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ABSTRACT

Home-based Lazy Release Consistency (HLRC) shows poor performance on
lock based applications because of two reasons: (1) a whole page is fetched
on a page fault while actual modification is much smaller, and (2) the home
is at the fixed location while access pattern is migratory. In this paper we
present an efficient lock protocol for HLRC. In this protocol, the pages that
are expected to be used by acquirer are selectively updated using diffs. The
diff accumulation problem is minimized by limiting the size of diffs to be sent
for each page. Our protocol reduces the number of page faults inside critical
sections because pages can be updated by applying locally stored diffs. This
reduction yields the reduction of average lock waiting time and the reduction
of message amount. The experiment with five applications shows that our pro-
tocol archives 2% - 40% speedup against base HLRC for four applications. In
these applications, the number of page faults inside critical sections is reduced
by 56% on the average and by up to 98% compared with base HLRC.
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A 1R

N

T 2T vlolaz ZEAMY 14 YEYFY AR 8 NOW
(Networks Of Workstations)®} 72+ F3 AE A| A S ¥ EH X 2o Al-&3}1
A she QFFo] Wksl AAFoloh WA A2 @ =2 2d F I
# W22 (shared memory) R A Az T2 I RAEA TE T
o] Golstttes AAHS Adu. Wil Ee|H o= v®e|7} B4k S
© S LH FAHAA 5EI st=doo] A™A glo] o]’ T wlED] I
AL GEFCE ALY F YEE 5l A ZE g o] ZAE A 2| (Software
Distributed Shared Memory: SDSM) [1] A] A& o] o g+ & F-7} Eriks] %13 5
a gl

LRC [2] 9 HLRC [3] & o] 2l @ £ = 30] EAFHH 2] A28 4 o
EA Z2EFo|th o] £ TF 0% /]2 !

& twins} diff S o] &a) FHol Lel o] WANEE Fohin 2] 5 5
o] x| 7} FAlell o2 7| EAF 4 sivh. LRCe HLRCE| Xpo] &= w E2] 22}
diffe] A< 2 Fejupy b2 k= Holth LRCe A EE F5F # o] A= 4 5]
A FFEct diffe] A U AL o} & Z2A| A7} AITE R F e o] F
o] Zlt}. #| o] x| F-A| 7} WAy EH L F A A& write notice?] 7|E & Bt} E
ZEALFAA diff 8 & o} diffs do® ALE A GE Folgts BA
o] & w7t x| Wl E 2o % = ofof gkt HLRColl A BE F51 d o] A= A
Y F2 7HAA vk 2 A FHAlY &2 7R Hdlg 753 A



ot Fol ohd ZRAAE Ho x| FATL WANALH FOZPH ol
A AAE el et Fol BAF HAY WEL FAT] e Fol ofd z2
Azol M2 27 715 Al A diffE B3 Fo AIHow A
Fo2 A2 diffe F24802 459 ool Fol v} diffs A5 =

EA L B A s diff & 7] %k

HLRCE &9 /1@ & =il diffz QI3 #| &2 §-315
do] A& A7]9la HAq AR £E Eol2 W, F &
2 A2 2w =rt A s glokes Aol otk skt 4%
st 17 W82 Z27]9 Adgle] #Hlo] A AAE dojetof 5}
I 3o ol TAALS 53] el F& el ol W AEA
of. dRbHCe R gor BEHE WEY J¥2 1 7|7 &
H2 2o HLRCE Fo] IR = o] 7] W Eol| o]et 22 o]

sk E A o] A A E dolr] wEel = A A9
o] ot} o] 3 o] 7= YA T W o] FHA|Z o] A A

o
2

x K
ﬂ
2
(o

ol
@ 2 o
o 2 ofl
g OH o wu o
PN N o
o A& 2 # oA ko |

N
-
.

2o oo
of Hu

offl El
= [o} —_—
o

0%
o
N
>

N
=
e

o

T W2 71E9] HLRCE 54& 22 AYAst & #7halo] dejroz
iffE AEate] sl o] x| & AR Ho] 2ok FAHAE B9 8 =0l
3 diffe] FH o2 <lgh e W3 = [4]E H&3t 3] A & A GAT
Ao WE ZZ 7S A5 diffe] 275 288 2AH I A =
EEZS o3 e AL /HA T vk AA g A5k AR oA
T Well A A8 ThsAde] £& dlolx5g BT F JloBE oA ¥
AR AR A DA ZbE FHa st Aok o @ At FEHE Hell i BB E
of 2 7] Azke] Haz olojAletk. BA Fo] x| o] AL diffE AEste of
7] W el dlol A AAE dol 2 Aol uls wAA k& A Elet

o

o] X g & &2 KDSM(Kaist Distributed Shared Memory) [5] HLRC v - A}
o A &= gt KDSMe] HLRC = 2 ¥ &2 Princeton®] HLRC [3| Z2 & &



2 F83F Aot} ASESAHL Linux YA A E 2257 100Mbps switched
fast ethernet©. & 7= 8tjj ¢] P-III 500Mhz clusterAtol| A 57 2] &-& X &
2HE TPt 45 FAT AeER A ALY ZREZL 579
s8 2o 5 4felA 7B HLRC ol )3 2% 60%2] A5

& nglom eix] DI AE 459 747} 9gich

) AL tte 3 2t} 28 4= HLRC T2 523 7 24" o

o e 3R A S Adee ZEETol del A 7|k 1ol
4% 53 23 % 2L Bk 5L BADTFE €5 6ol
AE Y 2% ATl da &k



A 2 3
o) 2 x| A

B zpof| 4= SDSM of] gle] tf £ A el = =2 & F9) LRCS HLRCH| o & 4w
313 o] 59 AR AV 1F B =Fel4 £4o% 313 3l HLRC
7 sl 2ol Abgel slof U 4% Bol xS o)

A 143 LRC

Lazy Release Consistency (LRC) [2] & Release Consistency (RC) [6] v 22|
w9 @ Felo|ch. ROE $7]3h APl ARt v 22] YA L BAAFE o)
2z 2do|t}. F7|3 HAAFE acquire, release, barrier o] glom T g 72
Yol 4 o5& AAs ALgsted E7]548 BTt B3 wale] (Eagen
Release Consistency) L2 8 Zol| A& FF v Lo t| 3t ZE HA Y &o] 7
release A Akujt} A) A8 A o] & x| A =} 8bH LRCE o] 2|dk HA Y&
< og B 2GR AN deiFoEA BLA3 dUY R AL £
% 9t}

LRCo|| A =2 1# o] 3 2 interval® F-EHt}. o] & interval 7}ol| = happen-
before JAE A A7) 224 RC [6] W2 Rd& qtEA| 7). o] & 9= 7z
E2ALE AU 42 Y o IALE 42 A AL debh
vector timestamp S F X gkth. 27]-27] A A F (write-write false sharing)
£ Fol7] sl LROE th3 71 %4 7] §7 A& ch AT Es)oj "ol o

% 7] A} (multiple-writer) ¥}A] & TreadMarks A| A8 [7] o A # & A}-&5



PO P1

Wl make
twin
Rel
Acq
[
create [ R(X)
diff
apply
diff

\J
1% 2.1: LRCoj| A o] 2o Z%+

olth. TreadMarks A A8lo)| A RE 7| & A&} (writer) & F7 | 22| o o gl vl
A mirhe] HAWES 7] Edtth o | Ho] Ao Wi HExE 277} WA
e o AA 2717t dojrtr] Ao Ho| A& AARst=d o] AL twin o]t
gkt}. ReleaseA]o]] T2 A A= HA| 9 do] x| e} 4A AR Y twin 5] o] A
£ wiabod WAWEL ol AAE ol & diff 2 aeh. o] diffs W) U
of MIH 0T AT =% oAt diffe] 8 o] g ol WAFEE 62
& & ok Z2 5% Z2A2E B 87 WA X £ (piggyback)
735 H o] Aol gt Ml write-noticed Fx3}ed s Hl o] x| & FA5HA|
o} Fa53} J ol X g HZ2E s o] x| F-2) 7} WA sHH F] o] A
A = 2] 7] = (page fault handler) write-notice ¥.& E3f 3o 3| o| x| o] o
} B E 7| Z Ao A diffS 2 sl ALk diff & 44 (casual order) o
A H4ste] A2E Aol AE FAUTh 19 21 = LRCIA 9] Fe] B2}
e glek

O LA

o w2



A 2743 HLRC

HLRC¥ Princeton Univ [3]el| 4] #|¢FE s o] x| 7|8te] o} & 7|24 22 EF

2 94 e e LROSH fAlahit Wl o] MerslE el 3lo Ahol7} ol

o HLRCHA 28 34 2ol el #4 5219 W88 7l A5
=7t gtk o] & 98 Fo] obd =& Qe EoA Foz diffs A

%—5}‘11 T2 o|AE FA] A&7 FolA] FA HASH Y TRAAE

%%‘c‘sl o] o2 Aol E dojg oA HAle BARE dirh 13

2% oj2@ HLRCS| $2& no52 3ok
P1 P2(home)

PO
W) tTN?‘;e

create[ Rel
diff

\J Y
a7 2.2: HLRC | A4 ¢] 29| &=+

HLRC & LRCe|| v]3) o}&3 22 AA-o] gick [8] (1)# o] x| F-#H7} wt
Aol e m & == FHe Y4B v x| x|1lo] %ﬁ%}t} (2)F #eolA 9 o
g 27 = diffd twing A A 514 %%%D} (3) | o] X of] th 3 BE HAW
22 o wtd = 7] Wil diffs AT H v} %iv}- o Lol Wl EE 8T
o] LRCel u]3 =9 #tt}. o]8jgt A o= <ls| HLRC= LRCe| vlsf A%
ol Fow A o| 53t A Hrt [3]

3t A gk HLRCol| A &= of53} 22 o] EXgt) (1) Fo] A3 &9

F

—
o IT



Hlo] §ixl 92 ¢ EZ 85 Fo] AAlE ook gt (2) Hlo]A] F-AHA] &
A RAA HolAE dojetol ez AA g7 dlo|H ot B e HelH
7 g 7ol A

=335 = o] HLRCS &AL g5 Abgste A5l W3 AEH
e 713t g2 A HLRCAl A =& A&t ale o ofw @ 44 ol

A 34 HLRCeA & A1g¢] £4%

dbdoz Hor HIEE wED] 9L s &S 27E 7HAH B o]
ol wel dlo]E 7} o] F ol o] F T HE S Hlrh o] FA2= 4
o] 82 ok 2 A slg W HLRC F71A] £471 % JehA =k A
A & el 9ol o) EEA HH SHN H Y FLFE shE o] Biks
stz 2ol 323 Aoglo] W releasemttt Fo 7 diffs e of dch =
A Aol x| B WA FA Aol A AAL o ox e AT DA PR
w3 et
2% 2.3 & HLRC o A ZFabgA] A5t 222 F9 52 o2, P2 (¥
=) & AA Zo At Ao Lol = diffe] Mz #Ho]x] A g A
2] & 3§l oF 5} P12 A A Q3 o o] e & 4byte= 7] X| 5t 4Kbyte 2] 3| o] x| &
Aedolof ghry.
ol nlad A Z M= s dATHY FHA|Zko] ZoAH FHel
g H Aol AR FhsAdel o AR ol i@ B ol o ZEA AT

< A3 sle T o Z2ALVL e a5t W7l se A4S TEky
o] A% =& Ha U ZEA LY YATHY FYA|Zto] ThE ZRA XL

2 o) 7] A7t YA A HER I E3E AF ZZ5 o] AR A LB S
< A3 7| A =



PO P1 P2(home)
W(x)
create[
diff
apply
diff page (4K byte)

fetch

page X (4byte)

\J \j

2% 2.3: v &£ 4 HLRCY| & %2t



A 3R

HLRCE 9|3 42 & Z2&F

A1d =Z2EF

2 =xol M Acksts o Z2EF S 7)E ofolr o o3 2ok - F § 7}
e g 8GRI AMEE Ao dAalEE H o] A Eol ol &) *1 2 &7t A A
ot @A A o] A Fell Hi7t diffZ Blrh. o] Fof T 53 ﬁi/ﬂl*oﬂ
A o) A F-A 7} A SR Foll A # o] A& THA A 3 ARt
S35t Ho| A& AR o] & T de F UE oI5 o= Aok AA,
g o] 2] F-A A2 x|z o] gopxlth. A, AT o Ho]x
ofAH 3 ALV =S A e AlZbe] EolET o] AL el Hi7 7
A= FHaAA & 7] A7E Sole A7) Aok

Z2EZY F8 FA42 A H8A, = FHIL HelA FA A2 Al DA
of AR o]Fof At 7} ©hA Y Al F-H &S AHEH o533} 2

PR T
g oA} E AT Fo R HEFEE AT Wl AHEE Flo] xSl
e BRE 2 8 A wiA Ao 23 (piggyback) A2t} A2 # o] A]
2 AT Holl o3 RasE AT el A9 o] AT 71 5& vt
o7 S5t =] A AT e e A o] W¢ UA
3tz o|d 7| 5E& Axdtes ALrE FL dFo] 7hs st

e 2 37}



g 37 A s g 8 WA Ao £3H do|x] HEEF AA R diffE A
& Ho| X & Ae gt} Ao 7|EL2 G Ho|xE A A A
galfof & diffe] Z7]9] jte| H o] A 27| B} Folof ki Aol o]
AL diff FAHAA 8|22 QI A& WA 37| o). diff A HA
ol gt slute] Ho| x| E 7AIsH7] H& A= ofof & diff7} 2|7} H
= ¥4 Ealy A E diffe] Z7)9 3o| do]x] 2B AAA S
diffg A2sl= Zo] 238 Heo|x] AAE AEst= AL Aot v
AR S A A A 5o AFE 7t oA =Heh AYE Ho| xSl gt
diff3= write-notice 2} 37| 2 & 7} # A x| o] £ 3} (piggyback) sl A4
Elg=

o S|z ¥4 H 2]
e diffs vl Agehx] 91 AAst] Eok o]k AMZ Aol W
A eA sk o] ol e diff 1% 757] 9ol o} diffe] HEL 5
o] X HA|7h el 3l & W ol ek o] x| HAlh WA al el e W o o]
AE A7) S8l Wag BE diffSo] olow difg 4estm 194

ofom 7|2 HLRC Z2 o] 443 S22 9o xE dojer}.

of

¢

3% 31 Akt 2 EFo| 7| HLRCe} oA EA tt2m o 58753~
E HodE) Aok3t TR EFL 0729 Hol|x AL £YSZA H o]
FAAY M At E9S & T stk Al ZEEFAE P2l A T
o] #o]x] 8 H o] WAt o] AL yE 7 Al57] A ofof & 27) 9 diff9
gtol #o|x] Z7| Bk AR 7| W&Eolth WE o P12 & & 7}1A] yeol o gt diff &
S A4l A o3 P2Eyoll 3 7|2 HLRC T2 EZ A X Z o2 HE ¥
o] x| & o2t}

—-—

Al24d AP A

AetsteE T2 EFL 7|2 HLRC T2 Zo g o3} 22 AH & 714
ok AA, GATA Wl A9 Flo] A F-A 2| x| Zte] EolETt. H o] A& Al
st dl H e g diffs mle] AR E7] Aol o] A FA Aol o] & A &3 A

-—

10



P2 P3(home) PO P1 P2 P3(home)

W(x)
W(y)

create [

diffs
[ apply
diffs

R(x) fetch

page

\’Happly
diffs

page ( )
P[] R(y)
R(y) fetch diff
w
page v) page X
Rel
creat
diffs )

copy
page
creat
diffs
apply

< dlffs

fetch
page
copy
Page  R(y) fetch
page
copy
page
\ \ \

< HLRC >

page Y

Y (3Kbyte)

2% 3.1 g 5 4

[o
fru
o0

1419 slo] A& A& 4 slth. diffe] A& A7 EL2EHE HolA
< AlZbel ulaf wij¢ woem = Ho]x FA M| A|ZHE 7]& HLRC
of 3l Eo]Ech o] A dELS Y ZEA AV HES FI U
| 7] W ol ol st AR o] HAEAA & o 7] Al7 = £
SE = vAIA] o] Eo|ET FHALY oA E 7|4 7|+ =
Ho| x| 7} A== v Al gkgt =2 EFL diffr} ﬁ%%u}. Ju}A
AT el A HAH g9 7]+ 27| wjFol| diff = 3| o] 2] o] 8] 3}
37| & 7Rt meta] AR E s WA A 9 2 7] HLRC Z2 &
Zol v|3| %01%4- £33 A E diffe] Z71F H oA 27| = Aljlslr] W&
o diffe] FH o2 Qlal] WA x| Fo] Holvte HAL oA @

A, F74A Q1 WA A 7} WA S A] =t AR ZEEEFS Hzf} rE

HE = 7|E2] WA Aol HAEAA Bl A = siv) metA] A== WA A

> Lii{l (e
=

d fm %
ey g fo

)

A,

s

)

3‘“1?“ i
flo

ood
flo

ik
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o A%t 712 HLRC =2 =23} st
Aokt ZRE 2 ondl =t Fol Ao diffd g3} diffe] g % Bel S
9%t Wl 22 Falolch. o] F& ch Aol A AWelE YPO R Has T 4 ol

o}.

A 32 F HolAd A7 diff YA

Aot Z2EFol A&H 22 FA 67| AeA = &3 o] Aol Hf 3 A & diff &
A Al of gt shA|RE 1t Abo] (AT Well A AT E = Hl o] ARt = A
ez 2 e i Ao AT Hell A A== dle]A &2 7]E HLRC
A FollA diffE AYAFsHA] Ferh. dATH e Fo]x A diffE YA st
€ Aol A st diffe] 271 & A st FEAd AALEE L +
th FolAM el dift 2 22 SutE T I TR Aok diff=
AEE 7bsAol A7) diel (At Z2EZL 3hto] dlo] x| s oy
dlo] 2] Z7|abF o diff AFrt-E 5-&dch) o] 422 AFLE 5ol F2 4F
= 71 Ach Ao FHlA o] 2 256Byte & sttt o|Ake] WHlor F
dol x| o] diff o= A3 F-31E 43} e A FF A A F

A S e Alzkre] At A Hsherh

A4 WE 2HIH=

Akt 22 EEL LRCAHY diffE wlZefo /A8 a7t sict shAat &
o] o] o3t diff YA o] H -9} vRAIIA 2 Y A-E AA TS Wl A A F
L Yoz 2 dAse diffZ fxaof & Ho]x| e 4= wj& A} & LRC
of &) FollA A Al BRI FAE 7] diel diffE A RshA] obx
z2ade] EnutE T TS FA Fevh wEhA LRCo 22 5443
27 el A A4l D3] LA A H Y diff5E W Z el A A A5
Flez 84 7tdsi.

12



A54d LaygF

EZ2532 HLRCE 7|40 2 33 g)7] W&ol W K io] 7|&£2] HLRC
Z2EF3 FASIeE & =84 7|uksta 9l HLRC Z2EF9 A 2
T-&ol| thsi A= [5]ell AAISHA 7€ = sleh o] el A thF & &2
2 A% 71E2 HLRCS} o} & F-Zol tdt Aol BE of 7|4 tf 7 2] ¢4 F-
ol s A= [5]& Fx3H7] viatel.

32

-

51 ¥ 83§

g 2y Aee dubges delzol WAl B WA E o] 4 F-
718k (queue-based) &+ ¥}A1-& x}-&3kt}. 7F 2 round-robin g A& % XA
) #elAE AL Yom FaHE o] HelAE FaAA Yot P 9
= ew F I As HFE g WY Z2A LA o] 8BS AT
(forwarding) @c}. 2 99 & e TRAAE A4lo] g AL (held) &2
A o FA| FE FUheta 1R A o M next HEo] 8 %
ZRAME 7| FF2RA EAE FE T

o

procedure Requesting of lock L

create new interval
if ( L is local )
set L as held
else
send vector timestamp and update list
wait for reply
// now L is local and held
store early dif fs
invalidates each page p in write notices

1% 32: 2 9F

& ZERFAAE 7| HIRCS o) A+l 4ol 22l 32 715
gt ATl A vme] AT 7| EL 7
of A ET} 19 328 B ZREZA g 2% 7}

E £ ¢
1 et
-— oA
e
i
2
R
> 2

[o

u

13



A3 =2 el 2 Qo) 2 8 A v X X o = vector timestamp®} update list7}
EET}. update liste =t Mol AR E ] Sle dATFHA A w2 A
7155 Yeldg. & F{r1E oW T2 AN AE early diffs &F write noticesE
AenbA "ot early diffse update listE 53 8% d o] X &5 741317] H
J

52 7 3

g A A JATS el ALEHUD o)A FFE 7153t & F2A
o A Aghch. o] H B = Fol update list 24 2 R FA] o] & F T}

53 @ 37}

2 5717 dojue AAES g A B3e oA e ZEAILTE S
Avt &g 7HA I ot AR e Aol A o E ZEAAVL HE 8 F
37 Foltt B Il = A A4S B B AR ZE ) A5 write
noticesZ A gt} o]o] o] B T2 B Fo A= BAEL 3 dif S A3

o}.

£

procedure Granting of lock L to process () from process P

set L as not local
make write notices from P’s wector timestamp
calculate diffsize of each page p in write notices
foreach page p in update list

if ( diffsize < PAGESIZE and homepid != @) )

add diffs of page p to early diffs

send early diffs
send write notices

a3 3.3 g 37}

2% 33048 Zo], B TR EFAE= T $HS F&l A5 update

14



liste} o] 2lAEol] | Sl FHo|Ao|HA o] & HAlstr] 937 diffE 9]
717} se|x] 27K} Fhow gg AEs T2AMA(Q)7} #HolA o Fol
old % o] & diff &g early diffsoll EIAZIt}. #H o]z 2] Fo| QU diff &
EZF3HA @ oot & Z2EFo| 7|2 HLRCS} Zo] dirty pageE A 2|5}
£ FANA oln] Foz diff S HEslgl 7] dEolt}.

54  do|x A Az

e oy & Z2EFd A HelAE A5 9 e diffE 2] A2
WE T UeER o] A on] JhAL e dilfEE wlEE e AL} zA

procedure page fault handling for cache page p

if ( all diffs are ready to make up-to-date page p )
apply diffs

else
get remote page p from the home

¥ 3.4 Holx F-A Az

15



A 4%
A5 57

A1Ad SAF

A5 EA L switched 100Mbps ethernet & 2 o7 = 8%t o] 500Mhz PIII &
A A sttt 2 ==& 256 Mbyte?] o] 2 2]& 7}A» Linux 2.2.13
S FGAAE AEtgT E B4 E 272 E TCP/IPE AH&35t9t). o] A
2glol 4 o] KDSMe| 7| & AHE o] oj g ¥l = 23 4.13} 7o),

| Operation | Cost (us) |
fetch a 4KB page 1047
lock aquire 259
barrier (8 processors) 1132

£ 4.1: KDSM¢] 7|2 B3 4%

A2d 4Tz

NE5EHL G AE3= 28 =7 139l TSP, Water, IS, RaytraceE o] g3}
9 t}. TSP, Water, IS cvm [9] wj) 3 g0 f{,% 7}1—% o] £3}9 I Raytrace:=
SPLASH2 [10] o| A E &3+ Raytraceo, <}t [11]o]l A & &gk o 2 Ae) R E 9
g =& Al A 3 WA Q] Raytrace,ess A& A& } o 7 5§ T2 o

l‘_u,

16



s 2beks) JleshE ohe 3 2ok

e TSP
B7)-AA dazlEE ol &8l HE EAEE H4g vjdoz A
gk e ahe whAl ekl ohA] EHE RO 2 Bolg 4 e ARE T
she mzavol. 5718 Srho 2 Sare Algale 7] 2% o)

3 A}

o Water
2 2AAY A7k BE 2R W3} AU A E Fohe =21 ol
33 o x| & o AIZF wkg]beh A AbRITh 2he] Algo] Wlwk Zo] of
ym FrEou]ofel 3 5737 o B v FE AA R
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Appl. size locks | barrs | seq.time
TSP 19 cities 693 2 24.96
Water 343 mol | 1040 70 12.96
Raytracey.;g | balls4 | 120945 57.82
Raytrace,.s; | balls4 2081 1 57.82
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