2 1 JUN 2005 SYSTEM AND METHOD FOR MULTI PLE STORE BUFFER FORWARD NGI{IIN g@?ﬁ
SYSTEM W TH A RESTRI CTI VE MEMORY MODEL Field of Invention ' S The pre
invention relates to store buffer forwarding In mcroprocessors, and nore
particularly, to nultiple store buffer forwarding in a m croprocessor
systemwith a restrictive nenory nodel. Background WMany nodern

m cr oprocessors inplenent store buffer forwarding which is a nmechani smt hat
10 i npr oV eSSYSTEMOANIPRRFROP F j endent

| oad operation by using datgﬁ%@?ﬁ%ﬁﬁﬁ%%#%gﬁ§ycg@g€%5gﬁg store
operation. This forwardi n¢ITHA RESTRICTIVYE MEMbRY MdsHTe operation is

specul ative or has passed the point of speculation and is part of the .
commtted nmachine state. In either case, the |oad operation's execution is

del ayed niFngdgﬁo :L%\Nhen it can read its data directly fromthe buffer

wi t hout that data to becone globally observed (GO . For

mul ti pke store 1. 0ns ri.or 15 processors, such as the Intel (r)
Pentium' 111, gﬁgﬁ%ﬁ%ﬁvﬁge‘ s ‘E‘SF t?srtloéjefl'? tf?r?ﬁ’la%%’f TIGHOPrPesRIE Admote periaglady, t hat run

on theseidhderRISR LS BN Jon of. the | oad operation until
the ol der mul tﬁ) iple store g%%irag%n %%R{soag%g%%@%laé tgft'lvﬁlm%gé‘?c\gﬂ'd. The Intel (r)
Pentiunm(r) 11l is manufactured by Intel Corpora;tion of Santa O ara, '
California. Because store buffer forwarding has inplications on the order
in which Bpkzramdcesses in a multi- 20 threaded or nul ti-processor system
observe stor en%gfr ations fromthe other processes, a processor
architecture Y mOdgmpIETPRISpesaHmplenyent sknee i Sewapding avhicli mévhasiso thet buf f er

f orwargi ng, the Intel (r) Architecture 32-bit |SA

[ Ol eXaml e, . |
“(1A-32) pr dugstr'g'\gﬂgﬁ‘n!%':?S§?r ??g%maené’gg)r??lf‘%‘f“f@a KOst Srnaniend iad peraticn by vaipg i Pr ocessor

Archi tect ﬁaﬁadmbo?g%gapﬁhgﬁe @Er%&aﬁg?%arlm rgg%c “ﬁrtﬁ*gg!‘]bgf rom SPARC

| nternational |nc?M nta O ara, orn SREFBEY nodel

has two r ésheilaiid @RS ps@b B @ht $:QpeGll M6 b€k il QWAL LA ne shie. frei YOUNTEr
| oad operation may only receive forwarded data froma single older store

buf f er enfasy the lepdbraition’éxehation sstdeiryed folnfufatty wiemnit say resllis darcGoqal @b Iy n@@ver t he

“region 1 ‘Z”il JUN 2005 of nmenory being read by the younger | oad operation.

thout waiting for that data to become globally observed (GO). For multiple store operations, prior
15  processors, such as the Intel® Pentium® 10T, and the related instruction set architectures (ISAs) that run on
these processors have stalled the e:'cecution of the load operation until the older multiple store operations
become globally observed. The Intel® Pentium® I is manufactured by Intel Corporation of Santa Clara, .
California.
Because store bqffer forwarding has implications on the order in which all processes in a multi-
20  threaded or multi-processor system observe store operations from the other processes, 4 processor
architecture must carefully specify the rules under which store buffer forwarding may occur. For example,
the Intel® Architecture 32-bit ISA (IA-32) product family has essentially implemented the Scalable
Processor Architecture (SPARC®) total store order (TSO) memory model from SPARC International Inc.™
of Santa Clara, California.

25 The TSO memory model has two restrictions related o store buffer forwarding;

1. A younger load operation may only receive forwarded data

from a single older store buffer éntry; and

2, : The older store buffer entry must completely cover the region




Many existing | A-32 code sequences produce situations in which thésglkwngs
TSO restrictions considerably degrade the performance of the processor.
When a typical | A-32 processor executes a |load operation that encounters
one of the conditions |isted above, the processor stalls the |oad _
operation's 5 execution until the offending condition clears. VWiile waiting
for the contents of the store buffer entry to becone 00, the |oad
operation and all instr SERsTEHSeingTead bytheyodemedend emtationn the | oad operation are
stall ed, thus &ﬁgﬁs%“]g. raocessor perfornmance. 10 Brief Description of the
Dr awi ngs FI G Heny gxicting 1A% 0 f SYIPART FETUSY sitgioRT WiidhthepstwnAS@iresgictimnd t i pl e st ore

buf fer f odoidesdbl k th enbodi nent of the present
i nvention. FIG ?%gfas%%gﬁoﬁgﬂn%{a ?tge %%{gosé?{‘ %?ﬁ?’@ﬁ?lﬁ's%?f%ﬁsﬁot EeEiTAdPadi ng buf f er

conf i gur adperatfon ithat enddiugdis oxbldrlie BdnBitionS i forwardi ng can be

i npl enented, in accordance with ;ﬁﬁsgé&n%%og%ﬂﬁr?é %cescsi?m\éyﬁg‘eb?“g“?gﬂt‘mfnventi on. 15
FIG 2i Sexﬁ’uﬂﬂnglﬁk the bﬁﬁgdiwm:@ftio&ldﬁ@.ﬂWﬁle&fa@ﬁﬁé/ﬁxtt%ﬂtéﬂts W?ﬁegéammﬁe; é'n9| store
buffer forwarding can be inplenmented, in accordance wth an enbodi nent of
the pres glﬁ‘fm’ie (PRt Pasypperation andl lideitridians thitpteidepandbil o EIGR SHRAGE aMisthilRa s

embodi mentq of  the ({)r\%sent i nvention, the system and net hod provide a novel
20 mechani smiio arT SworEas operations that are conpletely covered by two or
nmore store operations to receive data via store; buffer forwarding in such a
manner as to retain the side effects of the two TSO restrictions thereby

i ncreasing processor performance without violating the restrictive nenory
nodel . For greater clarity, the problem can be described using sone sanple
pr ogridm BristResérivtion of Mre@ingiingpi cal Store Buffer Forwardi ng Exanpl e 25The
‘follow ng sanpl e code segnment denonstrates the type of store buffer

forwar di ng t halS ¢ 5@ fyediagmea e pethad dhe brogiminfiiplatore Yufid thaMiBing, in s58laddd t he base
addr ess . 0X Q0 ;: store 4 bytes (0x00001234) to location MOV [ EBX],
0x0000123@%§%6‘6‘“3%‘%?P‘?‘é‘i"‘&“’%’P"“rmre other instructions 2 2 1 JUN 2005 MOV

EAX, [EBX] ; Irmad is% s&)ﬁ&t?bléc& %E@ra!lnoo(fg"\[mi'itg Qom%ﬁi‘lﬁg QL%BI‘ configuration in which multiple

store buffer forwarding can be implemented, in accordance with an embodiment of the present invention,

15 FIG. 3 is a block diagram of a computer system in which muitiple store buifer forwarding can be

impiemented, in accordance with an embodiment of the present invention.

Detailed Description
In accordance with an embodiment of the present invention, the system and method provide a novel
2_0 mechanism to allow load operations that are completely covered by two or more store operations to receive
data via store buffer forwarding in such a manner as to retain the side effects of the two TSO restrictioﬁs
thereby increasing processor performance without violating the restrictive memory model. For greater
clarity, the problem can be described using some sample program executions.

Archetypical Store Buffer Forwarding Example

25 The following sample code segment demonstrates the type of store buffer forwarding that the TSO
memory model specifically allows:
MOV EBX, 0xz1000 ; set up the base address
MOV [EBX], 0x00001234 ; store 4 bytes (0x00001234) to location
0x1000 ’
30 .o ¢ ZEXo or more other instructions

2



In this exanple, store buffer forwarding hardware is pernitted td bydals?00s
the store data val ue (0x00001234) directly to the younger | oad operation
even before other processors observe the store data value. Note that 5 the
above single store operation's data conpletely overlaps, that is, covers,
t he nenory r%%iton that the load operation references. In other words, in
this exampl e, ™ ne%salf*t our byt e¥sn? MEeERwY Joaahacn groased by the store
operation to store the data value are used by the | oad operation.

Disallo i ing .Exampl.e.Thi§ sanpl e code segment.
denonst \rflggl ésgkég{p{%’y%g 0 4 gof‘%%@%%ﬁﬁ%r’s i %n}gi\%ggafpﬁﬁﬁ’fj Ff&r{ggﬁt"s“lﬁ%@"ﬂgﬂoilg%d in the
101 A- 32 diely ko thetyodb@er BRNGHEMiocA B/ ey 000 - set up the base
addr ess MO [EB)?]b‘?hgemoooo : store’fe(’(e}%%’{"es (6’%0‘8 F R kot 10 0308,
[ EBX]S +2the dhxk2i8gle stasd aperasioRs doyt b@dleleld sl )ihat if) cdverS @Hel@RorP iR EHLROT

nmor eot her instructions 15MOV EAX, [EBX] ;| oad4 bytes, fromlocation Ox1000
I n this @X&iepr&renses. Tnpsbar Hordein thisskamgls] te stnp o byva ndhesienbg thetateasel 5om t he two
store oper tions to thi?Si ngl e | oad operation, since each store operation
provi desT HAalToPEPIoR RECTAL 25 Blyears used b the tpoperdiael oper ati on. Unfortunatel y,

this mulg..p _ fer farwarding is specifically disallowed in the TSO
menory rr%%fg{"?ed?ﬁgg %ﬁogf%?meg?é%mf he | oad opera}i on nust wait to conplete
until the tworhsbMpR e Shomint @Rsnskt N rved s ltiple
store buffer for'vvzgr di nggliai di ?gd%%%%&%%%@%@%a%m%pgd t(%LJensure a
r el i Hbl dAsadstogivemstogntodel (Fscher i n whi ch store operations can becone
gl obal |y obséPyeB=hy0:30¢er processepsthenbddacakyedem The problemthat store
forwarding frfh g@g‘g ] gﬁ%gﬂi%%re; Bh#9eef hofier (840088 toalmsetion ¢41postrated with
“the foll owi ng code SeqlieAcss, f\/\ﬁ@j‘?o?rbé’t%&%eﬁz & &A Yawetisepurd®® processors
! ) ; more other Ingtrpct
in aamul ti - preEEesSOr Byt en 25@5&9@%%%5,(?mm 93&@%5‘3@?00‘8“6 address PO
-1) MOV EBX, Ox1000 PO_2) MOV [EBX], 0x0102; store bytes (0x0102) to
Ox1000

In this example, it would be desirable to Forward store data from the two store operations o the single load

operation, since each store operation provides half of the data required by the load operation. Unfortunately,
this mukltiple store buffer forwarding is specifically disallowed in the TSO memory model, and, therefore,
20 the load operation must wait to complete until the two store operations become globaily observed (GO).
Muitiple store buifer forwarding is disallowed by the TSO memory model to ensure a reliable and consistent
order in which store operations can becon;e globally observed by other processors in the system.
The problem that store forwarding from multiple store buffer entries can >causa is illustrated with

the following code sequences, which are executed on two separate processors in a multi-processor systems:

25 - Processor 0:
PO_1} MOV EBX, 0x1000 ; set up the base address
APD_Z) MOV [EBX), 0x0102 ; store 2 bytes {(0x0102) to
0x1000
PO_3) MOV [EB¥) +2, 0x0304 ; store 2 bytes (0x0304) to
30 0x1002
PO_4) MOV ERX, [EBX} ; load 4 bytes from location
010000
PO_5) MOV ERX, [EBX] ; load 4 bytes from location
0x10000
35
Processor 1:
P1_1) MOV EBX, 0x1000 7 set up the base address
Pl_2) MOV [EBX], OxFFFFFEFF ; &tore 4 bytes (0xFFFFFFFF) to
0x1000



PO_3) MOV [EBX] +2,0x0304; store 2 bytes (0x0304) to 30 0x1002 PO_4) TNy 2005
. EAX, [EBX]; load 4 bytes fromlocation 0x10000 PO_5) MOV EAX, [EBX]; load 4
- bytes fromlocation 0x10000 35Processor 1: P1 1) MOV EBX, 0x1000 ; set up
the base address P1_2) MOV [EBX], OxFFFFFFFF; store 4 bytes (OxFFFFFFFF) to
Ox1000 3 2 1 JUN 2005 Sampl e Execution | In this exanple, processor 0 has
two | oad operations, PO -4 and PO _5, which, according to TSO, nust wait
for-the two older store buffer entries, PO -2 and PO 3, to becone GO before
t he | cad opmiphtExem®nr15 can execute. In a systemthat inplenents TSOw th
this restriction, the following total order, that is, the Event Store

Buf f er Cont ent sinthisfxagplRerpedssor  iaf twg loadrperytionsRy 4/andEihf.ovhick, atcordiog e F8@ondi t i ons
at nmenory | ocation 0x100000 00 00 00 PO -201 02 xx xx00 00 00 00 PO -2
beconmes GOBbHYeify tetropldrsisipbulenatien 162 endB0.3 prpecareidsiowediedsapaastions 04 PO

bggg% S& 3 04 w%f%l{elc:) a;gﬁgr%i%\%g u?flglgmeqlg q;Q(S X'?th tﬁg' Tes 1"'1:c§onl,: & Hc?lﬁ&w@é?o%h?éde?, atqg,,l thIeDl 2

order in Whtch pperations from both processors occur in time, would be possible:

Event Store Buffer Contents (ifa [ Result (if 2 load) Memory Contents
store)
Initial conditions at memory location 0x1000 ‘ 00 00 0000
- ¢
PO 2 0102 xxxx ' 00 00 00 00
P0_2 becomes GO 01 02 0000
P03 XX XX 03 04 ' 0102 0000
L P0_3 becomes GO ' 0102 03 04
PO 4 01 02 03 04 (from - 01020304
. Mmemory)
P12 FF FF FE FF 01020304
P1_2 becomes GO FF FF FF FF
PO_S FF FF FF FF (from FF FF FF FF
) memory)

The results of this sample execution are consistent with the TSO memmory model in that neither loads PO_4 or
P0_5 receive data directly from processor (°s store buffer.
10  Sample Execution 2
The following sample execution represents another possible ‘total order in a system that allows store

buffer forwarding from multiple store buffer entries, but does not implement the present invention.

Event Store Buifer Contents (if a Result (if a load) Memory Contents
Initial conditions at memosrt)?:zlation 0x1000 00 00 00 00

B0 2 0102 xxxx ' 00 00 00 00

PO 3 xxxx 03 01 00 60 00 00

PO 4 01 02 03 04 (from store 00 00 00.00

‘ buifer)

P02 becomes GO ' 101020000

PL2 FRFFFFFF 010200 00

P1_2 becomes GO . FFFFFF FF
P1_3 becomes GO FF FF 03 04




PO -5FF FF FF FF (from FF FF FF FF nenory) The results of -this sanplleJUN 2005

- execution are consistent with the TSO nenory nodel

. PO_4 or

. possi bl e
~ Contents
at nmenor

in that neither

PO -5 receive data directly from processor 0's store buffer.
 Sanpl e Execution 2 The foll owi ng sanpl e execution represents anot her

total order

in a systemthat allows store Event

| Store Buffer

PA$f a Result
Jocation 0x1

I f a | oad) Menory

0000.00 00 00 PO

BOFR08 D4 GroB T OF €) FF 1P G304
madH0 2xxxx00000000 PO - 3xx XX

condit

| oads

10

i ons
03

0400 00 00 00 PO_401 02 03 04 (fromstore 0000 00 00 buffer) PO 2 becones

GO0102 00 P12
GO F FF 039\%5?&8“

wqul d be
but does

(from Wenﬁéawi:o  ERREAARE, oki@elvﬁnée:%&es ft

consistent with the result of

not

Fsu‘::%F%glOZQOOO Pl

2 becones GOFF FF FF IF P

-3 becones

?PE'H“"BBQ# Smptoprsistent with thryemt of lasd st dFleed BRAwaw i n ti e,

entries,

p%%ﬁlpe (ﬁ(OIOEH‘alé @?_1'1 lgag f’()N?sho lg'lgwe (a%nm

FESE I nve

| oad

BBeh Bty sy

Saw

0x01020304 sahpieBxdestatl3 PO -5 shoul d have seen either that val ue or

OXFFFFFFFF. The result that

“&%‘Lﬁt‘ ZFQ“E °’1°"‘§’%Kﬁ?§€3%];’ie‘—*{9‘ tEE 03 04

Rpratlon PO 5 I's not
t he val ue

| oad PO -5 actually saw, OxxFFFF0304 nékes it

appear as if st dedsidrg PR 2ewiP0dhednd giebelly. obbrvEintht emEpoRCin tihO(thatds, iletleatif)pr es PO

-2 and PO -3 becone
atomcally

10

15

gl obal |y

observed at the sane point.
)the sttuation demonstrated in Sample Execution 2 would not have occum:ql In adoordance with an

in time (that

embodlment of the present invention, the following sample execution represents a possible fotal orderina

system that implements the present invention,

Event Store Buffer Contents (ifa | Result (if a load) Memory Contents
gtore)
Initial conditions at memory location Gx1000 00 00 00 00
Po 2 01 02 xxxx 00 00 00 00 (store is not
GO)

PG 3 xxxx 0304 00 00 00 00 (store is not
) GO)

P04 01 02 03 04 (from store 00 00 0000

: buffer)

P12 FF FE FF FF 00 00 00 00

F0O 2,P0_3 become GO 01020304

atomically _ .

P1_2 becomes GO FF FER FFFF

PO 5 FF FF FF FF (from FE FF FF FF

memory)

i S,

As shown above, load operation PO_5 now sees a result consistent with the TSO memory model.

Embodiments of the present invention, therefore, provide a mechanism to forward data from nultiple store

buffer entries in such a way that the invention guarantees that those store buffer entries update system

memory (that is, become globall-y observed) at a single point in time.

In accordance with an erbibodiment of the present invention, the system and method can make use

of a write combining buffer (WCB). A WCB is a structure that nsually contatns buffering for several

cachelines of data and control logic that allows individual store operations to "combine" into 2 larger unit of

data, which is generally equal in size fo the size of the cachelines. When this unit of data is written back to

system memory or to a processor cache, it is done so atomically and with a single transaction, This improves

5




the situation denonstrated in Sanple Execution 2 would not have dck wiNednos
I n accordance with an enbodi nent of the present invention, the foll ow ng
sanpl e execution represents a possible total order in a EventStore Buffer
Contents (if aResult (if a |oad)Menory Contents store) Initial conditions
at nmenory | ocation 0x100000 00 00 00 PO -20102 xx xx00 00 00 0O (store is
not GO PQ -3xx xx 03 0400 00 00 00 (store is not 00) PO -40102 03 04 (from
st or e00 QUGB BUIPELY popserving tms frensqoiion REdsarh O@n B BeodiD, RitholROWCS, dadC OMe
G00102 O ically Pl 2 becones GOFF FF FF FF PO 5FF FF FF FF (fronFF
FF FF FF%'r’r‘g"?r%“%?‘@fgé%"y‘g Rt "eg“oa&i?%,ﬂ’e FI6SM b5 srseshe Pasiermesels. Thiswogidee a resul t

consi st endstdM ddurbed Rss LB ) I Enbodi ments of the present
i nvention. therefore, pr?ﬁgi\%i eleﬂnr%g%ﬁ{asF?lresDPﬁrég%nsf%‘?%?r&g@'é‘le%ﬂmf’PEi’i‘ﬂlenul tiple

store Dbufshsdtioentries in such a way that the invention guarantees that
those store buffer entries update system nenory (that is, becone globally

observed) at &1%i ffgiflowgiopra ofiemethédTar prodiing RGOl UARE Bl PPeoflifRol} eNt . Of
t he presen% i nvention, the system and method can make use~ of a wite )
conbi ni ng" Bt FRAPIURGER)the psepdRetion. dn BEr Liptliplestote timelicis t4a bd dtecG@NL QI NS

buf feri n%ﬁm{epap seyveral . cachelines of data and control logic that allows

i ndi vi dudl St oreopar Aty oo mulfiplsistare sstuptiops info 4 sinslyealua fi docogifincs diat a, whi ch

i's gener ahkdvo@@Habe thdhrSdnd e.size of the _Q%l(;hel ines. Wien this unit of
data is written _backJ]Jtronaﬁ?é@%%ﬁ%%?@"ewa Erhn e eUR i EEHET it i s done

SO at oni ckmbiy, sadhds ad ehtky ifla BB LG, bah SR G LS. b dRroves system t hat

i npl ement's t he present'? i nven’?’% on. g&%ﬁl%h%%gl\]lmfggge?%?cg%%ssg R %’PF’B‘Pnance by
consefvi il oftpanuitivlgstomdtsinoiipnaing comthe Ramewi b4l insRBEA USSe edilulRPMt, @ VCB,
~each individual store operation would have to access the system bus or
cache po fad gaéapﬁgfnmgy copRliedto the exstern.Lrs eheok can be performed to determine whether a memory

region addressed b}_f the load instruction matches any cacheline addresses stored in the WCB 130, If a match
is found, then, a check can be performed to determine whether all of the memory region addressed by the
* load instruction, is covered by data that has been stored by the multip'le store instructions 140, Ifall of the
15 memory region is covered by the data from the multiple store instructions, then, a stﬁre forward is “OK>
signal can be generated 150, At this point the load instruction can complete executing by reading the data
- from the WCB entry.
If a match is not found, then, the method is not needed an;i the method can end. If all of the
memory region is not covered by data from the multiple store instructions, then, the method can return to
. 20 exgcute 120 the load instruction again. In general, the previous load instruction execution 120 and all
subsequent dependent instructions are flushed from the system before the load instruction can be sxecuted
again,
| In accordance with an embodiment of the present inventiu-m, new hardware can be added io the
WCB to implement the functionality required to allow stofe forwarding from multiple store operations
25  without violating the spirit and intent of the 1A-32 TSO memory model. In general, the two requirements
- that are necessary to achijeve this functionality include:
1 The store operation(s) must completely cover the memory region addressed by

the younger load operation; and "



systemresources less efficiently than if a nunber of store opera&ﬂodﬁN 2005
could be pre-grouped into a single transaction. 5 FIG 1 is a flow diagram
of a method for providing multiple store buffer forwarding, in accordance
wi th an enbodi nent of the present invention. In FIG 1, nultiple store

i nstructi.ons can be executed 110, generally, to conbine data values from
the multiple store i nStJi,tll,éC}i ons into a single value. In accordance with t

an enbodi ment ‘of the preSSRt PHAIENY he)frvardeie tagheriestl eperptiinamstb@mmdre  conbi ned

into an entry in a REACaSSR LY. sSuch as entry in a WCB, which can
remain invisible to aalf otﬁe.? Iﬁ%%@i@%@‘%s’ﬁf’fmﬁaﬁg‘ systemuntil 10 all of the

mul tiple stor dniotadaliod Gith ARMbIAMER FAITRLEL ; ting. A load instruction
can be executed 120 to |l oad data f r{)@] a &n\grrlrtg’}r'(’?l%g%unﬁ R goiege %Stsystem A

check caneiyeenpathy eidive thrdverettehcW 0B BigfertaBRSiFes, 3n SBIRYyto 580 1QRA0Fr essed by
the logad instruction matches any cacheline adrclzlr essesytestaofghggﬁlﬁgc?he WCB 130.

If a rmat Y edssadby thelead opertionietbkavalable s dar ifierwosd 14i0s dehendg ne whet her

all of th B0l eqi Qn addressed by the load instruction, is covered by
data t hati‘grr‘1’vglgl q%g%ah{h%?ﬂ%ﬁfﬂaadwaﬁsﬁé‘wﬁﬁﬂ# o, I ewerdandervdth ptbre brhtodimentsdBihe | f al | of

the 15 mMegRLYind-R0h QR 4 vered by the data fromthe multiple store ,
i nstructions, then, a %%ag%é %P%‘}ﬁaﬂe?‘gweiﬁﬂmg%? pr exapnicsee Wdhestat ed 150.

At this paffafanbibebdishehiAs I Gk I executjng by reading the
data fromthe WCB entrre%/l. T a %%gﬁé%sn%%g& ﬁlgﬁzﬁsa‘f“lieﬂ%tﬁ,b%‘flﬁ%grﬁ‘éf%d i s not

needed anvitsdosbivhetbhial candguragiondn wifichadultipl fiorb bigfer SRR Yead 'ﬁ%ﬁé}“"{!{% pot covered
by data fromthe nmultiple store instructions, then, the net ot can return

to 20 exXELiige 1ipen erhedimensef themstentiwtition agai n. | n general, the previous
“l oad instruct imoEngxgcc tion 120 and all subsequent dependent instructions
are flushed fromtHe S5 fictsrppison samponestads pan be outditorVCBAddbe ek ec ut ed

agai n. | m.a&ehE NER Mhdil. odi nent of the present invention, new
hardware can be added to tﬁge}esg%garis%m?%’im&@%‘imF"I‘f&"ﬁﬁ‘ﬂ%‘ﬂe'&?ﬁ&?"i ty required

to al | ow isbainglodiopanbmhionghd ban@aR Makehd hfreSh O Sud %ﬁ%@ﬂ ONSi02 2‘|’“‘4t§tFOUt
Cli

violating the spirit and intent of the 1A-32 T rrﬁJPfi/m'rm % general ,

the two reeingaderesses of existing entiies ip the SWBISAEY ali Da@BiH-LME TrhWwenl et ignal ity
i ncl %e:&)l. 'ul'ilpe store operation(s) must conpletely cover the nenory region
addr essed BFHIT HE Poacnyesd i pHER ligtbit vastor taffe 28), Bhich indildMes2RAFa Bies Fhe st ore

oper at i ol.Shoe DAL rd..d o the | oad operation nust becone globally
observed at ('EBIhe ssasfarrlgdrﬁtg}%r% ?ﬁglah’la?,%eeat‘”ﬂ?ﬁ“é&‘lhT goye opprifionse Brgp gabedimenipft h an -

enbodi me e pRfcntiftentipt, B8 @ ent il iR cpl Aol ¥R DB BEAN, RGN S\ NE fi TSt

valid bit vector buffer 220 are generally of equal size, for example, 64 data bytes per entry. The WCB data
valid bit vectors buifer 220 can be connected 1o a Muttiplexer 230, which can be configured to receive a data

20 valid bit vector from the WCB data valid bit vector buffer 220 and configured to receive load operation
address bits from the incoming load operation 202. For example, the Muitiplexer 23;0 canbe a 4:1
multiplexer, which can be configured to select a group of-16 store byte valid bits in the data valid bit vector
from an 8-bit boundary specified by the load operation address bits. The Multiplexer 230 can be coupled to
a comparison circuit 240, which can be configured to receive the group of 16 store byie valid bits on line 232

25  and an incoming load operation byte mask on line 235 and generaie a “store forward OK” signal if the store
instruction data completely covers the WCB entry referenced by the incoming load operation. The heavy
lines in the compasison circuit 240 indicats a 16-bit data path: The comparison circuit 240 can include g 16-

bit inverter logic 242 which can be coupled to a first 16-bit AND-OR logic 250. The inverter 242 can be
' 7



requirement by adding hardware to the WCB buffer that compares, dnlalJUlN 2005
byt e-by-byte basis, the region of 5 nmenory addressed by the | oad operation
to the available store data in the WCB. If it is acceptable to forward the
data, the data is read to satisfy the | oad operation. In accordance with
ot her enbodi nents of the present invention, the data can be read from any
menory containing the data, for exanple, the WCB, a store buffer, an other
buf f er, ePnfiguddreqeive the praaprefilg starrieteavalibitivelcawelipthy Mulfiidger 230 dnSineRssgldenat i ¢
bl ock diagram of a wite conbining buffer configuration in which multiple
store buf"g@F aninyeiied vasion gt thegrrup ef 16 pipre Bvieelidebits onforingl 334, sfhe H5-dfaBORMOLH an
enbodi nent , of e pres invention. In FIG 2, a cacheline address

P A

can be imy }emw.; 5
one

conpari s6n ¢o FR% RAIh S sopfi reREiEs onglbit foasithen e srmaeh Buf f er
210. Theigacheling saddig QRAL one 0p can be confjgured to
receive an %Sm ng Iéagﬁooger at {t%lﬁlgggggg%ﬂlpg%éﬁg %\Vag%%ﬁg’?lfnﬁ Maddress in

t he i ncomdge s 12 REEH QR optfon Witk Rak Bine SACHR kR 1R ANDS existing
entries in the WCB Address and B\g%da EIi%suffgl‘ra 210. 1'I§heb 3 mrgg}siésand 15 Data
Buf f er 280 beemfigved powgiedid idvertca 0AGE: tghabaid Vigtloh The D4tand/ @€ beQbupREfoh@ANB20, Whi ch
indicates the data bytes in the WCB Address and Data Buffer 210 that have
been wri £ty thefit Wb AND©BJeriet2pbes be chrfigaer temisydihaipeuining foad dpaetiopr esent

i nventi og}5 thf{e gat% egtrig in_both the WCB Address and Data Buffer 210 and
the WCB &A% 4 af'f o St 2 NG ORIePK lopic 269 glsoppnbe e ta the AP satedfabndsi ze, for

exanpl e, L ] try. The WCB data valid bit vectors buffer
220 can glgéeg%ﬁgﬁgl@eﬁﬂfté%iggl&?\[ﬁpafrﬁb%foéé%?ed ?éﬁ?m%ﬁgﬁc’ﬂp %A%St%%by(t?d’ﬂfdl%@hr ed to
receive aiddad 8 t2MutRleket230bd lin¥ SLLAY ihd ik Mah fud B4 tpyect or
“buffer 220 an% conf ?geuresd tg] receit?/ge ﬁa?é%ﬂ%ﬁg%?i n%agﬁhi%gg&gh%/s fromthe

i ncom ngNADRGateRe isebifigumed 20Reivi0ign & Xran pdcleof tHe 8t :MMedohPlodranND2Z0gan be a 4:1
mul tiplexer, which can be configured to select a group of-16 store byte

val i d bi #€ 2PH25P prelingradEhend 22i reppistivelyand eenerate the Gloredmwad @R tsighad iftkdaty  speci f i ed
by the | oad operation address hits. The Miltiplexer 230 can be coupled to
a conpar f“g%"ﬁm(g:lﬁ?t%cﬁingmﬁﬁﬁ?“ %E‘ﬁB THRrefsEneU e dieTRE 1t88 OBt ve the group of
16 store byt eryaleidh iRkdis: Sadskid Cacda n_incomn lL.oad. operation byte
mask on |ine 23% and génerate agqpstgeﬁéé?%gl%ar ga%n%ﬁgg}%gfacﬁ?ﬁ?aﬁ'e store

i NSt LEICt W igkavedto GRIPhalBnNtoRRNS bEndhe (MER RREdhdind SEL WA RERMRMoL he | nconi ng
| oad operation. The heavy lines in the conparison circuit 240 indicate a
16- bi t daneepiipna thpf contting intarsipaniar OB eaivbenging gléh4iy obsamedianitd sadketinge. 16- bit i nverter
| ogi c 242  which can be coupled to a first 16-bit AND-OR | ogic 250. The

i nver t er PRR2SEnofiths Pl?se%ﬂ"sr%ﬁ melse LT rcio pasble petinlestorsibyir foverdipeénm of 16
store by i i L. | e by. the Nl tipl exer 230 on line 232 and

out put a%ﬁex\é\%drl ?rée%m%}%r[%fg% %%ﬁe?h%lma?g%wecﬂ@ff BEOh ey BYte valid bits onto
line 244. TherhSuhtetis MIPb O carsRRERRIY HIRLE BB Gt b2odb GADD 2L €5,
whi ch can be configured to receive one bit fromeither the group of 16

. st or 80 by high gcgirieabe bff itsguctiun séquanees B IBich4 loMlRpdraiveis depeildelt oh tio o itbrk BRpgaiipup of 16
store byte valid bits on line 244 5 and one bit fromthe incomng |oad

oper at i ofl°15yieR opprries. drristing i3 21B%essors as Well pspther p@iedsiots wiBstdRtvd magioy 250

models, traditionally stall the execution of the load operation until the offending store operations leave the

store buffer and become globally observed. In an embodiment of the present invention improves on this
methad by only stalling the load operation until the store operations are accépted into the WCB, which
25  removes the restriction that the store operations must become globally observed (a process that can take
- many hundreds of cycles) before the load operation can be satisfied.
| This is not just a theoretical performance improvement since many compilers produce situations in

which the present invention is likely fo be beneficial. For example, compilers can usually provide an opti-
8
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‘| oad operation until the

performn

can be configured to receive the inverted 16 store byte vali d2bl tHMrgg ne
244 and can be coupled to a NAND gate 270 and the first 16-bit AND OR

| ogi ¢ 250 can be configured to receive the incom ng | oad operation byte
mask on line 235. A second AND-OR 16-bit | ogic 260 al so can be coupled to
the NAND gate 270 and the second 16-bit AND-OR | ogic 260 can be confi gured
to receive the group of 16 store byte valid bits 10 selected by the

Ml ti pl exeizet28® ramwvé ds meny Ad@canthtaliiStht BEQHREsL0AL:LRP i te mask
online 235. The NAND gate 270 is confi gured Stagﬁgggéﬁl&%&:éa%&tg%%l from each
of the fi PRémizafions ususbimlt it lotmprtmeADIDGR it g the Frograd D walg slg\ﬁge:géhti%mit{ﬂ{ 262 and
252, resp\%ghi veII ¥ and, generate the "store forward OK" signal if the store
i nstructi on dat a6 FPIPdt etipizalisnraptalveyrdeiDBede Ahaepbre aheetoaassdynmd he | nconi ng
| oad oper@idtRh e present. inveniion satisfies the second requirenent by

t aki ng adl\%tsnt aaeélz{%fcaﬁﬁse fng for i fiiclontand coppectyrmsrame. s zed to match the system
coherence gr andHe@padedbty bdnldh sitdiion i chel.jne size). Al individual store -
operations that conbi he I'nt o %oﬂsl%ﬂgiﬁﬁgerco BHPhoptinkze e prables aveais iy obser ved

at the sanwiinddireode whithegiaBotemieNdoad i,pyention make use of this
fact to enable multiple store buffg%?%%\%%&@?ﬁ&%ﬁmé“pg?‘ﬂs Fth a

restrictiipeedigsmoilonmbehs conitusy ovérliying 6i-B8lloiddferBE, TR LBREEI W JDI;H% System
Enbodi man%s ﬁ«of the present invention can signifjicantly Inprove he _
& 8 the peer pogiater Hpdathe MM (floiing otmregister fif) CRdis @iventidRbshiGhib@A Sequences

in whicha eration is dependent on two or nore tenporally close
store opetr ?Jfa:agﬂnspg&ﬁéf SEi NG PASBTIHE Rl o sueuse othes mylkishddia appliceldneds wait.ocessor s

W th 1oestri ctiry@ 3ReWREYy I raditjonally stall the execution of the
1 mgl%??% r??ﬁpﬁ%r K q%mr 1@8 g‘ﬁ‘éﬁ‘é‘?ﬁ%ﬁ%““ﬂ@%@gtﬂﬁé’m@& ore buffer

and becoriwegionbiaFicy 3, e @M dysteh Rooafbra@tRRdi HED ngSent L nvention
i nproves on this nethod by only stalling thebrfmg%%g%g@%&ﬁ%ﬁﬁ@ﬁﬁ”ial t he

st ore opdfatshdhs 33k shidoumdpteededitrd s9stdnt 165i0ABE, Btk 65008 & rloR TRYES s s @1 -
restrict ISEQ )t h b_t he store operations nust beconme gl obally observed (a
process that “Can teEIeEsorsipd o rlderme ergnoes N-bigredisess\nobsbva. et Higed: og@elssoper at i on

can be saljrhi s 1s not Just a theoretical performance inprovenent
si nce nany cgn%{é?tg-rggs’ s%?ge u°r%%ﬁ%%tbf‘s(?ﬁ%”fiﬁ“?‘m%:‘}?n‘bf%lemﬂe%maﬁmenti on is

li kel t erbeepepefal &igk 230 20@X BTG bl §LS pgan, usual | rovi de an opti
8 2 1 JUN 2005 ni zati on tgpgre(rﬂrb(bve %15peﬁ%n{gg?!mﬁg{oaﬁk@@g‘pﬁf#?fa%lr P ®he | oad
oper at i 0 eEPloEESirbloe PerplbfabCdripiral: lioondeR A% bus@s?ﬁél@}e%iﬁtlﬁté?i}fcra%‘ﬂﬁhi(y resul t
in a larger nenoés;% footprint for the program as well as slower execution
times, Tl Pasippoficptin, Reyisiop @ Prpittilished Rupéraben 12,Ab380iRGs0y Shndah Warterdaei Ng used.
Ther ef or ing.e i of the present invention, can result in
faster, ?}lgzr”:ﬁ%efs’ i (‘:"‘lr;gé% Aﬁ%}sﬁ'ﬁﬁp%ﬁ SHVist MusrfESA Spefvation Yprsipredni2) 1992 onmron
si tuat i OBublifhe¥MYos; RnitelE GHTRI ot. optim.ze the problemaway is in .
mul ti nedi a code which regu gadrjf"?"_fg%n@?"éf&"%‘g"*?&'& lsleﬂ‘ﬁéfféé@teﬁaw% %o 32- bi t
St or @00pentabiyanble blaesiuts. NoTRAlsAGbY 3Tk BNRHuNenBD o EOTRI 21 ELY
over |l apping 64-bit | oad operation. This sequence IS Sed 1o nove

only memory (ROM) or a flash memory. Peripheral devices 380(1)-380(m) include, for example, a

4%
)]

keyboard; a mouse or other pointing devices; mass storage devices such as hard disk drives, compact disc
(CD) drives, optical disks, and digital video disc (DVD) drives; displays and the like,
In accordance with an embodiment the present invention, a method for multiple store buffer
25 forwarding in a system with a restrictive memory model includes executing multiple store instructions,
executing a load instruetion, determining that a memory region addressed by the load instruction matches a
cacheline address in a memory, determining that data stored by the multiple store instructions completely

covers the memory region addressed by the load instruction, and transmitting a store forward is OK signal.
9




1
data fromthe integer register file to the MU (floating point) zrggl'ﬂstNe?U%

file. This invention has the potential to greatly inprove the user's

"I nternet experience" and to enhance other nultinmedia applications as well.
10 FIG 3 is a block diagramof a conputer system 100 that is suitable for
i npl ementing the present invention. In FIG 3, the conmputer system 100

i ncl udes one or nore processors 310(1)-310(n) coupled to a processor bus

320, which carinpeordeslitesh eibodmemyifpRE] iQetEn, 3RRuinERE IO b iGvRpe OF NOre

processors 310(1) - 310(n) are N-bit processors and can includée one or nore

N-bit regit&wderson mdipleskrowabl insfioipnsiotudiplelsog bafB0MadRan s bGPl ed to a
system mem)rx 340 t hrough bus 350 and coupled to a non-volatile nenory 370
and one 15USHYeRsmEY ﬁ’@?ﬁl’g‘ﬁ@}“aﬂf‘* ippEryqtiens inclsBinstiucli @S0 srdeutt ultylighrea per i pher al

bus 360. ; peripheral. .bus 360 represents, for exanple, one or nore
Peri pher dgﬂg%lrr[b oRent - F’?ﬁ“gE'tcB%h“g@?mm% YMmefiqy degion pigessegids e lgpd insectionest  Gr oup

SIG s P i £ I . i,Si 2 | i shed Decenb 18,
1996, | ngs Ty oy o ik e R N B a P e (1 sw)

buses, BGRRplGay stiveete hitbry 1NN B 8kl Sakd S 1@? - 1

publ i shed 1992; univer sallry serial bus r%%g%%e?®l%\é&gpe0| Og’ééﬁagsﬁl,’%% ngsi on 1.1,
publ i shedorSediseHpdgnal23, 1998; 20 and conparabl e peripheral buses.

Non-vol atile nmenory 370 nmaybe a static menory device such as a read only
mermory (ROV) df 25erdapceaiih srembndipent the piegshidnveritionembce®s s8R (nblide3BH¢caorjanc| ude,
for exanp smnqemlge clg&)?rij; a nouse ,or ot her pointing devices; nmass storage
devi ces sUCH AaHaP T gLk Pgfergratnd a poyypiaitls memory coupled pyhe giopessanin wigghtis cal di sks,
and digQi tshed\Wd j M, i , _di.spl.ays and the |ike. |In accordance
"W th an enbodi gngc%togltn%fe&fa%?eelé%ugg E !n#\%gﬂr? ﬁaSaﬁ,gd%%ﬁ%‘Fﬁ‘%*&ﬁb% SPORGIE M8l e store

buf fer  Afstrisnamici, MenieRold Sy BARRNkEHS indn hES Lok &%M&m@ﬁﬂ@pﬁ&’m@%%'r _includes
|

executing nultiple store instructions, executing a loa nstruction,
det er mi nifrgrandingin 2 aysiew ik arestrztiic oemag clodeb Thehrthiy of dutbdBAInduastidsteiondy:. mat ches
a cacheline address in a nenory, determning that data stored by the

mul ti pl e ETBF BUFRISEFLIRTPHRS cxcotign lead ispctionsiotenmine thia memerpregior @esexd bpddr essed

by the | qad,dsdliG ia%&a%&%ﬁ%édﬁ;@%%t“ n ﬁi?testore forward is OK signal. 9 2

1 JUN 2005 Tn accordance W e thfhdata Eored by g epiitlon, a

mac hirse- readabl@odd e Ravk reon l.ti,pl € execut abl e

“instructions for nul tpiug}fve stig%gen%&?{‘;cg@ning% V\H/%?m %m%eg B%ttﬁ%lﬁdtmemrﬁc%"‘t h a

restri ct ispdiravmriigysiprerfioded is OK kignalrul t i pl e i nstructions include instructions

to: execute nultiple store instructions, execute a |oad instruction,

det erm ne thatt S@Uﬁwfﬁwesbwﬂmo@mm@@s@@rwmmm Iosited dastibed abihiph 5 mat ches

a cachel ipe dress in D1
e

store instructToRe ?F%?&%?B%?dﬁ‘f%@ QPR SYpteme digteiskiedityiheta avilive rror y

pect 11 etk 8 RO UL LIRS, QuSl.ore LoLpaLd 1o K

signal. In accordance wth an enbo "® a processor

Syst em i nobohilesiha inREeeESdaor chibs mﬁwﬁp%da?spﬁeﬂawcc&&ﬁ@%ﬁﬂu%%ﬁl&%n%&cesSor’ and
N 1 C 'S :

a non-vol atile nmenory coupled to the processor
which fall within the spirit and scope of the appended claims will be embraced by the principles of the

present invention.

10

determ ne that data .stored by the nultiple

.~



10 stored an article of manufacture including instructions adap? ddJtl
executed by the processor, the instructions which, when executed, encode
instructions in an instruction set to enable nmultiple store buffer
forwarding in a systemwith a restrictive nenory nodel. The article of
nanufactuge :ngludes instructions to: execute nmultiple store instructions,
execut e instruction, determne that a nenory regi on addressed by
the load instruction nmatches a cacheline address in a nenory, determn ne
that data storqd by A heiou!ibd BLRpISssleYutret e il sy EeRp! etely covers
the menory location in the nenory specified by the load instruction, and
transmt a storcsequbingamdnrplity OF swrgmaiructions sheordea, pluhligofdst, vabes imaer st ood
t hat whi | %riﬂlﬁe Resent icQt\lloenntii gn_has_been described mainly in terns of

m cropro essor - an3]5ﬂki -pPoE%%@%?@%ased personal conputer systens, those
skilled in the eagdutivi blloadiaeBgfivs €o ldaathd fleraBtyi diGakl RRul ffrohD@eiphayi on may
be used advantageously with alternative enbodiments 20 invol ving ot her

i nt egr at & MpsmER lacationsn e memoe Apige of theyduraliy of mesird lasatigns eghalingiic h

i npl enent_at.i i . i.£ he spl.Lit. and scope of the appended
claims wi Ogg%emg%g%dd{#gé% tr}ftgikgafdégé@&l?%e present invention. 10 2 1
JUN 2005 CLAI Mgeferatthgwestiedofvard UOKi gdral;st or e buffer forwarding,
conprising: executing a plurality of store instructiqgns to store a
plurality of d&ae%rymipgdas tﬁe semoiry, Fegiqny addgsssaddiyghs lqad dastiugtien matchessnor y;
execul Nendndr9aebibMaFlfddil o LRAGidRRIRL AN Ity dat a vatues from Lhe
plurality of nmenory locations in the menory, a size o6f the plurality of
menory | ocat i onlsteequndnig that the phirdiy of data nelwey stored diy thre pldciiiessiestbrby t he | oad
i nstructi.on; generati a store.forward is OK signal:; .determning that the
memory r é%ﬁt%lﬁg%%fa‘i'ogg’ %%yﬁﬁﬂ?wgn?%@&i!‘\?%fr}oﬁé{eg’@ﬁ aﬂﬁ’feéﬁ?gg’y&ﬁe ﬂ’léiimry regi on
cor r esponfkin@tié® adadcachel i ne address in the nenory; determ ning that the
plurality of data values stored by the plurality of store instructions
conpl etel y cor resgpiides the storeioreaidriy Ofegjizes). addr essed by the | oad
instruction; and transmtting the store forward is OK signal. 2. The

met hod. of claim1l, wherein executing the load instruction conprises:

| oadi ng the data fr dicanstiiad & i, RilivgeiRUidcting the 1ddeins@idNeA cOipfitedi M 1,

wher ei n det erm ni ng thhat t he nenory region
foading the data from a write combining buffer.

3. The method of claim 1, whercin determining that the memory region
addressed by the load instruction matches the memory region corresponding to a cacheline
address in a memory comprises:

comparing an address of the memory region addressed by the load instruction and
the cacheline address; and

determining that the address of the memory region addressed by the load

instruction is the same address as the cacheline address.

4. The method of claim 1, wherein determining that the plurality of data
values stored by the plurality of store instructions completely corresponds to the memory
region addressed by the load instruction comprises:

determining that a size of the plurality of data values stored by the plurality of

store instructions equals a size of the memory region addressed by the load instruction.

11



addressed by the load instruction matches the nmenory region corré%ﬂoﬁHNd@OS
to a cacheline address in a nenory conprises: conparing an address of the
menory regi on addressed by the load instruction and the cacheline address;
and det erm ni ng that the address of the nenory region addressed by the | oad
instruction is the ddreiﬁﬁas t he cacheline address. 4. The net hod of
claimi, wherein det ﬁltﬁﬁﬁ BT GPRPTISNEOf data val ues stored by

the plurality Q& ghan th@ﬁ%ﬂé}%gtﬂfgﬂﬁd(ﬁ@m%eeﬂn}émﬁg Jegiaﬁ(a@(ﬂ%ssteg bg'ﬂfehlg?&m ry 2i 76

regi on addressed by t Instruction conpris etermnin

of the plinstaictioly amf thd stchelind abbestinthedndyonyhee diffareat.i ty of store
instructions equals a size of the nenory regi on addressed by the | oad
instruction. 11 2 1 JUN 2005 5. The nethod of claim1, further conprising:

termnating the, WEthmgﬂﬂdbéﬂfﬁgﬁqu&ﬂgﬁcbﬁﬁngﬁ?Dry regi on addressed by the
|l oad instruction and the cacheline address’ in the nenory are different. 6.

The met hod of ¢f-gkeputing fh@rlt)trtbmst@mmm; éthﬂ}nemetyengouaddrgssethby theddad
i nstructi; gLion
i nconpl et %9“’%{%‘% espn%gcgy E’(OH‘?S & Itﬁ?réﬁ I?Eituﬂ??gtc%ydjﬁ%aava\}éqsﬁ §e t:h Yt he

pl ur al i t ywf ske Bik@a®ionfst ructions. 7. The nethod of claim 1, wherein said
executing the plurality of store instructions produces a single value that
is invisible to other concurrent processes. 8. A nachine-readabl e nedi um

having stored ther egﬂe ﬂleﬁllo 0‘?' 1 i é?}:vihgl)éﬁf 8{6@11‘[1 rtﬁ% Hl%l}r_rgn§st01% mul tiple

store buffer forwar ruc rrsrn

i nst ruct iiostsictions I:maétmes e smgtml \uuhml thityis ﬁfwﬁﬂiie Itteotlhaxsctdnttﬁﬂrdm pEoceest ore a
plurality of data values in a plurality of menory |ocations in a nmenory;
execute a load instruction to load the plurality of data values fromthe

plurality of rgermwntaeﬁl%t'reaaabte@nédttﬁnttﬁﬁﬁngxmret {ibrE6n 9@ afralﬂﬂg g%e%ht hté of

menory | ocations equaling a size of ry reglion a e | oad
i nst r uct ilntiructjemecionmaltipls storeeoutler famardisg, Gk Mgttt of 1d$tttmt1nmsr®mﬁmtngt he

menory reg%gﬁnggﬂtessed by the |oad instruction matches a

execute a plurality of store instructions to store a plurality of data values in a
plurality of memory locations in a memory;

execute a load instruction to load the plurality of data values from the plurality of
memory locations in the memory, a size of the plurality of memory locations equaling a
size of a memory region addressed by the load instruction;

generate a store forward is OK signal;

determine that the memory region addressed by the load instruction matches a
memory region corresponding to a cacheline address in a memory;

determine that the plurality of data values stored by the plurality of store
instructions completely corresponds to the memory region addressed by the load
instruction; and

transmit the store forward is OK signal.
9. The machine-readable tnedium of claim 8, wherein the execute the load

instruction comprises instructions to:

load the data from a write combining buffer.

12



menory regi on corresponding to a cacheline address in a nenory; d@ge#Hﬂngms
that the plurality of data values stored by the plurality of store
instructions conpletely corresponds to the nmenory region addressed by the
|l oad instruction; and transmt the store forward is OK signal. 9. The
nmachi ne-readabl.e medi um of . claim8, wherein the execute the |oad

i nstruction coﬁgrisg?emﬁ§LFﬁé?? te mgdumpf¢lam, whewrr the detgrpie that 88nbi ni ng

buf fer . Ierford rebibh 28R sdPby H%APHNOIL AAARL BIIRANAGBliof | &1 M 8, wherein

the determne"that the ry region addressed by el i nstruction
mat ches tchgesponding to e gadwiline atdress po adiengry cormpiss hestnodomdotr ess in a nmenory

conprises instructio to. conpare the addre of .th ry region
addr essed by tﬁ8“@8§3ﬁ?ﬂ%??ﬁé?ﬁ&ﬁnaﬂaﬂ”Fﬁenéi@ﬁ%F@h&ﬁﬁﬂggggé?waﬁaaa@ternine
t hat t he tRelgicBEImcQlddtdlg sngnory regi on addressed by the load instruction is

the same address as the cacheline address. 11. The nachi ne-readabl e nmedi um
of claim8, whéeermineikatdes addnisnef theanemory regipmaddressed by thgdoasl imstiuetion st or ed

by the pl. | i tore ingtructi.ons conpletely corresponds to the
menory ré%ﬁ%ﬁw§§3§%§§ﬁgt %G¥ﬁgHFU%@“¥ﬁstruction [instruction] conprises an

instruction to: determne that a size of the plurality of data val ues
stored by the plurality of store instructions equals a size of the nenory
regi on addressdd: by tianaching-readablamedipg. of clim Bhwhgmgimiha detemning Hhas thee di um

of claim fr I.Si i r j : ] lyralit
of instr cﬁ?% g&ﬁﬁ%w%ﬁﬁg%gﬁgggwggp?%@ﬁ%gﬁ%%%ﬂ?géﬁg%ﬁ$%%%$§%§g%ﬁﬁﬁﬁ?§% Ioaé
i nst r uct itotheanembtyeegian hédressed agdicdssd invtrrdtenifaRnustioal eotlpfifesent . 13. The

machi ne-r.eadabl e medi um of claim8, further conprising an instruction to:
r e- execut®HUGHOR Wad instruction, if the menory region addressed by the | oad

i nstruction i nqRihleqht GRS FIRONARIHPof dis MitksBldrld bPhe (RN YRS St Oor ed

by the plurality of store instructions.
_ instructions equals a size of the memory region addressed by the load instruction.

12.  The machine-readable medium of claim 8, further comprising an
instruction to:
terminate the plurality of instructions, if an address of the memory region

addressed by the load instruction and the cacheline address in the memory are different.

13.  The machine-readable medium of claim 8, further comprising an
instruction to:

re-execute the load instruction, if the memory region addressed by the load
instruction incompletely corresponds to the plurality of data values stored by the plurality

of store instructions.
14, The machine-readable medium of claim 8, wherein the execute the
plurality of store instructions produces a single value that is invisible to other concurrent

Processes.

15. A system for multiple store buffer forwarding, comprising:

a processor having a write combining buffer, the write combining buffer
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14. The machi ne-readabl e medi um of claim8, wherein the execute tihgy N. 2o
plurality of store instructions produces a single value that is i nV| Si tﬁé}
to other concurrent processes. 15. A systemfor multiple store buffer
forwarding, conprising: a processor having a wite conbining buffer, the -
wite conbining buffer 13 2 1 JUN 2005 including: a conparator, the
conpar at deB@ng configured to receive and conpare an inconing | oad

operation targef Dﬁﬂg;aqg‘[sm@ g%eg ' g wite
conbi ni ng buf f erC entries &&ﬁfﬁ%@ 8&192”%@%{1 g?%@%ﬁ@ﬁ% %)Ipt he
conpar at an(;ormng maal opatatidn irget addfebewith allphddlihoaddiessedadieassingnditelat a

buf fer, rrrtg" B&xer coupled to the data valid bits buffer, and a
conpari sSAIFRGPHIISHISd to the multipl exer; a system menory coupled to

the processor; a@%dﬁs@ﬂﬂfd’a@a{B{H‘fér%ﬂﬁ@@fé&h@‘&)ﬂﬂb%@t&ro the processor to store
i nstructions ad ted to be executed li/nt e processor to: execute a

plurality of staotata vaistnisduifenequpleshte dhe sidsess ondiditabufferct i on; det ermi ne

that a nmenory re addres d instruction matches a menory
regi on corresponrgulﬁgletxgrcoug ?ﬁgw %‘t &ﬂz’s@b ﬁé nory; determine that a
menory regi on dadompRtieseélrdujt dobsle@hdiRlinhiMpRkerst ore instructions

conpl etely corresponds to the menory |ocation in the nenory specified by

the | oad instrdctP6m memeryioaplsdie g psecsseorfamdward is OK signal. 16. The
system of claimJpy. %&lzﬁge %é%gfk(gﬁbéqtja?%@% Srsltf)rl {0?9 1ntsa thongcég%)\f?d to beyt €

valid vector fromt recel ve ress fromthe
| oad oper etdcoted dydhopropestorval i d bits;  sel ect a group of valid bits from
the byte valid vector; and out put t he group of valid bits. 17. The system

of claim15, the cofp&EiSHA ugql}txgﬁtm@épﬁglc B¥¥i gured to:

execute a load instruction;

determine that a memory region addressed by the load instruction matches
a memory region corresponding to a cacheline address in a memory;

determine that a memory region data stored by the plurality of store
instructions completely corresponds to the memory location in the memory
specified by the load instruction; and

transmit a store forward is OK signal.

16.  The system of claim 15, the multiplexer being configured to:
receive a byte valid vector from the data valid bits buffer;

receive address bits from the load operation and output valid bits;
select a group of valid bits from the byte valid vector; and

output the group of valid bits.

17.  The system of claim 15, the compatison circuit being configured to:

receive the group of valid bits;

receive an incoming load operation byte mask;

determine that it is acceptable to forward the data using the group of valid bits and
the incoming load operation byte mask; and

produce a forward OK signal.
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receive the group of valid bits; receive an incom ng | oad oper & i ot ty1oes
mask; determne that it is acceptable to forward the data using the group
of valid bits and the incom ng | oad operation byte mask; and produce a
forward OK signal. 14 JUN 2005 18. The system of claim 15, wherein the
execute the pl ural ity of store _instructions conprises: performa plurality
of store operatlifons ﬁl}@ Sé’%t%‘?lé’fﬁlaﬂpdﬁa}"ilﬁfy?lrbthe gxacatothe gl@galqtjﬁogstorm urality of
menory | QgahicA8ss ddnddigs. system nenory, a size of the plurality of nenory
equaling a size of menory regi on addressed by the |oad instruction. 19.
The syst em of qledorm 2®luraligrodistord dyperations id stotehepllhabic) ofidata wdids dma

conpri se ad .t he daafromt e Iurallt of,rre | ogations in the
system F‘ﬁty Oir%em‘ﬁ'@ (ALeRs IPHQ 9@ PdIZFQ?%%pé?réWéﬂOfWOWhe system

of cl ai mekalindhedigd ¥ SAbRoRf I@Ei%ﬁ%@ﬂreks%d'b%ﬁel%@hﬁguéﬁma mul ti - processor
havi ng associ ated with each said nulti-pfocessor a separate set of

har dware resources. 21. A nmultiple store buffer forwarding apparatus,
conpri si ng: Rlgoces Vi n

o d | atil
menory coupl ed to the r%%glgsogrcﬁ“rgahgdwh%ﬁl $ Ig?t%p@%ﬁ%ﬁ)&fl 9%2@8?‘?%23 volatile

i nstructiceffpriséy:ch when executed by the processor cause the processor to:
execute a pl uralltl¥l of store instructions referencing a first mem)rdv)
regi on; execut aoad éééltalf’i@@ theatyrelityrafmeaneaiilengtionssa demysivermeyone gibn

det er m ne that g{eﬁ@rai} rer@mge{rx lsréﬁl Sg&a[rat ches a cachel i ne address;
ir s

determ ne that menory region-conpletely covers the second nenory

region; and transmt a store forward is OK signal. 22. The multiple store

buf fer forwardi r&g apprehrat us of fl aim2l1l, wherein the_ wite comnbining

buf fer incl udes e system of claim 15, wherein said processor is implemented as a
multi-processor having associated with each said multi-processor a separate set of

hardware resources.

21. A multiple store buffer forwarding apparatus, comprising;
a processor having a write combining buffer, and
a non-volatile memory coupled to the processor, said non-volatile memory storing
instructions which when executed by the processor cause the processor to:
execute a plurality of store instructions referencing a first memory
region;
execute a load instruction referencing a second memory region;
determine that the second memory region matches a cacheline address;
determine that the first memory region completely covers the second
memory region; and

transmit a store forward is OK signal.

22. The multiple store buffer forwarding apparatus of claim 21, wherein the
write combining buffer includes:

a comparator to receive and compare an address of the second memory region
with all existing cacheline addresses in the write combining buffer,

an address and data buffer coupled to the comparator,

a data valid bits buffer coupled to the address and data buffer,
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a conparator to receive and conpare an address of the second né%ﬁréuwegmén
with all existing cacheline addresses in the wite conbining buffer, an
address and data buffer coupled to the conparator, a data valid bits buffer
coupled to the address and data buffer, 15 2 1 JUN 2005 a nul ti pl exer
coupled to the data valid bits buffer, and a conparison circuit coupled to
the mul ti pl exer.m@@plef¢reonpled igpthe dstacralid bits befferf ardvar di ng appar at us of
claim 22, wherein the mul titpl e e({ iﬁ to;.receive a byte valid vector from
the data vali d 5P S BEFrarE! C?]é‘ij% b GRS t 5 from the | oad
instruction, select a group of valid bits fromthe byte valid vector, and
output the group of valid bits. 24. The multiple store buffer forwarding
appar at us of clzgi m 23he pndiie atorheutics denserdisg aprsrateueficliim 32 wheeirethee t he

group of . i.fs,. receive an incomng |load instruction byte mask;
determ néﬁ/%tgx?tlgﬁ)s' acceptable to forward the data using the group of

val i d bits andredehe a bygovilidgecwatonnigt daatvabd bhybeffarpsk; and produce a
forward OK signal, 25. The multiple store buffer forwarding apparatus of
claim21, wher é85%51&gddrespbiscleaa dhe foad inspeifsnt ed as a nul ti - processor

navi ng associ A i PRENIRNY B ety ARASROP Angenar at e set of

har dwar e resour ces. A multiple stor orwar di ng appar at us,
conpri sing: aonmpubthe;grauppsfoabd bds. coupl ed to said nenory and having a
write conbining buffer, said processor to execute a plurality of store
instructions referencing a first nenory region of said nenory; execute a

| oad instruction refqneRpilge dodCHRRY (HRIRAN: HEREREs O SR 25 WRRRSY ihe
determ ne that the second nmenory region mat C%es a cachel 1 ne "address;

det er m n€ompatisontérchit isto: menory regi on conpletely covers the second nmenory

receive the group of valid bits;

receive an incoming load instruction byte mask;

determine that it is acceptable to forward the data using the group of valid bits and
the incoming load instruction byte mask; and

produce a forward OK signal.

25. The multiple store buffer forwarding apparatus of claim 21, wherein said
processor is implemented as a multi-processor having associated with each said multi-

processor a separate set of hardware resources.

26. A multiple store buffer forwarding apparatus, comprising:

a nemory;

a processor coupled to said memory and having a write combining buffer, said
processor to execute a plurality of store instructions referencing a first memory region of
said memory;

execute a load instruction referencing a second memory region of said memory;

determine that the second memory region matches a cacheline address;

determine that the first memory region completely covers the second memory
region; and

transmit a signal indicating that store buffer forwarding is authorized.
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region; and transmt a signal indicating that store buffer for r g Zhﬁ%
authorized. 16 2 1 JUN 2005 27. The nmultiple store buffer for HZ}Q
apparatus of claim 26, wherein the wite conbining buffer incl udes
conparator to receive and conpare an address of the second nenory regl on
with all existing cacheline addresses in the wite conbining buffer, an
address and data buffer coupl ed to the conparator, a data vaI id bits buffer

coupl ed. £ L e addr egg AR RN Ao 8 or MY AARPLEX Lo GRURL Sick, Blhe data

valid bits buf er, n npari son Ci f cui t eXer. 28.

The nul tiwaitecsﬁlairnﬁlgmﬁffeemcimemr di ng apparatus of claim 26, V\/ner e| n the
mul tiplexer is to: receive a byte valid vector fromthe data valid bits
buffer, recei F&OBPEREILO Ficeyeppd APMATSPBaddrrsiticiscor] mempaCteggr oup of

val i d b Ly 1P ghéﬂh AW ik B O, AL v RO Gom@BlRMelehe of oup of val 1 d bits.

29. The rrutl ore orwardln appar atus of claim 28, wherein the
conpari son ci rcamaﬂdnessarﬂdatadnﬂfeveompiai ‘@rtbelpomf)armati d bits; receive an

incomng |oad instr i,on_byte ma et erm ne | hat is acceptable to
forward the daf al?s\’aiiﬂbﬂtﬁ@u PowyP tﬂ’/%qa@d’fﬁs‘f anddpip b‘i‘f}EFé i nconi ng | oad
instruction byta‘%n&lﬁﬁl'&xe%ﬁpl@&?@ﬂﬁ%a@a wilig ek bl Gad i ng that it is

acceptable to forward the data. . The rrutlple store buffer forwarding
appar at us of claalompaﬁsowmmmu}ﬁadd)thpmﬁmﬂsm is inmplenented as multiple
processors wherein a separate set of hardware resources is associated with
each of said nmultiple processors. 17

28. The multiple store buffer forwarding apparatus of claim 26, wherein the
multiplexer is to:

receive a byte valid vector from the data valid bits buffer,

receive address bits from the load instruction,

select a group of valid bits from the byte valid vector, and

output the group of valid bits.

29. The multiple store buffer forwarding apparatus of claim 28, wherein the
comparison circuit is to:

receive the group of valid bits;

receive an incoming load instruction byte mask;

determine that it is acceptable to forward the data using the group of valid bits and
the incoming load instruction byte mask; and

produce a signal indicating that it is acceptable to forward the data.
30. The multiple store buffer forwarding apparatus of claim 26, wherein said

processor is implemented as multiple processors wherein a separate set of hardware

resources is associated with each of said multiple processors.
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