WO 03/ 104996 PCT/ US03/18112 1 MEMORY HUB W TH | NTERNAL CACHE AND/ OR MEMORY
ACCESS PREDI CTI ON TECHNI CAL FI ELD This invention relates to conputer
systens, wod3/1ope particularly, to a 5 conputer system raTiusgs/asimenory
hub coupling several nenory devices to a processor or other nmenory access
devi ce. BACKGROUND OF THE | NVENTI ON Conbbut er systens use nenory devi ces,
such as dynam c random access nenory ("SDRAM') devices, to store
instructions and data that are accessed by a 10 processor. In a typical
conput er SyStﬁﬁMbg% Hb%ﬁﬁ%ﬁrn\ﬁm@t @%@ﬁE‘MNﬁ/dﬁ‘mﬁﬁﬁA@ﬁﬁgsy t hrough
a processor bus and a menory controller. e processor 1ssues a command,
such as a read conmmand, and an addPeEDIdeEdgnati ng the | ocation from which
data or instructions are to be read. The nenory controller uses the comand
and address to generate appropriate command signals as well as row and

colum ad ; hi.ch are applied to the system nmenory. In response to
t he connagggigﬁicé%gﬁggges, data are transferred between the system nenory
and the processor. Thgs MBERfYN rél@Bs fOtdnBfutérSsydlehBNaiB mborefpaRicEMSEM a
controller, which also includes bus bridge circuitry for coupling the
processdr douputey spsierorhguimgiaonem oy, hubwotplang sgveral mourory d¢vides iy pragessor
operating speed of nenor evi ces has continuously 20 increased, this

i ncrease i “OPEPHTINY 38R HES not kept: pace with increases in the
operating speed of processors. Even slower has been the increase in
operating speed of nenory controllers coupling processors to nmenory

devi ces. TBARCKEROUNE QFITHE BPEENTION nenory controllers and nmenory devi ces
limts the conmunication bandwi dth between the groce sor .and_ t he nenory

devices. 25 In addi tYHRPHE TRETIS Y ORI BAABRF T A BABEATYS GRLYR FSSand
TEOrY  JGKLAES (SDRARE] AIRES %o Yloré WRILEES YR QHR ABFatSabR0a lpyh t ed DY

| at ency pro
10 processor. In a typical computer system, the processor communicates with the system

memory through a processor bus and a memory controller. The processor issues a
command, such as a read command, and an address designating the location from which
data or instructions are to be read. The memory controller uses the command and
address to generate appropriate command signals as well as row and column addresses,
15 which are applied to the system memory. In response to the commands and addresses,
data are transferred between the system memory and the processor. The memory
controller is often part of a system controller, which also includes bus bridge circuitry
for coupling the processor bus to an expansion bus, such as a PCI bus.
Although the operating speed of memory devices has continuously
20 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 low speed
of memory conirollers and memory devices limits the communication bandwidth
between the processor and the memory devices.
25 In addition to the limited bandwidth between processors and memory
devices, the performance of computer systems and is also limited by latency problems
that increase the time required to read data from system memory devices. More

specifically, when a memory device read command is coupled to a system memory



that increase the tine required to read data from system nenory devi ces.
More specifically, when a nenory device read conmand is coupled to a

syst em nmeworog/ 13/ 104996 PCT/ US03/ 18112 2 device, suchPa3/tsn3/18112
asynchronous DRAM ("SDRAM ") device, the read data is output fromthe
SDRAM devi ce only after a del ay of several clock periods. Therefore,

al t hough SDRAM devi ces can synchronously out put burst data at a high data
rate, the delay ininitially providing the data can significantly slow the
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15 speed is that conventional memory hubs are essentially single channel systems since all

control, address and data signals must pass through common memory hub circuitry. As

a result, when the memory hub circuitry is busy communicating with one memory

device, it is not free to communicate with another memory device. Furthermore,

although computer systems using memory hubs can provide a greater memory

20 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, 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 received from

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

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

30 low latency.



25 anot her menory device can be used, the | atency problemcontinues to slow
the operating speed of such conputer systens. There is therefore a need
for a conwoteno@mpchi tecture that provides the advantagesPoff/EosresTozy hub
architecture and also mnimze this |atency problenms conmon in such
systens, thereby providing a nmenory devd ces with hi gh bandwi dth and 30 | ow
| at ency. WO 03/104996 PCT/US03/18112 3 SUMVARY OF THE | NVENTI ON A nenory
hub that nmay be used in a conputer systemincludes a nenory access device

interface EEYISF%E—@ ERfoQ" ot her menory access device, and a
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provided by the memory device. According to another aspect of the invention, each
memory interface includes a memory controller and a prediction unit. The prediction
15  unit predicts an address from which data are likely to be read based on an address from
a prior memory access. The prediction unit then causes the memory controller in the
respective memory interface to read data from the predicted address. The memory hub

may be physically included in a system controller, a memory module, or some other

component of a computer system or other electronic system using memory devices.

20 BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a block diagram of a computer system according to one
embodiment of the invention in which the memory hub is included in a system
controller.
Figure 2 is a block diagram of a computer system according to another
25 embodiment of the invention in which the memory hub is included in a memory
module.
Figure 3 is a block diagram of a memory hub used in the computer

systems of Figures 1 and 2.



Figure 1 is a block diagramof a conputer system according to one

enbodi nent of the invention in which the nenory hub is included in a system
control | ewo 0Biigie@ 2 is a block diagramof a conputer systemsoswsiding to
anot her 25 enbodi ment of the invention in which the menory hub is included
in a menory nodule. Figure 3 is a bl 0ék di agram of a nmenory hub used in
the conputer systens of Figures 1 and 2. WD 03/104996 PCT/US03/18112 4
DETAI LED DESCRI PTI ON OF THE | NVENTI ON A conputer system 100 according to
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storage devices 120 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 120 include

15 hard and floppy disks, tape cassettes, and compact disk read-only memories (CD-
ROMs). The processor 104 is also typically coupled to cache memory 124, which is
usually static random access memory (“SRAM”).

The system controller 110 also includes a memory hub 130 for
controlling access to several system memory devices 140a-d, each of which may be a

20 synchronous dynamic random access memory (“SDRAM”). The memory hub 130
allows the processor 104 to write data to and read data from each of the system memory
devices 140a-d. The memory hub 130 is coupled to each of the system memory devices
140a-d through a bus system 142, which normally includes a control bus, an address bus
and a data bus.

25 Although the memory hub 130 is shown in Figure 1 coupled to the
processor 104, it will be understood that the memory hub 130 may also be coupled to
other components in a computer system chipset (not shown).and may also allow other
devices (not shown) to write data to and read data from the system memory devices
140a-d in a direct memory operation, as is well known in the art. Also, the memory hub

30 130 may be physically included as a part of components of an electronic system other



controlling access to several system nenory devices 140a-d, each of which
may be a 20 synchronous dynam c random access nenory ("SDRAM'). The nenory
hub 130 awbamsgo49be processor 104 to wite data to and readcaaisas/igiom each
of the system nmenory devices 140a-d. The menory hub 130 is coupled to each
of the system nenory devices 140a-d th?ough a bus system 142, which
normal ly includes a control bus, an address bus and a data bus. 25
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Al t hough Fi4gures 1 and 2 show the nenory hub 130 included in the system

controller 110 and the nenory nodul es 146, respectively, it wll be
under st ood Although Figures 1 and 2 show the memory hub 130 included in the

system controller 110 and the memory modules 146, respectively, it will be understood
15 that the memory hub 130 may be a stand-alone unit or it may be included in other
components of a computer system or other system using memory devices.

One embodiment of the memory hub 130 is shown in Figure 3 in which
the memory hub 130 is coupled to the processor 104 and three memory devices 140a-c,
which, in the example illustrated in Figure 3, are SDRAM devices. The memory hub

20 130 is shown coupled to the processor 104 in a point-to-point arrangement in which
there are no other devices coupled to the connection between the processor 104 and the
memory hub 130. This type of interconnection provides better signal coupling between
the processor 104 and the memory hub 130 for several reasons, including relatively low
capacitance, relatively few line discontinuities to reflect signals and relatively short

25  signal paths. However, a multi-drop interconnection may alternatively be used in which
other devices (not shown) are coupled to the interconnection between the processor 104
and the memory hub 130.

The memory hub 130 includes a processor interface 150 that is coupled
to the processor 104 through a plurality of bus and signal lines, as is well known in the

30 art. The processor interface 150 is, in turn, coupled to a switch 160 through a plurality



15 that the nenory hub 130 may be a stand-al one unit or it may be included

in other conponents of a conputer system or other system using nenory

devi ces. Woa3amesi nent of the menory hub 130 is shown i nPETdso#1812 n whi ch
the nenory hub 130 is coupled to the processor 104 and three nenory devices
140a-c, which, in the exanple illustrated in Figure 3, are SDRAM devi ces.

The nmenmory hub 20 130 is shown coupled to the processor 104 in a

poi nt-to-point arrangenent in which there are no other devices coupled to
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maybe coupkedn bt LGpRWS L Y88m memory devices 140a-c, respectively. By providing a

15 separate and independent memory interface 170a-c for each system memory device
140a-c, respectively, the memory hub 130 avoids bus or memory bank conflicts that
typically occur with single channel memory architectures. The switch 160 is coupled to
cach memory interface through a plurality of bus and signal lines, including a write data
bus 174, read data bus 176 and a request line 178. However, it will be understood that a

20 single bi-directional data bus may alternatively be used instead of a separate write data
bus 174 and read data bus 176. Significantly, each memory interface 170a-c is specially
adapted to the system memory devices 140a-c to which it is coupled. More specifically,
each memory interface 170a-c is specially adapted to provide and receive the specific
signals received and generated, respectively, by the system memory device 140a-c to

25 which it is coupled. Also, the memory interfaces 170a-c are capable of operating with
system memory devices 140a-c operating at different clock frequencies. As a result, the
memory interfaces 170a-c isolate the processor 104 from changes that may occur at the
interface between the memory hub 130 and memory devices 140a-c coupled to the hub
130, and it provides a more controlled environment to which the memory devices

30 140a-c may interface.



with a greater or |esser nunber of buses and signal |ines or buses and
signal lines different fromthose illustrated in Figure 3. The switch 160
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coupled to the system nenory devices 140a-c, respectively. By providing a
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conflicts that typically occur with single channel nmenory architectures.
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15 device 140a-c to which it is coupled and receiving data signals from the system memory

device 140a-c to which it is coupled. The cache memory unit 184 includes the normal

components of a cache memory including a tag memory, a data memory and a

comparator, as is well known in the art. The memory devices used in the cache memory

unit 184 may be either DRAM devices, static random access memory. (“SRAM”)

20  devices, other types of memory devices, or a combination of all three. Furthermore, any

or all of these memory devices as well as the other components used in the cache
memory unit 184 may be either embedded or stand-alone devices.

The use of the cache memory unit 184 in each memory interface 170a-c

allows the processor 104 to receive data responsive to a read command directed to a

25 respective system memory device 140a-c without waiting for the memory device 140a-c

to provide such data in the event that the data was recently read from or written to that

memory device 140a-c. The cache memory unit 184 thus reduces the read latency of the

system memory devices 140a-c to maximize the memory bandwidth of the computer

system. Similarly, the processor 104 can store write data in the cache memory unit 184

30 and then perform other functions while the memory controller 180 in the same memory



processor interface 150 to each of the nenory interfaces 170a-c. The switch
160 may also includes arbitration logic (not shown) to determ ne which
menory acwelsastsshioul d receive priority over other nmenorpCaaseysds2 Bus
arbitration performng this function is 10 well known to one skilled in
the art. Wth further reference to Figd?e 3, each of the nenory interfaces
170a-c includes a respective nenory controller 180 and a respective cache
menory unit 184. The nenory controller 180 perforns the sane functions as

2 gnal 5t ot efaee TERRE R P4 Bl B RO B o R B30 B O

recei vi ng faherysdegieal1g04-amshint isusbepedrenory device 140a-c to which it is
coupl ed. The cache nenory unit 184 includes the nornal  conponents of a
cache menory i ncl udi by ferthes gedneavhy memogy pecase haleneyanavided dyripamenany as is

Il k [ h t. Th ' d.i h h it
184 mmy bet EhorBroamaPERac: ST 55 Brabn ettt e RE TR 20
devi cess oibRfcht MREI90Ts ABRDLYpE8i¢ 8RSkl aAdie®Bi Raubustit Bbhofy¥eae-
Furthernore, any or all of these nenory devices as well as the other

conponent sregstiuding tdreenaiad algoethorsy Thkaimenl@s cnptyolkbes 180 tiththe semb avkdexty or

st and- al one devi . The use of_the cache nmenory .unit 184 in eack nory
hter f ace eace 1704+ 8 1He BSHBERLuO MR iR d s takerored BiHe e th a
read co g didrepued eﬁtﬁelaaccgsiirféga\slﬁ?ﬁf&i’%rs%éfﬁ 8IS R e Y of Berhding

wi t hout Iting for the nenory Ice 140a-c to provide such data 1nthe
event t hatothdrefudeati@nswa¥heacthatprycassad Odr aubvsaquemtly tpr@niddsoa tchatmandenothy
devi ce_l140a-c. The cache nenory unit 184 thus reduces the read | atency of

the s}t SHePHEDRP h?éﬂocr@@d dafedren thy nredirted 2ddiere thermaf alpanithdlerfly 8 t he
cache momdypbif g pirsGhtor AR 1BOBRERBR ey S CRRNAPLRC A PR B D ory

controllerigh80 in the same nenory WO 03/ 104996 PCT/ US03/18112 8 interface

170a-c transfers the wite data fromthe cache nmenory unit 184 to the
system nenory devi c&omdhe cforegoiitsi éhwill be apprgsiase] “that, although specific

embodiments of the invention have been described herein for purposes of illustration,

15 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.



To further reduce the nenory access | atency provided by the nmenory hub
130, each nenory interface 170a-c may be provided with a prefetch unit 190.
The 5 prwbaBamosait 190 is able to predict the |ikely adecFsasopisia
subsequent nenory read request using conventional algorithns. The nmenory
controller 180 in the same nenory inPerface 170a-c can then performthe
menory access in the background while the processor 104 is either
accessing a different system nenory device 140 or perform ng other
functions. Wien the processor 104 sybsgggently provides a command to the 10
menory hub 130 to read data fromthe predicted address, the read data w |
already be present in the cache nenory unit 180 and can thus be quickly
provided to the processor 104. Fromthe foregoing it will be appreciated
t hat, although sgecifﬁ@nqaﬂﬁﬁﬂmﬁﬁﬁ%ﬂ%ﬁgthe i nventi on have been descri bed

herein for purpo i j I . i ficati made
W t hout devi ati ng%?ernggrg takéaéggg‘%‘?%étﬁ%ﬁ%cég%&égﬁ%?%ts ngé% ?aﬁ\g/g}r@l aolﬁerﬁglg}é%rc %Sngl Y,

t he i ndert¢d;on is not limted except as by the appended clainms. WO 03/ 104996
PCT/US03/18112 9 CLAIMS 1. A nenory hub, conprising: a nmenory access

devi ce i nt er f aceasplvgpdittyirefd megorntinteffaess wiradiugd nionirigriacec vith regpedtive; a

plural |t ry interfaces structured to interface with respective
nenor ying }eﬁ\g’ ?}E: %%},%&Iegac%hg ;f%?%lg e%%pgyrﬁﬁ%ﬁs&%g@gg AR Btr%ﬁ%f’r‘i Ay EBHr ol | er
and a pREBrand cache;, and a switch coupling the nenory access device
interface to each of the nenory interfaces. 2. The nenory hub of claim1l
wher ei n t he nenopapwilch eguplig/the eneniary ecdeas dedonimtérfes ta epohootths anremaryer f ace
structuregleto interface with a processor. 3. The nmenory hub of claiml
wher ei TMEHERS of the menory interfaces

2. The memory hub of claim 1 wherein the memory access device

interface comprises a processor interface structured to interface with a processor.

3. The memory hub of claim 1 wherein each of the memory interfaces
further comprises a prediction unit structured to predict an address from which data are likely
to be read based on an address from a prior memory access and to cause the memory
controller in the respective memory interface to output signals indicative of a memory read

operation from the predicted address.

4. The memory hub of claim 3 wherein the prediction unit is further
structured to cause the memory interface to store in the cache memory read data received

responsive to the signals indicative of a memory read operation.

5. The memory hub of claim 1 wherein each of the memory interfaces

operates at the same clock speed.

6. The memory hub of claim 1 wherein the switch comprises a cross-bar

switch.



further conprises a prediction unit structured to predict an address from
which data are likely to be read based on an address froma prior nenory
access amwotod/iemece the nmenory controller in the respect iPCE/USBSR1Y2
interface to output signals indicative of a nenory read operation fromthe
predi cted address. 4. The nenory hub 1@ claim3 wherein the prediction unit
is further structured to cause the nenory interface to store in the cache
menory read data received responsive to the signals indicative of a nenory

read operation. 5. Theygeppry of,¢cliai in e f - ry
interfaces operates at tﬁg S rre%gl %gkélg%{ene%.wg%@hglengsﬁfg ﬁ%‘ﬁg%%gc aim1l
wher ei muttipdexenbwitth.conpri ses a cross-bar switch. WO 03/ 104996

PCT/ US03/ 18112 10 7. The nenory hub of claim 1l wherein the switch

conprises a nultiplexer switch. 8. The nmenory hub of claim1l wherein the

h [ ] .19, A hub,
Compri 51 ng: a. mokor y. ke NARRLneCOF SELFTE SR I theod PRl e 11 o

Menor ydpeess fande@\VAce&ss ndenriir al ity of menory interfaces structured to
interface with respective nenory devices, each of the nmenory interfaces
including a menory controller and a prediction unit structured to predict
an address from gvhich dat a are Iikelrﬁs to be read based on an address from

a prior nmenory ac'cessAe{Hgn?lg_h@Bu%oénﬁ g_lgirenpry controller in the respective
nmenory interface; hRnfiH BessSd IRl iftel Al Galchied Q)fin%rfﬁﬁﬁﬁ{t}i arrﬁéiﬂm?ré@éé%g' on

fromthe predicted address; and a swtch coupling the nmenory access device
interfdaméceto the nenory interfaces.
a plurality of memory interfaces structured to interface with respective
memory devices, each of the memory interfaces including a memory controller and a
prediction unit structured to predict an address from which data are likely to be read based on
an address from a prior memory access and to cause the memory controller in the respective
memory interface to output signals indicative of a memory read operation from the predicted
address; and
a switch coupling the memory access device interface to the memory

interfaces.

10.  The memory hub of claim 9 wherein the memory access device

interface comprises a processor interface.

11.  The memory hub of claim 9 wherein each of the memory interfaces

operates at the same clock speed.

12.  The memory hub of claim 9 wherein the switch comprises a cross-bar

switch.

13.  The memory hub of claim 9 wherein the switch comprises a

multiplexer switch.



10. The menory hub of claim9 wherein the nenory access device interface
conprises a processor interface. 11. The nenory hub of claim9 wherein each
of the meworog/1049erfaces operates at the same cl ock spee@®CTAB03/THe2 menory
hub of claim9 wherein the switch conprises a cross-bar switch. 13. The
menory hub of claim9 wherein the swiltch conprises a nultiplexer switch
WO 03/104996 PCT/US03/18112 11 14. A conputer system conprising: a
processing unit operable to perform conputing functions; a system
control |l er coupl t 0t ' jt-.at | east one input device
coupled to the p?%ceséf%gqﬂﬁ?gﬁﬁﬁ?gggﬂﬂfﬁg'systen1 controller; at |east one
out put devi ce coapteedssing iditoperabbetegienfgrm cotptitugofugbtidrise syst em

controller; at |east one data storage devices coupled to the processing
unit through the? SR eoRtrabist soipled to the progessingtiitof menmory devices; and a

menory hub conprSing: @ ; @E}C&%%&r cciugl %rtfoat?lg ?90%?411@% vhi? tl’lﬂ)% thﬁg 8?&@1{1’ a
plurality of menory 1 nterfaces coup d°to resppec | ones of the menory
devi cesontelel of the nenory interfaces including a nmenory controller and a
menory cache; and a switch coupling the processor interface to each of the
nmenory i nt er f ac@isleastmne PHEpUE dapiae spupod te fedaroedssinguntt thimeighithe sysemenor y
hub is

controller;
at least one data storage devices coupled to the processing unit through the
system controller;
a plurality of memory devices; and
a memory hub comprising:
a processor interface coupled to the processor;
a plurality of memory interfaces coupled to respective ones of the
memory devices, each of the memory interfaces including a memory controller and a
memory cache; and
a switch coupling the processor interface to each of the memory

interfaces.

15.  The computer system of claim 14 wherein the memory hub is

physically included in the system controller.

16.  The computer system of claim 14 wherein the plurality of memory
devices are physically packaged in a memory module, and wherein the memory hub is

physically included in the memory module.

17.  The computer system of claim 14 wherein each of the memory
interfaces further comprises a prediction unit structured to predict an address from which data
are likely to be read based on an address from a prior memory access and to cause the

memory controller in the respective memory interface to apply to the memory device to which



physically included in the systemcontroller. 16. The conmputer system of
claim 14 wherein the plurality of nmenory devices are physically packaged
in a nmenow® odwbe, and wherein the nenory hub is physicacinpusosiediuzied in
the nenory nodule. 17. The conputer system of claim 14 wherein each of the
menory interfaces further conprises & prediction unit structured to

predi ct an address fromwhich data are likely to be read based on an
address froma prior nenory access and to cause the nenory controller in
the re i : o . | ; . R i ch WO
03/104%%gﬁ%%# dg%g?%%?fghﬁ%g t ghﬁgﬁﬁﬁyﬁﬁ%ﬁg%gﬁge |s(%%g%$€§%%%?%u Ilgignals
i ndi catheypecdiftedadizessry read operation from the predicted address. 18. The
conput er system of claim 15 wherein the prediction unit is further
structured to cause the nenory interface to store in the cache nenory read
data received ffomt i . ice.r nsi,ve to the.signals
i ndi cative of a ?rgegrmr?ﬁer {;aa g%%%%ﬁfﬁ&lﬁbgéflh‘gr%%notﬁgg’? eedﬁc%oyslfnétrﬁs IFFai m 14
wher ei sineaghd of chilye the mwmory iikeghdcatrefoRPRal Rk @5cld mehRry M &hPedceRged.

20. The conputer system of claim 14 wherein the switch conprises a

cr oss- Bam hairesectiveI memiery deovipriresporsyen tnthefsigrnaly indicativiof @i metnhey wadt ch
corrpric?fe? Hn mul tiplexer switch. 22. The conputer systemof claim 14

wher ei fie"cache menory conprises dynam ¢ random access nenory. 23. The
conput er system of claim 14 wherein each of the nenory devices conprises a
dynam ¢ random access nenory device. 24. The conputer system of claim 21
wher ei n each of the d¥imarsomputendsysienned eslsimedo mherkiv i eaeh calitire sesnoay

synchr.opous dynani c .r.andom access nory devi ce.
y n erfallces perates at the same c(iloc speec{.m y

20.  The computer system of claim 14 wherein the switch comprises a

cross-bar switch.

21.  The computer system of claim 14 wherein the switch comprises a

multiplexer switch.

22.  The computer system of claim 14 wherein the cache memory

comprises dynamic random access memory.

23.  The computer system of claim 14 wherein each of the memory devices

comprises a dynamic random access memory device.

24, The computer system of claim 21 wherein each of the dynamic random

access memory device comprises a synchronous dynamic random access memory device.

25. A computer system, comprising:
a processing unit operable to perform computing functions;

a system controller coupled to the processing unit;



25. A conputer system conprising: a processing unit operable to perform
conputing functions; a systemcontroller coupled to the processing unit;
WO 03/ 104890603RWPHEJS03/ 18112 13 at | east one input devi ce PCOUSORMUD t he
processing unit through the system controller; at |east one output device
coupled to the processing unit througigthe system controller; at |east one
data storage devices coupled to the processing unit through the system
controller; a plurality of nmenory devices; and a nenory hub conprising:. a

processor interf ounl . SQI; . bt
i nterfaces coupl gttcj%ta % é&%sglggi ??/Jépegﬁgdﬁ@fe&’t ﬁ‘g Prﬁ%%#%%ﬁ%@@@%@%@ t he
menor y conttdlef;aces i ncluding a nenory controller and a prediction unit
structured to predict an address from which data are likely to be read
based on an addr aslsastrang eutpii dsvicesesplpd de dresprogergingnithseughtbe sesiemy
controlc%ﬁat;o1 e;[_n the respective nenory interface to output to the nmenory
device 10 V\}m’ch the nmenory interface is coupled signals indicative of a

nmenory read oper at je@®t drcodath BRrader @idet @Fusiedli@ siss praskshgSiit Bo MUk NY
the processor interface to each of the nenory interfaces. 26. The conputer

syst enfystene ceritrall25 wherein the menory hub is physically included in the
systemcontroller.

27. The co ter systemof claim25 wherein the
plurality of nenﬁpylralgg\??&@gmgyée‘ﬁﬁ?#@;l |y packaged in a menory nodul e,
and wherein the gﬁ{gﬁ{&ympcgﬁpﬁgﬁgzsi cally included in the nenory nodul e.
a processor interface coupled to the processor;
a plurality of memory interfaces coupled to respective ones of the
memory devices, each of the memory interfaces including a memory controller and a
prediction unit structured to predict an address from which data are likely to be read
based on an address from a prior memory access and to cause the memory controller
in the respective memory interface to output to the memory device to which the
memory interface is coupled signals indicative of a memory read operation from the
predicted address; and
a switch coupling the processor interface to each of the memory

interfaces.

26. The computer system of claim 25 wherein the memory hub is

physically included in the system controller.

27.  The computer system of claim 25 wherein the plurality of memory
devices are physically packaged in a memory module, and wherein the memory hub is

physically included in the memory module.

28.  The computer system of claim 25 wherein each of the memory

interfaces operates at the same clock speed.



28. The conputer system of claim 25 wherein each of the nmenory interfaces
operates at the sane cl ock speed. WD 03/104996 PCT/ US03/18112 14 29. The
conput er woIBAMRé cl ai m 25 wherein the switch conpri ses ®CTArSo¥ss1lvar
switch. 30. The conmputer system of claim25 wherein the switch conprises a
mul ti pl exer switch. 31. The conputer gystem of claim25 wherein each of the
menory devices conprises a dynam c random access nenory device. 32. A

met hod of accessing a plurality of nenory devices, conprising: directing a

menory access reggest I ISt a | 4 . ry -gevi :~coupl ed
to menory hub; stg%l'ri nghgact% nglruEeezoF y?c %%mog%ﬂ\{/\l? i %5% ﬁv#%{eégﬁﬁ% Sﬁlt?gtcoﬁl@?rltsﬁsygdevi ce
in a cambebaramiicy. | ocated in the nenory hub; subsequently directing a
menory read request to the first nenory device; in response to the nenory

read request, detecting whether the data corresponding to the nenory read

request are stor i n+4he cache nor y. | pcat i,n th memory hub:. if the
da'?a correspondi E(g toT%lﬁézo Phﬂegys'}'?tg%é{g 8% sfbdg'lhgre&%ﬁ]é? NG CPBIPH(SCS &t ored
in thenfageerBRREY, | ocated in the menory hub, providing the read data from
the cache nenory; and if the data corresponding to the nmenory read request
are determned to be not stored in the cache nenory | ocated in the nenory
hub, providing t re data fromthe.firs nor evice. 33. The nethod
of claim32 furt Eﬁr c@ﬁ%??@l"ﬁt&’ SYE{GEH?%‘?W%E%W%E@H} gasch Offrﬂ'(‘)erﬁnﬁﬁ%yh&-ea&’teé are

l'i kel'y odRpRs b @9farhiceAhddAR addetsShemfE MY ¥e devi ce based on an address from a
prior menory access to the first nmefory device;

32. A method of accessing a plurality of memory devices, comprising:

directing a memory access request to a first of a plurality of memory devices
coupled to memory hub;

storing data read from or written to the first memory device in a cache memory
located in the memory hub;

subsequently directing a memory read request to the first memory device;

in response to the memory read request, detecting whether the data
corresponding to the memory read request are stored in the cache memory located in the
memory hub;

if the data corresponding to the memory read request are determined to be
stored in the cache memory located in the memory hub, providing the read data from the
cache memory; and

if the data corresponding to the memory read request are determined to be not
stored in the cache memory located in the memory hub, providing the read data from the first

memory device.

33.  The method of claim 32 further comprising:
predicting an address from which data are likely to be read from the first
memory device based on an address from a prior memory access to the first memory device;

providing read data from the predicted address in the first memory device; and



providing read data fromthe predicted address in the first nenory device;
and WD 03/ 104996 PCT/ US03/18112 15 storing the read data fromthe

predi ct edwaddne®sé i n t he cache menory in the nenory hub. P84/USISIe8IMEt hod Of
claim 32 wherein the act of storing data read fromor witten to the first
menory device in a cache nenory in the menory hub conprises storing the
data read fromor witten to the first nenory device in a cache nenory
dedicated to the first nmenory device. 35. The nethod of claim 32 wherein

the nmenory accesgqfig Leaf i LetLan e ises a
read menory accesg. %gﬁéﬁ%erhrerﬁég?%%g %1% ggﬁdg(irt?ﬁpég&r% 21}1‘2@% C?ﬁ% rﬂ%rrgg};{na@gess
requesmemoryinibch the prediction was based conprises a wite nenory access.
37. A nethod of accessing a plurality of nenory devices, conprising:

directing nenory access requests to respective addresses in a plurality of

menory devi ces coupl e Do, WLEHi-n ot he ry h r.edi cti ng at
| east one addr esg#l'f ro(rf%h\é/vf?]ll1 C JH&%{%’%&% %2 Whleﬁeé]il f}het %Ctg)?g?oéfﬁ’g #%%Fﬁoafiﬁgm?iof st
menor yweiewh &€ theaietmemot @evaediines R be ntenvdty h tHehBeMBAPHY cARRRRS slogidbest s
were directed; and providing respective read data fromthe predicted

addr esBeglatayead omepowyitten éa thedistanerapryt deviesdeiavianige memory dediceded wqthest s

di reCtﬁgtltn%mt he,pr.edi cted addresses. 38. The nethod of claim37 wherein the
menory access?mf% U%ts on which the predi ctions were based conprise read
menory requests. 39. The nethod of claim 37 wherein the nenory access
requests on which the predictions were based conprise wite nenory
requests. 35.  The method of claim 32 wherein the memory access request on which

the prediction was based comprises a read memory access.

36.  The method of claim 32 wherein the memory access request on which

the prediction was based comprises a write memory access.

37. A method of accessing a plurality of memory devices, comprising:

directing memory access requests to respective addresses in a plurality of
memory devices coupled to memory hub;

within the memory hub, predicting at least one address from which data are
likely to be read from the first memory device based on the addresses to which the memory
access requests were directed; and

providing respective read data from the predicted addresses in the memory

devices prior to receiving memory read requests directed to the predicted addresses.

38.  The method of claim 37 wherein the memory access requests on which

the predictions were based comprise read memory requests.

39.  The method of claim 37 wherein the memory access requests on which

the predictions were based comprise write memory requests.



