WD 03/ 073300 PCT/ US03/02169 METHOD AND APPARATUS TO CONTROL MEMORY
ACCESSES BACKGROUND OF THE I NVENTION Field of the Invention [0001] The
present iwoeabismis related to the field of el ectronics. Pca/ysas/oiteul ar,
the present invention is related to a nethod and apparatus for controlling
menory accesses. Description of the Related Art [0002] Dynam ¢ Random
Access MenorvigTHOBAMRD ABWAREENDS Y PCONPROE, VENIDI®Y ACCESSHs and wite
operations. In particular, a nmenory controller that addresses a bank of
menory nust first precharge the nenory bank, then the addressed page within
t he bank nust be activ§ of .S ;fll(glglurminthat page is
accessed (read or witte \ of—a "page hit" indicates
the nenory being accessed has already been precharged and activated, and
data may be read or witten fromthe page without having to precharge or
activate the nmenory during each nmenory access. Wen a "page m ss occurs”
(i.e., Haldpiitke byverlioted from a page in menory other than fromthe page that
is open), the open page nust be witten back to the DRAM chip fromthe
sense ai9Pel] Nexpresent heemew iveciviey totgdichhsf dlectfonicst Iibparfitwal) dregerdseand
activated before being accessed. Witing the old page to DRAM and

pr echarigifdioansragtd A mblioll R8d BSYMrARANr REAIESling AR} hdtRsRRd sl ows down
menory accesses resulting in an inefficient use of the nenory bus (reduced
bandwi dth) and a |l oss in perfornmance of an apparatus (e.g., a conputer)
enpl oying DRAM [0003] Figure 1 illustrates a front side bus (FSB)

controléer .tpat Eihgdw es gem)ry accesses according to a prior art
enbodi X in Figure 1, the FSB WD 03/073300 PCT/ US03/ 02169

[0002] Dynamic Random Access Memories (DRAMs) have memory precharge, activate,

read, and write operations. In particular, a memory controller that addresses a bank of
memory must first precharge the memory bank, then the addressed page within the bank
must be activated before the addressed column in that page is accessed (read or written).
A “DRAM page open” or a “page hit” indicates the memory being accessed has already
been precharged and activated, and data may be read or written from the page without
having to precharge or activate the memory during each memory access. When a “page
miss occurs” (i.e., data is accessed from a page in memory other than from the page that is
open), the open page must be written back to the DRAM chip from the sense amps. Next,
the new memory page has to first be precharged and activated before being accessed.
Writing the old page to DRAM, and precharging and activating the new DRAM pages
takes time and slows down memory accesses resulting in an inefficient use of the memory
bus (reduced bandwidth) and a loss in performance of an apparatus (e.g., a computer)
employing DRAM.

[0003] Figure 1 illustrates a front side bus (FSB) controller that schedules memory

accesses according to a prior art embodiment. As illustrated in Figure 1, the FSB



controller 105 includes a FSB schedul er 125 that schedul es accesses (reads
and wites) froma processor 110 to DRAM 120 via a FSB access queue 130.

The FSB cwotsobizer is coupled to processor 110 via a L2 wmCygsoyopiest bus

and to menory controller 115 via a front side bus. The menory controller

115 is coupled to DRAM 120 via a nenory bus. 5 Processor 110 conprises an

out-of -order core 135 and a hardware prefetcher (HW) 140. The

out - of - or dgf, AL L PRcHEGS, AP saRGLRE 195 HRAE SUbe@UEs Wo6ds8S (tedBs!dnll Firftes)

instructions are overlapped in execution in an effort to inprove the

oxecut | on DR Preec Db DR FEBe b ol 7 GO oriBlEs ™

controller 105 and in part]cul the FSB schedyl er 125 schedul DRAM 10
accesses fewladie PpreseREdd V‘ffgb( Wlﬁ.r?ql?els'isjt?ﬂstaﬁ QEHEMSFY &7 eﬁgfseVIQﬁd from

the HWP) based wupon the relative age of the instructions that caused the
access (i .&ont sidd usd The memanry contealler il hiép qoppledie BRAY 128viz  Bemesy Bys-
witing data to DRAM. Hence the accesses in the FSB access queue 130 are
schedul®d PRcBRAM 10 cqimieam outeerordérrcopal1s aud eliard DiRAMrefaiches$BEPY 4 t he
out -of -order core have priority over DRAM accesses fromthe HW, 15 and

accesses geAehRLSAhrAY: dohe1 Plised b pRietlfingGedhaique aviredie ehulli@sle indtracgisare or der .
Thus, the FSB controller mnimzes the DRAM access | atency by first

schedul i ng. 1 hie AerEsses) ioﬁg@&ﬁ%ﬁ%ﬁwvé {1 RLAAPrbAShICr kR hibdstste FSB

access queue. wever , StC accesses upon mnimzing t he
DRAVI accos 08 g biidgeiam aureate ol S Tuto! s e T 2 oRlee Bte Bl PIGRFES™ ¥
br echar of iR The FFOaenigicn |hB R brIAEYE: heHSS sodBEg a2 geheda oo U Moraw
page t akeIs time and slows down menory access_es_, t hereby renderi n\%Pt he
procesEbr' scceiaMfiousthe pafcessor €h (i.e2 from the out-of-order core and from the HWP) based
upon the relative age of the instructions that caused the access (i.e., a load or store
resulting in a request for reading or writing data to DRAM). Hence the accesses in the
FSB access queue 130 are scheduled to DRAM in program order. In particular, DRAM
accesses from the out-of-order core have priority over DRAM accesses from the HWP,
15  and accesses generated by the out-of-order core are scheduled in program order. Thus,
the FSB controller minimizes the DRAM access latency by first scheduling the accesses
associated with the oldest instruction in the FSB access queue. However, scheduling
DRAM accesses based upon minimizing the latency of DRAM accesses is not always the
optimum solution, as successive DRAM accesses may not always access open DRAM
20  pages. Accesses from a closed DRAM page involve writing the currently open page to
DRAM, and precharging and activating a new DRAM page. Thus, accessing a closed

DRAM page takes time and slows down memory accesses, thereby rendering the

processor’s DRAM bus inefficient.



WO 03/ 073300 PCT/ US03/ 02169 BRI EF SUMVARY OF THE DRAW NGS [ 0005] Exanpl es
of the present invention are illustrated in the acconpanying drawi ngs. The
acconpanywog@3arasm ngs, however, do not |imt the scope of pPChaISps/eaent
invention. Simlar references in the drawings indicate simlar elenents. 5
[0006] Figure 1 illustrates a front side bus (FSB) controller that
schedul es nenory accesses according to a prior art enbodi nent; [0007]
Figure 2A illustrates a front side bus (FSB) controller that schedul es
menory accesses accordi E@(IE? mmmidpggpb}(gwmtygnti on; [0008]
Figure 2B illustrates paranetersS associated wth nenory accesses accordi ng
to 10 one enbodi nent of the inventjon. hﬁgOQ% Figure 3 illustrates a flow
di agr am ofl09RSIdpmpesenf shasprasaab mypritpn: e JHstratshi, e AS A RALY e PR PERit i on:
[0010] Figure 4 illustrates one enbodi mrent of a computer systemin which

t he presefithe acomepdnyirg Gpeingsdwweyer, DETal e tEssore piihonresenttRENIRMENTI ON

[ 0011] Described is a nethod and apparatus to control nenory accesses. In

t he fol | oWim@ar B&6idepl the drawiney miRapenilin dedettai | s are set forth in
order to provide a thorough 20 understanding of the present invention. It

will be ?‘ﬁ@é’ddﬂflﬁi ulOVBNEhated © i8R @S bR(BEBREtrodlst tHat éohediles @etothat t he
present inventi oﬁ may be practiced wthout these specific details. In

ot her instances, wel,}- - ar chj s, steps, and techni ques have not
been showdf P oH7S¢n ktﬁg\é%g}soggﬁir%}r{/bgg sé%’ri ng the present invention. 3

[0007] Figure 2A illustrates a front side bus (FSB) controller that schedules memory

accesses according to one embodiment of the invention;

[0008] Figure 2B illustrates parameters associated with memory accesses according to
10  one embodiment of the invention.

[0009] Figure 3 illustrates a flow diagram of memory accesses according to one

embodiment of the invention;

[0010] Figure 4 illustrates one embodiment of a computer system in which the present

invention operates.

15

DETAILED DESCRIPTION OF THE INVENTION

[0011] Described is a method and apparatus to control memory accesses. In the following
description, numerous specific details are set forth in order to provide a thorough

20  understanding of the present invention. It will be apparent, however, to one of ordinary
skill in the art that the present invention may be practiced without these specific details. In
other instances, well-known architectures, steps, and techniques have not been shown to

avoid unnecessarily obscuring the present invention.



WO 03/ 073300 PCT/US03/02169 [0012] Parts of the description are presented
using term nol ogy commonly enployed by those skilled in the art to convey
t he substwo®a/ord30d heir work to others skilled in the art. PCAGS03/0p64ts of
the description will be presented in terns of operations perforned through
, the execution of programm ng instructions. As well understood by those
skilled in the art 5 these operations often take the formof electrical,

magneti c. PR ARALAr @éaeﬁr@boﬁfaggg%@?ﬁéd ushfl R RloRegbonni GHIP LADIOE by

conbi ned, rwi se nma rough; for i1nstance, " elecfrical
conponent s 0 Figure 2A illustrates acfron i S roller
that sch ed@P %§?(#§qu 5}196 aéfpecggggy ﬁ’(‘? égl?s nﬁa of %legréorgr%gggﬁ%%esrlf glﬁg E Pl %}%SA%
invention. As illustrated.in the enbodi ment 10 of Figure .t FS
cont r ol | er ABosparisof theedeserinton %@H@dfﬁ?sé}ﬁgg%teiﬂﬁéf)?g}&%% Sé’grzfA% g@é‘@ﬁses
froma processor 210 to DRAM 220 using a FSB access queue 230Q. The FSB
cont r ol | erthe sxentiph efiptogramoingsssrucias. Asawell padessteed by thess skibiekingheiart.o
menory controller 215 via a FSB. The nenory controller 215 is coupled to

DRAM 220 vihasetopREitony oftistake Brecfors 90elediiCalcmapudtsesr apticoldigmis @pade of or e
235 and a hardware prefetcher (HW) 240. 15 The out-of-order core 235 uses

a pi pelini fig,d §6RA1 GHRFMARY SbBbiAbd, lah®@ bhehiiss fdfiputisd Bfcighopedsapped in
execution in an effort to I nprove the overall performance of the processor.
The HWP prglf %g"ﬁ%ﬁgﬂ R t?(:_mcesses that are predicted to be eventually needed

by executi SH Ui e out-of-order core. [0014] The FSB controller 205

one. enbodi OME], FERES BAaTUGa 8 1B 598 S AP SO (o e LA BRI open
predi ctor 250, and the FSB scheduler is coupled to a FSB access queue 230.
Al ternat e acsptsoslioeerding fpegnerpahodizpens of e iprealirpade ibpdatedip e amhodgRett he
8 e Clh(ga dULF Fri gure 2A, the FSB controller 205 includes a FSB scheduler 225 that schedules DRAM
accesses from a processor 210 to DRAM 220 using a FSB access queue 230. The FSB
controller is coupled to processor 210 via a L2 miss request bus and to memory controller
215 via a FSB. The memory controller 215 is coupled to DRAM 220 via a memory bus.
Processor 210 comprises an out-of-order core 235 and a hardware prefetcher (HWP) 240.
15  The out-of-order core 235 uses a pipelining technique wherein multiple instructions are
overlapped in execution in an effort to improve the overall performance of the processor.
The HWP prefetches DRAM accesses that are predicted to be eventually needed by
execution units in the out-of-order core.
[0014] The FSB controller 205 comprises a FSB schéduler 225 and a DRAM page open
20  predictor 250. In one embodiment, the FSB scheduler 225 is coupled to the DRAM page
open predictor 250, and the FSB scheduler is coupled to a FSB access queue 230. Alternate
embodiments may have both the DRAM page open predictor and the FSB scheduler
coupled to the FSB access queue 230. In one embodiment, the FSB scheduler 225

schedules accesses from the processor 210 (i.e., from the out-of-order core and from the

25 HWP) to DRAM based upon the application, or portions of the application, that is being
4



coupled to the FSB access queue 230. In one enbodinent, the FSB schedul er

225 schedul es accesses fromthe processor 210 (i.e., fromthe out-of-order

core and wopeaitrizeo 25 HWP) to DRAM based upon the appl i cat iPCR/USO3/03169 t i ONS

of the application, that is being 4 WO 03/073300 PCT/US03/ 02169 processed

by the processor. For exanple, if the application being processed is

| atency tolerant, the FSB schedul er 225 schedul es nenory accesses for

maxi m zin i gt b bl saqisiigaddyon bei ng
%ré&%sé%ﬁg{?ggé( Pro?gq%opaf&‘@x n V}epéléﬁ@iﬁ?ﬁaﬁiﬂh be'iﬂzg Z%rbéfe yO

processed n erant, t hedul er schedul es nenory

t i ni m | at .
o B PSR Tt S SR RSB oA B
appl | catl | GnhaYHE S EAESe bR SRR B R P AR RLGR, € obded

to resolve a branch mssprediction and therefore the specul ati ve work

per f or med soteduile 266 sehedhizs nzemdsy agrshises o minipizednemery Jesessderreys Ipsther t he

menory access is conplete and the processor 10 fetches instructions from

t he corsr ectolds ane RSBscivdal amuees erknicap acdessesinithe RSB abeessrqriene23Mbasther an

application is "latency tolerant” or "latency intolerant”, the FSB

schedul er g2 IR ILO6T B IRIXaAGEBESEroBRREI BY Bbcbsof DED. P 240 and by
order [

t he out - of - er core 235. The FSB does s by nonitoring the entries in

the FSB acce lgﬂﬂ)ugeﬁu%e}/rbieslggeg eg Rdrabd Q.gr thg#a Ittt halESisRREMIEbGER Ive 3

associ at edRRi ses according to one” 15 enbodi nent of

the
invention. As Figure 2B illustrates, each DRAM access ntey). | e FSB
access qu&f@@%‘sﬁﬁgdlﬁg%@}d;@%?qmﬁﬁ Siptec‘ﬂ?twlee‘%%r pf’ﬁ\én?%ﬁyo{/}\ln%ﬁa{ﬁqﬁ}%%ranati on:
a) The instruction nunber e.g., the programinstruction n nger, 260, of
t he DRAM duerdsis piispsedictef és US@?e&fp%@d the Wé@%ée%sﬁ%cmﬁea?@gé S PIREESOT
generated); b) The nenory address, 262, of the DRAM access; c¢) A nunber,
264, irdi citdhaginsinectipas fibitothe obrredt brapRANS progess exasutioe IgRder to determine

whether an application is “latency tolerant™ or “latency intolerant”, the FSB scheduler 225
monitors the memory accesses generated by the HWP 240 and by the out-of-order core 235.
The FSB does this by monitoring the entries in the FSB access queue 230.
[0015] Figure 2B illustrates parameters associated with memory accesses according to one
15  embodiment of the invention. As Figure 2B illustrates, each DRAM access (entry) in the
FSB access queue 230 has associated with it at least the following information: a) The
instruction number e.g., the program instruction number, 260, of the DRAM access (i.e., the
elapsed time since the DRAM access was generated); b) The memory address, 262, of the
DRAM access; ¢) A number, 264, indicating the position of the DRAM access in the FSB
20  queue (older accesses are placed higher in the queue hierarchy than later instructions); d) A
flag, 266, that indicates whether the access was created by the out-of-order core or by the
HWP; ¢) A flag, 268, that indicates whether the entry created by the HWP was also
generated/used by the core; f) A flag, 270, that indicates whether the access is predicted to
access an open DRAM page; and g) A flag, 272, that indicates whether the memory access

25  is for reading or writing memory.



20 queue (ol der accesses are placed higher in the queue hierarchy than

| ater instructions); d) A flag, 266, that indicates whether the access was
creat ed byotob®73304 - of - order core or by the HW; e) A fl ag@CTaAB83/021bhat

i ndi cates whether the entry created by the HAP was al so generated/used by

the core; f) Aflag, 270, that indicates whether the access is predicted to
access an open DRAM page; and g) A flag, 272, that indicates whether the

menory acc | i IFRg § ht A ABHB of é230% heduled
PCT/ Us03/ 05748 Ef%%ei% Sk @RS, Blertoht i An 5 i%%eﬁ?%ﬁgs’i{f a maj ority of

S T TR e B SR IR R
cet. end | LR L B ere feEraled sccnstes e pLilLzed. BruAle

the 5 application determned to be latency tolerant. For a |atency tolerant
appl i cat i oby therpubnéorderbergi2ae Metgminasdby ¢hgeking sthethen8ag260 seeb dhandhe 225 may
re-order the entries in the FSB queue 230 for maxi m zing the nenory bus
bandwi di h. apiicatisredsterntihat totbedatEiRly teteineduFer a lapmicy tdleranegpphffidnaocasses

that are predicted to access data fromthe sane DRAM page. In the

enbodi ment e@bodih@H 6f tBBinveRtid) ehaRE Sdhe8ulepPElMngY Fo-olddethk katrfeshh aehsmil er
10 schedul es nenory accesses in accordance with the follow ng queue entries

1, 6, 7, 4udde B0 formaritnizift }ht]eénerﬁorpladglggg%ds\gigﬂls. b’{/lﬂ%ﬁ%ﬁrﬁs@aaﬁe F88 scheduler

out - of - or d%r-core %ave pri o$ ove for accessing
DRAM . i h i ni,m | at de.th E hed
obhedul os Ranorps BN Giobess s ditcast BRI io sRb R Bt SRR Hhetimg (AN IR 8
5 3, 1, 6, 7, 4, 0, 8,9, 11, 2, and 12. Thus,, older instructions fromthe
core are sHieernbediment ofiFigraeB, inthe maimignbandvfibimeds i FSBgsheduders of

whet her a DRAM page is open. Details of this are provided with respect to
Fi gur elB bsdhednles memory accesses in accordance with the following queue entries 1, 6, 7, 4, 0, 8,

9,11,2,12, 5, and 3. Thus, accesses by the out-of-order-core have priority over accesses
by the HWP for accessing open DRAM pages. However, in the minimize latency mode the
FSB scheduler schedules memory accesses in accordance with the following queue entries
5,3,1,6,7,4,0,8,9,11, 2, and 12. Thus, older instructions from the core are scheduled

15 by older instructions from the HWP regardless of whether a DRAM page is open. Details
of this are provided with respect to Figure 3 below.
[0017] In order to schedule DRAM accesses that are predicted to access data from an open
DRAM page, the FSB scheduler 225 utilizes the DRAM page open predictor 250. In one
embodiment, the DRAM page open predictor keeps track of the history of DRAM pages

20  that are accessed, and based on the history of the DRAM pages that are accessed, the
DRAM page open predictor 250 generates a list of DRAM pages predicted to be open in
DRAM. For example, if DRAM pages 12, 14, 16 and 18 were accessed in the past, and the
memory system allows for 4 DRAM pages to be simultaneously open, then the DRAM page
open predictor predicts that a new access to page 12 will hit, and a new access to page 13

25  will miss. In one embodiment of the invention, the DRAM page open predictor 250
6



[00171 In order to schedul e DRAM accesses that are predicted to access data
froman open DRAM page, the FSB schedul er 225 utilizes the DRAM page open
predi ct orw@33/0733m0 one enbodi nent, the DRAM page open predCEtusn3/kdeps track
of the history of DRAM pages 20 that are accessed, and based on the history
of the DRAM pages that are accessed, the DRAM page open predictor 250
generates a list of DRAM pages predicted to be open in DRAM For exanple,

| DRAM Dages it2or ptael Al of BRI aBRaRBReMd kb BRonABR ARDAL IeiCevaprDry

system al B pages taneousl y open, then the DRAM

page open predictor predicts that W. ) . i L nd a
new acces&emPryFRECHCS, 31 other ?mﬁ[’r‘?cﬁl@@%ﬁ’ﬁﬁs P@%ﬁ%&% %g@gg&ﬁ%ﬁ%ﬂr&e@h{aﬁoﬁ t he
DRAM page open predictor 250 6 WO 03/073300 ,P S03/ 02169 erates or
updat es t bpddte gte list oDRRMI Dgees Dyedieted {RRe PRPIHE ‘?Vﬁrbéﬂl\ﬁea%g’?%rﬁ?river y
menory bus cycle, in other enbodi nents, the DRAM page open predictor may
gener ate eMemdtpias eydidwe Thiont embodiRaM, fergasmpryeedngoder may ssad dheehstiof opgaam
every few (e.g., 2 or nore) nenory bus cycles. In one enbodinent, the

MeNor y s COME QM SlgefBythe BRAMRek bfén pediopenver tBRENBpdgesother ahiedDRAN Hage
open predictor over the FSB. In another enbodinent, the nenory controller

is on the 5 ehdréBte BE lOPSTOpIIRAR AklgRges, needed
by the rrenng%@&ggﬁﬁr%lﬁ?é%ﬁg%ﬁhgggﬁgiQJISIi%zatgg asr thee DR%AM pgge open predictor.

I n anot her odi nent, the r T.0ld.er RainG i DRAM: pROES May
be specul gp?cg%gﬁp’d(bﬁg}?g}?%gg@gﬁgﬁ C\é?égp{c}{}%da%é%@ pat {}%%érll\gﬁ&l or exarr%l? e, the
menory 10 controller nmay use an algorjithm{e.qg.. e fit orithm
that uses anpenerabedigent, Hic MEneL; QILP r@ﬁgﬁga%mwgagegnb e‘% ct future
DRAM pages that may be opened. The DRAM page open predjctor can be nade
aware of tspeanlativgbr oenad based on PESVigHSEGRAERARPIINS. hEoT PRARISHHGETRYN pr edi ct or
at the tinme of manufacture), and infer fromthe accesses being

10 controller may use an algorithm (e.g., a curve fit algorithm) that uses the addresses of

previously opened DRAM pages to predict future DRAM pages that may be opened. The
DRAM page open predictor can be made aware of this algorithm (e.g., by programming the
DRAM page open predictor at the time of manufacture), and infer from the accesses being
sent to the memory controller which pages the memory controller will speculatively open.

15  This eliminates the need for the memory controller to send the list of DRAM pages that are
predicted to be open to the DRAM page open predictor. In one embodiment of the
invention, the FSB scheduler uses the list of DRAM pages predicted to be open, generated
by the DRAM page hit predictor, to set flag 270 for each memory access.
[0018] Figure 3 illustrates a flow diagram of memory accesses according to one

20  embodiment of the invention. The DRAM page open predictor may predict the DRAM
accesses that will access open DRAM pages and the accesses that will access closed DRAM
pages. Using this information (i.e., if a DRAM access is predicted to access an open page)
the FSB scheduler sets flag 270 (i.e., the predicted DRAM page open flag) for entries in the

FSB access queue.



sent to the nenory controller which pages the nmenory controller will

specul atively open. 15 This elimnates the need for the memory controller

to send twe oBiosisoof DRAM pages that are predicted to be ®perspporike DRAM

page open predictor. In one enbodiment of the invention, the FSB schedul er

uses the list of DRAM pages predicted to be open, generated by the DRAM

p?Pe Plt predlctor dto set flag 270 for each nenory access. [00181 Figure 3

111 ustrat f G S5H6 FIVIP GRAGh3Y o8t SFBe BRAM

gggﬁﬁlnenﬁ&@®] %ﬁph%%%§$§% &¥Ham%E&w?%59e open %?gdictor may %redict the
accesses t acce n

access cl ﬁ%SW&Z %13 ou ?ﬁﬁfe?ﬁ?rg %gﬁ?déﬁ %éﬂﬁe ﬁ&gﬁﬁbﬁﬁﬁ%ﬁhm

is predicted to access an open pa FSB schedul ets f

(i.e., thew}mﬂmﬂmlé&’mﬂvrqé@ﬁgeo%@ fesessempiLiizsd By ﬁﬁ%‘ R OfJIf’égeraCé’Eeess

gueue. 7 WD 03/073300 PCT/U803/02169 [00191 At 310, the FSB schedul er

det er ni nesmipfied dterhiFingeviettar dogn2fit andf268 e siRINsoRe bRk Bme miervel Agd by the

out -of -order core. In one enbodi nent of the invention, determ ning whether

the HWB gepsthat &sbsAElentdf th ervioiivy, deteesinas witiéthérzbel HYP géreraet most-oftiter
core inplies determ ning whether flags 266 and 268 are set in sone unit

time inter RGEE b D 86 S e Qord 16p1ice ieREhRilng WRRETTha N
whet her th%%é%g%ggaﬁgs nl%ﬁt g%l he eDI%\Mﬂlg%cesses utﬁ i zed rby thg

out - of -order core i.nplies.d thar e
that have p&&eﬁtagpag%asgs S L P B AR08 18 LA RO A BoipEEeasce
pr ogr ammabl e percent age. n nbod nment the iLnventi
pr ogr anmairesramE; é‘?ﬁed&’élt"i%? 3?85‘? ﬁ'ﬁh%‘iimﬁ?t qfﬁée vRRHGEy ﬁﬁé’ﬁ%&%‘t‘“ r%lee of the
FSB controller. In alternate 10 enbodi nents, the progranmg Ie ercentage IS
pr ogr amedbementagaseprograngnedbatdhe Gak oy meputagtyee ofthe FaR walr alifras
one enbodi nent of the invention, when the HWP generates

10  embodiments, the programmable percentage is programmed by a user or automatically by

the program being executed. In one embodiment of the invention, when the HWP generates
the DRAM access, the flag 266 is set (e.g., by the HWP) indicating that the HWP generated
the DRAM access. Subsequently, if the out-of-order core also generates the same DRAM
access, flag 268 is set (e.g., by the out-of-order core), indicating the out-of-order core

15  utilized the access generated by the HWP. Thus, by monitoring flags 266 and 268 for
DRAM accesses in the FSB queue, the following may be inferred if both flags are set for
most DRAM accesses: 1) The HWP is generating the required DRAM accesses, and 2) The
HWP is not generating unused DRAM accesses. Based at least upon conditions 1) and 2)
above it may be inferred that the memory bus is saturated. This assumption is based upon

20  the fact that the HWP requests entering the FSB queue are stalled in the FSB queue long
enough such that the out-of-order core then generates the same DRAM access.
[0020] If the conditions described above are met, the application may be described as
latency tolerant and the bandwidth of the memory bus may be assumed to be constrained.
Once the FSB scheduler determines that the application being processed is latency tolerant

25  and that the bandwidth of the memory bus is constrained, the FSB scheduler switches to
8



t he DRAM access, the flag 266 is set (e.g., by the HAWP) indicatin h

HWP generated the DRAM access. Subsequently,yif t he ozjt-of-ordergcfjrzlt aIt gg
gener at eswbhg/osane DRAM access, flag 268 is set (e.g., bycrhsopotienf-order
core), indicating the out-of-order core 15 utilized the access generated by
the HWP. Thus, by nmonitoring flags 266 and 268 for DRAM accesses in the
FSB queue, the followng my be inferred if both flags are set for nost

DRAM accesses:. 1) The [ e RO H i i 2
e o T8STur DbRRy  sRpnE SAL RN st 2

conditions 1) and 2) . ab it be, i nf . £ I

saE ur at ed?ﬁmﬁﬁgggﬁ)ﬁ%’?‘?tgﬁ%@ tﬁgg%‘a aﬁ%%)nlt%g ?(ﬁ%lte:}lggﬁ? ﬁcla{ t Rgﬁ/ Oﬁ%ﬁ tél?qeuest S
entering e talled i

he- ot -ofmbpdisrcntof GeimentgbrEHATSS HuUsTb TRAN HUEe01s PROIIT F e

conditions described above are nmet, the application my be described

| at ency t cheeFSBschrdudlet feeordersdié dithiesah thmﬁgﬁréﬁ@ﬁ%qm@ t@régaxg@izgwmortygs be
constrained. Once the FSB schedul er determnes that the application being
processed pysbharkad®y tolerant 25 and that the bandw dth of the nmenory bus
is constrained, the FSB scheduler switches to 8 WO 03/073300

PCT/ USO3/ 034419 1y RS T IEndi 3000, d OTmTSItbantbabcd e PiBussbmsul er

2\?\A’S?gﬁ25tto  phe appli cat: 0{1 bei ng processed is not |atency tolerant and
imze |laten i : j i

f the E e iatie Sy aptts eé'%%%ﬂ%?%‘la d DY el ;%twh“eﬁrr%selﬁfthét ﬁ%_déjgé@?t o

schedul er re-orders th tri i , i m
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FSB schedul er schedul es FSB accesses such that the neno access ’that

are gener dheBSBychednler sehednlss DRAYsaeesFes geReratsdbydhe BWG‘éf;‘Yrd%rcﬁoée Bytare

schedul ed to access DRAM before accesses generated by later instructions.
Al'so, 10 DRAM accesses generated by the HWP. In the minimize latency mode when scheduling

entries that are earliest in time (i.e., accesses associated with the oldest instruction in the
FSB queue), the FSB scheduler does not consider whether entries in the FSB access queue
are accessed from the same DRAM page or from different DRAM pages.
[0022] When in maximize bandwidth mode, the FSB scheduler searches the FSB access
15  queue for an entry associated with the oldest instruction (instructions from the out-of-order
core have priority over instructions from the HWP) that is predicted to access an open
DRAM page. In one embodiment of the invention, theré are 2 parameters used when
performing this search. The first parameter, the “search window size”, describes how many
entries will be searched when searching for an entry that accesses an open DRAM page.
20  Starting with the list of entries, sorted (e.g., when the entries are entered into the FSB
queue) by the age of the instruction associated with the entry (older instruction first), the
FSB scheduler searches the “search window size” entries on this list for an access that is
predicted to access an open DRAM page. If none of the “search window size” entries are

predicted to access an open DRAM page, then the first entry on the list is scheduled.



the FSB schedul er schedul es DRAM accesses generated by the out-of-order
core before 10 DRAM accesses generated by the HWP. In the mnim ze | atency
node wherwewbetisho ng entries that are earliest in tinme (PCE/USIHENEESES
associated with the oldest instruction in the FSB queue), the FSB

schedul er does not consider whether entries in the FSB access queue are
accessed fromthe sane DRAM page or fromdifferent DRAM pages. [0022] Wen

in maxim }hsg‘ﬁﬁ 8 15
?ueuetL orz[gggz?%gfiéaoglgggg?a e‘:?eet%{] ﬁﬁi €0 e&qntl %Eﬁ?ﬁs%ﬁ@(rﬁ%ﬁ?ﬁ%%ﬁ%ﬁs
romthe out-of-order rit

that i s pribapes btbyiBeEaes Ry opoyt | owxrsﬁfg Gt GG RS i eBBieh aFerl
invention, there are 2 ararreters used when form n

first pardheushyit ispredictedin aosesniarrdeind ARAM Pa&‘és Wyﬂgwﬁﬁﬂﬁﬁgﬁ@ﬁﬁﬂo@ Wil
be searched when searching for an entry that accesses an open DRAM page. 20
Starting wiktentdyenlthslistpd “Bypass Espnteris mgreneenied. Iﬁﬂ@rﬁfﬁwhé’rﬂnrmegﬂd? e

entered into the FSB queue) by the age of the instruction associated with

the entry &h@ééﬂlefhel“masmdumr’f {srr8de to 0.hE the-BRuesafithe Bypass<aamid ésgredter
"search wi ndow size” entries on this list for an access that is predicted

to access . @-pe‘agaﬁ%'}é AFIEB éssfmJﬂlﬁt”Oi‘hetﬂm nE9¥nGHe MitRgleyseh erint totgh &S

are predicC access an DRAM page, then the first entry on the

list is sched 9V\0030

{)gr grret er, 1:5}”?? ;G fic\j‘;a? ag@@gg%g Esu %?“dj[ggy@ﬁgﬁgégﬁ% ’&Pg%élé‘%\%%?‘é’s are  all owed
ypass e first entr th f

i s chosen @WRIMEHSh IP%’/GI{%’gn ‘il‘Séﬁla&‘fIEEfnt S{P%@@g&% gldcﬁi%éeea(eﬁc” Q’asté% lfl

entry is scheduled that is not the first ent rié on the list, a "Bypass
Count er " i e pmmmm@tﬁagi atithe timpe of imasufagiyrg §f tha FERechgduier; g 5 chosen, the
Bypass Counter” is reset to 0. If the value of the Bypass Counter is
greatery tjoaed]dn tegakintioe bmmmmpas?éomdmaﬂmnw@ i inpashe véstheythen t he
list is chosen event though it
bypass counter is greater than the bypass count. If the bypass counter is greater than the
bypass count then at 350, the first entry in the FSB is scheduled for a DRAM access and the
bypass counter is reset e.g., to 0. If at 330, the value of the bypass counter is not greater
than the maximum bypass count, at 335, a determination is made whether the first entry in
15  the search window (the search window is defined as the entries in the FSB access queue
equal to the search window size) is predicted to access an open DRAM page. If the first
entry in the search window is predicted to access an open DRAM page at, 350, the FSB
scheduler schedules the first entry for a DRAM access and the bypass counter is reset.
[0025] However, if the first entry in the search window is not predicted to access an open
20 DRAM page, at 340, a determination is made whether any of the entries in the search
window in the FSB access queue is predicted to access an open DRAM page. If none of the
entries in the search window is predicted to access an open DRAM page at 350 the first

entry in the FSB access queue is scheduled. However, if at 340 at least one of the entries in

the search window is predicted to access an open'DRAM page, at 345, the FSB scheduler
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is predicted to access a cl osed DRAM page (resetting the Bypass Counter to
0). In one enbodinent of the invention, the maxi num bypass count, and the
search wiwo®aozizae may be programmed e.g., at the tinme offCrarsos/exasur e of
the FSB schedul er. 10 [0024] In the nmaxim ze bandw dth node, at 330, a
determ nation is made whether the bypass counter is greater than the
bypass count. |If the bypass counter is greater than the bypass count then
at 350, 1 Nepddle3 b1kl ki chd\afchvinlo d e breatolearo B anadsisARNphgche
bypass counter 1s reset “e.g., to 0. If at 330, the value of the bypass

counter is not greater . than the maxi num bypass count, at 335, a
det er m naﬁnghm‘ir%n?fgﬁﬁle\m@?%é:?u&ﬁ% first entry in 15 the search w ndow (the

search wi ndow i s defined as t entrij.es.]j F ccess, qu qual to
the sear CHOO\NH@W%P@b?dln?nb?gtgFérivéﬁtl?lb “;tg‘ﬁnggé S&ﬁ%@gﬁ%s age.” If the
first entry in the search window is predicted to access an open D@ég/l age
at, 350, tdeeesESHn thechexinties busdandwidsk mode andikthe &by sphe eféieﬁ%&meé & and

t he bypass counter is reset. [0025] However, if the first entr% in the
sear ch swi neawniage BOhcoREsRs et e sthedntaiasstha FSBpeces2 QuORANE gerpsateby 80, a
determ nation is made whether any of the entries in the search w ndow in

the FSB acg@as.fAYeiiRsicd bpiBb@LSThriler RECE SRV hp diciiShMb@agragel theSie of
the entriés in the searCh window is predicted to access an open DRAM page

at 350 the c&%c@etr gﬁg)%%%t%?]i}ll}gcﬁa?l e B n2ffe ©F ScHIHBlE: DR AM RestdbRdronkieever, i f

at 340 at | entries 1n the search wwndowis predicted to

PCT! US0/ ReeTaBRaOR B Eade 1 b Eyrre RS ey Sl Hhrie s
[0026] I wheibmomdnnbIAM WECTHp SR PRI PG Pse SOt aHF oF DSRaNT os
DRAM accesses in the meximize bus bandwi dt h node, and if_the FSB schedul er
det er minesddtératindshieat the percentage of accesses that are scheduled on the FSB access queue are
created by the HWP and requested by the out-of-order core are equal to or above the
threshold percentage the FSB scheduler automatically changes the mode of scheduling
DRAM accesses from the minimize latency mode to the maximize bus bandwidth mode.
Thus, the change of modes from one to the other is done dynamically (i.e., on-the-fly) based
15  upon the application or portion thereof being processed.
[0027] Although the embodiment of Figure 3 accesses DRAM, alternate embodiments may
access other types of memory e.g., Synchronous DRAM etc. Although the embodiment
described illustrates the FSB controller as a separate device, in other embodiments, a
processor or even a memory controller may incorporate the functionality of the FSB
20  controller described with respect to Figure 3.
[0028] Figure 4 illustrates one embodiment of a computer system in which the present
invention operates. In general, the computer system 400 illustrated by Figure 4 includes a
processing unit 402 (e.g., a microprocessor) coupled through a bus 401 to a system memory

413. System memory 413 comprises a read only memory (ROM) 404 and a random access

25  memory (RAM) 403. ROM 404 comprises Basic Input Output System (BIOS) 416, and
11



5 percentage of accesses that are scheduled on the FSB access queue are
generated by the HW and requested by the out-of-order core are bel ow the
t hreshol awpesoesd@ge, the FSB schedul er autonatical |y chaegdsosmenode of
schedul i ng DRAM accesses fromthe maxim ze bus bandw dth node to the
mnimze |atency node. So also, if the FSB schedul er schedul es DRAM access
inthe mnimze |atency node, and if the FSB scheduler 10 determ nes that

the perce mgog&@§ﬁg&%§§ra&ﬁgfgﬁrﬁ 438hedit fdnPodhes BB adgregaauate are

created b gues y the out-of-order core are equal to or

above the _threshold percentage t.he F tr banges the
node of sﬁﬁ@dﬁﬂcgﬁmgﬁ%l\ gccgggg%cqﬁ?so\ﬁ %g&%ﬁ%ﬂe%{ozrzﬁf g?%npcsx(?%%@gt o t he
maxi m ze bus bandw dt h node. Thus, the change of des from one h
other is doh8SByaaliele iy commEmicats 1 3’15116931%8@8@' V1B ASH T HE © %ttﬁ(ﬁlle%ate i on
or portion thereof being processed. [0027] Al though the enbodi nent of
Figure 3 dnaehses). DRANSBiterdrollar 62%enssadesiarmeeordance widrbs ozt fiagrafy pes of
menory e.g., Synchronous DRAM etc. Although the enbodi nent described

i || ust sat essdrived B regrtrolligieds a separate device, in other enbodi ments,
a processor or even a nenory controller may incorporate the functionality

of the FSjo@ébJ GO0l St ORI h 18 EesWhish storpRRIGYict AT, dupe davicgsOMBBhAFi gur
4 illustrates one enbodi nent of a computer systemin which the present

i nvention Cﬁ%ﬁ}%&g’%ﬁ 4'0?) rcglg@% & n%rohén&?itn%%gg "4%)% .Rlia%h%t@'ﬂ 4R8s istoratrtdeticadadoy

Figure 4 i SSI g., a mcroprocessor) coupled

through a bus 401 to. a system nenpry 413. System,. Al a
Fond onl y TAERRYA RO SERER eiaurLes L aPBORE AL R GRRY Y04
conpri ses Basic |nput Cutput stem (BLOS) 416, and 11. WD _03/073300
PCT/ US03/ 0Rdgetic, Rptitd omagesiperae, asiks Wiy Séfy%fp%ta%?}lva?p A AIOTRY
prograns 420, and program dat a

10 devices store program data including application programs 428 and operating system 426.

Processing unit 402 may be any of a wide variety of general purpose processors or
microprocessors (such as the Pentium® family of processors manufactured by Intel®
Corporation), a special purpose processor, or €ven a specifically programmed logic device.
[0030] Display device 405, provides graphical output for computer system 400. Input

15  devices 406, such as a keyboard or mouse, may be coupled to bus 401 for communicating
information and command selections to processing unit 402. Also coupled to processing
unit 402 through bus 401 are one of more network devices 408 that can be used to control
and transfer data to electronic devices (printers, other computers, etc.) connected to
computer system 400. Network devices 408 also connect computer system 400to a

20  network, and may include Ethernet devices, phone jacks, and satellite links.
[0031] Thus, a method and apparatus have been disclosed to control memory accesses.
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,

25  without departing from the true scope of the invention. Additionally, many modifications
12



424. Processing unit 402 communi cates with system nenory 413 via FSB
controller 422, and FSB controller 422 comuni cates with system nenory 413
via a nenwoy3owm3oo ol l er (not shown). The FSB control |l er 222/usp®oAstes in
accordance with the flow diagram5 described with respect to Figure 3.
[ 0029] Conputer system 400 includes mass storage devices 407, input devices
406 and display device 405 coupled to processing unit 402 via bus 401.
Mass st orage .devi i I sreRnpEeittn ce, such
&y&esr{%&%%é ad it a p)r(agrgfugi? g{fﬁ%ﬁnﬁ@ frl 184 Bitgs G bR i

as a flop rrve, rive (e.g., magnetic, optical,
magnet o- opt.ical, or.t i ke r. stream adrd : rage 10
devi ces sﬁﬂﬁﬁmbﬁ%@ﬁgﬁﬂﬁﬁ?QKV%@F%dPﬁaﬁggﬁwgg {@%ﬁﬂgﬁgggaﬂgqﬁggﬁgﬁé@%perating
system 426. Processing unit 402 may he .any aof a w de vari.ety  of. ral
pur pose prigicedsddhal ths presang ifb’ﬁ%%%%té%ﬁgm(@g&ﬁ a!fsp am%ﬂ‘geem OSH{I%’{I}“ ?15%18%? > of
processors nmanufactured by Intel (r) Corporation), a special purpas

pr ocessor budthatthe imentpedichidealll enbodigendniating wighia thrssprpeof the @B@%ﬁe‘% spl ay
devi ce 405, provides graphical output for computer system 400. |nput 15
devi ceg 4QGimguch as a keyboard or nouse, may be coupled to bus 401 for
communi cating information and command sel ections to processing unit 402.
Al so coupled to processing unit 402 through bus 401 are one or nore

net wor k devi ces 408 that can be used to control and transfer data to

el ectronic devices (printers, other conputers, etc.) connected to conputer
system 400. Network devices 408 al so connect conputer system400 to a 20

networ k, and may include Ethernet devices, phone jacks, and satellite
| i nks. [0031] Thus, a nethod and apparatus have been di sclosed to control

menory accesses. Wiile there has been illustrated and descri bed what are
presently considered to be exanple enbodi nents of the present invention,
it wll be understood by those skilled in the art that various other

nodi fications may be made, and equival ents may be substituted, 25 w thout
departing fromthe true scope of the invention. Additionally, many
nmodi fications

13



12 WD 03/073300 PCT/US03/ 02169 nmay be nmade to adapt a particular situation
to the teachings of the present invention wthout departing fromthe
central iwWQenw73s80 concept descri bed herein. Therefore, it PC3/USKHOAMed t hat
the present invention not be [imted to the particul ar enbodi nents

di scl osed, but that the invention include all enbodinments falling within
the scope of the appended 5 clains. 13 WD 03/073300 PCT/US03/ 02169 What is
claimed is: 1. An apparatus for accessing nenory conprising: a page open
predi ctor to predict open nenory pages; a front side bus scheduler to
switch menory. accesg.nodes froma first node to a 5 second node, said
front si déViKbs QEREHT er coupled to the page open predictor; and a front

si de bus access queue, coupled to the front side bus scheduler, to contain
menory accesses. 2. The apparatus of claim 1 further conprising a processor
coupled to the front side bus.access queue,.wherein the processor
conpri ses lan od-apPAGIELPT IGPEGINCHORNLIREFEE 10 prefetcher. 3. The
apparatus of claim2 further conprising a nmenmory controller coupled to the
front side busapegespenquedietor i pryfist QRFHARARUYE P8ESSe| ai m 1 wherei n the page
open predictor predicts nenory accesses that are predicted to occur froma
page i n menory a fidat Bde Fheschppaertoissvioh nemmiryrdceshmedes{rema fsigpedestiode bus
schedul er to determ ne whet her

5  second mode, said front side bus scheduler coupled to the page open predictor; and

a front side bus access queue, coupled to the front side bus scheduler, to contain

memory accesses.

2. The apparatus of claim 1 further comprising a processor coupled to the front side
bus access queue, wherein the processor comprises an out-of-order core and a hardware

10  prefetcher.

3. The apparatus of claim 2 further comprising a memory controller coupled to the

front side bus access queue.

4. The apparatus of claim 1 wherein the page open predictor predicts memory

accesses that are predicted to occur from a page in memory.

15 5. The apparatus of claim 1 wherein the front side bus scheduler to determine whether

an application being processed is latency tolerant or latency intolerant.

6. The apparatus of claim 1 wherein the first mode comprises the front side bus

scheduler to schedule memory accesses to minimize memory access latency, and the

14



an application being processed is |atency tolerant or |atency intolerant.

6. The apparatus of claim1 wherein the first node conprises the front side
bus schea0loan71300 schedul e nenory accesses to mnim ze NMeROTUSAYEHSES

| atency, and the 14 WD 03/073300 PCT/US03/ 02169 second node conprises the
front side bus scheduler to schedule nenory accesses to maxim ze nenory
bus bandwi dth. 7. The apparatus of claim6 wherein the mnimze nenory

access | ate ncﬁ Wn(glg ?(’;81%@1218 "the B3nt 8 lgt{s%ﬁecﬁﬂléil% B2 dSI8 ek Tact sdsith St

schedul e B! assoclated Wth 5 earlier instrictions. 8. The
apparatus of claim®6 \Agerg%{h r’r&gﬁi m ze nmenory bus bandw dth nobde conprises
t he front T&F*HBIZEHEIEEREHY WOschedul e menory accesses that are predicted
to access data from an open nenory page. 9. The apparatus of claim1l
wherein in the front side bus schedul er searches a 10 predeterm ned nunber

of entries in the front side. bys access gueue to find e i are
predicted o a@@é@ﬁp%ﬂ@éofFl@Wgﬂv}k?ﬁ%ﬂwlﬁ}lzﬁgbeé@rglﬁf%egg {aé&%ghngcgfgl ing the
first entry in the front side bus access queue. 10. The apparatu q{l claim
5 wher ei n comprisesghe frentddebns schedudnilte firsh sehorBleTREMORY 2CCSFFES é%l%t?cg?f} he
first node to the second node and vice versa. 15 11. The apparatus of claim
10 whesei rafieeidstr@dtionsi de bus schedul er switches fromthe mnininize nenory
access latency node to the nmaxim ze nenory bus bandwi dth node if for nore
than X percentage of accesses generated by the hardware prefetcher, nore
than Y percentage of accesses generated by the hardware prefetcher are

al so request ed 1 dpperafidlof chim Gresreio anaimizaseanoy banyawhrdddimedae and | ast
n accesses and a wel ghted conbi nati on of

comprises the front side bus scheduler to schedule memory accesses that are predicted to

access data from an open memory page.

9. The apparatus of claim 1 wherein in the front side bus scheduler searches a
10  predetermined number of entries in the front side bus access queue to find entries that are
predicted to access data from an open memory page, prior to scheduling the first entry in

the front side bus access queue.

10.  The apparatus of claim 5 wherein the front side bus scheduler automatically

switches from the first mode to the second mode and vice versa.

15 11.  The apparatus of claim 10 wherein the front side bus scheduler switches from the
minimize memory access latency mode to the maximize memory bus bandwidth mode if
for more than X percentage of accesses generated by the hardware prefetcher, more than Y
percentage of accesses generated by the hardware prefetcher are also requested by the out-

of-order core, based on any one of time and last n accesses and a weighted combination of

20  time and last n accesses.

15



20 time and | ast n accesses. 15 WD 03/073300 PCT/US03/02169 12. A nethod
conprising: nonitoring nenory accesses generated by a hardware prefetcher;
det enni niwg oadoe3her the nenory accesses fromthe hardwar e PprafSet/etier are
used by an out-of-order core; and 5 switching nenory accesses froma first
node to a second node if a percentage of the nenory accesses generated by
the hardware prefetcher are used by the out-of-order core. 13. The nethod
of claim 12 wherein the percentage of the menory accesses generated by the
har dwar e prefetcher that is used by the out-of-order core is at |east 50

percent insa %Qn%&bhcgh%ﬁgn£4. The method of claim 12 wherein the first
node conprises nenbry accesses to mninize menory access |atency, and the
r

second mode conplses, TENRLY AGSES S8R0k LY BRIBENDUS bandw dth.

15. The met hod erein e mnrnize menbry access |atency node

15 conprises the front side bus scheduler first.,scheduli r esses
that are gener SeEgmIpys Wii?tﬁplétr‘e LRy PSS .frof‘ét.he%%%% ﬁ%é&g@c#ea]?s%gw
wherein accesses fromthe out-of-order core are schedul ed before accesses
from t he Horavmrtefoprdteershard 16 WO 03/ 073300 PCT/ US03/ 02169 17. The
met hod of claim 14 wherein the maxi m zi ng nenory bus bandw dt h node

5 switching memory accesses from a first mode to a second mode if a percentage of

the memory accesses generated by the hardware prefetcher are used by the out-of-order

core.

13.  The method of claim 12 wherein the percentage of the memory accesses generated
by the hardware prefetcher that is used by the out-of-order core is at least 50 percent in a

10  unit time.

14.  The method of claim 12 wherein the first mode comprises memory accesses to
minimize memory access latency, and the second mode comprises memory accesses to

maximize memory bus bandwidth.

15.  The method of claim 14 wherein the minimize memory access latency mode
15  comprises the front side bus scheduler first scheduling memory accesses that are generated

by earlier instructions.

16. The method of claim 15 wherein accesses from the out-of-order core are scheduled

before accesses from the hardware prefetcher.

16



conprises the front side bus schedul er scheduling nenory accesses that are
predicted to access data froman open nenory page. 18. The nethod of claim
17 furthewooonmsesi ng the front side bus schedul er sear chiPe@/USS3/62169
predet erm ned nunber of entries in the front side bus access queue to find
entries that are predicted to access data from an open nenory page, prior
to scheduling the first entry in the front side bus access queue. 19. The
met hod of claim 12 further conprising switching fromthe mnimze nenory
access |latency node to the maxi m ze nenory bus bandwi dth node if fromthe

percent agq; 10 9f, HBARS ¥r AGEEEEFRelelifthe ARirieRRR6yhis bisdwiditnade

prefetcher in a unit tinme, nore than 50 percent of the nenory accesses
generated by the har.dwar ef r i . j i ; e

out - of - or &8¥“p@8?set.ﬁe gﬁwsAgec@Jﬁpsﬁﬁée@m%f glkéearl# 1@%%%?{'0?'( %%‘%egg%%ﬁ{bag gﬁﬁ%hlgx%ﬁd;c essor
coupled to the bus; a front side bus controller coupled to the bus, said
front si decerss dagdionypn epen PEREYIRAERy a page open predictor, and a front

si de bus scheduler, said front side bus scheduler to switch nmenory access
nodes froma first node to a second node, said front side bus scheduler

coupled to the page open predictor; and 20 a _front sjde bus .access ue,
coupl ed t d8& he Themethof@éclaim 14 fHebgiicarpriens %ﬁtﬁlde ?‘%Pdageéé%%%‘g‘? 17 WO
03/ 073300 PCT/US03/02169 21. The conputer system of claim 20 wherein the
processor ammeternssedminsher of Eatviesiay the onksidnbbsAchess @hareiofe s idhat

are predicted to access data from an open memory page, prior to scheduling the first entry

in the front side bus access queue.

19.  The method of claim 12 further comprising switching from the minimize memory

access latency mode to the maximize memory bus bandwidth mode if from the percentage
10  of memory accesses that are generated by the hardware prefetcher in a unit time, more

than 50 percent of the memory accesses generated by the hardware prefetcher in the unit

time are used by the out-of-order core.

20. A computer system comprising:

a bus;

15 a processor coupled to the bus;

a front side bus controller coupled to the bus, said front side bus controller
comprising a page open predictor, and a front side bus scheduler, said front side bus
scheduler to switch memory access modes from a first mode to a second mode, said front
side bus scheduler coupled to the page open predictor; and

20 a front side bus access queue, coupled to the front side bus scheduler, to contain
IMemory accesses.

17



22. The conputer system of claim 20 wherein the page open predictor
predicts nenory accesses that are likely to occur froma page in nenory. 5
23. The cwopanzsosystem of claim 20 wherein the front sidechasoyehedul er
switches nenory access nodes froma first node to a second node. 24. The
conput er system of claim23 wherein the first node conprises nenory
accesses to mnimze nenory access |atency, and the second node conpri ses
menory accesses to naxinm ze nenory bus bandwi dth. 10 25. The conputer
system of claim 24 wherein the mnimzing menory access | atency node
conprises jhe frRdonguie s?&tém&ﬁ"@ﬁﬁiﬂ'%rwﬁ@eiﬁ&Méﬁros&btﬁtb@h@ﬂmr yutadaedses
generated by earlier instructions. 26. The conputer system of claim 24
wher ei n .10 74 eURY andwi dt h node conprises the front side bus
schedul er 6%%41%8?} e né%frgityf/bﬁglgcesses that are 15 predicted to access data
froman open nenory page. 27. The conputer system of claim 24 wherein in
the maxi m zi ng bus bandw dth node the front side bus schedul er searches a
pr edet er m ned nber_of i es in t i ue to find
entries thdt a?ghep?o%uée{rgggtﬁg Oggg%gsébgﬂélﬁi@g &%ﬁ%ﬁ ogggﬁre%e%m ye&igtgge, pri or
to scheduling the first ent Y in the front side bus access queue. 18 WO
03/ 073300 PETPIIFIPSPIHS taf?i}‘ﬁel’f‘ﬁ%o%%ﬁ{?Pb?Pé%fslPé?ﬁ%‘Fyu ai m 22 wherein the
front side bus scheduler switches fromthe mnimze nmenory access | atency
node to the maxi m ze nenory bus bandwi dth node if fromthe percentage of

menory accesses that are generated hy the hardware.. prefetcher i uni t

tine, rfore23-hanThocqaude system %Wialﬁﬁ‘%‘?’]}er%%%gﬂ%@ S&?ﬂ@?éﬁ%‘?ﬂf&%\} S\fvﬂgﬁqg

har dware prefetcher in the unit tinme are used by the out-of-order core.
memory access modes from a first mode to a second mode.

24.  The computer system of claim 23 wherein the first mode comprises memory
accesses to minimize memory access latency, and the second mode comprises memory

accesses to maximize memory bus bandwidth.

10 25. The computer system of claim 24 wherein the minimizing memory access latency

mode comprises the front side bus scheduler to first schedule memory accesses generated

by earlier instructions.

26.  The computer system of claim 24 wherein maximizing memory bus bandwidth
mode comprises the front side bus scheduler to schedule memory accesses that are

15  predicted to access data from an open memory page.

27.  The computer system of claim 24 wherein in the maximizing bus bandwidth mode
the front side bus scheduler searches a predetermined number of entries in the front side
bus access queue to find entries that are predicted to access data from an open memory

page, prior to scheduling the first entry in the front side bus access queue.
18



29. The conputer systemof claim26 wherein the front side bus schedul er
swtches fromthe mnimze nenory access |l atency node to the maxim ze
menory buwoOblanmap@dt h node dynam cally. 30. The conputer P¢ItEns/afiee! ai m 22
wherein the front side bus scheduler switches 10 fromthe nmaxim ze nenory
bus bandw dth node to the m nimze nmenory access latency node if fromthe
percentage of nenory accesses that are generated by the hardware
prefetcher in a unit tinme, |less than 50 percent of the nenory accesses
generated by the hardware prefetcher in the unit tine are used by the
out - of - or deg. comée cd@puter system of claim 22 wherein the front side bus scheduler switches

from the minimize memory access latency mode to the maximize memory bus bandwidth

mode if from the percentage of memory accesses that are generated by the hardware

prefetcher in a unit time, more than 50 percent of the memory accesses generated by the

5  hardware prefetcher in the unit time are used by the out-of-order core.

29.  The computer system of claim 26 wherein the front side bus scheduler switches
from the minimize memory access latency mode to the maximize memory bus bandwidth

mode dynamically.

30.  The computer system of claim 22 wherein the front side bus scheduler switches
10  from the maximize memory bus bandwidth mode to the minimize memory access latency

mode if from the percentage of memory accesses that are generated by the hardware

prefetcher in a unit time, less than 50 percent of the memory accesses generated by the

hardware prefetcher in the unit time are used by the out-of-order core.
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