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ERANE

(RE75) T EIRRBIREREL-closure &7
o AT D%

_NFETOIILAH (L-closure TEIR)
CNFETODELE (L-closurezX£1R)
= D [its A1

ERITDELE

_NMNhoDiRzE
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[-closure: T RIRREIR{EHER &I
(1/2)

SKEEEBDAVNASORRBEETIRESN
EEMBELLTRESE

0 BIEE, SRS KETEDEE

ETHROYVIN I T OENBER -&RE

0 MUOHLITTIRESTWNSE %&/\0) ERT IR
o SLAMAEL, SESFICHIEAE

0 CHESH, EOXREBRIF, EJJE’JEM*-T BaE

0 RAMWTIHGEIEARAMICEFTREES

0 BABEEERRELE-T/N\VAFEET S LIS
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L-closure: st EIRREIRIFAB L (TP
(2/2)

sRCEFEDILHRELT

ANFREAR(OO— %) FE

o MEHLTIZERAZE 510)1?5’\0)?4-"0 RET7ItX

TIOEARMREGDHDE ﬂ%b/;(@il]b)%'l’d@“e%ﬁ
ERICHFVHTET/O—v DA HEZEE

=S ELTEGETE 8
a
a
a
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GCCHiERIZ KB EEE [/\# {th CC2006, IPSI PROZF3LE52008
(ERR21EER/IE)

ZHACEEZ~DOIRAK [FR-/\E4th IPSI PROR X E52006]
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Alist *bin2list(void (*scanO) closure (move_f),
Bintree *X, Adist *rest){
Alist *a = O; *kv = 0O;

void re (move T mv){ /~ create closure */
X = mv est = mv(rest); [* scan roots */

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

[* scan older roots */

/| pass pointer Yo closurel.'scanl" on the following calls.

if(x->right) rest\c bin2list(scanl, x->right, rest);
kv = getmem(scanl, &KVpair_d); /* allocation */
kv->key = x->key; kv->val = x->val;

a = getmem(scanl, &Alist _d); [* allocation */
a->kv = kv; a->cdr = rest;
rest = a;

If(x->left) rest = bin2list(scanl, x->left, rest);
return rest;
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‘ Using Lexical Closures

: - : inspect/
[* simplified for explanation */ modify
bin2list(closure_t scanO, |[scani fach x

Bintree *X, ...)}{ 1 scant |

void scanl closure (){
X = move(X);

, getmem
scanou): [T — I
)

scanO0z=l], x=0xAA80

bin2list(scanl, x->righ bin2list
) _

getmem(scanl,... ), scano [1, x= OxAAOO

P gc

V4
1Y

}

C stack

25 Dec. 2013 Masahiro YASUGI, Tasuku HIRAISHI 6
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(1/2)
RICETERNABTERFE
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0 BATEER mE ML (X HERREITIZFER
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— [ERNDRZ INEEREIC
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EITRFERAR))HIEREIR O B H

(2/2)

HhoHEDILUT
0 $45runT, BIZEICERTIELMFZEL
—LIERDESHIR(HHEERTER)L?
0 BRI ARERFICITFEEFERT R
BHOOEIREZEHETETHELA?

0 ATEIRREIREREfE Tl R

(FF

UH

HLITTDE 510)1@0)*!3.@'2‘%73‘5(:&:%

I=Eo b (040
0 BRETERNSLFIRTICER
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HER

d
= CNETOIL B
o Tascell: Backtracking-based Load Balancing
[*E& - /\#2 {#th PPoPP 2009]

HOXREEIF (proper tail recursion) [ILC 2010]

Tascell: spanning tree construction [ICPADS 2010]
Tascell: Zi 5 - [ FERE~DEA [SACSIS 2011]
o Tascell: N{ARERE (Barnes-Hut algorithm) [SACSIS 2012]
CNETHRE

BT D i F 51

RITDELR

NMbDRE

o O O
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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. 2013 Masahiro YASUGI, Tasuku HIRAISHI 10



Temporary backtracking by nested functions

|
o ~ [e@ (dwinderO, ...) {
% detected a =)

|00p - WlnderO()
spawned = 0 if (reg_remain) send_task(); }
" dwinder (| [f,  polting);

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

dwinder () { r

remove a piece

search _ spawner()

(dwinder,

o

loop_end =1
spawned =0

search _ 1

(dwinder, loop_end = jl/2
)} spawned = 0

search for an older task

25 Dec. 2013 execution stack . .4 $garch foran older task



Tempora ;Oop_'end :1j1. —y nested functions
spawned =0
dwinder ()
' search (dwinder0, ...) {
search ~ spawner ) spawner () {
(@flv;%m@fl@n", loop_end =j1 dwinder0();
o spawned = 0 if (req_remain) send_task(); }

dwinder () D polling();

‘ for (...) { // translated parallel for
search _ﬁ for (d=0 ; d<4 ; d++) {
((dlwfmdl@n", loop_end =j1 dwinder () { 57
) spawned = 0 : , redo;

dwinder () set the removed piece
search _
(dwinder, loop_end =j1/2
we); spawned = |
dwinder () set the removed piece
~ spawner ()
A

25 Dec. 2013 execution stack . YASUGT, Tasuku HIRAISHI 12



HIEREHR (Niagara2 Tascell)

64
o 32
=
g 16
(O]
o 8 ——Fib(44)
§ 4 -#-Nqueens(16)
g Pentomino( | 3)
8 2 LU(2000)
a | —~~Comp(30000)
=5
% 0.5 -e-Grav(400)
&
0.25
0.125

I 2 4 8 16 32 64 128

# of workers
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Speedup relative to sequential C

HIERER (Niagara?2 Cilk [PLDI98])

64
32

——Fib(44)
-#-Nqueens(|6)

Pentomino( | 3)

LU(2000)
-#-Comp(30000)
-e-Grav(400)

I 2 4 8 16 32 64 128

# of workers
|4 Masahiro YASUGI, Tasuku HIRAISHI 25 Dec.2013



353

Kél-
)

s CNETHDEE (L-closurezxE1R)
0 BECSE~DHIER (&)

a GCCHiEDZEZEETIL
s GCC 3.4.6~—XR, SPARC, 1A-32, x86-64

o FRIT DB
« RIEDRERE
« INDLDERREE
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GCCD ANFEIEK

» TrampolineZ Fl| FE
AMNMFEBEEZTFEHNBLESICANFEIMD
O—RIZOY 2T 5a—R5ERFy) LIZEIRIIZERK

» ANVFEZDARND 58
AR ANFRBERZHIEHABDSIESDIRE
HEFIRAN: ANFRABNEET HZLICILTERDMEEET

FEUHLIRM ANFEBEFEVHETEFOIXE

» Trampoline® 4=
BEEHMICERT ZIARMKEVN(EFRIRNS)
LY RAEFERTELGRWNVSEIH D HFIXLE)
IEPHE LIXMEIE AL
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GCC-3.4.6-based Implementation
Model for I.-Closures

Two locations for each variable

o Private location
Compiler’'s pseudo register
Private values may be kept in registers.

o Shared location
Stack frame slot
Accessed by L-closure bodies.

The coherency between private and shared
locations Iis maintained lazily.

25 Dec. 2013 Masahiro YASUGI, Tasuku HIRAISHI
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Implementation Model for L.-Closures

For efficiency, Pre-processing should be
delayed until the L-closure is actually invoked.

Delayed (lazy) pre-processing

o Save private values =» shared locations
o Initialize the code-environment pair

o Enable post-processing

Conditional post-processing
o Restore private values € shared locations

25 Dec. 2013 Masahiro YASUGI, Tasuku HIRAISHI 18



Lazy Pre-/Post-Processing for L.-Closures

Delayed until the L-closure Is actually invoked

bin2list

(owner of scan1)

return

25 Dec. 2013

getmem

call

return

gc

L-call

return

scan1
(L-closure)

return

Masahiro YASUGI, Tasuku HIRAISHI

*

Pre-Processing
(delayed)

Conditional
Post-Processing
(enabled by
Pre-Processing)

19



bin2list getmem gc scan1
(owner of scan1) (L-closure)

. Pre-Processing
(delayed)

call call L-call :
Post-Processing

(enabled by
Pre-Processing)

I:l \D \[r I:l I:l Quasi-Epilogue
(restoring

callee-save

registers)

® Selector
(selecting

L branches)

25 Dec. 2013 Masahiro YASUGI, Tasuku HIRAISHI 20
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o Tascell £ B 7 AT LESZFDEEE 2T T
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« RRIEDEE
" DN D ERRE
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ERAE

o (BEQ)RIEIRREIREEELclosure £1E?
ConAT EDEHR | ; | ;
n  CHETOR B
NI EE

a *E—%C;_E’\O)mﬂnﬁ
0 GCCHREEDEEET b
a GCC 3.4.6, SPARC. IA-32, 8664

s SO
s RIEDER
a GCC /\—2ad R—A, tLL closure 0)%
o {EHNEERS (amortized tlme)’é'F(‘f%)% =ET)bfor BRI J:é%

- L;h'h\bo)n% i
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GCC 4 RXR—ZXMND#F LU closure Eix

Closure
o L-closure&YHLEUHLOXMELY
o =120, &£ aXk, #EF XN E

GCC 4.6.3 Z¥iiE

0 GCC 3.4.6 £EMiELY
RTL L4} Z, GENERIC, GIMPLE 18 & & (P HEIXRIR)
SR DEZET, GIMPLEL M# A AA R TRIT
MU DEBIEIBEARDT—ILFIZE
GIMPLE LT SSA mi{t %
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ETEIRREBIR1ERAE L-closured
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! UI—-I

LZIZFOD#J/DZ
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BEE

» L-closure, closure:CEEEICEWLNTCANFEMEZEIRT S
= DHELE

ANFEH - BEAMO P TERINSEIK
» BECEEANDEBREAVNATRERTT 7
ik EHAEMORL LS
y 1. TZEHER | D L-closureDFEH LA X D EIE
» 2. GCCARFINDclosureMEEE (A /N\A5BERR)
GCC3RFINIERIEEZH

GCCARF L, GCC3R I M LANEPEENRIFTINTILNS
DTHREEDVLEINHHT-

FYFHLWWEREE R T ZEZIToNSKIIT7EoT=
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TokZAY

» HEEDIZEHERR 1D L-closureDELE

y TZEHER 1D L-closureDFERH LR D HIE
» M EEETM

» FEH
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R | DR

y EUHZT ANFRAEZE S H

int foo (...) {
int a;
intgl (...) {

return a;

=)

27

o

int foo (...) {

int a;

¥
int gl1_in_foo (...) {

»

return a;

Masahiro YASUGI, Tasuku HIRAISHI 25 Dec. 2013




R | DR

» EUBHZT ANFREARZEISHT
» SMADBEBDBRMEBRANDT I ERZESIFERT HH

int foo (...) {

int(a;)
- }

int gl_in_foo (...) {

return @

h }
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EEDTATT
y COFETRAAVIEIZAMIZIATRBRAZIVIERE
y ETOA—HAILER, INSA—ARIBHATRHRSYI TEIE

» ANFEBDORAZEIANFREABKEADRAZE
BARIR VI EDTL—LIRAVBZADRTIZE

int foo (char *esp, ...) {
int a;
struct {FUN *fun, FR *fr}
*gl_closure;

foo \
int g1_in_foo (FR *xfp0, ...) {
- xfp = (foo_frame *) xfp0;
— ->a;
B R Ay return xfp->a;

29 Masahiro YASUGI,Tasuku HIRAISHI 25 Dec. 2013




E2EOT7ATT
y COFETRAAVIEIZAMIZIATRBRAZIVIERE
y ETOA—HAILER, INSA—ARIBHATRHRSYI TEIE

» ANFEBDORAZEIANFREABKEADRAZE
BARIR VI EDTL—LIRAVBZADRTIZE

int foo (char *esp, ...) {
int a;
struct {FUN *fun, FR *fr}

R *g1_closure
}
- int g1_in_foo (FR *xfp0, ...) {
xfp = (foo_frame *) xfp0;

return xfp->a;

BRREGR RV
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EEDTATT

y COFETRAAVIEIZAMIZIATRBRAZIVIERE
y ETOA—HAILER, INSA—ARIBHATRHRSYI TEIE

» ANFEMDRAZIEIANFREBAREADRA 2L
BHREIAR YD EDITL—LRA D ADRTIZLE iR

1L

int foo (char *esp, ...) {
int a;
struct {FUN *fun, FR *fr}

I "91closure;

1 dosu SR

>int g1_in_foo (FR *xfp0, ...) {

- xfp = (foo_frame *) xfp0;
_ return xfp->a;
BERIRZYY P

Masahiro YASUGI, Tasuku HIRAISHI 25 Dec. 2013
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EEDTATT

y COFETRAAVIEIZAMIZIATRBRAZIVIERE
y ETOA—HAILER, INSA—ARIBHATRHRSYI TEIE

» ANFEMDRAZIEIANFREBAREADRA 2L
BHREIAR YD EDITL—LRA D ADRTIZLE iR

1L

int foo (char *esp, ...) {
int a;
struct {FUN *fun, FR *fr}

E— "o1-cosure
o R

- "\éint gl_in_foo (FR *xfp0, ...) {
. | xfp F (foo_frame *) xfpO;
BRI R Ry return xfp->a;

Masahiro YASUGI, Tasuku HIRAISHI 25 Dec. 2013
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TEMNLGCEENDEIRICEDOCEE

» AREFFELLRIDELZETET )L [Hiraishi et al., 2006]
A R HEFF O R RS0

MEOHLIXRAKREZLY
old LW-SC

» KRR TIRETIHIEREETIL
y AR OXMI/NEL
» #BYRLFEUHIN-FOFEUHLIRNHIE
» new LW-SC
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EEDEEZEETIL (old LW-SC)
» ANFREAEMEUH L

2 RUVRIE) ]

fon foo

gl. (F#HAME)

BARBIRZ Y CDRZEYY
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EFEDEEETIL (old LW-SC)
» ANFEBIFEVHLE

Axh1E return

> - > gl in_foo
v . v
BRI A 2D CDARRAYY
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EFDEEZEETIL (old LW-SC)

» ANFEZBFEVH LR
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EFDEEZEETIL (old LW-SC)

» returnfF

gl closure

r

BAREIR 29
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WEFDEEETIL (old LW-SC)

» returnfF

a (FEINE)

'Ff\ﬁ

gl closure

BRI A 2D CDARZYY
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old LW-SCOFSIRE =

"

» AN FRERAT
BN ITHNS
» A EO AN FERE

c;

L
(.

HSNAT-UIZREVIDABD

FVHLAESHERS

F—N—~yRERB

h h
foo foo
BAREIR 29 CDREYY
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old LW-SCORSIRE =

» ANFREISAIEUH SN B URIZREY I DHBED
BHNTHNS

» AL AN FRMITUH L AEE S EXE
F—N—AyRERB

c;

- &&=

gl in_foo

BATREGR RV CDARRAYY
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old LW-SCOFSIRE =

"

» AN FRERAT
BN ITHNS

c;

L
(.

» A EHANFREETE

HSNAT-UIZREVIDABD

UHLAERESHERER

F—N—AyRERB

h h
foo 2% foo
BAREIR 29 CDREYY
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old LW-SCORSIRE =

» ANFREISAIEUH SN B URIZREY I DHBED
BHNTHNS

» AL AN FRMITUH L AEE S EXE
F—N—AyRERB

c;

- &&=

gl in_foo

BATREGR RV CDARRAYY
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old LW-SCOFSIRE =

"

» AN FRERAT
BN ITHNS

c;

L
(.

» A EHANFREETE

HSNAT-UIZREVIDABD

UHLAERESHERER

F—N—AyRERB

h h
foo 2% foo
BAREIR 29 CDREYY
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E&§O) EEII\\

» SLANFERDETRTEIC, ANFENEW
LB DIL—LDHETRT CEMNTE L

[ £
e
TIT

LL

h
foo
gl in_foo
BRREYR AV CDRAYH
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&§0) EEII\\

» SLANFERDETRTEIC, ANFENEW
LB DIL—LDHETRT CEMNTE L

[ £
e
TIT

LL

h
foo
n h
BRREIRA 2D CDRAYH
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E&§® EEII\\

LA FESOETR TEIC, AN FEKET
LB DI —LOHERT CEATE =D -

[ £
e
TIT

LL

foo «ﬁ

gl in_foo

BRREIRA 2D CDRAYH
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&§0) EEII\\

» SLANFERDETRTEIC, ANFENEW
LB DIL—LDHETRT CEMNTE L

[ £
e
TIT

LL

h
foo
n h
BRREIRA 2D CDRAYH
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XEDER R

» BLANFREABDEITRTEIC, ANFERZTFUH
LI-BABDIL—LDAZRT CENTS b+ ?

y RAZVIEDRENRED

» BEANFREARMFUHLAEST-FIZHEF

h
foo
" h
BATREIR 2 CDARRAYY
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HLARET BAEEETIL (new LW-SC) DHEE
y HBEFSUR)UBEMEF AL TEVET

h
foo gl in_foo
SR
BRREIR B VY CDARZYY
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50

EJHELET

=T )L (new LW-SC) D E

BEZURYVBEMEFIBALTHEURE T

h \
foo h

BAREGR RV

SRS

CDARRAYY
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» HBLSURYUBEBMZEFALTHEUORET
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foo ] foo
SRS
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/,\Il rE L‘E iﬁ

» EEERXT R
C
GCC : Trampoline
L-closure : GCC3Z#hak L F=L-closure
old LW-SC : REFF LLRTDEEET L= FIALT=LW-SC
new LW-SC: RAARDEEETIILZFIFALT-LW-SC
» CPU
UltraSPARC T2 Plus 1.4GHz
AMD Opteron 6238 2.6GHz
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4 g5eH E (1/2)

» ANFRBDESEIFTHONEN, EEICITETEIC
FUHESAENTOY S LD MEERIE

» ANFREMEFE->TARSEEEEL TV EESER

BRI EIL—L " —%STascell[Hiraishi et al. 2009]1 A & FX
Lt-a—FottgeRlE

y BIETOT 5L
fib(37) : BIR 747 Ry FEE
Comp : ECHIM2EZRM D LLER

Pentomino : Pentomino/NXJLD T R TDREKRE S
LU : LUS 2
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4 BEET M (UltraSPARC)

m GCC
L-closure

m old LW-SC

B new LW-SC

l
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4 BEET{f (AMD Opteron)

2.5

2 _
1.5 - l W GCC

L-closure
1 - M old LW-SC
B new LW-SC

0.5 -

O _
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T 8e8I%E (2/2)

» ANFRABDHEVHELNAREICTHNETATILIZE
1T 2RI E

y AIET O 5L
Quick sort : 74 v —bD L8 25 1 ZFI
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4 5 5%{fh (Quick sort)

70
60
50
40 m GCC
i L-closure

30 m old LW-SC
20 l B new LW-SC
10

0 -

Ultra SPARC AMD Opteron
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T gEETM (FE L&)
y £ -#EFaXMIFIREL(FIZRIC

» AMFRE#EZ<EUHITTIOISLTIE BEAEY
new LW-SCHVELER R B UVEE BR

» fib(37)Z UltraSPARC_E T64 —AH Tili 5IIZE4T (Tascell)
MEEBDANFEHFOHL
old LW-SCIZ9.41Z D EE b =%t Lnew LW-SCI10.615
fib(37)[XEFE D= (T30
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» 1. TZE#RR | DL-closure DL
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HEDODEELYFUHLIAR

~ AV

L-closureDERMEZEHH_EIZEM
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S DIRE
» GCCANDL-closureDELEE

Trampoline Closure L-closure LW-SC
old O @) O O
GCC3
new - - LB ? O
old @) o X O
GCC4
new - - LU O
LLVM 2= O RE RIE ®
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A Proper
Performance Evaluation System
That Summarizes
Code Placement Effects



Background

 The growing complexity of underlying systems
such as memory hierarchies and speculation

mechanisms are making it difficult to perform
proper performance evaluations.

— An “improved” program with fewer instructions
sometimes runs slower than the original program.



Background

e Equivalent executable programs, which only
differ in their instruction addresses (code
placement), often exhibit significantly
different performance.

= how to take into account code placement
effects

25 Dec. 2013 Masahiro YASUGI, Tasuku HIRAISHI
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Contributions

* A new scheme of proper performance
evaluation that compensates or summarizes

code placement effects at the assembly
language level.

— This scheme is similar to that of Monte Carlo
methods.

 We discuss a performance evaluation system,
Code Shaker, based on the proposed scheme.

25 Dec. 2013 Masahiro YASUGI, Tasuku HIRAISHI 66



Our Approach

 The following hypothesis is a key idea:

— Given an assembly program, suppose that we
make a set of artificial programs that differ from
the given assembly program (almost) only in their
code placement.

— Then we can conduct a proper performance
evaluation wherein the distribution of
performances over the set is taken to be the
generalized performance of the given program.



2.25
2.24
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Running time (sec)

2.18
2.17

2.2 -
2.19 -

Code placement effects

0 16 32 48 64 80 96 112 128 144 160 176 192 208 224 240
number of NOPs

0.06sec

e relation between the number of NOP instructions (padding
just before the first instruction) and performance

* Running time varies by ~3% for a doubly recursive
(intentionally slow) fib program.
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Our approach employs padding

* |n order to “code shake” a given program,
we insert padding, NOP instructions, at positions
where they will not be executed.

e Let N be the number of padding positions.
Each point (i, ... i) in N-dimensional space
represents a “shaken” program.

shaken
program

padding (size il = 3)

padding (size i2 = 5)

i1 .
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Making our approach more practical

* Avoid large padding; less than the cycle C
e N-dimensional hypercube H with C" points

N
C

i2

2
32

64

32

H

. .
considered to

be equivalent

32

64

96

128

>
i1

e Randomly select a point from all points in H.
(like Monte Carlo methods)
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Code Shaker

machine profiler '
tester running
times
assembly l cycle
program quartiles
| generator tester summarizer >
many
“shaken” programs tester

e |[nput: an assembly program

e QOutput: quartiles as statistics of running times
(the second quartile is the median.)
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Code Shaker

machine profiler

assembly
program

cycle

generator

many
“shaken” programs

tester running
times
quartiles
tester summarizer >
tester

 For generating a “shaken” program, insert N pieces of
padding (NOPs) of random sizes [0,C) at N positions:

— after unconditional branches

— after return instructions
— before the beginning of the program
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machine profiler

Code Shaker

tester running
times
assembly l cycle
program quartiles
| generator tester summarizer >
many
“shaken” programs tester

 Execute each generated program.

 Measure a running time by taking the median.
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Code Shaker

running

quartiles

times
summarizer

machine profiler
tester
assembly l cycle
program
| generator tester
many
“shaken” programs tester

e QOutput: quartiles as statistics of running times
(the second quartile is the median)
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Code Shaker

machine profiler

tester running
times
assembly cycle
program quartiles
| generator tester summarizer >
many
“shaken” programs tester

* The machine profiler estimates the cycle for
each environment.
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Effectiveness of Code Shaker

e Case Study 1: Performance comparison by
Code Shaker

— properly compare the performance of particular
programs with minor modifications.

e Case Study 2: A study with Code Shaker

— how the effectiveness of the use of callee-save
registers is changed by moving recursive call
points.

e Case Study 3: Detailed overhead evaluation



CaseBStudy 2: Effectiveness of register usage
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callee-save regs used (not shaken) <
callee-save regs unused (not shaken) +

-
= +  callee-save regs used

callee-save regs unused -3

After moving
recursive call
points (to make

callee-save regs
more useful)
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Conclusion

Observation of code placement effects

Our approach summarizes the code placement
effects.

A proper performance evaluation system is
presented.

Effective for comparing programs with minor
differences

Future work: how to “code shake” a long
instruction sequence with no padding positions
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