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Introduction

Motivation

I Compilers for concurrent and parallel languages can benefit from having
an Intermediate Representation (IR) that supports operations on
lightweight user-space threads.

I Such an IR can then represent the runtime-system mechanisms for
concurrency/parallelism.

I Inlining of runtime-system code into the application code then enables
cross-layer optimizations.

I Our Parallel ML (PML) compiler, which is part of the Manticore
project, follows this approach.

I We are exploring the tradeoffs between several different runtime
representations of threads in our compiler using LLVM. (Work in
progress.)
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Introduction

Representing threads in an IR

I How should thread state and operations on threads be represented in an
IR for a concurrent or parallel language?

I One principled approach is to represent a suspended thread as a
continuation.

I There is a long history of using surface-language continuations
(callcc) to implement multithreading.

There are a number of different approaches to incorporating continuations in
a compiler’s IR.

I Appel-style CPS representation — all continuations are explicit
I Kelsey-style CPS representation – explicit continuations with

annotations
I ANF with continuation binders – select continuations are reified
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Introduction

Continuations in an IR

I ANF+Continuations works well for writing runtime code and can be
easily converted to the other representations or directly compiled to
target code.

I Our PML compiler uses an ANF-style IR extended with continuation
operations called BOM.

PML compiler

MLRISCBOM IR
… CPS convert

CPS
IR

CFG
IR

Closure convert

x86-64
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Introduction

Representing threads in the BOM IR (continued ...)

�exp� ::= let (x1, ..., xn) = �prim� in �exp�
| fun f (x1, ..., xn) = �exp� in �exp�
| cont k (x1, ..., xn) = �exp� in �exp�
| if x then �exp� else �exp�
| apply f (x1, ..., xn)
| throw k (x1, ..., xn)

�prim� ::= create thread (f)
| other primitive operations and values

<latexit sha1_base64="5zkCpDJ5xWJYi+UN9uiL0oOu1mM="></latexit><latexit sha1_base64="5zkCpDJ5xWJYi+UN9uiL0oOu1mM="></latexit><latexit sha1_base64="5zkCpDJ5xWJYi+UN9uiL0oOu1mM="></latexit><latexit sha1_base64="dqKrVj1wzwswFDET8uIzPTYdxwM="></latexit>
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Three forms for continuations:
I cont bindings
I throw expressions
I create_thread operator
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Introduction

Example: thread creation

Thread creation
fun fork f =

fun f’ () = (
apply f ();
throw Sched.dequeue ())

let childK = thread_create f’
in
apply Sched.enqueue childK

<latexit sha1_base64="lctIYDQcmXZyK4stmftB4bw5RfQ="> KVqEGs+gbBmzjJwCDNPl8ZqxwE5gfFjJg3UdGr1JFOz3HF98tuPv7woiy56JamGdXa/shAC6EcJNgPqmhUlIsaJ/9hpqgfH20mx1QDa6k4zrfsOvjZb2LAoyZXAlwsmMWpJXewuSdFNbxL2aJ+O6YQGBQ1KGlD6mA4GAzqlH6hP/RP63QkNDunjk7L6QlAGL+cF0DXzRhV/rCZF715Z3OuXl3u1Fv44mtxFWzleJ6VrKWmj1qR7eWRrhfxaoQ42wNFuu9tfvD4ajIaD0R9Hh6dPm1Z4y/vGu+v1vJH3wDv1fvbOvHOPtx60Jq24NWs/bP/Zhvashl5rNT53vK3Rzv4DNDA2vA==</latexit><latexit sha1_base64="lctIYDQcmXZyK4stmftB4bw5RfQ="> KVqEGs+gbBmzjJwCDNPl8ZqxwE5gfFjJg3UdGr1JFOz3HF98tuPv7woiy56JamGdXa/shAC6EcJNgPqmhUlIsaJ/9hpqgfH20mx1QDa6k4zrfsOvjZb2LAoyZXAlwsmMWpJXewuSdFNbxL2aJ+O6YQGBQ1KGlD6mA4GAzqlH6hP/RP63QkNDunjk7L6QlAGL+cF0DXzRhV/rCZF715Z3OuXl3u1Fv44mtxFWzleJ6VrKWmj1qR7eWRrhfxaoQ42wNFuu9tfvD4ajIaD0R9Hh6dPm1Z4y/vGu+v1vJH3wDv1fvbOvHOPtx60Jq24NWs/bP/Zhvashl5rNT53vK3Rzv4DNDA2vA==</latexit><latexit sha1_base64="lctIYDQcmXZyK4stmftB4bw5RfQ="> KVqEGs+gbBmzjJwCDNPl8ZqxwE5gfFjJg3UdGr1JFOz3HF98tuPv7woiy56JamGdXa/shAC6EcJNgPqmhUlIsaJ/9hpqgfH20mx1QDa6k4zrfsOvjZb2LAoyZXAlwsmMWpJXewuSdFNbxL2aJ+O6YQGBQ1KGlD6mA4GAzqlH6hP/RP63QkNDunjk7L6QlAGL+cF0DXzRhV/rCZF715Z3OuXl3u1Fv44mtxFWzleJ6VrKWmj1qR7eWRrhfxaoQ42wNFuu9tfvD4ajIaD0R9Hh6dPm1Z4y/vGu+v1vJH3wDv1fvbOvHOPtx60Jq24NWs/bP/Zhvashl5rNT53vK3Rzv4DNDA2vA==</latexit><latexit sha1_base64="W5TMEij5Mub5z9kkeREpQ6k1kII="> C1iwycQ1ixYDg5hFtnKWO04ICcwfsKkgYZOo55kal44ro9/+f6n51XZR68007DJ7tcWQgD9KMFmQF2zokQkOPEfO0394Hg7KbYaQFvTaWZN38HXdgsbFiWFEvhyySRGraiL3ScZuultwgEd0ikNaVDSoKIBpQ/paDSiM/oX9al/Rr8+o8ExfXhW1V8IyuDlvAS6Yd6q4k9VWA7uVuXdYXW112jhT+PwDtqq6SYp3UhJW7XC/tWRbRTyG4V62AAn++3ucPHqZDQZjya/nRw/etK2wlvel94db+BNvHveI+9H79y78HjnXifsJJ1593739y505w30Rqf1+cLbGd38P94SNnw=</latexit>
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<latexit sha1_base64="lctIYDQcmXZyK4stmftB4bw5RfQ="> KVqEGs+gbBmzjJwCDNPl8ZqxwE5gfFjJg3UdGr1JFOz3HF98tuPv7woiy56JamGdXa/shAC6EcJNgPqmhUlIsaJ/9hpqgfH20mx1QDa6k4zrfsOvjZb2LAoyZXAlwsmMWpJXewuSdFNbxL2aJ+O6YQGBQ1KGlD6mA4GAzqlH6hP/RP63QkNDunjk7L6QlAGL+cF0DXzRhV/rCZF715Z3OuXl3u1Fv44mtxFWzleJ6VrKWmj1qR7eWRrhfxaoQ42wNFuu9tfvD4ajIaD0R9Hh6dPm1Z4y/vGu+v1vJH3wDv1fvbOvHOPtx60Jq24NWs/bP/Zhvashl5rNT53vK3Rzv4DNDA2vA==</latexit><latexit sha1_base64="lctIYDQcmXZyK4stmftB4bw5RfQ="> KVqEGs+gbBmzjJwCDNPl8ZqxwE5gfFjJg3UdGr1JFOz3HF98tuPv7woiy56JamGdXa/shAC6EcJNgPqmhUlIsaJ/9hpqgfH20mx1QDa6k4zrfsOvjZb2LAoyZXAlwsmMWpJXewuSdFNbxL2aJ+O6YQGBQ1KGlD6mA4GAzqlH6hP/RP63QkNDunjk7L6QlAGL+cF0DXzRhV/rCZF715Z3OuXl3u1Fv44mtxFWzleJ6VrKWmj1qR7eWRrhfxaoQ42wNFuu9tfvD4ajIaD0R9Hh6dPm1Z4y/vGu+v1vJH3wDv1fvbOvHOPtx60Jq24NWs/bP/Zhvashl5rNT53vK3Rzv4DNDA2vA==</latexit><latexit sha1_base64="lctIYDQcmXZyK4stmftB4bw5RfQ="> KVqEGs+gbBmzjJwCDNPl8ZqxwE5gfFjJg3UdGr1JFOz3HF98tuPv7woiy56JamGdXa/shAC6EcJNgPqmhUlIsaJ/9hpqgfH20mx1QDa6k4zrfsOvjZb2LAoyZXAlwsmMWpJXewuSdFNbxL2aJ+O6YQGBQ1KGlD6mA4GAzqlH6hP/RP63QkNDunjk7L6QlAGL+cF0DXzRhV/rCZF715Z3OuXl3u1Fv44mtxFWzleJ6VrKWmj1qR7eWRrhfxaoQ42wNFuu9tfvD4ajIaD0R9Hh6dPm1Z4y/vGu+v1vJH3wDv1fvbOvHOPtx60Jq24NWs/bP/Zhvashl5rNT53vK3Rzv4DNDA2vA==</latexit><latexit sha1_base64="W5TMEij5Mub5z9kkeREpQ6k1kII="> C1iwycQ1ixYDg5hFtnKWO04ICcwfsKkgYZOo55kal44ro9/+f6n51XZR68007DJ7tcWQgD9KMFmQF2zokQkOPEfO0394Hg7KbYaQFvTaWZN38HXdgsbFiWFEvhyySRGraiL3ScZuultwgEd0ikNaVDSoKIBpQ/paDSiM/oX9al/Rr8+o8ExfXhW1V8IyuDlvAS6Yd6q4k9VWA7uVuXdYXW112jhT+PwDtqq6SYp3UhJW7XC/tWRbRTyG4V62AAn++3ucPHqZDQZjya/nRw/etK2wlvel94db+BNvHveI+9H79y78HjnXifsJJ1593739y505w30Rqf1+cLbGd38P94SNnw=</latexit>

We can also run the child thread first
fun fork f = cont parentK = ()

in
fun f’ () = (

apply f ();
throw Sched.dequeue ())

let childK = thread_create f’
in

apply Sched.enqueue parentK;
throw childK ()

<latexit sha1_base64="d3/Al7+vkX1XImTFn1r/AuBxM+M="> SrlJjuKuDksF4kOa2SdkR9EBrQA4xAuFbxUNWKVjy+smbEUHMLMkoWx2uWAOYEZRkwaqNKp1JNMTTOX64Mfv/n+SZG3cVecaFixD0sLIYD7KMFmQF1Lo0REOPEfO1H5cK2QYvcAtFWdaFL1JUpWLmwslGRK4MsVkxi1oC52myS4TW8IO7RLR3RM/Zz6BfUpvU97vR6d0Fd0SIdn9Isz6h/T+2dF+YWgDF7OK6CrzGtVhiM1zju3i/x2t1j7Ki2Go3B8C23FaEVKV1LSWq1xe31kK4WGlUItbICD/XZ3uHh+0hv0e4OfT47PH9at8Ib3mXfL63gD70vv3PvOu/AuPd7IG783/mq8br5q/tH8s/m6gl5r1Hs+8XZG8+//AMJiSDw=</latexit><latexit sha1_base64="d3/Al7+vkX1XImTFn1r/AuBxM+M="> SrlJjuKuDksF4kOa2SdkR9EBrQA4xAuFbxUNWKVjy+smbEUHMLMkoWx2uWAOYEZRkwaqNKp1JNMTTOX64Mfv/n+SZG3cVecaFixD0sLIYD7KMFmQF1Lo0REOPEfO1H5cK2QYvcAtFWdaFL1JUpWLmwslGRK4MsVkxi1oC52myS4TW8IO7RLR3RM/Zz6BfUpvU97vR6d0Fd0SIdn9Isz6h/T+2dF+YWgDF7OK6CrzGtVhiM1zju3i/x2t1j7Ki2Go3B8C23FaEVKV1LSWq1xe31kK4WGlUItbICD/XZ3uHh+0hv0e4OfT47PH9at8Ib3mXfL63gD70vv3PvOu/AuPd7IG783/mq8br5q/tH8s/m6gl5r1Hs+8XZG8+//AMJiSDw=</latexit><latexit sha1_base64="d3/Al7+vkX1XImTFn1r/AuBxM+M="> SrlJjuKuDksF4kOa2SdkR9EBrQA4xAuFbxUNWKVjy+smbEUHMLMkoWx2uWAOYEZRkwaqNKp1JNMTTOX64Mfv/n+SZG3cVecaFixD0sLIYD7KMFmQF1Lo0REOPEfO1H5cK2QYvcAtFWdaFL1JUpWLmwslGRK4MsVkxi1oC52myS4TW8IO7RLR3RM/Zz6BfUpvU97vR6d0Fd0SIdn9Isz6h/T+2dF+YWgDF7OK6CrzGtVhiM1zju3i/x2t1j7Ki2Go3B8C23FaEVKV1LSWq1xe31kK4WGlUItbICD/XZ3uHh+0hv0e4OfT47PH9at8Ib3mXfL63gD70vv3PvOu/AuPd7IG783/mq8br5q/tH8s/m6gl5r1Hs+8XZG8+//AMJiSDw=</latexit><latexit sha1_base64="wGgi7jtShOQZXGjJ1ac1tuuMzzI="> m6yo4ibw3KR6LBG1hn5QWRACzAO4VLBS1UjVvn4wpoZS8EhzCxZGKtdDpgTmGHEpIEqnUo9ydQ0c7k++OnbH54UeRt3xYmGFfuwtBACuI8SbAbUtTRKRIQT/7ETlQ/XCil2D0Bb1YkmVV+iZOXCxkJJpgS+XDKJUQvqYrdJgtv0hrBDu3REx9TPqV9Qn9K7tNfr0Ql9TYd0eEa/OKP+Mb17VpRfCMrg5bwEusq8VmU4UuO8c7vIb3eLta/SYjgKx7fQVoxWpHQlJa3VGrfXR7ZSaFgp1MIGONhvd4eL5ye9Qb83+OXk+P7DuhVe8256t7yON/C+9u5733vn3oXHG3nj98ZfjTfN180/mn8231TQK416z6fezmj+/R9sU0f8</latexit>
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Introduction

Example: context switch

Coroutine style explicit context switch.
fun yield () = cont k() = ()

in
Sched.enqueue k;
throw Sched.dequeue ()

<latexit sha1_base64="dn8Gi/xxxl5N5kqvkqQkMH2+Svg="></latexit><latexit sha1_base64="dn8Gi/xxxl5N5kqvkqQkMH2+Svg="></latexit><latexit sha1_base64="dn8Gi/xxxl5N5kqvkqQkMH2+Svg="></latexit><latexit sha1_base64="F4b5m67ttBPZMYP5ttYxrmm/61I="></latexit>
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We can build all kinds of concurrency and parallelism mechanisms with this
IR:
I locks and condition variables
I CML events / message-passing mechanisms
I work-stealing fork-join
I futures

June 2018 WG2.8 – Asilomar 7



Compiler support

Implementing continuations

Given an IR with continuations; we have to decide on a semantics for
continuations and a supporting runtime model.

I first-class continuations
I one-shot continuations (may only be thrown to once)
I escape-continuations (essentially setjmp/longjmp)

First-class continuations are the most expressive and do not require any
restrictions on their use in the IR
For example, we do not need to define create_thread as a primitive.
fun create_thread f =

cont thdK () = (
apply f ();
throw Sched.dequeue ())

in
thdK

<latexit sha1_base64="sBcmX/+uqZTdv34mv+ZjNykAiJg="></latexit><latexit sha1_base64="sBcmX/+uqZTdv34mv+ZjNykAiJg="></latexit><latexit sha1_base64="sBcmX/+uqZTdv34mv+ZjNykAiJg="></latexit><latexit sha1_base64="3iPscB/z/2eJDUbkxzEP/HGABEc="></latexit>
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Compiler support

Implementing continuations (continued ...)

I Implementing first-class continuations on a traditional stack, however, is
quite challenging.

I Early Scheme compilers used environment analysis to map
continuations to stack-allocated frames (e.g., Rabbit and Orbit).
Note that Kelsey’s IR encodes this analysis.

I Stack copying would be used to implement captured continuations.
I Segmented stacks were introduced (Chez Scheme) as a way to

implement callcc more efficiently.
I Heap-allocated continuations (SML/NJ) provided a very simple

implementation that abandoned the stack.

June 2018 WG2.8 – Asilomar 9



Runtime representations

Choosing an approach

I Heap-allocated continuations provide a simple implementation of CPS,
but giving up the stack has potentially significant performance costs.

I Previous empirical comparisons of runtime models are controversial
[Appel-Shao ’96] or dated [Clinger et al. ’88 & ’99].

I We are comparing four different runtime representations for
continuations techniques using the LLVM code generator framework.

PML compiler

MLRISCBOM IR
… CPS convert

CPS
IR

CFG
IR

Closure convert

x86-64
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Runtime representations

Contiguous stacks

f
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Runtime representations

Contiguous stacks

Pros and cons:
+ natural LLVM model
+ good locality across call/return
+ hardware optimized for return branch prediction
- stack overflow is a problem
- GC interface is more complicated and expensive
- potential race conditions when switching stacks
- thread creation and space overhead is high

June 2018 WG2.8 – Asilomar 12



Runtime representations

Segmented stacks

f
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Runtime representations

Segmented stacks

Pros and cons:
+ close to natural LLVM model
+ good locality across call/return
+ hardware optimized for return branch prediction
+ better space overhead than contiguous stacks
- GC interface is more complicated and expensive
- potential race conditions when switching stacks
- thread creation overhead is high
- additional calling overhead/complexity
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Runtime representations

Heap-allocated stack stacks

f

June 2018 WG2.8 – Asilomar 15



Runtime representations

Heap-allocated stack stacks

f f

g

g()

June 2018 WG2.8 – Asilomar 15



Runtime representations

Heap-allocated stack stacks

f f

g

g()

f

g

h

h()

June 2018 WG2.8 – Asilomar 15



Runtime representations

Heap-allocated stack stacks

f f

g

g()

f

g

h

h()

f

g

return

June 2018 WG2.8 – Asilomar 15



Runtime representations

Heap-allocated stack stacks

f f

g

g()

f

g

h

h()

f

g

return

f

return

June 2018 WG2.8 – Asilomar 15



Runtime representations

Heap-allocated stack frames

Pros and cons:
+ good locality across call/return
+ hardware optimized for return branch prediction
+ better space overhead than contiguous stacks
+ low thread creation overhead
- GC interface is more complicated and expensive
- potential race conditions when switching stacks
- additional calling overhead/complexity
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Runtime representations

Heap-allocated continuation closures
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Runtime representations

Heap-allocated continuation closures

Pros and cons:
+ simple implementation
+ simple GC interface
+ minimal space overhead
+ fast thread creation
+ no race conditions when context switching
- loses locality between calls and returns
- increased allocation rate
- cannot take advantage of return-branch prediction
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Preliminary evaluation

Sequential costs
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Preliminary evaluation

Concurrency costs

I We do not have complete numbers for threading experiments yet
(because of some GC issues in the heap-allocated frame
implementation).

I Previous experiments showed that heap-allocated continuations were
significantly faster than stacks for thread creation.

I Segmented stacks performed poorly, but we have since improved the
implementation and so we need to re-run the experiments.
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Conclusion and Future Work

Conclusion and Future Work

We need to complete our experiments before drawing firm conclusions, but
here are some pre
I the overhead of linked frames appears to outweigh the locality benefits

of reusing the frame
I segmented stacks may be the best choice if sequential performance is a

high priority (although they were abandoned by Rust and Go because of
poor implementation).

I the cost of heap-allocated continuations is low enough that the ease of
implementation makes them a good choice.

I need more experiments to complete the study.
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