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M. Yasugi’s Backgrounds

Developed programming language systems
> ABCL/EM4 [ICS 1992, PACT 1994]
> Implementing ABCL (concurrent OO language) for a data-driven parallel computer
o OPA [PACT 1998, PDSIA 1999, ISHPC 2003]
o Multiple threads over passive, adaptive objects
o Synchronization and exception handing using dynamic scope
o Lazy Task Creation with lazy frame conversion
o Tascell [PPoPP 2009, P2S2 2016]
o “logical thread”-free efficient work-stealing framework
o Backtracking-based load balancing with on-demand concurrency

° Only when requested, each worker spawns a real task by temporarily backtracking and restoring its oldest
task-spawnable state.

o Using mechanisms for legitimate execution stack access

> HOPE [ICPP 2019 @Kyoto, Japan] € Tascell D& NDEE
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(ﬁ%%o) - ::—G*&:)) QZO‘ ’5” =

ZLDIHE, BFEODEREE(C, C++, JavaldE) DYLR
5[ ZEITRIEEG IR ZE 2 AU L TH R

- BREIIHEEBRQ@7)BKIYERBICKEGHD ARV ZRIFFIZE /R
S AZRIEFBOARM F—IN—AYRDEIENNIBRELE FFE
RBRAYDEIHARA 2 FEETE
EDRARIZEDIATMNETTHMIE, SBNERN
BEIFIIZ, M DOEIRIIZIRTET S

OpenMP Task, Cilk (Plus), Intel TBB*, X10, Chapel, MultiLisp,
Massive Threads™®, Tascell

— *MFEETIEHELZ1T3Y
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Cilk

¢ BT RLBEALBAIRVLFIEE
— Frigo, M., Leiserson, C. E. and Randall, K. H.: The Implementation of the
Cilk-5 Multithreaded Language, Proceedings of the ACM SIGPLAN 1998

e {HEHEMITTEIF (Cilk, MIT Cilk)
— RUFv—1 %375 EITF (Cilk++)
— IntelMB YL, IR7E[LIntel C++ Compiler® —Ef (Cilk Plus)

e Cilk PlusQ T4 BRITA—T >, WEIXGCCTHLF FHAIHE

» Lazy Task Creation (LTC)EULNVDZEEFEICTEKY, ARVERIC
MNBIARNE (FIZAILZOSHRLYRERELEART) KIFIZEIE

- e

I K

KYOTO UNIVERSITY



CilkD 7 O%4 S5 L5

 Fibonacci using a doubly recursive algorithm
— ARGUMHNERBDORUFI—ITATSLDES
XIDTAT I LERIZERANGERIEGZD (BLNZELELY)

cilk int fib(int n) b
{ spawn &spawn LA T DETE A [®o
. = = —T & N
if (n <= 2) i 513E4T A fib(3)
return (1), ) TB(3) B2y WB(3)  Tb(2) ﬁbmﬂ}
else { fib2) fib(2) fib(1) fib(2) fib(1)  fib(2) fib(1)
int x, y; o S
X = spawn fib(n - 1);
y = spawn fib(n - 2);

Sync; | L] ,
: Bl—RXO—TAHADETDspawnDIRT
return\m TN

F NN T

Fib®D X : http://www.introprogramming.info/english-intro—csharp—book/read-online/chapter—10- recursion/*

Y 1
N
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{51 : Pentomino

e Pentomino PuzzleE fZIER

— Pentomino: a block consists of five attached squares

— Fill a 6 X 10 rectangular board with the 12 different pentominos

o AiFNINVORTVIOEEZETRET-LN
— F—AAFIMEBEL TR T ZENELET,
AR5 FEA G E L

. BRAOKESE, RANARERT LT XA BT
ﬁ[ ; "

| ‘ .
3 b K 5
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* Usually spawn a logical thread and\
execute it immediately

» Full task creation (from a stealable
continuation) is delayed

lable continuation ]

[ [ ]
spawn a 'l' | —
logical thread \Lstealable continuation ]
[ [ ]
=.=.
vn a ﬁ ‘ -
thread stealable _continuation 1
8 =
2 Iams ¢ (HIEEN-ELIEWR)ZRER - MO A NI EELR
EhE TEAL
7055 LDEMLE, spawnstEspawnTTlEMifTIZE
9 P TEN55128, BRATYTTEIZT—HRR—Z(C
ﬂ e CTIEAR—F) DERZELDLELNHD
‘ 1 E

3 b K 5
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FAXADAFH|FiETascell [PPoPP ’09]

 Backtracking—based load balancing approach

» MAEDFEEZDELDZE, BEFFTELED

iarallelizable Q

sequential computation

. _, i
AR
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Tascell 7OT S LD ENE

make a copy of the board
spawn a task

backtrack temporarily

removing pieces -
.I. A
send the task

il

\
AR

KYOTO UNIVERSITY



Tascell 7OT S LD ENE

@ make a copy of the board
@ spawn a task

return from backtracking
setting the removed pieces

Lrd

A

./-

PEFFETELZHAIELEL

‘/- FAFEDIARMETIFHI1D TIEAL,

& EEAZZRVERDARSD DS
® T—JAR—R(R—F) DERZEICRLEIZGD
FCELESELHIENTED

T—
-
-

—

resume the worker’s own task
hllllllllll . ¥

3B K 5
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Tascell S &

 CO¥LEIF|EEE
o ifi%l]forkEX
e 1: OVANT o )
— T—HIEZRRIERNEUVRY (spann T T ) BERELT
— DT —IDBRERIVEREZITHL
s X DIFIforErT—RHIZ/N\VYIEZYIL,
« FRVEHERLTI-1R
« —EBFEI/NNYIRSYINGLIEIRLTELDETEZBHIT S

— =B\ ISy IT—BRI/ NI RS9I DS DEIR IO NIEE
%Eillﬁ'%f:&)d), dynam'i c_wi nd*%i’&ﬁ%i% (c.f., Scheme)
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PentominoE f2¥E 3 in Tascell

4

AR K57

worker int search (k, jO, jl1, j2, task pentomino *tsk)

{
for (int p : j1, j2) { /* #MHlfor:E—RDIELE */
for (d=0 ; d<4 ; d++) { /* EXRfor:E—XDAM */
dynamic_wind {
E—X p AR d TEL

P Ao
if (BARDHIDT=?) s++;
else s += search(..); //recursive call

A

C—R p EBYK IIIi
}
}

handles pentomino (int i1, int i2) { /*il--i2isa subrange of jl--j2 */

/* executed to initialize :in fields of a spawned task */
{ copy_piece_info (this.a, tsk->a); copy_board (this.b, tsk->b); this.k=k; this.i0=j0; this.i1=i1; this.i2=i2; }
/* executed to get the result by referring :out fields */
s+=this.s;
}

return s; }
task_exec pentomino { return search(..); }

KYOTO UNIVERSITY



Background

High productivity, scalability, load balancing, and fault tolerance

to develop high performance and robust applications including
irregular ones

for massively and extremely parallel computing systems.

Work-stealing frameworks (Lazy Task Creation, Cilk, Tascell, ...)

> provide good load balancing for many parallel applications, including irregular
ones written in a divide-and-conquer style

> However, work-stealing frameworks enhanced by fault-tolerant features (such
as checkpointing) do not always work well

Nov. 2019 Masahiro YASUGI



Contributions

We propose a new hierarchical work omission"-based parallel execution
model called HOPE.
> HOPE programmers’ task is to specify
> which regions in imperative code can be executed in sequential but arbitrary order and
> how their partial results can be accessed.

o Every worker has the entire work of the sequential program with its own planned
execution order (SPMO; single program multiple order).

o Workers (and runtime systems) automatically exchange partial results to omit
hierarchical subcomputations.

We discuss how to implement this new idea as an efficient, scalable and
fault-tolerant dynamic load balancing programming/execution framework
> Fault tolerance without a single point of failure by assuming fail-stops

° the language, compiler, and runtime system.

Nov. 2019 Masahiro YASUGI



“HOPE” is NOT what you think

A HOPE worker does
> NOT have only an assigned (fixed) part of the entire work
> NOT wait for slow workers
> NOT have a fixed communication pattern
> NOT spawn a task/thread
o NOT steal a task/thread
> NOT wait for a result
> NOT broadcast a result
> NOT recover/restart (a stopped part)
o NOT save/restore/rollback an execution state

Nov. 2019 Masahiro YASUGI



Basic Idea (1/3)

A worker performs a divide-and-conquer computation sequentially.

worker A

Nov. 2019 Masahiro YASUGI



Basic Idea (2/3; full redundancy
for fault tolerance)

Every worker performs the same program with its own planned
execution order (SPMO; single program multiple order).

worker A worker B

Masahiro YASUGI



Basic Idea (3/3; parallel speedups)

Exchange partial results for hierarchical omission

worker A worker B

Nov. 2019 Masahiro YASUGI



Our Approach

The HOPE Language: Directives:
o Arbitrary execution order (# spawning concurrent tasks/threads)
> How to access to partial results

Pre-shared plans:
o Every worker has its own planned execution order of a hierarchical computation

Variable-length addresses to identify hierarchical subcomputations

Compiler (translator)
° into C with nested functions (L-closures [Yasugi+, CC 2006])
> We solve dilemmas: 3 execution modes and dynamic execution mode switching

Runtime: Message Mediation Systems (MMSs) (distributed and federated)
° as a local storage and an automatic exchanger of messages of partial results

Nov. 2019 Masahiro YASUGI



Outline

Motivating Example
The HOPE language
Our Approach

Implementation

o

o

> The Compiler
Evaluation
Discussion
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Motivating Example

A doubly-recursive computation for Fibonacci
(typically employed as an irregular example; NOT a fast algorithm)

int fib; (int n) { suffix i only for for identifying
if (n <= 2) return 1; presentation » subcomputations
" r?fbrl‘( ) fib (51)
r0 = fib,. (n - 1); ¢ i
r1 = fib2i+1(n - 2)’ ro. fIbZ(SO) rl—f|b3(49)
return r0 + ri; rO=fib,(49) r1=fib,(47)
}
rO=fib,(48) r1=fib,.(45)

Nov. 2019 Masahiro YASUGI



Hierarchical subcomputations in fib,(51)
and their depths

depth O S, fib,(51)

1 S,: r0=fib,(50) S5: r1=fib,(49)
______________ e St S
2 S,: r0=fib,(49) Sc: r1=fibg(48) Sg: r0=fibg(48) S-: r1=fib,(47)
________ e ——— — — e e e — — ———— — — e — — — —
3 Sg: fibg || Sg: fibg || S0 - Syq: SIPHE Syl . Si4 - Sisl ...

—_———————A\————/ N T T e T e *————/—+—

Masahiro YASUGI



An existing work-stealing framework:
Tascell [Hiraishi,Yasugi+, PPoPP 2009]

(On demand) concurrency (between thief and victim)

task tfib {in: int n; out: intr };
worker int fib (int n) {
if (n <= 2) return 1;
int rO, rl;
do_two // Tascell’s construct
rO = fib(n - 1);
handles tfib {
{thls n=n-2;} // for spawning a task tfib
rl = this.r; } / merge the result of tfib

return rO + rl;

steal and spawn

rl = fib(n - 2 // skip if a task tfib is spawned

Nov. 2019 Masahiro YASUGI




he rbuer Mn

Worker Worker
WO W1

\ sifglevesiatien
D

OO0 &

A large portion of
divide-and-co
computation

er
d

Worker Worker
W2 W3

be lost

Work

stealing
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The HOPE Language




g
w/o concurrency :
_ Subcomputations may (re)use a single workspace

The HOPE Language /

Directives /

int fib (int n) {
if (n <= 2) return 1;
int rO, rl;
#pragma hope do_two // arbitrary order
#pragma hope omissible result(r0)
rO = fib(n - 1); // may exchange partial result rO for omission
#pragma hope omissible result(rl)
rl = fib(n - 2); // may exchange partial result r1 for omission

return rO + r1;

}

o Results are not always on the left-hand side.

Nov. 2019 Masahiro YASUGI



Our Approach




Worker Worker
WO W1

No single point of failure

Worker Worker
W?2 W3

S191AIBICADJIELF

fully
redundant
execution
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Worker Worker
WO W1

No single point of failure

Worker Worker
W?2 W3

S191AIBICADJIELF

fully
redundant
execution
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Worker Worker
WO W1

No single point of failure

Worker Worker
W?2 W3

S191AIBICADJIELF

fully
redundant
execution
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4

5

1

OO0 00w

Worker Worker
WO W1
(000)  (011)

O-first or 1-first

at each depth

(8JoJalBIcXDIELF

SPMO (single program muItipe re)

6

Worker Worker
W2 W3
(101) (110)

Each worker’s

NIOOOEO OOE planned order DOOOO OOG

Nov. 2019
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Worker Worker
WO W1

Exchanging
partial : :

results N N @
~ |

Worker Worker
W2 W3

Hierarchical | & :
AONO6 OOBA Omission
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Another example of hierarchical omission

When ignoring depth 3 and more

Worker WO— & 0—'
(000)
Worker W1— . G @—>
(011)
Worker W2— (& . —
(101)
Worker W3— g ﬁ—t}—’ DONOG OO EC
(110)

Nov. 2019 Masahiro YASUGI



Implementation




The HOPE Compiler

Translation of a HOPE program into a C program with MMS API calls

Naive translation would involve the following issues to be addressed:

Dilemma 1 (collaboration cost):

© Hierarchical omission of subcomputations

® Overheads of writing/checking partial results
® Costs of maintaining the “current” VL address

Dilemma 2 (multiple-order cost):
© SPMO reduces overlapping of subcomputations
@ Costs of order selection

@ Branch-predictor unfriendly

S19AAIBICADIELF
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Dynamic execution mode switching
with Nested functions _§

The “check” mode ‘
When no longer 3‘

The “non-check” mode @
The “work-first” mode Q “3lone”

Dynamic execution mode switching (DEMS)
> Changes a past choice of modes

2O=@ - O=0)

o Legitimate execution stack access [Yasugi+, CC 2006] 4
to handle VL addresses and partial results ‘ »@

Masahiro YASUGI 35
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. No cut-offs
Environment/Benchmark (No thresholds)
The K computer (per node) Benchmarks _
o SPARC64 VllIfx 2GHz 8-core ° Fib(n) Fibonacci
o Tofu Interconnect > Ng(n) n-queen problem -
o FujitsuMPI (OpenMPI based) ° Pen(n) Pentomino problem
o Fujitsu C/C++ Compiler 1.2.0 o AreaSum(n) AreaSum B
> with -O2 optimizers > MatMul(n) Matrix Multiplication
> Nested function C. .
> LW-SC [Hiraishi+ 2006] Fault injection
> FT(n) one out of n workers
Employing > simulated by discarding incoming/
°1,2,4,8,16,..,256,512, 1024 nodes outgoing system messages
> 7 workers/node Compare HOPE and Tascell

Masahiro YASUGI
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| @@ S @ A U 10 :
(toserial C) 45 yopp..deseel b _
>
&]
S 0.6 FETFAY) " o i i M e =
ko
9
=04 Ml B B R B - -
0_2 __________________________________ —
0.0
_ Fib(51) Nq(17) Pen(15) AreaSum(18) MatMul(10000)
serial C
0 ¢
\[HOPE  Tascell
1000s & 1O RETAVET(6AY ) E
o}
E 2 T B R RS .
-
S
S 10" F-l e e B B S B B B 4
(&]
2
lsecond w -l I f —EE B | HF B! BF B — 3
10™"
Fib(51) Nq(17) Pen(15) AreaSum(18) MatMul(10000)

serial C wm

HOPE (7 workers)
HOPE (14 workers)
HOPE (28 workers)
HOPE (56 workers)
HOPE (112 workers) s

HOPE FT(64) (7 workers) mmm Tascell (7 workers)
eeeEEee (14 workers) - (14 workers) m=m
FT 64 (28 workers)

( ) 112 workers)

(56 workers)

HOPE FT(4) (7 workers) mm
en=—=d) (14 workers) e

4) (28 workers) (28 workers)

FT(4) 4) (56 workers) e (56 workers)
) (112 workers)

HOPE

HOPE (224 workers)
HOPE (448 workers)
HOPE (896 workers) mmm

rror—rr=) (224 workers)
HOPE FT(4) (448 workers)
HOPE FT(4) (896 workers)

rror o= 224 workers)
HOPE FT(64) (448 warkers)
HOPE FT(64) (896 workers)

E Tasce” 112 workers)

T OI3CETT
Tascell
Tascell

1224 workers)
(448 workers)
(896 workers)

HOPE (1792 workers)
HOPE (3584 workers)
HOPE (7168 workers)

HOPE FT(4) (1792 workers)
HOPE FT(4) (3584 workers)
HOPE FT(4) (7168 workers)

HOPE FT(64) (1792 workers)
HOPE FT(64) (3584 workers)
HOPE FT(64) (7168 workers)

Tascell (1792 workers)
Tascell (3584 workers)

B Tascell (7168 workers)
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pther Evaluatio

08

Pen(15)

Fib(51) Nag(17) AreaSum(18) Mathul(10000)

Efficiency
| |
o
|
|
|
'
L]
Execution time [s]

gm“
ST ] Fibi51) Pan{15)
§ 102 - ! - . -4 I ]
o serial C .
0 Fib(51) Na(17) Peni1s) AreaSum(18) MathMul(10000) EE 1E WE; = SS 1E WE::: =
s B Jeieerm ghmegme) = w/  Elvees = | W/0 kT =
OPE (3 workors) mm Gk Plus (3 workers) E EE '!i'ﬂ-ri:ErE; [ 8 EE wurl-:ersl::: [
workers) ik Plus (16 workers H {112 workers) == {112 worksrs) =
HOPE [z =| Tascell | =z =) Cilk Plus DEMS | (zziwoiers == | DEMS & {2:waciars mm
E (128 workers) Cilk Plus (128 workers) (448 workers) (448 workers) N

{BO6 warksrs) HOPE wio DEMES (B96 workers)

HOPE (1792 worksrs) HOPE wio DEMS {1792 workers)
>75x faster execution HOPE (7168 worters) = HOPE wi DEMS {168 woriers
Implementations execution modes elapsed times [s] (and relative execution times)
check || non-check | work-first | DEMS | Fib(41) Fib(51) Pen(13) Pen(15)
base + Sec. 6 on off off off 433.3 (360.3) | - 907.8 (220.9) | -
w/ non-checko— —{on) off on 3.432 (2.853) | 372.9 (3.256) | 12.00 (2.919) | 959.9 (3.110)
w/ work-firsi>—en ot (on) on 1.203 (1.000) | 114.5 (1.000) | 4.109 (1.000) | 308.7 (1.000)
w/o DEMS on on on off 1.228 (1.021) | 122.5 (1.070) | 13.01 (3.165) | 432.2 (1.400)

Nov. 2019

>2.8x faster execution
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Summary: What is “HOPE"?

Every HOPE worker (with its runtime system)

° has the entire work of a divide-and-conquer program to compute the result
independently

o performs the entire hierarchical computation sequentially
o uses its own fixed/planned execution order of the hierarchical computation

> MAY omit a hierarchical subcomputation if the result is locally available
(handles the result of a subcomputation as an eliminator of the
subcomputation)

> MAY exchange the result of a subcomputation with only relevant workers

> CAN guess the current participants of a subcomputation based on local
availability of partial results and the entire pre-shared plans

Nov. 2019 Masahiro YASUGI



