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Capturing the reasoning principles of undelimited continuations in a separation logic has proven challenging:
previous logics for call/cc abandon either the frame rule, the core of separation logic, or the bind rule, the key
principle to verify programs by parts. We show that by incorporating a one-shot restriction, namely that the
captured continuations can only be used once, both principles can be recovered in a novel Iris-based separation
logic for call/1cc and call/1cc®, the construct whose semantics incorporates this restriction. The logic
enjoys elegant, relatively simple, but yet powerful principles: we show it is sufficient to conduct sophisticated
case studies including call/1cc@-based implementations of control inversion, cooperative concurrency, and
effect handlers similar to Filinski’s encoding of shift/reset. The latter case study further suggests a notion
of context-independent user-defined effects, which implement a functionality regardless of the control stack.
Our results are formalized in Rocq using Iris.

1 Introduction

Control operators such as Scheme’s call-with-current-continuation (abbreviated call/cc),
give functional programs the ability to capture, manipulate (as first-class values), and invoke
continuations at any point of the program’s execution. Many advanced control structures and
patterns can be realized using control operators, including resumable exceptions, generators,
coroutines, cooperative multithreading, Prolog-style backtracking, and non-blind backtracking.
Furthermore, these control structures can be implemented as libraries and used in programs written
in direct style; there is no need to write the programs in continuation-passing style (CPS) or in
monadic style. In other words, call/cc and other control operators pave the way for control
structures that are programmed in the language rather than built-in.

The tremendous expressiveness of call/cc comes at a cost. First, call/cc is low-level and
unstructured, resulting in programs that are difficult to write and even harder to read. Some say
that call/cc is the goto of functional languages’, encouraging “spaghetti” functional code in
the same way that goto encourages “spaghetti” imperative code. Second, unlike goto, call/cc
is difficult to implement efficiently, requiring clever runtime representations of continuations or
specific compiler support.

These difficulties with call/cc can be alleviated to some extent by using control operators for
delimited continuations (shift/reset) or effect handlers for user-defined effects, which provide
more program structure than call/cc. Nevertheless, the original call/cc operator remains an
interesting subject of study in programming-language research, owing to its simple operational
semantics and CPS transformation. Insights gained through the study of call/cc can also inspire
new perspectives on effect handlers, as demonstrated in §8.

Program logics are an effective way to better understand low-level, unstructured language
constructs. Spaghetti code becomes more understandable once specified using logical assertions,
and safer once verified using an appropriate program logic. As demonstrated by Turing [1949]
and Floyd [1967], it is possible to reason about flowcharts by annotating them with assertions at
various program points. As demonstrated by Clint and Hoare [1972], it is possible to reason about
goto statements in Algol-like languages using Hoare logic and assertions on goto labels.

10ne of them, at least; others say that general recursion is the goto of functional languages.
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In the same spirit, several program logics have been proposed to reason about call/cc in
functional languages, such as those of Berger [2009], Crolard and Polonowski [2012], Delbianco
and Nanevski [2013], Timany and Birkedal [2019], and de Vilhena [2026]; see §9.1 for a review.
These logics capture interesting reasoning principles for call/cc. However, they are not fully
satisfactory: they abandon either the frame rule, the core of separation logic [Reynolds 2002], or
the bind rule, the key principle for verifying programs by parts.

In this paper, we present a separation logic for the call/1cc control operator of Bruggeman
et al. [1996]. This operator is a variant of call/cc that captures one-shot undelimited continua-
tions, i.e. continuations that can be invoked at most once. Initially motivated by implementation
considerations, one-shot continuations are an excellent fit for separation logic, where they act as
affine resources. With the notable exception of backtracking, most uses of call/cc naturally fit
the one-shot restriction and can be specified and verified using our separation logic.

Our logic is defined within the Iris framework [Jung et al. 2018] and mechanized using the Rocq
prover. It supports the unrestricted bind and frame rules as well as higher-order mutable state, thus
enabling modular reasoning in the presence of continuations that are stored in mutable references,
a ubiquitous feature in most applications of call/cc. Our logic also benefits from Iris’s support
for ghost state and guarded recursion. We show that this logic is sufficient to specify and verify
nontrivial libraries that leverage one-shot undelimited continuation to implement cooperative
multithreading, control inversion, and effect handlers.

The remainder of this paper is organized as follows. The next three sections provide background
material: §2 on call/cc and its typical uses, §3 on the Hoare logic for call/cc proposed by
de Vilhena [2026], and §4 on call/1cc, the one-shot restriction of call/cc of Bruggeman et al.
[1996]. Section 5 describes our separation logic for call/1cc and its variant call/1cc®. Section 6
describes the formalization and adequacy proof of this logic in the Iris framework. Section 7 uses
this Iris-encoded logic to verify two classic uses of call/cc: cooperative multithreading and control
inversion. Section 8 derives logical rules for two types of effect handling by implementing them
with call/1cc. Related work is discussed in §9 and followed by concluding remarks in §10.

2 Call/cc by examples

We start with a quick reminder on the call/cc control operator. The expression call/cc (Ak.e)
evaluates e with k bound to the undelimited continuation of the call/cc expression, which, from
a programming perspective, corresponds to the program point where this expression occurs. If
e returns normally, then e’s value is that of the whole call/cc expression, and the execution
proceeds normally. If, during the evaluation of e or at any later time, the continuation k is invoked
with a value v, which we write throw k o, the execution proceeds as if the call/cc expression had
returned v. For example, the function

An. call/cc (Ak. - (if n < @ then n else throw k n))

computes the absolute value of n. Indeed, if n is negative, the body of the call/cc returns -n
normally. Otherwise, the body invokes k with n, thus jumping over the computation of the opposite
and returning early with value n.

Here is another example showing the captured continuation being invoked after call/cc re-
turned:

match call/cc (Ak. (1, Some k)) with
| (x, Some k) -> throw k (x + 1, None)
| (x, None) -> x
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The pattern-matching that is the continuation of the call/cc expression is executed twice, the first
time with the value (1, Some k) returned normally, the second time with the value (2, None)
sent by throw.

An important use of call/cc is to implement custom control structures as libraries. As an
example, here is a simple implementation of cooperative multithreading, where multiple threads
interleave execution at yield points:

let ready = Queue.create ()
let restart () =
if Queue.is_empty ready then () else Queue.take ready ()
let spawn f =
Queue.add ready (A(). f (); restart ())
let yield () =
call/cc (Ak. Queue.add ready (throw k); restart ())

The queue ready contains threads (represented as unit — unit functions) that are suspended
and ready to run. The operation spawn f creates a new thread by enqueuing f. A running thread
can yield execution to a ready thread by calling yield. It does so by enqueuing the continuation it
obtains via call/cc, thus effectively suspending its own execution. The final call to restart then
transfers control to a ready thread.

Another important application of call/cc is to implement nondeterminism using backtracking:

let choice_points = Stack.create ()
let fail () =
let k = Stack.pop choice_points in k ()
let either f g =
call/cc (Ak. Stack.push (A(). throw k (g ())) choice_points; f ())

The stack choice_points stores choice points: continuations expecting unit values. The func-
tion fail aborts the current computation and restarts the most recent choice point. Nondetermin-
istic choice is performed by either f g, which returns f () initially, but pushes a choice point that
will cause g () to be evaluated if f fails.

Our goal in this paper is to develop appropriate program logics for specifying library functions
such as spawn, yield, either and fail, proving their correctness, and verifying user code that
uses these library functions. In particular, we wish to derive reasoning principles for undelimited
continuations in separation logic [Reynolds 2002], and specifically in Iris [Jung et al. 2018], so as
to (1) enable modular reasoning in the presence of higher-order mutable state, a ubiquitous feature
in most applications of call/cc (and its variants call/1cc and call/1cc®), and (2) leverage Iris’s
support for ghost state and guarded recursion, as required by our case studies (§7).

3 A Hoare logic for call/cc

A starting point for this paper is the program logic for call/cc of de Vilhena [2026], itself based
on the Maze logic of de Vilhena [2022, Chapter 6]. The logic applies to a small, ML-style language
of call-by-value functions, mutable references, and the call/cc and throw control operators:

Expressions: e:=x|letx=e; ine;|e;; €2 computations
| Ax.e | e1 ez functions
|refe|le|e =e references

| call/cc (Ak.e) | throwe; e, control
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Carr/cc
Vk, {P * isContk Q} e[x :=k] {Q} Trarow
{P}call/cc (Ax.e) {Q} {isCont k Q * Qu} throwk v { _. False }
RETURN BinD Arpp
PrQuo {Prer{R} Vo, {Ro}elx:=0]{Q} {P}e[x:=0]{Q}
{Pro{Q} {P}letx=erine; {Q} {P} (Ax.e)o{Q}
CONSEQUENCE
PrP {P'}e{Q} Vo, QvrQu Artoc
{Pte{Q} {P}refo{r.r—>ox*P}
READ WRITE
{r>ouo*P}lr{yy=v*xr—ouxP} {r>_*P}r=v{_r—oxP}

Fig. 1. Hoare logic rules for call/cc (multi-shot continuations).

Figure 1 shows a set of Hoare logic rules for this language. The rules define triples { P} e { O }
where e is an expression, P an assertion on the initial state, and Q a function from the value of e to
an assertion on the final state.

The rules for computations, functions and references are standard. The rules for call/cc and
throw use an assertion isCont k Q stating that k is a valid continuation and can be safely applied to a
value v provided that the assertion Q v holds. Continuations captured by call/cc are undelimited;
therefore, unlike regular functions, continuations never return and are specified only by their
preconditions.

The (Cair/cc) rule states that the precondition Q of the continuation k captured by e’ =
call/cc (Ax.e) is the postcondition of e’. This ensures that Q v holds if throw k v is executed,
causing v to be returned as the value of e’. Moreover, Q must also be the postcondition of e, since
Q v must also hold if e terminates normally with value v.

The (TurOow) rule { isCont k Q = Q v} throw k v { _. False } states that a continuation k can be
invoked with value v provided that it is a valid continuation and its precondition Q is satisfied by v.
Since throw never returns normally, its postcondition can be false.

The (Carr/cc) and (THROW) rules are reminiscent of Clint and Hoare’s rule for Algol-style goto
statements [Clint and Hoare 1972]:

{R}gotoL{False} - {P}s; {R} {R}gotoL{False} -{R} s, {Q}
{P}begins;; L:s;end{Q}

The statements s; and s, that can jump to label L are verified under the assumption
{R} goto L {False}, i.e. that they can execute goto L as long as the assertion R holds.
Here, R describes the state at label L: it is both the postcondition of s; and the precondition of s;.
In the Hoare logic of de Vilhena [2026], the assertion isCont k Q roughly plays the role of the
hypothetical triple { R } goto L { False }. This is consistent with the encoding of Algol’s goto using
the J control operator proposed by Landin [1965].

The logic in Figure 1 uses the separating conjunction ‘+’ in order to formulate some rules
conveniently. Nonetheless, this is not a proper separation logic, because it lacks the frame rule
“‘f{P}e{Q}then{P x=R}e{v.Qu=* R} As shown in de Vilhena [2026], the frame rule is
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generally unsound in this logic, and can only be used for expressions e that involve neither call/cc
nor throw.

The unsoundness of the frame rule can be traced back to the fact that the isCont k Q assertion is
persistent in de Vilhena [2026]: it can be used multiple times, which makes it possible for a call/cc
expression to return multiple times. De Vilhena [2026]’s example of unsoundness crucially relies
on call/cc returning twice. This suggests that if continuations were affine, i.e. restricted to be
usable at most once, isCont k Q would not be persistent, and the unrestricted frame rule might
hold. The remainder of this paper explores this idea.

4 One-shot continuations

Bruggeman et al. [1996] introduced call/1cc, a restriction of call/cc where continuations are
one-shot and can be invoked at most once. Crucially, returning normally from the body of the
call/1cc counts as one invocation of the continuation. Consider a call/1cc implementation of
the absolute-value function of §2:

An. call/1cc (Ak. - (if n < @ then n else throw k n))

This is a valid use of call/1cc: the continuation is invoked exactly once, either explicitly via
throw k nwhen n > 0, or implicitly because the body returns n when n < 0.

Similarly, the cooperative multithreading example uses continuations linearly and can be imple-
mented with call/1cc:

let restart () =

if Queue.is_empty ready then () else Queue.take ready ()
let yield () =

call/1cc (Ak. Queue.add ready (throw k); restart ())

The continuation k of yield () captured by call/1cc is used exactly once, in restart, when the
partial application throw k reaches the head of the ready queue. The body of the call/1cc never
returns normally, since restart does not return normally when the ready queue is not empty.

More generally, many uses of call/cc to implement advanced control structures fit the linearity
restriction of call/1cc. This includes restartable exceptions, various flavors of coroutines, Python-
style generators, and other forms of control inversion.

The few examples that cannot be implemented with call/1cc typically involve backtracking.
Consider again the nondeterminism example of §2:

let fail () =
let k = Stack.pop choice_points in k ()
let either f g =
call/cc (Ak. Stack.push (A(). throw k (g ())) choice_points; f ())

The continuation of either f g is invoked a first time when f () terminates and its value is returned
by the body of call/cc. If fail is called later, the continuation is invoked a second time, during
the execution of the function A(). throw k (g ()) that was pushed on the choice points stack.
With call/1cc, it is not possible to return normally from the body of the call/1cc, then invoke
the captured continuation later: this counts as two uses of the continuation.”

The main motivation for studying call/1cc is that it supports a simple implementation based on
mutable stacks; no copying of stack fragments is needed, unlike with stack-based implementations
of call/cc [Bruggeman et al. 1996]. In a nutshell, the continuation of call/1cc (Ax. e) is the stack

“The one-shot continuations studied by Friedman and Haynes [1985] explicitly allow this pattern of returning normally
then invoking the captured continuation once. We discuss this difference with call/1cc in §7.3 and §9.3.
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CaLr/1cc0

Vk, { P = isCont; k Q } e[x := k] { _. False }
{P}call/icco (Ax.e) {O}

CaLr/1cc

Vk, { P * isCont; k Q } e[x :==k] {v.Q v x isCont; k Q }
{P}call/icc (Ax.e) { O}

THROW

{ isCont; k Q + Qou} throwk v { _. False }

RETURN BinD Arp
PrQuo {Pre{R} Vo {Ro}elx:=0]{O} {PYelx:=0]{Q}
{Prof{O} {P}letx=eine; {Q} {P}(Axe)o{Q}
FRAME CONSEQUENCE
{P}ef{O} PrP {P}e{Q} Yo, Q' vk Qu
{P+R}ef{ov.Qu=xR} fryefo}d
ArLLoC ReEAD
{True} refo{r.r—o} {r—oo}!r{yy=0vxr—vov}
WRITE

{r—>_Y}r=0f{_r—o}

Fig. 2. Separation logic rules for call/1cc and call/1cc@ (one-shot continuations).

Sy where this expression evaluates. A new stack S; is allocated by call/1cc; e is evaluated on this
new stack Sz, with k bound to a pointer to stack S;. When e returns normally or when throw k v is
evaluated, the current stack is discarded and execution continues on the original stack S; pointed
to by k. Because of the one-shot restriction, k will never be invoked again, hence the stack S; can
be modified in place in the following execution steps; there is no need to copy parts of S;.

In studying program logics for call/1cc, we found it useful to introduce call/1cc@, an even
more restricted form of call/cc.In call/1cc@ (Ax. e), not only the continuation k can be invoked
explicitly at most once, but the body e must not return normally: it can only terminate by explicitly
invoking a continuation, be it k or another previously-captured continuation. No expressiveness is
lost, because call/1cc can be expressed trivially in terms of call/1cc@:

call/1cc (Ak.e) = call/1cc@ (Ak. throwk e)

Moreover, some uses of call/1cc naturally fit the call/1cc@ discipline. This is the case for the
cooperative multithreading example above, where the body of the call/1cc invocation in yield
never terminates normally, but always terminates by invoking a continuation corresponding to a
ready thread.
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5 A separation logic for call/1cc

We now describe the separation logic for one-shot continuations that is the main result of this
paper. Figure 2 shows the rules for this logic. They are quite close to the Hoare logic rules for
call/cc shown in Figure 1, with some crucial differences explained next. We write separation
logic triples { P } e { O }, to distinguish them from the previous Hoare logic triples { P} e { O }.

The first difference is the use of the isCont; k Q assertion. Like isCont k Q, it says that k is a valid
continuation with precondition Q. However, isCont; k Q is not persistent and cannot be duplicated.
This reflects the one-shot nature of continuations. In particular, in the (THROW) rule, throw k v
consumes the precondition isCont; k Q and does not give it back, making it impossible to invoke
the continuation k a second time later.

The non-persistent nature of isCont; k Q also means that it expresses ownership of resources
associated with the continuation k, just like a points-to assertion ¢ — v expresses ownership of the
memory area at address ¢. This makes our logic a proper separation logic, with an unrestricted
frame rule (FRAME). Thinking in terms of a stack-based implementation of call/1cc, one of the
resources owned by isCont; k Q is the stack that k points to and on which the continuation will
run when invoked. Unique ownership guarantees that no other computation is modifying this
stack. Thinking more abstractly in program-proof terms, the resources owned by isCont; k Q can
also include resources that the continuation needs to run safely beyond those provided by the
precondition Q. This is formally reflected by the following entailment:

isConty k (v.P * Qo) = P + isCont; k Q

In more words: if the continuation k needs two sets of resources P and Q v, and if the resources P
are available now, they can be transferred to the continuation, weakening its precondition to just Q.
Another, equivalent formulation of this property is to say that isCont; k Q is antimonotonic in Q:

(Yo, Q" v = Qo) + isCont; k Q — isCont; k Q'

With these properties of isCont; assertions in mind, the rules in Figure 2 should make sense.
The (Turow) rule { isCont; k Q * Q v } throw k v { _. False } looks exactly like the Hoare logic
(THROW) rule in Figure 1, but now it also expresses that the continuation k itself as well as the
extra resources Q v it needs are consumed by the throw operation and cannot be used elsewhere.

In the rule (Carrlcc0), the body e of call/Tcc@ (Ax.e) is verified with the always false post-
condition, to enforce that e never returns normally. The rule (CaLrlcc) can be deduced from rules
(Carricc0) and (THrROW), and from the encoding of call/1cc (Ak. e) as call/Tcc@ (Ak. throwk e).
The premise of rule (Carrlcc), namely { P = isCont; k Q } e { v.Q v = isCont; k Q }, can also be
read as stating that if e terminates with value o, it must not only ensure the postcondition Q v
but also give the assertion isCont; k Q back. This proves that e did not store the continuation k in
mutable storage or include it in the return value v.

6 Iris formalization

We now explain how the logic for one-shot continuations from Figure 2 can be formalized in Iris.
The formalization also includes multi-shot continuations and the logic from Figure 1.

6.1 Context-based operational semantics for continuations

Iris provides a default language-agnostic program-logic construction on which we rely. The first
step to obtain this program logic is to make it language specific. To do so it suffices to define a set of
reduction rules formalizing the operational semantics of programs (necessary in Iris for its internal
definition of the weakest precondition). Apart from making the paper self-contained, a presentation
of the operational semantics helps clarify the difference between all variants of call/cc and
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explain some design choices that strengthen the guarantees of the logic. Our semantics follows the
reductions under contexts approach popularized by Wright and Felleisen [1994].

The call/cc examples from §2 suggest that, from a programming perspective, an undelimited
continuation corresponds to a program point. In a Wright-Felleisen-style operational semantics,
program points are identified by evaluation contexts. More specifically, an evaluation context K
identifies the position of the next program expression e to be evaluated. The definition of evaluation
contexts therefore determines the order of evaluation:

Evaluation contexts: K :=e|letx=Kine|eK|Kv|K;e
|[refK|!K|e:=K|K:=v
| throwe K | throw K v

Here, for example, the inclusion of e K and K v in the syntax of contexts determines an evaluation
order whereby function arguments are evaluated from right to left.

We write K[e] to mean the program preserving the structure of K and where e, the empty
context, is substituted with e. It is in this sense that K can be seen as the position where e occurs
in K[e]. Because K is needed to give operational meaning to continuations, our reduction rules will
keep this global view whereby a program is split into an evaluation context K and an expression e
about to be evaluated. Here are two illustrative cases capturing beta reduction in this style:

K[(Ax.e) v] — K[e[x :=0]]
K[letx =vine] — K[e[x:=0]]

The reduction rule for call/cc makes it clear that a continuation corresponds to the reification
of the surrounding evaluation context K as the value kont K:

K[call/cc (Ak.e)] — K][e[k := kont K]]

The value kont K works as a checkpoint storing the position where the call/cc expression
occurred. This checkpoint can be restored by invoking kont K with a value:

K’[throw (kont K) v] — K|[v]

One-shot continuations, on the other hand, are represented as values of the form cont ¢ K, which,
in addition to the reified context K, carry a memory location £. This location is used to implement a
dynamic one-shot check: it is allocated when the continuation is created and deallocated when the
continuation is first invoked. This dynamic check strengthens the guarantees of the logic: using a
one-shot continuation twice triggers a double deallocation error; therefore, by ruling out memory
errors, the logic also rules out violations of the one-shot policy. In the stack-based implementation
of call/1cc outlined in §4, the location £ can be viewed as the stack associated with the one-shot
continuation.

To specify the action of programs on the state, we augment reduction rules with terms ¢ and o’
to denote the state of the heap before and after the evaluation of an expression e as follows:
K[e] /o — K’[e’] / o’. Their omission (for example, in the previous rules) means that the state is
left unchanged. Because one-shot continuations interact with the store, the state is apparent in the
following rules for call/1cc@ and throw:

K[call/1cco (Ak.e)] /o — e[k:=cont £ K]; assert false /o[t +— ()] (£ ¢ o)
K’'[throw (cont ¢ K)v] /o — K[v] /o N\ ¢ (t €o)

Apart from the one-shot nature of cont ¢ K and from the dynamic check explained before, a
key difference between the rules for call/cc and call/1cc@ is that, whereas, with call/cc, the
body expression e is executed under K, with call/1cc@, this expression is evaluated in a new
context o; assert false. In combination with the one-shot check, this means K is truly affine: a
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Weakest precondition.

wp/cce {Q} = VK, (OVo, Qv — wp K[v] {_. True}) — wp K[e] {_. True}
wp/ecce {Q} = VR, R — wp/cce{y.Qy =R}

Triples.
{PYe{Q} =P —xwplece{Q}
fPrefOl =P wplece {Q}
{Pte{Q} =D{P}e{Qh
{PrefOl =0fPhefoh
Continuation predicates.

isContk Q = Vo, {Qu} throwk v { _. False }
isCont; k Q = Vo, {Qu} throwk v { _. False },

Fig. 3. Definition of weakest precondition, triples, and continuation predicates.

program of the form K[v] occurs at most once. Because e is evaluated in a new context, normal
termination is now a programming error. To simulate normal termination (as in the implementation
of call/1cc), the programmer must invoke the captured continuation with its result. The command
assert false is another dynamic check to strengthen the guarantees of the logic in this aspect:
normal termination triggers a safety failure, therefore, by enforcing safety, the logic also enforces a
continuation is correctly invoked to restore the initial context.’

6.2 Defining weakest preconditions and triples

With the formal characterization of the semantics through reduction rules (and with some routine
ghost-state setup to model points-to assertions a la Iris), we obtain a notion of weakest precondi-
tion wp e { Q } satisfying the following rules (among others):

WrpCaLL/cc WpKoNT
wp K[e[k :=kont K]] {Q} wp K[v] {Q}
wp K[call/cc (Ak.e)] {Q} wp K’ [throw (kont K) v] {Q}
WrCaLr/1cc0 WpCoNT
Ve, £ — () — wp (e[k := cont £ K]; assert false) {Q} wp K[v] {Q} t— (0
wp K[call/1cco (Ak.e)] {Q} wp K'[throw (cont ¢ K) o] {Q}

The assertion wp e { Q } means e is safe: it either diverges or terminates with a value v that satisfies
the postcondition Q. The above principles rephrase the reduction rules from §6.1 in this language:
for example, to show K[call/cc (Ak.e)] is safe, it suffices to show that, after one execution
step, K[e[k := kont K]] is safe. Because the one-shot discipline is dynamically enforced using
memory allocation and deallocation, Rules (WpCatLL/1cc0) and (WPCoONT) respectively provide
and ask for the unique ownership of the reference ¢ in cont ¢ K.

By default, in Iris, a Hoare triple for a program e with precondition P and postcondition Q is
defined on top of wp as O(P — wp e { Q }). Following this recipe, we derive the same program

3In the semantics of call/1cc@ (Ak. e), we assume e can either terminate normally or invoke a continuation. A realistic
implementation must take into account other forms of control flow (for example, exceptions and user-defined effects).
Extending our approach with delimited-control operators is a direction for future work (§10).
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logic as Timany and Birkedal [2019] (except that they target a language without call/1cc@ and
without one-shot continuations in general). As shown by Timany and Birkedal, however, this logic
does not validate the bind rule.

Without the bind rule, one can never focus on a subexpression e of a complete program K|e]:
the logic keeps a global view of programs and limits reasoning to the operational-style rules for wp.
To address this limitation, Timany and Birkedal introduce the context-local weakest precondition:

clwpe{Q} = VKQ', (Yo, Qv — wpK[v] {Q"}) = wpK[e] {Q"}

The idea is to abstract over the evaluation context K in which e occurs, and to assume that K
can be filled with any return value o that satisfies Q. This construction is similar to the semantic
technique of biorthogonality [Pitts and Stark 1999] and can be seen as a way to close wp under the
bind rule. Indeed, a logic build on top of clwp now validates the bind rule. However, this construction
does not improve reasoning support for call/cc: the user must unfold the definition of clwp and
fall back to the operational-style rules of wp.

We notice that, with small changes to the definition of clwp, we can introduce a notion of
weakest precondition that can be used as the foundation of the program logic from Figure 1,
thus validating at the same time the bind rule and reasoning principles for call/cc. We call
it weakest precondition with current continuation, written wp/cc e { Q }. Its definition appears
in Figure 3. There are two changes with respect to clwp: (1) the occurrence of the persistently
modality 0, and (2) the use of the postcondition _. True instead of a universally quantified one. The
persistently modality is necessary to allow call/cc-captured continuations to be used arbitrarily:
the assumption OVo, Q v — wp K[v] {_. True} is used to justify that the reified context K
in kont K can be restored multiple times via throw. The use of _. True is related to the statement
of soundness (§6.5); see Footnote 4.

The wp/cc construction can be used in place of the protocol-based approach of Maze to deliver the
logic from Figure 1. It can also be used, with further adjustments, to deliver the logic from Figure 2.
The key difference between these logics is the support for the frame rule: the logic from Figure 2
supports it whereas the logic from Figure 1 does not. If (like clwp) the definition of wp/cc closes
under the bind rule, then now we apply the same technique to close our initial wp/cc construction
under the frame rule. This construction is written wp/cc e { Q }. Its definition appears in Figure 3.
It closes wp/cc e { Q } under the frame rule by stating that, if wp/cc e { Q } hods, then, for every
resource R, if R is available now, then R is available when e terminates.

The triples from Figures 1 and 2 are defined on top of wp/cc in the usual way as shown in
Figure 3. We also introduce one-shot triples { P} e { Q }; and { P } e { Q }1, which follow the same
construction as usual triples but avoid the persistently modality. One-shot triples are well-suited for
reasoning about one-shot continuations. They are used, for example, in the definition of isCont; k Q
(Figure 3) to formalize the intuition that Q is the precondition of k. The definition of isCont follows
the same structure, but uses a standard triple instead of a one-shot triple. Because the persistently
modality can always be eliminated, standard triples can be weakened to one-shot triples and, in
particular, a multi-shot continuation can be used as a one-shot continuation:

isCont k Q + isCont; k Q

6.3 Deriving the rules of the logics

Some of the rules from Figures 1 and 2, such as the bind rule, the frame rule, and the throw rules,
follow directly from the logical definitions of Figure 3. Other rules are derived by unfolding wp/cc
in terms of wp and by applying the operational-style rules of wp we briefly discussed in §6.2. For
the sake of illustration, let us explain the derivation of Rule (CALL/1cc0).



You Only Get One Shot: A Separation Logic for One-Shot Undelimited Continuations 11

After unfolding wp/cc, introducing the precondition P, an abstract resource R, and an abstract
context K for which O Vo, (Q v * R) — wp K[v] {_. True } holds, the goal becomes:

wp K[call/1cc@ (Ak.e)] {_. True}
Rule (WpCaLL/1cc0) then further reduces the goal to the following assertion
Ve, £ — () = wp (e[k := cont ¢ K|; assert false) {_. True}

After introducing the location ¢ and the points-to assertion ¢ — (), we apply e’s specifica-
tion Vk, { P = isCont; k Q } e[k := k] { _. False }} with k instantiated as cont ¢ K and with the un-
derlying universally quantified context in the definition of wp/cc instantiated with e; assert false.
The premises of e’s specification are easily satisfied with the exception of isCont; (cont ¢ K) Q. By
repeatedly unfolding definitions, the proof of isCont; (cont ¢ K) Q reduces to the following goal
where v is a value satisfying Q and K’ is an arbitrary context:

wp K’ [throw (cont £ K) v] {_. True}
After consuming £ — (), Rule (WpConrT) further advances the proof to:
wp K[ov] {_. True}
To conclude, it suffices to apply O Vo, (Q v * R) — wp K[v] {_. True } with Q v and R.

6.4 Connecting the logics

Because wp/cc is a shared foundation between the logics of Figures 1 and 2, it is possible to connect
these logics thus enabling the verification of programs that mix call/cc and call/1cc:

WITHFRAME NoFRAME
{rre{o} VR, {P*R}e{0v.Qu=R}
{Pre{Q} {Phe{O}

Rule (WrTHFRAME) shows that it is possible to switch from the call/cc logic of Figure 1 to the
call/1cc logic of Figure 2, thereby losing reasoning support for call/cc, but gaining support for
the frame rule and for call/1cc. Its derivation follows by instantiating the abstract resource R in
the definition of wp/cc _ { _} with True.

Rule (NOFRAME) shows that a program fragment e that uses call/cc can still be integrated into a
larger program with no damage to the frame rule, provided that e is shown to preserve any residual
heap R. Its derivation follows directly from the definition of wp/cc _ { _}.

6.5 Soundness

As usual in Iris-based logics, soundness is shown via adequacy:*
THEOREM 6.1 (ADEQUACY OF wp/cc). If wp/cc e { _. True} or wp/cc e { _. True }, then e is safe.

This theorem shows that, if a specification for e can be proved in the logic, then this program
must be safe with respect to the operational rules from §6.1; in particular, e either diverges or
terminates. The proofis simple. It relies on the fact that wp/cce { _. True } (and so wp/cce { _. True })
implies wp e { _. True } and that Iris’s wp is adequate (a theorem proven in Iris once and for all):

THEOREM 6.2 (ADEQUACY OF wp). If wp e {_. True}, then e is safe.

“Typically, the statement of adequacy allows a pure postcondition ¢ instead of _. True, and guarantees that, if e terminates
with a value o, then ¢ v holds in the meta logic. The limitation to _. True can be traced back to its occurrence in the definition
of wp/cc. Another option is to parameterize the definitions from Figure 3 over a global postcondition ¢ introduced during
the proof of adequacy and to use ¢ instead of _. True in the definition of wp/cc. In this manner, the more general adequacy
statement could be proven. However, we use _. True for simplicity and because it is sufficient for soundness.
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let with_fork main = call/1cc@ (Areturn.
let g = Queue.create () in
let next () =
if Queue.empty q then throw return () else
let k = Queue.take g in throw k ()
in
let fork task = call/1cc@ (Ak. Queue.add k q; task (); next ()) in
let yield () = call/1cc@ (Ak. Queue.add k g; next ()) in
main fork yield;
next ()

Fig. 4. Cooperative-multithreading library.

6.6 Support for concurrency

The language has support for sequentially consistent concurrency via a fork instruction and atomic
memory operations (such as CAS and FAA). The logic has support for concurrency via rules for
opening and closing invariants using Iris’s mechanism of masks. None of the case studies directly
use concurrent instructions. Moreover, only one of them uses invariants (§7.3), but we do not
discuss this case study here in detail. Therefore, for the sake of conciseness and simplicity, we refer
the reader to the Rocq formalization [Anonymous authors 2026] for the formal semantic account
of concurrency, the rules for invariants, and the definition of wp/cc with masks.

7 Applications of the logic

We exercise our logic for call/1cc@ in a number of interesting case studies. For readability, we
write these case studies in an OCaml-like syntax, which we manually translate to our formalized
language in order to carry out their verification in Rocgq.

7.1 Cooperative multithreading

One of the main motivations for introducing programming support for continuations is that, with
continuations, multithreading constructs can be implemented as custom, user-defined library
functionalities, rather than built-in primitives. It is indeed the primary motivation behind the
adoption of effect handlers in OCaml [Leroy et al. 2026, Chapter 12]. Here we show that call/1cc@
can be used to implement a multithreading library despite its underlying one-shot restriction. We
also discuss how to verify this implementation using our logic.

7.1.1 Implementation. Figure 4 shows the implementation of our multithreading library. The
library is presented as a function with_fork that supplies the client main with a fork functionality,
to spawn new threads, and a yield functionality, to voluntarily release control to another thread.
Internally, threads are represented as continuations. Except for the running thread, all threads are
suspended and stored in the queue q. Forking a thread to run task has the effect of suspending
a thread’s own execution and running task. This is achieved in the implementation of fork
via call/1cc@, which captures the running thread’s continuation, stores it in g, then runs task. The
implementation of yield is similar. Both terminate with a call to next, which either resumes one of
the suspended threads from the queue, if the queue is nonempty, or invokes the continuation return.
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Specification of fork and yield.

isFork R fork = O Vtask, { R} task () { _.R} — { R} fork task { _.R}
isYield R yield = {R} yield ) { _.R}

Specification of with_fork.
VR fork yield, { R = isFork R fork = isYield R yield } main fork yield { _.R}
{ True } with_fork main { _. True }

Fig. 5. Specification of the cooperative-multithreading library.

This continuation is obtained at the beginning of with_fork’s execution. It allows with_fork to
terminate by returning to the original position where with_fork was called.

7.1.2  Specification and verification. The specification of with_fork appears in Figure 5. Because
the function with_fork itself does not compute anything meaningful, its postcondition is _. True.
This guarantees that with_fork is memory safe: using with_fork does not lead to memory errors.
Moreover, the specification guarantees that the functions yield and fork supplied to the client main
are correct. This is expressed in main’s specification, which appears as a premise of with_fork’s
specification.

The predicates isYield and isFork respectively capture the correctness of yield and fork. Both
depend on an exclusive resource R that works as the permission to call these functions. The asser-
tion isYield R yield states that, to yield control, ownership of R must also be transferred to the next
running thread and that, upon resumption, ownership of R is regained. The assertion isFork R fork
expresses the same ownership transferring mechanism, but, on top of that, also allows the new
thread task to yield control and fork threads thanks to the permission R in its precondition.

The key idea in the verification of with_fork is to instantiate main’s specification with a suitable
definition of the permission R. Intuitively, the ownership of this permission should reflect ownership
of the ephemeral structures manipulated by with_fork and describe invariants over these structures.
This is precisely how we define R:

R = isCont; return (A_. True)  3ks, isQueue q ks * (skkeks > isCont; k (A_.R))

It is a recursive definition that relies on Iris’s guarded recursion fixpoints. It states that return is a
valid one-shot continuation and that q is a queue storing a set of suspended threads ks°, each of
which is ready to be resumed provided the permission R itself is supplied. The continuation return
is the value to which return is bound in the beginning of with_fork’s execution. Because the
postcondition of with_forkis _. True, it is easy to see that, after the application of (CarL/1cc0), the
assertion isCont; return (A_. True) holds. Moreover, because the postconditions of yield and fork
are both _. R, it follows analogously that, after applying (CaLrL/1cc0), the captured continuation k
satisfies isCont; k (A_. R) as required to maintain the queue invariant. With the definition of R and
with these observations in mind, the verification of with_fork follows naturally.

7.2 Control inversion

Implementations of data structures often provide iterators to perform an action over all elements of
a given structure. Functional languages favor internal iterators, which are higher-order functions

5In short, this means that recursive definitions are allowed as long as the recursive occurrences are guarded by the later
modality », which can be eliminated during the proof whenever the program advances by one reduction step.
The predicate isQueue comes as part of a verified queue library.
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let invert iter = A(). call/1cc@ (Akc.
let r = ref kc in
let yield x = call/1cc@ (Akp.
throw !'r (Seq.Cons (x, A(). call/lcco (Akc. r := kc; throw kp ()))))
in
iter yield; throw !r Seq.Nil

Fig. 6. Implementation of control inversion using call/1cce.

that apply a user-provided function to each element. An example is OCaml’s List.iter function,
with type ('a -> unit) -> 'a list -> unit. Object-oriented languages favor external iterators,
which are objects or functions that can enumerate the elements of a given structure, returning
the next element each time the iterator is called by user code. In a functional language, external
iterators can be represented using a lazy sequence, a suspension that, when forced, produces either a
pair Seq.Cons (x, s) of the next element x and a new sequence s denoting the remaining elements
or the value Seq.Nil denoting an empty sequence.

Continuations can be used to convert an internal iterator to an external iterator. This is an instance
of control inversion. Implementations of control inversion using effect handlers and call/cc have
been studied in previous work [de Vilhena 2022, 2026]. Here, we verify a novel implementation
using call/1cce.

7.2.1 Implementation. The implementation appears in Figure 6.” As usual with applications
of call/1cc@ (and of undelimited continuations in general), it is helpful to think in terms of
two communicating agents: in this case, a consumer and a producer. The producer is the internal
iterator: it is the code that yields elements. The consumer is invert’s client: it is the code that
requests elements by forcing the lazy sequence returned by invert.

The main idea in this implementation is to enable control to switch back and forth between
consumer and producer. The implementation achieves this by using call/1cc@ to obtain and
store the position (that is, the program point) of either the consumer or the producer before each
jump. The reference r stores the position of the consumer, whereas the position of the producer is
implicitly stored (as a closure-captured value) in each lazy sequence sent from the producer to the
consumer.

When the consumer requests the first element, invert uses the initial call/1cc®@ to obtain the
consumer’s position and to store it in r. invert then proceeds with the execution of iter yield.
When iter stumbles upon an element x and calls yield x, control is transferred back to the
consumer by invoking the continuation stored in r with x and a lazy sequence for the remaining
elements. However, before this jump, yield uses call/1cc@ to obtain its own position kp. When
the consumer requests a further element, it uses call/1cc@ to update r with its new position and
it uses kp to jump back to the producer and resume iter. Eventually, when iter terminates, the
producer jumps back to the consumer with Seq.Nil.

7.2.2  Specification and verification. invert’s implementation relies on a subtle control-switching
mechanism. It is hard to be convinced of its correctness by studying this implementation alone.
Thankfully, its verification using our logic is fairly straightforward and, by virtue of the frame and

"Here, the internal iterator iter is partially applied to a structure: it has type (*a -> unit) -> unit. This is simply a
stylistic choice; it is trivial to add the structure as an extra argument of both iter and invert.
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Internal iterators.
islter iter xs = OVI f,
(Vyszzs,{Iys(z=zs)} fz{_.I(yst[z])zs}) =« {I[]xs}iter f{_.ITxs[]}

Lazy sequences.

isSeqs zs = { True} s () { h. isHead h zs }4
isHead h zs = match hwith
| Seq.Nil -> zs =[]
| Seq.Cons (z, s’) =>3zs’, zs =z :: zs’ * > isSeq s’ zs'

Specification of invert.

Viter xs, { islter iter xs } invert iter { s. isSeq s xs }

Fig. 7. Specification of invert.

bind rules, shows that one can reason about invert locally regardless of the complex change of
control flow in its operation. Once its specification is written out, the verification follows almost
directly from call/1cc@’s reasoning rule.

The specification of invert appears in Figure 7. It follows closely the specification of de Vilhena
[2026]’s call/cc-based implementation. The main difference is that, because call/cc captures
persistent continuations, lazy sequences in de Vilhena [2026]’s implementation are also persistent
whereas here they are ephemeral (as reflected by the use of one-shot triples).

The specification of invert is succinct: given an iterator iter for the elements xs, invert produces
a lazy sequence s for the same set of elements. The expected behavior of the iterator is captured in
the logic via the assertion islter iter xs. This assertion says that, for any loop invariant I (indexed on
the set of elements already seen and on the set of elements to be seen) and for any function f capable
of advancing I by one element, iter f processes all elements advancing I from I [] xsto I xs []. The
guaranteed behavior of a lazy sequence is captured in the logic via the assertion isSeq s xs, which
states s is an ephemeral suspension that, when forced, produces a value h that is either Seq.Nil or
a pair Seq.Cons (z, s). The former case happens when the list is empty, whereas the latter case
happens when z is the head element of xs and s is a sequence representing the remaining elements.

Because call/1cc@’s rule does not introduce metavariables, verifying an application
of call/1cc@ is straightforward: the only option is to apply (CAaLL/1cc0) and proceed with the
proof. The crux in the verification of invert is reasoning about the iter step, because it requires
using the islter iter xs assumption which does introduce a metavariable: the loop invariant I.
Fortunately, a simple definition suffices. It states that r (the location to which r is bound at runtime)
stores a continuation kc that can only be resumed with a value h such that isHead h zs (where zs
are the remaining elements to be seen):

I_zs = Jkc, r — kc = isConty kc (Ah. isHead h zs)

7.3 Call/cc-one-shot

Friedman and Haynes [1985] introduce a call/cc-one-shot operator that wraps the continuation
captured by call/cc with a one-shot check:

let call/cc-one-shot f = call/cc (Ak,
let b = ref false in f (Ay, (if !b then error); b := true; throw k y))
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let hs = Stack.create ()

let abort res = let k = Stack.pop hs in throw k res

let perform x = call/1cc@ (Ak, abort (Effect (x, k)))

let rec handle { effc; retc } main =
match call/1cco (Ak.
Stack.push k hs; let y = main () in abort (Return y))
with
| Return y ->
retc y
| Effect (x, k) —>
effc x (Ay. handle { effc; retc } (A(). throw k y))

Fig. 8. Implementation of effect handlers using call/1cce.

This construct differs from call/1cc in that the context in which f runs is not empty: it is the
same as the reified context in k. Therefore, technically speaking, copies of the continuation can still
be created by re-executing call/cc-one-shot under the same context. Although the difference is
subtle, this allows call/cc-one-shot to implement call/cc, as shown by Friedman and Haynes:

let call/ccx f =
let r = ref (A_, assert false) in
let rec G f =
let x = call/cc-one-shot (Ak, r <- (throw k); f (Ay, !r y)) in
call/cc-one-shot (1k, G (A_, throw k x))
in G f

This implementation of call/cc on top of call/cc-one-shot attracted the attention of many
authors, who have shown its correctness using a variety of techniques [Dreyer et al. 2010; Stovring
and Lassen 2007]. Timany and Birkedal [2019], for example, show contextual equivalence be-
tween call/cc* and call/cc. Our logic offers no way to compare programs, but we can show that
the implementation of call/cc* admits the same reasoning rule as call/cc, namely (CALL/cc).
The verification is technical and offers little insight about one-shot undelimited continuations. In
the interest of space, we refer the reader to our Rocq formalization for more details [Anonymous
authors 2026].

8 Effect handlers and undelimited continuations

We conclude the technical discussion of the paper with an exploration of the relation between
effect handlers and undelimited continuations through the perspective of our logic.

8.1 Continuation-based implementation of effect handlers

The starting point of our exploration is Filinski [1994, 1996]’s celebrated result showing that
shift/reset can be implemented on top of call/cc, or, in other words, that delimited control
operators can be expressed in terms of undelimited continuations. Inspired by Filinski’s encoding,
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we derive a similar result for one-shot undelimited continuations: namely, that effect handlers can be
implemented via call/1cc@. We then show that, using our logic, we can verify this implementation
with respect to a set of abstract specifications using de Vilhena and Pottier [2021]’s protocols.
Finally, we discuss how this difference in abstraction layers justifies Kiselyov [2012a]’s criticisms.

8.1.1 Implementation. Our call/1cc@-based implementation of effect handlers appears in Figure 8.
The operation perform offers the ability to perform an effect with payload x. The operation handle
installs a handler with effect branch effc and return branch retc to handle effects of the computa-
tion main. This computation is represented as a thunk (because our language is strict). The stack hs
and the operation abort are used internally in the implementation of handle and perform, but
not exposed otherwise.

In the usual dynamic semantics of handlers, an effect handler is represented as a frame in the
control stack; when an effect is performed, control is transferred to the nearest such handler. The
key idea in the implementation of Figure 8 is to mimic this behavior with hs, a heap-allocated
stack of continuations, each representing a handler. The continuation at the top of hs is the nearest
handler.

The function handle obtains its continuation with call/1cc@, pushes it on the stack, and
proceeds with the execution of main. One of two outcomes may follow: either main terminates
normally with a value y or it performs an effect with payload x. In both cases, abort jumps to
the nearest enclosing handler k, which it pops from hs. In case of normal termination, abort
jumps to the handler with Return y and the match expression in handle then reduces to the return
branch retc. In case of an effect with payload x, abort jumps to the handler with Effect (x, k),
where k, the continuation captured by the call/1cc@ in perform, records the position where the
effect was performed and allows the handler to resume the computation. In this case, the match
expression in handle reduces to effc. The continuation supplied to the effect branch effc however
is not merely k (the continuation captured by perform): instead, the supplied continuation wraps k
in a recursive application of handler. This simulates the semantics of deep handlers, which are
reinstalled when resuming a continuation.

Comparison with Filinski’s encoding. As mentioned previously, our implementation closely fol-
lows Filinski [1994, 1996]’s encoding of shift and reset:?

let mk = ref (A_. assert false)
let abort y = !'mk y
let reset comp = call/cc (Ak.
let m = !mk in mk := (Ady. mk := m; throw k y); abort (comp ()))
let shift f = call/cc (Ak. abort (f (Ay. reset (A(). throw k y))))

The reference mk plays a similar role as the stack hs in Figure 8. If hs simulates a control stack of
handlers, then mk simulates a control stack of resets. However, instead of storing each continu-
ation k captured by reset in an explicit heap-allocated stack, mk leverages the fact that it stores
a function to simulate push and pop operations in the function itself. Indeed, reset updates mk
with a closure capturing m, the previous state of mk, and k, the continuation captured via call/cc
by reset. When applied to a value y (during the execution of abort) this closure will restore m
in mk before invoking k with y.

8.1.2  Specification and verification. The specification of perform and handle appears in Figure 9.
The specification is expressed in a logical abstraction layer built on top of wp/cc. The key ingredient

8Here, we adapt Filinski’s encoding (originally written in Standard ML) to our OCaml-like syntax.
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Abstraction layer.
wp/hse (H) {Q} = canAbort H — wp/cce {y.Q y * canAbort H }
{Pye(H){O} =P —wp/hse(H){Q}
fPre(H){O} =0{P}e(H){Oh

Internal logical definitions.

canAbort H = ks, isStack hs ks * isHStack ks H
isHStack ks H = match (ks, H) with
| (k= ks, (P,Q) :: H') -> isHStack ks" H'
isCont, k (Ares. mainPost ¥ Q H’ res = canAbort H')
[ (11, [1) => True

| _-> False

mainPost ¥ Q H res = match reswith
| Returny ->Qy
| Effect (x,k) ->3Q’, ¥ x Q' * » isCont; k (Ay. Q'y * canAbort H))

Specification of perform and handle.

PEFORM

{¥xQ }performx ((¥,Q)=H)Y{Q }

HANDLE
P} main O ((¥,0) =H) {O}
{ P = isHandler ¥ Q effc retc H Q" } handle { effc ; retc } main (H) { Q" }

Fig. 9. Specification of call/1cc@-based implementation of handlers.

in the specification as well as in all internal definitions that appear in Figure 9 are protocols [de Vil-
hena and Pottier 2021], so let us start with a brief explanation of this notion.

Protocol primer. A protocol is a succinct way to provide the specification of a function. In this
sense, the notion of a protocol is independent from effects. However, protocols are useful in the
context of effects and handlers precisely because they provide a way to specify the functionality
implemented by a handler.

Formally, a protocol ¥ is a predicate transformer that, given a value x and a postcon-
dition Q, computes a precondition ¥ x Q. A function f is correct with respect to a pro-
tocol ¥ if the triple Vx Q, {¥ x Q} f x {Q} holds.” Often, ¥ has shape Ax ¥.P x =
(Yy, Q x y = Q y). In this case, the specification provided by ¥ essentially unfolds to Iris’s Texan
triple, Vx Q, { Px « Vy,Qxy — Qy } f x { QO }, whereby, in addition to P x, the precondition
includes Vy,Q x y — Q y, the permission to terminate. Such a Texan triple can be read as a
standard triple Vx, {P x} f x {y.O x y }, but, by virtue of quantifying universally over the
postcondition, it is easier to use and more amenable to automation than a standard triple. We
use protocols, and therefore this style of triples, because of their combination of generality and
succinctness.

9We write the triple in our logic, but this construction works with any other notion of triple.
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Specification of perform and handle. The interface between a handler and an effectful compu-
tation is specified by a pair (¥, Q), where ¥ specifies the effectful functionality implemented by
the handler and Q specifies the value returned by the computation. The weakest precondition with a
handler stack, written wp/hs e ( H) { Q }, includes a list H of such pairs, each of which representing
a handler on the stack. On top of wp/hs we derive triples parameterized by H.'°

The specification of perform assumes the innermost handler implements an effect specified
by ¥, therefore, to perform an effect with payload x expecting in return a result satisfying Q’, the
precondition ¥ x Q" must hold. This is in line with the interpretation of a protocol ¥ as a predicate
transformer that computes a precondition.

The specification of handle extends the handler stack H with a pair (¥, Q) provided that the
effect branch effc and the return branch retc are correct with respect to ¥ and Q. This is expressed
via the handler judgment:

isHandler ¥ Q effc retc H Q" =
(Vy, £Quy}retcy (H) {Q" }1) A
Vx k Q”,
{¥YxQ"*«(VyQ', {Q" y=»>isHandler ¥ Qeffcretc HQ  } ky (H) {Q }1)}
effcx k
(H){Q'h

isHandler ¥ Q effc retc H Q’ is defined as the non-separating conjunction of two assertions: the
specification of retc and the specification of effc. The specification of retc says that, given a value y
such that Q y holds, retc returns a value according to handle’s postcondition Q’. The specification
of effc includes ¥ x Q" and a specification of k as preconditions. The value x is the payload with
which the computation performed the effect, k is the perform-captured continuation wrapped in
a recursive application of the handler, and Q" is the postcondition of perform expected by the
computation. From the perspective of the computation, the assertion ¥ x Q" is an obligation to
perform the effect, but, from the perspective of the effect branch, it appears as an assumption.
Similarly, from perspective of the computation, Q" is the postcondition of perform, but, from
the perspective of effc, it appears as the precondition to resume k. Because the continuation k
is one-shot, it is specified by a one-shot triple. Moreover, because it is wrapped in a recursive
application of the handler, it further requires isHandler. The use of one-shot triples to specify retc
and effc strengthens the overall specification of handle by allowing resources to be transferred
to retc and effc.

Verification. We carry out the verification of perform and handle at the level of our wp/cc-based
logic, after unfolding the definition of wp/hs. This exposes the assertion canAbort H, which is
assumed in the precondition and required in the postcondition. This assertion is the permission
to call abort. Its definition (Figure 9) claims ownership over hs (the runtime value to which hs
is bound) and formalizes the assumption that hs stores a stack of handlers specified by the list
of protocol-predicate pairs H. It does so by asserting the existence of a list of continuations ks
stored in hs'! and by asserting isHStack ks H. This is the assertion that links the handle-captured
continuations ks to their logical specification H. It is defined inductively. The base case, when both ks
and H are [], holds trivially. The case where ks is a nonempty list k :: ks” and H is (¥, Q) :: H’ holds
(1) if ks’ is specified by H’, that is, if isHStack ks’ H’ holds, and (2) if k is a continuation that, to be
resumed, requires the permission canAbort H' and a value res such that mainPost ¥ Q H’ res. The
assertion mainPost ¥ Q H res, as the name suggests, restricts res to one of the two outcomes of main:

OTechnically, { P} e ( H) { O } is a quadruple, but we use triple to mean a specification with pre- and post- conditions.
This relation between hs and ks is expressed by the predicate isStack, which is included as part of a verified stack library.
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let with_perform { effc; retc } main =

let r = ref None in let abort res = thow (Option.get !r) res in

let rec handle comp =
match call/1cco (Ak. r := Some k; let y = comp () in abort (Return y)) with
| Return y -> retc y
| Effect (x, k) -> effc x (Ay. handle (A(). throw k y))

in

let perform x = call/1cc@ (Ak, abort (Effect (x, k))) in

handle (A(). main perform)

Fig. 10. Context-independet effects and handlers.

either a value Return y such that Q y, or a value Effect (x, k) such that (1) the precondition ¥ x Q’

required to perform an effect with payload x and to assign Q” as the postcondition of perform x

holds, and (2) k is a continuation that expects the permission canAbort H and a value satisfying Q.
With these definitions, we can prove the following specification for abort:

VYY¥ Q H res, { mainPost ¥ Q H res * canAbort ((¥,Q) : H) } abort res { _. False }

The verification then follows mostly directly. The subtlest step is in the verification of handle, where,
by exploiting the bind rule and the consequence rule, we focus on the call/1cc@ expression and
adjust its postcondition to Q" = Ares. mainPost ¥ Q H res * canAbort H before applying (CaLL/1cc0),
to obtain a continuation with precondition Q’. This is required to verify the push operation and,
consequently, to update canAbort from H to ((¥, Q) :: H) (as required to run main).

Kiselyov’s remarks. Kiselyov [2012a] discusses side conditions to Filinski [1994]’s result: in partic-
ular, the encoding of shift/reset using undelimited continuations assumes that the derived shift
and reset constructs are the only forms of non-local control flow, thereby excluding exceptions
and even call/cc itself. The same side conditions apply to our call/1cc@-based implementation
of effect handlers: we assume perform is the only non-local control operator. Interestingly, this
assumption is implicitly expressed by the abstraction layer in which the specification of perform
and handle is written. Whereas wp/cc and wp/hs share most of the reasoning rules (for example,
the bind and frame rules and the rules for state), only wp/cc offers rules for call/cc, call/1cco,
and undelimited continuations in general. This means that one cannot reason about programs
that mix the call/1cc@-based implementation of perform/handle with call/cc or call/Tcc@
without breaking the abstraction layer of wp/hs. In other words, using call/cc or call/Tcc@
breaks the abstraction of performing and handling effects as provided by perform and handle.

8.2 Context-independent effects and handlers

Kiselyov’s comments invite the question of whether it is possible to provide an interface for
effect handlers that is compatible with undelimited continuations. We answer this question af-
firmatively with the function with_perform whose implementation appears in Figure 10. The
function with_perform supplies a user-provided computation main with the functionality to
perform effects, which are interpreted according to the (also user-provided) effect and return
branches, effc and retc.

Implementation. The implementation of with_perform and of the internally defined perform op-
eration that is supplied to main is very similar to the implementation of handle and perform from
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VR perform,
{vx Q, {¥xQ=«R} performx {y.Qy*R}) = Rx P} main perform {y.Qy +« R}
{ isCIHandler ¥ Q effc retc Q" + P } with_perform { effc; retc } main { Q" }

Fig. 11. Specification of with_perform.

Figure 8. The main difference is that, instead of a heap-allocated stack of handler positions hs ma-
nipulated by every invocation of perform/handle, each invocation of the function with_perform
creates a fresh location r that essentially establishes a communicating channel between handler
and handlee. Instead of a stack, the reference r stores the position of the single handler to which
the handlee can jump when performing an effect. Therefore, whereas the implementation from
Figure 8 suggests the abstraction of a stack of handlers, with_perform’s implementation (Figure 10)
suggests a message-passing-inspired abstraction of pairs of a handler and a handlee.

Context-independent effects. By establishing this unique interaction channel between handler and
handlee, with_perform provides an interface for effect handling that generalizes the traditional
semantics of control-stack-based handlers. We say with_perform provides an interface for context-
independent effects and handlers, because the perform functionality it implements is interpreted
correctly regardless of the context. Specifically, as we discuss shortly, the interpretation of perform
is valid during the lifetime of main, but it does not need to be used locally by main. This is because
undelimited continuations are used in with_perform to their advantage: undelimited continuations
can be invoked in any context, they do not depend on the presence of a handler or marker on the
control stack.

This behavior has the consequence of allowing main to perform effects in combination with
other forms of non-local control flow including call/1cc®, nested applications of with_perform,
and concurrency. For example, the following program (which uses with_perform to implement a
counter in state-passing style) returns 2, showing both concurrent updates are correctly handled:

with_perform { effc = (A) ks. k ) (s + 1)); retc = (A0 s. s) } (Aincr.
let lock = Mutex.create () in
let incr_with_lock () = Mutex.lock lock; incr (); Mutex.unlock lock in
( incr_with_lock () || incr_with_lock () )

) 0

As another illustrative example, the following program uses two nested with_perform appli-
cations to implement the effects f and g, and lets the outer handler, which handles f, perform g,
which is then correctly handled by the inner g handler (as a function that takes and returns unit):

with_perform { effc = (Ag k. g O; k ()); retc = (AO. O) ¥ (Af.
with_perform { effc = (A0 k. k ()); retc = (10O. O) } (Ug. f g)

Specification. The formal specification of with_perform that appears in Figure 11 helps to
formalize the programming interface provided by with_perform, its guarantees, and its conditions.

The specification states with_perform supplies main with a correct implementation of an oper-
ation perform provided that the user-supplied effect and return branches, effc and retc, are correct.
Like in the specification of handle and perform (Figure 9), a protocol ¥ is used to specify the
effectful functionality implemented by the handler and the predicate isCIHandler is used to capture
the correctness assumptions on effc and retc. The assertion isCIHandler ¥ Q effc retc Q’ is defined in
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the same way as isHandler ¥ Q effc retc H Q’, except that every occurrenceof { _} _ (H) { Q" }1
isreplaced with { _} _ { Q" }1-

There are two main differences with respect to the specifications of handle/perform (Figure 9).
First, instead of being expressed in a new abstraction layer, with_perform’s specification is en-
tirely written using our wp/cc-based logic of Figure 2. This means, in particular, that (CALL/1cc0)
and with_perform’s specification can be used jointly to reason about programs with occurrences
of both call/1cc@ and with_perform.

Second, the pre- and post- conditions of perform x are not simply ¥ x Q and Q (for universally
quantified x and Q). Instead, both conditions include an exclusive resource R. This resource works
as a capability to perform effects. It is granted to main in the beginning of its execution, required
whenever main calls perform, and recovered when perform returns. It is by requiring R back in the
postcondition of main that further calls to perform are disallowed when main terminates. In other
words, calls to perform are allowed only during the execution of main. As previously discussed,
this does not rule out calls to perform outside the scope of main: from a separation-logic point of
view, these calls are justified as long as the ownership of R is correctly transferred.

Verification and applications. We verify that with_perform satisfies the specification from Fig-
ure 11. The key ideas are similar to the ones already discussed in §8.1.2, so we refer the reader to our
formalization for more details [Anonymous authors 2026]. To ensure that with_perform’s proven
specification is sufficiently expressive, we apply it to the verification of some simple applications,
including an implementation of coroutines in the style of Python’s generators:

let create g = ref (1().

with_perform { effc = (Ax k. Seq.Cons (x, k)); retc = (A(). Seq.Nil) } g)
let next ¢ = match let Some g = !c in ¢ := None; g () with

| Seq.Cons (x, k) -> ¢ := Some k; Some x

| Seq.Nil -> None

9 Related work
9.1 Program logics for call/cc

Berger [2009] develops a program logic for PCF extended with call/cc and throw. The language
does not support mutable state. The assertions of the logic allow one to name program points and
associate logical invariants with them, in a way that is more complex than the isCont k Q predicate
used in the present paper.

Crolard and Polonowski [2012] study a functional and imperative language featuring Algol-style
non-local jumps and mutable variables, but not general mutable references. The authors equip this
language with a dependent type system that arises from a classical logic via the Curry-Howard
correspondence, and then derive a Hoare logic from the type system.

Delbianco and Nanevski [2013] describe a separation logic for a functional and imperative
language extended with call/cc and abort, which is a generalization of throw with better algebraic
properties. This logic is presented in the style of Hoare Type Theory, using dependent types, and
is formalized in Coq. The main limitation of this logic is that continuations cannot be stored in
mutable references. Unfortunately, this rules out most practical uses of call/cc.

Timany and Birkedal [2019] build a separation logic for a HeapLang-style language of functions,
general mutable references and concurrency, extended with call/cc and throw. This logic is
built on top of Iris. It is the first program logic able to reason about stored continuations. The
authors verified several realistic uses of call/cc, including an implementation of cooperative
multithreading. This program logic is unusual in that it is defined for whole programs K|[e],
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where K is a context and e is the subexpression under focus. The logic rules for call/cc and
throw closely follow their operational semantics rules. This allows for precise reasoning about
the successive invocations of a continuation. The downside of this approach is that compositional
reasoning in general and the bind rule in particular are unsound. However, the authors provide
sound context-local reasoning rules, including the bind rule, for subexpressions e that contain
neither call/cc nor throw. As described in §6.2, our logic also builds on whole-program weakest
preconditions, but in a different way that validates the bind rule.

De Vilhena [2026] develops a Hoare logic for a HeapLang-style language of functions and general
mutable references extended with call/cc and throw. This logic is derived from the Maze logic
of de Vilhena [2022, Chapter 6] via an encoding of call/cc and throw in terms of user-defined
effects. As explained in §3, this logic supports the unrestricted bind rule, thus enabling modular
reasoning on programs that use call/cc. However, it is not a full-fledged separation logic, since
the frame rule only holds for expressions that do not use call/cc or throw.

9.2 Program logics for user-defined effects and effect handlers

De Vilhena and Pottier [2021] describe Hazel, a separation logic formalized in Iris for user-defined
effects and effect handlers. As in OCaml 5, continuations captured by effect handlers are affine and
can only be invoked once. The logic supports the bind rule and the frame rule without restrictions.
A distinguishing feature of Hazel is its use of protocols, which are axiomatic specifications of the
expected behavior of an effect and serve as the contract between users and handlers of effects. They
enforce structured uses of effects and continuations. The work on call/1cc reported in this paper
began with our desire to unravel the design of Hazel, separating the aspects related to the linearity
of continuations from the aspects related to effect protocols.

The PhD thesis of de Vilhena [2022] describes Hazel in more detail, as well as Maze, a variant
of Hazel that supports effect handlers with continuations that can be invoked multiple times. To
maintain soundness, Maze restricts the frame rule to subexpressions that are verifiable in the empty
protocol, i.e. those that do not perform effects.

Besides separation logics, other approaches have been proposed for reasoning about programs
that use effects and handlers. The foundational work of Plotkin and Pretnar [2008, 2009] on
denotational semantics for algebraic effects and handlers also includes an equational theory that
proves equivalences between effectful programs. Matache and Staton [2019] define a logic to express
properties of effectful programs. This logic is complete with respect to contextual equivalence.

9.3 One-shot continuations

The first paper to study the properties of one-shot continuations is Friedman and Haynes
[1985]. However, the call/cc-one-shot control operator introduced in this paper differs from
the call/1cc operator we study here: returning normally from call/cc-one-shot does not
count as one use of the continuation. In other words, call/cc-one-shot implements two-shot
continuations, which can be used twice, once by invoking the continuation and once by returning
from call/cc-one-shot. This makes a major difference in expressiveness: Friedman and Haynes
[1985] show that call/cc-one-shot plus mutable variables can implement the unrestricted
call/cc operator, with multi-shot continuations. Thielecke [1999] study the difference in
expressiveness it makes to be able to use a continuation twice. The call/cc* implementation of
call/cc in terms of call/cc-one-shot has been proved correct several times; see §7.3 for more
information.

Bruggeman et al. [1996] introduce the call/1cc operator used in this paper. It takes a stricter view
of “one-shotness” than Friedman and Haynes [1985]: returning from call/1cc counts as one use of
the continuation; hence, either call/1cc returns normally, or the captured continuation is invoked
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once, but not both. Bruggeman et al. [1996] describe the implementation of call/1cc in terms of the
segmented stack model of the Chez Scheme system, noting that no stack copying is necessary, and
evaluate the performance benefits compared to regular call/cc. To support programs that use both
call/1cc and call/cc, their implementation can promote one-shot continuations to multi-shot
continuations when they are included in a multi-shot continuation captured with call/cc. The Iris
logic of §6 also supports some combinations of call/1cc and call/cc, but it prevents multi-shot
continuations from being part of one-shot continuations, since a persistent assertion such as isCont
cannot depend on non-persistent assertions such as isCont;.

Sivaramakrishnan et al. [2021] describe the design and implementation of effect handlers in
OCaml 5. The continuations captured by handlers must be used linearly, which goes beyond the one-
shot restriction: a continuation must be used exactly once, either by being invoked (continue) or by
being explicitly discarded (discontinue). The authors cite three reasons for this linearity restriction:
an efficient, non-copying implementation using fibers (multiple mutable stacks); compatibility
with the explicit management of some resources (e.g. file descriptors); and compatibility with
the optimizations performed by the OCaml compiler. In particular, OCaml can lift heap-allocated
references to stack-allocated mutable variables, which would be incorrect in the presence of multi-
shot continuations implemented by stack copying.

WasmFX [Phipps-Costin et al. 2023] extends WebAssembly with control operators inspired by
effect handlers. The delimited continuations captured by these operators are one-shot, so that
they can easily be implemented by mutable stacks. The paper mentions a possible extension to
multi-shot continuations by way of a continuation clone operation based on stack copying.

When discussing control operators, we often refer to implementation considerations. Clinger
et al. [1999] provide a comprehensive overview of implementation strategies for first-class unde-
limited continuations. Kiselyov [2012b] describes an implementation of multi-prompt delimited
continuations. Xie and Leijen [2021] describes the Koka implementation of effect handlers with
multi-shot continuations.

9.4 Linear continuations

In a CPS transformation or a continuation-based denotational semantics for a pure functional
language, continuations are used linearly: every function representing a continuation has exactly
one call site. Using a substructural type system, terms in CPS form can be typed while assigning
linear function types to continuations. For instance, Zdancewic and Myers [2002] use linearly-typed
continuations to prove that a CPS transformation preserves types for secure information flow. The
result cannot be proved if continuations can be invoked multiple times.

Berdine et al. [2002] use linear types to show that continuations are used linearly in many
extensions of functional languages, including mutable store, exceptions, coroutines, and some
functional presentations of goto. The one exception is call/cc, which famously duplicates its
continuation: [call/cc e] = Ak.[e] k k. The authors do not discuss call/1cc, but it would
be interesting to see if their linear type system can reflect the one-shot restriction on captured
continuations.

Tang et al. [2024] address the problem of combining linearly-typed resources with unrestricted
effect handlers (multi-shot continuations) in the Links language. They use a linear type system
to capture both value linearity and control-flow linearity. They identify interesting differences
between deep and shallow effect handling from the standpoint of control-flow linearity.

Linear continuations also arise naturally in semantic accounts of classical linear logic, such as
those of Filinski [1992] and Bierman [1999].
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10 Conclusions and perspectives

In this paper, we constructed a separation logic for the call/1cc control operator — the “one-shot”
restriction of the popular call/cc operator — and demonstrated its ability to specify and verify
classic and less common uses of call/cc for implementing higher-level control structures and
control patterns. Compared with previously proposed logics for control operators, this logic is
refreshingly simple and easy to use.

This calls for a change in slogan: the goto of functional languages is call/1cc, not call/cc.
Both goto and call/1cc are low-level, unstructured constructs that can perform arbitrary jumps
in the control flow; they can express a number of more structured language constructs; they can be
implemented efficiently at low implementation cost; and, as we proved in this paper, they both
admit simple separation logic rules that support modular, local reasoning on their uses. In contrast,
the full call/cc operator, with multi-shot continuations, remains in a different class than goto in
terms of expressiveness, implementation difficulty, and the lack of local reasoning principles.

The work described in this paper can be extended in several directions. The approaches used
in this paper could perhaps be extended to control operators for delimited continuations such as
shift/reset and control/prompt.

The interaction between undelimited or delimited continuations, on the one hand, and exception
handling and Scheme’s dynamic-wind mechanism, on the other, has always been problematic.
Developing a logic that handles both exceptions and call/cc could shed some light on this issue.

We might learn more by encoding effect handlers with unstructured control operators and
reasoning on the encoding with an appropriate program logic, as we began to do in §8. We would
like to better understand the connections with the Hazel logic of de Vilhena and Pottier [2021]. It
would also be instructive to study the lexically scoped handlers of Effekt [Brachthéuser et al. 2020]
and Lexa [Ma et al. 2024] from this logical angle.

Finally, our Iris formalization of call/cc and call/1cc could be reused to study existing and
future type systems for these operators using the semantic-typing approach [Timany et al. 2024].
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