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_The present invention is related to the field of electronics. Hng MAY 2006
particular, the present invention is related to a nethod and apparatus for
control | i ng nefbEFHAH ADER APHARATTUS: TOTCONTROL N@M‘Mb@cﬁﬁﬁgﬁ] Dynami ¢
Random Access Menories (DRAMs) have nenory precharge, activate, read, and
Wwite operations. In particular, a nmenory controller that addresses a bank
of nmermory nust first precBACKGROUNTE OB EHDAMKENTION t he addressed page

wi thin the bank nust be activated before the addressed colum in that page
is accessed (read or witten). A "DRAM page open" or a "page hit"

indi cates the nenory being accessed has already been precharged and
activatediﬁaggf&%igfgﬁg be read or witten fromthe page without having to
pr echar ge e nmenory during each nenory access. \Wen a "page
. m ss occura" ii.e., data i§ accessed from.a E%ge in menory, other than from
the page tIRYH] The prsemynveptien gelateddg dhedipld obeegroniose An pardiculep thepressrAM
‘chip fromthe sense anps. Next, the new nenory page has to first be

pr echar gednventiomistrelizd éxa netlodend eppayatas fg sontrollivy incimogy abesses.d  page t o
DRAM and prechargi ng and activating the new DRAM pages takes tine and

sl ows down nmenory accesses resulting in an inefficient use of the nenory
bus (reduced bandw dth) and a |oss in performance of an apparatus (e.g., a

conput er) DesdipkioN bPge PRAM4 AR003] Figure 1 illustrates a front side bus
(ESB) controlTér that” Schedul'es nenory accesses according to a prior art

éiﬁ) odi men EO OOﬁSD%Anﬁ Rl Addeds MG Srids (ﬂﬂ}ﬁws':)%%vg\%e%c{rg {J:r)’gf:?lgrge, activate, |

read, and write operations. In particular, a memory coniroller that addresses a bank of

memory must first precharge the memory bank, then the addressed page within the bank
must be activated before the aﬂdressed column in that page is accessed (read or wﬁﬁen). '
A “DRAM page open” or a “page hit” indicates the memory being accessed has already
been precharged and activated, and data niay- be read or wn'tten‘frorm the page without
~ having to precharge or activate the memory during each memory access. When a “pége
“miss occurs” (i.e., data is accessed from a page in memory other than from the page that is
j - open), the open page must be written back to the DRAM chip from the sense amps. Nex't,. |
- the new memory page has td 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 mémory accesses resulting in an inefficient use of the memory
Eus .(reduced bandwidth) and a loés in performance of an apparatus (e.g., 2 compﬁtgr) :
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




PCT/ US03/ 0268 03/673888Y 2006 contraller 105 includes a FSB sct}e‘fjﬁ ’ﬂ/%"%g t hat

schedul es accesses (reads and wites) froma processor 110 °t0© &Utél a
a FSB access queue 130. The FSB controller is coupled to proce Sor1A¥1 ia
a L2 mss request bus and to nenory controller 115 via a  front side bus.

~The nmenory cont I 115 s pled to M 120 via a nempry bus. 5
Processor 1 1(5’08{6%%3 é“cg'ﬁie% 8% 3&@%@@% lggﬁ@t Eé@d‘é]ﬁﬂ a%efﬁéﬁn&%ﬁlsemﬁgr@téﬁ)c her
(HWP) 140. The out-of-order core 135 uses a pipelining techni que wherein
mul tipl e i nstifaes peesssar 10 VR AN bUvia g FSBeasgessameisnl Hn BiefRER centroflapisove
t he overal |l performance of the processor. The HWP prefetches data needed
by executi on cumpledto protdssordd0vix & D2 dess requiest Huseiid BiRAmory 00RAIHT NES VISR
controller 105 and in particular the FSB schedul er 125 schedul es DRAM 10

‘accesses fromgah@dPHeS eBRAfentdd c6htr@uérf1f15 %.”805.1 Rd DRAMAB8ka Qﬂ{eﬁlo?ﬁguigom

t he HWP) based upon the relative age of the ihstructions that caused t

access (ice. s ting in.ar est for r i

Wi ting dat aPTBRALC ColhrieS e RSN ok 13 8 M et R st
scheduled to M i rogramorder. Ip particular, DRAM accesses, fromthe
out - of - order ]Jé)SRé‘ét"H{]aR}' Berp‘&? 6'0{35[ §peR e E}PGER&&’F%@E%‘% adhereipmutipde mapuctipgs arg
accesses generated by the out-of-order core are schedul ed in program order.
Thus, the FSBY&BAPIIncxecytion iipriny ekort heinfRavd the oversll parfemaanct pf thiepsacessor.
schedul ing the accesses associated with the oldest instruction in the FSB
access queueTh¢BWR prefetateh dataneadpd HRAMARARSSE i the 9atofipder cardifisinZDRAM he
E&ency of DRAM accesses is not always the optinum solution, as successive

M access emopHyTROLSE b¥amleA tLa iﬂ%ﬁe@%%&%ﬁ)%&uleﬁm@%&m@%ﬂw

cl osed DRAM page involve witing the currently on page to
Page ange t e arprt the B8 Ao R kBN ol dRER ARl o e
processor’s u%lgﬁ%ebr%fatljvg %Lé cl)tc tilg nmts’cructions 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 so_luﬁon, as successive DRAM accesses may not always access open DRAM
| 20  pages. Accesses from a closédiDRAM page involve writing the currently open page to
DRAM, and precha_rging aﬁd 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/ 07330 Bg}'/o%:@ﬁ?]/ 02169 4.9 MAY 2006. BRI EF SUMVARY OF THE_DRAW NGS
[ 0005] Exanpl €s 0 e present invention are illustrated i n RG&US03/02169
acconpanyi ng drawi ngs. The acconpanyi ng draw ngs, however, do n&tg-lﬂﬁcﬁ t?ﬂﬂﬁ
t he scope of the present invention. Simlar references in the draw ngs ‘
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 BRIEF SEMBIARY20FTHE BRAWBNGS(FSB) control | er
that schedul es nenory accesses according to one enbodi nment of the

i nvention; [ QRRE] Eﬁaﬁwego %ﬁ'z)}ésﬁﬁtiﬁxﬁbhﬁén RN ﬁﬁfa%d%nme&ﬁﬁ%c}rt@wmgpr y

accesses according to 0 enbodi nent of the i1nvention. Figure 3

idlustrates | ow _di agr am. of. ry accesses.accordi tQ ¢ . I ment
of the | nventronoiRane B tipd BB oh Ry B KeRp Qe Gt e
systemin which the present |nvention operates. 15 DETAI LED DESCRI PTI ON OF
THE | NVENTI oﬁmmfrr%%sepiﬂﬁéyamlgyw AelemeRis-at us to control menmory
accesses. In the followi ng description, nunerous specific details are set
forth in DrdH006pFiguoe i déusirates o fivutgid@us(FIB) serdradienthabschedideginement _
invention.. It will be apparent, however, to one of ordinary skill in the
art that theajesseidcordivetota grivragembedipiengt i ced wit hout -t hese specific
details. In other instances, well-nmown architectures, steps, and

techni ques  hRye7PlguRCLR iRaWRs b GonPM8E Bus(RRBS BSftATlict thaPRBEMIE Wehbsy

present invention. _
) 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 systém in which the present
| invention operates.

15
DETAILED DESCRIPTION OF THE INVENTION

| [0011] Described is a method and -appa;ratus to control memory accesses. In the following
' 'description, numerous specific dataiis 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
I other instances, well-known architectures, steps, and tecimiques have not been shown to

* avoid unnecessarily obscuring the present invention.




3 WO 031U73398 oBlgH54¢503/ 02169 19 MAY 2f16 100121 Parts of the description
are presented.using terninology conmonly enpl oyed by those FS&/YI0442168 t he
art to convey the substance of their work to others skilled in i%emt Aog
Al so, parts of the description will be presented in terns of opéera ng‘
perfornmed through the execution of programmng instructions. As well
under st ood bnglg?’d Jarts pf the dgscriptiom aregresentsd vsing termpmicgyi consnafly emplogké byyhe
formof electrical, magnetic, or optical signals capable of being stored,
transferred, tooabkiliedin thadries barvel sie substhuglof iRt Whikay Bthers’ sRilldd1s HANEE,

el ectrical conponents. [00131 Figure 2A illustrates a front side bus (FSB)

control | er -t bgo, peEShE BeHRIRGY wilRECHS AR fRd %8%%&@33@3@1%& RREn L

the invention. As illustrated in the ‘enbodi ment

controller 2@5 i FSB schedul er 225 that schedul es DRA cesses
froma proc eglgéoéxeglklgﬂ?’ gp%‘“ 22 ’ﬂ.gf%ﬁ"%s- WQ@E‘&@RE&&%&@W%%@m
controll e% iﬁ}coulg)l‘ ed to prgiesso 210 via a L2 m ss request bus and to
menory cont r SiFeePeratipns ofien take &ie forp of gleciesl, wagnatis) eraptivalsignglscepaileaf t o
DRAM 220 via a nmenory bus. Processor 210 conprises an out-of-order core
235 and a habeingslereds eansfarredy cqphipgd, 209 othesvistmaniptlatetl-torodeh, fooinsta@®5 uses -
-~ a pipelining technique wherein multiple instructions are overlapped in _
execut i on i nelestriedl fcompohents. npr ove t he overal | performance of the processor.
The HWP prefetches DRAM accesses that are predicted to be eventually needed

b ti ojeoLs)i Fisuikd2 A 205
O e U AAT s in8 e) LU E BRTARY

one oTbos! Tk R0 R AR B, RS BR30

Al t er nat e di nt have, bot h .t he, DRAM page open predictor and the
FSB sch el ul ‘eo:}jf‘?gurgllaA, ﬁle %% controller ?.Og mcqudes a'FSBDsc%edulgr 225%hat 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.
: Proces_sor 210 comprises an out-of-order core 235 and a haidware prefetcher (HWP) 240,
15 The out—of—orde_r core 235 useé a pipelining technique wherein multiple instructions are
overlapped in execﬁtion in an effort to improve the overall performance of the procéssor.
| \) The HWP prefetches DRAM acocesses that are predicted to be eventually needed by |

" execution units in the out-of-order core. .

' ..[001 4] | The FSB controller 205 comprises a FSB schéduler 225 and a DRAM page open
N 20 predictor 250. In one embodif_nent, 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 .
E eﬁlbodiments nﬁay 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
~ 7 4 ' :




coupled to t%ﬁﬁ%ﬁpcess queue 230. In one enbodi nent, the ESB schedul er o
225 schedul €s acceésses fromthe processor 210 (i.e., from tH/BWEOHEL or der
core and fromthe 25 HWP) to DRAM based upon the application, 108 Tﬁb‘l"tzﬂ@éls

of the application, that is being WD 03/073300 PCT/ US03/ 02169 19 MAY 2006
processed by the processor. For exanple, if the application being processed
is latency tpodessedby thawofSBrs Foedample, 2DGe splicatidrcleing procygssad tsdatsrey f or
maxi m zing the menory bus bandwidth. Alternately, if the application being
 processed i s tbiefaaf)ehe FIB ahemast225tsdkedntB mentif détesies Lot madhedbs &R nieiey Yy
accesses to mnimze nenory access latency. In other 5 words, the FSB

schedul er arn r i ¥ ' d n
the char acterbiﬁgtglﬁ?g%ﬁptp%tg a%ﬁ?@?ﬁ@lﬁ%@ ng pf@‘ggﬁ%ﬁég?%%'océ@g%‘?*%%@m
application b ency.intolerant e.qg., .when a nenpry agcess i.s. .needed
(o recol ve a s A4 S Sp Ty ottt PP e R ke aERTe Rorkt
performed_by the core when a branch is mspredicted is useless untjil the
menory acees¥ores, hsBetchedier ARBLssIBRBYY Grcessss ibthe i feesss iene &3Lbasedm
the correct branch of program execution. In order to determ ne whether an
appli cati on bpox thatchavasteristice phithe 4ppiicatibmbeng processad by processor BE). BB
~scheduler 225 nonitors the nenory accesses generated by the HAP 240 and by
t he out - of - opgifiicaticll BayYBolatent N ErtFSBntlO8S whin 5 mihofpadcesy is igeddddo egdblveas i n
the FSB access queue 230. [0015] Figure 2B illustrates paranmeters.

associ at ed Wyl eI diR6 G ARERaRRAC I ol o iRrk ﬁéf(?r%ﬁ%ﬁqiryffﬁ%o@fwﬂeﬂﬁ

iy
I nvention. As Figure 2B 1llustrates, ea RAM access (entry) inthe FSB

)
actess queu 3Q h a Lated with. it at |east e I i tion:
25 The | net righiuA tneg g eh Ryfshet ity s m 38 est Beolbo @ AbEHe BN ' The
DRAM access (i.e., the elapsed tine since the DRAM access S ner at ed) ;
b) The nﬁmréf%aﬁ%@&}l% Stadhe FOTEECH AR b BRGSO o lR o106 g9 determine
i ndicating the position of the DRAM access in tthe FSB
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 monitbring the entries in the FSB access queue 230. |
[0015] Figure 2B illusirates parameters associated with meméry 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 h;fonhaﬁbn: 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 cdr_e or by the
HWP; e) 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 wheth_er the memory access

25  is for reading or writing memory.




20 queue (ol sses are placed higher in the queue hierarchy than
| at er inSt'I’l}’gt?IB%ﬁg 8 d) A flag, 266, that indicates whether PCRASE¥RAEL \as
created by the out-of-order core or by the HW,; e) A flag, ng y@\?agﬂge

i ndi cates whether the entry created by the HAWP was al so generated/used by
the core; f) A flag, 270, that indicates whether the access is predicted to
access an opdAVioRAnprmepbodimentf the Mbverfion2if2 majbaty Gfticd mamesy adeessbeschededed
menory access 25 is for reading or witing nenory. 5 WD 03/073300

PCT/ US03/ 02164 ttie BSB/che@flefor] RGhEmehivrpbes okesined by Ge WP 240/ eatifined bl a
majority of the nmenory accesses scheduled by the FS% scheduler on to the
menory bus arcBegeiiaiiRg fay 268 % dBnd46ne ﬂﬁi&{rgbm@séo%e FRECABR S RE LR ea
flag 268 is set, and if the najority of theSe generat 3accesses are
utilized by It~ r.der,,.e0 235, .. det.er.m ne hecki n ether flag
266 is set, b k@% %é@%@ﬁ%ﬁ@%ﬁﬂ %?EGW%% Cajgﬁlﬂf'%wglgg‘%’éﬁ%g$ ’F%F&ﬁ’ﬁﬂ?ﬁe For a
~latency tg)l er ant a&g&i cat.ion, in one  enbodinment of the invention, the FSB
schedul er 22%%?&9*1 deserauned;tn be datencydelerant s Rer Hapency;tederantepplieasionigangi zi ng
the menory bus bandw dth. This nmeans that the FSB scheduler prioritizes
DRAM access eSmbedimenrof the isdentioadthed STt ewbsdulet24 hayamidrtier the emriBRANDeESB. | n
.the enbodi mnent of Figure 2B, in the naxi m ze bandw dth node the FSB _
schedul er 10qemhedd fesnamniving the aeBEes buObadooaHaTER Mednl thil ehd KB SoMeGler
gqueue entries 1, 6, 7,-4, 0, 8 9, 11, 2, 12, 5, and 3. Thus, accesses by

the out - of - OprieTtizEODR AN WEceRScs Wat bk RUSGE ; g
open DRAM pg%es. However, in the mni mgztgaﬁ?%%gda%%%ﬁipﬁ%%%ﬁégﬁggﬁ?

25750, o TBR RERSGR SErly RS 4 ARG bR RIAER o e
core arg scheﬁﬁy d 15 by older .instructions fromthe HAP regardl ess of
whet her & DRA dﬂgedénqnéo%ﬁé‘fﬁsse@é‘? afqordangg W‘Etaiﬂ%e Lllawpesnese aniies b ¢ dsAdbs. t o

Fi gure 3 bel ow. _
9,11,2,12, 5, and 3. Thus, accesses by the out-of-order-core have priority over accesses

by the HWP for acc;as'sing_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 s.cheduled
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 afe predicted to access data from an épen
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 thé history of the DRAM pages that are accessed, the
DRAM ﬁage oj)en predictor 250 generates a list of DRAM pages predicted to be open in
| DRAM. For example, if DRAM péges 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 predictf;r predicts that a new access to page 12 will hit, and a new access to page 13

- 25  willmiss. In one embodiment of the invention, the DRAM page open predictor 250




[0017] In order to schedul e DRAM accesses that are predicted tJ"gc@éiszag%ta
from an operWODRBANBHage, the FSB schedul er 225 utilizes the FORANOpOZIEY open
predi ctor 250. In one enbodinent, 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 éé@%t&%iwgﬁ%ﬁgﬁm ed Bre tégﬁtﬁ E;eioﬂen RATMAM ek aveRy €,

if DRAM page wer e accessed | e past, and the nenory
systemal lows for 4 ages t e simyl ta s/ DRAM
page open pr@ﬂﬁn@fyol?usﬁryﬁgi ﬁi‘gﬁ?rr?ﬁ%ogl @W%égggﬂf%a%fg’gﬁﬁﬁd%&ﬁh%?fl and a
new access to(gage 13 25 will mss. In one enb,odilgxgA of the invention

the DRAM pagepdsirthe bsteafiRRAM paggs Bredicteddp by spmom RDRAMesBE (scEr LT85 169
gknerates or updates the |ist of DRAM pages predicted to be open in DRAM at

[ east every memonyhustuyslesy i ene émbodirhwnt, therventioneenmrollehaaprendthalig of gaen
predi ctor nmay generate or wupdate the |list of DRAM pages predicted to be

open i n DRAMDRAM Pagdub (ifs DRAMpae el fedictd v ey th RS BC \ift laasther embmdement, the
enbodi ment, the nendry controller nmay send the |ist of open 5 DRAM pages to

the DRAM pa%FﬁggkoﬂﬁGHQﬁ%%ﬁ 1BV bodsie cEr%%nd'tﬁb&@faPé 81is gh MRAM palies,
er is e proc

menory contro on 't essor core and therefore the |ist of open .
DRAM pages, _neegded by the nenmory control.d.er., E@I}f Lij ze LB THRAM
page open pr%‘?‘]‘g‘é‘f@ét.he em%&?ﬁtg?l}le&ncﬁg%feﬁhhﬁd Efsﬁﬁeé Inennr%’h%éoﬁ%? é‘% BIEr-edi cts
whi ch DRAM pages may be specul atively openegd bam evi ous access
patterns. Foinothenppbediment %‘ﬁﬁmg)f)’l@né%uﬁf PEAIRES W lﬁlg.é%naggp F¥i%hm (e. g.,

a turve fit algorithm that uses the addresses of previously opened DRAM

pages to pr egeatlativeluopenbRbied ag psevidratecoray pastsrisp divs gxample, theismBshge open

predi ctor can be nmade aware of this algorithm (e.g., by progranm ng the

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 i)redictor at the time of manﬁfacture), and infer from the accesses being
sent to the memory controller 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, gener ated

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 ocne

B 90  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 infonnation (i.e., if a DRAM access is predicted fo access an open page)
the FSB scheduler sets flag 270 (i.e., the prédicted DRAM page open flag) for entries in the

FSB access queue.




DRAM. page 0%80%%9‘% ctor at the tinme of manufacture), and inf & 2 1B R
accesses being sent to the menory controller which pages t {0y169
controller will speculatively open. 15 This elimnates the need for the

menory controller to send the Iist of DRAM pages that are accesses that

‘W Il access open DRAM pages and the accesses that wll access cl osed DRAM
pages. Usi ng[@hoF At 31 @ riheF$® acheduler detedfmiac RN HdPesnetates pnncmtlof:ﬂhe PRAM

access an open page) the FSB schedul er sets flag 270 (i.e., the predicted

DRAM page op@étetdeaaiilifcdbyafit bhest-drfleridofs, hYRe 3EHB&IAAY6LRe iVeRilbs detnininine
open to the DRAM page opén predictor. In one enbodi ment of the invention,

the FSB sch eq}ﬁlaﬁér %ﬂéflﬁt% m%gt 7 m%c&rs?ég ﬁﬁiﬁ%ﬁ/}gﬂip Bul2b€brder core

generated byt predictor, to se or each nenory
access. [0018 e 3.1 S fl am of nnr cce S
according to? wﬂ%{lergiagf %@6 Wﬂ?@’?ﬁd “’Fﬁ%mwg?‘ﬂéd% e’c}’ﬁgﬁﬁ

predi ct or may pred| ct the DRAM 7 the DRAM access, the flag 266 is set
(e.g., bySthangthepenibedineat phihetnvention deiempinges whetherdhe HWégmmt&%@eg@f the
Subsequently, if the out-of-order core also generates the sane DRAM 1 P MAY
2Qp6 PCT/ USOBRAM GEcdsEd 1ifi]izeAl byBihe put-tiordSRce heplidseletedninngwheherithe t he HWP
generates nost of the DRAM accesses utilized by the out-of-order core. In

one enbodi ”Eﬁ'ércéﬂftagtehﬁab&&&@&h@ﬂavéﬁﬂ?ﬂﬂ%ﬁﬁ&nﬂ@@%éﬁ%@&@ svhettresholdeghMP
|

generates nost of the DRAM accesses utilized by the out-of-order core

i npl i es det @EQR% I ﬂdiﬁ’]ﬁtqﬁ‘ ol el i me

i nterval . ﬁ‘g b‘i‘éfér@ t%ﬁf ne%étﬁno‘fgﬁ? mverﬁ?élgnr‘{élﬁ; ef@??ﬁ? \Mt%let her the
‘ generat es m) t of th access lize e out.- of or. core
Il o5 det SIFREAIAE lwe%mwtheptms gy %&E%E%‘?c HEg lef ok Ige&ifﬁ

flags 266 and 268 set exceeds sone threshald e.g.
10 embodiments, the programmable percentage is programmed by a user or automatically by

the.prograrn being executed. In one embodiment of the invention, when the HWP gel;erates
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), indidating 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 sammted. This assumption is based upon
20  the fact that the HWP requests entering the FSB queue are stalled in the FSB queue long
enough sﬁch 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
_ _ g _




pr ogr ammabl e 8ercent age. In one enbodi nent of the invention, the ]

pr ogr ammabl 80 UMt age i s programmed at the tine of nanuf ZETHSE3P6 he
FSB controller. In alternate 10 enbodi nents, the progranmabl e percent i's
programmed by a user or automatically by the program being exd&c@ithbay %&5
one enbodi nent of the invention, when the HWP generates 15 nost DRAM
accesses: 1) pdfhgiddWRsbin@@agrabdd) Dihbevises e RSBkchRitrasarsadhat thnapphipatidne
‘HWP is not generating unused DRAM accesses. Based at | east upon conditions

1) and 2) apgy giécéasg%yis Rt lh{éﬁg trofe?%r% Q@%@&MGM? YnilinSizd Bitchdy #odé.Cth onkhi S

assunption is upon acces I's- set (e.g., by the out-of-order

core), indicati t he .qut.- of -.ord e ;utili.zed, the_ y
Che. e, | Thi@ibodnaf fsr iR dp e 355 hiisi Fobt Ridiire b SRR Sy
FSB queue, the following may be inferred if both flags are set tI}?or 20 the
fact that tHbeEyP sehagules resordarsdhe eriesia thedibR, acges aiele & MAFEYZS e MfaEyp
queue |l ong enough such that the out-of-order core then generates the sane

DRAM access.bus a@bidfid t he conditions descri bed above are net, the _
application nmay be described as |atency tolerant and the bandw dth of the

nmenory bus ney21en aestiiiedize PathifoyGact, 532008 FSBchedulie sEinidubss FéBLIcessses
~determ nes that the application being processed is |latency tolerant 25 and -

that the bangw Q%ﬂé?é i 908 by dlkeinstiRionSh He baret6rder
sw t ches to@gm/@%‘?%“f?g’% /%g%g%gf%%g 19 WAY 2009 maxi m ze bus
bandw dt h node. O herw the chedul er as heaRRhd. CRishon
bei ng pr oceSSEFT §C?‘ﬁ8‘t‘ e$§{ EhHE IF@E‘X’?%%?T eéﬁ%fssse\%.g? @%gtg’d :Dgﬁtﬁ{al”m ni %Mz e‘%b’
!\g} ency node. In one enbodinment of the invention, if 't Pef_gég schg%l er is
" the maxi oSt sehedancsetesIBAM agesser BCRLHLIN fhe ot aF BiIgE e PREre
entries in the FSB access queue to naximze the nenory ' .
10 DRAM accesses generated by the HWP. In the minimize latenicy 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 queune
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 mahy
. entries will be searched when searching for an entry that accesses an open DRAM page.
-.'26 Starting with the list of entries, sorted (e.g., when the entries are entered into the FSB
queue) by the age of the instrﬁctidn 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 l

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




5 bus bandwi‘ﬂég. ;0021] In the mnimze |atency node, at 320, the FSB
schedul er sch8d¥PBEPrSB accesses such that the menory accePSTUIHBII6Kr e
generated by earlier instructions in the out-of-order core are sched%ﬁ
to access DRAM before accesses generated by later instructions3 9\”‘%\’,‘ e
FSB schedul er schedul es DRAM accesses generated by the out-of-order core
before 10 DRA0J23 ThRsSRendIpdiamaies thdMuh By Colunt™! deterfiindsonembayt @indes arede
when scheduling entries that are earliest intine (i.e., accesses

associ ated wi ' gn&[ﬁ,c&nj ‘] g}%g U8 theifdBisk

schedul er doggéw\%lpgg%%?%rﬁj\%ﬁet er tgﬁ%ﬂ?‘ti’n%ég&?rﬁh{ﬁg% ac%gégﬁaﬁgﬁgneg?%
accessed fromthe. sane.. age or, fr | ffere DRAM.pages. ] en
o ot i 2o DR SUHEHGRE to PrgsySHlor iAo e T et B gy R Epot
queue for an_entry associated with the ol dest instruction (instr chi Qns
from the out figt erfyt the disk & “Ramass Sonstertiy lweqt%tﬂfﬁaﬁréfr@hﬂ’rwﬂ? 2 1HWp)

that is predicted to access an open DRAM page. In one enbodi ment of the
i nventiond t blmsen, e Byppss Goveter? & rassd do WhHithe yadud off the BypasaiGousten isgicatathe

~first parameter, the "search w ndow size", describes how many entries wll

be searched wagbr a?an@hh@m‘aﬁ Bypdss €THuny’, the drst 2669 98 &ife I infRReRAM thaggh it 20
Starting with the list of entries, sorted (e.g., when the entries are

entered int Oiszjgtﬁi(feﬁ?to AHURY El:lo?é’d b?%dﬁ?ﬁ%é)( rebdifind g;gfj%%si GO 369). AhReW t h

the entry (ol der instruction firs FSB st er searches’ the

(o acoess aniysaiteatPisinhoB. ol pmit putl Bl itie At yiaoR B0 b7

_ ar} predi cted. to access an _open DRAM page, then the first entry on the
ﬁ?ﬁﬁ%@

list is schethpegammete o frisneoterm S8 sqeduiohos [ 0023] The

second paraneter, the "Max Bypass Count", determ nes how many entries are
al | oned 100 HPP%H dn theentimdéze tendwidtomodheat B3G ta, debrrmanation fromade whetbertthy on
the list is chosen even _

' 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

: théﬁ 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 m the search window is not predicted o access an open
20 - DRAM page, at 340, a detenﬁination 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 \;\/indow is predicted to access an opén DRAM page at 350 the first
entry in the FSB access queue is scheduled. However, if ét 340 at least one of the entries in

the search window is prédi_cted to access an open 'DRAM page, at 345, the FSB scheduler

10




though it is_predicted to access a closed DRAM page. If an entry is
schedul ed thY 05@731:]@)(} the first entry on the list, a " Bypaé’éjTéﬁiﬂ?{??éPg is.
incremented. If the first entry on the list is chosen, the "Bypass 3
Counter” is reset to 0. If the value of the Bypass Counter is gr%&t&m mgn
or equal to the "Max Bypass Count”, the first entry on the list is chosen
event though stliedulesoldest@hiry éulthe scaciceislow thitospediDRAND pegses {0 epanddRANGPaZte
‘Bypass Counter to 0). In one enbodinment of the invention, the nmaxi num

bypass count gn@idrdilt8isSBabGhhsiedigedw Si ze may be programmed e.g., at the
time of manufacture of the FSB scheduler. 10 [0024] In the maxim ze

bandu 0t 1 0facty % b L AFRAL) itk 3 RISBRRLNRG: LSmBRAS count et

is greater t pass coun ypass counter is greater than the

bypass count then at 350, .the first, entry .Jn the.FSB4 S .

DR Scoose aHaPStER gt arbive b, pawiah ooy 1E e TRp SHESIE GRS el the
val ue of the bypass counter is not greater_ than the nmaxi nrum bypa ount ,
at 335, aSdepereitrgedf@ncassesibaiarawraedided amide FSBaccess aRgus e &Sﬂ%ﬁ%‘f @é&ﬁﬁc h
wi ndow (the search window is defined as the entries in the FSB access queue
equal to theHKReasdreqiestialbisihz ehit-oBordernircire telow the SessholdpapeinoRhsFkge.
If the first entry in the search window is predicted to access an open

DRAM page at gch3@fler undtRBlly SEh@eshe mdielbe sublegsliig DRAIM aécesses fionf the a DRAM
access and the bypass counter is reset. [0025] However, if the first entry

n the sear ciyu.ndout.isnRQlaPhAAL i B rhfinfiAAERACAROARSSo 16, iPRASERge,  at

340, a determnation r any e‘entries in the search

wi hpdow in the FSB acce i's pr.edicted to,acces n | f
o e o aar e B S R BGhEab g MG T o R R e
DRAM page at 350 the first entry in the FSB aCCESf ueve_ji.5 schedul ed.
However , 1 f éatersuies shat theparcentage Of agqesscs Hiaf prgschedu qdﬂ?? tﬁgﬁ#@wcwﬁ ehoniadla S
predi cted to access an open DRAM page, at 345, the FSB scheduler 10 WO
03/ 073300 PGRe4ISDBY h2 W P1:aidvgredod By the out-of-order core are equal to or above the

threshold percentage the FSB scheduler automaticaljly 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- uporn the application or portion thereof being processed.

10027} 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 éomprises 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 '




schedul es ol dest entry in the search window that is predicted to access an
open DRAM pa¥e 0387380 ncrement s the bypass counter. [0026] | RCEABIERI6YI nent
of the invention, if the FSB schedul er schedul es DRAM accessé@g}rﬁﬂ@%%ﬁ
-maxi m ze bus bandwi dth npde, and if the FSB schedul er determ nes that the
5 percentage of accesses that are scheduled on the FSB access queue are

gener at ed bywa,o%@ﬁ;@s e Seteltya 18h Soplidhtic progaers 420y andapregrmldate t he
e

t hreshol d percent age, B schedul er automatically changes the node of

i ze | at By e upt AP pTEEE MR Qi AR LB SR

in‘the mnimze |atency node, and .if the FSB schedul . . ' hat
t he per cent agid BB gt Wma?léat%wg’a B SE&“ BWHE%EL%E% %ﬁ%@@%gﬁ@%r e

created by the HWP and requested by the out-of -order c,or}e[lI g.[ﬂe gual to or
above the tfmoeshveind Phe ESBicagfeoltend27 speratehBascadangs Withibe “fgl €f%hges the

node of scheduling DRAM accesses fromthe mnimze |atency node to the

maxi m ze pusdhenshdivitiirespeteto Fighies. t he change of nodes fromone to the
other is done dynamically (i.e., on-the-fly) based 15 upon the application

or portion t@gg&%@&gﬁ{eﬁp&mﬁﬁg}udéﬁgﬁ]mﬂms 407 b devibesri06and

‘Figure 3 acc ternate enbodi nents nay access ot her types of
menory e.g., ,.Sy.nchrono ﬁgﬁ@qij ARk toﬁ@@qe{,ibeﬁm’]
illustrates ‘?‘ﬁéa%m@o rchPlgP?%émgéggggirﬁg?gﬁ BTG Aot her —embodi nent s,
a ..processor or even a, nemyry contrpl]er | RCOr PO t {1 b Sty
of the FSB 2Kpreswit & gpistsicny daia sIoREs 4aVih: %”gﬁése%ﬁo @P(%F%@g‘ée’%% © H%gggﬁgleégﬁ’re

4;%I | ustrates one enbodi ment of a conputer system:jn vvhiq%h tz\&sgr esent
i‘ndenti on opmagitetis, optinalgmagnesd-opticed, ar dhpliked or slreaimeAens qriviey M35 S10FPESy

Figure 4 includes a processing unit 402 (e.g., a mcroprocessor) coupl ed
t hrough 1@ bugeviRdstbfe oyt &m imenxding appliGtiospsegramsrddband ePERAEAYtFEELoa
read only nmenory (ROM 404 and a random access 25 nenory (RAM 403. ROM 404
conpri ses BagiEeskifPithit 903 Risl beXal 0k GBi& mrichl6E gensrl] purpose processors o
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 t6 bus 401 for communicating
_information and command selections to processing unit 402. Also coupled to prbcessing
\.) : unit 402 through bus 401 are one or- 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. i\Ietwork devices 408 also connect computer system 400 to 2
20  network, and may include Ethernet devices, phone jacks, and satellite links.
[0031] Thus, a method and appa'rﬁtus 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




418, application prograns 420, and program data 424. Proce 402
communi cates with system nenory 413 via FSB control |l er 422,

controller 422 comruni cates with system nmenory 413 via a nenory controller
(not shown). The FSB controller, 422 operates in accordance with the flow
di agram 5 de&wyibsaredgite pdapba padieulppsippien  the tepgungs of Eanpygsedt TWGRE%m 400
includes mass storage devices 407, input devices 406 and. display device
405 coupl ed withputalcpating fronrihe ce0il invantivescon@pt dddasbedhareingdhawfire,dbis407
represent a persistent data storage device, such as a floppy disk drive,

fixed di sk diitMRief thafthe préFeatigvdntion apt beligthited B IR RO @itlodiments Bieclbsdde) |
or streanming tape drive. Mass storage 10 devices store program data

| ncl udi ng a8ty B AR A e ABRS RO RIS BP0 f 1BaAGSRRE N0
unit 402 may be any of Ta Wi de vari ety of gener pur pose processors or
nicroprogfssqrs (such as the Pentium(r) famly of processors manufactured
by Intel (1) © %oration), a special purpose processor, or even a
specifically programred | ogic device. [0030] D splay device 405, provides
graphi cal output for conputer system 400. Input 15 devices 406, such as a
keyboard or nobuse, nmay be coupled to bus 401 for comruni-cating 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
coprputers, etc.) connected to conputer system 400. Network devices 408
al.so connect conputer system 400 to a 20 network, and rmay include Ethernet
devi ces, phone jacks, and satellite |inks. [0031] Thus, a nethod and
apparatus have been di sclosed to control nenory accesses.

il WO 03/ 07380Q3/8%56d/S03/ 02169 19 t AY 2 RAM 403 conpri ses QHQ{1 bg :%gsten1
B
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Wil é there has been illustrated and described what are presently
considered to be exanple enbodi nents of the present inventi OJS W\ﬂz
understood by those skilled in the art that various other 3 ons
may be made, and equival ents may be substituted, 25 w thout departing from
the true scope of the invention. Additionally, many nodifications 12 WO
03/ 073300 PCT/US03/0216 19 MAY 2006 may be nmade to adapt a particular

si t uat i onwHat it Bieinfe@achi ngs of the present invention wthout departing from
the central inventive concept described herein. Therefore, it is intended
that the present invention not be [imted to the particul ar enbodi nents

di scl osed but that the invention include all enbodinents falling within
the scope 'of tﬁ@‘eﬁ‘ﬁﬂéﬂﬂé‘a‘"% clains. 13 1 9 MAY 2006 What is clained is: 1.

A et hod corrpr;élﬁaggn it ng Cé{g% #T%?B{eg bag%?r \%aelrgg%%tc%r ated by a hardware

pr ef et cher et erm esses’'fromthe hardware

prefetgher ar eqdigRthingwhaifer tRitherfdry c&es F&F e haRAWarS Yeididhe e DRIIBY Yn aCCESSES
froma first node to a second node if a percentage of the nenory accesses

gener at edoliypf-bider camr ahwar e prefetcher are used by the out-of-order core,
wherein the first node conprises nenory accesses to mnimnmze nmenory access
| at ency, and t%tc'lt'ﬂ @%%@Cﬁﬁ@éfr%ﬁﬁﬁsi rgede t?réﬁ‘t‘ﬂo?d Aededszrescenganedita ze

menory bursn rtﬂand th. t hc{)d of cl erein er cent age of
t I .
t he r yeac 3%05635585 %nr%ar % g &heb )?r ga prefetcher are use y the out oth ordee core,

wherein the first mode comprises memory accesses to minimize memory access latency, and the

10 second mode comprises memory accesses to maximize memory bus bandwidth.

2. The method of claim 1 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 unit time.

15 3. The method of claim 1 wherein the minimize memory access latency mode comprises
front side bus scheduler first scheduling memory accesses that are generated by earlier

instructions.

4, The method of claim 3 wherein accesses from the out-of-order core are scheduled before

20  accesses from the hardware prefetcher.

5. The method of claim 1 wherein the maximizing memory bus bandwidth mode comprises
front side bus scheduler scheduling memory accesses that are predicted to access data from an
open memory page.

25
6. The method of claim & further comprising the front side bus scheduler searching 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

14




hardware prefetcher that is used by the out-of-order core is at |east 50
percent in a unit tine. 15 3. The nethod of claim ! wherein {§eMAYN206ze
menory access |atency node conprises front side bus scheduler first
schedul i ng nmenory accesses that are generated by earlier instructions. 4.
The nethod of claim3 wherein accesses fromthe out-of-order core are
schedul ed before 20 accesses fromthe hardware prefetcher. 5. The nethod of
clai m 1 Ware 6ibckdre gi@usi M zi ng nenory bus bandwi dth node conprises front
si de bus schedul er scheduling nmenory accesses that are predicted to access
data froman open nenory page. 25 6. The nmethod of claim5 further
conprising the_front side bus schedul er searching a predeterm ned nunber
of entried in {PRMFRUHA claimdfulipscompiges queue to find entries that are
predicted to a s data from an open nenpry page rior. to scheduling the
st Comtry i notiean fh fe bRt Rals JoBR el ARHE o a8l e mBEOT Y The

met hods Of p&HdMdtR rodeWintdAEthart €U PRk defi d Bhe n%wowb&%sggegah@@sy L RihAE Menory

access latency node to the maxi m ze nenory bus bandw dt h node if nore

t han 50 pertgher iobnittive aneuved iy the castagergener at ed by t he hardware
prefetcher in unit tinme are used by the out-of-order; nonitoring nenory
accesses gener APBETGYNINREFCAGHEPEISIPElcE by Ab#rdwaie pefeldhel ng whet her the nenory

accesses fromthe hard e prefetcher are use an t-of -order core:
0 ow © o ARG AR B AL Skl Fort BE it P it iromsae 1 i
per cent agg 1 QforkidloreEA0r Y accesses generated by the hardware prefetcher are

used by the out-of-order core.
10 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.

8. 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 from
a minimize memory access latency mode to a maximize memory bus bandwidth mode, said front
side bus scheduler coupled to the page open predictor, wherein
.20 the page open predictor predicts memory accesses that are likely to occur from a page in
- memory; and
the front side bus scheduler switches from the minimize memory access fatency mode to
the maximize memory bus bandwidth mode if more than 50 percent of the memory accesses
‘generated by a hardware prefetcher in a unit time are used by an out-of-order core; and
25 a front side bus access queue, coupled to the front side bus scheduler, to contain

memaory accesses.

9. - ' The computer system of claim 8 wherein the processor comprises an out-of-order core

15




8. A'conputer systemconprising: a bus; 15 a processor coupled to the bus;
a front side bus controller coupled to the bus, said front Sig?%?@ﬁ 2008
controller conprising a page-open predictor, and a front side-bu
schedul er, said front side bus scheduler to switch from a mnimze nenory
access latency node to a maxi m ze nenory bus bandw dth node, said front

si de bus schedul er coupled to the page open predictor, wherein 20 the page

open prediafd ®harvRé pefcicherenory accesses that are likely to occur froma
page in nenory; and the front side bus scheduler switches fromthe

m nimze nenory access |latency node to the maxim ze nenory bus bandw dth
mode if nmore than 50 percent of the nmenory accesses. generated by a

har dwar e pP-ef eff ¢hemPPiRr systgmiof claii Beavhgrein i BRINIRINAPENeNt 2CEPSSEReNsy M8t e; and 25

a front si S ces ueue,, cqupl ed tp the front side bus, scheduler, to
Contain  FETRR e RaE S AR Rk bl Bt PP BT REPE n ¢ he
processor ie@AMsisses an out-of -order core 15 1 9 MAY 2006 and a hardware
prefetcher. 10. The conputer system of claim8 wherein the mnim zing
menory access |atency node conprises the front side bus scheduler to first
schedul e menory accesses generated by earlier 5 instructions. it. The
comput er $st eﬁhemomevtan SYFEM whiaina B rwhamgiol MEXiF izitg memaoy Susthardvidimaiadedt h node

conprisescth%sfq@ng§%§qDgu§8§ﬁh dulerlto schedul e #anrg 9%qf§ses that are
predi ct ed® T ENETL R US FFEMIE 1 BPEMIHBFRIY 245aT58S e Predicted to
access data from an open memory page.
10
12. The computer system of claim 11 wherein the front side bus scheduler switches from the
minimize memory access latency mode to the maximize memory bus bandwidth mode

dynamically.

15  13. The computer system of claim 8 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 {o find entries that are predicted to access data from an open memory page, prior to

scheduling a first enfry in the front side bus access queue.

20 14. A computer system comprising:
| a bus;
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
25  memory access modes from a minimize memory access latency mode to a maximize memory
bus bandwidth mode, wherein the front side bus scheduler switches from the maximize memory
bus bandwidth mode to the manimize memory bus access latency mode if less than 50 percent of

“the memory accesses generated by a hardware prefetcher in a unit time are used by an out-of-

16




12. The conputer system of claim1l wherein the front side bus schedul er
switches fromthe minimze nenory access |atency node to the mekg@mMag 2008
menory bus bandwi dth node dynam cally. 15 13. The conputer system of claim
8 wherein in the maxi m zi ng bus bandw dth 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 MenDlkiePREE thefiohiQlde bls schEdURA BlpRY ththd bdg8 bp&THrEdictdr Mwitehéh thé pafe Si de bus
access queue. 20 14. A conputer systemconprising: a bus; a processor
coupl ed t opdnyeedits preglicts m@nibrysiccssdsibat a@rike!pioloedur &mmplpegb i memh@ dmds, said
front side bus controller conprising a page open predictor and a front

si de bus schedélf’é’?ts'dSB‘fScPGF?SéﬁFeL@l weplerlie thedoeihifedrs sdheduirite Rod®N nenor y
access nodes froma mnimze nmenory access |atency node to a maxi m ze
nenor y busmﬁgﬁﬁ“mﬁih node, wherein the front side bus schedul er switches
fromthe maxim ze nmenory bus bandw dth node to the mani m ze nenory bus
access latency node if |ess than 50 percent of the nenory accesses
generated by a hardware prefetcher in a unit tine are used by an out-of 16
1 9 MAY 2006 order core, the front side bus schedul er coupled to the page
open predictor, wherein the page - open predictor predicts nenory accesses
that are likely to occur froma page in nenory; and a front side bus access
gueue, coupled to the front side bus scheduler, to contain nenory
accesses.
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