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SUMVARY 8ne common vgvay this aadre s to physwgf‘gocatlon translation 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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100031This sunmary is provided to introduce a selection of concepts in a
sinplified formthat are further described belowin the Detail ed

Descri pt iw0.20f42918sunmary is not intended to identify Pey/USe@vussssl or
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.
100041Enbodi nent s of the@gresent invention relate to scanning the | ast

| evel in SUPEHEY tiapIok ikFRdodr Phideplyl boafeatwanar gatcatipafaturebhpt thanlajraed
(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 oH menory, and then adjusting a PTE in a page table page
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page table page is associated with a snmall $§§nent )f the | arge page and a
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page table systemis adjusted to be associated with the new page table

page. BRI EFZDRSSR PBTlochimgr TasE, DRAMEUNGS segment of physical memory, transferring the

data associated with all the PTEs in the candidate page table page to the located segment
of memory, and then adjusting a PTE in a page table page one level before the 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;



[ 0005] The present invention is described in detail belowwth reference to
the attached draw ng figures, wherein: [0006]FIG 1 depicts a block diagram
of an exewpl2aryo4cosputi ng devi ce suitable for use in i mpCeEmsea0nsssthe
present invention, [0007]FIG 2 is a diagramof a typical physical nenory

| ayout as used by operating systens and user processes; [0008]FIG 3

depicts an exenplary rel ationship between a page table and physi cal
[0009] FIG. 4 depicts an exemplary hierarchical page table system;

[0010] FIG. 5 is a flow diagram showing a method for finding candidate page
tables for conversion into large pages and performing the conversion;

[0011] FIG. 6 is a flow diagram showing a method for receiving a notification that
a large page is to be converted into a page table associated with small pages and
performing the conversion; and

[0012] FIG. 7 is a flow diagram showing a method for either receiving a
notification that a large page is to be converted to a page table associated with small pages,
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.



menory; WD 2010/ 047918PCT/ US2009/ 058511 100091FI G 4 depicts an exenpl ary
hi erarchi cal page table system [O010]FIG 5 is a flow diagram show ng a
nmet hod f owof2brdi4ng8candi dat e page tabl es for conversi onPCRIUS200408851 pages
and perform ng the conversion; 100111FIG 6 is a flow diagram show ng a
met hod for receiving a notification that

[0015] In accordance with some embodiments of the present invention, the
memory subsystem of a computing device manages a shared memory resource. Data
required for computation by one or more processes are stored in the shared memory
resource. Typically, processes executing on the computation device are not aware of the
physical location of the data. Instead, these processes are presented with an address space
mapping addresses to physical locations in memory. The one or more processes executing
on the computation device use the address to refer to data required for computation. The
memory subsystem of the computing device handles the translation from address to
physical location, performing address lookups.

[0016] In modern computing devices, the physical memory is divided into
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



a large page is to be converted into a page table associated with snmall
pages and perform ng the conversion; and 100121FIG 7 is a flow di agram
showi ng awoebtrod7418r ei t her receiving a notification thaCcTashe@ogssspage i s
to be converted to a page table associated with small pages, or receiving a
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subsystems can only swap out some fixed page size. Therefore, any mechanism that
creates pages larger than this fixed size would have to have the capability to break the
large pages into multiple smaller-sized pages in the event some part of the large page must
be swapped out. There are many other additional situations wherein a large page would
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



| ocating groups of PTEs that could be converted into a | arge page and
perform ng a conversion. Additionally, once a page table page has been
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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



nunber of page table | ookups required to | ocate the required data, and
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candi dat e page table and copies the segnments of nmenory in each of the pages

to the | ocatieds BRI¥RYofSREMREknt TR hRdfcdhd §lifalfy RABRG! ARh @afRLLY, 4 @
page table one | evel before the last level in the hierarchical page table
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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.



readabl e nedi a storing conputer-executable instructions enbodyi ng a net hod
of converting a large page into a plurality of small pages associated with
one or nOWe 2progeeEses executing on a conputer system Each/ustohesspages i s
associated wth an entry of a page table in a hierarchical page table
system The nethod includes receiving an operating systemnotification
indicating a | arge page that is to be converted into a group of snal

pages. Up%ﬂ@ﬁcei vi ny1th Heferaice i dABi dncompwiw davdee tbinslydss arlant H@ Bad t he
entries in the new page table arc associated with snmall segnments of the

| ar ge pageliretthe onmeidivodlyi croipledelse fodlowsig dayian: emnrory fld dnome qragere tpadiessoone

| evel before the last |evel of the hierarchical page table systemto be
associ at ed 14 bhc bhendrewxRage st@bie corkPéHAIATIR it RGuipat a1/OY prhgrl 18, input
enbodi nent, the invention is directed to a conputer- readable nedia storing

conput er - exaeshahl ?26,%&%}& Gt PO % QRGN0 0 e SGBPR 1. AhPHo

| evel of a hrerarchical ‘page e system contalninhg at t two |levels
of page tahles, in.each of a plurality of address spaces assocjated with
one’or “morerireaih 888 ek Polort Huisar GPOEHE AR ARGRBER A s b

involves attenpting to jdentify candi.date page tables, which are page

tabl e f orCOREHOB desreel. (HBoRR T ariaebiadeat: b A 1P Gr B by ingoRE the
segnents of physical menory. The nethod further includes |ocating a nenory
segment corboseld chttitsom | aliys debigeatimgs vefioysheeimpaheniensr yotl ap gelcamowtth t o
store each of the plurality of segnents of physical nenory associated with
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| arge page. The nethod further includes.receiyjng an jndicati froma
rorory” oL BGO LT RO BOB O RABHTH TS A HE RRGRSTSLEn (P UE one
or nore segments of a large page is to be swapped out. The nethod further
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bei ng associated with a segnent of the |arge page containing the segnment or
segnent s tdeaicear etct, casbell samapettngudted Fhichimethh ogtopairaf higlG. i hcinddesderatjeust i ng
a page table entry in a page table one |l evel before the last |evel of the

hi er ar chi cabmpage; datdes” system t hat was previously associated with the
| arge page to be associated with the new page table. 10021] Having briefly

descri bed [gpagver vi ey Rigbedi e E(S tyPicall) GnPLESCA aricty 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



i nvention, an exenplary operating environnent in which enbodi mrents of the
present invention may be inplenented is described below in order to provide
a gener alwoantogMroiBor vari ous aspects of the present i nPemtuseond/oRsierri ng
initially to FIG 1 in particular, an exenplary operating environnent for

i npl ementing enbodi ments of the present invention is shown and desi gnated
generally as conputing device 100. Conputing device 100 is but one exanple
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may be prdBENRRd i i MERATE Yo Pe JGRPERIG MG E0 S0, 2 FrRPIRANeRY thessd- hel d
devi ces, consuner el ectronics, general-purpose conputers, nore specialty
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conputing environnments where tasks are perforned by renote-processing

devi ces t hat. @omputimk devitd i 0l giehales ononinead poesssost thatr kead \dda from various
2010/ 047918PCT/ US2009/ 058511 100231Wth reference to FIG | conputing

devi ce 10Qniingd Yel®Sa@nRusor 192t Babrdl k@eddeY1 1 of Mefut @hIpY¥n&RYADES OhPut
foll ow ng devices: nenory 112, one or nore processors 114, one or nore

external s 1 / I 1S I
conponentg%%g%?&ggﬁggﬁﬂggﬁgg%%ﬁpgc%g%%tgﬁ%egﬁ(ﬁﬂ#ﬁ%f@gé%beﬁégﬁg?ﬂgg%%Pg
122. Bus 110 represents what be one or re busses (such. as an address
bus, dat a SUONGHS SIS AN B CRYCEP kR RBESH TRy TOULnBISERSTST: F1 G
1 arc shown with lines for the sake of clarity, in reality, delineating
vari ous cohponents is not so dear, and metaphorically, the |ines would nore
accurately be grey and fuzzy For exanple, many processors have nenory. W
recogni ze [0026] such 1Y@ pptie 1 h&eliowe comptihieg detice d0Hta led togrcatly cotged tchether
diagramof FIG | is nerely illustrative of an exenplary conputing device
that can hRvitsethcludigompecéongibnehts N20R8d 0utplbtempsreadi ITBNiEnObf Whkhphasent
invention. Distinction is not made between such categories as"workstation,"”

"server, " pl @Rit9R; "Illﬁ%lga'ﬁ?é hehPoflgitd fRlude®t fierofforR! Joyafi&k, %@g&%’ﬁl&' et

within the scope of F and reference to "conputing device.

[ 0024] Commyyty 0.V} Gficd A% ddQideREL Yed ! udes a variety of
conput er -readabl e’ ’ T

[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



medi a. Conput er-readabl e nedi a can be any avail able nmedia that can be
accessed by conputing device 100 and i ndudes both volatile and nonvol atile
medi a, rewowvalwm@7asd non-renovabl e nedia. By way of exampiraS2emosssot
limtation, conputer-readable nmedia may conprise conputer storage nedia and
comuni cati on nedi a. Conputer storage nedia includes both volatile and
nonvol ati |l e renovabl e and non-renovabl e nedia i npl enented in _any nethod or
t echnol ogyevED Rregtas e inofy sfanfsouainR i ale epcrakdng sypiiiiethat bBagadirest access to
instructions, data structures, program nodul es or other data. Conputer

st or age neb¢ eompaicuted thdaampusinpdevice idd.ed t o, RAM ROM EEPROM fl ash
menory or other nenory technol ogy, CO-ROVM digital versatile disks (DvD) or
ot her optifoads|di sk st@hiagee FIBOLIEL pi/skabmeinbB8s200T8EELd LRAADSs dXAGREtC

di sk storage or other magnetic storage devices, or any other medi um which

can be. usefh S Eaide I8IbEak LOLARTBbANARA HLC I ERRe EGRERAEH Y

conputi ng device 100. 100 y 112 includes conputer-storage nedia in

t he form of. MO qti | e menor ﬁa ilt:_ixerrpal1 arg har dvvarte drfelvi ces iancIZWileans | id-rstate
menory,  sUEROES TRAMYOERPEL RATTIO s 8PS S AL AR IRAEY S o1 Ko’ Ui a
in the formof non-volatile nmenory. The nmenory may. be renovabl e,

nonr enovalBNEnoRyr Spice iPBi ndt MSHIOh SHBYRICNERE (A1 ARSFAtHIE: BNMRTR cIeMti®gson A9 ude
solid-state nmenory, hard drives, optical-disc drives, etc. Conputing device
100 i ncl udesipprag devign meanpgescids qiiysictlhacmpeeadoQ allgwingonyoy applbeasioante vbes
such as nenory 112, external storage 116 or input conponents 120 Qut put
conponent otZdnspsfesentmahadrg dpach 202.i oplicatiansusey not hatdesceskea centiguous
Exenpl ary out put conmponents include a display device, speaker, printing

conponent , myh&fyabéBns HRRVENt ReRlrfng t9FAE62TAQoRAMNE & b GhboWmeMIRMEANY
device 100 to be logically coupled to other devices including input

conponent ﬁ)rés%gt A0Ch R &%hs&qﬂ%g&?%h?c%’ is a%dqﬂto%%gs{](r%%%pgﬁgg&i thog %{1 lite

| I'lustrati've conponents incl crophone, joysti _

O e R LS55 o) e P AROCTAACOL A 2,00
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

10



be used as a hypervisor, which is a virtualization platformthat abstracts
t he physi cal conponents of the conputing device 100, such as the input
conponentwO2a0/@ndst he nenory 112 fromthe operating sSy®CEMSRI0IDYESIEM
runni ng on the conputing device 100. Such hypenisors allow multiple
operating systens run on a single conputing device 100 through such
abstraction, allow ng each i ndependent operating systemto have access to
its own vithtoygh arkistireiecal Inage e vysen 48npByiway agmx@@l,@ ang enoh \Jeniksiga.
associated with traversing page table hierarchies is even |arger and the
benefits afonudemyg48-ditgeldpages sanenedeh agd edbarlevélaneiarchsop pagestablensyisteq
single operating systens that have direct access to the conponents of the
conmput i ng 4deviTee 4800t addER DT W MiviZd tigto Fivesedtions. Phist giak bireAn3 Yred38d tsuch
as a RAM is divided into a nunber of sections. According to sone

enbodi mentigqaf inte ﬁmybggé 1B g eTEIRA obed s AL WNOBREP the first

partitions, an operating system nmenory space 2 user meNDry space
202. A nenopr u stem of . an erating,.system execut i on t C uting
devi ce ek ALY BhIT SlaraR BB Bidegy RURT, SEREH} LR Reh PR SETRE 4 e
portions of user nenpry space 202. Applicatiaons nmay not have access to

cont i guouseFRNoRPaEe| Bl H06n st hepserrAepine fRifs &P i @eXt @Yq:ﬁ‘@ segondapagstahla ¢ 0Po
sonme enbodi ments of the present invention, the user nenory space 202 is

di vi ded i nkhy ¢yelocqtedpr dwessrenl piecioRlesi0o inabsohiatadewth ot seeimgnieef memasen
two hypot hetical applications for illustration purposes only and not

i m tati ont22aqoptdiiag iaahird pagacdld $08. ephedert gide byts 03 of ehgaddressmin yindegnment
203) and application 2 space is represented by /'s (e.g., nenory segment

204) . Fr ean{¥emPlilird RSB 08! eRle dnfryt 138ateld AOMRMIE plgo taBRTAIRYis SRETRIAI
205). The operating system nenory space 201 can be uséd for a nunber of

oo - OO R0 h5ub R 2R, QAP AACRORCRLn, REFRR

mappi ng fromthe cée to phy I catl ons,

i Lh agar cL0a FpoudERnaoLndar i Bedoh mhed GRS 40T M EmoBefstit Tl Che

present invention, a page table 301 includes entries 303, each of which
bei ng assdenal eazariebls HUpa rssoedfodr wihascghert pd ATy M ADR YISy FRee Memehed i n
physical nmenory 304. Note that entries 303 in the page table 301 nmay not
necessar i lopnhaing sqeigattéd. WiheHas anelvguoisstlgagfetbe 30dresn4f hendphystodhd pagnor y .
[ 0030] Referring nowto FIG 4, according to various enbodi nents of the
present 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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i nvention, addresses 401 are represented by strings of bits. These
addresses are mapped through a hierarchical page table system 402. By way
of exanplwoand/mae18l i mtation, consider a 48-bit addresecmgiSsabesss1t0l and
a four-level hierarchical page table system 402. The 48-bit address 401 is
divided into five sections. Afirst nine bits 403 arc used to index into a
first page table 404. The entry located in the first page table 404 by the
first nine birge raga wouldhee AW asd wioid reuire sdy altreel pake fabde deakhin ée
menory 422 storing a second page table 406. The second nine bits 405 index
into the decerticpbhgpcttailt eystdbto Phecentry | ocated in the second page table
406 is associated with a segnent of nenory 422 containing a third page

tabl e 408.[0030 thir drything tOFIS. LAk didpearaddprosRled @lat iN@de%tel AtngethdEsachi rd
page table 408. The entry located in the third page table 408 is associ ated

with a se gr=Taes 4 L nj f t urth
ni ne bi tsqggghg@gtahe a{ dFee egquﬁggg%rﬁ%oogyﬁ%@ggﬁgﬁﬁ %g%(gwtéé%géﬁg?%é@me

I dj f h I i,S. . iated with. f
remory azainh (eh S eRHbll B Jab AP b Bl SERRP SIS feidh SEATE o7 o

411 of the address 4Windex into the page 412. The se nt of menory_ in the
page 412 #t0¢ne03: lledisgHsyEh b9V hed é’éltag‘t%‘gk/éobi g la%ggwé Ot%ﬁae @a$%¥able
referred to by the address 401. As can be seen there is at |east one nmenory
access perhigraggbicebpyistent pokanngd ifer cahdidpicaegs tbisk fpiowiivergiongo dagapzaser Eesed
via a hierarchical page table system [0031] Those skilled in the art wl|
recogni ze dxhaplct He lspdoict bLthagdgemblediireschy btifbEr4, od whaheht durthpagawbher of
| evel s in the page table hierarchical system and size of pages can be

varied. Bygaxisef cénanpkenatd YoraBsdidat phediabRs. IO skRfAGn HZBBwWARR cHEIAKB,
2MB, or 1GB. Address sizes can range, 1por i nstance, from32 bits to 64

bits. Gv le. ln F . I and
each page%:\g{d%&gﬁ@@)cﬁtéﬂta ¢ g ebseﬁ*ste)%?&&aege@% éﬁ?gh‘gtggﬁﬁ%ﬁ %ﬁPttl){:%gaZld({é?% in
a page. If.all of .the data associated with all 512 entries in a page table
wer e 1o bdORETICRER 1o 46 e hayay of reerpelsanl g Rty ST he
page) would be 2MB and woul d require only. three pagle tabl e | ookups in the
hi er ar chi capldyagide dmdmesy Brllpagedable oafiadinggopagettablaivigh @ hreshald of enfriey ow
diagramis provided that illustrates a nethod 500 for finding a candi date
page t abl dutlo Actnlvpage talde as b whenpagd! thednsesadibe pigengblehec pagaated btith

(bl ock 550 contains the steps of the nethod without the tineout portion
shown in lkbarindSGd, phakicaldheisssedctigliog)to Showmbatindnof e linvéien| 8sih

| evel of the page table hierarchical systemis scanned for candi date page

tabl es fOorgGORYEMRbRARS k@nhfHefrRBI2ach 5Othe§%a8Rlbfes dstiidtastyithanebnidibs the
page table hierarchy of FIG™ 4, in which the fourth page table 410 exists,

could be s for ¢ dat l.es idled in th r i ] |
recogni ze péggmpa%gesvoglre ileevt%gg%fg%ctrﬁle ?aggﬁg&g‘%& Ieéa%gﬂ? @ f#%nr 3%? ee\?erlwg %%aenttéb%{eot her
a page table.is a candidate for conversi t.Q | ar ge, . page. . By, way of
exanpl e onfy it BaY ARSI Al PaRe BlFe gt b 14 T bl ﬁ%q%a@efth%aﬁﬂa ae
frill page table or finding a page table with a threshold of entries full.
A ful | pageanyapkes pghispleoldusenldi be definadnénclysting but oot imdepiyer perserdage ef
associated wth [ocations in physical nmenory. According to one enbodi nent
of the i nwanidsobging usdocme@nmithgpliysicel vemosy dovatings ohraotogdl @aaberodf tdirepage
tabl es associated with the entries in page tables one |evel before the |ast

| evel and gxamMted Wh bhgsiéduiehdrptdcati®ikel page tables to see if they
constitute a full page table. e skilled in the art will recognize that

there are iy ways @ tOLGRINE 160440 AP afiehbiCdhicd Mobd HoRdsRiim 39% M ted
to, a percentage of entries-belng associated w th phySica nory Focations
or a tot alle&elfrirltljgv ic%fpagg t[ar‘bllee 31 1Ssﬁ8c(::altea(f ﬁ%lw Elpor?ehgrsrlngrael carqgiggtreypalgg ?a%liels%]alsy

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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[ 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 nore
candi dat ewpagw/dadiBes may be identified (see bl ock 502) pCrfuse@msssdi dat e
page table has been identified, then there is a tinme delay 503 before

anot her scan is performed at block 501. This tine delay 503 is a paraneter
that could be adjusted by a programmer, system adm nistrator, user, or
anyone el sésaivith appippapeiagecss i esysien. t Hehewetesm candidagropgagetpble dag heeli dat e
page table has been identified, then a segnent of contiguous nenory | arge
enough t o id¢emifeds then dat@meas b couti @ausintcmoe tingeeartough ito stbtrethe datli adstcat@hge
table is |located, as shown at bl ock 504. 100341lIn enbodi nents, |ocating a

segment ofwimfemmenirgavloih\éebancﬁa@ce?hg@tabﬁaes Ryl calsho®ial Yotlosoa sufficient
nunber of contiguous segnents of nenory to store all of the entries

associ at eqoysdh t he GandhfathenRatRalifllhesceRRERIE hiifbryinRBARs L@l fndrae Not
have contiguous entries that are associated wth contiguous physical nenory
segnents. Ifllog\{egler mmefnr”s]l?f elré'%l ien[s1 eirn tchet. ({lanéjiedat e page téabltoe are i of
conver t ed W5 PRy 8L 3 SUTIRIH" PHTRGer 9L CQRUQES p¥MoRE o FaRIpory 0 sREC ahet | es
in the page table with which they arc associated. According to one

enbodi nen?fﬁ%Fntflﬁ%aSSﬂ%tﬁ@ iwafﬁl, the a@g@eq?%p%geﬁé%r Reedlhihaht page tgblﬁﬁw 19t BaYS er

of scanning the physical menory and finding a | arge contiguous segnment of
menory (e.q@ntigwmp. entricsdhat aiebeskioamists withh centiguanhinhysicdugnisey pssefmsnived by
scanni ng a page frane nunber database containing the state of all physical
pages i n tHie~vsxstelmn thddntrico iratheycandidetc| papg ebtomnticguotredsegrient page, teeyor y
m ght be restricted to begin on a predeterm ned byte-boundary. By way of
exanmpl e angydi®t storéd hatht Sfier 6P AR G@fidsNE thdSa @XM MEthAPRIYE (S g afdeiattiB

smal | -si zed pages to conbine into a | arge page of 2MB, the predeterm ned
byte bound : Do . i I : AR
recogni ze %éf(ﬁ%lr@Oo%eﬁlglpg{}/%eﬁgé%%rlﬂ? e Oéf le%g‘i?r? %%#@%Fgﬁg%ﬁgégﬁ ly\(I:goul d
be used. Accgergéfn? to. a%th r enbodi nent fftcﬂe in\llenti on. i f not er}ouph
cont i guous"¥EG Ut EIBPE SICAIn MBIy R, TRYIBR 4 'ATeHEPYlgHONS gSHRART ©
subroutine is activated that actively creates a | arge contiguous segnent of
nmenory by MENPGCSt SMED. nsame embedigicnis fiscannangagould barperfqsaediby sranning

| ocation in nenory, and adjusting their respective page table entries. In
this way a pagegiamomuinpaodatalasgroentainofg tenvaty dfsalkcplesicat piges ingbe ispstethe

| ar ge page tabl e conversion. WO 2010/ 047918PCT/ US2009/ 058511 1003510nce a
cont i guousA &hgaminly, ofc 18ROt @lous ket mehas Maht beesstliaedtebegin 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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or created, all of the physical segnents of nenory associated with the
entries in the candidate page table arc copied in order to the |ocated
menory seyoento4a88shown at bl ock 505. I n one enbodi men®PCofUSkéve/opssesent
invention, as the physical segnents of nmenory are copied into the | ocated
segnent, the original |ocation of physical nenory is freed. In another
enbodi nent of the invention, the original nmenory |ocations of each of the
nenory sed®ls assdeisteerniigtpusesement of mement pf afigent fiee bambrcadeetyshge
table also maintain their copies of the data. 10036] As shown at bl ock 506,
a page t abirecresttd,yalbné thepkysidadfsogreerith of Imshotyeassbciattd tvinéh theeemriehiic ahe page
table system (e.g., page table 408 of FIG 4) is associated with the new

| ar ge pageandidaepageribrdireespic®in drier tb ANERELON mchidey Spmeat, a8 dhpage: Hlakd e s
freed and the page table entry fromone | evel before the last level in the

hi erarchi ols. RRGR: LABbARRKSSENL PRALNUARAASE LR Al ot fohldfislr PREAGAR:
table is adjusted to be associated with the new 1drge pgge. After
converting candi dates t arge pages,.there i.s a.tine delay at.block 503
berore. andeRen BRahERar L TR AS T ASelie B¢ TS Pe® i e
delay at block 503 is a paraneter that could be adjusted. by a. programer,
syst em adrﬁnﬂﬁ’@’f CHOOAIMGIE | ths, iy ERtiogn dhe 08I (ACTANYY @ﬁﬁtiloaltseofae efa e t he
system 100371Turning to FIG 6, a flow diagramis provided that

i | 1 ust r at eserponyesdgonGoBséwrted ovitheeachnef thel entigs plathe ¢antidajsappect tableealso
entries associated wwth nmultiple smaller-sized pages. According to one
enbodi mentmahtairhthcipcesiensf thadetat i on, an operating systemnotification is
received at block 601 identifying a |large page to be converted to small

pages. Ongoaxg)! | ed iAs §HoRvredttold¥kl 306! & HAEHABR dnfigtontheFcd befose THRNYst BURNES
that m ght trigger such a notification. By way of exanple only and not

limtatio i g e L ul ed
for saappl g AT g T SAER CEATRR e Aol Bl R o o B R
swappi ng out |arge pages and the page t.able. entries associ at Wi.t h, mepory
el oot ng 1ty afbeiat; Beenedmbadhbey 38 DecB ot tng cBivigt daes bBaa ersush)
Upon receiving a notification indicating a | arge page to be converted, a
new page ttAbIPags sbis eafre droas osp deys! efort g lasovelnpe e diipigrahisabmage table
enbodi nent of the invention, this creation involves allocating nmenory in

t he oper atsystgmsthst ea asooatyd spticthe fieed pagetabtealsladjus@dde behesosagel withltles i s
created, each entry in the new page table is associated with one

smal | er - simeedlagRgimeel Adfer thevdrttigendagtesad 1@EophgcdOBereUntitimaddlayht Blbek
segnents of the large page are associated with sonme entry in the new page

table. Condohrydkddg ahitBeCt MR cﬁhﬁ:&te“pa&@@aﬁﬁesqg sfaﬂgd.5¢gisnﬁ19@d51§3b5teol§&t ries

in the new page table would be associated wth one 4KB segnent of the |arge

v E)?O ﬁ]?)]é':ig 0%l hetd RALG AR KSR By b ARG el Y &Ehm AAHRNiSedDE ub@Shr
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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hi erarchi cal page table system (e.g., the level in which page table 408 is
| ocated in FIG 4) is adjusted to be associated with the new page table, as
shown i n wWbhaoelo/B®8 Accordi ng to one enbodi nent of the PaYArstéo9nsssihe entry
fromthe page table one |l evel before the |ast |evel of the hierarchical
page table system associated with the new page table was the entry
previously associated with the | arge page. 100401According to a further
enbodi mentopsfatingesysiove arqapable mIGwappite Suhtlarge nreehead 700 reee ciehbigesntiing a
page table into a | arge page and converting | arge pages into page tables
associ at ediswacidtedhwite nenoryg belohging $0 zreapphages mEnpst sphbethatets houhgidevtadyed s

wai ting for an event, as shown at bl ock 701. By way of exanple and not

l'imtationoosge everwﬁ)cﬁﬁ@bawhg agiotifiedtion ihdidBiY a RFgcAReOREDALIIVIrtSY, SRR
notification. One skilled in the art would recognize that there arc

numer ous aaagertamqgteeaé@tas GRAA attrma&e%of' tﬁ&roralxg%oéneceﬂu@dl gﬂpof fce an

event occ decision Is rrade t he event was-a ti neout I cati ng
that a tine d1 yth I‘alFll a% a% atte |srra e. 1o ctonverr'g1 a page
table from e Tast” T&VE %‘fo CSHTeF4 r“@ﬁn%%? HES s Sy SN THY'S R ar ge
page, for jnstance ccordln to th met hod 550 FIG 5. This ti del ay
is a para ’Eérnet“h&’t @I’E‘Pebtgeé’&j%é ?jlﬁb?reéte rS%f;i)‘a rln sl”tlfi-i*’}‘npaz‘%et le 1s
adm ni strator, user, or one el se with appropriate access to the system
If the ev@ssow%echWItbmepama gr-syest sagmeot of thedeigomagoat blople A0 ungit g opdlere i s
converted to a page table of entries pointing to smaller-sized pages, for
nst ance acegimdntagoft thet hegamphgodrd@soofatddl Gith6sondp@ntre oinpthet hon ke ehbloer
the nethod of attenpting to convert a page table to a | arge page, or the

net hod of camBIn tRYcAn ¢ BEFRRAEL chd & tRATE pAR!t8h1Wehiic® I tht @SwaRgO LRt ed
with numerous snalle s zed pages, a waiting period is entered agarn at

bl ock 701. Wél[n Be%b&laﬁgn@ﬁ%%@f‘%@?é@]&%?f h%zargéggﬁt at t he arr! val of

anot her opera{1| ng Sys ion of a tinme del ay.

100411Mm f t f th ' t t
wel 2 COMbElont o b0 B ORARE DD Ry BrofF I Eott CaRAr Fent o hen

spirit and scope of the present invention. Embodinents of the resent

i nvent i on Meeehisebpragdatle SYdem ¢f-&hthereval i whichipgep éablq ‘FQﬁsltSrl%Etaiﬁ\ﬂemrFé@hé)r
than restrictive. Alternative enbodiments will becone apparent to those

ski |l | ed i nsadfyestad to bhastsodated atithdbpacw phgotabid, 8s swopen Modkkild. esccardingan nmay
devel op alternative neans of inplenenting the aforenentioned i nprovenents
W t hout dep@rdnbddirhé Bf ttheinsemih, dfc ¢y RSB pagd drlevdldatd lthe Wist | be

understood that certain features and subconbinations are of utility

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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and may be enployed wi thout reference to other features and subconbi nations
and are contenplated within the scope of the clains. Not all steps listed
in the vawoeow/firger es need be carried out in the speci PCce/useaensssescri bed.
CLAI M5 The invention clained is: 1.0One or nore conputer-readable nedia
storing conputer-executable instructions for performng a nethod of
converting a plurality of small pages associated with one or nore processes
execut i ng 4perdingoiepilie encthgd Sathaf rﬁl - &- | Ahigdipadelay da@hpastmete thit ¢pald by, of
smal | pages being associated with one of a plurality of page table entries
from a hi exdarstli lgah pragemtreb| &seys admnctinto nsengoradnyl e@stls¢ wothl gppedysiacd
page tables, the nmethod conprising: scanning a |last |evel of the

hi erar chi (‘a%l:es@@(gﬂletsf:\hbﬁ @t et W arPoRAGMglsghibM dofiflofichhy(2aghn aflagt ph@ast a

threshold of a plurality of entries are associated with one of a plurality

of pages, if eHldddadid B pdIe LaHRNLF ChERL I Ry & SARMLAYR PARS Fi#PInStance
according to the method 600 of FIG. 6. Upon completion of either the method of
attempting to convert a page table to a large page, or the method of converting a large page
to a page table with entries associated with numerous smaller-sized pages, a waiting period
is entered again at block 701. This waiting period again expires cither at the arrival of
another operating system notification or the expiration of a time delay.
[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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| ocating a nenory segnent conposed of a plurality of contiguous segnents of
physi cal nmenory, |arge enough to store each of the plurality of segnents of
physi cal nenory associated with all of the plurality of entries of the
candi dat e page tabl e; copying each of the plurality of segnents of
physi cal nenory associated with all of the plurality of entries of the
candi date page table into the nenory segnent conposed of a plurality of
contiguous segnents of physical nenory; and adj usting a page table
entry in a page table one |evel befoxg Ak | ast | evel of the hierarchica
page table systemto be associated with the nmenory segnent conposed of a

pluralityTe ilemidfuedsgonments of physical nmenory. 2. The
media of claim1l, wherein scanning a | ast | evel of the hierarchical page

tabl e system conpri g$es seheel imaé Moxﬁﬁ&@ﬁféﬁ&alﬂ@ﬁ{éd&f stéift eorRputévexebutabldr ess
spaces associated with the one or nore processes executling on the conputer

system . . . | | , | thr a
pl urali tymg%mceunotnF if%rsp%fsorglﬁl g g?'%ttﬁoe&){)ﬁ gérng’lfmné %}m@%ﬁ? ﬁgtssﬂl%n &ggssgg%‘gat%A
The nedi a og claiml, wherein each of the Blurality of entries of tp

candi dat e VHAPEC 05 FIEC RFASCFES BXGCHIREIOhA CAMRUET Ry YHE adfref ags factvp Ber o

processes executing on the conputer system .
plurality of small pages being associated with one of a plurality of page table entries from

a hierarchical page table system containing at least two levels of page tables, the method
comprising:
scanning a last level of the hierarchical page table 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 pages, resulting in the identification of
a candidate page table;
locating 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 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 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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5. The media of claim1l, wherein |ocating a nmenory segnent conposed of a
plurality of contiguous segnents of physical nenory conprises copying data
froma first location near an area of physical nenory to a second | ocation
away fromsaid area in order to create a plurality of contiguous segnents
of physical nenory |arge enough to store each of the plurality of segnents
of physical nenory associated with all of the plurality of entries of the
candi dat e page tabl @. The media of @laiffihé, madirein ofcanhiag na lastwkeaekiofi thhe
menory segnent conposed of a plurality of contiguous segnents of physical

menory i shiefarehipdl et erablen egbiddy toonippiserd sglyctively scanning each?of hhpluraiady afof
claim1, wherein copying each of the plurality of segnents of physical

menory assafbRl Sfc hdlodhted Alith ke BheToR! b Hoc&Bes ERSulhg LhShE odiiake
page table further conprises freeing said plurality of segnents of physical

menory af %%: hey have been copi ed. 8. The media of claim
1, wherei 'd page table entry in a page table one | evel before the |ast
| evel of the hierarchical page table systemwas previously associated with
t he candi date page {able . . 9. The nedia aof claiml, erein
adj usting a page taéi e enbs Weﬁlfrqfﬁé?mc]oﬁ‘ﬁﬁeé’ééhef‘g?éhﬁﬂ oi a?é‘{:f?ré‘ﬁ’to Sh&nor y
contai ning the candi date page table. 10. One or nore

conput er - IsedldRftiheplyeaditaokensngsng conput er - execut abl e i nstructions for
perform ng a nmethod conpri sing:

4. The media of claim 1, wherein each of the plurality of entries of the
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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scanning a last level of a hierarchical page table system containing at

| east two | evels of page tables, in each of a plurality of address spaces
associated with one or nore processes executing on a conputer systemfor a
page table in which each of at least a threshold of a plurality of entries
are associated with one of a plurality of segnments of physical nenory,
resulting in the identification of a candi date page table; | ocating a
menory segment conp8sed ®he meglawfalaitnyl,ofhereintshigupags tabdgyemsrit i opagsHyllecal
menory, |arge enough to store each of the plurality of segnments of physical

menory assmeiléet betdré théllast dkvdlhef HeUhiatdréhicadfpagnt tablessysfent weascpradiodsly e
page tabl e; copyi ng each of the plurality of segnents of physical

menory asgQehiatead it thd cldiafd Eﬁéﬁ?@gural ity of entries of the candidate

page table into tﬁe nmenory se conposed of a plurality of contiguous
segnents of physical nenory; freeing a segnent of nmenory containing the

candi date page tabl g; adjrﬁ?ﬂ%p%ﬁfea 481 L oR r%ine{&ﬁ%ing%@#%%e%ﬁg%?u@gﬁ q

| evel before the last |ev i‘erarchical “pag e Sys

page table entry _bein reviqusly associ ated with the candi date page
Pable. t oCHBPLE GErmEd e BnEH o eGPy S Sag R RO BE T ca bl ur al’ ty of
conti guous segnents of physical nenory; receiving an indication from

a nmenory subsystem incapabl e of swapping out |arge pages, indicati ngba
segnent of a |arge plge Pgepmese sorapyerregdable media storing computer-executable

instructions for performing a method comprising:

scanning 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 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 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 each of the plurality of segménts 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 a segment of memory containing the candidate page table;

adjusting a page table entry in a page table one level before the last

level of the hierarchical page table system, said page table entry being
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creating a new page table with each entry in said new page table associ ated
with a segnent of the |arge page; and adjusting a page table entry in
a page table one level before the |ast |evel of the hierarchical 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 hierarchical
page table systemwas previously associated with the |arge page. '

11. The medi a of cl Bfeiously aspeniasech withethpicendidaitiipegd tabley do balassocinjesk with
contains four |evels. 12. The medi a of claim 10, wherein each
smal | page is 4KB. the memory segmehB comhpesededti @ phirality aif vohfiguotk eseginente af h

| arge page is 2MB. 14. The nmedia of claim 10, wherein the
menory segment conp@%@%apﬁwﬁugyurality of contiguous segnments of physical
menory i s on a predeterm ned byte boundary. 15. The medi a of

claim 14, wherein the pr?e%@i“?nrgmaﬁ]elgdigﬁo% Pr%ﬁpqaﬁlgmio% %M%ystem incapable of

swapping out large pages, indicating a segment of a large page is to be
swapped out;

creating a new page table with each entry in said new page table
associated with a segment of the large page; and

adjusting 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 hierarchical page table system

contains four levels.
12.  The media of claim 10, wherein each small page is 4KB.
13.  The media of claim 10, wherein each large page is 2MB.

14.  The media of claim 10, wherein the memory segment composed of
a plurality of contiguous segments of physical memory is on a predetermined byte

boundary.

15.  The media of claim 14, wherein the predetermined byte boundary is

2MB.
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tabl e systemis addressed according to a 64-bit architecture. 17. A
conputing device conprising a processor configured to performa nethod of
converting a plurality of snmall pages associated with one or nore processes
into a | arge page, each of the plurality of small pages being associ ated
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: st@nni hhe anddiss of clavma| 10pfwherin [ihe page Hiblea hiepaghical aisige
system for a page table in which each of at |least a threshold of a

pl ural it ytabfe system ieaddesedasediag exla 64-blt aeehétectirea pl ural ity of pages,
resulting in the identification of a candi date page table; | ocating a
menory segnment conposed of a plurality of contiguous segnments of physical

nenory, |arge enough7.to at@afpubagbete édifpiding @piocyssof cE@girats peffomhysi cal
menory associated with all of the plurality of entries of the candi date

page tabl g, ﬁ\%?t?ﬂ f Lided Qi GG Hhre Proddbeés irfig!

menory assggllogtoégowt %?Pﬁgﬁﬁ ﬁes p{lﬁlr)%elytﬁf}logl entlrhlses of tﬁg) %a%ﬁ&gt e

gggﬁe;? gl g}&%%ﬁaﬁeggcheﬁmwgﬁg&g&tsm%ﬂr}}z)lggsetgeir?gf as%ogelltlécrl %vlitlhto\ﬁe %ff a%?u%llitg bgus
page table entries from a hierarchical page table system containing at least two levels of

page tables, the method comprising:

scanning a last level of the hierarchical page table 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 pages, resulting in the identification of

a candidate page table;

locating 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 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 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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adjusting a page table entry in a page table one |evel before the |ast

| evel of the hierarchical page table systemto be associated with the
menory segment conposed of a plurality of contiguous segnments of physical
menory. entries is all of the plurality of entries. 19. The
device of claim 17, wherein the nenory segnment conposed of a plurality of
conti guous segnents of physical nenory is on a predeterm ned byte boundary.
20. The device of cl&i m THe dehee edfnclaiopyiingvhessim thd thirbshopd wf & pluyalny of
segnents of physical nenory associated with all of the plurality of entries

of the capgliidais@llRFdR: plarliey diknkiar conprises freeing said plurality of
segnents of physical nenory after they have been copi ed.

19.  The device of claim 17, wherein the memory segment composed of
a plurality of contiguous segments of physical memory is on a predetermined byte

boundary.

20.  The device of claim 17, 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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