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Non-local control is a staple ingredient of many programming languages

Mocamt 35 . @ K (& M
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Generators and iterators (e.g. C#, Dart, Haskell, JavaScript, Kotlin, Python)

First-class continuations (e.g. Haskell, Java, OCaml, Scheme)
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@ Ceremoniously transform my entire source programs (e.g. Asyncify, CPS)
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Characterising Asyncify

Pros Cons
@ Expressive @ Code size blowup
@ Source-to-source transformation @ Obstructs straight-line code
@ Optimisable under a closed-world assumption @ Whole-program approach

But, what is Asyncify? The key primitives are
Unwind stack, delimit unwind, and rewind stack
or expressed with a slightly different terminology:
Suspend continuation, delimit suspend, and resume continuation

Asyncify provides a particular implementation of delimited continuations!

Intuition: a continuation is a handle to a particular stack



The solution: a delimited continuations instruction set

Main idea
@ Let’s turn the essence of Asyncify into a bespoke instruction set!

@ ...but where to start?

Many flavours of delimited continuations

@ Felleisen (1988)'s control /prompt

e Danvy and Filinski (1990)'s shift/reset

@ Hieb and Dybvig (1990)'s spawn

@ Queinnec and Serpette (1991)’s splitter
Sitaram (1993)’s run/fcontrol
Gunter, Rémy, and Riecke (1995)'s cupto
Longley (2009)'s catchcont
Plotkin and Pretnar (2009)'s effect handlers

(see Appendix A of my PhD thesis (Hillerstrdm 2021) for a comprehensive overview of continuations)
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Why effect handlers

Effect handlers provide a structured interface for working with continuations

Andrej Bauer said it best:

effect handlers : delimited continuations

~

while : goto

o Compatible with simple types; synergises with stack typing
@ An imperative control structure (like exception handlers)
@ Predictable performance

o Works with/without garbage collection (one-shot continuations)



The WasmFX instruction set extension

Types

e cont [o*] — [7*]
Tags

o tag Stag (param o*) (result 7*)
Core instructions

@ cont.new

o suspend $tag

o resume (tag $t $h)*

We call this instruction set extension WasmFX.
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The WasmFX instruction set extension

Types Legend
e cont [o*] — [r*] [0 % & [ Spec'ed

Tags £ Reference impl.
o tag $tag (param o*) (result 7%) [1) & &

Core instructions

o cont.new [ % &

o suspend $tag [ £ &

o resume (tag $t $h)* [ & &
Other instructions

o cont.bind [ £ &

o resume_throw $tag (tag $t $h)* [ &
o barrier [O%#

£ Wasmtime impl.

We call this instruction set extension WasmFX.



Example: Yield-style generators

(tag $gen (param i32))

(func $nats
(local $i 132) ;; zero-initialised local
(loop $produce-next
(suspend $gen (local.get $i))
(local.set $i
(i32.add (local.get $i)
(i32.const 1)))
(br $produce-next) ;; continue next
)
)
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Instructions: creating continuations

Continuation type
cont [0*] — [77]

cont is a reference type constructor parameterised by a function type.

Continuation allocation

cont.new : [(ref [0*] — [7*])] = [(ref (cont [¢*] — [T7]))]



Instructions: suspending continuations

Continuation suspension
suspend $tag : [0"] — [17]

where $tag : [0*] — [77]



Instructions: invoking continuations

Continuation resumption

resume :[0* (ref (cont [¢*] — [7¥]))] — [77]

The instruction fully consume the continuation argument
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Continuation resumption

resume (tag $tag $h)" : [0* (ref (cont [0*] — [77]))] — [T7]

where {$tag; : [0F] = [77]

1

$hi o] (ref (cont [7] — [7%]))]

The instruction fully consume the continuation argument



Example: lightweight threads

(type $taskc (cont [] -> []))
(tag $yield)
;o [l -> 1]
(tag $spawn (param (ref $taskc)))
;. [ref $taskc] -> []

(func $task (param $id i32)
(call $print_i32 (local.get $id))
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(call $print_i32 (local.get $id)))
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(block $on_spawn (result (ref $taskc) (ref $taskc))
(block $on_yield (result (ref $taskc))

(resume (tag $spawn $on_spawn)

(tag $yield $on_yield)
(local.get $next))

(br_if $on_done (call $queue-empty))

(local.set $next (call $dequeue))

(br $schedule_next)
) ;; on_yield
(call $enqueue)
(
(

local.set $next (call $dequeue))
br $schedule_next)

) ;, on_spawn

(local.set $next)

(call $enqueue)

(br $schedule_next)
))) ;; on_done




Example: lightweight threads

(type $taskc (cont [] -> []))
(tag $yield)
;o [l -> 1]
(tag $spawn (param (ref $taskc)))
;. [ref $taskc] -> []

(func $task (param $id i32)
(call $print_i32 (local.get $id))
(suspend $yield)
(call $print_i32 (local.get $id)))

(func $bfs (param $main (ref $taskc))
(local $next (ref $taskc))
(local.set $next (local.get $main))
(block $on_done

(Loop $schedule_next
(block $on_spawn (result (ref $taskc) (ref $taskc))
(block $on_yield (result (ref $taskc))
(resume (tag $spawn $on_spawn)
(tag $yield $on_yield)
(local.get $next))
(br_if $on_done (call $queue-empty))
(local.set $next (call $dequeue))
(br $schedule_next)
) ;; on_yield
(call $enqueue)
(local.set $next (call $dequeue))
(br $schedule_next)
) ;; on_spawn
(local.set $next)
(call $enqueue)
(br $schedule_next)
))) ;; on_done




Example: lightweight threads

(type $taskc (cont [] -> []))

(tag $yield)
;o [l -> 1]

(tag $spawn (param (ref $taskc)))

5 [ref $taskc]

-> []

(func $task (param $id i32)
(call $print_i32 (local.get $id))

(suspend $yield)

(call $print_i32 (local.get $id)))

(func $main-task
(suspend $spawn
$task)))
(suspend $spawn
$task)))
(suspend $spawn
$task)))
(suspend $spawn
$task)))
(func $main

(cont.

(cont.

(cont.

(cont.

new (ref

new (ref

new (ref

new (ref

(call $bfs (cont.new (ref.func

$main-task)))

)

.func

.func

.func

.func

(func $bfs (param $main (ref $taskc))
(local $next (ref $taskc))
(local.set $next (local.get $main))
(block $on_done

(Loop $schedule_next
(block $on_spawn (result (ref $taskc) (ref $taskc))
(block $on_yield (result (ref $taskc))
(resume (tag $spawn $on_spawn)
(tag $yield $on_yield)
(local.get $next))
(br_if $on_done (call $queue-empty))
(local.set $next (call $dequeue))
(br $schedule_next)
) ;; on_yield
(call $enqueue)
(local.set $next (call $dequeue))
(br $schedule_next)
) ;; on_spawn
(local.set $next)
(call $enqueue)
(br $schedule_next)
))) ;; on_done



Example: lightweight threads

(type $taskc (cont [] -> []))
(tag $yield)
i 01> 1]

(tag $spawn (param (ref $taskc)))

;; [ref $taskc] -> []

(func $task (param $id i32)

(call $print_i32 (local.get $id))

(suspend $yield)

(call $print_i32 (local.get $id)))

func $main-task
pend $spawn (cont.n

ref

ont.new (ref
t.new (ref

suspend $spawn (cont.ne!
$task)))
(func $main
(call $bfs (cont.new (ref.func
$main-task))))

.func

.func

.func

.func

(func $bfs (param $main (ref $taskc))
(local $next (ref $taskc))
(local.set $next (local.get $main))
(block $on_done

(Loop $schedule_next
(block $on_spawn (result (ref $taskc) (ref $taskc))
(block $on_yield (result (ref $taskc))
(resume (tag $spawn $on_spawn)
(tag $yield $on_yield)
(local.get $next))
(br_if $on_done (call $queue-empty))
(local.set $next (call $dequeue))
(br $schedule_next)
) ;; on_yield
(call $enqueue)
(local.set $next (call $dequeue))
(br $schedule_next)
) ;; on_spawn
(local.set $next)
(call $enqueue)
(br $schedule_next)
))) ;; on_done



Instructions: binding continuations

Partial continuation application
cont.bind $ct $ct’ : [0y (ref $ct)] — [(ref $ct’)]

where $ct = cont [of of] — [77]
and $ct’ = cont [ o}] = [17]

This instruction fully consumes its continuation argument



Example: lightweight threads (fixed)

(type $taskc (cont [] -> []1))
(type $itaskc (cont [i32] -> []))

(tag $spawn (param (ref $taskc)))

(func $main-task
(call $spawn (cont.bind $itaskc $taskc (i32.const 0)
(call $spawn (cont.bind $itaskc $taskc (i32.const 1)
(call $spawn (cont.bind $itaskc $taskc (i32.const 2)
(call $spawn (cont.bind $itaskc $taskc (i32.const 3)
(func $main
(call $bfs (cont.new $taskc (ref.func $main-task))))

(cont.
(cont.
(cont.
(cont.

new
new
new
new

(ref.func
(ref.func
(ref.func
(ref.func

$task)))
$task)))
$task)))
$task)))

)
)
)
)

)



Example: lightweight threads (fixed)

(type $taskc (cont [] -> []1))
(type $itaskc (cont [i32] -> []))

(tag $spawn (param (ref $taskc)))

(func $main-task
(call $spawn (cont.bind $itaskc $taskc (i32.const 0)
(call $spawn (cont.bind $itaskc $taskc (i32.const 1)
(call $spawn (cont.bind $itaskc $taskc (i32.const 2)
(call $spawn (cont.bind $itaskc $taskc (i32.const 3)
(func $main
(call $bfs (cont.new $taskc (ref.func $main-task))))

(call $main) prints01230123

(cont.
(cont.
(cont.
(cont.

new
new
new
new

(ref.func
(ref.func
(ref.func
(ref.func

$task)))
$task)))
$task)))
$task)))

)
)
)
)

)



Modular composition via effect forwarding (1)

Prints 55 55 55 55

Iwt




Modular composition via effect forwarding (2)

Prints 190

gen

TR




Instructions: cancelling continuations

Continuation cancellation

resume_throw $ct $exn (tag $tag $h)* : [og (ref $ct)] — [77]

where {$tag; : [0;‘] [77]
$hi o [oF (ref $ct;)]
$ct; = — cont [7*] = [7*]}i
and $ct = cont [0*] — [77]

and $exn : [0§] = ]

This instruction fully consumes its continuation argument



Race to finish with resume_throw

(tag $cancel) ;; [] -> []

(loop $schedule_next
(block $on_spawn (result (ref $taskc) (ref $taskc))
(block $on_yield (result (ref $taskc))
(resume $taskc (tag $spawn $on_spawn)
(tag $yield $on_yield) (local.get $next))
(Loop $cleanup
(br_if $on_done (call $queue-empty))
(local.set $next (call $dequeue))
(try
(do (resume_throw $taskc $cancel
(local.get $next)))
(catch $cancel))
(br $cleanup)
) ;; end of cleanup




Race to finish with resume_throw

(tag $cancel) ;; [] -> []

(loop $schedule_next
(block $on_spawn (result (ref $taskc) (ref $taskc))
(block $on_yield (result (ref $taskc))
(resume $taskc (tag $spawn $on_spawn)
(tag $yield $on_yield) (local.get $next))
(Loop $cleanup
(br_if $on_done (call $queue-empty))
(local.set $next (call $dequeue))
(try
(do (resume_throw $taskc $cancel
(local.get $next)))
(catch $cancel))
(br $cleanup)
) ;; end of cleanup




Example: lightweight threads with cancellation

k:

With cancellation prints 55
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Characterising the expressive power

Abortive capture, abortive resume (e.g. pthreads)

E[suspend k.M] ~~ M[contrg/k]
E[resume contrgin M| ~~ E'[M]

Abortive capture, composable resume (e.g. effect handlers, shift/reset, etc)

E[suspend k.M] ~» M[contrg-/k]
E[resume contrg/n M] ~ E[E'[M]]

Composable capture, composable resume (e.g. call/comp-cc)

E[suspend k.M] ~» E[M[contre- /K]
E[resume contrgin M| ~ E[E'[M]]

Composable capture, abortive resume (e.g. call/cc)

E[suspend k.M] ~~ E[M[contrea /K]
E[resume contrg/n M) ~ E'[M]

One-shot continuations can simulate multi-shot semantics (Friedman and Haynes 1985)!



Extensions and variations

Multi-shot continuations

cont.clone : [(ref (cont $ft))] — [(ref (cont $ft)) (ref (cont $ft))]

Named resume

resume_with $hn (tag $tag $h)* : [0* (ref (cont (¢c*(ref handler 7%))))] — [7%]
suspend_to $tag : [0*(ref handler 7*)] — [7*]

First-class tags
@ Dynamic generation of tags
@ Pass around tags



WasmFX resource list

Resources

@ Formal specification
(https://github.com/wasmfx/specfx/blob/main/proposals/continuations/Overview.md)

@ Informal explainer document
(https://github.com/wasmfx/specfx/blob/main/proposals/continuations/Explainer.md)

Reference implementation (https://github.com/wasmfx/specfx)

Research prototype implementation in Wasmtime (https://github.com/wasmfx/wasmfxtime)
Toolchain support (https://github.com/wasmfx/binaryenfx)

OOPSLA’23 research paper (https://doi.org/10.48550/arXiv.2308.08347)

https://wasmfx.dev


https://github.com/wasmfx/specfx/blob/main/proposals/continuations/Overview.md
https://github.com/wasmfx/specfx/blob/main/proposals/continuations/Explainer.md
https://github.com/wasmfx/specfx
https://github.com/wasmfx/wasmfxtime
https://github.com/wasmfx/binaryenfx
https://doi.org/10.48550/arXiv.2308.08347
https://wasmfx.dev
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