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TECHNICAL FIELD
This invention relates to computer systems, and, more particularly, to a

computer system including a system memory having a memory hub architecture.

BACKGROUND OF THE INVENTION

15 Computer systems use memory devices, such as dynamic randbm access
memory (“DRAM”) devices, to store 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,

20 which includes a memory command, such as a read command, and an address
designating the location from which data or instructions are to be read. The memory
controller uses the command and address to generate appropriate command signals as
well as row and column addresses, which are applied to the system memory. In
response to the commands and addresses, data are transferred between the system

25 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.



Al t hough the operating speed of menory devices has continuously increased,
this increase in operating speed has not kept pace with increases in the
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15 SDRAM devices.

One approach to alleviating the memory latency problem is to use
multiple memory devices coupled to the processor through a memory hub. In a memory
hub architecture, a memory hub controller is coupled over a high speed data link to
several memory modules. Typically, the memory modules are coupled in a point-to-

20 point or daisy chain architecture such that the memory modules are connected one to
another in series. Thus, the memory hub controller is coupled to a first memory module
over a first high speed data link, with the first memory module connected to a second
memory module through a second high speed data link, and the second memory module
coupled to a third memory module through a third high {speed data link, and so on in a

25 daisy chain fashion.

Each memory module includes a memory hub that is coupled to the
corresponding high speed data links and a number of memory devices on the module,
with the memory hubs efficiently routing memory requests and memory responses
between the controller and the memory devices over the high speed data links. Each

30 memory requests typically includes a memory command specifying the type of memory



bet ween the controller and the nmenory devices over the high speed data
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because a processor can access one memory device while another memory device is
15 responding to a prior memory access. For example, the processor can output write data
to one of the memory devices in the system while another memory device in the system
is preparing to provide read data to the processor. Morebver, this architecture also
- provides for easy expahsion of the system memory without concern for degradation in
signal quality as more memory mo‘dules are édded, such as occurs in conventional multi

20 drop bus architectures.

Although computer systems using memory hubs may provide superior
perfonﬁance, they nevertheless may often fail to operate at optimum speeds for a variety
of reasons. For example, even though memory hubs can provide computer systems with
a greater memory bandwidth, they still suffer from latency problems of the type

25 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 received from another memory device can be used, the

30 latency problem continues to slow the operating speed of such computer systems.
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SUMMARY OF THE INVENTION
According to one aspect of the présent invention, a memory hub module
includes a decoder that receives memory requests and determines a memory request
15 identifier associated with each memory request. A packet memory receives memory
request identifiers and stores the memory request identifiers. A packet tracker receives
remote memory responses, associates each remote memory response with a memory
request identifier and removes the memory request identifier from the packet memory.
A multiplexor receives remote memory responses and local memory responses. The
20 multiplexor selects an output responsive to a control signal. Arbitration control logic
coupled to the multiplexor and the packet memory develops the control signal to select

a memory response for output.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a block diagram of a computer system including a system
25 memory having a high bandwidth memory hub architecture according to one example of

the present invention.
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this way the memory hubs effectively control the latency of respective memory. lﬁodules

in the system memory by controlling how quickly responses are returned to a system

15- controller 110, as will be described in more detail below. In the following description,

certain details are set forth to provide a sufficient understanding of the present

invention.. One skilled in the art will understand, however, that the invention may be

practiced without these particular details. In other instances, well-known circuits,

control signals, timing protocols, and/or software operations have not been shown in

20 detail or omitted entirely in order to avoid unnecessarily obscuring the present
invention. |

The computer system 100 includes a processor 104 for performing

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

calculations or tasks. The processor 104 is typically a central processing unit (“CPU”)

25 having a processor bus 106 that normally includes an address bus, a control bus, and a

data bus. The processor bus 106 is typically coupled to cache memory 108, which, as

previously mentioned, is usually static random access memory (“SRAM”). Finally, the

processor bus 106 is coupled to the system controller 110, which is also sometimes

referred to as a “North Bridge” or “memory controller.”
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(CD-ROMs).

The system controller 110 also includes a memory hub controller

15 (“MHC”) 132 that is coupled to the system memory 102 including the memory modules
130a,b...n, and operates to apply commands to control and access data in the memory
modules. The memory modules 130 are coupled in a point;to-point architecture through
respective high speed links 134a and 134b coupled between the memory module 130a
and the memory hub controller 132 and between adjacent memory modules 130a-n.

20 The high speed link 134a is the downlink, carrying memory requests from the memory
hub controller 132 to the memory modules 130a-n. The high speed link 134b is the
uplink, carrying memory responses from the memory modules 130a-n to the memory
hub controller 132. The high-speed links 134a and 134b may be optical, RF, or
electrical communications paths, or may be some other suitable type of communications

25 paths, as will be appreciated by those skilled in the art. In the event the high-speed links
1342 and 134b are implemented as optical communications paths, each optical
communication path may be in the form of one or more optical fibers, for example. In
such a system, the memory hub controller 132 and the memory modules 130 will each
include an optical input/output port or separate input and output ports coupled to the

30 corresponding optical communications paths. Although the memory modules 130 are



respective high speed |inks 134a and 134b coupl ed between the nenory nodul e
130a and the nenory hub controller 132 and between adj acent nenory nodul es
130a-n. 20 The high speed link 134a is the downlink, carrying nenory
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The high speed link 134b is the uplink, carrying nenory responses fromthe
menory nodul es 130a-n to the nenory th controller 132. The hi gh-speed
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appr oci ot ey LhEs Bdhk s Poi Eobblcr 133 15 BB0BS o Bl@RroRged || nks

134a and 13 are 1 np 0 tlca comm cati opti cal

communi cat i topolpgitsthatiaypbe dsed}sueh wmg)n‘op@lbgy, ovill 50 appaa@it It@&'osef dkiRAsn for
exanple. In, such a system the nenory hub controller 132 and the nmenory

modul es 13006/ each” include an optical input/output port or separate

communi cat ?3LE“L£ e 2 B R0E ey Rbadt T30 1ERBRR B R 348 B msc

PCTI US2095/ @fdfkidicatig sdmmnhe:cuonbgﬂnmng tHigh- smmbrlnﬂcbum@omd aB4terand Frin a
poi nt-to-point architecture, other topol o% es that may be used, such as a
ring topol cQProling |acegss 48 eigltnmengry: feydees si48) Mduch are synsheoneus gwiamiof t he

Cor  obpondi R Anci 1B SORAETHEer B uk SayBle o MBREY, Thf Bleth C00C 0

ei ght menorhubd 0 cach m&devihpmranar@qﬁly PORS CHAo ufe ebup@aan 1) the RDLPORAERLS S
menory (" SDRAM') devices in the exarrtBI e of Figure 1. The nmenory hubs 140
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As previously mentioned, each of the memory hubs 140 executes an

15  arbitration process that controls the way in which memory responses associated with the -
memory modﬁle 130 containing that hub and memory responses from downstream
memory modules are returned to the meémory hub controller 132. In the following
description, memory responses associated with the particular memory hub 140 and the
corresponding memory module 130 will be referred to as *“local responses,” while

20 memory responses from downsitream memory modules will be referred to as
“downstream responses.” In operation, each memory hub 140 executes a desired
arbitration process to control the way in which local and downstream responses are
returned to the memory hub controller 132. For example, each hub 140 may give
priority to downstream responses and thereby forward such downstream responses

25 upstream prior to local responses that need to be sent upstream. Conversely, each
memory hub 140 may give priority to local responses and thereby forward such local
responses upstream prior to downstream responses that need to be sent upstream.
Examples of arbitration processes that may be executed by the memory hubs 140 will be

described in more detail below.
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"Arbitrati yst em and Met hod_f or nor onses |n, a Hub-Based Menory
systent . 100 ROTEHEr AN B Ry TorbARBEN tebstver 202 focelves memory

requests. The memory requests include an identifier and a request portion, which

includes data in the event the request is a write request. The identifier is referred to

15  herein as a packet ID or a memory request identifier. ‘A decoder 204 is coupled to the

downlink receiver 202 and determines the memory request identifier associated with

each memory request. The memory request identifiers are stored in a packet memory

206. The packet memory 206 shown in Figure 2 is a ﬁrst—iﬁ, first-out (FIFO) memory,

but other buffering schemes may be used in other embodiments. In this manner, a

20  packet ID or memory requést identifier associated with each memory request passed to a

hub controller is stored in the packet memory 206. When the packet memory 206 is a

FIFO memory, the memory request identifiers are stored in time order. In the following

description, memory requests associated with the particular memory hub 140 and the

corresponding memory module 130 will be referred to as “local memory requests,”

25 while memory requests directed to a downstream memory module 130 will be referred
to as “remote memory requests.”

Local memory requests received by the downlink receiver 202 are sent

through a downlink management module 210 and a controller 212 to a memory

interface 214 coupled to the memory devices 148. Local memory responses are



An exanple of an arbitration system 200 included in the hub controllers 140
of Figure 1 is shown in Figure 2. A downlink receiver 202 receives nenory.
requests. The nmenory requests include an identifier and a request portion,
whi ch i nOYQ2WE0W8I6a in the event the request is a w i PETUSZPOS@B015SThe
identifier is referred to 15 herein as a packet ID or a nenory request
identifier. A decoder 204 is coupled td®?the downlink receiver 202 and
determ nes the nmenory request identifier associated with each nenory
request. The menory request identifiers are stored in a packet nenory 206.

ronory. Uty el e 2L Extenf ol 18} biboll 262 MRt < 1

thi s mannermarigefiertatddule 3220. or nenory request identifier associated with
each nenory request passed to a hub confroller is stored in the packet
menory 206. Wen t he Remotememengequests seceyed by thepdowndinds reeiven02asesany r equest
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responses.. The renote_nenory responses include an identifier portion and a
data pay! odtcksbmemory 206rhe i dentifier portion, or nemory response
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management module 220, the uplink receiver 222, and arbitration control logic 230.

2]

15 The multiplexor 208 couples either data from local memory responses or data from
remote memory responses to the uplink transmitter 226. The choice of which type of |
- memory response — local or remote — to couple to the transmitter 226 is determined by a i
control signal generated by the arbitration control logic 230. The arbitration control
logic 230 is coupled to the packet memory 206, and can accordingly determine the
20 oldest memory request in the packet memory 206. When a local request is the oldest
memory request in the packet memory 206, the arbitration control logic 230 develops a
control signal for the multiplexor 208 that results in the local memory response being
coupled to the uplink transmitter 226 for output to the uplink 134b. When a remote
request is the oldest memory request in the packet memory 206, the arbitration control
25 logic 230 issues a control signal to the multiplexor 208 that results in the remote
memory response being coupled to the uplink transmitter 226 for output to the uplink
134b. In some embodiments, remote memory responses are coupled to the uplink
transmitter 226 by default. In other embodiments, local memory responses are coupled
to the uplink transmitter 226 by default.



recei ver. The packet tracker 224 identifies the nenory response identifier.
In sone 10 enbodi nents, when the renpte nenory response is sent through an
uplink transmtter 226 the packet tracker 224 renoves the associated nenory
request 1WM@A0ISOVEH6 from t he packet nenory 206. A mul ticmhuszeso®0s i s coupl ed
to the uplink transmtter 226, the uplink nmanagenent nodul e 220, the uplink
recei ver 222, and arbitration control Ildgic 230. 15 The nulti pl exor 208
coupl es either data fromlocal menory responses or data fromrenote nenory
responses to the uplink transmtter 226. The choice of which type of nenory
response - local or remte - to.coupgle to the trapnsmiter. 226 i.s_determ ned
by a control signal ﬁ’éﬂ’nﬁl%a?g\?p?‘ﬁ‘g?wmgqqtlﬁﬁﬁlggﬁ{ebdﬁlﬁ%ﬁséa%& The

ar bi trati ongeqmishaled ehtBifneABOf Figue BdPlefidtd :RqidiR IARK nd TE WY redBifed, and can

accordingly determ ne the 20 ol dest nenory request in the packet menory 206.
Wien a | ocaind thguegesti identifiersgitered in thaweekey memgpne sThe tocalrequesisdatanddnory 206,
the arbitration.control .1 Qgjc 0 gevel.ops a .copirol sjgnal for the

nul ti pl _exorW%Sthfﬁé?ce}vggu?(ﬁjsowf’ﬁ%}yh 5| Bd 0 n&&ﬂ?e@‘ﬁ@ﬁke TR JReRWYpl ed t o
the upli Bk fesphsel hbeSforaaRielOds fuekiRed, 4 tHRE cotrdshordide3 $8ued Rintiher €Dt €
request is the ol dest nmenory request in the packet nmenory 206, the

ar bi t r at i onreowved pmABe pasketonaneryi286 uBwen:f theeoabmempgymasponse tomeguesiiLy i pl exor

208 that results i.n..the.renote ry response being.coupled to.the uplink
transmitt er S3EVegy if lst’%“‘?ehg‘%[]g‘fa%/ﬁeﬁm S Jpot Is?‘f_lté’gﬂ'ét%g REAYESt e At E‘,e renot e
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ot her enbodi nents, |ocal nenory.responses are coupled to the uplink
t ransmi t t er where résponses asgociatedwith 0RB£07RE Ro, spd Ruszdsed 08015 10 An exanpl e

fth ket is illustrated in. Fi 3a-b.  lp the .illustrated
erbodi Mt of i gur & Bate pEstns Pehleth. o BiCnatat buomifuicaa ang

t he request gifdgaitiuni&s@ndih® bLthe F,&s&b@n@aﬁ&ﬁmﬁ@mue&m%m{ Rpdppresest s L1
and L2 were then received, followed by R3, and so on. J n this exanple,

renmot e nenohgweyer, ethab ribe sinvention omag r ke Prasticede vatheutd , thesa dparhienlaodetadpondi ng
request | deﬁtlrittfeim%rej %ne skilled in the art will appreciate that the example embodiments
described above do not limit the scope of the present invention, and will also understand
15 that various equivalent embodiments or combinations of the disclosed example
" embodiments are within the scope of the present invention. Ilustrative examples set
forth above are intended only to further illustrate certain details of the various
embodiments, and should not be interpreted as limiting the scope of the present
invention. Also, in the description above the operation of well known components has
20 not been shown or described in detail to avoid unnecessarily obscuring the present
invention. Finally, the invention is to be limited only by the appended claims, and is not

limited to the described examples or embodiments of the invention.



renoved fromthe packet nenory 206. Even if the | ocal nenory response to
request L1 is received, if the link is in use, the local response is not
"sent until the request LI i.s the oldest in the packet nenory 206, as
illustrated in the exanple shown in Figure 3b, where responses associ at ed
with requests RO, Rl, and R2 have been sent. 10 In the preceding
description, certain details were set forth to provide a sufficient
under st andi ng of the present invention. One skilled in the art wll

appreci ate, however, that the invenL'on may be practiced w thout these
particular details. Furthernore, one skilled in the art will appreciate
that the exanple enbodi nents described above do not |imt the scope of the

present invention, and will al so uoramss and 15 that various equival ent
enbodi ments or conbinations of the disclosed exanple enbodinents are within
the scope of the present invention. Illustrative exanples set forth above

are intended only It o fAmhdifky hub| ¢oiipfisih@ certain details of the various
enbodi ments, and should not be interpreted as |limting the scope of the
present inventi or.deggdepbemg pperable to.epsiye neraory maycats inpladinglocal memenpf  wel |
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unnecessarily obscuring the present inventron. tionis to
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conprising: a decoder being operable to receive nenory requests I'ncl udi ng
| ocal nemeguest; requests directed to nenory devices connected directly to the

menory hub and rer;%ﬁ( ' ' coupled to
ot her nmenory hubs, 't énQecogé?kﬁ%gfﬁéﬁg%gégg%Eﬂ¥%gggﬁgfﬁ¥'gﬁéwﬁgﬁ%ry request
i dent i fi aecelys semorytrequestiidentifieasfionthedeopderandioatorg tharepsieddatenmryeqyesc oupl ed t o
t he decoq&{,,,nti Qg packet nenory being operable to receive nenory request

identifiers tromthe decoder and to store the received nenory request
i dentifiers; a multiplexor being operable to couple either remote memory responses that

are received responsive to the remote memory requests or local memory responses that are
received responsive to the local memory requests to an output responsive to a control signal;
and '
arbitration control logic coupled to the multiplexor and the packet memory and
being operable to determine from the memory request identifiers stored in the packet memory
the recency of the memory requests corresponding to the received remote memory responses

and the local memory responses and to generate the control signal based on the determination.

2, The memory hub of claim 1 wherein the arbitration control logic
generates the control signal based on an oldest memory request identifier in the packet

memory.

3. The memory hub of claim 1 wherein the packet memory is a first-in,
first-out (FIFO) memory.

4, The memory hub of claim 1 wherein the arbitration control logic
generates the control signal such that if an oldest memory request identifier stored in the
packet memory is for a local memory request, the multiplexor outputs a local memory

response.
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a nultlplexor belng operable to couple either renote nmenory responses that
.are received responsive to the renote nenory requests or |ocal nenory
responses that are received responsive to the |ocal nenory requests to an
out put responsive to a control signal; and arbitration control |ogic
coupled to the nmultiplexor and the packet menory and being operable to
determne fromthe nenory request identifiers stored in the packet nenory
the recency of the nenory requests corresponding to the received renote
menory responses and the | ocal nennr¥ responses and to generate the control
signal based on the determ nation. The menory hub of claiml| wherein the
arbitration control logic generates the control signal based on an ol dest

menory request idemtifiThe memotyhkubpofcdisiin 1 WbeRiIny each of TheclobR nERd Yeotd Of claim
1 wherein_the %acket nenor .y, iscﬁ’eﬁer&?s%-i first-out Q&FI FO nenory. 4. The
menory  hUBATSYY (EPRONGS comprise data an. o5 {deptifying g MRy TEquest GTesPondingd? at es t he
control sh@menhorgusporistiat i f an ol dest nenory request identifier stored in

the packet nenory is for a |ocal nmenory request, the nultiplexor outputs a
| ocal menmory response. 12 5. The nenory hub of claim| wherein each of the

| ocal and renote @mrmhﬁmmﬁe&@@gﬁbﬁ%q&gmmg nbedGRgi fying a

menory request corresponding to mMenory response. A nmory hub bei ng
oper abl e TEMBOtE BICHIORLICEROBESS, %WW#B%E@FSMWGD am!m @bmﬂ}gqr@mponses t he

memory h%@s@&'tﬂﬂoﬁﬂﬁmnﬁﬁ\@ﬁtﬁ@idalaﬁhﬁfnmetlﬁ@&oﬁ'f’ﬁs&h&g% delt On 3! €Ct the

order in which the snored | ocal and renote nenory responses are provi ded on
an upl i ripligkeysput besed on tbmaaeﬁefagew@mmnoedmgt@e dosalrazd pomaté ng to t he

| ocal Wﬁeﬁpn genory responses. 7. The nenory hub of claim6 wherein the
menory hﬂg rn conprises a packet menory that stores nenory request

identifiers in an order in which the
7. The memory hub of claim 6 wherein the memory hub further
comprises a packet memory that stores memory request identifiers in an order in which the
corresponding memory requests are received,

8. The memory hub of claim 7 wherein the memory hub further
comprises a multiplexer coupled to the packet memory, the multiplexor providing either a
local or a remote memory response on an output responsive to a control signal.

9. The memory hub of claim 8 wherein the memory hub further
comprises arbitration logic coupled to the packet memory and the multiplexer, and wherein
the arbitration logic applies the control signal to the multiplexer to control which memory
responses are provided on the output.

10.  The memory hub of claim 6 wherein each of the local and remote
memory responses comprise data and a header identifying a memory request corresponding to

the memory response.

11. A memory module, comprising:
a plurality of memory devices; and
a memory hub coupled to the memory devices, the memory hub comprising:



correspondi ng nenory requests are received. 8. The nenory hub of claim?7
‘wher'ein the nmenory hub further conprises a nultiplexer coupled to the
packet nenory, the nultiplexor providing either a |ocal or a renpte nenory
response on an output responsive to a control signal. 9. The nenory hub of
claim8 wherein the menory hub further conprises arbitration |ogic coupled
to the packet nenory and the nultiplexer, and wherein the arbitration |ogic
applies the control signal to the nultiplexer to control which nenory
responses are provided on the output1 10. The menory hub of claim6 wherein
each of the local and renote nenory $esponses conprise data and a header

I dentifying a nmenory request corresponding to the nenory response. 11. A

menory modul e, compdécadérgadapted pbueaivetmﬁé RIS ﬂauaxﬁeaecaamgzmmry hub

coupled to the nemqry devices,, the nmenmp ub conprisin 13 a decoder
adapt ed M“F%%gwgﬁén'ﬁ?‘gp'? ‘é"ét%?“‘?q‘i@d'g’ﬁ'g foothe imexqaRy; iyb andy FRaotes di r ect ed
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requests directed to nmenory devices coupled t o ot her nenDry hubs, the
decoder dsue qperebly to slcteHRINE & MemeRy tequeptcidentifierssocinted; witht eachi nemony er
a5500|atqgmwhih each nmenory request; a packet nmenory adapted to receive
menory request identifiers and store the nenory request identifiers; a
mul ti pl exor adapt @&cecket memeryadaptedtotreceive msmory @gqmghlge@iﬁetsand stors theesponsi ve

to the “?H@:f ﬁg&r Sertifiest s and | ocal nenory responses that are responsive
€
to the Iocad?y nory requests and being operable to select either the renote

menory responses @rmwlnelexqred@tedmemgc rr-metpmwm&' mmnssﬂmtwerespmnave:ont r ol
o901 38l el PR WS Sl
i dent i f i emenory caqeatsi andtbeing opebie tcrmim gither the remote memory responses or the

local memory responses in response to a control signal; and

arbitration control logic coupled to the multiplexor and the packet memory and

being operable to determine from the memory request identifiers stored in the packet memory

the recency of the memory requests corresponding to the received remote memory responses

and the local memory responses and to generate the control signal to control selection of

which memory response to output based on the determination.

12.  The memory module of claim 11 wherein each of the memory devices
comprise an SDRAM.

13.  The memory module of claim 11 wherein the arbitration control logic
generates the control signal based on an oldest memory request identifier in the packet

memory.

14.  The memory module of claim 11 wherein the packet memory is a first-
in, first-out (FIFO) memory.

15.  The memory hub of claim 11 wherein the arbitration control logic
generates the control signal such that if an oldest memory request identifier stored in the
packet memory is for a local memory request, the multiplexor outputs a local memory

response.



the recency of the menory requests corresponding to the received renote
menory responses and the | ocal nenory responses and to generate the control
'signal to control selection of which nenory response to output based on the
determ nation. 12. The nenory nodul e of claim 11 wherein each of the nenory
devices conprise an SDRAM 13. The nenory nodul e of claim 11l wherein the
arbitration control logic generates the control signal based on an ol dest
menory request identifier in the packet nenory. 14. The nenory nodul e of
claim1l wherein the packet nmenory is a first- in, first-out (FIFO nenory.
15. The mermory hub of claim 11 wherelt the arbitration control |ogic
generates the control signal such that if an ol dest nenory request

denti fi er st or ed fnt 1t moAGK b TRTMEN 11 ot ach 9 e JBATRY shsibest . the

mul tiplexor outputs a |oc nory response. e nmenory hub of
cl ai m 11 mgmenciespoaes Roreprise data anskadicaden identifying ememoryrequest sproasponding cnpr i se dat a

and a heqﬁleel{; h&le Rlsbdn¥d Ng @ nmenory request corresponding to the nmenory
response. 1 ?lh&fneli%'ry system conprising: a nenory hub controller; a

plurality of menory nodul es, each nenory nodul e being coupled to adjacent

menory nodul es thrgugh ,r lve high-speed |inks, at |east one of the
(o ASRRErES, by

menory nodul es bei'hg C ry hub controller through a
respecti ve hi gh- spanendry b conteslldr;each menory nodul e conprising: a plurality

o oY, Y1 2o B O B M R o ke S L
i ncl udi n@gdjacent inemory modules through respective high-speed links, at least one of the memory
modules being coupled to the memory hub controller through a respective high-speed link,
and each memory module comprising:
a plurality of memory devices; and
a memory hub coupled to the memory devices, the memory hub
comprising,

a decoder adapted to receive memory requests including local
memory requests directed to memory devices connected directly to the . memory hub and
remote memory requests directed to memory devices coupled to other memory hubs, the
decoder and being operable to determine a memory request identifier associated with each
memory request;

a packet memory adapted to receive memory request identifiers
and store the memory request identifiers;

a multiplexor adapted to receive remote memory responses that
are responsive to the remote memory requests and local memory responses that are responsive

~ to the local memory requests and being operable to select either the remote memory responses
or the local memory responses in response to a control signal; and

arbitration control logic coupled to the multiplexor and the
packet memory and being operable to determine from the memory request identifiers stored in
the packet memory the recency of the memory requests cotresponding to the received remote
memory responses and the local memory responses and to generate the control signal to

control selection of which memory response to output based on the determination.



menory requests directed to menory devices connected directly to the. nenory
hub and renote nenory requests directed to nenory devices coupled to other
menory hubs, the decoder and being operable to determ ne a nenory request
identifier associated with each nenory request; a packet nenory adapted to
receive nmenory request identifiers and store the nmenory request
identifiers; a nultiplexor adapted to receive renbte nenory responses that
are responsive to the renote nmenory requests and | ocal nenory responses that
are responsive to the |ocal nmenory requests and being operable to sel ect
either the renote nmenory responses of5the |ocal nenory responses in
response to a control signal; and arbitration control |ogic coupled to the
mul ti pl exor and thﬁ§ ket nenD and being operable to determne fromthe
i f

nmenory request ide om0t clagi 19 Jebrein opeef o high-sped dinlsy of t he

menory remﬁ%ﬁ@mﬁmmn&glfyﬂe received renote nmenory responses and
the I ocal nenory responses and to generate the control signal to control

sel ection of which nenory response to output based on the determ nation. 15

18. The menory Sys§gm OfheCthéh Iom\’l\ﬂf}’l ﬁlLrH l?gﬁl fat {436 SglinngﬁlFﬁ)%glow nks,

conprises an optical conmmuni c e nenory system of claim 17
wher ei n aflevies,eamprisp8DBAMshe nenory devices conpri se SDRAMs. 20. The nenory
system of claim 17 wherein the arbitration control logic generates the
control signal based on the age of the nenory request identifiers stored in
the packet nenory2021. Tlﬁmemsystensgfsﬂtﬁmldfwlmbdhﬂnﬁbm&tmn&bmﬂ@c

arbitrati g&g o) el cont rol uc that I f an
ol dest ne erey rtet%euéé"s'{r&%(gmt S %reggﬁﬁ?eﬂ?gmﬂlé i2theor 3 | ocal
menory r epackettmenidne nul ti pl exor out puts a | ocal rrermry response. 22. The
menory system of claim 17 wherein the packet nenory is a first-
21.  The memory system of claim 20 wherein the arbitration control logic

generates the control signal such that if an oldest memory request identifier stored in the

packet memory is for a local memory request, the multiplexor outputs a local memory

response.

22.  The memory system of claim 17 wherein the packet memory is a first-
in, first-out (FIFO) memory.

23.  The memory system of claim 17 wherein each of the local and remote
memory responses comprise data and a header identifying a memory request corresponding to

the memory response.

24. A computer system, comprising:

& processor;

a system controller coupled to the processor, the system controller including a
memory hub controller;

an input device coupled to the processor through the system controller;

an output device coupled to the processor through the system controller;

a storage device coupled to the processor through the system controller;

a plurality of memory modules, each memory module being coupled to
adjacent memory modules through respective high-speed links, at least one of the memory



in, first-out (FIFO nenory. 23. The nenory system of claim17 wherein each
of the local and renpte nenory responses conprise data and a header
identifying a menory request corresponding to the nenory response. 24. A
conput er system conprising: a processor, a systemcontroller coupled to
the processor, the systemcontroller including a nenory hub controller, an
| nput device coupled to the processor through the systemcontroller, an
out put device coupled to the processor through the systemcontroller, a
storage device coupled to the processgr through the systemcontroller; a
plurality of menory nodul es, each neﬁﬁry nodul e being coupled to adjacent
menory nodul es through respective high-speed |inks, at |east one of the

menory 1GnodiRRs B ciPled Go muaégﬁgy hib &dniolles MRbugh H RepetiNe High-spked FHOUIh 2

respective_ hi gh-speed |ink, each nmenory nodul e conprising: a plurality
of nenor yndieash memorymedule COMRRSIAL: hub coupl ed to the menory devices and

coupled to the correspoRmiliRofieridrydeeRed; ddnks, the menory hub including, a
decoder adapted to receive nenory requests including | ocal nenory requests

directed to menory devPdBemey ke eeupleddiorthe meponndevines androvupleduto theid  rendt e
docoder annapmids HElpaR ks B Rk i R P equest 1 denti Tior
associated with each menora/decedsnadapteddo precike memoryoequests dstuslingtiocat ecei ve
il i i ety Bl oo otn? g bRedE Biokay KU b Wb 7S ons ve
to the raeomdte mepory yequestsudierted 4o theinoryadevivesTooupled do pthers aembiychubs rthe r esponsi ve
decoder and being operable to determine a memory request identifier associated with each
memory request;
a packet memory adapted to receive memory request identifiers
and store the memory request identifiers;
a multiplexor adapted to receive remote memory responses that
are responsive to the remote memory requests and local memory responses that are responsive
to the local memory requests and being operable to select either the remote memory responses
or the local memory responses in response to a control signal; and
arbitration control logic coupled to the multiplexor and the
packet memory and being operable to determine from the memory request identifiers stored in
the packet memory the recency of the memory requests corresponding to the received remote
memory responses and the 'local memory responses and to generate the control signal to
control selection of which memory response to output based on the determination.
]
25.  The computer system of claim 24 wherein each of the high-speed links

comprises an optical communications link.

26.  The computer system of claim 24 wherein at least some of the memory
devices comprise SDRAMs.

27.  The computer system of claim 24 wherein the processor comprises a
central processing unit (CPU).



to the local nenory requests and being operable to select either the renote
menoty responses or the local nenory responses in response to a control
signal; and arbitration control logic coupled to the multiplexor and the
packet nenory and being operable to determ ne fromthe nmenory request
identifiers stored in the packet nenory the recency of the nenory requests
corresponding to the received renote nenory responses and the |ocal nenory
responses and to generate the control signal to control selection of which
menory response to output based on the determi nation. 25. The conputer
system of claim 24 wherein each of th2 high-speed |inks conprises an
optical communications |ink. 26. The conputer systenlof claim 24 wherein at

| east some of the MDi e I,S€ T. system
of claim 24 wher eleEt hé bf océssow:%!?@'@ség“g'@m agh ?’Jﬂtg?;g%%rﬁ'bfum t
(CPU) . 1'dowisireari meenooyrpaspansessooniprise dafa addod headér idantifying) a emendonyofequdse | ocal and

downst ream ne onses conpri se data and a header identifying a nenory
request %B?P&@B‘gﬁ%ﬁ‘ﬁ%‘%“{ {‘Tr’g'm)ry response. 29. In a nenory system

i ncluding a plurallty of nmenory nodul es, each nenory nodul e including a
menory hub coupl e no devi ces, .the a pethod, of roceFS|n and
esp eﬂﬁﬁ

f orwar di ng nmenory #plvrality efmemeny faqdyle
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identifier, the nenory, requests incl ud| ng local nenory requests directed to

menory ddwicesingand F@Mwstwm%@smwﬂﬁmh%m memReryynedilsyest s
directed oftp ory devices coupled to nenory hubs in other nmenory nodul es;
storing the NEeNDr y request identifiers; storing |ocal nmenobry responses
recei ved from t he TRENIRE, MempTycequests, gach heying a memenycrequsstaid Mrtge requests;

memory requests including local memory requests directed to memory devices connected to
the memory hub and remote memory requests directed to memory devices coupled to memory
hubs in other memory modules;

storing the memory request identifiers;

storing local memory responses received from the memory devices in response
to the local memory requests;

storing remote memory responses received from the other memory modules in
response to the remote memory requests;

applying in at least one hub an arbitration algorithm based on the ages of the
stored memory request identifiers to determine an order in which the stored local and remote
memory responses are forwarded; and

forwarding the local and remote memory responses upstream according to the
determined order.

30. The method of claim 29 wherein each of the local and remote memory
responses comprise data and a header identifying a memory request corresponding to the

memory response.

31.  The method of claim 29 further comprising generating a control signal
to indicate the order based on an oldest stored memory request identifier.



storing renote nenory responses received fromthe other nenory nodules in
Fesponse to the renote nenory requests; applying in at | east one hub an
arbitration algorithmbased on the ages of the stored nmenory request
identifiers to determne an order in which the stored | ocal and renote
menory responses are forwarded; and forwarding the |local and renote nenory
responses upstream according to the determ ned order. 30. The nethod of
claim?29 wherein each of the lIocal and renpte nenory responses conprise
data and a header identifying a rrerrgry request corresponding to the nenory
response. 31. The nethod of claim2 T2urt her conprising generating a control
signal to indicate the order based on an ol dest stored nenory request
identifier. 17a 32. The nethod of claim 29, wherein the nmenory request
identifiers are stored and accessed on a first-in, first-out (FIFO basis.
33. The nethod of 3%l ai Fhexgethed of dlaim 29 Mhereia| theymgmpey raguesigidentiiers @reol  si gnal
such t haglefy addackdssath aSirQViE firdiRHQEFNO) Baiisest is a local menory request, a

| ocal nmenory response i s forwarded.

33.  The method of claim 29, further comprising generating a control signal
such that if an oldest stored memory request is a local memory request, a local memory
response is forwarded.



