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WO 2004/ 025457 PCT/ US2003/ 027716 PREFETCH NG DATA I N
A COVPUTER SYSTEM BACKGROUND OF THE INVENTION 5 Field
w@bootlogs4ssnvent i on [ 0001] The present inventi onPCBHUS2003/027716
related to the field of conmputer systens, and nore
particularly, to prefetching data from nenory
| ocations. Description of the Related Art [0002]
Pref et ch?@E%TGPﬁE&MM@eI%&Wl}UF%% RER in
processors. Data and 10 instructions required by a
processor are prefetched before it is actually
utilized by t BACISGROSNDrOE THE dNMENTEONN unit ( EV).
As a result of prefetching, the prefetched data is
avai lable to the EU at the relatively higher data
rates of the processor's internal bus. A hardware

FielPhEihetishngsgi ne (HWP) in a processor nornally
prefetches the data required by the EU Since the

[000\%‘1 efetc ti-%g ﬁge%%% %{ge%tloﬁ] %st 1Ieﬂt?ed t? e o egg ? 2:?1 e sg gf ﬁnil more

enever res

I npr.oves t overal |, perfor rmnce [ 0003]
pam%n(%‘éw’etf),pr?étcbﬁ’@f‘%{ac{% Iﬂénelnéory PPNt ed i ncorrectly,

prefetching may inpair a processor or systems
performance. In order to prefetch data and/or

instructions, .e.g., fromexternal nenory, the
LE@E%&@E#&@£&Q§@E§£§ES is used. Hence, prefetching may
occupy the resources of the external menory bus, thus
[00R2¢duci ndrefhiehiapfive teckeiqueerdmndnly iopleagnteddn pxacessozs. Data and
menory bus. The data/instructions that are prefetched
instmetyortseeqtiraiéy a proosedrare prefached bbfvie it $s adtwdly tidizédey the
processor(s). For added efficiency, nmultiple Ievels of

proce&eTe coftRBENtioMaMiItABUYS Ad a ré’ﬁ‘l‘ﬁ)f%fefet@hhﬁg Be phgetthdd da@dis
size of the cache nenory, prefetching of new

avalgﬁieatf tnéﬁﬁ%me%ﬁupﬁ hEt S Wih }ﬁ?do«{f?é% @gg%@galf ELE0E4 bus. A

instructions e sti

hardware prefetch engine (HWP) in a processor normally prefetches the data required by
the EU. Since the prefetched data and instructions (data) are available whenever the EU
requires it, prefetching generally improves the processor’s overall performance.

[0003] However, if prefetching is implemented incorrectly, prefetching may
impair a processor or system’s performance. In order to prefetch data and/or instructions,
e.g., from external memory, the external memory bus is used. Hence, prefetching may
occupy the resources of the external memory bus, thus reducing the effective bandwidth of
the external memory bus. The data/instructions that are prefetched may be stored in cache
memory that is close to the processor(s). For added efficiency, multiple levels of cache
memory may be used. However, due to the limited size of the cache memory, prefetching
of new data/instructions may overwrite previously-fetched data/instructions that are still

needed.
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WD 2004/ 025457 PCT/ US2003/ 027716 [0004] In a typical
processor, an entire cache line may be prefetched. For
wexaaptas7if a cache |ine consists of 32 byt esPCEHOS2003/027716
a mss occurs in the cache, then 32 bytes at a tine
may be prefetched fromexternal nenory and stored in

e cache. If. multiple msses ocgur in the sanme cache
000415 27 g AR OF APHIE AR e AY bF Bresd. Sor
line multiple times. This method of prefetching is
examplpy HRaeheking Gonaisisiof B2 hytes, BRI ErMEEoARYiChe Thihe, then 32
DRAW NGS [ 0005] Various enbodi nents of the invention
byteyay a imeunaebesprofetchiod fioef erternalgnémorylddistueed ol thovachg. If
description and acconpanyi ng draw ngs that are used

mulfiple mis$ed desratin @i sam@ chétR 1ind] MWD mdyl [Hfehkhs BN ertire cache
bl ock di agram of a portion of a conputer system

line @&08pEitigkst Thi 8&@%% | |ePBiedil QUr €
2 sﬁ%ggmgmfﬁgﬁﬁgﬁggra %hatlﬁﬁ%agpgg?géﬁgkgﬁgggﬁation
of afilter circuit, 15 according to one enbodi nent
of the invention. Figure 3 shows a flow di agram t hat
illustrates the servicing of queue entries in an
i nput queue, according to one enbodi ment of the
i nvention. Fi flow diagram t hat
illustrates oﬁ@w.ﬂ.‘?ﬁu?’%ﬁ&i’w& S cache
m sses and the dynam c adjusting of the w ndow si ze,
according to one enbodi nent 7?0 of the invention.
Figure 5 shows a flow diagramthat illustrates

[0003] | ocat i rgioye embediments of thepinvention mayi esewlerstmddrydefegring to
to one enbodi nent of the invention. Figure 6 shows a

the follbweng dsiscription, and acamtiangingaroviagetiogt wesd foefilvsi8tion. In the
invention. 2 WD 2004/025457 PCT/ US2003/ 027716

drawings:

Figure 1 shows a block diagram of a portion of a computer system, according to
one embodiment of the invention.

Figure 2 shows a flow diagram that illustrates the operation of a filter circuit,
according to one embodiment of the invention.

Figure 3 shows a flow diagram that illustrates the servicing of queue entries in an
input queue, according to one embodiment of the invention.

Figures 4A, 4B show a flow diagram that illustrates the assigning of detectors for
cache misses and the dynamic adjusting of the window size, according to one embodiment
of the invention.

Figure 5 shows a flow diagram that illustrates allocating detectors for L2 cache
misses, according to one embodiment of the invention.

Figure 6 shows a filter circuit, according to one embodiment of the invention.
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Figure 7 shows a nonitor to allocate detectors and to
adj ust the detector w ndow size, according to one
wepdvet2aent of the invention. DETAI LED DESCRI RIT/OB2005027716

[ 00061 Described is a nethod and apparatus to process
instructions in a processor wusing a filter circuit.
In addition, the nethod and,  appara nam
adfigare % shayes awosionp alesAtsietrs ﬁ@y r@‘#& %ﬂ%&e@f fa‘Flem"
entries for the bus. In the follow ng description,

size, acnveding $0 epegnhidimdatodithesingentionas | ogi ¢
i npl ement ati ons, opcodes, neans to 10 specify
operands, types and interrel ationshi ps of system
conmponents, and logic partitioning or integration
choi ces are set fortgprAIIEPDESCRPPPIHONE a thorough
under st andi ng of the present rnvention. It wll be
apparent, however, to one of ordinary skill in the
art that the present invention may be practiced

000 o SRR S B s e R A oo

l evel circuits, full 15 sof tware instruction sequences
using fltereeirmity Je gdditipn the mathed And pRaEHUSNBRAYRANIS gi just a
unnecessarily obscurlng an understandi ng of the
detecteswinidpti dependihg s themuotbei elenjrieskior theibis.t hethe foliowing t h
the included descriptions, will be able to inplenent
descApidm pudt s ispetific @aails suyh asNioploditplanmahtretions, opcodes, means to
experinmentation. [00071 References in the

specgg %ﬁérfah&sawggﬁ‘ aﬁ@lnt&fb@atﬁﬁgﬁﬂd SERStem cothoRBRe HndBeEiC ,

an exd mbodi ment*. etc., indicate that the

parti? 82\1%13 og?nQé%rgt?é Céﬂo?c%g a{gas\é fo%l g?de?%o }@%{7{96 %Llh@&)u

ructure, or C arac eris t ever

enbo na ces i nclude the parti
andFRRRGREO! B PSETYRPne FaF ICE aPPREn 0‘?%"3&&\8/8}16 of e

phrases are not necessarll% referring, to the W?

killgpihschrhibat the prasenidnyeniipe may bsaractieed wF h?lééh%? éPGCI ic details. In

structure, or characteristic is described in
othet instancés, oellvinbnanchiteboswentrol stuchuess gaimilevebirauits, full

Dﬁ

nary

software instruction sequences and techniques, etc., have not been shown to avoid
unnecessarily obscuring an understanding of the description. Those of ordinary skill in the
art, with the included descriptions, will be able to implement appropriate functionality
without undue experimentation.

[0007] References in the specification to “one embodiment”, “an embodiment”,
“an example embodiment”, etc., indicate that the embodiment described may include a
particular feature, structure, or characteristic, but every embodiment may not necessarily
include the particular feature, structure, or characteristic. Moreover, such phrases are not
necessarily referring to the same embodiment. Further, when a particular feature,

structure, or characteristic is described in connection with an embodiment, it is submitted
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WD 2004/ 025457 PCT/ US2003/ 027716 that it is within

t he know edge of one skilled in the art to affect such
w0 e@ii2®s7 structure, or characteristic in conP@€DUS®N3/027716

wi th ot her enbodi nents whether or not explicitly

described. [0008] In the follow ng description and

clainms, the ternms "coupled' and "caonnected', alan
that itvstwithde thekaomlesige ofiene ddlleddn thg it an%ffe%ﬁ“&?ﬁ% ee%“‘%ﬂﬁﬁ’ or

be used. It 5 should be understood that these ternms |
charaetegistioin donhenibadvitsotbgmanmhodiménds whetber estrigbexplicrl drspribed.

in particular enbodi nents, "connected" nay be used to
[0008jndi cat® thdafllotmEy @lsciiftich andlciimey the sarms Feoupled@and

physi cal or electrical contact with each other.

“conflN&*CLiong HRHRAGived Bhak SBoiBaRichitdly EoMplalr” nidy e used. It
el emeht s %re not In direct contact with each other,

o o155 OB S St ey ober
t i nol monl I db h Skilled.i
LA N TSI S A

skilled in the art. Also, parts of the descrigti an »
elemante apr ipstinstihysisakiasetastrivel equiachwithregctpeiheio igever, “coupled
through the execution of programmng instructions. As
may &b meandieat so odnoye ¢lbmsnts ste ot ddiréohcertiact avith each ether, but yet
operations often take the formof electrical,
still BREP&hicGr iREradtiticadchwitignal s 15 capabl e of bei ng
stored, transferred, conbined, and otherw se

ni pul - | Ir@idl 1
[OOO?:E npone g%ugéjo{tg% %‘ﬁgﬁgﬁlgﬁérg p%&?{g@ggﬁln% ck di aggr%zdr%rrg%mr;y
ortjon of a.c ter.s ' ;

emp {57 e <P HEN AP HTRT B RAEHE e ko others iled
. dllustrated ipn Figure .1, processqr . 100 pncl udes
in the e IR FALIRPH the BESCTIDHON 816 FEPSERIS P (oFE QL AP PRETPERed

is coupled to filter 20 circuit 110. Cache |line _
thronglyihe sxecuties of plogyniming ipsieKtons Jyewel priaryipod-byfhese galled

may be input into filter circuit 110. A cache line

in theey @Rbe deratione gfiess take die farthlod electuicaldmagnetivgpoeptical signals
instructions frommin nmenory or from another |evel of
cap DA HEo IR RE%d, thhsARd, @RitAEATRN othdrwdechanipilatedshmogh, for
internal nenory, (i.e., nenory inside processor 100),
insth&%, electrical components.

[0010] Figure 1 is a block diagram of a portion of a computer system, according to
one embodiment of the invention. In the embodiment illustrated in Figure 1, processor
100 includes execution unit (EU) 160 coupled to L1 cache 105, which is coupled to filter
circuit 110. Cache line requests resulting from cache misses from L1 cache 105 may be
input into filter circuit 110. A cache line request is a request for a block of ‘data and/or
instructions from main memory or from another level of cache memory. In one
embodiment L1 cache 105 is an internal memory, (i.e., memory inside processor 100), but

other embodiments may use other configurations (e.g., memory external to processor 100).
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ot her enbodi nents may use other configurations (e.g.,
menory external to processor 100). 4 WD 2004/ 025457
wWEAAOEASD3/ 027716 | nput queue 115 and out put PQUESm™03/027716

125 may include control circuitry and buffer nmenory to
process requests including cache m sses fron1EU 160.
{OOllg [n one enbodi nent of the |nvent|on

Inpuy gupye 41 & andiantpelause | Hpwey fisdigs contzol Oéqq%dgqﬁldfhuﬁeémemory to
circuit 110 are read requests. These requests may be

process qepssts ifctudinipeashe Hisspsfromdtl d6@, or bot h
(data/instructions) to be utilized by EU 160. The read

[0011 pquest B dikyembodinért bY the invesmeioy, thelthgasss thapentatinpt queve 115
data is to be read. The addresses may be subject to

throfdT1Rs s,lr&ﬁapﬁj &b QR r8fucki atl"h!‘é’é%% RE st eYudshierot BT

queue 5, they may represent ysi cal addresses or
1nstrﬁ(3:’d'otn%l adr b%ﬁld(rd‘%t%éﬁﬁruc{: gﬁsﬁ % b ﬁﬁlﬁeél&té)yﬁg 1 t‘iioz ’glgéljl%%& geqttﬁgsts may

. er .circ 11 r out redun
lden‘i%ewwea ) ﬁfﬂeﬁ%{m%ga%c{ fTirg aéﬁre&af‘éd’@a%%ww et to
In one enbodi nent a cache |ine request conprises a
address digasletignyso thatoyegnaesqivrdl kyothe Hmwt Adeugdd &/ thay may aenressst
froman address |ocation corresponding to an L1 cache
physirab sddrdsessor vauiedl addressgs.i RilteheirduitpliO) isjcapdediioSnpmiyueue 115,
contain an address for retrieval of a single cache

and Inptequeh®V121s cotipled 6o HWMI® t20reRitteradirchitd 10 mayt fileer MPredidftant
is coupled to output queue 125, 15 and output queue

cachd &iRe k u@é%é‘ BbeALE Iglugféft&qﬂl%ﬁé 1 B EM&nd edrbolitndnE g Hséﬂe l1ne

gueue 152 I's cou to L2 cache 153 and L2 cac

requés? gofngnge% g@fesﬁ@uia agher )im%% ﬁttal éiarltm cﬁl% om ap address
used in this dis osu e to escribe th

locaioirghsterpRrdiPyn dd 63 S €hqh g 5 o i3 pigue { b5 may
one of ordinary sk|II_|n t he art t hat ot her

contig aRaddnesyfor riesbof s singlesache Igs t hat transfers data
bet ween cache and 20 nmain nenory, w thout deviating

[0012} om vaki thesmbniliodtintrefFig. bfth¢ HVE h¥@istdoopled fOOEBHt queue 125,
Monitor 140 may nonitor the cache line requests (e.g.,

and dutplithRiead!l s cautsie®to L2 request queue 152. L2 request queue 152 is

coupled to L2 cache 153, and 1.2 cache 153 is coupled to memory controller 150 via front
side bus (FSB) 157. Although the term FSB is sometimes used in this disclosure to
describe the cache-to-memory controller bus, it will be obvious to one of ordinary skill in
the art that other terminology may be used for a bus that transfers data between cache and
main memory, without deviating from various embodiments of the invention.

[0013] Monitor 140 may monitor the cache line requests (e.g., in the output queue
125) and assign detectors to cache line requests. In one embodiment of the invention,
monitor 140 may be coupled to the HWP 120 or may form part of the HWP 120. In other
embodiments of the invention, the monitor 140 may be coupled to the output queue 125 as

a separate entity, or may form an integral part of the output queue 125. Memory controller
5
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125) and assign detectors to cache |ine requests. In

one enbodi nent of the invention, nonitor 140 nay be
w@ouwphzdsto the HAWP 120 or may form part of theCHUE2003/027716

120. In other enbodinents of the invention, the

nonitor 140 may be coupled to the output queue 125 as

25 a separate entity, or may_form i nt egr al ar.t ,of .
150 reqeives @tq%tﬁphwmréqw  fropm il 2 eashe rlg{’] P%‘f fe%%e%dg"afr instructions
2004/ 025457 PCT/ US2003/ 027716 150 recei ves the cache
from Imemeory,eog R AM FSpviareenorydwe A 20.1Eachaaygue describgdherein, .8,
data/instructions fromnenory, e.g. DRAM 155, via
the irpRt@isne DUS, thy Butpiiapieue 125end declk] trgdesh gnaier,52anay have control
the input queue 115, the output queue 125, and the L2
and Huf@HE i RURarkag al®Yo #8Mah&dthe Bhe reaiehtd) titd grefetched data and
circuirtry to nmanage and to store the cache |ine

r efetched data and 5 other vari abl es
othergﬁgg@g%%{de«%ogﬁte%o141 I n obtaining the

atal/instruct.ions r. the EU 16
wmﬂeq uest Oﬁ?y%nﬂﬁg ﬂie %E%Wé&u“lﬁfow %Oé %ee%gglg t6 ’;%I‘ TR B0 Cerli o
data/instruction is not found in.the Ll cacghe
requeshtorle il saches 1f e geiesigd datagnstrugtion &@Oﬁﬁwngén g&aua?ﬂ‘jh%r a
cache line request for the needed data/instruction
cachermysshigtrizgatedt(o gt, hdlag Maydrstsst akk aeaghe tineradress fordhe aepded
logic). In one .0 enbodi nent, once a first cache |ine
data/irRGUEIn sy besat soetle DY chéte thkdBgH AR, intehveeniddlodi2D hrone
the nonitor 140 may predict the next cache |ine that

embdtientd SndeCifist &R O¥nd RuEYisk@leiddiby He FIVER 1200te IWPAR0 or
that next cache line request to the L2 cache al ong

the odifdr {0 ra R Bt L, 1€ YR be fqui’r&?ﬁy &nd £10860 and

request 1s rnt cache 153, the cache

line r est be. f or war ded, t o, external r
sendy toguest 55 BRARTE PR Tedees (apuE? e e BB fipt caghe
. multiple cache line requests to the sapme instruc i?n
line voquert [fiarachy bne seghest isyet found i theily? Gghe Lavh dif FaAshe line
only cache |ine requests pertaining to cache data
requestssade farvearderhtotexiannal nidnharg (. to ARAMIIT) VichF 3B quenenle 7.
i ne requests pertaining to cache instruction m sses
[0018] € i np8incdinfuliile Yadhelline requasts guihu arhd Msfraetéon cache line are

dashed-line arrowin Fig. 1). Since the
relatively rare, in one embodiment only cache line requests pertaining to cache data misses
are input into filter circuit 110, while cache line requests pertaining to cache instruction
misses are input directly into input queue 115 (see dashed-line arrow in Fig. 1). Since the
HWP 120 prefetches in cache lines, or blocks, addresses that aré within the same block of
memory do not need to generate duplicate cache line requests. For example, if a cache
line consists of 32 bytes and if a cache miss occurs for address location 9, then a request
for a cache line that includes address location 9 is input into the input queue 115.
However, if later a cache miss occurs for address location 10 (assuming that address

location 10 is in the same cache line as address location 9), then a second request for the

same cache line is not placed in input queue 115. Filter circuit 110, therefore, may filter
6
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HWP 120 prefetches in cache |ines, or blocks,

addresses that are within the sane bl ock of 20 nenory
waleoonoes4seed t o generate duplicate cache |ine PEQUERDF027716

For exanple, if a cache line consists of 32 bytes and

if a cache mss occurs for address |location 9, then a

request for _a cache line that inc]udes address
out c3chg H8F E9USS ErRGILNGR UG PR ATEO DYOSTR 1t 180 Quewe 115. The

However, if later a cache nmiss occurs for address
filtering o rédondan0 cfche dimirenpests &y thedlite sircuit bEhmay peret fhe HYP 120
the sane cache |ine as address location 9), then a
to TS BCOIBthef BeqiRAty {therebieorRbmirgtessqruiee and beingsimpler to design)
pl aced in 1 nput queue 115. Filter circuit 110,

as co @fe@fvgﬂﬁsenﬂﬁg af dabeShine 1Bq¥e: #¥QAHYabdiene 115 for each L1 cache
PCT/ US2003/ 027716 out cache line requests for cache

missl i nes that have al ready been sent to input queue 115.
The filtering of redundant cache |ine requests by the

filt [ it. 11 i )
ot B 1 5 okl b4 e
LR ORI TR R R

cache 5 m ss. [0016] The operation of the filter
at 206ithefiltdr buffers @SAePdind gddressoeaisenbpngweret of cleared. At210,a
invention, is described with respect to Figures 2 and
couner IASotishdws)is atigslized tdkgur €ouRtenhtiapbe lawtted O varens circuits,
filter buffers 605A-D and address register 620 are

for ek BRFTk iR Filted GRURG00 D irkddhitrofler CIOUTH Bhe EmbodiineaN@MA irivéntion,
initialized to zero. Counter | nay be located in

coun\ée? T !p%Hl%S HIthe le]ll%(?‘ 1%0%8105 Whefelf %#E éi}a\? lffé;dgtlaétg ?xefsitqcfere&' h&xt60@ 215,

Fncontro I'n one e

i nvention, coynter .l ints to the ffer '

2 delgRmayon 8 et SR s s Pug B opGIed Pk PRI R 2 cache

_a determ nation is made whether_the data/Lnstructlon

missh dEthe datgfinsirmstionsisno ayailablein ek pache s caghe pissiip giggered.
data/instruction is not available in the L1 cache, a

[001Ghche niTsiggéringtar daghemass. cauges Gie7addmss gfieeachg line saprponding to
m ss causes the address of a cache |ine correspondi ng

the re@uekbthbiei gb@ad st catheainiss (1. g gecaete lihereqaet tatbs stofeld i address

a cache line request), to be stored in address
register 620. If no entries are stored in buffers 605A-D, the cache line request is stored at
the buffer location pointed to by counter I. At 225, a determination is made, e.g., by
controller 610 whether the address of the cache line matches the cache line address of any
entries stored in buffers 605A-D. Although the embodiment of Figure 6 compares cache
line addresses, other embodiments may store in buffers 605A-D and compare other size
increments (e.g., byte addresses, word addresses, etc.) In one embodiment a comparator
circuit, e.g., comprising a series of exclusive-or gates (not shown), compares the bits of the
cache line requests stored in the address register 620 with the cache line requests stored in

buffers 605A-D. If the cache line request in address register 620 matches an entry in

buffers 605A-D, then in one embodiment of the invention, the cache line request in
7
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register 620. If no entries are stored in buffers
605A-D, the cache line request is stored at the
whedofters4bpcat i on pointed to by counter |. At 2B8[/US2003/027716
determ nation is nmade, e.g., by controller 610
whet her the address of the cache |ine matches the
cache line address of any __entries stored in. buffer
addrosO DT 60 srbugrieee e s oebter By oot gl o). In
cache 20 |ine addresses, other enbodi nents may store
one einbodinfentofthé (iAnTom insterdraf discardingdhe eache ling Fequeste Hy address
(e.g., byte addresses, word addresses, etc.) In one
registen&gd bﬁ@jfim‘oc@sssmm&r iatatlowed toratagist, and the next oagheilisie mefugsts
series of exclusive-or gates (not shown), conpares the

(corr&'g&_%diﬂg tol 8 ne: 2GR thisBEs sRMERA bEdBEkgBtcr 620 Hariagithe esst
regi ster 620 with the cache |line requests stored in

buf f 605A-D. If the cache line request in address
mbm?%ﬁf @%T 620 matches an entry in 25 buffers 605A-D

hen in_one e di ment.. of the inventi :
(0011 ne  STRSETRe P DI AL R Biest GG 75 goos ro
address register 620 is discarded (e.g. he address
match ey P BYAPrED s Do hrcaChe TinFasst G by ek gfed Y the
enbodi ment of the invention, instead of discarding the_ .
countea isareplaceel widlytheseshs lineadenastsstorediy asideass gastergR@. At 235, in
processor cycle is allowed to el apse, and the next

one hddEmérit BE tHedavi@sion, affet ouriting plonaichg liboreghest bethie bufieh ghe
mss) is stored in address register 620 during the

counfE X s RciRRARES At 29§l Eoterhifatdh iy @lg., Byf confrelleeslitavhether
ne requests stored in address register 620 does not

[
ch. nt ' - . i i
courf0 i o K T i iR R/ ol PQBRATE Iolbuer ocation
. ..replaced. with the ca | ne.requests stor | .
indicgi Bacal Byre s ighob0ia b sIF AN ok BB TP blfoduged during
_the invention, after witing the cac I ne request to
whictbe AN 8aevioptHie casnedimareuents rLbyihs BUabaneriey Sane & »
determ nation is made, e.g., by controller 610 whether
bufferdoction for thonentnonaedindantascheufefaddrasscat i on. | f the
counter | points to the last buffer |ocation
[001oNdi cat iméne dhdodahbntififesinvémions dsaashediirequastsearé siriviced, the

a wait cycle may be introduced during
cache line requests advance serially through the buffer locations in a first-in first-out
(FIFO) manner. For example, as the cache line request in buffer location 605a is serviced
(i.e., sent to the HWP to the output queue) the other cache line requests in buffer locations
605b-d move one space up to fill the vacancy created in buffer location 605a. Thus, the
new non-redundant cache line request is copied to free buffer location 605d, and the oldest
entry (in time) is sent to the HWP via the input queue. At 245, if a buffer is available, the
cache line address is written to that buffer. After adding the cache line request to the
buffer at 245, the cycle may begin again at 215. Although the embodiment of Figure 6

illustrates 4 buffers labeled 605A-D, other embodiments may have a different number of

buffers and/or with other labels. In the embodiment illustrated in Figure 6 controller 610
8
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whi ch the HWP services the cache line requests in
buffers 605A-D, thereby freeing up a buffer |ocation
w0 o0040@5next non-redundant cache |ine addr essPCIBS2003/027716
[0019] In one enbodi nent of the invention, as cache
i ne requests are serviced, the cache line requests
advance seriakﬁy t hr ough the buffer locatlons i.n h
perfpmmpsghe poRvETtingtafSaghe ISk pdgrossas depeh it regust aad gy g the
cache line request in buffer |ocation 605a is serviced
cachiline requesinto the atlfiress-nBistes 62hes well puito tniEre§O b whondhe
cache line requests in buffer |ocations 605b-d nove
buffonsosiioacs Bedopned avaflable. t he vacancy created in buffer
| ocati on 605a. Thus, the 20 new non-redundant cache

[oodgjne re 31i8 a GRR} @doraf thhtgBudttitdsehe $epeidinic@T g8 R kntries in
andtheodest entry (intinme) is sent to the HAP via

the @gﬁ%deu%ﬁé” APYRUSU fo «fds a qulélQSt by 4 Et%n@éﬁ'tb akd 3 105' hat

ne address 1s witt tot
ad t he cach n uest rat
302 P Aoy gL K aﬁ&%et%ef%%ﬁaﬁﬁ%%w ¥ cache
enmbodi ment of Figure 6 Ilustrates 4 buffers | abel ed
misgosithese inhgeache MiHs aeavssit ’%leFrﬁSﬁQﬁ‘éb% pUHAYSUS éattﬂ%ﬁfﬁ%%w ait
of 25 buffers and/or with other |abels. In the i
cyclerbd do metivn is kdkgs dneing this hmei Howeve, d@hd0Dibees is @ pechegine
WD 2004/ 025457 PCT/ US2003/ 027716 perforns the

requedite &lid inp@ @leu€ ats)dn 6hé smbsliiments as3B3ahe aklbst dachreeline request
requests and may wite the cache line requests to the

(i %@ fcﬁé& 1R qle8 th&dfhs %%eﬂ/\ﬁl the Aput @ggyg isps 1%9%%@9% #hRBued to

buf fer positions becone avai i gure
[ I t
t
mﬂ% faéné*%lf e el Bl oA b 3%&2&“%%%%@‘*@81‘*%%8@{“
nds. a request f dat a e 10

alreggioin e GRAHE i FREE PO o8 ﬁhaﬁ“&#i%eét o P@CF Ganipalign fmade

i ne request trlgggged by a cache mss I'f there is
e.g-hy thedME 112G avhethen Erprdequetied caghedme reqhest lﬁﬁhﬁ ingyeqreug 155 is a

triggers a wait cycle and no action is taken during
requdst isased omean Hbweshermiss.f Inagne30dbotdivesnt of theanceating, the HBVP 120

request to the input queue 115, in one enbodinent, at
detc3idnds Hige 19h€l6tiniss dgtBedkinea fagihastorresponds with each cache line
request to determine the type of miss. If, at 305, the cache line requeét is determined to be
either an L1 data or instruction cache miss, then the address is compared with the detectors
previously defined at 307. In one embodiment of the invention, a detector is defined as
having an address equal to a previously created cache line prefetch request. However, if
the cache line request at 305 is not an L1 cache miss, then at 306 it is determined that the
cache miss is an L2 cache miss. If the cache miss is an L2 cache miss, the L2 cache line
request (corresponding to the L2 cache miss) is allocated a detector as explained with
regards to Figure 5.

[0021] In one embodiment of the invention, the allocation of detectors may be

found by match-detecting circuitry which may form part of the HWP 120. In alternate
9
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10 (i.e., the cache line request that has been in the

i nput queue 115 the longest) is dequeued to mnake room
wo e4pashew request. Dequeui ng a request neanBCT/O81003027716

cache line request already in the queue is serviced

by, e. g , the HWP 120. At 305, a determnation is

the HWP 120, whet her qEge dequeued cachte

embPﬁhﬁ@nFSe@GéQ?cthntoﬁ éeﬁeﬁﬁmmad&léﬁfme Y& Seli’*’é%fﬁ@éff’“m% or

based on an LI cache mss. In one enbodinent of the
exariplocint 4 wanitarHA Ok is cipiekl td eutpubivess 12he Inppe eabodimest of the

by checking a flag that corresponds with each cache
invehiitig a de®qioe & defined by Parineesrs meluiditpeanciddrass s ditektiomtand a

305, the cache line request is deternmned to be

‘ wm&dv& ges. B ddir&abatRIcabitSlidedeieRNinGRE BPutdnfete nidyeR wiktdn the

dress is conpared with the detectors previously

rangg %{f ﬂ{éecféte%{or %gglipsé I S (giz'ge Hhe ﬁf détﬂ)‘ﬁ dr @%ﬁ&ftéétﬁ%’ rgé'y be

ector 1s ed as avi ng an a ress e

evi ou creat.ed cache Iln re et.ch, request .
y PR ebBr Tolp g iR 280 e e PLERELES L %%Wenﬁ%ﬂﬁsqs tt the
LI cache mss, then at 306 it is determ ned that th
detegtqr has nett been assigned 2 direction. i Rasitivierl mpwdicatrdthad the dﬁ@ctor has
an L2 cache mss, the L2 cache Iine request
a fovend desqtiondindep nagatineonPmenindecatr that)thé detedtblgastasgverse
detector as explained with regards to Figure 5.

dire¢tif heladdeseofth® deteconindivhtet ftes dddvesnvf the nekteche line prefetch
all ocation of detectors may be 25 found by

reqdé?tt &{&tﬂshﬁe&ioﬁaq)f%é Gibdinis WHAGH cARYafeQh&bRRBEsivR préf&h
In alternate 9 WD 2004/ 025457

reqd:) Stvg ?ﬁr & 96257(1%@0’[0?% dahga[%gfés 01I fb% afrﬁdlvﬂﬁ% Hl?&:tlt%i‘l of positive

separate circui

1, s 64 QS aoshe oS i e ?oﬁﬁ»‘v’veﬁﬂ%@ef on.

a detector is defined b%;cppar anet ers i ncl udi ng
[0022ddr ess Fighrgs ddctB ahius Bow diageroniet showsTH assiEbinsef

of the cache line request in the input queue maybe
detegforshfon cadhe nfssea agd thefdynhmiccketjusting of tddriedew sizh eceurdidg iy one

size. The direction of the detector nay be any one of
emboldEndn® bl hetim@ntah. URRur & ilustiaRs ainhdtttold according gadrev@nblodiment

Zero may neans that the
of the invention. In one embodiment of the invention, monitor 700 may be coupled to
HWP 120 indicated by line 121 in Figure 1. In alternate embodiments of the invention,
monitor 700 may be a separate circuit that is coupled to output queue 125. The assigning
of detectors is explained with reference to Figures 4A, 4B and 7. As Figure 4A illustrates,
at 401 an L1 cache line request is detected, for example, By controller 710 coupled the
input queue 115. At 405, a variable “D” that represents a detector is initialized, for
example to zero. At 415, a determination is made whether the direction of detector “D” is

zero, (i.e., indicating that the direction of the detector has not yet been assigned). In one

embodiment of the invention, the detectors are stored in buffers 705A-D.
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detector has not been assigned a direction. A positive

1 may indicate that the detector has a forward
wa@lreoeo2346m, and a negative one may indi cate the€T/Ukm®03/027716

detector has a reverse direction. The address of the

detector indicates the address of the next cache |ine

refetc 10 request, and . the direction of .the. .
[OOZS]H ect oga‘fhs&)etﬁ%cé%[i}aé aplopgt @fiéﬂe%g Riise0ns QI ARYE NS nlicatiog e
_ requests. For exanple, a detector with an address, of
directmo feomal Whichtilate idiprefetcheshrelativp tosthe dglecton addrpgs| (Hisectiondlag), 2
the next cache line prefetch request will be 100
hits flodat] ofidetediyr (FDAD) §QMRR] a Hitghaherl defgetot BHBD)ustintat, @nd a least
fl ow di agram that shows the assigning of detectors
receht®f uedghg (NREY &£z, AN theldiRcHMNALE 6f thél etedtoNigasef valleof zero, then

wi ndow si'ze according to one 15 enbodinment of the

at 430W @&érn{g%}tioﬁiigﬂfageje. 4 | b HPSniR1657 1@ Wwidhdror according to

one enb ment of the i'nvention. |In one enbodi nent of
t he, i tion, it 70 be .G | ed t HAP. 120, - .
o {0 R o TRl G0 O OHIRY 5 g e 2

enbodi.nents of _the invention moni tor_ 700 may. be a

trues Epparigiare penttaller 1 Hhdotpapinesupiheddissurk %@ﬁctqdi fe2rgaey, than or
The assigning of detectors is eX|lo_I ained wth

equal ¢d theendws ling agilrpss awl wisctherBheeashy linpaddresgis greaisr than or equal
illustrates, 20 at 401 an L1 cache line request is

to thdeiiéetedt, deteotor @xarfisahe yndoondizeo | IF gés 16 boths theBD dolnater is
I nput queue 115. At 405, a variable "D' that

incréReteS A the ERQ'ﬁiag(ié \%da!te?l.i Ui ti f'i| ized, for exanple to
zero. At 415, a determi nation is made whet her the

Crect] Y LS 2ORQ gL NPT

00 1 e ot BB of e ingBpich i qelebtof wind 8100 o
assi . one _enbodi nent of .the.i.nyentian h

slot PP bt el S arast PiseS bt S Rtetchld. A targe

. 2004/ 025457 PCT/ US2003/.027716 _ [.0023] Each det ect or

wingoye sige dicglss agagsdvePisfateling e vire Yesta Ibpauntiondi bigiusghen a
the direction fromwhich data is prefetched relative

counter ¢aled thetBBD wounigtisdsgremdited cnid tre EREJ)g isevet, lig,gvith a value
ahead of detector (HAD) counter, a hits behind

indickgtingthotimé HBDH4C, el minaiof iembén sig., byaoatibllgt 119erhether the
flag (LRU) tag. If the direction flag of the detector

HBDsuteVRl R dRfectRhas a V8B that is greater than, e.g., three. If the HBD

counter is greater than three, then at 445 the direction of detector “D” is set to negative 1.
In addition, in one embodiment of the invention, at 445 the address of the detector is set to
the cache line address (miss address) minus the window size. In one embodiment of the
invention, if at 440, the HBD counter does not have a value greater than three, the process
ends at 450. If at 420 equation [1] is false, then at 425 a determination is made, e.g. by

controller 710, whether

detector" D" address < cachelineaddress < det ector" D" address + windowsize ...[2] is

true.
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5 at 420 a determination is made, e.g., by controller
710 whet her det ector" D' address >- cachel i neaddress
wo-200d@2546Tt or " D' address - w ndowsi ze....[1l] PGI/US2008027716
In particular, controller 710 determnes if the
address of detector Dis greater than or equal to the
cache || ne address and whet her the_cac i ne address
[0025% 4 eabbl?arflﬂﬁﬁr > gPntelien /10 @%G@H’éesdgﬁ‘ﬁé’ggreé? Ofg‘%@@%’é?rji gjess
m nus the wi ndow size. |If yes to both, the HBD counter
thanjog equnl inibe eaehetlow addeess il Wittherdhe ¢ashe jaaaddress[iptess than or
I n one enbodi nent of the invention, the detector
equabitantthe wd driegseo fAzEecias Daplug Hebwindvasizab [fcontidtond 2] s rtnienthsn the
t he aggressiveness with which data is prefetched. A

HAT 3b@fer iMrRetaMériéZhd tR LRY @S iR St ¥52. PAaEEheRting the
and vice versa. If equation [1] is true, then a

HA]? %ﬁﬂ?&f anfithd ERUIE 5&%@33%% Ahelht 4% iaflél%{el aH 168 5s AL 41254

ag I's set, e’g., a valué cating the

i ne., At 440,. a determ nati i de, e.qg... b

wheflish AT Voufiicr inBiehEr o ¥ et PR AT 1 Sieatep han bwo, than at
detector has a value that is greater than, e.g. _

456 fherdigsetiqn of detectsD” dp stite Plus g raad s address of fieglstectas et to
at 445 the direction of detector "D' is set to

the misg addross plus the windoy sizeonAfterseting therbdshiessand digectidneof the
invention, at 445 the address of the detector is set

detettor att456 thapivecdsicnds adihoe SBat(4ab sl @adt eSdnditiony2] isHalse, then at
w ndow si ze. I n one enbodi nent of the 20 invention, if

430 @e difter tDeiHRE ARHRH DY L8R MRproRYEisFepkatade great er
than three, the procesS ends at 450. |If at 420

ooRguatio ' . ' | |

0B e, | Tt Tt B Al ghe G ae RS DBl e

cand S a8 A AR R R Db S T3 BIRLRS he diection
PCT/ US2003/ 027716 0025] In particular, controller

of dgtegor{deisiFR@SO ione-t HepaideHasa dejectarchavingos dipeqtign|ofd gneans that
than or equal to the cache |ine address and whet her

the ndxé cache hae bddressdbialrie prefitchaddms an hddressrthat is greater than the address

of the assigned detector. Hence, the data that is prefetched is the data that corresponds

with the detectors address, and in addition, the data that corresponds with the next cache

line address. If at 458 the detector direction is equal to one, then at 460 a determination is

made, e.g., by controller 710, whether

detector" D" address > cachelineaddress 2 det ector" D" address — windowsize ...[3] is

true. In particular, controller 710 determines if the address of detector D is greater than or

equal to the cache line address and whether the cache line address is greater than or equal

to the address of detector D minus the window size.

[0027] In one embodiment of the invention, once a detector is assigned a cache

line address then data corresponding to cache lines ahead and behind the assigned detector

are automatically prefetched. If the condition [3] is false, then the variable “D” is
12
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equal to the address of detector D plus the w ndow
size. If condition [2] is true, then the HAD counter
w0 go0s0zeTENt €ed and the LRU tag i s updated at BGRUS2003/027716
After incrementing the 5 HAD counter and the LRU tag
for detector "D' at 452, a determnation is nmade at

454 et her HAD counter js gr er, .t I f. the
incrpgplednoRR A 401 e @%i?@cewlwsg&g% C 1R delfBipinarigh S made,
direction of detector "D' is set to plus one, and the
e.g.duchoatrellest7 10 ehedier el tlesr datestare havedeen wsigned saghedinssgdresses.

pl us the wi ndow size. After setting the address and
Hovebivex; éft donditioh 3 ie taief then air46dtcodBalldarTd0 pnouessthendiectmr D and

450. If at 425 the result of condition [2] is false,
obtdimkeiatAdorredfbrlif) foliRtce M &wellhs data dotespimin SR thy adjbeent

and the p%%bcegg is repeated. [0026] However, getiz})f atdj415

cacﬂehﬁe%dft%ﬁé bﬁ’Qd(ﬁgssttQ 91864%}13 of B aH&regseéﬁeEEc%q} Q(ét., c‘bPreﬁﬁmding

to zero, etermnation is nad

to th%ecf@g@ﬁh 'i-LFEmS ﬁeque?t grr F%)Ih shlgplétr Stcéiéﬁﬁ? d&f ctgF% (ﬁésg 1s set
direction Qf 1 nmeans that the next cach

cqugl g fhedetacipspdiuesyplas BY wgs thedetgpton ipos- fﬁ#stdlrﬁgtm of
greater than the address 15 of the assigned detector.

detepton Dos incrgmehieby Ao 12 Sysequsnt prefbiohss phlainatacemeponding to
corresponds wth the detectors address, and in

the ackditwo cache line retmestst hat corresponds with the next
cache |Iline address. If at 458 the detector direction

[0028] €quallf 4iQ158MBs dirERIONAT d6EEoPDAIShEdALMAb 10theh 9t 466341€,
e.g., by controller 710, whether detector" D' address

dete>rmu{3ﬁ81'i‘f‘sjrh£kfeas9 t@frs >- det ector" D' address -

owsi ze .. is 20 true. In particular

det?cgfg b Rapdless daclet mea?&” & <t i AR SeridpEe o4l
vvhet her the cache | ine address | s greater than or
%4 confrgllgnyd ad&mrses@ftha addess it defepton sis d¢ss than g sgpal to the

size. [0027] In one enbodi nent of the invention, once

cache linet adldtass andswhstbenthe dacheding addressi in besaithanos squai ¢mthéatldress of
corresponding to cache |ines ahead and behind the

detass Dpplas tikeriadbwrsize2 3f conditivut] 91 tiue aht yrqeess fdvedwodicd] f

the condition [3] is false, then the variable "D' is
Howkever, if condition [4] is falls the process flows to 427.
[0029] In one embodiment of the invention, the monitor adjusts the window size in
accordance with the number of cache line requests in the FSB queue 732. The algorithm
ensures that if the window size is too big, then more detectors are likely to trigger as
compared with the window size being too small. Triggering a detector means that the
detector is assigned a cache line address and is sent to the output queue 125 or the L2
request queue to fetch the corresponding data. If the FSB queue 732 is under-utilized, the

window size is increased, and if the FSB queue 732 has too many entries (over-utilized),

then the window size is reduced. When the window size is reduced fewer detectors are

triggered.
13
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WD 2004/ 025457 PCT/ US2003/ 027716 increnmented by one,
at 427, and process flows to 410. At 410 a
wa@ledoeoi4fat i on is made, e.g., by controller 7ROI/US2003/027716
whet her all the detectors have been assigned cache
| ine addresses. However, if condition [3] is true,
then at 464 controller 710 eng ue%é(s t he dgt ctor D_and b
[0038ht aj nsAHATS acdsiqrEipRbioRilngads © g by COBiOlsT7d O ydiethes the number
data corresponding to the adjacent 5 cache |ine that
of erteies mrtheaE%IB gusue B2t indess thghta nadximpem B theesholsk vades €t dp one
D (i.e., corresponding to the next highest cache |ine

- embb&ieneass ! tad tvesson, tiNexbxinaim BEB thrbshottbtaed 7, dednesmunstSB

set equal to the detector address plus two tinmes the

threSIRIEFIRY 728 6RGhhLAhuml @b Wiatibw Rize 726 deldard BfiniPunsdetector
i ncremented by 2 so that subsequent pref et ches obtain

wmc?ogs %éé ?ﬁ' %ﬁg ﬁ{é%&r%m%& ilgg &%%%aﬁ%@t@?%’chfeHQn the monitor

Di.s ot e

700 BF it o e i Teinds 7HoE it RphaimpadSB.

cachel i neaddress < det ector" D' addre]s3 V\/ifﬁldoﬁiézﬁ
threshold yalfe 737, thegat ¢7Z aldgtermination isipasie, g0 by spriFaien LV phether
the address of detector Dis less than or equal to the
the deerie Windew atid 788 3s aothah theeaximhva detesks Windew sidd786és If at
is less than or equal to the address of 15 detector D

472 pthei detbéter wirnddoveizd 738 is Idss dpadhd maxinfud] détsctor windotvisize 726,
process flows to 464. However, if condition [4] is

thad #1478 HRtIRARGERIoW sBRT3D & 1ﬁ3r3meﬁt@@ 39Jonb Bn® AR process ends at
enbodi ment of the invention, the nonitor adjusts the

w ndow size in accordance mnth t he nunmber of cache
line requests in the FSB queue 732. The al gorithm

sures _that if_.the ndo hen

100§ et oSV if WSS T ingisen 1% P50 GEHEPed Syt then the

t he wi ndow size being too small. Triggering a detector
maviBam SH¥CshR v Bk Bieniabd Hus I EEn A e HdP 68, by

address and is sent to the output queue 125 or the L2
contreliprdd § wiethee themuingier hf etdeciothe BB queuey/32&s greater thane

FSB queue 732 is under-utilized, the w ndow size is
minifieheassbld aade 728.t IfehdRbnisti @8 entridlinthe FEBQuesany32 are greater

entries (over-utilized),
than the minimum threshold value 728, at 478 a determination is made, €.g., by controller
710 whether the detector window size 730 is greater than the minimum detector window
size 725. If at 478, the detector window size 730 is greater than the minimum detector
window size 725, then at 480 the detector window size variable 730 is set equal to the
detector window minus one. However, if at 478 the detector window size 430 is less than
the minimum detector window size 725, the process ends at 484.
[0032] Thus, the window size is adjusted in accordance with the number of entries

in the FSB queue. If the FSB queue 732 has few entries, the detector window size 730 is

increased. If the FSB queue 732 has too many entries, the window size 730 is reduced.

14



10

15

20

25

then the wi ndow size is reduced. Wen the w ndow size
is reduced fewer detectors are 25 triggered. 13 WD
wWQRNLRA52457 PCT/ US2003/ 027716 [0030] At 470, PEI/US2003/027716
determ nation is nmade, e.g., by controller 710 whet her
the nunber of entries in the FSB queue 732 is less
t han a maxi num FSB t hreshal d val ue_ _727. In
[0038hbhodi ndgurssS ilneratenaiew éwgr%@rﬁblsz?%&dpéet%f%éﬁ&?@w
val ue 727, the m ninmum FSB threshold value 728, the
misseageavuding & ent enbodimeitwf Shedovarion. dsdFigire Srilwitratan at 505 the
detector 5 wi ndow size 725, and the detector w ndow
input lqa€uedB drtcRtsvidvabb eschstiimeedt 600, taheriablei* DOrindi¢sitthg thé
the nunber of entries in the FSB queue 732 is |ess

detet:i&? RuthB&: 1988k B9Be. gL 96&1%'11@% /Rl 2. 7At/515 E‘ﬁ@teﬁhmﬂﬁ@n is

a determination is nade, by controller
t ze 730|slessthanthe
madé‘“eeé e 16 A %ﬂﬁél%.d‘%ét@ 't at 472, the
ector. w ndow size 730 is ess,, han. the maxj mum .
det GRpad BRArgGSr60hel g eadiness S DR WU -1 s
wi ndow size 730 is increnented by one and the process
truee dypartieulan gantroltay 319 deiswmeines if theraddirss afidetegtord? ielesy thag or
in the FSB queue 732 is not less than the rmaxi rum FSB
equalho dsthvake ad atklr&R And whetherthe 4adhedind @tiduess is dtsk thraniog equal to
made, e.g., by controller 710 whether the nunber of

the 8dtfréss ®F detectohD JHaPthe tahdow Size.i B cofidifibe[5]tifate thebPocess ends at
m nimum threshold value 728. If the nunber of entries

525! Nif t[ gl@ SH'& 5082 RiEmH884 R madd)8R. tb Qofir&idFYTD whether

hre ue 728, at 478 a determ on 1s nade,

ooy TS L S RS B
size 725. |If at 478, the detector wi ndow size 730 is
trueg fp Rersiculen ganeelter il A idgigrmies ¥ dicaddress ﬁg BetetpL R iy grgater than or

then at 480 the detector w ndow size variable 730 is
equeldp thegaghe tine advsesp@nd athetbenthe ghehgdinerriddiess isrgaeater than or equal

However, if at 478 the detector w ndow size 430 is
to theemlelrdsh afidetector D minus the window size. If condition [6] is true the process
ends at 525. However, if condition [6] is false a determination is made, e.g., by controller
710 whether “D” is less than the maximum number of detectors. If D is less than the
maximum numbers of detectors assigned by monitor 700, the LRU detector is identified
by 540 e.g., by controller 710 comparing the time stamps of the detectors. Once the LRU
detector is identified, at 545 the least recently used detector is initialized. In one
embodiment, initializing the least recently used detector means setting the detector address
to the miss address, and setting the direction of the detector to zero. Also, setting the HBD
counter to zero, and the HAD counter to zero, and updating the LRU detector counter.
After the LRU detector is initialized, the process ends at 550.

[0034] As previously described, the aggressiveness of the filtering operation may

be adjusted by adjusting the parameters for maximum and minimum detector window size,
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the m ni num detector wi ndow size 725, the process ends

at 484. [0032] Thus, the wi ndow size is adjusted in
w@emeneikste wWith the nunber of entries in thePEBBS2003/027716

queue. If the FSB queue 732 has few entries, the

detector wi ndow size 730 is increased. If the FSB

ueue . 732 has t oo many en(%tri es, .the window size 730 is

and {Qrapardgumand R NgLaLet epegs sty d R aycree Thpssarpmgmeters,

Figure 5 illustrates a flow diagramfor allocating
and thetassacipted dggressivenesseay b woedfogyeneusi apgratiog epnsles. For
enbodi nrent of the invention. As Figure 5 illustrates,

examaple fOmotdazgressive setqf pamitidss nhat &e tisedaf tievproddssadhim single
line. At 510, a variable "D'" indicating the detector

thremea‘qsw)A {x@dél,g»ﬁﬂead legLaboRisive sl of p&affefe®d By bd hskdt bi@ the processor

Zer o. 515, adetermnfatlon is 5 nmade, e.g., by
e S B md A R 0 S Rl B b e o

wi ndowsize.. .. [5] is. true...l.n particular, controller
ol BEeRRE Fissincl o oppBtiotl PRt e ot iy FEA i Bhed o
than_or equal .to the cache |ine address and whet her
accqnipodale p gompiation af anstational| coaditiopgrathsy theg pagingle operpfgonal
address of detector D plus the w ndow size. If
conditipidi Vaaens 83ysiod pragremmirng the perenstesniigy he used. 32®ne |
[5] is false, then at 520 a deternination is made,
embedgnent,yne oo Marebit@) aré ke tatiedituts thedpbadibmdl ‘cohdlitiending hardware
> cacheli neaddress >- det ector" D' address -

tran¥¥h 16l Sk AE of thesd Kits ih® thd AddSeiatbd pRARTeterd!| Rranof@PEmBbdiftent,
710 determnes if the address op detector D is greater

the]% Aet@fs aré ?#%Jéarﬁrg_e& Hﬁec‘ﬂ?q}ﬁg rgé.g%}grrs??ﬁrg%r@ﬁg $§$ﬁ%%l§t% are

e cache address rs gre n or eq

th ddress of, detect D m.,nus the wi ndow size,  |f
acos gD Hscre e ath i Yines HitiitRict OFuOanaehing Edievant
However, if condition [6] is false a determ nation is
PargRedas may glso beyisednt rol [ er 710 whether "D' is |ess
t han the maxi num nunber of detectors. If Dis |ess
[003%han t hdhusgadanathnd audripasates have beert disdoseddo diftedcdsize line
nonitor 700, the LRU detector is identified by 540
addeswgs in thy igpnigueld @ td ddjustahpastedier Windotvisitk dhamgll9hccording
the detectors. Once the LRU

to the number of entries in the FSB. While there has been illustrated and described what

are presently considered to be example embodiments of the present invention, it will be
understood by those skilled in the art that various other modifications may be made, and
equivalents may be substituted, without departing from the true scope of the invention.
Additionally, many modifications may be made to adapt a particular situation to the
teachings of the present invention without departing from the central inventive concept
described herein. Therefore, it is intended that the present invention not be limited to the
particular embodiments disclosed, but that the invention include all embodiments falling

within the scope of the appended claims.
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detector is identified, at 545 the | east recently used
detector is initialized. In one 20 enbodi nent,

WO piosozd457i ng the | east recently used det ect or PCTEES03/027716
setting the detector address to the m ss address, and
setting the direction of the detector to zero. Al so,
setting the HBD counter to zero, and the HAD counter
to zero, and updating t hE A et ect or counter. After
the LRU detector is initialized, the process ends at

Whasoclainggds] As previously descri bed, the
aggressi veness of the filtering operation my 25 be
adj usted by adjusting the paranmeters for maxi num and
m ni num det ector wi ndow si ze, 15 WD 2004/ 025457
PCT/ US2003/ 027716 and for maxi mum and m ni nrum nunber
of entries in the FSB queue. These paraneters, and

1. th\regpaci e @hprigiigessi veness, maybe tuned for various
operating nodes. For exanple, a nore aggressive set of
PaLyRahREyS MR BEb MRS rheditEardl $616 23 Uirakiy df 'ﬂ)re%t@ﬂ lh§dresses;
threaded "(ST) node, while a | ess aggressive set of

qparanmeters maybe used if the processor 5 is in
simul taneous nultithreading node (SMI). The paraneters

op 2 e BRGHT CBRltp ofe B iRET A louiage I cmsge the stored

usted to accommpdate a conbi nati on of operational
Pluré]éébfdlif prefeish pddrasses wWithis receivod girefeisp addresso aaifl filter circuit to
condi tion. Various ways of programm ng the paraneters
discamiythé eecaived prefetclo addressribihd ireneivted poafetch nddressas bial &) any one of
are set to indicate the operational condition, and

the dtored phuralith @ fiprefeich addssstdie state of these bits into
the associ ated paraneters. |n another enbodinent, the
paraneters are progranmmed directly into registers,
fromwhere the paraneters are accessible to the

re |IQl‘é@Pf)atﬁiu@ ©Btlafy 1 vidlchsh tHeemIbHR cRbEBstBfes BHQGESIRT fi8fetch
the relevant paraneters may al so be used. [0035]

it Ry R

equélcaggd l'Is’gthes ore prefettccf{ad\glrens(sjow size dynami cally

3. The apparatus of claim 1 wherein the prefetch addresses comprise at least one of

addresses of data misses in cache and addresses of instruction misses in cache.

4. The apparatus of claim 1 wherein the plurality of prefetch addresses and the

received prefetch address are cache line address.

5. The apparatus of claim 1 wherein the filter circuit is coupled to a hardware

prefetch engine, said hardware prefetch engine to prefetch information pointed to by the

prefetch addresses.
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to the nunber of entries in the FSB. While there has
been illustrated and descri bed what are presently

w@omgiekased t o be exanpl e enbodi nents of the pPEFES1003/027716
invention, it will be understood by those skilled in
the art that various other nodifications nmay be nade,
and equi val ents may be substituted, w thout departin

6. {1 Shs SRRETHIAR G S L WS Do WEE S BhS COrPISE o AR B g

- many nodi fications my be made to adapt a particul ar
situation to the teachings of the present invention
wi t hout departing fromthe central inventive concept

7. deJdbe ppragathe pEGIAIM Frdersinhe inqut qpene ip caipetorafiprdy #g prefetch
present invention not be limted to the particular

engisebodi ment s di scl osed, but that the invention include
all enbodinents falling wthin the scope of the
appended clains. 16 WD 2004/ 025457 PCT/ US2003/ 027716
CLAIMS What is claimed is: 1. An apparatus

8. coffihe iappargus b6f elajmh G vdleidiy thetharirdrepsfdict éngise isgoupled to an
receive and store a plurality of prefetch addresses;

outpabguedef i I ter circuit coupled to the plurality of
address buffers to conpare the stored plurality of
prefetch addresses with a received prefetch address,
said filter circuit to discard the received prefetch

9. addmesppdrhtut BEclaRE 8iwiReELiR IRt qasllis ssupléd ©HAdL2 fequest
any one of 10 the stored plurality of prefetch
dresses. 2. The apparatus of claim 1l wherein the

I'lter circuit stores the received prefetch address

in one of the plurality of address buffers if the

recei ved prefetch address does not equal any one of

0 "B A REP L S ARG L AP ) s

0] . .
one o% data and instructions from at least one of processor cache and external memory.

que

11.  The apparatus of claim 1 wherein the filter circuit is coupled to a processor core.

12. A method comprising:
receiving a first prefetch address;
storing the first prefetch address;
receiving a second prefetch address;
comparing the received second prefetch address with the stored first prefetch

address; and

discarding the received second prefetch address if the second prefetch address is

equal to the stored first prefetch address.
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15 addresses of data misses in cache and addresses of
instruction msses in cache. 4. The apparatus of claim
wa2emheeasn the plurality of prefetch addressesp@ntisioh#027716
recei ved prefetch address are cache |ine address. 5.

The apparatus of claim1l wherein the filter circuit is
coupled to a hardware prefetch_engine, said hardware
13. pr ’e“g%fr@lthoérpgfic}?@nﬂ@ Vbbeé?létﬂ&f’rpfﬁc??%‘r%‘gﬁ‘%ﬁﬁ camPHERY 1past pRe of an
the 20 prefetch addresses. 17 WD 2004/ 025457
addrexsf BS20081s8 27 FarBe agl amTirslresp phrmingsuesfonghiss in cachier ei n
the filter circuit is coupled to an input queue. 7.
The apparatus of claim6 wherein the input queue is
coupled to a hardware prefetch engine. 8. The
14. apiFhe atettedadf ctdimi I firtdreomipnising etonag divareecipedsaspuahprefetch
engine is coupled to an 5 output queue. 9. The
addragdathrtsesondf caheuiniss 8ddvbarie bqual Rethe ytoped figtigrefetdlsaddress.
coupled to an L2 request queue. 10. The apparatus of
claim5 wherein the hardware prefetch engi ne
prefetches at |east one of data and instructions from

15. at Theasdkhddnsy c@iimplmoﬁﬁﬁéx%nﬁ@i@ﬁh% seitfin@ieqtdrad ?mﬂmr dddresses
10 11. The apparatus of claim1l wherein the filter

to a GhlaGMld Sprbﬁt&loéﬁgin%% Hef@ccl? [#5edish 1;3891&% to Cté%he QofRGEich
conprising: receiving a first prefetch address;
adm%ggring the first prefetch address; receiving a
§EESNnd prefetch address; 15 conparing the received
second prefetch address with the stored first prefetch
address; and

16.  The method of claim 12 wherein the prefetch addresses are cache line addresses.

17. A computer system comprising:

an external bus;

an external memory coupled to the external bus;

a processor core coupled to cache memory and to the external memory;

a plurality of address buffers to receive and store a plurality of prefetch addresses;
and

a filter circuit coupled to the plurality of address buffers to compare the stored
plurality of prefetch addresses with a received prefetch address, said filter circuit to
discard the received prefetch address if the received prefetch address matches any one of

the stored plurality of prefetch addresses.

19



10

15

di scarding the received second prefetch address if the
second prefetch address is equal to the stored first
w@e@heesab? address. 18 WO 2004/ 025457 PCT/ US2008¢ DRF2008027716

13. The method of claim 12 wherein the prefetch
addresses conprise at | east one of an address of a
data m ss in cache and an address of an jnstruction,

18. ni dhe pomputeneysteryof chpmn heWheginghe Elter Gicws stoyes the peceived
conprising storing the received second prefetch

prefeiciadisessiih onhef the pbmality af rddressduffasdf tegedesved quefetch@ddress
the stored first prefetch address. 5 15. The net hod of

doesalod imiichZanfylomt o€ theGOutpd pieifetch skineksng t he stored
prefetch addresses to a hardware prefetch engine to
prefetch information pointed to by the stored prefetch
addresses. 16. The nethod of claim 12 wherein the

19. pr ghetehpaesRenest diith TREhereln thepatdsieadiesses domprie at least

" conputer system conprising: 10 an external bus; an

one SFAREAREs SRR HisCQYR &S bRd hie&¥d 6f BLrallBstr@:tion misses in
processor core coupled to cache nenory and to the

cmm%xternal menory; a plurality of address buffers to
receive and store a plurality of prefetch addresses;
and 15 a filter circuit coupled to the plurality of
address buffers to conpare the stored plurality of
prefetch addresses.w.th ecei yed, pr.ef et.ch dr ess

20. & Ay ol RaER bt AvbESRE RUBH T BF SRAES iffene ana
address i f the received prefetch address matches any

the rgpravesk prefofd addissg areretedine: addisss pr ef et ch addr esses. 19
WO 2004/ 025457 PCT/ US2003/ 027716

21.  The computer system of claim 17 wherein the filter circuit is coupled to a hardware
prefetch engine said prefetch engine to prefetch information pointed to by the prefetch

addresses.

22.  The computer system of claim 17 wherein the filter circuit is coupled to an input

queue.

23.  The computer system of claim 17 wherein the input queue is coupled to a hardware

prefetch engine.

24.  The computer system of claim 17 wherein the hardware prefetch engine is coupled

to an output queue.

25.  The computer system of claim 17 wherein the output queue is coupled to an arbiter

that is coupled to cache memory.
20
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18. The conputer systemof claim 17 wherein the filter
circuit stores the received prefetch address in one
w@boonlzs4pt ural ity of address buffers if the reRP€i/usm03/027716

prefetch address does not match any one of the stored
prefetch address. 19. The conputer system of claim 17
wherein the prefetch addresses conprise at least 5

26. ondheFoERHIFESER Qci  Whasadis Mot st Ta i e s os
of programinstruction msses in_ cache. 20. The

informmition tleat ceyprisandeta ant pirogram inghacons frame thy extenaliyperpery.
prefetch addresses and the received prefetch address
are cache |line address 21. The conputer system of
claim17 wherein the filter circuit is coupled to a

27. haAdwethed cdri@ppsieg:et ch engi ne sai d prefetch engine to
prefetch informati on pointed to by the prefetch
addemssag. a pldralilihef deaseious, ebctsystespordingohith mpiefetah addiess and
the filter circuit is coupled to an input queue. 23.

a detEP@r G §fe SaabrRM of claim 17 wherein the input
gueue is coupled to a hardware 15 prefetch engine.

24 r - ' [
nar R AIBESE G o P b YREHE Srlchiory contrller
ueue. 25. The c ut syst.em of. claim 17 wherein the
bus i G pETGIEA LG G SRS, T hat 15 coupl od
to cache nmenory. 20 WO 2004/ 025457 PCT/ US2003/ 027716
26 mopHeripg apumber offhe ddeast ong efithe ninralfiepldgiegiors in the cache-to-
prefetch engine prefetches information that conprises
mengtary aordrodlepbenquene;andt r ucti ons from t he ext ernal
menory. 27. A nethod conpri sing:
adjusting the detector window size variable depending upon the number of the

at least one of the plurality of detectors in the cache-to-memory controller bus queue.

28.  The method of claim 27 wherein the prefetch address comprises at least one of an

address of a data miss in cache and an address of an instruction miss in cache.
29.  The method of claim 27 wherein the prefetch address is a cache line address.

30.  The method of claim 27 wherein the detector window size is dynamically
increased if there are less than a predetermined first number of detectors in the cache-to-
memory controller bus queue and the detector window size is dynamically decreased if
there are more than a predetermined second number of detectors in the cache-to-memory

controller bus queue.
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generating a plurality of detectors, each
corresponding with a prefetch address and 5 a
wa@ledoe0tas7 wi ndow si ze vari abl e; sending at | eaBCT/O8®08627716
the plurality of detectors to a cache-to-nenory
controller bus queue to prefetch at |east one of data
and_instructjons; nonitorjing a nunber of the at |east
31, i e iclaimy 30 yhesein fog Fvindoy Rizedndmenyigaly
. menory controller bus queue, and 10 adjusting the
increpsedb ey delatotonindow sineas lestihan o epairum gelspion Window size
nunber of the at |east one of the plurality of
varighd¢.ectors in the cache-to-nenory controll er bus queue.
28. The nethod of claim 27 wherein the prefetch
address conprises at |east one of an address of a
data mss in cache and an address of an instruction
32. M The metlericdelaidB0 Wheeinthdddectdr windowsizé isbatagiicallyhe
prefetch address is a cache line address. 15 30. The
decrBRed 9AhO HetebtBt WrRIOW IR 8 lofbatdd thaA QL BEIAIm MR wihdSy ke
dynamcally increased if there are less than a .
vargyigdet erm ned first nunber of detectors in the
cache-to- nmenory controller bus queue and the detector
wi ndow size is dynam cally decreased if there are
nore than a predeterm ned second nunber of detectors

in g e-to- ry controller bus queue. 21 WO
33. 20&1‘?%’?%‘%% %@f‘gﬁ%os/ 027716 31. The method of claim

30 wherein the detector w ndow si.ze s dynamcally

i néPlyally qfdeteqior B%{f%fé{%%tow "’r%YB‘th | efe§¥qr§ss than a

maxi mum det ect or Wi ndow si ze vari able. 32. The net hod

of acpehatimsoeqprst liffercpenledtogbe plurality abdete¢torbufiers;

dynam cally 5 decreased if the detector w ndow size is
andgreater than a m ni num det ector w ndow size vari able.

a controller coupled to the plurality of detector buffers and the cache line request

buffer, said controller to allocate detectors to cache line requests, and to dynamically

adjust the number of detectors sent to a cache-to-memory controller bus queue.

34.  The apparatus of claim 33 wherein the cache line requests comprise at least one of

addresses of data misses in cache and addresses of instruction misses in cache.

35.  The apparatus of claim 33 wherein the controller is to monitor the cache-to-
memory controller bus queue and increase the number of detectors sent to the cache-to-
memory controller bus if the number of detectors in the cache-to-memory controller bus
queue are less than a predetermined first quantity, and to decrease the number of detectors
sent to the cache-to-memory controller bus queue if the number of detectors in the cache-

to-memory controller bus queue are more than a predetermined second quantity.
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33. An apparatus conprising: a plurality of detector
buffers to store a plurality of detectors; a cache

wo pove/oeaguest buffer coupled to the plurality BET/US2003/027716
detector buffers; 10 and a controller coupled to the
plurality of detector buffers and the cache |ine
request buffer, said controller to allocate detectors

36. { o s aREATRRET Flat, a3 Wél?reah@letcema@}i% foanjtor 3 detestor ppdow

. hunber of detectors sent to a cache-to-nenor o

sizeggriehle thaé is dymeminady edjusied cosespapiiag deysmgier @¥ entres® the
wherein the cache |line requests conprise at | east one

caclof-to-iémaydroatrsks bk qdatea M sses in cache and addresses
of instruction msses in cache. 35. The apparatus of
claim 33 wherein the controller is to nonitor the
cache-to- nenory controller bus queue and increase the

37. Theriygraradiis efaldnit 3%; svhemit the @ohiiellet dcdoapied-to ar votpyt queue.
controller bus if the nunber of detectors in the
cache-to-nmenory controller bus queue are less than a
predeterm ned first quantity, and to decrease the

38. Therhsyaradiis clRdlaiat 37, svhafeins s loutpt fidicGaediBIddao MRNESH queue.
controller bus queue if the nunber of detectors in the
cache- to-nenory controller bus queue are nore than a
predeterm ned second quantity. 22 WD 2004/ 025457

39. PCTIH2P 4300 3T dihfin 335whekbifl (RSt @I 16iSis Q&gﬂb@‘id’@ Batdware prefetch
wherein the controller is to nonitor a detector w ndow

engfkZ€ variable that is dynam cally adjusted
correspondi ng the nunber of entries in the
cache-to-nenory controller bus queue. 37. The
apparatus of claim 33, wherein the controller is
cou . ue. 5 38. The apparatus of

4°'c|a|h§g9@9%ﬁ§F@#%R@%Eﬁ%§tput gueue is coupled to the
FSB u?ue.bsg. The apparatus of claim 33, wherein the

corftr BIFE P8 coupled to a hardware prefetch engine.

an external memory coupled to the external bus;
a processor core coupled to cache memory and to the external memory, said
processor comprising
a plurality of detector buffers to store a plurality of detectors;
a cache line request buffer coupled to the plurality of detector buffers;
and
a controller coupled to the plurality of detector buffers and the cache line
request buffer, said coﬁ&oller to allocate detectors to cache line requests, and to

dynamically adjust the number of detectors sent to a cache-to-memory controller bus

queue.
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40. A conputer system conprising: an external bus; 10
an external nenory coupled to the external bus; a
WQPe@aeesHeT core coupled to cache menory and t oP€T1ES2003/027716
external nenory, said processor conprising a
plurality of detector buffers to store a plurality of
detectors; a cache line request buffer, coupled to the
Al. p| (hgrcrmpiist systenpef PJainh e Fhersin the gachy 4ing reqiigsts Gpmgrise at least
coupled to the plurality of detector buffers and the
one ofadvizess¢snf datagmissestinisadifeaind addriesses ohinpisngtion migses in cache.
al l ocate detectors to cache line requests, and to
dynam cal |y adj ust the nunber of detectors sent to a
cache-to-nenory controller bus queue. 23 WO
42. 2004¢02845607r PCRMUSPOER! 40 Whesin the comialet trpumenitos flet aaghe-to-
of claim40 wherein the cache line requests conprise
menddrylcemsdller bieqfue add ivsers thefnudbieaofNdaate s seht ta teeaetisdto-
addresses of instruction msses in cache. 42. The

merk@YRULES 1163 B §iBuRfif b AbMbéloMRBILRIrNint thE c4&MBLtb Mhdrldryicentroller
to'nonitor thée cache-to- nmenory controller bus queue

[ 0
bus §06he R 15SEE b pEe BN trs AT R 3 WPhrel she Fugbr of
of detectors in the cache-tq:nenory controller .
et E R BacbPrthlteriot  Betatler B apuf o bp By  fectors in
and to decrease the nunber of detectors sent to the .
the gagherio-msmeayreeniradishbrsclucae atsuBorg deaner predsteranipetinspngguantity.
detectors in the cache-to-nenory controller bus queue
are nore than a predeterm ned second quantity. 43.
The conputer system of claim40 wherein the control]er
43.i s Ths cepwiutes sysierd of eleim 40 rdheysim thewostrelier ysio appitoriarfigtector
is dynam cal ly adjusted correspondi ng the nunber of
window size yatiable that is dynamically adjusted corresponding the number of entries in

the cache-to-memory controller bus queue.

44,  The computer system of claim 40, wherein the controller is coupled to an output

queue.

45. The computer system of claim 40, wherein the output queue is coupled to the cache-to-

memory controller bus queue.

46.  The computer system of claim 40, wherein the controller is coupled to a hardware

prefetch engine.

47.  The computer system of claim 40, wherein the output queue is coupled to memory.
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t he cache-to-nmenory control |l er bus queue. 44. The
conputer system of claim40, wherein the controller is
w@owphzdst o an out put queue. 45. The conput er PGHESMNG/027716

of claim40, wherein the output queue is coupled to
t he cache-to- 15 nenory controller bus queue. 46. The
conmput er system of .clain 40, wherein the controller is
48. o He SEmPBIcE SYRlreh & Flaim A7 Y hareih L gPmary i3 Hymapig random access
conput er system of claim40, wherein the output gqueue
(DR@IKWW% to memory. 24 WD 2004/ 025457
PCT/ US2003/ 027716 48. The conputer system of claim
47, wherein the nmenory is dynam ¢ random access
(DRAM nenory. 49. The conputer system of claim 40,
49. wh elthsicamphiter dystemiof clatti 461 weanein dlie dymemiciadjustment of the number
detectors is based on an operating node of the
of dptectoessis based Dn2. opEtating anale tof thegprsdessarof ¢l ai m 49,
wherei n the operating node of the processor is one of
a single threaded node and a si nmul t aneous
mul tithreadi ng node. 10 25
50.  The computer system of claim 49, wherein the operating mode of the processor is

one of a single threaded mode and a simultaneous multithreading mode.
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