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Background

Heartbeat Scheduling as a refactoring via CPS+defunctionalization?
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Abstract

A classic problem in parallel computing is to take a high-
level parallel program written, for example, in nested-parallel
style with fork-join constructs and run it efficiently on a
real machine. The problem could be considered solved in
theory, but not in practice, because the overheads of creating
and managing parallel threads can overwhelm their benefits.
Developing efficient parallel codes therefore usually requires
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1 Introduction

Using the recursion-to-iteration refactoring technique, and
Heartbeat Scheduling, we can solve tricky multicore-
parallelization problems via a series of simple refactqring steps.
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Java [38], Habanero Java [35], TPL [41], TBB [36], X10 [16],
parallel ML [24, 25, 30, 48, 51], and parallel Haskell [43].

These systems have the desirable feature that the user
expresses parallelism at an abstract level, without directly
specifying how to map lightweight threads (just threads,
from hereon) onto processors. A scheduler is then respon-
sible for the placement of threads. The scheduler does not
require that the thread structure is known ahead of time,
and therefore operates online as part of the runtime system.
Many scheduling algorithms have been developed, taking
into account a variety of asymptotic cost factors including
execution time, space consumption, and locality [1-3, 5, 9—
13, 15, 18, 29, 31, 45].

Most scheduling algorithms that come with a formal anal-
ysis establish asymptotic bounds in a simplified model in
which spawning a thread has unit cost. Correspondingly,
the job of achieving low constant factors for scheduling op-
erations is usually treated as a purely empirical question,
and approached as such. Yet, in practice, depending on the
implementation, the cost of creating a thread, scheduling it,



Our multicore-parallelization challenge:

Traverse a pointer-based, binary tree

type node = {v : int, bs : node*x[2]}
Integer Child @
payload pointers
sum (node* n) - 1nt { @ @
1f (n == null) return O

return sum(n.bs[0])
+ sum(n.bs[1])
+ n.v }

Our reference program
(In pseudo C++)



Introducing our parallelism primitive
Binary fork join

sum (node* n) - 1int { sum (node* n) - 1int {
if (n == null) return O i1f (n == null) return O
return sum(n.bs[0]) E:£:>> S = new 1int[2]“ T~ We introduce

+ sum(n.bs[1l]) { s[i] = sum(n.bs[i]) a temporary
+ n.v } } i E {O, l} array to hold

intermediate
return s [ 0 ] results.
Our reference program + s[1]

Syntactic sugar for

U + n.v } reducing clutter

Enables statements s; and s, to execute in parallel. sum (node * D.) S int {

{/// é if (n == null) return 0
fork2join { s; } { sz } s = new int[2]
S3 g fork2join {<
.n\\\\\ § s[i] = sum(n.bs[i])
} 1 € {0, 1}
All of their writes are visible at the join point (i.e., s5). return s [O]
: + s [1] Recursive calls can

execute in parallel.
+ n.v }
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Challenge #1:

Granularity control

Suppose we can assume nothing regarding

@ the shape of any given input tree.

Balanced and large Want to Long chains
with abundant = parallelize with no
parallelism aggressively parallelism

N Want to
serialize



Challenge #2:

Overflow of the call stack is possible given certain inputs



Our multicore-parallelization refactoring

Roadmap

-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
. 3

Fo.rk | cpsig .| Defunct’d Merge
Parallelizew/ _» 10N | CPS Defunc. CPS \
fork2join convert CPS
Heartbeat

- *
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Reference
program

------------------------------------------------------------------------------------------------------------------------------------------------------
3
3 -

i Serial refactoring

\ CPS’g Defunct’d

CPS Defunc. CPS

convert CPS y
Optimize

- .
-----------------------------------------------------------------------------------------------------------------------------------------------------
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Fork-join primitives
Library interface

t = new task(f) Createsanew task t that, when run will invoke its thunk r.

Registers one dependency edge from the current task to join
task £ and one from child task tc to 7, and schedules tc.

fork(tc, t7)

J01n (t7j) Resolves one dependency edge on join task t3.

(L )th)

tc = new task( fork(tc, tj)
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Fork-join primitives
Library interface

t = new task(f) Createsanew task t that, when run will invoke its thunk r.
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(L )th)
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Refactoring for parallel traversal

CPS convert the parallel algorithm

sum (node* n) - int { sum (node* n, k : int - woid)
— wvoid {
i1f (n == null) return 0 if (n == null) { k(0); return }
s = new 1nt[2] s = new 1nt[2]
fork2join { N tj = new task(4d () =
s[1] = sum(n.bs[1]) k(s[0] + s[1l] + n.v))
b1 € {0, 1} — { t; = new task(4d () =
returi z&g} sum(n.bs[1], A s; = {
+ n.v ) s[1] = si; join(t3]) })

fork(ti, tj) } 1 € {0, 1} }
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Refactoring for parallel traversal

Defunctionalization of CPS

sum (node* n, k : int - woid)
— void {
if (n == null) { k(0); return }
S = new 1int|[2]
tj - new task(/l () N Sum(nO, A S = { // KT'erm
k(s[0] + s[1] + n.v)) *ans = s })
{ t; = new_task(4 () = Top-level call with input no;
sum(n.bs[i], A s; = { // KPBranch final result pointed to by ans
s[1] = si; join(t]) })

fork(t:;, tj) } 1 € {0, 1} }

There are two possible continuations (highlighted).
We introduce a data constructor to represent each:

type kont =
| KTerm of int* // dest. of final result
| KPBranch of {1 : int, s : int*, tj : task*}



Refactoring for parallel traversal

Defunctionalization of CPS

sum (node* n, k : kont*) - woid {

if (n == null) {

apply(k, 0); return }
s = new 1nt[2]
tj = new task(4d () =

apply(k, s[0] + s[l] + n.v))
{ t; = new task(4d () =
sum(n.bs[1],
KPBranch{i=1, s=s, tj=tj}))
fork(ti;, tj) } i € {0, 1} }

apply (kont* k, sa : 1int) - void ({
match *k with
| KPBranch{i, s, tj} =
{s[i] = sa; join(t3])}
| KTerm ans = {*ans = sa} }
type kont =

sum (n0, KTerm ans)

Top-level call;
final result pointed to by ans

| KTerm of int* // final result

| KPBranch of {i :

int, s : 1int*, t3j : task*}
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Refactoring for serial traversal

CPS convert the serial algorithm

sum (node* n) — int { sum(node* n, k : int - void) - wvoid {
if (n == null) return 0 if (n == null) { k(0); return }
return sum(n.bs[0])
+ sum(n.bs[1]) sum(n.bs[0], 4 sy =
+ n.v } sum(n.bs[1l], A s1=

k(sp+ s1+ n.v))) }
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Refactoring for serial traversal

Defunctionalization of CPS

sum (node* n, k : int - wvoid) - wvoid {
if (n == null) { k(0),; return !}
sum(n.bs[0], A sqg = // KSBranchO
sum(n.bs[1l], A s1= // KSBranchl

k(sp+ s1+ n.v))) }

type kont = ...
| KSBranch(O of {n : node*, k : kont*}

| KSBranchl of {s; : int, n : node*, k : kont*}



Refactoring for serial traversal

Defunctionalization of CPS

sum (node* n, k : kont*) - woid ({
if (n == null) { apply(k, 0); return }
sum(n.bs[0], KSBranchO{n=n, k=k})

apply (kont* k, sa : int) - void {
match *k with
| KSBranchO{n, k=kl} = {
sum(n.bs[1], KSBranchl{sg=sa, n=n, k=kl}) }
| KSBranchl{sg, n, k=kl} = {
apply(kl, s; + sa + n.v) }

| KTerm ans = {*ans = sa} }

type kont = ...

| KSBranch(Q of {n : node*, k : kont*}

| KSBranchl of {s;, : int, n : node*, k :

kont*}
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Refactoring for serial traversal

Tail-call elimination of apply

apply (kont* k, sa : int) - wvoid {
while (true)
match *k with
| KSBranchO{n, k=kl} = {
sum(n.bs[1l], KSBranchl{s0O=sa, n=n, k=kl})
return }
| KSBranchl{s0, n, k=kl} = {
sa =s0 + sa + n.v; k=kl }

| KTerm ans = { *ans = sa; return } }



Refactoring for serial traversal

Inline apply

sum (node* n, k : kont*) — wvoid ({
if (n == null)
while (true)
sa = 0
match *k with
| KSBranchO{n, k=kl} = {
sum(n.bs[1l], KSBranchl{s0=sa, n=n, k=kl})
return }
| KSBranchl{s0, n, k=kl} = {
sa =s0 + sa + n.v; k=kl }
| KTerm ans = {*ans = sa,; return }
return

sum(n.bs[0], KSBranchO{n=n, k=k})



Refactoring for serial traversal

Tail-call elimination of sum

sum (node* n, k : kont*) - wvoid {
while (true
. if (n == null)
while (true)
é sa=0
g match *k with
| KSBranchO{n=nl, k=k1} = |
n = nl.bs[l]; k = KSBranchl{sO=sa, n=nl, k=kl}
break }
| KSBranchl{s0, n, k=kl1} = { sa =s0 + sa + n.v; k=kl }
| KTerm ans = { *ans = sa; return |}
else
k = KSBranch(O{n=n, k=k}
n= n.bs[0] }
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Heartbeat Scheduling

Key idea:
We amortize the overheads of parallelism against useful work performed between
heartbeats.

. ¢ ¢ ¢-
{}e ¢ 9

{} 9 ¢ ¢

} —
Cost OT Time between
Spawning a heartbeats, h

task
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Example of Heartbeat Scheduling
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Merging parallel & serial algorithms
Implementing the heartbeat

sum(node* n, k : kont*) —» wvoid {
while (true)
k = try promote (k) 1f heartbeat () else k
if (n == null)
sa = 0
while (true)
k = try promote (k) 1f heartbeat () else k
match *k with
| KSBranch(Q {n=nl , k=kl} = {
n = nl.bs[l]; k = KSBranchl {sQ =sa, n=nl , k=kl},; break }
| KSBranchl {s0 , n=nl , k=kl} = { s+=s0 +nl.v; k=kl}
| KPBranch {i, s, t3j} = { s[i] = sa; join(tj); return )}
| KTerm ans = { *ans = sa }

else { k = KSBranch(0 {n=n, k=k}; n = n.bs[0] } }
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Merging parallel & serial algorithms
Handling promotions

try promote(k : kont*) - kont* {

kt = find outermost(k, 4 k = {

match *k with
| KSBranchO = true | = false })

if (kt == null) { return k }

match *kt with
| KSBranchO{n, k=kj} = {

s = new 1nt[2]
tj = new task(4d () = {
kO = KSBranchl{sO=s[0] + s[1], n=n, k=kj}
sum(null, kO0) })
tc = new task(4d () = {
sum(n.bs[1], KPBranch {i=1l, s=s, tij=tj})})
fork(tc, tj)
k1l = KPBranch {1=0, s=s, tj=tj}

return replace(k, kt, k1) } }



Benchmarking results

Collected from an Intel Xeon system, using all 64 cores,
showing speedup over the iterative, serial algorithm

input | serial (s) ours cilk  cilk+granctrl
Hgn  perfect 0.7 28.4x  15.4x 34.5x
"7 random | 08 318 153x  337x
Low chains 2.5 11.5x . n/a n/ a4_ Stack
il chain 1.2 0.4x n/a_ n/a.

* perfect is a perfect binary tree of height 27

 random is initially a perfect binary tree built from a series of path-copying insertions
targeting random leaves

* chains is a small initial tree of height 20 extended with 30 paths of length 1 million

* chain is a long chain.



Summary

CPS and defunctionalization are powerful tools for transforming
code.

They can guide code refactoring in various applications.
This short work identifies multicore parallelization as one.

We started from one recursive specification, and branched into
two refactoring paths: one serial and one parallel.

We refactored each to get serial efficiency and parallel scalability.

At the end, we merged the two algorithms using Heartbeat
Scheduling, as the conceptual glue.

Current draft:

http://mike-rainey.site/papers/pardefunc.pdf



http://mike-rainey.site

E [fork2join (fo, fi) ], < {

tj = new_task (k)

to = new_task(E [fo Ol (). join(ti))
t; = new_task(E [fl ()],1 () .join(tj))
fork (to, tj); fork (ty, tj) }



