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WD 2004/ 025457

PCT/ US2003/ 027716 PREFETCHI NG DATA IN A CONPUTER

SYSTEM BACKGROUND OF THE I NVENTION Field of th
WORAMRE459n [ 0001] The present invention is rel &Té'éﬁzf’%’m””’

the field of conputer systenms, and nore particularly,

to prefetching data from menory |ocations. Description

of the f ni que

connDnI)F/iﬁélLe @m%9@%8%;@&2gggﬁ?ﬂﬁgﬁésfsﬁﬁwq

i nstructions reqU|red by a processor are prefetched

before it is actuallé utilized by the rocessor's

core2 execut@&ﬁ—55ﬂi—péﬂ3—~#§5§lﬁﬁggbﬂlgﬂfprefetchlng,

the prefetched data Is available to the EU at t he

rel atively higher data rates of the processor's

internal bus. A hardware prefetch engine (HWP) in a
Field pf dedssationor mal |y prefetches the data required by

the EU. Since the prefetched data and instructions

[0001]dat @) ‘Bfefradat eSO RIRYETo thh Helblant Rt isy®8mb land more
prefetching generally- inproves the procéssor’s

er, prefetching is
paﬁu@#%yé#bg?%%ﬁﬁ#%%ﬁggg1ﬂk899$hP5$%ﬁ¥ng may inpair a
processor or systems performance. In order to
prefetch data and/or intructions e.g., fromexterna

nor t ternal menory bus is used. Hence,
Descafih df the Riafell At occupy the resources of the external.
JJenory thus reducing the effective bandw dth o
[000240 t he Péﬁ Eﬁhﬁ%ﬁ 1S fd UgGst TR EPPHEY FUROP GRS {[Pé‘fa and
are prefetched may be stored in cache menory that is
instrugtiorsaregeirechley pprocesseior ¢ pyefeichrd bederedt isfapiuaile Hiljzed by the
mul tiple | evel s of cache nenory may be used. However,
proceduoe’stoord dxeschiion tred( 1)z eAsod resilie oCaefetchirtytieyprefetched data is
prefetching of new data/instructions may overwite

availdWEN a8 S Y atfied el cHat dhdr Astaiet bPNS prbibscals@ndtal bus. A
needed. WO 2004/ 025457 PCT/ US2003/ 027716

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
memntory 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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[0004] In a typical processor, an entire cache line

may be prefetched. For exanple, if a cache line

consists of 32 bytes, and if a mss occurs in the
WORUUREHST hen 32 bytes at a tine may be pref etPEREEB2043¢RT716

external nmenory and stored in the cache. If nmultiple

m sses occur in the sane cache |line, the HAP nay
ooo4yr ef et e [ Line milti ti NES.
O ot rodP ST e lb hFafAE Dine Rl pelgiBrofintd. "FS:

.nefd.ici .. BRILE RY OF .THE .DRAW NGS [ 0005]
exarnfRe] Bl AT 0T g Bl FIABRETBHOGKHy BNTdan desue
b bg Leferriﬁg t? 10, the foll ow ng description and
yies 4t & BRGARGY RgPiaiddieddom meiermat memeadandytoted i diercathe it

In the drawi ngs: Figure 1 showsa a bl ock
multipleagissamogeurdn Por wsradic line; GrpHivaY msy ptefiih aecamdientre cache
~to one enbodiment of the invention. Figure 2 shows a
line nivlople dineegr Athidthethod bi pretatatiesistrbiAReT AliATRefkna

filter circuit, 15 according to one enbodi nent of

the invention. Figure 3 shows a flow diagram t hat

illustrates the servicing of queue entries in an

i nput queue, according to one enbodinment if the

i nvention. Fi gures 4A, 4B show a fl ow di agram t hat

illustrat esg@m@ﬁﬁtﬁﬁ@rﬁﬁgs cache

m sses and dow si ze,
according to one enbodinent 20 of the invention.
Figure 5 shows a flow diagramthat illustrates
|l ocatj ng detectors for L2 cache m sses, according
[0005? o on ev@ﬁlggra Fieberiments of ghe iRyamion gpay be understood by referring to

the following description and accompanying drawings that are used for illustration. In the
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.

L3
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Figure 6 shows a filter circuit, according to one
enbodi nent of the invention. WO 2004/ 025457
PCT/ US2003/ 027716 Figure 7 shows a nonitor to al at e
WO EUEHYs and to adjust the detector w ndow sp(%TéUSZ“"M’zm(
according to one enbodi nent of the invention.
DETAI LED DESCRI PTI ON [ 0006] Described is a nethod and
gal.l[rr??us‘?lgwg aen 1%? o ﬁig%gi{elﬂ%{e'cfb?iaﬂ(f‘to%dﬁfs?ﬁl%%%féf:tok" $lifdbw

rCul tion met hod and
apparatus ma nam c ust a detector w ndow
size, %ﬂ’é‘b@ﬁtﬁtﬁé’nﬁjﬁ%ﬁ% g )dlﬁ h??l es for the bus. In the
foll owing description, nunerous specific details such

as logic inplenentations, opcodes, neans to 10 specify
operands, types and interrel ationshi ps of system

conponents, and | ogbh&1 DiEgh¢i Y nt egration

choices are set forth in order to provide a thorough
under standi ng of the present invention. It will be
apparent however, to one of ordinary skill in the

[00(]6@1‘r tﬂS@l P& d é:tglva?)gﬁﬂaﬁﬂ t§BcBS RERGALASE: a processor

thout These specl Tn ot her instances,
- kno Ltec on r
i g U FEN B s Sl iR L B B B
and techni ques, etc. ve not b S
detectpr Mardass dprangingeache ng e th%%tﬁ? RBhing

description. Those of ordinary skill in the arf, with
descriphien] muherdesispeeificrdeppils swah, asvip i ingplentshiations, ORprdsREREans to
appropriate functionality wi thout undue
speci BXRRFANAETAtd @il infeRORTReI@ERgeanicomphecpeod fagiat i on
to "one enbodi ment”, an enbodinent”, 20 "an exanple

LR aztloﬁtcﬁomeé Ddsqabeh ihaldet tB%Jr@ﬂJ@@ ditEaigh

esé’rlbed may include a particular feature,

undeﬁéapglﬁltéu rgﬁle aé)r'éfe%l? ﬁ{v%ﬁtﬁ I? twkl? be %ﬁar&\f N HTR LA orTRYry

cul ar feature,

ucture, or characterlstl hrases._ .
skil (b s 1oL s Vg By ﬁfﬁarafﬁ ot U B RR R it
Further, when a particular feature, structure, or
otherdngieresordlbRa BOHUEHTH ania) SEURHES: B35 SFL oS fol
enbodi nent, it is submtted )
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.

37 &t

[00071 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

L 3
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WD 2004/ 025457 PCT/ US2003/ 027716 that it is wthin the
know edge of one skilled in the art to affect such
feature, structure, or characteristic in connection

WORHOSHREr enmbodi ment's whet her or not expli ci PLF/US2003/027716
described. [0008] In the follow ng description and
clains, the terns "coupl ed" and "connected", along

W t h_derivatiyes such as,"¢o0 ni cati.vel y.coupl ed’
that s gy e ol of e Hlerh ORE o Bk PR St or
are not intended as synonyns for each other. _Rather,,
charapigripig inj coupeqtioa Widdetheramabodiaenin sdhebgr omig) eprligidy descgbed.
indicate that two or nore elenents are in direct
[0008)hysi cdh the fodlopung desaliptoondralot aimist the damly “ovupded” and
However, "coupled® my also nean that two or nore
“conrlcReNlon v &h deiivdtivessuchelk “cantnagicatidly ceatdd ahebs used. It
but yet still co-operate or interact with each other.

shoula%e[l.ﬁ@@ﬁ%ﬂooﬁ‘?ﬁ&t $he3f 1drRE afETH ThiBhded ks AUFoIBIENERH JiisdNg

term nol ogy commonly enpl oyed by those skilled in the
art to.convey the sulstance .of their rK..

Rath o R o SRSl BE S B b GRS or more
are presented in terps of operations perforuged e »

clemqity Gk AR PexEealor swctsfcab?%a&émﬁtﬁﬁacl} ofbET eV BHeS, “opupled
wel I understood by those skilled in the art, these

may dpemgai drastved eemoteglanetie afeqopitodirast ewttadt gath cach other, but yet
magnetic, or optical signals 15 capabl e of being

still cotapleede ot inédnsdt evithehch othiehi ned, and ot herwi se
mani pul ated through, for instance, electrica

[0009—]0”p_onqﬂirﬁs-of[t&ocﬂe@&n'ﬂ’_ficﬁhbﬂr@?ﬂesélﬁe@ué@ﬁg)féhnﬁioﬂ%'yﬁﬁhﬁﬁoﬁy

portion of a conmput'er system according to "one

. t - of i Y o, : ‘
emplcl‘?)(rqagag)t 5 sé\?lflerﬁl IE%éuérRe/ %E&nggyt ggg%s:fﬁlc%%ﬁ%#ﬁ% etg others skilled

rated | proc

e S B i ASS, YRS 8BRS AR bl

requests resulting fromcache msses fromL1 cache 105

through jheprecytiiaf nregrampming swstraptiqngi As 1l vndersipadedyl thage skilled
request is a request for a block of data and,/or

in the arg tthese bpemsoly aftenrteliathadoms yf dectficadmagietibeor dpdieel sigifals
cache nenory. In one

capable of being stored, transferred, combined, and otherwise manipulated through, for

instance, electrical components.

[¢010] 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.€., memory inside processor 100), but

other embodiments may use other configurations (e.g., memory external to processor_100).
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enbodi nent L1 cache 105 is an internal nenory, (i.e.
menory inside processor 100), but other enbodi nents
may use ot her configurations (e.g., nmenory external to
woppoessEdr 100) . WO 2004/ 025457 PCT/ US2003/ 02 PETEUS2AIR 7716
gqueue 115 and out put queue 125 may include contro
circuitry and buffer nmenory to process requests
i ncludi_ng .,cache m ss from EU160. [[0011] In,on i
Input gigseh R SHIPCE AR g SRR ap et g i B0rampmory to
i nput queue 115 through filter circuit 110 are read
procegsaggesstssinclifisg sachequisss I Updl equest s for data, 5
i nstructions, or both (data/instructions) to be
[00110it i | | z@d ohy erEbbdifi@nt dftthe ivadtiore thwosqstsdlyat enthe mput guepe 115
menory address fromwhich data is to be read. The

throu I ANESSREIt TBY aREcfMRIG6d:s. t Thes@adeSSnilal B8 S¢qleho forsdata,
fhat when recei ved by the input queue 115, they nay

instrulrc:ﬁﬁseé%h é@ﬂyfﬁff%tioﬁg}%%ﬁﬁ?z% by Rital TRAIERERE8:sts may

| &F circurt 10 1's ‘couple I nput queue 115, and
aentip R iea Py AREER ot "RHCTaIn S b e Abe e e b abieet o
fromthe input filter queue 115. In one enbodi nent a
addregsieansiation eo thabilhes f@eweﬁgwiﬂwg%f Pk oL Bgne bRy
l'ine containing data/instructions froman address
physital eddiesses coviragholddisees. tholierrvircnit d 4@ ieconpksd to Mpys quadgdh S,
entry in the input queue 115 may contain an address

and ifpat gli@ier lilgvatoupledatoHWE! 12 0c &b cirbmel10 mpQ@il2} obtredingant
enbodi nent of Fig.1l, the HAWP 120 is coupled to out put

cacheq}h%lf@%&e%é froh? tRNHp QUIIRY huslideys. 12and SmB&HIRERCh ERhk ne
request queue 152. L2 request queue 152 is coupled to

B REE g B s SO T e

the term ESB so imes used._in this discl.osure to
locarigR SR TRENS RE [ Fe b G NDy POk SR BRI 115 may

be obvious to one of ordinary skill in the art that
contaist #negddress fprreiisysl afeside casdaliper a bus that transfers
dat a between cache and
[0012] In the embodiment of Fig. 1, the HWP 120 is coupled to output queue 125,

and output queue 125 is coupled to 1.2 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 quene
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 1r25 as

a separate entity, or may form an integral part of the output queue 125. Memory controller
5
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20 main nenory, w thout deviating fromvarious

enbodi nents of the invention. [0013] Monitor 140 nay

nonitor tile cache line requests, (e.g., in the output
WwWOgMe(as45125) and assign detectors to cache | i mET/US2003/027716

requests. In One enbodi nent of the invention.

nmoni tor 140 may be coupled to the HAWP 120 or nay form

part of the HWP 120. nts of .th
150 reqeysribs gtee HHETIaBATE omy ﬁl@%dbee%go@ﬁ%s‘al%s ft%msmtms
out put queue 125 as 25 a seperate entlty, y form
from megmarpit @grlARAPAL$S5,0fa memmublﬁﬂﬁ’foq Jiagl Q1o eﬁ)eﬁhﬂdwerem €8
controller 5 WD 2004/ 025457 PCT/ US2003/ 027716 150
the inpue qeduedd 51 the comahgudieni@ sy aglhs 1.2 réquest queee L2 oay hevd &8itrol
and retrieves data/instructions fromnernory, e.g.

and bu@%ﬁ%&ﬁ‘@y td/ﬂnauarg%mﬁayo Blése thé Qucteafi} reirye, We pedfbtorel data and

herein, e.g., the input queue 115, the output queue

otherv"a%g’b 9?&%5&% idr& request queue 152 may have control
an % e

r C|rCU|try to manage and to store the cache

line r sts et ched. dat

100141, 7 o db i S hSp Gos dpt i BLhTEh 4 t%aef send a
data/instructions for the EU 160, the EU nmn ?

reques @th@ &4 cpghe: Hetherequssisd . dataf’mﬁg@tlpg Mtf@épd 1n the LT cache, a
data/instruction is not found in the L1 cache, a

cache masshetriggesdi(s.gt, niflpgenadbg et gnd a aadhk dige meguekidios e ngadeda
cache line request for the needed data/instruction

data/insfradtioREmSERE sehotd the 122 ackeiheodghribiighertdifng eV Enbimng
logic). In one O enbodi nent, once a first cache |ine

embodiﬁgﬁ’teéﬁce' asﬁﬂ'sfs&l%hé’ ffe @ﬁu@ﬁ@s %V&?Qy tHeEWIMP 01 2R 19%WP 120 or

moni t O may predict the next cache |7 ne that
h
oo R R ot e 1 o R LA B g anc
with the first c i ne reque cache
send agegiieidfor fhat pgit cr e AL oDS Eaente g Wﬁ%ﬂ@a@fﬁfecache
line request may be forwarded to external menor y
line reqiesk . If atcociDRM regEst isimmpt EgBdgu digel 2 gehe 153, the cache line

request may be forwarded to external memory (i.e., to DRAM 155) via FSB queue 157.
[0015] Since multiple cache line requests to the same instruction cache line are
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
nuisses 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 are 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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15 [0015] Since nultiple cache line requests to the

sane instruction cache line are relatively rare, in

one enbodi nent only cache line requests pertaining to
woeak@sfdt a misses are input into filter C|rdU?WU%@@w”7““

whil e cache line requests pertaining to cache

i nstruction nisses are input directly into input

out ca u yn%zr%c}igelsé ax (éaﬁ; Ipnelgs bt} v@ [rQA’&gﬂ l{éeg héht té—)upu@hlﬁ\ﬁ% 118 The

cac |ne bl ock
addresses that are mnthl

filteringop frgAudaricrare Borisaees %ﬁ’feqﬁ‘ﬁf g‘g@é‘%%c |£Eelﬁgtq{3§3 120

For exanple, if a cache 1line consists 32. bytes
mrunmfaamcadhaumnwéﬂ36$WK®n&@mna&ﬁﬁ§§§@$8%%8?8%S@“]F%@ﬁgggw
request for a cache |line that includes address
as coheat wWih séhdise 4 ogplie ling tm;[ukakteto irepuputquene 1 159 Br each L1 cache
wever, if later a cache m ss occurs for address
nliss_location 10 (assumi ng that address location 10 is in
the same cache line as address location 9), then a

[OOIGBeC Ondelg g#&gﬁ " gf th% Iﬁ?tf%@ cﬁx@f‘ﬁ()c%ﬁﬁhﬁg RforeSerdiment of the

| aced ter circuit 110

N

al ready been sent to ut gueue The filt

a1 2050t (g oufions Sosiiband M GBSOyt ot iqeareE] LRI o
110 may permt the HWP 120 to run at a | ower

countér Iggoieshown] tsheitibiyeccoremm Gopnitesd snpoelocatgdh i bfé‘f%’(j circuits,
sinpler to design) as conpared with sending a cache

for exlainﬁi% ih STIE Sc i 06 60N& inRPhitroltiyele. kildnd ambekmbnt df thaipvention,
m ss. [0016] The operation of the filter circuit

' GXBRY 1Y rebyhiests ArBwened fekt. A$215,
countéxllgpouﬂ gdéfh\%lbp e;r g’é’%@t %?%Q%I gur es1 2regnd S6 As

a det%x{lﬁ v %)1@ a%%g%' %h%h%utglg gat%hgﬁrqlcﬁem %gg Uk diRYn a cache

ress regls er are reset or

cl eared. At 210, a nt.er t sho IS _tnti
miss. {16 GRabnEWIERHS Pot B REdd rm drpdheri b flagded
10 for exanple in filter circuit 600 or in controller
[001810. | riripgeringrb cathesniss efusehibe iaddissi oighcachp R eprrgsponding fo
points to the buffer |ocation wherein cache line
the rdq@€HY 6Bt frigeecdsheratieneist (i.eAta cadle 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 iI}_

buffers 605A-D, then in one embodiment of the invention, the cache line request in
7
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a determ nation is made whether the data/instruction
needed by the EU results in a cache mss. If the
data/instruction is not available in the L1 cache, a
WOZBEMESss is triggered. [0017] Triggering &CdA¢1803/027716
m ss causes the address of a cache |ine corresponding
to'15 t he request that triggered the cache mss (i.
uest
addrosy it i%r%zb Gt FRER ol RadeabRLEEma vBAGHERS put )

L S e A ?ﬂé‘xﬁ%@%%ﬂfe&%éﬁedln?é%e% s

determination is made, e. by controller 610
registenki2d, 08¢ Prdvessed dyds & BélfO“teﬁéO elaptreand the nRHE @Rbe IR Eequests
cache line address of any entries stored in buffers
(correpOhdinPto Ak heptgicht éss Mxbatedendddodss B gisiert2 domgdhesext
cache 20 |Iine addresses, other enbodi nents may store
proceskdt Qufef ers 605A-D and conpare other size increments
(e.q., byte addresses, word addresses, etc.) In. one

[0018)ETPOdi & [PUBALAL Bl reﬁhés@suétrsmd%l S dreGBREISbBdSes not
seri eS eXC usl ve- or gat es not S own. ), conpar es

s L s BT R A A oo

stored in buffers 605A-D. If th eliner est,

countar iR B GIecteERe BRDIRRFSHEAT AN GIATFY TPHSISLP A br &1 235, in
605A-D, then in one enbodi nent of the invention, the

one ensadieeritiof aerieverdion, AferWOitRGoHE 02ba ine PaReaIs Gosbuiirthe
address register 620 is discarded (e.g., the address

countdi €8 isbRmeRY, bg 240seletbOniativ k madbueg., bjh tontaniler 610 whether
enbodi nent of the invention, instead of discarding

countér h gom?satﬁ he 1 abt{lg,lffe? %b%ﬁBﬁ' Iﬂlh@é’(gfn?e?ﬁ poﬁﬁsgiosth@ (asBREferOb@ition

cessor cyc Is allowed to el apse, and the next
1nd1caﬁ¥ E‘»;% lggueftf%' g%f‘% EQ' g%%? ggér%iglglrhg\!tv@? c%cg%&%g b %rocﬁ.@g@ furing
, t I 0018
S SE2RE L SaiEhe IR 0B g
match an entry in buffers 605A.-D, the cache line

bufferdecstien forithe néw noufredyndgni Wb@hmeoadﬁ‘wﬁhe counter | is
replaced with the cache line requests stored in

[0019pddr esk ¢reginsceim&R 0 (H m2&Bion m caohe lipeirgdésteat sofviced, the
the invention, after witing the cache |ine request to
cache 1iR€ rdMEt@EdvahBEserially 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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O counter | is increnented. At 240, a determnation is
made, e.g., by controller 610 whether counter |
points to the last buffer location, If the counter |
wWOaHHAESSTo the | ast buffer |ocation indicati B§T{Uaw3/027716
all buffer |ocations 605A-D are full, a wait cycle may
be introduced during which the HAP services the cache
line requests in buffers. 605A:D '
pertopBE o GRS BrEoF B R GRS Horh b aa AR E oy Rl the
address. 15 [0019] In_ one enbodinent of. t L nyentian,
cachlghecagiviisis His s s a0 dariol dade DEHes OshrY Seh g
requests advance serially through the buffer |ocations
buffef positidnis bs¢ornmaddilable- out (FI FO manner. For exanpl e,
as the cache line request in buffer location 605a is
[60268€r Vi Catgurei3 .2, fiGe tlagten thaeillWiPated the shrwiodng plilquege enfops 1n
the other cache line requests in buffer |ocations

the inggtstﬁieg?.”m’ 0P $8@ESdL aRediRst bl dath iR trvaEENGYcacke ISR dAt
n buftfer [ocation 605a. Thus, the 20 new

non- r edyndant ' - t 8o h
RN e e S
. Jds_.sent,  to the HWP via the i ueue. At I f .
miss)y ﬁlgfe ispog qlgmrgquetsh en@é@ﬁ%hﬁeﬁ%u g&al}eeg@tl%ggers a%vait
witten to that buffer. After adding the cache |ine.
cyclerapd me getiomisttpeen dyging dis simep A wavel iicaf 304 thdy lsoae@%CHe line

again at 215. Although the enbodi nent of Figure 6
requdst folthé inptreguetie NUS f ierose leabediatng @520 Dhewidrst cache line request
enbodi nents may have a different nunber of 25 buffers

(i.e., BRGa0He WetrBq@ishrat hahrks in the idpue gesRadisealongest) is dequeued to
illustrated in Figure 6 controller 610 8 WO

mal{egrgglg‘!afgﬁéé%gwﬁ%{l 5280 egg'i§7a(]:1gg1ﬁ%f HRAAEShANE L ROUBE fekghskt

che m'ss resses t e |1 ne requests and may
R N L e
o iTa PN ARGt RAIh I by SRCB et ol Tehes of gt quen 115 s

entries in 5 the input queue. At 301, EU 160 sends a

requastbased bn ho L ldatle st Tueotd enbeddmenicidha psentin, the HWP 120
determines the type of miss by checking a flag that corresponds 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. Tn 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 1.2 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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302, a determnation is nmade whether there is a cache

line request (triggered by a cache. mss). If there

is no cache line request, then at 304 the input gueue
WORPBHX¥iggers a wait cycle and no action is tRRENS2003/027716

during this time. However, if at 302 there is a cache

line request to the input queue 115, in one

enbodi nent., at. 30 th olde cache uest
emb lm‘é%s B atedhindor e ?RGH ALY s gy, for
i nput queue 115 the Ion est) i s dequeued to nmake room
examﬂﬂbf‘r by gangrainT A é¢thes is copbigd dupwgubaucagdst meansmppdiment of the
cache line request already in the queue is serviced
inveritipp, @dgjectort i defii® B paralitteB0nsludingeh eddicag tai drectien, and a
made, e.g. by the HW 120, whether the dequeued cache

 windbiviszel QUd@ddresdotthe cadhp Wine getfies: id R inutdjueh® 4§ He within the

based on an. U. cache nmiss. I n one enmbodi nent of the

rangd (H"tﬁé‘ §&tOfor ﬁ(ﬂi‘f'esw tﬁ% QidRgLE" ﬂ@(eﬁ?echt}ﬁ of M%Q%e?éctéprﬁ%r be

y checking a flag that corresponds wt eac cach

any 0§8 @? t}ierfe H(():Walé]ﬁ, eva?qe% :zte?égag vte Ihgo gﬁl\?ﬁf ]n erf) 611@; 1’neans that the
ei&Q n L1 data or. instruction cache nmss, then the

detecigydapBal heen assignad adflivetion.t A@ogidve d wemsindispisthebe 96tector has
defined at 307. In one enbodi nent of the invention, a

a forgerdelineetion, endle hegasi cane naydudinge dmt dodietssordy alretepsea
previously created cache line prefetch request.

directiawelier addrdss 20thehiztatas heditdtaethe eddiest ofabe 368 chchd1@e paBfetch
LI cache mss, then at 306 it is determ ned that the

requeS@aREHE Ry SMhb aet%@t%P & lﬁbé % caiduidid 9(16%%5&%31% $PefkiSh
an L2 cache mss, the L2 cache Iine reques

requeéﬁo%?&paﬂgg E%f(gljlgltﬁ'%% %cﬁﬁgs% orfqlé@)a?c'i \%Il;t? ﬁge% Srclj oft positive

etector a| ne regar

odlne t  of the inventio t he
1 ﬂnéﬁl?%%%ﬁtfl%ﬂ%f:a GodBe by elchggaise valbe DlgalpyedBy 101
mat ch-detecting circuitry which may formpart of the
[10022p 12dFigwyes 4% dBridiverae wWhopobagraBhs shows the assigning of
PCT/ US2003/ 027716 enbodi nents, the allocation of
detecthet B cacts mh;eskaadplmtﬂmn‘é«dadjystmgsﬁ”pm wirglood digaladebiding to one
for exanple, by a nonitor 140 that is coupled to

embo@th@iibof Bieabieentidh. Figurenaleshest imbhit@factdi8ing t8\WaRt®Bdiment
a detector is defined by paraneters including an

of theAAPERRDR: 1R ot EG6LERR Nt 87le fhvention, 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, bly coniroller 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.

10
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wi ndow si ze. The address of the cache line request in

the i nput queue may be within the 5 range of the

detector address +/- the wi ndow size. The direction of
wa hedEseEtt or may be any one of the foll ow ngPGHPBRE3027716

zero, positive 1, or negative 1. Zero may neans that

the detector has not been assigned a direction. A

sitiv i ndi cate that t.h t : ¥
1002807 v e BB 1o g T o0 B s U dn i Gyine the
_ that the detector has a reverse directiqy TQﬁ.addr%fs
divecgipn fipen which debris Pridetelrdoslating loalta daiestop pddrpss (fisggtion Tlag), 2
cache line prefetch 10 request, and the direction of
hits 4ltved dBdeetior (HADIigvutaroa bitd kalink detecks (BifdDeoynips and a least
prefetch requests. For exanple, a detector with an
receticis@s a0 {LIL09 taan df wictdireatich flersf tha detbetpoisista wedue ofzero, then
inmplies that the next cache line prefetch request wl|

at 4208 JdndidboRveshaly, 10 by i8R HiooMistser4A, 4B

I1Tustrate a flogs diagramthat shows the assigning of
det eetors f cache miss gy I C ' 3.Ng 1113

ot G E R A riron P SL P RGBT O PR SRR GR (
the invention. Figure 7 illustrates a npnitor. .

true BRGSO LGRS 1 B RS AVBIAGP 19 Fegfhan or
enbodi ment of the invention, nonitor 700 may be

equad Uik eachedine Adfresmd whstherttbeicashe linpaddross 1 Breptey theg of equal
In alternate enbodi nents of the invention, nonitor )

to thé Qdremyoflletsatos Epmimisahe virgloint sitch df yestodoip tisdHBE counter 1s
out put queue 125. The assigning of detectors is

incréXh@d HRAM R fagfienanes to Figures 4A, 4B and 7. As
Figure 4Aillustrates, 20 at 401 an L1 cache |ine

[oozggq uest Ir{ nedf%tﬂ?cgfiﬁgnt JiQhe ﬁ%ﬁmﬂethe%te%ﬂﬂtﬂiﬁ&&g lEiezZ 3?%0 isa

upl ed e 1 nput queue { 405, a varia

sorbl i U B Ra GE l bBeb AR / Beenca. A e
~whether the direction of detectar "D' i Zero, ii.e.,
windoygsizaindirgios paerepsive prcfdeinmndorics Kasy o SaTHOR AL S 1Bie; then
yet been assi'gned). In one enbodinment of the )
comitervatied the HBReodeteestintrsmanted, sndteail R thgiisfset. ¢ &5k pyalue
10 WO 2004/ 025457 PCT/ US2003/ 02771 [0023] Each
indi€leihg Cledtimbasit a10,| eiesdrnattionssmhild, &, g. dnecoatrotiar & Ooiheher the

i ndicating the
HBD counter for the detector has a value that is greater than, e.g., three. 1f 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 1s 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 falge, then at 425 a determination is made, e.g. by
controller 710, whether

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

true.

11
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direction fromwhich data is prefetched relative to

the detector address (direction flag), a hits ahead of

detector (HAD) counter, a hits behind detector (HBD)
WOHH92%8¢57 and a | east recently used flag (LRUWCT/&§200$H27716

the direction flag of the detector has a val ue of

zero. then 5 at 420 a determ nation is nmade, e.g., by
[002@22%;?! ﬂﬁler gcr:lll agscontfrgzlplézﬁ)g(fe%mﬁmesg)a@le & g.ress of detector D is less

ndowsi ze. . . is true. In particular, controller

than ?fl‘%ﬂualetpé\%‘i‘*r?%?& ing agfressaidriekeihes therache ting adyress igfesaihan or

than or equal to the cache |ine address and whet her
equal th dhecarisiess [of deteeldtPadss the wnday eize.t HaonditiondRihis trueothen the

t he address of detector D mnus the wi ndow size. I|f
HADyeanteoistintemehted abBth«CORU LS isiupddied anes e neAtEdc@idntiNethe

LRU tag is updated. [0024] In one enbodn nent of the

HAD! d3vigR} hRNihe LU 681 B6 HObctbt AION 522 a43Aninditidn 13%&% 454
vari abl e that determ nes the aggressi veness W th ch

Whetlge?mb%o{?ﬁtgl ﬁg&t%jrthél W thevﬁ% V(guﬁie f ql C% ?\t/ci]than at

aggressi ve pr VI Ce vesa. qua

en a ., unter aIIed HBD count e i
456 tt‘%ﬁ?@#ﬁﬂf’ige&%\tﬁﬂ (I?lé‘-‘ RO R Bbor?es f’%‘gﬁle ”SQE?SS 05\53'? Iﬁ“:?ctor 1s set 10
al ue 1. 5 indicating the time, At 440, a determ nation
the mil% addiges plas e windowiner diiiassetting therrsldrese arddireqtiRp of the
counter for the detector has a value that is greater
detectomah45tethg prodeby eels at #5¢. hE aHBIS the oesnltenf chbadigorfas fAlfathen at
three, then at 445 the direction of detector "D' is
430 thedouhter TBYAS inderdented By Setinddi 1RO procBssa fopeib@di ment  of
the invention, at 445 the address of the detector is

(0026] ﬁt to i & eEaf Qteﬂi 15ithe dﬂgcqn{g)ﬁ?f tﬂéq&écg&qg H&gﬁhm@i Q¥St0 be

e wi ndow si’ze. I'n one é
i,nventj.o . .the .RED r do t _have
cqual {SHEE OB o fini Rt RS toy DG oRG Gt BT therection
at 420 equatj on [%}al s fal se, then at 425 a
of detgeiper I FRguaojane artigulgr, a (1§§}30t0é@.ﬁ’(1p’1§|a|@ecl7q_1@0f 1 means that

whet her detector"” D' address <_ cachel i neaddress det
the nex¢ paphe'liDe addnessihatiswirefdohed lzas.an fddless that isigeaterithatBe address
2004/ 025457 PCT/ US2003/ 027716
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 > 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 defgector

are automatically prefetched. If the condition {3] is false, then the variable “D” is
12
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[0025] In particular, controller 710 determnes if the
address of detector Dis less than or equal to the
cache |ine address and whether the cache |ine address
WORWHRES Tt han or equal to the address of det dEfdp2193/027716
plus the wi ndow size. If condition [2] is true, then
the HAD counter is increnented and the LRUtag is
e tpda ' phg 1436 0 8 made,
inore R84 R ofiegt 72y PUbRpcp OB TR IN ) PoRERS
det ernj nat.ion i t, 454 . wh er. .. - |
.5 @f@&f@leﬁ%&nﬂe‘?&ﬁ?&?’ﬁﬁ? ﬁ%te‘f—tlﬁﬁ hest ﬁ%ée}]r TS cga%}‘l gﬁ% ﬁ%nesses‘
two, than at 456 the direction of_detector 'D. | L
Howaver, if erncging, [3hidrionthendi b eonipliph 2l ey by detedpr g
the m ss address plus the wi ndow size. After setting
obtaihhintacirasgsndingltoddatenter D ps vkl b datd sowetrondiag ta iw adpsent
process ends at 450. |If at 425 the result of
cachCRRth 4t 198 an hallrebstofthé Sght dffienadatiess b0 detd@0r DHee.c cumdspending
"D'" is increnented by one and the process is repeated.

to thd Q?ﬁ{gg‘?gf}é@ Minel tbqitlst AilPeskf1e 1Hxi 8f U6 Pefetddid address is set

etec s determned not to be equal to zero, at

458 a.determ.nation,l , Nt ef .
caual Pt Te bR o o g Bufer eeROE TR Bt
one, . I.n particul ar, det ect or hayvj direction of .1
detecipdhis iptamericn by e PR AT T QIR B R g g sondiing to
prefetched has an address that is greater than the
the nexfdwe sachegimgfrequpstsassi gned det ector. Hence, the data
that is prefetched is the data that corresponds wth
[0028]he deti§at 4FSthaditeetsm ofatetbcior Tatdiot gyl t¢ hehemattobHat
corresponds with the next cache I|ine address. If at
deterfiBiiboh s falieehethedi rection is equal to one, then at
460 a determnation is mde, e.g., by controller 710,
ether, d D) r el ect
dot g NGqEEL 2Rl BARESS aRBOREL GRS ARRTRNEEL . In
.particul ar, ntrol.l er. . 710 det erpm.nes if .t r
partteaetdienst 7B feogngt e i SprodETe Dot i B pERG o he
l'i ne address and whether the cache |ine address i ]
cachgHeasdsiresspan vdrethey the cachelingddagss Asless o a’é?‘iuéiioo‘?‘e pidiess of
m nus the w ndow size. [0027] In one enbodi nent of the
detedtonid phisaie womibev sizal etfeondition klas sirgribepmcesadloavs thdad.
address then data corresponding to cache |ines ahead
Howaigd, febhdidoh he iassisgnepiodes geiwaro 425, are autonatically
prefetched. [f the condition [3] is false, then the

[0028P i abl g o erhifbdiment 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 1.2
request queue to fetch the corresponding data, If the FSB queue 732 is under-utilized, the
window size is increased, and if the FSB gueue 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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12 WO 2004/ 025457 PCT/ US2003/ 027716 i ncrenented by

one, at 427, and process flows to 410. At 410 a
wodglGhRispaton is made, e.g by controller 710

aﬁf the the detectors have been assi gned cache T1I #@&mm7no

addresses. However, if condition [3] is true, then at

464 controller 710 enqueues the detector D and

[0030pbt ai N tdaD s QLRGSR Mthde Ce. flebeedafoller B0 Wakihefthe number
data corresponding to the adjacent 5 cache |ine that

of entB@sz'matHe 29Ar RS 8e t7§’7 fsNEssthey mQ;(mM‘ﬁ Fgﬁqmﬁolgfvaﬁl%tﬂ‘?t ™ one

, cortesponding to the next highest cache line

: emboglg%%lﬁ? 8% t& lgvelngs%, tgflz\le aj)é{xgp:% fﬁggtg%glg(gﬁggfue aigq rt%?: ?1}#8%1% FSB

e direction. The direction of ctor
threslwffﬁ?ai Seahwaémw RSB WYY AR 735 éIF t H%@lraw&%ewc’for
data corresponding to the next two cache |ine
windgregjgests and thy doagdr windaw suBg 30 e dirlssistanedin the monitor
detector Dis not equal to 1, then at 466 a
700. Hehenumibatdfentries imdeer Sihaldue (732 dtelogcthan tHeBhadonesBESE
cachel i neaddress < detector "D' address +

thresHMWHIWNST 22 thdnd: 470 A detdp@iatin {sahad < 0t 9! dotro {071 0 whether
determines if the address of detecfor Dis |ess than

the deg({acgﬁ%ﬁ&o& %1;3%2@0 i %gb ah hals %H grf &et@(ﬂgr wﬂlﬁb{%ﬁézé% If at

| ne a ress | S es S equ al
ddr of , 15 .de t he e
472, tﬁ%ﬁﬁ?ﬁ??ro‘ﬁlqd&}v W (i T ﬁf@%a S gin AaRtos Witow bize 726,

However, if condltlonJé is falls the process fl ows
than af 474ty defegtzoyindew sive T8RbodIriPRIvRtedbYans and Jhaptospss epfeat
nonitor adjusts the window size in accordance with
484. t he nunber of cache |line requests the FSB queue 732.

The algorithm ensures that if the wi ndow size is too

[0031Di g, t BRAveEr, ¢f ehasiber §f difies!ih KR BB quéuc TAEE nadsSlesiOhan the
conpar ed with the wi ndow size bei ng too smal

s S 7 5D Rl L S g
contrdHt PHY wﬂet%lélethjézn%n%el og entries in the FSB queue 732 is greater than a
minimum threshold value 728. If the number of entries in the FSB queue 732 are greater
than the minimum threshold value 728, at 478 a determination is made, e.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,
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request queue to fetch the corresponding data. If the
FSB queue 732 is under-utilized, the W ndow si ze is

W0|2q§ lﬁaﬁd and if the FSB queue 732 has too PRAYUS2003/027716
riés (over-utilized), then the wi ndow size is

reduced. \When the wi ndow size is reduced fewer
detectors are 25 triggered. WO 2004/ 025457
[OOSﬂCT/ USZ@%%"Q BTi%6ralc0 Q3R BbgrddtOfor allstetirg detaatbisdor L3 cache
g., by controller 710 whether the nunber of

mlss%gbté {)Iﬁﬁlgstﬁocitng %\@lgﬁig%;lg giethg 3vehfioh EAS FNaN s A1EBAIBLHNS05 the

I'n one enbodi nent of the

i nve lpe
mpﬂﬁﬁ%}lﬁﬁ,ﬁ&%@“%ﬁlp‘gwagﬂ@gﬁl% e‘E‘ %@P 4 eaﬁr%x?nunr?ﬁggelt]%@? or
w ndow size 726, and the m det ect,or .
deteoPugmoiga 4 W BGHE BT 61 AioRTBUF O IO8S Fa6. Aito1st felpriiBeddh i
stored in the nonitor 700. |If the nunber of entries
madd, .g,Hy ®8Boljeclid 17 deteigineadwthehan t he maxi num FSB
threshol d value 727, then at 472 a determ nation is
det OREED" Riddess Datchiomictoiless < ddiQcuheDheldrthe eti@etinr...[5] 18
vvi ndow size 730 is | ess than the naxi mum det ect or

true Wuﬁrzébnzl%ﬁer 40 @errfiledif thBQdARELEt REecldrTo RWessi tA&h or
I's | ess than the maxi num det ect or wi ndow si ze 726,

cquaﬁ%)) ti) c#gélgééﬂdllegsean% dﬁeﬁ]e?rthé%dgﬂg Yoo h%ﬁesé?g 146§§’fhan or equal to

one an OCEeSS en
if the nunber f .i,n the FSB

the ol RO ASROra Th s TR WM e o corti oo it F abaRGye pras
value 727, then at 476 a deternination is nmade, e.qg.

525.b¥f [Donfates, then a7 520 eHelemeipations mAdses-Soby eftiFalles 71 whether
the FSB queue 732 is greater than a 15 m ni num

det dehr-eBhal dtessat tehdRimeadiifesd ® det datomhBY adifresnt windgwiipe t. HE] is
FSB queue 732 are greater than the m ninmumthreshol d

true. VR M8t ARS, c@iroléB7 R0 datiafindsnatieQddiess Pdsct®: 1Y is gioMer than or
controller 710 whether the detector. wi ndow size 730

equall % @ AR kA0 LS AW ALAU T IELRE 1RE 2¥8r88AWgreater than or equal

to the address of detector 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. IfD 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 operationrrnay

be adjusted by adjusting the parameters for maximum and minimum detector window size,
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size 725. If at 478, the detector wi ndow size 730 is
‘greater than the m ninum detector w ndow size 725,

wd 6D ALsA80 the detector w ndow size variable 730 |s
set equal to the 20 detector wi ndow minus onet¢1/US2003/027716

However, if at 478 the detector wi ndow size 430 is
| ess than the m ni num det ector w ndow §i ze 725, the
and for oEEESUER AL ndhindBA nuh 8O3 lenfibd $n 11 TSRV W TSES S drfineters,

adjusted in accordance with the nunber of entries in

and th8 §ssE§§te9lé§§1%SSil/%nets§] %1351?{%8&1' or zgigotﬁ%gg%@ﬁ’g Flﬂ)td%%i :ﬁt?{SB

t he detector w ndow Si I ncre
. . ny entries,,the wpndow size.730.i
exanfi 32 B SR AT BTGkt S8y vl Uttt B RS ir s prigle

i ho(fégﬂi Fi urg,S, illustrates a flow diagramfor
wreagg t“ﬂ?i% Ybile ale ssgsesiyosct atpsampiesdBy beuspdd! fig presessor
. . one _enbodi ment of the invention. As Figure 5
1s in gipuligegoss sy lathr@dmethede (SHMILE  GuepmathiBradatebe sdjastaéfor
L2 cache line. At 510, a variable "D' indicating the

otherdpbeting madesraed/of SpdritldnabddndRibnbYs well and E&NEFeR UeSidjusted to
710 to zero. At 515, a determiination is made, e.qg.,

accorBbho8 &8 alc@hlb@iatibh O bPe 3848 Bh B WRGLIMEF th%%%gfg?er %{)Iépstional
aadar ess

address < cachel i neaddress < detector "D"

i, N ' ' . rticul,ar ontroller
Cond@%' eﬁg{rl%n%ﬁ‘éss‘gfrﬁm%%gmgggrﬁgsﬂsa?% &%tr%agtboerusﬁ i E“ P& s
t.han . or equal ,to.the cache.|ine address. and_whet her
bR TP ROTS DR AESSY Fuinfisats Th apraonabeRndiiep, aphpardware
address of detector D plus the wi ndow size. |f
translaiss e stam of Hiese Bits inirethe pesopiatsdameanasters. dn ark@h&agabadiment,
[5] is false, then at 520 a determ nation is made,
the parageterdpre porgramined dirédily inhetebiaters, dehesher thPpaad@diesse
> cachel i neaddress > detector "D' address -

accesgibledoWsd @eevahBlirdudiryt. ' Oer {eBlBghds! FPESramARRY f@hbRfanf 10
determnes if the address of detector D is greater

paranidi@8 nfy al@MWAlse§ O the cache line address and whet her
the caChe line address is greater than or equal to

he address of .detector ] nug the. w ndow size. |If.
003 DTt TG T 6Tl C TR AR R P eeh Siso gL a1 s ine
dd Hovvev%%;. i f condition [6% is false a determnationis
addrepsgs i thg igput queueaigktp gjustthe detector window size dynamically according

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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710 whether "D' is less than the maxi mum nunber of
detectors. If Dis less than the maxi num nunbers of
Lay,s assigned by nonitor 700, the LRU d ' .
Vo %ﬁ?f%ﬁed by 540 e.g., by controller 710 c§%%2?$%SM§7H(
the tinme stanps of the detectors. Once the LRU
detector is identified, at 545 the | east recently used
detector is initialized. CLAIdME 20 enbodi nent,
initializing the | east recently used detector neans
What@ldiiRed {de detector address to the mss 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 the LRU detector counter. After
the LRU detector is initialized, the process ends at
550. [0034] As previously described, the
ag rgssigeggss of. the filtering operation nmay 25 he
a jusP%ﬁ'%y %%F%%?ghg the paraneters for nmaxi num and
m ni mum defect or wi_ndow si ze, 15 WD 2004/ 025457
CIPREEAGOS) S BUGRS 1F BeoraeA i BIFAIRY AL FefRirbaresses;
of entries in the FSB queue. These paraneters, and
and t he associ ated aggressiveness, may he tuned for
vari ous operating nodes. For exanple, a nore
agofikasiinceitgetipled tqoihe aheilay 9f addredsbuiectoicbniphe: the stored
processor is in single threaded (ST) node, while a

pluraliBSSF REBERSINMBscR &iflPf rRak 8BSl 8h AR eREsaltPRHer dirckio
processor 5 is in sinmultaneous multithreadi ng node

discagdsl!}{lg)r%clze%—wga% %%@ﬂgjﬁg&% Fae 1%8 199& gj]%}”e%% %ﬂ ess legll l\l,(\)e ﬁnly,one of

oper a /or “operation conditions

an .even b dj,ysted to acconmodate a conbi nati on
themBF%égg%gﬁﬁgﬂgFgggﬁ@HFﬁﬁﬁs rather than a single

operational condition. Various ways of progranm ng

the paraneters may be used. In one enbodinent, one or

e bit(s re.set to jndicate the operationa

2. coriti P8 ngaq?f&?%%ldwfa?rsmfge fligrircaitsrenbe sxeed grefotch

these bits into the associated paraneters. |n another
addresprisoeniaadribe plurdldy phadiivess dbnflersribthereepivadmeefctphraddresy does not

into registers, fromwhere the paraneters are
equalomyemsiolflile dtaretl pecfeteh @dd@ats. circuitry. O her techni ques

of programm ng the relevant paraneters nay al so be

used.

—

3. ‘The apparatus of claim 1 wherein the prefeich 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. i .

17



10

15

[ 0035] Thus, a nmethod and apparatus have been
di sclosed to filter cache line 15 addresses in the
[ .Queue and to adjust the detector w ndow size
‘Voa@ﬁg%T%ZIly according to the nunber of entrfggﬂﬁﬁmPH%7ﬂ6
FSB. Wile there has been illustrated and descri bed
what are presently considered to be exanple
6. emRedhPRIS 08F1alle PSR Mo AIRY 8REMIOR colipleihd hn RPut queue.
_ understood by those skilled in the art that various
ot her nodifications may be nade, and equival ents may
be substituted, w thout departing fromthe true scope
o . . Lonal i, .
g RE0) bl ¢S AICRAT o FROKIDRES § AR rofetch
t eachings of the present invention w thout departing
fromthe central inventive concept described herein.
Therefore, it is intended that the present invention
not be limted to the particular enbodi nents
diiscl osed, but. that the invention include .all
8. o FBOAPRAALS OF SRf AQVeiie M arnes e ach e s gopeled e
clains. 16 WD 2004/ 025457 PCT/ US2003/ 027716
owtpuYURsS What is clained is: 1. An apparatus conprising:
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 conpare
9.t Rbe gpparels oprlamaBivtheren theraipit gheid ceued tadn 2 sequest
recei ved prefetch address, said filter circuit to
queuedi scard the received prefetch address if the received
prefetch address is equal to any one of 1.0 the
stored plurality of prefetch addresses.

engin

10.  The apparatus of claim 5 wherein the hardware prefetch engine prefetches at least

one of data and instructions from at least one of processor cache and external memory.

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 prefeich

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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2. The apparatus of claim1l wherein the filter circuit

stores the received prefetch address in one of the

plurality of address buffers if the received prefetch
WOZH(%2887does not equal any one of the stored PrERRPERT710

address. 3. The apparatus of claim1l wherein the

prefetch addresses conprise at | east one of addresses

13. Ohrpddidndd %ﬁﬁg{ f‘%ﬁfﬂﬁgﬁ {#0JrAda thcﬁg%ffsoéorﬁﬁﬁ‘ts UL EQUAe of an

m'sses 1 n cac appar at us alm1 wherein

G LA B B RO S R O g v

apparatus of claim1 wherein the filter circuit is
coupled to a hardware prefetch engi ne, said hardware

prefetc ngine to_prefetch.informatjon pointed to b
14, PBe oo efeinen! Salihesuderisite Yesion feaisg pocond prefbien
PCT/ US2003/ 027716 6. The apparatus of claim 1l wherein
addregshié thfe seeend edche uiiss addrespisiqad te dheastored Hitst pefelgh address.
The apparatus of claim6 wherein the input queue is
coupled to a hardware prefetch engine. 8. The
apparatus of claim7 wherein the hardware prefetch
15, eAgpemesthel chupet? fusthancaoprining wodne. thostorpd@refpishrddigsses
of claim8 wherein the output queue is coupled to an
to a hhrdwaeoie SdiclOeige tolPefeith enfappaiaipsntod tchaihmsorahpresiteh
the hardware prefetch engi ne prefetches at | east one
addre@es data and instructions fromat |east one of
processor cache and external nenory. 10 11. The
apparatus of claiml wherein the filter circuit is
coupled to a processor core. 1 A nmethod conpri sing:

16. T %?irﬂét il ‘g%élhiﬁtc‘b Rhefehl 6P pRAEL Sdresssl AkicBthd R ddaFsbes.

preftetch address;

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.
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receiving a second prefetch address; 15 conparing the
recei ved second prefetch address with the stored first
prefetch address; and discarding the received second

WORRKEFEH address if the second prefetch addr eBGT/P§2003/027716
equal to the stored first prefetch address. 18 WO

2004/ 025457 PCT/ US2003/ 027716 13. The net hod of
f dd
gl e e

ss of an jinstructio Ss_ipn cache. 14,

meeh?g sHin et m@mraiw %ﬁ%ﬁ&f’éﬁm & Wghe 151 v5d Pf?fstoh address
recei ved second prefetch address if the second cache

does notynatalt ameses ¢idhesfordd nrefeidhenddress.ed first prefetch
address. 15. The nethod of claim 12 further conprising
sendi ng the stored prefetch addresses to a hardware
prefetch engine to prefetch information pointed to by

19. t Héhesporpatkr pysémto hlaimddresseas theli§efcldheddedshescconfprise at least
claim 12 wherein the prefetch addresses are cache line

one odd@dre$8e6£ datd mifes INGAEEEnEHRI&BISCENTRG draingstruclion afisses in
external bus; an external nmenory coupled to the

cach&€Xternal bus; a processor core coupled to cache nenory
and to the external nmenory; a plurality of address
buffers to receive and store a plurality of prefetch
addresses; and 15 a filter circuit coupled to the

20. plﬂ{eegohlt&%t y&glg fogf%g‘hlg c}ﬁﬁecfelﬁ ?ne Hﬁ% fo eg}gfe%h dﬂfcﬁgesses and

['ur al resses
ref dd sai At circuit to discard the
the“£5%8 gﬂg}@%g?ﬁﬁnﬁﬁﬁfﬁ §8F$$?ﬁe recei ved prefetch
address matches any one o the stored plurality of
prefetch addresses.

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 agbiter

that is coupled to cache memory.
20
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19 PCT/ US2003/ 027716 18. The conputer system of claim

17 wherein the filter circuit stores the received

prefetch address in one of the plurality of address
WORKHRFS7i f the received prefetch address dod§ THEI03/027716

mat ch any one of the stored pretctch address. 19. The

conputer systemof claim 17 wherein the pretctch

26. 244t 3amBitef gigﬁ{gﬁ 3fofRm he Werei PHE iRl @%@Iﬁﬁ g?&&fw&at a

m'sses addr esses progra truction

. m sses in cache. 20, The conputer stemof claiml7

infonHTN SOHET B R POF B BREvCins Be CE sLeg ooty
recei ved prefetch address are cache |ine address 21.
The conputer systemof claim 17 wherein the filter
circuit is coupled to a hardware 10 prefetch engine

27 st pefiodratPRSBRgi ne to prefetch information pointed
to by the prefetch addresses. 22. The conputer system
ofgendéraiing a pluslidy ef detedierss sach eprrespeading vild acpygptdyaddgess and
an input queue. 23. The conputer System of claim 17

a detastve mandow kige vagalfle;queue is coupled to a hardware 15
prefetch engine. 24. The conputer systemof claim 17

WRekBhDat 168t BAE SIAE Ehﬁ*ﬁlﬁﬁr SF abtcEDRi th cashecoURb@Ort Conddller
out put queue. 25. The conputer systemof claim1l7

bus q}é\%ﬁegﬁ ggef{;éaﬁ aPLRYhe JHEUE aﬁ%gﬁ%&g@g to arbiter that is

0 cache nmenory. 04/ 25457
PCT/ US2003/ 027716, 26. . Th t tem of claim 1
WFEPBAERAIRET o1 B 20 o2 B b ruid T Bpisk e dotie-o-

that conprises data and programinstructions fromthe
memey captERlier pupapgue; and

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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27. A nmethod conprising: generating a plurality of
detectors, each corresponding with a prefetch address
and 5 a detector wi.ndow size variable; sending at
WO US4 e of the plurality of detectors to a PCI/US2003/027716
cache-to-nmenory controller bus queue to prefetch at
| east one of data and instructions; nonitoring a
31. NUfREhe@ba b?@laﬁﬁ 3b SRk e ol SiRILY &z Fsydﬁgamically
detectors in the cache-to- nenory control[er bus
- ue, an 0_adj ust.ing .t he, detector w.ndow Si z .
incrcfig B B0 e AT g0 R dn A Bak Rt REMBE P By gize
.one of the plurality of detectors in the
vatiaklgche-t o- nenory control | er bus queue. 28. The net hod
of claim 27 wherein the prefetch address conprises at
| east one of an address of a data m ss in cache and an
address_of an instruction mss in cache. 29. The
32. nethsgnetbed ef erim 3§ whisesinths defrstopmendave Biza sdbesaiiqadlya
cache line address. 15 30. The nethod of claim 27
decreatrdriéthe detretatetieddwo sizeisgltostesihae a nenihywa deieatiol window size
increased if there are less than a predeterm ned first
varialflgnber of detectors in the cache-to- nenory controller
bus queue and the detector w ndow size is dynamcally
decreased if there are nore than a predeterm ned
second nunber of detectors in the cache-to-nenory .

33, COOM & akﬁﬁsg&%% je. WD 2004/ 025457
PCT/ US2003/ 027716 31. The nethod of clai m.30 wherein

: hrllgplglggigg(%ﬂ{eté@t& Qe St a s)élggl[[}/ G@lib¥otolsncr eased i f

or W ndow Size 1S han a maxi mum
det ect or. Wi ndow, sjze variahle. 32. The nethod_ of
PR BP e b Bl CS Bre T Glee e siar BOter
dynam cally decreased if the detector w ndow size is
and greater than a m ni num det ector wi ndow size variable.

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 predstermined second quantity.
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An apparatus conprising: 33.a plurality of detector
buffers to store a plurality of detectors; a cache
i ne request buffer coupled to the pIurallty

WORBHIEEBY buffers:. 10and a controller coupled“?%”$m%m”7”(
plurality of detector buffers and the cache Iine
request buffer, said controller to allocate detectors

36. t ol“nlgeagﬂﬁ)f‘a!tw cﬁﬁﬂl@%ﬁereﬁqge E(ﬁl’tl‘&’lﬁ?ﬁit& Hohtor ?@J&tQ&Br §Bow

ect OI'S sent to a cac

con | er .bus ue 4 The appar.at us aim 33

size (iRAPe el A etk snbersh SRB A e O °°fj| Bl T e
of 15 addresses of data misses in cache and addresses

cachesto-FBOFY BAUHCIPESBEUSn cache. 35. The apparatus of
claim 33 wherein the controller is to nonitor the
cache-to- nenory controller bus queue and increase the
nunber of detectors sent to the cache-to- nenory

37. Tepappasrine el gain B3, whnscln fipeniotledis cewmlet i 4nrptttm queue.
cache-to-nmenory controller bus queue are |less than a
predeterm ned first quantity, and to decrease the
nunber of detectors 20 sent to the cache-to-nenory

38. Thoaprastineefl takn levkersin theeutpuirduence sfcodped bt ded'SBnquehe.
cache- to-nenory controller bus queue are nore than a
predeterm ned second quantity. WO 2004/ 025457
PCT/ US2003/ 027716 36. The apparatus of claim 33

39. whEresippatahe o ehimdi3] eheresn the cominélienis @ugktidc tdrrdawane poefetch
sire variable that is dynam cally adjusted

engin@or respondi ng the nunber of entries in the
cache-to-nenory controller bus queue. 37. The
apparatus of claim33, wherein the controller is
coupl ed to an out put queue. 38. The apparatus of

40, Cbﬂb&hﬁﬁmr&ﬁ&m@b&nﬁﬁﬁngUtpUt gueue is coupled to the
FSB queue. 39. The apparatus of claim 33, wherein the
cqpﬁ&&&%aan? 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 coﬁtroller 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

processor core coupled to cache nmenory and to the
WORWHARMIF menory, said processor conprising d“TWUSﬂm3sz”6

plurality of detector buffers to store a plurality of

detectors a cache line request buffer coupled to the

41. plﬂ{ letoEt? ﬁ%?%%ﬁm%f\hf&an tl’}escaeﬂgkﬁ'? ?egﬂégtéjc%ﬁj%rhse at least

coupl e e plurality of detector rs an

e lin uest buffer aid cqontro
one of A BssEb O AR BUBRE I G et d{ﬁ%‘%&‘:ﬁ‘m figpes i cache.
dynam cal |y adj ust the nunber of detectors sent to a
cache-to-nmenory controller bus queue. WO 2004/ 025457
PCT/ US2003/ 027716 4 The co ter tem of claim 40
2.\ RheORRIHE SEHE Kl TSR A REs &6 mogiSt e feche-to-
of addresses of data m sses in cache and addresses of
memprysionirell¢rdns qirewseand increasstibe nupberpf delesiopuitcat tosts cashye-to-
of claim40 wherein the controller is to nonitor the
memogadoatroer Hie mneye if dret mumhbee of Betsctopsén ehearadhé-tremeamey tdmgroller
nunber of detectors sent to the cache-to- nenory
bus q‘ﬁ@tﬁ'&t 4rOlids€ EhaRUSprodRienihdd iREqiAbBe an®lo dRtREE BeSninbet bE
cache-t o- menory controller "bus queue are less than a

detecPJrﬁg&tt o #ﬂ'e %g&{ ftorrﬁélnggf;t%gn'tﬁ)ﬁertkﬁig qiuéﬁ)ehﬁ B Iﬁﬁﬁ@ertol?%etectors in

ctors e-t o- nenor

ntrol |l er bus i f the nunb ector

the oFhE- GG GORERR o PG BOPE (e §@EE! Wén%?nSFgmtdh%lﬁn“W
a predeterm ned second quantity. 43. The conputer
system of claim40 wherein the controller is to
moni tor a detector, 10 wi ndow sjre varj abl e that

43, dyhhefiosstsy Sa%tfla*sqfé&aleoﬂror%%ﬁcth@o&t éfemﬁﬁél?onbtf’f h Betector
entries in the cache-to-nenory control|ler bus queue.

windaw sizehveriglmlat ér dwyastiestyord) ustas aorwenonging te pupher of entries in
controller is coupled to an out put

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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queue. 45. The conputer system of claim40, wherein

t he out put queue is coupled to the cache-to 15 nennry
wc)co%roller bus queue. 46. The conputer systen1of cla

2#3"&Vei n the controller is coupled to a hd%ﬂ%%%@mmw7”(

prefetch engine, 47. The conputer system of clai m 40,

wherein the output queue is coupled to nenory. 24 WO

48. 2004¢ 3Bt system ofRERNMIB2 QAR DR hE MRerfiSy 1T Hﬁm@ﬂﬂé&ﬁ%h access

systen1of claim47, wheréin the menory i s dynam c

(DRA?ﬂqﬁ cess (DRAM nenory. 49. The conputer system
40, wherein the dynam c adj ustnent of the

nunber of detectors is based on an operating node of
the processor. 50. The conputer system of claim 49,

49, \ghglﬁeﬁ %CFI eﬁh{@% sg/gtgﬁlatflngﬁgl gvh%}c'eér% ﬁﬁ cﬁ'ﬂ%ﬁ%ﬁf ustment O?rhe number

ng node, |10
of detectors 1s%aseadd on gn operating mode of the processor.

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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