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The field of the invention relates to page table coherency in a

mul ti processor ~ conputer system Mre specifically, the invention
relates to a nethod and appar at us for perform ng TLB shoot down
operations in a nultiprocessor system 110 BACKGROUND OF THE | NVENTI ON

Comput er systens often enpl oy several different nenory devices that are
accessible to the systemvETHOR ANESAPPARATIRIEOR FEREGRINGE M Cropr ocessor
typically includes one or nore_penor nt_functions Tor managing the
various nenory devices. One nedsRypHERagtH ¢ 2 that is inplenmented
15 wi thin the Pentium AE Pr qr\pAmes,smem@BsS@mgyrsa'(H\by I ntel Corporation
of Santa " Cara, California, is known as pagi ng. Paging provides a
mechani sm by whi ch virtual nenory addresses nmay be napped into

hysi cal dr nenory bl ocks, or "pages." A
Ba)g;e of rre%o JEELD EN Lol ) d size, such asy4 ki l gbgt es. Each
of the pages may berﬁé f-?a&qfeh@ xﬂekh&{re?a;%%e‘?ﬁ&@%éh FERY 2 AE%irtSeessor 20

such as dynam ¢ random access nenor [ 'ower-dccess nmmss

storage devi Ceondifidt sPSiedt. MRGP§hecically AR inGatioirSlKes ¢ thod and d gure
1 illustrates 8(.) bl ock@dfagr am g[S Cal pr)llor grt lv| rrt uaIS -Otaomg ;95|aréa]’ppddaér ess

translation. Thep¥iférdniag TREAESE8oWABpemGdidRS MlligRcdssl sYsiefnhat are used to
transl ate the ~virtual address into a physical address within a page
of menory. The directory field

1o BACKGROUND OF THE INVENTION
Computer systems often employ several different memory devices that are
accessible to the system microprocessor. As such, the system microprocessor
typically includes one or more memory management functions for managing the
various memory devices. One memory management function that is implemented
15  within the Pentium £ Pro processor manufactured by Intel Corporation of Santa
Clara, California, is known as paging. Paging provides a mechanism by which
virtual memory addresses may be mapped into physical addresses corresponding to
memory blocks, or “pages.” A page of memory is set to be a fixed size, such as 4
kilobytes. Each of the pages may be stored in either a quick-access memory device,
20:  such as dynamic random access memory (“DRAM?™), or on a slower-access mass.
storage device, such as a magnetic or optical disk.
Figure 1 illustrates a block diagram of a prior art virtual-to-physical address
translation. The virtual address 200 includes three fields that are used to translate the

virtual address into a physical address within a page of memory. The directory field
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202 is ag,d eyt hat points to an entry 211 within a page gahl@-Qi4gctory
210. The page o3 table directory entry 211 in turn points to a page
tabl e 220. Thus, there exists one page table for each entry within
the page directory 210. Once the appropriate page table
220 has been located, the table field 204 of the 5 virtual address is

used to index a particular entry 221 within the page table. This page
table entry (PTE) 221 points to a page of physical nenory 230. Thus, for

every PTE 207 is ok thaPRsifts Rl i FilH 8 pfdd Sbis aft 89 18 TREYSICEl

menory. Using t m cropr ocessor fo se84F the

page 230 is inRusyalredbyrmmy Yt @m ?@RQ‘M a page table 220.| ThiROtherd ¥&iPGRe i S
retrieved fromthe systemdi sk and 1 oaded into system nenory. 10

Once the apprgpgd abR AGRhRhPYEInaat piRMreYioAsPIdhas been | oaded, the
of f set field 206 of the virtual address is used to i ndex a

particul ar address Qit thé ipproprinteepage table 220 haabeend3iedTihg SatidGelpRYS bLak
menory address 231 is translated fromthe virtual address 200.

As can be apprvétuatddressripnsedheirabovpadiesler ety 224, widhdol thepagt rables | This page may

t ake 15 a |l arge nunber of bus cycles, degrading system performance.
Thus, prior artble entry (PTE)@3ipatnéstogypage abphysisromemparF36r ine dotgreqalkTi ng

t he nost recently-accessed PTEs within a translation cache, or
transl ati on | cuRBmEARE BOIEFRP. there BXists a page of physical mempygJyséngthe PTEs2dat es a
bl ock diagram of a virtual -to- hgsi cal. address. translation using a
TLB 360. The di§ BYGIEPCESSEFeddss aﬁre*? He Pags £1fhis mspsicas menony (e 1RRAMo | ook

0D e 20 i o P Bt e kIR THR U e e o™ T
the tag e%r y 311 %'gcettpeea;}p?pgrﬁtefpiagé gf &Qféic%%b@ 230 has been loaded, the offset
field 206 of the -vinual address is used to index a particular address 231 within the
page 230. Thus the physical memory address 231 is translated from the virtual
address 200.
As can be appreciated from the above description, address translation may take
15 alarge number of bus cycles, degrading system performance. Thus, prior art
computer systems improve performance by caching the most recently-accessed PTEs
within a translation cache, or translation lookahead buffer (TLB).
Figure 2 illustrates a block diagram of a virtual-to-physical address translation
using a TLB 360. The directory field 302 of the virtual address 300 is used to look up
20 atagentry 311 within the TLB 360. The tag entry 311 is then compared with the table
field 304 of the virtual address 300. If the tag entry 311 and the table field 304 match,
the match signal 340 is asserted, indicating that the physical address. translation may

be performed using the TLB 360.



the: match signal 340 is asserted, indicating that the physical address

transl ati on may be performed using the TLB 360. WO 98/ 27493
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The physical address entry 321 and valid bit entry 331 are both associ at ed
wth the tag entry 311 of the TLB 360. So long as the valid bit
entry 331 indicates that the physi cal address 321 is valid, and
there is a tag match, then the physical address 321 is used to

point to a page of physical menmobry 350. On¢e the page 350 is |oaded into
5 systemnmenory (if required), then the offset field 306 of the virtual
address 300 is The physrelchdtiress atex32 lhmdphalid bo ahtrpddll asdol8bdksmfatedeitiat a
wi thin the page 350. As was nentioned herein above, each
entry of the Th8u@eMuyidl vlite Td-B/30.dSo long as the vhiid bit entgy 33/1ailniiistatbistha831e1
The valid bit 331 indicates whether or not the physical address

321 still poi nehysice! addeese 82} sorlipeagd tofre systep maabriey tlm@yst@ﬁleadgqusaézi on in
whi ch t he 10 TLB entry would be invalid_is where a , entry
221 of Figure Bpseiamguy tqpage of physwalfrasfna)mémf@a%&%ﬁaWSQnS @a@ injong

systemor software routine, In such a ysi cal address
321 wit hi n % heSY¥EB RETOEY eﬂ‘ﬂf?&ér‘h‘ﬁb‘nhﬁf’?ff‘?ﬁ rFR’éQ?o?fr"éf‘c‘(mﬁglg’é‘d@PST‘

nmenory m or softvvare

routine may i nt5f i‘%lié‘figx {hﬁ’é’hy Slmﬁdpﬂs\gy&?&rﬂ?fn‘?z@? egﬁ‘}&gg‘g?‘ﬁy iaégt he invalidate
page (INVPLG) inst ng ?H‘é’“%’ﬁéglhﬁ’%f W tor\]/e 2eh'1ch eréal of.lllﬁe FLAYES mchH?e%te | @ji cates

the virtual address

[ nstructi on i syexeyLam YLt va%%? mqmg gdtése\mﬁ ot BB BE B siafdiges

stored in corresponds to ound,
the valid bit #8S@q REfREo the correct pifeld? s?ﬁ&nﬂeﬁldwt}ﬁﬁ' ®§e Qﬁﬁﬁ&?fnt\%ich the

Typically, the INVPLG instruction is a privil eged

10 TLB entry would be invalid is where a PTE (e.g., entry 221 of Figure 2) changes due
to a modification by an operating system or software routine. In such a case, the-
physical address 321 within the TLB would no longer point to the correct page of
memory.

One way in which an operating system or software routine may invalidate the

t5  TLB entry is by asserting the invalidate page (INVPLG) instruction, coupled with an
argument that indicates the virtual address of the PTE that was changed. The
INVPLG instruction is executed by first checking to see if a physical address stored in
the TLB corresponds to the INVPLG argument. If found, the valid bit associated
with the TLB entry is deasserted. Typically, &m INVPLG instruction is a privileged

20 instruction, such that only the most privileged software routines may assert this
instruction.

For computer systems including more than one microprocessor, called

“multiprocessor” systems, each microprocessor may include its own TLB. All of the



20 instruction, such that only the nost privileged software routi nes may

assert this i nstruction. For corrputer systems
includin han one m croprocessor, called rpg_lf sor"
syst ens, %;;gd;]ze;é croprocessor may include its own TLB. All ’I"’{Sﬁ’é’%%
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m-croprocessors, however, nay.share the sane physical nmenory. As such, the
TLBs | ocated wi thin each of the nicroprocessors nust be coherent
wi th each ot her. One prior art method of mai nt ai ni ng

coher ency ano to as ".sn

| i "
Snooping i s tJgici%fvrsrasﬁosrég‘%w(gv?FaWe?P?fe((,rbehsémgr@%s‘f%rmed%ﬁrﬁ As Sgépltﬁeggc%%s.
Each m croprocgssoy w(fgﬂ'eta?t{ ?ﬁ}t&x?ﬁu%ﬁ?&@@s&g %?&Jéoﬂ@x%ﬂxp@ %% by all of

U&fa caches to

the other m croproces ors it "SNOOPS" on t
see if the t SPGH ﬁe&ath I\ ile
snoopi ng i s conmonl y u d%m rhéth Ihgﬂtaﬁiflg al %@8 h%r] gses?r%la%g? a\({]aches it

is typically nelerRURb 8y adobfing. Wn@&ﬁh@hﬂ?pﬂﬂ% used to mamta?rpm{e?é?lgy for datat0
A common net hod of maintaining coherency anorig the TLBs 1s

per form ng sa TdaBhe'ss Baoh dombproeResahomibrydhe RRYRIy Baia&font ﬁ&lf&nﬁatbryxﬁu'o?
changed. The shoot down operation ensures that changes t0 a page -

tabl e entry gehe prhepagab@dcdssors, that is, it “shdsObMee offiet HXP OGRS S4es 'if the BS.

One prior art way of performng a TLB shootdown operation starts with 15
hal ting all mwenpryocesatos affectedies crohd dava. oégs emoopingtiemmibilg usad wt ai ns
architectural consi stency between all of the mcroprocessors
during the shobtidgincabipesney inglata caches, it is typipally nohempioyedoior vemeswing Thave been

halted, a first mcroprocessor invalidates its own
coherency.

0 A common method of maintaining coherency among the TLBs is by
performing 2 TLB “shootdown” operation whenever a page table entry is changed.
The shootdown operation ensures that changes to a page table entry get propagated to
the other microprocessors’ TLBs.

One prior art way of performing a TLB shootdown operation starts with

15 halting all microprocessors in the multiprocessor system. This maintains architectural
consistency between all of the microprocessors during the shootdown operation.
Once the microprocessors have been halted, a first microprocessor invalidates its own
‘TLB by executing the INVPLG instruction. The first microprocessor then sends an
interrupt to the other microprocessors. Upon receiving the interrupt, the other |

20 microprocessors invalidate their TLB entries using the INVPLG instruction. The first
microprocessor waits for all of the microprocessors to complete the TLB invalidation
before bringing them out of the halt state, such that they may continue executing

programming instructions.



TLB by executing the I NVPLG instruction. The first m croprocessor then

sends an interrupt to the other m croprocessors. Upon receivVing
the int ew §na7443n€ Ot her 20 m croprocessors inval i datm-gbes721744B
entries using the INVPLG instruction. The first m cr opr ocessor

waits for all of the mcroprocessors to conplete the TLB invalidation
before bringing themout of the halt state, such that they may conti nue
execut i ng programmi ng instructions. WO 98/ 27493
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This prior art nethod of performng a TLB shootdown operation is tinme

consum ng, causing thg pﬁblcirpi%%ﬁ?’fﬁEéﬁoﬁrﬁné‘ﬁh'LB%ﬂ%t%Wﬁ)@pér@ﬁorﬁxsru?rleat' vely

| ong tine. For exanpl e, e software interrupt Instruction
("I'NT"), accongmiiethg\4ubinghe nucroprocessd}g & KalfWpeaEih @dr a(reRtiyell Sorgfiig used
to comunicate the shootdown to the ot her 5 m croprocessors. The INT

i nstruction opedraixemphsihe sbawaeahlerrupsingtrietiod ('INUPR Bccompanied withe@ei vi ng an
interrupt instruction, the m croprocessor uses the interrupt vector "n" to
access a descrinpmupt vettarng i Miserftenpsedivsommuinicatd hb kkootdd) to tHthethetescr i pt or
is then used to access an interrupt gate. The interrupt gate then
points to an imicsepraptsserandheiNT instruction opsatésras atfargallingruchien.| Gaered i nto
menory, and executed by the m croprocessor. The 10 use of
descriptors, g&ER¥INZARANEHYREAPGHELPR M rétcsonr@ceﬁsorréseéébﬁswmet vegiod 'p h@r efore
degr ades perfor mance_of 'the nultiprocessor syste IS
theref ore desi?ABISe 4eSCTHIRRN 3B IFEHTUR] de§0BPERS "d@m) o P SasFTRiOR lﬁéhc“rué%ces

an amount of tlryere(il]nredtom idate nultiple TLBs is further
Gasirabl e o to ot Do " {Bt Hawgﬁsfﬁeﬁpm"ﬁyoanwm&ae Gun

operation that t f hitectu state
of the multi prrc?ggg%gra @y%ttbgﬁ%)%ﬁdfééggﬂo m ng&tcﬁ){;’d%y (i Proge%sor ﬁe _

10 use of descriptors, gates, and interrupt handlers is time consuming, and therefore
degrades performance of the multiprocessor system.

It is therefore desirable to provide for a TLB shootdown operation that reduces
an amount of time required to invalidate multiple TLBs. It is further desirable to
provide a method of performing a TLB shootdown operation that maintains the

15 consistency of an architectural state of the multiprocessor system while performing the
shootdown operation in a reduced amount of time. Moreover, it is desirable to
provide a method of performing a TLB shootdown operation without invoking

-interrupt handler routines.



shoot down operation in a reduced anount of tine. Mreover, it is desirable

to provide a nethod of perform ng a TLB shootdown operation

Wi t hout {xigvgakl i nterrupt handl er routines. A6y 7493
T peribbnifig
SUMVARY COF THE | NVENTI ON A met hod and apparatus for
performng a TLB flush in a nultiprocessor systemis described. A
first and second m croprocessor, each including a TLB. are coupl ed
to a bus. The first mcroprocessor requests a TLB flush transacti on by 5

asserting a TLB flush request coupled with a page nunber on the bus. The
second Sugrﬂmpf Wm@gﬁﬁ%& the TLB flush transaction request and
inval i dates a entry wWithin its TLB corresponding to the page
nunber . A method¥d HphfitisTECRMb M ORI D ARSI hifitipftasbdating its
TLB entry, it asserts a fp busy si gnalncgon t he buls atrhatlbl?)s 3er?ect ed by

the first m csRpmPReRSebed TRSREN sebdhiahictdproceddr, callEReRAMMGOTVEER, t hE
second m croprocessor has conpleted invalidating its TLB entry. WO

98/ 27493 coupled to a bus. The first microprocessor requests a TLB flush transaction by
PCT/ US97/ 21744

BRI EF DESCRI Pads&hnEfa TIHES DRAYY NS oupled with a page numbdien the 88€nThd fy&iat i on i s
illustrated by way of exanple and not limtation in the
microprocessor detects the TLB flush transaction request and invalidates a TLB entry
within its TLB corresponding to the page number.
While the second microprocessor is invalidating its TLB entry, it asserts a
busy signal on the bus that is detected by the first microprocessor. The busy signal is

10 deasserted when the second microprocessor has completed invalidating its TLB entry.



- acconpanyi ng figures. Figure 1 illustrates a bl ock diagram
of a prior art address translation froma 5 wvirtual address to a
physi cal wasskiess. Figure 2 illustrates a Hmobssdizegggam of a
prior art TLB address translation from a virtual address to a
physi cal address. Figure 3 illustrates a block diagramof a
mul ti processor conputer systemin accordance wi th one enbodi nent of
t he inventi on. 10 Figure 4 illustrates a signal diagramof a TLB
flush transaction in accordance Wit h one enbodi nent of the present
i nvention. Figure 5 illustrates a flow diagramof a TLB
shoot down operRERDHESCRIPTION ORGHY BRAGRINGEh one enbodi nent of the

— WO 98727493

i nvention.

PCT/ US97/ 21744 The present invention is illustrated by way of example and not limitation in Be
DETAI LED DESCRI PTI ON A nmet hod "and apparatus for performng
TLB shoot domam;ﬁh?mgﬁgﬁftsa mul ti processor conmputer systemis
described. In the follow ng description, nunerous specific details
are set forth, suclFigse $pésiriteca bloopdixgrins of bprsorpriciddeed Sanshitidn Siognal 5
val ues, in order to provide a thorough understandi ng of the present

i nvention. st vistdal address to a physicabpddresst , however, to one skilled in the art

that these specific details need not be ~enployed to practice the
present invention. Figure® héustratase blvckdiagmet df kprowart TLB address orpgiment fsoror
met hods have not been described in detail in order to avoid obscuring

the present i awéfial address togphysical address. Fj gure 3 illustrates a

mul ti processor conputer system 180 erein fa TLF _
igure 3 illustrates a block diagram of a multiprocessor computer system in

accordance with one embodiment of the invention.
10 Figure 4 illustrates a signal diagram of a TLB flush transaction in accordance
with one embodiment of the present invention.
Figure 5 illustrates a flow diagram of a TLB shootdown operation in

accordance with one embodiment of the invention.



shoot down operation of the present invention may be inplenmented. The first
m croprocessor 110 is locally coupled to an external second |evel (L2)

cache 1 9E]' second microprocessor 114 is al so pepgkhy2198up! ed
to an L2 cache 117 Each of the m croprocessors 110 and 114 i ncl ude
an execution unit, 112 and 116, respectively. 15 The execution unit

112 executes programm ng instructions received by the
m croprocessor 110, and the execution unit 116 executes programm ng

i nstructions recei ved by m croprocgssor 114. Each of the

m croprocessors 110 and 114 al so i ncludes an internal TLB. The TLB
111 correspondg%%m&m 110, and TLB 115 corresponds to
m croprocessor e 0S—120 is a conduit for 20

conmuni cati ons bet WaeHeHb& kP4 GRS %6 a&@mmgcrw&%mropé%o t he
bridge and nmenory cont BI’I ge and

nmenory contr ol jngft sébRROMBSet J}@tcﬁﬂ@@i’éwrﬂb@a' BIth® 831188 &t@@nptmn numerous
m croprocessors 110, 114 and the devi ces coupled to peripheral bus 150.
Devi ces spbEfRRGHe?alld A% set forth, such as specific components, bus protocols, and signal
PCT/ US97/ 21744 9
coupl ed to g hevjiegs, pherded o posvideSthosugh uaderpendiphef it paeatit ¢revehdéh. Irayil

conpri se hard- drive interface chips, graphics controller chips.
or add-in boar btsapparent, however. to one sKilled brthdgxetkaindlemifjc dontls mdeld ot He30
handl es data transfer requests between the m croprocessors 110,

114 and the sysmpleyeiorpragsiedhy present ifventions irnetber, ingansepfwell knogn  t he
m croprocessors 110 or 114 may issue a read_or wite request on the host

bus 120 Comweﬂ@ g F&H@Q? BRvRineE Bisnslsedibet in detaihigorder fpaypid elpauring
menory controller 13 detects the request, and asserts the
appropri ate si ﬁﬁé’lres‘;e‘[“d"YFé‘l“ﬂ“rrennry 140. Pr ogr anmi ng

nstructiofs are tygleal ] St nRpfoBESe ot R AY T b6 Smeticl L

shootdown operation of the present invention may be implemented. The first
microprocessor 110 is locally coupled to an external second level (L2) cache 113. The
second microprocessor 114 is also locally coupled to an L2 cache 117. Each of the
m-jcroprocessors 1 16 and 114 include an execution unit, 112 and 116, respectively.

15 The execution unit 112 eﬁ(ecutes programming instructions received by the
mucroprocessor 110, and the execution unit 1 16 executes programming instructions
received by microprocessor 1 14. Each of the microprocessors 110 and 114 also
includes an internal TLB. The TLB 111 corresponds to microprocessor .1 10, and
TLB 115 corresponds to microprocessor | 14. The host bus 120 is a conduit for |

20  communications between microprocessor 110, microprocessor |14, and the bridge
and memory controller 130.

The bridge and memory controller 130 handles the communication between the

microprocessors 110, 114 and the devices coupled to peripheral bus 150. Devices



- as a magnetic or optical disk (not shown). The conputer progranmm ng

i nstructions 10 are then |loaded fromthe disk into nain nenory 140
prior to\Wyssué4en. Either m croprocessor 110 or WcgRSPY/OesSOr
114 reads the programm ng instructions and executes themvia the
execution unit 112 or 116, respectively. For one enbodi nent
of the invention, each of the m croprocessors 110 and 114 conpri se

an Intel architecture processor, such as the Pentium AE Pro processor,
15 manuf actured by Intel Corporation. FoP other enbodi ments of the
i nvention, one or nore of the m croprocessors of conputer system

100 may conpri ssapbddytoesrpheral bus 150, suth @k pEiRES 86¥icd OT0, 9 GdhipAige hard-
progranmm ng instructions. Moreover, while the conmput er system 100
is illustrateddag inrcfadeltiigs, @rdphidswonumdlixr opipe.ce siddiis bdakds. and 114,
the present invention may be inplenmented within a nultiprocessor conputer
20 system i ncl udi fige hndge andamemany coitcoliep it HEkasites slata transfer requests betweefhe
TLB shootdown operation of the present invention includes a TLB fl ush
transaction thd&e misropspesssercbitfed ! bandide sysiem mie mepooe &% oras instdrcameheof4
via the host bus 120. Transactions over the host bus 120 are

i mpl enent ed® ackBIYFIPracss@rhiodror |14 may igae ggeattnrggite request on the host bus 120
PCT/ US97/ 21744 : . : 10
bus protocol . VP #aqeEd BHLRRIRECSSORERIPRDNT Hf Br1d8pand BEEINLERNUIREFR! 10 bel ow

wth reference to a ecific host.bus protocal, it should be
appr eci at ed t h3f e ECdBBERT ?rt‘gzgfﬁns the aPPfOP”“E%ﬁgfg%‘f’d%P “};?Fé’rhég&rreant to -
e, om0 BN fesons e ety e S DRRBUAROAIRED O,
L oo LGSR A Bt IS hions
herein 10 are then loaded from the disk into main memory 140 prior to execution. Either
microprocessor |10 or microprocessor 114 reads the programming instructions and
executes them via the execution unit 112 or 116, respectively.
For one embodiment of the invention, each of the microprocessors 110 and
1 14 comprise an Intel architecture processor, such as the Pentium £ Pro processor,
15 manufactured by Intel Corporation. For other embodiments of the invention, one or
more of the microprocessors of computer system 100 may comprise any general
microprocessor for executing programming instructions. Moreover, while the
computer system 100 is illustrated as including only two microprocessors 110 and
114, the present invention may be implemented within a multiprocessor computcr'
20  system including more than two microprocessors.
The TLB shootdown operation of the present invention includes a TLB flush

transaction that is communicated between the microprocessors 110 and 114 via the

host bus 120. Transactions over the host bus 120 are implemented according to a host



below with reference to Figure 5. The TLB fl ush
transaction is considered a processor-to-processor transaction

because {1 d in comuni cating between two or nore m ors.
For one k‘1;05%2*4%‘en‘00di ment, the host bus is capable of com*fﬁ#@%tl ﬁ?betv\een
various types of agents, such as nenory devices, |/0O devices, and
m crocontrollers. The TLB fl ush transaction may al so be

i npl enented for conmuni cation-between any of these agents t hat

i nclude a TLB. Figure 4 ijplustrates a timng di agram of
one enbodi nent of the TLB flush 15 transaction of the present

; ; O . e o I X _
e o T e MR SEBEE B R b By,
sign (e.g., refergnce t(grt%e #Hc ogﬁgds\ﬁétg&gnt %ﬂogﬂi%e Jé)bfé‘é&mdqg' lﬁeéq"sf'?gﬁhgg & are

considered to be 'asserte&" arrying a signa Ing a

I 'ogi cal one. N‘ﬂg'lﬁlsou_f)&ll hRWRHmBYn k& Brutthe £of8of1Be Brvention. ADSH) are
active low signal Iines, and are considered asserted when carrying a signal

20 equal to a | ogF&ane 2&ibadintent §H®E MTILBOR0EBYE Gbehesh. haitrdpbReélesi gnat i on
of a signal line as active low or active high is not neant to

limt the scop@vafdatdléspaskiB viankeINVPRIOG instruction prior to requestif@ithe TILB flhghs h
transaction begins with a requesting m croprocessor initiating t he
transacti on ontrdnsectivasThisuS.B Footdowea epetatidn melhbe d¢shebadaqumse deigil herein

m cr opr ocessor WD 98/ 27493

PCT/ US97/ 21744below with reference to Figure 5. 11
must first arbitrate for control of the bus. This is referred to as the
"arbitration phase"The TLB flush gansagiéon if sersiferqdarProosieorap-Bracesior uanspeiinse nay

enpl oy a round-robin arbitration . | algorithmtqo determne priority
anong several 2EBEErHEgid ‘“APWWF‘B&b?‘EYFe‘b‘th‘?rdPO'Sfmcmproce“O"sb5§’"e%“ei s

wel | knowrl10i : éntllt?oa%rrn%m, &a %oét%ug Psec%Sib% ot crg)(r)r;mtﬁjnexcsa 1;1}; %gt(\jweiar? v:ftjr%u%it)lpes of
agents, such as memory devices, /O devices, and microcontrollers. The TLB flush
transaction may also be implemented for communication between any of these agents
that include a TLB.
Figure 4 illustrates a timing diagram of one embodiment of the TLB flush
15  transaction of the present invention. In the following description, signal line names
are referred to in all capital letters. Names that are not followed by a “#” sign (e.g.,
CLK) are active-high signal lines, and therefore are considered to be “asserted” when
carrying a signal equaling a logical one. Names followed by the “#” sign (e.g.,
ADS#) are active low signal lines, and are considered asserted when carrying a signal
20  equal to a logical zero. It should be appreciated that the designation of a signal line as
active low or active high is not meant to limit the scope of the present invention.
The TLB flush-transaction begins with a requesting microprocessor initiating

the transaction on the host bus. For one embodiment, the requesting microprocessor



5 - Once the requesting m croprocessor has gained control of the
host bus, the transaction enters the "request phase." During the
request RhagH7abie requesting M Cropr ocessor i SSpepugorRegsest for
a TLB flus transactl on on the host bus. For one enbodi nent, this
occurs in tw clock cycles. At clock cycle 51, the
requesting m croprocessor asserts a signal on the ADS# 10 line 502,
al'ong with an encoded request -on the five request |ines REQ 4:0]# 503.
These are request lines which already exist]in sone current

m croprocessors. For an alternative enbodi ment, the TLB fl ush

transaction Usﬁﬁx,?_ﬁﬁg! ﬁ?&r%gt PGS offhg%ﬁsaﬁl‘}?% refe d to as thE E0bRralibe Fhasc"

nlcroprocessor ues O e S| gna asserte t he request I nes

RE] 4: 0] # 503 BP{hEQr%RQ@doﬂ Ofﬂehﬁbxtrhﬁ&{ pmﬁé fna?ferr@ld'y%q'é@ﬁ rdb aBitkkibn f | Ush

transacti on. Five nore signals are asserted on the sane request

l'i nes RE(] 4: 0] mgéﬂ&mwdetwmﬁewadzy among severaCatBiti@iod Abittdion f@auass! gghase
whi ch define the conpl ete encoding of the request for TLB fl ush

transaction. Fpiisediewellrbaslimdnhe arsi gaad thefebore @s0du3ckibed ik deidit ai | s of the
requested transaction, such as data transfer rates and |l ength of the data
transfer 5 Cage égtreqliestirgemassprodessbrihas gisedsmovolbfahe hast bis, tire
request phase. 20 The TLB flush transaction is known as a
"broadcast" tr aassactioroenten thehecquesstphase.” During thsusqueTtitasartizarsquesang t he
requesting mcroprocessor broadcasts the TLB flush transaction to
all other ni crmr@e@@gsop@swualrwestéorthELBdbtshbﬁassaCWm@nhomsfpxn@e

M croprocessors coupl ed to the host bus ("receiving mcroprocessors")

recei ve t he embodiggeny g9 goegs in two clock cycies.

CT/ US97/ 2 2
rPequtlaJst 7f r gzﬁlhe r e QU ELEK ﬁ)jd?nsEﬁ%epﬁgaﬁeesggépncrﬁf’)rtoc?fh(g 3866 &iSHROAL on he A&%Srlﬁ ral
agent, Hne %.@78% qntgaﬁ[hb cnggde%r}gq&%{@r{ %e ?ﬁggq%gt%lesc@ta 41 8]9 50§I gure 3)

al so detect% t
These are request lines which already exist in some current microprocessors. For an

alternative embodiment, the TLB flush transaction uses dedicated request lines added
within the microprocessor. The values of the signals asserted on the request lines
REQ[4:0]# 503 correspond to the first half of a request for 2 TLB flush transaction.

15 Five more signals are asserted on the same request lines REQ{4:0]# 503 in the second
cycle 52 of the request phase which define the complete encoding of the request for
TLB flush transaction. For one embodiment, signals corresponding to details of the
‘requested transaction, such as data transfer rates and length of the data transfer
requested, are asserted in the second cycle of the request phase.

20 The TLB flush transaction is known as a “broadcast™ transaction on the host
bus. This means that the requesting microprocessor broadcasts the TLB flush
transaction to all other microprocessors coupled to the host bus. The non-requesting

microprocessors coupled to the host bus (“receiving microprocessors™) receive the



request. The central agent then asserts a signal on the TRDY# |ine 505

(clock cycle 54) to indicate to the requesting m croprocessor that
it may begi transm ssion for 5 the TLB flush transaebhpis FoOr
an altern &e”g%tﬁ%di ment of the invention, one or nore of the

receiving mcroprocessors asserts the transaction ready signal on the TRDY#
line 505 to indicate that data transfer may begin. As can
be -seen by the dotted Iine in clock cycles 55-57, the target ready signal
on the TRDY# |line 505 need not be deassertgg within one clock cycle. For
anot her 10 enbodi nment, the target ready signal may stay asserted until
cl ock cycle 57. The nunber. of cl ock cles that the.target ready
si gnal remains G945 fraR ‘P%mﬁgfslﬂﬂ%gﬁfm geesser- For ong Frﬁl‘g)?ﬂfnﬁat‘%cﬁeﬁé'%g?gef’he
present inventign. : - L ¥} .

m croprocessor s(etghéhr? bansd &Ff {'d Fﬁgmﬁ%)rﬁoggllh&%%ﬂ%ﬁ réi_)y al%f?)%é%C%gt?é Ykggﬂy““h

signal on the TN es}ri;'E)ge é&g}altageﬁt'?gér%ca%gcﬁlsta@gtna{ ﬂ‘gly:gr Eg?ﬁ"lz%é 5508 Afcl%ék cycle

invalidating therr Tl r one enbodi nment”, _ conprises a
wi red- _ 58N tldi@ueSH Gt Rl AP RECrbHBE s eh AT i Gh AR GRS ariRYss RATEN T
t he busy signal at one tine. The TND# line 504 wil| be asserted

while any one Oheti® MishRREREES SPérani alte@s&@hibollnent of the invetidi!ie & gaal on
the TND# |ine 504. Wile any one busy signal is asserted on the

TND# |ine 504, $thie reegivagtrhingprocessors B8ees sior trinsacsibakdadg signali dnithg TRDBIY #each

of the 20 receiving mcroprocessors to conplete the TLB invalidation.
At cl ock cycl e I 5Q5he indicpeetbatidatp tansfeoprapbegisor asserts data signals on
t he data D)63:0]# |ines 508, along with the data ready signal on

the DRDY# |ine 507. Ascanbeseemhy thelslogethking inglocksyeepiadh thephrgehwady Berfal ush

transaction. The data ready sisgnal WO 98/ 27493
PCT/ US97/ 21744 ©n the TRDY# line 505 need not be deasserted within one clock cycle. For anotherq 3

10 embodiment, the target ready signal may stay asserted until clock cycle 57. The
number of clock cycles that the target ready signal remains asserted is not meant to
limit the scope of the present invention.

At clock cycle 55, the receiving microprocessors then assert the TLB flush not
done, or “busy,” signal on the TND# line 504 to indicate that they are busy

15 invalidating their TLBs. For one embodiment, the TND# line 504 comprises a wired-
or line such that more than one microprocessor may assert the busy signal at one tifne.
The TND# line 504 will be asserted while any one of the nﬁcfoprocessors 1s asserting
-a busy signal on the TND# line 504. While any one busy signal is asserted on the
TND# line 504, the requesting microprocessor is stalled, waiting for each of the -

20  receiving microprocessors to complete the TLB invalidation.

At clock cycle 56, the requesting microprocessor asserts data signals on the
data D[63:0}# lines 508, alorig with the data ready signal on the DRDY# line 507.

This begins the “data phase™ of the TLB flush transaction. The data ready signal



-asserted on the DRDY# |line 507 indicates that valid data has been asserted

on the data D 63:0]# |ines 508. For one enbodi nent, the data phase
is two clwggkgsymkes | ong. The data signal s pegagotethsy N t he
first clock cycle 56 correspond to the TLB entry to be invalidated.
For one enbodi nent, the data signals driven in clock cycle 56 5
conprise a 49-bit virtual page nunber (VPN) that indicates the virtual
address of the PTE t hat has been changed. This VPN is used to
index the TLB entry to be i nval i dat ed. The second

data phase of clock cycle 57 is used to transfer other information

ata pha cle 57 is used to ! .
ook cycl o iptted CERIAAE 07 8l AR chaRat el sSeRERLAURATT "

cl ock cycle nprise Nt rrdentrfying

a region mer%f&%&@%@s 988. For one emblRIRGY tﬁédéupg@%g%nw%r&%cﬁ HaLeIRLZ e

identifier that i'ndicates the size o e 'page t I nval Pdat ed.

The data busy signafpd §a:§t§1§@zn§ 2derdd thie fROMUSSL dyRE I HREIPECSERITLEN the
DBSY# |ine 506 during the data phase of the transaction to indicate that

the data bus igntry tob2 invali@hte Es@fle kfibodiniet® 16d Qeksigidladriveans bRtk cyodd s®@ne
enbodi nent, the data busy signal remai ns asserted on the DBSY#

l'ine 506 unti | coemsriselaciOkbicyialia pagd sumbdreVEND ehap ma®ates the virtual addrkaek tieycl e
59. Alternatively, the data busy signal is deasserted in clock cycle 58.
Once each of tHEE tlet das/bearg chingedpT bis 80 isusbd® indoethy i Btdnerydaba si gnal s
driven on lines D 63:0]# 508 during clock cycles 56 and 57, each is
responsi bl e fomvalidag@. invalidating its TLB entry. As described herein
above, for one enbodinent this i ncl udes executing the | NVPLG

i nstruction, using ABe sasoed daisrahase phelogppycleariis ek to transfer otheyipforgatiate dat a
phase. The busy signal is asserte the TND# |jne 504, four clocks

do ,
after the assefoubfesnunache Byalidaiad; IriE@r BaRAC e B SEneldsiven iy glagkgyclene

i nval i date WD 98/.27493. .. . . e .
PCT/ US97/ 2% 4 457 may comprise a region identification for identifying a region where the page of

memory is located, and a page size identifier that indicates the size of the page to be
invalidated.
The data busy signal is asserted by the requesting microprocessor on the
DBSY# line 506 during the data phase of the transaction to indicate that the data bus is
15 being used for a two-clock data transfer. For one embodiment, the data busy signal
remains asserted on the DBSY# line 506 until one clock cycle after the data phase,
clock cycle 59. Alternatively, the data busy signal is deasserted in clock cycle 58.
Once each of the receiving microprocessors has received the data signals
driven on lines D[63:0}# 508 during clock cycles 56 and 57, each is responsible for
20  invalidating its TLB entry. As described herein above, for one embodiment this
includes executing tﬁe INVPLG instruction, using as an argument the VPN received
during the data phase. The busy signal is asserted on the TND# line 504, four clocks

after the assertion of ADS# 502, while each microprocessor performs the invalidate



14 page instruction. The TND# |ine 504 is toggled every other

cycle due to uncertainty of rising edge due to wired or glitches.
The TND# i is sanpl ed once every two cl ock il it
is sanpl emgzgérted. Recal |l that the TND# |ine 504 w || ggifﬁis@%zﬁﬁ'}
asserted as long as one or nbre m croprocessors are asserting a signal on
t he TND# 5 line 504. Once all mcroprocessors have conpl eted
invalidating their TLBs, and have deasserted the busy signal on
the TND# |ine 504 (not shown in Figure 4), \4he TLB flush

transaction is conpleted. Therefore, the requesting m croprocessor nay

ti . ; | i , i . Fi 5
Clustrat os a e BIagidm 3 1T TS Bl syey sttesyiisdue opgHaing
d ith i . t i i ] 1 t f
er formng & TL TOMSCEE RheTkird orghfcrel PR 1D 10384 s SitBleclolfe ERRETT 100

changed by a sqfjgsc& c{ﬁl‘%& LA 1G5 sARREABLARG Y SREMR) LE{E‘E}% ﬁbg#ﬁmgsg‘gaims&n

changed, any entries corresponding to the PTE nust

invalidated.  seerted as long as one dP@iofd thitboptb@Bso®d ark B&e kB SNRRAT SO TND#
operation, step 610, involves a check by 15 the opéerating system prior

t o changi ng st hgirHe4. Tice P lietbprofessys hevd iatded inalidlkifg their TLBs, afd il t hat
none of the mcroprocessors within the systemis current%y using the PTE -
that is to be cltangared the busy signal on the TND@iline 50hanoystoah iimBigayst)eme TAB
ensured that no m croprocessors are using a PTE needing to be
changed, one niforsbpracseessors dogpiias efhetafodsetht Ineueeopgesitiopepcessor 2Ry

m croprocessor. The requesting m croprocessor at step 620 changes the PTE.

The I eXPOEBENCA XA NDHPIOGTEYRIGE nflryefidnfval i dates its own TLB entry
corresponding to the_ . changed PTE. For_one enbodi nent of the
i nvention, the PTE iBgurSiietracsidioy diagram of a TLB shoogdosn QpeEaigadR at st ep
620. This nmeans that the PTE not bF accessed £ ?q‘an%ed

10 accordance with one empodiment of the invention. Recall that the reason for

performing a TLB shootdown operation is because a page table entry (PTE) is
changed by a software routine or operating system. Once the PTE has been changed,
any TLB entries corresponding to the PTE must be invalidated.
The first step of the TLB shootdown operation, step 610, involves a check by
{5 the operating system prior to changing the PTE. The operating system checks to make
sure that none of the microprocessors within the system is currently using the PTE
that.is to be changed.
Once the operating system has ensured that no microprocessors are using a
PTE needing to be changed, one microprocessor is chosen to be the requesting |
20  microprocessor. The requesting microprocessor at step 620 changes the PTE. The
requesting microprocessor also invalidates its own TLB entry corresponding to the
changed PTE. For one embodiment of the invention, the PTE is~*‘frozen” once it has

been changed at step 620. This means that the PTE may not be accessed or changed



- WD 98/ 27493

PCT/ US97/ 21744 15
until af Ger dne, TLB shoot down has conpleted, thus ensuringearali4R%4ural
consi st ency within the system For one enbodi nent, the operating
systemis responsible for ensuring that the PTE remains frozen
during the entire TLB shoot down operati on. At step 630, the
requesting m croprocessor issues a TLB flush transaction 5 request on

t he host bus. The TLB flush transaction rg uest includes two parts: (1) a
TLB flush transacti on request code and ( ? a data field indicating the
page nunber of t has

h d. . . . Th
recei ving mi crophHEE4s Tégéﬁﬁoc’c‘%ﬁ %Stco ée(%?@r&}g.‘%\ggsutrwg aﬁﬁﬁée?lFﬁgﬁongﬁfﬁg%t
t st 640 t det th th ITb f t h d
BrE 1o 20 SBOHR e Hor bR FabORneEl e e PRE sl eitertBEdBE s or
I nval i dat es ' e ﬁsx.;l;h%\}gﬂégné/ PW??mams frozen d?z{ﬁgﬁle' e@n\{:?el T]gélgﬁootm{ %?eﬁrétpo%. or

operation (e.g., e gach

m Croprocessors is Aarw@p'mathw debdn T,hﬁmdr&ce@s%?%h& ﬁn@ymmrm%u&“ the
TND# signal |ine. Recall that if any one of the m croprocessors Is

asserting the {BURYt on the host bui vm’rwmd;ﬂmf@ﬂa#orsﬂeqml inkJud€s (Wd¥arfs€QghLVvi ng
m croprocessor i-s halted from executing 15 progranmmi ng instructions.

Step 650 il | ustumnesh kdictioaciyueQRety,iafd (2MadanPidd RRSAlndeR PSS hismbdrof busy
signal on the TND# |ine upon conpleting the TLB invalidation. For one
enbodi nent , the PTE that hes diidRed. i ne is a wired-or, such that if any one

m croprocessor is asserting a busy signal on the TND# |ine, the
TND# |ine is assertBw.redenving gesroprocessens on thedrosf busrrecsivsphe TLBGlush 68@esto st ep
660, the TND# |ine nust be observed deasserted, such that no _

M cr opr ocessorésiap #4Qsnd (st dgicampas yhetheihe pegs nupberninhe thagged PTE is

For an enbodi nent  of the_TLB shoot down. operation, steps 630-650 are
performed 'ds ¢e8@ieRdR s ALBedEso thiiresei ving Evt‘éﬂarécqsaorﬁlwm@ews TLB entry via

a TLB invalidate instruction or operation (e.g., INVPLG). While each of the

receiving microprocessors is invalidating its TLB, it asserts a busy signal on the

TND# signal line. Recall that if any one of the microprocessors is asserting the busy

signal on the TND# signal line, the receiving microprocessor is halted from executing
15  programming instructions.

‘Step 650 illustrates that each receiving microprocessor deasserts its busy
signal on the TND# line upon completing the TLB invalidation. For one embodiment,
the TND# line is a wired-or, such that if any one microprocessor is asserting a busy
signal on the TND# line, the TND# line is asserted. In order to transition from steb

20 650 to step 660, the TND# line must be observed deasserted, such that no
microprocessors are asserting a busy signal on the TND# line.
For an embodiment of the TLB shootdown operation, steps 630-650 are

performed as described in detail with reference to Figure 4.
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At step 6 requesting mcroprocessor signals to the ystem
t hat %9;2%3 of the receiving mcroprocessors has fi n| /@5‘;,99741?
invalidating its TLB. At this point, t he changed PTE is unfrozen by
the operating system since the TLB shoot down operati on has

conpl eted. The requesting m croprocessor may continue executing 5
programm ng i nstructions because the TND# [ne i s deasserted.

Thus a mechani sm for perform' ng TLB shoot down operations in a

Tl L Pr OCESSOr COMP UL Rl IS NEHIHRRRLLBPdpndlS (RS SLI AR DELS o

above, the rati S a spec

i nvalidation i Qae H HGhé AReiving micro r((cleu\g%i@s ﬁnts%e@ﬂqglllﬂtxhgltgﬁﬂg.eq’it@ﬁx?goint,

however, that t specific rrnstruction or nethod

m croprocessor tﬁ@éhahﬂé/cﬁi’TEl?stdrﬁx%erl—l% &@TOF)& ﬁgﬁ_%'s&% siRétHe 1B LHd&cio“Inhe scope
of the invention. Mfeover, the particu | ush transaction protocol

and si gnal operatiof hil do@6ldi@y TR rmﬁﬁgeldlmﬁrb@word@@@bhmm ek he
scope of the present invention. In the foregoing defailed

descriptionsa pesgiaqhsng newudiens scausaghelTBD# line is deassshedit down operations in
a conputer system has been descri bed. The present 15 invention has been
descri bed with referluse mahapssifdr perfexsinp TaByshentiodnmpetagons in a

thereof. It will, however, be evident that various nodifications and
changes may be multiprocessomgeputeneyero has bdzo descdidpdr &b Agpcribashherdie abesather
spirit and scope of the invention. The specification and draw ngs
are, accor di nglB theoplownaparager employha spacifist Tl inyaligasion gstruction than a

restrictive Senﬁ&VPLG) It should be appreciated, however, that the specific instruction or method
10 used by a microprocessor for invalidating TLB entries is not meant to limit the scope
of the invention. Moreover, the particular TLB flush transaction protoco! and signal
timings may be modified without departing from the scope of the present invention.
In the foregoing detailed description a mechanism for performing TLB
shootdown operations in a computer system has been described. The present
15 invention has been described with reference to specific exemplary embodiments
thereof. It will, however, be evident that various modifications and changes may be
made thereto without departing from the broader spirit and scope of the invention.
The specification and drawings are, accordingly, to be regarded in an illustrative rather

than a restrictive sense.



WO 98/ 27493

PCT/ US97/ 21744 17
CLAIMS wooes2M¥mt is clained is: 1. A met hod afcpesdneimidng a
TLB flush in a nultiprocessor system conprising the steps of:

(A requesting a TLB flush transaction by asserting a TLB flush request

coupled with a page nunber on a bus, said bus being cou urality
of m croprocessors each including a_TLB, and Mﬁ'@”ﬂﬁlﬂﬂﬁ},ﬂ”ﬂ,’
said plurality of m Cr opr ocessors rléquest S said *TL L g
transaction; and (B) upon detecting said TLB flush
transaction redlesiMSa second of said plurality of m croprocessors
invalidating a TLB entry correspondi ng to said page nunber asserted
on sai d bus, wi¥haiisclgmmed iTLB entry is located within said TLB of

said second of said plurality of m croprocessors. 2. The et hod
of claim1, furlther & ompradsifpgriemeng edp-Boflush in a multiprocessor syst¢@) compfsinge
said TLB entry is being invalidated in step (B), asserting a busy

si gnal on said BugePsMerei n during said busy signal said first of said

plurality of M Cr opr ocess s . halted from executing. progranm ng
i nstructions. (A) ge uesr‘%‘é?@t%a UGRSaCHioy) by asserting ?h&gg@%ﬁk?ﬁ?qtﬁeﬁ‘ng t he

steps of: on co sai d i dation_of said

TLB entry, deaSSBPIFt ﬁvd.msaaf?aég)%umbg‘pon : ?f?y@aé‘?é‘ir‘?gg,j“ga‘i%pfeg\{gg plurality of — (g
R AT M
microprocessors requests said TLB flush transaction; and
(B}  upon detecting said TLB flush transaction request, a second of said
plurality of micrdprocessors invalidating a TLB entry corresponding to said page
number asserted on said bus, wherein said TLB entry is located within said TLB of

said second of said plurality of microprocessors.

2. The method of claim I, further comprising the step of:
(C)  while said TLB entry is being invalidated in step (B), asserting a busy
signal on said bus, wherein during said busy signal said first of said plurality of

microprocessors is halted from executing programming instructions.

3. The method of claim 2, further comprising the steps of:

(D) upon completing said invalidation of said TLB entry, deasserting said
busy signal; and

(E)  upon detecting said deassertion of said busy signal, .resuming

execution of said programming instructions halted in step (C).
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4, Theudsisags of claiml, wherein step (B) further conplgéﬁﬁgwﬁ@,mor m ng
a TLB invalidate instruction using said page nunber ‘as the argunent
of said TLB invalidate i nstruction. 5. The net hod of

claim1, wherein prior to step (A), said first of said plurality of

m ¢roprocessors invalidates a TLB entry correspondi ng '(t”uﬂ'mﬂ r,
sai d TLB entry residing within saiid TLB of saidil ”'mmm” f
m Cr opr ocessor. 6. The nethod of claim1, whefeih p¥ior t»

performng step (B), said second of said plurality of
m croprocessors checks its TLB for said TLB entry corresponding to

sai d page nunher, apgk Rehb@biM@aist ERviRin is{cp?ﬁg Fdx_ni&%o?rﬂatﬁrsé’s ;ge?fomwglcﬁTLB

7 .  The nmethod of claim1, wherein step (B) is performed wt

invoking an invalidatel iRétRicfittPEsid}odet dge MAHbENS. the argument of sdid TLB iAvAiRhiod of
performng a TLB flush transaction in a nultiprocessor conputer

system i ncl udiiagratibast bus coupled to a plurality of mcroprocessors, each

of said plurality of mcroprocessors including a TLB, said nethod
conprising the steps of: (A asserting a TLB fl ush
transaction request on said host bus, wherein said TLB fl ush

transacti on request Thenmethdeéof claipabevireuerh@rior rstepdAi) caffl fBstf df ssid plurality of
transaction request is asserted by a first of said plurality of
M Cr Opr 0cessorgicroprocessors tnvalidates a TLB entry corresponding to said page number, said

TLB entry residing within said TLB of said first microprocessor.

6. The method of claim 1, wherein prior to performing step (B), said second of
said plurality of microprocessors checks its TLB for said TLB entry corresponding to

said page number, and performs step (B) if said TLB entry is found.

7. The method of claim 1, wherein step (B) is performed without invoking an

interrupt handler routine.

8. . A method of performing a TLB flush transaction in a multiprocessor computer
system including a host bus coupled 10 a plurality of microprocessors, each of said
plurality of microprocessors including a TLB, said method comprising the steps of;

(A)  asserting a TLB flush transaction request on said host bus, wherein
said TLB flush transaction request includes a page number, and said TLB flush

transaction request is asserted by a first of said plurality of microprocessors;
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19 . (B) upon re mmmﬂ ﬂ E“ﬂ | ush transaction request,
i nval i datyiosg4958LB entry Mm‘ H sai d pagemussaliisssai d
TLB entry residing within a second of " Ssaidplurality of

m Cr opr ocessors; (O asserting a busy signal while said
TLB entry is being i nval i dat ed, wherein while said busy signal is
asserted, said first of said plurality of m croprocessors is halted
from executing progranming instructions; &hd (D) upon
conpleting said TLB entry invalidation. deasserting said busy

si gnal . 9B8) - upbe rereivitieckalf TICB Alush BanshéiiohtequeS) MvEIiGkiRg atThB St ep
of : ' (E) upon detecting said deassertion of said busy

si gnal , resumengy correspondigg ecuatd page aimbar, Saip MG @ty g ding Stithirch soad bal t ed
instep (0. 10. The nethod of claim8, wherein step (B)
further conprisaeplyelityaf micrgpacdisers; i nval idate instruction using
sai d page nunber as the argunent of said TLB invalidate

i nstruction. (C)  msentingRhlusgrsigneldviife widThB 8pirnhdreaignnpalideredt o st ep
(A), said first of said plurality of m croprocessors invalidates a
TLB entry cor MpamitinHg said busy deiadeaspriigesald Ga off said pluraliyefg entry

residing within said TLB oL %I d first m croProcessor
microprocessors is halted from executing programming instructions: and

(D) upon completing said TLB entry invalidation. deasserting said busy

signal.

9. The method of claim 8§, further comprising the step of:
(E) upon detecting said deassertion of said busy signal, resuming

execution of said programming instructions halted in step (C).

10.  The method of claim 8, wherein step (B) further comprises performing a TLB
invalidate instruction using said page number as the argument of said TLB invalidate

instruction.

11.  The method of claim 8, wherein prior to step (A), said first of said plurality of
microprocessors invalidates a TLB entry corresponding to said page number, said

TLB entry residing within said TLB of said first microprocessor.
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12. The:nmet hod of claim8, wh [ form ng aid
second ofYO%8R27493  <aid plurali ﬁgﬂm”fm“m;ﬂ'gﬂ éors checéé%&sé%gsf or
said TLB entry corresponding to * ¢ t &al e nunber, and perforns
step (B) if said TLB entry is found. 13. The nmethod of claim
8,  wherein step (B) is performed w thout invoking an i nt errupt
handl er routine. 14. A conpubgr system conprising:

a bus; a first mcroprocessor coupled to said bus, said

i or opr ocessor 2bo; rPeCRGAB ¢ GHTHk UGS IRGTS P REPTHERS B ABESHA Seond of o
id bus, id TLB f] : t i i . : )
second i or opeBCaleaI I A el Er el ey 108 5 Sud 0F8 i coprweatizsre
ncl uding a segand, ThB.oand, saiflAeCRRIaMSLARTOLEAROS chaRabl e of detecting
g F? , an val | d‘a

sai d ush reéque ting an entry within said
second TLB corresponding to sai d page nunber. 15. The
conmput er system of claim 14, wherein said bus includes a busy signal

line, and whergin vmr}naﬁ%diommé wﬁe%ﬁﬁéﬁ’%%g%&rﬁxehW%quﬂ%mxgg Sl d

entry within _ sai d second TLB, sald sec M Cr opr ocessor- asserts a
busy signal onRngahst HHEMr routine. si.gnal |ine.

14. A computer system, comprising:

a bus:

a first microprocessor coupled to said bus, said first microprocessor including
a first TLB, said first microprocessor being capable of executing a TLB flush request
on said bus, said TLB flush request including a page number;

a second microprocessor coupled to said bus, said second microprocessor
including a second TLB, and said second microprocessor capable of detecting said
TLB flush request, and invalidating an entry within said second TLB corresponding to

said page number.

15.  The computer system of claim 14, wherein said bus includes a busy signal
line, and wherein when said second microprocessor is invalidating said entry within
said second TLB, said second microprocessor asserts a busy signal on said busy

signal line.
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16. TheyPdgpifar system of cl ai rlﬂ m Iwimﬂﬁlkj first fHcer@PrREA$SOr 1S
hal t ed %§0n1executing prog] HHJ 1 I ons while said busy
signal is asserted on said busy signal line. 17. The
conputer system of claim 14, wherein said second m croprocessor

invalidates said entry within said second TLB by executing a TLB invalidate
instruction using said page nunber as an alRdunent to said TLB invalidate

i nstruction. 18. The conputer system of claim 14, wherein said
second m cropr o@essorhe computer sys@drh Of Biains &b dviiensia lsaid irdt ficropradadsdr iElhBlt@nt ry
wi t hout invoki-ng an interrupt handl er routine. 19. A

m cr opr ocessor ,framepecusnggrogramming instructionsawtiileBaid busy signal is assertedeorf saidst
circuit for requesting a TLB flush transaction by asserting a first TLB
flush request dmsnsigosllirgaid first TLB flush request including a first page
nunber; and a second circuit for detecting a second TLB
flush request asserted on said bus, sai d second TLB flush request

i ncl udi ng a second page nunber, wherein ugon o receiving said second
TLB flush requedt, sHICFORRREHAYEST OhFRIM hdaY hedein 831d §7F 0BA MEGrOprocessor  wj t hin

said TLB corr esiregari]i Imrég sz;[.ig er?t%’ »(\j!itgi%%gig%eg)%geﬂ,%ug;)gxrebuting a TLB invalidate

instruction using said page number as an argument to said TLB invalidate instruction.

18.  The computer system of claim 14, wherein said second microprocessor
performs said invalidation of said TLB entry without invoking an interrupt handler

routine.

19. A microprocessor, comprising

aTLB;

a first circuit for requesting a TLB flush transaction by asserting a first TLB
flush request on a bus, said first TLB flush request including a first page number; and

a second circuit for detecting a second TLB flush request asserted on said bus,
said second TLB flush request including a second page number, wherein upon
receiving said second TLB flush request, said second circuit invalidates an entry

within said TLB corresponding to said second page number.



