OPPORTUNI STI C PAGE LARG FI CATI ON BACKGROUND [ 0001] Processes executing on
conputing devices often require data to be used in conputations. This data
is typi cavbyposvmarad by the operating systemin nenory, ®athiSaeIRigdil Thi s
menory i s broken up into chunks call ed pages. Each page is associated with
a uni que address. Wen processes require data, the data is referenced by
its unique address, and the address is used to | ookup the physical |ocation
of the page to return the data. One common way this address to physical

| ocation translation is EerrorMENISEIMONAGEAVERSIIG ATIpage tabl e hierarchy.
Such hierarchies trade off the size of the pages that are addressed with

the nunber of levels in the hierarchy. However, the size of the pages al so
dictates how efficiently the nenor@Aéﬁgggoﬂ@“ased wi th |larger pages being
| ess efficient. Therefore, there is a direct trade off between space

ef fici encyl00lle to PHOEESEISABFCUG QN GRENEINE slsvicPhaftert Faaaire daty tw@éw%m he

nunber of pages in the page table hierarchy). [0002] An additional factor

i n det er mompytatioes. efThiscdaen oytypically pmgal by Bleeorsyaingmystomsinsismofy, tsheh meeds
of the processes. If processes typically require |arge anounts of data,

then | ar geRAPROESs Myndr i BokeDgp @itd chirkBicalldd paHEEadh papeas ¥ssusiagea . with
However, if processes typically require small ampunts of data, then smaller

pages w |1, BgigIPRAdRES. | (Wﬁé}{ ro%b&%? r&g&&eéa?@Sth@fdal?é)tlJ‘ré%&ﬁ@edt 59 tst ghigRer at e
on conputlng evices, a neth mcally supportlng both Wwould l'ead to

great er ef felency v QBELAL, %sesaf% L PR Gl b LIS RO BlRg it 2

robust in c as’su mal'l er size eads

to an addl on challen e | ar.ge SUMVA
8ne common vgvay this aadre s to physwgf‘gocatlon transla%on is performed is by

traversing a page table hierarchy. Such hierarchies trade off the size of the pages that are
addressed with the number of levels in the hierarchy. However, the size of the pages also
dictates how efficiently the memory space is used, with larger pages being less efficient.
Therefore, there is a direct trade off between space efficiency (due to page size) and
translation time efficiency (due to the number of pages in the page table hierarchy).

[0002] An additional factor in determining the efficiency of a page table system
consists of the needs of the processes. If processes typically require large amounts of data,
then larger pages may in fact be efficient in terms of memory usage. However, if
processes typically require small amounts of data, then smaller pages will be more
efficient. Since processes of both types tend to operate on computing devices, a method of
dynamically supporting both would lead to greater efficiency. Operating system support
for large pages is also not as robust in computing devices as support for smaller sized

pages. This leads to an additional challenge in using large pages.

SUMMARY

[0003] This summary is provided to introduce a selection of concepts in a
simplified form that are further described below in the Detailed Description. This
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[0003] This summary is provided to introduce a selection of concepts in a
sinplified formthat are further described belowin the Detail ed

Descri pt iw0.20fni4gs8mary is not intended to identify kepCTastenmosssor
essential features of the clainmed subject matter, nor is it intended to be
used as an aid in determning the scope of the clained subject matter.

[ 0004] Enbodi nents of the present invention relate to scanni ng t he | ast

| evel i n SUPEHEY tiapiok infFedodr Phideplyl boafeatwanar gatcatipafeturebhpk thnlajraed
(PTEs) for conversion to | arge page nmappi ngs. Once candi date PTEs are

| ocat ed, tshbmet mafich, gat &s RTiEEnded tc baweed es ah aud ar getepages thy dcopadf nige a
| ar ge, contiguous segnent of physical nenory, transferring the data
associ at ed:Iymbich sahibctihtePTES i n t he candi date page table page to the

| ocat ed segnent ofJ menory, and then adjusting a PTE in a page table page

one |evel G[hﬁézﬂre e hGtimb Y ©fF tlg-J b6 RAQRLSAR! fe i 8¢ fhgyché ®sPRvel in a
W t ﬁ) d

Ah
associ ate h the newy create arge page. In sone enbodi nents, when a
notificatign is received, indicating a |lar e t. kS to be converted
back. to- ey i BERRS o JoRk SR Buac kR PERS ARY IR ekt IR few
page table page is associated with a snmall (fggrrent )f the | arge page and a

PTE i n t hd28agerpussc Ogne candidate BEEypE lopated. 4Rgse candifiaty T @ pupvaTiehid al
page table systemis adjusted to be associated with the new page table

page. BRI EFZDRSSR PBTIochigr T, DRAVENGS sf @008 jof Phesipal asemeryi wershtriiog the
described in detail belowwith reference to the attached draw ng fi gures,
wher ei n:  [d@0&kodthted withdepthetPTEs iblthe kardiidagy papeahblampagX enbledogataiogegichng
device suitable for use in inplenmenting the present invention; [0007] FIG
2 is a di agnamétl, dtthed EalistRRYESP TR N ABARItib1E PHEUEnASYH BREHrOe last level of
the page table hierarchy to be associated with the newly created large page. In some
embodiments, when a notification is received, indicating a large page that is to be
converted back to small pages, a new page table page is created. Each PTE in the new
page table page is associated with a small segment of the large page and a PTE in the page

table one level before the last level of the hierarchical page table system is adjusted to be

associated with the new page table page.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] The present invention is described in detail below with reference to the
attached drawing figures, wherein:

[0006] FIG. 1 depicts a block diagram of an exemplary computing device suitable
for use in implementing the present invention;

[0007] FIG. 2 is a diagram of a typical physical memory layout as used by
operating systems and user processes;

[0008] FIG. 3 depicts an exemplary relationship between a page table and physical

memory;



operating systenms and user processes; [0008] FIG 3 depicts an exenplary
rel ati onship between a page table and physical nenory;[0009] FIG 4 depicts
an exenplwaoyotwraschi cal page table system [0010] FI GPCH/USS008/05850W

di agram show ng a nmethod for finding candi date page tables for conversion
into | arge pages and perform ng the conversion; [0011]] FIG 6 is a flow

di agram showi ng a nethod for receiving a notlflcatlon that a large page is
to be con\,{QPQSHd i nt J'18- fdlgeictsapiccmplpchistasehivil presiblelsypages and

perform ng the conversion; and [0012] FIG 7 is a flow diagram showi ng a
met hod for[0@1Glher r ddéi i isga dlomotliagraoa showning hea methddafog dirplage carslidate pege
converted to a page table associated with small pages, or receiving a

timeout i ngbleaforBEnvcksibBintd MBed presCait pforeancthdabechage tables for
conversion to | arge pages. DETAILED DESCRI PTION [0013] The subject nmatter

of the praggf | nvenijgog 1& & ﬂ%ﬁ(ﬁﬁ%&ﬁdshmvﬁﬂg S RRHokIG! &X?lbﬁged' WtifRatiGiflat

statutory requi renents. However descri ptl on itsel not I nt ended to

limt the s e of t.his atent t he vent or hav | at e
that  the: d SRedreny dbt Smatireh it 2ardss shRefBedhBd RiR TRl FiRpeba(|,
i nclude different steps or conbi nations of steps simlar to t he ones
descr i bed NCHOFRING i eqiyerion; ad conj unct i on V\,i th other present or future
t echnol ogi es. Mreover, although the ternms "step" and/or "bl ock" may be
used her eilA0td conndtl6. di fif ez efgltw elizgremt shayfingred oetBokrfpt oytber redsevingrars
shoul d not be interpreted as inplying any particular order anong or between
vari ous stmepsicienethat diagelpage s tuibkessvard tex pegd tableessdchecdwilesmeall pages,
i ndi vidual steps is explicitly described.

or receiving a timeout indicating it is time to scan for candidate page tables for conversion

to large pages.

DETAILED DESCRIPTION

[0013] The subject matter of the present invention is described with specificity
herein to meet statutory requirements. However, the description itself is not intended to
limit the scope of this patent. Rather, the inventors have contemplated that the claimed
subject matter might also be embodied in other ways, to include different steps or
combinations of steps similar to the ones described in this document, in conjunction with
other present or future technologies. Moreover, although the terms “step” and/or “block”
may be used herein to connote different elements of methods employed, the terms should
not be interpreted as implying any particular order among or between various steps herein
disclosed unless and except when the order of individual steps is explicitly described.

[0014] Embodiments of the present invention are directed to opportunistically
locating groups of PTEs that could be converted into a large page and performing a
conversion. Additionally, once a page table page has been converted into a large page, the

reverse process may be performed in reaction to a notification from the operating system.



[ 0014] Enbodi nents of the present invention are directed to
opportunistically locating groups of PTEs that could be converted into a

| ar ge pagwoandt/@eriBor m ng a conversion. Additionally, omce/us2@agsssinbl e
page has been converted into a | arge page, the reverse process my be
performed in reaction to a notification fromthe operating system|[0015] In
accordance with sone enbodi nents of the present invention, the nenory
subsyst em[801¥ conpubi prFOHBIFE Vil ages cabedizcaly AEDe yPIEwsbUR@tiomathe
required for conmputation by one or nore processes are stored in the shared
menory resoemes. subgpitaal dfya compoess elsvier auatagpy aoshatddememopu trasoune. Matd ce
are not aware of the physical l|ocation of the data. Instead, these
processes rafrddr f%edhgfitatiohbyadnaddrass sPasecITRRPItEd ddiheshesdt @cpbysi cal
| ocations in nenory. The one or nore processes executing on the conputation

devi ce USEreMﬁ?ce‘?‘WﬁﬁlgE grorcggsgsr ei&gg\ﬁﬁ Bn HRAW SR de‘%r%%‘% b Q\E‘ar? Bhe

menory subsystem of onputi ng ce handl'es the translation from

address tao,physical. |l ocati erform ng address | ookups. .. 001 | n_npdern
comput ; ng SO DS ion ST Bl RSHG U ARG AR SRR R Mo alRES o
as pages. These pages represeqt the m ninumdata size that can be i

r epr esent e8& r%*é@%totpélﬁﬁléa HP&tQRY Hyepage Thgong ot groge DOSEFsY CXRe e nor y
subsystem of the conputing device to map virtual addresses to physica

| ocat i ons dnnthawampytativhdeecapes ternddives tofelfpgoogiabl wqhiagdar somputapagelhabl e
systens; however, the nost conmon mappi ngs from addresses to physical
menory | oaatrmhoryssutsestem| 6ff feecohpeingr déicahapdge thcalbheslhtaok Gps, awdriceshtear e
described in detail below These hierarchies allow fixed address sizes

(typi cal | yyhyBiasiub&iohpdforSing RAdAdIRkEpd. ar ge anmounts of physical nenory.
Such hierarchical table | ookups require multiple menory accesses to locate

?hghKfoZL[g | :l ag:ggi @g@%"%ﬁp&ﬁ&é VR0ic¥, M fdaln A99N e38mor§s RYRed GRS S 1 N
segments referred to as pages. These pages represent the minimum data size that can be
represented by the page table hierarchy. Page tables are used by the memory subsystem
of the computing device to map virtual addresses to physical locations in memory. There
are a number of possible layouts for page table systems; however, the most common
mappings from addresses to physical memory locations use multiple, hierarchical page
table lookups, which are described in detail below. These hierarchies allow fixed address
sizes (typically measured in bits) to address large amounts of physical memory. Such
hierarchical table lookups require multiple memory accesses to locate a physical page
associated with a given virtual address. The more levels in the hierarchical page table
system, the more expensive data access operations are in terms of time for the address to
physical memory translation. However, there is also a tradeoff between the number of
levels in the page table hierarchy and the page size. Fewer levels in the page table
hierarchy implies larger page size. Therefore, for applications using small segments of

data, small page sizes and therefore deeper hierarchies allow less memory waste.

However, for applications using a large amount of data, larger page sizes will reduce the



system the nore expensive data access operations are in terns of tinme for
the address to physical nenory translation. However, there is also a
tradeof f wetzemwena741Be nunber of levels in the page tabl ePhirarsasoohyssand t he
page size. Fewer levels in the page table hierarchy inplies |arger page
size. Therefore, for applications using small segnents of data, small page
sizes and therefore deeper hierarchies allow | ess nenory waste. However,

for appli daibshef naganighbls lpelrups ragiiedtto docagathg requiregedata ageé tharefere igeroase
reduce t henunber of page table | ookups required to | ocate the required
data, and thhbo&fipe#iciancyease the | ookup efficiency. [0017] Wen a
particul ar piece of data is no | onger needed or has not been accessed for a

threshol d [pgrijod of Whée.a pirticslat Prereroff @ita MEMY Yongub S¥sdedN®r hes a8y Bedhat
pi ece of data to disk, freeing up nenory for data that is nore frequently

or curr ema!cé‘es@%féﬁﬁ%-thf@é’ﬂo’id PERSESS ! 1# iCAnhARGh fRGRGh. s9H§Sys{Eﬁ{§Dc6 Yavd ipuever,

many nmenory subsystens can only swap out sone fixed page size. Therefore,

any mechani.sm that, cr e ages |l arger 4h this fixed.size,would haye to
nave the- disar s 56 SR SRR PRPGE s Blel (s B TRUERERY rRLE
pages in the event sone part, of the | arge page nust be swapped out. There
are many J¥R&H addiit iPEREPSCiip G IPS IV aRABRPY BeM9Fye Hawevaho MY n8edoto be
broken up into snaller-sized pages by a nenory subsystem [0018]

Accor di nglspbsyatemsneradpmte ntwapf outhsementised page bige.di Theeefers, 1oy coegbanismr dadabl e
storage nedi a enbodyi ng conput er-usable instructions for performng a

met hod of weissepdgen dargerpthen ahik thixcdfsiznmabhld fage so dsso dicatapdbilityt to breek olic nor e
processes operating on a conputing device into a | arge page. Each of the

pages is q&rsge%gésqﬁto%amp@rzglnmkf.yizwp@gepﬁgﬁew@t%oﬁewﬁfm&lﬁ?ge%gtg?ugpage
0

tabl e system containing at |east two |l'evels of page tables. The ne

i ncludes sganlBdq bite TRSL alEMEhy Bihct BEiRbSH Ak B WHRAGE aLIARE HaBY ot

need to be broken up into smaller-sized pages by a memory subsystem.

[0018] Accordingly, an embodiment of the invention is directed to computer-
readable storage media embodying computer-usable instructions for performing a method
of converting a plurality of small pages associated with one or more processes operating
on a computing device into a large page. Each of the pages is associated with an entry in a
page table from a hierarchical page table system containing at least two levels of page
tables. The method includes scanning the last level of the hierarchical page table system
for candidate PTEs, which are page tables with at least a threshold of entries associated
with pages. The method then locates a physically contiguous memory segment large
enough to store each of the pages associated with the entries in the candidate page table
and copies the segments of memory in each of the pages to the located memory segment.
The method adjusts a page table entry in a page table one level before the last level in the
hierarchical page table system to be associated with the newly created large page.

[0019] According to other embodiments, the invention is directed to computer-

readable media storing computer-executable instructions embodying a method of



for candi date PTEs, which are page tables with at |east a threshold of
entries associated with pages. The nethod then | ocates a physically

cont i guousOreeIy9Isegnent | arge enough to store each of PCmaAISp@gmsssit
associated with the entries in the candi date page table and copies the
segnents of nenory in each of the pages to the |ocated nenory segnent. The
nmet hod adj usts a page table entry in a page table one | evel before the | ast
| evel in t9e8veitiag 4 Mg apepaye & ablrdityyaft Epelt pages asewaicdt widh winerort Herhew y
created | arge page. [0019] According to other enbodinents, the invention is
direct ed tpocoespexecutegdald eommdéerasysteor. | Baphadthepages ex esuatiatet eviinat eniot | ons
enbodyi ng a net hod of converting a |arge page into a plurality of small
pages assafiapgd tablehinoN@icPdrciiodleape Ass SesteX eThY hdhodnindlu@@TRYt®ngsyst em
Each of the pages is associated with an entry of a page table in a
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systemnotification indicating a pade that is to be converted into a
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segnents of the | arge page. The t hod i pcludes adjusting an entry froma
page t abl éL%ﬁéwmgéﬂakB@f%? assprigted axith seg Ise%me%tﬁ@qﬁh%ﬁaég%ﬁﬁ%f‘al Téa@éeth%ﬂ} e
systemto be associated with the new page table. [0020] According to a

further enbdddeseadiustingean wueytiron 4 pagh tade edctlovel edonguther lestatabl ef iedi a
storing conputer-executable instructions enbodyi ng a nmethod of scanning a
| ast | evelhiahrchidal paganaiic sptenpage: isaddigied yéthehy nsopig tablag at | east two

| evel s of page tables, in each of a plurality of address spaces associ at ed

with one qo2aoIr € ProLQseRRe AXERMhbNEMBEHiMcRO MRULEMIBH 3¢ @fctctitb % SEHARLNY
involves attenpting to identify candi date page tables, which are page
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a last level of a hierarchical page table system, containing at least two levels of page
tables, in each of a plurality of address spaces associated with one or more processes
executing on a computer system. This scanning involves attempting to identify candidate
page tables, which are page tables for which each of the entries are associated with one or
more segments of physical memory. The method further includes locating a memory
segment composed of contiguous segments of physical memory large enough to store each
of the plurality of segments of physical memory associated with all the entries in a
candidate page table and copying those segments of physical memory into the newly
located memory segment. The method frees the segment of memory containing the
candidate page table and adjusts a page table entry in a page table one level before the last
level in the hierarchical page table system that was associated with the candidate page
table to be associated with the newly located segment of memory, called a large page. The
method further includes receiving an indication from a memory subsystem incapable of
swapping out large pages that indicates one or more segments of a large page is to be

swapped out. The method further includes creating a new page table, with each entry in



segnent conposed of contiguous segnents of physical nenory |arge enough to
store each of the plurality of segnents of physical nenory associated with
all the ewOrpeg4rn8a candi date page tabl e and copyi ng t RoTaSs@gmessis of
physical nenory into the newy | ocated nenory segnent. The nmethod frees the
segnent of nmenory containing the candi date page table and adjusts a page
table entry in a page table one | evel before the |last level in the

hi er ar chi dﬁ¢ ngygpagealsble Byyag apociatad Wb wsemedrataddhailenge tngge canwindeg éhgpage
table to be associated with the newy | ocated segnent of nenory, called a

| ar ge pagecgmbe arstgoehts that her toibecwadpal owc diheimgthahfurthdr oatudon adjnsgimge
menory subsystem i ncapabl e of swappi ng out |arge pages that indicates one
or nore sq@Eemble &trydinladfage tadegend I8vdl Ochige e esl cDof the hltgaroRicilgR gt whlder

i ncludes creating a new page table, with each entry inthe new page table
bei ng ass%ﬁbt@&%a%&i‘g%vﬁ%l bocted Rgth! AL 48 @ggge fo Qés&éiﬁ‘t%dghﬁl fieaEgNt or
segnents that are to be swapped out. The ret Rod Turther tncludes a justing
a page tabl e entry in a page table one |evel before the last |evel of the
hierarchié?geﬁgﬁ% tabl e systemthat was previously associated with the

| arge page 1o be associated wth the new page table. [0021 ving briefly
descri bed laf%lldver vi VoS Zmﬁ%i ﬁiﬁéﬁ&léedoﬁntwérw\@s%%mbﬁ solé? thé, TASSSRDI ar y
operating environnment in which enbodi nents of the present invention may be
i mpl ement gdvéngiode s rexpailahe lopevating endigenment pnowhigh embysliaents of dhe axesehior
various aspects of the present invention. Referring initially to FIG 1 in
parti cul arinvaitiosxeyicamplopaitat is hgsceibed belowantordedto propideregincrad ceniadoment s
of the present invention is shown and desi gnated generally as conputing
devi ce 10QariGRdRIRDLIOBY ir&cAORvESidt RORSiSX RIS & FAG SHiik ?bhﬁupae,rmyt ing
environment and i's not intended to suggest any limtation as to the scope

of use or e&%ﬂa'r)p Gl%rhﬁth HvidoRfhchi e %bl%ﬁlenﬁ’l?é LAGSdifRaNl¢ tﬁehﬁ‘esent invention

is shown and designated generally as computing device 100. Computing device 100 is but
one example of a suitable computing environment and is not intended to suggest any
limitation as to the scope of use or functionality of the invention. Neither should the
computing device 100 be interpreted as having any dependency or requirement relating to
any one or combination of components illustrated.

[0022] The invention may be described in the general context of computer code or
machine-useable instructions, including computer-executable instructions such as program
modules, being executed by a computer or other machine, such as a personal data assistant
or other handheld device. Generally, program modules including routines, programs,
objects, components, data structures, etc., refer to code that perform particular tasks or
implement particular abstract data types. The invention may be practiced in a variety of
system configurations, including hand-held devices, consumer electronics, general-
purpose computers, more specialty computing devices, etc. The invention may also be
practiced in distributed computing environments where tasks are performed by remote-

processing devices that are linked through a communications network.



conputing device 100 be interpreted as having any dependency or requirenent
relating to any one or conbi nation of conponents illustrated. [0022] The

i nvent i orwoaylong7deéscri bed in the general context of comrplitseo00OEES1Dr

machi ne-useabl e instructions, including conputer-executable instructions
such as program nodul es, being executed by a conputer or other machi ne,
such as a Bersonal dat a assi stant or other handhel d device. Ceneral

progr am nd803ds i nclWithrgferage itnddG. pr eeprpviing ddjieect Q) incbidsd sl 10
structures, etc., refer to code that perforn1part|cular t asks or |nplenent
parti cul ardilabﬂjz DaﬁtdirdetlﬁCduptBeShe fotle wiiy davti¢esn nmenyorip d 1 Ry aetdrgeale iprocassoay i et y
of system configurations, including hand-held devices, consuner

el ectroni ci94, geAGFE ahdbrRESE GETREE edrEpor¥afsel moe@p@ompue QDY bAY 1d8Vinges,
etc. The invention may al so be practiced in distributed conputing

envi r onmengs, ‘M]@dt? 1 5@ Ep R B Egﬁén‘?sr g aﬁff gh ﬂ?s%r%ﬂ@ geﬁlgﬁg/:w& egyd g are

| i nked throu a connunlcatlo s net work to FIG 1,

d 0 | ud bus 1 19 h I | I
The’Tol | o eﬁfé'seéli e Nt Mo st el S Gl duBre’ B, B T8, €°

ext er nal storage conponen 116, .input/output (1/0 ports 118 lnp
conponent OTPIatignhgy ?OQO%BHQ%%}@efﬂousaﬁaC@rPf ﬁlﬁuﬁtar%ﬁhqy@ Wehdin e%ﬂ)msliley

122. Bus 110 represents what be one or nore busses (such as an address
bus, dat a ks, oforclasibysbiim atchloty. t&%@neﬁfn)g VAtioUtosghipphenty ais i beks sbl eleks @fd FI G
1 are shown mnth lines for the sake of clarity, in reality, delineating
vari ous cang@epienicslly, sheibhes@osklaascse @odratady aplaesy arl fuyzy.t Rer bxangse,waaryd
nore accurately be grey and fuzzy. For exanple, nany processors have

nenory. VW rb@LQE0hAR hidbrys UWB rdcdghiR€ thakithes e dafife @f’éhe A and RiitcREAHSt t hat
the diagramof FIG 1 is nerely |§Iustrat|ve of an exenplary conputing

devi ce that, 6N HPRT | £ SQOOSALIARYLE B 00y ThAARP NP H.PCA s he

present | nven I nction

used in connection with one or more embodiments of the present invention. Distinction is

EE 1Y

not made between such categories as “‘workstation,” “server,” “laptop,” “hand-held
device,” etc., as all are contemplated within the scope of FIG. 1 and reference to
“computing device.”

[0024] Computing device 100 typically includes a variety of computer-readable
media. Computer-readable media can be any available media that can be accessed by
computing device 100 and includes both volatile and nonvolatile media, removable and
non-removable media. By way of example, and not limitation, computer-readable media
may comprise computer storage media and communication media. Computer storage
media includes both volatile and nonvolatile, removable and non-removable media
implemented in any method or technology for storage of information such as computer-
readable instructions, data structures, program modules or other data. Computer storage
media includes, but is not limited to, RAM, ROM, EEPROM, flash memory or other

memory technology, CD-ROM, digital versatile disks (DVD) or other optical disk storage,

magnetic cassettes, magnetic tape, magnetic disk storage or other magnetic storage



not made between such categories as "workstation," "server," "laptop,"
"hand- hel d device," etc., as all are contenplated within the scope of FIG
1 and refwoenna4ra8” conputi ng device. " [0024] Conputi ngPdexisc@onsss11
typically includes a variety of conputer-readabl e nedia. Conputer-readable
medi a can be any avail able nedia that can be accessed by conputing device
100 and includes both volatile and nonvol atil e nedia, renovable and

non- r enov asVEcHEQ 3y Shenapdom sshaghpra bansechsn siorqrheadqsipd information and
conput er -readabl e medi a may conpri se conputer storage nedia and

communi catwlinh nedbcaccGonp iy esmputorgatpeioddDa i ncl udes both vol atile and
nonvol atil e, renpvabl e and non-renovabl e nedia i npl enented in any nethod or

t echnol ogy0b28] st or agemefy i1n? dnom@tEsOBoBpEbr-asragenmaedieriheadafir@ of volatile
i nstructions, data structures, program nodul es or other data. Cbnputer

storage nqgérﬁorbzn C]Jj)&éqtﬁﬁar? b H&rdbvﬁren Qirewcésmntthgdet %oh@-@%e MWEEPBQM as

menory or oth echnol ogy, CD-ROM digital versatile disks (DVD) or

ot her opti i st or net cassettes nefic tape n

Gi ok stor datsft L 20 nelTBAC EhinBu BRSO g M ANIM TRl e aP ISR
can be used to store the de5|regﬁlnfor tion andzgg%gg can ge accesseq by
conput i ng AP e 1688 D[RIB|MNE /D THTPY3DIE, NGB toe FOBPHALRYE thegenTa | n
the formof volatile nmenory. Exenplary hardware devices include solid-state
menory, suctempdarRARtdvExe devieds igclode geidigtatei merherteBard alipgs. etistletisgdrivesdi a
in the formof non-volatile nenory. The nenory may be renovabl e,

nonr enovahdte, Compatie® dbvical 0® mcliies eaé or meedrptaesotrathdvane ddevirees/atioad ude
solid-state nenory, hard drives, optical-disc drives, etc. Conputing device

100 i ncl udesitieNudl adBctnd?y A42S SRbfal BRtadeeth BRldhuk IBMpBAEdt9US0 enditplLeS

such as nmenory 112, external storage 116 or input conponents 120. Qutput
components 121 present data indications to a user or other device. Exemplary output
components include a display device, speaker, printing component, vibrating component,
etc.
[0026] I/O ports 118 allow computing device 100 to be logically coupled to other
devices including input components 120 and output components 121, some of which may
be built in. Illustrative components include a microphone, joystick, game pad, satellite
dish, scanner, printer, wireless device, etc.
[0027] According to an embodiment of the invention, computing device 100 could
be used as a hypervisor, which is a virtualization platform that abstracts the physical
components of the computing device 100, such as the input components 120 and the
memory 112 from the operating system or system running on the computing device 100.
Such hypervisors allow multiple operating systems run on a single computing device 100
through such abstraction, allowing each independent operating system to have access to its

own virtual machine. In hypervisor computing devices, the overhead associated with

traversing page table hierarchies is even larger and the benefits of using large pages are



conponents 121 present data indications to a user or other device.

Exenpl ary out put conponents include a display device, speaker, printing
conmponentwowniwmEr4igag conponent, etc. [0026] 1/0O ports 1P8TAlISR@wosssmput i ng
device 100 to be logically coupled to other devices including input
conponents 120 and out put conponents 121, sone of which may be built in.
Il1lustrative conponents include a m crophone, joystick, ganme pad, satellite
di sh, scarfiyer gregiqrhar in gistearsegnigg\singse opgrating apErs et gwﬁ Heeot goggns to
enbodi ment of the invention, computing device 100 could be used as a

hyper vi sorthe vdrhpdnents o thd camyaiting dtvion 1@0.at f or m t hat abstracts the physi cal
conponents of the conputing device 100, such as the input conponents 120

and the mgouz8] 112 fmamnihe FOREL af pHgicsySbRBHOLOM® ¥edHEdD 4 RAM NG d8Adddiato
conmputi ng device 100. Such hypervisors allow nmultiple operating systens run

on a si ngle,GRRRWY BGidEY i&&oﬂc@%%ﬂ&h@@mﬁb@ﬁmﬁ@%ﬁ tﬁé’ﬁﬂv%ﬁtiorﬁ'dll@\‘i‘ieﬂﬂ)&%ch

i ndependent operating systemto have access to I1ts own virtual machine. In

hyper vi sor,.cqnput.i ng devices,. the overhead associated with ty.aversin age
Labl e i erdiViaR duo; Svoplisht Pugaps. it Shratiie SEFTY ahgroysage 1207 i de”
areeven greater than jn systens runging singl e operating systens that have
direct acdBIEOWSRARE 208 onBRIOTHISUPHE e&bﬁg&ﬁ RFYEE petempExesuingst M ni ng
to FIG 2, a physical nmenory 200, such as a RAM is divided into a nunber
of sect i oreompattgddiing nanagenihc gyoidilnaameryo?0¢, élowimg nsar gnplicatieonstarpsey i s
divided into two main partitions, an operating system nenory space 201 and
a user nmemityorspaiCesc? dzemaky ngpaty 203 ubspicationsf mayn nopasat hdtgsss wst@ttiguous
executing on the conputing device nanages the physical nmenory 200, all ow ng

user appl if@hbQNScdtRnyIRHWRIEL | REB g BFAG. TEARLIISPBF SrElmbARRLAE Jf itRNS
may not have access to conti guous
present invention, the user memory space 202 is divided into pages (represented by boxes),
which are distributed between two hypothetical applications for illustration purposes only
and not limitation: application 1 space is represented by x’s (e.g., memory segment 203)
and application 2 space is represented by /’s (e.g., memory segment 204). Free memory
pages are clear in the diagram (e.g., memory segment 205). The operating system memory
space 201 can be used for a number of purposes, one of which is to store the page tables
206 that contain the mapping from the address space to physical memory. For
applications, these mappings associate pages in the user memory space 202 where data is
stored with addresses.
[0029] As shown in FIG. 3, according to an embodiment of the present invention, a
page table 301 includes entries 303, cach of which being associated with a particular page
in the user memory space, stored in physical memory 304. Note that entries 303 in the
page table 301 may not necessarily be associated with contiguous pages 304 in the
physical memory.
[0030] Referring now to FIG. 4, according to various embodiments of the present

invention, addresses 401 are represented by strings of bits. These addresses are mapped
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menory | ocations, however. Referring to FIG 2, according to sone

enbodi nents of the present invention, the user nenory space 202 is divided
i nto pageso(nepreaent ed by boxes), which are distribut estChatrSeme0585M0

hypot heti cal applications for illustration purposes only and not
limtation: application 1 space is represented by x's (e.g., nenory segnent
203) and aﬁplicatipn 2 space is represented by /'s (e.g., nenory segnent
204) . Fr edhipugh rayhigegedca mage (tabde sysiero 24 Byjrughi 08 cxpmplaengd ot d F?gm
205). The operating system nenory space 201 can be used for a nunber of

pur poses, ngdafa dhibethaddscssiog stlanee #6k apdgdotraleleshi@@fchidabpagonbki systehe
mappi ng fromthe address space to physical nenory. For applications, these

mappi ngs  agROdhaus-HagRBess 401 RediviRe 1B Fik¥e A e A20Rt WRE bits ded arciBedtor ed
wi th addresses. [0029] As shown in FIG 3, according to an enbodi nent of
ch

the pr ese%dé’xnmﬁm h?&h page ﬁ%&?4d4?bhf‘e eggxé/ lgoﬁaﬁﬁﬂl%e ?ﬂ&tﬁi&%@) taIB40L8¢ theOfirsth

i
bei ng associ ate a particular p e user ry space, stored in

hysi cal ; ~Note that, entries 303 in th t abl y not
netessari 1Dnppts e of ML o oo Rister i o oRRPRr bRl Jaf ithechvor .
0030] Referr| to FIG, 4, rding to vari mbodi rent's of th
prosont | VBN B (HANQEs cRiegssSTar BF SpF AUSATGH Bip SErRRGH BECHblE fhese

addresses are mappedt hrough a hierarchical page table system 402. By way of
exanpl e ankhenattryl lopatediin 8ie, sceais pafisrtable 49605 tasswddiesiswithg ssementeoi4@emand a
four-1level hierarchical page table system 402. The 48-bit address 401 is

di vi ded i ni2a donwénisg atthot pagditabia $08. nThe tHitd sind Bas 02 ofisiedaddvedsidaxinden 0 a
first page table 404. The entry located in the first page table 404 by the

first ni ngnfai the HiRBpae bk MYdraRScrilotsicAaS e thlr&Papd taBlcad (Rl B ciddd

menory 422 storing a second page tabl'e 406. The second nine bits 405 index

into the sgpo Q%eé}ﬂ&ﬁ otfqltfénqorélloéé'S containing a fourth page table 410. The fourth nine bits
409 of the address 401 index into the fourth page table 410. The entry located in the
fourth page table 410 is associated with a segment of memory 424 in user space memory
containing a page 412. The last twelve bits 411 of the address 401 index into the page
412. The segment of memory in the page 412 at the index given by the last twelve bits
412 is the data referred to by the address 401. As can be seen there is at least one memory
access per page table lookup in the process of looking up data addressed via a hierarchical
page table system.
[0031] Those skilled in the art will recognize that the specific address sizes,
number of page tables, number of levels in the page table hierarchical system, and size of
pages can be varied. By way of example only and not limitation, page sizes can be 4KB,
2MB, or 1GB. Address sizes can range, for instance, from 32 bits to 64 bits. Given the
example in FIG. 4, each page table has 512 entries (2°) and each page is 4KB (2'%). It

takes four page table lookups to locate data in a page. If all of the data associated with all

512 entries in a page table were to be combined in a single page, the resulting page (called
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The entry located in the second page table 406 is associated with a segnent
of nmenory 422 containing a third page table 408. The third nine bits 407 of
t he addr ewe 2401047imdex into the third page table 408. Thecentsegoviosssat ed i n
the third page table 408 is associated with a segnent of nenory 423
containing a fourth page table 410. The fourth nine bits 409 of the address
401 index into the fourth page table 410. The entry located in the fourth
page tabl e &rge pdgaswoeldahceedMit and avosddyredyire nlyrdhrse yago Aalile, lopkaps dp e
menory containing a page 412. The last twelve bits 4 11 of the address 401
i ndex i nt du¢rhehpabeagé1dhle Tyseens egloeatt. of nmenory in the page 412 at the index
given by the last twelve bits 412 is the data referred to by the address

401 . As qemsile seemirhi@g@o F$Gas, d RS diapaen MEHRTVicd e sisushefes Ragehdahice
| ookup in the process of |ooking up data addressed via a hierarchical page

tabl e systgmg,f Q%_lc}an-cmﬁﬁe e:’thl%)l?% icHn\;el?@tof‘é iarﬁ@nhé]goe; Tﬁﬁlg%n‘%cﬁl%ellttfg@tt%é ?ﬁ%e bage

speci fic address si zes, page tabl es, eve

tabl e hierarchical ste d size.of pages can varied. B of .
exarpl o oryeahithost ko lnsfS b 35 e PERED GRRuE oS fliporion igsf in
Address sizes can range, for instance, from32 bits to 64 bits. Gven. the
exanpl e i rﬁwie?&zx,alleéléwﬁ%?géel?w SR¥E #19ogkpP], file (1@89)16%&%5% Ragaiels s
4KB (212) . It takes four page table | ookups to |ocate data in a page. |f

al | of théigarchicabsystsimisedanmiet fhoradandigae pege rabkes fprcoavpame to sgepagsselon be
conbined in a single page, the resulting page (calleda | arge page) would be
2MB and watthghplegditilase lorl yf thbpege phkaidraiche of BDE U S ivhichitke Fovethgragh tabéd

page table systemto |locate. [0032] Turning to FIG 5, a flow diagramis

provi ded thatexistd, dsill Bt 8SandcdRI-RAEUISA0 pﬁ%é'taf)lieﬂ@ﬂ&kﬁléaé}ﬂ@iedﬁ{ @ﬂp@gs%ﬂi@éol e
|

T
to convert to a large page and so converting the page table (block 550

contains ta}\gid%%%ﬂgtycgf clifkia b IMASL Wi ?&Lgetemﬁliﬁé ROME zpﬂééei e $NPWhdi dAte

for conversion to a large page. By way of example only and not limitation, such criteria
could include finding a full page table or finding a page table with a threshold of entries
full. A full page table is one wherein all the entries of the page table are associated with
locations in physical memory. According to one embodiment of the invention, such
scanning involves scanning through each of the page tables associated with the entries in
page tables one level before the last level and examining the found last level page tables to
see if they constitute a full page table. One skilled in the art will recognize that there are
many ways a threshold could be defined, including but not limited to, a percentage of
entries being associated with physical memory locations or a total number of entries
associated with physical memory locations.

[0033] By scanning the last level in the hierarchical page table system (e.g., the
level in which page table 410 is located in FIG. 4) one or more candidate page tables may
be identified (see block 502). If no candidate page table has been identified, then there is a
time delay 503 before another scan is performed at block 501. This time delay 503 is a

parameter that could be adjusted by a programmer, system administrator, user, or anyone
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bl ock 503, all discussed bel ow). Shown at block 501, the last |evel of the
page table hierarchical systemis scanned for candi date page tables for
conver si onoto10/rge pages. For exanple, the last |evel @CTiuseopagssit abl e
hierarchy of FIG 4, in which the fourth page table 410 exists, could be
scanned for candi date page tables. One skilled in the art will recognize a
w de variety of criteria could be used for determ ning whether a page table
i s a candi with gpprepriite rssash ta HieasydtgmgelfpbeecveRya grididste pagsripble hehPgerand
not Iimtation, such criteria could include finding a full page table or
findi ng a ipagdictiathbe awegrherd of lnpeshuolisi memoentargesndugh lto stare the ldapageciadil e i s
one wherein all the entries of the page table are associated with | ocations
i n physi calitiesareitry A tercdhdigatt agabRTbRAIE s sBdwh Beblbelysey.i on, such
scanni ng i nvol ves scanni ng through each of the page tables associated with
the entri t{] page : I : f I %m%@ i ng

t he foundqﬁggp IeveﬂhagggﬁPg%%%éﬁ¥%hggg %%ﬁFﬁggfég§%?$fﬁﬁéhgggﬁlI pagllgp
table. One,skilled in the t.Wwll recogni.ze that there are ny, wa

t hr eshol d RESUFY BendrerPREatobist tmbe BERhfiBeu otk Pt oy & Bl el o
entries bejng associated with physical nmenpry |ocations or total nunber
of entri estil%@%%‘é? aypeataf tthIhg sttdidateagsrigble o Reealbihat 2 Pwéslj?le HAYSI4 AR g
the last level in the hierarchical page table system(e.g., the level in
whi ch pageonagians 4a@rips thasc atcedssopiaRlGwith) contiguons mbiyeicdamsinday escpagats.
tables may be identified (see block 502). If no candi date page table has
been i dentHéwedr, winht ketres isthe dahdidatdglagy tdblSabebovatcdnotaiernge paas they
performed at block 501. This tine delay 503 is a paraneter that could be

adj ust ed Iy bRISRPERHTEE ordY OF B @EsNh $hd BioRrtablt $i8th, wiRith ALYNE §dsdiatekit h
appropriate access to the system If, however, a candi date page table has

been identjfl c [guo - r gh. sfore
he data absona S0l PrBBRRRL of In ATt R KR T By AR SRR LG,
as shown at Plo%k 504. . . .

matter of scanning the physical memory and finding a large contiguous segment of

memory (¢.g. 2MB). In some embodiments, this scanning could be performed by scanning
a page frame number database containing the state of all physical pages in the system.
Additionally, the large contiguous segment of memory might be restricted to begin on a
predetermined byte-boundary. By way of example and not limitation, considering the
example above using 512 4KB small-sized pages to combine into a large page of 2MB, the
predetermined byte boundary could be a 2MB byte-boundary. Those skilled in the art will
recognize that many other values for the predetermined byte-boundary could be used.
According to another embodiment of the invention, if not enough contiguous segments of
memory can be found, then a memory management subroutine is activated that actively
creates a large contiguous segment of memory by moving stored data to free segments
away from a particular location in memory, and adjusting their respective page table
entries. In this way a large contiguous segment of memory is created for use in the large

page table conversion.
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[0034] In enbodinents, |ocating a segnent of nenory involves scanning the
physi cal nmenory for a sufficient nunber of contiguous segnents of nenory to
store al Iwof2otdna7@|Rtri es associ ated with the candi date pagast@blosssiRecal
that a page table may not have contiguous entries that are associated with
contiguous physical nmenory segnents. However, when the entries in the

candi dat e a e table are converted to a Iarge page, they nust be stored in
t he order [89 Yhe entPress? pontigheuspipgacnanf @empfmogmféﬁlev w3 hpsebegndeedtet ed.
Accordi ng to one enbodi nrent of the invention, |locating a nmenory segnent is
si nply a matdreatedyfalk ofitind plysidad sphiysits alf menmyyaﬁmiatbd ndinghecachtaegen the
contiguous segnent of nmenory (e.g. 2MB). In sone enbodi nents, this scanning
coul d be panfidiepegdibReaEbofed f dago ftliciFeatbd Feafordl sdoakas &s SR RLIBIOEK t he
state of all physical pages in the system Additionally, the |large

cont i guoussSeqRBAL cAbodTRIZRI ¥r tﬁk Eﬁgsexg‘?mfe‘ﬁ%ﬁ 'a%ttﬁéj%lg@wgle@gﬁleﬁﬁ of memory are

predet erm ned byte-boundary. By way of exanple not M mtation,

‘o a1 argepanl BTy M 7 B8 il BT b ie, RRE %f‘)fs%e%”b%‘é

byt e- boundar Those, ski | in the arf wll recognize that ny ot

val ues f oranpHsr diesnt qfeg'ebwén 98 B O SHBY 1B TBY Y u 9§ Rt 10AC F‘%ﬁhn@

anot her enbodi nent of the invention, if not enough contiguous segnents of
menory carmgeoryoiggmentshasrocatped mtlyeMn@fg@mﬁn@u@ﬁ thet ¢andidpts pagei twblcedsa hat
actively creates a | arge contiguous segnment of nenory by noving stored data
to free seagaenisthaina@ypibs ofthadp@arti cul ar | ocation in nenory, and adjusting
their respective page table entries. In this way a |large contiguous segnent

of menory [pe36)r eat edad YowhsR bllcfbkt% h ?ﬁg&taﬁﬁ%@a&%%@e@ B&i%?&th@ Nagt @eQr%%f Once
a contiguous segnent of nmenory of iCient size has been |ocated or

creat ed, ah L Rfukit. e ok @&&Hﬁ@@ pabe TRIPEYS BRRRS! AtigdsWokibat R BRE i es

new large page. In one embodiment of the invention, the converted page table is freed and
the page table entry from one level before the last level in the hierarchical page table
system that was associated with the freed page table is adjusted to be associated with the
new large page. After converting candidates to large pages, there is a time delay at block
503 before another scan for new candidate page tables is started. This time delay at block
503 is a parameter that could be adjusted by a programmer, system administrator, user, or
any one else with appropriate access to the system.

[0037] Turning to FIG. 6, a flow diagram is provided that illustrates a method 600
for converting a large page into page table entries associated with multiple smaller-sized
pages. According to one embodiment of the present invention, an operating system
notification is received at block 601 identifying a large page to be converted to small
pages. One skilled in the art will recognize that there are many events that might trigger
such a notification. By way of example only and not limitation, such events include a

segment of the large page being scheduled for swapping out to disk in a system with an
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candi date page table are copied in order to the |ocated nenory segnment, as
shown at bl ock 505. In one enbodi nent of the present invention, as the
physi cal wognmnuz918f nmenory are copi ed i nto the | ocat ed PEEQIsR000/0585he
original location of physical menory is freed. In another enbodi nent of the
invention, the original nmenory |ocations of each of the nenory segnents
associated with each of the entries of the candi date page table al so

mai nt ai n tAPETAting opisEs dicapiide drft avanromBEPt Awee Hwges apd btg@dq@gsdebleaetﬁwe
table entry one |l evel before the last |evel of the hierarchical page table
syst em ( e.agsqcipabeith alsnerd d8looginEt@an 4pplicstiasmombat dcavhthis bhimgniewrdyadge
page. In one enbodi nent of the invention, the converted page table is freed
and the pggesgjabl e an?dnyreééioiﬁg anptifiesmtn ibeloig 4 heyd gt té BY 8dnviefted, tnew

hi erarchi cal page table systemthat was associated with the freed page

table is gﬁ%é'%lﬁg i %r&‘%ecﬁl%‘%ﬁ&\%eﬂ b sbhe z&%réﬁﬁ% 96 ARIEnbSYiREAt of the

convertin andi dates to large pages, there is a trne delay at bl ock 503
bef ore anot her. scan for.nemlﬁgndmgate q@gg tables is started. This tine

del ay at BIOSOkOBO SUBAP R el Ol BTy B TPV A B S Bier

S
e
system adm ni strator, user,_ or any one else with appropriate access to the
system [ 3]913?] neyy, Fa?ﬂleng Qngephespage t%b?? IoffeaicdgFaeh FEDpHothedRyY (PAgE fable 1
illustrates a method 600 for converting a | arge page i nto page table
entries agsswiadeddithionh smallei-pred sogaicheet dicdage pagest blpgke 68@%@1 2l ofrilec
enbodi nent of the present invention, an operating systemnotification is
recei ved atghbaskof6tht ladeniphdey iang assokbatage wirhgeorh® chey cianther h@d fage stablk)
pages. One skilled in the art will recognize that there are nany events

that m ghtcdtingB@rths tede 8PFIE.i4 @&d’h%hh@ylzl\@agﬁqableéﬁﬁﬁek f @8 h¥waiade Bdle
limtation, such events include a segnent of e | arge page bei ng schedul ed

t
L0 2P RRY 8t R AL L GRERALL 0 ovstem ncapabl e o

[0039] Finally, a page table entry from one level before the last level of the
hierarchical page table system (e.g., the level in which page table 408 is located in FIG. 4)
is adjusted to be associated with the new page table, as shown in block 604. According to
one embodiment of the invention, the entry from the page table one level before the last
level of the hierarchical page table system associated with the new page table was the
entry previously associated with the large page.

[0040] According to a further embodiment of the invention, FIG. 7 presents a
method 700 of converting a page table into a large page and converting large pages into
page tables associated with numerous smaller-sized pages. First the method involves
waiting for an event, as shown at block 701. By way of example and not limitation, the
event could be either a timeout or an operating system notification. One skilled in the art
would recognize that there are numerous other events that could trigger either type of
conversion. Once an event occurs, a decision is made. If the event was a timeout
indicating that a time delay has expired 702, an attempt is made to convert a page table

from the last level of a hierarchical page table system into a large page, for instance
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associated wth nmenory belonging to an application nmenory space that is
bei ng destroyed. [0038] Upon receiving a notification indicating a | arge
page to b®ocorwariied, a new page table is created as shoem/ustodslosssit 602.
According to one enbodi nent of the invention, this creation involves

all ocating nmenory in the operating system nmenory space for a new table.
Once the page table is created, each entry in the new page table is

associ at ediceprdingoteeths ragthed 539 26 16e Grehbisgime Helay dp gepgsargetchthapicoeld Bo3,
until all of the segnents of the |arge page are associated with sone entry
in the newdpste byablpeogr@onter,nyyistegn tdreingstatw) escof oG ork, elsaehthofpprdyeiabel 2
page table entries in the new page table would be associated with one 4KB
segnent ofact&e td Mc@@stpagert the QOSA]is & s\rdtihg sgstoRdRtifiafich I thén g phge

| evel before the last |evel of the hierarchical page table system(e.qg.,

the |evel i nophi e Rﬁg\?vpa%ggﬂgﬁlteggf ghﬁiek QAR 1) sfihRr-Hed FaRd) Ht fidah & be

associated wth the ne , as sho I'n block 604. "According to one

enbodi ment_ of .t he invention, e ry. fromthe page tabl.e one | evel, before
The tast 1asouringr i MEReld: el ST, (e Sy lRE SR SBeRRE IR Phe
new page table was the entry previously associated with the | arge page.

[ 0040] AcGHCBRPHBE tQConVeL) A48T Paé%&e @Hﬁr@ﬁ P2agh of Hie methedthet mveriﬂpaa%rgﬁ Pa%%ent s
a method 700 of converting a page table into a | arge page and converting

| ar ge pagée aipagotablegwith aiftiesasegatell atibchumearensrmaticosigcd pagich ar waifing gempeyes .
First the nmethod involves waiting for an event, as shown at bl ock 701. By
way of exaspheraingzaioht blook 7at.i diis tvhringyenibd aguinctexipecetitierat ahd amgaLibf or
an operating systemnotification. One skilled in the art would recogni ze

t hat th?fQm@ﬂﬁrGﬁﬂﬁ%ﬁyﬁm@hh&ﬁﬁﬂuﬁﬁiénh@é&@ﬁ@%h@fﬁ&ﬁ&&wﬂa.ithef type of
conversion. Once an evént occurs, a decision is made. If the event was a

timeout [0041] Many different arrangements of the various components depicted, as well

as components not shown, are possible without departing from the spirit and scope of the
present invention. Embodiments of the present invention have been described with the
intent to be illustrative rather than restrictive. Alternative embodiments will become
apparent to those skilled in the art that do not depart from its scope. A skilled artisan may
develop alternative means of implementing the aforementioned improvements without
departing from the scope of the present invention.

[0042] It will be understood that certain features and subcombinations are of utility
and may be employed without reference to other features and subcombinations and are
contemplated within the scope of the claims. Not all steps listed in the various figures

need be carried out in the specific order described.
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indicating that a tinme delay has expired 702, an attenpt is nade to convert
a page table fromthe last |level of a hierarchical page table systeminto a
| ar ge pagw 20047918t anceaccording to the nmet hod 550 of FPCEUS2009/D88531t 1 ne
delay is a paraneter that could be adjusted by a programmer, system

adm ni strator, user, or any one else with appropriate access to the system
If the event is an operating systemnotification 702, then a |l arge page is
converted to a page table of entries pointing to smaller-sized pages, for

i nstance according to the nmethod 600 of ARUS 6. Upon conpl etion of either
the nethod of attenpting to convert a page table to a | arge page, or the

net hod of converting a | ahgeoPAsR dotafitRasRiabrYhEdMsiobing RbhipBRr-38&RELRS ed
wi th numerous snaller-sized pages, a waiting period is éentered again at

bl ock 701.. ' R i ad ' ' i - Y
anot her _opa Bl ko Rt BB bt {fifle §MNTALr St Bhdd i Rboglhed
[0041] Many. different arrangenents of the various conponents depict gh as
wel | as cobARNYSTRG PRFONM CAHENE 60T BT HOGE EpA A Frreey S dhe
spirit and sche of the present invention. Enbodi nents of the present

i nvent i on Mupbtbbfemaldauers baiae arsepiatedevitheraef & plurdity of preertahls geiricafingy
than restrictive. Alternative enbodi nents will becone apparent to those
skill ed i m hiherchital phgt tatile systendepeainingras heast sveslewgle of fagkiablesdthamidtisah nay
devel op alternative nmeans of inplenenting the aforenentioned inprovenents

W t hout dejpalfpiising: f rom t he scope of the present invention. [0042] It wll
be understood that certain features and subconbinations are of utility and

may be enpl oyed without r : : i i and
are contenplated within tsﬁéﬁgg%@%? 1%?12@%} g{sﬁ&%%éﬁgﬁcﬁg&% ﬁ%%éggg@ls?%%ﬂégﬂfn

e varL e, 13 0ur s e B GRCRKR SR R TR g v o
comput er - executabl e associated with one of a plurality of pages, resulting in the identification of
a candidate page table;
locating (504) a memory segment composed of a plurality of
contiguous segments of physical memory, large enough to store each of the
plurality of segments of physical memory associated with all of the
plurality of entries of the candidate page table;
copying (505) each of the plurality of segments of physical memory
associated with all of the plurality of entries of the candidate page table into
the memory segment composed of a plurality of contiguous segments of
physical memory; and
adjusting (506) a page table entry in a page table one level before
the last level of the hierarchical page table system to be associated with the

memory segment composed of a plurality of contiguous segments of

physical memory.
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instructions for performng a nethod of converting a plurality of small
pages associated with one or nore processes executing on a conputer system
into a | awvgeopagmiseach of the plurality of small pagesPb®iusgooassssei at ed
with one of a plurality of page table entries froma hierarchical page
tabl e systemcontaining at | east two | evels of page tables, the nethod
conpri si ng: scanningb(501 a last |evel of the hlerarchlcal gage tabl e
system for a page tabl e ithowmcgh @dcHaist lat Whergy seanfiigeghéish lefel gof the
plurality of entries are associated with one of a plurality of pages,
resul ti ng hicratcheal gegt itdhlec aystom odmpriscandicdtvdy pageitglsaeh dfoc aturalty( 804)
menory segnment conposed of a plurality of contiguous segnents of physical
Menory, | aidgrseRPAEH dcilidl &itiagh @fe dhenodd Wiadekdey RbciBR@NENtE 6dmpltysi cal
menory associated with all of the plurality of entries of the candi date
page tabl g, eQpyi ng (505) each of the plurality of segnents of physical
menory aSSXC|ated with all of the plurality of entries of the candi date
page table into the nenory segnment conposed of a plurality of contiguous
segnents of physical me 0, a
page table one |evel be?gﬂéIP%HQng%HﬁeVeﬁméﬁﬂgéﬂﬁﬁﬁ%ﬁﬁ?@ ?1 lﬁ%gf&uléb
systemto .be OC|ated th the nmenory segnent conposed of a plurality of
contlguou§5§%6 ﬂ%mﬁkbﬁﬁ%gV@él menory. 2. The nedia of claim1, wherein
scanning a last level of the hierarchical page table system conprises

sel ectively scannlng each of a plurality of
The media of claim 1; wherein each of the plurality of entries of the

Q

candidate page table are associated with a single one of the one or more processes

executing on the computer system.

5. The media of claim 1, wherein locating a memory segment
composed of a plurality of contiguous segments of physical memory comprises copying
data from a first location near an area of physical memory to a second location away from
said area in order to create a plurality of contiguous segments of physical memory large
enough to store each of the plurality of segments of physical memory associated with all of

the plurality of entries of the candidate page table.

6. The media of claim 1, wherein the memory segment composed of a

plurality of contiguous segments of physical memory is on a predetermined byte boundary.

7. The media of claim 1, wherein copying each of the plurality of
segments of physical memory associated with all of the plurality of entries of the candidate
page table further comprises freeing said plurality of segments of physical memory after

they have been copied.
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address spaces associated with the one or nore processes executing on the
conputer system 3. The nedia of claim1, wherein the threshold of a

pl uralitywofoem4riies is all of the plurality of entriesPC&/USTIo/H065di a of
claim1l1, wherein each of the plurality of entries of the candi date page
tabl e are associated with a single one of the one or nore processes
executing on the conputer system 5. The nedia of claiml, wherein |ocating
a menory segnent co:gosedTlt?fm@ﬁlﬁpﬁP]élmtlywéﬁfeébﬁﬂthlQﬁﬁm@b@ee@ﬁﬁﬂlﬂé‘ Pege i cal
menory conprises copying data froma first |ocation near an area of

physi cal nmeoleyelt befares deohdt loehibif gche dwayrchicalmpsgd thbde egstem wadereviaustyr eat e
a plurality of contiguous segnents of physical nenory |arge enough to store

each of thgsdRlidtEdith Yhefansidgidgabstadic. physi cal nenmory associated with all of
the plurality of entries of the candi date page table. 6. The nedia of claim

1, wherein the nmenory segnent conposed of a plurality of contiguous

segnents of physicalg MeNDFR. h81iQ b 3ldhedSliRidTh RERstYS & pROUBBRY dntry furthBe
media of claim1l, wherein copying each of the plurality of segnents of

physi cal I ' ' I Lur al it f ies of the
candi dat ergg)a é% ?SZ%%E% %%efg%née% éﬁ%%??gson%a?@g ﬁ%é %Q?IgXtﬁﬁj&ggﬁﬂey of segnents
of physical nenory after they have been copied.8 The nedia of claim1,

level of the hi erar i calOBae DsoIoB ey Bl sa ol & BuSy "R EERGebi N ¢
the candi date page table. 9. The nedia of claim1l, wherein adjusting a page
tabl e ent rlplstmg:flplhsefor performing a method of converting a large page into a plurality of small
pages associated with one or more processes executing on a computer system, each of the
small pages associated with one or more page table entries from a hierarchical page table
system containing at least two levels of page tables, the method comprising:
receiving (601) an operating system notification indicating a large
page to be converted to a plurality of small pages;
creating (602) a new page table;
associating (603) each of a plurality of entries in the new page table
with a segment of the large page; and
adjusting (604) a page table entry in a page table one level before
the last level of the hierarchical page table system to be associated with the
new page table, wherein said page table entry in a page table one level

before the last level of the hierarchical page table system was previously

associated with the large page.

11.  The media of claim 10, wherein the operating system notification is

due to a need to swap out one or more segments of the large page.
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conprises freeing a segnent of nmenory containing the candi date page table.
10. One or nore conputer-readabl e nedia storing conputer-executable

i nstruct iwoo0foo7qer f orm ng a nmet hod of converting a | aPge/ysage/osssip a
plurality of small pages associated with one or nore processes executing on
a conputer system each of the small pages associated with one or nore page
table entries froma hierarchical page table systemcontaining at |east two
| evel s of page tabled; thehersediaaf elsiprPsvhgreinrthe epgpiieg $66D) natificshenat i ng
systemnotification indicating a |large page to be converted to a plurality
of smal | phgesan eddratsispace(@dR)ning Hevangagegd xbherenassdci ati ng (603) each of
a plurality of entries in the new page table with a segnent of the |arge
page; and adjusting (604) a page table entry in a page table one |evel
before the last |evel3. of THiem&digbhtlaimh ¢l whaga thabéwe paystable Ha® ab@mber of
associated wth the new page table, wherein said page table entry in a page

tabl e one dngy&leqhaftoh izt e tagise pa¥edivRicd bhe P RE@hEIGAalRAgE stzabl e system
was previously associated withthe | arge page. 11. The nedia of claim 10,
wherein the operating systemnotification is due to a need to swap out one

or more segments of fhe |gfgs RaQe o%ﬁaut&ﬂ@adallg ! el Ss%gig-g@gﬁlﬁute%%cgita{%}% he

operating systemnotification is dueto an ress ontainin
| ar ge page Qei nedi a. of claim 10, wherein the new page

> %rpm%d.B.Te a of ne\
tabl e has '&@"HiHbEr 6P e es M S COPYPTSNG ze of the large page di vi ded by
a predetorrined smil page size. 4. one or more computcr-readeble media
containing at least two levels of page tables, in each of a plurality of
address spaces associated with one or more processes executing on a
computer system for a page table in which each of at least a threshold of a
plurality of entries are associated with one of a plurality of segments of
physical memory, resulting in the identification of a candidate page table;
locating (504) a memory segment composed of a plurality of
contiguous segments of physical memory, large enough to store each of the
plurality of segments of physical memory associated with all of the
plurality of entries of the candidate page table;
copying (505) each of the plurality of segments of physical memory
associated with all of the plurality of entries of the candidate page table into
the memory segment composed of a plurality of contiguous segments of
physical memory;
freeing (505) a segment of memory containing the candidate page
table;

adjusting (506) a page table entry in a page table one level before

the last level of the hierarchical page table system, said page table entry
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instructions for performng a nethod conprising: scanning (501) a | ast

| evel of a hierarchical page table system containing at |east tw |evels
of page twbl2en/o4inseach of a plurality of address spacegCaaseavasssdr Wit h
one or nore processes executing on a conputer systemfor a page table in
whi ch each of at least a threshold of a plurality of entries are associ ated
with one of a plurality of segnents of physical nenory, resulting in the
identification of a tediedpgairusipagwctaigsd with theceandidgte sea tatde. e bsragsosiaierent
conposed of a plurality of contiguous segnents of physical nenory, |arge
enough to store eachwit thcheempbyrekimeyt aimmsedrent pluélitp vy soutatuome segments
associated with all of the plurality of entries of the candi date page

tabl e; copying (505)0f?a9§1¢41fm5mrpl urality of segnents of physical nenory
associated with all the plurality of entries of the candi date page table

into the menmory segnent Cx‘?é@?&lﬁg%@lf A Rb6A F¥nOf n&‘e%HrﬂzQHGsﬁ%teﬁP%%‘a?b%c of

physi cal nenory; freeing (505) a segnent of nenory containing the candi date

page table; adjustin 506) a e table entry in_a t.abl e one vel
before the I ast I eval uanghe P aFes ARG  ApfadRTE cuiteaulfR oo
tabl e entrybeing previous|y associated with the candi date page table, to be

associ ated with the S¥RBfYOUegnent conposed of a plurality of contiguous

segnents of physical nmenory; receiving (601) an indication froma nenory
subsystem i ncapabl e creating (602) a new page table with each entry in said new page

table associated with a segment of the large page; and

adjusting (604) a page table entry in a page table one level before
the last level of the hierarchical page table system to be associated with the
new page table, wherein said page table entry in a page table one level
before the last level of the hierarchical page table system was previously

associated with the large page.

15. The media of claim 14, wherein the hierarchical page table system

contains four levels.
16. The media of claim 14, wherein each small page is 4KB.
17. The media of claim 14, wherein each large page is 2MB.

18.  The media of claim 14, wherein the memory segment composed of
a plurality of contiguous segments of physical memory is on a predetermined byte

boundary.

19.  The media of claim 18, wherein the predetermined byte boundary is

2MB.
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of swapping out |arge pages, indicating a segnent of a |large page is to be
swapped out; creating (602) a new page table with each entry in said new
page tablwoaspoarased with a segnment of the | arge page; pamasagpmosssing (604)
a page table entry in a page table one | evel before the |ast |evel of the
hi erarchi cal page table systemto be associated with the new page table,
wherein said page table entry in a page table one |evel before the |ast

| evel of the hierar ¥ calThsagedief] daigy dtemhoigt pieepdes tgbly hiesesbicat eagan t h
the | arge page. 15. The nedia of claim 14, wherein the hierarchical page

t abl e systtebic spmtrainsldiosed dceveling tobth4-Hihercheehit@eof cl ai m 14, wherein each
smal | page is 4KB. 17. The nedia of claim 14, wherein each |l arge page is
2MB. 18. The nedia of claim 14, wherein the nmenory segnment conposed of a
plurality of contiguous segnents of physical nmenory is on a predeterm ned
byt e boundary. 19. The nedia of claim 18, wherein the predeterm ned byte
boundary is 2MB. 20. The nedia of claim 14, wherein the page table

hi erarchi cal page table systemis addressed according to a 64-bit
architecture.
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