2 4 NOV 2006 WD 2004/013897 PCT/ US2003/ 024242 1 MEMORY HUB AND ACCESS
METHOD HAVI NG | NTERNAL ROW CACHI NG TECHNI CAL FI ELD This invention rel ates
to computer systens, and, nore particularly, to a conput eE 48 e having a
menory hub coupling several nmenory devices to a processor '5 or other nmenory
access devjc ND OF THE | NVENTI ON Conput er systems use nmenory

ACK!
devi ces, h’cﬂ‘?og 1&RManmi ¢ random access nenory (" DRAM' ) PGEU§2003024242, store

instructions and data that are accessed by a processor. These nenory
devices are normally used as systemnenory in a conputer 10 system In a
typi cal conputer system the processor conmunicates with the system nenory
t hrough a processor bus and a nenory controller. The processor issues a
menory r eqUMEMORN IHIFB AND ACEESS MIETHOD HAWTNG ANTERNALROW CAGHINGmand, and
an address designating the |Iocation fromwhich data or instructions are to
be read. The nenory controller uses the command and address to generate

appropri at'?E@HNT%RﬂF@LE' gnals as well as row and col um addresses, which
are applied to the systemnmenory. |In response to the conmands and

addresses, data are Thiahwhmiqnaﬂlatweﬁme@nputhesystyms,emd menopartianatlt kea

rocessor. The nmenpry.controller of ten art of a systemcontroller,
o o1 oo oot i P sy RGBT BRP R RE: BATRMCESF bus t o

an expansi §bthd?¥eemdty GéedSdeRicEC! bus. 20 Al though the operating speed of
nmenory devices has continuously increased, this increase in operating speed

has not kept pace with increases in the operati ng speed of processors. Even
sl ower has i i ting speed of nenory controllers

coupl i ng &&&%WW&W@? The rel atively sl ow speed of nenory
controllers and menuromgife G&emd hd@rﬁ&n&r?%eﬂ@ésas&ﬁrh@ﬁ‘yﬁ%ﬂc@eﬁfd\ﬂﬁ%césbe 25
processor and the nenory devices. In addition to the'limted bandw dth

bet ween priocwesof DRAM hdaviess, talsipre éstrustivas pod f ditartint aropccsepiyer syst ens

I's also li Igrr]oge%(sjorb leeget I%QCXryp de %%flsse iR ntorr}f’i1 t11y used as system memory in a computer

10 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

15 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. :

20 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
memory controllers coupling processors to memory devices. The relatively slow speed
of memory controllers and memory devices limits the data bandwidth between the

25 processor and the memory devices.

In addition to the limited bandwidth between processors and memory
devices, the performance of computer systems is also limited by latency problems that

increase the time required to read data from system memory devices. More specifically,



increase the time required to read data from system nenory devices. Mre
specifically, 2 4 NOV 2006 WD 2004/013897 PCT/ US2003/ 024242 7 2N0Wpp a
menory device read conmand is coupled to a system nenory device, such as a
synchr onou ’ ;DRAM') device, the read data are output fromthe SDRAM
devi ce onl 3’“@5@%{% del ay of several clock periods. ThePEF&SéQW%"?ﬁough
SDRAM devi ces can synchronously output burst data at a high data rate, the
delay in initially providing 5 the datda can significantly slow the operating
speed of a conputer system using such SDRAM devices. One approach to
alleviating the menory | atency problemis to use nmultiple nmenory devices
coupl ed t owhérea preowesdevicet hadoeogimend rie capled hol b sysdtem anemenpdevicehaizh as a

architecture, a sys ] | er .or, nor ontroller |s cou to several
mermory 10 %BIEFPB%‘?/S QWZW fe¥éscu s“%d a@ﬁﬂi/om‘ﬂ %?}Hﬁﬁ"egbgg‘l‘éeveral
Menory devi&aes: onlyl A¥fer TRIZRY 61 EBraPlibdiCheRiBld, YTHRUS £ Sal B IR SDRAM BSiGesand
responses between the controller and the nenory devices. Conputer systens
enpl oyi ng ¢dn synclramuskycdutprud bumhdath alvehigh aghete, thamddlay dt mitkdlygueeadmgpr ocessor
can access_ ong, nenory .device while another nory device is responding to a
o or ol Gt GOoS R S tie SRR g GRS IR SUEB A TR data o
one of thegHRAML e ces in the systemwhile another nmenory device in the
systemis preparing to provide read data to the processor. Although

conput er systens usi®ue rpproach toubkeviemg pthe viheheory ultencyo probéeri ds tanse, t hey
nevertheless often fai] to ope e.at opti mum speed for. several reasons. For
exanpl e, eWBHIPEWE‘BHryrd?WPVOE‘B%&E%@ﬁ pf?rcgiff”if, % gﬁﬁme&“%k} RN a gr eat er
20 nenory M&m&ﬂm,tafwsferﬁ_hbﬁr}oll&%rflﬁém&zem&o@%ﬁﬁ%u;néml BV&altferhdty type

descri bed above. More Specifically, although the processor nmay comunicate
with orl@ nmadulys, dech ot whighi ineludasct memoryelntbr sougledito sevesalpnerpenyidegices t r ansf er

data, it is_saonetines.negessary to receive data fromone r evi ce

bof of et he BB ST SERAT ol BEike Sttt md FR0fes PPkl BEnt “dat o
nust be regfivfer ndahe BiRthofPdRics. dE¥mbRePSERMS cHplFingXthisaediité@trelda@m anot her
menory device can be used, the |atency problemcontinues to slow the

oper at i ng B3yeedl highes bativwedihhetavse §yproeeasor can access one memory device while

another memory device is responding to a prior memory access. For example, the

15 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

20 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 data

25 received from another memory device can be used, the latency problem continues to
slow the operating speed of such computer systems.

One technique that has been used to reduce latency in memory devices is
a cache memory, which stores data recently accessed from system memory. The cache
memory is generally in the form of a static random access memory (“SRAM”), which

30 has a substantially shorter access time compared to dynamic random access memory



One technique that has been used to reduce latency in nenory devices is a
cache nenory, which stores data recently accessed from systep,igiggyg. The
cache nenory is generally in the formof a static random access nenory

(" SRAM') , j s a substantially shorter access tinme conpared to
dynarmi ¢ ra%grgn&é‘t@g%g? memory 2 4 NOV 2006 WD 2004/ 01389 POBERRUSIDER 024242
3 ("DRAM') typically used as system nepory. Furthernore, the SRAM cache
menory s generally coupled directly to the processor through a processor
bus rather than through a systemcontroller or the like as is typical with
DRAM system nenory. As a result of the faster speed of cache nenory and the
cl oser pr ofDRIAIM”)dfpicaltyhesedasoysyent tiemotyn EFpthedsss,ahe SRAS dshe dientadghe nmenory
can greatly reduce the | atency of nenory read ,operations. Although

convent i onsl 8eBgreh% RBIET \Isedy fQ difc BRCTRRFOIOUSE c PE0CCTSRE dHE raller; than
conventio SDR&M in manner

t hat prov%%a?%%ﬁ é%cgg?él%%}%gﬁpﬁsco%g%ig?ﬁls?/stenspﬁﬁeg?#[g%&ggjﬁoéiahubs. 10
| n parti cuteaudt oftthefdstenspeed of tawhagemoppmdithe/cloder propimiay) ofbmacivememomits es
conpareq to the wvasily larger capacity of typical menory hub system

menor i eg Rreoesieh éhwmaffa@?fe meresy &7 grpibredyqrcthe fatengy b mamory af es's
likely to Pingns.Thi s problemis exacerbated by the difficulty in
transferring data to cache nmenory that is likely to be the subject of
subsequent nenory r ejtmagls. covberdiosgieciche aadrhgry has resluckd fmemoky accescoupl e t he
data that 15 will subsegue be needed fromall of the nmenory nodul es

tl
through t H&REFbMY CORGREPH ICBIPHET EFET GREESBFMAN A Hdh BPFb TN Br ocessor
to the cachenRPRf Yroviled Optihm sedPrBictid Eofiplidr &/QeMBuBhainnfRf REbCOher ency
in a conputer systemusing nenory hubs and ‘a caChe nenory coupled to the
procesddr Intpagiaylart the lpmitelessroge tapscityaofatypicalocache menpoiiesecamradf tocthnt
har dware res Ufces to g@lg al n]ertleache cgherenc . Furthernore, the 20 tinme
requi red tGSTRAIEFRCLCPACUY REVRISARERYY bEk AYsiem, eWBﬁBsr?l_eérc‘Fﬁ’rer?%ﬁ%%yP t he
extent t hiserhit GheelI\@cRERit B 1BRMKELy 36 ¥t 2FRIS pRibldhs isNGaCRSIA BRADT Y can be
| ost. There is therefore a need for a conputer architecture that provides
the advandiffigely df teansfembngy ditaio oachei mewpny thating likély donbenthei subjechio§ | at ency
probl ens

subsequent memory requests. More specifically, it is difficult to couple the data that

15 will subsequently be needed from all of the memory modules through the memory

controller to the processor and then from the processor to the cache memory. Also, it

can be difficult to maintain cache coherency in a computer system using memory hubs

and a cache memory coupled to the processor through the processor bus, and it can

require significant hardware resources to maintain cache coherency. Furthermore, the

20 time required to maintain cache coherency can slow memory performance to the extent
that much of the performance advantages of using cache memory can be lost.

There is therefore a need for a computer architecture that provides the

advantages of a memory hub architecture and also minimize this latency problems

common in such systems, thereby providing a memory devices with high bandwidth and

25 low latency.

SUMMARY OF THE INVENTION

A plurality of memory modules are coupled to a controller in a computer

system. Each of the memory modules includes a plurality of memory devices and a



common in such systens, thereby providing a nenory devices with high

bandwi dth and 25 |ow | atency. SUMVARY OF THE | NVENTI ON A plZuf 8DV 2006 of
menory nodul es are coupled to a controller in a conmputer system Each of
the nmenory_nodul es includes a plurality of nenory devices and a 2 4 NOV 2006
WO 2004/ 0136dPHEP#0s2003/ 024242 4 menory hub.  The neRSFYSHEH24BApri ses a
link interface coupled to the control Iﬁr and a nenory device interface
coupled to the nmenory devices. The link interface receives nenory requests
fromthe controller for access to a row of nenory cells in at |east one of
the nenory devices. The link interface transfers the nenory requests to the
menory S5 devin6s hubl efheaggnorwhils borfifties £ Hhlpinesfatd CoupRiand Yhd @at6ldrand 0 t he
menory devices for  access to a row of nmenory cells in at | east one of the
menmory devi BEEIOTYTERViGedRtsERace epupled do thetmesnory deviepsn The diak yrterfaceaecevsdl dat a
fromthe i i I f ry.requests.
Each of t naoeoestfont ARABRATIEE g dodbe to A3 ora0Mard kell i afRERIgHe (0
menory devoftike meinetsf desreb.0The xkeihterfag: teansfesttbe me@oryaaghesia t@tht tehegyponsi ve to
at | east one, of, the menmory requests. A sequencer that is also included in
the mensr ydavifs ireriacs prhich then couples; thg memopy Fequests tonlbe msmaty dgwiessclr i nt er f ace
and the r&b‘é’es%% & oWESh¥mo "b%ussﬁlqd{%h%?&%fgcgﬂﬁé ﬂ#eﬁx%%f‘&ébi&?.“ H*h@%f he memory
device intertface nenory requests to read data fromnenory cells I1h a row of
menory cel deviceliaterfgceather seeives ths peadsdarefitn the menoryy devings esporsivertsfaer red from

the link interface . to the 15 nenory device interface. .The read data fromthe
menory ce|1|g§stﬁ9fn?ﬁ%tthﬁmnmwgﬁﬁwy Pf/@esﬂémaf%i@éé@e&fh}d@%mw €to the

gener at ed llloﬁrﬁgl? yCJu?%eb%ttﬁe Moy 8visd iGfcl @ortﬂééeivihgh"é(gﬁ%&?n@%o%‘{@&éfa The

sequencer rably generates the nenory requests ry requests are
not beilflg remesivetb trleast bheofthe menloherequddRl PFsd)ESCR Bl iONlsOinclided DRAW NGS 20

Figure 1 is a bloc i.agr am of uter system accot di,n 0 one, exanple
of the i nviRARGRY dulis Contiech e i R ke, RS RERel Sy cCaBRrte Ot al 1 Ty of

Menmory nDAiyse8ache memory. The sequencer generates and couples to the memory device

interface memory requests to read data from memory cells in a row of memory cells
being accessed responsive to a memory request transferred from the link interface to the
15 memory device interface. The read data from the memory cells in the row of memory
cells being accessed responsive to the generated memory requests are also stored in the
row cache memory. The sequencer preferably generates the memory requests when

memory requests are not being received from the controller.

BRIEF DESCRIPTION OF THE DRAWINGS
20 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.
Figure 2 is a block diagram of a memory hub used in the computer
system of Figure 1.

25 DETAILED DESCRIPTION OF THE INVENTION
A computer system 100 according to one example of the invention is
shown in Figure 1. The computer system 100 includes a processor 104 for performing

various computing functions, such as executing specific software to perform specific



Figure 2 is a block diagramof a nenory hub used in the conputer system of
Figure 1. 25 DETAILED DESCRI PTI ON OF THE | NVENTI ON A conput &4 MV <p0gm 100
according to one exanple of the invention is shown in Figure 1. The

conput er S%ﬁ&%%b10QH ncl udes a processor 104 for perform’n/gI vari ous
conput i ng PURECHEHEY7 such as executing specific sof t war BCEYSHEIN24Ah speci fi c
24NOV2006 WO 20041013897 PCT/U82003/02§242 5 cal cul ations or tasks. The
processor 104 includes a processor bus” 106 that nornmally includes an
address bus, a control bus, and a data bus. The processor bus 106 is
typically coupled to cache nmenory 108, which, as previously nmentioned, is
usual |y staldulations ot tasksc Ths processar 104 ih&ikddd' § proeessad bug, 10G6hihatpnam@Rgor bus

106 is coupleqd to a,5 systemcontroller 110, ich is also sonetines
referred t °]é‘gesaam RATTESY S Agontraly buss ﬁ’é‘}rﬁr‘i(;‘tacgﬁ\‘]ﬁt r &PF @F?Gesspﬁi’u Q@? dfn
control I ery LS e5MRS1 &5ca@hs BT qaé,'mtéh,pafsltéfe&ieuswﬁmnawéa,emgu 4 for a

variety of "ot her conponents. Mre specifica the system . controller 110
i ncl udes astaficaphdans agpesstméenhay (TSRAM). Ftdlly, the pwicesdort taisd 0§ issghipled tcont r ol | er

10 112, .which is, int , .caoupled to a.videq term nal 114, The system
cont r ol PerSYEER F@HOQF%EHEO‘Y}B&EEG gl Sﬂ@gtHFeS ?eéreﬁﬁBLﬂs %e&%@@?@%@? %uch as a
keyboard ofpandmussrolicp”al | ow an operator to interface with the conputer

system 100. Typically, the conputer system 100 al so includes one or nore
out put devi ces 120, Thechystgm gomprallat 10 serveplaeck ctommupicatponsceadls do th®4 t hr ough

t he system contro r. 110. .One or nore data storage deyices 124 15 are al so
ypi oal |y ROUBIEAIYE Tina BrEWeLs B Gampgisgn Mt opeieifeat FETer 110 to
al l ow the pn@eR&SAD iAéldds@ PphicR pAattBat 8¢ typRAIY &Bledab @ hdhivs icBiteIRAl OF

external storage nedia (not shown). Exanples of typical 'storage devices 124

i ncl uddOhatid, bf is.oppyrm, doupkes], totzayidecciemsioel By, HredsystempenntroliérsidOriead- onl y
rerer 125 (58 B e AR IAEE Bl A AR B R T o
128 . :;Pgugﬁﬂgﬁeﬁa}t%rﬁ@g%ggﬁce]ﬁ& 186 BorRpiérasyati 1 00 0 Uphiesllyt ehel ddghpuides kfancont rol | er
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
15 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).
The system controller 110 is coupled to several memory modules
20 130a,b...n, which serve as system memory for the computer system 100. The memory
modules 130 are preferably coupled to the system controller 110 through a high-speed
link 134, which may be an optical or electrical communication path or some other type
of communications path. In the event the high-speed link 134 is implemented as an
optical communication path, the optical communication path may be in the form of one
25 or more optical fibers, for example. In such case, the system controller 110 and the
memory modules will include an optical input/output port or separate input and output
ports coupled to the optical communication pafli. The memory modules 130 are shown
coupled to the system controller 110 in a multi-drop arrangement in which the single
high-speed link 134 is coupled to all of the memory modules 130. However, it will be

30 understood that other topologies may also be used, such as a point-to-point coupling



i nk 134, which maybe an optical or electrical conmunication path or sone

ot her type of communications path. In the event the high-speefiVjjgk 134 is

i npl enented as an optical conmunication path, the optical comunication

pat h may b%YJHn ;g}ﬂe formof one 25 or nore optical fibers, for exanple. In

such case, Y& Ym controller 110 and the nenory no8GTES208#924242nc| ude an

optical input/output port or separate 'Bnput and output ports coupled to the

opti cal conmunication path. The nenory nodul es 130 are shown coupled to the

systemcontroller 110 in a nulti-drop arrangenent in which the single

hi gh-speed link 134 is coupled to all of the nmenory nodul es 130. However, it

wi |l be 30ammgemsnidodviidiod sephataér highspded dink $notalover)sio ukeel tosedple sanhiofas a

poi nt-to-pQi nt couplin 4 N.O V, 2006 2004/ 013897 PCT/ US2003/ 024242 6

arrangenen eilﬂelwmdﬁpeéiﬁg?‘%% S}ﬁtfjﬂ-cgrﬁéﬁﬂr 50nk ErrBehing iRprlosy Tayalsg ¢ o

coupl e eache ffed ih WRiARRDENSteMRI68er 130 id QbR MtbRAS O FileShetdy- A

switching topology nmay al'so be used in which the systemcontroller 110 is

sel ect i vel modulap [l 2@ thrangbaciwitsh (ndishememo rGthemtophidégies thamenbouspd velldwi t ch (not

shown). O her topol ogjes,that y be used will be 5 apparent to one skilled
Ar t “vesson Foresled e

in the APRELTH o te nodul es 130 includes a nmemory hub 140 for

control l'ing access tgch SR MeMeM AREu1dST30 WlEdbs 4 Mndnity 88 MRI0E for
illustrated in Figure 2, are synchronous dynam c random access nenory

(" SDRAM') denitodling, ackestvbov@memary deviass 148, whichaincthe pxaripde ilbfktraredrirEigatevi ces 148
may be used, and penory.devices,10 ot her than, ,Jdevi.ces of course,
al so be usgd‘?refwgmr?él W%@W@%&Bﬁ%%@@ﬁwgﬁwm }g%vgﬁ’r?nenory
devi ces 14&widpiop Yadhted tides ¥5 hkfokp Bevittdi 128 md&%d’fﬁédtd%aﬁd‘ﬁleﬁﬂ%sdé’vi@e@nt rol

bus, an address bus and a data bus. One exanple of e menory hub 140 of
Fi gure 1 i sthehthan SDRAMgdavice mayThé corssen alsothetused.0 Thechemery habl 149kisi nt er f ace

152 that i | ed he high- speed, | ink ,.15 134. -Th . the |ink
ntorface TP oo LR S TRRCE eyl 148 Brohl = 08 R, Shicha®) i i

134. For exailg indhifleé §€or6eBiis, hil@ddhésg Busp@ediatabi. 134 is inplemented using
an optical comunications path, the link interface 152 will include an

optical input/out puPnserempimel the memasy bl 14Qpf Figte Isisghaws i Bigstedd t hr ough
the opti CalThe memory hub 140 includes a link interface 152 that is coupled to the high-speed link
- 15 134. The nature of the link interface 152 will depend upon the characteristics of the

high-speed link 134. For example, in the event the high-speed link 134 is implemented

using an optical communications path, the link interface 152 will include an optical
input/output port and will convert optical signals coupled through the optical
communications path into electrical signals. In any case, the link interface 152
20 preferably includes a buffer, such as a first-in, first-out buffer 154, for receiving and
storing memory requests as they are received through the high-speed link 134. The
memory requests are stored in the buffer 154 until they can be processed by the memory

hub 140.
‘When the memory hub 140 is able to process a memory request, one of
25 the memory requests stored in the buffer 154 is transferred to a memory sequencer 160.
The memory sequencer 160 converts the memory requests from the format output from
the system controller 110 into a memory request having a format that can be used by the
memory devices 148. These re-formatted request signals will normally include memory
command signals, which are derived from memory commands contained in the memory

30 request received by the memory hub 140, and row and column address signals, which



comuni cations path into electrical signals. In any case, t erﬁﬁpﬁ(%nterface
152 20 preferably includes a buffer, such as a first-in, fi ét- ullouf f er
154, for receiving and storing nenory requests as they are received through
t he high'ngéd | ink 134. The nenory requests are stored in the buffer 154
until they CaA"8538ocessed by the memory hub 140. WieRCTRNE2ZMEAIR4? hub 140
is able to process a nenory request, one of 25 the nenory requests stored
in the buffer 154 is transferred to a nory sequencer 160. The nenory
sequencer 160 converts the nenory requests fromthe format output from the
systemcontroller 110 into a nmenory request having a format that can be used
by the mneamy derited fromsanlatiflresd berstainedif the mehioedreteept exkived b aiesmamddy nor mal |y

i ncl ude nenor command signals, which are derived fromnmenory co nds
contai ned PHO T4 J?Peﬁl%{aweré BRI IS G RTsY FROHEy BR O OREBdand 1 ow
and col um ?q‘%%t% al?'vﬁﬂaﬂo%nawarggldg vHitDNENa %%ggls%g}p 0/ 138D from write

PCT/ U82003/r0 424 are der rom an address contained n the nenory
request r edetawentaingd iththe meemmory reduwads rdo¢lred bp thehmermupritubt K. Merexamplequest i s

awite r equest, . the re-formatted t.sigpals will normally
[ ncl ude S MPEEGhT BOBPR VS TLATS S BRI SaiGEr e moMADEEGEHER! ned | n
the menory 1E@AHeSipEie6H MELsdMNedaliCa Wﬂes@%b@@ﬁ‘)%ig%&ﬁ%b&ive Bigghere the

menory devi ces 148 are conventional DRAM devi ces, é menory sequencer 160
wi || out putwrite/eetixe dove ssadssigmeh |(SW/RE ), owhamid adslssss signels end "aRABINN sddyesal , an

active high_ wjrelactive lLowread signal ("WR*"), col.u addr ess signals
and & col LiRoBRAraSS gl opBe oo e Ramaty ratratsite PR BUPHORGTY
requests aki BLRhEIraBD Yo BRI tHey X bé R4 BF HeGRGRSry EBRcisn4ghe order they
will be used by the nenory devices 148. 10 The nmendry sequencer 160 applies

t he re-¥lor mat t ed menbheymemquessteencer 166 applies the r¢doingadted memrdrprgudseeo The
nature of the nenmory. device interface 166.wll agaj n. depend n .t he

char act er i €83 e%ﬁ%"ﬁﬁrﬁ%clﬁf%g'eﬁhf&amﬁgfwleﬁn%{ﬂvggdﬁlg? u?tﬁr ace#&ﬁﬁ? devi ce
interface 48fin Refhenaoh\thé BRArkd@sstias BEfteahemsyicevaes 48| OBy Lier thd68, for

recei ving and storing one or nore nmenory requests as they are received from
the 15 | i nkuemeredévaeeeintesace mpwﬁwﬂylm@@ﬁe@b@ffw guchtasraeflFOrbuffee 168:f f er 168

until they fcgzrargceti)@mg and storing one or more memory requests as they are received from the

15 link interface 152. The memory requests are stored in the buffer 168 until they can be
processed by the memory devices 148. However, in the event the memory device
interface 166 stores several memory requests, the memory device interface 166 may re-
order the memory requests so that they are applied to the memory devices in some other
order. For example, the memory requests may be stored in the interface 166 in a

20 manner that causes one type of request, e.g., read requests to be processed before other
types of requests, e.g., write requests.

The memory requests are described above as being received by the
memory hub 140 in a format that is different from the format that the memory requests
are applied to the memory devices 148. However, the system controller 110 may

25 instead re-format memory requests from the processor 104 (Figure 1) to a format that
can be used by the memory devices 148. In such case, it is not necessary for the
sequencer 160 to re-format the memory request. Instead, the sequencer 160 simply
schedules the re-formatted memory request signals in the order needed for use by the

memory devices 148. The memory request signals for one or more memory requests are



processed by the nenory devices 148. However, in the event the nory device
interface 166 stores several nenory requests, the nenory devﬁééﬁﬁﬁM%rface
166 may re- order the nenory requests so that they are applied to the nmenory
devices in _sone other order. For exanple, the nenory requests may be stored
in the i nt¥PRAUAIBEE in a 20 nanner that causes one tyRCTHSHBEARE e g.,
read requests to be processed before o#her types of requests, e.g., wite
requests. The nmenory requests are desctibed above as being received by the
menory hub 140 in a format that is different fromthe fornmat that the nmenory
requests are applied to the nenory devices 148. However, the system

cont rol | er thid Bari¥BitredFo tHeSh@R6ty devitOtebthcd TRIFRE Yheyasdh 88sSqich@ybd A}plipd ocessor
104 (Figure 1) to a format that can be used by the ne&%rng%v?%es 148. In

such case, tojthe mempptdesiseeb®ary for the sequencer 160 to re-format the
menory request. Instgad, .th cer ..l schedul es th
ES rEVIBltlS?% Ié)giﬁal{ﬁera, gne ({]f%e (ﬁsa e?ﬁ{a eg 85%51?%1?’161’8%1%/ 98 t he

re-formatted nenory réﬁues al's’in the or

menory devisaks inksedl aentP MWy Ycah ateshesStrgital As fko pRRicUElyRpRINeENDr Y
requests are 24NOV2006 WO 20041013897 PCT[ US2003/ 024242 8 then transferred
to the RentAche Beiorsn fhecppegseor1 g g goupley te e Bigpesseruast 10p Giguepblied to

0 . 188 ssorpley gt G f
usi ng. mor¥ RS oSl m B EXRAT Rl A0RY s sl FoERIBRIET 705 ©

al so previ gusdnmorgxpdtanneshg senbrc achte TBEMisMmdr Hubel4dr eg@gkokhokd ir coupl ed
to the processor bus 106 (Figure 1), which is the traditional approach to
reduci ng nBigwiey nrevdes rglalikely low memgry road latergy; Rydaclading g row gishy meonem usi ng
menory hubg, im%cﬂ%ﬁﬁ{exn&g&y s %’?‘”’P}‘leero%ﬁ&gﬂe bfimoly 94 fag bR EAMIHGS .
relatively low nenory read tatency by 1ncluding a row cache nenory 170 in
each ofl0t héesipanorgonheriiondidachd Restémsvinchding adamaryiethdy @Y shwevrd) aithgr in 10
design to conventional cache systens .including a data nmenor not shown), a

tag menor PR RAHFINNT), ahepryeriretadies corpanendogis foh shash. TBeTw (not
Shoun). EShEACSGAETD TSR L0 ob e R BT R RSB o

devi ces 1l4Bemorytdels imehd @ rid®.of Theemermovy devices 148 in the module 140. The row

cache memory 170 receives addresses forming part of a memory request from the link

15 interface 152, which are compared to addresses of cached data. In the event of an

address match, which indicates that the data being fetched by the memory request is

stored in the row cache memory 170, the memory 170 outputs the requested data and a

“ROW HIT” signal indicative of a cache hit. The ROW HIT signal is applied to a

multiplexer 176 to cause the data from the cache memory 170 to be coupled to the link

20 interface 152. In the event of a row cache miss, the multiplexer 176 couples data from

the memory device interface 166 to the link interface 152. The ROW HIT signal is also

applied to the memory sequencer 160 so that the sequencer will not couple the memory

request to the memory device interface 166 in the event of a row hit since the data

called for by the memory request has already been supplied by the row cache memory

25 170.

Although the row cache memory 170 may store data only from columns

in a row that have been previously accessed, the memory 170 preferably pre-fetches

data from many or all of the columns in the cached row when the memory hub 140 is

not busy responding to memory requests from the system controller 110. More

30 specifically, the memory sequencer 160 contains conventional circuitry to keep track of



cache nmenory 170 recei ves addresses formng part of a nenory request from
the link 15 interface 152, which are conpared to addresses of jd@d¢hge data.
In the event of an address nmatch, which indicates that the data being

fetched by request is stored in the row cache nenory 170, the
memory 170 V&Q?%’%@%%e requested data and a "ROWH T gFﬁWé?““?’K’d?@ati ve of

a cache hit. The ROWH T signal is applied to a nultiplexer 176 to cause
the data fromthe cache nmenory 170 to be coupled to the Iink 20 interface
152. In the event of a row cache miss, the nmultiplexer 176 couples data from
the nenory device interface 166 to the link interface 152. The RONH T
signal is &hih corplsiocfd ro® Heltgy AredBIdyhase b the Alatalsbdted chetdimtradshgredasuencer
will not couple the nmenory reguest to the nmenory device interface 166 in
the event BE 18WrghnmemrnE .t Mehea dheasequenicriolOG i§rnah\pupheereiRs meRAYuest has

al ready be pRl.L.e t row
cache rrermfe@u%%ﬁh%lyag ? %%(eﬁgfé{aggvéﬁﬁgﬁ%fe Fég]ﬁ\ co &gﬁ?e&%%esaélregl\%%?%ué%ﬁve been
previ ous| ywaithess egdpliddn® thenmeniord /deviee dhterfadal 166) e chedeCdues stofbdtia the om many
or all of the . columms in_ the cached row when the nmenory hub 140 is not busy

£ y
r espondishgEiHRHEHYMAS e ABaddropsed oW Hebasiusiered tnihe 50w &rche mymogpt 0. 30

speci fi cal Ly, r : | OS: i - €] Ltry to
ceep 1 ack S AR Do R B NGRS pre BB S PD Y B G ok BEME 1Y e o
a row bei nganacoes fedotvasaehdraemoryd 70 & likehit torbedtdringrdatarthatrvali bt deteled iho  t he
row cache nory 170. When the sequencer 160 is not busy servicing nenory
requests fFOfFURY MYRRYTEAUSTFace 152, the sequencer 160 generates menory
requests, which ar i L i cause
data stored in the ?@H&?ﬁ%ﬁé&?ﬁ%@%ﬁ%g&ég rgés@gﬁsﬁaﬁeéﬁﬁ[gc%gansferred
t o t he Mowccacke rmwnaff merhdfy. cellf\sn ana efsthe tmensiry deviventt8/ using: e ysesty af e

typically to series of ry locations in e s ow, the row cache
menory 170Pi%§ “F??elFﬁrF’E?’Tigggf ir?l‘ﬁc?ngaleP’l‘?QfIWHSlcang%{Wﬁﬁé%bsequent

Merory I eqpeR! $han THR PEILME SuiRentd0 160 RaP RERS Scalss URS A% SibreMBADHY T €quest
directed 10 to a new row of nmenory cells 1 n One of the nmenory devices 148

usi ng a vasubetquently accessed row to be transferred to the row cache memory 170. If the row

cache memory 170 is capable of storing data from only a single row of memory cells, or
15 the cache memory 170 has otherwise reached its storage capacity, the data stored in the
newly accessed row of memory cells can simply overwrite the previously stored data.
Although not shown in Figure 2 or discussed above, the memory hub 140
preferably includes circuitry for maintaining cache consistency using conventional
memory cache techniques. For example, the hub 140 may employ a “write through”
20 mode of operation or a “write back” mode of operation in the event of a memory request
for a write to a location followed by a memory request for a read from that same
location.
From the foregoing it will be appreciated that, although specific
embodiments of the invention have been described herein for purposes of illustration,
25 various modifications may be made without deviating from the spirit and scope of the

invention. Accordingly, the invention is not limited except as by the appended claims.



procedures. For exanple, if the row cache nenory 170 is capable of storing
data from nore than one row, the sequencer 160 can sinply cauq§4N@p ﬁ ta
stored in the subsequently accessed rowto be transferred to the ro&/ ache
menory 170. If the row cache nmenory 170 is capable of storing data from
only a single row of nmenory cells, or 15 the cache nmenory 170 has ot herw se
reached its storage capacity, the datalBtored in the newly accessed row of
menory cells can sinply overwite the previously stored data. Although not
shown in Figure 2 or discussed above, the nenory hub 140 preferably includes
circuitry for maintaining cache consistency using conventional nmenory cache
techni ques. For exanple, the hub 140cpayvsgnpl oy a "wite through” 20 node
of operation or a "wite back”™ node of operation in the event of a nenory
request for a wite to a location followed by a nmenory request for a read
fromthat same |ocation. Fromthe foregoing it will be appreciated that,

al t hough specific enbodinents of the invention have been descri bed herein
for purposes of illustAabmpnter sy@tem;aomptisngrodi fi cati ons nmay be nade wi t hout
deviating fromthe spirit and scopg of the invention. Accordingly, the

i nvention is not PFW&?@H“@%%@ﬁP“ﬁZ‘gﬁjﬂhe appended clainms. 2 4 NOV 2006 10

CLAIMS 1. A conp I ShAG i i
(TCPU): a syt ony couy o er GRRRA (7 MR CRY, EF el onbRt R B i) por
havi ng and amputputpertt and an output port; an input device coupled to the CPU

t hrough the systemcontroller; n out put device coupled to the CPU through
t he system cont r of} &put deé(‘°§t°8\‘l§§fgt° BQ/FEQ thrgugh ha syser senteaderst hr ough t he

system .Con'_[ rollera, S‘l.llt tlHe@icEEMurgggdt P’U@fﬁ%%}h?ﬁe sﬁ%@c&ft ofi > nenory .”Dd}“ €S
conprising: a pluraltty of nmenory devices; ahd a nmenory U , conprising: a
i nk interface hawstotpgadeviogetupjedrtd therdPlathraughphd sypen contrbier] | nk
a plurality of memory modules, each of the memory modules comprising:
a plurality of memory devices; and
a memory hub, comprising:

a link interface having an input port and an output port, the link
interface receiving memory requests through the input port for access to a row of
memory cells in at least one of the memory devices and outputting data fhrough
the output port responsive to the memory requests;

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 a row of memory cells in at least one of the memory
devices and to receive read data responsive to at least some of the memory
requests, at least some of the memory requests coupled to the memory devices
being responsive to memory requests transferred from the link interface to the
memory device interface;

a row cache memory coupled to the memory device interface for
receiving and storing read data from a row of memory cells being accessed

responsive to at least one of the memory requests being coupled from the memory

device interface to the at least one memory device; and



interface receiving nenory requests through the input port for access to a
row of nenory cells in at |east one of the nenory devices and ?¢du{0dugggs ng
data through the output port responsive to the nenory requests; a nenory
device interface coupled to the nenory devices, the nenory device interface
bei ng operable to couple nenory requests to the nenory devices for access
to a row of nenory cells in at |east die of the menory devices and to
receive read data responsive to at |east sonme of the nenory requests, at

| east some of the nenory requests coupled to the nenory devices being
responsive to nenory requests transferred fromthe link interface to the
menory device interface; aars@%eﬁé&%uﬁi%m(g Yhecﬁ’k&ifln%ilfatcé’ ahd Ehd RERELY §EYe.Ce
interface for receiving and storing read data froma row of nenory cells
bei ng accessed ristspgasesind ¢het rowatacheeraemonynthe séqueter being oyeralsle tegdnsrateeindg
coupled fromthe menor device.interface to the at |east qne nenory device;
and 24NOV2006 1f°gpgéqvq‘ihl8mﬂg}°%8?y¢?eelatef CETAEMPTY ARAYSHE 9 tead data HeMy @R mor y

device interfaceeAngh L iAh3ComR BRAPIkess At Ral B adiFb hedRGhAR! © ! O

generate and couple to the nenbry device Intérface nenory reque read
data from menory celiein theimawr dvmerhoryeceils peingldeseshel eing stoesisiacthe tdve cichiad dat a
read fromthe nenor cells in the row of nenory cells being accessed bei ng
stored in the roW Mrenpry; and a communi cations |ink coupling the

output port of t Qeco?ﬁ[rﬁﬁl’ﬁ!ﬂtﬁ)ﬂ?tligfelglgﬁ lfnltg(r)]tgé [&ﬁté)ult ngﬁtof gﬁ)er Eys%:}n {cﬁrgrdﬁ@m hehub in

each of the nmenory nodul es, an t port system
cont r ol input oot dfhlee mamprthybdn eadf oftthememomyryodukds, amd @aplingthetifyut pormof the

nodul es. 2. Theﬂ‘iﬁ‘gn@ ter S\ésten%tgf claim 1l wherein the nenory device
i nt er f aYSCMFGQPH Pl t ﬂ’ﬁﬁ’l“?pé‘ Rorh ok the myenjopy hyb ip gpchpfithememary medies; s oper abl e
to receive and to store nenory requests received fromthe link interface
and fromthe sequencer and to transfer the stored nenory requests to the at
| east one menory Adevi déeicontpher cysiemn éfnclaitn ¢ hwitidnay the meenteey eleviee .int&facéhe
conput e stemof claim1 wherein the Iink interface conprises a

P f(urtlslgr compr?ses a 1rs‘tan, first-out buffer ‘Slat Iis operzﬂ)le to receive arrrlrc)i to store memory

requests received from the link interface and from the sequencer and to transfer the stored

memory requests to the at least one memory device in the order in which they were received.

3. The computer system of claim 1 wherein the link interface comprises a
first-in, first-out buffer that is operable to receive and store memory requests and to transfer the

stored memory requests to the memory device interface in the order in which they were received.

4. The computer system of claim 3 wherein the memory device interface
further comprises a first-in, first-out buffer that is operable to receive and store memory requests
received from the link interface and from the sequencer and to transfer the stored memory

requests to the at least one memory device in the order in which they were received.

5. The computer system of claim 1 wherein the memory devices comprises

dynamic random access memory devices.

6. The computer system of claim 1 wherein the sequencer is operable to

output an address contained in each read memory request received from the link interface, and



first-in, first-out buffer that is operable to receive and store nenory
requests and to transfer the stored menory requests to the memgriyyNi¥eNice
interface in the order in which they were received. 4. The conputer system
of claim3 wherein the nenory device interface further conprises a
first-in, first-out buffer that is operable to receive and store nenory
requests received fromthe link interflace and fromthe sequencer and to
transfer the stored nmenory requests to the at | east one nenory device in
the order in which they were received. 5. The conputer systemof claim1l
wherein the nmenory devices conprises dynam c random access nmenory devi ces.
6. The ter i rein the se ncer . s erable t

out put %ﬁ%@d%&s@@%ﬁc a%leerg&?n@eogabg%@%e%d&ﬁgﬁ% rﬁ?/e g@‘%ﬁ%&% ﬁ‘lp gt gﬁvséa’&u?chr % he
link i nd@emdaeil andcaldNEF2906e nicthom) edqakdl i$ fieret QvtiaehecadRiBicihors tiRPemabl e
to receive the addresses fromthe sequencer to determne if data called for
by the RicH®MEMaEYquipptting the ad datappndrgenergling a bl signehiirthe dathsaliesifor badtee
menory i read d Lng a hit signal if the data

cal 1 o FISREL e 14 ork 38 RO AERE 3l e Pl e s el Bl
gener at tdlgddorMhéinsmob ©@G@st ishot A6redad the réakiche niedforpy the nenory request
is not stored in the row cache nenory. 7. The conputer systemof claim®6
further conprising a nultiplexer having - data inputs coupled to the row
cache nmenory and to t ry. deyjice.nterfac a data out put, coupled to
the link int erfac’é angﬁh a?n%%ﬁ)tu%/ecr)ls%:{%%tftf c([:%rﬁqu @&E?rocorm é’?lés}n\gea Pﬁglp}e&?\f %‘{i’gﬁe hi t
and r owdaté a6 dBupled 36 GRab® JatiyintRery N\ t6 A BeriBiyeYice ihterfavd] 4 HAh 6¥Bit
coupling read data fromthe nmenory device interface responsive to the row
cache nrewled tgrihe linkdntedansiand g eoatal mpiacqupledh to eceivediie eeit isacheeioand row
responsiyve t he r caghe hi L anal . The..conput er,. Sys feclaiml
wher oi nots Digh SERASHORE BIToM tacht Ay s HEGRTRSSEHE HE PR i i
devi ce hehRbf &8fcTRIBHE EQRHESE B the rdveadthéafiad sighaMandRBBslhg ré& ddda frém kg of
menory cells being accessed only when nenory requests are not being

t r ansf efrqveeache BIMOREICERORRIVE i e el eache hitkignAlenory device interface. 9. The
conputer systemof claiml| wherein the input and output ports of the system
controller conprises a conbined input/output port coupled to the

comuni cations |igk, BdcHiguiel systehe of ORih ARUeRi Mt seR@dricer Rf ofadbie &f the

menory hubs cqurises a conbined &
generate and couple to the memory device interface memory requests to read data from memory

cells in row of memory cells being accessed only when memory requests are not being

transferred from the link interface to the memory device interface.

9. The computer system of claim 1 wherein the input and output ports of the
system controller comprises a combined input/output port coupled to the communications link,
and wherein the input and output ports of each of the memory hubs comprises a combined

input/output port coupled to the communications link.

10.  The computer system of claim 9 wherein the communications link
comprises an optical communications link, wherein the input and output ports of the system
controller comprises an optical input/output port coupled to the optical communications link and
wherein the input and output ports of each of the memory hubs comprises a respective optical

input/output port coupled to the optical communications link.



i nput/output port coupled to the communications |ink. 10. The conputer
system of claim9 wherein the conmunications |link conprises an bpNI¥a006
comuni cations |ink, wherein the input and out put ports of the system
controller conprises an optical input/output port coupled to the optical
comuni cations link and wherein the input and output ports of each of the
menory hubs conprises a respective optl al input/output port coupled to the
opti cal conmmunications |ink. 24NOV2006 13 11. A conputer system

conprising: a central processing unit ("CPU'); a systemcontroller coupled
to the CPU, the systemcontroller having an input port and an output port;

an i nput device cpupl ed ;bantBesydield, EohAu@y. t he system controller; an output
devi ce coupled to the CIgU P%ro%’gﬁ the systemcontroller; a storage device

coupl ed to t he CPRikcantmbprgéessingusiy§1CPH gontroller; a plurality of nenory
nodul es, each of the nmenory nodul es c ising: a plurality of penory

devi ces; and a rre‘?’rﬁ’rsffnhi%‘,t%gﬁrrfﬁlup@é %&%ﬁ’ﬂw %yﬁ?‘é‘rcp%‘él?qréé\ém%?lhﬁlpm%try
request g, { o o8, to a row of nenory cells in at |east one of the nmenory

devi ces; a nenory device interface coupled to the nenory devices, the
menory devi ce i ntarihpaalebiet ngupigtoald EPY dhrowghphe sysemegntioleyest s to t he

menory devices for access to a row of r eJ]ls in at | east one of the
menory devi ces dﬁﬂnﬁﬂnﬂﬁwﬁ?Vﬁm&@éﬂﬂﬁéﬂggﬁ@éﬁﬁﬁéq%@wFUx§F°ﬁEést some of the
menory requests, ; @hrabfasticSQBIe o T PTERRY YA ed to the nenory
devi ces Dbeing re%poﬁ%?vel%dgﬁgﬁﬁr% request§¥?H§%§$§%§359@3%h1the i nk
interface to the apemityoftsemary malusfaclkeof the mequenmeduleocoppedigo t he | i nk

interface and the nenory devic§ interface and the row cache nenory, the
sequencer bei ng oper abP WYt BEHoReviggirBds contained in each read nenory

request received fro”‘%%%nkh?ﬁm&@Bﬁbﬁﬁﬁgi

a link interface receiving memory requests for access to a row of
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 requésts to the
memory devices for access to a row of memory cells in at least one of the memory
devices and to receive read data responsive to at least some of the memory
requests, at least some of the memory requests coupled to the memory devices
being responsive to memory requests transferred from the link interface to the
memory device interface;

a sequencer coupled to the link interface and the memory device
interface and the row cache memory, the sequencer being operable to output an
address contained in each read memory request received from the link interface;

a row cache memory coupled to the memory device interface for
receiving and storing read data from a row of memory cells being accessed
responsive to one of the memory requests being coupled from the memory device
interface to the at least one memory device, the row cache memory further being
operable to receive the addresses from the sequencer to determine if data called
for by the memory request is stored in the row cache memory, the row cache

memory outputting the read data and generating a hit signal if the data called for



a row cache nenory coupled to the nenory device interface for receiving and
storing read data froma row of menory cells being accessed respgndiyvggt o
one of the menory requests being coupled fromthe nenory device interface
to the at | east one nenory device, the row cache nenory further being
operable to receive the addresses fromthe sequencer to determne if data
called for by the nenory request is stdored in the row cache nenory, the row
cache nmenory outputting the read data and generating a hit signal if the
data called for 2 4 NOV 2006 14 by the menory request is stored in the row
cache nmenory and generating a row mss signal if the data called for by the
menory request i i . W - and, a 1] plexer
havi ng dat a inpuﬁgqgégg%gﬁfﬂ@hgﬁgpsg&ﬁégé‘%%§§%%E§Hﬁﬁﬁﬁfggi %%H%E%ﬁfgwdevice
interface, a dat anigutighdl if téplatdcdlled fdrevyl the knenitire Edqaes i ek stére€ @iHeqbwi Nput
coupled to receive the row cache hit and row cache mss signals fromthe
row cache nennryﬁ%h%?@ﬁ#%ﬁ%ﬁexer coupling read data fromthe nmenory device

interface responsive to the raw cache %E?%g?&ﬂﬁﬁkmgﬁgtﬁﬁ#ﬂ%&ﬂ%&%ﬁggﬁg%;a

fromthe row cache nenory responsive rrow ca sighal’; a

communi cati ons | iaAl te e phdnigy Ubdcointepate, RAata cdfput Bouptaash &8 Eikihfethdeaindt 0 t he
i nput port of the nenory hub in each of the nenory nodul es, and coupling the
i nput port of the cogyrel BRPempled) tpapceivs the ow geghgthitand; royr cache missriignglshub i n

each of the nenor | es. DR cl.al jn the
menory device i ntfgorn?g%g Oﬁfcﬁ?}feﬁté?&[c TT%I’QI ses§1 éxe? |¥§l§%%adf4a?as@% él%ev\(g%?%gr t hat
i's operable to refeicyentaifsteStPofsing pOtHE ro@aetsd Miss lsmal Meidcdupling tdae datank
interface and fromthe sequencer and to transfer the stored nmenory requests
to the at |east dfn fgrevcagheynearory respersivertaéie rpyy caghedht igna); apdr e r ecei ved.
13. The conputer sys of.. cl g erei [ ' Lses a
first-in, first- du or%rﬁp% lg%tlot%ﬁg{nﬂ} Cio gl}())l\g@r %lglogtpt%g%lmlécogil&}\}ée Q%S(rﬁ%& gg lgtFog%pnggn%hr%y

r equest mpaigbrt 6f thé ARHLEY hibhia eadli OF thel m¥BITBY ModBies, asd Soupling b iiFTPoM odleiéi ce
interface in the order in which they were received. 14. The conputer system

of cl ai shisteB omizplerrio thecoutmtpery ofihe imeanarn ey ingaeh ofithe memerwadHeSes a
first-in, first-out buffer that is operable to receive and store nenory
requests

12. The computer system of claim 11 wherein the memory device interface
further comprises a first-in, first-out buffer that is operable to receive and store memory requests
received from the link interface and from the sequencer and to transfer the stored memory

requests to the at least one memory device in the order in which they were received.

13.  The computer system of claim 11 wherein the link interface comprises a
first-in, first-out buffer that is operable to receive and store memory requests and to transfer the

stored memory requests to the memory device interface in the order in which they were received.

14.  The computer system of claim 13 wherein the memory device interface
further comprises a first-in, first-out buffer that is operable to receive and store memory requests
received from the link interface and from the sequencer and to transfer the stored memory

requests to the at least one memory device in the order in which they were received.

15.  The computer system of claim 11 wherein the link interface comprises an

optical input/output port. -



received fromthe link interface and fromthe sequencer and to 2 fer the
stored nenory requests to the at |east one nenory device in th b
whi ch they were received. 15. The conputer systemof claim1l1l mhereln the
link interface conprises an optical input/output port. 2 4 NOV 2006 15 16.
The conputer system of claim 11l whereip the nmenory devices conprises
dynam ¢ random access nenory devi ces. b5y, The conputer systemof claimll
wherein the input and output ports of the systemcontroller conprises a
conbi ned i nput/output port coupled to the communications link, and wherein
the input and output ports of each of the nmenory hubs conprises a conbined
i nput/out put portqouphiRtohputdl Sy GNP BI, ﬁﬁtl'l%}%relulkmé'me’lrﬁor. E@@ic&%&’aﬁrﬁés
system of claim 17 wherein the comunications conpr?ses an optical
comuni datamonsintom legcephmmembry deliees.nput and out put ports of the system
controller conprises an optical input/output port coupled to the opti cal
comuni cations link and wherein the input and output ports of each of the
menmory hubs conprjges Phd @RRGRE kysfenPBE 1R 11 W ARUR AU anB Vutpuf PR dtthd © the
optical comrunications |in

system controller comprises a combined input/output port coupled to the communications link,

and wherein the input and output ports of each of the memory hubs comprises a combined

input/output port coupled to the communications link.

18.  The computer system of claim 17 wherein the communications link
comprises an optical communications link, wherein the input and output ports of the system
controller comprises an optical input/output port coupled to the optical communications link and
wherein the input and output ports of each of the memory hubs comprises a respective optical

input/output port coupled to the optical communications link.





