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WD 2004/ 040448 PCT/ GB2003/ 004219 1 SYSTEM AND METHCD
FOR PREFERRED MEMORY AFFI NI TY The present invention

WO edoates48 n general to a system and net hod f orPCT/GB2003/004219
assigning processors to a preferred nenory pool. Mre
particularly, the 5 present ihvention relates to a
system and nethod for setting thresholds in nenory
pool s that correspond to various processors and

cl eani ng & JIRIR i ke Wi pldlexhill GAGHY arprir@ached.
Modern con I'ncr easi ngly conpl ex and
often utilize multiple processors and nmultiple pools
of menory. A single conputer 10 system may i ncl ude
groups of processors with each of the groups coupl ed

t 0 Tae hirgBeBpeseediusn thabtad kawgenkhel poos eys0es and method for
ass:Lg QO%éﬁt ?odt,%t g fnpefte?ieed mﬂpoé\ﬂ“ tMcB:leepartlcularly, the

roce ors w these conput er e to execut
prﬁ.ﬂnltl ﬁrvgn?:h%rt lrﬁ}ﬁqegngo Qegln%rbci}%e%ho fﬁ:{/esreég:frig %hresholds in
memdaygbeoIsr Qb@sserrespple@é}lOdV@@@uéfPrlongsﬂﬁéeﬁld F%e%ﬁrly a memory
po@bl@et O-rRetf b INesi Aslchegt i on at a 15 tinme. A
mul ti processor systemis a systemin which two or nore
processors share access to a connon rand?m ac%esf?t cilize
me NSRS RARFRUCRE | TiSHPHt 658 ol CTEPENE SRR Yud™ a6 m-
muEIPeYypaceess s( MAusyistlensodsdohowmery -f ok rAipghe aprouter
sy@tgéfrﬁﬁg'y (NIMRe SYSIRTEE hAscérBamini &gdh es, thdMirduppecoupled to

a %10 gl‘ odcgss%&lagoalag%é% @o%eg %ﬁ‘ijsgggq:eég zirﬁﬁtvrf\],el data to the

sses are rea e in

meBHBLN{ MO P HEFOHEP RS TAY NUBRC SYRPBIE §¥S?%bemﬁet° Fecute
muadidrlessesrace ons esighabinecfiskt -er Cetvanslither THEFHP Wrocessor .
re@&jﬁiﬁ%§§%?f 1t pakd, gyl &1y N erSyai ens idsegcadtion at a
L, Tenory is reachabl e faster than "renote" nmenory even

Pﬁough the entire address space is reachable by any of

the processors. 25 Menory that is "local" to one

pr ogessripfotessbustvetenfispe cnmssoris) wikeh tyepat Bore grocessors

sh@PotheLsd rth§ SSRhod Fan&dIStEss sofnerﬁHxQC essn !l S )yulanskocessr
syggér? :Ln<t: Oo’ér ury af%o n n{e%[)ﬁ% tah Ic¥§§1 l M hBE-uniform memory

eac er g_g% &gl n t h  NUVA

acsgat dEMAINGYDtHNEr tAfpbRe gpme m&lptl% & SRE) P
syksaéenaye tdeat ghesl snrtmaemlmgrmrnfea@dneﬁgeﬁjaﬂfa 131919¥1hatrefi%hable in
thfeuggntéeﬁm@ﬂ@yof QL A WBkb¥Y&: PhAGRSSSSfstehe s endabri h@ldresses are

reraglgtlﬁtncﬁa er tharllleg q} { 19e or@vgédrgﬂgé’s dair@ pgy§§c%§.a£ 0 1n NUMA

rocesso oser

sysRemr é@"éaslé'o’i“emqrﬁel% §§?%Wab9ﬁ a&z’i?ﬁ 'ih?nr“éég‘ﬁg%'l Sle%ory fe="
thonglt edsoentisnoidieess eason ishegachable kEsativon§emet Brocessors
MdnBAS NHE MY 81 -Q0EES NS prctetdtd PoOlNadtsr OFf Bioepssors) is

“r%?ng‘geed tgoan %ﬁ&_h &'3&42%90(&% ci&t%rscymgéé.s%ors) , and vise versa.

One reason for a given memory pool being faster to reach than
another memory pool (in both NUMA systems and other types of
multiprocessor systems) is latency that is inherent when reaching data
that is further away from a given processor. Because of the distance data
needs to travel over data busses to reach a processor, the closer the
memory pool is to the processor, the faster the data is reachable by the
processor. Another reason that it takes longer to reach remote processors
is the protocol, or steps, needed to reach the memory. In a symmetric

multiprocessing (SMP) computer system, for example, the data paths and bus
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35 nul tiprocessing (SMP) conputer system for exanple,
the data paths and bus WO 2004/ 040448
weFOnAeBRO3/ 004219 2 protocols used to accessSPCEGBR®3/004219
rat her than local, nmenory causes the |ocal nenory to
be reached faster than the refrote nenory. I\/brmry
affinity algorithns use nenory in the local (i.
fastest reachable) nmenory pool until it is fuII at
%c‘c‘s?s Ql%leatt gpe[s\é 'rémc}{%edrar%htaf OJHakef&taQ Ly c@.QQstS the
I'S accessib r0cessors 'S
10??]98?&%%% do%ﬁ%ﬁ%lﬁgvﬁa&&eﬁo%’lan '%lhenﬁﬁ% 7 Wth”pages
being freed fromthe pool (e.g., Ieast recently used
( LRM:ndpa0e 8 SMBPREGot D rihs Skde Waedryt e theysdee Wi .ge, fastest

reg%%lbfl.ge(fn%%&]fpg!ai uthJ.fJ‘ iGert @u@le)gtewﬁlchu§bﬂg: BefRYCis used

he nenor xXcee t
£ GEHABFY LT il EWPERTTY 104 1€ FOCAT Viengly Boblcooee"®
isrgrreted menwryyswen [wile resddof ComswqUeRt I%?ge%%tl’éﬂ?‘n recd 'Erom the
poBEl fe0f MaNeest Setbemagt €tkd Foru)erawmyl evamppl fcdtflon when the

syQE L ass p%gfltbeu&ﬁeé ‘:11{19? toamt:gflrpfexgél{@ ﬁ'ﬁ%ngl&:&bystealer
exhaust rrel'mr

YnBO I i e within
meiéliﬂﬂ i Cﬁft It8ﬁ I o§¥ d‘iogtopaﬁlg% cregnsottélg Prée mér?og %%’stéggl withi
the| ¥ugke nerhresieol d weppFe asmeDy (hél SEnBFHat | PSRTRAY . System
pekfG@bnadd st hfpalcesd! eroerabyplkh podisatidreptduresnhoihdt use large
am%rh{ Q?tdaka %ﬁﬂ&b%{lpe&%ﬁgt tntéﬁofﬁqg_t @l’l@@@l:alV\ﬂmlallnox@epool

! aval houg 0 pool _has
fOé%WugP%&Ppgbceﬁa% B R PR aT & RASe BT ooy e @ single
threstoiddaprilhes $pstencaitinagire oéxtfeenép%l G8e féslf-‘ TEpge memory
pobEaD8e PORkskENG Yrillhaot fHeeSJéHﬁh@lzdi lecmeae ad. rddece mpofl hei 11 be

stlif%tv\g@f%léug&n Fl?éu%ﬂsﬂyee 1HELL §op@aggbé@d8x&fust:&ﬁ Because

pool, 1 ne

they ehrespr @F? ot eli)ﬁecl:.’l:: gcg r eS 2EIO be %.Iqur% & exte§1s1ve use of
thdegradatpad urEy bee éha%ﬂéﬁoﬂa@tﬂédr?\#fé’ﬁdt h&ugHH Battigh when such
exPBhd QB S| |1G nkbé‘lh@&ﬁﬁdeC@ﬂ'pihbafén@lﬁm poolpr inefisidigntheresults

beg:?.‘tge l-arhlen 2 %G: I&%?Qlén‘%n @ﬂﬁ\é' gﬁél@cﬂf—‘&)g@ﬁ A®his degradation

ai me aim carr ondi
may| B (FEACTTPAEFAIHES. t%aﬁq}écf" J&fpé]nf’?%%%fn ﬁesrl Jg%lé: SpE gggputational
worR My iygf tiemdatedi vi dual pools of nenory in response to

a threshol d being reached, the threshold corresponds

with the individual nenory pools CIIec
s R ad&eﬁ%%ﬁ HEeR iy cjagm 1 and

caceassidbhe siebm mal ¢ligghed gmoeksidobs. The | nvent| on
therefore breaks away fromthe prior art constraint of

gg nbhlﬁi\éggnge%tﬂ#g:lhgréMrgS%eg Mrlog:p %Qxl irﬁﬁv&@uélhﬁools of memory

ocal/renot e

er
i REPRIREPETRR PoLRBHE T bREME %E&@‘éhegir tﬁ?%“t"‘f% corresponds with
thEhiedhobdsl meyote pgelks fOThQ)ﬁeUEﬁCtFﬁfﬁ' @eppry peols form a system
widedhshddyabodTE ARty i PO c®ssible from multiple processors.

The invention therefore breaks away from the prior art constraint of
having a single threshold which applies to the combined local/remote
pools. Therefore, the inefficiencies mentioned above are eliminated.
Thresholds may be set for one or more of the individual memory pools.

When a threshold is reached, one or more page stealer methods are
performed to free least recently used (LRU) pages from the corresponding
memory pool. In this manner, an application is able to have more of its

data stored in local memory pools, rather than in remote memory.
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When a threshold is reached, one or nore page stealer
nmet hods are perforned to free |east recently used

W@ bRWp4@@agyes fromthe correspondi ng 35 nmenor yP@DGB2008/04219
this manner, an application is able to have nore of
its data stored in local merfory pools, rather than in
renote nenory. WO 2004/ 040448 PCT/ GB2003/ 004219 3
Free pages in the local nmenory pool are preferentially

use satisfy. Yin a e\!%rent:fat Cudaageo
st eaﬁ %% %ho% th n?C[nga?ig egﬁgy%& P e

free page ast
Sat_&éé@lﬁ?ﬁ‘aﬁ éreff'ﬁeegtﬁppll-}o&’g‘f? ﬂ.g t&lgt %zgg[,]e %ealer meq:ﬁgggl@ hQable to
fravepayep Fsstusedidhotetascemdataddier FRAP2 Heras drar*"ratlllﬁ"eéis" remote
men@?nﬂ ustdeosysdremie andiviehhDdastr | Ve tiosshomerdathe system

ané{ ﬁého%. sQJ.QQJe E‘?'E“&E%e%%%’mb%e qL%cQPtmeQbﬁﬁlﬁ)oopf but do not block

rw se hinder i cation fromconti d h
or &ﬁE?’QfHSSrP’\méﬁ ePRY 685?101‘?\9 5 °Bd6 nuleé? UF#& Pnone C
loeibochorerpoolnesdiuylaf finity can be set on an

i ndi vidual application basis. A preferred nenory

ta{]f n: tn% %I!‘Ib%g. Ilne%tse&\enroggf gﬁgn;@/ %QQ'B&@&& QB hxlﬂctlnaaﬂdmgl
a OoCa

menory erred f . the N
o eRRoBtEHYy ot FERFES oFI TS Hot™Sat 0 Ay aehald S
appidicatiinn t adivedifothat HechhdiewPeldr w?smedpéeaf then Sppiication.
Iftéﬂesmémﬁ{}e&ﬁflﬁﬂm f&@@lﬂscmﬁ @8s, thahreagheld dat aot maintained for

the r}.tn Jr.]SJ! & me%&%?lp% !Ly tﬂloﬁﬁ Hﬂneﬂ}erédﬁ{e”& lgeé.tfl'o@lanlihat are
Y dtl onS con dat can better utl Calel lc‘%)%?‘[\tatlons on

da‘?%ﬁﬁF?nS&ﬁﬁ geaSPﬁeralﬁxérWFﬁa%é PH %P N TRy

théaltitag deo bseek ogdl imeioryl tfﬂqzme@hérl@sgaﬁ-’é?r éJIeP-”f"ﬁ%‘ﬁBF? increases

m&%'tshax}lﬂ@' &lﬁ%gellrbcbhenewsﬁ efreditadpreseall mavent Poeis

nﬁl}/e rdnder st ood, and its nunmerous objects,
ing dtures advant ages made apparent to those
skilled in the art by referencing the acconpanyin
dr amhags-esThe iusentopntiy Barketper PEAETEAEe: SPRbYISS TPFTous

ob&*éétfser %Htugéawaﬂ@%dkr&dﬁa@;ebe&del spdaaeniorcoi dersel glallled in the
YL AN QL HRC ESERT ugd QEPEhD by
e e e e et D & Mighscan
re§©’?§é‘6 b‘i}@‘boﬁ gar e Fer m_a TR E M 5T Ca  eRdr v hanager
itemw.oki ng a page stealer 25 nethod to clean up nmenory

pools in response to the individual memory pools
r eath| ek 4 9& Veﬁlggﬂraﬁsgp lpgoce:ésgyr&o%pé $eAndli AGEASA @fitiA memory

menory manager | nvokin tea er nethod to
pogle df LHFCWBRETST b0t & 1l%rig"hr g%‘%e@né to the individual
menory pools reaching a given threshold and the pools
haViﬂgu:I:Q%i Es Y %ﬁgélra%dofreanﬁéﬂory manager invoking a page stealer

method to clean up memory pools in response to the individual memory pools

reaching a given threshold;

Figure 3 is a diagram of a memory manager invoking a page stealer
method to clean up memory pools in response to the individual memory pools
reaching a given threshold and the pools having their preferred memory

affinity flag set;

Figure 4 is a flowchart showing the initialization of the memory

manager and the assignment of processors to preferred memory pools; and

Figure 5 is a flowchart showing a memory management process invoking

the page stealer method in response to various threshold conditions.
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30 affinity flag set; Figure 4 is a flowhart show ng

the initialization of the menory manager and the
was@ngiaent of processors to preferred menory PODGB2003/004219

and Figure 5 is a flowhart showi ng a nenory

managenment process invoki ng tthe page stealer method in

response to various threshold conditions. WO

2004/ 040448 PCT/ GB2003/004219 4 Figure 1 is a diagram

of 1y r ' j ks ; i
i ntgl‘gg%%ﬁlzg{se% d%ﬁ?%anggﬁ:’&o@leé&}egrwﬂs &IOS Vi gnp@GHSh memory

¢ , hi gh s d bus. P
sty o L 2 Bl b L D08 500 U Brcraces
ond BRIt epaaiceddfy sashdthercedsovatoryenesly 119 G6l FhHEWLYE!, memory
ocfy, TERBEk: P A2 nektBy oL Ul L e s o 107

. 2, o) r r 00 0,
canlgg)l% ?%t I@en}%m%p SD&?’) :I?.I%OF,) r%rrlrc% tléa'ﬁeaﬁo %%thsealﬁgnory. Data
in rreactie tebyrys s nepakiheth bypesidobishl orachBes 14D eFeoniFEE§onnects
thd ][&fsw__»i/ _ tsl Qﬁ&%&&&ﬁs SfHeS. pz}/gi%ﬂr@i abesT ednbncalk fivEnpris being

i ni i s _be u :

ool CIPRERSa. 110 AR5y Yoglan cinbRhad 0y s griten menory
poqledthesachre sherdroid 5t15a $HGES ITEAEr %ﬁéf%as | Wby Tree
spdd@ Er@e thé repace doodmM trhechipmoanpepoipac nint hemonypReRy 110 is
frese%a%g ehgt%%é{afﬂgﬂg ]Je:!r.gg|e3<ec£{&?gy%9:otc@§éors in group 100 can
applt cations_bel ng_executed by processors in 1,Qup QQ
coRtgRue dnbFhtESt %Pcﬁéemet“}‘?éyIQ?é’gl Yrend? Y Poo anﬁ%,n r a?]ﬂ?er nemery
folriann usinngy renbt AL30eME0y arfdGRe. | Howeirar yihobe aggostealer
me%}%gbf.gqggﬂ?% ;cgl_ﬁygneVE&gefsi br tnté@xoﬁ?gf@oﬁtn%ﬁlbﬁf poBEt110¢ pcessors
. ages of, ry from r 1
in RTOCEIEGr §¥948 flﬁ‘) %I’Scsets%gféggife otp rfa(é}q%:rﬁg 1ls/stélo?Fljﬂoatbjel Igentlog v
where doha Bmengise 16 eFseTRITBY yAVaikR el Geaingdifshyfieed by the page
st%&@%leﬂé@ﬁti{ % pgbsaésls@bls eir{ Bamipngobeenefameed defehmtpaley use the
st eal. er net ho r.o rs.in once agali
S L e el T SR e
rather than renote nmenory. In a simlar manner,
pr 0@ass imglaupadd, carpcpredre enit aRP cansprefpgentgealy use

101;”%”%%%%9%0%%90. M%EHB%/ BQQZ[ tthbéﬁﬁﬁel ﬂ35135n GRNs e f8etmemory

or menory pool 130. page steal er get hod frggsﬁl

poBgdS - of* RERBIYFIGnTENG - Fo0r="£30 uhen X Hr esneTd. °°

130 3fenstineabbbl 135 it heagedcesE ke wraptss £® ypRee to free

meggfép%ﬁ%raeﬂm&n,oﬁg%esf@é: 88S&Fupl TePkenkti2d B@nmaddrly| in remote
In _reno nor Q0] s - i

neRernGoRI it p sl e 155 DR E b ok P, AR memory 12

useAtidtifemeyy Hes besn frexfedr o SATMRNMBPY JaBI *Fabh i Hime

pr%é%l%rtsl {mgif&;oqess&ﬁs ddhigrete1@f iehhe vagaite memory located

. preferenti.a use the menory | ocated in nmenor ool

P BHOK Pre erér(’ed nmenory affinity flag can be us)édpfor

each of the nmenory
A preferred memory affinity flag can be used for each of the memory

pools (ii0, 130, 160, and 180) so that memory local to a processor Jroup
is preferentially used when an application being executed by one of the
processors has requested preferential use of local memory. In addition,
the memory pool thresholds (115, 135, 165, and 185) set for the various
memory pools can be set at different levels within the respective pools oxr
at similar levels. For example, if each memory pool contains 1 gigabyte
{1GB) of memory, threshold 115 can be set when memory group 100 reaches
95% of the available memory, threshold 135 can be set at 90%, threshold
165 can be set at 98%, and threshold 185 can be set at 92%. A threshold
that is set closer to the actual size of the memory pool (e.g., 99% of the

pool size) increases the probability that applications running in one of
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pool s (110, 130, 160, and 180) so that nmenory local to

a processor group 30 is preferentially used when an
wa@ppkiotrts on bei ng executed by one of the procPSEGB2003/004219

has requested preferential use of |local nenory. In

addition, the menory pool t Breshol ds (115, 135, 165,

and 185) set for the various nenory pools can be set

at different levels within the respective pools or at

the cggrleg%oicﬁ\ﬁsl ﬁrocggéorgxﬁim%gse |rfem8@é3 ﬁeﬂﬁmr yorp ank othir hand, a
thr@a]ﬁoltsle t]é%t( %h% é t),hel 616{:,@3{10 E%ze to@ r @n?é‘] ﬁLzrgorqy gool

reac t he
(e.avaid&bbe trero}, sigw egweasq_%gheaqﬁnois@t &t J(,Re gagilt running
thd PE@SReksl erlfbcpanobie rediceat 188 ¥yoksabd 11ty ébahi‘ma@p?g_:g@tlons

rurltcr:%n t%L% 3 re@f)or%% ﬁo‘:g§%hﬁlﬂ ubBatembSe SRIoBt.0SEr to
e

actual size o the nenory pool (e.g., 99%of the

pool size) increases the probability t hat appl i cations
r unii rgoFirero AEd SIS 29@@15 H@M@W@rﬁé@?ﬁﬁ@%@ 513 S §Ot used

s0 tttﬂgt ClecELESMBﬂj' ng prefeessdnslnidsked usearertst ehragbeyt the
sy @ %ﬁo exl;h?tnﬂme@c H:Hé Q:?l?@é}g)ltih%vell§ &0t tharbbhsdus memory
sf rom the act ua

si ze y P%0E
PoqlifeHHEE SFFEY "r}i*?cf%r%?ségr t‘i"i‘@ it 8 %L:t?t(nglgfereﬁ Svels (as
degcuibed ghotdle thegwhstedl grrateth oﬁftﬁb‘i‘gsr educes the

pr obabi | i ty that applications 5 running in

Cor elaog on%rgge%gsgfg'sg%%uﬁ\é oo UsiEs R0 L8 o Fa¥RLY . inl Processor

i ment referred or y aff y ive
gr%urpé Bft apded> 891 R%Ta% B%?ryn%g%‘s E pr‘g?L casﬁjéngtésgig?t -
Thétselo@s aetatyeptdisoogh dat pltel'ferergty.gﬂ.@muspﬁ hyhfFheir respectlve
prc?ég%ggfgmnhacﬂ Bemd AT §§$!L0|hgs |a€\h§1|n<$ryf p6ol hBraiol UsL65 and 185,

menor can .ne. el to f eacRnPRb1Orreache
ot iaVeiat 1 118 R T ReRI L %ﬁ JRaey Blg(éda bo) ggffeach e
the hrespettiventirgahaidco %ﬁ?l?fﬁé e%lmﬁ}: P 18 0 5 ocEs SOT

poflDWPSEAROnaRdy125f pradesgory if npiﬂo%@éé%i?lergF%%§ memory 1s
obg’éi%eang_/ Ja%?liﬁ‘ﬁ@ ﬂl%aépééanﬂ[sy 1p0QIns i{ 1H0ugind ot 80 memory is

t | l € Memor or
vt BPER ot Bal |Foa0S By Bhar JTEIRLY <BORL . CA%xBEe memory ¢

respect Ive proc
orbactvonzasry H0bnHasen BT PopEOLOn BehoTH 11k Atp oot

k85, £45 JRSpE ¥edup. 186 ideBetesheshoabavels WHén Hhopyd 160.
used in the pools reaches the respective thresholds
a page stealer nethod is used for each of f{ 00l S.tealer
to fHigerer@nd? @ Jf391eHcal By P95t VSl P&bf"e" :
nckBHDIe BBRIAAI Yo indmowbipadrednbyespbnsd zpngheh pgcp:p.vgéﬂé@'ld mgHery pools
refa.zlgln%n% %‘%HOMSiI&_tQ@| lrﬁ@zﬂ?{;ﬁ}dnﬁ.gezﬁ\éamJtabhepzfdceesfthat manages
e e steale e
epomp 0BR8P - At 30" h P Blod TR iy v ST e B 35 °
neRpdy 180} wmls]eomaemmte wireny pgcHedy %%sfé“&rm@%ﬁﬁ“af%er
ivagd U088 g aRRBE YerPRO 1148 £ r28(hemany £160. theFrguneepondigg memory
po%ldi agram of a nenory manager invoking a page steal er

Memory pool 220 is shown with used space 225 and free space 230. In
the example shown, the used space in memory pool 220 exceeds threshold 235
that has been set for the memory pool. In response to the threshold being
reached, memory manager 200 invokes page stealer method 210 that frees
memory from memory pool 220. If a processor that uses memory pool 220 as
local memory needs to store data, the memory manager determines whether

the data will fit in free space 230. The data is stored in memory pool
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nmet hod to clean up nmenory pools in response to the

i ndi vi dual nmenory pools reaching a given threshold.
woveimoy4ssmnager 200 is a process that manages P@BGB2003/004219

menory pools 220, 240, 260, and 285. Each of the

menory pools has a nenory po&l threshol d that, when

reached, causes the nenory nmanager to invoke a page

stealer nethod to free nenory fromthe correspondi ng

220 égqand %c%og.s A}@E’P&y tHQl@lfr%gosgiaée%Vm Wnkbwirsedeispaesory

ree s . the exa the

manggel s$pERe thA ﬁ"{ﬂ'ri/ *FBote E‘?Iﬁoré’xé TS5t resﬁﬂf""ﬂ%o 285
that has been set for the nenory pool. In response to
theméri&ﬁﬁsg&hdzhﬁIlsgsho&zﬁaﬁlhedusémapdqe pe ager f12@0space 250. In
i nvo e st eal er 104,210t il £8S 3o 8L HBE Yexceed

thg Fﬁ?ﬁ‘;}grr%fcgmpooq n?% InZhclh oo S of

a processor that uses
thipebplP 285 ddhat| @@abe%ﬁﬁlayf%eéla% "eBost 8?‘21 dat & ffec, & page

stJEBEP MEtABAAGLT ndlebesdriineskashes here 3&achef nbat BemurY | PGfOilt 240.

infree_s | 4569l Bfah NndiBEPIecfOlo store
LE iOPSUGAFD P%ﬁ‘%&%%f/@%og?%{é 196,220, L1 L be 5@ 2 iSee
datgra e feRpiah TRRREST s PRREETRS W ry.
spdRNager Shordesatise sd@rtaéi im mempet @Oﬁ%rﬁﬂPyW r‘i%ﬁo‘?a} pi’;%ls‘m""ller

th%‘flgreg%%ac@r?.SgSS) ot NBRREY, RAB!nctdly inBnsfhovstoddshtisgdta in
space

5 and free e 0. | e exanpl e shown,
reIt“H—@ NI Y s fUER rYr’f"’ﬁén%% %éoodl Oﬁ%(?tsgoes not exceed 5
t hreshol d 255 that has been set for the nmenory pool.

TheggfOhepodt Q@Geis steal eitmmetbddphas 265t adgedned poke@70. In
to free S ace Olyert dif 280 RE @Qaﬁftoéxceed
the [RIEPS: § e usrergr%)j% e PO }'ne 4:9/‘ po o

ocal rrermri n%ﬁ 9. & page

theéshodd 275t ahatt h’es @ﬁﬁr%ﬁtnﬁ%%‘fe RECEY MORes whSt Her —t h

stgéie% iﬂédﬂodfhats ht Tyees irRpace ta50recThpactataon GeBeuT é@ol 260.

If ?)£ e t 8§Qs 'mgmchﬁﬁpgélt 36b SacS MBEd 1€ herld vt hadusf E€&store
s

erVVI se stares:t
dagat g,herfnenpéma@a liewﬁ%% glb t%%d{ at l_eL fltbgn freel
sphbaary. pank @60 is schowh iw mnoerge@oép&@e lée@eaﬂ‘ataf dgLamaiter
thggaﬁ%ezgx%cel $ho .t hep@xaniee showBnodnantted spaece the data in a

nmenory pool 260 doe ee reshold 275 that
refigke FEBN % dPIBY ??121 rgr%éfo%& o%l 2H11her efore, a page 15

steal er nethod has not been invoked to free space from
rTerTQ{eleo@@QJOO?-%.S 1é fshawpracessed sirae 28FesndeirerySHEGS| 290 -

60 as | oca Gefs-t Bost ake, t@Lat@aedt B@d&emomemory pool
Ll% the ex é)t erm s Vﬁl tho

ether the data wil| e
285p eeHep PR g 2P | B0 LGPl SHerigFy s IR0 R *
rdshenélata is: smedsherd Helvan rfepeleeds pa@@rzmﬁna@t%ﬁ% gféfokes page

stelgfe Lda %Ua\gﬁt SlREESenlcRe Hahandddra ptdlr 28Rt €I a processor

that uses mgIEOr}:‘?fr %/oop 285 Za%OIOgaﬁomexgory nse)ds to store data, the memory

manager uses available pages of memory found in free space 290. When
these pages have been exhausted, the memory manager uses pages found in
remote memory (memory pool 220, 240, or 260). Moreover, as pages of
memory are freed by page stealer method 280, these newly available local

memory pages are used instead of using remote memory pages.

Figure 3 is a diagram of a memory manager invoking a page stealer
method to clean up memory pools in response to the individual memory pools
reaching a given threshold and the pools having their preferred memory
affinity flag set. This figure is similar to Figure 2, described above,

however Figure 3 introduces the use of the preferred memory affinity flag.
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Menory pool 285 is shown with used space 288 and free
space 290. Like the exanple shown for nenory pool

WQ2®4/0803d¢8 used space in nmenory pool 285 exceePRiSI/GB2003/004219
threshol d 295 that has been set for the nenory pool.
In response to the threshol d bei ng reached, nenory
manager 200 i nvokes page 25 steal er nethod 280 that
frees nenory from nmenory pool 285. If a processor

thal, UReS. AR ¥nbRPlin2BRn@s 3,0684fFREBDMEnBLLGSfitity flag 310
store data, the nenory a
Lo GPCicir -2 GO ROTrLR? BARCD00. et AoSa Bagaaontes
thatapeolzer20 exh ot etk mhéenmﬁfﬂ%ﬁaﬂrmé?f Hﬁ’§é§ fp?&g‘é]%elr
orf% leg ﬂx%@és%rgen%ﬁsédﬁ%ﬂmw pefdry22esB40is @B5 and 255

'\/br € er o e space in
ha‘ﬁa@%e%tsﬁ%nlfé’% it RetP 80" fi58S 2% BT yya%‘f%i“fége‘g{‘i‘ o { o
nenveNOoplpaRfe SxarEsUSEE T Ba ® ool oL ek LoF T been

1 nRREESco FLela ifFom ndinagy asbDf228. menDry nmanager
i nvoking a page stealer nmethod to clean up rrermry

pool s in response to the individual nmen %g US is get “OFF”
aVing th

r eabhithg AhgrvEHRY nPERERST Y R The" pool s eir
fopmehery @dore oo yang528d.f i Aiisy fiettqageé,@tng :ppﬁ:g:aﬁasgl},h@t,@ols 260
an I @5' & b0 Ifalvgufﬁlgldﬁsﬁéﬂ&?dp&hoﬂeﬁeshhmveAs fei gesdt, a

I ntroduces t use t he r r %{l I YA
=39 2GSV SOCARORTAIE: o CHOUDS) OBUDLE P [ e o ok menery
poearpére thhewn vEry Hilgtke fBee FPEfe rrre@ﬂ”}?eﬁﬁrrvmgw R
Mefid:80i 810 cel SEroRtmnoN; dodls nEsIDMYd RO heR 26 srY W4E. Remory

ut:aﬁzatlo ageac (ftsl Qgs})sgg[h %ﬁgsthrggﬁ;ldpooﬂlts tﬁ@@ p@ﬂﬂt 240e or more

érred | ocal

oD B T i LTS Eh SRR TENET v Rgioxy, £rom =LL the
vativeshalay %&saﬂ@t%@npilha\ﬁéleb@@ﬁe@éfldﬁo?‘er%oﬁ@

respective nenory pool s. Because the used space in

menory poal , 220 eds thresh St galge

met F6E=e16 Had Bg artnvoﬁmcf’gt gil?rlég?;}lggg& rom nenDIlemory
mapagdr 200 thOresshenwanitert PEAGSSSHF Bfter PERF STERD AP PRP

In&k?&g.lgggdnspa&%essﬂa:comﬁéﬁbeMIw pbetsips (e dhyesi®id value is
ofbisiot £k 8 SRl Bt AR08 00 M- A 2Be 4o,

ave 1ndivi nmenory ooI thr sho(l_ic me ool and

Iny erg)lepbodingafe tHFediodf ‘F?éflﬁﬁcf‘ FaR*ST6t véen T hvGked to

cohf urpaes dhtom2e| dteestordniy a p@@(olaév]e?n SFW@hd?YéFﬁ in
noll:]B(%J %mfxg %eﬁtpagzgnfﬁﬁ@é@ﬁm' Ba R ARG Vinp 0@ es? BlreshVbdromyues are
I'S

rwa%gq%g%%gpmq%?:ﬁ?%%tsl otgnasc %@Oegngshgﬁg fmlﬂ ée)ﬁskgrgdjusted or

r.eac stemw t old value is
oxthmizsido| thr Atpatvaculsei APLLIGAELGr n%ieeri‘srlﬁéia Srasiess
gt 8ods afe £irsokedotyopbsledspagadoof nenory from al |
the various menory pools that conprise the system

Ymn:jteZF %%giola%llﬁahl UE_? htrgtdlﬁé% tfoI V%V\K%Zplg]!‘ tthgpgvgr@gm&%ememory pools in
the computer system (decision 440) Tf there are more memory pools,
decision 440 branches to “yes” branch 450 which retrieves the
configuration value for the next memory pool (step 460) from configuration
data 420 and loops back to set the threshold for the memory pool. This
looping continues until all thresholds have been set for all memory pools,

at which point decision 440 branches to “no” branch 470.

During system operation, memory is managed using a virtual memory

manager (predefined process 480, see Figure 5 and corresponding
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manager and the assignnent of processors to preferred

menory pools. Initialization processing comences at
waod4mkaeupon a threshold value is 20 retri evedi/GBro0a/n04219

first menory pool (step 410) from configuration data

420. in one enbodi ment, thre8hold values are preset

for each nenory pool and configuration data 420 are

stored in a nonvol atile storage device. In another

deQ&H%@!LéYF Rbr ﬁ%ﬁéﬂ ::d@gilsl.%n d ailtr@cé%sgnb n&ie&éfﬁceﬁfhfﬁfé‘l olck.,
val ue ed by applications so tha e
SYE b ERAI T bt 1o

can be adjusted, or 25 optim zed, for
a particular application. The retrieved threshol d
val yeghsfe sappld etbuchathenbiiit anemory npoebenssit epro4863 .invoking
thé Rd es;t )e/rtmaar_ll L I erhJ)é 1@9&51)%?13& Q WhetiRes gﬁ%@l@ol@r EorfAkCons .

pool's I n he conputer s stemé}r eci si amem(c)J)r' request
Meppry FaRgocgpRt %P%eﬁ*?éﬁ%rcifmﬁﬁ%‘?eé:’ t P8 CBR A0 b anches =
ist pedeyesd (srameiosASGonhdrehof ethei pyvasssedpes 3gcluded in processors
s1g0nfiguration value for the next menory pool (step
460) fromconfiguration data 420 and | oops back to
set the threshold for the menory pool. This |oopin
conthmyEAlmétorl dook eEsREPeS havie Boe PTeetsPer 4 pacluded in

sydBaPRN 4 RSy pablé/\ﬁsm hi peh&tkedecd:s nom 4s0e brranehesep B15) . A

de ngmlng 901’1 ch 4m7a e a e§:¥1§£‘ eéﬂegg%rsagﬁ&fbh H&M&ylﬂ 5\(the local
naged using a Vi rtua

edef,
megp@c@ggl MOsagééyﬁ}@JF%q@sgnayeebfjro&Sa% di n&é ere lS n(gjt enough
medOOA /104014 8o AT hERA0B6 €104 2461 s18n (RSCPiquichem toopno” branch 530

wheyg&&%r @l’ l é):errﬁrng.g §<§ns I:|.Q Ondd2esgalt Rhet®BdStHelre €ane more
St em S t OVVn gur e

megﬂﬁwpﬁ 1% Yrefor v e]ﬁ%tneam%m'neﬁﬁ) tc)r ()C(}:l%%}fc,sfloﬁvok%?haer %%ai; dectsmn
5350 eaIIér threhee FATe é@ﬁ@’ﬁ%é’ot’ v 8pFiient MleBRIGeS Yes
113086 4l Offer e dYE IBE YheFANEFSFR Hoopr BT esséqigdcamene@s sing loops

bag% f r gor olﬁg pan tﬁ%@@g%ﬁoggfg Lg%élt:% ClinlSJ tié@ GRhYes mes8Ppool .
T1'5.f0 ooil_slz.[gg |C(985}nur?§rﬁ1ﬁr3} p%:soq eE 0{15 e g pr%emg:rﬁ gpooa J?% %881’?(1:' %%h enough

avpr dgelss epacan doi né L Ude¢T rRresys More \iRSTer Frdt?BE§ trS’oS]P%Ck 1f mo
me%%lep%o@h@_felﬁle@le foar 16aaal | &b enspACepdst, eeBtE9n 585 Wr@nches to
“n rancﬁag% Qh%éeugﬁg% gogé %t%?ﬁétﬂo@e{§ ih$o1leROUgEree pages

o satisfy the request
Of( @é@?@i 6FOI5 28% o1 f“Oerfwé‘P@OWspﬂ%]ts RBRYR> )mermry in the
| ocal nmenory pool, decision 525 branches to "no"

br a vﬁﬁ‘ 30 th\é@er[a%ﬁpoﬁ anﬁ?én{&% L%tlel(mdaat bORehScdTRLE fa8nd with
et her there are,

rfPé]ﬁBrV)eet BPORE K FSFlsga‘?kl‘ aﬁle%u a%gec(l l&{ sgs’brrfgg%s'eto ryes”
b53G) . 56of Whér@lueomrtélem@rmrl?stpéél %ulfélé%ﬁ’dsl BrE5365) - A
d@f&ﬂ%oﬁ O_LS M@&e after fulfilling the memory request as to whether
the used space in the memory pool that was used to fulfill the request
exceeds a threshold set for the memory pool (decision 570). If such
threshold has not been reached, decision 570 branches to “no” branch 572

and processing ends at 595.

On the other hand, if the threshold has been reached, decision 570
branches to “yes” branch 574 whereupon a determination is made as to
whether the preferred memory affinity flag is being used and has been set
for the memory pool (decision 575). If the preferred memory affinity flag
either (i) is not being used by the system, or (ii) is being used by the
system and has been set for the memory pool, decision 575 branches to

syves” branch 580 whereupon a page stealer method is invoked (step 585) in
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branch 540 whereupon the next nenory pool is selected

and processing |loops back to determne if there is
we@peyoknigpace in the renote nenory pool. This PODEBRW3/004219

continues until either (i) a nmenory pool if found with

enough avail able space, or Cii) there are no nore

menory pools to check. if no 20 nenory pool (renote

or | ocal ) has enough space, decision 535 branches to

order tq(k%r %ch;\igéss %f%&&ogyp%matlﬂ@gl@m&tyeﬁb@f net hed bther hand, if

ree rQm. on r
th%ﬁ%ﬁéﬁf%&l%ﬁ%?&&%@) Plaéqlir[ﬁ’SXn? S g B8 offE Bee for the
memBETOp1 polsciélac 75 drapdrest 8) " fRygRER ﬁ%hbyr@ﬁatf&]
anogggogegp rhel aati&fi¥rt heehefuashagetient sironeaby thereafter
rancg s to "yes" 25 branch 560 whereupon the nenory

enSequede is fulfilled (step 565). A determination is

made after fulfilling the nenory request as to whether

t heontsed Spapeciarrehemnpbesnyapioot ehabeayepskd £p a»
apﬂllilcééloh t&@new%eget BXEQAdS 8 dnbr eahokah setie Gn & hwde module

wh%gelﬂ - egom a;gm}glm Sioo re%%%%lt !Llfl &Qcpandibmr&ﬂégg erelﬂla@y At the

eci ST on branches, t o r 2
cogptend ProdedsTHEeands the BIBUD e 5 e Starglgp“?‘é ney be
stdrhe threstisidchasitbearnpeacfied, exdeelsi 6h E'51"6rd siskhchdee or
in tx%moxyo@ﬁe Q@cﬁ@@@ s'i%ﬂ é(‘!!']%hecbmﬂaﬁ dek erfisirnatdnonal sispadea CD

t
RO@elongJﬁggg A{}ﬁ% L 5&1&?{5{ %@a”ﬁﬂ%r ¥l<?§tpfy| @isIdej‘::{\ﬂag | &

een set

doyrdeeted gha 575) Intleffnﬁhé’rpi’%kf%r F%T%Pur?ﬁﬁﬁlrnsw%lf]%ll nllq I FPagreset
indntebt hey ¥e Jimbberrotedeisng aesedcdyy PR a8 yRITAEHET dfr"r (1119165 in a
coﬂlr)?tltgﬁl rigl H&ﬁ%@ﬁ{ tHenogyStienvapibusasetheas getried the
CO%\%l te'l]ye legngr%lzesd onsat5 éa? %nﬁﬂ%%sgocomp%?ér sgféﬂ:@bely

2 d_is |nvoke P
acEBB)red rpr\mecz@éww%uh:e SPéW%Szo%%ﬁ/ 664797 5F olf ? rhe art
woh 1€ e1pagesogii zaetizty sfictometirdspeawby fpoaled mttﬁehardwaref in

flg v\;}&% r@:m_jm rﬁJre the.: T eflr 86 raei cynafriucbéd yof pergors the

eln IS not set for the nenory poo

regeidie Nﬁﬁ%géﬁﬂﬁpanches to "no" branch 590 bypassing the
i nvocation of the page stealer. Menory managemnent
processing thereafter 5 ends at 595. One of the
preferred i npl ementations of the invention is an
application, nanely, a set of instructions (program
code) in a code nodule which may, for exanple, be
resident in the random access nenory of the conputer.
Until required by the conputer, the set of
instructions may be 10 stored in another conputer
menory, for exanple, on a hard disk drive, or in
renovabl e storage such as an optical disk (for
eventual use in a CD
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ROM or floppy disk (for eventual use in a floppy disk
drive), or downloaded via the Internet or other

w@e ovploes net wor k. Thus, the present inventi oPCTaB2(®8/004219
i npl enented as a conputer program product for use in a
15 conputer. In addition, al tlgough t he various net hods
descri bed are conveniently inplenented in a general
pur pose comnmputer selectively activated or
reconfigured by software, qugr@é ordinary skill in the
art would al so recogni ze tthat such nethods nmay be
carried out in hardware, in firmvare, or in nore
speci al i Zefktappaicat sElccenista netey fxorper fesem e rggete memory

pocfle(ﬂylér{sg %ﬂé&@gor§tb%ﬁ§g e%@:t%@@‘l]é}péoéﬂxﬁan processor in a computer
PCTT 8200 /%%19 10, CL%IeI\/% 1. A nethod for
SY$f oo o3-S FYFrSma Tocal and renote menory  pool
to an application being executed by a given 0cessor
in snaltiipatére 2Bgidcaons 5 FHREE W&&gcb‘hgk‘r’sﬁﬁgi SFEREY oot
un€fl abderigbhtadg thiwshappliscagdcbadt 0 store data in the
| 0C2LcBADEMRYOIn tUBtIdcad Masi-gnabedid heasteskdtd she threshold
b r eache 'dfrae ing menory in the local nmenory pool in
CFESBBRSE T o the threshold being reacheﬁ%0 and al l owing o1 is
t he 2apPringatho AP 8t bite L0 L P i Ret éf6t & eNOry .
mep@e] ibfnotl Oreminbast esouudt Lforesle flpsel SBOHH AOPHNTY Fatisfy the
neh QG2 SRITOE Ve R08bp 1i@a6Rdn. STy the nenory needs of the
application. 2. The nethod as described in claim1l

wherein the freeing of nenory is perfaqrned a

recént | y THe StPtH8E 5 B3 RE" d%o‘é ET ! “%berim %S fhlle?t% 212% of
mefsryd@s cpddiednddn byl milerdt frarefdly eITHPRET RSl RIRGeES-

preferred menory affinity flag for one or nore

appl.j cat i,ons, wher ol 0.108,08 akeri ot AeARikeAldopl dding:
fIa&‘l ndi'cates a pre?erence tQ ut Ilzte menory 1n_the

| oc #et kit PyPIREGF e gerYTRES et od *ds™ HeSEF i Bed i
apBl Bdati 3nd UwhEsrinc oimp pirsfarged wepady if LMy EEFRLprates a
orTBORL Y. af f k1ol hatfr omeas appl ikabipootont rol area
corresponding to the application, wherein the
enabling, freeing and allow ng are eagh ‘%‘grfor med .in

response Ths rHidodete SREFEPRONT FAEh He Brefer 8y ="
menofepdadd ithityreffbagpdc vemeypaffdinaty tfdag Hercappt PEREIGHROR
cA2r RS RLEN 884 ponBind £ 8 Y8l Bpd1Aicatl dr) Calidregn NEED EYyabling,

froma | oacﬁ.low:?‘r?gd agfg rg%ltcg Mﬁyed in response to the determination

that the preferred memory affinity flag corresponding to the application

freeing and

has been set.

5. A system for allocating memory from a local and remote memory
pool to an application being executed by a given processor in a computer
system, comprising:

means for enabling the application to store data in the local memory
pool until a designated threshold is reached;

means for freeing memory in the local memory pool in response to the
threshold being reached, and

means for allowing the application to store data in the remote
memory pool 1f memory is not freed fast enough from the local memory pool

to satisfy the memory needs of the application.

6. An information handling system comprising:

a plurality of processors;
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pool to an application being executed by a given

processor in a conputer system conprising: neans for
we@n@blosngs t he application to store data in therdDG&BR003/004219

menory 30 pool until a deshgnated threshold is

reached; neans for freeing hory in the | ocal nenory

pool in response to the threshold being reached, and

nmeans for allowing the application to store data in

the r@@?&ﬁty"?we}ﬁof%p%oii RBADIE 1S dh0t s fdceeskifbastoy the
enOU

romthe | oca menor y ooI y

prciﬁ?ﬁﬁ?ﬁﬁ nERYgEIpte Cg‘ m%ﬁi”l%atl os & éoc%nRgm%gi %i{ll S%h&e of the
prdv@gdbingnd s reneteongrdtyi prpl ta @%Pﬁllqrt progessors;  and

Pr oees $9k8em V6 2004£H40448n3CT/ £5B208371e0042 19aiM B . a

plurality of nmenory pools, each of which is accessible

by the rocessors, mherel each nenpr

| ocdl nefdf y¥YE6t 2Fo %:‘r?@l%efd tHe” aﬁfng%eo\sésgrglegg% Jne means for
freemot & wenbryepont at beashereenety HEee cPE6r I5e2Amp ﬁ’ﬁ%cess

system for allocating nenory as clainmed in claim5. 5

7. The SysLamegs, desalddeted 1aClahm & @ 6 whergiet he

means for eelng is performed by a | east recently
C°@§€ﬁlﬁﬁge steallng process. 8. The system as descri bed

i n okaimiby Wttimg 7 pfefierhed me@@’rvpnaf—glrrﬁgy BlGonEdn S e ot More
apSBldat éha Phafeenres Hﬁfﬂéﬁ:yemfnfemmﬁ wiflrmgyf Dragoedigptes a

prg? enc%%l {Jgﬂtllzgnr?émow &y el:lrﬂe t1|8€aP rn%fn@f}f %@oﬁe R8sy
o % ? rde & erncgfglnlg§ éla efrom an
nenﬁ??m?ﬁofﬁﬁﬁﬁﬁgéﬁ RetST §- pool S and® eans” f or read in
app]:ne:apme:f epnechlnenesy y:o:a:fefspﬁp Jylg’f F%_d:hﬁr %qﬁléﬁatlon, whereir the
meéh@splfbﬁ aéﬂa@mlr@nhéﬁis aseareetneapdneiang fog ¢hewing are each
peaPcp Sa.Lr{ QQSp&%gr@d Rnk r@eteﬁ@rﬁ%@&‘? that ©@RapldREredTRENASY

"Freein ns for_ a are ea or med
afifhmrté(sf:)]cﬂ‘?s OSSPt r?flﬁa?plp\gﬁ ?gcthF e? Segg?rg% %%r ed

menory affinity flag corresponding to the application

haS deen zs ebnper Ar@oiftl to@ bdyatto gt arndp po du cbmBiter exbeypble media

£ or , \:%Hgﬁu}\ﬁ{ ofHPE rc%mn?teqegyﬁemf U r YRR ol Nt hRNM@E he@NGFFIULERY of
1 1n1 gerrylng out the method of any of 20 clains 1
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