Capriccio: Scalable Threads for Internet Services
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Capriccio | Capriccio_notrace | LinuxThreads | NPTL
Thread creation 21.5 21.5 37.9 17.7
Thread context switch 0.56 0.24 0.71 0.65
Uncontended mutex lock 0.04 0.04 0.14 0.15
T bl 1: L c of h d v fo dff h d «ck
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A as ti

sma 1
req ires ess sta

ram a a sis ase a

ea pta ami sta a ati
sta spaeisa ate t t rea s ema
reme ts a is ea ate e te
spae. I t erest t isse ti
mpier eat ret at a s st pr ies

iepreser i t epr rammi a stra ti
sta s.

A Lk S k

mpiera a sist
e prea  ate .
eig ted call gra
ram is represe te a ei
t ema im mam t sta spae
rame rt at ti i s me. A
e Aa e Bi 1iatest at ti
B iret . T s pat s et ee es i

imitt e am t

e per rm a
4

ses a

itepr t is

4 e set e

effi ie t
iet e Apa

e pr

IL t it 23 rt isp rp se i a S
ram a a sis rea r appiati s

€ € s§ser er.
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t is rap rresp t seq e es sta ramest at ma

appear t esta atr time. T e e ¢t apat ist e
sm te e ts a esi t ispat t atis itist e
t ta size t e rresp i seq e e sta rames. A
e ampe s a rap iss i i reb.

Usi tis a rap e is t paeareas a e

t eam t sta spaet at i e S me ea
t rea . I t ere are re rsi e ti si r pr ram
tere i e esi te a rap a t s e a
easi t e ma im m sta size rt e pr ram at

mpi e time i te est pat starti r mea
trea setr pit. H eer m strea r pr rams
ma e se re rsi i mea st at e a t mp te
a t e sta size at mpie time. A ee i
t ease e re rsi t e stati mp tati sta
sizemi t et ser ati e. r e amp e siert e

a rap i i reb I i te ei te rap
t e ma im m sta size is 2.3 KB t e pat Main-A-B.
H eert epat MainC-D asasma ersta size

09KB.I t e rstpat is se ri 1 itiaizati a
t e se pat is se tr t epr ramse e ti
te a ati 23 KBt ea t rea e aste
rt esereas s itisimprtatt ea et r a
sri t esta size ema .
I rert impeme t ami a size sta s r a

rap a a sisie ti es a sitesat i em st i sert
c eck oints. A e p it is asma piee et at
etermi es et ert ereise sta spae ett rea
te et e pit it t a si sta er 1 t
e spa eremai s a e stack c unkisa ate a
t esta piterisa ste t pitt tis e

e te ti a ret r st esta is i e
a ret re t a ree ist.

T iss emeres tsi ti ssta s t e a se
t e sta sares it e ri t e reteat a ar
me ts ra ti a arepse te e rte aee
ee t e a e.A easet e a ers ramep i ter
is st re t e a ees sta rame e ers a
te a trae a pr ram.> T e e ra e pit
is ritte i it asma am t 1 i e assem r
rea i a setti t esta piter t is eisi serte
si as ret s retra s rmati t epr ramprir
t mpi ati . t ae si ra essi t e reesta

istise s re r perati et rea i appr a

T iss eme e t r e t eomit-frame-pointer
isea e i gecc. Itisp ssi et s pp rtt is ptimizati
si mre epesie e pit perati s s as
pi tear me tsr mt e a ers ramet t e a ees
rame.
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ri rpr rama a sis em st etermi e eret
pae e pits. Asimpes ti ist isert e pits
at e er a site eer t isappr a is pr i itie
e pe si e. A essrestri ti eappr a ist e s ret at at
ea e pit e aea t esta spaet at
ma e sme ere erea te et e pit(r
ae i te a rap).

T satis t isreq iremet em ste s ret att ereis

at east e e piti eer e iti te a rap
(rea tattee esi te a rap rresp t a
sites). T t eappr priatep i tst i sert e pits
e per rm a ept rst sear t e a rap i
ieties a e e t atis e est at eta et
e itsa estrsi te a rap 22. A esi t e

e pitsata
rert esret ata

rap m st tai a a e es ea
a sitesietie as a e esi

pat r ma ti t a e pit as e e t .1

i rebte e pitCpa atest e rststa

a te e pitC;iisi serte te a e eE<C.
e ater e rea a es t e S sta  size

ma et are. T s e is t a a iti a e

pitst te rap i rert esret ata pat s et ee
e pitsare it i a esire i is ie asa
mpi e time parameter. 1" i sert t ese e e pits
epr esst e a rap em re t is time etermi i

t e est pat r m ea et te et e pitr
ea . e per rmi t isa a sis e si er arestri te
a rap t at es t tai a a e es si et ese
e es area ae e pits. T isrestrite rap as
es s e a pr esste es ttm p t s
e pr essi en e 1 aearea etermi e
t e est pat r ea ns s  ess rs. r ea
S essrT s en etaete est pat rsa
a mn. Il tis e pat s e t e ee st espeie pat

imit parameter ea a e pitt tee e et ee
na s i eetie re este est pat st
zer . T eres t t is a rit m is a set e es ere
e pitss ea e a it reas a e S
t e maimmpat e t r m ea e. rte
eampei 1 rebd it a imit 1 KB tisa rit m
paestea iti a e pitsCaa C3 it tte
e pitCy t esta rames Main a A se
mret a 1 KB.

i re s S rista esi teietime t et rea
se a rap iss i 1 re5. 1 i re (a)te
ti Bise e ti it t ree sta s a ate

Cs. N tiet at 0.5 KBis aste
02KBis aste i t ese

at e pitsCy Ca a
i t e rststa a

LIoiore () ti A as ae D a t
sta s ere eessar . ia 1 1 re () esee
a ista e it re rsi . A e sta isa ate

e E asC(at e pitCi). H eer t ese

time ar t e eat e pitCi eiest att ere
is e spaeremaii 1 t e rret sta t
rea eit era ea ti (D) rte et e pit(Ch).
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ti piterspreseta a iti a ae et r
a ritm ease e t at mpie time e
at i ti ma e ae tr aie ti

raa sis t
as p ssi et e set

piter. T impr et eres ts
e att etermi e as pre ise
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F u 6: Ex I ofd c lloc
ti statmi t e ae ata ti piter a
site. rre t e ate rize ti  p i ters m er

a tpe ar me ts ti te tre
m res p isti ate p i tera a sis.
ast e ter a ti sas asepr ems si eitis
mre ifi tt t esta spae se pre mpie
irariess. epr iet s ti st tispr em. irst

epa t sea

ea t epr rammert a tatee ter a i rar
ti s it tr ste sta s. Ater ati e e a
ar er sta st e i e re ter a ti s as
as t rea s t req e t it i t ese
ti s e a re se asma m er ar e sta S
tr tt eappi ati rte sta ar i rar
e se a tati s t ea it ti st at r
ti st atare req e t ae tesea tati s ere
eri e aa zi i rar e.
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Ora ritm asessta spaet e aste i t
paes. irst s mesta spaeis aste e a e sta
is i e e a t is spa e wnternal asted s ace.
e sta spaeatte ttm te rret is
si ere se t isspa eis a e external asted s ace.
1 i re iter a aste spaeiss i it ra
ereas e ter a aste spa eiss i ar ra.
T e seris a e t t et parameterst at a st

t etra e si terms aste spaea ee ti spee .
irst t e ser a a st MazPat i speieste
ma im m esire pat e t i tea ritm e ae st

esri e . T is parameter a e tst e tra e et ee e
e ti timea iter a aste spae arerpat e t s
req ire e er e pits tmresta i i . e

te ser a a st MinC unk t e mi im m sta

size. T is parametera e tst etra e et ee sta i

i a e ter a aste spae ar er sres ti m re
e ter a aste spae t ess req e tsta 1 i i

i tr res tsi essiter a aste spaea asma er
ee ti time er ea . O era t eseparameters pr i e
a se me aisma 1 te ser(rte mpier)t
ptimize mem r sa e.
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Ori e sta te iqe asa
i terms mem r per rma e.l
area ie e i ri

m er a a ta es
e era t ese e e ts
t rea impeme tati r m er e

(c) (d)

o dd lloc o of ck chu k.

me a isms t s impr i raiit t t ei ii a

appi ati mem r sa e. mpier te iq esma et is
appiati spei t i pratia.
irst r te iq e ma es prea  ati ar e sta s

e essar i 1 tr re es irt a mem r pres

S re e r i ar e mers treas O raa sis
a ieestis a it tte se ar pa es i
tri te eessar ere rssi osa irt a

mem r aste.

e si i e sta s a impr epai eair
si i at .Li e sta sarere se i LI O r er

i a s sta st e s are et ee t rea s
re 1 tesize teappiati s ri set. As e
a a atesta st ataresma ert a asi epa e
t sre i te ea am t mem r aste.

T em stratet e eet r appr a it respe t
t pa i e reate amir e mar i i ea t rea
repeate asa ti  bigstack() it es a
paes al B er t esta . T rea s ie et ee

a st bigstack(). O r mpiera a sisi sertsa e
pitattese asa te e pit asesa ar esta
t ei e rt e rati te a. i e
bigstack() es t ie a treassareasi el B
sta it t rsta aa sis e aet
ieea t rea its i i1 al DBsta
era tismir e mar it 00 t rea s ea
i a s bigstack() 10 times. e ea trea as
its i i1 asta te e mar ta es 3.33 se S
1.07 se S i are at ser e e. e si r
sta a a siste e mar ta esl.0 se s it 1.00
se sat ser ee s ari asi esta as rasti a
re e te st pai . e r it is test it
1000t rea s t e ersi it t rsta a a sis starts
t ras i it t esta a a sis t ter i time
s aes i ear pt 100000t rea s.
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eappie t isa a sist t e Apa e2.0. e ser er.
e set t e MarPat parameter t 2 KB t is ie as

ma e eamii te mer a sites i str me te
r ari s parameter a es. T eres ts s i i
re7 i iatet at 2 KB r KBisareas a e ie

si e ar er parameter a es ma e itte iere ei t e
era am t i str me tati e set t e MinC unk
parameter t KB ase pr i i rmati . B
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F u 7. Nu b ofA ch 2.044cll u-
d fu ¢c o of h MaxPath
a 1 pr i terst e pits e etermi e t at
i reasi t e size t KBre e te mer
sta i sa i ssi 1 at t rt eri reases
ie e a iti a e et. eepettattist i
met a ea t mate as as t e pr rammer
S ppiesareas a epr i r o a.
Usi t eseparameters est ie te eair Apa e
ri ee ti a r a sisti stati e pa es
ase t e e 99 e mar s ite. st ti s
ee e te e tire it i tei itia KB
e eessar t treasi e a e i rer

t a a ti t at asa KB er itssta . T is

e ampe s st at e are apa e r i m ie

appiati s it asma am t sta spae it t ear
sta er

e sere t epr rams e airatea a site r sse

ri teee ti tis e mar. At 0.1% a
sites e pits ase a e sta t e i e
at a st 27 1 str ti s. At 0.5% a sites a ar e
sta as i e iti a 1 rert a e
a e ter a ti sti 201 str ti s. At 10%

a sites a e pit etermie t ata e as
t req ire i st istr ti s. T e remai i
9% a sites ere a ete . Ass mi a 1str ti s

are r eq a i st teres tis a 73% s

e si eri ti asa e 1 e a istr ti s

ma e p 5% tepr ramsistr ti s te era
S is appr imate 3%t %.
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Oe tea ataes aime reets stemsist at
t eirs e i a easi a aptt t eappiati s ee s.
et ase appiati sare r e it isti teet a

ers a mp tati r a parti ar tas pr ee s as
t attas ispasse rm a ert a er.T isar ite
t repr iest piees 1 rmati t at are se r
s e i irst t e rret a e ratas pr 1iesi
rmati a ttetas s ati i t epr essi ai .
T isi rmati a e se t iepririt t tas st at
are  sert mp eti e ere i a t es stem.
e tee ts te a erstas qees a e se

F u 8 A b'e 1 block h. Th h

w d fo u of K o, ou w b

t etermi e i staesare ttee sa a i 1 ate
e t esereris er ae.
apri i pr i essimiarappiati spei s e i
rt rea ase appiati s. i e apri i sesa P
erati et reai m e e a ie a appiati asase
qe e staes eret e sta es are separate i
pits.]l t isse se apri i ss e erisq itesimiart
a eet ase s stemss e er. O r met S are m re

p er eeri tatte e et esta esa t mat

ia a ae iret e e t eres res se

ea staet sea i er rai e ami s e i
eisi s. I parti ar e setisa t mate s e i

t pr i ea missi tr a t impr eresp se time.
O rappra a s apri i t pr i es p isti ate

appiati spei s e i it t req iri t e pr

rammer t se mpe r rittet 1 A Is. T s e
a impr eper rma ea s aaiit it t mpr
misi t esimpi it tetreae pr rammi m e.

4 B k h

T e e a stra ti e se rs e 1 ist e locking
gra i tai si rmati a ttepaesi te
pr ram eret rea s . a eisa ati it e
pr ramt at e a a e eeists et ee t es

ite ere se tie i pits. Te ati
i tepr ramis t mere te a e t e pr ram
ter trat ert e a al t at as se t rea

t e i pit. T ispat ase appr a a s st
i ere tiate i pitsi amre se a ta te
pr ram ter a e a si e t er iset ere
te t e er e s pits(e.. t eread a write
sstem as). i re s ste i rap rK t
asimpet rea ase e serer. a t rea a st is
rap i epe et a eer e t rea is ate at

e t ese es.

apri i e erates t is rap at r  time ser

i t etrasiti s et ee i pitss. Te e iea

ei tisappra istat apri i a learnte e
air t e appi ati amia a te set at
i rmati t impr es e i a a missi tr
T iste ige r si part e a se earetar eti

r i pr ramss as] ter etser ers s itisa epta e

t spe time ear i i r ert ma eimpr e eisi s
ater

T ma e se t is rap e s e 1 treas e
m st a tatet ee esa es it 1 rmati a t
trea eair. T e rsta tati ei tr eist e
aera er i time rea e e. e at rea S
e i e e as sttraerse si e e t e
pre i s e. emeas ret etimeitt t tra erset e
e e si te e ter a e patea ep e
tia ei te aerae rt ate e.



e eep asimiar ei te aerae rea e i

e p atee er timeat rea tra erses e its t i
e es. a esa era eisesse tia a el te a erae
tee e a es si ete mer p atesispr p r

ti at te mer timesea t i e eistae

T e e a et stes s te ete e i
ta e on average.

ia ea tatete a esi res re sae. r
re t e e eres res as memr r sta spa e a
s ets a etra temi ii a . As it U
time t ereare ei te aeraes r t e esa es.
Gie t ata e t rea is ate ataparti ar e

t ese a tati s a s st estimate et er r i
t is t rea i 1 rease r ereaset et rea s sae
ea res re. T isestimateist e asis rres r ea are
s e 1 : e e t at ares reissare e
pr m te es(a t st reas)t atreeaset atres r e

a em te est ata q iret atres r e.
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ste isti e e ts stemspri ritizee e t a ersstat

ia . A sesi rmati s aseet a erqee
e tst amia t et es stem. apri i es

estep rt er i tr i te ti res r ea are
s e 1 .I t isseti es t set e i
rap t per rmres rea ares e i tatis t

tra spare ta appi ati spei

O rstrate rres rea ares e i ast ree parts:

1. Keep tra res r e tiizati ees a eie
ami a 1 ea res r eisatits imit.

2. A tate ea e it teres res se its
t i e ess e a preitt eimpat ea
res res es e etreasrmt at e.
3. ami a  pri ritize es(a t streas) r
s e i ase i rmati rm¢te rstt
parts.

rea res re ei rease tiizati ti it rea es

ma im m apa it (s as e t er a a ter
res re) a te etrtte a s e i es
t at reease t at res r e. e res re saeis

e att preere tia s e e est at S met at

res r e ert eass mpti t at 1 s i i rease
tr p t. re imp rta t e ares reis er
e e pre ere tia s e e es t at reease t e
res ret a i trasi
T is m i ati e se it s me steresis te s
t eept es stem at trtte it tt eris t ras

i .A iti a res rea ares e i pr iesa at

ra r a se siti e rm a 1missi tr  si e
tas s ear mp eti te t reease res r es ereas
e tas sa atet em. T isstrate is mpete a ap
tie i tattes e er resp s t a esres re
s mpti et t tet pe r ei ea

ere a . T e spee a aptati is tr e t e
parameters t eep e tia ei te aeraesi r
i rap a tati s.
O rimp eme tati res rea ares e 1 isq ite
strai t r ar e mai tai separater q e es rea

ei te i rap . eperi ia etermi et e
re ati e pri rities ea e ase r pre i ti
teirs seqetres re ees a te era res re

ti izati t e s stem. O et e pri rities are
eseeta es stri es e i a te esee t
t rea s it i es eq e i rmt e es r
qees. Bt t ese perati sare O(1).
A e er i ass mpti rres rea ares e
erist atres re saeis ie t esimiar r ma
tas s at a i pit. rt ate t is ass mpti
seems t i pratie. it Apa e re ampe t ere
isam st ariati 1 res re tiizati a t ee es
t e i rap

4.2.1 Resources

T eres res e rret tra are U memr a
e esript rs. etra memr sae pr ii r
ersi t emalloc() ami e etett eres re
imit r mem r at i paea tatiit.
r e esript rs etra t eopen()a close() a s.

T iste 1iq e a s st eteta i reasei pe e
es ript rs i e ie asares re. rre t e
set t e res r e imit estimati t e m er pe
eti sat i resp setime mps p.
e a as tra irt a memr saea m er

t rea s t e t s atprese t. V istra e t e
same a asp Sia mem r tt e imitisrea e e
erea s meas tet res rtta V a ate
(e. . 90% te a ress spa e).

4.2.2 Pitfalls

ee tere s mei teresti pitas e impeme t
i apri i sres rea ares e er. irst etermi i
t ema im m apa it aparti arres re a etri
T e tiizati eeat 1 t rasi rs te epe s
t e r a reampe te is s s stem a
s stai ar m re req ests per se i t e req ests are
seq e tia i stea ra m. A iti a res res a
iterat as e t eV s stem tra es spare is a

it t reep siamemr. 1T emste eties ti

e ae ist at rear si s trasi (s

as 1 pae a trates)a t setesesi st i 1 ate
ma im m apa it .

U rt ate trasi is ta asa es ti ¢t

etet si eitis ara terize a ereasei pr ti e
r a a i reasei s stem er ea . ie e a

meas re er ea pr ti it isi ere t a appi ati

spe i ti . At prese t e attempt t essatt r

pt si measresiete mer t reas reate a

estr e a te m er es pe e a se . A

t t isappr a seemss fiiet rappiati ss

asApa e mre mpiate appiati smi t eetrm
atreai A ltata stemt epiit i rmte
r times stema tt eir rre tpr ti it .
Appiati spei res resas prese ts me a e es.
re ampe appiati ee memr ma a emet i es
res rea ati a ea  ati rmter times s
tem. A iti a appiati sma e e ter ia re
S ress as .0 eaai pr ii a A Itr

i t eappi ati a i rmter times stema t
its iares resma eareas a es ti r simp e
ases iememrr a atrs it ma as e pssi et
a leetis a it te ep te mpier.
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O epr em t at arises it
t att rea s ma t ie

perati e s e i s

t epr essr i a ea t
air ess re e star ati . T esepr ems are miti ate

t smee tet te att ata t et rea s are part
t esameappi ati a aret ere rem t a tr sti

N et eess ai ret ie issti aper rma epr em

t at matters.

Be a se ea tatet e rap ami a it ter

i time rea e e itistriia t t see est at
aie t de :terr 1 timesaret pia r ers
ma it e arerta teaeaee e O rimpeme
tati a st es stem perat rt seet e i
rap i i e etime req e iesa res res se

se i aUSR2si at ter i ser er pr ess.

Tist is er a a e e prti ea appiati s
t apri i . reampe i prti Apa e e

ma paest at i t ie s fliiet te . T istres t
is ts rprisi  si eApa ee petst r it preemp
tiet rea s. re ampeitt rs tt att eclose() a

i sesas et a s metimesta ebmse e t
t e me tati 1 sistst at it ret r simme iate e
i I/Oisseete . T t ispr em ei sert
a iti a e si rs stem a irar e rea ater
teata a t close(). iet is s ti es t
tepr emi eera it esa st rea t e
e eit sma erpices. A etters ti ( i e
ae t etimpeme te )ist sem tipe er e t rea s
rr i ser e e t rea s. T is appr a a
t e se m tipepr essrs a it i e ate ies
r m asi a tr a e i perati s s as
close() as rpaea t a i
5 EVAL AT
T emir e mar sprese te i eti 23s t at

apri i as
saaiit. I t isse ti

I/O per rma ea e eet
eea ate apri i sper r

ma e m re e era er a rea isti e ser er r
a . Rea r e r asi e ar e m ers
p te tia s ie ts i pr ie tests t
apri i ssaaiit a s e 1 . e is sste er
ea apri i sres rea ares e eri tis te t
a t e is ss tiss e e a e et a t mati

a missi tr

S W Sv Pf

T esererma ie r 1 e e mar s is a 500
Hz e ti mser er it 2GBmem r a al te 1000
Giait teret ar. T e perati s stem is st
Li 2..20. U rt ate e t att e ee pme t
series Li ere se i temir e mars is sse

earier e ame sta e e pae er ea a .He e
t ise perime t es ttaea atae epoll rlLi
AIO. imiar e ere ta et mpare apri i a ai st
N TL rtis r a. e eaetesea iti a e peri

me ts r t re ro.
e e erate iet a it pt 1 simiar
re ma iesarssaGiaits it e e r. Bt

apri i a Ha per rm i et r I/O
it t esta ar UNIXpoll()s stem a a seat rea
p r is 1/O. Apa e2.0. ( re t se O IX

t rea s) sesa
es ript rs a

m i ati spi p i i ii a e
sta ar i I/O as.
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Te r a rt is test siste
GB stati e ata it ari s e sizes. T e req est
req e ies rea size a r ea e ere esi e t
mat t se te e99 e mar . T e iets r
t is test repeate ett t eser era iss e a series

e req ests separate 20ms pa ses.

req ests r 3.2

e imite t e a e sizes Ha a K tt 200
Bi rert rea ea is a tiit. e
se a mi ima rati rApa e isa i a
ami m es a a ess permissi e i . He e it
per rme esse tia t e same tas s as Ha a K t.

T eper rma eres ts ereq itee rai .Apa es
per rma eimpr e ear 15% e r er apri
i. A iti a K tsper rma emat e t at t e
eet ase Ha e ser er.

arti ar remar a eis K tssimpiit. K t

sists 1290 i es e ritte i astrai t r ar
treae st ee K t as er eas t rite (it t e
s3 ast reate) a itiseas t ersta . e
si ert ise perie et e str eie e rt esim
piit t et rea e appr a t riti i rre t
appi ati s.
52 B Kk hS
altaii 1 rmati a tt eres res se atea

i pitreqires t etermi i eret epr ram
is e it sa per rmi s meam t mp ta
ti t saea a re ateres r e tiizati res.

Ta e2q a ti est is er ea rApa ea K t r
te r a erie a e Tetpt iess t e
aerae m er appi ati est at ea appi ati
spet i rm e i pittteet.Te ttm
t iess te mer est at apri i spe s
iter a i r er t mai tai i rmati se t e
res rea ares e er. A e tsaret e a era e

m er es per i rap e e ri rma
pr essi (ie. er a a atertememr a ea

ra pre itrs ae arme D).

Itisimp rta tt tet att ese e tsi
t etimespe ti t eappi ati

e only
itse . Ker e time spe t



Item Cycles Enabled
Apps Apache 32697 n/a
Knot 6868 n/a
System | stack trace 2447 | Always for dynamic BG
edge statistics 673 | During sampling periods
T bl 2: Av -d c cl cou fo
le o o C cc o.
I/Opr essi is t1i e. 1 el ter et appi ati s
are I/O1 te si e m teir r ata taespaei
te ere.He et eper rma eimpat t is er ea
is ert a Ta e2 s  est.
T e er ea at eri a mai tai i statisti s is

re ati e sma esst a 2% re esi Apa e. re
er t ese statisti s te t remai air stea 1 t e
r as e aeteste s te a esampe reatie
i reqet e ae asampi rati 1/20t e
q ites fliie tt mai tai a a rate ie t es stem.
T is appr a re estea reate er ea t a mere

0.1%.
T e erea rmsta traesissi i at i er
am ti t r % teee ti time r Apa e

a 3% rK t. A iti a si e sta tra es are
esse tia r etermi i t e ati i tepr ram t e
msta as eea e
T e e ea r msta trai 1 strates mpi er
i te rati ept impr e apri i sper rma e.
T e er ea t mai tai ati 1 rmati 1 a stati
a e erate i rap 1is esse tia zer . A t er
m re ami te iq e e t mai tai a a
aria et at S a erprit t e rre tsta . T is
erpri t a e p ate atea ti a XOR i
a iq e ti I atea ti setr a eitpit
t esee traistr ti s a easi e i serte te m
pier. T is erpri t is t as a rate as a tr e sta
tra e tits ea ratee t e eratet esame
i rap t at e rret se.

53 -A A &

T test rres r ea are a missi tr a
e reate a simpe S mer pr
er t rea s p a i memr t a a p a
ra m ¢t i paest ret emt sta i mem r
(rt aseV a ts rpaet at ae ee s appe
t). smertreas prem i memr rmte
ap a reei it.

rit ms
er appiati . r

T is e mar testsa m er s stemres r es. irst
itepr ersa atememr t qi t e pr ram
ma r t irt a a ressspae. A iti a 1 pae

t i pr eest qi tema ie i tras ast e
irt a memr s stemse spaest a rm is . T e
a te ist ma imizet etas tr p t (meas re

m er pr er  ps per se ) ieas ma i
t e est se t memr a is res r es.
At r time t e test appi ati is parameterize

te mer S mers a  pr ers. R i er
Li T rea s i t ere are m re pr erst a S mers
(a te e t ereare e er)t es stem q i starts
t tras. U er apri i eer teres rea are
s e erq.i etetst e er a iti s a im
itst e m er pr ertreas rmr i . T s

appiati s a rea astea state earte e te

per rma € r e.

6 ELATE W

Po Mod 1l fo H h Co cu c
T ere as ee a sta i e ate i t e resear
mm it a tte estpr rammi m e r i
rre t is e ate as te se t rea s a
ee tsi parti ar. O ster t 25 e merate a m er
p tetiaa ataes reets. imiar reet r

s aa eser ers stems a atest e se e e ts. am

pesi el ter et ser ers s as as 2 a Har est

10 a ser eri rastr t resie A3 a Ni a35.
I t e tra iti t e ait ar met e e pe

La era Nee am 1 e aeprei s ar e t at

a appare t a a ta es e e ts are simp arti a ts

p rtrea impeme tati s 3 . He e e eie e past

ar me tsi a r e e ts are etter ie e as ar

me ts 1 appi ati spei ptimizati a t e ee
reffiie tt rea r times. Bt t ese ar me ts are

ma rmtiati s r apri i. re er te i
rap  se apri i ss e er as iret i spire
Asstaesa e piitq e es.

I prei s r 3 e as prese te a m er
reas st at t rea s s e pre erre ereets 1
i rre t pr rammi . T is paper pr i esa i
ti aeie e rtat aim em strati apri i s
per rma e s aa iit a a iit t per rmappi ati
spe i ptimizati

A aeta. 1 pite tt att e e ate et ee ee t
rie a t rea e pr rammi a ata espiti t

t e ates: e et ee preempti e a perati e tas
ma a eme t a e et ee at mati a ma a sta
ma a eme t. T e i t e term sta rippi t e
sri et epr ess ma a sai a restri i estate
ar ss i pits a te ieti tis pr ess as
t eprimar ra a t ma a sta ma aemet. T e

at rsas pit ttea ataes t e perati e
t reai appr a
a at rs aeattempte t impr et rea i per
rma e tra s rmi t rea e et eet ase
e. reampe A aeta. 1 at matet e pr ess
sta  rippi i eet rie s stems a i e
t e ritte i amretrea iest e. I s me se se
t a t rea pa a esper rmt issametra sati at
r time mappi i perati si t i
state ma i es er eat . U timate e eie et ereis
a a taet astati tra s rmati rmt rea e e

t eet rie e easea e t e trea r time
a per rm stas e asa e et ase e. O rper r
ma e tests it apri i rr ratet is aim.

U -Lv1lTh d
T ere ae ee ma ser e e t rea pa a es t
te ierrm apri i i teir asa te iqes. T
t e est r e e apri i is iqei its se
t e i rap t pr ieres rea ares e i
a 1 its se mpietimea a sist e e tappi ati
spe i ptimizati s. A iti a e are t a are
a a aei epe ettreai irar t at sesi e
sta rames t e is sss me a ae epe et
es e .
iame ts 2 a NTs 1iersaret i
ser ee t rea pa aes. Bt se perati e s e
tt e are t tar ete at ar e m ers
i treas. iima tet it i Treas 1 isa

per rma e



i per rma et rea pa a espe iaize r e a es

t at i es ast is 1 rariesa mem r ma a eme t.
T eper rma e ptimizati semp e t ese pa a es

e se r apri i as e t eseare mpeme
tar t r r.

T e tate T rea spa ae 3 isai t e ¢t pera
tiet reai s stemt ats ares apri i s a simpi
i tepr rammi m e r et r serers. U ie
apri i t e tate T rea s i rar es tpr iea
OIXtreai iteraes appiati sm st ere rit
te t seit. A iti a tate T rea s seeit er select
r polli stea temresaa eli epoll a t e

se i is I/O. T ese atrs imit t e saa iit
tate T rea s r et r itesie r asa ¢te
restri t its rre r is itesie r as. T ere

are pat es aaia e t a Apa e t se tate
T reas 33 res ti i a per rma e i rease. T ese

pat esi ea m er t erimpr eme tst Apa e
eer s it is imp ssi e t te m t e im
pr eme t ame r m tate T rea s. U rt ate t ese
pat esare ermai tai e a t mpie ea
S e ere aet r ire t mparis s a ai st
apri i .
e eratiati s2s etepr em i I/O
a e pe te i /preempti ser e e t rea s
a i erespprt r tii te serees e

er t eseee ts. ] isappr a e s res ea i te rati
tetrea irar a t e perati s stem e er
t e ar e am t er e a esi e seem t a e
pre e iea pti . A terp tetia pr em it
t isappr a ist att ere i e es e era tiati
rea tsta 1 I/O perati i a m er i
t etes t sa s 11 ter et ser ers. T is res tis
trar t te riia a re 1 te m er
er et rea s eee . T ispr emappare t stems r m
teattats e eratiati sare e e pe primari
r i per rma e mpti e ir me ts ere is
a ast et r I/Oare miat. Neert eess s e er

atiati s a ea ia eappra t eai it pa e
a tsa preempti si apri i. mp i s e er
atiati s as a te serees e ert i

e ete eres eisi a t i er e t rea t
preempt. T iss eme a e se t s e ifi tpr ems
i e riority tnversion a  t e convoy eno enon

pp rt r ser e e preempti a Nt rea i (ie.

roi ser ee treas tp N eretreas)is
tri . Te iq ess as ptimisti rre tr
a i s r steai 7 a e se eetie t ma

er atastr t res. r i a prese ts
t ese a t erte iqesi te
ee pett emp ma t ese te
spprt r :Nt reai

aetrea a s e
a 1e es ripti
te t Li 12.
iq esi  apri i e ea
K I1Th d
TeN TLpr et rLi as ma e reat stri es t
ar impr i t eeffi ie Li er e t rea s. T ese
a a esi ea m er er e e e impr eme tss
as etter ata str t res er mem r erea a te
se O(l)t rea ma a eme t perati s. N TLis q ite

e a issti eratie ee pme t. He e ee pet
t at s me t e per rma e e ra ati e it
i er mers treasma eres e ast e e e pers
s a reate aster a rit ms.

A lc o - c fic z o
er rma e ptimizati t r appi ati spe i

tr s stem res resisa imp rtattemei O re
sear . a 21 a e appiati st spei t eir
V pai s eme i impr e per rma e r ap

mem r ee S
i simiar t 1 s

piati stat e a tteir p mi
a is a ess patter s. UN T 37
r e r I/O impr i eiiit a re i er
ea it t mpr misi saet. T e IN perati
s stem 5 a t e VINO perati s stem 29 pr i e ser
st mizati a i appi ati et em e it
te ere. Te ere 13 t t e pp site appr a
a m e mst teO t seree.A t eses stems
a appi ati spe i ptimizati ear a aspe ts
t es stem.
T ese te iq esreq ire pr rammerst tai rt eir ap
piati t maaeres res ritse tist pe t i
is te ifi ta ritte. A iti a t e tiepr rams
t sta ar A Isre 1 teirprtaiit. apri i
taesa e appra t appiati spei ptimizati
ea i atmati mpier irete a ee a ase
t i t et rea pa ae e eieet att isappr a
i maetesete 1iq esm repratia a i a a
ierra e appiati st eetrmt em.

A cho ou I/

A mer at rsprpseimpr e er e iteraes
t at a ea imp rta timpa t ser e e t rea i
As r s I/O primiti es s as Li s epoll 20

is AIO 17 a reeB s qeeiterae 19 are e
trat reati asaa e ser e et rea pa ae. apri

i taesa atae t ese i tera es a eet
r m impr eme ts s asre 1 te mer er e
r ssios.
ck M
T erearea m er reate appr a est t epr em
prea  ati ar e sta s. me ti a a aes
S as ta ar L Ne Jerse 3 t sea a
sta ata rat er te a atea atiati re r s
te eap. T isappra isreas a ei t e te t
a a aet at sesa ar a e etra t ats pp rts
i er r er ti sa rst  ass ti ati s . H
eer t ese eat resare tpr ie t e pr rammi
a ae i mea st at ma t ear me tsi a r
eapa ate atiati re r s tapp i r ase.
rt erm re e t is t i rte erea ass i
ate it a i a ar ae etrt rs stem pre i s
r ass t at Jaas e era p rp se ar a e e
t risi appr priate r i per rma es stems 30.
A mer t er s stems ae se ists sma sta

si pae ti ssta s. B r a e reit
esri eate iq et at sesasi esta rm tipee
ir me ts e e tie iii testa it s sta s

eer t e taa zet epr ramt attempt t
re eteam t r time e sreqire. O e

i isa a aea r times stem r para eizi
pr rams se a simpi e ersi B r a e
reitste iqe ae spa ettista s 9.1 t iste

igeatiati re rs r ierett rea sarei terea e

asi e sta eer ea atiati re rsi te
mi e t e sta a t ere aime i ie a ti ati
re r ssti eist rt er t e sta i a a
t e am t aste sta spaet r it t



rereet telaz T rea spr eti tr e sta
ets i are 1 e sta s r sei mpi i
para e a aes 15. T isme a ismpr iesr time
sta er e s a it sesa mpier a a sist

eimi ate e s e sta sae a e e e er

tisaa sistat e t a ere rsi as apri i
esa it e tpr iet i parameters. e a

Be as se e sizesta etst pr ie S

pr essi timei apara e rea time ar a e etr 11.

7 FT EW

earei t epr ess e te i apri i t r it
m ti Uma ies. T e ame ta ae epr ie
m tipe Usist at e a er re t e P
eratiet reai m et pr ieatmiit. H eer e
eie et ati rmati pr e t e mpier a assist
tes e eri mai eisi st at ara tee at mi it
ertai S eatt eappi ati ee.

T erearea m er aspe ts apri i simp eme ta
ti e iet ep re. e eiee e ramati
a re e ere rssis er ea et r a it
a at 1 iterae ras r s e¢ r I/O. eas
e pe tt ere are ma ast impr e rres rea are
S e ers astra i t e aria ei t eres re sae

i rap es a impr i r ete ti
t ras i
T ere are se era a s i i rsta a a sis a

eimpr e . Asme ti e earier e sea ser ati e
appr imati te a rap i t eprese e ti
piters r ter a ae eat rest at req ire i ire t

as(e.. i er rer ti s irt a met ispat
a e epti s). Impr eme tst t isappr imati
s sta tia impr e rres ts. I parti ar epa

t a aptt e ata a a sis re 2 i rert
isam i ate ma t e ti piter a sites. e
mpi i ter a aes e start it simi ar

ser ati e a rapsa te emp e isti tr
aa ses(e.. teO0 Aaa ses 31 r ti a

a et riete a aea aes r irta ti

res ti aa ses 27 r et riete a a es).

I a iti epa t pr epr i t st at a
assist t e pr rammera t e mpieri t i apri

i ssta parameterst t eappiati s ee s. 1 parti

ar e a re r i rmati a titer a a e ter a

aste spae a e a at er statistis a t i
ti as ase e sta s t ei e. B

ser i t isi rmati rara e parameter a es

e a a t mate parameter t i e a as s est

p te tia ptimizati s t t e pr rammer i iati
i ti s aremst te resp si e r i reasi
sta size a sta aste.
I eera e eieet at mpier te i pa
a imprtatr ei tee ti t ete iq es e

srie i t is paper. re ampe earei t epr ess
eisi a mpiera a sist atis apa e e erati

a i rap at mpietime t eseres ts i impr e
t eeffi ie t er times stem (si e a tra es are
req ire t e eratet e rap ) a t e i a st
etat mi it r ree ara teei statia t at ertai
riti a se ti s t tai i pits. I a iti
epa t i esti atestrate ies ri serti i pits

it te eat mpietimei rert e r e air ess.

mpie time a a sis a as re et e rre e
S ar i t e pr rammer a t ata raes. A
t stati  ete ti ra e iti sis ae i
t ere as ee ree tpr ress et mpi er impr eme ts
a trata e epr rama a ses. I e 1 a a
ae r et re sesrstereiss pprt rat mi se
ti sa te mpier ersta st e rre m e.
It sesami t re I/O mpeti sa r t mpeti
t rea s a te mpier sesa ariati a a rap
t at is simi ar t r i rap . T e mpiere s res
t at at mi se ti sresi e it i ee e t at rap
i parti ar as iti a at mi seti a t e
r (ee i iret ). Tis i s pp rt e
e treme p er rat ri serers. ia ee pet
tatat mi seti s i as ea e etters e 1 a
ee ea ete ti

8§ € €L S S

T e apri i t rea pa aepr iesempiriaeie e

tat 1 trea pa aesisa ia es ti t t epr

em ii saa e i rre I ter et ser ers.
O re perie e it riti s pr ramss estst att e
t reae pr rammi m e isam re se a stra ti

ta teeet ase m e r riti mai tai i a

e i teseserers. B e pi tetrea impe
me tati rmt e perati s stem itse e a tae
a atae e I/O me a isms a mpier s pp rt.
Asares t e a sete 1iq ess as 1 e sta s
a res rea ares e i i a st a iee

si i atsaaiit a per rma eimpr eme ts e
mpare t e isti t rea ase re et ase s stems.
Ast is te mat res ee petee mre t ese

te iq est ei te rate it mpi er te . B
riti pr ramsi t rea e st e pr rammers pr i e

te mpier it mrei rmati a tte i ee

str t re tetas st att eser er m st per rm. Usi

t isi rmati e pet att e mpier a e p see e
m re pp rt ities r t stati a ami per rma e
t i
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