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Abstract. The programming construct callcc has been the target of
multiple criticisms and, unfortunately, of misunderstanding. Contrary
to a common misconception that callcc is incompatible with the bind
rule, we show that callcc admits strikingly simple Hoare-style reasoning
principles in a separation logic that includes the bind rule and a restricted
frame rule. We exercise this logic in case studies including the specification
and verification of an implementation of control inversion using callcc.
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1 Introduction

We recall the semantics of and suggest a programming intuition for callcc.
Then, we explain what is known about its theory and what is misunderstood.

Semantics. The semantics of callcc is governed by the following reduction rule:1

K[callcc (fn k => e)] → K[e{kont K/k}] (CallccStep)

According to this rule, callcc (fn k => e) captures the surrounding evalu-
ation context K (which identifies the next subexpression to be evaluated, thus
defining the order in which subexpressions of a program are evaluated) as a
continuation (the first-class value kont K) and runs e with k bound to kont K.

A continuation k thus simply represents a captured evaluation context K.
The expression throw (kont K) x can be used to restore K by discarding the
current context and inserting the value x where callcc initially appeared:

K ′[throw (kont K) x] → K[x] (ThrowStep)

Programming intuition. These reduction rules can be interpreted according to a
programming intuition aptly evoked by Leroy’s and Madore’s slogans:

callcc is the goto of lambda calculus. – Leroy [17]
callcc is a dynamic goto. – Madore [19]

1 Programs studied in this paper have access to a heap, so, technically, the reduction
rules should specify the action of programs on this heap. For programs that (at least
from a formal-semantics perspective) do not modify the heap, we simply omit this
specification. This is the case for callcc and throw.←↩
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These slogans endorse the view that, when representing a program in the
form K[e], that is, when representing a program as a pair of an evaluation
context K and an expression e about to be run, we can see K as the position or
program point of e. From this perspective, the operation callcc (fn k => e) can
be understood as saving a checkpoint that records e’s position, to which e will then
have access via the binder k. The operation throw k x restores this checkpoint
by placing the value x where e originally appeared, as if e had returned x.

The interpretation of callcc as a form of goto can be concretely realised as
the following interface implemented in Standard ML of New Jersey (SML/NJ) [2],
a version of ML with support for callcc (via the library SMLofNJ.Cont2):

signature DYNGOTO = sig
type ’a t
exception E
val new_lbl : unit -> ’a t
val checkpoint : ’a t -> (unit -> ’a) -> ’a
val goto : ’a t -> ’a -> ’b

end;

structure Dyngoto :> DYNGOTO = struct
type ’a t = ’a cont option ref
exception E
fun new_lbl () = ref NONE
fun checkpoint lbl e = callcc (fn k => (lbl := SOME k; e ()))
fun goto lbl x =

case !lbl of SOME k => throw k x | NONE => raise E
end;

The structure Dyngoto internally uses callcc to implement labels. Labels
record program points. They are introduced with new_lbl in an uninitialised state.
The operation checkpoint lbl e records in lbl the program point where the
operation is performed, and forces the execution of the thunk e. With goto lbl x,
control flows back to the point where the last checkpoint of lbl was performed,
using the value x as if it were the result of this checkpoint operation itself.

The type variable ’a with which the type of labels Dyngoto.t is parameterised
records the result type of the thunk in checkpoint. Clearly, only values of this
type can be used when going back to checkpoint via goto, so the type of x must
match the type parameter of lbl in goto. Because goto does not return, it can
be used in any context; that is, it is polymorphic in its return type ’b.

Here is an illustrative implementation of factorial using Dyngoto:
fun fact n =

let val lbl = new_lbl ()
val (acc, i) = checkpoint lbl (fn _ => (1, n))

in if i > 1 then goto lbl (acc * i, i - 1) else acc end;
2 The structure SMLofNJ.Cont [25] introduces, among other components, the func-

tions callcc : (’a cont -> ’a) -> ’a and throw : ’a cont -> ’a -> ’b,
where ’a cont is the type of continuations that can be resumed with ’a values.←↩
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(Callcc)
{P}K[e{kont K/k}] {Φ}

{P}K[callcc (fn k => e)] {Φ}

(Throw)
{P}K[x] {Φ}

{P}K′[throw (kont K) x] {Φ}

(Return)
�(P −−∗ Φ x)
{P}x {Φ}

(Bind)
{P} e1 {Φ} ∀x. {Φ x} (e2{x/x}) {Ψ}
{P}let val x = e1 in e2 end {Ψ}

(App)
{P} (e{x/x}) {Φ}

{P}(fn x => e) x {Φ}

(Move)
Persistent (R) �(R −−∗ {P} e {Φ})

{P ∗ R} e {Φ}

(Alloc)
{True}ref x {r. r 7→ x}

(Read)
{r 7→ x}!r {y. r 7→ x ∗ y = x}

(Write)
{r 7→ x} r := y {_. r 7→ y}

(Persistent)
Persistent ({P} e {Φ})

Fig. 1. Unsound set of rules due to a counterexample by Timany and Birkedal [27].

To compute the factorial of n, fact iterates i from n to 1, accumulating in acc
the product of every value of i. It uses checkpoint to record the point where acc
and i are declared and uses goto to repeatedly go back to that point, updating acc
with acc * i and i with i - 1 until i = 1, when it returns acc.

What is known. The goto statement has been heavily criticised [7]. Given that
callcc can be viewed as an even more disorderly version of goto, it is not
surprising that callcc has been the target of equally severe criticisms [16]. From
a theoretical perspective, however, and, specifically, from the perspective of
program logics, what principles are lost due to callcc?

Timany and Birkedal [27] provide an insightful analysis of the reasoning
principles of callcc in the context of separation logic [21,24] (specifically Iris [15]).
They show in particular that the set of rules in Figure 1 is unsound.3 Each rule
can be read as an assertion (where every open variable is universally quantified)
stating that the iterated separating conjunction of the premises entails the
conclusion. These rules are mostly standard with the exception of Rules (Callcc)
and (Throw), which respectively paraphrase the reduction rules of callcc and
throw, Rules (CallccStep) and (ThrowStep), in terms of Hoare triples.4 Timany

3 The rules are stated here using SML/NJ for consistency. Timany and Birkedal [27]
use a formal calculus with similar syntax and semantics.←↩

4 Rules (Return), (Move), and (Persistent) are slightly less standard because they
reveal the distinction between exclusive and persistent assertions. Assertions in
separation logic can claim ownership over exclusive resources. Therefore, in Iris, by
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and Birkedal show that, with the rules from Figure 1, it is possible to derive a
specification that is false; that is, it is possible to verify a program according to a
specification that disagrees with the actual behaviour of this program. Therefore,
by contradiction, this set of rules must be unsound.

This is the counterexample by Timany and Birkedal written here in SML/NJ:

callincr ≜ let val r = ref 0
val f = callcc (fn k => fn _ => throw k (fn _ => ()))

in (r := !r + 2; f (); !r) end

From the reduction rules of callcc and throw, it is clear that callincr returns 4,
because the assignment to r happens twice. Indeed, when f () is executed,
control flows back to where f is declared, binding f to fn _ => (), so that the
reference r is updated exactly twice.

With the reasoning rules from Figure 1, Timany and Birkedal show that it is
possible to derive the following incorrect specification of callincr :

{True} callincr {y. y = 2} (IncorrectSpec)

The derivation of (IncorrectSpec) starts with the application of (Bind) to
reason about the binding of r. The proof is thus split into two parts:

{True} ref 0 {r. r 7→ 0}

{r 7→ 0}

let val f = callcc (fn k => fn _ =>
throw k (fn _ => ()))

in (r := !r + 2; f (); !r) end

 {y. y = 2}

The first goal, specifying ref 0, is an immediate consequence of (Alloc). The
second goal is further split into two parts, again via (Bind):

{r 7→ 0}
(

callcc (fn k => fn _ =>
throw k (fn _ => ()))

)
{f. r 7→ 0 ∗ {r 7→ 2} f () {_. r 7→ 2}}

{r 7→ 0 ∗ {r 7→ 2} f () {_. r 7→ 2}} (r := !r + 2; f (); !r) {y. y = 2}

The second goal, which specifies (r := !r + 2; f (); !r), follows immedi-
ately from the rules for reading and writing references, Rules (Read) and (Write),
and from the admitted specification of f .5 We are left with the first goal, which

default, assertions follow an affine-usage policy, which prevents their duplication;
that is, P does not entail P ∗ P . Persistent assertions avoid this restriction: they
can be arbitrarily shared and, in particular, duplicated. They are defined in Iris
using the persistently modality �: an assertion P is persistent if P entails � P .
The assertion � P indicates P does not claim ownership over exclusive resources: a
derivation of � P can rely only on other persistent assertions.←↩

5 To step through the instructions in a sequence expression, we apply (Bind), noting
that (e1; e2) and let val _ = e1 in e2 end have the same behaviour. To move the
specification of f out of the triple, we apply (Move) and (Persistent).←↩
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states a triple for the callcc expression. This goal follows mechanically from
Rules (Callcc), (Throw), (Return), and (App). Indeed, because the callcc ex-
pression appears here in isolation from the rest of the program, the application
of (Callcc) substitutes k with a continuation kont • that captures the empty
context •. The application of (Throw) then simply replaces the throw expression
with fn _ => () (the result of filling the empty context with this value), thus
simplifying the triple to a trivially derivable one.

The key idea in the derivation of (IncorrectSpec) is to exploit a conflict be-
tween Rule (Bind) and Rules (Callcc) and (Throw). Whereas (Callcc) and (Throw)
rely on a global view of program execution that reveals the surrounding eval-
uation context K, (Bind) enables a local view, by allowing one to focus on
the subexpressions e1 and e2 of let val x = e1 in e2 end. This conflict
is exploited when reasoning about the binding of f via (Bind). Indeed, after
focusing on the callcc expression, we lose track of the global evaluation con-
text let val f = • in (r := !r + 2; f (); !r) end. When (Callcc) is
applied, the empty context • is incorrectly captured instead.

What is misunderstood. Perhaps because of the prominent role played by the bind
rule – Rule (Bind) – in the derivation of (IncorrectSpec), authors conclude, for
example, that “in the presence of [ callcc] [. . . ] the so-called ‘bind rule’ [. . . ] is no
longer valid” [26]. When taken out of context, this reading seems to imply that, to
avoid the contradictory derivation of (IncorrectSpec), program logics for callcc,
or for languages with similar control operators for undelimited continuations,
should not admit the bind rule (even though Timany and Birkedal [27] do not
make such a claim). In fact, from a logical perspective, all rules from Figure 1
are equally blameable for this contradiction. While Timany and Birkedal [27]
show the exclusion of (Bind) leads to a sound logic, there might be a way to
provide sound reasoning principles for callcc without rejecting the bind rule.

We show such an alternative exists; that it is possible to keep (Bind).

The bind rule is admissible in the presence of callcc.

The key idea is to replace Rules (Callcc) and (Throw) with more abstract rules
that do not paraphrase the operational behaviour of callcc and throw. This is
not an original contribution from this paper. Before Timany and Birkedal [27],
Delbianco and Nanevski [6], for example, had already developed a logic where
reasoning rules for callcc and the bind rule coexist. The contributions of this
paper are (1) to clarify that the inadmissibility of the bind rule in the presence
of callcc is a misconception; (2) to reveal original reasoning principles for callcc
and throw in an Iris-based separation logic that not only is compatible with the
bind rule but also, by virtue of being built on top of Iris, supports the verification
of programs with heap-stored continuations, a pattern that is common when
programming with callcc and whose support, for this reason, is key to the
verification of programs with callcc; and (3) to illustrate how these strikingly
simple principles lead to elegant correctness proofs of seemingly challenging
programs.
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(Callcc)
∀ k. {P ∗ isCont k Φ} (e{k/k}) {Φ}
{P}callcc (fn k => e) {Φ}

(Throw)

{isCont k Φ ∗ Φ x}throw k x {_. False}

(Return)
�(P −−∗ Φ x)
{P}x {Φ}

(Bind)
{P} e1 {Φ} ∀x. {Φ x} (e2{x/x}) {Ψ}
{P}let val x = e1 in e2 end {Ψ}

(Consequence)
�(P −−∗ Q) {Q} e {Ψ} �∀ y. Ψ y −−∗ Φ y

{P} e {Φ}

(App)
{P} (e{x/x}) {Φ}

{P}(fn x => e) x {Φ}

(Move)
Persistent (R) �(R −−∗ {P} e {Φ})

{P ∗ R} e {Φ}

(Frame)
[P ] e [Φ]

[P ∗ R] e [y. Φ y ∗ R]

(Square)
[P ] e [Φ]
{P} e {Φ}

(Alloc)
{True}ref x {r. r 7→ x}

(Read)
{r 7→ x}!r {y. r 7→ x ∗ y = x}

(Write)
{r 7→ x} r := y {_. r 7→ y}

(Persistent)
Persistent ({P} e {Φ})

Fig. 2. Sound set of reasoning principles for callcc and throw.

Persistent (isCont k Φ)
isCont k Φ �∀ y.Ψ y −−∗ Φ y

isCont k Ψ

Fig. 3. Properties of isCont.

2 Principles

Figure 2 shows sound Hoare-style reasoning principles for callcc and throw in
a separation logic that includes the bind rule.

Rule (Callcc) posits that to verify a callcc expression, it suffices to verify
its inner subexpression e with k bound to a universally quantified value k whose
only information is isCont k Φ, which asserts that k is a continuation captured
by a callcc operation with postcondition Φ. Recall that throw k x goes back
to where this callcc operation was performed, replacing the callcc expression
with x. It is thus natural that Φ x be included as a precondition in Rule (Throw),
because x works as the return value of callcc. Moreover, because a throw
expression itself never returns, the rule postulates that the postcondition of
throw is False. Figure 3 shows that, for any k and Φ, the assertion isCont k Φ is
persistent and that Φ can be replaced with Ψ provided Ψ implies Φ.
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Rules (Callcc) and (Throw) capture the intuition that a continuation k rep-
resents the program point of a callcc expression, a point to which control can
jump with a value x provided x satisfies the postcondition Φ associated to k
via isCont k Φ. They show that a program point is entirely specified by the post-
condition Φ of the callcc expression. This insight explains a difference between
Rule (Callcc) from Figure 1 and Rule (Callcc) from Figure 2. Whereas (Callcc)
from Figure 1 relies on a global view of program execution that reveals the current
evaluation context K, Rule (Callcc) from Figure 2 targets a callcc expression
in isolation from K. This is sound precisely because K can be abstracted by the
postcondition Φ. The same principle appears in Rule (Bind), which allows a subex-
pression e1 to be verified in isolation from the context let val x = • in e2 end
provided the user can find an adequate postcondition Φ that works as a logical
boundary between e1 and this context.

The parallel between evaluation contexts and postconditions can also be
witnessed when comparing the values to which the binder k in a callcc expression
is bound depending on which rule is used. Whereas, with (Callcc) from Figure 1,
the binder k is bound to the captured context kont K, with (Callcc) from Figure 2,
it is bound to an abstract value k specified by Φ via the assertion isCont k Φ.

Let us now explain the remaining rules of Figure 2, except for Rules (Return),
(Bind), (App), (Alloc), (Read), (Write), (Move), and (Persistent), which are the
same as in Figure 1.

Rule (Consequence), when read from bottom to top, allows the precondition
to be weakened and the postcondition to be strengthened.

Rules (Frame) and (Square) add support for a restricted form of the frame rule.
They are stated in terms of square triples [P ] e [Φ], which admit the same rules
as the usual triples {P} e {Φ} except for Rules (Callcc) and (Throw). Therefore,
Rule (Frame) implicitly disallows occurrences of callcc and throw expressions
in e. Rule (Square) allows subexpressions e without callcc and throw of a larger
program (which itself might contain callcc and throw) to be verified using
square triples and, thereby, using the frame rule.

Why not include the frame rule? Adding the frame rule to Figure 2 is unsound:

(UnsoundFrame)
{P} e {Φ}

{P ∗ R} e {y. Φ y ∗ R}

Indeed, with Rule (UnsoundFrame), (IncorrectSpec) is derivable. With the rules
from Figure 2, it is possible to derive the following specification:

{True}
(

callcc (fn k => fn _ =>
throw k (fn _ => ()))

)
{f. {True} f () {_. True}}

Then, with Rules (UnsoundFrame) and (Consequence), it is possible to derive
the following specification, which, as explained in § 1, can then be used to
derive (IncorrectSpec):

{r 7→ 0}
(

callcc (fn k => fn _ =>
throw k (fn _ => ()))

)
{f. r 7→ 0 ∗ {r 7→ 2} f () {_. r 7→ 2}}
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datatype ’a node = Nil | Cons of ’a * ’a stream
withtype ’a stream = unit -> ’a node;

signature INVERSION = sig
val invert : ((’a -> unit) -> unit) -> ’a stream

end;

Fig. 4. Interface for control inversion.

datatype ’a tree = Leaf of ’a | Branch of ’a tree * ’a tree;

fun iter f t =
case t of Leaf x => f x | Branch (l, r) => (iter f l; iter f r);

fun equal s1 s2 =
case (s1, s2) of (Nil, Nil) => true
|(Cons (a, s1’), Cons (b, s2’)) => a = b andalso equal s1’ s2’
|(_, _) => false;

fun same_fringe t1 t2 =
equal (invert (fn f => iter f t1)) (invert (fn f => iter f t2));

Fig. 5. Application of control inversion to solve the Same Fringe Problem.

3 Case Studies

We illustrate the reasoning principles from Figure 2 in a number of interesting
case studies, including the specification and verification of an implementation of
control inversion using callcc and of the Dyngoto library from § 1.

3.1 Control Inversion

Control inversion is a programming technique to transform an iteration method
into a lazy sequence. An iteration method is a higher-order function that ea-
gerly applies its argument function to the elements of an underlying collec-
tion. Examples include the terms fn f => List.app f xs in Standard ML [11]
and fun f => List.iter f ys in OCaml [18] for any pair of lists xs and ys. A
lazy sequence allows elements to be consumed one at a time, that is, on demand.
Examples include lists in Haskell [12] and values of type Seq.t in OCaml [5].

Interface Figure 4 introduces the signature INVERSION, which offers an interface
for control inversion through the function invert. As specified by its type,
invert transforms an iteration method – a value of type (’a -> unit) -> unit
allowing a function ’a -> unit to be iterated over a collection of elements of
type ’a – into a lazy sequence – a value of type ’a stream. A lazy sequence is
thus represented as a thunk that, when forced, produces either (1) a Cons pair
containing the head element of the sequence and a new thunk representing the
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structure Inversion : INVERSION = struct
fun invert iter =

let val r = ref NONE
fun yield x = callcc (fn kp =>

throw (valOf (!r)) (Cons (x, fn _ =>
callcc (fn kc => (r := SOME kc; throw kp ()))

))
)

in
fn _ => callcc (fn kc =>

(r := SOME kc; iter yield; throw (valOf (!r)) Nil)
)

end
end;

Fig. 6. Implementation of control inversion.

tail elements of the sequence or (2) a Nil value indicating the sequence has been
exhausted.

Application Figure 5 shows the application of control inversion to derive a
concise solution to the Same Fringe Problem [13], which asks whether two binary
trees “have exactly the same leaves reading from left to right” [10]. The solution
reduces the problem to that of writing an iteration method for a binary tree,
a routine task in any functional programming language. Given the iteration
method for trees iter, the function same_fringe applies invert to convert the
input trees to lazy sequences. Then, it directly compares these sequences. The
function same_fringe terminates as soon as a mismatch is found. Moreover, it
avoids the introduction of costly intermediate structures to store the elements of
each tree.

Implementation Figure 6 introduces an implementation of control inversion
using callcc. The implementation can be understood in terms of two communi-
cating agents: consumer and producer. The consumer is the code that calls invert
and that forces the produced ’a stream thunks expecting a ’a node value in
return. It is thus responsible for consuming the ’a elements of the collection to
which iter provides access. The producer, on the other hand, is the code that
gets executed whenever the consumer forces a ’a stream thunk. It is therefore
responsible for producing the ’a node values expected by the consumer.

The implementation of invert uses callcc and throw to bounce between
producer and consumer. It uses the reference r to store the consumer’s posi-
tion kc, to which it gains access using callcc whenever the consumer forces
a thunk. Moreover, as soon as an element x becomes accessible via the itera-
tion method iter, the implementation again uses callcc to gain access to the
producer’s position kp, which is implicitly stored in the closure representing
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Specification of iteration methods.

isIter iter xs ≜ � ∀ I f.(
∀ ys z zs. {I ys (z :: zs)} f z {I (ys @ [z]) zs}

)
−−∗ {I [] xs} iter f {I xs []}

Specification of lazy sequences.

isStream S s zs ≜ {S} s () {n. S ∗ isNode S n zs}
isNode S n zs ≜ case n of

Nil => zs = []
| Cons (z, s′) => ∃ zs′. zs = z :: zs′ ∗ isStream S s′ zs′

Specification of invert.

∀ iter xs. {isIter iter xs}invert iter {s.∃S. S ∗ isStream S s xs}

Fig. 7. Specification of iteration methods, lazy sequences, and invert.

the ’a stream for the next elements. When the consumer forces the thunk
corresponding to this closure, control flows back to the producer at kp thanks to
this recording mechanism. After (and if) iter terminates, the implementation
jumps back with the value Nil to the consumer (whose position is stored in r)
to signal the exhaustion of the collection.

Specification Figure 7 shows the specification of invert. The specification
conforms to the informal reading that invert transforms an iteration method
into a lazy sequence.

An iteration method is characterised in the logic via the assertion isIter iter xs,
stating that iter iterates an input function over a collection whose elements are
the same as those of the list xs.6 The assertion isIter iter xs is defined in terms
of a loop invariant I, a predicate over two lists of elements, a prefix and the
remaining suffix of xs. It states that, for any input function f , if f is able to
process any element z of the list, updating I from I ys (z :: zs) to I (ys @ [z]) zs,
then iter f can process the entire list xs, updating I from I [] xs to I xs [].

A lazy sequence is characterised in the logic via the assertion isStream S s zs.
The definition states that, when forced, the sequence s returns a node n such
that isNode S n zs holds. The precondition S works as a permission to force s.
Because it is recovered in the postcondition, it allows s to be called multiple
times as long as the calls are sequential. Moreover, because it is existentially
quantified in the postcondition of invert, it is abstract to a user of invert’s
6 The use of a list in the characterisation of an iteration method iter restricts the order

in which iter iterates its input function and rules out diverging iteration methods (in
other words, the collection of elements must be finite). These simplifying assumptions
can be lifted: Filliâtre and Pereira [9] show how possibly diverging iteration methods
with non-specified iteration order can be characterised in a program logic.←↩
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specification. The assertion isNode S n zs states that n is either Nil, if zs is empty,
or Cons (z, s′), in which case zs is of the form z :: zs′ and s′ is a sequence for zs′,
that is, the assertion isStream S s′ zs′ holds.7

Verification There are two key steps in the verification of invert: (1) to
find the permission S and (2) to find the loop invariant I maintained by the
iteration iter yield, where yield denotes the value to which yield is bound (and r
is the reference to which r is bound):

yield ≜ fn x => callcc (fn kp =>
throw (valOf (!r)) (Cons (x, fn _ =>

callcc (fn kc => (r := SOME kc; throw kp ()))
)))

Both are, in fact, surprisingly simple:

S ≜ ∃ y. r 7→ y
I _ zs ≜ ∃ kc. r 7→ SOME kc ∗ isCont kc (λ n. S ∗ isNode S n zs)

The permission S grants sequences ownership over the reference r.
The invariant I states that, whenever the elements in zs remain to be iterated,

the reference r stores a continuation kc that corresponds to a consumer expecting
a node n such that isNode S n zs holds.

It is easy to see I [] xs holds at the beginning of iter yield, because r is
initialised with a continuation kc supplied to the body of invert by a callcc
expression whose postcondition Φ is precisely the predicate λ n. S ∗ isNode S n zs.
So, by Rule (Callcc), the assertion isCont kc Φ holds.

It is also easy to see that, if I xs [] holds at the end of iter yield, then the
final statement throw (valOf (!r)) Nil is correct, because the continuation kc
stored in r would then expect a node n such that isNode S n [] holds, thus
requiring n to be Nil.

The crux then becomes to show that yield can process any element z of xs,
updating the invariant accordingly:

∀ ys z zs. {I ys (z :: zs)} yield z {I (ys @ [z]) zs}

This step follows mechanically from successive applications of our Rules (Callcc)
and (Throw).

3.2 Dynamic Goto

Figure 8 shows the specification of Dyngoto’s components, namely the func-
tions new_lbl, checkpoint, and goto. Their specifications are written in terms
of isLabel assertions, which formalise the idea that a label records a program
point. Indeed, the assertion isLabel l Φ states l stores a value SOME k where k

7 By abuse of notation, we use case for a pattern matching at the level of the logic.←↩
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Specification of Dyngoto’s components.

{True}new_lbl () {l. isLabel l _}

∀ l e P Φ.

(
{P ∗ isLabel l Φ} e {Φ} −−∗
{P ∗ isLabel l _}checkpoint l (fn _ => e) {Φ}

)
∀ l x Φ. {isLabel l Φ ∗ Φ x}goto l x {_. False}

Definition of isLabel.

isLabel l Φ ≜ ∃ k. l 7→ SOME k ∗ isCont k Φ

isLabel l _ ≜ l 7→ NONE ∨ ∃Φ. isLabel l Φ

Fig. 8. Specification of Dyngoto’s components and definition of isLabel.

is a continuation such that isCont k Φ holds. The assertion isLabel l _, on the
other hand, simply claims ownership of l; it is useful for stating the postcondition
of new_lbl and the precondition of checkpoint.

The specification of new_lbl allows the introduction of new labels. The
specification of checkpoint asserts that, to verify checkpoint l (fn _ => e) with
postcondition Φ, it suffices to verify e with the same postcondition and under the
assumption that isLabel l Φ holds. Under the interpretation of postconditions as
program points, supplying the assumption isLabel l Φ corresponds with l being
updated to store the program point in which the checkpoint appears. Finally, the
specification of goto asserts that, if the label l stores a program point abstracted
by Φ, and if x is a value such that Φ x holds, then it is safe to jump to l with x.
The postcondition False is justified by the fact that goto never returns.

The verification of these specifications is straightforward given the definition
of isLabel, the reasoning rules from Figure 2, and the following reasoning rule for
a case statement when the scrutinee is a SOME value:

(CaseSome)
{P} (e{x/x}) {Φ}

{P} case SOME x of NONE => _ | SOME x => e {Φ}

As an exercise, we invite the reader to verify the correctness of fact (§ 1)
using the specifications from Figure 8 as principles to reason about Dyngoto.

4 Foundation

We use the logic Maze [28, Chapter 6] as the foundation for the reasoning
principles from Figure 2. Maze is an Iris-based separation logic for effect handlers
and multi-shot continuations. In Chapter 6.3.2 of de Vilhena’s PhD thesis [28],
he shows (1) how effect handlers and multi-shot continuations can be used to
implement callcc and throw and (2) how Maze can then be used to derive
reasoning principles for callcc and throw.



Principles of Callcc 13

The Hoare triples from Figure 2 are encoded in Maze as follows:

{P} e {Φ} ≜ �(P −−∗ ewp e ⟨CT ⟩ {Φ})
[P ] e [Φ] ≜ �(P −−∗ ewp e ⟨⊥⟩ {Φ})

The persistently modality is necessary to make the triples persistent as
required by Rule (Persistent).

The predicate ewp is Maze’s notion of the weakest precondition. The asser-
tion ewp e ⟨⊥⟩ {Φ} states that e either diverges or terminates with a value x
such that Φ x holds. Additionally, the assertion ewp e ⟨CT ⟩ {Φ} allows e to ex-
ecute callcc and throw statements according to a logical interface provided
by the protocol CT . In a nutshell, a protocol allows the user of the logic to
postulate the specification of an effect and to delay the soundness proof of this
specification to the moment where this effect is given an implementation by an
effect handler. In the case of CT , this protocol provides specifications to callcc
and throw that respectively match Rules (Callcc) and (Throw). During the
soundness proof of Maze, a toplevel effect handler providing operational meaning
to callcc and throw becomes apparent and, by verifying this handler correct, we
show that Rules (Callcc) and (Throw) hold with respect to callcc and throw’s
semantics. For a deeper explanation of Maze, we refer the reader to Chapter 6 of
de Vilhena’s PhD thesis [28].

With this encoding, soundness of our Hoare triples follows immediately from
soundness of Maze [28, Theorem 6.1]:

Theorem 1 (Soundness). If the triple {True} e {_. True} is derivable using the
principles from Figure 2, then e is safe; that is, e either diverges or terminates
with a value.

5 Related Work

Effect of callcc to program reasoning. As discussed in §1, Timany and Birkedal [27]
show, via a counterexample, that the set of Hoare-style rules from Figure 1, which
includes the bind rule and rules for callcc and throw that paraphrase their
operational behaviour, is unsound.

Dreyer et al. [8] consider the effect of callcc to reasoning about program
equivalence. Specifically, they study the effect of programming features to the
validity of program equivalences according to two axes: (1) with versus with-
out callcc and (2) first-order state, where only values of base types such as
integers and Booleans can be stored, versus higher-order state, where any value
can be stored including functions or continuations. They show that some pro-
gram equivalences, namely the awkward example [22] and the callback with lock
example [1], are lost when moving from a language without callcc to one that
supports it. Interestingly, they also show that some of these equivalences, in
particular, the callback with lock example, can be recovered when restricting the
language to first-order state.
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Program logics for callcc. Berger [3] introduces a program logic for an extension
of PCF [23] with callcc, but without state. The logic possesses a rich assertion
language in which program points (or return ports according to the terminology
of the paper) can be manipulated via binders called names to specify the jumps
in control flow. Berger shows that the logic enjoys descriptive completeness [14].

Crolard and Polonowski [4] introduce a program logic for reasoning about
terminating programs with support for callcc, and for mutable stack variables,
but no support for dynamically allocated references.

Separation logics for callcc. Delbiando and Nanevski [6] introduce a separation
logic for callcc built on top of Hoare Type Theory [20]. As noted by Timany
and Birkedal [27, § 9], their system does not support heap-stored continuations,
a common idiom when programming with callcc that is used, for example, in
the implementation of invert and Dyngoto.

Timany and Birkedal [27] develop a separation logic for callcc built on top
of Iris [15]. Their logic admits the rules from Figure 1 except for the bind rule.
Restricted support for the bind rule is enabled via a novel notion of weakest
precondition called context-local weakest precondition, which admits the bind rule
for the price of losing support for the rules for callcc and throw from Figure 1.

Data Availability

A Rocq formalisation of our results is available at gitlab.inria.fr/cambium
/hazel/blob/master/theories/case_studies/principles_of_callcc.v.
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