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i nvent i onwl@bemsé® computer systens, and, nore parti cUub@fi¥agod/rsia
conput er system having several processors or other nmenory access 3evi ces
that can be coupled to several nenory hub nodules in a variety of
configurations. BACKGROUND OF THE | NVENTI ON [ 002] Conputer systens use
menory devi ces, such as dynam c random access nenory ("DRAM') devices, to
store instructions and data that are accessed by a processor. These nenory
devices are normally used as systemnenory in a conputer system In a

typi cal conputer system the processor conmunicates with the system nenory
t hrough a procedULTIPEERROCESSOR §YSTHM AND METHOD INGISBDINGssues a
menory request, which | NnQUUUASIPLEFMIEBMORY HCBRMODUIESS a read conmand, and
an address designating the Tocatron 1rom whicC ata or instructions are to
be read or to which data or instructions are to be witten. The nenory
controller uses the coomand and address to generate appropriate command
signal s as WEOHINKADWENY col um addresses, which are applied to the
system menory. In response to the conmands and addresses, data are

transf ggg1gd bet waggny Id%%n%?ﬁﬁ?eﬁ@%ﬁxpﬁf&' stE‘t%mQ,r g Shbte Pai%ul R ¥
controller is often part of a systemcontrdller, which also I nclfudes bus
bridge ciomypumitarrsystEmrhayngeivergl prioeessons oe sther nisnwry aceess dayiegssthatrcabbe, such
as a PCl bus 003] Al t hou he .operating spgeed of nenory devices has

cont i nuoﬁu?Iep&%?eélﬁgaé&wmqrﬁsgéW@Pgé%ayﬂ?e%gf%ﬂ%&m@ﬁgﬁd has not kept pace
with increases in the operating speed of processors. As a result, the data
bandw dt h between a_processqor and nmenmpry devices to which it is coupled is
si gni fi cant- BRAGKRGROUNR O LHEINVENEING dt h capabilities of the processor.
The data bandw dt h between the processor and nmenory devices is limted to a
great ef0®dgr ee bfrompates\syptemsitse memearybdewdesisdstchbas Waegmichrngercassessr and

the ”e”%gmg&\/t“iﬁfAl\/[?’? d:elxzrgeg,ot /store instructions and data that are accessed by a

processor. These memory devices are normally used as system 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 or to
which data or instructions are to be written. 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.

[003] 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. As aresult, the data bandwidth between a processor and memory devices
to which it is coupled is significantly lower than the data bandwidth capabilities of the
processor. The data bandwidth between the processor and memory devices is limited to
a greater degree by the even lower data bandwidth between the processor and the

memory devices.



bandwi dt h bet ween processors and nenory devices, the performance of

conput er Wﬂ"@%ﬂi{ﬁk also limted by |atency problens that increase ththQ ?q%
required a fromthe nenory devices. Mre specP¢T/ESI004/02552%hen a
menory device read command is coupled to a nenory device, such as a
synchronous DRAM (" SDRAM') device, the fead data are output fromthe SDRAM
device only after a delay of several clock periods. Therefore, although
SDRAM devi ces can synchronously output burst data at a high data rate, the
del ay [084) ni t i allny agdition dionthe {ilnited dhamdwiith shegwedn @aonessors lamd/ tremovnper at i ng

speed of .a .conmputer_.systemusing,such S M devj ces.. [ 005 e a oach to
al | evi at Fﬁﬂ"‘fsme P %%mlgﬂf?fpﬁyétﬁﬁnﬁ ESRQIS‘P $§1fe§.tqulahqcy EF&?@S _a{ As shown
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several nmenory nodul es 20a-f, although a | esser”or greater number of nenory

nmodul es Mhrenway niegnary etvicBarehd commmadnisneupledotduk guerRory devicelesich asedrory hub
24 coupled,to se vi ces 28 Lch may be, SDRA ' . The
menory pﬁ%ﬁ’%@é’uim gﬁwfﬁﬁﬁ?’éﬁirﬁn@g‘f At glbtﬁm gamt Mem&gcessor
14 and t dedaebnl9taher a delly bhsevesH clodk peridist !meﬂf?ff,nﬂmougy SBR AN RRfées

uni di rectional output buses 38. However, it w be understood that the

nmenory ndusEshmoonsly optput burst dafatab athigh datotate,dbe delay inimitially providieg her by
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30, 38 i sprowytl Rdicesl y between two points. However, other bus system may
alternatively be used. For exanple, a switched bus systemas shown in

Fi gur el083], a shdPeal amrga@ym em‘é@ti@m;nmorm Wytaney ﬁB?bléi_n soifstraiehér  bus
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circuit #2séveralcaebsdnodukeeV20ad, althoiphya Tesderl 66 gehbernurdbdg! GiPhiemdrr ocessor
46 and an 1/0 device 48. In operation, the switching circuit 42 couples the

pr ocessofmogples g0anainbs uisde EBachtofdhe memorymedeles 28 nrdudey 2 memonyr it s
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i ncl udes "a*pr oCcessor
modules 20 are shown in Figure 1 as being coupled to the processor 14 and to each other

20 through unidirectional input buses 30 and unidirectional output buses 38. However,
it will be understood that the memory modules 20 may be coupled to the processor 14
and to each other by bi-directional buses (not shown).

[006] The memory modules 20 are shown in Figure 1 as being coupled in a point-
to-point arrangement in which each bus 30, 38 is coupled only between two points.
However, other bus system may alternatively be used. For example, a switched bus
system as shown in Figure 2A, a shared bus system as shown in Figure 2B, or some
other bus system may also be used. The switched bus system shown in Figure 2A
includes a processor 40 coupled to a switching circuit 42. The switching circuit 42 is
coupled to several memory modules 44a-d, a graphics processor 46 and an I/O device
48. In operation, the switching circuit 42 couples the processor 40 to either one of the
memory modules 44a-d, the graphics processor 46 or the I/O device 48. The shared bus
system shown in Figure 2B includes a processor 50 coupled to several memory modules
54a-c through a shared bus system 58.

[007} Any of the above-described architectures may also be used to couple
multiple processors to multiple memory modules. For example, as shown in Figure 3, a

pair of a processors 60, 62 are coupled through respective bi-directional bus systems 64



54a-c through a shared bus system 58. [007] Any of the above-describ?% 2007
architectures may al so be used to couple nultiple processors to mul i[ﬁgg
menory no exanple, as shown in Figure 3, a paj essors
60, 62 arg“tgﬁg?ggaihrough respective bi-directional bus#é?@%%ﬂgﬁéggﬁ 6 FEB
2007 WD 2005/ 024560 PCT/ US2004/ 025522 3 to respective sets of nmenory
nodul es 66a-e, 68a-e. Each of the nenory nodules 66a-e, 68a-e includes a
menory hub 24 coupled to several nenory devices 28. [008] A nenory hub

architecture as.shown i.n Fi gures and 3 n provjde.  perfornmanc hat is
o supertp GESREGVE 41 CE SR TACUR BFe-s GHELIZ0R Sl tBUBREE Foaultyer a
menory dejheegga-&idchiffes 8k qulS’MEMIHétQQ BveriBheRbay devdmny. control | er.
However, they nevertheless sutffer fromseveral limtations. For exanple, the

archi t B98Lr e shodnmemoFy dubearthitierdizre nast shpvoy iinl Figurgs datand ehlcanfprbvidgi bi ity
in the manner in ich.the processaqr. 14 can access the nmenor | es
boa f | Peripanse M 6 tet Bipdhiod dEdeairseath REERSE shiEeitt qa iRl o o)

accesses séﬁrmh&eﬂ%gp@xvi@&(é@nﬁ& dRactly ¥ troth al dysiR4r bl tm&Rsty! Sontones even if
a |l esser nunber a data bits are being read Tromor witten "to the nenory

nmodul es wwdver,[ 089] ndverthelesx i suffer tforf savierml alimkiatiernst ur Ber shample; rth&i gures 1
and 3 are alsg limted 4n o r respects. For .exa e, .the architecture
Shown | n aEfartaresayBan Fighrd | SPPuROtITo e a e 4P o Rk i B BRINET e
manner i An \Whidhthe PRodESRE 93N Sachlls (R nmeARnARBERRSs R0SL. TEF xRSl B8 66a- e,
68a-e, respectively. Al though the processor 60 can access any of the nmenory

modul es &®ses30-3hichide aP2chibdaia bug 2llsaeessesde she mamponf mpfdelesBdaf will hodul es
68a-e, th cesspr. 6Q cannat .access .any .of .the r ul es_68a-e nor
can the. o SReRCERBRn Gy ERANERIASHTRRY B i et FEIRE el 20 REVERRLC T
the progeaRGhehbryWhodidss 204iff i ci ent data to the menmory nodul es 66a-e to
reach the storage capacity of the nodul es 66a-e, the processor 60 will be

unabl elG08] st or e B/ flexibiline pf thataschitecturestshowy iin Figares lhend deresalsnslimiied al
d ity in.th dul 8a-e. Finally,, th dul
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each ot hefeat deal of flexibility in the manner in which the processors 60, 62 can access the

memory modules 66a-e, 68a-¢, respectively. Although the processor 60 can access any
of the memory modules 66a-f, and the processor 62 can access any of the memory
modules 68a-e, the processor 60 cannot access any of the memory modules 68a-e nor
can the processor 62 access any of the memory modules 66a-e. As a result, if the
processor 60 writes sufficient data to the memory modules 66a-e to reach the storage
capacity of the modules 66a-¢, the processor 60 will be unable to store any further data
even though there may be substantial unused capacity in the memory modules 68a-e.
Finally, the memory modules 66, 68 cannot be used to allow the processors 60, 62 to
communicate with each other.

[010] Another limitation of the memory architectures shown in Figures 1 and 3 is
the relatively high latency that the processors 14, 60, 62 incur in accessing their
respective memory modules 20, 66, 68. Insofar as each memory module is accessed
through any memory module that is between it and the processor, substantial delays may
be incurred in coupling address, data and control signals through the intervening
memory modules. Further, if any of the memory modules 20, 66, 68 becomes defective,
the memory modules that must be accessed through the defective memory module

become unusable.



[010] Another limtation of the nmenory architectures shown in Figures 1 and
3is the relatively high latency that the processors 14, 60, 62 ingﬂ%Fé§5W7
accessin h&mmgﬁspective menory nodul es 20, 66, 68. Insofar as edc

menory nmodul € 1s accessed through any nmenory nodul e t haBCYESHMYREPE it and
the processor, substantial delays may be incurred in coupling address, data
and control signals through the interveping nenory nodules. Further, if any
of the menory nodul es 20, 66, 68 becones defective, the nmenory nodul es that
must be accessed through the defective nenory nodul e becone unusabl e.
25FEs233]  Wo 20bEsre Imibersierer n9sd dous penwrp system grehjtectyer tha is reladydY ore a

need for féuéﬂ&?@ér?égﬁ?ﬁ&tﬁ{/&f@&ﬂ%@@g yf‘ov& ‘i‘ﬁézy&sm&ﬁh@ie 'é%é%g%s,t %rgpiagl'a}lg&v(g' erant,

that provides re i've w menory-acces
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whi ch they access hub-based nmenory nodul es. SUMWWARY OF THE | NVENTI ON [ 012]
A mmry@?‘?@%m%‘le%%d‘ﬁespl urality of nmenory requestors coupled to a
first rank of menmory nodul es. The nenory nodules in the first rank each

include a first set of nenor orts corresponding in nunber to the nunber
of menory rﬂe\h@é&&gﬂﬂi&&l}iﬁﬁﬂ@mmry ports in the first rank is coupled
to a respective one of the nmenory requestors. The nenory nodules in the
first ARk f urt h&rmemotyusistem swhwoded asglvratify ofrereoroyy pequestorsTbaupheintory syst em
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through &r¥REYNMERS ﬂo&s%ﬁﬁesﬁﬁﬁ@iggiﬁﬁ%mbé% hePhurk bl d‘%@ﬁ&y%ﬁtﬁﬁ. in the

first and second ranks include a urality of menory devices a nmenory
hub  couachiof the nmnoryporty il thei firstsrank b ¢compleddo rwespetiyroonesofi the temoky r st set

and any second set. The nenory hub preferahbly includ a plurali of
Tomory” cOfUPIPTer 118 ST PROFRdp Rt TN HerOriRIcPrae 4 Rethd sthlble,
plural it ymedoryipdtsi MihRrhaRes Sakh o Wilkdds iaSsecERH Pk £ BefblhRlodpee of the
menory requestors or another rodule, and a cross bar sw tch having a first
pl ur al i t yadf ofswhick hapet keast ome phendory portecoppletite et leastkorennembprrmeduach a

the first rank through a memory port in the second set. Each of the memory modules in

the first and second ranks include a plurality of memory devices and a memory hub

coupled to the memory devices and to the memory ports in the first set and any second

set. The memory hub preferably includes a plurality of memory controllers coupled to

respective memory devices in the module, a plurality of link interfaces each of which is

coupled to either one of the memory requestors or another module, and a cross bar

switch having a first plurality of switch ports coupled to respective link interfaces and a

plurality of memory ports coupled to respective memory controllers. The cross bar

switch is operable to selectively couple each of the link interfaces to any one of the

memory controllers.

BRIEF DESCRIPTION OF THE DRAWINGS

[013] Figure 1 is a block diagram of a conventional processor-based electronic
system including several memory modules each of which include a memory hub
coupled to several memory devices.

[014] Figures 2A and 2B are block diagrams showing various conventional

architectures for coupling memory modules to multiple processors.



plurality of menory ports coupled to respective nmenory controllers. -Ehl?E
cross bar switch is operable to selectively couple each of the Iinlz B 2007
i nt er f acewd mosiopasene of the menory controllers. BRI EF fESE8bIsSN,OF THE
DRAW NGS [013] Figure 1 is a block diagramof a conventional processor-based
el ectronic systemincluding several nenory nodul es each of which include a
menory hub coupled to several nenory devices. [014] Figures 2A and 2B are
bl ock di agrans showi ng various conventional architectures for coupling

ety UEh oossp el § (RarbREETERMA b £odnehfor? dhocalfosbite fcaile

pr ocessokydtan declediggt molipte pfgedsery donpleddongspastive péte i memssonmdalesipl ed to
respective sets .of menory nodul es each of whjich include a nenory hub
coupl ed tachfigrich inchidsaymeragrydaid coppled o several memory devigisock di agram of a

roces based e : r ' to one
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nodul e t b@mapmaddales aecbriingtidene gmbadimentroflitlesmdestiont ens of Figures 4 and 6.

[018] Figure 6 is a bl ock diagram of processor-hased system coup|ed to
severa‘(:)l mory 8ug 24 & Qﬁl‘diilﬁgranOgﬁ&%Wéﬁ%HPMtcanbetﬁﬁsdilﬁ At on.

DETAI LED gﬁg&g{._g Iegjgyggmgﬁlgﬂ NN [019] A processor-based el ectronic

system 18 accor anple of the invention is shown in Figure 4.
The sy®i8m 100 iFighnedess 4 bloek diagpare of arpgockSebr-bhdl syktn coupdeditadseveral nmenory
access ("DVA") devjce 110, such as a _gr.aphics.cqontroller. The DMA device
110 and (E%FE‘?P‘%SP“’% S B (S‘Pgnofg??-@ﬁ’gd%ngﬁﬂtﬁ the YfiORenpry access ports
112, 114, 116, 118. The ports 112-118 preferably include a data port as well
as either Jindividual _or a shared control and address ports. However, it
will be und2ESAHED DESCREZIONGE LH ENTHINt configuration may be used,

such as a port fo reei vigad trastti ng packets. The system 100 al so
i ncl udi®d9k fir stArpaedesd@ebaséd tlecroniespstgm 100 according to one example of the

invention is shown in Figure 4. The system 100 includes three processors 104, 106, 108

and a direct memory access (“DMA”) device 110, such as a graphics controller. The
DMA device 110 and each of the processors 104-108 includes four memory access ports
112, 114, 116, 118. The ports 112-118 preferably include a data port as well as either
individual or a shared control and address ports. However, it will be understood that
some other memory port configuration may be used, such as a port for receiving and
transmitting packets. The system 100 also includes a first rank 130 of four memory
modules 132, 134, 136, 138 each of which includes a first set of four memory access
ports 142, 144, 146, 148. As explained below, each of the memory modules 132-138
includes a memory hub coupled to eight memory devices, which are preferably dynamic
random access memory (“DRAM”) devices, and, more preferably, synchronous DRAM
(“SDRAM”) devices. However, it will be understood that a greater or lesser number of
memory devices may be coupled to the memory hub in each of the memory modules
132-138.

[020] The memory access ports 112, 114, 116, 118 of the first processor 104 are
coupled to the memory access port 142 of each of the memory modules 132, 134, 136,
138, respectively, through respective buses 162, 164, 166, 168. Similarly, the memory
access ports 112, 114, 116, 118 of the second processor 106 are coupled to the memory
access port 144 of each of the memory modules 132, 134, 136, 138, respectively,
through respective buses 172, 174, 176, 178, and the memory access ports 112, 114,



nodul es 132, 134, 136, 138 each of which includes a first set of four rren%y
access ports 142, 144, 146, 148. As expl ai ned bel ow, each of the mezn%rFﬁB 0

nodul es 130 i®8/024566| udes a nmenory hub coupl ed to ei ght .ces,

whi ch are preferably dynam c random access nenory (" DRAE?%%O\‘}?@%%% and,
nore preferably, synchronous DRAM ("SDRAM') devices. However, it will be
understood that a greater or |esser nurger of nenory devices may be coupl ed
to the menory hub in each of the nmenory nodul es 132-138. [020] The nenory

access p 12,134, . 116, 1 of the.first processar 104 ar coupled to
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t he rrem)rg4 access Eorts 112, 114, 116, 118 of the second processor 106 are

coupl ed 184t186, ya resalicany qfdhe prodessers 182:d A6 ¢fn adeesmanymfithermgmions 132,
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menory access port 146 of each of the menory nodules 132, 134, 136, 138,

respect i Wodples t132.0l34h 136sI38¢ raspestively ethraugh respegtive bgss 19881944496, 198sul t, any
f th -. | -138.
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110 are ¢88ipl ed to the nenory access port 148 of each of the nenory nodul es
132, 134, 136, 138, respectively, through respective buses 192, 194, 196,
198. [9&lls, t he Haoh oddhe mempngmiodnlen 132 kide 436 I38calswmcludes aspeond sebdul es

132, 13400 36 1nerk0scd B2 RABN ] bR AR, BRAMES i it 215Gr 138

al so incP es'as n oUr "menory access ports , 208

t hat ar e fo® wiidn@sty infodul&eTIANd14,a016, 218) Wlore SpedificaBytthy nivpibtl @scedd gorts? 14, 216,
218. More speciflcalég/,g't@%e menory access ports 202, 204, 206, 208 of the
e
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respective buses 232, 234, 236, 238. Similarly, the memory access ports 202, 204, 206,
208 of the memory module 134 are coupled to the memory access port 224 of each of
the memory modules 212, 214, 216, 218, respectively, through respective buses 242,
244, 246, 248, and the memory access ports 202, 204, 206, 208 of the memory module
136 are coupled to the memory access port 226 of each of the memory modules 212,
214, 216, 218, respectively, through respective buses 252, 254, 256, 258. Finally, the
memory access ports 202, 204, 206, 208 of the memory module 138 are coupled to the
memory access port 228 of each of the memory modules 212, 214, 216, 218,
respectively, through respective buses 262, 264, 266, 268.

[022] Each of the memory modules 212-218 in the second rank 210, like the
memory modules 132-138 in the first rank 130, includes a memory hub coupled to eight
memory devices. As explained in greater detail below, each of the memory hubs in the
first rank 130 of memory modules 132-138 includes a crossbar switch (not shown in
Figure 4) that can couple any of the memory access ports 112-118 to any of the memory
access ports 202-208. In the same manner, a memory hub in each of the memory
modules 212-218 in the second rank 210 can couple any of the memory access ports
202-208 to any of the memory access ports 222-228. As a result, any of the processors
102-106 and the DMA device 108 can access any of the memory modules 132-138
directly and any of the memory modules 212-218 through the memory modules 132-



208 of the menory nodule 134 are coupled to the nmenory access port Zﬁf ?%
each of the nmenory nodul es 212, 214, 216, 218, respectively, throug b FEB 2007
respecti vevd2ese248602, 244, 246, 248, and the nenory accgsy 2, 204,
206, 208 of the nenory nodule 136 are coupled to the nennryggﬁﬁégéﬁport 226
of each of the nenory nodul es 212, 214, 216, 218, respectively, through
respective buses 252, 254, 256, 258. Fithally, the nenory access ports 202,
204, 206, 208 of the nmenory nodule 138 are coupled to the nenory access

port 228 h ,of the. ry mdul es 212 4,216, 1218 res tively,
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© © two modules 132-138 to one of the modules 212-218 though a respective bus. The

processor 106 can be coupled to any of the memory modules 212-218 through a 48-bit
data bus by being coupled to three of the modules 132-138, and from each of these three
modules 132-138 to one of the modules 212-218 though a respective bus. Finally, the
processor 106 can be coupled to any of the memory modules 212-218 through a 64-bit
data bus by being coupled to all four of the modules 132-138, and from each of these
four modules 132-138 to one of the modules 212-218 though a respective bus.

[024] One embodiment of a memory hub 300 that may be used in the memory
modules 132-138, 212-218 of Figure 4 is shown in Figure 5. The memory hub 300
includes four link interfaces 304a-d that are coupled to respective buses, such as the
buses in the first set shown in Figure 4. Similarly, four additional link interfaces 308a-d
are included that are also coupled to respective buses, such as the buses in the second set
shown in Figure 4. All of the link interfaces 304, 308 are coupled to a cross bar switch
310, which may be of a conventional or hereinafter developed design. The cross bar
switch 310 can couple any of the link interfaces 304a-d to any of the link interfaces 308-
a-d, as previously explained with respect to Figure 4. The link interfaces 304a-d, 308a-d
may be either unidirectional or duplex interfaces, and the nature of the memory accesses

coupled to or from the link interfaces 304a-d, 308a-d may vary as desired, including



menory nodul es 212-218 through a 16-bit data bus by using only a single one
of the buses extending fromthe processor 106 to one of the nodul esy 253%31@@
and a sin (ﬁ%@%" f t he buses extending fromone of the nodul es 132-

one of th #3%%12-218.  The processor 106 can be coB@T/EH2004028632 of t he
menory nodul es 212-218 through a 32- bit data bus by being coupled to two of
t he nodul es 132-138, and from each of these two nodul es 132-138 to one of

t he nodul es 212-218 though a respective bus. The processor 106 can be
coupled to any of the nmenory nodul es 212-218 through a 48-bit data bus by
bei ng coogivedtiomal tDRAM aildtess cnmttol ead 1dxPa ti3Balsanbhréd aiddeess landf conlreke t hr ee
nmodul es 132-138 to.one .of the nodul es 212-218 t hough a respective bus.

Fi nal | y, Si8AYS an pRokedzsd MOy AGCeSE S188881 ed to any of the memory nodul es

212- 21§ga4phr ough 'Phe6c§ %Eax AR 390 TaR ¥lsBRolBle GAYRIraRe 1iflk #tkrthQdr302d-qt he

nodul es 132-138, an rom each of these four hodul es 132-138 to one of-the
modul es 20%s-@ 18 lehoDBIAM contpléars 3\ 4a-tueach]d@f2¢hicime cenglod |t<marpluml1t3aofrermr y

hub 300 sed. i n_t.he_nenory 132- 138 2-218 Figure 4
i s shombﬁl\‘lﬂg%? 5&0%80%&8&@‘%?0{)303{{0%&8“?%@@ 42‘34&“12 eaces
304a-d tb@iveﬁﬁ&a@mpﬂc&&dlmspfsme HerkeRTier Webdloped HESgn %&ssaDRAIM he first
set shown in Figure 4. Simlarly, four additional 1ink |nterfaces 308a-d

are incl lelﬁhaTh@P@CI@IwUuquﬁmdcbpﬁmhpeQﬁ@@tﬂ%l\/b‘zmllemﬁdﬁa@iwlﬂlhef buses in
t he second set wn i n_Fi gur f .the link interface 04, 308 are
coup! ed PSS depd B Aln o s PROM rvibetyset X e BeBor) GHEn I

her ei naf tRks ﬂz&‘é@dn@ﬁ@’(ﬂo desilethe TR &Eﬁﬁc%s Q@Jla-d $MHeaDR AP c&ﬁfblﬁ%@'ﬁ-@ny of

the link interfaces 304a-d to any of the link interfaces 308- a-d, as

previ oustq/alhwpaw nfadpmlitymé@}mmrytaocm gemeeszto vTite dlatantla armeast daje Som304a- d,
308a-d ei.t her t ong_ ﬂ% X |n‘t d thethnature of
Dhot o o AN a8t Sl uf, W65 ' SRRPUGE, TH48'S an, AL SRR e Ml S08n
My var yreférefi®stb Feghre Snmhu@t&lb&%ﬁ%%m@ cotffle? e HnR3dRHAcBCDRAIZ O 025522 8

conventi onal DRAM address, control and data signals, shared address and

control W&D@U@Hﬂﬁ Bldsketq aliaw W?t%h%mfmegﬁalos froppDBAM devigesoss bar
o bR P AL SR e, 5B ot w7
modules containing a memory hub 300.

[026] The memory hub 300 also includes a cache memory 320a-d and a write
buffer 324a-d for each of the DRAM devices serviced by a respective DRAM controller
314a-d. Asis well known in the art, each of the cache memories 320a-d, which may be
a static random access memory (“SRAM”) device, stores recently or frequently accessed
data stored in the DRAM devices serviced by the respective DRAM controller 314a-d.

The write buffers 324a-d accumulate write addresses and data directed to DRAM

- devices serviced by a respective one of the DRAM controllers 314a-d if the DRAM
devices are busy servicing a read memory request or there are other read requests
pending. By accumulating the write memory requests in this manner, they can be
processed more efficiently in a pipelined manner since there is no need to incurs delays
associated with alternating write and read requests.

[027] As mentioned above, data can be transferred from one memory module
containing a memory hub 300 to another memory module containing a memory hub
300. These inter-module data transfers are controlled by a direct memory access
(“DMA”) engine 330, which may be of a conventional or hereinafier developed design.

The DMA engine 330 may also be used to transfer data from a partially defective



DRAM devi ces (not shown in Figure 5). The DRAM control |l ers 314a-d may be
conventional DRAM controllers or sone hereinafter devel oped design fpg rgp 2007

DRAM conw(piobgomsgﬁhe specific structure and operatlon /?E%
controllers 314a-d will, of course, depend on the nature 0

devices used in a rrermry nmodul e. The cross bar switch 310 coupl es the i nk
I nterfaces 304a-d to the DRAM control legs 314a-d to allow any of a
plurality of menory access devi ces to wite data to or read data from DRAM
devi ces coupled to.t e contro rs.314a- as al ove, Wi th
refer encénetng IE Iaﬁﬁ?‘ge a”pgogqx fiprugg; It“érﬁoﬁ'lglozi ar ttﬂe‘ﬂﬁ%?tl?g Hferf aces
308a-d t @ éﬂaﬁongﬂﬁybgﬁmlngfe@ﬁ%ﬁ@ﬁgr}dmb&ﬂal | ow any data to be transferred
to or from DRAM devi ces coupled to tthe DRAM controllers 314a-d fromor to,

respecll28k| y, ot Hea memeny hub 3Qiwilk gensoyanelndecempanentsyintadditidodo tose6] The

menory h r and a buffer
324a-d fggmglgg%%oéﬂ?ﬁ @%ﬁgeﬁeggggggﬁﬁ%éﬁlﬁ%ﬁm espe?,rf%%” etl%ﬁﬂ%{ &ntrol I er
3l4a-d. Ahritg ABb)inkbmdpplicdtidas, %fnpoﬁélﬁékhbﬁvnhh@&%ﬁé BenaEpPsinded3Foa- d,
whi ch may be a static random access nenor ) device, stores recently

or fr equemmr}leatb@e\yawbuﬁas 324e-drmay ba qnﬁ@ecbmm@maé CASCESS I TUMOBErSHE t he

respecti I ate
wite ad e??@s anQBOag OS%I? &éﬁergo?’ohugéﬂms'h%‘g%i%g@;g%%er %(i:lle(%fstg‘a a&?rqe%pective
one of ttfantnml\ﬁlfe@trabémO@r@ 3984d- hdi fout DRABRAGtrélidats 3@5a-d! thelttdbesof Vi ci ng a
read nenory request or there are other read requests pendln

accumul asethPitlnk interfasesythe mpmber @€ dink intsriaegssinneasheset anddhe @ambgre of
processeﬁmec & Bfl&kﬁ{hé/m%]&s% 'eI | ned nmanner since there is no need to
e

i ncurs del'ays assocrla rnating wite and read requests. [027] As

nment i ofeefl] above, Adlaltermatine mbotimmt &f raeprobésson-bused reisvhiopicn®@tene 356 ant ai ni ng
a nmenory qu 300. to angt her nenory. nmpdul e containing a mem)ry hub 300.
These i nSEoWhEYbigare R d hesystemed laﬁlél %ﬁwa}mﬁwlast@r%&a- # access

(" DVA") %ﬁc%'g&%ﬁ&é&gg%ﬁ%g ccQé’s %9511" ?ér J&%gafi}?tf l‘%ﬂﬁé sievel oped

desi gn. nmay a e used
parti al | yf defue edemoey Znbdites3 38644 tthﬁgBOElﬁéQZgéiﬁfMll?Ciﬂdhﬁ?&lOéf 025.52"2he9

memory modules 356a-d are thus configured in the same manner as in the embodiment

of Figure 4. Howeyver, rather than coupling each of the memory modules 356 in the first
rank 354 to each of the memory modules in a second rank of memory modules as in the
embodiment of Figure 4, the memory modules 356a-d are each coupled to a respective
set of four memory modules in a second rank 360. Thus, the first memory module 356a
is coupled to four memory modules 362a-d, the second memory module 356b is coupled
to four memory modules 362e-h, the third memory module 356¢ is coupled to four
memory modules 362i-1, and the fourth memory module 356d is coupled to four
memory modules 362m-p. The advantage of the topography shown in Figure 6 over the
topography shown in Figure 4 is that the second rank 360 of memory modules 362
provide a larger memory capacity than the memory modules in the second rank 210
using the topography shown in Figure 4. However, a disadvantage of the memory
topography shown in Figure 6 is that it provides less bandwidth and flexibility in
accessing the memory modules 362 in the second rank 360.

[030] From the foregoing it will be appreciated that, although specific
embodiments of the invention have been described herein for purposes of illustration,
various modifications may be made without deviating from the spirit and scope of the

invention. For example, although the processors 104-108 and the DAM device 110 are



menory nodule to a properly functioning nmenory nodule prior to disaa?%gg g@g
operation of the partially defective nmenory nodule. [028] The nenor B

wi | | genewal dopsipnsspude conponents in addition to those ﬁ@%oﬁﬂo skgur e 5.
However, these have been omitted in the interest of brevity or clarity.

Al so, in sonme applications, conponents shown in Figure 5 may be omtted. For
exanple, the wite buffers 324a-d nay e omtted if wite/read access
turnovers are acceptable. Al so, although the nmenory hub 300 shown in Figure
5 includ two. .sets of ur Link interfaces .304a8; 308a: d and f DRAM
cont rof | SRS oipted iy e BaRenARSTeR (a8, FCRRLe AR er o
link int gfat ﬁfeﬁindyrbeﬁ%ble‘a&hro%gﬂ oftRe debdaesuchfas bREBNUEANtARD, tBE § svary as
desired. [029] An alternative enbodi nent of a processor-based el ectronic
syst em 3300,i350 sbowmin Figurasguand 66 respeasivelys wernldasomally insdde domponemtsry y
request of - u S [oc 0LS i rect | ces, each
of i choqta T thos® SR, ARREEAR B Rhgtlopi o RN BEEHTESEHE"
through bpirfded gl al |y indicated at 358. The nenory nodul es 356a-d are
thus configured in the same manner as in the enbodi ment of Figure 4.
However, rather than coupling each of the nenory nodules 356 in the first
rank 354 to each of the nenory nodules in a second rank of nenory nodul es as
in the enbodinent of Figure 4, the nenory nodul es 356a-d are each coupl ed
to a respective set of four nmenory nodules in a second rank 360. Thus, the
first nmenory nodule 356a is coupled to four nmenory nodul es 362a-d, the
second nenory nodul e 356b is coupled to four nenory nodul es 362e-h, the
third nenory nodul e 356¢c is coupled to four nenory nodul es 362i-1, and the
fourth nmenory nodul e 356d is coupled to four nenory nodul es 362m p. The
advant age of the topography shown in Figure 6 over the topography shown in
Figure 4 is that the second rank 360 of nenory nodul es 362 provide a |arger
menory capacity than the nmenory nodules in the second rank 210 using the

t opography shown in Figure 4. However, a disadvantage of the nenory

t opography shown in Figure 6 is that it provides | ess bandw dth and
flexibility in accessing the nmenory nodul es 362 in the second rank 360.
[030] Fromthe foregoing it will be appreciated that, although specific
enbodi nents of the invention have been described herein for purposes of
illustration,




various nodifications may be nmade wi thout deviating fromthe spirit and
scope of the invention. For exanple, although the processors 104-10B64&fd 2007
t he DAM devi ce 110 are 26 FEB2007 WD 2005/024560 PCT/ US2004/ 025522 10

shown as being coupled directly to the nmenory nodul es 132-138, it will be
understood that they may be coupl ed through other devices, such as bus
bridges. Also, the systens 100, 350 dhown in Fi gures 4 and 6, respectively,
woul d normal Iy include conponents in addition to those shown. Accordingly,

t he inveng\,mrilsélgm%p&: limted except as by the appended clains. 26FEB2007
11 What is clarned 1s: | A nmenory system conprising: a plurality of
menory requestors; a first rank of nmenory nodul es coupled to the nenory
requesters, each ofa LBGARMRLY coffiithes in the first rank being coupled to a
plurality of the nenory fequesters, €ach of the nenory nodul es conprising:
a plurality ofanhepy 9f eareeequesofl a menory hub conprising: a plurality of

memory cont r old §&SankeGGhenRty MBS IRIM 6 A hhdrf FeuddRhd) Gach GPHRInRFhohO at
| east one of the menory devices; first plurality of link interfaces, each

a
of the |inpvientipfiefireisraniebsieg cauplspiied Pluwrlly petpdramons redhstoss il tisor y

request or g@igme thodul&IcOSpridt SWi tch having a first plurality of swtch ports,
a second plurality of switch ports, and a plurality of nenory ports, each

of the switch por PPBEIhE ROy &ictH 2% respective one of the Iink
interfaces, and eaGhndxforf A® compridaigy ports being coupled to a respective one

of the menory controllers, the _cross bar sw tch being operable tq
sel ectively coupl e each 2dHurglfeof meRoTy ﬁ‘frlértol‘l%{éég‘g’t‘gthedﬂ%“%ﬁéo%?h‘frﬁ CBenory

control lers; and coupled to at least one of the memory devices;

a first plurality of link interfaces, each of the link interfaces being
coupled to a respective one of the memory requestors; and

a cross bar switch having a first plurality of switch ports, a second
plurality of switch ports, and a plurality of memory ports, each of the switch
ports being coupled to a respective one of the link interfaces, and each of the
memory ports being coupled to a respective one of the memory controllers, the
cross bar switch being operable to selectively couple each of the link interfaces to
any one of the memory controllers; and

a second plurality of link interfaces each of which is coupled to a
respective one of the switch ports in the second plurality of switch ports;

a second rank of memory modules each of which is coupled to a respective one of the
second link interfaces in each of the memory modules in the first rank, each of the memory
modules in the second rank comprising:

a plurality of memory devices; and
a memory hub comprising:

a plurality of memory controllers, each of the memory controllers being
coupled to at least one of the memory devices;

a first plurality of link interfaces, each of the link interfaces being
coupled to a respective one of the second link interfaces; and

a cross bar switch having a first plurality of switch ports and a plurality
of memory ports, each of the switch ports being coupled to a respective one of
the link interfaces in the first plurality, each of the memory ports being coupled

to a respective one of the memory controllers, the cross bar switch being operable



a second plurality of link interfaces each of which is coupled to a
respective one of the switch ports in the second plurality of sw tcly ppgg 507
a second rank of menory nodul es each of which is coupled to a respective one
of the second link interfaces in each of the nenory nodules in the first
rank, each of the nenory nodules in the second rank conprising: a plurality
of menory devices; and a nenory hub ddnprising: a plurality of nenory
controllers, each of the nenory controllers being coupled to at |east one
of the menory devices; a first plurality of link interfaces, each of the
'k ntert aves bernieeRupioateRit s el it orbe B P RETS e BRE P
interfaces; and a alieog&ndigcomsiiérs hhehtavdwidth af the meinopl dystamiataessitfle ®vwa¢hch ports

and a plurality of nor arts ach of switch ports, being .coupled to
A eapacti ve one ot EREMPPHRaeRpe SREE ik S FERAST S GRLE of (e
menory ports bei ng leastupk efithe memeary meslplecihiavieasomre ofthetrinds weadjusttheromntbeol | er s,

the cross bar switch heing operable 2 6 F E Q7 12 to sel.ectively couple
cach of the 1ink i it BETRode RS R Setrlle Py RF I pepdR kb eBRUT GRS Fenory
controllers, the bandwi dth of the nenory system accessible to each of the

renory request rsnebf% %mﬁ%ﬂftérﬁ‘@%&aim \F\%i'elﬁ?éaiclpgfth ﬁerﬁér%@vi @rc%rgb’}‘lg Gh in at

| east one of the es 1n at least one of the’ranks cﬁ%wt t he
nunmber  ofynargipgangond esgess e miory dedige.second rank to which the menory requestor
is coupled. 2. The nenory systemof claim1l wherein each of the nmenory
devices conprises a dynam c random access nenory device. 3. The nenory
system of claidn 1 vitherresmpre gystenpof wlgin fewbirgin pagds of thet memory dwhp firdes a

respect i VempA&LS rBBERRY cABY nfefoRS&Akt als8dattd Whth @a%hordhe MBS0 Follers,
controllers, _each of the cache nenory devices being operable to store data

that is eeessdg ®plicongiRory devigesplsing ersrablgeto fore Hata bty yegsesed shrggfehthe cross

bar sw t Glspedive diteor R MRM6rSYoeE 8O ro&lbd Witdh Wher ei n the nmenory devices, the
link interfaces, the nenory controllers and the cross bar switch in each of

the nenory hubs are fabricated as a
4, The memory system of claim 1 wherein the memory devices, the link interfaces,

the memory controllers and the cross bar switch in each of the memory hubs are fabricated as a

common integrated circuit in a semiconductor substrate.

5. The memory system of claim 1 wherein each of the link interfaces in each of the

memory hubs comprises a bi-directional link interface.

6. The memory system of claim 1 wherein each of the link interfaces in each of the
memory hubs comprises a pair of uni-directional links one of which includes an input port and the

other of which includes an output port.

7. The memory system of claim 1 wherein each of the memory hubs further
comprises a respective write buffer associated with each of the memory controllers, each of the
write buffers being operable to receive write data and associated write addresses through a
respective one of the memory ports of the cross bar switch and to store the write data and

addresses for subsequent coupling to a respective one of the memory controllers.

8. The memory system of claim 7 wherein each of the write buffers accumulate

write data and addresses for a plurality of write memory accesses and then sequentially couple the



common integrated circuit in a sem conductor substrate. 5. The rrermryﬁs%@tm
of claiml wherein each of the link interfaces in each of the nenory hubs

conprises a bi-directional link interface. 6. The nenory systemof claiml
wherein each of the link interfaces in each of the menory hubs conprises a
pair of uni-directional |inks one of which includes an input port and the

ot her of which includes an out put port13 7. The nmenory system of claiml
wherein each of the nmenory hubs further conprises a respective wite buffer

associ at g[glg Ilté IZ'){ Sﬁ%hda%f anEi Dlgdres {196 Y rgsgg}:&i(l Oj)rleeorf She rﬁ%ﬁdﬂz\?{;r{t}ongs \Mn&utt Gn uffers

bei ng oper O receive wite data and associ a e addresses through
a respecinieweniopgigadmerndre agressexy ports of the cross bar switch and to store

the wite data and addresses for subsequent coupling to a respective one of
the menory controllers. 8. The nenory systemof claim?7 wherein each of the
write buffers %ccurflie ananoryysystem @htckimrid whetein esgehe of ther megmery Uubs ifurthenf write

Menory acGGa&s ikt Fh@l'ﬂon?eﬂl:@mcll:\%el YouplRU RS ehel H6ss ARFEBRG0d thd nithddral ity of

wite data and addresses fo a respective one of the nmenory controll'ers
wi t hout ageptroliers; Bie\AEpGt ARFMOBR AFCRRS IFBYISE britecapsmble to caupp therreqsp Py 3%jisk atd of cl ai m

| wher ei neagRgHhehentdMe cSFR B Yo e m tbnoReV rite GRIMREd RE68se8 di rect nenory access
devi ce coupled to the cross bar switch and the nenory controllers, the

di rect menory access device being operable to cause the cross bar switch and

each of the nmemdry 1meMchidly §5t8m i@ clRl { YheRNBIMRAY soMid dfRhERembrf audtsesses.
10. The nmenory systemof claim| wherein at | east some of the nenory

request er SMPEFRAATEE A processor. 11. The nenory systemof claim| wherein
at | east some of the nenory requesters conprise a direct nenory access
device. 12. The nenpry system of _cl ai mé wherein the nory devi ces, the
link interfacés; ﬁﬁ‘é rySEBE Figim biBergndt Fﬁés%?%%ggﬁ%’af‘x%‘w’?q&?ft% e
f abri cat edmpsseaniirestn@giont £ckscigvicdi t in a common seni conduct or substrate.
13. A nmenory system conprising: a plurality of nmenory requestors;
12. The memory system of claim 1 wherein the memory devices, the link interfaces,
the memory controllers and the cross bar switch are fabricated as an integrated circuit in a

common semiconductor substrate.

13. A memory system, comprising:

a plurality of memory requestors;

a first rank of memory modules coupled to the memory requestors, the memory modules
in the first rank each including a first set of memory ports corresponding in number to the number
of memory requestors, each of the memory ports in the first rank being coupled to a respective
one of the memory requestors, the memory modules in the first rank further including a second
set of memory ports, each of the memory modules in the first rank including a plurality of
memory devices and a memory hub coupled to the memory devices and to the memory ports in
the first and second sets; and

a second rank of memory modules each including at least one memory port coupled to a
memory module in the first rank through a memory port in the second set, each of the memory
modules in the second rank including a plurality of memory devices and a memory hub coupled
to the memory devices and to the at least one memory port, at least one of the memory modules in
the second rank being accessed by at least one of the memory requestors through at least one of
the memory modules in the first rank, the number of memory modules in the first rank through

which the at least one memory module in the second rank is accessed being adjustable to vary the



a first rank of menory nodul es coupled to the nenory requestors, th?gﬁﬁﬁﬁﬁw
nodules in the first rank each including a first set of nenory port
corresponding in nunber to the nunber of nmenory requestors, each of the
menory ports in the first rank being coupled to a respective one of the
menory requestors, the nmenory nodules in the first rank further including a
second set of nenory ports, each of dfhe menory nodules in the first rank
including a plurality of nenory devices and a nenory hub coupled to the
menory dea/ 'ta%%ﬁdv@lﬁ'tq bIetQ'eénnge AW o¥e ﬁlgrﬁ&g éqgestotr Qr?d tfu% gﬁéastaogg m§88ﬁo%d§1@§ns , and a
second rank of nmenory nodul es each I n it ing at [east one nmenory port
coupl ed ttbesgcondspnbry nodule in the first rank through a nenory port in the
second set, each of the nmenory nodules in the second rank including a
plurality of menory devices and a nmenory hub coupled to the nmenory devices
and to the at MeastThereemepndisigmpefralaimd whegpin eashef g memeoryrgedeles indbRul es in

the secondcdnannkdatings 3CAGIRE br Renly pRRTbrr&PeadRy ih HEmBEBItie h&SHLESE OF S
t hrough at | east one of the nenory nodules 1n the first rank, the nunber of

. e
nenory moBEMEY moduigh i the figst rankn fhethrmnny RortsyiRi eth phide atemogn Beddesein tisor y

nmodul e i Neebdd@ rSRARME ch@NE th Shedh&tP BPINAI iR theartitUadikaRiofg Rspéaivé nteiRry? 6FEB2007
14 data bandw dth between the at | east one nenory requester and the at | east

one nenmorBPTBdRE €979 sett he second rank. 14. The menory system of claim 13
wherein each of the nenory nodules in the second rank includes a plurality

of menory ports corresponding in _nupber to the nunber of _nengry nodules in
the first rankl>thé hﬁ§??ﬂi°?’ %’gtF‘Ps"fiCH‘“éi%:WhﬂfmteFFé‘ #ér?i‘f’@l‘t}’rﬂﬁiﬁse%f obhe

second r afdduleiim@e edid Lk bR coliRed® MOEYpediE bhees thdiméhi&y fnkddsles nahk filshr ough
respective nenopr orts in e .second set, . _The nenory system of claim
15" Mher e RIREET Grthd AR AP JF Tobre: GF insiing » T €6 cRtIHeP B ond 1 ank
ar e coupl eendrg nvdile speie tfirst @ankne which tHearedpenive yet D diginesy mdédutel én the s&bnd r ank,
each of th nennrﬁﬁnodules inthe first rank including a nenory port coupl ed

to the nBHLYY/ WUt e in the first rank to which the respective set of
menory nodul es in the second rank corresponds. 16. The nenory system of

claim 13 wherejn t menor ub jn..each.of.the nenory . nodul.es in the first
rank conpris ee1a6 ‘cr 2@ S WZS\XEQ?% ﬂ% (g%r@?lgmhgre{nénec%ﬁ%?% El%bnlﬁ} e%c% Otfﬁg’ TFENDY y ports
modules in the first rank comprise a cross bar switch operable to couple any of the memory ports

in the first set to any of the memory ports in the second set and to any of the memory devices.

17. The memory system of claim 16 wherein the cross bar switch is further operable

to couple any of the memory ports in the second set to any of the memory devices.

18. A method of accessing memory devices from a plurality of memory request ports, the
method comprising;:

arranging a first plurality of memory modules in a first rank, each of the memory
modules in the first rank including a plurality of memory devices;

arranging a second plurality of memory modules in a second rank, each of the memory
modules in the second rank including a plurality of memory devices;

accessing each of the memory modules in the first rank from any of the memory request
ports; and

accessing each of the memory modules in the second rank from any of the memory
request ports through at least one of the memory modules in the first rank, the memory modules
in the second rank being accessed by varying the number of memory modules in the first rank

through which at least one of the memory modules in the second rank is accessed from one of the



inthe first set to any of the menory ports in the second set and to any of
the nenory devices. 17. The nenory system of claim 16 wherein the ﬁégzg gﬂ%
switch is further operable to couple any of the nenory ports int E

set to any of the nmenory devices. 18. A method of accessing menmory devices
froma plurality of nenory request ports, the mnmethod conprising: arranging
a first plurality of menory nodul es ia first rank, each of the nenory
nodules in the first rank including a plurality of nenDry devices arrangi ng
a second pluralit n.a secqond rank e nmenory
modul es. MEERoriet e B ARy Hiecri g P RURET PRy izao] st e

accessi ngeastant momory h@dnie irothy saeoxdirhréghdt iy Heing adcessed. rank from any of the
menory request ports; and accessing each of the nenory nodules in the
second rank fromany of the nmenory request ports through at |east one of

t he menor y nod@l es The ntekhed faf raddim r i@niherdii ehemaatrof yacepsding esh df rihd memsmcond r ank
bei ng ac V, i (o) u n, t r r ank
through %glfﬁ1é%é dg%ggg&“@ﬂgp%%%ﬁ%eq§q§£¥g§88h ?ﬁ”&sﬁégﬁ gtrntk is
accessed cbmmrﬁes) n@escmgteh@ of the FEBO@O@cRiule151 the rseropd theepgh sachpefrthe memoryary t he
dat a baonMﬂ%meQ; Nkt he nenory request port and the at |east one nenory
nodule int secon rank that is being accessed. 19. The nethod of claim 18
wherein the act of accessing each of the nenory nodules in the second rank
through at |eagt Onfe Qe SrMERART M6 WRALUN €R Al Jf*b@ce@élﬁgskacﬁad?kthe GREDI Ses
accessing each of the nenory nodules in the second through each of "the
menory rduleedn the sepradfrapksthrough jat leags ompid the psearyomodyiesi v the figharnki n t he
act of aQGﬁ?@e@Q:c@s@iﬁE’ aQft JFRRMIBNRENles TPHE&Snd Ank Heoups aHEho-ARKalidmough at

| east one o he menbry nmodules in the first rank conprises accessing a set
of menory %fifém%owr%pmwgé‘e@sﬁmoif@ww rediigrn e st $ilodul e in the first
rank corresponding to the set of nenory nodules in the second rank. 21. The
met hod of claim 18, further conprising accumulating wite nmenory accesses
in at |east séhe ofih HRethpdnd Glaphdd) é%“héhﬁ"@%‘éﬂl@n?‘icallﬂl‘ gtingy ¥Eifst MG he st or ed

Wite nMRBREYs ACAEESESome of the memory modules and sequentially executing the stored write

memory accesses.





