended weakest precondition for Iris-WasmFX formally in Figure 5.

We give an informal reading before explaining the more technical elements.

• When es is a value, we check (as usual) that the postcondition holds.

• When es is a suspend effect, that is, a suspend.addr with some values vs and a tag address

addr , under a (capture-avoiding) context 𝐻 , we mandate that the protocol Ψ(addr) must

be followed. If that protocol is of the form !𝑥 (𝑣)⟨𝑃⟩ ?𝑦 (𝑤)⟨𝑄⟩, this means there must exist

an 𝑥 such that the payload immV vs is equal to 𝑣 and we have the resources 𝑃 ; and we
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ewp es ; 𝐹 ⟨Ψ⟩ {𝑤 𝐹,Φ(𝑤, 𝐹 )} = match to_val(es) with
value | Some𝑤 =⇒ |⇛Φ(𝑤, 𝐹 )

| None =⇒ match to_eff (es) with
effect: suspend | Some (suspendE vs addr 𝐻 ) =⇒

↑ (Ψ addr) (immV vs) (𝜆𝑤, ⊲ ewp𝐻 [𝑤] ; 𝐹 ⟨Ψ⟩ {𝑤 𝐹,Φ(𝑤, 𝐹 )})
switch | Some (switchE vs kaddr ft taddr 𝐻 ) =⇒ see §4.4

neither | None =⇒ ∀𝑆, state_interp(𝑆)⇛
(∃𝑆 ′ 𝐹 ′ es′, (𝑆, 𝐹, es) ↩→ (𝑆 ′, 𝐹 ′, es′)) ∗
∀𝑆 ′ 𝐹 ′ es′, (𝑆, 𝐹, es) ↩→ (𝑆 ′, 𝐹 ′, es′)⇛

⊲(state_interp(𝑆 ′) ∗ ewp es′ ; 𝐹 ′ ⟨Ψ⟩ {𝑤 𝐹,Φ(𝑤, 𝐹 )})

Fig. 5. The extended weakest precondition of Iris-WasmFX

must guarantee that as long as we are provided with a 𝑦 such that we are given return

value 𝑤 and the resources 𝑄 , we can continue execution safely, i.e. we have a weakest

precondition statement for 𝐻 [𝑤]. This is the point that motivated moving the payload into

the suspend.addr instruction, as per §3.3: inspecting the expression without knowledge of

the store needs to be enough to identify that it is an effect and what its payload is.

• We explain the case where es is a switch effect in §4.4

• When es is neither a value nor an effect, we require (as usual) that for any valid store 𝑆 ,

configuration (𝑆, 𝐹, es) is reducible, and for any configuration (𝑆 ′, 𝐹 ′, es′) that it reduces to,
𝑆 ′ is still valid, and the extended weakest precondition holds of (𝐹 ′, es′).

Formal Notation. In Figure 5, the update modality ⇛ means that Iris ghost state can be updated

— a reader unfamiliar with Iris can think of it as a regular implication. The later modality ⊲ 𝑃

means that 𝑃 holds after one execution step; this is crucial to avoid cyclicity in the recursive

definition, but can be ignored by readers unfamiliar with Iris. Functions to_val and state_interp are

language-specific functions present in the language-agnostic definition of a weakest precondition

in Iris. The first attempts to transform an expression into a value and returns None if it cannot, and

the second describes what a valid store is. We use mostly unchanged definitions from Iris-Wasm.

Third, the function to_eff is a language-specific function in Hazel’s definition of the extended

weakest precondition. It attempts to transform an expression into an effect and returns None if the

expression is not an effect. We provide our own definition for it in the context of WasmFX. Finally,

the upwards closure of the protocol ↑ Ψ allows strengthening the resumption condition (↑ Ψ v Φ
is defined as ∃Φ′,Ψ v Φ′ ∗ (∀𝑤,Φ′ (v) −−∗ Φ(v))), which helps in practice but can be ignored for

simplicity [de Vilhena and Pottier 2021, §3.4].

4.3 Proof Rules
In this section, we show the reasoning rules for the new instructions of WasmFX. We focus our

presentation on the most crucial rules; see our Rocq development for a full view of the logic,

including failure rules, exception handling, the cont.bind and resume_throw instructions, etc.

Building Continuations. The proof rule for cont.new is shown in Figure 6. It mirrors its reduction

rule: using the frame to translate the function type parameter of the cont.new function, the rule
allows reasoning about creating a continuation from a function reference. This rule is the only one

that creates a new continuation resource from scratch.
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ewp-contnew

𝐹 .inst.types[i] = ft

ewp [ref.func addr ; cont.new i] ; 𝐹 ⟨Ψ⟩

𝑤 𝐹 ′,

∃kaddr,𝑤 = immV [ref.cont kaddr] ∗ 𝐹 ′ = 𝐹 ∗
kaddr wcont↦−−−−−→

(ft , [_] ++ [ref.func addr ; ref.call ft])


ewp-suspend

|vs | = |ts1 | ∗ addr wtag↦−−−−→𝑞 (ts1 → ts2) ∗ 𝐹 .inst.tags[𝑖] = addr ∗

⊲

(
addr wtag↦−−−−→𝑞 (ts1 → ts2) −−∗ ↑ (Ψ addr) (immV vs) (𝜆𝑣, ⊲Φ 𝑣 𝐹 )

)
ewp vs ++ [suspend i] ; 𝐹 ⟨Ψ⟩ {𝑣 𝐹,Φ(𝑣, 𝐹 )}

ewp-resume

(1) 𝐹 .inst.types[i] = ts1 → ts2 ∗ |vs | = |ts1 | ∗ 𝐹 ⊢ ccs → dccs ∗
(2) (∀addr, addr ∉ dccs =⇒ Ψ(addr) = Ψ′ (addr)) ∗ addr wcont↦−−−−−→ (ts1 → ts2, 𝐻 ) ∗
(3) (∀𝐹,¬Φ(trapV, 𝐹 )) ∗ ¬Φ′ (trapV) ∗ ⊲ ewp𝐻 [vs] ;∅ ⟨Ψ⟩ {𝑤 𝐹,Φ(𝑤, 𝐹 )} ∗
(4) ⊲(∀𝑤,Φ(𝑤,∅) −−∗ ewp [promptts2 {dccs} w end] ;∅ ⟨Ψ′⟩ {𝑣 _,Φ′ (𝑣)}) ∗
(5) ⊲(∀dcc ∈ dccs, ⟨Ψ⟩ {Φ} dcc; ts2 ⟨Ψ′⟩ {𝜆𝑣 _,Φ′ (𝑣)})

ewp vs ++ [ref.cont addr ; resume i ccs] ; 𝐹 ⟨Ψ′⟩ {𝑣 𝐹 ′,Φ′ (𝑣) ∗ 𝐹 ′ = 𝐹 }

Fig. 6. The reasoning rule for the WasmFX instructions. See §4.3 and §4.4 for the definition of (5)

Suspend. The rule for suspend is shown in Figure 6. It merely appeals to the protocol correspond-

ing to the tag. The last premise indicates that if given back the tag resource, the payload vs should
follow the specified protocol, and if the continuation is ever resumed, postcondition Φ will hold. To

understand what this means in practice, let us consider the case where protocol Ψ(addr) has form
!𝑥 (𝑣){𝑃} ?𝑦 (𝑤){𝑄}. In that case, we must show that ∃𝑥, vs = 𝑣 ∗ 𝑃 ∗ ∀𝑦,𝑄 −−∗ Φ(𝑤, 𝐹 ), i.e. that
there exists an 𝑥 such that payload vs is equal to 𝑣 , we have resource 𝑃 and for all 𝑦, having 𝑄 is

enough to guarantee the postcondition Φ(𝑤, 𝐹 ). Note that the frame 𝐹 in Φ(𝑣, 𝐹 ) is the same as the

one in the conclusion of the rule: when the continuation is resumed and control flow comes back

to the current point, we are back in the same environment and should thus use the same frame 𝐹

as before the suspend.

Running Example. We can now describe our proof of $yield: we want to show

∀𝐹 𝐼 𝑞, 𝐼 −−∗ addryield wf↦−−−→ clyield −−∗ addrt wtag↦−−−−→𝑞 ( [] → []) −−∗

ewp [invoke addryield] ; 𝐹
〈

Ψ0

〉 {
𝑤 𝐹 ′,

𝑤 = immV [] ∗ 𝐹 = 𝐹 ′ ∗ 𝐼∗
addryield wf↦−−−→ clyield ∗ addrt wtag↦−−−−→𝑞 ( [] → [])

}
where addryield = 𝐹 .inst.funcs[$yield], addrt = 𝐹 .inst.tags[$t], and clyield is the closure of $yield.
We phrase this specification using our extended weakest precondition, with metaprotocol Ψ0. We

begin by applying Iris-Wasm rules to unfold the function invocation and bind onto the code of

the function. This requires using the function closure resources, and gives it back. We show this

in detail in Appendix B. Next, we reason about the code of the function itself, which consists of

a single suspend for which rule ewp-suspend requires the tag resource, which we have, and it

remains to show that when given back the tag resource, protocol Ψ0 ($t) is followed. This protocol
requires us, for the sending, to show that the payload is the empty list, which is straightforward,

and to provide 𝐼 , which is the precondition; and for the receiving, to show that the postcondition

for immV [] and 𝐹 can be established from 𝐼 . Since we hold both resources, it is easy to conclude.
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Resume. We show the rule for the resume instruction in Figure 6. The premises can be divided

into three parts. First, we want the code being resumed to be safe to run. This is rendered with

an extended weakest precondition on line (3). The 𝐻 in that premise is tied by the continuation

resource relinquished (to symbolise that the continuations are one-shot) on line (2) to the address

addr that resume took as an argument from the stack, and per line (1) the right number of values

vs are taken from the stack. Note that the metaprotocol used on line (3) can differ from the one in

the conclusion (though, as per line (2), only for tags handled by the resume): this is because the
effects handled by the clauses of the resume can now be triggered in the resumed code.

Second, line (4) covers the ‘normal return’ case, when the continuation terminates on a value𝑤 .

We know that in that case𝑤 satisfies postcondition Φ, and must show that this is enough to safely

plug𝑤 into the prompt environment the resumed continuation was running in.

Third, line (5) covers the effect case: for each clause in the list of clauses specified by the resume,
we must show that the effect handled in the clause is safe to run. We capture this by defining a

clause triple which each clause has to respect. We explain how this clause triple is defined for a

suspend effect now, and we come back to the switch effect in §4.4.

Clause Triple. When a suspend is performed, reduction rule reduce-suspend mandates that a

continuation is created out of the state of the stack, and the handler reduces to a br instruction with

the label specified by the clause from the resume instruction, with the effect’s payload and the newly
created continuation on the stack. Hence, we wish to require that in that case, we hold an extended

weakest precondition statement for vs ++ [ref.cont kaddr; br ilab], where kaddr is the address
of the newly created continuation. Little is known about the form of that continuation, except

that the suspend instruction will have followed a protocol from metaprotocol Ψ. Accordingly, the

clause triple for a suspend (which closely follows that of Hazel [de Vilhena and Pottier 2021, Fig. 7])

requires us to prove the extended weakest precondition statement on the br using a continuation

resource for the new continuation, and knowledge that the effect was performed in a way that

follows the protocol Ψ taddr . Since the continuation 𝐻 is universally quantified, the only way to

reason about resuming the continuation again is by knowing that the protocol is followed:

⟨Ψ⟩ {Φ} on taddr ilab; ts ⟨Ψ′⟩ {Φ′} =
∃ts1 ts2 𝑞, taddr wtag↦−−−−→𝑞 (ts1 → ts2) ∗
∀vs kaddr 𝐻, kaddr wcont↦−−−−−→ (ts2 → ts, 𝐻 ) −−∗ taddr wtag↦−−−−→𝑞 (ts1 → ts2) −−∗

↑ (Ψ taddr) (immV vs) (𝜆𝑤, ⊲ ewp𝐻 [𝑤] ;∅ ⟨Ψ⟩ {𝑤 𝐹,Φ(𝑤, 𝐹 )}) −−∗
ewp vs ++ [ref.cont kaddr ; br ilab] ;∅ ⟨Ψ′⟩ {𝑤 𝐹,Φ′ (𝑤, 𝐹 )}

Frame Agnosticity. The last two lines of the definition of the clause triple refer to an empty frame.

According to the operational semantics, the frame to be used in this position is the frame as it

would be at the suspension site (for the last line) and re-resumption site (for the penultimate line),

but when scrutinising a resume instruction, the frame at those later times is unknown. Fortunately,

the choice of the frame to use at these points is irrelevant since continuations always reduce in

a frame-agnostic way, as mentioned in §4.1. Therefore, we can choose whatever frame we want.

(This does not work for exceptions, so we define much stronger rules for the exception handling

suite and the resume_throw instruction. We leave it as a future work to refine these rules, perhaps

using adjoint separation logic [Wagner et al. 2025].) We find it convenient to use the empty frame

everywhere (including lines (3–4) in ewp-resume), so that all the frames match.

To link the frame 𝐹 in the conclusion of ewp-resume with the empty frame in premise (3), we

show that if es reduces frame-agnostically and is safe to run under the empty frame, then it is safe

to run with any frame, ends with an unchanged frame, and the same post-condition.
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Proving the Resume Rule. To prove soundness of the ewp-resume rule above, we unfold the

operational semantics one step, which reduces resume to a prompt instruction. As discussed,

binding into a prompt using the simple ewp-label rule would be unsound, hence we define a bind

rule specific to prompt, as we discuss in Appendix D. The premises of this rule are similar to those

in ewp-resume: a premise for the body, a premise for the ‘normal return’ case, and a premise for

the handled effects using clause triples.

4.4 Reasoning About the Switch Instruction
Given that the operational semantics for the switch instruction is intuitively just a suspension

immediately followed by the resumption of a different continuation, one might expect that the

insertion of switch into the logic would be straightforward and that the corresponding rule would

merely be a combination of the other rules. However, this is not the case, because we want to

reason at a different site. When reasoning about separate resume and suspend, what executes after
the suspend is static: it is determined by the code around the resume and by the values it gets

passed from the suspend, which is described by the protocol. On the other hand, with a switch,
what executes next is dynamic: it is determined by the argument to the switch, which we want,

for modularity, to be able to reason about at the site of switch, not at the site of the resume.
To address this, we use an extra component in our metaprotocols. For tags used for switch, the

metaprotocol specifies not only a protocol, but also a predicate on continuations that the switch
instruction is meant to switch to. We write Ψ1 taddr and Ψ2 taddr respectively for the protocol and

for the predicate. Using this, we now complete the definition of our extended weakest precondition

from Figure 5 with the case for switch:

| Some (switchE vs kaddr ft taddr 𝐻 ) =⇒ ∃𝐻 ′ ts1 ts2 ft′ ts 𝑞,
taddr wtag↦−−−−→𝑞 [] → ts ∗ kaddr wcont↦−−−−−→ (ft, 𝐻 ′) ∗ ft′ = ts1 → ts ∗
ft = (ts1 ++ [ft′ .cont]) → ts2 ∗ Ψ2 taddr 𝐻 ′ ∗(

taddr wtag↦−−−−→𝑞 [] → ts −−∗ ↑ (Ψ1 taddr) vs (𝜆 𝑤, ⊲ ewp𝐻 [𝑤] ; 𝐹 ⟨Ψ⟩ {Φ})
)

In order to switch, we need to give up a tag resource and a continuation resource corresponding

to the continuation we are switching to; we need to know that the types have the required form;

and that the metaprotocol is being followed, meaning that the continuation satisfied the required

predicate, and when given back the tag resource, the payload follows the protocol. The continuation

resource is not given back, because WasmFX continuations are one-shot.

The proof rule for the switch instruction itself simply mirrors the definition above.

ewp-switch

ft = ts1 → ts ∗ 𝐹 .inst.types[𝑖] = ft′ ∗ ft′ = (ts1 ++ [ft .cont]) → ts2 ∗ 𝐹 .inst.tags[𝑖′] = taddr ∗
|vs | = |ts1 | ∗ taddr wtag↦−−−−→𝑞 [] → ts ∗ kaddr wcont↦−−−−−→ (ft′, 𝐻 ) ∗ Ψ2 taddr 𝐻 ∗

⊲(taddr wtag↦−−−−→𝑞 [] → ts −−∗ ↑ (Ψ1 taddr) vs Φ)
ewp vs ++ [ref.cont kaddr ; switch 𝑖 𝑖′] ; 𝐹 ⟨Ψ⟩ {Φ}

Recall that the ‘effect’ premise of the ewp-resume rule uses the clause triple to require that for

all clauses, if an effect is triggered targeting that clause, continuing execution is safe. We can now

give the following definition of a clause triple for a switch clause:

⟨Ψ⟩ {Φ} on taddr switch; ts ⟨Ψ′⟩ {Φ′} =
∃𝑞, taddr wtag↦−−−−→𝑞 ( [] → ts) ∗
□∀vs kaddr 𝐻 𝐻 ′ ts1, kaddr wcont↦−−−−−→ (ts1 → ts, 𝐻 ) −−∗ Ψ2 taddr 𝐻 ′ −−∗
↑ (Ψ1 taddr) (immV vs) (𝜆𝑤, ⊲ ewp𝐻 [𝑤] ;∅ ⟨Ψ⟩ {𝑤 𝐹,Φ(𝑤, 𝐹 )}) −−∗

ewp𝐻 ′ [vs ++ [ref.cont kaddr]] ;∅ ⟨Ψ⟩ {𝑤 𝐹,Φ(𝑤, 𝐹 )}
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In the case of a switch, the operational semantics mandates that execution continues by running

the continuation given to switch as an argument with the payload taken from the stack and a

newly created continuation corresponding to the current environment. Hence we must establish

an extended weakest precondition for running that new continuation, when given an appropriate

payload and continuation. The □ ensures duplicability, because the new continuation is run under

the same clauses and hence we need the clause triple to hold again for the new continuation.

We have used these rules to reason about simple examples using switch, these can be found in

our Rocq development. We note that realistic programs using the switch instructions typically

require recursive types, which we do not support. We leave this as future work, as it is orthogonal

to supporting the WasmFX operations themselves.

4.5 Soundness and Adequacy
All proof rules showed in this paper have been proved sound in the Rocq proof assistant; that is, we

show that holding all premises is sufficient to obtain the extended weakest precondition statement

in the conclusion, as defined in Figure 5. Our Rocq development also includes proof rules for every

instruction of WasmFX.

Theorem 4.1 (Soundness). All proof rules displayed in this paper have been proven sound with
respect to WasmFXCert in the Rocq proof assistant.

We also prove adequacy, which allows us to extract, from each Iris-WasmFX proof of a pure

extended weakest precondition, a theorem phrased purely in terms of the operational semantics,

making no mention of Iris. The proof is similar to that of plain Iris [Jung et al. 2018, §6.4].

Theorem 4.2 (Adeqacy). If state_interp(𝑆) ∗ ewp es ; 𝐹 ⟨⊥⟩ {𝑤 𝐹,Φ(𝑤, 𝐹 )} for some pure pred-
icate Φ (meaning Φ does not contain any resourceful Iris propositions), then for any reduction trace
(𝑆, 𝐹, es) ↩→★ (𝑆 ′, 𝐹 ′, vs) (where vs are values), it holds that Φ(vs, 𝐹 ′).

5 Case Studies
In this section, we briefly consider two canonical features with which we exemplify the kind of

modular reasoning that Iris-WasmFX enables. Coroutines illustrate switching of stacks, where the

tag is internal to the library, and passes through the client. Generators illustrate passing of values

with tags, where the tag is used as the interface between the library and client to send values from

the generator to the client. Full details are given in Appendix E.

Coroutines. We now precisely state a modular specification for our coroutine library using the

protocol of Section 4.2, and reason about the client module with respect to that specification, as

desired, and use adequacy to derive a statement in terms of the operational semantics, without

reference to Iris:

Theorem 5.1. If Cor is the coroutine module whose code is shown in Figure 3, and Cl is the message-
passing client module, and host program [instantiate Cor ; instantiate Cl; invoke addrmain]
terminates on a value𝑤 , then𝑤 is of the form𝑤 = immV [vala; valb], and if vala is 1, then valb is 42.

Generators. Phipps-Costin et al. [2023] use effects to implement a generator of the naturals: 0, 1,

2, ... The generator consists of an infinite loop which suspends with the value of the current counter,

and then increments it. Every time a client resumes the generator, they get the next natural number.

They use this generator to implement a function $sum_until, which adds all naturals from 0 to a

given number. Again, we give a modular proof: we first verify the generator, giving it a generic

specification, and then verify the client in terms of that specification, to show:
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Theorem 5.2. For any i32 𝑛, if Gen is the generator module containing the generator of the naturals
and the $sum_until function, and if the host program [instantiate Gen; invoke addrsum_until n]
terminates on a value𝑤 , then𝑤 = immV

[∑n
i=0 i

]
(in i32 arithmetic).

6 Related Work
Iris-WasmFX is, to our knowledge, the first program logic for WasmFX, and as such pulls together

several strands of research:

Formalising WasmFX. There is an ongoing project [Liang et al. 2025] to model WasmFX in

SpecTec [Youn et al. 2024], a domain-specific language designed specifically to write the semantics

of Wasm with tooling to export theorem prover definitions. SpecTec has been officially adopted

for authoring the Wasm specification [Rossberg 2025] (from 3.0 on), and could eventually replace

the hand-written definitions of WasmFXCert. However, this would require more mature theorem

prover output, and would in any case not replace the proofs of §3.4. Moreover, it raises the question

of how to handle the modifications we make to the language definition for the sake of compatibility

with the theorem prover and program logic, as described in §3.3.

Program Logics for Effect Handlers. Iris-WasmFX applies the ideas of Hazel, a program logic

for an ML-style calculus with effect handlers, to a full-fledged programming language, Wasm.

Osiris [Daby-Seesaram et al. 2023; Seassau et al. 2025a,b] is a program logic for OLang, a substantial

fragment of another full-fledged programming language that features effect handlers, namely

sequential OCaml 5.3. Osiris has a sibling logic, Horus, for pure expressions, that makes reasoning

simpler for them, and is compatible with Osiris; we have not explored this angle for Wasm, as it is

much more imperative, but the idea could nevertheless prove useful. The two projects differ in the

challenges they face: one of the main sources of complexity of OLang is the loose evaluation order

of OCaml, which Wasm was designed to avoid; on the other hand, the functional style of OLang

integrates with effect handlers in a more human-readable way than in WasmFX. They also differ in

their implementations: OLang is defined by elaboration into a monad, whereasWasmFXCert follows

the usual operational semantics style, as used in the Wasm standard. The combined existence of

Osiris and Iris-WasmFX opens up the possibility of formally relating programs in OCaml and Wasm,

be it by verified compilation, translation validation, etc.

Integration with JavaScript. The extensive use of non-local control flow in JavaScript/ECMAScript

is another motivation for extending Wasm with WasmFX. Khayam et al. [2022] formalise parts

of ECMAScript and describe how, even though they do not model generators and asynchronous

function definitions, they identified corner cases of the language semantics to do with manipulation

of the evaluation context, showcasing the challenges raised by non-local control flow, and how

precise definitions and formal verification can be helpful in this context.

JavaScript Promise Integration (JSPI) [McCabe et al. 2024] is the ‘reverse’ of WasmFX: it allows

plain Wasm, not written to be asynchronous, to work with host code (in JavaScript) that uses

promises. WasmFXCert is the first building block to consider the semantics of Wasm running in

a host language with its own non-local control flow features, and to study their interaction. In

particular, part of the contract between JavaScript and Wasm is that Wasm is only meant to suspend

or resume the execution of JavaScript via promises. Verifying this is outside of the scope of this

paper, but we lay the foundations to do so.

Compilation to WasmFX. RichWasm [Fitzgibbons et al. 2024] is a richly typed language based

on Wasm, designed as a target for typed compilation enforcing strong memory safety guarantees.

Extending RichWasm to cover WasmFX, as modelled by WasmFXCert, could offer a useful staging

post in proving correctness of the compilation of non-local control features into WasmFX.
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7 Conclusion
By developing WasmFXCert and Iris-WasmFX, we have validated the design of the WasmFX

proposal in time to feed back into its development. In addition, with Iris-WasmFX, we have laid the

foundations for verifying effect-based libraries.
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A WasmFXCert AST

(numerical value type) 𝑛𝑡 ::= i32 | i64 | f32 | f64
(reference value type) 𝑟𝑡 ::= ft .func | exn | ft .cont
(value type) 𝑡 ::= nt | rt (function type) ft ::= ts → ts

(immediate) 𝑖,min,max ::= N (i for local indices)
(exception clause) ec ::= catch i i′ | catch_ref i i′ | catch_all i | catch_all_ref i

(continuation clause) cc ::= on i i′ | on i switch

(basic instructions) 𝑏 ::= 𝑛𝑡 .const 𝑐 | 𝑡 .add | other stackops | local.{get/set} 𝑖 |
global.{get/set} 𝑖 | 𝑡 .load flags | 𝑡 .store flags | memory.size |
memory.grow | block ft bs | loop ft bs | if ft bs bs′ | br 𝑖 | br_if 𝑖 |
br_table is | call 𝑖 | call_indirect 𝑖 | return | rt .null |
ref.is_null | ref.function 𝑖 | ref.call 𝑖 | try_table i ecs bs |
throw i | throw_ref | cont.new i | resume i ccs |
suspend i | switch i i′ | cont.bind i i′ | resume_throw i i′ ccs

(functions) func ::= func i ts bs
(memories) mem ::= mem min max

(elem segments) elem ::= elem i bs off is

(tables) tab ::= tab min max
(globals) glob ::= glob mutable t e init

(data segments) data ::= data i bs off bytes

(import descriptions) importdesc ::= funci 𝑖 | tabi min max | memi min max |
globi mutable? 𝑡 | tagi i

(imports) import ::= import string string importdesc
(export descriptions) exportdesc ::= funce 𝑖 | tabe 𝑖 | meme 𝑖 | globe i | tage i

(exports) export ::= export string exportdesc
(start) start ::= Some 𝑖 | None

(modules) m ::=

{
types : fts, tags : fts, funcs : funcs, globs : globs, mems : mems, tabs : tabs,
data : datas, elem : elems, imports : imports, exports : exports, start : start

}
Fig. 7. The AST for structures necessary to evaluate code in WasmFXCert. Black parts are borrowed directly
from WasmCert (plain Wasm 1.0). Parts in indigo pertain to the references from Wasm 3.0, parts in orange
pertain to exception handling, and parts in magenta are new in WasmFX. Places where WasmFXCert departs
from WasmFX are shown boxed .
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(immediate) 𝑖, addr,max ::= N
(i refers to local indices, while addr refers to addresses in the store)

(reference value) rv ::= rt .null | ref.func addr | ref.exn addr addr′ | ref.cont addr
(value) v ::= 𝑛𝑡 .const 𝑐 | rv

(module instance) 𝑖𝑛𝑠𝑡 ::= {types : fts, funcs : addrs, globs : addrs, mems : addrs,
tabs : addrs, tags : addrs }

(frame) 𝐹 ::= {locs : vs, inst : inst }
(translated exception clause) dec ::= catch addr i | catch_ref addr i |

catch_all i | catch_all_ref i
(translated continuation clause) dcc ::= on addr i | on addr switch

(administrative instruction) e ::= b | trap | invoke addr | label𝑛{es′} es end |
frame𝑛{𝐹 } es end | call_host 𝑉 𝑓 𝑡 i vs | ref.func addr |
ref.exn addr addr′ | handler{decs} es end |
throw_ref.addr vs addr addr′ | ref.cont addr |
prompt ts {dccs} es | suspend.addr vs addr

switch.addr vs addr ft addr′

(evaluation context) L ::= vs ++ [_] ++ es | vs ++ label𝑛{es′} L end ++ es |
vs ++ handler{decs} L end ++ es |
vs ++ promptts{dccs} L end ++ es

(handler context) H ::= vs ++ [_] ++ es | vs ++ label𝑛{es′} H end ++ es |
vs ++ frame𝑛{𝐹 } H end ++ es |
vs ++ handler{decs} H end ++ es |
vs ++ promptts{dccs} H end ++ es

(function instances) finst ::= {(inst; ts); bs}NativeClft | {hidx}HostClft
(table instances) tinst ::= {elem : is, max : max? }

(memory instance) minst ::= {data : bytes, max : max? }
(global instance) ginst ::= {mut : mutable?, value : v }

(exception instance) einst ::= {etag : addr, efields : vs }
(continuation instance) cinst ::= cont ft H | dagger ft

(store) 𝑆 ::= {funcs : finsts, globs : ginsts, mems : minsts, tabs : tinsts,
tags : fts, exns : einsts, conts : cinsts }

(typing context) 𝐶 ::= { types : fts, func : fts, global : gts, table : tts, memory : mts,
local : ts, label : (ts)s, return : ts?, exns : addrs, tags : fts }

(the meaning of some of the fields in the store is orthogonal to stack switching and is omitted)

Fig. 8. The AST for structures necessary to evaluate code in WasmFXCert. Black parts are borrowed directly
from WasmCert (plain Wasm 1.0). Parts in indigo pertain to the references from Wasm 3.0, parts in orange
pertain to exception handling, and parts in magenta are new in WasmFX. Places where WasmFXCert departs
from WasmFX are shown boxed .
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B Frame
Another novelty we bring in Iris-WasmFX with respect to the existing Iris-Wasm program logic

is the way we deal with the Wasm frame. In Iris-Wasm, aside from resources corresponding to

different parts of the store, there is a resource
Fr

↩−−→ 𝐹 that symbolises ownership of the entire frame.

For technical reasons,
1
Iris-Wasm mandates that the frame resource must be present in the proof

environment every time a reduction step is taken, cluttering the proof rules and leading to the

confusing situation where the frame resource appears in proof rules for instructions that in no way

interact with the frame.

Instead, our custom weakest precondition considers the frame as part of the expression rather

than part of the state. Thus, our first modification to Iris-Wasm’s weakest precondition statement

is that ours has the shape wp es ; 𝐹 {𝑤 𝐹,Φ(𝑤, 𝐹 )} where the expression es sits alongside the frame

𝐹 , and the postcondition is a predicate on both the final logical value𝑤 and the final frame 𝐹 .

We illustrate this new weakest precondition statement by showing the bind rule for the frame
instruction. Having the frame baked into the weakest precondition statement makes it much easier

to update the frame in order to run the body of the frame in the correct environment:

wp-bind-frame

wp es ; 𝐹 {𝑤 𝐹 ′,wp [frame𝑛{𝐹 ′} w end] ; 𝐹0 {𝑣 𝐹1,Φ(𝑣, 𝐹1)}}
wp [frame𝑛{𝐹 } es end] ; 𝐹0 {𝑣 𝐹1,Φ(𝑣, 𝐹1)}

i.e. when reasoning under frame 𝐹0, if we reach a frame instruction (representing a function call

being executed), when reasoning about the code inside the frame, we use the frame 𝐹 specified

by the frame instruction. Since the frame contains the local variables and the instance (which

translates local indices into addresses into the store), this change of frames is what guarantees local

state encapsulation. The bind rule above specifies that once the body es has reduced to a value𝑤

and the ‘inner’ frame 𝐹 has become a frame 𝐹 ′, we can then place that value and that frame back in

a frame instruction and resume reasoning from there.

Example. Let us showcase how the two bind rules above are used and how Iris-WasmFX deals with

the frame, by going through the first few steps of proving the specification for the $yield function

from Figure 3. Recall from §2wewant this specification to have the form {𝐼 } [invoke $addryield] {𝐼 } .
More precisely, given an invariant 𝐼 , a fraction 𝑞 and a frame 𝐹 , we wish to prove that

𝐼 −−∗ addryield wf↦−−−→ clyield −−∗ addrt wtag↦−−−−→𝑞 ( [] → []) −−∗

wp [ invoke addryield ] ; 𝐹
{
𝑤 𝐹 ′,

𝑤 = immV [] ∗ 𝐹 = 𝐹 ′ ∗ 𝐼∗
addryield wf↦−−−→ clyield ∗ addrt wtag↦−−−−→𝑞 ( [] → [])

}
where addryield is 𝐹 .inst.funcs[$yield] (the address of function $yield in the store), addrt is

𝐹 .inst.tags[$t] (the address of tag $t in the store) and clyield is the closure of yield function (con-

taining the function’s actual code, the instance of the coroutine module, the function’s type and

the type of its local variables). The function closure resource addryield wf↦−−−→ clyield is necessary
to reason about the act of invoking, and is given back in the post-condition; the tag resource

addrt wtag↦−−−−→𝑞 ( [] → []) is necessary to run the actual code of the function (recall it contains a

1
These technical reasons pertain to the soundness of the proof rule for binding into frame instructions. Since reducing the

body of a local is done using a different frame, the authoritative view associated to the state must be updated. This can only

be done in the presence of the associated fragmental view, that is in this case, the frame resource. To do this, the strategy

implemented by Iris-Wasm was to bake the presence of the frame resource into the definition of the weakest precondition

by enforcing that it must be present every time a step in the execution is taken. As we describe in this paragraph, in

Iris-WasmFX, we us a different, simpler strategy.
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suspend instruction; we showcase in §4.3 the part where this resource is used) and is also given

back in the post-condition.

To prove this specification, we start by applying Iris-Wasm rule wp-invoke-native which

mirrors the operational semantics of invoke (see §3.2) and has two premises: the first requires

us to provide a resource corresponding to the function closure for $yield, which we hold. The

second gives back that resource, and requires us to prove a weakest precondition statement on the

expression the invoke reduces to:

wp [ frame0{𝐹 ′} block ( [] → [])codeyield end ] ; 𝐹
{
𝑤 𝐹 ′,

𝑤 = immV [] ∗ 𝐹 = 𝐹 ′ ∗
𝐼 ∗ addryield wf↦−−−→ clyield

}
where 𝐹 ′ is the frame under which the code codeyield is to be executed, containing the coroutine
module’s instance and no local variables.

Now we apply rule wp-bind-frame above, which brings us to proving

wp [block ( [] → [])codeyield] ; 𝐹 ′ {𝑤 𝐹 ′′,Φ(𝑤, 𝐹 ′′)}
with

Φ(𝑤, 𝐹 ′′) = wp [ frame0{𝐹 ′′} w end ] ; 𝐹
{
𝑤 𝐹 ′,

𝑤 = immV [] ∗ 𝐹 = 𝐹 ′ ∗
𝐼 ∗ addryield wf↦−−−→ clyield

}
i.e. we have focused on the inside of the frame instruction and are now reasoning under frame 𝐹 ′,
the one with the closure’s environment; once we will reach a value, we can reason about this value

placed back into the frame instruction under the top-level 𝐹 frame. This is where our treatment of

the Wasm frame differs from Iris-Wasm, where frame resources
Fr

↩−−→ 𝐹 would be passed around in

a sometimes convoluted way, especially when applying the wp-bind-frame rule.

Then we apply Iris-Wasm rule wp-block, bringing us to reasoning about

[label0{[]} codeyield end] instead of the block instruction; and finally, applying rule wp-bind-

label from §4.1, our goal becomes

wp codeyield ; 𝐹 ′ {𝑤 𝐹 ′′,wp label0{[]} w end ; 𝐹 ′′ {𝑤 𝐹 ′′,Φ(𝑤, 𝐹 ′′)}}
i.e. we are now entirely focused on the code of $yield. As displayed in Figure 3, that code is just

one line: [suspend $t]. We finish the proof in §4.3 and in Appendix E.1.1.

Other Approaches. Adjoint separation logic [Wagner et al. 2025] elegantly deals with this problem

with frames by using modalities that make a given frame available or lock it away.
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C Syntactic Typing and Type Safety in Detail
In this section, we introduce WasmFX’s syntactic type system. When defining WasmFXCert, we

give new typing rules for administrative instructions, and state and prove a type safety theorem.

Wasm defines a simple syntactic type system for all its instructions, of the form

𝐶 ⊢ 𝑏 : ts1 → ts2
where 𝐶 is a typing context (see Figure 8) that keeps track of the type of all the objects reachable

in the current module, including all the labels that can be branched to and the return type of the

current function; 𝑏 is the basic instruction being typechecked; ts1 is the list of the types of the
values expected to be on the stack for the instruction to execute safely; and ts2 is the list of the
types of the values deposited back on the stack after execution. For example, for all contexts 𝐶 and

all numerical types 𝑛𝑡 , 𝐶 ⊢ 𝑛𝑡 .add : [𝑛𝑡 ;𝑛𝑡] → [𝑛𝑡].
We show the typing rules for the new instructions of WasmFX in Figure 9.

𝐶 ⊢ cc : ts

𝐶.tags[i] = ts1 → ts2 𝐶.label[i′] = ts1 ++ (ts2 → ts).cont
𝐶 ⊢ on i i′ : ts

𝐶.tags[i] = [] → ts

𝐶 ⊢ on i switch : ts

𝐶 ⊢ b : ft

𝐶.types[i] = ft

𝐶 ⊢ cont.new i : ft .func → ft .cont

𝐶.tags[i] = ft

𝐶 ⊢ suspend i : ft

𝐶.types[i] = ft 𝐶.tags[i′] = [] → ts ft = (ts1 ++ (ts2 → ts).cont) → ts

𝐶 ⊢ switch i i′ : (ts1 ++ ft .cont) → ts2
𝐶.types[i] = ft ft = ts1 → ts2 ∀cc ∈ ccs, 𝐶 ⊢ cc : ts2

𝐶 ⊢ resume i ccs : (ts1 ++ ft .cont) → ts2

Fig. 9. The typing rules for WasmFX

When defining WasmFXCert, we have included the first result on type safety of WasmFX, in the

form of a theorem proved in the Rocq proof assistant. To formulate this theorem, we had to provide

the first formal definitions of typing rules for the new administrative instructions and for the new

parts of the Wasm store. While Phipps-Costin et al. [2023] define a typing rule for prompt, we
have identified that their presentation is incomplete: it has a typo, and their strategy of stripping

the context is too weak to actually complete the proof of type preservation. Our typing rules are

presented in Figure 10.

Two main challenges arise when defining these typing rules. The first is that, unlike in plain

Wasm 1.0, not all values automatically typecheck in all typing contexts, since function references

and continuation references require the presence of a well-typed object in the typing context. This

means that one needs to add typechecking hypotheses to many lemmas, and carefully keep track

in proofs of which values are known to typecheck. Moreover, it also means that the store cannot be

arbitrarily changed while ensuring all Wasm values keep on being well-typed (in 1.0, values always

have a numerical type so they typecheck trivially as long as of the correct integer type). Hence one

needs to fine-tune the definition of the store_extension(𝑆, 𝑆 ′) predicate, which describes the way

in which the store can evolve during execution and which satisfies that values that typecheck in 𝑆

still typecheck in 𝑆 ′.
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𝑆,𝐶 ⊢ dcc : ts

𝑆.tags[addr] = ts1 → ts2 𝐶.label[i] = ts1 ++ (ts2 → ts).cont
𝑆,𝐶 ⊢ on addr i : ts

𝑆.tags[addr] = [] → ts

𝑆,𝐶 ⊢ on addr switch : ts

𝑆,𝐶 ⊢ es : ft

𝑆.conts[addr] = (cont ft _ ∨ dagger ft)

𝑆,𝐶 ⊢ ref.cont addr : [] → ft .cont

𝑆.tags[addr] = ts1 → ts2 𝑆,𝐶 ⊢ vs : [] → ts1
𝑆,𝐶 ⊢ suspend.addr vs addr : [] → ts2

𝑆.tags[addr′] = [] → ts ft = (ts1 ++ (ts2 → ts).cont) → ts
𝑆.conts[addr] = (cont ft _ ∨ dagger ft) 𝑆,𝐶 ⊢ vs : [] → ts1

𝑆,𝐶 ⊢ switch.addr vs addr ft addr′ : [] → ts2
𝑆, ∅ ⊢ es : [] → ts ∀dcc ∈ dccs, 𝑆,𝐶 ⊢ dcc : ts

𝑆,𝐶 ⊢ promptts{dccs} es end : [] → ts

𝑆 ⊢ cinst ok

𝑆 ⊢ dagger ft ok

𝑆, ∅ ⊢ vs : [] → ts1 H [vs] = es 𝑆, ∅ ⊢ es : [] → ts2
𝑆 ⊢ cont (ts1 → ts2) H ok

𝑆 ⊢ einst ok
𝑆, ∅ ⊢ 𝑒.efields : [] → ts 𝑆.tags[𝑒.etag] = ts → []

𝑆 ⊢ 𝑒 ok
⊢ 𝑆 ok

Premises for

functions

tables

memories

globals

as in WasmCert ∀𝑐 ∈ 𝑆.conts, 𝑆 ⊢ 𝑐 ok ∀𝑒 ∈ 𝑆.exns, 𝑆 ⊢ 𝑒 ok

⊢ 𝑆 ok

Fig. 10. Our new typing rules for the administrative instructions and store elements of WasmFX

The second difficulty is the choice of a typing context for the body of a prompt instruction. This

choice is ultimately irrelevant since in practice, all continuations start as function calls, and hence

after the first few steps of execution, every continuation will be of the form [frame𝑛{𝐹 } H end], and
the body of a frame instruction is typed with a specifically built typing context in the Wasm typing

rules. However, the presence of this frame instruction immediately under every prompt is not

enforced syntactically, and is not true for the first few steps of execution when a new continuation is

created using the cont.new instruction. Our solution is to mandate that the body of a prompt should
typecheck in the empty typing context, as illustrated in Figure 10. This necessitated replacing all

tag and type annotations with their explicit values (as is done implicitly in WasmFX during the

typing phase), and proving lemmas about typing expressions in the empty typing context, such as

the following:
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Lemma C.1. For all stores 𝑆 , typing contexts 𝐶 , administrative instructions es, and function types ft,

𝑆,∅ ⊢ es : ft =⇒ 𝑆,𝐶 ⊢ es : ft

Type Safety Theorem. As is standard in Wasm’s typing system, we can define a context 𝐶 (𝑆, 𝐹 )
out of a store 𝑆 and a frame 𝐹 by setting 𝐶.locs to be the types of the values 𝐹 .locs and filling

all other fields of 𝐶 by reading the type annotations in the store of the elements at the addresses

specified by instance 𝐹 .inst.
We can now formulate the progress and preservation lemmas:

Lemma C.2 (Type Preservation). If ⊢ 𝑆 ok and 𝑆,𝐶 (𝑆, 𝐹 ) ⊢ es : [] → ts and (𝑆, 𝐹, es) ↩→
(𝑆 ′, 𝐹 ′, es′), then ⊢ 𝑆 ′ ok and 𝑆 ′,𝐶 (𝑆 ′, 𝐹 ′) ⊢ es′ : [] → ts

Lemma C.3 (Type Progress). If ⊢ 𝑆 ok and 𝑆,𝐶 (𝑆, 𝐹 ) ⊢ es : [] → ts, then either es reduces, or
it is a constant value, or it is stuck on a host call, or it is stuck on an unhandled suspend, switch, or
exception throw.

And together, these give the type safety result:

Theorem C.4 (Type Safety). If ⊢ 𝑆 ok and 𝑆,𝐶 (𝑆, 𝐹 ) ⊢ es : [] → ts and (𝑆, 𝐹, es) ↩→★ (𝑆 ′, 𝐹 ′, es′),
then either es′ reduces, or it is a constant value, or it is stuck on a host call, or it is stuck on an unhandled
suspend, switch, or exception throw.
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D Bind Rule for Prompt
Since the resume instruction reduces to a prompt instruction, the crux of the reasoning is how to

use protocols to bind the body of a prompt instruction. As discussed, the simple ewp-label rule

would be unsound due to the presence of effects. Instead, we prove the following rule:

ewp-prompt

(1) (∀addr, addr ∉ dccs =⇒ Ψ(addr) = Ψ′ (addr)) ∗
(2) CExp(es) ∗ (∀𝐹,¬Φ(trapV, 𝐹 )) ∗ ¬Φ′ (trapV) ∗
(3) ewp es ;∅ ⟨Ψ⟩ {𝑤 𝐹,Φ(𝑤, 𝐹 )} ∗
(4) (∀𝑤,Φ(𝑤,∅) −−∗ ewp [promptts{dccs} w end] ;∅ ⟨Ψ′⟩ {𝑤 _,Φ′ (𝑤)}) ∗
(5) ∀dcc ∈ dccs, ⟨Ψ⟩ {Φ} dcc; ts2 ⟨Ψ′⟩ {𝜆𝑣 _,Φ′ (𝑣)}

ewp [promptts{dccs} es end] ; 𝐹 ⟨Ψ′⟩ {𝑤 𝐹 ′,Φ′ (𝑤) ∗ 𝐹 = 𝐹 ′}
This rule has the structure of a usual bind rule: line (3) focuses on the body es of the prompt

instruction, and line (4) injects the resulting value 𝑤 into the prompt. It allows using a different

protocol family for the body es than for the prompt instruction itself, to account for the fact that

the prompt specifies the intended behaviour for all the effects handled in its clauses dccs. Line
(1) enforces that the protocols families Ψ and Ψ′

only differ in the effects handled by the prompt
clauses; line (5) ties them together in those remaining places, as we will explain below.

Let us now focus on line (2): aside from enforcing that all postconditions do not hold of the trap

value trapV (a different, simpler rule can be invoked for expressions that trap), it requires the body

es of the prompt to satisfy predicate CExp, which we define as follows:

CExp(es) ≜ (∃vs addr ft, es = vs ++ [ref.func addr ; ref.call ft]) ∨ (𝑎)
(∃vs addr, es = vs ++ [invoke addr]) ∨ (𝑏)
(∃vs n F es′, es = vs ++ [frame𝑛{𝐹 } es′ end]) ∨ (𝑐)
(∃vs, es = vs ++ [trap]) ∨ (𝑑)
(∃vs, es = vs) ∨ (𝑒)
(∃vs vs′ k ft, es = vs ++ [call_host vs′ k ft] (𝑓 )

i.e. es is of one of 6 forms: (a) values followed by a call to a function reference, (b) values followed

by an invoke instruction (i.e. the intermediate representation before a call instruction is replaced

by the function’s actual body), (c) values followed by a frame instruction (representing a function

body being executed), (d) values followed by a trap instruction, (e) es is constant, or (f) values
followed by a call_host instruction (a stuck instruction representing a call to a function defined

by the host language).

As previously mentioned, our continuation resource enforces all continuations to be of a special

form, which means that when plugged with a value, the resulting expression is always of form (a)

or (c). The other four cases have been added to guarantee closure under reduction: if CExp(es) and
es reduces to es′, then CExp(es′). The most crucial property verified by expressions of these forms

is that they reduce in a frame-agnostic way: if CExp(es) and (𝑆, 𝐹, es) reduces to (𝑆 ′, 𝐹 ′, es′), then
𝐹 = 𝐹 ′ and for any other frame 𝐹 ′′, (𝑆, 𝐹 ′′, es) reduces to (𝑆 ′, 𝐹 ′′, es′).
Line (5) of rule ewp-prompt specifies the behaviour of the program when an effect handled by

one of the clauses of the prompt is performed using the suspend instruction. In that case, recall

that reduction rule reduce-suspend mandates that a continuation is created out of the state of

the stack, and the prompt reduces to a br instruction with the label specified by the clause from

the prompt instruction, with the effect’s payload and the newly created continuation on the stack.

Hence we wish to require that in that case, we hold an extended weakest precondition statement

for this vs++ [ref.cont kaddr ; br ilab] expression, where kaddr is the address of the newly created
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continuation. Little is known about the form of that continuation, other than that the suspend
instruction will have followed a protocol from family Ψ. We define the clause triple from line (5)

(which closely follows that of Hazel [de Vilhena and Pottier 2021, Fig. 7]), as:

⟨Ψ⟩ {Φ} on taddr ilab; ts ⟨Ψ′⟩ {Φ′} =
∃ts1 ts2 𝑞, taddr wtag↦−−−−→𝑞 (ts1 → ts2) ∗
∀vs kaddr 𝐻, kaddr wcont↦−−−−−→ (ts2 → ts, 𝐻 ) −−∗ taddr wtag↦−−−−→𝑞 (ts1 → ts2) −−∗
↑ (Ψ taddr) (immV vs) (𝜆𝑤, ⊲ ewp𝐻 [𝑤] ;∅ ⟨Ψ⟩ {𝑤 𝐹,Φ(𝑤, 𝐹 )}) −−∗

ewp vs ++ [ref.cont kaddr ; br ilab] ;∅ ⟨Ψ′⟩ {𝑤 𝐹,Φ′ (𝑤, 𝐹 )}

When establishing this premise, we must prove the extended weakest precondition statement

on the br instruction using these resources: a continuation resource corresponding to the new

continuation, and knowledge that the effect was performed in a way that follows the protocol

Ψ taddr . Since the continuation 𝐻 is universally quantified, the only way to reason about resuming

the continuation again is by knowing that the protocol is followed.

For example, when Ψ taddr is of the form !𝑥 (𝑣){𝑃} ?𝑦 (𝑤){𝑄}, this definition simplifies to

∃ts1 ts2 𝑞, taddr wtag↦−−−−→𝑞 (ts1 → ts2) ∗
∀kaddr 𝐻 𝑥, kaddr wcont↦−−−−−→ (ts2 → ts, 𝐻 ) −−∗ taddr wtag↦−−−−→𝑞 (ts1 → ts2) −−∗

𝑃 −−∗ (∀𝑦,𝑄 −−∗ ⊲ ewp𝐻 [𝑤] ;∅ ⟨Ψ⟩ {𝑤 𝐹,Φ(𝑤, 𝐹 )}) −−∗
ewp 𝑣 ++ [ref.cont kaddr ; br ilab] ;∅ ⟨Ψ′⟩ {𝑤 𝐹,Φ′ (𝑤, 𝐹 )}

i.e. we must show that breaking with value 𝑣 is safe, knowing that 𝑃 holds, and that we can safely

resume the continuation with𝑤 as long as we can provide 𝑄 .

Frame Agnosticity. The last two lines of the definition of the clause triple refer to an empty frame.

In theory, according to the operational semantics, the frame to be used in this position is the

frame as it would be at the suspension site (for the last line) and re-resumption site (for the next-to-

last line), but when scrutinising a prompt instruction, the state of the frame at those later times

is unknown. Fortunately, the choice of the frame to use at these points is in practice irrelevant

since the inside of the prompt instruction reduces in a frame-agnostic way, hence we can choose

whatever frame we want. We find it convenient to use the empty frame everywhere (including line

(3) in rule ewp-prompt), so that all the frames inside the prompt instruction match one another,

simplifying reasoning.

To bridge the frame 𝐹 in the conclusion of ewp-prompt with the empty frame in premise (3), we

prove the following lemma, which says that if an expression es satisfying CExp(es) is safe to run

under the empty frame, then the same expression is safe to run with any frame, resulting in an

unchanged frame, with the same post-condition on the resulting value:

ewp-empty-frame

CExp(es) ∗ ewp es ;∅ ⟨Ψ⟩ {𝑤 _,Φ(𝑤)}
ewp es ; 𝐹 ⟨Ψ⟩ {𝑤 𝐹 ′,Φ(𝑤) ∗ 𝐹 = 𝐹 ′}

Resume Rule. The rule for resume is largely the same as for ewp-prompt:
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ewp-resume

(1) 𝐹 .inst.types[i] = ts1 → ts2 ∗ |vs | = |ts1 | ∗ translate_clauses(𝐹 .inst, ccs) = dccs ∗
(2) (∀addr, addr ∉ dccs =⇒ Ψ(addr) = Ψ′ (addr)) ∗ addr wcont↦−−−−−→ (ts1 → ts2, 𝐻 ) ∗
(3) (∀𝐹,¬Φ(trapV, 𝐹 )) ∗ ¬Φ′ (trapV) ∗ ⊲ ewp𝐻 [vs] ;∅ ⟨Ψ⟩ {𝑤 𝐹,Φ(𝑤, 𝐹 )} ∗
(4) ⊲(∀𝑤,Φ(𝑤,∅) −−∗ ewp [promptts2 {dccs} w end] ;∅ ⟨Ψ′⟩ {𝑣 _,Φ′ (𝑣)}) ∗
(5) ⊲(∀dcc ∈ dccs, ⟨Ψ⟩ {Φ} dcc; ts2 ⟨Ψ′⟩ {𝜆𝑣 _,Φ′ (𝑣)})

ewp vs ++ [ref.cont addr ; resume i ccs] ; 𝐹 ⟨Ψ′⟩ {𝑣 𝐹 ′,Φ′ (𝑣) ∗ 𝐹 ′ = 𝐹 }
The additional premises are the continuation resource on line (2), and the premises on line (1)

which translate the annotations of the resume instruction and check that the adequate number of

values are being taken from the stack. The extra premises are necessary to apply reduction rule

reduce-resume, which transforms the resume into a prompt instruction. Since a step is taken, we

can add a later modality ⊲ to lines (4) and (5). The rest of the premises are those of ewp-prompt,

allowing to bind into the actual code of the continuation being resumed. Because the continuation

resource enforces that the context 𝐻 is safe, the rule does not require establishing CExp(𝐻 [vs]).
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∃addryield addrpar clyield clpar,
𝐽yield ∗ 𝐽par ∗ (we own the closures for $par and $yield, . . . )
∀𝑃1 𝑄1 𝑃2 𝑄2 𝐼 , ∃Ψ,

(. . . and we have specifications for both functions)

(for function $yield:)

□
©­«
∀𝐹, 𝐼 −−∗ 𝐽yield −−∗

ewp [invoke addryield] ; 𝐹 ⟨Ψ⟩
{
𝑤 𝐹 ′,

𝑤 = immV [] ∗ 𝐹 = 𝐹 ′ ∗
𝐼 ∗ 𝐽yield

} ª®¬ ∗
(and for function $par:)
∀addrf1 addrf2 cl1 cl2,

□

©­­­­­­­­­­­­­­­­­­­«

∀𝐹, 𝑃1 −−∗ 𝑃2 −−∗ 𝐼 −−∗ 𝐽1 −−∗ 𝐽2 −−∗ 𝐽yield −−∗ 𝐽par −−∗
(precondition of specification for $par contains a specification for $f1:)

□
©­«
∀𝐹 ′, 𝑃1 −−∗ 𝐼 −−∗ 𝐽1 −−∗ 𝐽yield −−∗

ewp
[
ref.func addrf1;

ref.call

]
; 𝐹 ′ ⟨Ψ⟩

{
𝑤 𝐹 ′′,

𝑤 = immV [] ∗ 𝐹 ′ = 𝐹 ′′ ∗
𝑄1 ∗ 𝐼 ∗ 𝐽1 ∗ 𝐽yield

} ª®¬ −−∗
(precondition of specification for $par contains a specification for $f2:)

□
©­«
∀𝐹 ′, 𝑃2 −−∗ 𝐼 −−∗ 𝐽2 −−∗ 𝐽yield −−∗

ewp
[
ref.func addrf2 ;

ref.call

]
; 𝐹 ′ ⟨Ψ⟩

{
𝑤 𝐹 ′′,

𝑤 = immV [] ∗ 𝐹 ′ = 𝐹 ′′ ∗
𝑄2 ∗ 𝐼 ∗ 𝐽2 ∗ 𝐽yield

} ª®¬ −−∗
ewp


ref.func addrf1;

ref.func addrf2 ;

invoke addrpar

 ; 𝐹 ⟨⊥⟩
{
𝑤 𝐹 ′,

𝑤 = immV [] ∗ 𝐹 = 𝐹 ′ ∗ 𝑄1 ∗ 𝑄2 ∗
𝐼 ∗ 𝐽1 ∗ 𝐽2 ∗ 𝐽yield ∗ 𝐽par

}

ª®®®®®®®®®®®®®®®®®®®¬
Where 𝐽yield is a shorthand for addryield wf↦−−−→ clyield, 𝐽par is a shorthand for addrpar wf↦−−−→ clpar,

𝐽1 is a shorthand for addrf1
wf↦−−−→ cl1, and 𝐽2 is a shorthand for addrf2

wf↦−−−→ cl2

Fig. 11. The specification for the coroutines module

E Case Studies in Detail
E.1 Coroutine Library
We now revisit our running coroutine example from §2, focusing on proving the implementation’s

specification (§E.1.1) and the simple client we introduced in Figure 13 (§E.1.2).

A reader familiar with modern separation logics might notice that one could give a more implicit

specification, without this explicit invariant 𝐼 , using for example Iris invariants [Jung et al. 2018,

§2.2]. We present the specification in CSL style for clarity.

E.1.1 Library implementation. The code for the coroutine library module is shown in Figure 3.

We presented an informal version of its specification in §2. Now that we have introduced the full

machinery of Iris-WasmFX, we show the full specification in Figure 11.

Compared to the snapshot given in §2, there are two main differences:

(1) We have inlined the definition of the Hoare triple and replaced the weakest precondition

statement with our extended weakest precondition

(2) We have added all relevant function closure resources in the pre- and post-conditions

In essence, the meaning remains the same: in order to $yield, one must provide the invariant 𝐼 and

that invariant is restituted when the function returns; and in order to run $par on two functions

$f1 and $f2, one must have established specifications for both functions.
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𝐿𝐼 = ∃𝐻𝑎,©­­­­­­­­­­«

𝐼 ∗ 𝐽 ∗ $current wcont↦−−−−−→ 𝐻𝑎 ∗(
𝐼 −−∗ 𝐽 −−∗ ⊲ ewp𝐻𝑎 [()] ;∅ ⟨Ψ0⟩

{
𝑤 𝐹,

𝑤 = immV [] ∗𝑄1 ∗
𝐼 ∗ $f1 wf↦−−−→ cl1 ∗ 𝐽

})
∗

©­­­«
$next_is_done = 0 ∗ ∃𝐻𝑏, $next

wcont↦−−−−−→ 𝐻𝑏 ∗(
𝐼 −−∗ 𝐽 −−∗ ⊲ ewp𝐻𝑏 [()] ;∅ ⟨Ψ0⟩

{
𝑤 𝐹,

𝑤 = immV [] ∗𝑄2 ∗
𝐼 ∗ $f2 wf↦−−−→ cl2 ∗ 𝐽

})
∨ ($next_is_done = 1 ∗𝑄2 ∗ $f2 wf↦−−−→ cl2)

ª®®®¬

ª®®®®®®®®®®¬
∨

©­­­­­­­­­­«

𝐼 ∗ 𝐽 ∗ $current wcont↦−−−−−→ 𝐻𝑎 ∗(
𝐼 −−∗ 𝐽 −−∗ ⊲ ewp𝐻𝑎 [()] ;∅ ⟨Ψ0⟩

{
𝑤 𝐹,

𝑤 = immV [] ∗𝑄2 ∗
𝐼 ∗ $f2 wf↦−−−→ cl2 ∗ 𝐽

})
∗

©­­­«
$next_is_done = 0 ∗ ∃𝐻𝑏, $next

wcont↦−−−−−→ 𝐻𝑏 ∗(
𝐼 −−∗ 𝐽 −−∗ ⊲ ewp𝐻𝑏 [()] ;∅ ⟨Ψ0⟩

{
𝑤 𝐹,

𝑤 = immV [] ∗𝑄1 ∗
𝐼 ∗ $f1 wf↦−−−→ cl1 ∗ 𝐽

})
∨ ($next_is_done = 1 ∗𝑄1 ∗ $f1 wf↦−−−→ cl1)

ª®®®¬

ª®®®®®®®®®®¬
where 𝐽 is addryield wf↦−−−→ clyield.

Fig. 12. Loop invariant for proving the specification of the $par function

Note the quantification: the invariant 𝐼 , as well as the pre- and post-conditions 𝑃1, 𝑄1, 𝑃2 and

𝑄2 of $f1 and $f2, can be chosen later by the client. This makes the specification more general and

useful for more clients. However, the actual addresses and the actual closures of the functions $yield
and $par, as well as the metaprotocol Ψ used by $yield, are hidden behind existentials, meaning

that a client has no access to the code itself. When the client wishes to reason about invocation of

one of these library functions, all they can do is apply this specification. By hiding the metaprotocol

Ψ behind an existential quantifier, we can enforce that the only way for the client to use effects in

a way that can be specified is by making a call to $yield.

Proving the Specification. To prove this specification, it suffices to show that the coroutines

module satisfies the existentials with the actual addresses and closures, and to define Ψ as the

metaprotocol Ψ0 described in §4.2. The function resources for $yield and $par are provided by the

host language’s program logic (see §3.5) during the instantiation process.

Then it remains to prove the two specifications; we gave an outline of the proof for $yield in

Appendix B and in §4.3. Note that the resource for the tag $t does not feature in the specification.

This is because this resource is not useful for the client and thus is not shown in the specification.

When proving the specification, however, the resource is provided by the instantiation process

together with the function closure resources.

For $par, the proof is slightly longer and requires establishing a loop invariant for the loop, and

applying the ewp-resume rule. We show the loop invariant 𝐿𝐼 in Figure 12.

The invariant is a disjunction where the left case corresponds to the case where local variable

$current is the continuation obtained originally from function $f1 and $next is the continuation
obtained originally from function $f2; and the right disjunct is vice-versa, $current is $f2 and $next
is $f1. In both cases, we assert that we own the invariant 𝐼 , the function closure resource 𝐽 , and a

continuation 𝐻𝑎 at the address specified by local variable $current, and we require that:

• it is sufficient to give 𝐼 and 𝐽 to be able to safely run 𝐻𝑎 [()], and
• one of the following is true:
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– the variable $next_is_done is false, which means that the continuation in variable

$next is not done executing: we require ownership of a continuation 𝐻𝑏 at the address

specified by $next, and holding 𝐼 and 𝐽 must be enough to safely run 𝐻𝑏 [()]; or
– the variable $next_is_done is true, which means that the continuation in variable $next

has terminated: we must hold the postcondition of the corresponding function.

Let us go through the code in Figure 3 line by line.

Lines 13 to 20 create the continuations; using rule ewp-contnew, we get the continuation

resources corresponding to calling $f1 and $f2. To enter the loop on line 21, we must establish

the loop invariant, 𝐿𝐼 (left disjunct, and left disjunct in the inner disjunct). To fulfil the extended

weakest precondition premises in 𝐿𝐼 , we use the specifications for $f1 and $f2 since at this moment

the continuations in $current and $next contain a call to $f1 and $f2.
Then we reason about the inside of the loop: first we resume continuation $current on line 24.

For this, we apply rule ewp-resume. Most premises are either trivial or given directly by the loop

invariant 𝐿𝐼 (e.g. the continuation resource on line (2) and the extended weakest precondition on

line (3)). The two missing premises are lines (4) and (5).

For line (4), we must establish the termination case. We assume the postcondition of the function

that just terminated (i.e. 𝑄𝑖 ∗ 𝐼 ∗ $fi wf↦−−−→ cli for the correct 𝑖 ∈ {1, 2}) and prove that we can safely

run lines 25 to 31 (right after the resume). On lines 25-26, we check the value of $next_is_done. If it
is 1, we exit the function; in virtue of our loop invariant 𝐿𝐼 , we know that the other𝑄 𝑗 ∗ $fj wf↦−−−→ clj
also holds and we can conclude the proof. If $next_is_done is 0, then we update its value (lines

27-28), place $next in $current (lines 29-30), and repeat the loop (line 31). We can do this, since we

can reestablish the loop invariant 𝐿𝐼 (by using the right disjunct in the inner disjunction).

For line (5), we must show that given a continuation resource $current wcont↦−−−−−→ 𝐻 for some safe

context 𝐻 , given I (from the protocol Ψ0 ($t)), and given that 𝐼 is enough to be able to safely run

𝐻 [()], we must prove that it is safe to run lines 32 to 39 (the code to which we branch when

the effect is performed). We save the suspended continuation into variable $current on line 32,

then check the value of $next_is_done on lines 33-34. If it is true, then we know $next has done
executing and we loop without swapping $next and $current; looping is safe since we can trivially

reestablish the loop invariant 𝐿𝐼 . If $next_is_done is false, then we swap $next and $current (lines
35-28) and loop (line 39), which is safe to do since we can reestablish the loop invariant 𝐿𝐼 using

the left disjunct in the inner disjunction.

A full proof can be found in our Rocq development in file coroutines_implementation_code.v.

E.1.2 Client module. We illustrate usage of our coroutine module on a simple client whose code

can be seen in Figure 13. For this client, we show the following specification:

addrmain wf↦−−−→ clmain −−∗

ewp [invoke addrmain] ; 𝐹 ⟨⊥⟩
{
𝑤,

∃vala valb,𝑤 = immV [vala; valb]∗
(vala = 1 =⇒ valb = 42)

}
meaning that as long as we hold the corresponding closure resource, we can run the $main function

safely, and if it returns, it will return two integers such that if the first is 1, then the second is 42.

The proof of this specification is a classic concurrent separation logic example. We detail it

here, as well as in our Rocq development, to illustrate that our logic is strong enough to capture

reasoning principles for parallel composition for an implementation based on effects.

The proof relies on applying the specification for $par. We show our choice of 𝑃1, 𝑄1, 𝑃2, 𝑄2 and

𝐼 in Figure 14. Our invariant 𝐼 is a three-case disjunction: either $x and $y are both still 0, or $x has
been updated but $y not yet, or both variables have been updated. Importantly, it is not possible for

$y to be 1 if $x is not 42. In order to keep track of what variable update has been done already, we
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1 ;; run with the specfx fork of the reference interpreter with

2 ;; ./wasm coroutine.wat -e '(module instance)' -e '(register "coroutine")' client.wat -e '(

module instance)' -e '(invoke "main")'

3 ;; it should display

4 ;; [0 42] : [i32 i32]

5 (module ;; client

6 (type $func (func))

7 (import "coroutine" "yield" (func $yield)) ;; needs yield and par

8 (import "coroutine" "par" (func $par (param (ref $func)) (param (ref $func))))

9 (global $x (mut i32) (i32.const 0)) ;; shared `data' $x

10 (global $y (mut i32) (i32.const 0)) ;; shared `flag' $y

11 (global $a (mut i32) (i32.const 0)) ;; reader's copy of the value of $y

12 (global $b (mut i32) (i32.const 0)) ;; reader's copy of the value of $x

13 (elem declare funcref (ref.func $f1)) ;; make $f1 available

14 (elem declare funcref (ref.func $f2)) ;; and $f2

15 (func $f1

16 i32.const 42 ;; write 42 to $x

17 global.set $x

18 call $yield ;; yield

19 i32.const 1 ;; set the flag

20 global.set $y)

21 (func $f2

22 global.get $y ;; read from $y

23 global.set $a ;; save in $a

24 call $yield ;; yield

25 global.get $x ;; read from $x

26 global.set $b) ;; save in $b

27 (func $main (result i32 i32)

28 ref.func $f1 ;; run $f1 and $f2 concurrently

29 ref.func $f2

30 call $par

31 global.get $a ;; look up what the reader saw

32 global.get $b)

33 (export "main" (func $main))) ;; make $main available outside

Fig. 13. A client module using our coroutine library to run message-passing. set and get respectively take
their arguments and put their results on the stack.

use ghost resources that assist in reasoning but do not directly correspond to a piece of the Wasm

state. We use the one-shot algebra [Jung et al. 2016], which has two possible states: Pending, and

Shot. When allocating a new resource, we get ownership of the resource in the Pending state. We

can then later decide to update Pending to Shot, symbolising that a change has taken place. Pending

and Shot cannot be simultaneously owned. The resource in the Shot state is duplicable, meaning

we can ‘keep a record’ of the fact that the change has taken place. For our example, we allocate two

one-shots, which we identify by their ghost names 𝛾𝑥 and 𝛾𝑦 . Hence Pending

𝛾𝑥
means that $x has

not been updated yet, and Shot

𝛾𝑥
means it has been updated; likewise for 𝛾𝑦 and $y. As displayed
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in Figure 14, we place a ghost resource next to each global variable resource in the definition of the

invariant 𝐼 , choosing Shot or Pending depending on the value of the global variable.

When establishing the pre-condition of the specification for $par, we must prove specifications

for $f1 and $f2. For $f1, the proof follows this scheme:

(1) {𝐼 } Start with 𝐼 (and vacuous 𝑃1)

i32.const 42
global.set $x

(2)
{
𝐼 ∗ Shot

𝛾𝑥 }
Reestablish 𝐼 but keep a copy of Shot

𝛾𝑥

call $yield
(3)

{
𝐼 ∗ Shot

𝛾𝑥 }
Using the specification for $yield

i32.const 1
global.set $y

(4)
{
𝐼 ∗ Shot

𝛾𝑥 }
Reestablish 𝐼

We start in (1) with the invariant 𝐼 (and the pre-condition 𝑃1, which in this case is vacuous). No

matter which disjunct of 𝐼 is true, it is possible to update $x to 42 and reestablish the invariant in

(2), updating the ghost resource Pending

𝛾𝑥
to Shot

𝛾𝑥
if necessary. Since Shot

𝛾𝑥
is persistent,

we can retain a copy of it when reestablishing the invariant 𝐼 in (2). Next, we apply the specification

for $yield, which consumes 𝐼 and restores it upon return in (3). The resource Shot

𝛾𝑥
in the proof

environment is unused and simply carried forward from (2) to (3) by framing. Now, because we

own both 𝐼 and Shot

𝛾𝑥
, we know that we cannot be in the first disjunct of 𝐼 , since it is not possible

to simultaneously own Pending

𝛾𝑥
and Shot

𝛾𝑥
. Thus, we are in one of the other two disjuncts,

which allows us to update $y and reestablish the invariant in (4), updating the ghost resource

Pending

𝛾𝑦
to Shot

𝛾𝑦
as necessary. This concludes the proof for $f1.

For $f2, the proof follows this scheme:

(1) {𝐼 ∗ 𝑃2} Start with 𝐼 and 𝑃2
global.get $y
global.set $a If $y is 1, keep a copy of Shot

𝛾𝑦

(2)
{
𝐼 ∗ addrb wg↦−−−→ − ∗

(
(addra wg↦−−−→ 1 ∗ Shot

𝛾𝑦 ) ∨ addra wg↦−−−→ 0

)}
call $yield Using the specification for $yield

(3)
{
𝐼 ∗ addrb wg↦−−−→ − ∗

(
(addra wg↦−−−→ 1 ∗ Shot

𝛾𝑦 ) ∨ addra wg↦−−−→ 0

)}
global.get $x
global.set $b

(4)
{
𝐼 ∗

(
(addra wg↦−−−→ 1 ∗ addrb wg↦−−−→ 42) ∨ (addra wg↦−−−→ 0 ∗ addrb wg↦−−−→ −)

)}
We start in (1) with the invariant 𝐼 and precondition 𝑃2. The first step is reading from $y to update

$a. If we are in the third disjunct of 𝐼 , then $a gets value 1, and we can keep a copy of Shot

𝛾𝑦
in (2)

since that resource is duplicable. If we are in one of the other disjuncts, we know that the new value

of $a is 0. Next, we apply the specification for $yield, which consumes 𝐼 and gives it back upon

return in (3). The other resources in our proof environment are unused by this step and simply

carried forward from (2) to (3). Lastly, we read from $x to update $b. In the case where we own

addra wg↦−−−→ 1, we also own Shot

𝛾𝑦
so we cannot be in the first two disjuncts of 𝐼 , as one cannot

simultaneously own Pending

𝛾𝑦
and Shot

𝛾𝑦
. Hence we know that the new value of $b is 42. In

the other case, it does not matter in which disjunct of 𝐼 we are; in all three cases the read and write

are safe to execute, and we need not make a note of the new value of $b. The rest of the proof is
simply showing that the proposition in (4) implies the post-condition 𝑄2, which is straightforward.
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𝑃1 = ⊤
𝑄1 = Shot

𝛾𝑥

𝑃2 = ∃vala valb, addra wg↦−−−→ vala ∗ addrb wg↦−−−→ valb
𝑄2 = ∃vala valb, addra wg↦−−−→ vala ∗ addrb wg↦−−−→ valb ∗ (vala = 1 =⇒ valb = 42)
𝐼 = (addrx wg↦−−−→ 0 ∗ addry wg↦−−−→ 0 ∗ Pending

𝛾𝑥 ∗ Pending

𝛾𝑦 ) ∨
(addrx wg↦−−−→ 42 ∗ addry wg↦−−−→ 0 ∗ Shot

𝛾𝑥 ∗ Pending

𝛾𝑦 ) ∨
(addrx wg↦−−−→ 42 ∗ addry wg↦−−−→ 1 ∗ Shot

𝛾𝑥 ∗ Shot

𝛾𝑦 )

Fig. 14. Resources for the specification of the client of our coroutine library.

Final Theorem. Using the Adequacy Theorem from §4.5 on the specification above, we can prove

the following theorem, which makes no mention of Iris:

Theorem E.1. If 𝐶𝑜𝑟 is the module whose code is shown in Figure 3, and 𝐶𝑙 is the module whose
code is shown in Figure 13, and if the host program

[instantiate 𝐶𝑜𝑟 ; instantiate 𝐶𝑙 ; invoke addrmain]
terminates on a value𝑤 , then there exists two integers vala and valb such that𝑤 = immV [vala; valb],
and moreover, if vala is 1, then valb is 42.

A full proof can be found in our Rocq development in file coroutines_client.v.

E.2 Generator
We define the protocol using a standard trick [Filliâtre and Pereira 2016; Pottier 2017]:

!𝑥 xs(𝑥)⟨Permitted (𝑥 :: xs) ∗ 𝐼 xs⟩ ?()⟨𝐼 (𝑥 :: xs)⟩
where Permitted xs states that xs is a reversed prefix of the naturals, and 𝐼 is a client-chosen

predicate that can be used to track which naturals have already been generated. The idea is that

when the generator suspends, it sends natural number 𝑥 to the client. The client has already received

numbers xs, enforced with 𝐼 xs, so 𝑥 is the smallest natural that have not already been sent, enforced

with Permitted (𝑥 :: xs). Further, if the client wants to resume the generator again, they must

‘admit’ that they have now received 𝑥 , i.e. 𝐼 (𝑥 :: xs). Using this protocol, we were able to give and

prove a precise specification for the $sum_until function. Details of specifications and proofs can

be found in the Rocq mechanisation.
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