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MEMORY HUB AND METHOD FOR MEMORY SEQUENCI NG

CROSS- REFERENCE TO RELATED APPLI CATI ONS The present
wappisiiaa2ron cl ains the benefit of the filing 8arased0s/015694

U S. Patent Application No. 10/846, 988, MEMORY HUB AND

METHOD FOR MEMORY SEQUENCI NG filed May 14, 2004,

which is incorporated herein by reference. TECHN CAL

FIELD This invention relates to conmputer systens, and,

nore particularly, to a conmputer system having a

o7 oce s MORY AL ANIFURI I QAT YOS SRR INERIS o

THE | NVENTI ON Conput er systens use nenory devi ces,
such as dynam ¢ random access nenory ("DRAM') devi ces,
to store data that are accessed by a processor. These
(ROSH-REFEREMNSE A0RBOATRID APPEEIABONS/ St em nenory in a

conmputer system |In a typical conputer_system_the
processor 6@%?%&?@%0%1@ itldime 10y heppiihehdhs liRegingh of U.S.

petehf RfifiRal0n R 13/%%6 @8?31\%%%}%?;”[%@? 'ljialgisb- MERSIdH )‘%Qﬂf'ﬁﬂiMORY

S
nenory reques a nenor

SEQUENCING UEIBd dsayal 4, 260k, GAERIR dncoatidated hagi B feference.
designating the location fromwhich data or

instructions are to be read. The nenory controller
uses the command and address to generate appropriate
TEOHNIAIsFAA) s as wel | as row and col unm addr esses,

whi ch are plied.to {he systemnenory. In response [Q
the. conmamiis HHERtMRe S8 COMPULET YRR ok 5B gariculatly, to a

c%ﬁ%@i@gé&%?@%ﬁ%? ﬂ}ééﬁ?cg? ?&{b @&gﬂﬁl@gg&’ég&lﬁﬁg@g{}; deV s to a processor

en part Sy
of othtrr mbmery acokdselavebso i ncl udes bus bridge circuitry
for coupling the processor bus to an expansion bus,
such as a PCl bus. Although the operating speed of

gﬁw? (- usly increased, this
B%%%Q I @%@Wﬁ%@@ ‘has not kept pace with

i ncr eases Johpulte sﬁﬁ%@hb@ﬂleﬁi@?}e@e\@éespiﬁﬁ%Sigﬁ&nicﬁ’éﬁdbm access

sl ower has béen the increase in operating speed
eyt HRAMDr ddviees stac otapd iatg thatowe sswoessed dynee praogssor.  These

devi ces.. The rel ati velsy sl ow si%eed .
memory devices are normally used as systelm memory in a computer system. In a
typical computer system, the processor communicates with the system memory through
a processor bus and a memory controller. The processor issues a memory request,
which includes a memory command, such as a read command, and an address
designating the location from which data or instructions are to be read. The memory
controller uses the command and address to generate appropriate command signals as
well as row and column addresses, which are applied to the system memory. In
response to the commands and addresses, data are transferred between the system
memory and the processor. The memory controller is often part of a system controller,
which also includes bus bridge circuitry for coupling the processor bus to an expansion
bus, such as a PCI bus.

Although the operating speed of memory devices has continuously

increased, this increase in operating speed has not kept pace with increases in the

operating speed of processors. Even slower has been the increase in operating speed of
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of menory controllers and nenory devices limts the
data bandw dt h between the processor and the nenory
wdevisgies427l n addition to the limted bandw dt hrogUsems/015694

processors and nmenory devices, the performance of

conmputer systens is also limted by | atency probl ens

that increase the tine requi?ed to read data from

system nenory devices. Mre specifically, when a

menory device read command i s coupled to a system

LGeoush : 4 )
R o e o oS AR o e A R iy speed
ofofleyhory tcohtralldelaay MEmeVasvadescliraitk the duadsandwidth between the

Ther ef or e, aIthough,SDRAM devi ces can synchronously
pregesseit and the megwradeytices: hi gh data rate, the delay in

initiall i.di ng .t he dat .signifi
e boer SEFRAHLHL DA BBl a0 A Ol memry
dVRRAMIE e BRTancOVE cBRPLRAGTEMs & 18V lidlited HylIHenEEpMdbIMms that

_latency problemis to use nultiple nenmory devices _
incwagd thd tinge teheirqsitocemsisdata fromoysfiemamemonr devings., Myire gpecifically,

A R AR M S R R R U R
sﬁemb@nmLtd@_ﬁr NS YeeNwiR: £ RIap0arke QuisiMetdth the SDRAM

nmenory devi ces. e mory hub efficiently Troutes
devécenonty aftepedd sy aivdverelsporkspsiodet Themford althouglr IDRAM devices
and the nenory devi ces. uter systens_enpl oyi

Co N .
canpsyachipaevshe ettgpiebwariamatlea Bigh; dtretals dpgidelay bualyguoviding

0CesSsor. SS .0 t
e R R R
SPRIAM¥BBEL, the processor can output wite data to

one of the nmenory devices in the systemwhile another
nenory de(@ine eapproach etosgligvigtinigs ther memorn daterryp peplete is to use

read data to the prqgcessor. Although conmputer st
iy TR Je NGB OMIEt B B et P ui R By i o Fimemory
hiE¥hBRURE  NEAREScRALLRE: dr3hémbS PBREEBErSs 8dupld folBeRral memory
speed for several reasons. For exanple, even though
modutes, yeabhi s’ vatdch protnded@ memprt bub sygiledrto évtehal amemory devices.

reater nory. . bandw dth, they still suffer from
Tile,TarEgp Pl SRBOHY 1S JPE RS HIUELH oUEPONE detween the

co\?'mﬁt%ﬁl'e{) %gﬂ#%ﬁ%?@&%vgg&t BEmBLRF S53hs BRY10SRETHR £Hifcture can
have a higher bandwidth because a processor can access one memory device while
another memory device is responding to a prior memory access. For example, the
processor can output write data to one of the memory devices in the system while
another memory device in the system is preparing to provide read data to the processor.
Although computer systems using memory hubs may provide superior
performance, they nevertheless often fail to operate at optimum speed for several
reasons. For example, even though memory hubs can provide computer systems with a
greater memory bandwidth, they still suffer from latency problems of the type described
above. More specifically, although the processor may communicate with one memory
device while another memory device is preparing to transfer data, it is sometimes

necessary to receive data from one memory device before the data from another memory

device can be used. In the event data must be received from one memory device before
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devi ce while another nenory device is preparing to
transfer data, it is sonetines necessary to receive
wdav@/1fisaam one nenory device before the data fPOWMUS2005/015694
anot her nenory device can be used, hi the event data
nmust be received fromone nepory device beforedata
recei ved from anot her nenory’ device can be used, the
| at ency problem continues to slow the operating speed
of such conputer systens. One techni que that has been

daga? gegeitvg(}] E‘rg)gf %?Ot]:‘&téﬁaﬁ%{rggd&‘@g 0h Ye F8Y, GBS 1didhcl roblem continues

étc ta from system nenory
toRRIOME dpbRtifakFeedlof stidioagiued shgteras.pr ogr am bei ng
executed. Cenerally the data that are to be.prefetcglggicesiS

are sel ecOeelteshrigee that basheen 8554 9re@rea e §) REPEH
dat T. tt b Il
toefeisb BB PR T gt PR B Rt BEMENGE rucstcd by 2

pxggraﬁﬁﬁéiﬁ% exdchem HhseayeRt dasddiessas bepréforhsaueanieeted based
before the data are needed by the program bei ng

orex patidre of plevéousht fetwhad dellai dheipsttriianpy he ansmply pgesequence of
may,

, b I h
NE T C N W T T R
afi&RLE ﬂ@@gl{ﬂ rﬁ@g%gf&rgmb ddth e Sdelibd v§Uuhé BfoghirdBeing executed.

roughput pro or exanple, before data can be
Thepdltetr, ovhich dmbivauks ar‘stride” efayrefroruyse; be ore edrapledi gi t
lines in the array are typical%§ grecha&gedngﬁl " itha
equi | i br aFwmeprs sven dhepgh MoKy Kuls PPy jdy pomper systems w
rticular.r j i L6188 MPoY le,
<88 B KoM S0 REEIRY R MR ot o) xampl
bEBIUIAS caf\bE @61 G binVE patiosiar aswploif fhemory awetls,etiatodigitdaes in the
the digit lines in each colum then responds to ag el
arcdyaarg ypicallygirechgesed byreauibbrading ghe Geithimeyay the 8iray-e fhg particular
respective menory cell. Once the r - ;
LT TSR P B G B SR pectiv
cOUMBOUR fe@?ecttit%@ s dm 1L SorileBbétdban Radlgipainbs in each column
ening a row, also referred to as a page, therefaore .
tieansspoeds do fa change amowttegotorrdspending tp|the dataastpiefiip rggpective
the nmenory throughput, Finally,. the tim | S
msfmoRh et hePngs teapwHgS Beex eerd diﬁiaac"‘fl%%oc‘?&ﬂieé ﬁﬁ%‘é?%"%t%é’lm of
ref ot iiRt00f dRQtreh® pBIhEC DPpERiBg & row, also
ﬂgepo e%a&%wa%&ﬁﬁ%éﬁg%glﬁﬁ%o?o% 0 carghe pacceg?ed at a,

réf@ﬁ‘ecpfbaz[&@pﬁ%? theldfoR concuniey y fiake ambumicef time @hd glaces a limit on
e

appl i cation i ng executed by a processor that is
tieouphery througheutnenory hub.

Finally, the optimal decision of whether or not to prefetch data (and
which data to prefetch), as well as whether or not to precharge or open a row, and
whether or not to cache accessed data, may change over time and vary as a function of
an application being executed by a processor that is coupled to the memory hub.

There is therefore a need for a computer architecture that provides the
advantages of a memory hub architecture and also minimize the latency and/or
throughput problems common in such systems, thereby providing memory devices with
high bandwidth, high throughput, and low latency. Such a system would also desirably

allow the operation of the memory hub to change over time.
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There is therefore a need for a conputer architecture

that provides the advantages of a nmenory hub
wanaeisitierrure and al so mnimze the | atency an@8ComUs2005/015694

t hr oughput probl ens conmon in such systens, thereby

provi di ng nmenory devi ces mﬁtﬂ hi gh bandw dt h, hi gh

t hroughput, and |l ow | atency. "Such a system woul d al so

desirably allow the operation of the nmenory hub to

change over time. SUMVARY OF THE | NVENTI ON According to

oF BiE theeNMeRt | on, a nmenory nodul e and
net od is provided including a plurality of ne
devi ces aAduadngﬁowyehqhmt&h@emmﬁnhymhumemontmmdﬁyandHWHmd

link interface, such as. an o ut / out ,

iYL RS R HEeeY deuen Eba oty e memory
e I (0]

R R RIS A0PEBBEA Atk 8 e oo

rég@bdds & abeest RememoDy gelld éy biclesst ohbof themeryoryelevives. The memory
i nterface being operable to couple nenpry requests t

Q
htﬂh duntharcioptains,d aremarydexice dBieriper AeRled i dlq Beprydevices, the

| east £0ne of, t e
oS8 8055 el BRF B SERaRY A Sahye Rt memory
dEREERTE Becedd 1B BABK eells b dtUeishehe 60k ahdiBore devices and to receive
performance counter coupled to the nenory device

réadtdatsf meponsivhdo pelepsspa o tlwmm@ry @g@@%| Ehg wremoggiub further
at ] east one netric selecte oup consi

c%‘?ta‘&égé RFORERES | GPERBL CHaNE 4o i PRSRRY” HFPRF iR, the

(SL—FL)'IF%EQ fbutteb o f) Ellgetro G a8 [b%staoﬁ@ Eﬂb‘tﬂc %@Eblt%ﬂci%m the group

to the interface and the nenory device
cblﬁbﬁamgaﬁfqaaga hét reenprofetsie hitgrendreacke bipeatabl et memonphub further

nMenpry requests to the menory deV|ce interf 4

ce@g@érﬁsml% SARRBEY FuRLRdstos theelkis 45k Fls TAERRTY devioe

i Qltf ce % g og’Jy Eé(ersig €0 ko flélﬁlEHl%fy &aﬁés@MOQ% fhemory
oper a |ty responsi ve t o

d@ﬁbé @mteﬁmefem@m to ni@ficryaeqlests 1tadseevqa1emsmrﬂmmmk interface. The
counter may track page hit rate and the ne

NI rFEGUHENAgLyis (fnﬁhgeomrqhm}ﬁé ylgﬁrmg@}bhacbgﬁég)e;ra%)ﬂftp{éesponswe to

ﬂi‘%%‘?f%’%ﬁ%g‘é\fe ‘Eogm?eﬁ e%%etéglag%o ]ggpe hﬁ r atC%Hl%gﬁlagqg%k page hit rate
aftl Hg! Hl@ﬁl'oi’féeﬁueﬂd%? 2§ rch@ﬁ%@d]ﬁ B&Wﬂcﬁ}fen ayes iha neemory device

per cent age of prefetch hi and the nenory sequencer
omeywitdtakb earp raafcepmhhaarge anodti gapossipe e@eﬁhﬂwutragk@i page hit rate.

adj ust the er of fetch reguests as a
Aiaihicby Sisasaogetes BT EAydHEa PR AE of PHIFERBts: and the
memory sequencer may enable prefetching or disable prefetching or adjust the number
of prefetch requests as a function of the tracked prefetch hit percentage. As a further
example, the performance counter may track a cache hit rate, and the memory sequencer

may disable the cache as a function of the tracked cache hit rate.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a block diagram of a computer system according to one
example of the invention in which a memory hub is included in each of a plurality of

memory modules.
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exanpl e, the performance counter may track a cache hit
rate, and the nmenory sequencer may di sable the cache
weao0@/fluncti on of the tracked cache hit rate. BBIERS2005/015694
DESCRI PTI ON OF THE DRAWNGS Figure 1 is a bl ock
di agram of a conputer system,according to one exanple
of the invention in which a éennry hub is included in
each of a plurality of nenory nodules.Figure 2 is a
bl ock di agram of a nmenory hub used in the conputer
syst em of pfdygdineisla pidekCdla&amt éf BSmARbHORIRRSE in the computer
counters according to one exanple of the invention.
systeg o€ Fizuirs 1 awhich ckndina gresforménca coentersyadeoilings tedorienexample of
the conputer system of Figure 1, which contains
therBYHOR buf fers according to one exanple of the

comput e EYTerh T0b ACROT ARG, Db One EXamaT & O 1 e computer

systene Rif iFgure Sl , SAAWN coraihs grefetcl bullbs mnﬁmgto sy exemmple of the
100 includes a processor 104 for perform ng various
inyeneR-i ng functions, such as executing specific
software to perform specific cal culations or tasks.
The processor 104 includes a processor bus 106 that
DITARIENDESCRIPEDN OFaKdr @S¥ERIgONe control bus, and a
data bus. The processor bus 106 is typically coupl ed
to cache rerompuit08ystahiléR, acasrdpr&tn ous Eyamplatdfdhe dnvention is

SKHA Giesinb. BPbeRRaTE BRET 080 FE HRn AR el ot pgorming
vﬁﬂmﬁnlﬁﬁ% é‘i%nct%scghchsasaé)égut%%e'cﬁﬁss&f%a% & PetfOrn@ Specific

menory controller.” The system
cslotiationd er taﬂ;]isD The pewesor 404 dnctudiscapiavassopath 106 thdieormally

e OC:%%::)M% bife aREIREb KGRI B0 D0 | HE| BIEE=e s 106 i
I
ﬁ) a{i’lly Io(?qs EJ&V\}M %nér%pf (fSav% (r:}r?i oéép]%r%gﬂoh%an&{tﬁ)\ﬁ}Q%g% usually

staflt PArdidin écl:éss méBoSNSSRAMYNFirRllly Sthe i;ﬂ&esmr Bhs D06 is coupled to a
coupled to one or nore input devices 118, such

sksgth oamttober 41Gypwhigh is @lsgl saspetimes referred to as a “I\?osrth Bridge” or
“memory controller.”

The system controller 110 serves as a communications path to the
processor 104 for a variety of other components. More specifically, the system
controller 110 includes a graphics port that is typically coupled to a graphics controller
112, which is, in turn, coupled to a video terminal 114. The system controller 110 is
also coupled to one or more input devices 118, such as a keyboard or a mouse, to allow
an operator to interface with the computer system 100. Typically, the computer system
100 also includes one or more output devices 120, such as a printer, coupled to the
processor 104 through the system controller 110. One or more data storage devices 124
are also typically coupled to the processor 104 through the system controller 110 to
allow the processor 104 to store data or retrieve data from internal or external storage
media (not shown). Examples of typical storage devices 124 include hard and floppy

disks, tape cassettes, and compact disk read-only memories (CD-ROMs).
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an operator to interface with the conputer system 100.

Typically, the conputer system 100 al so includes one
wonoosine2out put devi ces 120, such as a print er pcoasplosdis694

to the processor 104 through the systemcontroller

110. One or nore data storage devices 124 are al so

typically coupled to the processor 104 through the

systemcontroller 110 to allow the processor 104 to

store data or retrieve data frominternal or externa

st or age La . f ' les

devices 1 %iﬁ%ﬁ%%égﬂgpg%é%§¥?gg%§§kgigi%?bﬁggg§%&ﬁ§gﬁmdu
18686, edictaseive anpaein tieslory foadhoodnyputensysices 100. The memory

(CD-ROM5) . The systemcontroller 110 is_co ed t .
a3 OrpserpFaferably RouBled 4o dgysystem ﬁ?ntw%eﬁﬁ?é Syrguehya high-speed

ARG 495, LB 0 TR e e
oF RBIAni @kioAsl BathNr MUGE eReti 188 Hogteaded ilink 1334is intplahented as an

may be an optical or electrical conmmunication path or
optical cotrmmidagips peth, sneniieklceonimwricaientpah mapdedy dig form of one

t he hi gh- d link 134 is inmpl d i cal
€ GHTPCER) B pelih S eEco i L BB ke GRTAl Thyme e
I}f&ndggglr%&ﬁllﬁns%m ka8 %Qﬂ?tiﬂﬁﬁﬁp&%ﬁﬁﬁ lofti dP@Eparafedhput and output

exa such case, the systemcontroller 110 and
folie coepted o e dpties cairinhurication getha il hepnemary modules 130 are shown

coBbiS il IHONHE SORTRT TADr PR R Si5R areon i NaHGl e singl
5 4IeE8 1RO 3318 GORAUD L ANBE B nhudihan et b Bld: S will be

arrangenent 1 n"which the single

thideRtconeRsk dthakichdthgies mmuplse betused suchfastdpoimttropyint coupling
nodul es 130. However, it wll

, ) be undeystood that other
aropetogitds whish alsepsraie highepeeds linl (a0 Séo‘fﬂ%l 1§tuse I%qufe each of
oupl i ng_ar.ran nt, i ' a i ah-
R g o BR ST g PR A S BBy ey s
B0l GSwhirf th®syshen sysitcRt CoMNisrselebiivelit dGupldd ®vdatk bf thg memory
topol ogy may al'so be used in which the system

momtlen] 30ethrauih 4 swisdhl @ot shoatn). E¥hey tepolpgics S ney herpsed will be

menory nodu] es .13Q through a switch (not shown). O her
%@§@P%@ﬂg§skﬁ§@1%§?zﬁ% used will be apparent to one

skil'led i nEcIiclﬂeo?rtﬁeh lﬁ%%o&tﬁ@s TBOOLYuEE Yl £8mbsP hub 140 for

i ncl udes a nenory for controlling access to 32 )
cRmlingdsicese® 328nembiycleviden 148¢ vérenpinethiel ¢xasplailiustrated in

in Figure 1 h : i} .
Fer . s g Tond 36ieks "RG0 PRESRAM™) devices.

However, a fewer or greater number of memory devices 148 may be used, and memory
devices other than SDRAM devices may, of course, also be used. In the example
illustrated in Figure 1, the memory hubs 140 communicate over 4 independent memory
channels 149 over the high-speed link 134. In this example, although not shown in
Figure 1, 4 memory hub controllers 128 are provided, each to receive data from one
memory chémnel 149. A fewer or greater number of memory channels 149 may be used,
however, in other examples. The memory hub 140 is coupled to each of the system
memory devices 148 through a bus system 150, which normally includes a control bus,

an address bus and a data bus.
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However, a fewer or greater nunber of nenory devices

148 may be used, and menory devices other than SDRAM
wdevisgesi2may, of course, also be used, hi the egamst®s/015694

illustrated in Figure 1, the nmenory hubs 140

conmuni cate over 4 independept menory channel s 149

over the high-speed link 1347 hi this exanple,

al t hough not shown in Figure 1, 4 nenory hub

?ontrollers 128 are provided, each to receive data

rom one I : I i

of meror v hareY D 7G acctding b o B R e vontion
isexawRhEeFigufh2 Thedieynonyhutl 200 tan bosyblseuitadolor ietmehotytieib 140

system nmenory devi ces 148 through a bus_system 150

olikizste gor'ﬁhfr Pyenjan: |hyBe200aiscihiormotn Bigare 2 7SR $8uped to four
and a data . [ :
EREBGRENE af Ot e Vb GRLY A SRR, Sectrdlecfe Rnfthiignal SDRAM

dricebNen BE AREMatiueen?RQirtan, e nsuhsy htib 260l i @uplddeo four different
menory hub 140 of Figure 1. The menory hub 200 is |

bﬁﬂxsvaf mempiygdavices, wshep dhangmesily [fewr ‘ilﬁ}éf%\h megary dpvices 240a2-d,

Vi C 240a-d ich, int resent e e .
WA ﬁ?aﬂhawpl%%ﬂggiacgg{rﬁ* pogr{ngwléfr ﬁ%%rlgévsé HoWever, for the
o qo H |

PPPALERD . SRR R o i bl  0c

mieisiy 8irh 1260 eptiplediwithe fhew nvesorg4Baicds 2d0a-. dawhll bardppreciated
typically having. a pluraljty of nmenor Vi Ces. .

thap sy apcessasy meEfigatiops e the %?%Wdﬁ‘ﬁ’gggg %%%ﬁ%‘rl@?d?tﬁemul‘ﬂple

ros Co . . Cof. il

BRSSPI st BEmnsel By o

240a-d. | Fumhdrl inBledabior the imdractytHubt 200hare Nimkesteafages 210a-d and

nmodi fications to the nenory hub 200 to accomodat e
2Fs-¢ ifpn eouplink §heonemergngdyls opivieh theﬁéelnﬂlawr{gg%;‘g) flocated to 2

th di il il i .
SR SIS s USRS
prev iRl di®usSAURtE Repdch & FRIRY Y, tﬂ@ﬂigh%ﬁé&’d dd tihikd 309, 222 can be

menory hub 200 is located to a first high speed data
ithplekneR@0 wming @ sgiehdr biegiicelpemamupication path 2p 3ome other type of

c@%&ﬁg‘iiﬁigg%ﬁ@- ﬁﬁ‘@ﬁlr Vj@%ﬁé% gll()%ccﬂ ;i&;g-g\gf’ré ‘gcgrﬁl%?}gcﬁﬁ: t1 egn(a include
dégmn-,t,{g 'Hg&{ ﬁﬁi tHRb A 'r%rha%%bﬁ@lan@f arfl §fdréds GRformation to and from the

nication path~or some other type of communication
hizait dpeed tigta linkk 220)200f aseselP kiawnl, sugh 2acuwitryirsludes transmitter and
conventional, and include circuitr

I sed for .. . . .
reoetyies fagiq knpyvroitthe ado Hrigitidbe %6305?&%1 é‘é“st%PW IiarlpTidle in the
algt%%vg Elﬁrﬁ]cfepf understanding to modify the link interfaces 210a-d, 212a-d to be used

with specific types of communication paths, and that such modifications to the link
interfaces 210a-d, 212a-d can be made without departing from the scope of the present
invention. For example, in the event the high-speed data link 220, 222 is implemented
using an optical communications path, the link interfaces 210a-d, 212a-d will include an
optical input/output port that can convert optical signals coupled through the optical
communications path into electrical signals.

The link interfaces 210a-d, 212a-d are coupled to the a switch 260
through a plurality of bus and signal lines, represented by busses 214. The busses 214

are conventional, and include a write data bus and a read data bus, although a single bi-
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hi gh speed data |inks 220, 222. As well known, such

circuitry includes transmtter and receiver logic
wenownisn7the art. It will be appreciated that PCHOS2005/015694

ordinarily skilled in the art have sufficient

understanding to nodify the %ink i nterfaces 210a-d,

212a-d to be used with specitic types of conmmunication

pat hs, and that such nodifications to the |ink

interfaces 210a-d, 212a-d can be nmade w t hout .
i i idet e esupl ¥R tih Wdth KMections
mgggﬁ%ﬁégﬂﬁ%ﬁfﬁg&gggﬁgﬁ?ﬁgqﬁﬁgﬁsspeed daFa link 220, o
thiddigh itse linklisteratea®10sidng 1 2md.ogt ihibecapprastitesaby dinse ordinarily

path, the link interfaces 210a-d 12a-d w Il include
skalfedoft the art thab the %H%Sﬁ%@lé@m PYGYAded B, Wy el 4 that the
Sl | ' AR R kel request
oA TP il Bl RS, o O M Mg 10
lirdlfd-aGnodd Bae, dvldeie camenised farandihi@irngviche bolGéndyhr ough

a plurali%g of bus and signal |ines, represented

(S

b
busses 21Hhe Tink buerasss 21kay &12ady E1RIdSN SITCUIEH dthaty allow the

i ncl ud ite dat .
mennie 2t e DEedbiat R ale BaToE i Dy Bf SOHgiAtions.
FR QUinpRd tﬁ&nﬁ@iucﬂljog aﬁaiégenidﬂt, hekhowh LEBIGUANE, dahbe tigpletiieated by

l'ink inferfaces 210a-d, 212a-d. It will|l be appreciated .
cdmplihg esch memdoryamoduyle skihe msgndry; bl gontraller 438 thrpestheithepthe link
. 214 id f | d that. th . :
ot o L S BERLo 00 ly che

furtier inel udi ; s, T
cqﬁ@fgg{aﬁ%i écéﬁ %Z%mﬂg)l@ﬁleﬁtgg 'T%o@ouﬁ)ﬁﬂg' qRd nhdnidtyanddidles RO es. For

e use r mal ntai ni ng cache
exe@lits, ahe Yink Thierfataske l0atderahdrased 10 @ouple 21t themeey gigule and
circuitry that allow the b 200 to be

nory h
the oliike antedages Qlﬁg-dsygﬁ b/ qf,ggﬁp y%iuﬁl%aa VEPoTsk jpegiory module. The
configurations, Far : fo .
L L

R gBOSHRY §db Bf GRS InkeierycerRdd fertlied dohpletaomanytheumemory module
controller 128 through either the link interfaces

thedigh-thie othep et af dink Mteraasat Invaioembediaeniof e prgpeE invsption, the
dai sy. chai onfigurati can bhe j n : SR
ricBiopt bl 20 Remery e s Faiag) FEUETRE Ay point-to-poin
ax%rﬂ%e%deﬁkin' Whith ftﬁ’é%? SreddP@nsk EAeh owsieditd MeoHiMctioR between the
st nenory nodule and the link interfaces 212a-d can
phRedsse 4 and thephemarys bap A00. mlhisr typero intercomipstip ppyvdes better

sigHlcopBI e RRSTERn I Ar St DY i 5 TRS TP JORO! 1t reasons
1%%@1?%1%?&36%9\&; éﬁ'bgaﬁﬁcec, QURRAy FRy BROURESNtHRIRE Yo reflect signals
and relatively short signal paths.

The switch 260 is further coupled to four memory interfaces 270a-d
which are, in turn, coupled to the system memory devices 240a-d, respectively. By
providing a separate and independent memory interface 270a-d for each system memory
device 240a-d, respectively, the memory hub 200 avoids bus or memory bank conflicts
that typically occur with single channel memory architectures. The switch 260 is
coupled to each memory interface through a plurality of bus and signal lines,
represented by busses 274. The busses 274 include a write data bus, a read data bus,

and a request line. However, it will be understood that a single bi-directional data bus
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through the other set of link interfaces. In one

enbodi nent of the present invention, the nenory hub
waawsafi4e27menory nodul e is coupled to the proceesms2008/015694

a point-to-point arrangenent in which there are no

ot her devices coupled to the connection between the

processor 104 and the nenorﬁ)hub 200. This type of

i nt erconnection provides better signal coupling

bet ween the processor 104 and the nmenory hub 200 for
m%?‘éﬁ§ﬁhtix{e§‘f§9 NSved | iAGEMALRG b&)aald VRttY dewbasR@al fead GRia bus.

rrel"ative ew I ne discontinuities to reflect signals
Mardverekiat busstsy 2 Bhoart ishgleal greatehsr 165bar mwibarlof2dgnal gines than

further coupled to four nenory interfaces 270a-d which
thamex¢ﬂﬁ“$ﬂ¢ﬁ¥ﬂb%hpled to the system nenory devices

240a-d, respecti A
" ndependdietiginot it oRY Kt ko SRAT ko hirfuce 270

d ggeggegtéugeadapt@d 24QRe dystért shaabiyvadvices t26adetoowiichuld i 00upled.
VOl ds

_bus or nmenory bank conflicts that ty ic%lly .
Mo weﬁlﬁ;gﬂyas&aﬂﬁlr@emwnn@rfaﬁ% 380%/0 it epciadbt 4B fpprovide and
SW t Q.is. |l ed t h '
et B P05 SRR B TR AL P LU OHomry
A SR A h wiliBR 1P 985led.” Alid) Ghd/ HRmdrivritérgacdaRA0DE Sre eapable

rea ata bus, and a request |line. However, it wll be

ofu lm’@elfaﬁﬁ@_omth heststemn smegbry Bleviges eA40achapeting plushigfgrent clock
IR ST R e X TV
c}iaﬁgéhsu t had' SREE Gt He IR3BRE YAHIRE thefm&h8Rahyl 2B@Snd memory

ose”previously described. In an enbodi ment of
ddviees 4@ &N tovpledetit ilenmemmei hoie @90y andstie pfoavides 27 Gede jcgntrolled

specially adapted to the system nenot evi ces 240a-d
er_tvmronhienﬁomhwlsth@mn% .demﬁ%z@ﬁégﬁﬁ}’ Bé?r? € each menory
interface,270a-.d i5nS hal | jqd
rocel ve ¢ BEE SBuEh (R0 ERHE e AHAPHEL sk PIOKE 21204 and the

meBDRE GhteMBleY  2704-d lten s h@MofeMRaetgdestl cenv@Afionad drohereinafter
which it is coupled. Also, the nenory interfaces

d&B0mped switehesapldsl exaviloter awitely 24 m1eydiesa evostrbppswitch that can
.deyi ces 240a-d operatin [ rent. el o .
siliuenel sotriedtE hEbare ADnd ALAEF I fieditnomngsieesprond
to §8&hﬁ&t%_ef e Py 2P arhBfeth &N chRngescH D80 Jamyalesbura set of
at the interface between the nenory hub 230 and nenory
mitifleass BéOdo notguoyie thetsamicHeveirefroonnebiindty2B0, crasrdbar switch but
provi des a nore controlle? D
nevertheless can couple the some or all of the link interfaces 210a-d, 212a-d to each of
the memory interfaces 270a-d. The switch 260 may also includes arbitration logic (not
shown) to determine which memory accesses should receive priority over other memory
accesses. Bus arbitration performing this function is well known to one skilled in the
art.
With further reference to Figure 2, each of the memory interfaces 270a-d
includes a respective memory controller 280, a respective write buffer 282, and a
respective cache memory unit 284. The memory controller 280 performs the same
functions as a conventional memory controller by providing control, address and data

signals to the system memory device 240a-d to which it is coupled and receiving data

signals from the system memory device 240a-d to which it is coupled. The write buffer
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environnent to which the nenory devices 240a-d may
interface. The switch 260 coupling the Iink interfaces
w@ar0E/1d442212a-d and the nenory interfaces 270arPdTaamobe15694

any of a variety of conventional or hereinafter

devel oped swi tches. For exapple, the swtch 260 may be

a cross-bar switch that can”simultaneously couple |ink
interfaces 210a-d, 212a-d and the nenory interfaces
270a-d to each other in a variety of arrangenents. The

283 ‘(’)&tnhctﬁe %gg‘gbcl?lﬁrél%lé}g Rn%i*??s@ nﬁ&ﬁd@ fheMWrtdapkeM8bSertthat aduffer and

provi . evel of connectivity as a
caﬁfeQﬁiSrlnb@]E ir&%']ucﬁlr;gwa tgtmaeorey ¢ dedh eemorpa moypratorn, hed herike, as is
or all of the link interfaces 210a-d, 212a-d tQ.e
Weéllf ko Feths ey iﬂﬁéﬂ?fﬁ%sdeﬁlﬁs%luﬁ}i RS m%%@lrﬁ? 62%2@3@'%116 cache
al so i nclade Ltrati i t
i, WS AT Berd AR08, R mlal wous memy
(“SRARTY) tdevés odbN GfpesBTONYMAGCESsEs, oBus canbinbtian jofrall three.

performng this function is well known to one skilled
Furthetnhareagty, onvilt of these memonedesiesn e wed asithe pihep Sorppipents used

. of the nenory i. faces 270a-d jncl Lve

in e BOREFDFPLE oey oacTi subel 8 GPFRaYORAEFRSL)
and a r espeCliivEh e TR2MRBALY nbhhdry 481rfadne7 0uedniy yised to store
controller 280 perforns the sane functions as a '

wﬁtrg gvmtsomﬂgledarmad mequestris beingeservigedp o i yrh g sygemy Bie processor
address and data signals to the syste i
e S B8 S AR ZRBE B S mmor
' | S1.f ' o
AsF{e8E' B 1t e SIS R SES Berfie & Birrifieor read
rediRART Ysiiy thi2fhrodeh) meémotineeqnestsradn bowpuived tosit of opder since an
buf fer and cache nenory, including t any a
eaglzer awritentnayest £aB diepHPie op, thgﬁﬁnfphlglfﬁqu&% %1 ¢ & §ubsequent read
kno in the .art.~Iha.. i.: ' '
L A
beDRINMCEE ¥if 8foatl§ trddiics nicinsty Feal beagsy whmeiyad tegREdNS Fan be given
devi ces, other types of menory devices, or a . .
firsb phibmtyt fegardidss aif | thein chronologiceh erder dioT xgmple, A perigp of write

t hese, menory .devi ces as Il as th r
S eSO 5B e S I RS0 o o
th§ @Pﬁ%ﬁﬁes% tofeARebialone ﬁgé’ﬁr{éﬁsfnaﬁﬂ%ﬁ FoWMovied Budeketing8Be stored

I'n-each menmory interface 270a-d is used to store wite
wiigqrREess ihid eipglinehdaneeniedts & gedwdt, dengtley weidleny timeg between

such a system t h% pr ocessdor. .
coupling write request to the memory devices 270a-d and subsequently coupling read
request to the memory devices 270a-d for alternating write and read requests can be
avoided.

The use of the cache memory unit 284 in each memory interface 270a-d

allows the processor 104 to receive data responsive to a read command directed to a
respective system memory device 240a-d without waiting for the memory device 240a-d
to provide such data in the event that the data was recently read from or written to that
memory device 240a-d. The cache memory unit 284 thus reduces the read latency of
the system memory devices 240a-d to maximize the memory bandwidth of the computer

system. Similarly, the processor 104 can store write data in the cache memory unit 284

and then perform other functions while the memory controller 280 in the same memory
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104 can issue a wite request to a system nenory
devi ce 240a-d even if the nenory device to which the
wonidsaisequest is directed i s busy servicing aroriuse005/015694
wite or read request. Using this approach, nenory
requests can be serviced ouf of order since an earlier
wite request can be stored %n the wite buffer 282
whil e a subsequent read request is being serviced. The
ability to buffer wite requests to allow a read
inthi P44 O%h, HQrRErPEME vaRd daRNdth €ad ¢ache adney NRITDIRY to dadsystem
atency since read requests can be given first
meidro detiye 240pad th webish dtfis towgiled. chr onol ogi cal order. For

?lélggp ' e fohe memdpLnbeBIR TR 0%t BIRRF AP azd
i i ' \ diagnpd isnz9®. The
dla?%'lﬂ%}g r%grﬁ S&l 85@3&? & thel Qvike Z60 thrGR0 4 diagnedtiocbu

r owe servicing the stored wite requestg
didghoticérpeid PeHisnfunther coufdedator & mainienaned bungoeetuchiagg System

t1mes between coupling wite request to the,ne .
Mawgemes: B0 ESMBaRHOG ABSEEGRHCF U8 GERTTING Pe BBl g} Action

Gr:oggfg?f%gg glgc{ ﬁ%@ﬁﬁ%ﬁ? as\?/aélg%gg %%Eh alotevinat hRd TTYAG galiaeds are

e use of the cache
w{[ﬁﬁ%wn YPitose ddinrilgagilleqenaliyart.n Centatly, BFQaaitteamicoRy's 296
e processor 104 to receive, data,rescgon& ve to a reac%annel
proidesmdser iaceess tdthe diagnegispagiedl 4§ STASH R [
240a-d. wi t hout iting,f t.h Vd R4Pa-1bst 9ia the
angr bk JBEBORRS Ik PN 0y URE At Pl defduiene ts ¢
re K Ju¥f idideBBstico tdstiag  ore muonytod emiemery system
n@%@%@%%yPﬁgaggiﬁgnﬁgagry J%?t 284 thus reduces the Its. i o
op@atbnl aBgREgahe tivnteymice srBAo 1ty aeRES Qragnoshisalegf Joghts, 155ue
maxi m ze the menory, bandw dt h of .t he conputer e b
reBited taafheyuset ¢fetepl RS 35 P‘i?Ybfo"ég’ndléYug?eed?\/\rgkg{iftbg %fg’%{%tii nnﬁt Wi oe

RS BB, 24 e g
sﬂtaﬁﬁe@%%’ {gﬁg&ﬁr;c; cﬁagr@r;ﬁlég%:?ﬂ ;ltée;r a:ttbgé tef glet {/rgieéwmmv(@n‘g?@.altfw. e further
Bocina et RGOS BB PO SO PRET TR G SR of the
R Y
e e o0e ouch

Vit @e SY A G sMmdgeliteindre Bish A IBNBIFRFNIEOUS IS8t enance

bus accor qf'l'ur11|: e; ?nc{u %d \}1? Ithrclet mgr%glty %t 3@ is a DMA engine 286 coupled

to the switch 260 through a bus 288. The DMA engine 286 enables the memory hub
700 to move blocks of data from one location in the system méinory to another location
in the system memory without intervention from the processor 104. The bus 288
includes a plurality of conventional bus lines and signal lines, such as address, control,
data busses, and the like, for handling data transfers in the system memory.
Conventional DMA operations well known by those ordinarily skilled in the art can be
implemented by the DMA engine 286. A more detailed description of a suitable DMA
engine can be found in commonly assigned, co-pending U.S. Patent Application No.
10/625,132, entitled APPARATUS AND METHOD FOR DIRECT MEMORY
ACCESS IN A HUB-BASED MEMORY SYSTEM, filed on July 22, 2003, which is



10

15

20

25

30

G oup (JTAG and | EEE 1149.1 standards. Both the SMBus
and JTAG standards are well known by those ordinarily
wekidsiiadi2in the art. General ly, the mai nt enancecChbas2@9615694
provi des a user access to the diagnostic engine 290 in
order to performnenory chanpel and |ink diagnosti cs.
For exanple, the user can couple a separate PC host
via the nmi ntenance bus 296 to conduct diagnostic
testing or nonitor nenory system operation. By using
idcBfoiBbd heRABE réfbendd 6 AU AGHRASInAhSS @il ¢n HRSiforementioned
results, issues related to the use of test probes, as
ppeatvapplisitiondile AYdeehgineadBohie abledd dexd. a link ligtlih theesystem memory
appr eci at that the mai nt enance bus 296 .can be .
t cpfeele BSHPER PPIRAPISHEDUL DReesRps eryegion, thus, freeing
1 e v
UEREEO 4 AL M AR BRSPS ERE S ISR Eftobll dle momory
op&ftiGizouThe DAMANMpilat 238G ban akarigdudts coduitrthao accommodate DMA
mai nt enance_bus 296, where such a standard nai ntenance |
opgerations @hpuEipde changelselos mspmple flr @k ghdag pystean gregeory devices
oul vV, ' ' 4
23081 SR RPle Blah A R0EE clitfed WeCk P kTR &k and can be

iplenichted 9616 chtwdntiefialitétbhorderdsi n the menory hub 200 is
a DVA engine 286 coupled to the switch 260 through a
bus 288. The dingnosiigyicngingAP0cartbitlees DMA pRgiRt 28R aFe appferably

t ve .bl ocks of data fro ne | ocation i.n the stem ..
Bl gl Bt e B N PR b priuate 3 diinostc
e%%ih@ QHd a'sgﬁﬁﬁt\é %!M'A)ﬁ'evﬁéé)éﬁ@th% BrRs afery h88 20018 alkdSwithin the

8 includes a plurality of conventional bus |ines and
ssipgrdlithd preeest invettonas addr ess, control, data busses,

and the |like, for handling data transfers in_.the .
Syst em e BSRPATEHIY BhaI oA DU Bt RIS MR PRI TR fignitoring

o ngﬁ%%%sﬁ{n@%%@xﬁlh%%ﬁb&hh logd ok 5115681‘9 Bf #d mERD @ont{ollers 280. The

engl ne 6. A nore detailed
pegeGidngE nwhitofing coniporanteal DMAteNgémerycmntrbkert @80 do idgnamically
commonl y assi gned, co-pending U S, Patent Applicat i4(_)n
aflipst otteds, used fo sard and qooPRARgk B TNES WRSrIeD) WER 240 Tn the

DI RECT. Y. SS, | UB- . .
S S R AR TP e
chBhRMERAEEn With tHERGHoBEbritidblIERMBOIS ig dbsctiBed Rgther below.

af orenenti oned patent application, the DVA engi ne 286 .
i s abl e t dhegatforndricalcoiitens 30A traple 0By ot WATaMRABIOY agsgciated with

ni%ﬁ%?t?&‘?%; w ’rrrr?lr ng{%%af}l(i)r? fidib %6,'18&%1&%{; %reesxsé&rple, page hit
rate, number or percentage of prefeich hits, and cache hit rate or percentage, in one
example of the invention.

As described above, one approach to reducing latency in memory devices
is to prefetch data. One example of the memory hub 140 of Figure 1 having prefetch
buffers is shown in Figure 3 and described further in commonly assigned, co-pending
U.S. Patent Application No. 10/601,252, entitled MEMORY HUB AND ACCESS
METHOD HAVING INTERNAIL PREFETCH BUFFERS, filed on June 20, 2003,
which is incorporated herein by reference. As described in the aforementioned patent
application, the memory hub 140 includes a link interface 152 that is coupled to the
high-speed link 134. The link interface 152 may include a variety of conventional
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t he processor 104 and the bandw dth |imted system bus
fromexecuting the nmenory operations. The DVA engi ne
waeosciam2al so i nclude circuitry to accomodat e PORKRIS2005/015694
operations on nultiple channels, for exanple, for each
of the system nenory device?3240a-d. Such nultiple
channel DMA engines are well known in the art and can
be i npl emented using conventional technol ogies. The
di agnostic engine 290 and the DVA engine 286 are
lntpl’f@‘fee cladlityy ehtiedgeldr cixampie o2 firstimefiseoor pufferd (10 Ghown), for
However |nclud|ngé%€garate di agngstjc engine and a

recelying andstppe mstio 5t authey atEcsrER oty uehgho biphispeed link
133! Sﬁlewnkﬁbgr %eﬂﬁes%sc epeuih Yol %;i‘%ﬂ?é 1ihi Yﬁ%&”umﬂ they can be

Enbodi nent the present 1 nvention
prqmess‘edfogrﬂalnmaemomlt@r]%g conponents in cormuni cati on

with one or nore of the nenory controll ers 280.

per f or mareBCFASRY KegResh gecebiep didha Enlairtasioe A2 h’t‘el?f@?ﬁjﬁsed by first

GERERIP13,200 ) ReAPRLATL L RS TEORHSS RS oo

m evatipll@s i27bargt 1haF1§dre| N SOl B é’omﬁhnﬂc@tﬁﬁi weih€one or more
performance counter 0 is provided in communication

pexibwrmh eowsens 3P0c drherobmeryssegBecend6q sonkisss thermgmory requests

fu The erforrmnc Q track one
frogh e P flap it SORCLR S FORF I T e dus Al Teauest
haﬁﬁgfao FSRAE %@fcamﬁ%th&o&emOPf a1 49r ﬁféeéfpé formatted
page hit rate, nunber or percentage of prefetch hits
request scgmabsewili uonmaﬂselrmtudpmnmmyagmmand sigmelsewhivplage ddrived from

t he i nventi,on. escri bed above, one a ach to
G CPREPSE CRLGRe DR R ael RSt e aT B B dnenery hub 140,

ﬁ%\? andPPGu Hﬁﬁ guéiénatl.b & Yty 44 %ﬁg aﬁfadgfeg%%o%témed in the .

aving prefe ers |s shown I n ure

mehesQ réduest rfecwﬁdeﬂedy th8 neoworp Auly 1a8.sipthe @velﬁ@h@ﬁrediomgrequest isa
U S. Patent Application No. 10/601, 252, entitled .
wermzzsermm hecetamaied Fevesisigmts Wﬂmmymém@mnte data

Slgﬁl& EIH%B Pe?(g ﬁ:g]‘élu\r&]rﬁse e% 89&%11%&"‘11 ﬁ“}? %8&&8{ I%E:e%ged by
th@frféh‘@? ﬁﬁlb qn@d Pl%ﬁfe%th?l%})ﬁf'hb&ahh @ﬁbmcsrpeaemep ny¥8 hthcdkdentional

includes a link interface 152 that is coupled to the

DRAM devices, the memory sequencer 160 will output row address signals, a row
address strobe (“RAS”) signal, an active low write/active high read signal (“W*/R”),
column address signals and a column address strobe (“CAS”) signal. The re-formatted
memory requests are preferably output from the sequencer 160 in the order they will be
used by the memory devices 148.

The memory sequencer 160 applies the re-formatted memory requests to
a memory device interface 166. The memory device interface 166, like the link
interface 152, may include a FIFO buffer (not shown), for receiving and storing one or
more memory requests as they are received from the link interface 152.

In the event the memory device interface 166 stores several memory
requests until they can be processed by the memory devices 148, the memory device

interface 166 may re-order the memory requests so that they are applied to the memory

devices 148 in some other order. For example, the memory requests may be stored in
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hi gh-speed |link 134. The link interface 152 may

include a variety of conventionalinterface circuitry
weuals/1as27f or exanple, a first-in, first-out beETAIS2005/015694

(not shown), for receiving and storing nenory requests

as they are received througfythe high-speed |ink 134.

The nmenory requests can then be stored in the link

interface until they can be processed by the nenory

hub 140. A nenory request received by the |ink
the inteefaf@d €6 1b2 manngr thetesmess dne thpe 6f requesn,sd. g1 Féaddeylttts, to be

request _to menory. sequencer 160, which is included
PrqegsssA &eigre %g?retypﬁs GfEsrBicgts s WHle IeAvestS70a- d in Fi gure

2, and i s. : ' ' i o [ .

per o mags R e b euiahE kot ediRaPlu R § g yping romory hubs

is deniterdased hgentprthsy chre GuRstimed lceditd. NS BlkdBre @Bl texplained,
fromthe systemcontroller 110 (Figure 1) into a

prefedeld epprpaciige shat e fraditiandlbr vesd te weduce anerberyused) lasgnaytaze not

e RO A
shéWeirtteiglneerpilok [ PRty LRNARARDSY %aatlﬂéﬁ@%fla%lcfuﬁﬁlg a %refetch

menory request received by the nenory hub , a row
syséavl 120 linuthe naetdeyduibslidgribitsormbtlcimtmimtaserhivie datarvaith beareeded

address..cont ai ned in e menpry request received, by .
o R, Ol LBroERe oA oPTEiates THEC RURGRY SPEGJagt i gne or
r - .
YL ot Bl 1 Y AR 10l
sevarad pofetcl bafféns a6 the hembat of vl ednistnade vdn@bradepending upon

request received by the nenory hub 140. For exanple, .
OPGHRERS coMitioRsnBY pXRfaiped dy srenteradataik BRgB b irn hepFimientioned

Vi ces,..the r il
polAARSeadT DN, SEUERS AR okl Bl o
meRdbradevive itenfacer iche/ Bied dae abd @bredaadhs besfetth bude/sR'76, so that
col um address signals and a colum address strobe

theyvollsby agpitpbly forTheubseqiant meges aveersr yThedafesars therecoupled
referably ou [ t he se ncer 160 in the order

thr W%baﬂWﬁFX (TLﬁgﬁ”%gﬁgkgﬁﬁéﬁﬁr Sdevices 148. The

MENDry SEHUERATEED $00-RAPD 'al%%_iﬁélﬁdés%‘isft&?@ﬁi& &0 NRIIREkives the

requests to a nenory device interface 166. The nenory
med®vry cequestsefrémcihe 166 idtetteret He2. | iThle histosr ieme 18823naiwrys the

i nclude a F| FO buffer (not .shown), for receivin %pd b
MeGIABY FHBICH s g CORBPEIoRRh ggritheg e dtecl paifgy ok sEite Trom whic
fut{ll%clﬁkl\ﬁggf lfeEIQéBZSt 08 b fﬁ]édfcfgd? rAﬁﬁcﬁlg%Sc%ta may be prefetched from any
address in the memory devices 148, the data are preferably prefetched only from rows in
the memory devices 148 that are currently active or “open” so that the prefetching will
not require a row of memory cells in the memory devices 148 to be precharged.In one
example, one or more performance counter 300 tracks the number or percentage of page
hits. The memory sequencer 160 adjusts the number of active or “open” pages based on
information supplied by one or more performance counters 300, illustrated in Figure 2.
In one example of the invention, the number of open pages is reduced by the memory
sequencer 160 when the page hit count and/or page hit percentage tracked by at least
one performance counter 300 falls below a threshold value. In an analogous manner, in

one example, the number of open pages is increased when the page hit count or page hit
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In the event the nenory device interface 166 stores
several nenory requests until they can be processed by
woOhersmemry devi ces 148, the nenory device i nt eCTAS2005/015694
166 may re-order the nmenory requests so that they are
applied to the nenory deviceé 148 in sone other order.
For exanple, the nenory requ éts may be stored inthe
interface 166 in a manner that causes one type of
request, e.g., read requests, to be processed before
RiRtagk Yaxe8edf a MRRMRIA SralR. 9-0f ¥hirse JtR&GURSIDAIs AT adjusting the
previ ously expl ai ned, one of the di sadvant ages of
nsibey ofrepamrpaghudrs usel inlothar gsameplse df thatimreniion.hey can
sonmetines greate. As al so preyiously expl al ned, .
prefet ch appr GXCHEE %eﬂ‘é?mﬁ’?éagr%}’t%f% 5?1133“7 i%(fn’?l?:}e or disable

JrERHGE TR }ﬁnlr%eeﬁj ihREBh Eﬁu@lﬁﬁtb})’\%hé ot UinbR of @hél performace
m

menory system dsi ng menory s. |Id contrast, the
aoanersy3 00, buddss sige it rate, pergentasclofiprefetotidstsy adathieikiey However,

| ow nenory read | atency by including a prefefch system

Prefgtohing may ?ﬂé?rg? 9nark>i%1 %lh@ty the Himee &Proge @¥5n1éﬁtt§18' Q¥ sequencer
i G AR i - .

40,0408 ol SRS 18 SR Rl Rtne oo it s

debrardsibadewe DEhreshbRl halhié.ersltdrhatvedy, ehpacduenert 16® may enable or
(gr efetch system 170. The prefetch system 170 i ncl udes i
bty prefasehing basedinur the psrcerBge of anemgrp aequssts\ihitcgsWh i reading

et AR SRR PRI R AT by v

ffsor ement i oned patent application. Briefly, the
prefetch buffers 176 receive prefetched data fromthe
menory devWhen ianhembrrmod @6 . 13Pentianing armemonr lkwb 140 receives a

the prefetch buffers 176. so
54, d

hat th i L1 Dbe. .
FIPHBF B sttt Gt SeBOBHES TERGry ey disdats REingizpgiop cgled fo

i 787 Orti . is made b
P2 BBt G55 ehe Sy LB 4 i LRkl s made by
doupling Yhd aghworil d&yuckiato tagdegiceklot hEhergapiogic éfhiestesves prefetch
fromthe link interface 152. The history | ogic %80 .

aidEasyese Sroph dhordneieyy fagifudSd esTesgoRBng dht Fhaprefeich suggestion.

orithns,t ect . 0r j '
SR P HAELD 204! S pRAILESACR Ml pemor
ERerRRer P6@Tceiredpeadins Ao Aty p%f@ﬂ‘:l@&écrjeﬁt tdupledesranthy memory device
devi ces 148, the data are preferably prefetched onl

inteoface 606 Other msaneenvid/alge b utes to sHowHbg tagregie 8e &wgfrtsmﬁne if
5 PR R P B-REABEbb Bl 6. 1 ans
HA8 thOtdeoRiceRBAk e kipr&BRh addresses to provide a record of the data that
have been stored in the prefetch buffers 176. Using conventional techniques, the tag
logic 186 compares the address in each memory request received from the link interface
152 with the prefetch addresses stored in the tag logic 186 to determine if the data
called for by the memory request are stored in the prefetch buffers 176.

If the Tag Logic 186 determines that the data called for by a memory
request are not stored in the prefetch buffers 176, it couples a low HIT/MISS* signal to
the memory sequencer 160. If the Tag Logic 186 determines the data called for by a
memory request are stored in the prefetch buffers 176, it couples a high HIT/MISS*

signal to the memory sequencer 160. In one example, the incidences of high and/or Iwo
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20

exanpl e, one or nore performance counter 300 tracks
t he nunber or percentage of page hits. The nenory

weemqsanerer 160 adj usts the nunber of active or PCOUSBI0S/015694

pages based on information supplied by one or nore

per f or mance counters 300, ilhgstrated in Figure 2. In

one exanple of the invention, "the nunber of open pages

is reduced by the nenory sequencer 160 when the page

hit count and/or page hit percentage tracked by at
HITASIS 9N sighAlE fafy ¢oRNEA 15081 & mSRGdr@handeedRiteds 300 to track the
threshol d val ue. In an anal ogous ‘manner, in one

naghen pEhits oxsr ferrserbenpf oyseall pagesy tequéstr eased when

the page hit count or page .hitpercenta xceeds a. .
t hr eshol d acfnﬁe‘?xaw?ec 8]3? g%r,for&aﬁg‘? Cﬂ‘éﬂtﬁ‘g @%oﬁﬁﬁgﬁ‘igtm rfgsure 3,
tfabR pAEETRR raRf 0veP BheP aBRSp At GhitHedis! the? E&%fmﬁi‘dl%fgal 8%h®memory

the invention. The nmenory sequencer 160 may al so
se@leaceri &) (o edjabll the ounthies ablopep pegest arhili axgtodeaaidionan amomatic
in ornatigg %%gglied by .one or nore of the performnmace
PESORTEE TR0 IV eﬁe%S%ég@e ATyl guigraaticadly berrgghergsd. In another
t [ i V. r in
R, B0 Ji g il s TR RIS 0 o
adpsDwiether peifigeting @lertbRd tindfor phe hembbi oiprefech fdigests to issue.

nunber of prefetch hits and/or the page hit rate )
Iy o exBRrlepd) lgdst ane Redamange geunier. 308 tracks she wanler afiseche hits,

6 b] r, di sabl ref et chi ase
RSk AR L AP e P I BRI PR AR, rtne
cidediingtd i €od Ry el RehdahdeldiRBldinpr Rk ahsch buffers

176 rather than fromthe nenory devices 148. \Wen a

menory noduloge $30nRlen pragimigable mesholdsharb usddtor extabilisle svhether
a read menpry reqguest, it first determ nes whether or
e e Py e T e o PRCBIOPERF b Py mHe HHBRsE of prefeteh
rdchiesth Ah8 adHRabills). PSSRt W fiRd &urgtﬁ&l of Blofiitoring by one or more
determnation 1S made by coupling the nenory requ St
perfornzgpce @ginaters8BI0 Eheogramniabis. c Th8 Gnéereesi Mascapref gloahtored for
addresses fromthe history logic 180 corresponding to
seeRufs pﬁ%‘fr%t €h rgs’l&i%; oS VABRTS a¥anaklemt Yoy epipin the resis| exyireset the

] .at f he nenor .

e e T SRR T
of abipligvkritiont heveBear MesdEWET thetdit fof LpokBS - of QRStiation, various
means could also be used to allowthe tag logic 186 to
medificetippemay be sade wathpeldlevinting from therspirlt ané aebpeed tesinvention.

A%cr:c?rdlsntg? r’ de fngergtlrcla% 13 £§tflﬁl%f%gd et;(lén;gtears b%/zd?é aplpre]:nger&/claims.




case, the tag logic 186 stores the prefetch addresses

to provide a record of the data that have been stored
wonoashe4qaref et ch buffers 176. Usi ng conventi onRCT/US2005/015694

techni ques, the tag logic 186 conpares the address in

each nenory request received fromthe link interface

152 with the prefetch addresses stored in the tag

logic 186 to determine if the data called for by the

menory request are stored in the prefetch buffers 176.

If the Tag Logic 186 detenqmpmpes that the data called

for by a nenory request are not stored in the prefetch

buffers 176, it couples a low H T/M SS* signal to the

menory_sequencer 160. |f the Tag Logic 186 determ nes

the dala cafBEmPErmedrle, CREWEEET equest are stored in

t he pr jt qcouples a high H T/ M SS*

si gnal g%gﬁ%ﬂg%ﬁgﬁg{oﬁéﬁcuegh%gr 160. m one exanple, the

i nci depaesnddl htib,Pompridingr | woH T/ M SS* signals are

counted by one or nore performance counters 300 to

track the nafErinisria teseigipgrmernaryigatsts 1OF agrees i memory cells

I equ n_one.exanpl e, the performnce
MR dasl o%@ﬁ? {nle!nsc’){yr aet“avécg)é

counters ( u in Figure 3, track page hit

rate over t pfmoldcedRitdifdce taled fo th elentRabAL&AtRAnemory
to the menory sequencer 160 to adjust the nunber of _
opesiceiatprfaca bdihg operablewid cotple mearory mequests ite thereerherygievices for
node, where a requested line.w || automatical be .
REiAPgaamop Pl ot Hdrech i e RorBoTyeTisrs ablogpeive read data
PrRp&istt 1Biat RadsEmi o BleGHoRYryirB§uRR! f Or mance counters

300{)t c? an Sst avw?ertnhgr pr e? etrgﬁi % tI%S enabl ed and/ or

t he nunber afpepioehaicechcouatpuestiplet doiths ugemdbny davéce interface, the
exanpl e, at |east one performance counter 300 track

¢ PRE TS COmIcs RBFraDKit §2cK Hapast ane g iRepRcy golgisepek

284a-d, whe ' t Ent

cache. " 111 ROnGLgH . FRUEREE SoER b an} 368" Bt o the memory
bécvdéssmipdrede, the medxaBégiended belig dpeaibid ®. couple memory requests to
programmabl e threshol ds are used to establish whether )

t ieusemant depeceirafage reRpERSIVO tBEMsY repiesls gagpeeeds Gpm the link

page..nod nunber of prefetch reguests a . .
CRERERR: he SRS, R B el BUHE RefB g7 dymamically adjust
Oty s s RB o e pERb M ARRE hiMiiPsked 9? M eEpetfodiandeScounter.
programmabl’e. The nenory bus can be nonitored for

seconds, hours, or days, in various exanples, to

obtai n_t he sults or reset. the counters. Fromthe .
for egoPng | LhRAIFIOEmaPREOE clepiBd Vhetein ﬁ%%ﬂ?ace comprises an

opticaPRBaY/EltHugRedi ment s

3. The memory module of claim 1 wherein the performance metric
tracked by the performance counter comprises at least one performance metric selected from

the group consisting of page hit rate, prefetch hits, and cache hit rate.

4. The memory module of claim 3 wherein the performance counter
tracks page hit rate and the memory sequencer is operable to change a number of open pages

in the memory device.



of the invention have been described herein for
purposes of illustration, various nodifications naybe
words/meL2hout deviating fromthe spirit and scep®us00s5/015694
the invention. Accordingly, the invention is not
limted except as by the appended clains. CLAIMS 1. A
menory nodul e, conprising: 18 plurality of nenory
devi ces; and a nmenory hub, conprising: a link
interface receiving nenory requests for access to
menor ys cel | gyd _’Iheﬁ{or#' §ASduIONT Qhint Re wHeFE Y¥hélei6RBancd counter
menory device intertface coupled to the nenory devices,
tracks page hieratr anddbe memornsegnémerishopiernylcpesmatoh ¢o pwoqueghprge mode.
menory requests to the nenory devices for access to
menory cells in at | east one of the nenory devi ces and
to recgi ve fRaddahd HERROF M&int 8 ¥helcfthe $RABrRAnce counter
the nenory requests; a performance counter coupled to
tracks th@ercenmgy ofeptiefotchi hiterdndcthe triemopersequeneac és opembkr to enable
operable to track at |east one performance netric; and
Wf&“%mhﬁﬂﬂhvmkﬁﬂﬁ@ﬁég@-coupled to the link interface and
the nenory device interface, the nenory sequencer
bei ng operable to couple nenory requests to the nmenory
devi cey.i nt e’l"lﬁ@@lﬁmicﬁ'? RABEI1Y & ft €laiife B0 Khefeiif) URS tperformance counter
received fromthe |1 nk interface, the nenory sequencer
tracks fauparrntagsedinprefopddr bitd end thedypametyc aequpnesa|is) gperable to determine a
operahil.ity responsive to the performance netric
nmnm?PgBﬁaﬁd%v%Pﬁ%*perfornance counter. 2. The nmenory
nodul e of claim 1l wherein the link interface conprises
an optical input/output port. 3. The menory nodul e of
cl ai m& wheThe menhay paodue nencleinme} mherdin bk egrioymaree counter
performance counter conprises . at |egs n rf ormance
tracks frgpghediUaies ARG B UGPER S aRsredq ﬁ%@a%ég 55 ¢
rate, prefetch hits, and cache hit rate. 4. The nenory
nodul e of claim 3 wherein the performance counter
t r acks9 pageThé mefmdtemaddletofelaifanowiersatiie neatory slevices comprise

operabl e to change a nunber of open pages
dynamic random access memory devices.

10. A memory hub, comprising:

a link interface receiving memory requests for access to memory cells in at
least one of the memory devices;

a memory device interface coupled to the memory devices, the memory device
interface being operable to couple memory requests to the memory devices for access to
memory cells in at least one of the memory devices and to receive read data responsive to at
least some of the memory requests;

a performance counter coupled to the memory device interface, the
performance counter operable to track at least one performance metric; and

a memory sequencer coupled to the link interface and the memory device
interface, the memory sequencer being operable to couple memory requests to the memory

device interface responsive to memory requests received from the link interface, the memory



in the nmenory device.5. The nenory nodule of claim3
wherein the performance counter tracks page hit rate
wandstihen2zmenory sequencer i s operable to sw t cRCTWS2005/015694

aut o- precharge node. 6. The nenory nodul e of claim3

wherei n the performance counter tracks a percentage of

prefetch hits and the nenoil9 sequencer is operable to

enabl e prefetching or disable prefetching. 7. The

menory nodul e of claim3 wherein the performance
sequenBQU Fdier t HARK Soperdteé GENEAGSISAIIYP8fust Tpettibility aREpdiire to the

nmenory sequencer is operable to determ ne a nunber of
performaret ehathic trecked dlyshe Berfofimencessounier.nodul e of claim 3

wherein the performance counter tracks a cache hit

rate, and the nenory sequencer is operable to disable

the caghe. $e fB8o ¥r fBEYh6 vﬂier@h%&ﬁiﬁk%@ﬁ@de%o‘rﬁlﬁises an

menory ‘devi ces conprise dynam ¢ random access nmenory
opticaldgmit@@gut 6rt. A menory hub, conprising: a link

interface receiving nenory requests for access to

menory cells in at | east one of the nenory devices; a

menor y, devi.ge e .

the mebor y T /neuBhyAEFoL Q4R 16 iRl T FERIhaHEY R racked
by theBAIREMahRAbQHEE donpriRes BE 1KY ofile peifemndnoe nastdessletied from the

menory cells in at |east one of the nenory devices and
group ¢amsistiog pfpageduidagaprefatedsipten end eache hifratteast some of

the nenory requests; a performance counter coupled to

the menory device interface, the performance counter

oper abjze t opid AckoR! hitEastlai g 2 Retkdr&lh TR B8 foraiant € codhét tracks

a menory sequencer ‘coupled to the link interface and '
page hitheteraaduhy mienoiry sequencer fsaqperabihto chamge g nyabaeatepen pages in the

bej ng operable to couple nenory requests to the nenory
memoiylgViCs: i nt er f ace responsive to menory requests

received fromthe link interface, the nenorysequencer

further being operable to dynami cally adjust

oper abid.i t yThespmos) b bbclathe 1peviiccinahe penfertirance counter tracks

tracked by the performance counter, 11. The nmenory hub
page hijfrate land theToemprseqeneeids PPeRbIE i@ sviteltle avinrprerhage Bipde-

15. The memory hub of claim 12 wherein the performance counter tracks a
percentage of prefetch hits and the memory sequencer is operable to enable prefetching or

disable prefetching.

16.  The memory hub of claim 12 wherein the performance counter tracks a
percentage of prefetch hits and the memory sequencer is operable to determine a number of

prefetch requests.

17.  The memory hub of claim 12 wherein the performance counter tracks a

cache hit rate, and the memory sequencer is operable to disable the cache.

18. A computer system, comprising:

a central processing unit (“CPU”);



optical input/output port. 12. The nmenory hub of claim
10 wherein the performance netric tracked by the
woeodsansance counter conprises at | east one pePCOUSENCO15694

metric selected fromthe group consisting of page hit
rate, prefetch hits, and cache hit rate. 13. The

menory hub of claim 12 whe28in the perfornmance counter
tracks page hit rate and the nmenory sequencer is

operabl e to change a nunber of open pages in the

MENDI Ya gvdnk Bontddtier TG 1SRROMY APUD tBE sfsteth Bdriol I ﬁﬁﬁh@ an input
t he performance counteér tracks page hit rate and the

port angedrnpw e@gtencer is operable to switch to
aut o- pr echar e. 12
her ef 47 PR %@W&Pﬂ@ﬁ%@ g o T R Do ferdillet of

pref etaﬁfblh]'?ﬁtsd aRd cb %ﬁtﬂk&ﬁ]{gﬁ $ t?rP&Krﬁ‘R)'ll% ;to
enabl e pref et Cehl né: r d| saf)l e pref tgﬁa g. © 16. her
menor ya ftokage tledtacanpled toMier EPY thioeglp drefsystemnoatrobemt er

tracks a percent age of (glef etch hits and the nmenory .
sequerfc@iralily ghpeapyanediee pashrafile meponp@pdeles comprising:

prefetch r r hub of claim 12
eaggﬁfafhg}; ofthemdffad nd

wherein th mance coun racks a cache hit

rate, and tdmehPIYb, a@qpﬂﬁﬁgr is operable to disable
the cache. 18. A conputer system conprising: a
central pr oceSS|ihglmclﬁn|1mtera@PU9€1%n$y§P@mycé¢ﬁW€®ﬂsl & access to

coupl ed to em cont r.ol.l er havi ng an
[ nput rya‘i’?@ é{hal‘{&ﬁa(sgme %ﬁf“?meg}?wﬂ Ut%devi ce coupl ed
to the CPU thr oughheid®y §oraECHGRIE COMPIEA to B MhBML devices, the
devi ce coupled to the CPU through the system
cont r ahbmpry devsto mgréacd eheige oporalpleed ¢ompichme@ly requests to the

t hrough the gystemcontroller; a plyrality of nmemor
modul dBCMERCACAISSURE SIS DHRTRATY ESITE dhnst {eahgre & the memory

pl ural dethceQ and RO R REELE @Sta RIShRivERAT Yedd Bome of the memory

conprisin
requests

a performance counter coupled to the memory device interface,
the performance counter operable to track at least one performance metric; and

a memory sequencer coupled to the link interface and the
memory device interface, the memory sequencer being operable to couple
memory requests to the memory device interface responsive to memory
requests received from the link interface, the memory sequencer further being
operable to dynamically adjust operability responsive to the performance

metric tracked by the performance counter.

19.  The computer system of claim 18 wherein the link interface comprises

an optical input/output port.

20.  The computer system of claim 18 wherein the performance metric
tracked by the performance counter comprises at least one performance metric selected from

the group consisting of page hit rate, prefetch hits, and cache hit rate.



alink interface receiving nenory requests for access
to nenory cells in at |east one of the nenory devices;
wea 20427 devi ce interface coupled to the nmenpPET/US2005/015694
devi ces, the nmenory device interface being operable to
coupl e nenory requests to the nenory devices for
access to nenory cells in & | east one of the nenory
devices and to receive read data responsive to at
| east sonme of the nenory requests; a performance
count egy Coupphe goﬁlguﬁsp SySIEHYCISRY DO SwAGER! thdGSorfotflence counter
performance counter operable to track at |east one
tracks pegd kit naa ard thetmémoryaagueacerdropyrablegoehaese coupbarditopen pages
i the link. interface and the nmenory device interface,
in the PFRORRABHSE- sequencer bei ng operabl e to coupl e menory
requests to the nenory device interface responsive to
menory requests received fromthe link interface, the
mMenor y2&eqUERE esmbutet Bsterh &ifngaiap 0 abheeihothe ypraformandeycounter
adj ust operability responsive to_the performance
tracks pepgerhitrate andkibe mepiorn seqyendes isnsEd ciouiic to auto-prpgharge mode.
conmput er system of claim 18 wherein the link interface
conprises an optical input/output port. 20. The
conput ey, sys$heeb@butet aysient SMISHERD WhGeipetht QisiAGence counter
metric tracked by the performance counter conprises at
tracks | &2 gstcentage per prsfatein dgs nadr the swsiery exgqhensean tihepgrablgp to enable
onsi st.i of e hit rate, prefetch hits, and cache
prefetqfing ‘Praf{I [P’ Preﬁeﬁczl%?:gonput er system of claim20 wherein
the performance counter tracks page hit rate and the
menory sequencer is operable to change a nunber of
open p2ges The chaputenvysfenienfi daim 20. whHdreincthomerformance counter

system of claim 20 wherein the performance coupjer .
tracks @ pRERetagsgRf Prefetghabits At then@eTeRn FSAUSRSEE dh cbfrapls to determine a

jtch to auto-precharge node. 23. The
nmnh%%ﬁ%%?%§1§%§%%%1of cl aim 20 wherein the perfornmance

counter tracks a percentage of prefetch hits and the
menory sequencer i s operable to enable
25 The computer system of claim 20 wherein the performance counter

tracks a cache hit rate, and the memory sequencer is operable to disable the cache.

26.  The computer system of claim 18 wherein the memory devices

comprise dynamic random access memory devices.

27. A method of reading data from a memory module, comprising:

receiving memory requests for access to a memory device mounted on the
memory module;

coupling the memory requests to the memory device responsive to the received
memory request, at least some of the memory requests being memory requests to read data,

receiving read data responsive to the read memory requests;

tracking at least one performance metric; and

adjusting operability of a memory sequencer based on the tracked performance

metric.



prefetching or disable prefetching. 24. The conputer
system of claim20 wherein the perfornmance counter
woneisk3447 per cent age of prefetch hits and the PemmIS005/015694
sequencer is operable to determ ne a nunber of
prefetch requests. 25. The conputer system of claim 20
wherein the performance coQdter tracks a cache hit
rate, and the nenory sequencer is operable to disable
the cache. 26. The conputer system of claim 18 wherein
the mesory ¢gy 'n?éi‘ﬁoc?%ﬁ%ﬁdiﬁeﬁy\?ﬁé}bﬁ RN REEE3Se at least one
menmory devices. 2/. A method of reading data from a
performenwr yetrivdednepristaradkingn gt lensc@ievparfprmenar metreqssbstal from the
for access to.a nmenory device nounted on the nenory
group aRsiAtBS of Bagn ihigte Reefoehbity and 6arbstd - t he nenory
devi ce responsive to the received nenory request, at
| east some of the nenory requests being nenory
reques?® t oThea@thddt of cl4iar 28 wihegeih el adtalfadiiesing ppenability of a
to the read nenory requests; tracking at |east_ one
memoyyesefBeneahbeschwnrthe fragled raeffio sompiisespatiesbingjopgrability of a memory

b ked f
seauerfg B SERRER e SRR s P i SH wner b1 m the act of

tracking at | east one performance nmetric conprising
tracking at |east one performance netric selected from
the gr3fip cthsimethod of ghaige 29 t furthee copreisitec programming  the

cache hit. rate. 29. The nethod. of cl.aim 28 wherein
thresmﬁﬁi“ﬁiim%]a PEHPHALCR ﬁo%eértg‘ﬁiﬂe?‘%’?n%@eér Ty sequencer
based on the tracked netric conprises adjusting
operability of a nmenory sequencer if the tracked
met r i c3kexceEhks mathodrefstahd28 exhelein 3 acthod adptsting opérability of a

claim 29, further conprising programmng the threshqld
memoryespgencat Basgd 9arthe HAgkSE aneth 6 SPBPTIEFTAM ERE GPREabIIRE of'a memory
' ' wherei n the act
sequentg% Iafafg‘} Jl}g%clk% mg ?)Hegreig bliglgF F}E%g agtpreghﬂg %‘%5 sequencer based
on the tracked nmetric conprises adjusting operability
of a rr?w,ezrmry

The method of claim 31, further comprising programming the

threshold level into a performance counter that performs the tracking,

33.  The method of claim 28 wherein the act of receiving memory requests
for access to a memory device mounted on the memory module comprises receiving optical

signals corresponding to the memory requests.

34. The method of claim 28 wherein the tracked performance metric
comprises page hit rate and the act of adjusting operability of a memory sequencer based on
the tracked performance metric comprises adjusting operability of the memory sequencer to

change a number of open pages in the memory device.

35.  The method of claim 28 wherein the tracked performance metric

comprises page hit rate and the act of adjusting operability of a memory sequencer based on



sequencer if the tracked netric is less than a
threshold |l evel 32. The nethod of claim 31, further
woaogriisi2ng progranm ng the threshol d | evel i nPOTAS2005/015694

performance counter that perforns the tracking. 33.

The method of claim 28 wherein the act of receiving

menory requests for access 230 a nenory devi ce nount ed

on the nenory nodul e conprises receiving optical

signals corresponding to the nmenory requests. 34. The
the tradRENPEL @ natb QBB oMINRS Adfubiend sRFKAHIAST the MIGRGS sequencer to

nmetric conprises page hit rate and the act of
switchatdjauttpreghavgemadé.l i ty of a nenory sequencer based on

the tracked performance netric conprises adjusting

operability of the nenory sequencer to change a nunber

of opegrs pag i : eyl : :

claim g% V\h(g?%ilﬁet?ﬁ(g ({T}eac edﬁ pg&}rh %ﬁrﬁﬁ%é& Eg?ﬁ%%ﬂnﬁfce metrie
comprisesr paestfrgel picfetelahis and thdractacf adjiistagy opsdrabitity of a memory

operability of a nmenory sequencer based onthe tracke,fl
sequenssr bafadaric dheniirckied REHRBRINSE A FOMIFgeD pdRsIg pRgpalyhity of the

menob{ Bl NSRS ASKRYRE sy o® oo

performance netric conprises a percentage of prefetch

hits and the act of ahgl'us_ti%operability of a nenory )
sequenddr bakednehod é elpiae IKSd Wherein rtharttekete perfermance metric

conprises adj usti operability of .the menory ...
comprigh eREREEs S istactp Rt Sptihsgebpe hSspRbepetability of 2 memory
sequettief belNb the Bdcked MRrBBLARE Mbtrie! @niPridds WHASEINopdidbility of the
tracked performance netric conprises a percentage of
memopy sfqetmder tu deteraniick 4 membartof pfefetdh vspuesisy operabil ity of
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