SR ETEIRIE/GTEETIL
ICHITHETFEIREEREH

MERKTRE:/\F EF (AN IEXRE)
(EBHFEB) HEREDRERIEICE DL
=R - S EEY AT LT
MESEE A5 h(FEEHKRE)
MESTHEE LXK B— (LM IEXF))




ETEIRRBOF/EIREIZE DL
S EE SEFEV AT LI

It E B4 (B) 2014 E LY

0 IRRKKRE /\E EF (WINIEXKXE)

0 ARDIEBE FH R (FREBKZE)

0 AIRDIEE Sk #B— (INIEXKXE)

0 GEEMEE N O FE (LI TEKE)

0 EEMRE IA B3 (WNIEXXE)
2013FEZET

0 BT EEEB): TeUETRINEBIEEREOEREL
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ERANS

(ZER)TEIRBEIRIEFEL-closure&(E?
o AT EDEH1%

ZNETOIE BB (L-closure TEIR)
ZNFETOHEE (L-closurex=1R)
BT D it FR 151

RITDELE

NS DRE
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L-closure: 5TE IR REIRIEH B LT
(1/2)

S/KESEDIAVNASOPREFETIRESN
SaELLTIEE

0 SEHE, ST EKETEBOEE

'_'_"‘_IEZ'OD‘/7I~"7:|:70)§)JE’J_._1%EZ RE

o FUHLT TR TWASERHA }£E’~]77‘|27(

NAMENSS, SESFIZFIAHAATE

CHED, EOKEFRIF, E)JEI’JQFI g E

FHMTIELEARAMNISERTREE S

BABEBZXNRELE-T/N\YAZERETHEIIC

)IH

O

o 0O O
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L-closure: 5TE IR REIRIEH B LT

(2/2)

ERCEFEDILHRELT

ANFER(OO—2 %) F|

o FEHLITIS EE%)Z'“;&ONIE’\O)tcé’CI NET7 IR

TOtZ*T%t&%ﬂ"‘;&%I/ DAZEY B TR

R

IEJ -H-fd~ fiix’C |$
0
0
0

QT FETIA—O v Dbz EIE

FEL2DODELR

GCCHhiEIZ kDR [/\# #h CC2006, IPSI PROERX 52008
(FR21IFERXE)]

ZECSHENDOFERAX [FH-/\#4th IPSI PROGRIE52006]
[Earfﬁ J\#2 - E Rt IPSI PROGR I E52013]
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Alist *bin2list(void (*scan0) closure (move_f),
Bintree *x, Afist *rest){
: *kv = 0;

void re (move_f mv){ /* create closure */
est = mv(rest); /* scan roots */

= mv(kv); /* scan roots */

/* scan older roots */

/| pass pointer to closur scan1" on the following calls.

if(x->right) rest's bin2list(scan1, x->right, rest);
kv = getmem(scan1, &KVpair_d); /* allocation */
kv->key = x->key; kv->val = x->val;

a = getmem(scan1, &Alist_d); [* allocation */
a->kv = kv; a->cdr = rest;
rest = a;

if(x->left) rest = bin2list(scan1, x->left, rest);
return rest;

25 Dec. 2015 Masahiro YASUGI



‘ Using Lexical Closures

_ - _ iInspect/
[* simplified for explanation */ modify
bin2list(closure_t scan0, S cach x
Bintree *x, ... 1 scanl |
void scan1 closure (){ P gc
X = move(x); / o getmem ‘/

scan0(); i‘ bin2list
}

- - . scan0=f], x=0xAA80
bin2list(scan1, x->righ

) bin2list
u)}

getmem(scan1,... ); EESTu
: C stack

25 Dec. 2015 Masahiro YASUGI 7



TR ERAR)MEREIR D B H

(1/2)

RICETERNBETERFE

0 BRI HHETEEZXRRET? iFHEFT?
LN\D, ETTET?

BT OB MDEIRIL?

0 BB ANSIEZNERETIZEIR

a0 FNIEMYTZE, MHNETORESLL
— ERDRBINGERE(C
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RITRRAR)MIEEIRD BB
(2/2)

HAHAEDIL T

0 $»5HrunT, BIZEICERTIELMFAEL
T—LEHDESH(HOERTER)IX?
0 BRI AREEICITFLERF R
BOLBIREEETETDHELLMN?

0 ATRIRRBIRIEHEfE Tl EE

(FUHLTEDEHDENSE- EELLZLY)
=R (O]

0 BREFTZEILUIIEITICER

25 Dec. 2015
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I}

s INFETOIRAB

a

Tascell: Backtracking-based Load Balancing
[TE% - /\# {th PPoPP 2009]

o BEDOKREBIR (proper tail recursion) [ILC 2010]
o Tascell: spanning tree construction [ICPADS 2010]
o Tascell: il 51 [EE 2 BIREADEA [SACSIS 2011]
a Tascell: N{AE &8 (Barnes-Hut algorithm) [SACSIS 2012]
a Tascel: KB7ATLEGEHFDEEE DI Z7HHDIFI{E
[JSIAM2013, IPSJ PROZ# 3 552014]
= CNETOEE
= BIED R
= RIEDEE
= DL DERE

25 Dec. 2015 Masahiro YASUGI
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‘ Tascell: .oad Balancing Framework [PPoPP2009]

= “Logical thread’-free
= Compute sequentially, fork only when requested

parallelizable O

sequential computation

O

25 Dec. 2015 Masahiro YASUGI 11



Temporary backtracking by nested functions

spawned =0

| |"earc,. dwinderO
™ detected a l')( \ )

=amver () {

* dwinder0();

if (req_remain) send_task(); }
polling();

for (...) { // translated parallel for
for (d=0 ; d<4 ; d++) {

dwinder () { '

remove a piece

earch \ || NSHEREROM
dwinder, ‘ , ‘
( ) ’ loop_end =1
o spawned = 0 J
search ~ spawner )
(dwinder, loop_end = jl/2
) spawned = 0
25 Dec. 2015 execution stack

search for an older task

4 remove a piece

%&h for an older task .

) ahir%



Tempora

search
(dwinder,

o H

search
(dwinder,

) H

search
(dwinder,

o H

1 1 1

loop_end =1
spawned =0
dwinder ()

y nested functions

search (dwinderO, ...) {
spawner () {

loop_end =j1
spawned =0
dwinder ()

dwinder0();
If (req_remain) send_task(); }

polling();
D for (...) {// translated parallel for
for (d=0 ; d<4 ; d++) {

loop_end =1
spawned =0
dwinder ()

dwinder () { 7

set the removed piece

loop_end =jl/2
spawned = |

dwinder ()

set the removed piece

25 Dec. 2015

execution stack

Masahiro YASUGI 13



Speedup relative to sequential C

MRS (Niagara2 Tascell)

64
32
|6
8 ——Fib(44)
4 -#-Nqueens(16)
Pentomino(|3)
2 LU(2000)
| —Comp(30000)
0.5 -e-Grav(400)
0.25
0.125

I 2 4 8 16 32 64 |28
# of workers

|4 Masahiro YASUGI 25 Dec. 2015



Speedup relative to sequential C

HEFE R (Niagara2 Cilk [PLDI'98])

64
32

——Fib(44)
-#-Nqueens(16)

Pentomino(|3)

LU(2000)
—Comp(30000)
-e-Grav(400)

I 2 4 8 16 32 64 |28
# of workers

|5 Masahiro YASUGI 25 Dec. 2015
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Kél.
7

NFETOHEE (L -closurez317)
0 GCCIRRMDEEET IV
s GCC 3.4.6~"—X, SPARC, IA-32, x86-64
= GCC /A—234 A—2~, f=12L(lazy TIE#EL)Y) closure DERE
0 BRECEE DR
= BHRIIRZVIDFIA
= SBIT, EHIFEE (amortized time)E T ITAREET L
= FRIEDAH
« RAEDREE
= INHDLDERE
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SEDRE
» GCCANDL-closureDELEE

Trampoline Closure L-closure LW-SC
old O O @) O
GCC3
new - - WHE? O
old O o X @)
GCC4
new - - LY @
LLVM = O RIE RIE ®

17 Masahiro YASUGI 25 Dec. 2015
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Kél.
7

N x Fro)J'L:‘A 15“
o Tascell (214} AL EEZE A [SWoPP-PRO 2015]

= é%:é?/(TA%AEﬁ’DEﬁ%% NI S7HMETOERITEH YA
MDiE A [ACSI2015 (Outstanding Research Award)]

o IRBEIREBIZE TS Tascell DEED 5347 [ISPA 2015]
« RIEDEE
" DL DEREE

25 Dec. 2015 Masahiro YASUGI 18



An Implementation of Exception Handling
with Collateral Task Abortion

||

th #h, BE BECGREKE)
INE. B (AMIEKE)




2.5 ANy

« FRY

i 51| 5 55

1L

+ 55 anzE

f O

}
e )

e

}

{

try {
join {
spawn e();

e();

{

Q;

o

}

} catch (99) {..}

spawn S: SMIEMFHA

= 4=

E1T

join {..}: spawnL7=2RXYUDF#A

if (B EIF3B?) { throw (99); }
join {
spawn e();

W

ar

B

KYOTO UNIVERSITY

IPSJ PRO 2015-2 (SWoPP @ BI| fF)
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2.5 ANy

« ZNTATTLDOUDDEELLY) E1E: cactus stackTHRIF

I ‘ e ()
. S~ spawn
join e

) o

join ~/

e () i i

e ()
L { P spawn
join
catch 99
_ £ () >

w‘ worker O worker 1 worker 2 worker 3
R »»
Elj‘ ﬁls j( ? IPSJ PRO 2015-2 (SWoPP @ Rl iF) 2015/8/6 21

KYOTO UNIVERSITY



2.5 ANy

« ZNTOTSLDUDDEELLY) EBE
— FISNCRRE T Atry Oy YA TspawnL TV =2 THDRRI%,

BEIMIZ, &5/ A2 TCcollaterally”) S E5

CDFRIGEEZEITIFRVASIEEE

BEFEDAR YA H| EEETascellDBINHEREE L TERLE

w:: vmer 0] worker 1 worker 2 worker 3
\ = | i  ;
. SN »
’E{ %B j( ? IPSJ PRO 2015-2 (SWoPP @ Rl iF) 2015/8/6 22

KYOTO UNIVERSITY



ESPERT e

« semanticsDizZEILBEH [Yasugi, PDSIA99]
- EEDOHEITRE-540

BEIRNA P
O X
Cilk Plus, TBB,
;{é O Tascell X10 (3% 1)
?E-E Cilk,
ur X OpenMP 4.0 Chapel
o (3%2)

X1 HIN IR DNRIBIRA UL EBZHFIIC, ETDIRIDRTZEFD
X2 C++HRDBFISMEZRA I DREEANRA b A DB HZFRHTLEL

il .

A AL
’E{ %B j( ? IPSJ PRO 2015-2 (SWoPP@ 7| fF) 2015/8/6 23

KYOTO UNIVERSITY



T DS HIS AR DA

1t

(R A ARIRFT, 1D THENR OO o= BIEITIRFERT

« Cilk®Users ManuallZHrENTLNB &
e ZORBEHFEEFZEFTELLIDENSE...

binsearch (Node root) {
try { binsearch_rec (Node root); }
catch (1) { return 1; }
return O;
}
binsearch_r (Node node) {
if (Inode) { return; }
if (ERDOHh-71=?) { throw (1); }
join {
spawn binsearch_r (node->right);
binsearch_r (node->left);

ﬁ*

AR K & IPSJ PRO 2015-2 (SWoPP @ 31| ff)

KYOTO UNIVERSITY

2015/8/6
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th D=5 41 B D F AT

(FA%2) WHARIEET, BUMYLEEOAE, thd T —HHEEIC
BEREIELTSIBEE, ZOERERAIC ?TB’G)]%)
. HSTIAL=UH T31.9%DIERZZRIHIRE [Okuno+, ACSI15]

ol o
. n s s ; z 3

A »»

E{ ﬁls j( ? IPSJ PRO 2015-2 (SWoPP@ 7| fF) 2015/8/6 25
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T DS 41 R D A

(A®E2) HEHRIFERT, FMYLEESSARZE, DT —AMEEIC
ERBBLTVSIEE, TORRERAIC ?TE*S)]%)
« U3

T4 =27 T31.9% D IFERZERE AR [Okuno+, ACSI15]

Ty -
ol o
. n s s ; z 3
A »»
51‘ gls j( ? IPSJ PRO 2015-2 (SWoPP@ 7| fF) 2015/8/6 26

KYOTO UNIVERSITY



T DS 41 R D A

(A®E2) HEHRIFERT, FMYLEESSARZE, DT —AMEEIC
REFIBLTLDIGE, TORFREERICITLUS

J2574=2 T31.9%DIFFRZERHIREL [Okuno+, ACSI15]

binsearch (Node node) {
if (!'node) { return 0; }
if (xnodeOLL T DIRRMNEENFZERFULN=2)
prune (xnodeO);
if (nodelf3axnodeZroot:d AN YSnN-EBRoARKD—E ?)
throw (xnode);
try {
join {
spawn binsearch (node->right);
binsearch (node->1left);
}} catch (node) {..}
— retrun s;

ﬂx

N AL
R ﬁl‘ j( ? IPSJ PRO 2015-2 (SWoPP @ Rl iF) 2015/8/6 27
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LTOERRDRN

- (Baseline®) Tascell DR EA
 TascellDFFE RN A
- R

 EgEEFT

¢ FEH

TR
Al n:i —
3

. N »N
N ﬁB j( ? IPSJ PRO 2015-2 (SWoPP@ Hl| ) 2015/8/6
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/)7;(7 \ 'ﬁlj = ;..:.Tascell [Hiraishi+, PPoPPQ9]

o COHLERIGIZEE
. dfi%lforExX
» —FRHNYIESYY
— D—AhHIFEFRIERMNEZRY (spawnt 9 ) FERET
— MMOT—HIOBRARVEKRERITHE
- xag DB forEFT—ERIZ/ NV ILZVIL,
« ARVEERMLI-Z
o —FFEIN\YIRIVIMNLIEIRLTELDFEZHRTS
— =B\ IRV IT =B\ I RS9I DML DER IO LIRS
EEh g BI=6D, dynamic_windiEXZKZ 5 (c.f., Scheme)

Wx

N AL
"R EB j( ? IPSJ PRO 2015-2 (SWoPP @ Rl iF) 2015/8/6 29
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PentominoE f£3E X in Tascell

4

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

{
for (int p : j1, j2) { /* HiFlfor:E—RDFELE */
for (d=0 ; d<4 ; d++) { /* EXRfor:E—XND AR */
dynamic_wind {
E—X p AR d TE&L
P Ao
if (AR DM21=2) s++;
else s += search(..); [/l recursive call

A

o 0Q
E—x p EEYRC IIIi
}
}

handles pentomino (int i1, inti2) { /*il1--i2 is a subrange of j1--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(..); }

SRR 7
E‘ IPSJ PRO 2015-2 (SWoPP@ Hl| fF) 2015/8/6 30
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Tascell J—H D EN1E

search ()

search () I e

task exec

spawn

dynamic wind o0

parallel for

|: I suspended I

search ()

2 parallel for
. jom
e m search () search ()
e dynamic_wind - task exec
] parallel for ? FS awn
join 2 -
= search ()

dynamic_wind

parallel for

search ()

task exec

spawn

search ()

I task exec I

.

5 worer o (EIENTIEE ke 0 MEEEEP  worker 3

b= L

e

3

R K

KYOTO UNIVERSITY

IPSJ PRO 2015-2 (SWoPP@ Rl FF)
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Pentomino B f23EXR in Enhanced Tascell

worker int search (k, jO, jl1, j2, task pentomino *tsk)
{
for (int p : j1, j2) { /* HiFlfor:E—RDFELE */
for (d=0 ; d<4 ; d++) { /* EXRfor:E—XND AR */
dynamic_wind {
E—X p AR d TE&L
P Ao
if (BARDOHh-o71=?) throw(l);
else search(..); [/l recursive call
F Ao
E—X p YKL
}

}

} handles pentomino (int i1, inti2) { /*il1--i2 is a subrange of j1--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 */

}
return s; }

task_exec pentoino {
try { search(.) } catch(1l) { return 1; } return O; }

KYOTO UNIVERSITY



Enhanced Tascell® 1B I0#E X

LI @ statement Z31B870

« try compound-statement,
catch (expression) compound-statement,

« throw expression;

> TascelllZ &t & dynamic_wind ZEZTLNVADT,
tryf&XIZfinal 1yEiF#EF1-& TL VAL

»
? IPSJ PRO 2015-2 (SWoPP@ RI|F) 2015/8/6
KYOTO UNIVERSITY
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4

try D E1T

i

try compound-statement,
catch (expression) compound-statement,

1. expression ZFHEL, ZDIE (size_tIZF v AR 22T fFITE
nf-f5l4tcatcherzirs EIT 5

2. compound-statement, Z3E{T
3. compound-statement, i i3 S &E, filstcatcherz &1L

»N
? IPSJ PRO 2015-2 (SWoPP @ Rl iF) 2015/8/6 34
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throw X D E1T

throw expression;

1. expression ZEFiIL, TDEIZ2T FHEnt=HlNE=&%IF5

2. Bvallz2J ffrEnf-finsxiFonsds, vallz2J F1rsh
=4t catcherlZxt 9 5try7 Ay M55, o&EE0Y
D7 & |89 2Rk
>%IH9 HtryX D catchi(compound-statement,) 3£ 1T

3. EfTLTWWBARIAIZ, ZD |4t Zcatchd B4 4t catcherH’
WL, BINEFRERELTEARIZRRT ()

i "

»N
? IPSJ PRO 2015-2(SWoPP @ 7| fF) 2015/8/6 35
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BRAINPINZERBRELTRLIESE

1. TDRARY%ZspawnL Tl fzvictimD —AD i F|for3X(Z,

partial cancellation flag&lN\3 7545 %31 T3

2. HEgvictimI—Ahl, R—)T1IZ&KYFDTST &4

3. FRVFBRELTRLTE=H5 2, HIET B3

i 5l forXh

throwXIZEZHo=Hh D LDIZrethrowd %

AR K & IPSJ PRO 2015-2 (SWoPP @ 31| ff)

KYOTO UNIVERSITY
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B ZERTED GBS HRA) FARA T HE

» RHELEKSIETDtryT Ay I mE

=%,

— ZOiFforTspawnL TLV\=2 XY
— FNEDERIDFHREIRY

M £ TlZcancellation flagkW D755 % 3L TA

. T—hlE, R—ULTIZLYETE
MI>TNBIEIZRAIE, ZOHRYIER

/:-\
oo sy s
.

(2, RETDIF|forhdho

1 DA XY [Zcancellation flag

2

3 b K 5F

KYOTO UNIVERSITY
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R IZERLEDcleanup LB D E1T

e BRHELESIETDtryd OyIDHI(Z, RETD
dynamic_windM&Ho71=158, (ZDtryZik(+5HHIIZ)
LEZdynamic_windX®DcleanupIBEHFELT

o R5ETdynamic_windMRARLTULV=15E, cleanupilLE
DEITIER L, REIH S5 E

1Ll

N AL
R EB ﬁ ? IPSJ PRO 2015-2 (SWoPP @ Rl iF) 2015/8/6 38
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Tascell 7 —H D &{E (4515} throw)

I search () I

I search ()

dynamic wind

arallel for
ioin 4 spawn Y
search ()
parallel for
i3 I spawn
search () I search ()
dynamic_wind throw 1 task exec
parallel for aN spawn
search () I search () I
dynamic_wind task exec
_ parallel for spawn
join
search ()
task exec -
L worker O worker 1 worker 2 worker 3 I
i it TATITRN & =
— N a N
3B K
KYOTO UNIVERSITY
IPSJ PRO 2015-2 (SWoPP @RIl Ff) 2015/8/6 39



1
1

WEITEE
e Tascellaxv/\ A4S (CEEZEADI VAL —3)DHE

- ED &SI (cleanuplBEEFLAEADD) ERFHHEERT 55
a1

« TascellDFRIRT T 1—F5 (U3 L) DRE
— D—HEOREAYE—2 DHEAR - FEFEIB
— (partial) cancellation flagD £

Wx

R a »N
RN #B j( ? IPSJ PRO 2015-2 (SWoPP@ HI|fF) 2015/8/6 40
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JE BT H DR

EEBICLAHIMNEED L5 N -] A% [Chiba+, PRO01]
.« setimpix
— tryZ 0y MO AOTsetimp(), HlEHIFEAELT=5longjmp()
« THIRE{EE
—- BHOREEZ, BEDREELHNDEEDIST D2DET 5.
— B8 DreturnBF [ LEDTTT NI H>TWV BNV RIITOYUTT B,
— ot hicatchENdE T, 75T EIL Tl=FFreturnF#&YiRd

Tascel THFELE

o ANFE#MIZLSHER
— %a*sljcgllh%t%&—ﬁlﬁ‘]/§‘V7F5‘370)T:&5I:*IJFHL’Cb\érl*b¥|aa§l§ﬂj
— BECOMEHERTIELG LD, GCCTIEYHR—F
- BESUEE BEECADEHRIZLSIEZIBEICRE

— ([Yasugi+, CC2006][Hiraishi+, PRO2006] Z)

R a »N
RN %B j( ? IPSJ PRO 2015-2 (SWoPP@ HI|fF) 2015/8/6 41
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AN FEEEL gotofii

o
L]

o« ANFEHMAT, NMADEZDTANILIZgotod HZET,
(FDEPHELZ—KIZHRBLT) SMADOREEKIZO Yy TT 5T
EHVA[EE

int callee (int i, int (*g)(int))
{ return g(i); }
int caller (int a) {
int x=0;
int y=0;
__label__L1;
int g1 (intb) {
X++;
goto L1;
}
y = callee (10, g1);
L1: return x+y;

KYOTO UNIVERSITY
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ANFRERIZKSHIE,

(8
<ol
e
o
CC
LL

A
Wi

spawned = O
dwinder ()

“Search (dwinderO, ...

\ -
ey —~—
e —
loop_era—

) o

spawner () {
if (exception?)

{ abort_and_wait_task(); >

search - spawner () ey
(%ﬁ;nd@r, loop_end = ji if (req_remain) send_task();
spawned = O polling();
dwinder () rer for (...) { //translated parallel for
for (d=0 ; d<4 ; d++) {
search _ dwinder () {
(dwinder, loop_end = j undo; spawner( ) ;
. 5 redo; }...}}7}
dwinder () ref
searchO (handlerO0, ...) {
- spawner () _label__ EXIT;
handler () {
if (catch?) {
Tr i s=1; goto EXIT;} s N
™= execution stack handler0( ); -
search __(handler ). *
4T TetommO7T—F
2015/8/6

R
AR K

KYOTO UNIVERSITY
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el

© F—/N\—~vk
— SEIOHSNINEEESED
— try7 Ay IEAD
o AR HETEFE
— st throwtk, catchE TIZh B HFH]

> SEIREE . m KX /\arLaureld1/—K
— CPU: Xeon E5-2670 2.3GHz 8a7 x2(§t1637)
— GCC 4.4.7 (-O3miE1E)
— GCCEEMD ANFREH%L (trampoline~—X)
> RUFI—9T0T T, tree recursive=E 1T
— Fibonacci(51), Nqueens(17), Pentomino(15)

Wx

. SN »
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2 R [ B ] 5

EITDIE-mA IZHINFRITI=EESDRITEALI=LY

= KX forDSETH, FBOENN a-N ZEBA-EHBBALEDL,
EREDrootTcatchcn b5 Fthrowl TEIREITIEREZRT
- N: EDf
— a: 0~0.3%0.01%#, 0.4~1%0.1ZATEIL

worker int pentomino(..) {
for (.) { /* parallel for */
.. S += pentomino(..); ..

1.
if (s > a*N) throw (1);
.}

o« T2IRDETHHE I thorw-catchfE DR ITHET2 X V% 1Z5HE
(16T —hETDHERDHATRY)

Wx

. N »N
N ﬁB j( ?Zp IPSJ PRO 2015-2 (SWoPP@ Hl| ) 2015/8/6
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0 7 BSF R GBI T #5 2R - 24T fE]

45 T T T l
= B - g1
= | WA M oo T otal, P éh'(‘I'S)' """""""""
‘o Before exception, Pen(15) -
£ Total, Nq(17) +
= Before exception, Nq(17) ---X- -
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Analysis of the Impact of CPU
Virtualization on Parallel Applications
In Xen

Kenichi Kourai
Riku Nakata
Kyushu Institute of Technology



Parallel Applications in VMs

® Cloud computing is being used for running

parallel applications

m Users can use necessary resources on demand
m Users can pay only for used resources

m[aaS provides virtual machines (VMs)
m Users can use any OS and libraries required by

applications

 application

OS

VM

cloud

cPyy) ++ (cpy,




CPU Virtualization

= A VM owns virtual CPUs (vCPUSs)

® Thread scheduling: Application threads are
scheduled to vCPUs by OS in a VM

= vCPU scheduling: vCPUs are scheduled to physical
CPUs (pCPUs) by the hypervisor

VM 1 §§ thread §§ thread VM 2
AN ‘?4_\\
1 OS\‘ llll \&S\
(vcpy, ) (veru, )| | (vepu,) (very,)
3 3 K Wi

{ hypervisor

processor 1 [pCIIDUO] [pcéulj [pCI;UZJ [paDU:;J processor 2




vCPU Scheduling

mpCPUs are assigned to arbitrary vCPUs
m If there are no constraints
= vCPU affinity
m Enable the static binding of vCPUs to specific pCPUs
= NUMA-node affinity
m Attempt to assign pCPUs in the same node to a VM

() (L @) 5

NUMA node 1 NUMA node 2



Experimental Setup

m Target application

® Fibonacci parallelized by Tascell [Hiraishi et al."09]
m A representative of searching applications
» Tascell: backtrack-based dynamic load balancing _Worker A

——————
Ca

= E.g., fib(48) = fib(47) + fib(46) @ orker
= \Worker A is executing fib(48) “““““ . B
= Worker B steals the task of fib(46) from A § |

~ ~ -/
_____________

PC | Processor | Opteron 6376
(16 cores) x2 VM | vCPU 16

Memory 320 GB Memory 4 GB
Hypervisor | Xen 4.4.0 0S Linux 3.13.0




Virtualization Overhead I

m\We measured the execution time of tascell-fib in
a VM and a physical machine (PM)
m Change the number of threads from 1 to 16
m Assign 16 pCPUs only from one processor to a VM

- PM
ééé tascell-fibj
0S
O O O .-« vCPUs [ééé tascell-fib]
hypervisor 0S

O O O~ pcrus O O O~ pcrus



Comparison between VM and PM I

m Scalability in a VM was strange
m Steeply slow down in 4 threads
m Scale well again in more than 8 threads

64 72% longer
- in 8 threads
9 32
\J
)
£ 16
whd

8
4 ' . .

# of threads



pCPU Usage

m\We measured the pCPU utilization in 8 threads
m 8-8: pCPUs in processor 1 and 2 were sparsely used

m 0-16: Only the first half of the pCPUs in processor 2
was densely used

140
120
100

o o

CPU utilization (%)
D
o

N
o O

| 0-16
i 8-8 ' 8-8 ‘
A , processor 1 | [ A ‘ processor 2
- " 0-16
- m8-8
0 4 6 8 10 12 14 16 18 20 22 24 26 28 30

pCPU number



pCPU Conflicts

m Clustered Multi-Thread microarchitecture

m 2 cores are packaged as a module
® Share an instruction decoder, L2 cache, and an FPU

m Performance can be degraded when 2 cores in a
module are competing

m\We measured the pCPU utilization

m Calculate the number of modules whose 2 cores were
used simultaneously

[pcPuy) (pcPu ) || (pCPUy) (pCPUs) |
decoder| | L2 | |FPU decoder| | L2 | |FPU

module 0 module 1




Changes of pCPU Usage

m\We inspected how CPU cores were used
m 8-8: only one core per module was used until 8

threads

m The other core was used in more than 8 threads

m 0-16: only one core per module was used in 1-4 and

9-12 threads

m The other core was used in 5-8 and 13-16 threads

(ele])(e]e}|(e]e)](e]0)
(ele)(e]e)|(e)0)|(e]0)

(ele)j(e]e}|(e]e}[(e]0)
(ee)|(e]e)|(e)0)|(e)0)

processor 1

processor 2



Changes of pCPU Usage

m\We inspected how CPU cores were used
m 8-8: only one core per module was used until 8

threads

m The other core was used in more than 8 threads

m 0-16: only one core per module was used in 1-4 and

9-12 threads

m The other core was used in 5-8 and 13-16 threads

(e]e)](ele)|(ele}{(e]0)
(e]e)|(ele)|(e)e}{(e]®)

(ele)j(e]e}|(e]e}[(e]0)
(ele)j(e]e))(e]e)](e]0)

processor 1

processor 2



Root Cause
m Conflict between vCPU and NUMA-node affinities

m Xen automatically assigned the node affinity
= \We manually set the vCPU affinity

m]n our case
= 8-8: nodes 0 and 2 were equally used (no conflict)
m 0-16: node 2 was used first (due to conflict)

8-8

processor | node | pCPU
0 0 0-7
1 8-15
1 2 16-23
3 24-31

pu
pe

0-16

processor | node | pCPU
0 0 0-7
1 8-15
1 2 16-23
3 24-31




Disable vCPU/Node Affinities I

m Using no affinities achieved the best scalability

m Using either vCPU or node affinity achieved almost the
same performance as 8-8

64

9 32
o
SE’ 16 --0-16
- -+-0only vCPU affinity

8 F | —-only node affinity

-=-no affinities
4 | | |

—

2 4 8 16
# of threads



Conclusion I

m\We analyzed the root cause of strange scalability
ina VM

m Conflict between 2 CPU cores in each module
m Conflict between the vCPU and node affinities

m\We presented methods to avoid these conflicts
m Disabling vCPU/node affinities
= Optimal vCPU affinity

m Future work

m Develop a vCPU scheduler that automatically adjusts
affinities
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