WD 01/ 02962 VI RTUAL MEMORY MAPPI NG USI NG REG ON- BASED PAGE TABLES 2 BJDEC 72003
2003 PC‘W Uﬁ?@é 4589 BACKGROUND |. Field of the InventiongpFhifsedfuigti on
rel ates I'6 processors. In particular, the invention relates to
virtual nenory. 2. Description of Related Art Menory managenent subsystem
Is one of the nost inportant parts of the operating system (OS). Virtual
menmory is a techni que w tViRTURL MEMOR YistrcRRIe® USINSG/stem to al | ow t he
processor to access a |larger nenory space than the physical nenory that
actually exists in the processor system _T. Q L.sh this, the nenory
managenent subsystem has torbli@\} 'Bagsgpaﬁ%@&mgaddress mappi ng
mechani smto map the virtual address space into the physical address
space. A typical OS manages and controls a nunber of processes
concurrently. [Each process has itgaMRoRoOUND address space. These
virtual address spaces are usually Separate from each other to prevent
over | apping programor data. The OS has to maintain a page table to store
t he mappi ng i nf ar mat el df of tteabivergimcess. When t he nunber of processes in
t he system becones |arge, or the nunber of address mappings is high, the

over head of mangging virtual  address. nmappi hgs n_beco signif]cant
per f or mance i ni %Vﬁnlhé’?gr@l%tﬁﬁ‘b%FBFIOP§§8‘T‘°’§§I§; %%@F%F‘Fyt%‘éﬁg’lr‘%“agi ng
sparse 64- pé]E yol LAfega] nfdd s spaces. A nunber of prior art techniques
exi st for V|r¥uaP mapp! ng. e technique uses a linear or hashed page

table which is laid out in the nmenory contiguously. This technique
requi res a | arge. phy dDéslipgtbnm by Reflalzd. A&not her -1

Memory management subsystem is one of the most important parts of the
operating system (OS). Virtual memory is a technique within the memory
management subsystem to allow the processor to access a larger memory space
than the physical memory that actually exists in the processor system. To
accomplish this, the memory management subsystem has to provide a
translation or address mapping mechanism to map the virtual address space

into the physical address space.

A typical OS manages and controls a number of processes concurrently.
Each process has its own virtual address space. These virtual address spaces are
usually separate from each other to prevent overlapping program or data. The
OS has to maintain a page table to store the mapping information for each
process. When the number of processes in the system becomes large, or the
number of address mappings is high, the overhead of managing virtual address
mappings can become a significant perfornﬁance limiter in large computer

systems, especially when managing sparse 64-bit or larger address spaces.

A number of prior art techniques exist for virtual mapping. One
technique uses a linear or hashed page table which is laid out in the memory

contiguously. This technique requires a large physical memory space. Another
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WO 01/02962 2 3 DEC 2003 PCT/ US00/ 14589 techni que provides gl obal shamingn
of page ¢ abl or a set of translations (global bit). Wyj i

t echni quﬁ?ll? the OS to nmap globally shared objects ef H’ffuéﬁ@ 4&?9 it

does not provide mechanisns for mapping sparse large 64-bit or larger user
addr ess Spt%féﬁﬁicgfeflbfdﬁaéé ?lqbﬁ'l‘@ﬁﬂfiﬁ%@f fﬁ@' @bl&s frAeetof fahfiatibAs I@grlg;'bggy to
provide a sinple and efficient nethod to performvirtual nenory ppi ng.
SUMVARY ThieitpWhiatthisnecmiqee allevet e @Dtammpt glodalin dhapdartgeds to map
virtual nenory spacs. In brief, one enbodiment of the apparatus_ conprises
a region ¢Egientst 1t dpes BAHPEOWLE mgshanisgys fPamarnipskprapedrradpt-bitore

region register file rovid -r.eghon identifier for a virtual address in
the virt ua‘arﬁgrn%gfeﬁ asdp%%gé.jgigal%g e\?}ffcl{l?%llaﬁ address includes a virtual region
nunber and a virtual page nunber. The virtual page table |ook-up circuit

i s coupled to tiRefedBiOher89 810 in Hle&e&l%ﬂ%@?ﬁ@b@oﬁicﬂé@ﬁxﬁﬂb'a%demry
(PTE) virtual address fromvirtual address paranmeters. The virtual address

par anet er seffividnigeettoel fn perjaim addnalssenBRy BRaRESERI PTI ON OF THE DRAW NGS
The features and advantages of the present invention will becone apparent
fromthe follow ng detail ed description of the present invention in which:
Figure | is a diagramillustrating wﬁn whi ch one enbodi nent of the
i nvention can be practiced. Figure gramillustrating a

regi on- based virtual mapper according to one enbodi nent of the invention.

Figure 3 is a drRg %@Eéﬂt'iﬂﬁéﬁ@éﬂ Pdas i€ 8iRethBased A5saahacemhpyartual

according to one efbodi nent of the invention. -2
memory space. In brief, one embodiment of the apparatus comprises a region
register file and a virtual page table look-up circuit. The region register file
provides a region identifier for a virtual address in the virtual memory space.
The virtual address includes a virtual region number and a virtual page
number. The virtual page table look-up circuit is coupled to the region register
file to generate a page table entry (PTE) virtual address from virtual address

parameters. The virtual address parameters include the virtual address.

BRIEF DESCRIPTION OF THE DRAWINGS

The features and advantages of the present invention will become
apparent from the following detailed description of the present invention in
which:

Figure 1 is a diagram illustrating a system in which one embodiment of

the invention can be practiced.

Figure 2 is a diagram illustrating a region-based virtual mapper

according to one embodiment of the invention.

Figure 3 is a diagram illustrating a region-based page table layout

according to one embodiment of the invention.
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illust rawc?gl,@z99{ ocess to performregion-based virtual mg&&ﬁ@ﬁgpgg

according to one enbodi nent of the invention. Figure 5 is
illustrating a process to perform cross-address space copy according to

one enbodi ment Fighites iy ki@t DESCRIRT aNoIAE tBRSRRN }égtsﬂlaa@@di s a

met hod and apparatus for mapping a virtual = menory address to a page table
ent ry addr gdguaiimemeghmagpengprowrdies; ta one dmbddinmeadiocdthaimzetidiVRN) fi el d
to look up a region identifier (ID). The region IDis conbined with the

virtual page nugber (VPN) .to index a translation |ookaside buffer (TLB).
When there is a%%é’/é%'\g flowsrhget lysiratingerRrocessey perioronsrossradelsess i s

gener at ed i Lan: | meters.including the VRN, the
region paggﬁésél%gce%fﬁéeceoggg% Rgéll%ejeahggggéng‘?f;tggtm‘r’ee@}oﬁ‘er, the VPN, and the
PTE size. The technique provides fewer TLB m sses than the traditional
techni ques and sinple nenory managenent for the GS. In the follow ng
description, for purposes of expl aRESORIPTUOB! ous details are set forth
in order to provide a thorough understanding of the present invention.
However, it wl L]_Ihge apparent to one skilled in the art that these specific
details are not ‘FEJercsedt inyeptgres ¢ ;gthad @ndeppasatys deemapping atviomal | n

ot her i nst electrical strhuctures and.circuits are . sho in
bl ock di ag{régqun&fyo%\?nh%%Sggggg?agﬁeofi%{eoergﬁé%?Ees?'hzﬁﬁF%@@ﬁ‘ﬂu‘? R&%‘H?P&ﬁw% re 1
is a di agradgibhlnighpat (v DAY t L Acwht haent of
t he invent?é(;gr% can be p(r a%lt\]?ced. T%]c?kc m%urtg Pkggg?gfr#\qggﬁl g&%urggmg%@
processor ¢@8binechwpgth busvirhisl paghostmiixr (VFN cloiipdes akdhslaticry kickmsidanor y
130, a PQ Efus ,éﬁg PCl devices_1601 to 160K, and a mass storage_ device
172. The pPoteEEbhBYokVhapthese isa ThBdaissr apage tbde ety (FAE) vitualaddsese of

ar chi t ect UGG ATsifig TRE FeglolHdst VillalSiraSRIRY iRLR b B v dneed -3
region page size, the page table address offset register, the VPN, and the PTE
size. The technique provides fewer TLB misses than the traditional techniques

and simple memory management for the OS.

In the following description, for purposes of explanation, numerous
details are set forth in order to provide a thorough understanding of the present
invention. However, it will be apparent to one skilled in the art that these
specific details are not required in order to practice the present invention. In
other instances, well known electrical structures and circuits are shown in block

diagram form in order not to obscure the present invention.

Figure 1 is a diagram illustrating a computer system 100 in which one
embodiment of the invention can be practiced. The computer system 100 include
a processor 105, a host bus 110, a host bridge chipset 120, a system memory 130,
a PCI bus 155, K PCI devices 160; to 160k, and a mass storage device 172.

The processor 105 represents a central processing unit of any type of

architecture, such as complex instruction set computers (CISC), reduced
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WO 01/02962 2 3 DEC 2003 PCT/ US00/ 14589 instruction set conputers (FE3Er.200
very | onq,(%@ﬁzgict ion word (VLIW explicitly parallel i nigrgﬂgﬁgggﬂ“s@gt

comput i ng or hybrid architecture. The invention
i npl emented in a nmulti-processor or single processor conputer system The

host bri dgmsehicBsRtsel 28npREryRISE, RERDRINgGhsiribabA 36 IC{VIEIWY 8xplcitlgl | ow
the host processor 105 access to the system nenory 130 and the | bls

155. The spataghl imstmrofion3et rempasiogt (EPdap corhyhoi@ anddteahirensl Heoinventionng

i nformation. FqQr exanple, the system nenory 130 pay i nclude non-vol atile or
vol atile n@mfi&&m@?mf IR RS BTORERATI S INGE RIPSCICASATHINEF y, 1 ead
only menor y, 5859\/), or random access nenory (RAM. The system nenory 130
may be | oaded Wi th an operating system (QOS) 131, a region-based virtual
mapper support 135, and other progranms and data 138. O course, the system

menory 130 pref eha@bbyt B9ag@ chipsadiig iRl essohhite® of ifler ke Wicuitshbch i's
not necessary to understanding the invention. The virtual mapper support

135 i ncl ualésweheimont pracessonpbrtcdashao tpestemnmemdriyd 30egidbthe &Hdusi rt ual
mapper 107_sugch as gro ram cggle, data, or | ook-up tables The PCl, slots
1601 to 16b%- BFOzX é 30 FeP T8N g ORe I SMOE 8RIsHs IQNELOHBgi ces

' ncl ude a i%%é?ﬁétjfoﬁ.ni:& éﬁa‘}ﬁﬁgegﬂnﬁas%%%h%géﬂ{oﬁgflﬁﬁ%ag'{&?glﬂgh‘ei‘%lrr\‘fyofaﬁ‘i epf ace

connects t'0 conmuni catlon cC e nternet nterne

provi des agglafik teniitidsl Mxas@piet 6 tise heabsies VRELUBE PHERI BentY, Aldder
network channels. The nedia interface provides access to audi 0 and vi deo

devi ces. Tomly mesory(BOMk odeendemls2essmentey(BAM Thesyptendins&edtes, and

manage i r i5aREY Redpaded Spbas opBraias FYapedly Kiah B ERSRY TOIA

nar dver & LR PPBEL e earery A RRPp Rt R anf e aRkn OB R e B ven

address spaeffory 130 preferably contains additional software (not shown), which is not
necessary to understanding the invention. The virtual mapper support 135

includes elements to support the operation of the region-based virtual mapper

107 such as program, code, data, or look-up tables.

The PCI slots 1603 to 160k provide interfaces to PCI devices. Examples of
PCI devices includé a network interface and a media interface. The network
interface connects to communication channe] such as the Internet. The Internet
provides access to on-line service providers, Web browsers, and other network
channels. The media interface provides access to audio and video devices. The

mass storage device 172 include CD ROM, floppy diskettes, and hard drives.

The invention presented here allows operating systems to manage virtual
address spaces more efficiently than traditional virtual memory mapping
mechanisms. In particular, this invention enables processor hardware to
significantly reduces the overhead when copying data between address spaces,
e.g., between two user-level processes or between the operating system and a

user-level process. Such performance optimizations are very much of interest
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e g., between two user-|evel processes or between the operating systgmﬁ@qm}g
user- ocess. Such performance optinizations are

|nterest A'ﬁmé) 1/ 02962 2 3 DEC 2003 PCT/ US00/ 14589 si nce\f'?hwg%s&

significantly reduce the amount of time required to send or receive

networ k dadicd frayp gfufﬁfaﬁﬂ?sr%du'%érth@%{&&\@ofhh% SRl A Rl or cachi ng
operations in an opera ng syStem can be supported at” i ncreased

per f or mancreckwegieswcThekda fromh arusenpeocyssi furtheimose hidnefdtemapifércat i on
software in general, however, Iarge dat abase or Internet or Intranet Wb
servers wifa eP?J@ﬁ@eStlﬂémoareeg'é nEsYpiest fimee SBRRerted t INgeAsethpl ement ed

I n sof twar ent. i nvent ess ntl |1y the
code_ seqmen o TERl sk PRcRLERG e LUt Pogr iR el segnent s
can be st offlvare in fUrRESS HBveRANAREE dARMa PNt AT Thi@He PWetiserpEmRUL er
data signal enbodied in a carrier ve, or a signal nodul ated by a

carrier, awdieapememﬂm&séaqyﬁhpdﬂbmmaﬁhebénmmmessor readabl e nmedi unt’ may

i nclude any nmediumthat can store or transfer information. Exanples of the

E;ﬁé?isﬁév? §2?%mdéz‘éﬁég§%' RO R R TR & A PR IO
olptsigtt(rare um a radéj Oﬁ%r%t?%ﬁgﬁgﬁ@ %Ca&%ﬁe%mﬂeﬁgg?%lé}?gnal

may i ncl u@eleaRgntrgdain bbatorednny ?ﬂﬁ@@i& re¥@4ible rhé Mo TR mTREH B such
as electronic network channel s, ical fibers, air, electromagnetic, RF

| i nks, etc® Compet&,fdbﬁiasimmbm}tdba afcarieo wheve, of aStgnq:bumtedulnéﬁtd/\by hs such

asthe I nter.net, Intranet, etc. 1s a diagr | 1 us rat,ln

r egi on- bas@d iGTAY§AR eswmeée@a» gﬁf’g RIBCesHer iGR ey

I nventi on. | : ' e egi ster
indfifled Al (gf?éfn a¥ich ‘é rg#ﬁr?ﬂ?%ﬁﬁ?o%éﬁ Exé‘m&ﬁ&l Shk®9Y

file 220, a trans asl _
processor readable medium mclude an electronic circuit, a semiconductor

memory device, a ROM, a flash memory, an erasable ROM (EROM), a floppy
diskette, a compact disk CD-ROM, an optical disk, a hard disk, a fiber optic
medium, a radio frequency (RF) link, etc. The computer data signal may
include any signal that can propagate over a transmission medium such as
electronic network channels, optical fibers, air, electromagnetic, RF links, etc.
The code segments may be downloaded via computer networks such as the

Internet, Intranet, etc.

Figure 2 is a diagram illustrating a region-based virtual mapper 107
according to one embodiment of the invention. The region-based virtual
mapper 107 includes a region register file 220, a translation lookaside buffer 240,
a virtual page table lookup circuit 250, and a page table address (PTA) register
260.

The region-based virtual mapper 107 maps a virtual address 210 into a
page table entry (PTE) corresponding to a physical address in a physical
memory space accessible by the processor 105 in Figure 1. The virtual address

210 includes two fields: a virtual region number (VRN) field 212 containing a
-5-



a virtual page table Iookup circuit 250, and a page table address (FTRAJEC 2003
regi ster 260. The region-based virtual mapper 107 maps a virtual address
210 i nt o™ OMRIE t abl e entry (PTE) corresponding to a physPERUSEYPESs in a
physi cal nmenory space accessible by the processor 105 in Figure 1. The

ield 212 SR Brng i8S 10l pab et (YDA el TR Bo BB Aok v ng
N bits andypnvheb#a MPBEE THEWVRNGYTEM th Riott 23 thecRBidi rigigen fil&/BN havi ng M
bits. The VRN is used to | ook up the region register file 220 The regi on

register file (RRF) 220 stores 2r' entries. Each entry corresponds to a

value of the VREheFagivreniistehfite RR®gI20Rtd@ent ichirees. GaE) ehirgl d 222
containing the region ID having P bits and a region page_ size (PS} field
224 cont atorrespantts toegvamers. the ARINe diach enDyyi kascoregaer arddiar () fipkd VPN

to f | obal . add 230._The gl | ad . 230 incl [

D 116l t 235 SHITANGRRE Fraiod TEA WRE U AV BP0 1) A Ple. VPN,
ti : | e ' TLB

240 and | < talif Fh 80Bor A PRS00 IR KB e e R O S B I T ol o

the PTE vigfopal a@dei:e$30. TR dlbBal48d &8s DEGirageestthblregiontlD feld23x seent | y
used gl obal to physical address translations. Wen a gl obal address | ookup

hits in the VA field@3dmehicHicoatainy tyeregion 89 aplythie M Narkgpeetivelyid Theér - page
menory attrjbutes of the. referred.to \Whe l.obal addre | goku
nisses in Sh’gairﬁ dressOrinased i fapk uaﬁ@%f’ifﬁapéﬁ? Mﬁ%@\fﬁ yseddhy fﬁenep
har dwar e f;ahl [ I : r 10

transl at epﬁﬁﬁa&%g\%tﬁkzgﬁogﬁ% [s:‘gllttér??)g tél@gﬂ%}':eca ¢ I;‘f(’}%#rlerzgﬂ atqﬁ%esshar dwar e

page wal ker uses the sane address transl ati on nechanismrecursively (e.g.,
the PTE virtual TRAAMEES 340 eadhegage thbleraniys of feeently ubediglabddtephysicab

averd address translations. When a global address lookup hits in the TLB, the TLB
directly generates physical address and per-page memory attributes of the
referred to page. When a global address lookup misses in the TLB, then the
virtual page table lookup circuit 250 (the hardware page table walker) generates

the PTE virtual address.

To translate the PTE virtual address into a physical address, the
hardware page walker uses the same address translation mechanism recursively
(e.g., the PTE virtual address is treated like any other virtual address). To avoid
infinite recursion, a software TLB miss handler is invoked, if a PTE reference

results in a TLB miss.

The virtual page table lookup circuit 250 receives a number of virtual
address parameters to generate the PTE virtual address. The virtual address
parameters include the global address 230, the region page size, the VRN 212,
the VPN 214, the PTA offset (PTA .base) from the PTA register 260, and the PTE

size. In one embodiment, the PTE virtual address is generated as follows:

Index = VPN{M-1:0]) >> RRF[VRN).ps (1a)



infinite recursion, a software TLB miss handler is invoked, if a PTE 3 DEC 2003
reference results in a TLB mss. The virtual page table IPBJf ﬂ&yfﬁyit 250
recei ves VP RUM3&% of virtual address paranmeters to general € the

virtual address. The virtual address paraneters include the global address
230, the regoinpRaRI&sze, the VRN 212, the VPN 214, the PTA offset

(PTA. base) fromthe PTA register 260, and the PTE size. In one enbodi nent,

the PTE virtual address | s gener d follows: 1nd = VPN{M 1: 0),, >>
RREL VRN pOV Ry T O 5 BRRSBER b B0 BB Bl hasso PIE vi rLEL
address = (VRN{N-1:0} << M OR ( (PTA. base{M1:0)) OR (Index << PTE size))
(1b) where " RREfMRNE. RRF[VRNNEsT BGhe Regiag agestzd in the REERE2(220
corresponding to the underlying VRN. The operators >> and << refer. to shift
ri ght and sturesporeding todbpentderkiipg Vil Thawipenatatseeh and s BRiEF &0 shmt
virtual page,table loqk-up circuiit includes circuit elenents to perform

t he abovg %‘[Sé‘ﬁéf‘ﬂosr’i%ﬁgﬁfé)‘peéﬁﬁde&%y: The virtual page table | ook- 5p circuit

i ncl udes an index generator, first and second |eft shifters, and a | ogic

circuit. The i nm?ﬂgr&ﬁ&hg%egfﬁiﬁﬁ%r@@hé O%alg%ﬁesmltetlbé‘lgﬂf | gkt he

virtual page nu a nunber of places corres ding to the region page

size. The frdlgfled &frtuis kidrhentsits peefopirethetabolvb@peratipnsdéajearad OYb)t dheshi f t
| eft the index by a nunber of places corresponding to the PTE sjze. The

second | ef virtilfpage tohi¢ look-upicinchid inflodganrn ingpogentiatos: fir aadnisesad
Ui Trual pagtt ARer hdif1Sgibateat; s ndrS selt U et R R ane BN T g
Tani o of fsa0 L L B P eu B he
PTE vi r t uathefigiies pagehezd. oThefirstdefobhifteras tonsied ao thxeindedegenerator to
shift left the index by a number of places corresponding to the PTE size. The
second left shifter shifts left the virtual region number by a number places
corresponding to a word size of, or a number of bits in, the virtual page number.
The logic circuit is coupled to the left and right shifters to perform an OR
operation on the left shifted index, the page table offset, and the left shifted

virtual region number to provide the PTE virtual address.
The following observations can be made:

1) If the VRN is excluded from the Index computation shown in
equation (la) and if (VRN{N-1:0) << M} and ((PTA.base{M-1:0} OR
(Index << PTE size) do not overlap, the linear page table image can be
re-mapped from one region to another, without requiring any

modifications to the page table memory image.

2) If the region identifier is excluded from the PTA virtual address
computation, the page table entries can be managed independently of

the region IDs.



1) If the VRN is excluded fromthe |Index conputation shown in equat2@rQgC 2003
(la) and if (VRN{N-1:0} << M and ((PTA base{M1:0} OR (I si ze)
1 &H& : %}gﬁiﬁ?oﬁl a5goF

do not o¥ed he |inear page table inage can be re-map rom one
region to another, wi thout requiring any nodifications to the page table

MEMory i mage. 2@3%@8&%@9&%@@%& fib8Es 45 nBX BhvEsibé hamualng PTA virtual

address conput page ta entries can be managed independently

of the regiipudes thrdudBud hllG29fhs?BubbRly2Q0Bin PETH HEAOR. TVI8 PeTirdts
regi on-based Il near page tables do not have to_be virtually contiguous
t hr oughouteazhiregami'opage table tmbgy meinalged independsyithh. Furtherrpererihe each

Fogi on- bagdiar-ased [RgY A @8 e VIREAL FARREshod. LYo TRDSTR ABE have
to be physically. contigu Rl regl t dslest he page
tables the Séfa\}}e/"'sc%rg?‘é%é%ﬁgﬁq& @:}821 I%%gég‘ésggégﬁﬁv%ﬂdlgé{r}geeg%rt ueéc’l

addr essi NGheaRRARIS dahikﬁﬁ%ag%dg-ln HidcbisbrPwetersgesvirhlil addigsirdg cant | y
reduces the anount of physical nmenory required by the page tables. In

addi tion, ¢apabjlétiénenmpnekbitprocasserss dus bigrifigaithgraduass the pmesnitoft he  TLB
with a region _identifier (RI‘EF%; tggreby etgi m nating the need to flush the
TLB on pr celagscadResery $of e byt 2B ABASbased Iinear page tables are
easier to use by software because there is no need to store or encode the

RIDin the pa le S . [ ) PogR
tabl es, address %‘g(?gl'soncgjlrlgégrf{){}g%ﬂo%rll %If?agéeﬁrrgggg%@?%?ga %S??lttéé}%r egi ons,

wi thout hayl BvitR afﬂegiscth {deatiFleBSRID) MhéreBy leinsinating thasted to flush-thddr ess
space copyl ng, becauSe existing TLB entries can be re-used, and no

addi t i onal ThRge praivess camexusvitdhess Thegegiqubasag linear page tables are easier

to use by software because there is no need to store or encode the RID in the

page table.

Since the RIDs are not contained in the page tables, address spaces can be
temporarily remapped into other regions, without having to flush the TLBs.
This allows much faster cross-address space copying, because existing TLB
entries can be re-used, and no additional page table manipulations are required

by the operating system software to establish temporary mappings.

Figure 3 is a diagram illustrating a region-based page table layout 300
according to one embodiment of the invention. The page table layout 300 has
four regions: region 0 310, region 1 320, region 2 330, and region 3 340. The use
of four regions is only for illustrative purposes. Any number of regions can be

used.

Since the region-based linear page table is virtually mapped, it is also
self-mapping. The offsets 312, 322, 332, and 342 have identical size and are all
defined by the PTA register (PTA base). Having identical offsets has an

advantage: an entire region, including its self-mapping part, can be re-mapped
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by the operating system software to establish tenporary mappings. Figgupgr 83

s a diagr Lustrating a region-based page tabl e | ayout di ng
Aot B3 e

to one At of the invention. The page table | ayout as r
regions: region 0 310, region 1 320, region 2 330, and region 3 340. The

use of four ' : ' ; | N5 o@h@@:@’g

regi ons cgtlr‘il) qbr{aoqg{e}g%gl&gsﬁgéab’(’tgﬁgﬁﬁgéii[égﬁbggged lﬁéﬁﬁgﬁége\%bl eis \1/(?{” ual l'y
mapped, itregisted.so sel f-mapping. The offsets 312, 322, 332, and 342 have

i dentical size and are all defined by the PTA register (PTA base). Having
I dentical offsets has an _advant ag&: an entire reai on, incl udi ng Its

sel f - mappi ng * paFigure 4rs pélovechashBBestraiings p1eerss 490 30 pepiprmorsgaon-based

PCT/ i 1500114589 t o _anot her .reqion ,si mply by transferri | r.eqi on
dent i 11 er S L ATRGR PUGPAIE Srayriaro Opf b simedlof i e
il lustrating a process 400 to performregion-based virtual nmenory mappi ng

according to ongpeAh RENtheQfrobd 400vRREeE thdpRRua} hi¥dTesd figusd Byare 400
recei ves the V|rPuaI address ‘i ssued by the processor and divides'the

virtual adsioesssorrihd dividestthalvirtagl addmssiisto 4 VizN)al ragibranuinttendVRddge
nunmber (VPN) (Bl ock 410). The VRN is used to [ook up the regi olg register
file (RRF)andavartpakpags membeg¥RN)dBheak 4D, (RepjRiNgs sised 49090k vdher ogi on

page size cotrespondi e RID is also.retrieved. (DE C 400
oncat enat ST b Mk OERD kv s BRREGT diRs (RIDE (el 2OPCRES “T0
gl obal ~addfegsish b ¢ 5BB MsRYpbAd {2 D) {74156 atk@Wed] OOkasi de buffer
(TLB) for a“pag %abl e entry (PT (Block 440). The process 400 determ nes
if there is a TLB mss (Block 450). If there is no TLB m ss, the process
400 i s tern natEben tie pruess 480 corkiaBenrtesthet RED pnddbe YN dodermaraglebal he
PTE virtual add ' the VRN, th ' ize, th .t abl
addr \é'sg uaadc?resg ((aéslsécll(J ili-}(r)])g Theeglobal add?esrseig Itl?er}1 Bgegde toslloé?( up aetrzg)ﬁ;}s?gnona ©

lookaside buffer (TLB} for a page table entry (PTE) (Block 440). The process 400

determines if there is a TLB miss {Block 450). If there is no TLB miss, the

process 400 is terminated. If there is a TLB miss, the process 400 generates the

PTE virtual address using the VRN, the region page size, the page table address

(PTA) offset from the PTA register, the VPN, and the PTE size as in equations

(1a) and (1b) as shown in Block 460. The process 400 is then terminated.

The region-based virtual mapping can also provide performance
improvement for cross address space copying. This is due to the following

reasons.:

First, unlike the traditional cross address space copying techniques, the
OS using the region-based virtual memory mapping is not required to change
any page table entries. The OS is not required to create temporary page table
entries for a temporary address mapping either. The OS temporarily assigns
pre-existing source or destination RIDs to two different region registers in the
RRF. The definition of the PTE virtual address shown in equations (1a) and (1b)

ensures that the page table contents remain valid regardless of which region an
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(PTA) offset fromthe PTA register, the VPN, and the PTE size as in 313 DEC 20M
en

equat i ons la) and (1b) as shown in Block 460. The proces g |
t er ni nat ¥@.0 *Pﬁéﬂr egi on-based virtual mapping can al so prov?fi@?J %dr‘r 8§r nmance

I nprovenent for cross address space copying- This is due to the follow ng

reasons: 'ﬂdoterh?as éﬁ%&éggirhngeﬁd a4l %BQQE%@B‘P&%_’: HIEH£5 v HRAHSe TRBYIdM not

t echni ques, e reglon- ed virtual nenory mapping i s not

required tc@n@ﬁamem@mggg@mi@éﬂ ¢orethie lcop§ .opBsti btd somplete.ebruthiedadep
create tenporary page table entries for a terrporarﬁ addr ess mappi ng
eit her. THoebsrdwimzenagewalkes igpdempnieddy the vigugblinear pagadabled wakidgh R Ds

to two differe ion.registers .i,n t . Jhe definition of the PTE
virtual addf®e WPHN?@&%{%%%W}P@%%&&?‘%@E r%‘ﬂé’ﬁ?%?&ﬁzat t he page
table contents remain valid regardl ess of which region an -9 WO 01/02962 2
3 DEC 2003  PCldbnf0fé $E8 168ﬁﬁﬁ§aréﬂﬁ?&éd]%me%%reqmigmf 31db%) haRAgskant

I n cases where t oes not “contairn all mappings required for the copy

oper ati on fbemedri} gieeRIDAndhhe ¥RNEewhitihexdatds eV Rbbieitsvalk arresulp/ thgent ed
by the virtual |inear page table |ook-up circuit 250 shown in Figure 2
wi |l be ablleB iaok-updd o¢renotaippansoPWhiclseegind antadd resspaseRupRpPRee that ched

oxcl udes (HE URR ST MRCtagEeEatl b R AnA KRB Rk 23008 ALY o

whi ch 1 e9i g1, a4 A0dLEoS; SOAGE. SRdRPREY ke o NI B RNELLER @60 thagagd

with R Ds, and réena ong as t or ~an address space Is not

re-cycl ed.nofedd {@8tdate RimpOMRY fIPeublehend mhbppings), ROUERID -tapged @B t 0
create tenporary page tables and mappings), and RI'D -tagged TL entries

| eadi ng t ertdesteafliBgrb Jews; ThBongssasidresssadiresesprop PRy Ingfrrbee achi eved
in less ting than using conventional TLBs a nme ds.,.Figure 5is a
fl owchart %EFLF"{)@ ‘é’tu]ieﬁéy 9 W%G@“V%“%%‘??qﬁcﬁ’tﬁt@géﬂﬁ?‘é’ '

Figure 5 is a flowchart illustrating a process 500 to perform cross-address

space copy according to one embodiment of the invention.

Upon START, the process 500 sets up the region-based linear page tables
(Block 510). In other words, the memory management unit is configured or
programmed to operate in the region-based linear page tables. Then the process
500 sets up the address destination space in region 0 by assigning one region
identifier (e.g., RID 1) into one region register in the region register file (RRF)
(Block 520). The process 500 sets up the address source space in region 1 by
assigning another region identifier (e.g., RID2) into another region register in

the RRF (Block 530).

Next, the process 500 initializes the source and destination addresses
(Block 540). These are the virtual starting addresses of the source and
destination memory blocks. Then the process copies the contents of memory at
the source address to the memory at the destination address (Block 550). The
process 500 next determines if all addresses have been copied (Block 560). If

not, the process 500 updates the source and destination addresses (Block 570)
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space copy according to one enbodi ment of the invention. Upon START,Z 3 BEC 2003

process 0 up the region-based |inear page tables (E @$ 1 I n
ot her mbgyéwiﬁh% menory managenent unit is configured or #ﬁ 3ﬁﬁgéjto
operate in the region-based |linear page tables. Then the process 500 sets

up the addéﬁ&%h@&eggile%a%&)wfb BRAKSION IF 5191%ear&.s@h%E%@i%,%E%be&s

identifier (e.g., into one region register 1n the'region’'register
file (RRF)50( Blteckifd@). The process 500 sets up the address source space
inregion 1 by assigning another region identifier (e.g., RID2) into
anot her region register in the RRF (Bl ock 530). Next, the process 500
initializes thelb88r e RIfESHEIVERHONdN2 ernégueetp mapBrKkaba@moryhekke ar e
the virtual starting addresses of th ource and sti_nation menof.

bl ocks. | Thes h Rl M Ae T B e Pl BT DB e BY § e REuBL i
address t oaAd@ VIPHRI Yindhr Fage gasik uaéﬁ-'ugrbn%ﬁﬂt et {eBhEke PROYidebiford ! OCESS
500 next determnes if al ddresses have been copied (BFfock 560). |If not,
t he procesBektbilitypdanhemdrigenanageeatshdeffidieratopenatistyeessdslly Bhroais$70)
-10 2 3 DEC 2003 WD 01102962 PCTI US00114589 and then goes back to bl ock
550. |f al?dQxesF EBAELCORKIBEIRGTations-ed, the process 500 is terninat ed.
Thus, the present invention is a technique to map virtual nenory. The

t echni que uses hOR-: bl es i mpl emented. by a .region_register
(re and a vir FOSE RS BIRAAAER B et el b e b TR AR i
provi des rahBodimexishthis idestApHBARE KoRAGUESEN b@@éhs@xfde'd%?mﬁnﬁﬁﬁéat I on,
especially for cross address space copying operations. Wile thi

i nvent i on deasebdeniaiesmodbféck tinristofrtbe éllestoativecernbodisteras,i aseveld ab otherent s,

this descriptiqn is not.intended to be construed in a limtjng sense.
vari ous mﬁi‘P‘*’PaHf‘?BﬁsofzwetlﬂﬁFF?ﬁs‘fmﬁ‘i 318 2pRBEItHe rPF&OnégLWqu igeArher
to which the invention pertains are deemed to lie within the spirit and scope of

the invention.
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enbodi nents of the invention, which are apparent to persons skilled 'g iE?
art to which the invention pertains are deened to lie within the spz iD 003
and scope of the invention. 2 3 D E C 2003 Wiat is clained is: 1. A nethod
conprising: providing a region identifier for a virtual address in a

virtual nenory space, the region identifier identifying a region mapped to
by the virtual address, the virtual address including a virtual region
nunber and virtual ~page nunber; and generating a page table entry (PTE)
virtual addreds EPWW?girtual address paraneters using an index obtained
fromthe virtual page nunber, the virtual address paraneters including the
vi rtual adgress and a reﬁgon page size used in providing the index. 2. The
met hod of dtai m% MFNET EFAPHSHE PTE virtual address is virtually mapped. 3.
The nethod of clRbvididg Whgicaiidentifi@ fiFkEvinial hdiadss Bdoriess memotyugas, hiegionr t ual
regi on nunber. 4. The nmethod of claig1é wher ei n th@ PTE vi,rtual qﬂdress i's

i ndependent'detifigtdentidngmregign Aapredds by Ge virmal addressothe Siral e idvet n t he

virtual addifssrepRhatBbaraad b vidulighod Mwlbean® page table offset provided by
a page table address register, and i PTE éi@g. ?. The qe%ﬂod of claim5s
wher ei n gener at i858erRE apree Fpleeniny PAFyyEud adyfsiiogedrtual aeaiess BIPRY ST Ha 8 ndex
by shiftingnhiidRbbibiied FomthalirmPRpRe AWTBRE! thoVirtdal AUdrBR pa@fneRlsdf@sding the
corresponding to the regi on page. size; shifti %,I ft the index by a nunber
of places ¢ ‘Pé%b%ﬁﬂ?ﬁﬁ“?@o?ﬁ@e@¢E”§?beD§HW§$iﬁ ““eft the virtual region
nunber by a nunber places corresponding to a nunber of bits in the virtual
page nunber; and perforninp,an OR operati aon ﬁn%}he_left"shift d i ndex, the
page tabl e %of f sethe matpdiaf glajmpf phereiithe Il Yrtpg! adgress LG M IRBRY t o provi de

the PTE virtual address. 7. The nmethod of claiml| further conprising:

enerating a PTE froma translation | ookasi d ffer (TL usi.ng.a gl obal
gddr ess g 3. The method of claim 2 wherein the PTE virtua‘? aclﬂ?l'ess ncludes tﬁg virtual région 9
number.
4. The method of claim 3 wherein the PTE virtual address is independent of the region
identifier.
5. The method of claim 4 wherein the virtual address parameters further include a page table

offset provided by a page table address register, and a PTE size.

6. The method of claim 5 wherein generating the PTE virtual address comprises:

generating the index by shifting right the virtual page number by a number of places
corresponding to the region page size;

shifting left the index by a number of places corresponding to the PTE size,

shifting left the virtual region number by a number places corresponding to 2 number of
bits in the virtual page number; and

performing an OR operation on the left shifted index, the page table offset, and the left

shifted virtual region number to provide the PTE virtual address.

7. The method of claim | further comprising:
generating a PTE from a translation lookaside buffer (TLB) using a global address
formed by the region identifier and the virtual page number.
-12-



formed by the region identifier and the virtual page nunber. -12 2 iéf ﬁé@
2003 8. The nethod of claim7 wherein the PTE virtual address is ge % 0
when there is a TLB miss. 9. The method of claim7 further conprising:
recursively generating the PTE virtual address; perfornmng a reference to
access a PTE in nmenory; and inserting the referenced PTE in the TLB. 10.
The nethod of claim9 wherein control is transferred to software if a

i f the PTE_virtual. add IS i TLB ni 1 A0, t
Conpr1 91 ng o r aUE R ERGrapar Pian it T Fou kMLt L g ARR 7 S

vi rtual adaiigss using a virtual region nunber, the region identifier
identifying a region mapped to by the virtual address, the virtual address
i ncluding the virtual region nunber and a virtual page nunber; and a
virtual page tahthe ne@old-opaiei T fithér comppdiegd to the region register file to
generate a page tabl entr%I(Pﬂgﬁavirtugl address fromvirtual address
parameters usi ngelRYehaRsReBMESHELE YiFBthaddR%: vi rt ual page nunber, the
virtual address ppapmiiBl £feferéndeloudiddga PIRivihérhdralanaddr ess and a region page
size used in praovidjing the ind?g._12. Jhe apparatus of claim11l wherein the
PTE virtual addr”é5§§'“rgghe\ﬂe§efeﬂ°£dl v EdBPsddB- 13, The apparatus of claim 12
wherein the PTE virtual address includes the virtual region nunber. 14,
The apparatus of claim13 wherejn the PTE virtual address is i.ndepen t of
t he regionloideﬂ@?ﬂﬁgpﬁOiﬁ?mﬁ%gh%ﬁBéW3Fﬁ§t@F“@F%ﬂﬂf A PEFHWP%@R&?Eﬁga
addr ess panafR! ffafest HEGRSE a TDBIigde a page table offset provided by a page
tabl e address register, and a PTE size. 16. The apparatus of claim15
wherein the virtual page table |ook-up circuit conprises: -13 2 3 DEC 2003

11. An apparatus comprising:

a region register file to provide a region identifier for a virtnal address using a virtual
region number, the region identifier identifying a region mapped to by the virtual address, the
virtual address including the virtual region number and a virtual page number; and

a virtual page table look-up circuit coupled to the region register file to generate a page
table entry (PTE) virtual address from virtual address parameters using an index obtained from
the virtual page number, the virtual address parameters including the virtual address and a region

page size used in providing the index.

12. The apparatus of claim 11 wherein the PTE virtual address is virtually mapped.

13. The apparatus of claim 12 wherein the PTE virtual address includes the virtual region
number.

14, The apparatus of claim 13 wherein the PTE virtual address is independent of the region
identifier.

15. The apparatus of claim 14 wherein the virtual address parameters further include a page

table offset provided by a page table address register, and a PTE size.

16. The apparatus of claim 15 wherein the virtual page table look-up circuit comprises:
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an index generator to generate the index by shifting right the virtual page
nunber by a nunber of places corresponding to the region page size2 3aE{ 2003
first shifter coupled to the index generator to shift left the index by a
nunber of places corresponding to the PTE size; a second shifter to shift
|l eft the virtual region nunber by a nunber places corresponding to a
nunber of bits in the virtual page nunber; and a logic circuit coupled to

the first and seco shifters to forma tion on the

Shi fted | ndex, GHAAGReB R errlabe P ehE et O Poeet et & bgi on
?unbﬁr t 0 PLAVETSE plabs coHJslﬁondiﬁgttua{era@df@%sméw The appar atus of claim 11
urther conprising: a_.translation | ookaside buffe TLB) . coupl ed th
regi on register afnfngtéﬁl ”g’é'ﬂl@$ ge ‘Qd?jﬁ“efﬁfgﬂqé]u’g lﬂ{@g e%lB’él?B‘é’EbelrS{‘ﬁ% s

t he region cbg@@g)ﬁd‘ﬁg%ﬂmgm VI rtual page nunber. 18. The apparat us of
claim17 wherein the PTE wrtg ddress i.s generated V\/nbrg there is a TLB

mss. 19. The afparoef siiftgrto ghiflilef thevighalregiop mberyra TinbenRlaRss EARsRPIB8K - up

circuit regysshiedrsf bidGRBleatinl fdgenitlierndt ual address, perforns a
reference to access a PTE in nenor and inserts tth ref erenced PTE |n t he

TLB. 20. The appdpsit iscugrownied trihediriand sreondshifiersse periorpan (i peratign prythe

sof tware i fiefasHidanhdeg, 1€ pdgl eableddlsety hdtibleft FAHERS Sudl BsgitntnSmbér 8 prokRe eSS .

21. A system corrprl sing: a processor having access to a physi cal nmenory
space: and PAEiRya,addressidr ess mapper coupled to the processor to map virtual
nmenory space into the physical memory space, the virtual address mapper
conprising: a region register flle to provide a region identifier for a
virtual addrfess T appagates afclair 1! fashencomepsite using a virtual region nunber,

the region i dentyfdn@htidnd6dNadifie/buttr ErUIES Obuplbd TR MR eshidnTegiktyr ilB 6 pehérbtdalPTE
address, the virtual address |ncI udi.ng the virtual regi on nunber and a

virtual padéingagiabaladdigsiformed by tli rpgien ge@é‘:er and the virtual page number.

18. The apparatus of claim 17 wherein the PTE virtual address is generated when there is a
TLB miss.
19 The apparatus of claim 17 wherein the virtual page table look-up circuit recursively

generates the PTE virtual address, performs a reference to access a PTE in memory, and inserts

the referenced PTE in the TLB.

20. The apparatus of claim 19 wherein control is transferred to software if a mapping of the

PTE virtual address results in a TLB miss.

21. A system comprising:

a processor having access to a physical memory space; and

a virtual address mapper coupled to the processor to map virtual memory space into the
physical memory space, the virtual address mapper comprising:

a region register file to provide a region identifier for a virtual address in the virtual
memory space using a virtual region number, the region identifier identifying a region mapped to
by the virtual address, the virtual address including the virtual region number and a virtual page

number, and
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a virtual page table |ook-up circuit coupled to the region register file to
generate a page table entry (PTE) virtual address from virtual addQQ§§EE2m3
parameters using an i ndex obtained from the virtual page nunber,

virtual address paraneters including the virtual address and a reglon page
size used in providing the index. 22. The system of claim21 wherein the
PTE vi rtual address i's virtuaIIy napped 23. The systenlof clain122 wher ei n
the PTE virtual ad ss |n q?s the. v Lg N E% nu qﬁ [ . The system
of clai m23 whefei' Hae%e ‘ﬂPqu'i"“’éa?i’:P 2 89 h"di‘é%%%%f t 00%‘3“?'?1%3}’%%5 i on
identifier tab%entzTMET]S)ySrt@mcmfescfrah Rir2dl a&'dessq:amnietm wsnrrgtmaxhdeadbhamsd?from
paranmeters further incl de a F%g% tabl e o&fset e table

D aos T et hage Himbi? POASa gt A Pt et Bl i P e e E e

virtual pagegdsaliged ia@kovidingthe déd. conpri ses: an index generator to
generate the index by shifting right the virtual page nunber by a nunber
of places corresponding to the region page size; a first shifter coupled to

the i ndex gener ath@kysten sfuldih 21l SfkreinnBe PTEIGMuA Yid@eltidiRTal§fmdpbat es
corresponding to the PTE size; a second shifter to shift left the virtual

regi on nunber by a nunber places corresponding to a nunber of bits in the

virtual page nurgkystedlof daithQQiwdheRintBPTE Gietuslla@etedsandiliies fhie Witualmglosecond
shifters to perforn1an OR operation on the left shifted index, the page
tabl e of fs@Mbend the left shifted virtual region nunber to provide the

PTE virtual address. 27. The systemof claim2l further conprising: a

transl ati on | ookasi de buffer B) .coupled tq the re i,on ter file to
generate a2bTE THESYE™HO 1‘5‘8&& W;Gﬁi"ég%%lg‘r”ﬁég afldressjigir F%P{fﬁg?ﬁléeﬁﬁ'f“i' er and
t he virtualidgaga. nunber. 28. The system of claim 27 wherein the PTE virtua
address is generated when there is a TLB mss. -15 2 3 DEC 2003 29, The

system of claim27 wherein the virtual page table |ook-up circuit
recursivel s The system of claim 24 wherein the virtual address parameters further include a page

table offset provided by a page table address register, and a PTE size.

26. The system of claim 23 wherein the virtual page table look up circuit comprises:

an index generator to generate the index by shifting right the virtual page number by a
number of places corresponding to the region page size,

a first shifter coupled to the index generator to shift left the index by a number of places
corresponding to the PTE size;

a second shifter to shift left the virtual region number by a number places corresponding
to a number of bits in the virtual page number; and

a logic circuit coupled to the first and second shifters to perform an OR operation on the
left shifted index, the page table offset, and the left shifted virtual region number to provide the
PTE virtual address.

27. The system of claim 21 further comprising:
a translation lookaside buffer (TLB) coupled to the region register file to generate a PTE

using a global address formed by the region identifier and the virtual page number.

28. The system of claim 27 wherein the PTE virtual address is generated when there isa TLB
miss.
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generates the PTE virtual address, perforns a reference to access a Eﬁdaﬂ]
menory, and inserts the referenced PTE in the TLB. 30. The system 3f3 M
29 wherein control is transferred to software if a nmapping of the PTE
virtual address results in a TLB miss. 31. A conputer program product
conprising: a conputer usable nedium having conputer program code enbodi ed
therein to map virtual nenory space, the conputer program product havi ng:

t dabl f di tifi
ViTlual  addr oss FRRLOTP T4 eI bt Tl S &, Rl B bon nunber.

the regi on ge:(beaﬁsmﬁa ETE virtdgintdrey) pegfony gieancdmppees 4 BT ridneory iand lhadrts

addr ess, V{Ejrtu lP’@ﬁ e ncluding the virtual region nunber and a

vi rtual pa E?rﬁ l‘?sﬁtﬁlter readabl e program code for generating a
page table entry (PTE) virtual address fromvirtual address paraneters
using an i t ai ned vi rtual e nu Vi rtua addr ess
par Roeters Pnel ddF FRG'Sh i aesinseucy SR S%fﬁ‘%gér%ﬁpﬁ'éga B8 in
provi di ng tire virideaddre32resdilén £0DP KT program product of claim 31 wherein
the PTE virtual address is virtually mapped. 33. The conputer program
product of claim 32 wherein the PTE virtual address includes the virtual

regi on nunher. %@omm&rgfa@ﬁmﬁad@f@g{pam@roduct of claim 33 wherein the PTE
virtual address is independent of the region identifier. 35. The conputer

progr am product 2GPMBYE; YR MGHEY &R YN R PRRgIaTLdF SRR SRR 1 T82P £ ur t her

include a pR@EI hamdre spck, 364 colipli¢t ptegtaMpraiiupageingabl e address regr ster and
a PTE size. 36. The conp uter@grogram prodg{ot of .claim 35 W(}_e

comput er readabl e pr GYPENFTTE R PBETATEIONT K¥ PHY U PPETEN (FERIIFA Oraam"eks

conpri ses: addkéss Zn e MiaBRérorG Siplishp m&r&aﬁlgﬁmpmséram QR id@ringener ating
t he i ndex bﬂ% shifting right the virtual number by a nunber of places

cor r espond? dtl Blgtaﬁ'%gl?lé]@fiqj:ﬁd ﬁ)ak@/eth%]nggal address q he vrrtua] addres% mcludmg the virtual

region number and a virtual page number; and

computer readable program code for generating a page table entry (PTE) virtual
address from virtual address parameters using an index obtained from the virtual page number,
the virtual address parameters including the virtual address and a region page size used in

providing the index.

32. The computer program product of claim 31 wherein the PTE virtual address is virtually
mapped.
33. The computer program product of claim 32 wherein the PTE virtual address includes the

virtual region number.

34 The computer program product of claim 33 wherein the PTE virtual address is

independent of the region identifier.

3s. The computer program product of claim 34 wherein the virtual address parameters

further include a page table offset provided by a page table address register, and a PTE size.

36. The computer program product of claim 35 wherein the computer readable program
code for generating the PTE virtual address comprises:
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conput er readabl e program code for shifting left the index by a nun‘g f
pl aces corresponding to the PTE size; conputer readabl e program co g@@rmm
shifting left the virtual region nunber by a nunber places correspondi ng
to a nunber of bits in the virtual page nunber; and conputer readable
program code for performng an OR operation on the left shifted index, the
page table offset, and the left shifted virtual regi on nunber to provide

the PTE virtual address 7. The co ut er r.a rod ct o | ai m

urther conpr i SiSRAPIEORBIb BB D g B Bt Ry it T ST

fL oma trans %@ﬁunwfar bp@kaﬁaedﬁf]bweéedrrels;(oﬁalBg tdAfé fegion p@deqid@l address formed by
the region identifier an e virtual page nu The, copput er program
product of clai rﬁog*P“\Rh@P‘gﬁt? R ppgat q@ewrﬁﬁ%mgqﬁfg@w?gxg%aa‘éﬂwg &S when
there is a cbhBpbhdisg todfe PTENEz&£ONPUt er program product of claim 37 further
conprising: conputer readable program code for recursively gtrneratl ng the

PTE virtual addri@geuter eadaslsnseersne seisioahifingdsihhe vitra! regjen puphes Phe AYnBe!

reference tmaC&RRsHoRding B 4 MnfRAGHY it AdliRRTRALATumbea aabl e program code for
inserting the referenced PTE in the TLB. 40. e _conputer pr ogr am, pr oduct

of claim3 1 whePBPHeEEAdaek Progsan cogds dorderfemingrndeRt Pvﬁ?‘@“l"f‘ the lefgiiisidhg of
the PTE vi rit4ial tmapshie@stte 683ULAShE Rfi8hikbdyifld Fegion number to provide the PTE virtual

address,

37. The computer program product of claim 31 further comprising:
computer readable program code for generating a PTE from a translation lookaside buffer

(TLB) using a global address formed by the region identifier and the virtual page number.

38. The computer program product of claim 37 wherein the PTE virtual address is generated

when there is a TLB miss.

39. The computer program product of claim 37 further comprising:
computer readable program code for recursively generating the PTE virtual address;
computer readable program code for performing a reference to access a PTE in memory;
and

computer readable program code for inserting the referenced PTE in the TLB.

40. The computer program product of claim 31 wherein control is transferred to software if a

mapping of the PTE virtual address results in a TLB miss.
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