N70 03/073300 PCT/US03/02169 METHOD AND APPARATUS TO CONTROL MEMORY
ACCESSES BAGKEROWND OF THE | NVENTI ON Fiel d of the Inventigp, 30091l Jhe
present invention is related to the field of electronics. I'n particul ar,
the present invention is related to a nethod and apparatus for controlling
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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 acti vaAQKHGRGEIND OF TARIMEEENAIQN|I uim in that page is
accessed (read or witten). A "DRAM page open" or a "page hit" indicates
the nenory being accessed has already been precharged and activated, and
data may he read or witten fromthe page without having to precharge or

acti vat%efdhﬁ-_tmg%i&uri ng each nmenory access. 'Wen a "page mss occurs”

(i.e., ed froma page in nenory other than fromthe page that

is ope t.he open, page.nust be jtt hack to.the DRAM chip fromthe
sense. aibon e RE%Hidh RenBhy W lsaindrismis ThBrhin fope g

" activated before being accessed. Witing the old page to DRAM and

pr echarigvemiondgredaed wa madod sad pproroirior sarfealling BIeETY Aegestid 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)

cont r olhekribtied oSibbREUtRASAHENDOry accesses according to a prior art
enbodi ment. As Illustrated in Figure 1, the FSB WO 03/ 073300 PCT/ US03/ 02169

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

read, and write operations. In particular, a memory controller that addresses a bank of
memory musi 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
iss occurs” (i.e., data is accessed from a page in memory other than from the page that is
open), thg 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 mermory 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 writewo osforsswa processor 110 to DRAM 120 via a FSB acpeggseiye 130.

The FSB controller is coupled to processor 110 via a L2 m ss request bus
and to menory controller 115 via a front side bus. The nmenory controller
115 is coupled to DRAM 120 via a nenory bus. 5 Processor 110 corrpri ses an
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Thus, the FSB controller, mnimzes the DRAM access | atency by first
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access queue. However, scheduling DRAM accesses based upon m nim zing the
| at ency of ThRAWR predesless dats neodedah ynemesutidreunitspt ithuont adiondéraore fremdIR AdESi ve
DRAM accesses may not al ways access open DRAM pages. Accesses froma
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processor's DRAM bus inefficient. RKVO 0310-1, 3300
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.



PCT/ US03/ 02169 BRI EF SUMMARY OF THE DRAW NGS [ 00051 Exanpl es. of the present
i nvention i strated in the acconpanyi ng drawi ngs. The acconpanyi ng
drawﬁngs,“ﬁ%@%vg#y do not Iimt the scope of the present iﬂ@gH?P@ﬁﬁg
Simlar references in the drawings indicate simlar elenents. 5 [0006]
Figure | illustrates a front side bus (FSB) controller that schedul es
menory accesses according to a prior art enbodi nent; [0007] Figure 2A
illustrates a front side bus (FSB) controller that schedul es nenory
accesses according to on@RIOSUMMARY ORTHBRRAWRGE0008] Figure 2B
illustrates paraneters associated with nmenory accesses according to 10 one
enbodi ment{ogjsit B}@aﬂlﬁlé’@@ﬁtb@?ﬁs&@%ﬁgﬂ BHéTi Bustratdd iH ke AcBMmpanfih@w=Hiagy. am of
menory accesses according to one enbodinent of the invention; 1001

]
Figure 4 iJJustrates. dj : \ ' Wehe:the
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[0011] Described is a nethod and apparat.us ta control nenory accesses. In
the fol | ow ARl FlGERses R %.dga\ﬁ%} tessimdar a&ma’éfﬁ‘ai |s are set forth Jin
order to provide a thorough O understandi ng of the present invention. It
will bé apf@d@nFigurqbilbsaptes ﬂ(ﬁ'ooh@d@buf’cﬁf@ﬁgaﬂwolﬁﬁhat s¢hedules meMory hat t he
present I nvention nmay be practiced wi thout these specific details. In | p
ot her i nstanesss acobtdingioayrianehnitedimers, steps, and techni ques have not
been shown to avoid unnecessarily obscuring the present invention,

[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
usi ng, tewn commonly enployed by those skilled in t o convey
t he substméewg?ﬁfuheir work to others skilled in the art. ﬁ‘;ﬁq’ggé’?’%ﬁéﬁ%ts of
the description will be presented in terns of operations perforned through
t he execution of programm ng instructions. As well understood by those
skilled in the art, 5 these gperations often take the form of electrical,
magnetic, H013hPuEsef the dessriptienpapreeyed ugeg ymirdestconmanbremmexed by

conbi ned, and ot herw se mani pul ated t hrough, for instance, electrical
conponent s thop®ilBdd ik theiam t@Loriviey tist substascaf theimy ok td ethers siB&Bn theattr ol | er

t hat schedul es nenory accesses according to one enbodi nent of the

i nvention. M, jadﬂsmm@a@erij%ﬁbﬂ Wl w;p?wnfeanﬁ terr oFbpEriafsiSpetfdrmicd errbSEh
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controller 205 includes a FSB sch er 225 that schedul es DRAM accesses
froma pro ; ;%I}ﬂ- i-ng. a .1 TheaF
controll eﬁﬁ?%&éﬂgéb{b procéglgltsjr E%.ﬁi@@lﬂg&%ﬁ@g&ﬁgﬁo&ég Q%lﬁgﬂgﬁlgsd?td
menory congroller . 215 via.a .FSB. The memary controller 215 is coupled to
DR 320 v Hssecrriaisrs o5 i gm0 PledTE Sngnitice o attcaffizus bl lor o
235 and a hardware prefetcher (HW) 240. 15 The out-of-order core 235 uses
a pi pel i ni gng deredi Gensierrres eombwad.tang rtherwise maaimdated treughe farinsignsed in
execution in an effort to inprove the overall perfornmance of the processor.
The HWP pretdticilesmpRittaiccesses that arc predicted to be eventual |y needed
by execution units in the out-of-order core. [0014] The FSB controller 205

conpri ses HWOFSEFisaReTliBlistrtd adtsht 8idOBMASEY @ofR6Ner tRA sPhARIGImAS0. I n
one enbodi nent, the FSB schedul er 225 is coupled to the DRAM page “open

di ! D : 30.
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FSB s Cﬁﬁd ul ti::l glﬁ‘g gk{p l[l%%éé)cénqgolgrs 50? 1%%1%%%5 egf:l §ﬁ eschze?él(l)ller IZBS %‘?a? s&rgﬁgldels MM the

FSB schedul
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



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

and from ‘ ) to DRAM based upon the application, o j Qns. of the
appl i cat | éﬁ@o% AL ng 4 WD 0310733(01 PCT/ US03/ 02169 %F@@é@é@a‘?%y t he

processor. For exanple, if the application being processed is |atency

tol erant, the FSB schedul er 225 schedul es nenory accesses for maxi m zing
the nmenory bus bandwi dth. Alternately, if the application bei.ng processed
i s | at encypraseeseébuthe proegssqsBor examuteliBihe applicatipl Being PToreatids e ¥ses to
m ni m ze nmenory access |latency. In other 5 words, the FSB schedul er
arranges nmwlenyt, dedSSebedulet 198 sEBuksoessory necessc@I0r mazpuizinggbameery
characteristics of the application being processed by processor 210. An

appl i cati 0Buﬁ%d%thﬁ%ﬁt@ﬁiétéﬂj‘ﬁpﬂh@raﬁﬁl‘icaﬁoﬂbeing\/?ﬁﬁeéheﬂmmmﬁ@ﬁt@ﬁ:ﬁaﬂt,_&h@ESBed
to resolve a branch mssprediction and therefore the specul ative work

remory  acced e 25 EhARe: AanphARCRoLRoBBRSE pEPREY SR RERY, Mtk o

nMenory access IS conp processor ons 1Trom

the correct branc f program execution. |n order det erni ne et her an
bppl | oot | offors et echeR SR e O ke R Hie FEp 2RSS Thiif 2
schedul er 225 nonitors the nenory accesses generated by the HAP 240 and by
t he out - of upeniihe charpetenigiss of theeprisBtign being prosesipd My HTeesEFaE 0heéient ries in
the FSB access queue 230. [0015] Figure 2B illustrates paraneters

associ at edapplicatioremay ye dataeySeslcant erxdiwigntaononay atbess nboetided it resblve he
invention. As Figure 2B illustrates, each DRAM access (entry) in the TSB

access quepanliBhifpedrsisn chdiRebivetife ifeclbtiveoRsik gerormel bywhd\gort whef gat i on:
a) The instruction nunber e.g., the programinstruction nunber, 260, of

e T SR e Bl AR ) e e MBS
261, 1 ﬂfji Cf”lettri:hrég iI}SpI’SCtPO%% if}oin? &e%%rr?e&%ra%%ﬁ‘ Mf %ICO%E]SIE e)icé]cu igﬁ. Phkder 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 (enfry) in the
FSB access queue 230 has associated with it at least the following hlformatibn: 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 s for reading or writing memory.



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

| at er i ns{iglslo ); d) A flag, 266, that indicates whet ess was
created by thpe()b%gf-of-order core or by the HW; e) A f|a9$¥@§?"°?ﬁat

i ndi cates whether the entry created by the HAP was al so generated/ used by
the core; 0 A flag, 270, that indicates whether the access is predicted to
access an @ﬁ% gERAM page; and g) A fl ab, 'f272" that indi cates whet her the
menory acc | Soneem mlé@dif%gf ByeRtan, ifgnaeHbr of the Rremnays posesssGcheduled
/US03/ 02169 [ 00161 In one enbodi nent of the invention, if a majority of the
nmenory accb¥ st 8% pdwdiledorbip thtymeRsBy buhand geserated bydhe HBVRRH0s detrusned by
generated by the HW 240, determ ned b checking whether flag 268 is set,
and if thechekongiwethdr Tag@s8 igenendt Lthe aegasSas tldse ghidrhied @8ceskis kb tilized
out - of -order core 235, determ ned by checking whether flag 266 is set, then
the 5 appl bg@d R oRRLd: BbRe85! Rtbifnihéed BPeneckRlgShiRmM éﬁgggasiéc ﬁéé:gﬂﬂge/tﬁeol er ant

application, in one enbodinent of the 1 nvention, t uler 225 may
-ord t L in t F 3Q f i, zi t.he.. b
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that are pregi t ed éto access data fromthe sane DRAM ag}e. In the

enbodi nent g Ofﬁ-FGH? themveptiqn, heiDd sehedulsh Adwmay ﬁe‘ﬁ%é gratmssgnden BBl er

10 schedul es nenory accesses in accordance with the follow ng queue entries
1, 6, 7, 4quaye 239 formadimizisg thenverBoryithe dandwics sHsis eanhthatilie- {35 shddulecor e
have priority over accesses by the HAWP for accessing open DRAM pages.
However, i pridritezesiDR Abizcésassethatyarerpebdididieto abSfs daladthth ee SARIIRARS pIRSORY
accesses in accordance with the foll owi ng queue entries 0, 8, 9, 1]13, 2, and

12. Thus, mled&ﬁbddﬁ%tﬁﬁt%{lﬁ\i/%ﬂé zfs,rm}le Hﬁx&%&ﬁﬁ%{iﬁviﬁﬂﬂﬁgﬁﬁ & Fk® Qyealider

instructions fromthe 1l regardless o er a DRAM page 1's open.
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open

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



DRAM page, the FSB schedul er 225 utilizes the DRAM page open-predictor 250.

In one e i t, the DRAM page open predictor keeps track of the history
of DRA VI K%(ggjé@%% that are accessed, and based on the hi s?BT’ySQﬂ“zW?e DRAM

pages that are accessed, the DRAM page open predictor 250 generates a |ist
of DRAM pages predicted to be open in DRAM For exanple, if DRAM pages 12,
14, 16 and 18 were accessed in the past, and the nenory systemallows for
4 DRAM pagesmetatesiog upiated thanispefSDRAdppages prediviedto TR paBRAM 6 Feapr 6Tt or
predicts that a new access to page 12 will hit, and a new access to page 13

., 25 will m&ﬁgmo &%gcﬁmhmboquéﬂa@tﬁmm plige dpiva pREAMOPAGY gepaate or
predi ctor 250 WO 03/073300 PCT/ US03/ 02169 generates or updates the |ist

of DRAM pa edi.ct - : ] BVES W D B Vor AT
cycle, in Lﬁﬁ%@ﬂﬁ%ﬁﬁ%"m&egg&@ﬁiﬁ tg?ggbg%leﬂnﬁpr ) cfrcs),r evrvraqgggenér at g) or
update the |ist of M pages predicted to be aopen.in M r e.g.,
2 or mor e)MERBRDRYF S-c?’bg ":“%? I @ﬁﬂ%?&?%ﬁ&} r?lkéﬂﬁa?%?‘?ﬁ%g# %gﬁ%e&r may
send the list of open 5 DRAM pages to the DRAM page open predi ctor over the
FSB. |15 andRAM pegrsdelilrsRRAM page Q@Wfﬁﬂlﬁ%frﬂ%ﬂ}eelgsﬁ-sﬁwoﬁﬁé eB‘i’Bﬁ‘é’%?&rt{‘%ore
and therefore the Iist of open DRAM pages, needed by the nenory

control | ermegafy dmtirdtlet is sadhagrot tmsoRiMupkihercfye theplist of opay DRAM pagest her
enbodi ment, the nenory controller predicts which DRAM pages nay be

specul at i vigloye PRERRINGASE LR RESY e 6@ 8:5th DR AMsage lopen eradigpore, Int he
menory 10 controller may "'use an algorithm(e.g., a curve fit algorithm

t hat uses the add i ,gﬁ@ﬁ/bq@gqsp Bct . fut
DRAM pages‘?l ef%%@%@&&e%%@%ﬂg&ﬁ%%ghgg open pr edi ca giﬁggﬁbge mageure
aware of this algorithm(e.qg., by. i th di ct
U et e bRt SRR kB SR RaRty P e et

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 controiler which pages the memory controller will speculatively open.

15  This eliminates the need fof 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 menory controller which pages the nmenory controller wll

specul at i . 15 This elimnates the need for the ne troller
to send t@%j@?ﬁgf DRAM pages that are predicted to be og&(%??c)’?‘{]%@ DRAM
page open predictor. In one enbodi nent of the invention, the FSB schedul er
uses the list of DRAM pages predicted to be open, generated by the DRAM
page hit predictor, to set flag 270 for each nenory access.@%OOlS Figure 3
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enbodi nent of the invention. The DRAM page open predictor may predict the
DRAM  accegsesed illizediblylthoeaagordgrenrd HAMnp agte dandt biithedneesioasddttratming] |
access cl osed DRAM pages. Using this information (i.e., if a DRAM access

is predi Ct@ﬂetﬁ%t@%%lﬁ@‘%%r?@@ﬂm@%@ﬂe DRYeVIESR sS&NRTLEE by 8t sutidfdgde? EBre

(i.e., the pre page open flag) for entries in the FSB access

queue. WO 03/073300 .PCT/ [ 0216 0, I

det er ni nes™ Hhef %teiin@“b%e‘ﬁ%(r% ?fg“gﬂgﬁzé‘ﬁ %%ﬁ%%'é% so%x%?gf&?&éﬁ?ﬁ#zgg by the
out-of order core. |In one_ enbodinent_of the inventio etermnin et her
the MAFP g@@@@é?@@owt@fﬂlﬁh’@md&%@%w&ﬁ %31‘8@ SeREF Al St ObHer
core inip].ies determ ning whether flags 266 and 268 are set in sonme unit
ti me i nt erVRAM heceSseamtitibert byethpodt-akatdepéore apliep/daterimaming sdicthenthe ng

whet her the HWP generates nost of the DRAM accesses utilized by the

out - of - or dsrcenege Jf aBdds@s tie havdboth Magyhéd el 268wt epredennagibrasholdecg sses
t hat have both flags 266 and 268 set exceeds sone threshold e progranmable

per cent ag okl pRRCIRA 1nhe HBoLIHEANY B inteiRoR BOH gblper cent age

is progra t the time of manufacture of the FSB controller. In

alternate _10 enbodi nents .0gqr gnm. ahl ' r by a
Gser or adiraiES 3 pEdned ApE PO MR RO BF AE TSRS DU M RS
the i nvention, when the HW generates ) .

10°  embodiments, the programrable 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 bandwidih of the memory bus is constrained, the FSB scheduler switches to
8



» such that e out-

t he DRAM access, the flag 266 is set (e.g., by the HW) indicating that the

HWP gener DRAM access. Subsequently, if the out-qf.-: er.core also
gener at es‘%pﬁ)gm%}az'pr@ DRAM access, flag 268 is set (e.g., b%ctTﬂlés%#mlﬁ%f-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,k nost
DRAM accesmefnizd pudbandwiithimsodse iherwisegthe IS B sshadulerpsemnss thatibe aprlicatigg 2)
The HW is not generating unused DRAM accesses. Based at | east upon

. condi ti On%ei_i:;% pAdtdssdll is Akaxtend;t tolesnt bed switebics eslthi haitirtize lateruynyodeu Iniose
sat ur at ed. is assunption is based upon 20 the fact that the I-1 " MP

request s enbshiiio bliie iaRndURUPHRISRSLALRY ié h b rhiHize BayBaddwigth abay0h

order core then generates the sane DRAM access. [0020]

ac ' I'at ondp T SAANCE T BerBUR R Aor S HEcRERRrs PP RatRae | /o

be constrained. Once the FSB schedul er determ nes that the application
bei ng pr obuskadwidth; at ency tolerant 2 and that the bandwi dth of the menory
bus is constrained, the FSB scheduler swtches to 8 W) 0311073300

PCT/ US03/ (@26 P Imthei minzmize Uatehyrdedsd atB20pthe FSE svhedileschedides IS 3¢qs8%f§| er
assunmes that the application being processed is not |atency tol erant and
switches f@ntithe (it MM abaken ehat aRdRnekied byearlarimdinntons infthe dud-dfrovdert i on,
if the FSB scheduler is in the maxi mze bus bandw dth node, the FSB

schedul er bR o %g{?m %1%@%0 f%bgéé BRAMbDBR FoBs@CER St Rt OnsiaKtictsz Albsle

menory 5 bus 211] I'n the mnimze | atency node, at 320, the
e Ko R R S
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 imto the FSB
queus) 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 1s
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.

w



core are schedul ed to access DRAM before accesses generated by | ater
instructi\gas. Al so, the FSB schedul er schedul es DRAM accesses gﬁwerat ed by
the out- oY dPd&P % ore before 10 DRAM accesses generated byGIRESORHBSO | n t he
m ni m ze | atency node when scheduling entries that are earliest in tine
(i.e., accesses associated with the oldest instruction in the FSB queue),
the FSB schedul er does not consider whether entries in the FSB access gueue
are accesseo3] rmmstdadyarendiiz, (HE ‘PlgeByrass Connillj detenemds HoRAMapagEses 280221
Wien in nmaxi m ze bandw dth node, the FSB schedul er searches the FSB access

15 queue fa‘?l'bw@?t a¥s ﬁi@%ﬁ’ﬁieﬁﬁg@n%é Rt tgore ikkesist bitsy brvifhel 1RDis(dhbsdnrgvehi ons
fromthe out-of-order core have priority over instructions fromthe HWP)

that i di ct.ed to,. i

N R TS S O SRt s
first ter, the "search window sj.ze", descyi rjes will
LTS P2 AL L GRSt o e dese VTGS A BRI B0

Starting with the |ist of entries, sorted (e.g., when the entries arc

ent er ed i rehosenhéae FBRpasy Gousler’bis redee taa@yelf dhie vaiee phibe Bypessdepuadgdt @888 wi t h
the entry (older instruction first), the FSB schedul er searches the
"search withgpo eghZlQ0 R TIVMEeBypdts Chust”| ihsfirftentrgonabe s ds thustn esent froaghdt ed
to access an open DRAM page. |If none of the "search w ndow size" entries

are predijehedicld 1856&3Sa & &PERM/% PERSsttih N & BAsS Cohsiteredto)y iddnd he
list is sclhg%gllced.@wo 03?07283300 PCT %0 /OZiG% [0 3]S The gecoor)ld par anet er,

t he " Max ass " . ! rgglw i Laned, & ass
the first %&oﬁweﬁgfﬁg 1{1%21%1,815,%?%?%% rsgt.% Qﬁélﬁtfﬁ?tgég?aﬁ@l i st qﬁgsl&cﬁ%égen
even thoygh it is predicted.to access .a clgose M e. If an entry is
schedul edLi%ii’é?gr?lwgte-&’r?étheftwgf’?’é’ﬁf‘? Gtﬂlf‘?ctfﬁ e?ﬁgt@éméﬁ?e%ypass Counter” is
increnented. If the first entry on the [ist is 5 chosen, the " Bypass

Count éP"  i[8024¢ de thetrpaximize bandwidih masle ot 38fen Exjeranination i mmde wheiep Hicer

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
eniry 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

10



than or equal to the "Max Bypass Count", the first entry on the list is
chosen ev . h it is predicted to access a cl osed P e (
resetti ng%?@?’ﬁgss Counter to 0). In one enbodinent of t%']gml’;dr‘;’\llﬂgfﬂgi on,

t he maxi num bypass count, and the search wi ndow size nmay be progranmed
e.g., at the tine of manufacture of the FSB scheduler. 10 [0024] In the
maxi m ze bandwi dth node, at 330, a determnatiqn is made whet he M
bypass couffhedulgssoldess srigy 1t tha eartfewHgYdBatdsp .thdftotaﬁ%esﬁﬁlﬁé@gnb W PRET s
greater than the bypass count then at 350, the first entry in the FSB is
schedul ed fmfrinerciRiMtecbgmss ematedrhe bypass counter is reset e.g., to 0. If
at 330, the value of the bypass counter is not greater than the maxi num
bypass coufifozepin ohembtdddaés ofithedhvanioh st trdSBévtieteler tcheddles BRAMItry in 15
+ the search wi ndow (the search window is defined as the entries in the FSB

access qu eﬁ'c%essggflﬁﬁh? h’%xp{lﬂ?g tﬁﬁ@’fi SR S SAFEF HeF 1 §eRhIRE déterRiBELHhat BB

open DRAM page. entry 1n the search window is predicted to
access an open, K DRAM page 350 e, ES e e irst
entry f%‘r B rwggﬂégﬁgsﬁﬁﬁdttaﬁescﬂ}%‘ﬂg%o%gﬁr??g]ac‘lgggsr ugizﬁ}%d%ébgégﬁ%&&&%ver,
if the first entry in the search windowis _riot predicted to access open
20 DRAM pahdVP and rém?st%i Wyethe p-ofaprdgheors ﬁﬁ&&k’%ﬂ’@t‘ﬁ@ﬁ“ﬁ%ﬁ%ﬁ%ﬁﬁ@ espi n

the search w ndow in the FSB access queue is predicted to access an open
DRAM page. sdhtduiarmmtarhatidaly changes the mhedetdfechadgling DR AMeRcsssepiredithe ed to
access an open DRAM page at 350 the first entry in the FSB access queue is
schedul ed. mERnWa¥EHus HabhdaidiB4ddato theasiingine addncy heodentSoi s, ifthe FEB sear ch

wi ndow i s predicted to access an open DRAM page, at 345, the FSB schedul er

10 WO 03/ OEC%Q&%HerPsﬁgﬁéctAt&ggﬁmQccess%hﬁ@'ﬁ&hﬁﬁﬂz%l 16ty SIBHE Yanil Bf tHRFSBERhEdler

w ndow that I's pre to access an open DRAM page
10 determines that 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 ete. 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



and increnments the bypass counter. 10026] hi one enbodi ment of the

i nventi onwd FSB schedul er schedul es DRAM accesses i jmze bus
bandw dt hwr?o‘j é‘%”ghg?ld if the FSB schedul er determ nes that &f@b&%’g@ﬁ(’gent age
of accesses that are scheduled on the FSB access queue are generated by the
HWP and requested by the out-of-order core are, below the threshold
percentage, the FSB schedul er automatical |y, K changes the node of sghedul i ng
DRAM accesaM 408 sampriscarperatingsypas Hanhmisttiririagrams 42hend Fegarkddtat ency
node. So also, if the FSB schedul er schedul es DRAM access in the mnim ze
| at ency moidd, Pasedssig urtied(RSBnsnhmidaibewith fystete teanmgriy 408 viehESB coeirqllsr 8ht age
of accesses that are schedul ed on the FSB access queue are created by the

HWP and r egHesBednRydi420 QitmaficAédeth §@fetn Alefofdtd via@ BEémabooatrbher
t hreshol d percentage the FSB schedul er automatically changes the node of

schedul in g,ﬁ@ L DLl SRS Fv Bherepxi m ze
bus bandwga?ﬁ%ﬁﬁ%ﬁ)g,cﬁl usf&t{tﬁ?ﬂ%%ﬁ%%&%@ &r#t?aggglrdf rom iI(gi'ril)geh%tf?) theg%at her is
done dynanj cal | .., on-the-fly) based 15 upon the application or

porti o% t[H@F‘E@Fgﬁ’ié"ﬁﬁsljﬁ%t@jé%‘g&&J0027] Al t hough the enbodi ment of Figure 3
accesses DRAM alternate enbodi nents ma~ access ot her types. of rreagglry..

Synchr onod80Z9RAlvariter spstemAd§rinelndesantss gicraasideviges 69 1. payit deyiget 4004 t he

FSB controller as a separate device, in other enbodiments, a processor or
even a nmenrisplayaienics d0S esupied td prooessingami 40P i burscllil o Mddss storage dewes487 20

control l er described with respect to Figure 3. t00281 Figure 4 illustrates
one enbodirg®aienOf pdsieRIPELE stofapsidRtick sushach flbhyey Gileadnd, fixet \diskidrive (e.g.,
operates. hi general, the conputer system 400 illustrated by Figure 4

|l udes Sy RERCERSLITy Milho 078 I 8006 SR8 e AL, WIQUGage DUS 401

to a systéem menory 413 conprises a read only nenory

( ) l(é)1 04 dae\r/]gesastcgrg ggggaxgcd%?asi%cluding 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 even 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 té bus 401 for communicating
information and command selections to processing unit 402. Also coupled to processing
unit 402 through bus 401 are one 01; 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 400 to 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



25 menory (P-W 403. ROM 404 conprises Basic | nput Qutput System (BIOS)
416, 11 NW@»H@s063300 PCT/ USO3/ 02169 RANI 403 conprises opefatiang;Qyst em
418, application prograns 420, and program data 424. ProceSsing uni't 402
comuni cates with system nenory 413 via FSB controller 422, and FSB
controller 422 comruni cates with system nmenory 413 via a nenory controller
(not shown). The EFSB controller 422 operates i.n accordance with.the flow

di agram 5 138 B¢ meeeitoqdent 3 pAHESHer Ft“Ha‘F-‘i’rbtl?rtée @?C%Mftﬁ%%%ﬂté?"wg? em 400

i ncl udes nass storage devices 407, input devices 406 and display device
405 coupl edithoutgemrassfiog theienteadmventivenoscepd descihed heredr agwerefers #as 407
represent a persistent data storage device, such as a floppy disk drive,
fixed di siptehibdBal e PresentiBemtibh ot Wlihital to thepadtolapahbedinentdidchesed,i ke) ,
. or streamng tape drive. Mass storage 10 devices store program data

| ncludi ng ARk G ih ik AL A Al AR QI WEMBMAE 83Bpd 2R thUpERESE NG
unit 402 may be any of a hide variety o eneral purpose processors or
nicroproceﬁsors (such as the Pentium(r) famly of processors manufactured
by Intél(r%a“T%rporation), a special purpose processor, or even a
specifically programred | ogic device. [0030] D splay device 405, provides
graphi cal output for conputer system 400. |nput 15 devices 406, such as a
keyboard or nouse, may be coupled to bus 401 for comrunicating information
and conmmand sel ections to processing unit 402. Al so coupled to processing
unit 402 through bus 401 are one or nore network devices 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 system 400 to a
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20 network, and may include Ethernet devices, phone jacks, and satellite
| i nks. 10Qﬁ&an§ , a method and apparatus have been disclosed to control
menory accesses. \Wiile there has been illustrated and destr VBEW A are
presently considered to be exanple enbodi nents of the present invention,
it will be understood by those skilled in the art that various other
nodi fi cati ons may be nade, and equival ents may be substituted, 25 w t hout
departing fromthe true scope of the invention. Additionally, many

nodi fications 12 WO 03/073300 PCT/ US03/ 02169 nmay be made to adapt a

parti cul arywghiisehingd k0 t he teachings of the present invention wthout
departing fromthe central inventive concept described herein. Therefore,
it is intended that the present invention not be limted to the particular
enbodi nents di sclosed, but that the invention include all enbodi nents

falling wiihin A]h%, oPhedebSnaRRARAEomsistgis. 13 WO 031073300 Wat is
claimed is: PCT/US03/02169 1. An apparatus for accessing nenory conprising:

a page open predi t redi ggaggl s, a front side bus
scheduler to svﬁéa%%%r%n rr(aylcg’g(l%(gér'seair:r&oggs r%%‘njg %I 'st node to a second
node, said front_ side bus schedul er .coupled to the ope redictor; and
a front side b&ﬁ%éﬁg’uﬁﬁfzﬁgﬁe’éwlgﬁ’Bﬂn‘frﬁé‘c‘feiﬁgm&gg 58%@‘358’@851 gr, to
contain nenory accesses. )

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

4



2. The apparatus of claim 1l further conprising a processor coupled to the

front sideyglgygrsascess queue, wherein the processor corrpriﬁﬁfmg&(m 0
out -of -order core and a hardware 10 prefetcher. The apparatus of claim 2

further conprising a nenory controller coupled to the front side bus access
gueue. The apparatus of claim1l wherein the page open predictor predicts

menory accesses that are predicted to occuyr frorrha a%% in mem)%g. 15 5.
The appar asagendmods eamprisespzs [Eom sidedus pehieulsy Wesc SHTEWEY 8FC5% ot er i ne

whet her an application being processed is |latency tolerant or |atency

- i nt ol er ant mathezempaoat s ehdeidh.m 1 wherein the first node conprises the
front side bus scheduler to schedule nenory accesses to rninimze nenory
access latency, and the 14 WO 03/ 073300 PCT/ US03/ 02169 second node

v conprises the front side bus scheduler to schedul e nenory accesses to

maxi m ze nmenoryThaigpaanevefdldim §whdiem ibp paniatizsmefnory aiceslateney miodet he
mnimze nenory access | atency node conprises the front side bus schedul er

to first s ' B HRE SERABSROFALRENMN MBmoPRhiddeSes nBwtiatedtvigns. S.
The appar a?gt}{s?ﬁ](r)gfe?g aim él wher ei n lrln':lxi m ze nenory bu?abandwi dt h node

conpri S£s th f.r@nt .Sl de bus schedul er to schedul e menory accesses that are
predi cted PBIHEEREEORat 2 from an open menory page. The apparatus of claim
1 wherein in the front side bus schedul er searches a 10 predet erm ned
nunber of entries in the front side bus access queue to find entries that

are 8. The apparatus of claim 6 wherein maximize memory bus bandwidth mode

comprises the front side bus scheduler io 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 numnber 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



predicted to access data from an open nenory page, prior to scheduling the
first ent i e front side bus access queue. 10. The f claim
5 mhereinﬁ¥ﬂgn?%%ﬁt si de bus schedul er automatically sw tches %%o%yﬁhe
first node to the second node and vice versa. 15 11. The apparatus of claim
10 wherein the front side bus scheduler switches fromthe mnimze nenory
access | atency node to the maxi m ze nenory bus bandw 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 requést ed bynaipd GMIXISEE: or der core, based on any one of tine and | ast
n accesses and a wei ghted conbination of 20 tinme and | ast n accesses. 15
WO 03/ 073300 PGhoIBOBELAREBO Y| actsses genetatad hyonipriwagprefesiPtor i ng nenory
accesses generated by a hardware prefetcher; determ ning whether the nenory

accesses from tdgerhagidpamether lkehahealy aatasssdadn theyhadwaetprefetobe@e uvsat e;
and switching nenory accesses froma first node to a second node if a

per cent ag he h¥%: aggesses generated by the hardware prefetcher arc
used by tﬁo olu?%tg)?-oor er 'core. 13. The nethod of claim 12 N herein the

per cent.age of the nory accesses generate t her
that i § used byg“flwggﬁf[’%/r&?%afa%sﬁesc%?% a’l@ts%rgoqé;%s Jég peg}c%%irr]f?d ﬁ@égﬂg%o uni t
tune. 14. The method of claim 12 wherein theffiﬁst m)d% coggri ges memory
accesses tthe memory accesses generated by the hardware prefeicher are used by the out-of-ordér

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 ina

10 umit 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.

i6. The method of claim 15 wherein accesses from the out-of-order core are scheduled

before accesses from the hardware prefetcher.

i6



m nimze nenory access |atency, and the second node conprises nenory
accesses @ g3Rshgn ze menmory bus bandw dth. 15. The met hog.gf %E,@%{&M
wherein the mnimze nmenory access | atency node 15 conpri ses]’t] e front side
bus schedul er first scheduling nenory accesses that are generated by
earlier instructions. 16. The nethod of claim 15 wherein accesses fromthe
out-of -order core are schedul ed before accesses fromthe hardware
prefetcher. 16 WO 03/0 7 3300 PCT/US03/ 02169 17. The nethod of claim 14
wherein the maxi m zi ng, menory. pbus bandw dth npde conpri ses.t front side
bus scheddfer ddwaRgdRf %%}@ng@@gg%glaﬁwg@m&ﬂgaﬁ?%u& &Hd?”gﬁ’ 5‘8@%55 dat a
froman open nenory page. 18. The nethod of claim 17 further conprising the
front si deoimpsssschefiuhsidetzsrschiduder sshesnbing memery aepepter et aBPregictefde i n

» the front side bus access queue to find entries that are predicted to

access datadcdsk @ifa ddnPRetpdBABNYYQRGE, prior to scheduling the first entry
in the front side bus access queue. 19. The nethod of claim 12 further

conprising switching fromthe mnimze nmenory access |atency node to the
maxi m ze nenory bus bandw dth Diode if fromthe percentage 10 of nenory

accesses tjgat arg. gemed af elikY 7 rehd RbEPAERg M @itahksbusscleduldr sedrtliiag  mor e
than 50 percent of the nenory accesses generated by the hardware prefetcher

in thesun ianre&eit%Elil?erd%u%’ﬂ)%g oP¥nthiBEinAHE 585 QU 048 qubn SRR SiirisiBie M
conpri 8i ng:* "a bus;
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 gencrated 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 controler 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
IMEIMOry accesses. |

17



15 a processor coupled to the bus; a front side bus controller coupled to
the bus, said front side bus controller conprising a page open predictor,
and a frofP Ed¥%us schedul er, said front side bus schedfE¥SBE2LRIt ch
menor access nodes froma first node to a second node, said front side bus
schedul er coupled to the page open predictor; an 20 a front side bus access
queue, coupled to the front side bus scheduler, to contain nenory
accesses. 17 CVO 03/073300 PCT/ US03/02169 21. The conputer system of claim
20 wherein the processor conprises an out-of-order core and a hardware

pref et cher21.2. Thecagmpertsgstemyftctmmdi0 wheatimtROpmhensei coniprisep agy evbpleerder
predi ctor predicts nenory accesses that are likely to occur froma page in

menmory. Thgorg ahPy heidwadSirefchbr.cl ai m 20 wherein the front side bus
schedul er switches nenory access nodes froma first node to a second node.

24. The conputer systemof claim 23 wherein the first node conprises nenory
accesses to mnimze nenory access |atency, and the second node conprises

menor - ac Cﬁle Sesthde fidFis ﬁeﬂ%ﬁlﬂm%ﬁ&ﬂ%@é&e opett Bredifetor BdigRTPUL er

system of claim?24 ereih the mnimzing nenory access |atency node

COMDY 1525 bl Ributt SN BiRFBRGHLETchPa i gl © momor . accesses

5 23,  The computer system of claim 20 wherein the front side bus scheduler switches

memory access modes from a first mode to a second mode.

24,  The computer system of claim 23 wherein the first mode comprises memary
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 ¢laim 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



26. The conputer system of claim 24 wherein neximnzing nenory bus bandwi dth
node conprises the front side bus scheduler to schedul e neno a/ accesses
that are Y Pféited to access data froman open menory g&déis0#2i6the
conput er system of claim24 wherein in the maxi m zi ng bus bandw dt h node
the front side bus schedul er searches a predeterm 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. 18 WO 03/073300 PCT/ USQ3/ 02169 The
conput er syt emIdE cemanier gustenhef epim Ehwhercinthe fogbsiga dus sthsdulreswiddios ches
fromthe mnimze nenory access |atency node to the maxi m ze nenory bus
bandwi dt h frontéheirfinfrhiaemicherp eceeniagey oiodaenthe ynaxdezeseanodydius berdwidth

, generated by the hardware prefetcher in a unit tine, nore than 50 percent

of the NMeMpiYcaLHERIRS a@aﬁag%tﬁdn@uomecesmrtﬂwee aceited 6 8ic Habdw4ie unit
time are used by the out of -order core. 29. The corrputer system of cl al m 26

wherein th réfétgﬁ'ér dﬁh(ﬁ‘ﬁlt%#'?e ﬁfb@@ﬂﬂlﬁb I?éf@eﬁtcmﬁe mke)ﬁ'l%g%\n&g:%ﬁg& %ﬂﬁe&gyﬁg the. aI ly.

access | at rmzé
30. The_co er system of cl aim 22 wher the f t side bus schedul er
swi t ches 1gpa’%?”6“r'ﬁ]?‘>é€¢ ﬁ‘&&’(}rﬁ"ﬁlﬁgnﬁé‘ﬁiﬁ' eBiFéi%é';{hﬁWtd?{FPr "0 the ninimze
menory access |latency node if fromthe per cent age of nenory accesses that

are generated by the hardware prefetcher in a unit tine, |ess than 50

percent of the nenory accesses generated by the hardware prefetch in the
unit time aPe udbs CORPYIRRSYEIRM gg clajmya® w@gqegl thg ront side bus scheduler switc es

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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