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Abstract

Effect handlers generalize exception handling to support control-flow patterns including
coroutines, cooperative multitasking, and nondeterminism. Recent work advocates for
lexically scoped handlers, which restore abstraction safety and enable modular reasoning:
a handler is a lexically scoped capability, and an effect can be raised only to a handler
whose capability is in scope. However, prior implementations of lexical effect handlers
suffer from inefficiencies that could hinder their adoption in practice.

This thesis shows that the static character that makes lexical scoping safe is also what
makes it efficient to implement. It develops this insight into three complementary compi-
lation techniques, embodied in our language LEXA; each technique is made precise by a
formal model, proven correct, and realized in the LEXA compiler. Direct LEXA identifies
each handler with the stack address where it is installed, so a raise jumps directly to its
handler, without any search. Zone LEXA extends the address-based strategy to multishot
resumptions by virtualizing handler identities through a software memory-management
unit. Zero LEXA serves infrequent effects such as exceptions: it avoids the cost of passing
down any run-time handler identity, and instead walks the stack using the static handler
provenance information when an effect is raised, so effect-free execution pays nothing. A
single program can choose among the three techniques per effect, matching each declared
effect to its expected usage.

Together, these techniques demonstrate that lexical effect handlers can be implemented
efficiently. Effect handlers can be both safe and fast.
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Chapter 1

Introduction

Effect handlers [11, 12] are a language abstraction for structured, nonlocal control flow.
They generalize exception handling: when a piece of code raises an effect, control transfers
to a handler on the call stack. Handlers are functions that have one or more parameters,
one of which is a resumption (also called a continuation) that represents the suspended
computation. Resumptions are first-class values, and can be invoked zero or more times
to resume the same suspended computation with a return value.

Effect handlers, as well as first-class continuations, are powerful abstractions that can
express a wide variety of control-flow patterns. Although they have been studied in the pro-
gramming languages research community for decades, they have only recently begun to see
adoption in mainstream languages: OCaml has adopted them [18], Scala and WebAssembly
are considering them [39, 10], and a growing number of research languages (among them
Eff [2], Koka [24], Effekt [7], and LEXA [33]) are built around them. Lexical effect handlers
in particular are beginning to draw interest beyond research languages: OxCaml [62] and
Zig [50] are considering adopting them.

This thesis is about how to compile a particular flavour of effect handlers, lezical effect
handlers, efficiently. The introduction is organized in three parts. Section 1.1 illustrates
the expressive power of effect handlers through a series of examples. Section 1.2 then
explains why conventional, dynamically scoped handlers compromise modular reasoning,
a problem known as accidental handling, and how lexical effect handlers fix it. Section 1.3
then turns to the question this thesis answers: how to implement lexical effect handlers
without paying a high price for their abstraction-safety benefits, and outlines the three
techniques the following chapters develop.



1.1 The Expressivity of Effect Handlers

The expressivity of effect handlers comes from three sources. First, they separate the use of
an effect from its interpretation: the same effect-raising code can be paired with different
handlers to obtain different behaviours. Second, they support nonlocal control transfer:
upon the raising of an effect, control is transferred to a handler that may be located at
several hops up the call stack. Similarly, upon resuming a resumption, control is transferred
back to the point where the effect was raised. Third, by allowing resumptions to be invoked
multiple times, certain algorithms that require backtracking can be implemented elegantly.

We illustrate the expressivity with four examples that exploit the aforementioned fea-
tures.

Example 1: Same operation, different policies. The same effect-raising code can
be given completely different meanings by the handler installed by its caller. Consider a
division operation that raises a DivByZero effect when the divisor is zero. Figure 1.1 shows
two callers of the same safeDiv: one aborts with an error message, the other returns a
default value of zero and continues.

The two handlers in Figure 1.1 produce different behaviours from the very same call
safeDiv 10 0. mainAbort’s handler prints an error and does not use the resumption, so
control exits the entire handle expression and goes to the end of mainAbort. mainDefault’s
handler invokes resume k 0, so control returns to the raise site in safeDiv and the orig-
inal raise expression raise DivByZero () evaluates to 0. Neither behaviour is built into
safeDiv; the policy lives entirely in the handler.

Example 2: Turning an iterator into a generator. An iterator is a function that
walks a data structure and applies a caller-supplied function to each element; the iterator
drives the traversal. A generator yields one element per call to the consumer; the consumer
drives the traversal. The consumer is free to terminate the traversal or interleave it with
another generator. The iterator and generator are dual ways of walking the same data:
iterators are easier to implement, while generators are easier to use.

Iterators are easier to implement because the call stack records the current position in
the walk, whereas the generator must reify this position as an explicit data structure. A
list generator can get away with a single tail pointer, but a tree generator needs a stack of
pending sub-walks.



effect DivByZero : unit -> int

def safeDiv (a: int) (b: int) : int =
if b == 0 then raise DivByZero ()
else a / b

def mainAbort () : unit =
handle
print (safeDiv 10 0)
with
| DivByZero () k =>
print "error: division by zero"

def mainDefault () : unit =
handle
print (safeDiv 10 0)
with
| DivByZero () k =>
resume k O

Figure 1.1: The same effect-raising operation, given two different interpretations by two
different handlers.



This is what makes control inversion both useful and interesting. By using effect
handlers, an iterator can be turned into a generator, so the programmer can enjoy both
the ease of implementation and the ease of use [17, 13, 58]. It is done by calling the
iterator with a function that raises an effect for each element. When this happens, control
is transferred to the handler, which receives the current element and the suspended traversal
as a resumption. The consumer, which sits outside the handler, can then choose to resume
the traversal to get the next element.

In a sense, the effect handler automatically reifies the position of the walk in a resump-
tion, so the programmer does not have to build it by hand.

Figure 1.2 illustrates how the control inversion is achieved for a list iterator. The iter
function is written exactly as one would expect: it walks the list and applies the function
argument f to each element. iterToGen turns this into a generator by invoking iter with
a function that raises Yield with each element. When this happens, the enclosing handler
captures the suspended traversal as a resumption, stores it in the mutable cell next, and
returns the value to the caller. The next call to the generator resumes that captured
traversal until the next Yield.

The usefulness of this inversion is visible in firstAbove30: it stops pulling as soon as
it finds an element exceeding 30, so the remaining elements of the list are never visited,
even though the underlying iter is fundamentally eager and was not designed for early
termination.

Example 3: Cooperative concurrency. The same ability to capture and resume
continuations can be used to implement a cooperative scheduler as a library [33, 18]. As
is shown in Figure 1.3, a task that wants to yield the CPU raises Pause, and a task that
wants to spawn a child raises Fork. The scheduler functionality is implemented using two
handlers for these effects. The Pause handler captures the current task and enqueues it.
The Fork handler does that too, then runs the child task inside fresh handlers by calling
spawn. An external driver repeatedly pops a paused task off the queue and resumes it.

Example 4: Backtracking search. The previous examples invoke the resumption at
most once. Multishot resumptions, which can be invoked multiple times, are useful for
implementing search algorithms [I 1], as shown in Figure 1.4. The variables a, b, and c are
bound to return values of Choose, which is an effect that represents a nondeterministic
choice among a list of integers. The handler resumes k once for every candidate value x



effect Yield : int -> unit

def iter (f: int -> unit) (xs: list[int]) : unit =
case xs of

[ 1 => O
| x :: rest => f x; iter f rest
def iterToGen (xs: list[int]) : unit -> option int =
let next = ref (fun () =>
handle
iter (fun x => raise Yield x) xs;
none
with
| Yield x k =>
next := (fun () => resume k ());
some X
) in

fun () => ('mnext) ()

def firstAbove30 (xs: list[int]) : option int =
let gen = iterToGen xs in
let rec loop () : option int =
case gen () of
| none => none
| some x => if x > 30 then some x else loop ()
in loop ()

Figure 1.2: Control inversion via an effect handler: a stock iter function is reused as a
lazy generator. Pulling values from the generator implicitly resumes the paused walk over
the list.



2

effect Pause : unit -> unit

effect Fork : (unit -> unit) -> unit
effect Done : unit -> ’a

def driver (q: queue) : unit =

handle
let k
resume
driver

with

| Done (

def spawn
handle
f O
with
| Pause
| Fork g

q-pu

= if q.isEmpty then raise Done () else g.pop () imn
k O3
q

) _ => 0O

(f: unit -> unit) (q: queue) : unit =

() kx => q.push k
k =>
sh k;

spawn g q

def schedu
let q =
spawn ma
driver q

ler (main: unit -> unit) : unit =
newQueue () in
in q;

Figure 1.3: A cooperative scheduler with pause and fork.
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3

4

effect Choose : list[int] -> int

def triples (n: int) : list[(int, int, int)] =

handle

let a = raise Choose (range 1 n) in

let b = raise Choose (range a n) in

let ¢ = raise Choose (range b n) in

if a*xa + bxb == cxc then [(a, b, c)] else []
with

| Choose xs k =>
List.flatten (List.map xs (fun x => resume k x))

Figure 1.4: Search algorithm using multishot resumptions.

in the list, then concatenates the results. The entire body of triples effectively expands
into a triply nested loop, computing all Pythagorean triples up to n.

Across the four examples, the same theme emerges: the control-flow mechanism offered
by effect handlers achieves a separation of concerns. The iterator can be written where
the control flow follows the shape of its data structure, making it easy to implement; the
Yield handler then turns it into a generator abstraction, letting the consumer be written
with a control flow that is convenient for its use. The scheduler is the same idea: each
task is written as if it ran alone, and the Pause /Fork handler weaves the tasks together.
Such separations of concerns are what make modular programs possible, and modularity
is what lets software construction scale.

1.2 Accidental Handling and Lexical Effect Handlers

The modular promise of effect handlers is, in their conventional semantics, only partly
delivered. Following the tradition established by exception handling [29], most languages
with effect handlers make handlers dynamically scoped: when an effect is raised, the run-
time walks the call stack and chooses the first handler it finds that matches the effect name.
Dynamic scoping is intuitive and is the de facto choice for languages including OCaml [15]
and Koka. But it also threatens modular reasoning [69, (8], for the same reason that
dynamically scoped variables threaten modular reasoning and have fallen out of favour in
general-purpose languages.
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effect Logging : string -> unit

def frameworkl (callback: unit -> unit) : unit =
handle

callback ();

raise Logging "framework: intermal log"
with
| Logging msg k => writeToFile msg; resume k ()

def framework2 (callback: unit -> unit) : unit =

callback ()

def main () : unit =
handle
framework (fun () => raise Logging "from callback")
with
| Logging msg k => writeToConsole msg; resume k ()

Figure 1.5: Accidental handling under dynamic scoping.

Accidental handling. When handlers are dynamically scoped, it is possible for handlers
to catch effects that are not meant for them. This is known as accidental handling. Such
behaviour compromises abstraction safety, leaking implementation details and obstructing
local reasoning about effectful programs.

Figure 1.5 illustrates the issue of accidental handling. Two implementations of a framework
are shown, each of which takes in a callback and runs it. In framework1, the Logging effect
is used to log internal messages, so the body of frameworkl is wrapped in a handler for
Logging. In framework2, no Logging handler is installed.

main calls framework with a callback that raises a Logging effect. Now, consider the
scenario where the programmer writing main initially uses framework1, and later replaces
it with framework2. They will get different behaviours: in the first case, the callback’s log
message goes to a file, because the effect is handled by the Logging handler in framework1
due to dynamic scoping; in the second case, the callback’s log message goes to the console,



because the effect is handled by the Logging handler in main. Such a change in behaviour
could be surprising to the programmer, because they cannot foresee it without knowing
the implementation details of framework.

So what is the underlying problem here? A function like framework is a higher-order
function: it takes another function as an argument. To make such a function reusable, it
should be oblivious to the behaviour of the argument, which means that it should not have
the ability to inspect or interfere with the effects raised by the argument. Readers might
be familiar with a similar pattern in polymorphic functions like map, which operates on
lists of any type. If map is implemented in a way that inspects the type of the elements,
then it will not be reusable for all types, as the behaviour of map might be different when
the elements are integers or strings.

The dynamic scoping of handlers, and the resulting accidental handling, result in a
violation of abstraction safety, analogous to a loss of parametricity, first recognized by
Zhang and Myers [63]. Tt compromises the ability to reason about code locally, and becomes
a barrier to the adoption of effect handlers in practice.

Lexical effect handlers. Lezxical effect handlers solve this problem by treating each
handler as a lexically scoped capability [69, 68, 7, 4, 65, 33]. Installing a handler binds a
fresh capability; only code that holds this capability (either because it is textually inside
the handler’s scope or because the capability has been passed to it explicitly) can raise
effects to that handler.! There is no search up the call stack; the choice of handler is
statically determined by which capability is used at the raise site.

Figure 1.6 rewrites the previous example using lexical effect handlers. The callback now
explicitly raises to consoleLogger, a capability bound in main. The framework’s internal
fileLogger is reified to a different capability; it cannot intercept an effect addressed to
consoleLogger. Whichever framework main happens to use, the callback’s log goes to the
console. Local reasoning is restored: to know where a raise will be handled, one needs only
to follow the binding of the capability that appears at the raise site.

Adoption. Languages that adopt lexical effect handlers in some form include Genus [69],
Effekt [7], and our own LEXA [33]. Koka’s named handlers [65] and proposals for WebAssembly [10]

!Later chapters also use the term label for the fresh name, generated at run time, that identifies a
handler instance. Labels and capabilities are closely related notions but play different roles: a label is the
identity of a handler, while a capability is the right to raise effects to it. This thesis will use the terms
label, capability, handler reference, and handler identity interchangeably in the prose, but the formalism
will make the notions precise.
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effect Logging : string -> unit

def frameworkl (callback: unit -> unit) : unit =
handle (filelLogger: Logging) =>
callback ();
raise filelLogger "framework: intermnal 1log"
with A msg k =>
writeToFile msg; resume k ()

def main () : unit =
handle (consolelLogger: Logging) =>
frameworkl (fun () => raise consolelLogger "from callback")
with A msg k =>
writeToConsole msg; resume k ()

Figure 1.6: Lexical scoping prevents accidental handling.

provide closely related mechanisms. The formal payoff has been mapped out in several pa-
pers [68, 1]: lexical scoping recovers abstraction-safety guarantees that dynamic scoping
compromises, while preserving the expressive power of effect handlers.

1.3 Implementing Lexical Effect Handlers Efficiently

Adopting lexical effect handlers is attractive in principle, but only if they can be imple-
mented efficiently in practice. The implementation challenge can be seen from its seman-
tics: lexical scoping demands that, at every raise, the program locates the correct handler
instance according to the lexical provenance of the capability. This is very different from
dynamic scoping, where the program simply walks the call stack until it finds a handler
with the matching name. Existing implementations prior to the work of this thesis incur
overhead that hinders adoption in practice. Genus [(9] implements lexical handlers by
piggybacking them on dynamically scoped handlers and inheriting their search overhead;
Effekt [7] uses CPS transformation and in some cases incurs a search behaviour similar to
that of dynamically scoped handlers.

The remainder of this thesis presents three implementation techniques that, together,
demonstrate that the abstraction-safety benefits of lexical effect handlers need not come
at a performance cost. The three build on one another, and the later two each confront a
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challenge left open by the last. Each chapter is based on a published paper of the author.

e Chapter 2 (Direct LEXA) confronts the most immediate challenge: the run-time
search for a handler. Lexical scoping fixes which handler instance an effect must
reach, but a naive implementation still scans the call stack to find it at run time, just
as dynamic scoping does. This search is the overhead that has held back existing
implementations. Direct LEXA, which implements lexical effect handlers in a stack-
switching runtime, identifies every handler with the stack address where it is installed.
That address is passed down to the raise site as an ordinary argument, so raising
an effect transfers control directly to its handler, and the resumption is captured
directly as a span of stack, with no walking. This chapter is based on “Lexical Effect
Handlers, Directly” [33], published at OOPSLA 2024.

e Chapter 3 (Zone LEXA) confronts the challenge that the address-as-identity trick
breaks under multishot resumptions. Resuming a continuation more than once re-
quires duplicating the captured stack segments, yet the copies inherit handler refer-
ences that still point into the original stack, so a stack address no longer uniquely
identifies a handler. Direct LEXA simply forbids the use of multishot resumptions.
Zone LEXA relaxes this restriction by introducing a novel technique called virtual
resumption, which makes handler references virtual and translates them to the cor-
rect copy of the handler on demand, through a software memory-management unit
modelled on the virtual memory of operating systems. This chapter is based on
“Virtualizing Continuations” [35], published at PLDI 2026.

e Chapter 4 (Zero LEXA) confronts a challenge the previous two leave open: giving
each handler a run-time identity is not free, because the identity must be reified and
threaded down the call chain. For the large class of programs that use exception
handlers, the cost incurred by the parameter passing is non-negligible, and it is paid
for even when these handlers are never invoked. Zero LEXA restores the zero-overhead
principle (what you do not use, you do not pay for) by avoiding handler reification
altogether: it instead spreads handler provenance information across the call stack
as static metadata, and relies on stackwalking to locate the intended handler at run
time. This eliminates the run-time overhead on the mainline code when handlers are
not used. This chapter is based on “Zero-Overhead Lexical Effect Handlers” [31],
published at OOPSLA 2025.
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Chapter 2

Lexical Effect Handlers, Directly

Chapter 1 argued that lexical effect handlers restore the modular-reasoning principles that
dynamically scoped handlers compromise, and it ended by posing the implementation
question: can lexical handlers be compiled efficiently? This chapter answers the question
in the affirmative. We present a compilation strategy that targets a low-level language
with control over stack layout. We embody the ideas in a language called LEXA and
its compiler, and run an evaluation on a suite of benchmarks; the results suggest that it
generates efficient code, in some cases reducing running-time complexity from quadratic
to linear. This chapter is based on “Lexical Effect Handlers, Directly” [33], published at
OOPSLA 2024.

In LEXA, the low-level representation of a handler is no different from that of any
lexically scoped local variable: it is a stack location where the handler is installed. This lo-
cation is passed down the call stack as an argument, eventually reaching the point where the
effect is raised. When an effect is raised, the control-transfer target is directly available—mno
run-time search is needed to identify the handler. In addition, the suspended computation
(a.k.a. the resumption) is captured directly as stacks, again without any walking. The
idea is natural in the sense that it is hinted at by the connection between lexical effect
handlers and multi-prompt delimited control [20]. Prior work suggests a connection in
semantics [6%, 8, 70]; this work shows that the connection extends to implementation. Our
approach is reminiscent of native implementations of multi-prompt delimited control such
as libmprompt [25], while incorporating optimizations not present in those implementa-
tions.

The chapter proceeds as follows. Section 2.1 reviews the design of lexical effect handlers
through a scheduler example and identifies a source of inefficiency in existing implemen-
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tations. Section 2.2 defines two core languages: LEXA, an intermediate language with
lexical effect handlers, and SALT, an assembly-like language with control over stack lay-
out. Section 2.3 describes the translation from LEXA to SALT, and Section 2.4 describes
optimizations for tail-resumptive and abortive handlers. Section 2.5 establishes the cor-
rectness of the translation. Section 2.6 describes the implementation of the LEXA compiler,
and Section 2.7 presents an empirical evaluation. Section 2.8 discusses related work, and
Section 2.9 concludes.

2.1 Lexical Effect Handlers: A Tale of Two Schedulers

We use the cooperative multitasking scheduler in Figure 2.1 to review the ideas of lexical
effect handlers and to expose the inefficiency that this chapter sets out to eliminate. The
example, adapted from prior work [1&], is written in an OCaml-like syntax whose type
system, like OCaml’s, does not track effects. It would be straightforward to layer a type-
and-effect system on top; the problem is well studied [69, 68, 4, 7, 70] and orthogonal to
the focus of this chapter.

Process is an effect signature containing two effect operations, yield and fork. The
scheduler uses an effect handler to interpret these operations. It operates on a queue
of resumptions, initially empty. The function spawn starts a computation f of type
Process ->unit; as f may raise Process effects, spawn installs a handler for them. Rais-
ing yield suspends the current job and hands control back to the scheduler; raising fork
additionally asks the scheduler to run a new job. Specifically, when yield is raised, the re-
maining computation in the handle body is captured as a resumption k, which is enqueued
to be resumed later. When fork is raised, the handler additionally calls spawn recursively
to run the new job. After spawn returns, the scheduler calls driver to run the queued re-
sumptions. driver dequeues a resumption, resumes it (line 12), and recursively calls itself
to run the next one. When the queue is empty, the call to dequeue raises an exception
(via the Exn signature), and driver handles it by logging a message before exiting.

Handlers in this example are lexical. A handle expression binds a variable representing
the handler in its body. For instance, the handle expression in spawn binds a handler
named P (line 19), which is then passed as an argument to f to handle the Process
effects raised by £ (line 20). A raise expression explicitly mentions the handler to which
the effect is raised; for instance, line 40 raises the fork effect to the handler named P.
Although all uses of handlers are explicitly named here, prior work has shown that explicit
names are not necessary in many cases: a lighter-weight syntax is possible by resolving
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effect Process = 30 def job P =

| yield : unit -> unit 31 .-+ raise P.yield ();
| fork : (Process -> unit) 32
-> unit 33 effect Tick =
32 | tick : unit
effect Exn = 35
| throw : ’a 36 def jobs P T n =
37 if n == 0 then ()
def driver q = 38 else
handle (E: Exn) => 39 raise T.tick;
val k = dequeue E q; 10 raise P.fork job;
resume k (); i1 jobs P T (n - 1)
driver q 42
with s def main () =
| throw k => 44 val ¢ = ref O0;
log "all resumptions done" 15 handle (T: Tick) =>
46 scheduler (fun P =>
def spawn (f: Process -> unit) q = u jobs P T 1000)
handle (P: Process) => 48 with
f P 19 | tick k => ¢ := lc + 1;
with 50 resume k ()

| yield _ k => enqueue k q
| fork g k =>
enqueue k q; spawn g q

def scheduler (f: Process -> unit)
val q = mkQueue Q);
spawn f q;
driver q

Figure 2.1: Lightweight cooperative multitasking via lexical effect handlers.
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Figure 2.2: Scaling behaviour of the scheduler program implemented in Effekt and in LEXA.

omitted handler annotations to handler bindings in the lexical context via a straightforward
translation [08, 7].

The semantics of lexical effect handlers exhibits similar behaviour to that of the deep
handler semantics [23]: when an effect is raised to a handler, the captured resumption
contains the very handler in its outermost layer. Thus, at line 12, the resumed computation
may raise yield or fork again, and the handler that was installed earlier in the resumption
will handle those effects.

The main function uses scheduler to run a jobs function, which spawns 1000 jobs by
raising fork effects. Each job may voluntarily yield to the scheduler. In addition, the
programmer of main wants to keep count of how many times fork has been raised, which
is done by raising a Tick effect right before each fork (line 39). The main function handles
Tick by incrementing a counter.

The costly tick. It is believed that Effekt [7, 45, 38], a language that prominently
features lexical effect handlers, does not require a run-time search for handlers when an
effect is raised. So raising and handling effects should be cheap, comparable to function
calls, and the running time of the program should be proportional to the number of jobs.
We created a similar scheduler program in Effekt. Figure 2.2 shows how the running time
scales. Surprisingly, we observe super-linearly increasing running time. Interestingly, if the
Tick effect is turned off, linear scaling is restored. The seemingly innocuous Tick effect
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drastically changes the performance of the program.!

Why are the Tick effects so expensive for this scheduler implemented in Effekt? This
experiment uses a back end of the Effekt compiler that translates control effects into a
monadic framework for multi-prompt delimited control [14]. When an effect is raised, a se-
quence of prompt markers—each corresponding to a handler in the surrounding evaluation
context—is traversed to find the right handler. In the scheduler program, a Tick effect is
propagated through the entire call chain to the handler in main. The call chain, which is
deep due to the recursive nature of driver, happens to contain one Exn handler per level
of recursion. So the asymptotic time complexity of handling a single Tick effect is O(n),
where n is the number of jobs forked; the total running time of the program is therefore

O(n?).

Effekt also has a back end that first performs a lift inference [38] before a CPS trans-
lation to MLton. Unfortunately, this back end does not support the scheduler program,
due to a conflict between MLton’s monomorphization requirement and the typed CPS
translation. But even if the program could be compiled, it would not scale well: the lift
inference generates a series of function applications that, at run time, effectively traverse
the surrounding evaluation context to find the right handler for an effect.

Hence, both of these compilation strategies share a common inefficiency. Although
there is no run-time search of the call stack for handlers—there is no call stack to begin
with, as these back ends do not need or manipulate call stacks—raising and handling an
effect incurs a cost similar to that of a stack walk. We consider these compilation strategies
lift-based: they employ run-time computations to lift an effect out of the dynamic extents
of handlers until the right handler is found.

Quadratic scaling can be avoided in this particular program by carefully adjusting
the lexical scope of the exception handler so that only one is installed in the evaluation
context at any time, but it would be ideal if the programmer did not have to concern
themselves with such details. Furthermore, there exist useful programs for which deep
stacks of handlers are unavoidable—we will see one in Section 2.7—and for those programs
the scalability issue cannot be addressed merely by hand-tuning the scopes of handlers.

To lift, or not to lift? A lift-based approach is perhaps necessary for a compiler target-
ing a high-level language, but one may wonder whether the run-time cost is avoidable for a
compiler targeting a language that allows low-level control over the call stack. In a certain

IThe most recent version of Effekt has since adopted the approach laid out in this chapter and no longer
exhibits this overhead [37].
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sense, lift goes against the grain of lexical handlers. The lift construct of Biernacki et al. [3]
is a related language mechanism introduced to tame dynamically scoped handlers so that
they do not compromise abstraction safety. The abstraction-safety problem does not arise
in the context of lexical handlers [65], so lift ought to be unnecessary. This chapter offers
a strategy to compile lexical handlers without lift. As Figure 2.2 shows, the running time
of the scheduler implemented in LEXA scales linearly, with or without Tick effects.

2.2 Two Core Languages: LEXA and SALT

We formalize the key aspects of compiling lexical effect handlers to a stack-based low-level
language using two core languages, LEXA and SALT. LEXA is a compiler intermediate
language with support for lexical handlers, and SALT is an assembly-like language with
support for low-level control over memory and stack layout. Sections 2.3 to 2.5 will define a
translation from LEXA to SALT and prove it correct. We use the two languages to capture
the core ideas of how we compile lexical handlers; it is not a goal to formally verify a
realistic compiler. Our compiler implementation, described in Section 2.6, largely follows
the formalism and supports additional features and optimizations.

2.2.1 Source Language: LEXA

LEXA programs use lexically scoped variables to identify handlers. LEXA is intended as
a compiler intermediate language, where every use of a handler explicitly refers to the
variable that binds the handler in the lexical context. A surface language can provide a
lighter-weight syntax by resolving uses of handlers to variables in scope, as formalized in
prior work [68, 7]. To simplify the formalization, LEXA programs are assumed to have
undergone closure conversion and hoisting, so all functions, including those representing
handlers, are closed and hoisted to the top level. Our compiler implementation does include
these standard transformations.

Because effect handlers in LEXA have a unified representation as functions, LEXA sup-
ports bidirectional effects [70], namely the ability for a handler to raise reverse-direction
effects to the computation that raised the initial effect. Similarly to Multicore OCaml [1g],
which also compiles to call stacks, it is not a goal of the formalism to support handlers
with multishot resumptions; thus, in the LEXA formalism, a resumption can be resumed
at most once. Our compiler implementation does have limited support for multishot re-
sumptions (Section 2.6.2). Full support for multishot resumptions will be described in
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constant ¢ = i|P|ns

value v o= xlc

expression e = v |wv; 4 vy |newref (vo,- - ,v,_1) | m (V)| vy [i] = va |V(v1, 0 0p) |
handle Ppoqy with P, under ve,, | raise vy vy | resume vy vy | exit v

term t = wvend|letz=ceint

program G = letrec P, =\71.t1,---, P, = \7,. t,
Figure 2.3: Syntax of LEXA.

Chapter 3. As an intermediate language, LEXA is untyped, but it would be possible to
extend it with a type-and-effect system to ensure type, effect, and abstraction safety as in
prior work [68, 70].

Syntax. Figure 2.3 presents the syntax of LEXA. Ezpressions are in A-normal form [/,

|, where every sub-expression is a variable or a constant. Terms are sequences of ex-
pressions: the term let z; = e; in --- let z,, = e, in v end sequences the expressions
€1,...,€n, binding x; to e; in the rest of the term. We sometimes elide the trailing end for
brevity. The notation |t| denotes the number of let bindings in a term ¢. The metavari-
able P ranges over code labels, which identify functions (including implementations of effect
operations) in the program text. A walue is a local variable x, an integer i, a code label
P, or nonsense ns. An expression takes one of the following forms: a value, an arithmetic
operation, allocating a tuple, reading or writing a tuple, applying a function, installing
a handler, raising an effect to an installed handler, resuming a resumption, and exiting
the program. In the expression handle P4y with F,, under ven,, P, is the label of
the handler code (the implementation of the effect operation), Ppoqy is the label of the
handled code, and v, provides the closure environment for both. A program consists of a
sequence of top-level, possibly mutually recursive functions, one of which is designated as
the main function. Effect handlers are defined as functions, with the last argument being
the resumption. As a standard simplification, the formalism assumes that each handler
has exactly one operation and that each operation has exactly one argument; the compiler
is free of these restrictions.
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constant ¢c = --|L

term t u= -.-|halt

code memory M = P~ \Tq.t1,--+, By — ATyt }
heap value Vo= (vg, -+ ,Up_1) | cont K

heap H = {LLi-»V, - L,—V,}

local environment FE [T1 = V1,0, Ty > Uy

frame F (E,let x = Oint) | #LFe ke
evaluation context K == O|K:-F

configuration C = (M|H|K|EI|?t

Figure 2.4: Syntax of the LEXA abstract machine.

Operational semantics. We give an operational semantics to LEXA as an abstract ma-
chine. Figure 2.4 shows the extra syntax needed for the machine. Terms are extended
with a run-time form halt, which the EXIT rule steps to and which the final-configuration
predicate of Section 2.5 recognizes. The metavariable L ranges over data labels, which are
freshly generated at run time and thus do not appear in the program text. Data labels in-
clude ordinary object labels, generated by evaluating newref, and handler labels, generated
by evaluating handle. A machine state (a configuration) consists of an immutable code
memory, a mutable heap, an evaluation context, a local environment, and a redex. A code
memory M maps code labels to functions. A heap H maps object labels to heap values; a
heap value is either a tuple (v, ...,v,_1) or a resumption cont K. An evaluation context
K is a sequence of frames F. A frame can be an activation frame (E,let x = [0 in t),
which pairs a local environment E with a continuation expecting a value from the hole [J;
or a handler frame #£LYer-Lenv[], which records a label L identifying the handler instance,
a label P, identifying the handler code, a label Ly, identifying the closure environment,
and a hole [J. A local environment E records the values of arguments and local variables
for an activation of a function.

Figure 2.5 shows the rules that allocate on the heap or involve effect handling; Figure 2.6
shows the remaining rules. Since the syntax is in A-normal form, the order of evaluation is
already determined, so there are no structural rules for locating the next redex. The rules
fall into two groups. Rules in the first group evaluate an expression locally; this group
includes NEWREF, which allocates a tuple on the heap. (The meta-level function E(v) is
defined as E(x) if v = z and ¢ if v = ¢.) Rules in the second group involve control-flow
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(M || H| K| E| let x =newref (v, ,vp_1) int) —

(M| HIL = (E(o). -+, E(va—)) | K || Ble — L] || t)

where L is fresh

(M || H|| K| E| let x = handle Pogy with Py, under veyy in t) —
(M| H| K-(E,let x =01int) - #L% e || [zeny = Leny, Tnat — L] || ')
where L is fresh, M(Pyody) = M(Zenv, Thar)- ', and E (Venv) = Leny

(M| H|| K- (Blets =0 int) #LPrlenT | B | vend) — (M | H | K | Ble > E'()] | t)

(M| H || K- (#LPrLe0) . K' || E || let z = raise v; vy int) —»

<M | H[Ly, — cont (#LFPowLew(l). K'-(E,let = O int)] || K | [a:env s Loy, y = Ev2), k Lk] I t’>
where Ly, is fresh, E(v;) = L, and M(Pop) = M(Teny, ¥, k).

(M ||H| K| E| let x = resume vy v3 int) —

<M | H[Ly s ns] | K - (E,let = O int) - K' || E'l2' — E(va)] | t’>

where E(v1) = L, and H(Ly) = cont K’ - (E',let 2/ = in t')

Figure 2.5: Selected reduction rules of LEXA.
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(M| H| K| E|leta=0vint)— (M| H| K| Bl E@) | t)

ADD

(M| H|K||E|let z=0v +vyint) — <M | H || K || Elz — E(v1) + E(va)] | t>
GET

(M[|H|K|E|letz=m(v)int)— (M| H| K| Elz—c] |t

where 0 <i < n, E(v) =L, and H(L) = {(cg, -+ ,Cn_1)

SET

(M| H | K || B || 1et @ = ofi] o int) — (M | HL > (co, , BW), -+ sen-1)] | K || Blw = B@)] | )
where 0 < i < n, E(v) =L,and H(L) = {(cg,- - ,cp—1); the ith element is replaced
APP

(M||H| K| E|ltz=uv(vy, - ,v,) int) —

(M| H | K- (B1et =D int) | [z = B(or), - a0 - E(wn)] | ¥)

where E(v) = P and M(P) = Ax1,--- , &)t/

RET

(M| H || K-(E,letz=01int) || E' || v end) —> <M | H || K || Elz— E'(0)] | t>

(M||H| K| FE| lety=exitvint) — <M |H || K-(E,let y=01int) || [Zresur — E(v)] || ha1t>

Figure 2.6: The remaining reduction rules of LEXA: local evaluation, heap access, function
calls, and program exit.
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transfer: APP, RET, HANDLE, LEAVE, RAISE, RESUME, and EXIT. They push or pop frames
and switch to a different local environment. We focus on the four rules governing effect
handling.

The HANDLE rule pushes an activation frame (the current local environment and the
remaining term) and a handler frame onto the evaluation context. The handler frame
contains a freshly generated handler label L that identifies the newly installed handler
instance. The rule then sets up a new local environment for FPoqy, binding Zen, to the
closure environment Le,, and xpq to the handler label L, and runs the body. The genera-

tivity of L matches the semantics of previous languages supporting lexical handlers, such
as Genus [09] and Effekt [7].

The LEAVE rule pops the handler frame and returns to the most recent activation frame,
updating the local environment with the return value.

The RAISE rule suspends the current computation and transfers control to a handler.
The first operand of raise is interpreted into a handler label L identifying the handler
instance to raise to; the second is the argument to the effect operation. A handler frame
matching L is found in the evaluation context, and the context is unwound to that point. A
resumption, made up of the unwound frames, is reified and stored in the heap; a fresh label
Ly, identifies it and can be used as a first-class value. The handler code F,, becomes the
next redex, receiving its closure environment, the operation argument, and the resumption

Ly.

The RESUME rule continues a suspended computation. The first operand of resume
is interpreted into a label Lj identifying the resumption; the frames stored under L, are
pushed back onto the evaluation context, the suspended local environment is restored and
updated with the resumption argument, and the suspended term resumes. To prevent the
resumption from being resumed again, the heap is updated to map L; to the nonsense
value ns; attempting to use L again causes the machine to get stuck. This enforces,
dynamically, that a resumption is resumed at most once.

2.2.2 Target Language: SALT

SALT is an assembly-like language supporting heap-allocated stacks.

Syntax. Figure 2.7 presents the syntax of SALT. A word is an address ¢, an integer 4, or
nonsense ns. An operand is a word v or a register name r. Instructions are standard for an
abstract assembly language; the only exception is the mkstk instruction, which allocates a
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location (¢ = P
word v C|i|ns
operand 0 r|uv
instruction t u= addr,o|mkstkr |salloci|sfreei|mallocry,i |
mov ry, 0 | load ry, [rs + i] | store [rg + ], 05 |
push o | popr | call o| jmp o | return | halt
instruction sequence [ = |41
program G == P:1L,---,P,: 1,
Figure 2.7: Syntax of SALT.
location ¢ = .| L|next(f)
code memory M {Pi— 1, ,P,— I}
stack s nil|s:w
heap value Vv (U1, ,vn) | s
heap H {Ly—= Vi, Ly — V,}
register file R {Sp = Vsp,Ip — Vip, T = vy, -+ TR U, }
configuration C == (M | H || R)

Figure 2.8: Syntax of the SALT abstract machine.

new stack on the heap. A program G is a finite map from code addresses (ranged over by
P) to instruction sequences, one of which is designated as the main function.

Operational semantics. We give an operational semantics to SALT as an abstract ma-
chine; the extra syntax needed is shown in Figure 2.8. A stack is a sequence of words
ending with a special symbol nil that marks the base (as opposed to the top) of the stack.
Stacks are heap-allocated; they are heap values, just like tuples. An address can be a heap
location L or a code-memory location P; heap locations cannot appear in the program
text. Locations can be constructed through the next constructor; the notations ¢ and
next’({) are interchangeable. For example, if L is the base of a stack in a heap H, meaning
H(L) = nil it vy it -+ i vy, then L7 = next?(L) is the stack location where v; is stored.
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R(ip) =¢ M({) =mkstkr L is fresh
(M ||H| Ry — (M || H[L + nil] | R[ip — next({),r — LJ)

R(ip) =¢ M({)=sallocn R(sp)=L" H(L)=nil:v;: -0y
(M||H|| Ry — (M || HIL — nil vy -+ vy ins - - mns] || R[lip — next({),sp — L™*"])
R(ip)=¢ M({)=movsp,0 R(0)=L" H(L)=nil:ov -0y -0,
(M ||H||R) — (M || HIL = nil :: vg -+ - U] || R[ip — next({),sp — L™])
R(p)=( M({)=callo R(sp)=L" H(L)=nil:v;: vy R(0)=/lges
(M ||H||R) — (M || HIL = nil :: vy :: -+ - :: vy, = next ()] || R[AP > ldest, sp — L™H1])
R(ip) =¢ M({)=return R(sp)=L™ H(L)=nil:vy - Umn 1 Laest
(M ||H||R) — (M || HIL = nil :: vy - U1 || R[iP — Ldest, sSp — L™1])

Figure 2.9: Selected reduction rules of SALT.

A register file R contains finitely many registers, including the distinguished stack-pointer
register sp and instruction-pointer register ip; we write R(r) = R(r) and R(v) = v. A
configuration C' consists of an immutable code memory, a mutable heap, and a mutable
register file.

Figure 2.9 shows selected rules that deal with stacks. To take a step, the instruction
at the address in ip is executed. The register sp always points to the top of a stack—an
invariant respected by all rules. A mkstk instruction allocates a new stack; salloc (resp.
sfree) grows (resp. shrinks) the stack pointed to by sp, with new slots initialized to ns.
For mov rg4, o, the word 1:2(0) is copied into rg; in case ry is sp and I%(o) is a stack location
L™, the stack L is cut so that sp points to the top L™. The opcodes call and return are
like those in x86: they push or pop the return address onto or off the stack.

Notice that SALT has no instructions specialized to effect handlers; handlers are com-
piled to its low-level, general-purpose instructions. This low-level nature distinguishes our
approach from previous work [(64, 66, 45] that defines translations to formal models of
high-level functional languages a la System F.
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return
argl .
stack previous
locall
growth frame
return
argl :}current
v locall [’ frame
sp

Figure 2.10: Layout of a single stack in SALT.

2.3 Translating LEXA to SALT

2.3.1 Overview

The translation from LEXA to SALT is defined with functions of the forms [G] = G,
\z.t] = 1, [thy = 1, [ely = I, and [v]; = ¢, for translating LEXA programs, functions,
terms, expressions, and values, respectively. For visual clarity, LEXA constructs are typeset
in blue and SALT constructs in orange. The metavariable " := ¢ | ',  denotes a sequence
of local variables in LEXA.

Figure 2.11 defines the translation for selected LEXA constructs. The translation of
a function uses a simplified calling convention where all arguments are passed through
registers and, upon entering a function, immediately pushed onto the stack. Register rl
is used to store the return value. Before leaving a function, the callee deallocates its stack
frame, and the final return instruction pops the return address and jumps to it.

The layout of a single stack is shown in Figure 2.10. The stack grows downwards. A
black bar marks the base of a stack, and a thick black line marks the boundary between
frames. The stack consists of a sequence of frames, each starting with the arguments
and local variables and ending with the return address; the most recent frame has no
return address. The translation of a term leaves the result of evaluating the term in ri1;
the translation of a value v stores its word into a provided register. Most cases of the
expression translation are ordinary, except for handle, raise, and resume.
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=7

[letrec P = AT1.t1,- -+, P = AT ty] = olp = [V
P [[/\TI tl]],- e, Py [[)\E tn]]s

[[Uo(’l)l, o avn)]]f‘ =

]jhzmdle : [handleé~ ]—)han(lle,spe(tizll : Ihzmdle,spe(tial‘ [[Un i:n I [[’UO]]{‘O - call rO

PI‘ZIiS(-‘, : ]l‘ﬂiS(-“ﬁ Pl‘(—‘ﬁl]lllﬂ : ]1‘(—‘51”11(%

[handle P4y with Pop under veny]p =

[\Nz.t] =1 [[vcnv]]??’ ; mov 12, Pop; mov rl, Poody;

M1, ). t] = call Phandle
pushrn; ---; pushrl; [[t]]xn,m,xl : [raise vy vl =
sfree k; return [[1)2]]1122 ; [[111]]11:1 ; call Prajse
where k = n + [¢| [resume vy vo] =
[val 525 [oa]F; call Presume
[t =1
[let z = e int]p = [e]: pushrl; [t]r, [v]p =
[v end]p = [o]F [zi]s,.,... wy = Load T, [sp — ]

[i]; = mov r, i
[P]f =mov r, P

Figure 2.11: Translation of selected LEXA constructs.

2.3.2 Translating handle, raise, and resume with Trampolines

Most of the work of effect handling happens in the built-in trampoline functions Pandie,
Paise, and Pregume, Which are provided in Figure 2.12 as a reference.

To understand what the trampoline functions do, we illustrate concrete executions of
the scheduler program (Figure 2.1) as control goes in and out of the trampolines. Fig-
ures 2.13 to 2.15 illustrate, respectively, the execution of a call to handle, raise, and
resume. Each figure contains five state snapshots at different points during the execution
of a trampoline: (1) before the trampoline is called, (2) at the beginning of the trampo-
line, (3) inside the trampoline, (4) before control is about to leave the trampoline, and
(5) after control leaves the trampoline. Each snapshot consists of the register file and the
heap-allocated stacks; registers and stacks unrelated to the discussion are omitted. Stack
slots that belong to header frames (explained below) are highlighted in yellow. The use

of x as a location offset (e.g., P;,,,) means the exact offset is not relevant. It helps to pay
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Phandte :
0 mov r4, sp;
1 mkstk sp;

2-5 push r2; push r3; push 0; push r4;

6 mov rb, rl;
7 MoV r2, sp;
smovrl, r3;
9 callrb;

10 pop r2;

11 sfree 3;

12 MoV Sp, r2;

13 return

Prase :

0 load r4, [rl];

1 store [rl], sp;

2 mov sp, r4;

2 load r5, [r1 — 3];

;-5 malloc r3, 1; store [r3], rl;
6 loadrl, [r1 — 2J;

7 jmp r5;

PBresume :

0 load r3, [rl];
1 store [rl], ns;
2 load r4, [r3];
3 store [r3], sp;
4 mov sp, r4;

5 mov rl, r2;

6 return

Figure 2.12: Built-in trampolines used by the translated code.

# rl: Pl,)(,)dy7 r2: Pop, r3: Leny
# save old stack pointer

# create new stack and switch to it

# create header frame; 0 is the general annotation (Section 2.4)

# r5: Phody

# r2: exchanger slot

# rl: Leny

# call Pyoqy with args in rl, r2

# r2: top of parent stack

# deallocate remaining header frame

# switch stacks

# rl: exchanger slot, r2: op arg

# r4: top of handler stack

# exchanger: top of resumption stack
# switch stacks

# r5: Pop

# r3: Ly

# rl: Leny

# call P,p with args in rl, r2, r3

# rl: Lj, r2: resumption arg

# r3: exchanger slot

# invalidate resumption object

# r4: top of resumption stack

# exchanger: top of handler stack
# switch stacks

# rl: resumption arg
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attention to the ip register, which points to the next instruction to execute.

Translating handle with Pyangqie. Figure 2.13 shows the state transitions as control
enters the handle expression in spawn (line 19, Figure 2.1). (1) Control is inside Pipawn
and about to enter the trampoline Ppanqe; the registers store the arguments to Pandie-
(2) Upon call Pyanqe, the return address is pushed onto the stack Lg. (3) A new stack
is allocated. Four values are pushed onto it: the address of the handler operation Pyq
(Prorx is omitted in the presentation), the address of the closure environment Le,,, the
handler annotation general (Section 2.4 discusses annotations), and the old value of sp.
We call this region of the stack the header frame, and we call its fourth slot—currently
storing the old sp—the exchanger. As we will see, the exchanger always points to the top
of some stack: either the top of the parent stack or the top of the resumption stack. It
facilitates the exchange of stack pointers during a raise or resume. (4) Control is now
about to transfer to B,qqy, the handled code, with two arguments in registers: the closure
environment L, and the location L{ of the header frame. Here, the location of the header
frame is used in Ppoqy to identify the handler instance. (5) As control enters Poqy, the
return address and arguments are pushed onto the stack.

Translating raise with Pase. Figure 2.14 shows the state transitions as an effect
is raised (line 31, Figure 2.1), a resumption is captured, and control is transferred to a
handler. (1) Control is inside P, and about to enter Ppe: rl points to the header
frame of the handler, and r2 stores the operation argument. (2) Upon call P, the
return address is pushed onto the stack L;. (3) The contents of the exchanger and sp
are swapped. (4) Control is about to leave P for the handler code Pyeq. A single-
element tuple is allocated to store the address of the header frame; the address of this
tuple, Ly, serves as the identity of the resumption and is placed in r3 as the last argument
to Pjiena. (5) Control enters Pyielq, and its arguments are pushed onto the stack Ly. Notice
that, importantly, no run-time search or stackwalking is needed to identify the handler or
capture the resumption.

Translating resume with Pegume. Figure 2.15 shows the state transitions as a previ-
ously captured resumption is resumed (line 12, Figure 2.1). (1) Control is inside the caller
of resume and about to enter P,sume: rl points to the resumption object, and r2 stores
the resumption argument. (2) Upon call Piesume, the return address is pushed onto the
stack Lg. (3) The pointer to the exchanger is loaded from the resumption object at Ly, the
contents of the exchanger and sp are swapped, and the resumption object is updated to
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L ip- " o PO i b P2 Y- -
A ip: P;pavm ! ip: Pha.ndle ip: Phandle ip: Phlandle | ip: P‘;ody
; sp:L§ ‘ sp:Lj sp:LY sp:L} sp:L]
| r1:Ppody : r1:Phody r1:Phody rl: LGv
r2: Pyield r2: Pyield r2 :Pyield r2: Ll
: r3:Leny : r3:Lenv r3:Lenv r5:Phody
r4:L3
0
Lo p— Lo p— La—L11— Lo L 1 Lo p L 1
.. .. .. sp .. ..
Lqueue Lqueue Lqueue Lqueue Lqueue
Ljoh l;job Ljob I;joh I;jab
sp PSEaWn P;an" PSEaWn PSann
Sp ' sp Pﬁandle
L1
L
Sp env

Figure 2.13: State transitions as control enters a handle expression and a handler instance

is installed.

ip: P;(ob ip: Prﬂ-aise ip: P?’*aise ip:Plaise ip: P;ield
sp:Lf sp:Li sp:L§ sp:Lp sp:Lj
r1:L% rl:L4 rl:L% rl:Leny
r2:0) r2:() r2: () r2:0)
r3:Ly
r5: Pyield
Lo py L1 Lo pmy L1 Lo pm L1 Lo py L1 Lo pmy L1
Lqueue Lqueue Lqueue Lqueue Lqueue
P* P* P* P* P*
sann sann seawn i sann sann
Sp sp L
Pﬁandle Pﬁandle Pﬁandle Pﬁandle () Pﬁandle
Ly L5 | .. Leny
op L5 L5 L5 L4 sp L4
sp ;ob P;ub ;ob I-k ;ob

Figure 2.14: State transitions as an effect is raised, a resumption is captured, and control
is transferred to a handler.

ip : P;aller‘ ip : Pvﬂ‘esume ip : Prs'esume ip : Pvéesume ip : P;ob
sp:Lp sp:Lh sp:L§ sp:L} sp:L§
rl:L, rl:L, r2:(0) rl:() r1:()
r2:0 r2:()
Lo p L1 Lo p L1
P:auer P:aller‘
sp
Ptb\andle Pr‘:andle Pﬁandle Pgandle Pﬁandle
L[ L§ L[ L§ L[ ns | L[ ns | Ly[ ns |
[ ] &} L L1
P* * * * sp
Job job joh Job
sp sp

Figure 2.15

. State transitions as a prexszously captured resumption is resumed.




prevent it from being resumed again. (4) Control is about to leave Piesume for the resump-
tion (the previously suspended computation in Piy,); the resumption argument is moved
to rl. (5) A return instruction pops the return address off the stack L; and transfers
control to the suspended computation in Piqp,.

2.4 Optimizing Tail-Resumptive and Abortive Handlers

Entering a handle expression in general requires heap-allocating a new stack. However,
this allocation is unnecessary when the handler is either tail-resumptive or abortive. A tail-
resumptive handler resumes the captured resumption in a tail position, and an abortive han-
dler does not resume the resumption at all. In practice, many handlers are tail-resumptive
(e.g., the client code of a coroutine-style iterator) or abortive (e.g., exception handlers),
so it is worthwhile to compile them as efficiently as possible. This section formalizes how
our compilation strategy avoids allocating new stacks for these handlers and how tail-
resumptive handlers can be invoked in place.

Syntax. To capture the essence of how these special handlers are translated, we update
the syntax of LEXA, as Figure 2.16 shows. handle expressions, as well as handler frames,
are extended with annotations A that indicate whether the handler is tail-resumptive,
abortive, or otherwise (a general handler). To simplify the formalism, raise expressions
are also annotated, and the operational semantics requires that a handler handle only
effects raised by a raise with the same annotation. Our compiler is more flexible: it does
not require raise expressions to be annotated; rather, the raise implementation looks up
the annotation in the handler’s header frame and dispatches accordingly.

Operational semantics. The HANDLE rule still works for all three kinds of handlers,
needing only a metavariable A. The RAISE rule is updated to work only for raise general,
and two additional rules are added for raise tail and raise abort, as Figure 2.16 shows.
A raise tail expression is reduced in place, as if it were a regular function call. A
raise abort expression is reduced by aborting the surrounding computation delimited by
the handler frame. In both cases the handler implementation M (F,,) is no longer param-
eterized by a resumption k, and neither case reifies the resumption as a heap-allocated
object, which justifies not allocating new stacks in the translation.

Importantly, even though tail-resumptive handlers are invoked in place, they can readily
raise their own effects without any extra bookkeeping, thanks to the lexical scoping of
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handler annotation A == tail|abort | general

expression e = ---|handle Pyoqy with A Py, under veyy | raise A vy vo
PO ,Lenv
frame F o= | #L,® g

<M | H || K - (#Lf;;’fe“@ "K' | E || et z = raise tail v; v in t> —
<M | H || K - (#Lf;ipfem@ K- (E,let z=0int) | [menv > Lony, y E(’Ug)] I t’>
where E(v1) = L and M(P.p) = MZeny, y)-t'

<M | H| K - (#Lfg;’iemﬂ> -K'|| E | 1et = = raise abort v; v in t> —
(MLH | K| [en = Leney = E(o2)] 1)
where E(v1) = L and M(P.p) = MZeny, y)-t'

[general]” = mov r,0 [tail]” = mov r, 1 [abort]” = mov r.2
[handle Poqy with A P, under veny].  [raise tail vy o]y [raise abort v va]p
o r4 . r3 . o r2 rl . r2 rl .
= [A]"": [venvlr : = [uvalr s [wily = [valr s [wily
mov 12, Pyp; load r3, [r1 — 3J; load r3, [rl — 3J;
mov rl, Phody; loadrl, [r1 — 2]; mov sp, rl;
call Piandle_special callr3 load rl, [r1 — 2J;
where A = tail or A = abort sfree 4; jmpr3
Phandle,special : # rl: Pyody, r2: Pop, r3: Leny, r4: A
push I‘2; push 1'3; push 1'4; push ns; # create header frame on same stack
mov r5, rl; mov r2, sp; mov rl, r3; call rd;  # call P,q, with args in r1 and r2
sfree 47 return # deallocate header frame and return

Figure 2.16: Extending LEXA and the LEXA-to-SALT translation to address tail-resumptive
and abortive handlers. The HANDLE and RAISE rules are omitted as they require minimal
changes to the rules in Figure 2.5. 31



Running a

Before raise tail-resumptive Running an
handler abortive handler
Lo™ return address Lo™ return address Lo™ return address
L _op L _op x_arg: 42
L_env L_env o x_env: L_env
annotation tail
L_handle” L_handle”
x_hdl: Lon+2 x_hdl: Lon+2
Sp—
return address
x_arg: 42
s x_env: L_env

Figure 2.17: Stack layouts for tail-resumptive and abortive handlers, which place the header
frame on the parent’s stack rather than on a freshly allocated stack.

handlers. In languages where handlers are dynamically scoped, in-place invocation of tail-
resumptive handlers is tricky to get right: extra care must be taken to ensure that the
in-place invocation does not bring unintended handlers into the dynamic context. For
example, in the work of Xie and Leijen [(0], the tail-resume optimization requires a special
under construct that filters out handlers that should be skipped when the tail-resumptive
handler raises its own effects. In contrast, with lexical scoping, a tail-resumptive handler
has already captured the right handlers in its lexical closure, so it can be invoked directly
without extra machinery. This simplicity speaks to the well-behaved nature of the lexical-
scoping semantics.

Translation. Figure 2.16 also shows that the translation of handle is specialized for
tail-resumptive and abortive handlers: it allocates the header frame on the same stack as
the parent, using the trampoline Phandie special instead of Phangle. Notice that Phandie special
uses no mkstk instruction, and that it pushes an ns value in place of the exchanger, which
is needed only when a resumption has to be reified and stacks switched. The translation
of raise tail looks like a regular function call. The translation of raise abort cuts the
stack to the abortive handler’s header frame and then jumps to the handler’s code.

32



Figure 2.17 illustrates the resulting stack layouts. Because the header frame sits on the
parent stack and no new stack is allocated, a tail-resumptive raise is essentially a function
call, and an abortive raise is essentially a stack cut followed by a jump. As we discuss in
Section 2.6, these special cases also avoid all heap allocation, and—because no assembly-
level stack switching is involved for tail-resumptive handlers—they expose the generated
code to the full force of downstream optimization.

2.5 Correctness of the Translation

To show that the translation is semantics-preserving, we give a simulation proof relating
the execution of a program in LEXA to the execution of the translated program in SALT.
Our theoretical framework strictly follows Leroy [20].

We first define initial and final configuration predicates for both languages. The initial
configuration of LEXA loads the top-level functions into the code memory, together with
an additional P.,;; that calls the main function and exits; the heap, evaluation context,
and local environment are empty. The initial configuration of SALT loads the translated
instruction sequences, together with a P.; that calls the main function and halts; the
heap contains an initial empty stack, sp points to it, and ip points to P.;. In a final
configuration of LEXA, the term is halt and the value in the current local environment is
the result; in a final configuration of SALT, ip points to a halt instruction and the value
at the top of the active stack is the result.

Starting from an initial configuration, a program that reaches a final configuration with
result ¢ after finitely many steps is said to converge(i); a program that reaches a non-final
configuration from which no step is possible is stuck; and a program that steps forever
diverges. These are the observable behaviours of a program.

Definition 2.1 (Semantic preservation). A translation function [-] is semantics-preserving
if, whenever G |} B and B # stuck, we have [G] | B.

To prove that our translation preserves semantics, we use a simulation argument: we
construct a relation ~ relating LEXA configurations to SALT configurations and show that
it is preserved by the reduction relations of both languages.

Definition 2.2 (Simulation). A target-language reduction relation — simulates a source-
language reduction relation — with respect to a relation ~ if, for all Cy, C5, and C' such
that Cy ~ C5 and Cy; — C, there exists C, such that C'; —" C!, and C| ~ ).
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Theorem 2.1. A translation [-] from a source language Ly to a target language Lo is
semantics-preserving if, for every Ly program Gy and its translation G5 = [G1], the fol-
lowing hold:

1. ifinitialz, (G1, C) and initialz, (G, C5), then Cy ~ Cy;
2. if Cy ~ Cy and finaly (Cy,1), then finaly,(Cs,1);

3. — simulates — with respect to ~.

The proof of Theorem 2.1 can be found in Leroy [26]. Given the theorem, all that
remains is to construct the simulation relation ~ and show that it satisfies the three con-
ditions. The relation is defined using several auxiliary relations that relate components
of the configurations. Some are indexed by a context = that maps LEXA labels to SALT
addresses; the mapping for most labels can be statically determined, except for the han-
dler labels of tail-resumptive and abortive handlers, which correspond to addresses in the
middle of a stack whose offsets from the base are known only at run time. The most
interesting auxiliary relation connects the current point of control in the two languages: it
relates a LEXA evaluation context to a SALT heap, where one LEXA evaluation context can
correspond to multiple SALT stacks (one per general handler installed), and it relates the
most recently pushed stack frame to the location pointed to by sp. A LEXA resumption,
in turn, corresponds to a single-element tuple and a collection of stacks in SALT.

Theorem 2.2. The translation from LEXA to SALT is semantics-preserving.

Theorem 2.2 is reduced to proving that the simulation relation ~ satisfies the three con-
ditions of Theorem 2.1. The proof is largely mechanical; the full development, including
the auxiliary relations and the case analysis, can be found in Appendix A. We have also im-
plemented the formalism faithfully in Racket, including the translation and an interpreter
for the target language.

2.6 The LExA Compiler

The previous sections provide a formal account of the compilation process. This section
describes the implementation of our compiler for LEXA. Unlike the formalization, which
assumes programs have undergone closure conversion, the compiler supports a friendlier
surface syntax for LEXA. It applies closure conversion and hoisting before compiling to C;
the compiled C program is then fed to LLVM for optimization and code generation, and
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the generated code is linked with the Boehm-Demers-Weiser garbage collector [5]. The
compilation from LEXA to C is syntax-directed and does no optimization of its own; we
leave all standard optimizations to LLVM.

At the heart of the back end is a C library, called StackTrek, that provides low-level
facilities for stack switching. Its design follows the formalization closely. StackTrek consists
of x86-64 assembly functions responsible for stack switching, together with a set of user-
facing macros that are useful in themselves to a C programmer who wants to write programs
with lexical effect handlers.

2.6.1 Overview

StackTrek provides three macros for stack switching: HANDLE, RAISE, and RESUME. They
correspond to the built-in functions Piandie, Praise; and Presume in the formal translation
(Section 2.3). Figure 2.18 shows how the macros are used in compiled C code for the
scheduler example of Figure 2.1. To improve readability we use C global variables and
remove the closure environment parameters, and we omit the Tick and Exn handlers; an
actual program would need to handle the exceptional case of an empty queue at line 5.

HANDLE (line 20) takes the code to be handled and the handler, which contains an im-
plementation and an annotation for each effect operation. Depending on the annotation,
HANDLE may allocate a new stack and switch to it; it allocates a header frame and uses as-
sembly to enter the handled code. Although HANDLE contains several branches for handlers
of different annotations, the branch to take is always resolved at compile time, so HANDLE
is essentially executed as a linear sequence of instructions. RAISE (lines 29 and 34) takes
a pointer to the header frame identifying the handler, the operation index, and the argu-
ments; it invokes the operation implementation and, depending on the annotation stored
in the header frame, may switch stacks. RESUME (line 6) takes the resumption and the
value to resume it with.

2.6.2 Limited Support for Multishot Resumptions

A multishot resumption is one that is resumed more than once. Our formal translation
rules this out: it enforces at run time that each resumption is resumed at most once, the
same restriction adopted by Multicore OCaml [18]. Our implementation goes further and
does support multishot resumptions, but only under the conditions we make precise below.

Recall that the compiler gives each handler a run-time identity, the address of its
header frame, and that a raise site reaches its handler through this address (Section 2.3).
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queue_t* q
int n_jobs

queueMake () ;
1000;

void driver () {
resumption_t* k = queueDeq(q);
RESUME (k, 0);
driver () ;

}

void yield(resumption_t* k) {
queueEnq(q, k);
}

void fork(void* g, resumption_t* k) {
queueEnq(q, k);
spawn (g) ;

}

void spawn(void (*f) (header_t*)) {
HANDLE (f, ({GENERAL, yield}, {GENERAL,
}

void scheduler (void (*f) (header_tx*)) {
spawn (f) ;
driver () ;

}

void job(header_t* P) {
RAISE(P, 0, O);
}

void jobs(header_t* P, header_t* T) A
for (int i = n_jobs; i > 0; i--)
RAISE(P, 1, (job));
}

int main() {
init_stack_pool();
scheduler (jobs) ;
destroy_stack_pool ();
}

Figure 2.18: The scheduler example in C using the StackTrek macros.
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A captured resumption therefore holds, within its stacks, references to the header frames
of its handlers. Resuming such a resumption more than once requires copying its stacks,
since the original must be preserved for any later resumption. Herein lies the difficulty:
when the stacks are copied, the references they contain are copied verbatim, so they still
point to the header frames on the original stacks, whereas we want them to point to the
corresponding header frames on the copied stacks. Without fixing up the references or
redirecting them, the copies of the resumption effectively share the same header frame,
and they might corrupt the exchanger slot that stores the parent stack information of
another copy.

That said, our implementation still supports multishot resumptions under certain re-
strictions: a multishot resumption must span no more than one stack, and at most one copy
of it may be installed on the active stack at any time. Under these conditions the header
frames can safely be shared among the copies, because the exchanger slot will not be inad-
vertently corrupted. These restrictions are mild in practice: every benchmark from prior
work [38] and from our own evaluation (Section 2.7) can still be expressed idiomatically.
Chapter 3 introduces a redirection technique that lifts the restrictions altogether.

2.6.3 Stack-Switching Functions and Calling Convention

At the core of each StackTrek macro is a call to a function containing inline assembly; we
call these stack-switching functions. They are written as naked C functions so the compiler
generates no prologue or epilogue. Wrapping the assembly in C functions is convenient
because the C compiler respects calling-convention annotations and thus saves and restores
register state across the call and return. Figure 2.19 shows the stack-switching function
used by the RAISE macro.

In SALT, registers serve only to shuttle values between memory and the processor. A
real machine, however, also uses registers to hold program state. The System V calling
convention for x86-64 prescribes that about half of the registers be callee-saved and the
other half caller-saved. This works when control flow is local, but in the presence of stack
switching a caller might be returned to from a different callee that does not hold the register
state the caller expects. A common workaround is to use setjmp and longjmp to save and
restore register state as part of stack switching.

The OCaml compiler takes a different approach: it uses a calling convention where all
registers are caller-saved. This makes stack switching cheap, because it does not matter
if control returns from a different callee—the caller restores the register state by itself.
We refer to this convention as preserve none. The convention is not without cost: it
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I __attribute__ ((naked, preserve_none))
2 int64_t save_switch_and_run_handler(

3 intptr_t* env, int64_t arg, void* exec, void* func) {
1 __asm__ (

: "movq O0(%%rdx), %hrax" // Load sp from the ezchanger

6 "movq %hrsp, O(h%rdx)" // Save sp to the exzchanger

7 "movq %hrax, %hrsp" // Switch to the new stack

8 "jmpq *%hrcx" // Call the handler; the first three
9 // args are in the right registers

10 ),}

Figure 2.19: Stack-switching function for the RAISE macro.

may save and restore registers across calls that do not actually use them. In our imple-
mentation we therefore use a hybrid convention: System V for most user functions, and
preserve none for the stack-switching functions and for functions that implement effect
operations. The preserve_none attribute serves as a hint to LLVM. This choice simplifies
StackTrek, because the stack-switching functions are no longer responsible for saving and
restoring callee-saved registers via setjmp/longjmp; it also facilitates optimizations, as
we discuss next, while preserving the usual System V performance profile for most user
functions.

Lifting the overhead out of the hot path. When an effect operation is invoked in a
hot path, the cost of saving and restoring callee-saved registers can be significant. Consider
line 34 of Figure 2.18, where fork is invoked in a tight loop. Under System V, the callee-
saved registers would have to be saved inside the stack-switching function every time fork
is raised, a major cost in this tight loop. Under preserve none, since there are no callee-
saved registers, the stack-switching function does not save and restore any registers, so the
loop is lightweight. However, now all registers are caller-saved, which seems to just move
the cost to the caller. Luckily, the compiler is able to move the saving and restoring to the
prologue and epilogue of the caller (jobs), doing it only once.

Exposing tail-call optimization opportunities. The preserve none convention also
enables tail-call optimizations that would be missed if setjmp and longjmp were used for
stack switching. Figure 2.20a shows a round-robin scheduler between two tasks: when the
running task yields (line 5), the parked task is resumed (line 13) in a tail position of the
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= header header = header header
frame frame frame frame
_ . work work
1 val parked = ref None; frame frame
5 = R while while = while while
> val work fun () { Jmp-buf frame frame Jmp-buf frame frame
3 handle %,I‘:;er}lg | jmp_buf | | jmp_buf | %Irlaenlig | jmp_buf | | jmp_buf |
| while true [ep | [eemat] | | lsp
5 raise P.yield ()
. done sp i yield frames will accrete
7 with P : Process =
8 | yield _ k =>
5 val peer = !parked (b) Stack layout before/after resume, with setjmp and
10 parked := Some k longjmp. A gray jmp_buf is populated.
1 match peer with
12 | S o m e k ) = > P P P P P P
13 ’ =— | | header header =— | | header header
resume k
frame frame frame frame
14 | None => () work work
frame frame
15 | fork g k => --- \ while while M while while
16 ¥ ; frame frame frame frame
yield A A A
17 work () ; frame
sp
s work ()
sp

(a) Round-robin scheduling with ef-

fect handlers. (c) Stack layout before/after resume, with the LEXA compiler.

A triangle marks the boundary from a SysV function to a
preserve_none function.

Figure 2.20: For the program in (a), using setjmp and longjmp for stack switching can
lead to stack overflow (b), while the preserve none calling convention used by the LEXA
compiler allows tail calls to be optimized (c).

yield handler.? This scheduler resembles the one used by Multicore OCaml [18], in which
a paused computation is resumed in a tail position of a handler.

If stack switching were implemented with setjmp and longjmp, each switch would
save the callee-saved registers on the current stack in a jmp_buf, so the yield frames
would accumulate and the stack would grow with every yield, eventually overflowing

2This handler for yield is not tail-resumptive, however. Although k’ is resumed in a tail position of
the handler, it is not the same as the current handler’s resumption k, so the tail-resume optimization does
not apply.
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(Figure 2.20b). The preserve none convention avoids this: the caller of a stack-switching
function saves its register state before the call, so the boundary between caller and callee—
the black triangles in Figure 2.20c—Dby itself records the information needed to resume the
paused computation, and any code holding a stack pointer to such a boundary can resume
the computation simply by executing a ret, just as in our formalization. Because the
RESUME call that resume k’ () (line 13) compiles to is in tail position, the compiler pops
the yield frame before the call, and because the stack-switching function itself has no
frame, the stack size stays constant.?

2.6.4 Reducing Allocations

For efficiency, StackTrek aims to reduce heap allocations. For stacks, we use fixed-size stack
segments, recycled through a stack pool, following prior work on implementing stacks and
continuations [16, 18]. The pool is a contiguous block of memory divided into fixed-size
stack segments, with a global bitmap tracking availability; when the runtime needs more
stack segments than are available, it allocates a new block on the spot. Stack segments
are reclaimed by a combination of manual memory management and garbage collection:
StackTrek releases a stack segment back to the pool when it is certain the segment is no
longer needed—for instance, when the body of a handle expression completes, or when
an abortive handler is invoked and control transfers to an earlier stack segment. A special
macro RESUME FINAL indicates that a resumption is being resumed for the last time, so
that no copy of the stack segment is made and the segment is released afterwards. Stack
segments not released manually are reclaimed by the garbage collector. For header frames,
StackTrek saves an allocation by allocating the handler’s closure environment directly as
part of the header frame; consequently, tail-resumptive and abortive handlers incur no
heap allocation at all.

2.7 Evaluation

We evaluate our implementation of LEXA against other implementations of effect handlers,
on a benchmark suite maintained by the community [I5]. We add three benchmarks:
Resume Nontail 2, Scheduler, and Interruptible lterator. The first tests the efficiency of
capturing and resuming deep resumption stacks; the other two represent real-world uses of

3This tail-call optimization requires that the caller yield also use the preserve_none calling convention,
which is the case in our implementation.
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effect handlers and test the efficiency of effect propagation in the presence of deep stacks
of handlers. The experiments were conducted on a workstation with a 3.5 GHz CPU.

We compare LEXA with the two other languages that support lexical effect handlers,
Effekt and Koka, and we use as baselines two languages that support dynamically scoped
handlers, Koka and OCaml. Koka is best known for its dynamically scoped handlers but
has recently incorporated named handlers [65], a form of lexical handlers. We use Ef-
fekt 0.2.2, Koka 3.1.1, and OCaml 5.3.0, and for OCaml the multicont library [22] for
multishot resumptions. For most benchmarks we use Effekt’s MLton back end, as it pro-
duces the fastest code; for the benchmarks it cannot handle, we resort to the fastest back
ends that can: Chez Scheme for Generator and Handler Sieve, and Node.js for Scheduler
and Interruptible Iterator. (These benchmarks feature recursive, handler-polymorphic func-
tions, which Effekt CPS-translates into stack-shape-polymorphic functions that MLton’s
monomorphization requirement rules out.) The systems differ in many ways besides their
handling of effects—most notably, LEXA has only limited support for multishot resump-
tions, whereas the others support them without restriction; LExA, Effekt’s MLton back
end, and OCaml use garbage collectors, whereas Koka uses reference counting; and Koka
uses GCC as its back end whereas LEXA uses LLVM. We advise the reader to take this
potential for bias into account.

Results. The results are presented in Table 2.1 and Figure 2.21. LEXA is the fastest
system on eight of the 14 benchmarks; on the rest it is the second fastest. Figure 2.21
shows scaling plots, with input size on the x-axis and running time on the y-axis; LEXA
is the most scalable system on the same eight benchmarks. Compared to Effekt, LEXA
fares particularly well on Handler Sieve, Scheduler, and Interruptible Iterator, which involve
recursion and thus lead to deep stacks of handlers at run time. Also notable are Countdown
and lIterator, where LEXA compiles the program to a constant: most credit belongs to
LLVM, but that LEXA generates code amenable to such optimizations is a testament to
its quality—in particular, because tail-resumptive handlers allocate the header frame on
the same stack, no assembly is involved, allowing LLVM to optimize without hindrance.

LEXA is less efficient on benchmarks that use multishot resumptions (Nqueens, Tree
Explore, and Triples), where Effekt or OCaml is the fastest; Effekt represents resumptions
as immutable closures and so need not copy them when they are used more than once.
The Resume Nontail 2 benchmark forces the stack to grow with the input size and thus
stresses the cost of capturing and resuming deep resumption stacks; both LEXA and Effekt
scale linearly, while Koka (regular and named) scales super-linearly, which suggests that
capturing a resumption is not a constant-time operation in Koka—Koka builds up the
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Table 2.1: Benchmark running times measured for different systems. “n/a” indicates that
the benchmark could not be implemented in the respective system. For benchmarks that
we could not compile with Effekt’s MLton back end, we use the fastest back ends that
can handle them (Chez Scheme or Node.js). The fastest result for each benchmark is
highlighted.

Benchmark LEXA Effekt Koka (named) Koka (regular) OCaml

(ms) (ms) (ms) (ms) (ms)
Countdown 0 58 3721 2008 2468
Fibonacci Recursive 718 1659 1356 1346 1404
Product Early 146 279 1628 1636 150
Iterator 0 115 436 269 262
Nqueens 411 144 2070 1959 854
Generator 1261 1536 (Scheme) 9474 9337 1085
Tree Explore 189 292 293 285 172
Triples 267 35 1868 2336 424
Resume Nontail 170 113 1504 1434 265
Parsing Dollars 326 117 3042 3163 1888
Handler Sieve 570 3482 (Scheme) 2180 2216 2824
Resume Nontail 2 170 258 407620 406230 391
Scheduler 322 1892866 (JS) n/a 2975 467
Interruptible Iterator 176 1225211 (JS) 1032 n/a 237190
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Figure 2.21: Scaling behaviours of different systems on 14 benchmarks. Effekt is omitted
from the Scheduler chart; it appears in Figure 2.2. Resume Nontail 2 and Interruptible Iterator
are each represented by two charts; the second chart (with the title in bold) reports on the
systems that exhibit super-linear scaling, using LEXA as a reference point.
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resumption frame by frame, which takes longer as the stack grows. OCaml is piecewise
linear on this benchmark, likely a consequence of its stack management strategy.

The Scheduler benchmark, featuring Tick effects, is the program of Figure 2.1. Effekt
does not scale on it, as discussed in Section 2.1. Interestingly, OCaml scales well: its
exception handling is implemented differently from effect handling, by passing the code
address and stack location of an exception handler to the raise site. Koka (regular) also
scales linearly, but for a different reason—tail resumption: because the Tick handler is tail-
resumptive (line 50) and Koka performs the tail-resume optimization, Tick is invoked in
place without reifying a resumption; removing the tail-resume hint degrades Koka to super-
linear scaling. The Interruptible Iterator benchmark, adapted from prior work [30, 70], uses
bidirectional effects [70] to let the client of a coroutine iterator concurrently update a list
during iteration. Like Scheduler, it leads to O(n) recursion depth and installs O(n) handlers,
but unlike Scheduler the installed handlers cannot be avoided by adjusting lexical scopes.
Effekt and OCaml both scale super-linearly on it, while Koka with named handlers scales
linearly—again degrading to super-linear scaling when the tail-resume hint is removed.

2.8 Related Work

Zhang et al. [69] demonstrate that dynamically scoped exception handlers can lead to
exceptions being caught by the wrong handler. To address this, they introduce tunneled
exceptions and a type system enforcing that exceptions tunnel through program contexts
oblivious to them. Tunneling is essentially a form of lexically scoped exception handling.
They implement tunneled exceptions for the Genus programming language [67], compiling
them to unchecked Java exceptions: installing a handler generates a fresh identifier that
is passed down the call chain as a capability, and upon an exception the call stack is
walked to find a handler with the matching identifier. Zhang and Myers [(68] suggest
that the loss of local reasoning with dynamically scoped handlers can be analogized to
a loss of parametricity [59]. They prove, for a type-and-effect system supporting effect
polymorphism, that local-reasoning principles are restored by lexical effect handlers, using
a logical-relations argument.

Biernacki et al. [1] coin the term lexically scoped handlers and study two semantics
for them, open and generative, showing that generativity is necessary when effect op-
erations can be polymorphic. Existing languages supporting lexical handlers, including
LEXA, freshly generate labels for each installed handler instance at run time. This gener-
ativity is also seen with multi-prompt delimited control [20]. Indeed, StackTrek is similar
to libmprompt [25], a C/C++ library for multi-prompt delimited control: both support
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constant-time stack switching, but StackTrek additionally avoids allocating new stacks
when the delimited continuation is not used or is invoked in a tail position.

Brachth&user et al. [7] present Effekt’s type-and-effect system for lexically scoped han-
dlers, featuring lightweight effect polymorphism via second-class values, and translate it
to System =, a calculus where handlers are passed explicitly. System = is then translated
to a region-based calculus A, via lift inference [38], which is further compiled to Sys-
tem F [15]. System Z is similar to LEXA in that both are intermediate languages where
handlers are passed explicitly; it differs in being typed and in imposing a second-class
restriction on functions, handlers, and continuations, which simplifies lift inference. Sys-
tem C [0] extends System = with first-class functions, but how to translate System C to
Acap is left as future work. Besides lift inference, Effekt has back ends that target a monad
for multi-prompt delimited control [11, &]. As discussed in Section 2.1, both strategies
involve run-time computations to lift a raised effect out of the extents of its dynamically
enclosing handlers until the right handler is found.

WasmFX is a proposal for adding effect handlers to WebAssembly [10]. It is largely
based on dynamically scoped handlers but does consider named handlers, a form of lexical
handlers given a generative semantics. Xie et al. [65] present a type-and-effect system for
first-class named handlers in Koka. Koka was initially designed around dynamically scoped
handlers [21], and Xie and Leijen [06] formalize the compilation of dynamically scoped
handlers to a language with multi-prompt delimited control, passing evidence vectors that
can be looked up to find the correct handler; named handlers in Koka are implemented on
the same mechanism, passing evidence as first-class values. The LEXA compiler instead
targets a lower-level language, manipulating stack layout directly.

Liu et al. [30] introduce interruptible iterators in the JMatch language, with two back
ends: a CPS translation to Java and a direct translation to C++. Zhang et al. [70] intro-
duce bidirectional effects, subsuming interruptible iterators and generalizing formalisms of
effect handlers, with applications such as async—await with exceptions; a semantic sound-
ness result is established, while an implementation is left as future work. Our formalization
and implementation of LEXA support bidirectional effects. It is also possible to encode
bidirectional effects by passing thunked effectful computations to resumptions [70].

2.9 Summary

We have presented an approach to compiling lexical effect handlers to low-level stack
switching. The compilation is faithful to the lexical-scoping discipline, eliminating the cost
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of a run-time search for handlers, and it is guided by a formal model of the translation
that is proven semantics-preserving. The upshot is that the lexical-scoping semantics of
effect handlers not only affords local reasoning principles, as previously established, but
also enables good performance, as our empirical results suggest. The latest release of
the LEXA compiler is available at https://github.com/lexa-lang/lexa. The next two
chapters build on this foundation: Chapter 3 extends the direct approach to full multishot
resumptions, and Chapter 4 restores the zero-overhead principle for exceptional effects.
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Chapter 3

Zone LEXA: Virtualizing
Continuations

Chapter 2 established a stack-switching implementation of lexical effect handlers in which
the stack address of a handler serves as its run-time identity, so that raising an effect
needs no run-time search: the runtime jumps directly to the handler whose address was
passed down to the raise site. That technique, however, breaks down in the presence of
multishot resumptions. Resuming a continuation more than once requires copying its stack
segments, and the copied segments retain handler references that still point into the orig-
inal stack. This chapter presents Zone LEXA, an implementation strategy that fully sup-
ports multishot resumptions—including running multiple copies of the same resumption in
parallel—while preserving the constant-time handler lookup that makes a stack-switching
runtime fast. The central idea is to make handler references virtual and to translate them
to physical stack addresses on demand, through a mechanism inspired by virtual memory
in operating systems. This chapter is based on “Virtualizing Continuations” [35], published
at PLDI 2026.

3.1 The Multishot Challenge

Raising an effect suspends the current computation and captures the delimited continuation
(a.k.a. the resumption) up to the corresponding handler. The handler may then choose
whether, when, and how many times to resume the continuation. The implementation
techniques studied so far in this thesis, based on stack switching, use stack addresses as
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unique identifiers for the handlers installed on the stack. This approach avoids searching
the stack for the appropriate handler when an effect is raised: the runtime can directly
locate the handler via its stack address, thereby enabling efficient handler lookup and
continuation capture. The technique was first introduced in LEXA [33] (Chapter 2) and
subsequently adopted by Effekt [37]. Unfortunately, this implementation strategy appears
incompatible with multishot continuations.

The power of multishot resumptions. The ability to resume a continuation multiple
times is an attractive language feature. It facilitates concise and modular implementa-
tions of parsing, game search, proof search, symbolic execution, probabilistic inference,
checkpointing, and more.

For example, Figure 3.1 shows how a simplified version of depth-limited expectimax
search [13] can be implemented with the help of lexical effect handlers and multishot
resumptions. Lines 7-9 give a generic framework for defining stochastic search problems,
and lines 14-25 implement the expectimax search algorithm.

The step function models a single step of the agent’s interaction with the environment:
the agent chooses an action, which causes the environment to stochastically transition to
a new state. The state transition function nextState is probabilistic; hence it needs the
capability to perform the Probability effect. The expectimax function computes the
value of a state s (i.e., the optimal expected utility) with a planning horizon of n steps, by
recursively computing the value of the next state with a horizon of n - 1 steps.

Raising an effect (in step and in nextState) transfers control to the handler, while also
capturing the delimited continuation up to the handler. The handlers, defined on lines 20—
25, interpret the Decision and Probability effects by exploring all possible choices of
actions and all possible state transitions. The handler for Decision interprets choose by
invoking the resumption k with every possible choice of action—multishot resumptions!—
and taking the maximal value. The handler for Probability interprets sample by invoking
the resumption k with every possible state from the distribution’s support—again, mul-
tishot resumptionsl—and computing the expected value averaged over all possible state
transitions. By allowing the continuation to be resumed multiple times, multishot resump-
tions provide an elegant way to travel back in time and explore more than one possible
future.

An implementation challenge. Multishot resumptions are powerful, but they pose
a seemingly irreconcilable challenge for the stack-based implementation strategy found
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effect Decision =

| choose (actions: list[Action]) : Action
type Dist[’al = list[(float, ’a)]

effect Probability =

| sample (dist: Dist[’al]) : ’a

def actions (s: State) : list[Action]
def nextState (p: Probability) (s: State) (a: Action) : State
def utility (s: State) : float

def step (d: Decision) (p: Probability) (s: State) : State =
let a = raise d.choose (actions s) in nextState p s a

def expectimax (n: int) (s: State) : float =
if n == 0 then utility s
else
handle (d: Decision) (p: Probability) =>
expectimax (n - 1) (step d p s)
with
| choose choices k =>
List .max
(List.map choices (fun ¢ => resume k c))
| sample dist k =>
List.sum
(List.map dist (fun (prob, s) => prob * resume k s))

Figure 3.1: Defining and solving stochastic search problems. The effect handlers use

multishot resumptions.
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| choose choices k =>
List.parMax
(List.parMap choices (fun ¢ => resume k c))
| sample dist k =>
List.parSum
(List.parMap dist (fun (prob, s) => prob * resume k s))

Figure 3.2: A parallelized version (simplified) of the handler code for the choose and
sample operations. This code leads to run-time errors in both Base LEXA and Effekt.

in LEXA and Effekt. In such an implementation, multishot resumptions require making
multiple copies of the captured continuation, each with its own copy of the same portion of
the stack. This stack copying is known to be a problem when the stack contains pointers
into itself: the copied stack frames contain pointers that still refer to locations in the
original stack rather than the new copy.

This situation arises in LEXA and Effekt, as they use stack addresses to identify handlers
installed on the stack. After copying, the handler references in the copied stack still
point to handlers on the original stack.! Continuing to use these stale references causes
incorrect behaviour and potentially security vulnerabilities. It is possible to work around
this problem by scanning the stack and fixing up all stale references, but this approach is
known to be costly [53, 51].

As a result, Base LEXA outright forbids stacks captured for multishot resumptions from
containing handlers; it aborts the program if such a situation is detected at run time [33].
For this reason, the code in Figure 3.1 would cause a run-time error in Base LEXA. Effekt
lifts this restriction by introducing a global pointer that routes handler references to the
active resumption copy. However, this approach still disallows a captured continuation
from being resumed while another copy of it is active; Effekt aborts the program if such a
situation is detected at run time [37].

Importantly, this latter restriction, shared by both LEXA and Effekt, prevents parallel
execution of multishot resumptions. We make an observation that is perhaps obvious but
often overlooked in current research on effect handlers: many applications of multishot

IThis problem is not unique to lexical effect handlers. It also arises in other settings that involve stack
copying and stack-allocated (i.e., lexical) resources, since stack allocation leads to pointers into the stack.
We focus on lexical effect handlers, but the ideas presented here can be adapted to other settings as well.
In fact, our implementation already supports a form of stack-allocated state using the same technique
(Section 3.6.4).
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resumptions are embarrassingly parallel, meaning that individual resumptions can be exe-
cuted independently with little communication. For example, in Figure 3.1, the handling
of both the nondeterministic choices of actions and the probabilistic outcomes of state
transitions ought to be easily parallelizable: Figure 3.2 presents a parallelized version of
the handler code, where different copies of the same resumption are run in parallel using
List.parMap. This parallelization could speed up expectimax search on modern multicore
processors. Unfortunately, the restrictions in LEXA and Effekt make them incompatible
with such simple forms of parallelism, limiting the usefulness of multishot resumptions in
practice.

Our approach. This chapter presents a novel implementation strategy for lexical effect
handlers that fully supports multishot resumptions, by virtualizing resumptions. We draw
an analogy between managing multishot resumptions in a language runtime and managing
multiple processes in an operating system (OS). An OS uses virtual memory to provide
each process with a virtual view of its address space. Similarly, we provide each copy of a
resumption with a virtual view of the identities of the handlers installed within it, so that
code running in the resumption copy need not care where stack copying has relocated the
handlers, even when multiple copies of the same resumption are run in parallel.?

While modern OSes rely on hardware memory-management units to perform address
translation, our approach uses a software-based memory-management unit (sMMU) to
translate virtual handler references to concrete stack addresses that uniquely identify han-
dlers on the stack. A complicating difference from traditional OS virtual memory is that,
while each OS process can access only its own address space, a resumption may access
handlers on enclosing resumptions’ stacks. Fortunately, the lexical scoping discipline of
handlers enables static reasoning about which handlers are accessible to a resumption.
This observation lets us design an efficient address-translation mechanism that walks a
linked list of zones—rather than finer-grained stack frames or stack segments—thereby
minimizing the run-time work needed for handler lookup.

The chapter is organized as follows. Sections 3.2 and 3.3 present the main ideas from a
language implementer’s perspective. Section 3.4 formalizes the new implementation strat-
egy as an operational semantics for lexical effect handlers, and Section 3.5 proves that
the new semantics is correct with respect to the standard semantics. Section 3.6 gives a
more detailed view of the implementation. The evaluation in Section 3.7 suggests that

2We do not take the analogy too far. It pertains only to address-space abstraction and the idea of
address translation; the actual mechanisms for address translation differ. We do not claim analogies to
other aspects of virtual memory, such as paging.
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our approach enables significant speedups for embarrassingly parallel multishot resump-
tions while incurring minimal overhead on zero- and single-shot resumptions. Section 3.8
discusses related work, and Section 3.9 concludes.

3.2 Background: Handler Lookup in a Stack-Switching
Runtime

A stack-switching implementation of effect handlers works by associating each installed
handler with its own stack segment (a contiguous block of memory). We use the term
stack to denote a linked list of stack segments; the linked-list structure reflects the dynamic
nesting of handler installations. When an effect is raised, the current stack is unwound
up to the handler responsible for handling that effect, and control jumps to that handler
with the continuation packaged as a suspended stack composed of the unwound segments.
If the handler later resumes the continuation, execution switches back to that suspended
stack.

Therefore, the compiler must efficiently implement two operations: (1) finding the ap-
propriate handler for a given effect, and (2) capturing, and later resuming, the continuation
between the raise site and the handler. The second operation is easy to implement effi-
ciently: once the correct handler is located, capturing the continuation just means recording
the top of the suspended stack and switching the stack pointer; resuming the continua-
tion then restores the saved stack pointer. We thus focus on the first operation: handler
lookup. With lexical effect handlers, a raise site is statically associated with a lexically
scoped variable identifying a handler installed in the current stack. The job of handler
lookup is to find this handler.

A running example. To illustrate the semantics of lexical handlers, consider the pro-
gram in Figure 3.3. For simplicity, we assume that the effect type E has only one operation
op : unit -> unit. Figure 3.4 shows the stack snapshots at four key program points.

When control enters a handle expression, a new handler instance is installed on the
stack: the runtime allocates a new stack segment for the handler and assigns a globally
unique name to the newly installed handler. These dynamically generated names are the
run-time representation of the lexically scoped variables bound by handle expressions (e0,
el, €2, e3, and e4 in Figure 3.3). The first snapshot in Figure 3.4 shows the stack at
program point @. Four handlers have been installed at this point, and they are assigned
names 0, 1, 2, and 3. The runtime can choose these names arbitrarily as long as they are
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1 handle (e0O: E) =>

2 handle (el: E) =>

3 handle (e2: E) =>

4 handle (e3: E) => @®
5 raise e2.0p O; ®
6 raise e3.o0p ();

7 with op _ k3 =>

8 with op _ k2 => @

9 handle (e4: E) => @
10 resume k2 ();

12 with op _ k4 =>
13 with op _ k1 =>
4 with op _ kO =>

Figure 3.3: A program with five handlers. The implementations of the handlers, except
e2’s, are elided. The variables e0—e4 are bound by the handle constructs and are available
in the scope of the corresponding handled computations.

oBHEE oBNED eBUBDY BUEHL
sp sp sp

Sp

Figure 3.4: Stack snapshots at four program points during the execution of the program
from Figure 3.3.

unique; we use small integers for illustration. The current stack consists of four segments.
The arrow between two segments indicates the control low when the computation on the
deeper segment finishes and returns to the shallower one.

Next, upon raise e2.op () on line 5, the runtime performs a handler lookup to find
the handler that the variable e2 refers to. Since e2 has been substituted with the name
2, the runtime searches the stack for a handler with that name. Once found, the stack is
unwound up to that handler, capturing a resumption stack consisting of the two unwound
segments, and control jumps to program point @. The second diagram in Figure 3.4
captures the state of the stacks at this point.

As control enters the handle expression on line 9 (program point @), a new stack
segment is allocated and a new handler instance (with name 4) is installed. The state of
the stacks at this point is shown in the third diagram of Figure 3.4.
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Next, on line 10, the captured continuation k2 is resumed, so the suspended resumption
stack is reinstated on top of the current stack. Control transfers to the program point im-
mediately after the raise site (i.e., program point @). The rightmost diagram in Figure 3.4
shows the stack at this point.

Two implementations of handler lookup. One way to implement handler lookup is
to traverse the stack, segment by segment, until a handler with a matching name is found.
This approach exactly implements the semantics of lexical handlers, but incurs an overhead
proportional to the stack depth. We call it the search-based implementation.

A more efficient implementation uses handlers’ stack addresses as their identities [33,

|, as introduced in Chapter 2. Stack addresses are taken at the point of handler in-

stallation and passed down to raise sites. Handler lookup then becomes a constant-time

operation: the runtime simply switches the stack pointer to the stack address passed down
to the raise site. We call this implementation address-based.

The problem with identifying handlers by stack addresses. Unfortunately, this
address-based implementation is simply incorrect in the presence of multishot resumptions.
Suppose that the resumption k2 needs to be resumed twice (e.g., k2 is resumed again on
line 11). The runtime must make a copy of the stack segments belonging to k2. In
Figure 3.5, the snapshots in the top row are captured at program point @ after a copy
of the resumption stack is made and installed. In the search-based implementation, the
handlers installed in the copied stack segments retain their original names (2 and 3). In
contrast, in the address-based implementation, the handlers in the copied segments are
associated with new addresses (0x12 and 0x13).

Immediately after program point @, the program executes raise e3.op () on line 6.
In Figure 3.5, the snapshots in the bottom row are captured immediately after control
transfers to a handler. In the search-based implementation, the runtime correctly finds the
handler with name 3 via stack traversal and switches to the stack segment immediately
enclosing it. In the address-based implementation, however, program point @ still holds
the stale address 0x03, which is no longer valid—the stack segment associated with that
address is not even part of the current stack. As a result, the runtime switches to the wrong
segment. A possible remedy is to scan the copied stack segments and update corrupted
references, but as mentioned earlier, this method is costly.
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Search-based implementation Address-based implementation

v ;

(0] [0x00]<{0x01] [0x02}<{0x03] [0x04)<{0x12}{0x13)]

spT sp

At program point @, before raise

e3.0p0) At program point @, before raise e3.o0p()

v

f [0x00]<{0x01] (0x02] [0x03)] [0x:o4]<{0x12]<{0x13]

SP! erroneous behaviour!

Upon raise e3.0p() Upon raise e3.op()

Figure 3.5: Stack snapshots before and after raising an effect within a copied resumption.

3.3 Virtualizing Stack Space

We present a new implementation strategy, which we call virtual resumptions, that pre-
serves the efficiency of the address-based implementation while correctly handling multishot
resumptions.

This new strategy, inspired by virtual memory management in OSes, can be viewed as a
hybrid of the search- and address-based strategies. Like the address-based implementation,
our new implementation still takes stack addresses at handler installation and passes them
down to raise sites. But these addresses are now wvirtual®> When such a virtual address is
used (e.g., at a raise site), the runtime performs address translation to obtain the actual
stack address. A software-based memory-management unit (SMMU) in the language run-
time manages the virtualized stack space and performs address translation. This address
translation works in a way akin to the search-based strategy, but more efficiently.

Zones and virtual addresses. Stack segments live in zones, managed by the sMMU.
The sMMU ensures that copies of the same stack segment live in distinct zones: each time
a copied resumption is resumed, a new zone is allocated to hold the copied stack segments.
Figure 3.6 shows that a new zone (Zone 1) is allocated when the resumption k2 is copied
and resumed.

3Terminology note: we use the term virtual to refer exclusively to the stack-space virtualization provided
by our runtime system. Beneath this layer of abstraction, the OS may also virtualize physical memory.
Since OS virtual memory is conceptually transparent to our design, we do not consider it until Section 3.6.
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Stack snapshot at program point @
in an implementation based on virtual resumptions

Zone 0 Zone 1

E]“ - --
sp!

Figure 3.6: A stack snapshot with virtual resumptions. For clarity, stack segments are
marked with handler IDs only; full virtual addresses can be reconstructed by prepending
the zone number and appending the offset.

zone number handler ID offset
16 bits 24 bits 24 bits
virtual address: 239F 1A409B 322A32
1 1 1
address : :
translation via 1 1
zone walk : :
\ \4 \4
actual address: 4293 1A409B 322A32

Figure 3.7: Structure of virtual addresses in the implementation described in Section 3.6.
Address translation finds the actual zone number via zone walk.

One way to implement the sSMMU is to allocate each zone as a large contiguous memory
region and to allocate stack segments within it as fixed-size blocks. We implement this
approach in our compiler and runtime system (Section 3.6.1), but it is possible to implement
zones and segments using other allocation strategies (Section 3.6.6). The formalism in
Section 3.4 gives a more abstract account that is independent of these implementation
details.

In our canonical implementation, a virtual address has three fields: the higher bits
are the zone number, the middle bits the handler ID, and the lower bits the offset (see
Figure 3.7). Upon entering a handle expression, the sSMMU allocates a new stack segment
in the current zone using the next available handler ID. The current zone number, the
new handler ID, and offset 0 together form a virtual address, which marks the installation
point of the handler; it is passed down the stack as the capability for invoking operations
implemented by that handler. The next available handler ID is drawn from an incrementing
global counter initialized to zero at program start. The offset field is used to index into
the stack storage local to the handler.
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When a multishot resumption is resumed, the sMMU allocates a new zone, extending
the linked list of zones already on the active stack. The stack segments belonging to the
resumption are copied to the new zone. There is no need to scan the copied segments and
fix up stale references. The same virtual addresses can be used, and they now refer to the
handlers in the copied segments via address translation when used at raise sites.

Address translation via zone walk. The use of virtual addresses necessitates address
translation, which locates the zone containing the target handler through a process called
zone walk. Upon a raise, the sMMU receives a virtual address to translate. First, it
extracts the handler ID H from the virtual address. It then determines the current zone
number using the stack pointer sp. After that, it walks the linked list of zones backwards,
starting from the current zone.

Zone walk is performed at the granularity of zones. As the runtime traverses each zone,
it does not examine every handler in the zone and compare its ID with H, which would be
too expensive. Instead, it uses a simple presence check: for a given zone, if the first handler
in the zone has ID H' such that H > H’, then the zone must contain handler H, so the walk
stops; otherwise, the walk continues to the previous zone. It may be surprising that this
simple check suffices. Its correctness, however, rests on two key properties of the language:
(1) the runtime generates monotonically increasing handler IDs, and (2) handlers in the
program text are lexically scoped. These properties allow us to establish the correctness
of zone walk in Section 3.5.

Once the zone walk stops, say in a zone Z’, the sMMU completes the address transla-
tion: it modifies the original virtual address by replacing the zone number Z with Z’ (see
Figure 3.7). This actual address is then returned to the program for use in switching the
stack pointer.

Demonstration. The stack snapshot in Figure 3.6 is taken at program point @ right
after the resumption k2 is copied and resumed. Upon raise e3.op () on line 6, the
sMMU receives a virtual address—zone number Z = 0, handler ID H = 3—to translate.
From the current sp, the SMMU determines that the current zone number is 1. The sMMU
then begins the zone walk. It first checks whether Zone 1 contains a handler with ID 3
using the presence check: since the first handler in Zone 1 has ID 2, and H > 2, the sMMU
concludes that Zone 1 contains the desired handler. The sMMU immediately constructs
the actual address by replacing the zone number Z in the virtual address with 1 and returns
it.
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As another example, suppose line 6 were raise el.op () instead. The sMMU now
needs to translate a virtual address with zone number Z = 0 and handler ID H = 1.
Because the first handler in Zone 1 has ID 2, and H < 2, the zone walk continues to
Zone 0. Now, the first handler in Zone 0 has ID 0. Because H > 0, the sMMU determines
that it has found the correct zone, so it replaces the zone number Z in the virtual address
with 0 (which happens to equal Z) and returns this translated address.

Correctness and efficiency. An attentive reader may notice that the zone walk would
seem to fail when translating a virtual address with zone number 0 and handler 1D 4:
because the first handler in Zone 1 has ID 2, and 4 > 2, the walk would stop in Zone 1—
but Zone 1 has no handler with ID 4! Rest assured, this scenario is not actually possible.
While Figure 3.6 might give the impression that code running in Zone 1 could access the
handler with ID 4, the type system prevents this possibility, thanks to the lexical scoping
of handlers. Zone 1 is created for a copy of the resumption k2, which is captured between
program points @ and @. At that point, the variable e4 is not lexically in scope, so the
handler with ID 4, which is only installed later, is inaccessible from within the resumption
k2.

Zone walk is efficient. If the program does not use multishot resumptions, our im-
plementation creates no new zones (Section 3.6.2), so all stack segments live in a single
zone—zone walk reduces to a constant-time address-based lookup. When multishot re-
sumptions are used, the overhead of zone walk is proportional to the number of zones
traversed. Even so, zone walk remains more efficient than the search-based alternative,
since traversal proceeds zone by zone rather than segment by segment, and the number of
zones traversed is typically a small constant in practice.

Virtual resumptions, unlike existing implementations of lexical effect handlers [33, 37],
allow multiple copies of the same resumption to be actively running at the same time,
as address translation through zone walk does not depend on centralized resources. This
ability has a happy consequence: the many copies of the same resumption can run in parallel
without interfering with each other, which may translate to significant performance gains
on multicore machines.

At this point, the reader may not yet believe that zone walk is guaranteed to find
the correct handler, especially because the presence check may appear too coarse. In
Section 3.5, we prove that virtual resumptions indeed implement the semantics of lexical
effect handlers. But first, let us formalize the ideas in Section 3.4.
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3.4 A Formal Model of the Zone-Based Semantics

In this section, we capture the essence of virtual resumptions formally. We present two
operational semantics for a core language with lexical effect handlers: a standard semantics
(SL) in which raising an effect searches the stack for the nearest handler with a matching
name, and a zone-based semantics (ZL) in which the handler is found by walking the stack
of zones. Programs written for SL can be executed under ZL without modification.

The two semantics differ only in their treatment of continuation delimiters. ZL intro-
duces a new form of delimiter—the zone delimiter—which marks zone boundaries. Sec-
tion 3.5 proves a simulation theorem between SL and ZL, and Section 3.6 covers implemen-
tation details not modelled by ZL.

3.4.1 Syntax

The syntax of our core language is given below. It is a call-by-value lambda calculus
extended with lexical effect handlers.

value v = x| ()| e
handler value h = Ay, k).e
expression e = v|ej ey | handle A\x.e with h | raise e;(e) | resume e;(eg)

In the expression handle Azx. e with h, the lambda abstraction Ax. e is the effectful compu-
tation under the handler h. It binds a lexically scoped variable x standing for the handler
name (a.k.a. label) freshly generated at run time when control enters e. The handler h,
which is another lambda, binds two variables: y for the payload of the raised effect and &
for the resumption. In the expression raise ej(ey), e; identifies the handler to which the
effect is raised, and ey is the effect payload. In the expression resume e;(es), e; stands for
the resumption, and e, is the input to the resumption.

We make the standard simplifications that each handler handles exactly one effect, that
each effect signature contains exactly one operation, and that each operation has exactly
one argument.

3.4.2 Operational Semantics

Auxiliary syntax. Figure 3.8 shows the auxiliary syntax used by the abstract machine.
Syntax specific to ZL is shown in orange; the rest is shared by both semantics. The syntax
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value v u= ---|1bl(n)|cont K
delimiter w = pa|re
frame A == Oe|v0O|raise(e) | raise v(0) | resume [I(e) | resume v(0)
stack K 1= e|KuzA|K:w}
zone 7 = €| ZuA|Z v
configuration M == (K| e|m) | (K| K'|n|wv]| m)

Le) =2 LK = A)=L(K) LK =wy)=L(K)U{n}

Figure 3.8: Auxiliary syntax for the operational semantics. Elements in orange are specific
to ZL; the rest are shared by both semantics.

of values is extended with labels 1bl(n), which serve as handler identities at run time,
and continuations cont K. A frame A is a computation with a hole [ in it. Frames
can be concatenated to form a stack K, with the next frame plugged into the hole of the
previous frame. There is a special kind of frame w}, called a handler frame, that represents
a handler with label n and implementation A installed on the stack. The delimiter w is
either a standard delimiter = or a zone delimiter »« zone delimiters exist only in ZL. The
empty stack is denoted by e.

A configuration M is either in normal mode or unwind mode. In normal mode, it
consists of a stack K, an expression e, and a counter m used for generating fresh labels;
the counter is incremented whenever a new handler is installed. A configuration in unwind
mode has the form (K || K’ || n || v || m), where K is the part of the stack yet to be
unwound, K’ is the partial resumption stack constructed so far, n is the label of the target
handler, and v is the effect payload. We omit the counter m in configurations when it is
not relevant.

A zone Z is a special case of a stack K. A stack may contain both standard delimiters s«
and zone delimiters », while a zone may contain only standard delimiters ». A zone
delimiter » marks the beginning of a new zone, so we abuse terminology and refer to both
Z and »€} = Z as zones. The auxiliary function £ computes the set of labels present in a
stack.

Reduction rules. Figure 3.9 presents two small-step abstract-machine semantics for the
core language. The rules shared by both semantics are shown in black, those specific to ZL
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APP <K H el €2> — <K = O €9 ” €1>
BETA (K || (Az.e) v) — (K || e{v/z})
ENTER (K || handle Az.ewith h || m) — (K o || e{lbl(m)/x} || m+1)
LEAVEL (K = w} || v) — (K || v)
LEAVE2 (K = A H v) — (K || A[v]>
RAISE (K <!t Ko || raise 1bl(n)(v)) — (K || > = Ko || n || v)
thrc n ¢ L(K2)
RAISE (K || raise 1b1(n)(v)) — (K v)
UNW-INTER-ZONE (K :»d = Z || K' || n || v) — (K ||»d = Z =K' || n| v)
where [ > n
UNW-INTRA-ZONE (K =<' = Z || K' || n || v) — (K |[»t = Z 2K || n| v)
INVOKE (K ||w} = K" || n | v) — (K || e{v/y}{cont w}:K'/k})
where h = A\(y, k). e
RESUME (K || resume (cont K')(v)) — (K =K' || v)

Figure 3.9: Reduction rules of SL and ZL. Rules in blue are specific to SL, those in orange
are specific to ZL, and the rest are shared. The counter m is omitted when not relevant.

are shown in orange, and those specific to SL are shown in blue. All administrative rules
are omitted for brevity, except for APP, which is shown as an example.

Rule ENTER installs a new handler frame on the stack. The handler is given a fresh
label m, and the counter is incremented immediately afterwards. The label 1b1(m) then
substitutes for the variable x, and control enters e. Notice that in both SL and ZL, a handler
frame, when initially installed, is always delimited by »<. While the delimiter remains > in
SL, in ZL it may be upgraded to »« later, when a continuation delimited by it is captured.

The semantics SL and ZL differ in how they reduce raise 1bl(n)(v). SL’s RAISE rule
splits the stack into two parts at the nearest handler frame with label n. The resulting
configuration, now in unwind mode, is invoke-ready, as the desired handler has been found
and the resumption fully constructed. Rule INVOKE then takes over: it invokes the handler,
substituting the constructed resumption for k£, and the configuration returns to normal
mode.

ZL’s rAISE rule does not immediately yield an invoke-ready configuration. Instead, to
model zone walk (Section 3.3), it simply transitions the machine state into unwind mode,
initiating an unwinding process that traverses the list of zones to find the desired handler.
UNW-INTER-ZONE advances the traversal one zone at a time. If the current zone is guarded
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by a zone delimiter whose label [ is greater than or equal to the desired label n, the zone
», :: Z is popped off the active stack and pushed onto the resumption stack. In particular,
if [ = n, the resulting configuration is invoke-ready, so zone walk ends here; otherwise, zone
walk continues. UNW-INTRA-ZONE is in effect when the current zone contains a handler
with label n. Crucially, the delimiter > of the handler is upgraded to »«, marking the
creation of a new zone for the captured resumption. The resulting configuration is now
invoke-ready, so zone walk concludes here as well.

Discussion. Although SL finds the desired handler in just one reduction step, a proper
implementation of this semantics must still examine, one by one, the labels attached to
each delimiter (> or ») on the stack. In contrast, although handler lookup in ZL may take
multiple unwinding steps, the number of steps is proportional only to the number of zone
delimiters (=), which are typically far sparser on the stack than standard delimiters ().
Also notice that ZL does not model zone numbers: their exact values are immaterial to
the high-level semantics of virtual resumptions. Instead, ZL models zone boundaries using
zone delimiters, and address translation is modelled as searching the stack for the right
zone boundary via zone walk.

Demonstration. Consider the stack diagram in Figure 3.6. The shape of the same active
stack in ZL is € = o< i pal et i p€ < (non-handler frames and handler implementations
are omitted for brevity). In a first example, the effect is raised to a handler with ID 3. The
reduction steps taken in ZL are RAISE, UNW-INTRA-ZONE, and then INVOKE—the desired
handler is immediately found in the current zone. In a second example, the effect is raised
to a handler with ID 1. The reduction steps taken in ZL are RAISE, UNW-INTER-ZONE,
UNW-INTRA-ZONE, and INVOKE—first walking out of the current zone and then finding
the desired handler in the enclosing zone.

3.5 Correctness

We now prove that ZL preserves the semantics of SL. This result formally establishes the
guarantee that a program written with SL in mind behaves the same when run under ZL.
It is stated in Theorem 3.1, which says that if a program e type-checks and evaluates to a
value v under SL, then it also evaluates to the same value v under ZL. Recall that SL and
ZL share the same source syntax.
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Theorem 3.1 (Semantic Preservation). If € |ebFe: 7 |eand (e | e | 0) —* (e || v | m),
then (e || e || 0) —* (e || v || m).

Theorem 3.1 follows easily from a simulation lemma (Lemma 3.2), which states that every
reduction step in SL can be simulated by a sequence of steps in ZL.

Lemma 3.2 (Simulation). Given an SL configuration M and a ZL configuration M such
that = M and M ~ M, if M — M’, then there exists a ZL configuration M' such that
M —* M" and M’ ~ M'.

The lemma is proved by case analysis on the SL reduction M — M’. Since most
reduction rules are shared by SL and ZL, the argument is immediate in almost all cases.
We therefore focus on the only nontrivial case, RAISE, whose proof is given at the end of
this section. Before that, we first define the simulation relation ~ and the type system.

3.5.1 Relating SL and ZL

Lemma 3.2 is stated in terms of a relation M ~ M between SL and ZL configurations.

This relation is defined inductively over the syntax, which further requires relations over

. val exp hdl frm |
values, expressions, handler values, frames, and stacks: v ~ v, e ~ ¢, h ~ h, A ~ A, and

K % K. Since the syntaxes of SL and ZL largely coincide, most of the rules are trivial and
are omitted. The only nontrivial case is the relation on stacks, the two key rules of which
are

ctx ;- hdl ctx - hdl
K~ K h ~ h K~ K h ~ h
ctx ;- ctx ;-
K oy Ky K sy Ko

These rules state that both forms of ZL delimiter, ~< and »<}, are related to the SL delimiter
N’ﬂ
h*

3.5.2 Type System
Theorem 3.1 is stated for well-typed programs. Our type system is similar to prior type
systems for lexical handlers [68, 70, 4, 6]. It applies to both SL and ZL and covers both

source programs and run-time configurations. The syntax of type-level constructs and a
selection of typing rules are shown in Figures 3.10 and 3.11.
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In addition to types, labels and capabilities are also at the type level; we call them
constructors collectively. A constructor context A tracks the kinds of constructor variables.
A label 7 is either a label variable p or a label constant n; label constants exist only at run
time. A capability set C' is composed of capability variables e and mappings from labels n
to effect names F'. For a program point that provides capabilities C', the presence of a
mapping n — F'in C indicates that a handler for the F' effect with label 7 is accessible
from that program point. A function type V[A | C]. 7w — 7 abstracts over constructor
variables (bound in A) and mentions a precondition C' describing the capabilities required
to be present on the stack when the function is called. Dually, C' can be seen as the side
effects the function may perform. Similarly, for a continuation of type cont[C]. 71 — 72,
capabilities C' must be present when it is invoked.

The typing rules are implicitly parameterized over a global map F from effect names
to their signatures. Expression typing judgements have the form A | ' e: 7 | C, where
C' is the capabilities required to be present when evaluating e; the capabilities C' can also
be seen as the side effects that e may perform. Value typing judgements have the form
A |T'F v : 7; values are free of side effects. Lambda abstractions are implicitly polymorphic
in constructor variables (bound by A’ in the typing rule). Label values 1bl(n) are given
singleton types LBL(n), and continuations are typed based on the type of the captured
stack K.

In the typing rule for applications, the constructor variables § parameterizing the func-
tion are instantiated by constructors ¢. Capabilities C' are required to be present when
evaluating both e; and e; and when calling the function.

In the typing rule for handle Ax.e with h, the expression e is parameterized over a
label variable p and a term variable x of type LBL(p). Variable = stands for the label
value that will be dynamically created when the handler is installed. Variable p appears
in the mapping p — F' in the capability context of e, which states the requirement that
a handler for F' be available when evaluating e. The premise A |I' - h : F# 7| C
says that the handler value h implements the F' effect and, when invoked, performs a
computation having type 7 and requiring capabilities C'. The premise A F 7 says that the
type 7 of the expression is well-formed without p in the constructor context, effectively
preventing p and x from escaping. This condition is standard; type systems for lexical
handlers [68, 1] or lexical regions [57, 10, 19] use it to ensure type safety. In the typing
rule for raise ej(ey), €7 is given the singleton type LBL(7), and the capability context C
must provide the capability to use n. The use of singleton types for dynamically created
resources, as well as the separation between labels and the capabilities to use them, is
similar to alias types [01]. In the typing rule for resume e;(ey), the capabilities required
to invoke the continuation e; must be present in the current capability context C.
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constructor kind k == Label | Cap

constructor c == n|C

label n = pln

capability set C :==¢€|CUa|CU{n— F}

constructor var g == pla

constructor context A = €| A, B:k

term-var context ' o= e|Tx:7

type 7 == unit |LBL(n) |VIA | C].7 = 7| cont[C].T — T

dom(e) = @ dom(C U {n — F})=dom(C)U{n}

A|TFwv:7| (value typing)

AAN Tz bFe:n|C
A|THXz.e:V[A | Cl.11 — 7 A |TF 1bl(n) : LBL(n)

FK:[C'm ~ [C]r
A |TF cont K : cont[C]. 71 — T2

‘A | TFe:T| C‘ (selected rules)

AlTke : (V[B:k[Cl.11 = 1) [C A,p:Label | x:LBL(p)Fe:7 | CU{p— F}
A|Tkey:m{e/p} | C AFC:R A|THR:F#71|C AFT
A|Tkejep:m{c/B}|C A |T'F handle \z.ewith h:7|C
A|T'Fe:LBL(p) | C C(n)=F A|TFep:cont[C]|. 72 — Tans | C
A’Fl—eg:Tl‘C F(F)271—>7’2 A|F|—€217'2’C
A| Tt raiseei(es) : o | C A | T+ resume e1(e3) : Tans | C

Figure 3.10: Type-level constructs and selected typing rules for values and expressions. The
type system works for both SL and ZL. The full set of rules can be found in Appendix B.
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‘A‘PI—hZF#T‘C‘ (handler typing)

AT y:m,k:cont[C]. 7o — Tans F € : Tans | C F(F)=7 — 1
A|TEMNy,k).e: F# 1ans | C

‘I— A7~ 1o C‘ ‘I— K : [Ci]m1 ~ [Ca]Te ‘ (frame and stack typing)

FK:[Ci]m ~ [Co]m ele-h:F#m | C
K [02]7'2 ~ [03}7'3 FA: T ~ T2 ‘ 02 Vi € dom(cl>7 l<n

K A:[Colm ~ [CslTs K :wy: [CrU{n— F}r ~ [Colm

Figure 3.11: Selected typing rules for handlers, frames, and stacks.

Stack typing judgements have the form + K : [Cy]r; ~» [Cy]a. The type indicates
that K can be installed on a stack that expects in its hole a computation of type 7 with
capability context Cs, and that K itself expects in its hole a computation of type 7 with
capability context C. To type a stack of the form K :: A, the rule ensures that the output
type and capability context of the frame A match the input type and capability context of
the stack K. Notice that the frame type of A does not have an input capability context,
as non-handler frames do not introduce capabilities.

The most consequential rule for our purposes is the stack-typing rule for K : wj. It
additionally requires that any capability needed by the computation to be installed in
the hole of K :: wj be arithmetically no larger than n—that is, created no later than
label n. This invariant holds because, statically, the computation can only access labels
lexically in scope, and, dynamically, labels in the computation’s lexical context are assigned
monotonically increasing numbers when created. This invariant is exactly what makes the
coarse presence check of zone walk correct. Configuration typing - M is standard and thus
omitted.

With the type system in place, the type-safety theorem for SL is standard [68, 1, ].

Theorem 3.3 (SL Type Safety). (Progress) If = M, then either M is a final configuration
or there exists M’ such that M — M'. (Preservation) If = M and M — M’, thent= M'.

We omit the proof.
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3.5.3 Proving Simulation

The simulation proof relies on a notion of labels accessible from the top of a ZL stack:

Acc,,(K) ={l < m|label [ is installed on K and accessible from the top of K }

Accy,(€) &
Acc,,(Z) ={lel(Z)|l<m}
Acc, (K =»dl 2 Z) {le L0 = Z) |l <m} UAcCmin(nm)(K)

The definition is by a case analysis on the shape of the stack /: (1) /U is empty, (2) A
installs no zone delimiter, or (3) /A installs at least one zone delimiter, and the nearest one
to the top is »<).

As a demonstration, consider again the active stack in Figure 3.6, whose shape in

ZL is e o) el st e pa?. The set of labels accessible from the top of this stack is

{0,1,2,3}:
Acc, (( cd? npal ot e N3> ={l€{2,3} |l <00} UAcChin(co2) (F o Nﬂl)
={le{2,3} | I<oo}uU{le{0,1,4} |1l <2} ={0,1,2,3}.

Notice that label 4, installed by =, is not accessible from the stack top, because of the zone

delimiter »<* in between. This is precisely why the apparent failure of zone walk discussed

in Section 3.3 cannot occur. Indeed, if somehow " could be invoked during evaluation,

then no unwinding rule in Figure 3.9 would apply, and thus evaluation would get stuck.

We state some useful lemmas about accessible labels. Lemma 3.4 can be proved by
induction on /.

Lemma 3.4. If | € Acc,,(K), then | < m.

Lemma 3.5 states that, for a well-typed stack /1, all the labels A makes available to
its hole are accessible from within the hole. It can be proved by induction on the typing
derivation of /.

Lemma 3.5. If = K : [C|7 ~ [C5]7, then dom(C)) C Acc (/).

Lemma 3.6 states that, in a well-typed configuration that is about to invoke a handler
with label n, the label is accessible from the top of the current stack.

Lemma 3.6 (Reachability Invariant). If & (/|| raise 1bl(n)(v)), then n € Acc. (K).
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Proof. Because the configuration is well-typed, we have
F K [Ch]m ~ [Co]m and € | e raise 1bl(n)(v) : 71 | Ci.

By the well-typedness of /A" and Lemma 3.5, we have dom(C;) C Acc..(A). By the well-
typedness of the raise expression, n € dom((';). The result follows. m

Lemma 3.7 states that if an SL configuration type-checks and a ZL configuration is
related to it, then the ZL configuration type-checks as well. It can be proved by induction
on the typing derivation of the SL configuration.

Lemma 3.7. If = M and M ~ M, then = M.

We are now ready to prove the RAISE case of Lemma 3.2.

Proof of Lemma 3.2, case RAISE. The proof concerns the following simulation diagram:
(Kq modl o Ky || raise 1b1(n)(v)) —s (K || > = Ky || n || v)
(Kq = w) i Ky || raise 1b1(n)(v)) —5 (K |2 = Ky || n || v)
The top row is the SL step by rule RAISE; the bottom row is the desired ZL reduction
simulating it. The goal is to show that given the SL configurations on the top-left and top-
right, and the ZL configuration on the bottom-left, if they satisfy the relations —s (top
row) and ~ (left column), then there exists a ZL configuration on the bottom-right that
satisfies —3, (bottom row) and ~ (right column). We show that such a bottom-right ZL
configuration exists; its form is given in the diagram. It obviously satisfies the ~ relation
(right column). We now derive —7 . By rule rAISE, the bottom-left configuration first
transitions into unwind mode: M, = (K = w] = Ky || € || n || v). There are two cases.

e /{, contains no zone delimiters. Then )/, takes a single step to the bottom-right
configuration by rule UNW-INTER-ZONE or UNW-INTRA-ZONE, depending on whether
wj is a zone delimiter.

e /{5 contains at least one zone delimiter: /<y = 7 = N;;i‘ S AT N;Z‘l 2 (kB >1).
By assumption the top-left SL configuration is well-typed, so by Lemma 3.7 the
bottom-left ZL configuration is well-typed too. It follows from Lemma 3.6 that
n € Acco (/) = w) = Iy). Meanwhile, by the SL step and rule RAISE, n ¢ L(K>),
hence n ¢ L£(/,). Combining these, it must be that 1 € Acc i, ) (1 5w Zo),
so by Lemma 3.4, n < min(my, ..., mg). Since all zone delimiters in /', have labels
greater than n, rule UNW-INTER-ZONE applies repeatedly, unwinding the zones from

my, mi

I Zy down to »<' = Z;, until the walk reaches Z; then a single step takes the
configuration to the bottom-right configuration, as in the base case. O

»<
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3.6 Implementation

We integrate the idea of virtual resumptions into the LEXA compiler [55]. LEXA is a sim-
ple functional language featuring lexical effect handlers. Its compiler translates a LEXA
program into C, using low-level stack-switching routines (packaged as a C library, called
StackTrek) to implement effect handlers. The compiled C program is fed to LLVM for
optimization and code generation, and a tracing garbage collector manages both heap
and stack memory. StackTrek consists of x86 assembly functions for stack switching and
macros HANDLE, RAISE, and RESUME that use those functions to install a handler, raise an
effect, and resume a resumption. The compiler uses stack addresses to represent handler
labels, enabling constant-time handler lookup. However, Base LEXA cannot support multi-
shot resumptions properly, as copying stack segments to new memory locations invalidates
references to handlers installed on the copied stack.

3.6.1 Overview

To integrate full support for multishot resumptions into LEXA, we implement in C the
sMMU described in Section 3.3. The sMMU manages the stack space using Linux’s system
calls for virtual memory management: zones are created by reserving 512 KB chunks of
aligned virtual address space, and stack segments are allocated as fixed-size blocks of 8 KB
by committing the relevant memory range to physical memory. Thus, a zone can hold up
to 64 stack segments; this number can be freely adjusted by changing the zone sizes. This
allocation strategy lets the sMMU maintain an ordered memory layout without unnecessary
physical cost.

Figure 3.12 illustrates the memory layout of zones and the stack segments within them.
The LEXA compiler allocates a header frame at the base of each stack segment. A header
frame contains information about the handler and points to the previous stack segment
in the active stack (dashed arrows in the diagram). We use a flag in the header frame
to indicate whether the stack segment is the start of a zone; we call such a flagged stack
segment a zone header. A zone header points to the previous zone header in the active
stack. In the diagram, zone headers are marked with a black circle in the top-left corner,
and the solid arrow shows the link between them.

The design in Section 3.3 calls for a global counter to track the next available handler
ID. We observe that a monotonically increasing counter is not necessary; it suffices that
a freshly allocated handler ID is greater than any handler ID currently in use. So, as an
optimization, the sMMU recycles handler IDs using a global bitmap that tracks the handler
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Figure 3.12: Layout of stack segments using OS virtual memory. Grey backgrounds rep-
resent zones. Black circles mark zone headers; the solid arrow links zone headers, while
dashed arrows link consecutive stack segments.

IDs in use. The sMMU maintains another global bitmap to cache zones that have been
allocated and then freed; as a result, the sSMMU operations usually avoid system calls.

Stack switching using the sMMU API. The sMMU manages stack allocation and ad-
dress translation. It exposes the API functions get_stack, free_stack, translate_address,
and dup_resumption. The StackTrek library in the LEXA runtime is surgically modified
(see Figure 3.13) to fully support multishot resumptions using this API.

get_stack takes the stack pointer sp, identifies the current stack segment’s zone num-
ber and handler ID through sp, and allocates a new stack segment in the current zone with
the next available handler ID. It is used on line 2, in the HANDLE macro, to allocate a new
stack segment when installing a handler. free_stack releases the memory associated with
a stack segment, recycling the handler ID (and possibly the zone); it is called on line 5 upon
control leaving the handler’s lexical scope. dup_resumption walks through the stack seg-
ments in the resumption and copies them into fresh zones (line 14). translate_address
performs the address translation described in Section 3.3 and is used by the RAISE macro
on line 8.

3.6.2 Single-Shot and Last-Shot Optimizations

Optimizations exist in Base LEXA [33] that avoid stack copying and stack allocation; our
new implementation preserves them. A single-shot resumption is guaranteed not to be
resumed again, so it is safe to destructively resume it in place. A multishot resumption can
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1 #define HANDLE (body, hdl_def)

2 char* new_sp = get_stack(sp);
3 init_header (new_sp, hdl_def);
4 switch stack to new_sp and run body;

5 free_stack (new_sp) ;

v #define RAISE(hdl, args)

8 hdl = translate_address (hdl);

9 adjust zone links;

10 char*x saved_sp = hdl->saved_sp;

11 switch stack to saved_sp and run hdl->def (args);

15 #define RESUME (rsp, arg)

14 rsp = dup_resumption(rsp);

15 adjust zone links;

16 charx saved_sp = rsp->saved_sp;

17 switch stack to saved_sp and resume with arg;

Figure 3.13: Pseudocode implementation of the StackTrek macros using the sMMU API.
The calls into the sMMU mark the main changes from Base LEXA. A detailed account of
stack switching with StackTrek appears in Chapter 2 and in [33].
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Figure 3.14: Intra-zone header elision. Pink stack segments mark potential locations of
an in-place resumption. If the resumption starts at a greater handler ID than that of the
closest zone header (black circle), the intra-zone header can be elided.

also be resumed in place if it is the last time it will be resumed; LEXA has a resume_final
construct that lets the programmer indicate that a resumption is the last shot. In principle,
reference counting could determine when a resumption is used for the last time; we leave
this for future work, as it is orthogonal to our focus.

Resuming in place introduces a complication: it potentially installs a zone header in
the middle of a zone. To support this case while minimizing the overhead of zone walks, we
introduce an optimization called intra-zone header elision. First, the sMMU uses a global
pointer to track the closest zone header instead of relying on sp. Then, if the in-place
resumption lives in the same zone as this zone header and starts at a handler ID greater
than the header’s, the runtime does not install the intra-zone header. Figure 3.14 shows an
example memory layout: the pink stack segments represent the potential locations of the
resumption. If the resumption starts at a greater handler ID than the closest zone header’s,
the sMMU can skip installing the intra-zone header; if it starts at a smaller handler ID,
the intra-zone header must be installed to establish a new minimum ID for presence checks
during future zone walks.

To fully exploit this optimization, the sMMU treats the main stack as a special zone
header at zone 0 with a handler ID smaller than any valid handler ID. This means that
if a program uses only single-shot resumptions, no extra zone header is installed, and
handler lookup is always constant-time. The empirical results in Section 3.7 confirm that
our approach incurs minimal overhead, suggesting that the optimizations for single- and
last-shot resumptions are preserved.

3.6.3 Optimizations for Abortive and Tail-Resumptive Handlers

A tail-resumptive handler invokes the captured resumption in tail position, and an abortive
handler does not resume the resumption at all. LEXA optimizes both: a tail-resumptive
handler is invoked in place like a regular function call, whereas an abortive handler simply
aborts the surrounding computation delimited by the header frame. Because there is no
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need to capture and restore a resumption, the compiler can avoid allocating a new stack
segment and simply allocate the header frame in the middle of the current stack. Our
new runtime supports these optimizations without extra effort: even with header frames
located in the middle of a stack segment, the sMMU performs the same address translation
as for regular handlers to locate the correct handler instances.

3.6.4 Stack-Allocated Mutable State

Stack-allocated mutable state is challenging to implement in the presence of multishot
resumptions: as each copy of the stack maintains its own version of the mutable state,
care must be taken to ensure that mutations are performed on the correct version. Our
approach can be adapted to support stack-allocated mutable state by employing the same
zone-walking strategy to find the correct copy of the state. This adaptation requires
distinguishing stack addresses from heap addresses (either at compile time or efficiently
at run time), so that only stack addresses are translated. While we leave full support to
future work, our implementation supports a restricted form known as handler-local mutable
state—state belonging to a handler instance and accessible through the handler reference.
Since handler-local state is allocated in the handler’s header frame, locating the correct
version of the state is equivalent to locating the correct copy of the handler instance by
walking zones.

3.6.5 Support for Simple Parallelism

As discussed in Section 3.3, our implementation strategy enables parallel execution of
multiple copies of the same resumption. To support this, we extend LEXA with a parallel-
let expression in the style of Multilisp [21] that evaluates two subexpressions in parallel
and binds their results to two variables. Its syntax and operational semantics are given
in Appendix B.5. Our implementation realizes parallel-let using pthreads and statically
enforces that no effect escapes either of the parallel branches.

We implement a simple fork—join thread pool with a global work queue. A thread that
encounters a parallel-let expression forks the two branches into the work queue and joins
them before proceeding. To prevent deadlock, a thread waiting for a join tries to help with
other tasks in the work queue instead of idly waiting. While a more sophisticated scheduler
with thread-local queues should yield better speedup, we leave that to future work. To
prevent interference between threads, each thread is assigned a unique set of zones and
maintains a thread-local pointer to the closest zone header; a thread-local bitmap tracks the
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zones owned by the thread. A run-time error is raised if a thread tries to modify memory
outside its assigned zones, such as by destructively resuming into another thread’s zone.

3.6.6 Other Ways to Implement Virtual Resumptions

The implementation described in Section 3.6.1 represents one way to realize virtual re-
sumptions; other approaches are possible, each with its own trade-offs. In our approach,
using virtual memory forces each stack segment to stay at a fixed address, which prevents
relocation (e.g., allocating a larger stack when the original overflows); zones also have
fixed sizes, which allows locating zones using pointer arithmetic. While modern computers
should have enough virtual memory to accommodate our approach, there could be cases
where virtual memory is not a viable option.

We outline an alternative that uses a layer of indirection for more flexibility. The idea
is to use a two-dimensional array holding pointers to the stack segments: one dimension
identifies zones, while the other identifies unique handler IDs. This indirection removes the
restriction that a stack segment occupy a fixed location while still maintaining an ordering
among handlers. Arrangements are needed to allow the stack segments to access their own
indices in the array, such as by storing them in their header frames.

3.7 Evaluation

We assess the performance impact of integrating virtual resumptions into the LEXA com-
piler. We refer to the original LEXA compiler as Base LEXA and the new compiler as Zone
LEXA.

Base LEXA has only limited support for multishot resumptions: resumptions cannot
span more than one stack segment, handler-local mutable state is disallowed, and multiple
copies of the same resumption cannot be active simultaneously. These restrictions simplify
Base LEXA: instead of performing address translation to access the correct header frame,
it saves a multishot resumption’s sp in a heap-allocated object independent of the header
frames. Zone LEXA removes these restrictions and fully supports multishot resumptions
without extra heap allocations, but inevitably introduces some overhead due to the addi-
tional bookkeeping needed to maintain an organized memory layout. This motivates our
first research question.

RQ1. For benchmarks that Base LEXA can handle, does the additional book-
keeping in Zone LEXA introduce only small overhead compared to Base LEXA?

74



Base LEXA and the most recent version of the Effekt compiler [37] both implement
lexical effect handlers through direct manipulation of the call stack, but both are limited
in their support for multishot resumptions: different copies of the same resumption cannot
be active simultaneously. This restriction is fundamentally incompatible with running
multishot resumptions in parallel. Zone LEXA removes the restriction, which motivates
our second research question.

RQ2. For benchmarks where multishot resumptions are embarrassingly paral-
lel, does Zone LEXA unlock significant speedups by executing them in parallel?

3.7.1 Overhead of Zone LEXA vs. Base LEXA

We use a community-maintained benchmark suite designed to evaluate effect handler im-
plementations [15], which primarily contains effect-heavy programs that stress the efficiency
of handler invocation and resumption capture. We gather additional benchmarks, drawn
from the literature on effect handlers, that exercise multishot resumptions. All but two are
designed to run without handler-local state or extra handlers inside resumptions, so that
Base LEXA can handle them. We include two other languages supporting lexical effect
handlers—Effekt and Koka. Koka’s named handlers [65] are a form of lexical handlers;
we use them (rather than Koka’s dynamically scoped handlers) when implementing the
benchmarks in Koka. Performance variations among these systems stem from many fac-
tors, not just effect-handler efficiency; we include Effekt and Koka only as reference points.
The main comparison is between Base LEXA and Zone LEXA.

Zero- and single-shot benchmarks. The first group of benchmarks in Table 3.1 is
the community-maintained suite [15], excluding those that exercise multishot resumptions.
Zone LEXA achieves results comparable to Base LEXA, adding little to no overhead on
most benchmarks. For single-shot resumptions, Zone LEXA performs the single-shot op-
timization of Section 3.6.2, which obviates the need for zone walk and exposes further
optimization opportunities to LLVM. The table also shows that LEXA is competitive with
Effekt and Koka on these benchmarks.

Multishot benchmarks. The second group exercises multishot resumptions and com-
prises benchmarks from the community suite together with ones we gathered. In most
benchmarks, Zone LEXA performs similarly to Base LEXA: this parity results from a trade-
off between the cost of memory bookkeeping and the overhead saved by not heap-allocating
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Table 3.1: Benchmark running times (milliseconds, mean) for four implementations of lexi-
cal effect handlers. The first group of benchmarks does not involve multishot resumptions;
the second group does. No parallelism among multishot resumptions is exploited by Zone
LEXA in this table; RQ2 is addressed in Section 3.7.2. “n/a” marks benchmarks an imple-
mentation cannot run. Averages are taken over the benchmarks that Base LEXA supports.

Benchmark Base LEXA Zone LEXA Overhead Effekt Koka

(ms) (ms) (%) (ms) (ms)
Countdown 1 0 —100.0 0 3529
Fibonacci Recursive 581 581 0.0 1853 1120
Product Early 100 100 0.0 255 1766
Iterator 10 9 —10.0 9 484
Generator 832 873 4.9 3434 7767
Resume Nontail 114 131 14.9 111 1778
Parsing Dollars 271 270 —0.4 2347 2886
Handler Sieve 480 478 —-0.4 360 2181
Nqueens 280 349 24.6 403 1776
Triples 201 214 6.5 162 1717
Tree Explore 233 222 —4.7 260 249
Tree Explore BFS 76 78 2.6 182 123
Tree Generator 309 295 —4.5 572 2117
Expectimax n/a 331 n/a 415 778
Knapsack 449 508 13.1 408 2674
Nim 304 299 —-1.6 397 711
Checkpointing n/a 120 n/a 124 n/a
Average 282.7 293.8 3.9 716.9 2058.5
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resumption objects. Because most benchmarks invoke each captured resumption only two
or three times, the two costs balance out. Nqueens performs backtracking search to find
all solutions to the N-Queens problem; Zone LEXA incurs higher overhead here because,
unlike other benchmarks, it invokes each resumption a number of times proportional to
the input size, so the bookkeeping cost overwhelms the saved heap-allocation cost. Expec-
timax implements the expectimax search of Section 3.1; it installs two separate handlers
per recursive call, and Base LEXA fails to support it because some resumptions span two
stack segments. Knapsack is another backtracking search, adapted from [63]; the overhead
of Zone LEXA here stems from a lack of inlining due to larger function bodies, and forcing
the relevant functions to be inlined in the generated C recovers performance similar to Base
LEXA. Checkpointing, from [37], exercises both multishot resumptions and stack-allocated
mutable state; Base LEXA does not support such state, whereas Zone LEXA supports it
using the handler-local state of Section 3.6.4. While Koka supports handler-local state and
can in principle run this benchmark, it cannot handle any reasonable input size due to
stack overflow.

Overall, the results show that Zone LEXA incurs at most moderate overhead on these
multishot benchmarks relative to Base LEXA, while fully supporting multishot resumptions.
Where the overhead is more noticeable (e.g., Nqueens and Knapsack), it is more than offset
by parallel speedup, which we discuss next. Zone LEXA also exhibits the same asymptotic
scaling behaviour as Base LEXA, indicating that zone walk has only constant overhead
in practice, and—because it does not heap-allocate resumption objects—uses significantly
less heap memory on some multishot benchmarks.

3.7.2 Speedup from Parallelizing Multishot Resumptions

Many applications of multishot resumptions are embarrassingly parallel: copies of the
same resumption can be executed in parallel without synchronization or communication.
Figure 3.15 shows the strong scaling of Zone LEXA on a selection of such benchmarks—
fixing the workload and varying the number of threads. Nqueens, Expectimax, Knapsack,
and Nim are straightforwardly parallelized versions of the benchmarks in Table 3.1, while
Tree Explore Det is modified from Tree Explore to eliminate the need for synchronization.
A cutoff depth is chosen manually for each benchmark to maximize speedup while limiting
thread-scheduling overhead. All speedups are relative to a sequential baseline.

The plot shows that parallelization yields speedups for all the benchmarks. In contrast,
neither Base LEXA nor Effekt admits such parallelism, due to the restrictions they impose
on multishot resumptions. Naturally, not all embarrassingly parallel workloads exhibit
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Figure 3.15: Strong-scaling behaviour of Zone LEXA on embarrassingly parallel multishot
benchmarks. Speedups are relative to each benchmark’s sequential baseline.

perfect linear speedup; some show sublinear speedup due to unbalanced computation paths
or extra sequential work after parallel execution.

3.7.3 Summary

The payoft of Zone LEXA, compared to prior implementation strategies, is twofold. In terms
of expressiveness, Zone LEXA enables full support for multishot resumptions with minimal
overhead on zero-shot, single-shot, and multishot applications. In terms of performance,
Zone LEXA may bring significant speedups by enabling the parallel execution of multishot
resumptions.

3.8 Related Work

Lexical effect handlers. Lexically scoped handlers were designed to recover abstraction
safety while retaining the expressiveness of effect handlers [09, 68, 1]. Subsequent work
on continuation-passing-style (CPS) translation for Effekt made these semantics practical
for real languages [15, 38]. It was demonstrated in LEXA that handler lookup can be
made constant-time using stack switching [33] (Chapter 2), and Effekt adopted the same
technique in its LLVM back end [37]. While these approaches all rely on passing handler
references at run time, the associated overhead can sometimes outweigh that of handler
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search, if effects are raised infrequently. Chapter 4 features an implementation strategy—
for low-frequency effects—that does not rely on passing handler references [31]: it pays the
cost of handler search in exchange for minimal overhead on mainline paths where effects
are not raised.

Multi-prompt delimited control. Racket [13] supports multi-prompt delimited con-
trol, and LEXA and Effekt effectively support it too. Prompts, called labels in lexical effect
handlers, are dynamically generated names. Techniques for finding the matching prompt
in the evaluation context vary. In Racket, reducing the primitive call-with-composable
-continuation involves locating the prompt by searching the stack. An earlier version
of Effekt [33] uses a CPS translation that compiles labels away, but handler lookup effec-
tively induces a search-like behaviour. Base LEXA [33] represents labels directly as stack
addresses, which avoids the search but introduces pointer-invalidation issues when stacks
are copied—the issue addressed in this chapter.

Support for multishot resumptions. Some systems support effect handlers but not
multishot resumptions, citing pragmatic reasons. For example, in OCaml 5, resuming a
continuation more than once is a run-time error [18], a choice motivated by the difficulty
of reasoning about multishot continuations for both the programmer and the compiler.
For lexically scoped handlers, supporting multishot resumptions is technically challenging
because stack copying invalidates references to handlers installed on the copied stack.
Effekt [37] recently introduced support for multishot resumptions by using a global pointer
to route handler references to the active resumption copy; however, this approach still
detects and aborts “reentrant resumptions”, precluding parallel execution of copies. Our
virtual-resumptions technique removes this restriction while maintaining the fast lookup
path expected of a stack-switching runtime, thereby enabling parallel execution of multishot
resumptions.

Stack copying and address-space management. Implementation techniques for con-
tinuations have been studied extensively, and their trade-offs evaluated empirically [9, 16].
Beyond multishot resumptions, stack copying also arises when runtimes grow stacks by
reallocation, as in Go [52] and OCaml [18]. Go’s runtime reallocates a stack by copying
it to a new memory location and patching all pointers into the stack to the new location.
OCaml’s runtime keeps a linked list of exception handlers on the stack, and the links of
this list are likewise patched during reallocation.
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3.9 Conclusion

Multishot resumptions can be implemented by stack copying, but stack copying is known
to be at odds with stack-allocated resources—Ilexical effect handlers being a recent focus
of interest. This chapter resolves that tension with a new implementation strategy for lex-
ical effect handlers that fully supports multishot continuations. The key insight is to give
each copy of a continuation its own virtual view of handler identities. This virtualization
is realized by a software-based memory-management unit that performs efficient address
translation, guided by the lexical scoping discipline of handlers. The accompanying for-
mal model captures the essence of the approach and establishes its correctness, and the
implementation yields measurable speedups by enabling parallel multishot resumptions.

Chapter 2 and this chapter both make the handling of effects fast, but they share a
trait: each passes a run-time handler reference down the call chain, so even code that never
raises an effect carries a small cost for the handlers in scope. That cost is a fair trade when
effects are raised often, but for effect handlers whose effects are raised infrequently, it may
be more efficient to pay the cost of handler search only when an effect is raised. The next
chapter explores this design space.
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Chapter 4

Zero LEXA: Zero-Overhead Lexical
Effect Handlers

Chapters 2 and 3 pursued the efficient handling of effects: they made locating a handler,
and capturing a continuation, constant-time operations by giving each handler a run-time
identity (a stack address) that is passed down to the sites that raise effects to it. As the
close of Chapter 3 observed, that run-time representation is not free: even code that never
raises an effect carries it down the call chain. That cost is exactly what this chapter sets out
to avoid. For a large class of programs that raise effects infrequently, the dominant concern
is not the speed of raising an effect but the cost the mere presence of handlers imposes on
the mainline, effect-free paths. This chapter presents Zero LEXA, a compilation strategy
that satisfies the zero-overhead principle: code that does not raise an effect pays no run-
time cost for having the handlers in scope. Zero LEXA reifies no representation of a handler
and passes nothing extra down the call chain. This chapter is based on “Zero-Overhead
Lexical Effect Handlers” [31], published at OOPSLA 2025.

4.1 The Zero-Overhead Principle for Lexical Handlers

Exception handling is a common feature of modern programming languages, designed to
transfer control, in a nonlocal but structured manner, to handler code, separating common-

case code from the handling of exceptional conditions. Effect handlers [11, 12] generalize
exception handlers, letting programmers define custom delimited control operators. As
Chapter 1 discussed, exception handlers (and effect handlers following them [2, 241, 27, 18])

81



have traditionally been dynamically scoped: when an effect is raised, the dynamically
closest enclosing handler is chosen to handle it. A growing recognition that dynamic
scoping compromises abstraction safety and modular reasoning [69, (8] has driven a wave
of language designs toward lezically scoped handlers [69, 7, 33], in which a handler is a
lexically scoped capability and only code that holds the capability can raise effects to it.

The zero-overhead principle. We observe that all existing implementations of lexically
scoped handlers share a common trait: they impose a run-time overhead on execution paths
even when no effects are raised. A small overhead on mainline paths is acceptable in return
for efficient handling of effects. However, there is a broad class of programs that raise effects
much less frequently than they perform effect-free computation. These programs still use
handlers (in particular, exception handlers) to deal with unusual conditions, but their
effect-free mainline paths are traversed far more often than their effect-raising paths. For
such programs, the primary performance consideration is to ensure that mainline paths
are not slowed down by the presence of handlers.

This is an instance of the zero-overhead principle.

“What you don’t use, you don’t pay for.”
— Stroustrup [19,

In the context of exception handling, “zero-overhead exception handlers” means that code
should not pay for exceptions unless they are actually raised. It does not mean that raising
and handling exceptions should have no cost; on the contrary, it accepts a relatively high
cost for the exceptional paths, which are expected to be unusual, in exchange for minimal
overhead on the mainline paths.

“Normal case execution efficiency should not be impaired at all.”
— Liskov et al. [1, 29]

The principle has long shaped the design of exception handling, dating back to CLU [28],
and has influenced C++, Java, and more recently WebAssembly [00] and Python [16].
In all of these languages, exception handlers are dynamically scoped, and zero-overhead
strategies for dynamic scoping are well understood.

However, zero-overhead lexically scoped handlers remain elusive. The semantics of
lexically scoped handlers involves generating fresh labels that identify installed handlers
and passing these labels down to code that raises effects to them [69, 68, 1]. This semantics
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suggests that implementations must represent these labels and propagate them at run time,
incurring overhead even when no effects are raised. Indeed, all existing implementations
do exactly that: handlers are identified via pooled objects [(9], subregion evidence [15, 38],
evidence vectors [65], or memory addresses [33] (Chapter 2), and extra instructions are
needed to propagate these identifiers. Even when the actual overhead is small, the mere
violation of the zero-overhead principle can discourage loss-averse compiler writers from
adopting lexically scoped handlers over dynamic scoping.

This work. We present a compilation strategy for lexically scoped effect handlers that
satisfies the zero-overhead principle. The key idea is a type-directed translation that lets
the compiler emit static information tracking the lexical provenance of the handlers in
scope. This information guides the runtime in walking the stack to locate the handler for
a raised effect. The approach is complementary to, and compatible with, the strategies of
Chapters 2 and 3: effects expected to be raised infrequently can use the new zero-overhead
strategy, while effects expected to be raised frequently can still use the address-based
strategy. A program can mix the two, letting the programmer choose a strategy per effect
based on its expected usage.

4.2 Main Ideas

This section illustrates the main ideas of the zero-overhead strategy on a running example,
the program in Figure 4.1. It consists of four pieces (a library, a plugin, a framework,
and an application). It is similar to the example in Section 1.2, extended with a library
function 1ibFun used by the plugin. Lexical handlers and label passing work as introduced
in Section 1.2; the code in pink marks what is new here—the capability polymorphism of
framework—and can be ignored on a first reading. Although the code still shows the
labels being passed as arguments in square brackets, we will soon see how our compilation
strategy eliminates the need for passing them at run time yet still preserves the original
semantics.

4.2.1 Handler Search Semantics and Implementation Strategies
Figure 4.2 shows the call stacks at the moment 1ibFun raises a Logging effect during a

call from the callback. Each column depicts how a Logging handler is found under a dif-
ferent semantics or compilation strategy. A large triangle + represents the consoleLogger
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effect Logging : string -> unit

def 1ibFun [logger: Loggingl (...) =

raise logger "..."

def plugin [logger: Logging]l (x: int) =

libFun [logger] (...)

def framework [a] (callback: {a}int -> unit) =
handle (fileLogger: Logging) =>
callback (...)
raise fileLogger "..."
with A msg k =>
writeToFile msg; resume k ()

def main () =
handle (consolelogger: Logging) =>
framework [consoleLogger] (plugin [consoleLogger])
with A msg k =>
writeToConsole msg; resume k ()

Figure 4.1: A program consisting of a library, a plugin, a framework, and an application.

Code in pink pertains to capability polymorphism: framework’s capability variable «, its
instantiation in main, and the capture set {«} in the type of callback.
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main main main main Handlers
OO
Y Y \J Y
framework framework framework framework Arrows
-0 — function call
handler search
env: env: 0x3245
plugin plugin plugin plugin Hoppers [
O O
J 0x3245 J Clues
. . . . o immediate
1ibFun 1ibFun libFun 1ibFun
© follow « from caller
Dynamically scoped Lexically scoped Lexically scoped Lexically scoped @ follow from closure
handlers handlers handlers handlers
using labels using addresses using clues and hoppers © follow from caller

Figure 4.2: Stack diagrams illustrating different handler-search semantics and implemen-
tation strategies.

handler installed in main, and a large circle @ represents the fileLogger handler installed
in framework; grey arrows depict the search behaviour.

The first column shows dynamic scoping: the runtime searches the stack for the nearest
handler matching the effect name Logging, finds the one installed in framework, and logs
the message to the file. This is the accidental handling introduced in Section 1.2: where
the callback’s message ends up depends on whether the framework happens to install a
Logging handler, so an implementation detail of the framework leaks.

The second column shows lexical scoping. When a handler is installed, a fresh label is
generated to represent the new handler instance, and effects can be raised to it only through
that label. In Figure 4.1, both 1ibFun and plugin take a label logger for a Logging han-
dler instance; framework is parameterized by a capability variable v abstracting over the
set of labels its callback may capture. This polymorphism expresses that framework is
oblivious to the callback’s effects. At run time, a fresh label (the small triangle +) is
generated upon entering the handle block in main and substitutes for consoleLogger.
plugin captures this label in its closure, and passes it to 1ibFun, which raises to it. The
runtime searches for the handler instance identified by this label, skips the one installed
in framework, and reaches consoleLogger in main. Regardless of the framework’s imple-
mentation, the application is guaranteed that plugin’s messages go to its console.

The third column shows a representative efficient implementation of lexical handlers on
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a low-level machine [33], the address-based strategy of Chapter 2. Instead of generating
fresh labels, the compiler uses the stack address of the handler as the label, so a raise jumps
directly to the handler. While raising is more efficient than the naive search of the previous
column, there is still an overhead associated with passing the extra label argument, even
when no effect is raised. Because control effects in practice (especially exceptions) are
common in code but infrequent at run time, this violation of the zero-overhead principle
is exactly what we wish to remove.

4.2.2 A Zero-Overhead Implementation Strategy

We propose an implementation strategy for lexically scoped handlers that meets the zero-
overhead principle. Unlike existing approaches, it does not reify or pass any representation
of handler instances at run time. Instead, the information needed to locate a handler is
spread across the call stack. When an effect is raised, the runtime invokes a procedure
called the stackwalker. The stackwalker always carries a piece of information called a clue.
If the clue indicates that the stackwalker should walk further up the stack, it finds in the
caller’s frame a transition function, called a hopper, that maps the current clue to the next
clue, which it uses to continue the walk.

The fourth column of Figure 4.2 illustrates the stackwalker on the running example;
each clue is shown as a textual description of what to do next (see the Clues legend in
the figure).

1. When 1libFun raises the Logging effect, the initial clue tells the stackwalker to follow
the logger label parameter of 1ibFun, instantiated by its caller plugin.

2. At the call site of 1ibFun in plugin, the hopper reveals that plugin called 1ibFun
with a logger label coming from plugin’s closure environment. Since the captured
label must originate further up the stack, the walk continues.

3. At framework, the hopper reveals that the label captured in the callback is abstracted
by the capability variable «; the stackwalker turns to follow «, which comes from the
caller main, skipping the fileLogger installed in framework.

4. At main, the hopper reveals that framework’s capability variable a was instanti-
ated by the label consoleLogger, whose handler lives in this very frame, so the
stackwalker reaches the handler implementation directly.
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1 effect F : unit -> unit
3 def funO [ag, ¢o: F, f{1: F] .
A (f: {lyp, w}unit -> unit) =
def funl {/;} [ay, l2: F] 196030500892 {3688006860568609000000000] ]
6 (g: {a1}unit -> unit) = , ; i
7 raise /9 () S S ! [
8 raise (1 ()
9 g ()
10 funl [({y, «g), (o] (£)

Figure 4.3: Higher-order functions with assorted binding structures. Above each function
body, the black boxes are the capability-variable binders, the grey boxes the label-variable
binders, and the dashed white boxes the function’s capture set; dotted arrows indicate the
lexical provenance of each variable.

A hopper at a call site lets the stackwalker transition from walking the callee’s frame
to walking the caller’s frame. To explain what information a hopper stores, we use the
more elaborate example in Figure 4.3, where functions are parameterized by multiple label
variables (¢) and capability variables («). The function funO is parameterized over a
capability variable o and two label variables ¢, and ¢;; its body is a single call to a nested
function funi1, which is parameterized over a; and a label variable /, and captures /;
(shown in curly braces).

The right of Figure 4.3 depicts fun0’s definition, with fun1’s definition nested inside
it. Above each function body (shaded with grey 0 or 1), the black boxes are the capability
variables parameterizing the function, the grey boxes are its label parameters, and the
dashed white boxes are its capture set (funl’s capture set is {/; }; fun0, a top-level function,
captures nothing). The dotted arrows indicate the lexical provenance of the variables. The
main enabler of the zero-overhead strategy is a typing discipline that makes explicit
which of the three kinds of binder (capture set, capability-variable parameter, or
label-variable parameter) a handler in scope is associated with. This discipline gives
each call site enough knowledge, embedded in its hopper, about the provenance of a label
or capability variable to send the stackwalker up the call stack: just reverse the arrows in
Figure 4.3. Hoppers can be computed at compile time, and the stackwalker needs only the
return address of a call site to locate its hopper (Section 4.5); nothing beyond the return
address, already on the stack, needs to be stored.

Figure 4.4 shows three stack snapshots illustrating how hoppers guide the stackwalker,
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fun@’s fund’s fund’s
e frame e frame e frame

3 funl’s S funl’s
frame frame S funl's

frame
[« ] J

(a) raise on line 7 (b) raise on line 8 (c) raise on line 9

Figure 4.4: Stack snapshots illustrating the stackwalker’s behaviour when effects are raised
from different points of the program in Figure 4.3. Clues are shown as numbered circles.

each for a different effect raised from funl or below it. Frames are shaded grey 0 or
grey 1 for funO or funl. Between two frames sit the three kinds of binder, and above
each binder box sit one or more light-blue boxes; this is where the hopper conceptually
resides. It records how each parameter of the callee is instantiated and the provenance of
the captured variables.

e In snapshot (a), funl raises /5 (line 7). The stackwalker starts with an initial clue @
that the handler traces back to the label parameter /, of funl, so it queries the
hopper in the caller’s frame. Given clue @, the hopper returns a new clue @: the
handler traces back to the label parameter /; of fun0. The walk continues.

e Insnapshot (b), funl raises /; (line 8), a free variable captured by funl. By the typing
discipline, captured variables are reflected in a function’s type, and the compiler
includes their provenance in the hopper at the call site. So, given the initial clue @,
the hopper returns clue @: trace back to the label parameter /; of funO.

e In snapshot (c), the effect is raised from below fun1’s frame, by its callee £ (passed
as g, line 9). Queried at the call site of g with a clue that the handler comes from
g’s capture set, the hopper, which records the provenance of the capture set, returns
clue @: trace back to the capability variable o of funl. Using clue @ at the call site
of fun1, the hopper returns clue @: trace back to the label parameter ¢, of fun0.
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At the last hopper, how does the stackwalker know that it should follow ¢, and not az? The
intended handler might have been abstracted by «,. We resolve this potential ambiguity
next.

4.2.3 Non-Ambiguity Requirement on Capture Sets

In snapshot (c) of Figure 4.4, at the call site of funi, the stackwalker encounters the
instantiation of o, and faces two candidates: the handler may be traced back to the label
parameter (; of funO, or it may hide behind the capability variable ay. We resolve the
ambiguity by combining a run-time mechanism with a static restriction.

The run-time mechanism is to make clues carry the name of the raised effect. Suppose
the raised effect is F; the stackwalker carries F as part of the clue, and it queries the hopper
at the call site of funl and finds that, in the instantiation (/y, o), there is exactly one
label 7y declared with effect name F, so it chooses to follow /.

A matching effect name alone is not conclusive, however: there could be multiple
matches, or the intended handler could still be hidden behind o, whose contents are
statically unknown. The static restriction eliminates this possibility at its source: for
every function definition, a nonempty capture set must consist of either a single capability
variable or labels with distinct effect names. Under this restriction, a label with a matching
effect name is guaranteed to be the intended handler, so the stackwalker need not look
further; if no label matches, the handler must be behind the capability variable, of which
there is at most one. The restriction is enforced by the type system (Section 4.3) and lets
hoppers uniquely determine the label or capability variable to follow.

This non-ambiguity requirement is mild. Existing surface-language designs for lexically
scoped handlers enforce a condition stronger than ours [69, 7]: if two effects with the same
effect name are raised from the same function, they must be handled by the same handler.
The stronger condition buys a lightweight surface syntax with no explicit parameterization
over capability and label variables; our implementation strategy applies readily to such
surface languages.

Conversely, it is sometimes useful to let multiple handler instances of the same effect
name coexist in the same scope [65], and our strategy supports this expressiveness. We
emphasize that the non-ambiguity requirement applies to the capture set of a function, not
to its parameters. Therefore, a function may freely be parameterized by multiple handlers
of the same effect name: funO in Figure 4.3, for instance, takes both /; and ¢, of effect
name F. The one place where the non-ambiguity requirement restricts expressiveness is
in handled code blocks. In handle C with H, the block C must be typed like a function
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definition, because once H handles an effect raised within C, the remaining computation
of C may be reified as a continuation, which behaves like a function. The labels that C
captures must therefore have distinct effect names, which limits how many same-effect
handlers coming from an outer scope can be used in C. This limitation vanishes when
H is tail-resumptive or abortive, since such handlers never reify the continuation: it is
either resumed in place or discarded. Because our strategy chiefly targets exceptional
effects, which are typically abortive, the practical impact of the non-ambiguity restriction
is minimal.

4.3 A Formal Model of the Compilation Scheme

We capture the essence of the compilation scheme as a type-directed translation between
two core languages. In the source language SL, handlers are identified by freshly generated
labels passed down to effect-raising sites; in the target language TL, handlers are located
purely by piecing together information left on the evaluation context. Everything else is,
to some extent, an implementation detail. Both languages are based on the simply-typed
lambda calculus, and their semantics are given as abstract machines. SL is intentionally not
high-level enough to be a surface language, and TL not low-level enough to be a machine
language: the aim is to make the semantic gap between them concern only how handlers
are located. This section presents the languages and the type-directed translation, and
Section 4.4 develops the metatheory; the full proofs appear in Appendix C.

4.3.1 The Source Language SL

Figure 4.5 gives the syntax of SL; the type system is deferred to Section 4.3.3. An over-
line denotes a (possibly empty) sequence of syntactic elements, with the empty sequence
written €; the i-th element of a sequence is written 8%, and capture-avoiding substitution
is written e[e — e]. Values include variables, the unit value, and abstractions; an ab-
straction [@; /] (Z) = t may be parameterized by a sequence @ of capability variables and
a sequence ¢ of label variables. A label 1 substitutes for a label variable ¢, and a capabil-
ity T (a sequence of labels and at most one capability variable) substitutes for a capability
variable a. Parameterizing over @ lets a higher-order function be polymorphic over the
capabilities its function arguments require. That a capability may contain at most one
capability variable is a simplification rather than a limitation; see the end of Section 4.3.3
for a discussion.
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In an application v1[T;1](3), the function v; receives the capabilities 7' instantiating
its capability variables, the labels [ instantiating its label variables, and the arguments 5.
The handle construct handle [¢: F| = ¢, with (z,k) = ty binds the label variable ¢
in the handled computation ¢;; the handler ¢, binds the payload x of the raised effect
and the resumption k. A raise expression raise [(v) raises an effect to the handler
identified by the label [, passing v as the payload. A term sequences expressions with let
bindings. SL programs are in A-normal form [17]: every subexpression, except those in the
handle and with clauses, is a value. We make the standard simplifications that an effect
signature contains exactly one effect operation and that an effect operation takes exactly
one argument.

Figure 4.7 gives the operational semantics as an abstract machine, with the runtime
syntax in Figure 4.6. The syntax of labels [ is extended with a metavariable L ranging over
labels freshly generated at run time, which do not appear in program text. The machine
state M is in one of three modes: a normal mode (E || t) with an evaluation context F
and a redex t; a search mode (F || K || L || v) with a continuation K under construction,
a label L, and a payload v; and a rewind mode (E || K || v) with a continuation K to
be rewound. An evaluation context is a sequence of frames: a let frame let x = [J in ¢t
or a handler frame let x = #LW*="[] in t;, which records a freshly generated label L
identifying the handler instance together with the handler code. A continuation is like
an evaluation context but is constructed inside-out rather than outside-in. The syntax
of values is extended with reified continuations cont #L@&®=![  SL uses the standard
deep-handler semantics [23], so every captured continuation begins with a handler frame.

Because SL programs are in A-normal form, the syntax already determines the order
of evaluation, and no structural rules are needed to locate the next redex. The rules
S-APP, S-RETURN, S-LEAVE, and S-DONE are straightforward; in S-APP, the capabilities
and labels supplied at the call site substitute for the callee’s capability and label variables.
The rule S-HANDLE installs a handler frame carrying a freshly generated label L that
identifies the newly installed handler instance, and the handled computation ¢; becomes
the next redex. This generativity of labels at handler installation is shared by all prior
calculi for lexically scoped handlers [69, (8, 4]. The rule S-RAISE suspends the current
computation: the machine transitions to search mode, seeking the handler frame that
matches the label L given as the first operand of raise. In search mode, the unwinding
rules S-UNW-LET and S-UNW-HDL move frames off the evaluation context and accumulate
them into the continuation under construction; when the handler frame matching L is
reached, S-FOUND transitions back to normal mode, with the handler code t; as the next
redex, the accumulated continuation substituting for the resumption k£, and the payload v
for y. The rule S-RESUME restores a captured continuation: the machine enters rewind
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mode, where S-REW-LET and S-REW-HDL move the frames of the continuation back onto
the evaluation context; when no frames remain, S-DONE returns the machine to normal
mode with the payload in redex position.

effect name F' label variable ¢ capability variable « term variable x,y, z, k
label [ == ¢
value v == z| ()] [a;{] ()=t
capability T == e|a|T,l
expression e = wvi [T;l] (3) | handle [(:F] =t with (z,k) = to | raise [(v) | resume vy (vs)

term

t =

v|letx=eint

Figure 4.5: Syntax of SL.

label [ == ---|L
value v = ---|cont #L@H=EK
frame A = letz =0 int|let x = #LWH>20int
evaluation context FE = €| E-A
continuation K = e¢|A-K
configuration M = (E | t)|(E| K| L] v)|(E| K | v)

Figure 4.6: Runtime syntax of SL.
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s-App (E || lety = ([@;f] (z) = t1) [T;L] (v) inty) —
(E-(lety=0inty) ||ty [a—»T,0— L,z 0|)

S-RETURN (F - (letx=0int) ||v) — (E || t[x — v])
S-HANDLE (FE || let # = (handle [(:F] = t; with (y,k) = t2) int3) —
(B (let o = (#LWH=20) inty) || ¢, [( — L]) where L is fresh
S-LEAVE (E - (let x = (#LWH=20) inty) || v) — (B || t1 [z — v])

S-RAISE (E || let x =raise L(v) int) — (E || let e =0 int || L || v)
S-UNW-LET (E-(letz=0int)|| K| L|v) — (E| (letz=0int)- K| L | v)
S-UNW-HDL (E - (let x = (#L'WH=20) int)) | K| L | v) —

(E| (tet = (#L'@M=20) inty)- K | L | v) where L # L'
S-FOUND (E - (let z = (#LWK=20) int)) || K || L || v) —
(E-(letz=01int) || t2 [y = v,k > cont #LWH=LK])

S-RESUME (F || let z = resume (cont #L(y’k):”QK) (v) inty) —
(E-(let z = (#LWH=00) inty) | K || v)
S-REW-LET (E || (letz=01int)- K| v) — (F-(letz=01int) || K || v)
S-REW-HDL (E || (let z = (#LWH=20) inty) - K || v) —
(E-(let z = (#LWH=>0) inty) | K || v)
SDONE (B | ¢ ]| v) — (E || o)

Figure 4.7: Operational semantics of SL as an abstract machine.

4.3.2 The Target Language TL

TL (Figure 4.8) looks similar to SL, with one crucial difference: no label variables or
capability variables appear in it. Abstractions are not parameterized by them, the handle
construct binds no label, and, most importantly, raise does not reference any label but
instead carries a clue. A clue consists of an inder and the name of the effect being raised
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(as in a language with dynamically scoped handlers); the index takes one of three forms: i,
2, or co. The index i, called a label indez, is the TL counterpart of an SL label variable. It
corresponds to the label variable at de Bruijn [12] index 4. Similarly, i, called a capability
index, corresponds to the capability variable at index ¢, and oo refers to a variable in the
capture set. TL applications, handle expressions, and resume expressions are enriched
with call-site metadata (H or T'), produced during the translation from SL to TL. Hoppers
are defined in terms of this metadata: when an effect is raised, the runtime uses the hopper
at each call site in the evaluation context to update the clue until the right handler is found.

The operational semantics of TL (Figure 4.9) is given as an abstract machine. An
evaluation context is built from three kinds of frames: plain let frames, call frames let x =
O in t, which carry the call-site metadata H, and handler frames, which carry the
metadata T'. Unlike in SL, handler frames are not marked by labels, as no labels exist in
TL. The machine has the same three modes as SL’s, but in search mode it carries a clue C'
rather than a label. In normal mode, T-APP and T-HANDLE install a call frame and a
handler frame, respectively, attaching the metadata H or T' to the new frame, and T-RET,
T-RET-APP, and T-LEAVE pop frames when a term finishes evaluating.

The rule T-RAISE transitions the machine from normal mode to search mode, with the
raise expression providing the initial clue; the unwinding rules T-UNW-LET, T-UNW-APP,
and T-UNW-HDL then take over, moving frames from the evaluation context onto the
continuation under construction. A plain let frame is skipped with the clue unchanged
(T-UNW-LET). The rule T-UNW-APP skips over a call frame, updating the clue using the
call-site metadata H: the new clue is hopper (C'), where hopper, is a meta-level transition
function whose definition is the subject of Section 4.3.3. The T-FOUND rule fires when the
enclosing frame is a handler frame and the clue index is 0, meaning that this handler
should handle the effect: the handler body runs with the payload bound to x and the
resumption—the continuation accumulated during the search, delimited by the handler—
bound to k. Otherwise T-UNW-HDL skips the handler frame and continues, updating the
clue with hoppery. .., where T' is the metadata carried by the skipped frame. Finally,
T-RESUME enters rewind mode, and the rules T-REW-LET, T-REW-APP, and T-REW-HDL
replay the frames of the resumed continuation back onto the evaluation context, after which
T-DONE returns the machine to normal mode.
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label index
capability index
value

clue

capability
call-site metadata
expression

term

frame
evaluation context
continuation

configuration

TN Q< 2 ~

S GRS

= oo‘g
= 2| ()| (@) =t]|cont #@H>K

(€ F) | (o, F)

= €e|lal|T, ¢

To; T; 0:F

= v (0)" | handle” ¢; with (z,k) = ty | raise C(v) | resume” v(v)

= v|letz=eint

= letz=0int|letz =07 int|letz = (#(y’k)étD)T int
= €|E-A

e|A-K

= (B ENK[C]v)[(E]K]wv)

Figure 4.8: Syntax of TL, including its runtime forms.
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T-APP

T-RET

T-RET-APP

T-HANDLE

T-LEAVE

T-RAISE

T-UNW-LET

T-UNW-APP

T-UNW-HDL

T-FOUND

T-RESUME

T-REW-LET

T-REW-APP

T-REW-HDL

T-DONE

< |letz = (7) = t) (@7 in t2> s
(E-(let z =0 inty) || t1 [y 0])
(E-(letxz=01int) || v) —
(E-(letz =0 int) ||v) —

(E ||tz o))

(E | t[x—v])
(E || 1let « = (handle” ¢; with (y,k) = t2) ints) —
<E <1et v = (#oR=t0)" in t3) I t1>
<E (let r = (#wP=t0)7 in tl) I v> (B ||t [r s o))
(E || 1et # = raise C(v) int) — (E || let z =Oint || C || v)
(E-(letz=0int) | K| C | v) —
(E-(1et z =0 int) || K | C || v) —
(E || (et =0 int) - K || hoppery (C) || v)
<E (1et v = (#wb=t0)" in tl) | K| C v> N
<E [ <1et v = (#wo=t)" i t1> . K | hoppery... (C) || v>

where C # <0 F> for any F'

<E (let v = (#wb=t0)" in tl) 1K | (0, F) | v>
(E-(let z =0T inty) | t2 [y = v,k — cont #WH>LK])

(E || let z = resume’ (cont #WH=0K) (v) int) —
<E <1et v = (#wp=00)" in tl) | K | v>
(E||(letz=0int)- K| v) — (E-(letz=01int) || K || v)
(E| (letz=0"4int) - K|v) — (E-(letz =0 int) | K || v)
E| <1et v = (#@H=t0)’ in tl) K ||v
B. <1et = (#wP=60)7" in tl) | K || v
(Eellv)—(E]wv)

Figure 4.9: Operational semantics of TL as an abstract machine.
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4.3.3 The Type-Directed Translation

The translation from SL to TL is type-directed: Figure 4.10 gives the type-level constructs
and the auxiliary non-ambiguity and non-frivolity judgements, and Figures 4.11 and 4.12
give the variable-translation judgements and selected typing rules, with the translation
output shown in orange.

The SL type system. A type is the unit type, a function type, or a continuation type;
function and continuation types are annotated with a capture set T' recording the capability
or label variables captured by the function or continuation. Expressions are type-checked
under four contexts: A and ¥ for the capability and label variables parameterizing the
immediately enclosing abstraction, © for the variables lexically captured by it, and T" for
term variables. The rules are implicitly parameterized by a global context F mapping effect
names to effect signatures. Using three contexts ©, A, 3. makes explicit which of the three
kinds of binder (cf. Figure 4.3) a handler in scope is associated with; this distinction is
what the stackwalker needs, and it neither restricts nor relaxes which SL programs are
typable.

The rules ST-UNIT, ST-VAR, and ST-LET are straightforward. In ST-FUN, the function
body is typed under the capture set T', whose contents may come from any of ©, A, and X.
The rule requires T to be unambiguous: the judgement © | A | ¥ F T as ©' unamb
checks the non-ambiguity condition of Section 4.2.3—a nonempty 7' consists of either a
single capability variable or labels with distinct effect names—and produces the capture
context ©' under which the body is typed. The rule also requires the function type to
be non-frivolous: each capability variable the function is parameterized over must appear
in the capture set of some argument. This condition is a sanity check that the capability
variables stand for capabilities needed by the function arguments.

In ST-HANDLE, the handle expression can be viewed as defining two functions—the
handled computation t;, parameterized by the label variable ¢, and the handler t,, param-
eterized by the payload z and the resumption k—and then applying the first. Both are
typed under the same capture set T', which must be unambiguous so that it can serve as
their capture context ©’; the continuation type of k carries the same capture set. The han-
dled computation ¢; is typed under a label context containing the single label ¢: F'; which
serves as the lexical identifier of the handler. A standard escaping condition—the answer
type Tans must be well-formed without ¢—prevents the label from escaping its scope, as
in type-and-effect systems for lexical handlers [0, 4] or lexical regions [57, 10, 19]. The
remaining rules are standard: ST-APP types each argument at the corresponding parameter
type with the callee’s label and capability variables instantiated, ST-RAISE uses the effect
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signature to type-check the payload, and ST-RESUME requires the input type of the con-
tinuation to match the payload and gives the resume expression the continuation’s answer

type.

Compared with prior type systems for lexically scoped handlers, SL’s differs in two
ways. First, it separates function parameters (A, X) from captured variables (©); as
noted above, this changes nothing about typability. Second, it imposes the non-ambiguity
condition on the capture set of every function definition and handled computation, which
in theory reduces expressiveness but is of little practical concern (Section 4.2.3). Because
SL’s typing conditions strengthen those of prior type systems shown to be sound, we omit
a type-soundness proof.

Call-site metadata. The TL program produced from a well-typed SL program uses call-
site metadata to track the lexical provenance of the label and capability variables that the
SL callee has access to. Call-site metadata H = (Ty; T; £: F) is a three-tuple, where Tj
is the callee’s capture set, T instantiates its capability variables, and ¢: F' instantiates its
label variables. Call-site metadata is a TL concept: all three components are expressed
with TL indices rather than SL labels or capabilities.

The translation. The typing rules simultaneously perform the translation. The variable-
translation judgements © | ¥ F £ : F ~» (and © | A F a ~ o map SL variables to TL
indices: a label variable bound by the immediately enclosing abstraction (one in ) is
translated to the label index ¢ given by its de Bruijn position, a capability variable (one
in A) to the capability index ;’, and a captured variable of either kind to oco. Capabil-
ities and call-site metadata are translated structurally from these judgements (the rules
are omitted from the figures). The interesting rules are the four that emit metadata or
clues. In sST-APP, the metadata // is computed from the callee’s capture set T" and the
instantiation [T1; 1] at the call site. In ST-HANDLE and ST-RESUME, the construct is an-
notated with the translation 7" of the capture set, since entering a handled computation
or resuming a continuation also transfers control to code whose handlers’ provenance the
stackwalker must be able to follow. In ST-RAISE, the label variable ¢ is translated to the
initial clue (¢, F'): the TL index of ¢ paired with the name of the raised effect.
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type 7 = unit |{T}V[a; (:F| (7)) = 7 | {T}cont 11 = 7
capture context © = e|a|l:F
capability context A = €| A, «
label context ¥ == €|X, (:F
term context I' u= e|I, z:7
effect signatures F == €e|F, F:7 — 71

‘@\A|EI—T as © unamb‘

O|AFa«

O|A|XFe as e unamb
©O|A|XFa as a unamb

O|A|SFT as :F unamb O|XF{(:F F¢F
O|A|SFT, ¢ as ¢:F', £:F unamb

H{T}V [a; (:F] (71) = 72 nonfriv

vag € @ 3. 70 = {T'}v[al; FiF) () = A age T
H{T}V [a; :F] (71) = 72 nonfriv

Figure 4.10: Type-level constructs and auxiliary judgements of SL.
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‘@|E|—£:FW(" ‘@\Al—awa‘

indexs;(¢) =i X()=F indexa (o) =@
O|SFL:F i O|AFa~i
(:F e a€O
O|XF{:F~ O|AFa~
‘@’A‘E|F|‘UZTM—>U‘ ‘@]A\Z\Fl—e:Twe‘ ‘@|A]2\I’l—t:7wt
T(z) =
ST-UNIT O |A | X |T'F () :unit ~ () ST-VAR @) =7

O|A|YX|TkFz:T~ 2

O|A|X|TFe:m ~e O|A || Tz Ftim~t

ST-LET
O|A|Y|THletz=eint:m~ letz =cint

O |a|l:F |,z bFt:m~1
O|A|SHT as © unamb  F{T}V[a; {:F](7) — 12 nonfriv

ST-FUN - —
O|A|S|TH [a; 0] ()= t:{T}V[a; :F] (7)) > 12~ (2) =1

O|A|S[TrHuv :{T}V[a; L:F| (F) = 11~ v
vi,o|AlSFTY  vie|zrn® . EY
Vi.o | A2 TR 70050 [a= T ~u"  O|A|SFT; Ty; 0:F ~ H

ST-APP

@|A’Z|F|—U1 [T’l,a] (172)171 Vi—>€1J [Oéi—>T1] W’([('@)H

Figure 4.11: The SL type system and type-directed translation: selected rules (part 1).
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F(F) = (1) = ™ O|A|XHT as © unamb O|A|SFT~T
@|A|E'_Tans @I|6|€:F|Fl_t1:7-answﬁl
@/|€|€|F7 x:11, k:{T} cont 7o — Tans F to : Tans ~ 12

ST-HANDLE _
O |A| X |T+handle[(:F] = t; with (z, k) = t3 : Tans ~» handle’ t;with (2, k) = 1o
O|SHL:Fw( FF)=m—=n O|A|Z|Thvin~0
ST-RAISE
O|A|X|T'Fraisel(v): 19~ raise ([, F)(v)
O|A|X|Tkv:{T}contp w1~ v; O|A|X|TFvy:T ~ v
OIA|XEFT T
ST-RESUME

O|A|X|TF resume vi(ve) : 72 ~» resume’ v;(vy)

Figure 4.12: The SL type system and type-directed translation: selected rules (part 2).

hoppery, (C) = C’ where H =Ty; T; 0 : F

hoppery <<£7F'>) = ((',F') where V'":F' =/ : 7

oo (7)) - {

hoppery ({(oc, F')) = {

if there is a unique ¢’ such that ¢ : F' € T®

(', F")

( ) else if there is an « such that « € T(l)
(¢',F') if there is a unique ¢’ such that ¢ : F' € T
(a, F')

else if there is an « such that o € Ty

Figure 4.13: Definition of hopper (C), where the call-site metadata is H = Ty; T; € : F.

The hopper function. The function hopper, (Figure 4.13) is used by the TL abstract
machine in search mode, each time the search walks over a call frame (rule T-UNW-APP in
Figure 4.9). At that moment the clue describes the handler’s provenance from the callee’s
perspective; the hopper re-expresses it from the caller’s perspective. It can do so because
the call-site metadata H records how the caller instantiated each of the callee’s binders.
The definition of the hopper is a case analysis on the first component of the clue, a TL
index. The second component, an effect name, is kept unchanged by the hopper.
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If the index is a label index 7, the handler reached the callee as its i-th label parameter.
How the caller instantiated that parameter is recorded in the third component of H: its
i-th entry ¢': F' gives the caller-side index ¢. The new clue carries ¢ in place of ; it refers
to the same handler but locates it relative to the caller’s frame.

If the index is a capability index i, the handler was hidden behind the callee’s i-th ca-
pability variable, so the hopper inspects the capability 7% instantiating it. Two outcomes

are possible: either T ) contains a label index whose effect name matches the clue, and
that label will be chosen; or the handler is hidden one level deeper, behind the capability
(i)

index in T, and the new clue follows that capability index.

If the index is oo, the handler was lexically captured by the callee. The first compo-
nent Ty of H records exactly the variables the callee captures, so the hopper searches Tp

just as it searches 7% in the previous case.

Notice that the last two cases rely on the non-ambiguity and non-frivolity conditions
required of an abstraction: together they guarantee that, at run time, the capture set of any
function that is called contains labels of distinct effect names (a guarantee established by
the subject-reduction development in Appendix C.1). So as soon as a label index matching
the effect name in the clue is found, it is guaranteed to identify the desired handler, because
no other label index with the same effect name can exist in the capability being searched

(T(Z) or Ty) or in the further instantiation of any capability index within it.

The hopper is a partial function: it is undefined when a clue resolves to neither a
unique matching label index nor a capability index, which would leave the TL machine
stuck. The simulation result of Section 4.4 guarantees that this never happens for a TL
program produced from a well-typed SL program. Finally, the restriction that a capability
contain at most one capability variable is what keeps the hopper deterministic: when no
label matches, there is only one capability index to follow. The restriction can be lifted by
letting a clue carry a list of indices, so that the stackwalker can follow several capability
variables at once.

4.4 Compiler Correctness

We prove the translation correct by showing that it preserves semantics. Throughout, we
use colour to distinguish SL (blue) from TL (orange). The central result is a simulation
theorem, from which semantics preservation follows.

102



value v i= - | {T} [a; G:F | (8) = t| cont {Lp}#L0P 7K

expression e = -+ | [T;T; i} (02) | {T}handle [¢: F| = t; with (x,k) = to
| resume vy [T7] (v2)
label [ == (|L
frame A = ---|letz = <{L_p} #L(iﬂ’k):ﬁ2 D) in ¢

Figure 4.14: Selected syntax of SL™. The difference between SL™ and SL is highlighted.

Theorem 4.1 (Simulation). Given a well-typed SL™ configuration M (where SL*, defined
in this section, enriches SL with runtime constructs) and a TL configuration M such that
M ~ M, if M — M’, then there exists a TL configuration M’ such that M —* M’ and
M’ ~ M.

Corollary 4.2 (Semantics Preservation). Ife|e|e|ebt:7~>1 and (e || t) —* (¢ || v),
then there exists v such that e | e |e|ebv T~ v and (c| 1) —" (e ] v).

Corollary 4.2 states that if a closed, well-typed SL program terminates with a value, then
its TL translation also terminates and produces the corresponding value. Its proof follows
the standard forward-simulation framework of Leroy [20]: one establishes a condition on
initial states, a condition on final states (both straightforward), and the simulation theorem
itself.

The simulation relation ~ is the technical heart of the proof. The remainder of this
section defines the enriched source syntax the proof works with and presents selected rules
of the relation.

An enriched source syntax. The proof is carried out over an enriched version of SL,
which we call SLT, in which values and expressions carry additional type-level annotations;
the annotations are recoverable from the typing of SL programs and make the relations
easier to state. In SL* (Figure 4.14), abstractions and handle expressions carry the capture
set {T'} that in SL exists only in types. Continuation values also carry a capture set;
because continuations are created at run time, it takes the form of a list of run-time labels.
Applications and resume expressions are enriched with the capture set of the function and
continuation, respectively, and a run-time label L carries its effect name, as in Ly (omitted
when not relevant).
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Relational contexts. Most relations are defined under a pair of contexts: a promise 11
and an evidence =.

) O label promise Y = €|, 0:F ~i
promise II == O; A; X . ) - R .
] _ _ capability promise A = €| A, a~1
evidence = 1= ¢e¢|Z, C— L _ - _
capture promise © == ¢€|lal|l:F

Promises relate TL indices to the SL™ labels and capabilities that come from an abstrac-
tion’s parameters or capture set. A promise IT has three components: 3, the label promise,
relates TL label indices to SLT label variables; A, the capability promise, relates TL ca-
pability indices to SL* capability variables; and ©, the capture promise, is either a single
SL* capability variable or a list of SLT labels with their effect names. While ¥ and A may
contain only SL* variables, © may contain both variables and run-time labels. We write 0
for a promise whose three components are all empty.

Evidences relate TL clues to SL™ run-time labels: having an evidence (' — L in the
relational context means that the TL abstract machine in search mode carrying clue ' will
find the handler corresponding to the SL™ label L. Since evidences relate run-time labels,
they are a more dynamic notion than promises: programs are initially related through
promises, and as they evaluate, call frames and handler frames contribute evidence.

Label and capability relations. |/ %g cl\r r|\T1J'1 T\|Ty: T r}[ H
2|6;% = =

The definitions of the label and capability relations appear in Appendix C.2. Informally,
an SL™ label [ is related to a TL clue (' if either the promise or the evidence relates them.
The relation between capabilities 7" and 7', as well as that between Ty: T; | and call-site
metadata /1, are defined structurally; recall that // in TL has a three-tuple structure
matching T; T'; | in SL.

. . val expr term
Value, expression, and term relations. |[v ~ v||e ~ ¢||[t ~
2| g

promise (T; a; T) =1T;

evidence (LOFO;LlF1 ; L2F2) = { < '.7‘0(7>> 70(1)
u ' >




V]~ U Uy ~ U9 TO;T’ZTTHH
R-E-APP =
1 [To; T;1] (v2) efﬁf (v1(73))"
4 term cont K Z=evidence (L'pr; € ¢€)
Elo 2u{(0.F)—~L}
R-V-CONT

raise [ (v) ‘~ raise C'(v)

E|C:),A,2

R-V-FUN states that an SL™ function is related to a TL function if the function bodies
are related through the promise computed from the SL™ function’s parameters and capture
set. It might be surprising that the evidence used to relate the function body is empty, as
SL™ run-time labels could have been substituted into the function body, which one might
expect to be related through the evidence. Within the function body, such run-time labels
are related through the promise, which will be fulfilled by the evidence available at the call
site of the function.

R-E-APP states that an SL™ application is related to a TL application if the functions v,
and v, are related, the arguments o5 and 7, are related, and also Ty; T'; [ and the TL call-site
metadata /1 are related. The last premise effectively guarantees that all the capabilities
this function application needs are either promised to be related by II or already related
by =.

R-V-CONT states that an SL™ continuation is related to a TL continuation if the handlers
t and ¢ are related through the evidence = computed from the labels L/ captured by
the continuation, and the continuations K and /i are related through the same evidence
extended with an extra evidence for the label L. Notice that the handler bodies t, in
contrast to the function bodies in R-V-FUN, are related entirely through the evidence and
use an empty promise.

R-E-RAISE states that an SL™ raise expression is related to a TL raise expression if
the SL™ label [ and the TL clue ' are related and the payloads v and v are related.
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These relations are also indexed by a context relating free term variables, which we
omit for conciseness.

&+

Evaluation-context relation. |E '~ F

[

VO € dom(Z'). = (hopper;; (C)) = Z/(O)
truthfulEm (E/)

ESE "%t truthfulg), (2)
= =@
R-EC-APP | pren
E-(letz=0int) ~ E- (let =0 int)
E Cf? E to t_efrvm to t t_e/im t1 truthfulz ..., (E') =’ = evidence (L’iju/ € e)
R-EC-HANDLER - =le Zle -
E- <1et T = {Tp } #ng’k)étll] in t2> o E- <let T = <#(;z/./<):‘»h D) in Q)
u{(0,F)—L}

The evaluation-context relation uses a judgement truthfuls; (£'), which means that all
the evidence mappings in =’ can be found in = with an extra indirection through hopper,;;
this is precisely where the correctness of a hopper step is discharged. In the expression
and term relations, the evidence = can be viewed as input. By contrast, in the evaluation-
context relation, the evidence should be viewed as output, which serves as the input for
relating expressions and terms plugged into the evaluation context.

R-EC-APP states that if an evaluation context F in SL™ is related to an evaluation
context /' in TL and yields an evidence =, then the contexts extended with the frames of a
function call (a let frame in SL*, a call frame in TL) are related and yield an evidence =/,
as long as =’ is truthful with respect to = and the call-site metadata // on the frame.

R-EC-HANDLER states that if an evaluation context F in SL™ is related to an evaluation
context £ in TL and yields an evidence =, then the evaluation contexts extended with an
extra handler frame are related and yield a new evidence made of a truthful ' and an
evidence for the newly introduced label L.

Simulation proof. Theorem 4.1 is proved by case analysis on the SL™ transition relation
M — M'. The full definition of the simulation relation and the proof can be found in
Appendices C.2 and C.3.
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4.5 Implementation

We implemented the design in the LEXA compiler [55]. LEXA is a functional language
with lexical effect handlers whose compiler uses segmented stacks to capture and restore
continuations efficiently [33] (Chapter 2) and represents labels as stack addresses, which
makes handler search a constant-time operation but incurs a small overhead on mainline
paths. We refer to that original strategy as Direct LEXA and to the new strategy as
Zero LEXA. The extended language lets the programmer declare effects as exceptional:
exceptional effects, expected to be raised infrequently, are compiled with Zero LEXA, while
other effects use Direct LEXA, and the two can coexist in one program. The LEXA compiler
is written in OCaml and compiles to C, which LLVM then optimizes; since Zero LEXA
differs from Direct LEXA only in how the runtime locates handlers, it reuses the same
pipeline.

4.5.1 Hopper Table

At the core of the formal model are the hopper, functions, which guide handler search
frame by frame. Evaluating a hopper at run time might seem expensive, but each hopper
instance depends only on compile-time typing information, so we precompute each one
into a static lookup table mapping a clue to the next clue. Since each hopper instance is
uniquely associated with a call site, we build a global table mapping the return address of
each call site to its hopper; the table also stores frame sizes, needed for walking the stack.
It lives in the program’s data section, completely hidden from the mainline paths.

Figure 4.15 shows how the hopper for the call site at line 10 of Figure 4.3 is compiled.
The call-site information records funl’s capture set (/;) and the instantiations of its capa-
bility variable oy (with (£, ap)) and label variable /5 (with £y); the translation expresses
each as a TL index. The resulting hopper is a table whose rows are possible effect names
and whose columns are possible clue indices (0o for the capture set, plus one column per
parameter); each cell gives the output clue, with NA marking an impossible input.

This table is then flattened into bits. Each entry of the global hopper table consists
of the call site’s return address, its frame size, and the bit-encoded hopper. Assuming
that a program defines at most 16 effect signatures and that at most 16 label or capability
variables are in scope at any point, we use four bits each for the effect name and the
index, plus a two-bit tag distinguishing the three index forms (i, %, o0). Each entry also
carries a one-bit flag indicating whether the caller is invoking a tail-resumptive handler in
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‘ capture set ‘ capability inst. ‘ label inst. ‘ 00 0 0

(4o, ao)
(1:Fy, 0)

in SL
in TL

4

0: F}

60 Fy NA <1,F0> <1,F0>
i:Fo F <O,F1> <6,F1> NA

(a) Call-site information for line 10. (b) Tabular representation of the hopper.

return address frame size hopper function in-place invocation?

0x4312 42 <o, 0, o><0, 17F0><0, 1, F0><07 0, F1>< 1,0, F1><O, 0, o> 0

(c) Binary representation of the hopper.

Figure 4.15: Compiling a hopper instance for the call site at line 10 of Figure 4.3: (a) the
call-site information, (b) the resulting hopper as a table, and (c) its binary representation.
For illustration, the tables assume that ¢, and ¢; carry distinct effect names Fy and F}; in
Figure 4.3 itself both have the single effect name F.

place (Section 4.5.2). Across our benchmarks, the hopper table takes up only a single-digit
percentage of the binary size.

4.5.2 Stackwalker, Multishot Resumptions, and Tail-Resumptive
Handlers

The stackwalker is a function that takes an initial clue from the raise site. On arriving
at a frame, it uses the frame’s return address to fetch a new clue using the global hopper
table, then either locates the handler in the current frame or jumps to the next frame,
repeating until the handler is found.

Because Zero LEXA needs no run-time representation of labels, multiple copies of the
same resumption do not interfere, so the strategy supports multishot resumptions without
extra effort, in contrast to Direct LEXA, whose stack addresses go stale under stack copying
(the very problem Chapter 3 solves differently). We do not regard this as a key advantage
of Zero LEXA, however, since applications that need multishot resumptions are usually
effect-heavy and do not benefit from the trade-off Zero LEXA is designed for.

Tail-resumptive handlers require care. A tail-resumptive handler invokes its resump-
tion as its final action, so it can be run in place like an ordinary function call, avoiding
continuation capture. But if such an in-place handler then raises an effect, that effect must
be handled in the context where the handler was installed, which may be higher up the call

108



chain; a stackwalker starting from the current frame would find the wrong handler. We
address this in two places. When the program invokes a tail-resumptive handler in place,
the handler’s clue is pushed onto the stack before the call. When the stackwalker reaches a
frame, it checks a special flag in the hopper entry; if the caller is invoking a tail-resumptive
handler, it loads the saved clue and walks to the frame where that handler was installed
before resuming the walk with its original clue. Since tail-resumptive call sites can nest,
the stackwalker keeps a stack of clues, pushing and popping as it meets tail-resumptive
call sites and install sites.

Separate compilation. Zero LEXA is compatible with separate compilation: each com-
pilation unit produces its own hopper table, and at link time the tables are merged with
code addresses updated from relocation information. We leave a full implementation of
this to future work.

4.6 Evaluation

We study the performance of the two strategies as implemented in the LEXA compiler.
Direct LEXA makes handler search and continuation capture efficient but incurs a small
overhead even when effects are not raised, violating the zero-overhead principle. Zero LEXA
gives up some efficiency in handler search in exchange for minimal overhead on mainline
paths, and we expect it to win for effects that are raised infrequently.

We use two benchmark sets. The first is a community-maintained suite [15] of effect-
heavy programs that stress handler search and continuation capture; on these, LEXA uses
Direct LEXA by default and delivers competitive results, and integrating the zero-overhead
strategy does not degrade that code. No existing suite stresses the efficiency of mainline
code, so we curated a second set of effect-infrequent benchmarks that are similar in size
and complexity but raise effects infrequently; most use exceptions to signal invalid input or
other conditions not expected to occur. Table 4.1 reports both sets. For the first set, the
Zero column shows performance when the zero-overhead strategy is forced; for the second
set, it shows LEXA’s natural choice for exceptional effects.

4.6.1 Effect-Heavy Benchmarks

The first set comes from the community suite [15]. As expected, LEXA’s performance
degrades significantly when forced to use Zero LEXA, because stackwalking becomes a
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Table 4.1: Two benchmark sets: an existing suite of effect-heavy programs (top) and
a new suite of effect-infrequent programs (bottom). Running times are in milliseconds.
“Loss/Gain” is Zero LEXA relative to Direct LEXA; the last two columns give the hopper
table as a percentage of binary size and stackwalking as a percentage of total running
time. “—Inf” marks a benchmark that Direct LEXA optimizes to a constant time of 0. All
experiments were conducted on a workstation with an AMD Ryzen 7 CPU (4.5 GHz).

Benchmark Direct Zero Loss / Gain Hopper Stackwalk

(ms) (ms) Zero vs. Direct size time
Countdown 0 2488 —Inf 2.87T% 96.9%
Fibonacci Recursive 507 506 0.2% 0.45% 0.0%
Product Early 95 99 —4.2% 3.54% 1.9%
Iterator 0 285 —Inf 2.87% 92.4%
Nqueens 280 403 —43.9% 2.79% 55.4%
Generator 846 1956 —-131.2% 2.38% 55.7%
Tree Explore 197 220 —-11.7% 1.91% 19.2%
Triples 203 319 —57.1% 4.33% 54.1%
Resume Nontail 119 177 —48.7% 2.05% 48.5%
Parsing Dollars 271 2622 —867.5% 6.07% 99.6%
Handler Sieve 475 3556855 —748711.6% 4.34% 100.0%
Catalan 344 301 12.5% 5.12% 0.0%
Bézout 680 671 1.3% 4.53% 0.0%
Golomb 651 563 13.5% 2.91% 0.0%
Hofstadter Q 576 559 3.0% 3.30% 0.0%
Karatsuba, 804 702 12.7% 6.95% 0.0%
Ackermann 3975 3954 0.5% 2.51% 0.0%
Palindrome Partition 112 113 —0.9% 5.03% 0.0%
Lattice Path 1002 971 3.1% 2.50% 0.0%
Two Threads 153 140 8.5% 2.03% 0.5%
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major overhead when effects are raised frequently. Countdown and lterator are optimized
to constants by LLVM under Direct LEXA, but the stackwalking logic prevents the same
inlining under Zero LEXA. Parsing Dollars has nested handlers, so the stackwalker must
walk over many frames, whereas finding a handler is constant-time under Direct LEXA.
Handler Sieve uses a chain of tail-resumptive handlers, whose in-place invocation under Zero
LEXA requires the extra clue-stack machinery of Section 4.5.2 and incurs a large overhead.

4.6.2 Effect-Infrequent Benchmarks

The second set consists of programs whose inputs produce no effects, or trigger them
only infrequently. Catalan, Bézout, Golomb, Hofstadter Q, and Karatsuba use exceptions
to indicate invalid input (for example, a non-positive modulus) that does not arise for
the inputs we use. Even so, under Direct LEXA the exception handlers need run-time
representations, and passing them around through these recursive programs is a major
overhead; Zero LEXA avoids it and is faster. Ackermann and Palindrome Partition show no
clear advantage for Zero LEXA: the programs are simple enough that the CPU absorbs
the cost of the extra Direct LEXA argument through out-of-order execution. Lattice Path
contains a function that already takes six arguments, so Direct LEXA’s additional handler
argument introduces noticeable overhead that Zero LEXA avoids.

Two Threads runs two lightweight threads that cooperatively multitask on one OS
thread; each holds a time-slice counter and raises a Yield effect when it reaches zero. The
time slice, given as input, controls how often effects are raised. When the slice is large,
the threads yield infrequently, the cost of propagating the Yield handler dominates, and
Zero LEXA wins (as in Table 4.1); when the slice is small, stackwalking dominates and
Direct LEXA wins. Figure 4.16 plots the running times against the time slice: as the slice
increases, the advantage shifts from Direct LEXA to Zero LEXA.

4.6.3 Hopper Size and Stackwalking Time

The last two columns of Table 4.1 report the space and time costs of Zero LEXA. The
increase in binary size from the hopper table is modest, a single-digit percentage across
all benchmarks. Stackwalking time varies widely: it dominates most of the effect-heavy
benchmarks but is negligible in the effect-infrequent ones. These results confirm that the
zero-overhead strategy is best suited to scenarios where effects are raised infrequently or
not at all; we expect future engineering to reduce the cost of stackwalking further.
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Figure 4.16: Running time of the Two Threads benchmark as a function of the time slice.
As the slice grows, the Yield effect is raised less frequently, shifting the advantage from
Direct LEXA to Zero LEXA.

4.7 Related Work

Almost all languages with exceptions use dynamic scoping for their handlers. CLU is among
the earliest [1, 29]: its compiler generates exception tables consulted at run time to find
the closest dynamically enclosing handler, an approach later used in Java and most C++
implementations. Dynamic scoping is flexible but hazardous. Zhang et al. [09] observe
that dynamically scoped exception handlers can catch exceptions by accident and address
this in Genus [07] with tunneled exceptions (a form of lexical scoping) implemented by a
translation to Java exceptions that generates fresh identifiers for each handler instance,
and so does not satisfy the zero-overhead principle. Zhang et al. [68, 70] argue that the
unintended interception of exceptions is a symptom of a deeper modularity problem, un-
derstood in analogy to a loss of parametricity [59], and prove that lexical scoping restores
local-reasoning principles; in our SL, effect polymorphism appears as parameterization over
capability variables. Biernacki et al. [1] coined the term lezically scoped effect handlers and
showed that generativity is necessary when effect operations can be polymorphic. Our work
is the first to implement lexical handlers without generating any reified representation of
handlers at all.

Effekt supports lexical handlers with lightweight effect polymorphism via second-class
values [7]. A version of its compiler translates to an intermediate language where handlers
are passed explicitly, then performs lift inference to generate subregion evidence determin-
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ing how many handlers to skip over when an effect is raised [38, 15]; reifying this evidence
as a sequence of function applications violates the zero-overhead principle. A more recent
version of Effekt instead builds on LEXA’s approach of compiling to stack switching [51, 33].
LEXA [33] (Chapter 2) achieves constant-time handler search and resumption capture by
compiling to stack switching, at the cost of reifying handler instances as stack addresses;
the present work extends LEXA with a different trade-off aimed at low-frequency effects.
Koka’s named handlers [65] are a form of lexical handlers that reify handler instances as
evidence at run time, and so also do not satisfy the zero-overhead principle. An ongoing
effort to add effect handlers to WebAssembly, WasmFX [10], focuses on dynamic scoping
but also considers named handlers, without studying their implementation.

4.8 Conclusion

Lexically scoped handlers address a long-standing modularity problem with dynamic scop-
ing, but existing implementations do not meet the zero-overhead principle for exceptional
effects, a principle otherwise satisfied by most modern implementations of dynamically
scoped exception handling. This chapter introduced a compilation strategy that restores
the principle through a type-directed translation that emits information tracking the lexi-
cal provenance of handlers. That information guides a stackwalker, steered by per-call-site
hoppers, to the right handler for a raised effect. The payoff is reduced overhead on main-
line paths, achieving parity with the performance profile of dynamically scoped exception
handlers. The approach complements the strategies of Chapters 2 and 3, letting the com-
pilation strategy for each declared effect be matched to its expected invocation frequency.
By identifying and removing a key barrier to adoption, we hope this work encourages lan-
guage designers and implementers to embrace lexically scoped handlers for their modularity
benefits.

With Zero LEXA, the implementation techniques of this thesis span the full range of
effect-usage patterns, from the effect-heavy workloads served by Chapters 2 and 3 to the
effect-infrequent workloads served here. Chapter 5 draws the three techniques together.
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Chapter 5

Conclusion

Lexically scoped effect handlers recover the modular reasoning that dynamic scoping com-
promises: a handler is a lexically scoped capability, and an effect can be raised only to
a handler whose capability is in scope, so no handler can accidentally intercept an effect
not meant for it (Chapter 1). However, the inefficiency of implementations prior to the
work in this thesis could hinder its adoption in practice. The position of this thesis is that
the very property that makes lexical scoping safe, namely its static character, is also what
makes it efficient to implement. At a raise site, the handler that will receive the effect is
determined by lexical provenance, and a compiler can exploit that fact instead of searching
for the handler at run time.

The thesis developed this idea into three implementation techniques, each aimed at a
different point in the design space. Direct LEXA (Chapter 2) gives each handler a run-time
identity, the stack address at which it is installed, and passes that identity to the sites that
raise effects to it, so a raise jumps directly to its handler and the resumption is captured
directly as a span of stack. Zone LEXA (Chapter 3) removes the central limitation of
the address-based strategy, its incompatibility with multishot resumptions, by wvirtualizing
handler identities: a software memory-management unit gives each copy of a resumption
its own virtual view of the handlers within it, fully supporting multishot resumptions and
even allowing copies of the same resumption to run in parallel. Zero LEXA (Chapter 4)
targets a different point in the design space, where the dominant concern is a small but ever-
present cost: even executions that never raise an effect pay for passing the run-time handler
identity down the call chain. Zero LEXA eliminates that cost by not giving handlers any
run-time identity, instead relying on stackwalking to find handlers when effects are raised.
The lexical provenance of handlers is recorded as static metadata on the call stack, so the
overall behaviour still preserves the semantics of lexical scoping. Each technique is made
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precise by a formal translation proven semantics-preserving, and each is realized in the
LEXA compiler with measurable performance gains.

These techniques are complementary rather than competing. Direct and Zone LEXA
serve effect-heavy workloads, where effects are raised often and the priority is fast han-
dling; Zero LEXA serves effect-infrequent workloads, where the priority is an undisturbed
mainline. The choice of strategy is declared per effect, so a single program can mix them,
matching each declared effect to its expected usage. Together the three techniques cover
the spectrum of effect-usage patterns, and they share a single guiding principle: locate
handlers using static, lexical information rather than a dynamic run-time search.

The overarching message of this thesis is a simple one. Adopting lexically scoped
effect handlers, for the modularity and abstraction safety they provide, need not mean
giving up performance. With the implementation techniques presented here, lexical effect
handlers are both safe and fast, and we hope this makes them a natural choice for future
programming languages.
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Appendix A

Simulation Details for Direct LEXA

This appendix gives the full development of the simulation argument summarized in Sec-
tion 2.5: the simulation relation between LEXA and SALT configurations, its auxiliary
relations, and the case analysis proving Theorem 2.2. The material reproduces the corre-
sponding appendix of the technical report [34].

To set up our simulation proof, we relate the configuration of a LEXA program to that
of a SALT program.

Relating configurations: The discussion of this relation can be found in Section 2.5.

(B,t) % 1
(K, E) COI}}eXt (Hstacks, Lsp) H df;a H M % M M(P)=1g:---eynd
(M||H| K| E|t)~ (M| Hyars'® H || {sp > Lyp.ip = P/ })
Relating values: v V??e v". The rules are straightforward. Labels in LEXA are related to

memory locations in SALT via the mapping =, which is the identity except for the handler
labels of tail-resumptive and abortive handlers.
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local
B ocal env

Relating a local environment to a stack segment: s. A local environment

in LEXA is related to a stack segment in SALT.

valu

Vi € {1, ,n}. (5 ’:/e U;

local env

[T1 = 01, Ty Uy nil vy -,

m

Relating a term under a local environment to an instruction sequence: (F,t) w
/. A LEXA term is related to the sequence of SALT instructions produced by the translation
of the term, appended with instructions to free the stack segment allocated for the frame.

k= |E|+ |t

ins

(E,t) ~ [[t]]dom(E); sfree k; return

Relating an activation frame to a stack segment: (F,let x =[]int) fr?:rane s. Using

the two preceding relations, we can relate an activation frame in LEXA and a stack segment
in SALT. The stack segment consists of the stack for the local environment and a return
address. The return address points to the instruction sequence / to which the continuation ¢
of the current frame is related.

(E7t)m”vs] A[(P):/'(,)::"‘U//,;l T Ewloca}LenvS

(E,let x =0 int) frééne s P

Relating a sequence of activation frames to a stack segment: F fraénes s. The

metavariable F ranges over a subset of LEXA evaluation contexts that are camposed of
activation frames only:
F:=0O|F-(F,letx =01int)

A sequence of activation frames in LEXA simply corresponds to the concatenation of their
corresponding stack segments in SALT. Here, we use the associative operator @ to denote
the concatenation of two stack segments. When the right operand begins with the stack-
base marker nil, the marker is dropped by the concatenation, so an assembled stack
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contains a single nil at its base.

frame

(E,letx=01int) ~ s

frames
F "~ s

(1]

f—, . f
0" nil F-(E,letz=01int) ~®sQs

Relating a sequence of handler-led contexts to stacks:

i handlers v + T T T
K ~ Lin, Siny Hsta(tksa L01117 Sout

The metavariable K ranges over a subset of LEXA evaluation contexts that are composed
of a sequence of activation frames but also have a handler frame in their outermost layer:

K = (#Liol)7Le1\V|:|> . ]F

We call such evaluation contexts handler-led. We use K to mean a sequence of handler-led
contexts, with [ overloaded to mean the innermost hole in a handler-led context:

K:=0O|K-K

The relation between a sequence of handler-led contexts and a set of stacks is defined
inductively. It is complicated for two reasons. First, the stack layout of each handler-led
context depends on the type of the handler, so there are three rules, one for each type
of handler. Second, for a general handler, its header frame is on a new stack, with the
exchanger pointing to the top of the previous stack. So the stacks need to be constructed
one by one, taking the previously constructed stack as input. For this purpose, the relation
takes in /,;,, the base of the previous stack, and s;,, the previous stack; the two can be
used to calculate the location of the top of the previous stack. It also outputs L., and
Sout to be used for constructing the next stack. The output H,.... is the set of stacks that
have completed construction. Below we present the inference rules one by one.

The base case is when the sequence of handler-led contexts is just the innermost hole.
In this case, the input and the output are the same stack /., and no stack is added to the
heap, as there may be further construction to be done on the stack .

0 handlers (L, s, {}’ L, -S‘)

m
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The next three cases are the inductive cases, one for each type of handler. For a general
handler, the input stack L;, is added to the set of constructed stacks, and the construction
of a new stack L is started. The exchanger of this new stack points to L5l , the top of

m

the previous stack. L is used as the input stack for relating the subsequence of handler—led
contexts K to H .., which may (or may not) further grow the stack based at L.

frames . in a
F "~ s s =nil Py it Lepy :: 0 . [lsnl ., po D s

in handle Q

7> handlers Y i —_
K ~ (La S 9 HS'E'A(tkS) L()uty Sou‘r) :‘(L) - L

Pop, L = handlers ) ) )
(jfé'é[’gsger;r]]_V D) -F-K ~ (Lin, Siny Hsl‘m‘ks W {Lin = "’)in}y L()llt) Sout)

For a tail-resumptive or abortive handler, the input stack is further grown to include the
header frame of the handler. The only difference between the following two rules is the
handler annotation stored in the header frame.

frames
IF ~ S

S , 1 ne - P8 @ <
~ § = Sin it Pop 1t Leny it 1 2208 20 P die special @

g handlers / —_ [Sin]
K (Lim 5, HSLackm LouL7 SOI[[) '—‘(L) L.

m

Pop,Lenv — handlers ) i
<#Lta11 D) F-K ~ (Lin? Sin, Hsta('kw L()uty 5011‘()

frames / B - e 8
F '~ s S = 8in it Pop 1t Lepy 112 P

handle spccm] S

= handlers / — [Sin]
K ~ (Linu S, ]]Sta('ks7 L(m‘m S()llt) ‘:(L) - L

mn

Poszcnv —> handlers . )
(#Labort D) -F-K ~ (Liln Sins Hstel(:ks) L()uty 'Sou‘r)

Relating an evaluation context and a local environment to stacks and the stack
pointer:

(K E) Context (Hstm;ks, ésp)
This relation captures the notion of the current point of control in the two languages. A
LEXA evaluation context K can be viewed as consisting of a (possibly empty) sequence
of activation frames F followed by a (possibly empty) sequence of handler-led contexts K.
The relation also relates a local environment E; its corresponding stack segment s’ is the
top segment of the current stack. The output stack s,., corresponding to K, is grown to
include s’. With the stack pointer pointing to the top of s, @ s, the construction of the
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stack at L., is complete, so the stack is added to the heap. Also notice that we use L,
as a distinguished location for the base of the initial stack.

frames = handlers . ) local env N ) o~
F '~ s K (lera 5y Hst acksy L(mt; S()u‘r) E ~ S S = Sout @8

(D IF K E) ConteXt (Hst‘a(:ks W {Loul = S//}7 Ll;;‘)

) heap val

Relating a heap value to a heap: (L,V H. A heap value in LEXA is either a

tuple or a resumption. The relation for tuples is stralghtforward.

Vie{l,---,n} v V%lfe Vi
heap val
(La <Ul7”' avn>) p {L < o :l!n,>}

The relation for resumptions is more involved. Notice that with the optimization for
abortive and tail-resumptive handlers, resumptions in LEXA are reified only for general
handlers. So a resumption in a LEXA heap must be of the form

cont (#L ;;;ei;;vm) F-K

The relation for handler-led contexts is used to relate the evaluation context K captured
by the resumption to a set /... of stacks. The output stack " also serves as the input
stack; the exchanger of the resumption stack /. should point to the top of the output stack.
Finally, .., points to a single-element tuple, which contains the location . of the header
frame of the /. stack.

general

- <#LP""’]“‘VD> FK R™S (S, Hyae Ly 8) (L) =L

(me’ cont K) hearg’val H%m(:ks & {Lrsp = <L4>}

Relating data memories: H diga H.

Vie {1 n} (L, Vi) "R A
{Lio Vi Ly Vo) B M W w
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code

Relating code memories: M "~ ). LEXA functions are related to the SALT in-
struction sequences they are translated to, with the built-in trampoline functions M, i,sic
included.

{Pl — Aﬁ tl; T 7Pn = )\TH tn} C(’?\(}e {])l — []1 e ,-])n = [IL} W A\'[intrinsics

Proof of Theorem 2.2 To prove Theorem 2.2, we need to show that the configuration
relation ~ satisfies the three conditions listed in Theorem 2.1, which we restate here for
convenience:

1. Given Gy, = [G4], if initial, (G4, C}) and initialg, (G, C5), then C) ~ (5.
2. 1f Cy ~ C and finalg, (C1,7), then finalg, (Cs, 1).

3. — simulates — with respect to ~.

The initial and final predicates, described informally in Section 2.5, are defined as
follows:

e initialy e, (letrec P = AZ;. &, ({ P — ATi. ti, Pie = AO)-tinie } || {3 O ] inie)) s
where t;,;; is defined as let © = P, () in let - = exit x in ns end

e initialg,pr (Pg : 1, <{Pz — i, P — ]mn} | {Linic = nil} || {sp +> Linit, ip = Pmn}>>,
where ;i is defined as [A(). tinic]
o finalppx, ((M || H || K || [%resus — ] || halt), )

o finalgy, <<M | H[Lsp — s 4] || Rlip — £,sp L‘S;j"‘}>, ,:) where 1/(/) = halt

We first prove the first condition: to establish the relation C'; ~ (5, we need to show

that its premises hold. The first premise, inrvs, holds: the term in LEXA is ¢, and the
instruction sequence in SALT is defined as [A(). tinic], so the relation is trivially established.

context

The second premise, ~~, holds: the evaluation context and the local environment in
LEXA are both empty, and that corresponds to having a single empty stack in the heap,

with the stack pointer pointing to the base of the initial stack in SALT. The third premise,

d%a, holds: the heaps are both empty. The fourth premise, Coge, holds: the code memory

in LEXA and that in SALT are related by the definition of the program translation.
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We now prove the second condition, that if C} ~ (5, and ' is a final configuration,
then (5 is also a final configuration and their results are equal. Given that C is a final
configuration, the term in C; must be halt, and its environment must have exactly one
binding of some number 7. By the first premise of C; ~ (5, the instruction sequence of
must be a halt instruction. By the second premise of C'; ~ (5, the stack of C'; must have
i at the top. Therefore, (; is a final configuration, and the return value is 7.

To prove the third condition, we do a case analysis on the reduction rules of LEXA. Most
reduction rules of LEXA, for example ADD, involve computing the value of an expression
and adding a binding of that value to the local environment. To prove these cases, we step
through the translated instruction sequence in SALT and show that there is one more entry
on the stack whose value matches the new binding in LEXA. We omit the details of these
cases here. We also omit the LEAVE case, which follows the returning half of the HANDLE
trampoline: control switches back to the parent stack, and the handler’s stack is freed.

ins

e Case APP: To show that ~ still holds after reducing C4 to Cf, and 5 to (), notice
that the term in ] is the body of the function, which corresponds to the instruction
pointer in (', pointing to the body of the function after the prologue. To show

that ““~*" still holds, notice that (' has an extra activation frame and a new local

environment consisting of arguments, which corresponds to (', having an extra return

address and arguments on the stack. The third and fourth premises, 2 and Cgse,

still hold because the heap and the code memory are not changed.

e Case RET: Similar to APP, but in the opposite direction.

e Case HANDLE: We first prove the case for a general handler. To show that % still
holds, notice that the term in C] is the body of the handler, which corresponds to

context

the instruction pointer in €'} pointing to the body of the handler. To show that — ~

still holds, notice that | has an extra activation frame and a handler frame, and a
new local environment with two arguments. This corresponds to (', having an extra
return address on the old stack, and a new stack with the header frame whose entries

match the handler frame in C]. The new stack also has two arguments, which match

the arguments in the local environment. The third and fourth premises, 2 and C?Se,

still hold because the heap and the code memory are not changed.

For the tail-resumptive and abortive handlers, the proof is similar, except that

. . . . context
does not have a new stack. This difference is accounted for in ~— ~
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ins

e Case RAISE: To show that ~ still holds, notice that the term in C] is the body of the

handler, which corresponds to the instruction pointer in ) pointing to the body of
context

the handler. To show that —~ " still holds, notice that C'| has the evaluation context
cut at the handler frame, and a new environment is created with three arguments.
This corresponds to (), where the set of stacks has been split into two and the stack

pointer now points to the parent stack of the corresponding header frame. Since

X s defined structurally, we know that the shortened evaluation context and the

reduced set of stacks are still related. To show that " still holds, notice that
has a new single-element tuple containing the resumption. We need to show that

the resumption is related to the other set of stacks in . We again use the fact
context

that —~~" is defined structurally to prove that. The fourth premise, C%le, still holds
because the code memory is not changed.

e Case TAIL-RAISE: Similar to APP. We need to show that the operation functions
used by ' and (', are related. This is true because the function location in the

context
~Y .

handler frame of C] and in the header frame of ) are related, according to

e Case ABORT-RAISE: Similar to RAISE, except that the captured evaluation context is
discarded, which corresponds to discarding a subset of the stacks in the heap of ().

e Case RESUME: To show that ~ still holds, notice that the term in C/ comes from
the last activation frame of the resumption. This corresponds to the new instruction
pointer in (), which comes from popping the last stack among the set of stacks that
represents the resumption. The new term and the new instruction sequence are

related by the definition of P2 ¥ o show that still holds, notice that the

. . . . . heap val
resumption in C7 is related to a set of stacks in () according to ~ . Therefore,

attaching the resumption to the evaluation context in (] corresponds to joining the
set of stacks in () and linking the exchanger of the header frame to the top of the
last stack. To show that “&* still holds, notice that both tuples that represent the

resumption in C] and ) now contain ns. The fourth premise, Ccr)\czle, still holds because
the code memory is not changed.

context
~Y
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Appendix B

Full Formalism for Zone LEXA

This appendix collects the complete formalism of SL and ZL from Sections 3.4 and 3.5.2: the
source and runtime syntax, the operational semantics (including the administrative rules
omitted from Figure 3.9), the full type system (of which Figures 3.10 and 3.11 show selected
rules), and the parallel-let extension (syntax and operational semantics) of Section 3.6.5.
The material reproduces the corresponding appendix of the technical report [36], adapted
to the thesis page layout.

B.1 Source Program Syntax

value vi=uwxl| ()| Aze
handler value h == A(y, k).e
expression e = v | e; e | handle A\x.e with h | raise ej(e2) | resume e;(e2)

B.2 Runtime Syntax

value v u=---|1bl(n) | cont K

delimiter W = e

frame A z=0e|v0O|raise O(e) | raise v(0d) | resume O(e) | resume v(0J)
stack K:i=e¢|K:A|K:wp

zone Z i=e€|Z2A|Z v}

configuration M == (K |[e||m) | (K || K" || n || v ]| m)
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L(K)
Le) =2 L(K :A)=L(K) LK =wp)=L(K)U{n}
Lo)] @] [e@] [eon)]
L(x) =0 L) =9 L(Ax.e) = L(e) L (1bl(n)) =@ L (cont K) = L(K)

L(ey e2) = L(e1) U L(e2) L (handle Az.e; with A(y, k).ea) = L(e1) U L(e2)
L (raise ej(e2)) = L(e1) U L(e2) L (resume e;(e2)) = L(e1) U L(e2)

LOe)=Le)  L(vD)=L(v)
L (raise O(e)) = L(e) L (raise v(d)) = L(v)
L (resume O(e)) = L(e) L (resume v(0)) = L(v)

LUK Jelm)=LE)UL()  LEKEK [n]vlm)=LE)UL(EK)UL(@v)

B.3 Operational Semantics

APP1 (K || ey ea || m) — (K =Oeg | e || m)
APP2 (K || ve| m) — (K zvO]| el m)
RAISE1L (K || raise ej(e2) || m) — (K = raise O(ez) || e1 || m)
RAISE2 (K || raise v(e) || m) — (K = raisev(0d) || e | m)
RESUMEL (K || resume e;(e2) || m) — (K = resume O(eq) || €1 || m)
RESUME2 (K | resume v(e) || m) — (K = resume v(0d) || e || m)
BETA (K || (Az.€) v || m) — (K [ e{v/a} || m)
ENTER (K || handle Az.e with h || m) — (K = || e{1bl(m)/z} || m + 1)
LEAVEL (K = w} || v | m) — (K || v || m)
LEAVE2 (K A || v || m) — (K || A[v] || m)
RAISE (K : @ Ko || raise 1bl(n)(v) || m) — (K4 || >} = Ky || n || v | m)
Whele n §é L(K5)
RAISE (]& || raise 1b1(n)(v) || m) — (K ||e|ln| vl m)
UNW-INTER-ZONE (K =»d, = Z | K" || n || v | m) — (K ||, = Z =K' | n]v]|m)

where [ > n
UNW-INTRA-ZONE (K =<t = Z || K" || n || v || m)
INVOKE (K ||w}l = K" | n || v || m)
(K || e {o/y} {cont wf = K[k} || m
where h = A\(y, k).e
RESUME (K || resume (cont K')(v) || m) — (K =K' || v]| m)

(K ||} = Z =K' ||n|v] m)

Ll

Ny

132



B.4

Type System

label var P

capability var  «

label constant  n

effect name F

constructor kind x == Label | Cap
constructor c=n|C

label no=pln

capability set C u=¢|CUa|CU{n— F}
constructor var [ = p | «

type 7 u=unit | LBL(n) |V[A | C].7 — 7| cont[C].T — T
constructor ctx A i=¢€|A,f: K

term var ctx Fu=e¢|lx:7

dom(e) = @ dom(C U {n — F})=dom(C)U{n}

AFT1| |[AFn| |[AFC
AFn AANEC ANANER AN BT
At unit A+ LBL(n) AFVIA|Clm— T2
p:Label € A
AFn AFp
AFC Ak a AFC Akn
AkFe AFCU« AFCU{n— F}
z:Tel AN | Tyx:nbe:n|C
A|THE():unit A|lTFz:T A|TFXze: VA |C].m1 — 72
FK:[C)m ~ [C]T
A |T F 1bl(n): LBL(n) A|TF cont K : cont [C].11 — T
‘A\F}—e:T\C‘
A|lTke: (V[B:r|Cl.m—m)|C A|Tke:m{c/B}|C Abc:E
AT ke e:m{c/B}|C
A,p:Label |z :LBL(p)Fe:7|CU{p— F} A|TFh:F#r|C AbFrT

A | T+ handle Az.ewith h:7 | C
A|TFe :LBL(n)|C C(n)=F A|T'Fery:7m |C F(F)=7 =7
A |T'Fraiseej(ez) :m | C

133



A|TFep:(cont[Cl.ma = Tans) |C A|T'Fer:m|C
A | T+ resume ej(e2) : Tans | C
AlTke:7|C CCC
A|lTke:7|C

(AT Hh: Fir|C|

AT y:1,k:cont[Cl.mo = TansF € : Tans | C F(F) =1 — 1
A|TF Ny, k).e: F#ans | C
A|TFh:F#r|C CCC

A|TkFh:F#r|C
‘l—A:71->T2|C‘

eleFe:m |C
FOe:(V[e|Cl.m = m) 1| C
eleFv:Ve|Clm — 1
FoO:m~7n|C
Cn)=F eleFe:n|C F(F)=1 -1
Fraise O(e) : LBL(n) ~ 1o | C
C(n)=F €e|leFv:LBL(n) F(F)=7 — 7
Fraisev(d):m ~ 1| C
elekFe:m | C
F resume O(e) : (cont [C] .11 — T2) ~ 12 | C

€eleFv:cont[C]l.1 = m

Fresume v() : 7 ~ 12 | C
FA:m~m|C CCC
FA:7m ~ 1|
[F K [C)m ~ [Co
FEK:[Cy]mo~ [Cs)lms FA:T ~ 1| Cy
FKZZA:[CQ]le[Cg]TS
FK:[Cl]le[CQ]TQ 6|6|‘h:F#7’1’01 Vledom(Cl), l<n

FKzwp: [Cru{ne F} 7~ [Co]
FK:[C]m ~ [Co]ma C1CCr Cy CCY
FK:[Cll1 ~ [Ch] T2
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FEK:[Ci]mi~[e]m elebFe:n |Cy Vie LIK)UL(e), [ <m
(K | el m)
FK:[Colmo~[e]lmg H K [Ci]m ~ [Calme Ve LIK)ULK')UL(w), L<m
n¢ LK) Co(n)=F e€lebv:Tag F(F)=Tag — 71
F(E K [ v m)
'_K:[CQ]TQ'V“)[G]T3 l_K,:[Cl]Tl'\"‘?[CQ]TQ VlEﬁ(K)Uﬁ(K,)U,C(’U), [ <m
K =wl K" Ci(n)=F €letv:Tag F(F)="Tag = 71
F(E K [ n v m)

B.5 Extension with Parallel-Let

expression e u=.--|parx =ej,x2 =€z ine
configuration M = - | (K || x1.29.€ || My || My || m)

P-FORK (K || par 1 = e1,22 = ez ine || m) —
(K || zr.za.e || (e[| ex || m) [| {e [} ea || m) [| m)

P-L (K || @1.32.¢ || My || Ma || m) — (K || mr.az.e || M || M2 || m)
where M; — Mj

P-R (K || z1.29.¢ || My || M2 || m) — (K || zr.2z.e || My || My || m)
where My — M}

P-JOIN (K || z1.2z.e || My || M2 || m) — (K || e{vi/z1} {v2/22} || m)

where My = (e || v1 || m1)
and My = (€ || va || ma)

Both branches inherit the parent’s label counter m, so labels generated in different branches may
coincide, and P-JOIN discards the branch counters. This is harmless because the type system
prevents effects from escaping a branch: labels generated in different branches are never compared
against each other.
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Appendix C

Metatheory Details for Zero LEXA

This appendix contains the metatheory deferred from Section 4.4: the subject-reduction
development, the full definitions of the relations between SL™ and TL constructs, and the
simulation proof. The material reproduces the corresponding appendices of the technical
report [32].

C.1 Subject Reduction

Before proving the simulation result, we first establish that runtime SL™ configurations
satisfy certain properties: capture sets are non-ambiguous and function types are non-
frivolous. To this end, we prove the subject reduction theorem, which immediately yields
the desired properties. We first present typing rules for SL™, which extends SL with
runtime constructs. A new typing context W is introduced, mapping run-time labels to
their effect names. The typing context O is also updated to take into account run-time
labels. The extended rule set includes the rules of Figures 4.11 and 4.12, with the typing
context augmented by W, and will not be repeated here. The new typing judgment forms
and typing rules are given below, covering run-time labels L, reified continuation values
cont #L®R=1K  continuations K, evaluation contexts E, and configurations M.

Additional Typing Rules for SL* Runtime Constructs
|

S e

0 =

elall
U o= €|V, L:
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O|S |Vl F

O|A|X|¥YHETas® unamb

(L:FeWw)V(L:Fe0)

O|S|UFL:F

O|A|X|T|Ykov 7T

O|A|Z|T|Uke: T

O|A|S|T|TF¢t:

@|®|®|x:7’1,k:{LlFl}contTg—>Tans|L1:F1|—t:7'ans

Ll:Fl,LQ:FQ'_K:TQ’V“)Tans

]F(FQ) =T1 — T2

o|o|9|2|F cont {L]_Fl} #Léx’k):”K : {LlFl} cont Ty — Tans

UEK: 1~

‘\III—K : 7'1«/»7'2‘

Jhe:T~T

G| |D|r:m| UVt

U, L:FFK:T ~ Tans
S| ||y 13,k {V}cont 7y = Tans | ¥ F o @ Tans

Uk (letz=0int) - K :7 ~ 73

|| D x:Tans |Vt 17

F(F):T3—>T4

Uk (let o = #LWH=0int,) - K : 1 ~ 7

FE :m~m|V

Fe:T~sT | W
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FE:m~n|V o|0|g|z:g|VYEEL:n
FE-(letx=0int) 13~ 1| ¥

FE:m~1|V DD D|x:Tans |Vt 7
|| |y:13,k:{V}cont 7y = Tans | YV to:Tans F(F)=13—m
FE-(letx =#LWHA=0inty) : Typs ~ 72 | U, L F

FE:m~n|V o|o|g|o|VkHt:n
=(E || t)

FE:m~m |V VYVEK:im~rmn L:FeV FF)=n—->n O|0|0|0|0Fv:ny
FENKL v)

FE: |V UYEFK:m~n 0|0 |0|0kFv:n
FCE K )

Theorem. If+ M and M — M’, then = M’.

Proof. By induction over the operational semantics. A standard substitution lemma is
needed to prove the cases of application and handle expression. O

Corollary C.1. If @ | @ | @ | @ | U+ ({Tog,} [@5 7 I3 (T) = 1) [LOFO;LlFl;LQFQ (@) :

T, then Fy are unique and every set in Fy is unique.

Proof. Fy are unique due to the non-ambiguity of the function being called. F; are unique
because each of them instantiates one of the @, which, due to the non-frivolous property,
has to stand for part of the capture set of one of the function arguments. Since the function
arguments all have non-ambiguous capture sets, any subset must be non-ambiguous, which

means each of F is unique. O
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C.2 Relating SL* and TL

SL* label | ==/(|Lp

Y

SL* capability T u=e|a|T,l
SLT call-site instantiation H == Ty: T [
TL label index (=00 |1
TL capability index o 1= o0 |/
TL capability 7 w=¢e|a|T,(:F
call-site metadata H == T; T 0. F
clue ¢ ==l F)| (o F)
label promise ¥ =€ |X, (:F~1
capability promise A i=¢€|A, o~ i
capture promise © =¢|a|l:F
promise II == C:); Ax
evidence = =¢€|Z, C'— L

C.2.1 Label and Capability Relation

An SL™ label [ and a TL clue (' are related through three rules. The first rule says that an
SL* label variable is related to a TL clue if such a relation appears in the label promise .
This rule is used to relate label parameters that are still open. The second rule says that
an SL* label (either variable or constant) is related to the infinite TL clue if such a label
appears in the capture promise ©. This rule is used to relate captured label variables in a
function, before the function is invoked.

These two rules use empty evidence = because they are used in a context where the
immediately enclosing function has not been invoked yet. In contrast, the last rule uses non-
empty evidence = and empty promises because it is used in a context where the immediately
enclosing function has been invoked. The last rule relates an SL™ label constant to a TL
clue if such a relation appears in the evidence =. Notice that here / stands for any clue
index: oo, ¢, or .. When a function is invoked, all labels within the function body that
were previously related through the first two rules are now related through the last rule.

Capabilities 7" and 7" are related using two types of rules. Rules on the first line are
used to relate capabilities in a function before the function is invoked, so they use empty
evidence =. Rules on the second line are used to relate capabilities in a function after it
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is invoked, so they use non-empty evidence Z. On the first line, the first rule relates the
empty capabilities, the second rule relates an SL™ capability parameter to a TL capability
index of shape 7, the third rule relates a captured SL* capability variable to co. The fourth
rule is used when a capability variable that is captured by a function is substituted, but
before the function is invoked. The final rule is a structural rule.

On the second line, the first two rules relate the base cases of 7', and the last rule is a
structural rule.

1L ool AT [H~H
Z|6;% E|II g
(€ FN/)EE (I:F)e® E(((,F)=Lyr F=F
¢ L <? F> I L (o0, F) Le A (0 F)
26;% 2]6;% E|e;o
T - l
A ~ ~ - T ~ T [ ~ ([ F
(“N’)GA ©=a ©="Lp 0l6:AS @|@,§:< )
€ ~’:Ci~€ ay ~",1:J~N/ o ~Z»~~Qc Ly ~£~~x 1,1 ~£~~f1‘.(‘:l
I|0;A;2 IO; A3 o|0;A;2 o0;A;2 o0;A;2
L}(k) N <(1fﬁ“’>> F®) = () for all & T X 7 Lp A (¢, F)
=Z|o;o E|@;2;0 Z|e;o
€ ~ ¢ Lr ~ « T, Lp L T.0: F
Z|@;2;0 =E|@;2;0 Z|o;2;0
T A T, T A T 1A (LF)
Z|6:A;8 Z16:A;8 Z|6:A;8
TOuTal ~ :TO* f l :HF
SI[CHANDH
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C.2.2 Value Relation

We define promise, which is a function from SLT constructs to promises, and evidence,
which is a function from clues to SL™ run-time labels. For evidence to be a well-defined
function, Fy and every set in F; need to be unique. This requirement on F, and I}

surfaces when proving the application case of the simulation proof, and is discharged by
Corollary C.1.

promise (TO; a; :HF> = To; {62@) ~ | z} ; {€ TP | z}

evidence (LJFO;LFFI;L;FQ) = {<OCA]‘:0(])> — Eom | z} U {<7} ﬁ1<i"j>> — Lili‘j) | i,j} U {<; ];2<i)> — Ez(i) | z}

val
v~

term

t ~ t
®|pr0mise(TO; a; Z:?‘)

(Ty) [@; 0 ?F] @) =t (T) = ¢t

term cont - —_ . -
t~ 1 K ~ K = = evidence (LOFO; €; e)
Elo 2u{(0,F)~L}

cont {LJFO} #LERF T cont b=t

C.2.3 Term Relation

term expr

t ~ t e ~ ¢
E|II E|IL
expr term

e ~ t ~ 1
=T =T

. t )
letz —=eint ~ letz —eint
=iis
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val

l ’;~ C v~
=102
raise [ (v) N raise C'(v)
SICHANSS
t e ooty N Ty~ T
&|promise(To;e;{¢:F'}) &|promise(7Tp;e;e) =E|IT
{Ty} handle [(: F] = t, with (z,k) = t, e’f‘T‘?r handle” t; with (z,k) = t;
E|IT
U1 \’{\8} (o ’U_é ‘f/il 1?2 TO; f, f_f‘\lt[ H

o | T 751 (52) B2 (01 ()"

val val T
V1 ~ U1 Vg ™~ Uy T ~ T
E|I

resume vy [T (vq) ??; resume’ vy (vg)

C.2.4 Evaluation Context Relation

truthfulz, (Z)

VC' € dom(Z'). Z (hopper,; (C)) = Z/(C)
truthfulz; (Z)

EX R Ry

Z|leo

E-(let:c:Dint)%Z(E-(let:I;:Dint)
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E C"S'( FE t té{-'m t tI‘U_thfulE”[ (E/)

Elo

E-(letx:Dint)cr_t\?(E-(let:n:D” in t)

ctx term term — —_ . -
E~E t T ty t r’T t truthfulz,... (') =’ = evidence (LOFU; e;e)
= =@ =@ '

R P (2 P ) FoYN  (RRREE e
E’U{<O,F>HL}

C.2.5 Continuation Relation

KX K

)

1289

[23
-

cont , - term
K ~ K t ~ t

Z|le

cont

(letz=01int)- K ~ (letx =0int) - K

KK tt:igt truthfulz; (Z')

cont

(letz=01int)- K ~ (let o =0"int) - K

ot Kty RS t SR truthfulz;.... (') =’ = evidence (LJFO; €; e)
E'u{<(),F>.—>L} Elo Ele

(let xr = ({LJFO} #ng’kbtlﬂ) in tg) K C%I}t (let x = (#Wh)=t D)T in f2> K
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EX R "N

E|o

(BN t)~(E)

ct cont ;- l al
EXE KXK L~C ovRv

gl

(BN KN Loy~ (E]K[C]ov)

cont val

Ecé)fE K~ K Vo~V
(B | K ||v) ~(E [ K| v)

C.3 Simulation Proof

Theorem. If+- M, M ~ M, and M — M’, then there exists M’ such that M —* M’ and
M ~ M.

Proof. By induction on M — M’. We show the cases for the interesting rules. The other
cases are straightforward.
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Case 1. APP: in the following diagram, —; and ~; are given in the premise. —5 is given by the operational semantics of TL, and
we want to prove that ~s holds.

<E || let x = ({LOFO} [o‘i;ﬁ :_’F} (7) = tl) [LJFO;prl;L;FQ} (¥) in t2> — <E~(1et xr=01inty) || t [a — prl,fb—> Lop,, T U}>
~1 ~9

<E | 1et 2 = () = )" (¥) in t2> — (E-(1et z =0 inty) || t, [T77])

By inversion on ~1, we are given the following derivation.

4
T 1
t t?{,i ) t : 5 | | 3 ,
®|promise(L0F0;o'2;€:F) Lval - 3 -
Y ~ val v~ Lopy; L1ip,; Lap, :?a H 2
{LOFO} [a;ﬂ : F] ()=t ~ (7)) =t = I_It -
— IR - = IR < - - 2 :N /2
|+| ({LOFO} [d),g . Fi| (f) = tl) |:L0F0; LlFl; L2F2:| (17) iff; ((;jl?) = fl)H ("U) =|o
E =

&5
[ 2;

let v = ({LOFO} [07;6 :*F] () :>t1) [LJFO;LIFI;L;FQ} (3) inty " et o = ((#) = 1) (9) inty

<E | let x = ({KFO} [07;6 :_)F} (%) = t1> [LJFO;LIZR;L;&] (0) in t2> ~ <E | let 2 = ((Z) = t;)" (¥) in t2>

We want to show that there exists =’ such that the following derivation for ~4 holds.

1 2 3
I tx I I term I : ! 4
FE Cf: E tg ~ tQ truthflﬂg‘]_] (E/) T 1
E Elo s
| t [&HLlFl,Et—)LQFQ,mH’U] t?%mtl [z 7]
=

E - (let x =0 inty) %;(E -(let x =[O in ty)

<E-(1et r=01dnt) || t; |a — L;Fl,ér—> Lop,, T v]> ~(E-(letz=0"inty) || t, [T 1))
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We choose =/ = evidence ( Lop,; L15,; Log, ). For Z' to be a well-defined function, we require Fy and every set in F} to be

unique. This is derived by applying Corollary C.1 to the well-typedness of M. The named premises in the above derivation
are proved as follows, using the premises from the given derivation.

.1—=1

2.2—2

3. 3 — 3 by the context plumbing lemma

4. 4 A5 — 4 by the term plumbing lemma and the substitution lemma
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Case 2. HANDLE:

let z = ({Lop, : i , i . = ({Lop F/k : ints) ||t [0 — where L is fres
(E | ({Tom } handle [(: F] = t; with (y,k) = £,) ints) — <E (letx ({LOFO}#L“ );”ZD) ) | 4]0 L]> here L is fresh
~1 ~2

<E | let z = (handle” ¢, with (y,k) = fz) in 1‘,3> —9 <E <1et x = (#(5‘/‘]"pt2|:l)T in t;;) I tl>

By inversion on ~q, we are given

2 3 4
I term I I term I - T I
tl ~ tl tQ ~ tg LOF ~ T 5
Z\promise(LoFO;e;{Z:F}) ®|pr0mise(L0F0;e;e) ’ Elg : term ;
p— ~ 13
— {LOFO} handle [(: F| = t; with (y,k) = to e}f?r handle” ¢, with (y,k) = ty Elo
ctx E|lo

ESFE
= let © = ({Lop,  handle [(: F] = t; with (y,k) = t,) int; “iim let 2 = (handle” ¢, with (y, k) = t5) in t3
=112

(E || 1et © = ({Log, } handle [(: F] = t; with (y,k) = t2) int3) ~ (E | let = (handle’ ¢; with (y. k) = {5) in )

We want to show that the following derivation holds.

1 2 3 4
2 (;;( £t tf’i“m ty 1o t_e’,{’m t,  truthfulg,... (2') 2 = evidence (LJ Py € e) : 5
- = o . " - ti [0 L) o t
k- <1et €r= ({LOFO} #L%’ ):>t2|j) in t3> ) E- (let r = (#WH=0)" in t3> =2u{(0.F)~L}|o
=2u{(0.F)~L}

<E- <1et xr = ({m} #L%’k>:>t2m> in t3) || t1[€ — L]> ~ <E <1et z = (#wh=t0)" in tg) [ f1>

1.1=>1
2.5 —2
3. 3 — 3 by the term plumbing lemma
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4. 4 — 4 by the context plumbing lemma

5. 2 — 5 by the substitution lemma and the term plumbing lemma
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Case 3. UNW-LET:
(E-(letx=0int) || K| L|v) — (E'||(letz=01int) - K || L | v)

(E-(letz=0%int) | K |C||v) — (E| (letz =0 int)- K | hoppery (C) || v)

We are given

1 2 3
I ctx I I term I : ! 4 5 6
E~E i t truthfulzy (2') . o
- - KX K Lo C v
= =417

E-(letx:Dint)CrE(E-(1et:l;:DH in t)
(E-(letx=01int) || K| L|v)~(E - (letz=07int) | K| C| v)

We want to show that the following derivation holds.

2 3 A
— KRR "%t truthfulgy (2) : > T ——
EXE at =2 L 4 hopper ) w <
= . - i H\Y ~ v

= (letz =0int) - K X' (let = 07 int) - K Sle

(E||(letz=01int)- K| L|v)~(E| (letx =0 int) - K || hoppery (C) || v)

1—1
4 =2
2—=3
3—4
3 A5 — 5 by the definition of truthful
6— 6

AR A
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Case 4. FOUND:

(B (1ot e = ({Ton ) #LE7"0) inn)) | K L] v) — (B (eta=01nn) | 6]y vk cont {Tog} #LE 72 K])

~ ~

<E~ <let xr = (#Wf"’)i"zlj)’r in fl) | K || €0, F) | 1)> — (E-(let z =0 inty) || t2 [y — v,k — cont #WH=2K])

We are given

I L 1 I 2 1 I 2 1 I% o
E Crivx E # t_ef&m ty ty fcam t,  truthfulgy.. () = = evidence (LOFO; € 6) I 2 o g y ——
- =le - =le " - K ﬁ%t K L ) L <O F> vy
E - (1et T = ({LOFI)} #Lg;’* )é‘ZD) in tl) < E. (let v = (#wh=L)" in 19]) gu{(0.r)~»L} 2u{(0,F)~L}e
E’U{<(),F>»—>L}

<E~ (let z= ({m} #L;if””:'tm) in tl) KL v> ~ <F <1et v = (#wR=:0)" i tl) 1K || (0, F) | z>

We want to show that the following derivation holds.

6 7
I 1 I 1

L ) ; —t =2 to ie%m ty K Cf)mI}t K Z" = evidence (LJ Fos € e)
T i 1 T torm 1 T 1 ¢ term ¢ v val . ="le E,,U{<()'F>HL}

~ ~ =i (B 2 v b2 ~v -— .
E > E 4 " 3] truthfulz,... () o cont {LOFO} #L%”m:”ZK val ont Hy k)=t [

E-(letr=01int) EE,( E-(let v =07 in ty) ta [y — v,k cont {Lop, } #L%”k)ﬁtzK} t%l#m ty [y = v,k — cont #WHk)=t K]
= =417

<E. (letx=01inty) || Lo [y v,k — cont {Log, } #L%’Mz}tz[(}> ~(E-(let x =0T inty) || ta [y — v, k — cont #Wk=12K])

1.1—>1
2. 22
3.4—3
4. 3 =4
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5. 7T—=5
6. 3 — 6, notice that =/ = ="

7. 5 — 7, notice that &' = ="
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Case 5. RESUME:

<Eumt%:mwm(wm{u%}M$“WK)gﬁumimQ —+<E(mtm:GL%}#$wﬂTOanHKH®

~

(E || 1et z = resume” (cont #¥H72K) (v) int)) — <E (let = (#@'A’):”QD)T in trl) | K || v>
We are given
2 3
] 1 ] .
ty' K s K = = evidence (Lo Foi € e) 4 5
e E/U{<6’F>HL} I val I : T X
v~o o Log ~ T 6
cont {LOFO} #L%’k)ﬁbf( % cont H(y:k)=t2 | Sle It term fl
— 1~
— resume (cont {Lor,} #L%’k)ﬁt2K> Log,] (v) e_i(l\l»jr resume’ (cont #WH=1[K) (v) Elo
EXE =

let z = resume <cont {Lom,} #L;ﬂy’k)itzf() [Log,] (v) inty teTTJm let x = resume” (cont #WH=2K) (v) in t
=lo

<E | let © = resume (cont {Log,} #L%’kbh[() Log,] (v) in t1> ~ (E || let 2 = resume” (cont #WH=0K) (v) in t;)

We want to show that the following derivation holds.

1 2 3 4

I ¢ 1 I ¢ 1 I ¢ 1 I 1 6
ctx erm erm —_ —_ . - 5

E N E ty _fl\/@ 14 to ”C’\IIQ o ’CI‘uthfulEr/j;ﬁ;6 (://) =" = evidence (LOF(,; € €> I 1 I 1

cont - val
K K v~

=0f (0.7) oL}
)

E- <1et x = <{L0F0} #L%”k)ét2D> in t1> ) E- <let xr = (#(i‘/“ﬁ”m)’[' in t1>
=2u{(0,F)~L}

<E- (1et T = ({LOFU}#L%””;‘”D) in tl) | K | v> ~ <E (1et = (#wH=>00)7 in tl) | K |

We choose Z' to be the one in the given derivation.
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1 =1

6 — 2

2 — 3, notice that &' = ="

5 — 4 by the context plumbing lemma
3—9

4—6
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