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SNIMRFUAL CHANNEL MEMORY SYSTEM BACKGROUND OF THE | NVENTI ON mﬁ%6b§i%1he
| Aventi on The present invention relates to a nmenory systemf,or, a

sent conductor nenory. Mre particularly, the present invention re@%ﬁ é%?‘&l) a
menory system which provides a plurality of virtual access channels to
facilitate access by a plurality of nmenory nasters. Description of the
Prior Art Conventional data processing systens typically include
mul ti pl e processors/processes_which share a s stené y. The multiple
processors/ processes (i.e.,Y Rty ﬁHéF@F%)ME%Qﬁgs ?ﬁggéystenlnennry (e.g.,
general system nenory or graphic frame buffer nmenory) in a nulti-tasking
manner. The nenory masters can include central processing units (CPUs),
graphi cs processors, PClI bus masters and ElI SA/ I SA bus nasters. Each nenory

mast er accessBACKGROUNRs Off TiHE: INVENMOMnory whi ch exhi bit an address

locality, a tgaeihoesl the and/dHr@particul ar block size. It would ]
-‘therefore be desirable to have .a nenory systemwhich allows multiple nmenory

masters to access ANSyPFERRENORVEH- LN SfFHAG%h(CIrgh METONY SBTFE™S ur t her
be desirabl e EbrsHCBemidomduy:tosS intemety) d Murel \waard iallarIpdithed to

g?;gmdg} € adhlengfrag ﬁ &%&%&%&gn r:rceerfa{f}/esnﬁ}:sot %r Sitiemory s@s%’en%‘ _ v!rﬁlc?h bl ock

provides a plurality of virtual,access channels to
facilitate access by a plurality of memory masters.

Description of the Prior Art

Conventional data processing systems typically
include multiple prdceSsbrs/procésseg which share a

. system memory. The multiple processors/processes
(i.e., memory masters) access the system memory (e.g.,
general system memory or graphic frame buffer memory)
in a multi-tasking manner. The memoxry masters can
include central processing units (CPUs), graphics
processors, PCI bus masters and EISA/ISA bus masters.
Each memory master accesses poxtions of the system
memory which exhibit an address locality, a time
locality and/or a particular block size. It would
therefore be desirable to have a memory system which
allows multiple memory masters to-access a system
memory in an efficient manner. It would further be
desirable if such a memory system could be dynamically
modified to accommodate different types of memory
. masters. N

Fig. 1 is a block diagram of a multi-processing
system 100 which employs a shared memory architecture.
System 100 includes processors 10la-101lc, dedicated
cache memories 102a-102c, dedicated cache controllers
103a-103c¢c, system bus 104, global main memory 105 and

memory controller 106. Processors 101a-101lc share main
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sySt.em’100 whi ch enpl oys a shared nenory architecture. System 100 incl udes
processors |0l a-101c, dedicated cache nenories 102a-102c, dedi cated cache
controllers 103a-103c, system bus 104, global main nenory 105 and nenory
controller 106. Processors |0la-101lc share main

-2- merory 105 through common parallel ,system bus 104. Cache nmenories
102a-102c are typically constructed using relatively high speed SRAM
arrays. Min nmemempry030iss thypwedl |gommsis tyared e 1 sy anelkats viad4y. | ow speed

and | ow cost L in the
foll ovmwng fef eDrRéFl;l(lcgs ﬁ%%or%%t te1 E)Hézo @Sa%s‘}%%ag‘?l erﬂr%ﬁ'[%@ee%al | ant,
EDN March 14, 19gingppedatiyedy h(nzah "sm@eﬂﬁj@é\ﬂmw Systigyrgemary. Pohm
and O P. AgrawahosRest eppRidalix ylé&st%ed)mg%%%el t1v A1) b &aghe

menories 102a-102¢ reducCée the frequency with wh each of processors
10l a- 10l ¢ acces@PRalAWnERSty DR apfiays ed Byt 9 sidums Aystem 13Q0 on

Isystemt bus1(1)84 akiewaéebn@eaﬁqmlﬁﬂl : Q:%Eq ?‘ﬁ:ﬁ at(ll\oelhy expgnSI ve.
n system gg gen cac Mﬁs e é%[ag eac e
processor. |n adfFPFBR® Aty ltat?trral |n the
consi stency of HMarehi m4(;aCLI99:|nEmfl4es—510)m0m aHiglpispesaMench8p (i.e.,
cache coherence wPr C e ribed in nore
detail in Scalggftlgga(e anor§mkﬁﬁgf6$g%e§§g%§ﬁﬂ” qgfﬁ50|s and S. S.
Thakkar, Kl uwer PubidshiiogPuBi98Shepr . 7BB. pp. 153-166. The control |ogic
required to provide HRAIEEARFBRR MHGAS 10Ya-10%c huleciaases the

performance of system 1
frequency thh which each of processors 10la-101c

access main memory 105. This reduces the amount of
traffic on system bus 104. However,.cache memories
102a-102c are relatively expensive. . In system 100, an
expensive cache memory must be added for each added
processor. In addition, system 100 requires control

i logic to maintain the consistency of data in cache
memories 102a-102c¢ and wmain memory 105 (i.e., cache
coherence). The problem of cache coherence is
described in more detdil in "Scalable Shared Memory
Multiprocessors", M. Dubois and"S.Sﬁ'Thakkar, Kluwer

Academic Publishers, 1992, pp.153-166. The control
logic required to provide cache coherence increases the
cost and decreases the performance of system 100. In
addition, the efficiency of main memory 105 and system
bus 104 suffers if the data values fetched into cache
memories 102a-102c are not used.

L Fig. 2 is a block diagram of another conventional
multi-processor system 200 which includes a global main
memory 204 which is divided into modules 206a-206c¢C.
Each of main memory modules 206a-206c is attached to a
single corresponding cache memory module 205a-205c¢,
respectively. Each of cache memory modules 205a-205c
is attached to a main memory bus 202. Processors 201a-
201c are also attached to main bus 202. Processors



addrtion, the efficiency of main nenmory 105 and system bus 104 suffers if
the data values fetched into cache nenories 102a-102c are not used.

Fig. 2 is a block diagram of another conventional nulti-processor system
200 whi ch includes a global main nmenory 204 which is divided into nodul es
206a- 206c. Each of main nmenory nodul es 206a-206c is attached to a single
correspondi ng cache nenory nodul e 205a- 285c, _respectively. Each of cache

menory nodul es 296Ba298tci Shatrbachete e momm@rsy z@ﬁ-&@%c B Q&5 S
201a- 201c are also attac r ocessor

-3- 20l a-201c SREPR*EHA uﬂ%ﬁn?gg 3%@5% ygtfﬁsgOgn&sngFﬁcrﬁaﬁﬂq}n'
nodul es 206a- 206%H1§NsSpmeé0ﬁemsrgesqsthmd"|nPohhHeghaSpee@pNHBan

Syst Poh

2o ox mat ely i thé Padiedp. or BEOLIBITHE aBhrBidnRRAT, ctbia o
nmodul es), cache the asirlper cafi wewory m@dméeShdasnungca@b@rmemorwhe const ant

repl acenent of Qﬁ&&ﬁiééﬁescaéﬁéhéhkg%ﬁﬂ P”Qaﬁugéhﬁgg'ab%%hgeﬂhég%ﬁi tem

per f or mance. To mnimze the cost o M caché nenories, Ssome prior
art systens use1%&&#??dﬁ%lt%$eF°EFEHnﬁuFFQF§CF8FnFn9€rG@FP&n%laﬁé -dat a.

These prefetch huddies sunmmﬁg bliBstagitealily aagea\aefsh@%té&qw ring large
cache nenories. Suc refetch buffers are descri d i n PCT Patent

Application PCT/ G (WD 93/ 18459), entitled "Prefetching Into a
Cache to M nim ze MiiTo Meimimizecthe ETogt aﬁdsﬁamheaSheembnoaleanpukﬁma

Systent by Karnagpdakala: Ky S00AUCNAL ShalkiollS BrEEELEl BUEESES g used

in a traditional®separa
instructions and data. These prefetch buffers increase

the cache-hit rate without requiring large cache
memories. Such préfetch buffers are described in PCT
Patent Application PCT/US93/01814 (WO 93/18459),
entitled "Prefetching Into a Cache to Minimize Main
Memory Access Time and Cache Siée in a Computer System"
by Karnamadakala Krishnamchan et al. The prefetch
buffers are used in a traditional separate cache memory
configuration, and memory bandwidth is consumed by both
the prefetch operations and the cachlng operations. A
robust prefetch algorithm (w1th a cons1stently high
probability of prefetching the correct infarmation) angd-
an adequate cache size and organization_(to'prévide a
high cache hit rate) is required. to deliver any
performance improvement over traditional caching
schemes. _
Other conventional systems use the sense-
_amplifiers of a DRAM array as a cache memory. (See,
e.g., PCT Paterﬁ: Publication PCT/US91/02590, by M.
Farmwald et al.) Using the sense-amplifiers of a DRAM
array as cache memory provides low cost, high transfer
bandwidth between the main memory and the cache memory.
The cache hit access time, equal to the time required
to perform a CAS (column access) operation, is

relatively short. However, the cache miss access time
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configuration, and menory bandwi dth is consuned by both the prefetch
operations and the caching operations. A robust prefetch algorithm(with a
consi stently -high probability of prefetching the correct information). and
an adequate cache size and organi zation (to provide a high cache hit rate)
Is required to deliver any performance inprovenent over traditional caching
schenes. O her conventional systens-sise the sense- anplifiers of a

DRAM array as grCagbt BEERif-en S&F sifodkanti@h IRAL Mg MHAR D
PCT/ US91/ 02590, b gl Farmmval d et al.) Using. the sense;ggpl fiers of a DRAM
array as cachenﬂE?ﬁ/‘ﬁ y "EFOFYd ES IS c"oj)d?‘? i &vq%@,r hdWdt et ween
tEe mai n mem)rusgng‘ the ?&m rmripﬂr:b/fie[l'ﬂ“sa Hpeheadile aemeas/ )t neghiagupd to
the tine requifed_to petforma S (colu ccess). operation, is relatively
Short . Powever PEFRESEAARET e B Yt ARE B REM ¥ cddnd '
-4- of such a mgsoEy, i theubRPhtdratdy ket timathehgags muiderelwry access
time of the DRAM 24La%a( Holdaqulevisi %éxpeth%ew EEJz‘alf;)'%s Heidg'©
menory). This IS because en the sense anplifiers are used as cache
menory, the DRARFessed.i sAkegchea mifs gdiprefnre requddes dhed ddike) even
when the DRAM BMYa&:%a?ObeQ‘i'dﬂt A G RAthrge opeatTors AR &y equi res
0

t!
that the DRANIarraX performa prec ration foll.owed by RAS™(row
access) and CARPBcArQHNASCEEST) "E’dg 1umn. aGCe8s) e QRS EF ¥ Syer f or m

the precharge Dher simenréguired hw peaxrfvamgehs prechargepioperatithy tw ce
221009, 35 the e, B BRl AR Ly 1S SR AMRNAUAY clied 4 meror
long as the time required to perform the RAS operation.
The total memory access time is therefore equal'to.the
sum of the precharge time, the RAS access time and the
CAS access time of the DRaM afray; In contrast, during
normal operation of the DRAM array, the DRAM array is
in precharged mode when it is‘'not being accessed, and
the memory access time is equal to the RAS access time
plus the CAS access tiﬁe of the DRAM array.
Ancther prior art cache memory system includes an

SRAM cache memory which is integrated into a DRAM
array. The DRAM array includes four banks which
collectively serve as the main system memory. ..The SRAM.-.
cache memory includes a cache row register which has .
the capacity to store a complete xrow of data from one
of the banks of the DRAM array. A last row read (LRR)
address latch stores the address of the last row read
from the DRAM array. When the row address of a current

_.xead access is equal to the row address stored in the
LRR address latéh, the requested data values are read
from the row register, rather than the DRAM array.
Thus, there is one cache entry in the cache row
register which is shared by each of the four banks in
the DRAM array. This prior art memory system is
described in more detail in DM 2202 EDRAM 1MB x 4
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atm of the precharge tinme, the RAS access tinme and the CAS access tinme of
the DRAM array. In contrast, during normal operation of the DRAM array,
the DRAM array is in precharged node when it is not being accessed, and the
menory access tine is equal to the RAS access tine plus the CAS access tine
of the DRAM arr ay. Anot her prior art, cache nenory systemincl udes an
SRAM cache nenory which is integrated imto a DRAM array. The DRAM array

i ncl udes four paRkscwAi ﬁggfaqlilcew,elp&él%&%a% 3Q BN LS HetB FBHOr y.  The
I ncl, ude

SRAM cache nepor a_ _cache row regi ster which has the capacity to
store a conpl et BEFERAEEORE A 3G oRP 0f1 tHe banks of the DRAM array. A
]Icast rﬁw réad (LRR) Ia\(t/l\;d]ses;&éxtﬁﬂﬁrestdﬁseis:atm addhase of rehedyasdystownr ead
romthe DRAM a : he, r, ad f rr.ents r ac s_i s equal
Lo the row addiBLeXspPERolts, 1 Rehihdy R s, Fan 2t i,
val ues are readffthen péororntegientaary svstiems.t han the DRAM array. Thus,
there is one cache entry in the cache row register which is shared by each
of the four banks in the DRAM array. This prior art nenory systemis
described in nB¥MMBRY3i| in DM 2202 EDRAM 1MB x 4

-5- Enhanced Dynani gnRAWcoPdaeindd Ralth Bied PrelentRamivedit ibbmtl, €1 fdnriisy
Corp., pp. 1-18. Lt bagtherefqre desirable to have.g nenory system
whi ch over comeRY#HEMpiBGLYdes,) aydedm RSPFHo R RGRTGA N Qi or  art

nmenory syst emsvirt@aMéB¥ess channels connected in parallel to the
main memory. The main memory typically includes a
plurality of memory banks. Each of the virtual access
channels includes a set of memory access resources- for
accessing the main memory. These memory access
resources can include, for example, .cache resources,
burst access control resources, and memory precharge
resources. Each of the virtual access channels is
independently addressablé'by an external memory master.

By enabling the virtual access channels to be
addressed by external memory masters, the virtual
access channels can bé flexibly assigned to serve
different memory masters as reqﬁired‘by the data
processing system to which the memory system is -
connected. For exémple, one memory mastex can-be
assigned to access two virtual access channels, while
several other memory masters can ‘be assigned to share
the access of a single virtual access channel. These
assignments can be static or can be changed dynamically

during normal operation of the memory system. ' These
assignments can also be modified for connection to
different data processing systems.

In one embodiment, the virtual access channels
include a plurality of cacheable virtual access
channels which perform caching operations. In such an
embodiment, each of the cacheable virtual access

channel includes a cache data memory for storing one or
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b accordance with the present invention, a menory systemincludes a main
menory and a plurality of virtual access channels connected in parallel to
the main nmenory. The nmain nenory typically includes a plurality of nmenory
banks. Each of the virtual access channels includes a set of nenory access
resources- for accessing the main nenory. These nenory access resources can
I ncl ude, for exanple, cache resourCenghurst access control resources, and
nmenory prechar e e ch of . the Virtu

i ndependent |y ggﬁ%eéggé% %‘r‘?t S B el & r% a('loxalce %%%ﬁr}%n%%é enabl i ng

t he virtual acééégeéﬁaﬂmelm dfcbe mwwm%pmmmaormdm ers, the

virtual aCCGSSc&BﬁE”Qh&r@%@ ke g bl YBy# Sl NG P =S Vaheditlleer ent menory
masters as required by the data p roceSS|ng systemto which the nenory

systemis conn’éé?@dalFBFC&?&nﬂl@m&ﬂf‘e %rﬁﬁ’?’%teérc}bé# fee 8&MMRY t o
access two vi rmaeteeggeeachh@maﬂfe Md@ sRiierls Gl eidviEditRiged®aher s can
be assigned to sharé é cess 4ﬁ§i$%é: e.virtual access channghﬁﬁThese
assi gnnents cah-BE'EE tV(’: g 3@&‘&%&3’% SeWCTg n

operation of therteabr gcspstsemhariﬁem em'slagmtemrmlm al mnbe m)dl fied for

connection to gééﬂgéﬁﬂg g?% ?@éé@ c§¥a | &l caceflﬁ%z]aqb 3 di nent

the virtual access channe Irtual access
channel s whi chcpehqzebarﬁcmmtm@lomss)@amﬂ@m he éayme@éwheéa@ of
the cacheabl e gééﬁgahlggcgggu&annel i ncludes a cache data nmenory for

storing one or nore cache data entries, .and a correspondlng cache
The present invention also includes a method of

accessing a memory array which includes the steps of:
(1) coupling a virtual access system to the memory
array, wherein the virtual access system has a
plurality of virtual access channels connected in
parallel to the memory array, each virtual access
channel providing a set of memory access resources for -
accessing the memory array, (2) assigning each of' the
memory masters to access one or more of the virtual
access channels, (3) providing an access address from
the memory masters to’ the v1rtua1 access system, and
(4) accessing a selected one of the virtual access
channels in response to the access address. .=
This method can also include the steps of (5)
storing a cache entry and a corresponding cache address
entry in the selected virtual access channel, (6)
comparing the access address with the cache address
entry, and (7) accessing the cache entry if the access
.address matches the cache address entry. If the access
address does not match the cache address entry, then
the memory array'can be accessed through a bus bypass
circuit. In this case, the cache entxry of the selected
virtual access channel is updated to reflect the data
value accessed through the bus bypass circuit, and the
cache address entry is uptdated to reflect the address
accessed.
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address nenory for storing one or nore correspondi ng cache address entries.
By assigning a cacheable virtual access channel to service each of the
menory masters, each of the nmenory nmasters is advantageously provided with
a dedi cated cache nenory resource. The virtual access channels can al so

i ncl ude a non- cacheabl e virtual acce channel which enabl es the cacheabl e
virtual access channels to be bypassed when a cache mi ss occurs. The
prefegt inxentionEﬂﬁﬁ)drﬁ&t&hﬁlﬁnﬂafheﬂlefméﬁﬁﬁ&$iﬁ@oaoﬂEﬂHéYV&Et&hlwhiCh
i ncl udes the steps o c a virtua systemio the ry
arr oy, wher oi n ARG A EEE beeRlnd, BRERIt R RETEnEY B8F Lipbuar iR ers
channel s connecnnﬂ(lﬂlqhﬂeﬂizﬂuab ahgeﬁsnuhynaelaypeeﬁohmvngtuaI access
channel provi dige & RindfadielRe ViAEEREACEePALLEES (AL GEEEaR) NDcLRgMRITOrY

array, (2) assigning each he nmenory nasters access one or nore of
the virtual ac i % t%%)mﬁW@FVdWﬁﬁtaﬁsacUEééeaﬂﬂ?ﬁ%@rf@Bﬁ]Pﬁe
menory masters ﬁnze et l&’éc@ééeéﬁaﬁﬁélﬁﬁis aﬁérfé}mﬂﬁgeﬁlseﬁstaoﬁgl get ed

one of the virt es nnels in_res the access a

This et hod carti dRteRianRe PhEveeBpthEr PLRsuat Rriges CheRRe ot Apdand a
correspondi ng aamhmmaddnﬁssrfmyry Thlshadsaheageduslytpﬁbvﬂd@QSSQQhannel;
(6) conparing t t Ly and (7)
accessing the ca e eﬁffﬁﬁﬁgiﬁﬁén&% § Qggggggénsdgéﬁﬁgn ﬁﬁ AR X ddr ess
entry. |f the systess address does not match the cache address. entry, t hen

the menory array can %r?emﬁ}géfsgf I.-'ﬂ& Yeh éfb#ﬁléyzﬂééﬁo ire ogé E

case, the cache entry ecte virtu access channe dto
reflect the datedss ®f fachef EReovdktual accesspghanpels rre and the

cache address ghiidepdridefiitptrodPanbhicCct FoRCeREHPEES A86RSSLELual
access channel can be individually programmed to have
specific cache'chaih;ng modes, burst lengths and
precharge modes. .This enables the virtuai access
channels to be 1ndlv1dua11y tailored to best serve the
operating needs of the corresponding memory master.

The present invention will be more fully
understood in light of the following detailed
description taken toggther with the drawings.

BRIEF .DESCRIPTION OF THE DRAWINGS

Fig. 1 is a block diagram of a conventional multi-
processor system which employs a shared memory
architecture;

Fig. 2 is a block diagram of another conventional
multi-processor system which includes a global main

 memory divided into modules;

Fig. 3 is a block diagram of a memory system in
accordance with one embodiment of the present
invention;

Fig. 4 is a schematic diagram of a channel row
cache memory and cache row address register in

accordance with one embodiment of the invention;
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=T- In a variation of this nmethod, two of the virtual access channels
can be activated at the sane time, wth one of the virtual access channels
perform ng operations at the interface between the virtual access channels
and the nenory masters, while another one of the virtual access channels is
perform ng operations at the interface bgtween the virtual access channels
and the nenory array. This advantageously provides for inproved concurrency

of operations wthi ﬁiéhesnﬁ@%ybi)b%]@'ﬁiagram Wbt agothel wald on of this

nmet hod, the operatjpg nodes of each of the virtual access _channels are

i ndependent | y $FIRPAmMBYOCPESOEX SHMALEM dddiFhy APl amentse Shec MGRRIY can be
i ndividually pspgtemmef Feghage ispe@ddrdagreherithaonlen@niBoddmertt! st

| engt hs and prgecharge des. _This enables the virtual access channels to
be individuall€ﬁ?a}ﬁg?8'l?B’b@ serve the operating needs of the
correspondi ng nmenorfigaséeis a blouk ghesgerin ofvanpipeldined lgeraphticful |y

P e i A Rk i e
bl ock di agr amafcerdangenvithapnether epboddgent ofstbem imvemtdmsi oys a
shared menory architecture; ~ Fig. 2 is a block diagram of anot her

conventional multi- égcggsor.s¥§ten1mhich includes a gl obal main memory
di vi ded into dﬂﬂﬁ&%ﬁT————ﬁgﬁl§FIQEis a bl ock diagramof a nenmory systemin
accordance with oneFggbogi BNk Biddke dlbgram ofNuchkndly systen Bogt is a
schemat i ¢ di a9/ 4" 0o 2aghal"gh ehOtntd hBaTEIRRY 317cRE° Pgabalisaddress
invention. Memory system 300 includes memory banks
301-304, bank row interface circuits 401-404, memory
bank interface bus 310, virtual channel system 320,
memory system interfgée bus 312, niemory system
interface 314 and system bus 315. Memory system
interface 314 is coubled to one or more external memory
masters (not shown) through the system bus 31S5.
- The virtual channel system 320 includes memory
bank interface bus 310, channel row cache interface
circuits $01-507, charnnel row cache memories 601-607,
cache row address registers 70i¥707;'¢hannel row cache
interface circuits 801-807, bus bypass circnig 311, .
memory system interface bus 312, and virtual cﬁannel .
control circuit 325. )

In general, wvirtual channel system 320 provides a
plurality of independent meﬁory access resources, which
are hereinafter referred to as "virtual access

_..Channels". Each virtual access channel is located
between memory'bankg 301-304 and memory system
interface 314. Virtual channel system 320 includes
eight wvirtual access channels 1-8. Seven cacheable
virtual access channels 1-7 are defined by the seven
channel row cache circuits 601-607, their seven
corresponding cache row address registers 701-707, and

their corresponding channel row cache interface
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atcordance with one enbodi nent of the invention; Fig. 5is a
bl ock di agram of an accel erated graphi c processor system which inplenents
the menory systemof Fig. 3 in accordance with one enbodi nent of the

i nvention; and Fig. 6 is a block diagramof a pipelined graphic system
whi ch inplenents the menory systemof Fig. 3 in accordance w th anot her
enbodi nent of the invention. DETAI LEB-9DESCRI PTI ON Fig. 3 is a block

di agram of a @W&it%’sstﬁm zliﬁl a Qrgl ce ghd h,Qpe, % ogipgnt of the

present invention. Menmory sys I nc des menory s 301-304, bank
row i nt er f ace Véirta@E4 §QRPLSS10@haﬁ%ﬁ?9r§ bﬁrﬁeﬁﬁ%@f%&etlb‘élsb‘?ﬁobmii??ual

channel systeRi3ZzitTymry systeastpiBEdaLe mﬁe?d&ai@ﬂﬁéyoﬁysésﬁh
interface 314 %ESFﬁﬁﬁéfn]bus 315. anDr X #en1|nter o s coupl ed
to one or noré& Wetd3 nRRSFEFE ‘(' 2 o%ﬁl)c??ﬁ%ﬁ%ho h%c Y8¥em bus
315. ) Tlhea\s' ratru&lndﬁr&amﬁnsyeaehew&noml udBise nmeom+ gaddaedblat er f ace bus
310, channel rqw,cache,inter e circ L{s 5 W
menories 601- é’d’ft Y& g‘%% rRERVE 3?s¥ers 17%%:"70%38@%%}1% ofggvﬁgache
interface cir oemcry8®RI8SGY7,3WLs304pass circuit 311, menory systeminterface
bus 312, and virtugl cqpq;c}u_n QO?H.Q agl Jf-!éés%nnels { g oggeral, virtual

i des a

channel system 320 prov I ndependent nmenpry access
resources, whileliziduaddar r%ﬁl@tiiblérﬁéﬁemh]ﬂ"%#t% RiR@sef the

chip on which memory system 300 is located. ‘The
virtual access channels 1-8 are individually
addressable through virtual channel control circuit
325. Thus, a memory master coupled to system bus 315
can provide a 3-bit address signal to virtual channel
control circuit 325 (through memory system interface
314). In response to thi_s 3-bit address signal, the
virtual channel control circuit 325 enables or selects
f one of the eight wvirtual raccess channels 1-8. In this

manner, a different memory master (e.g., CPU, memory
controller or graphic controller) can be mapped to each
virtual access channel’. Table 1. below lists an wvirtual
access channel addressing scheme in accordance with one
embodiment of the invention.

TABLE 1

3-bit Virtual Addressed Virtual Channel
Channel Address {(Defined Element Reference Nos.)

000 1 (inc. 501, 601, 701, BO1)
001 2 (inc. 502, 602, 702, 802)
010 3 (inc. 503, 603, 703, 803)
011 4 (inc. S04, 604, 704, 80@}
100 5 {inc. 505, 605, 705, 80S)
101 6 (inc. 506, 606, 706, 806)
110 7 {inc. 507, 607, 707, 807)
111 8 (inc. 311)

The virtual access channels pi:ovide each memory
master accessing the memory _?3ystem 300 with its own
channel for high speed unimpeded access to the memory
banks 301-304. As a result, multiple memory masters
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thannel s". Each virtual access channel is |ocated between nenory banks
301-304 and nenory systeminterface 314. Virtual channel system 320

i ncl udes eight virtual access channels 1-8. Seven cacheabl e virtual access
channels 1-7 are defined by the seven channel row cache circuits 601-607,
their seven correspondi ng cache row add §§s regi sters 701-707, and their
correspondi ng channel row cache interfa circuits 501-507 and

801-807. One mﬁnrc@@ﬁﬁﬁﬁ(bdﬁdﬁﬁﬁénamyeSSaehaﬂmeh Btssodanheduby t he bus
bypass CIrCUIt 3 des nore_de e achea
Ly orfath, MEhBrichaktel oPdrafal lat2ebE ue

virtual access 5hanne g e of endent cache nenory.
The non- cacheaiplegdsi magrdiragned 8tprovndasoﬂgﬁsumgeneeéﬁee§§|ﬁgcéﬁsthe

menory banks %%gigﬂ banks f@fr?ga aeenx_éaéaal @ﬁ€e§§n§bé‘nﬁ\§£53io8 i s

i ndi vidual ly sel abl e extern y Vvia pins of the chip on which nmenory
syst em 300 i s bHessgesd meppry) i panks é@ée§94cﬁaﬁnﬁ¥§tﬁaé aFeerRdivi dual | y

add{ essabl: el tg'jh}[&lﬂﬁx'él\% rlueal1M@aaeéscenaaothéréceaﬁtaa.gy B&usnea nenory
master coupl e 0 Sy.ste us rovid | a a
Thrtunl ohonmeperseian wanayesse) BRENESR Fadmoteby: hankn; aPrasesis).
I n response taﬂdﬂthé}ﬂmﬁtuakkaceessgahhnnehs Y+8tatl anpagireenctbimeo

circult 325 gl Selraid A6ls 907 BLrhen oy hbydlrbiakagoeraanshanac <

In this ner menor é@
controll er or Bgmmnm reysten inhepvfageppid indiastesi thabl thexess

channel . Tabl gz} RE19VEd Yre Apdkhtish between the virtual access

channels 1-8 and the memory system interface 314 at any
given time. However, operations between the memory
banks 301-304 and virtual access channels 1-8 and
operations between the virtual access channels 1-8 and
memory interface sysﬁem 314 can take place
'concurrentiy. .

Memory system 300 provides very fast read and
write access to the external memory masters once the
virtual access channeié 1-7 have been loaded. The
virtual access channels are loaded using the same -
operating and timing sequence as a standard synchronous
DRAM (SDRAM) operation. In the described embodlment,_gs
two phase command/data format is implemeénted in which
commands are decoded in a first phase of a clock signal
and executed in a secbnd phase of the clock signal.

The cacheable virtual access channels 1-7 operate at a
peak hit rate, with little or no cache thrashing,
~because all of the cacheable virtual access channels 1-
7 are directly managed from an external host memory
controller which is able to map different channels to
different memory masters to avoid mutual interference.
By allowing the host memory controller to directly
manage the channels, the cacheable virtual access
channels 1-7 are éffective in automatically tracking
various dynamically changing spatial and temporal
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@access channel addressing schenme in accordance with one enbodi ment of the

I nventi on. TABLE 1 3-bit Virtual
Addr essed Virtual Channel - Channel Address (Defined El enment
Ref erence Nos.) 000 1 (inc. 501, 601, 701, 801)
001 2 (inc. 502, 602, 702, 802) 010 3 (inc.
503, 603, 703, 803) o011 -11- 4 (inc. 504, 604, 704, 804)
100 Slétcarit @b, 808, pOvid@0Fast cache acceskels for all 6 (inc.

506, 606, 7ngf§gggs§il}n a mult?%%%sﬁ%ﬂgmsyééég g%vi%%%mF%QZ’ 707, 807)

111 I NC. he Vi I"-“access chanriel’s provi de each
menory mast er accedenayyt Aystem By 0sesthdinilE0 thiet Accessowpesidamfelart or hi gh

speed uni MpedggChisn! PhbNEalREAH ¥t il w¥iss trAnkRaY b-7ul tipl e

menory master's ‘ . —10- can ;gﬁfate
concurrent | y,ae@chobi PArfosming @& caghiing fasctdpannand exddbitforihemst er

operates at i3iScO¥8 SPEEH. ofCAODH B@dohd Nevewn (RLoJesalche hRedLy [0 access
menory banks 301- 304 ‘as neede The si bus 310 between _nenory banks

ded. gl e
301- 304 and VW??%th%CE%EEeéhgﬁn¥P§tBé;i%ﬂﬁQ§% St herle @& only be
one oper at i ornpéxrfackitist &) cachingn funetivmr v Thenkpeddl oF0hemadyt he virtual

access channels Jo8 8hoany Phyganl Thp-lVac Be7tAEe R 342 ey rtual

access channet =
of the cacheable virtual access channels 1-7. This

performance is, of course, limited by the performance
bandwidth of the memory system interface 314 and system
bus 315. In particular embodiments, a single memory
master can access more than one virtual access channel,
thereby minimizing the probability of 'cache thrashing.

The present invention will now be described in
detail. In the described embodiment, memory banks 301-
304 are conventional dynamic random access memoxry
(DRAM) arrays. DRAM arrays are used because of the
relatively small layout area required for each memory
cell. However, the présént invention is not limited by
the type of memory used to impléhent”memory banks 301-
304. In other embodiments, memory banks 301-3Q4 can be.-
implemented using static random access memory (SRAM) -
arrays. i

In the described embodiment, each of memory banks
301-304 includes 512 rows and 8192 columns of memory
cells. The 8192 columns define 1024 8-bit bytes.

. Thus, the capacity of each of memory banks 301-304 is
512 kBytes, and the total capacity of memory banks 301-
304 is 2 MBytes. The invention is not limited to the
memory capacity or row/column configuration described
in the present embodiment. The organization of the
memory banks in terms of numbers of rows and columns is
determined by the desirability of parallelisms within
the memory banks and the limits of die size efficiency.
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8 and nenory systeminterface 314 indicates that there can only be one
operation between the virtual access channels 1-8 and the nenory system
interface 314 at any given time. However, operations between the nenory
banks 301-304 and virtual access channels 1-8 and operations between the
virtual access channels 1-8 and nenory interface system 314 can take pl ace

concurrently. " Menory system 300 pn@yLdes very fast read and wite
access to the exteqmﬁé ry agRes h els 1-7
have been Ioaded T'eséfg?ﬁa ﬂg@%g g%né? egggg egeﬁsﬁgg ?%% samne

operating and ¥hHsiratedehecFas- a3$taﬁﬁaﬂﬂm§9ncﬁfoﬂ@@@rDRhWPFS _

ppelratloP OII nﬁé\;ﬁ;mcm b@draeﬁbeﬂbgamﬁ\enestw e?asg?cremaﬂ/ ?at«‘éﬁ; orgat i's

i mpl emented in | comma are decode irs se of a cloc

si gnal and exé?ﬁ?%%ﬂ?ﬂ %ps@%gﬁﬁrﬁﬂﬁsﬁmngPﬁ%nEFOCWGQ? apan*ﬁe39&cﬁ@éble

vi rtual acces&:a':h&fme:l'q:ﬂla&edpbyahes&hgﬁepgleiﬁohytb.’éﬁlice t%tiﬂehﬁw e or no

cache thrashi ecaus Q cheabl e virtual acg annegls 1- 7

are directly 2%ﬁgp(j?%% d%GQQFgrﬁaPEﬁogF ﬁéﬁ%??nc%ﬁW?BYIé?n&ﬁlch 'S able

to map differenmﬂuhanmélbambSdLnfmeﬁorynanatgmnaeﬂexs detgrmndedubgal

interference. gy g ﬁmw#’ {E&étcHEHB{: eﬁSQtéf'bgérQEiQ?%eCth)é ganage the
heabl e_vittua

channel s, the cac access c annel s 1 ective in
autonatlcalIyHﬁQﬁﬁ@#ﬁF@aﬁ?%@% BOWARY cERPFCERYNGS ndivpded aintiadat enpor a

-11- localiti @Esea?d&i:' RHbEL cf>ﬁ3ﬁzeﬁ6§i}ebaﬁﬁgsseﬁefQfaﬁbia?i@fveé?.es in a

multi-tasking o stenugqglégnggo increas s?Dr¥nsX§éltlono géhﬁgggs the

access speed SFEUQFY syst < e ‘
memory banks are used, a greater number of memory banks
can be activated (i.e., connected to their
corresponding sense amplifier circuits in preparation
of the arrival of a column a&dress to perform read or
write operations) to perform various operations while
other banks afe occupied with un-interrupﬁable
operations such as activation, precharge} read, write

- or refresh opergtions. At the same time, the number of

memory banks used to provide a given memory capacity is
constrained by the practlcallty of dle size and the
cost of the memory chip which contalns memory system
300.

Each of memoxry banks 301-304 includes a sense
amplifier circuit. Each sense amplifier circuit is
coupled to the bit (column) lines within the
corresponding memory bank, such that each sense
amplifier circuit stores an entire row of data (1024

_bytes) during a read or write 6peration. Such sense
amplifier circuits are well known in the art. The
sense amplifier circuits of memory banks 301-304 are
coupled to bank row interface circuits 401-404,
respectively. Bank row interface circuits 401-404,
which are controlled by address signals received from
virtual channel control circuit 325, provide data

pathways between the sense amplifier circuits of memory
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‘SDRAM when the cacheabl e virtual access channels 1-7 are not performng a
caching function, and exhibits the access speed of a PC second |evel (L-2)
cache nmenory when the cacheabl e virtual access channels 1-7 are performng
a caching function. The speed of nenory system 300 is thereby inproved to
the full access speed of the cacheable végtual access channels 1-7. This
performance is, of course, linmted by the’performance bandw dth of the

menory syst emaictbeil 208 Sk adels Sysé eneRysy Hank ifkPRFddcWhas sopodi ments,
a single nennr§ ster .can access pore.thanp one virtual accgﬁi ghannel,

t her eby mi ni nF2Pfg e REE t FLEFULER he? 1A TRy controfied nt@sent

i nvention w | ensawebehdesaribedone dt ahé . ménoihebateiss ri e Girbadi west ,
menory banks - V. | nanj.c. r ry (DRAM
arrays. DRAM g%ag}%%ér Ejsagﬁpb%%ggg%? d’%’[‘ﬁ%ngrlgq a%]\?ae%aiﬁefsr? ﬁ@%m area
required for Bavk meworipntestfaceiopkvenits 0bredkrare radsn iapnixohbed

i ted by {hewENPenak TRDIYL Uaste (g ERL K-S DATKSI 3PIead0d 11

ot her enbodi nents, nenory ( emented using static
r andom accessSABHBERDESRAYY areegive data|framchrdienasad kamodi nent, each
of menory bankftd@¥faded pure!limdes 512 rows and 8192 col ums of nenory cells.

The 8192 col ums dgfiggﬁg%éf 8- bi t g {es. Thutéi Hpe ca ﬂfit of each of
menory banks 301- 30% ey (O TER TR (i ed%ﬁﬂgl V’%f menory banks
301- 304 is 2ihB¢t£acéTbn§rB&nﬂ¢@m be wider iof tretrtawdah ecsnmitlye capaci t'y
o gani zat1 on SERPRe SR 4 e rhct e, B B AR e PEEATLL T8 s 1 s
det ermi ned bytheedeechilied ianbedimpent) | the sndth tofi readle sameey banks and-
the limts of jgbe;ies i AYMAYs an integer multiple of the width
of memory bank interface bus.310. More specifically,
~each sense amplifier circuit is 1024 bytes wide (i.e.,
the physical row width of memory banks 301-304), and
the memory bank interface bus 310 is only 64 .bytes (512
bits) wide. ' In this case, during a read operation, the
selected memory bank provides a 1024 byte row of data
to its associated sense amplifier circuit. ‘The bank
row interface circuit ‘corresponding to the selected
memory bank then passes one of the sixteen 64-byte
words present in the 1024 byte row to the memery bank . -
interface bus 310. In this manner, the selected bank”
row interface circuit performs a multiplexing function.
Conversely, during a write operation, a 64-byte
word to be written to a selected memory bank is
provided to memory bank. interface bus 310. The
_appropriate bank row interface circuit performs a de-
multiplexing function to pass this 64-byte word to a
selected one of the sixteen 64-byte word locations
within the corresponding sense amplifier circuit. 1In
this manner, the bank row intexrface circuits 401-404
perform bi-directional wmultiplexing/de-multiplexing
functions. '
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$12- " Moreover, although four nmenory banks 301-304 are illustrated in
Fig. 3, any nunber of nenory banks can be used in other enbodi nents of the
i nvention. For exanple, in different enbodi ments, nenory banks 301-304 can
be replaced by a single nmenory bank, two nenory banks, eight nenory banks
or sixteen nenory banks. The nunber of banks in nenory system 300 is
determined by the need to provide conearrence of operations. As a

predefined total MATReYneRRALLY, | Shdi HeHEEY IBHk i otie BEDEs10f NMENMOrY
banks, the granularity of nmenory system 300, i ncreases. | aq%%tlon, as nore
menory banks SPE G88E, 3avgeEdt efnichot? 3% +Rﬁﬁﬁ%Ftﬁ§%&%éiﬁ1 i vat ed

(i.e., connecwédthooffhehe csss ol hfjieenserans fi em dibislidsse n
preparation of the arrival of a co ddr . 10 rf e wite
oper ati ons) tgaﬁg‘r gr %aé%r irg’t}% lorb%ér%ﬁ%%sg}/ﬁﬁ]éésot@? ‘ﬁgr? selgf%%sccﬁpi ed

w th un-int er depmuBltdpdesisag disnctidn ato adutatdatis yeast farge, thead, wite

or refresh opeLaLieBd mincie HAEs t (1% ! BB hanks,gsed to
acl

provi de a given nenory capacity Is.constraine Ity of die

t he practica
size and the 8bsthef seRe FMAN &Rip selertedriuisa: rﬁﬁg&*&ﬁ%éﬂ@%
Each of nenor gebanks mdtbr0bdrie! sesrfasesies A . | iBimiQia:e1y ! .eddigh sense

anplifier circyit is coupl,ed to.the bjit (golu lines wthin. the
correspondingogekﬁpg EEWE} T2t CEET Eﬁn%gyiﬁﬂﬂiﬁﬁégoﬁﬁﬁ(ﬁnt stores an
entire row of mdatdpléfiaghfuesit b i thy routsadlata wa thee opeirtattérrto Such
sense ampl i fi GLyGil CUELR ARG BI0, KAOYR & niiteide (e ANSR ADIAET er

circuits of nenory~“ba 04" are” coupl e 0 bankK row T ntérface Ccircuits
401- 404; resptbei nempryBhank dwmterfatedeusidllite e smiected ense '

control led by aggggggﬁshg@y&igﬁmeived_fron1vjrtual channel control circuit
325, provide aa a pat hways between the sense anplifier_circuits of nmenory
emory bank interface bus 310 extends in parallel

from bank row interface circuits 401-404 to channel row
cache interface circuits 501-507 and bus bypags:circuit
311. Channel row cache interface circuits 501-507
provide an interface between the memory bank interface
bus 310 and the corresponding channel row cache
circuits 601-607. The width of the channel xow cache
circuits 601-607 may be wider or narrower than the
width of the memory bank interface bus 310. As such,
channel row cache interface circuits 501-507 may
perform multiplexing and de-multiplexing functions
between the memory bank interface bus 310 and the
channel row cache circuits 601-607 as necessary. In
the described embodiment, the channel row cache
circuits 601-607 and the memory bank interface bus 310
each have a width of 64 bytes. Thus, no multiplexing
function is necessary in this embodiment. As described
in more detail below, the operations of channel row
cache interface circuits 501-507 are controlled by
virtual channel control circuit 325.
Implicit in the design of the memory bank
interface bus,310 is a timing control that gates the
signals from memory banks 301-304 or channel row cache
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#13- arrays 301-304 and the nmenory bank interface bus 310. Bank row
Interface circuits 401-404 are controlled to ensure that only one of the
menory banks 301-304 drives the nmenory bank interface bus 310 at any given
time. Bank row interface circuits 401-404 are also controlled such that one
or nore of the nenory banks 301- 304 canlglnultaneously receive data from
the nmenory bank interface bus 310. n different enbodi nents, the

menory bank i rkt:f:fé@fesbum%@vc@a» kheVndfior9” baak’ 9neerFlae bhe seonse
anplifier circyits nennr¥ gﬁnk 301-304.. In the described enbodi nent,
i

the width of ATPPR h%% YRe T AuFEas O4n % HELGEr OREFEFHPR 3F t he
wi dt h of nennrbehm@erﬁferhadebyush&l@emuhwebapkslBomaBby, eMohesense

amplifier ci r%ﬁéé%io%égﬁﬁ %ﬁil‘i‘c‘i‘é G;'m?n EQEt?QXé' %ﬂkugg ﬂ%gt Epgf 64

menory banks e* menor ban nter ace
bytes (512 bi tehannelk. rOWncahhg eaé:erfamq ﬂgrcalﬁ:eaaﬂépéﬁat PDAY dﬁeve

sel ect ed MeNDI L DAREMGEPVELRR Int@24 K BusOY10f ad@iAgl Rrits associ ated
sense anplifier circulrt. The bank row interface circurt gorresiondlng to

the sel ected rRPRFILHARE Fﬂeﬁhﬁa§§@§r8h€aﬁkstﬁ8 153Qf eenSEBL AFFAY o LS
present in thecifiddy bdéﬁtf@wst énbh%eﬁemtybbﬁltkrbwt eﬁf:aﬁeadecSi:aulte this

rver, the'sejget A T el el e ok a Bl el
witten to a schhmngfdreamimoyebaukons ﬁ:mmu dletioiry bamnsy3bnﬂko4nt erface bus
L0 Toe aoPronr! ks Naaky B! BELASEAY CURLAPERLAEN Raicellet 7,010 13
wor d |'ocati onsinterface c1rcu1t S01- 507 1s coupled to a corresponding .
one of channel row caché memories 601-607. The number
of channel row cache mempiies 601-607 defines the
number of cacheable virtual access channels in memory
system 300. .Althougﬁ seven cacheable virtual access
channels 1-7 are present in the described embodiment,
any integer number of cacheablel virtual access charnels
are possible. For example, in another embodiment, 15 .
cacheable virtual access channels are used. The number
of cacheable wvirtual access channels wmay be greater
than, equal to, or less than the number of memory
banks. Each of channel row cache memories 601607 has L
an integer number, N, of independently loadable and
addressable cache entries, where N is an integer equal
to or greater than one. That is, each of channel row
cache memories 601-607 has at least one cache entry.
Each cache entry has the capacity (width) to store a
_number of data bytes corresponding to a full or partial
row of one of the memory banks 301-304. Each of
channel row cache memories 601-607 can be parallel
loaded from any one of the memory banks 301-304.
Each of channel row cache memories 601-607 is
associated with a corresponding one of cache row
address registers 701-707. Each of cache row address
registers 701-707 stores N cache addresses. That is,
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Within the corresponding sense anplifier circuit. In this manner, the bank
row interface circuits 401-404 perform bi-directional

mul ti pl exi ng/ de-mul ti pl exi ng functi ons.

-14- Alternatively, the nmenory bank interface bus 310 can have a width
which is an integer nultiple of the w-gfh of the sense anplifier circuits.
In this case, each of bank row interface circuits 401-404 perfornms a

de- mul ti pl exi egdhumadlen dntrputie dadsnebace roachd onendsiesde @Er®Py banks
(i.e., multip ES&E ey | | ected subset of
t he bus Ilnesl}%fsb%he meno &Pﬁglﬁ%ﬁl ace SASE%Q %?rﬁ?l , each of bank
row i nt er f ace COF@FROPUGY mep@ff%a%ear%m%ms@ eI iFReY DN’ 9b-rout e
data to be wrijigzen to nmenory banks 301-304 from a subset of the bus Iines
of the menory bank |nterfa,ce bus 310 tp the sel ected sens lifie
circuit. MVemoFy-Srarfk F5hirFEReNBEic AT RE FhAIRE I’T Y. $3oNFbank
row int erfacen@nfo@:gn t6$14%d1(k4h¢1®ecmrmdidrm ceednestient e76RcEncircuits

501-507 and bus_b C|Jféﬂt°%é1en@§ﬂg £ TOW I‘E_en,\!,%ﬁﬁgr?ce ﬂlrcwts

501-507 provi g&< M6 face. be nenory ace bus 310 and
t he correspontiig @rémdslmefdw diche edwalite 150:1: @mh Tthatyi therefarae

channel row C%%ec%crl‘fel“e%ﬁ:% 6@31£Hys@fomﬁe&ha£né@rf%aé n the width

of the menory bank-tnte s 310. As suc channel _row cache interface

circui ts 501- SEFOFYy §9dr fAidn WP t cPrEesPRRdiRg Rache tadAES§IRE f (MR ons

between the nggRLY jkaHadHY %&@Cﬁ@b@sélﬁﬁ&éﬁﬁwﬁnnﬂe revyg@che

circuits 601-607_as necessar
cache entry sof% 1n channel row cache memory 601 is a

64-byte word B,-B¢;. The first cache address 701a in
channel row address register 701 stores an address
which identifies: (1) the meuiory bank, (2) the row
address, and (3) the ‘column address corresponding to
the 64-byte word ia.,-BGJ. For example, the first cache

address 70la in cache row address register 701 cduld ;
indicate that the first cache entry 60la in the channel
row cache memory 601 was received from memory bank 302,
row number 256, and column position 64. Similarly, the
second cache entry 601b is a 64-byté word B/,-B/; which
is identified by the second cache address 701b. .

Although cache row address registers 701~ 707 are B
shown as being part of memory system 300, in other
embodiments, these cache row address registers can be
implemented in the controllers of the memory masters
which access memory system 300.

Channel row cache interface circuits 801-807
”couple the channel row cache memories 601-607 and the
cache row address registers 701-707 to the memory
system interface bus 312. Note that Fig. 3 explicitly
illustrates the data paths, but not the address paths,
within memory system 300. Because the channel row
cache memories 601-607 have a width of 64 bytes, and
the memory system interface bus 312 has a width of 1
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f*he descri bed enbodi nent, the channel row cache circuits 601-607 and the
menory bank interface bus 310 each have a width of 64 bytes. Thus, no

mul tiplexing function is necessary in this enbodi nent. As described in nore
detail below, the operations of channel row cache interface circuits
501-507 are controlled by virtual channel control circuit 325.

Inplicit in the design of the nenory barR7+nterface bus 310 is a timng
control that g@y@s,ttheségaahelfwom eewhey ibhapk§ad381c304udktscBAARSE0T ow

cache S 1310001 897 0 e GERRAY 1080l B! PLhAEERUS (310

dependi ng upo er are operatton is~belng by
t he nenory banm@abiﬂ.éﬁma N@aesisﬁcbﬁﬁvéﬁnythﬁﬁﬁlﬁéﬁmePFﬁ+nng§ﬁPﬁ&

ensure that thg, f@mﬁ‘% {H%Ei‘al%% AtenfiecesBhl 8ol §r80&0R0F020k) G ve the
face

menory bank inter during wite Eeratlons to the menory banks
301- 304. SInI?&W%ﬂa¥H%hﬁpﬁﬁﬁgceéﬁFP@I§1€ﬁ§& 3eRaRSpIRRF oRRLPNEEY f ace
circuits 401- 44rondecsil vBelB@.menory bank interface bus 310 during read

ti f banks_301- 304, As Ly d h
channel 1 ow cacht. IS PREESE] PLERY L0 3130PE PR BRipR cROPGCACBPPAEpondi ng

one of channelvimwuaahchecassochaanell beiweefihmemonipebank mhaauéECEOM/cache
menories 601- t ViJ LU acc nnels in.
menory systenﬁgéﬁqﬁk? %%gﬁggéggbggggﬁea gg%?%gu #ﬁgcgggs c anng%% 1-7 are
present in thecheswendxyl babkdinterfageybust 336r haandewidthcoéhé4bl e

virtual aCCGS%ﬁ%ﬁ%”“&ﬁdaéﬁep éﬁb&?ﬁ ngéﬁggﬁﬁakfacénbagoﬁﬂgrhsEbQﬂ'”Ent

15 cacheabl e virtual -access c anne he nunb
width of 1 byte, the bus bypass c1rcu1t 311 performs

multiplexing and de-multiplexing functions to enable
data transfer between these buses. Bus bypass circuit
311 is controlled by virtual channel control circuit
325 as described in wmore detail below.
The memory system interface bus 312 1s a parallel

bus which couples the channel row cache interface

. eircuits 801-807, the bus bypass circuit 311 and the
virtual channel control circuit 325 to the memory
system interface 314.° The memory system intexrface bus
312 can be a multiplexed address/data bus.
Alternatively} dedicated data and address Eatpg can bgﬁ:
provided by memory system interface bus 312. The -
mnemory éystem interface 314 includes the input/output
pin drivers associated with memory system 300. If the
memory system interface 314 is coupled to an
address/data mulﬁiplexed bus, then the appropriate de-

- multiplexers are also provided in the memory system
“interface 314. Memory system interface 314 also
provides circuitry required to perform any logic
voltage conversions.

Virtual channel control circuit 325 includes the

control logic for controlling bank row interface
qircuits 401-404, channel row interface.circuits 501-
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of cacheabl e virtual access channels nmay be greater than, equal to, or |ess
than the nunber of nmenory banks. - Each of channel row cache nenories ‘
601- 607 has an integer nunber, N, of independently |oadable and addressabl e
cache entries, where Nis an integer equal to or greater than one. That is,
each of channel row cache nmenories 601- ﬁO? has at | east one cache entry.
Each cache entry has the capacity (MAG} ) to store a nunber of data bytes
correspondi ng SQﬂzi¢a¢heoropaaﬁdabsBOWeghsmaesoﬁOUheonEnohgnhamk$c301 304.

Each of channg], ¢ €§h§b€8§85g6§0§0%8@07aﬁ Ny Eann akLel;laadedhr on1any

one of the menory ban aéh o row cache nenD I es
601- 607 i s associ at@ReXREhon ebr respandisy§teme 360 paereeddwAaddr ess

registers 701- ﬂ&ho@ch Phic2aNey! OWh_ddxeesnkeIpebebssTRg- Egzcéhores N
cache. addresse each cache

i's
entry in chan 1?Qw&%a%ﬂ%P%%ﬁDFPe§Y§Gfm6§?sh§§5 dEB?F@%B%ﬁdWHQCEaChe
addr ess st or edndntoxy cmseémndimg adeceet @hibh wawcadllr acs8esggi sters 701-

707. Fig 4 |s hﬁgﬁ%lc di ran1§f channel roghcacheﬁgennry 601 and
cache rom1addr 1an 80?& e PROGRESANBoBYRERE of the
|nvent|on.||1a931gnﬁﬁmnbhememorylmaeqaaltboonao¢rsmohetbﬁttheere are two

cache entries ,gggﬂ, C ow ey d
correspondi ng cache agigéég%sgggﬁﬁglgo1bE?%Hca gaé%mggéﬁégsgﬁreglster 701.
The first cacHes RGBT DY NOBR AN NOLEWCEEENEAeHENOTEASEERS64- byt e

word B[ err] - Bimidde s Ginishrsoabe addesninddlBy! BneNaBRSEy " oW address

regi ster.701 stores addr ess
g controfigrc&oglc, the system BIOS, or the memory

management manager part of the operating system. The
assignments may be statid-(i,e., never, change once
assigned), or dynamic (i.e., the memory manager juggies
the virtual channel éssignments as the system resources
change). The virtual channels can be assigned as

; needed by the system processors.

To initiate a memory access, an external memory
master provides the following information to memory
system interface 314::(1) a current access address,
which includes the bank, row and column addresses of
the current access (2) a read/write 81gna1_yh}¢h

identifies the access as a read or a write opefation,
(3) a write data byte, if the current access is a write
operation, and (4) a plurality of wvirtual channel
select signals which identify the virtual access
channel being accessed by the memory master.
The memory system interface 314 provides.-the
virtual channel select signals to virtual channel
control circuit 325, thereby informing virtual channel
control circuit 325 of the virtual access channel being
accessed by the memory mastex. The memory system
interface 314 also provides the current access address
to the virtual channel control circuit 325. 1In
response, the virtual channel control circuit 325




which identifies: (1) the menory bank, (2) the row address, and (3) the
col um address corresponding to the 64-byte word B[err]-B[err]. For
exanple, the first cache address 70la in cache row address register 701
could indicate that the first cache entry 60la in the channel row cache
menory 601 was received fromnenory bank 302, row nunber 256, and col umm
position 64. Simlarly, the second cach&9entry 601b is a 64-byte word

B[ err] - B[ er r ] companesstheecuiriient Bcadss seldrabsc atittd ddwr e@sei®1b

Al though cachgaspusaddr 888kl ¥ k4 QRNIUE ae itk R9¢t of
menory systen1300,e#n ot her .enbodi nents, these cache row address registers

can be inpl entREcBSLACERE VaRtNRY SCHTS [ HeMstor y Fts R8RS citficcess
menory syst emB@0virtualCohanglelr @& leaih & iigi=Ald deRmtiifsuite 84801 coupl e

t he channel .row cache, nenori es .601-.607 d the cache row address registers
00509 e ¢ HRCHERS, ChaERL, MRt iR Bl SRR Sehs, Tel Wil TLrTTy
Il lustrates téeldabd pathe, row addrddse mdsges (FOOhs thert Minctoexiory system

300. B . ' - 60 j, dt 4
P g o R e
-17- byte, thaddreadevitbwthgcikadhe @ddresses Adles JORBEN s@dhe m

mul tipl exi ng 294 Seapubhi Pe@tiste Wil i) AR AN IR AR bet ween

t hese elenentz. Channel . row.cache interface circuits 801-807 are controlled
by virtual chifRehecBhE) opXdBt8yit 325 as described in nore detail bel ow
Bus bypass circuit 311 provides a non-cacheabl e virtual.- access channel

bet ween nenory baq&eégtsrggg ioné |
If a match does not exist (cache miss), and the

read/write signal indicates that the memory access is a
read operation, then the virtual channel control
circuit 325 causes a row of 1024 data bytes to be read
from one of memory banks 301-304. The particular  xrow
and memory bank are selected in response to the current
access address. The selected memory bank is accessed
using a conventional SDRAM RAS-CAS command sequence.
The addressed row of data bytes is provided to, the bank
row interface circuit corresponaing'to the addressed
memory bank. The virtual channel control circuit 325 _ -
further causes this corresponding bank row interface R

_circuit to selectively pass a 64-byte woxrd of from the
row of 1024 data bytes to memory bank interface bus
310. This 64-byte word is selected in response to the
column address of the current access address. The 64-
byte word is selected to include the data byte-

'.éorresponding to the current access address and 63
other consecutive data bytes. The addressed data byte
is routed through the bus bypass circuit 311 to the
memory system interface 314 and provided to the memory
master. Note that bus bypass circuit 311 only passes
one selected byte of the received 64-byte word.



S

‘bus 310 and nenory systeminterface bus 312.. Because the nmenory bank

I nterface bus 310 has a wwdth of 64 bytes, and the nenory systeminterface
bus. 312 has a width of 1 byte, the bus bypass circuit 311 perforns

mul tipl exi ng and de-nul ti plexing functions to enable data transfer between
t hese buses. Bus bypass circuit 311 is gggt_rol | ed by virtual channel
control circuit 325 as described in nore“detail bel ow The nenory
systeminterface bim 8d@itsoa,paheal l6al-Hyuse waoirch isouplutsa Haeraghannel row

cache interf |4 Cil P el b I GUi t he
vi rtual chanﬁgﬁg%ty%ﬁﬁg?géﬁgg%fs%%?ﬁg )réegarm%?l?%snfg't gtr.ﬁf?%e%%ce 314. The
nenory syst erdPReEERGEechrsudEE S 5072 mihe prske@ lad@dseldat a bus.

Al 't ter_ nat i ;/el ¥coﬁ@€épa%§gcd$ﬁa3élsd e@ﬁdﬂ%‘isf omg,lﬁ?h@?&méﬁow&fddby {nﬁmor y

systeminterface bus . e negry systeminterfac i.ncl udes e

i nput / out put ’pf??le’ﬁg‘?ﬂ?%rgl’ég‘s‘&& M%rﬁ@m%ﬁﬁ Z‘Mesﬁ?.lqcftet e menory

sKst em i nt er fvaetwdd a6cesspbhannelgn tirdadebys cdalisd nau lthiepléa-dg/teus, then

t he appropriat e _de- | tiplexers _are al.so provided in,the,menmony stem

i nterface 314’.’°R7€n’6?§g§y‘§$%ﬁ1éﬁﬂt i §c§a§%$ gln\s{%yp(régvit&éas cé’laf’&ﬁ]’[ r’is/aaf equi red

to perform amadheyinenoryagf theveedemted virtudlr agalesshahaginedont r ol

circuit 325 i C r Qls liC n ETe) 1y it erface
%U&%n, K aé]i‘& PALT 9k tr%%l Jh3hned! %ﬁ%%lii_i A0 I |

circuits 401- nefl row intertrace.circuits I
-18 - 507, cxokldenallecsachegrowe interfarer clagiditeS0doka MR ce

circuits 801-{ . e /Ny SwE¥R2ES P wWiittdhlto cachEeP@ntihoBodfa BIDIY

system 300 praqceeds, as : .
channel row cache memory 601. Virtual channel control
circuit 325 further causes the bank address, the row
address and a portion of the column address (i.e., that
portion defining the column location of.the 64-byte
word) of the current access address to be written to
the cache row address register of the selected virtual

; access channel. For example, the virtual channel

control circuit 325 could cause the appropriate portion
of the current access address to be written as cache
address 70la in cache row address register 701.

If there is only one cache:éntry pexr virtual
access channel, a cache miss results in thgnoygywriting.-
of the previous cache entry and the previous . B
corresponding cached address in tbe_sélected virtual
access channel. If the virtual access channel depth is
greater than one, a cache miss results in the updating
of one of the cache entries and its corresponding cache
address within the selected virtual access channel.
"The methods used to select the cache entry to be
updated can include, but are not limited to, one or
more of the following methods: (1) overwriting the
least recently used cache entry, (2) overwriting the
entry on a round-robin basis, (3) randomly overwriting
the cache entry, and (4) overwriting the cache enfry
with the row address closest to the new row address.




‘follows. Initially, the external processing system which i

s coupled to

system bus 315 determ nes which nenory masters will access which virtua
access channels. That is, the external processing system assigns each

menory master to one or nore of the virtual access channel
access channel is accessed by one or nore external nenory

assignnents are determ ned by the nenot3lcontroller |ogic,

s. Each virtual
masters. These
the system BI CS,

or the nmenory nanaDeeenirtapdgehspare] dorthelopdratiing 3@pstdehedtse if
assi gnment s By, b&, SLaht Cablefs a'a[%‘é%rsscﬁg@%ﬁe%”%ec%%%eg%@res@ dynami ¢
g rtua

(i.e., the nenory nanager | uggles e Vvirt channel™ assi
syst em r esourgeredabgerheTracher men adeaiessl Fegasties &fsi

nments as_the
& iggtwrbded by

the system prQcess®’Shannel 1Qehtilfidie 1y FTREDRA rR68aS ThadheaX @t Nenory

master provides the foll ow ng

(1) a currerfigRab3s(GAGPEsEit)hi c FRRCCeEEStERG BafRC

informati on to nmenory system interface 314:

Widnd &% um

addresses of iyer@al répanfetesdntola digrdinr B8 enabdleswiiheh datang i fies

the access as a re%Q

current acces¥ s

. i,on, ' d e, if.th
SFEREe R RHn, (SOA07) R HPaEly ShRd, R Ehanne

sel ect si gnalacodss hchaenellf ot pass thealaddresssdc datacbyltel fycaxddssed by

the nmenory : T h.0t 14 . Iad

virtual channe ﬁg%?]écfo‘gi gﬁgﬁ%”%e%\??ﬁtggﬁc a%%gggggﬁt ?’(J)'P.E%?érlc%%té%%,

t hereby i nf or¢harped s t UBPT crEAMBLegovheovigtugdi chappedf comerak t ual access
.channel bei ng. fcGese es2 Y chhie B L ¢ow 1hRerBEREY cI¥SAAR igyer face

314 al so provides the_current access address to the virtu

channil contr ol

|
circuit 325. 4% Ba’pA’E2 brte, Bs fnPn -Farhe eRbRY (691 9E Fhanbs

row cache memory 601 when the current access

address

matches the cache address.701a stored in cache row

address register 701. Accessing chanhel row

cache

memories 601-607 wheﬂ cache hits occur eliminates the

need to access the slower memory banks 301-304.

Virtual channel control circuit 325 can

also

facilitate burst read accesses. In such an embodiment,

a memory master requesting a burst read access asserts

a burst enable control signal to inform the virtual

channel control circuit 325 that thé read operation is

to be a burst read access. In this embodimghpkithe

virtual channel control circuit 325 includes

a burst

access control register (not shown). The burst. access

control register can be, for example,'a 40-bit register .

which is partitioned into eight S-bit entries. Each S5-

bit entry identifies the burst access length

for a

corresponding one of the eight virtual access' channels.

For example, the wvirtual access channels can

have burst

access lengths of 2, 4, 8, 16, 32, or 64 bytes.

Different virtual access channels can have different

burst access lengths, depending upon the

characteristics of the particular memory masters

accessing the virtual access channels. The burst

access control register is programmed by the

external



£ 19- ‘conpares the current access address with the cache addresses stored in
the cache row address register of the selected virtual access channel. For
exanple, if the virtual channel select signals identify the virtual access
channel which includes channel cache row nenory 601 and cache row address:
regi ster 701, then virtual channel control circuit 325 conpares the current
access address with the cache addresses-7Z84a, 701b in cache row address
register 701 gatdepebbbies ivRLidiaitdn "Bl chidwasha e ihadderistics Read
Oper ati ons 1:{1 a_match does not (géitst% ((gaa}fhe m ss) .. and the read/wite
si gnal i ndi caP&s ﬁa?'ef“ﬁéynﬂﬁﬁs‘f%%c sT1% EYe & SFE D Y THEN t he

vi rtual chann®hecwattubhlcicheuinte 13 2Zomausk sciarquit G251 @@htdatls Bites to be
read from onebggsgeggégsgagﬁ%hx%@i&psﬂf. The particular row and nenory bank

are selected rn réesponse to the current access address. The sel ected nenory

bank is accessed uinng Rrederaad erboden RAhaoRs lc siavas@d®uence. The

addr essed Fo%ﬂ?iagﬁﬁé Pyt E&ﬂl%u[&r&ﬁ’éc@?d 1P éﬁﬁdan&dvp\&aédﬂeerface circuit
corresponding to the addg\essed nmenpry ban : The virtual .channel control

circuit 325 fattRgingaukbe MUY R DR ter2te circuit to
sel ecti \t;e'i paéee?mﬁﬂegywng\f@rei}ﬁfhé giimt')fé’tﬁ: rawa;s‘s mékl bl qndtidinss td
menory bank inteyfac us : s, 64- hyt rd is,selecte n _response to
Che col um adiPeRs “BRaPRES. BhoRRY St AUty st Ahes CaRRE” EFY BPAFSRS o | <

sel ected to inegisterbe7dat-a0d.t e That esporuhen gurarente acwessn tadbrsss i
address and 63_0 ' S i d r ta byte is
rout ed throug St%%ﬁ%ﬁg gypg‘gg \célﬁ'rlcaélf tg{éle%gl}gﬂgz‘o%%g;ﬁ}%g%&%m I nterface
314 and proviimateadtaf epidt Fheasaghe e addresses ofp circuit 311 -«
only passes 0pg3s€s868°¢1ik¥LR10Taddisd %}'E‘dﬁﬂ:‘e‘i.GAf'I@”s%dfp%.dmatch-

exists, then the virtual channel control circuit 325
causes the desired data byte to be retrieved from the -

virtual access channel which contains the desired data
byte, even if this virtual access channel is not the
virtual access channel identified by the virtual
channel select signals.

Write Operations’ .
If the current access address does not match a

cache address of any of the virtual access_phgnnels
(cache miss), and the read/write signal indicates thaéu
the memory access is a write operation, then the
virtual channel control circuit 325 causes the write
data byte provided by the memory master to be written
to the channel row cache memory 601-607 which is
_identified by the virtual channel select signals. The
‘virtual channel control circuit 325 additionally
updates the corresponding cache row address register
701-707 to reflect the current access address. Because
only one data byte is written to the channel row cache
memory (which stores 64 bytes), the other 63 bytes are
provided to the channel row cache memory from the

appropriate wmemory bank.




X20- In addition, the 64-byte word is routed from nmenory bank

I nterface bus 310 to channel row cache interface circuits 501-507. The
virtual channel control circuit 325 enables only the channel row interface’
circuit which corresponds to the selected virtual access channel, thereby
causing the 64-byte word to be witten as a cache entry to the channel row
cache nenory of the sel ected virtuat23ecess channel. For exanple, the
virtual channel cofheolfcdilicsuirig 325ample dwihhbd Paxiafhechowriter f ace

circuit 501 t h 4- by r.d. b [ bt o) e Ola of
channel row Qggﬁgg‘?fegr?%r Efog‘—oéj %f?lst{%arﬁ c%énﬁ%ﬂ%%’n%% %II&?%UI %éé%{?grther
causes the baAldaessessher e rtoirhdeharrehrietegoraignmld, tie coribm
address (i.e. cohB2b1Pailnl dgid re ddea O edTart & GRILIY Ofrdmieeifd- byt e

word) of the current acCess address to be witten to the cache row address

regi ster of tREMOEVePREFSH M dthecErstuzh e Efonbafh | S rEREL vi rt ual
channel contra@Rsgirgui the? pramdiit cauafplde BppidHAiedTHAORéE t he

current access.address.to be witten as cache, address .70la in cache row

address regi star" ‘7‘6; Channq‘if T i%l-%rh?a@s o’n‘gerg-a‘c%@ e (SR ‘?‘aa’@r?t ual

access channevirtiuadcheceisss gheiuiels 1 n(asmeidemrified ry Eldnenps evi ous

cache entry a th r eylaqQu r ongi I 0 the ected
291 a2y *Yol el ARSI e e NS, B 3R

virtual accesS channel’. rtudl  access dep 1 s Yr er t han
one, a cache thesfpurth: data dnte fata g PYtenaovard (vidhian mneEi es and

i ts correspongifgryapiakaddoasssgy fhin the selected virtual access channel

The met hods used t0 select the cache entry to be updated can i'ncl ude, but
are not linited toThgn¥igtual channel control circuit 325 compares

the current access address with the contents of the
cache row address registers 701-707 and determines that
no match exists. In response, the virtual channel
control circuit 325 writes the current access address
to cache address 70la in cache row address regiéter _
701. The wvirtual channel control circuit 325 also
writes the data byte B, to the fourth byte position in
cache entry 60la of channel row cache memory 601. This
write operation is performed through cache row .
interface circuit 801. Substaﬂzially in parallel with
this write operation, virtual channel cont{Ql:Qircuit o
325 accesses the 64-byte data word at the current -
access address in memory banks 301-304. This 64-byte
word is routed to cache row interface circuit 501.
Virtual channel control circuit 325 controls cache row
interface circuit 501 to-perform a byte write masking

_ function. That is, cache row interface circuit 501
'only passes Bytes 0-2 and 4-63 of the 64-byte word to
cache entry 60la of channel row cache memory 601. In
this manner, a current 64-byte cache entry is provided
to channel row cache memory 601.

The data byte B; is not immediately written through

to memory banks 301-304 (i.e., write through is
eliminated) . Ihstead, data byte B3 remains in channel



‘yrore of the follow ng nethods: (1) overwiting the |east recently used
cache entry, (2) overwiting the entry on a round-robin basis, (3) randomy
overwiting the cache entry, and (4) overwiting the cache entry with the
row address cl osest to the new row address. '
-21- The virtual channel control circuit 325 detects if the current
access address matches a cache address-stored in the cache row address

regi ster of ILrhua [ 'f'ﬁﬁ by, virtual channe

sel ect signa ts}‘%( %gcc%% hﬁ&. 3U|f)60(§n\:p et eclti"?l‘l’gcg{i;lé céac hslr%i,}:?tjf%e virtual channel
control circtieetgrsdenabiate tthatt RMe FHRFTIHNIT XATIFIRTISEBOLC807) of

the sel ect edryil buFretC e Hlrd s RASH]. I s diies stk £ avpe dyse from
t he channel row,cache nenqory of  the selected virtual .access cha nel . For

exanpl e, thet@i PEURFOPRFINeITSh ™ Fhanne! 32y SAFRe R 07 ow
i nterface ciauiet t30talchepassw del tadirie) B3 domaquesaitel entetyariddh pdwchannel

row cache nmenpry 601 en .the curgr.ent_ac s _addrness tches t cache
addr ess 701aggtléf’é'&gi \#ﬁléggﬁlea%reo%v %tbed rréeses& f%g’f sctaecrheﬂfp %%%Esﬁ%a hannel
row cache neds;i ¢het@l i80 hovmered dohecdnttisnumsly atonmteat v eribeed to
access the SheesTRIP! LA 0 idlmine wndttdidla GlAPAEL CONt T O

so facilitate burs c

circuit 325 can a read accesses. In su an enbodi ment,

a NENDry masPPerpédgssOvieywrihins tmenery Rades Iseits wWitheuk enabl e
control signghdh®ingf @ %ﬁﬁéﬁdﬂdﬂdg%&ﬂ{@'ewf ol circuit 325 that the

read operation is _tG be a burst rea acc;@geln thi,ﬁlenbodi nt, the

virtual channel cd&ft GYEFIRt BECeFR | S8 MAtGheR &Lt r ol

regi ster (noaddirews) oflzanbWSithkeaeistual access channels (cache
hit), and the read/write signal indicates that the
memory access is a write operation, then the virtual
channel control circuit 325 causes the write data byte

provided by the memory master to be written to the

cache entry which resulted in the cache hit.

For example, if a cache hit eéxists because-thé
current access address corresponds to the cache address
701la stored in channel row address register 701, then
virtual channel control circuitfgzs causes the new data
byte to be routed through cache row interface circuit
801 to overwrite one of the bytes in the 64:-byte cache_ .-
entry 60la. The byte to be cverwritten is-detérmined-“
by the current access address. This new data byte is
routed to the appropriate byte location within the 64-
byte cache entry 60la by cache row interface circuit
801. Cache row interface circuit 801 performs this de-

. multiplexing function in response to control signals

' received from virtual channel control circuit 325. 1In
this manner, data cocherence within memory system 300 is
maintained.

The cache entry 60la is not immediately restored
to the memory banks 301-304. . Instead, the restore
operation is delayed until some later time. This
enables a plurality of consecutive data bytes to be




tontrol register can be, for exanple, a 40-bit register which is
partitioned into eight 5-bit entries. Each 5- bit entry identifies the
burst access length for a corresponding one of the eight virtual access
channel s For exanple, the virtual access channels can have burst access

| engths of 2, 4, 8, 16, 32, or 64 bytes. Different virtual access-channels
can have different burst access |engfhs, depending upon the characteristics
of the parti cukrdtteammoy dadierentryg esGlagritteoutd Megplidogesn dmwess. The

burst access ng rol i | rgl%@hgd t al
-22- data proggsél?ﬁ‘grg%t%}r}fgl n:i?/]l'%w&%f e c%rﬂag%é?%s]? itrcésf o] t%eemon@ﬁnry
masters of thBaghes gescdsHur) aysesperamonmand ahiciamaaisesorth®l circuit

325 control s LBALRHES! ACGEIINE'MEAPTo be writ RrPiRf @Heed enbodi nent,
channel row cache a|LaSIn31IS | npl emented. |n channel rﬁ£$&$Che al i asi ng,

the virtual cRBRREPYLGHE JO%iQk ke BRPIRRE AR, FeMpat SR TRt
access addr esghebinehosya reaier At BsTpatiay e rew anyhe drteycaaha ey

addr ess registers.?Oé—?O . Thq% i s, the %grren%)acce S a%@r s is conpared
With all of tRETBAERE-r off AR RS COMRAD SR P HPIEATEREE e 1 ow

addr esses of tbacatteasdgd wiith umhottdvee spextaddins . (defads weh waritet)ch. exi st's,
then the virt npel,.: L r-ol_ Cl i C | data byte
to be retri evteigkrrgg% ?hén%%%gla%%%%%sé%%%e%ﬁ%&%%%%g he desired
data byte, evénterfanmes 34t udin dthesdesirihed emboddmentte wiulitdsleccess
channel identyE5edrBY opatat fdnk c&h B boritihrdEntiydiflplenented in

the multiple memory banks 301-304. The concurrent

restore operations among the banks are staggered, by
virtue of the fact that the restore commands are
initiated at différe#t.times'by the memory masters. .
This staggering ensures that the memory bank interface
bus 310 is used at.different times to complete the data
transfer operations from the virtual access channels 1-
8 to the memory: banks 301-304. To enable the host
memory controller to easily track the status of bus
310, the restore operdtion is defined to have a
duration of a fixed number of clock cycles.

In accordance with another aspect of the .present _
invention, other memory access functionaliéies-can be*;
implemented by the wvirtual access channels. For
example, the virtual access channels can also implement
prefetch operations within memory system 300. Prefetch
refers to the retrieving of data bytes from memory

. arrays 301-304 during the time that other data bytes
‘are being read from the virtual access channels. The
host memory controller is controlled to ensure that any
neceésary restore operations are performed prior to
performing a prefetch operation.

A prefetch command can be issued by a memory

~ master. The prefetch command specifies that a
particular row is to be read from a particular one of



Wite Operations If the current access address does not match a cache
address of any of the virtual access channels (cache mss), and the

read/ wite signal indicates that the nenory access is a wite operation,
then the virtual channel control circuit 325 causes the wite data byte
provi ded by the nenory master to be witten to the channel row cache nenory
601- 607 which is identified by the végéual channel select signals. The

virtual channgleneeyt balnkd 54 138252a80154808 1Y &Indas o e £OT& 88 LPNdI Ng
cache row address reqgi ster 701-707 _to reflect the current access address.

Because only Ofe2d8PRPfied LR PF bl oviReith AFREST FRARRHES nkdr y
(whi ch storesvi4 hyeememdhe ndhler ihBebfies ue JMOVi ditk tprdtecicdtannel row

cache nenory from.the Lopria ry_ban . .
e T PR sBRE I ¢ H B o O entay with an operariep 4
cache niss. Fthst, inveloas drite aceadingdor egsiting off rdatd eHoreext sel ect

signal's, the whil 656000l Rlonal cAiMintile 1128 Sk e iferd i efldugin L he

nmenory master e virtual channel control circui t*he pr esent
exanpl e, it i|3dnke¥EREE Bk Ahche rmeBETY: haysten satexfageydus Ientify the

cacheabl e vir pugthaemese Chattielod €RE hélfoly batkdys @l FRNtarr e 601, 701
and 801),. and tgat the data bgte, B3, is the fourth data byte of a 64-byte

word within oRETSPTRERG PIRAIALS (ATEEAECh Obemaligns JHAth. EERRICt ohfr ol

circuit 325 cadfifegent cache entries in different virtual access
channels. Of course, these concurrent prefetch

operations among the memory banks 301-304 are pipelined
(staggered at different phase of operations) by virtue
of the fact that the prefetch commands are '
issued/initiated at different times. ' Furthermore, the
staggéred stages of execution also ensure tbat there is
no conflict in the use of the memory bank interface bus
310 in transferring the data from the memory banks 301-
304 to the wvirtual access channels 1-8.

In accordance with another aspect of the
invention, the wvirtual channel control circuit 325 can
include an 8-bit precharge cont}ol.fégister which
includes 1 precharge control bit for each gf_the eight_ .-
virtual access channels. If a precharge control bit T
has a first logic value, then auto-precharge is
implemented in the corresponding virtual access
channel. 1In auto-precharge mode, after each write
operation to a channel row cache memory, a

_corresponding write operation is performed to memory
banks 301-304. If a precharge control bit has a second
logic value, then a non-automatic precharge is
implemented in the corresponding virtual access
channel. o,

As previously discussed, only one 6peration can be
performed on memory bank interface bus 310 at any given
time. - Similarly, only one operation can be performed




the current access address with the contents of the cache row address
regi sters 701-707 and determ nes that no match exists. In response, the
virtual channel control circuit 325 wites the current access address to
cache address 70la in cache row address register 701. The virtual channel
control circuit 325 also wites the data byte B3 to the fourth byte
position in cache entry 60la of chanpgk.row cache nenory 601. This wite
operation is per fremoey tsysheyhn Taiceeface bus e3Tacet amclgivaliime.
Substantially rall e [ nnel
control cwcu#tog, rgcgcgsngg %%@6%%{ﬂ%£§%‘?€ i kgé]aqé/ll%éeﬂlgéudrf%ﬁt access
address in mWWam@GPma%lhuﬁﬂb%@@m%m@ reMA@M t 0 cache row

interface cirgwiter¥ate Yud ala- Chaf@ﬁ'eﬁ%i[@' ddt £ Wdn 3D dtdrfegache
row interface circuit 501 tg{ﬁxfkforma te wite ma k| n unction., That

is, cache rowfFoMess BESOGY 562 dnFYamRRk ovhyR Y A%SERR the
64- byte word %Qit@ath.ﬁlteelﬂl‘fa}t ﬁi)a:ltaah ofs c:bem@lréa%v st ea rﬁ'ﬂm‘fr?elﬁ%w| nht hi s
manner, a current 64-byte cache entry i rovide nel row cache
Torory 601 | cothe enh 35 Mot e bf M EACR SIS [N CONNE .
menory banks mmﬂatlﬁri, a resumeetd:pengltnam aHn rbmq:ea:ﬁormeldlsﬁmd adata

byte B3 renai I Y4 cache
menory 601 un'?:?sla cache egﬁtcacr'f)ebl%et}l% es oaredem?\ﬂ{ bsﬂ"}lcat any Slﬁ)sequent
read accesses timet Ilrba&udp@m iz eebngduead sExon |a chamnehaaacadhig e B3 to

be properly rgasho Eé’ﬁt | yn%e%@éﬁhfnm‘ye 63y (due to cache row

al i asing). Conseq row allasing eli mnates the need for cache
snoopi ng. That In an alternative embodiment, multiple memory

systems (chips) can be connected in parallel to create

a larger channel row cache memory and a wider output
bus. For example if eight memory sysfems identical to
memory system 300 were connected in'parallel, the
result would be a 64-bit output bus. Eight virtual

i access channels would exist,i with each wvirtual access
channel consisting of a channel row cache wmemoxry within
each memory system. Thus, each of the eight virtual
access channels would ‘have a width of 512 bytes (8 x 64
bytes) . "’ ' '

In another embodiment, the effectlve length of the;
channel row cache memory can be increased by chalnlng
two of the channel row cache memories. For example,
channel row cache memories 601 and 602 can be chained
as follows. First, a 64-byte word within of a row
within memory bank 301 is written to a cache entxry

. within channel row cache memoxry 601; This first 64

.byte word can be, for example, the first 64 bytes of
the 1024 byte row of data read from the memory bank.
The first 64 byte word can then be read out from
channel row cache memory 601, one byte at a time. As
the individual bytes of the first 64 byte word are
sequentially read out of channel row cache memory 601,
a second 64 byte word is read from memory bank 301 and



*is, there is no need to continuously nonitor new wite addresses (snoop) to
determ ne whether a new wite operation overwites nenory banks 301-304

wi t hout updating a correspondi ng cache entry.’ - If the current access
address matches a cache address of any of the virtual access channels
(cache hit), and the read/wite signal indicates that the nenory access is
a wite operation, then the virtual2ghannel control circuit 325 causes the

wite data l%}‘_b&elar aw d:&darK}Yei hﬁoﬁeaaénenaém@fyt@obe vvrlhié eﬁ\e&:@nﬁhﬂcaehe
entry which sulte he hit

C
exi sts becaﬁ’é’ G HE% rci""é'ht %tcé%E %ﬁﬂ?‘@%g c l??e%% ?1@ ?4 eg%agﬁe addr ess
70l1a storedthe oemoryt row adthessecegdséérbyod, w¢hénls'|$wa¢dchannel

control ci r%W hn[%%##sceécﬁgq“ &_gagazbg%ﬁof% mer%@cb};%ogggh cache row

i nterface circul 0 overwr ne - of tes 1nth yte cache.
entry 60la. thiee fdyst 62 tevtoy ewordt Lenread denlered ndlepngel eow ugaehe access

address. Thingme¥y &@ha byﬂf‘e'éeéaﬂaeé4tsy£@ewap&r@£ﬁI@a@r@ﬁféfelﬁéatIon
within the 64- byte cache entry 60la by cache romlhaﬁfr ace circuit 801.
i Pt

Cache row i Fe&% ¢ Sxmiq mebe¥?8rﬁ§°’ﬁ‘ﬁ|‘§e‘6%ry &ing function in
response togeakileds wigiids dBEetVEHef fOrsYi 64 uayte:hMI cont roI circuit

S5 L ML AL a3 SIS EORCoULAL L Y R ) A Loy < e
301- 304. | nghmabe _Mhmnéﬁmeaa@peuatoﬁnmemorlglmmd mﬂ,lan&osrleoreder t| me.
This enabl eg.2 Bl WP eSS SHURbYS 661 WRYIESCHE Bftes of the
second 64 byte word are read out of channel row. cache .
memory 602. In this manner, any number of 64 byte-
words can be chained together, thereby creating a
* channel row cache memory having an infinite length.
Such a recirculating chaining scheme. is particularly
useful for memory masters which tend to "walk and play
hopscotch" through a large block of memory. Such
memory masters include those which engage in screen
refresh vperations, reading a texture map in reverse
mapping operation for 3D graphics, and video stream
. processing. - a
Virtual channel control circuit 325 can include a.
chain control register which controls the chalnlng mode
within the various virtual access.channels. In one
embodiment, the chain control register would be a 16-
bit register, with a 2-bit entry corresponding to each
of the eight virtual access channels. Each of these
two bit entries would identify one of the following
chaining optionsﬁ (1) no chaining, (2) chaining of two
cache entries, and (3) infinite chaining.' The chain
control register is programmed by the external data
processing system in accordance with the operating
characteristics of the memory masters.
In the foregoing manner, each virtual access

channel can be provided with its own independent
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“witten to cache entry 60la wi thout requiring an access to nenory banks
301- 304 after each data byte. A nenory master can issue a restore conmand
whi ch causes the contents of a cache entry to be witten to the appropriate
row of the appropriate menory bank whenever the nenory nmaster anticipates a
new cache entry will be required. Ar gtore command can be inpl enent ed
concurrently wi th another operation (féad or wite) between a virtual

aﬁgezs ch?n elx%ttqt ﬂ@@ﬁ?(ré&&é%%t{i&%rf%ﬁeréw ehﬁbﬂ.h.ﬁgd::lhér Ivb.Qld:ualt .
enbodi nen | res rati en emented in
t he nultlplé“ﬁ§ﬁ3$¢§ﬁﬁﬂﬁ f%OE- . m?%é%&8§cﬁp % %5@r§fﬁbns anong
t he banks archaxtaaguericsk idy ufrthe dhduhédﬁa&tm&harythastexSore commands
are initiated at T aggering
ensures that the né%ﬂﬁggﬁgﬁégﬂﬁt a%ggg &g@ér§ﬁ§%§E St g}ent tinmes
" to conpl et e usiesl dat a:her asi\@terpap@eatsmgs syséﬁmshel&us!:erateécé-@ss channel s
1- 8 to the F’I‘?}%Qr% haiksg 301384 5T9.seathéckhela%Em”%@ﬁyp%%rﬁﬂ er to

easily track e status of bus™310, the restore operation is defined to
have a duraﬂquQﬁe¥1??Qédlﬁgﬁbyhléh'éFo@ﬁué?EFésW1th an| n accordance with

anot her as p@ﬁicélfertaftﬁe&r@ﬁ&ﬁhlb“!’%&bb‘é&orm(h@[’) MEMPLY 1960€SS

functionalities can be |g€ fge h |rtual aCCﬁﬁﬁ channel s. For
exanpl e, thémﬂiqmﬁﬂ Al F ﬁ?F& gaﬁY§ €8 PRBPE¥erPO8r &Pet ch operati ons
wi t hi n menpraccoriaannaGaitRr thet pirevdbasiyt deskeibetir iembbdgmht@at a bytes

firom reror y s wis 30 G| 88chBeb! 1°pkN8b19EheLedpbaabyes are being

read fromth channée
controlled1npna&§nedtmﬁmonﬁysmstemsaBQangﬂﬂne GpshaDEoWQIQhelﬁbrforned

Prior 19, PeichBidicntt 2 PL! 288 881t OBrevi oughyPREBELEBegORRRRIL 2N be

I ssued by a nenory nast etch”command Specifies that a particul ar

rowis to béﬂﬁ&%ﬂﬁ¥8h1ﬁsh§rt3éulthGnEYEFem memory 1009 is
independently accessed (through the north bridge

circuit 1008) by the processor 1001, the AGP 3-D
graphic processor 1002, the south bridge circuit 1003
(which is the master for the EISA/ISA bus 1004) and the
PCI bus master 1005 (which interfaces with the PCI
devices 1006). The AGP circuit 1007 provides an
interface between the AGP procesgor 1002 and the north
bridge circuit 1008. 1In a partlcular implementation,
each of these bus masters (i.e., processor 10&1, AGP -
processor 1002, south bridge circuit 1003 and PCI bus
master 1005)  assumes control of one or more of the
virtual channels present in the system memory 1009.

The assignment of the specific virtual channels can be
hardwired, static (as determined by the BIOS during
_power on), or dynamically managed by memory management
éodes below the operating system kernel. Four cached
virtual channels are assigned to (1) processor 1001
instruction access, (2) processor 1001 data access, (3)
AGP processor 1002 texture mapping access, and (4) PCI
bus master 1005 access. The non-cached virtual channel
is assigned to (1) memory refresh and (2) ISA bus
master 1003.



<-26- nmenory banks 301-304 and | oaded into a particular entry of a specified
one of the virtual access channels 1-8, via the nenory bank interface bus
310. The prefectch command can be executed concurrently with an operation
that involves the reading or witing of data between the virtual access
channels 1-8 and the nenory systeminterface 314 on the nenory system

i nterface bus 312. Furthernore, each ef3ot-he nenory banks 301-304 can be

performng separ al:g r &f ef &1 OBELRY! A33qthhiof SaREEbe] Pndl! §REBRL CAChE
entries in different” virtual_access c aﬁne.s. _tourse, these concurrent
prefetch opeB¥SteHs 1Hthgl ke RerbARIbEHLS 1 303sRDRI FFRTPF YeFYHEEAM( st agger ed

at different 3phase 10fe o a1l oASInb¥nYihbUeooi, t fige fBCE Bhat dhe prefetch
commands are issued/initiated at dlffers t times, Furthernore,. the

n
staggered st 838306 Zoutih SFEGeBNEREECPRaEPEHRE P13 rdPeofiPfict in the
use of the npolygdmidrawteatidime h034318ath beingfesnvagtidbeatlata fromthe

menory banks_301- 4 1o the vi(t S apnnel s, 1-8, L n
accordance wPF%%%%%%%# %éé%ﬁ%égfH%heggﬁgeﬁ?ﬁg%gniﬁ%t% r$%1 2Eh&nnel .
control circmemozys me@tamndiadacanss- bhe peoechatgrcyonematyre@léter which
i ncl udes 1 e It ck ] gh Pa access
channel s. IFEEQE? C é?%ﬂ%%%ﬁ?f%lr%ﬁ?eﬁgsgge%f%ggvﬁggP%o%%fug?i?hen

aut o- pr echar a8 i MemaEnt L6 ningdudesr aspbwarkityi o UBST@EYess channel
I n aut o- pr ec BgstensP 30023 Fin BRRNCH b8 8WBsEAE a1 Dy aidd@piehlr e¥- cache

301 504, |1 PReYROURING A HoPdoReniRY SYECEB O] ogi ST LeaPRoREa
non- aut omat i ¢her eef@rge nasteps cIonilelols isecasoidgesdornsi agecasstonk access
channel . or’ Mo U Wil WiSEHETdnanRllY PHEnAREERL ! QPsCER PO

memory 1016. . '

In another example, the_memory_system of the
present invention is used as a 2D/3D graphié frame
buffer. In this example, four cached virtual channels
are respectively mapped to a screen refresh process, a
3D rendering process, a 2D drawing and polygon fill
process, and a texture maﬁped write process. The non-

~ cached virtual channel is mappei_to a memory refresh
process. ' '

In yet another embodiment, the preseng-ipvgntion o
is implemented in connection with an SDRAM arréy; In
such an embodiment, three additional pins are added to
a conventional SDRAM memory chip to enable the
selection of four cached virtual channels and a non-
cached virtual channel. A performance gain of 2.0 to

. 2.5 times can be realized on small and large block
accesses, respectively.

In yet another embodiment, the present invention
is implemented in connection with an RDRAM (RAMBUS
DRAM) array. RDRAM typically has two banks, each with
2 KBytes of write through cache. This is modified to
include four wvirtual channels of 1 KByte row cache.

Bits in the RDRAM request packets are used to select
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“performed on nenory bank interface bus 310 at any given tinme. Simlarly,
only one operation can be perforned -27- on
menory systeminterface bus 312 at any given tinme. However, concurrent
operations can be perfornmed on nmenory bank interface bus 310 and nenory
systeminterface bus 312. For exanple, data can be prefetchéd froma nenory
bank to a channel row cache nenory at -8Bhe sane tine that data is being read
from a channalhd Mmﬁmbd@é@é?’ &Iaagﬁamgy sMﬁleﬂpietméxﬁm wadteBsnilarly,
a restore operat n .can be, perforoe an rowcac nory to a
nmemory bank &t ‘ﬁ’ge slé'hftsr’rfgg:[?\ai’laﬁ}énﬁg] ﬂgigb E%%}Bl?goﬁ?% %ﬁgﬁﬁﬁl r ow
cache nennryHupanﬁurmanq&ﬂgnamnoérBa%ec3n4be realimedniml &r RBRAMe

enbodi nment , #y Hggnny systens (chips) can be connected in parallel to
Create a Iarger chHannel™ row cache nenory and a wi der output_bus. For

exanpl e if eight rfamggnesatensariefYSEAN PEOREABPY BFEt TR BAdenar e

cpnnected 'nﬁ%ﬂfﬁlfﬂy 6f“hé£@¥&tm&@HEsteeécﬁ4oP'%hPHﬁPHérPHfmsEhght
virtual acceSs channeéls would exist, wt h each virtual access channel

consi sting oP3FEHBHAT HYRE c%’éh@rﬂ%ﬁﬁﬂ'nﬁn EAFR- catPePRBPYOEYst em Thus,
each of the @iagerd rdatﬁla@s@%sméamaﬂbﬁywulalﬂﬂdﬁeﬁtvwﬁlé@ueﬁciéa byt es

8 x 64 byt : t he h I th of th
E:ha)rinel rgwe%ci‘% aégg%y h?ng gee§g5§gfﬁ3 hi (r?ga‘%k\;\gm%‘%n?xe ghahngl
row cache memastes wailea&sqﬂexhthannaldlﬁﬁerenbébehmw10331ﬁ0&eamd 602 can
be-chai ned ag,d g/ i}%s [ Sé%né‘eéﬁtﬁf%eb&@ég PLLE) G PEeén " PEE VL ALY mermOry

=]
-

bank 301 is wit cac
address locality. Thus, even if there is only one

physical device accessing memory systém 300, a
multiplicity of memory masters may still be present.
In most cases, there are multiple physical devices
attached to the memory system 300, and each of these
. physical devices may include one or more memory
masters. i
The foregoing has described the principles and,
preferred embodiments of the present.invention.'
However, the invention should not be construed as being
limited to the particular embodlments described. The
above-described embodiments should be regarded.as o
illustrative rather than restrictive. Variations can
be made to those embodiments by workers skilled in the
art without departing from the scope of the présent
invention as defined by the following claims.
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*w t Hin channel row cache nenory 601. This first 64 byte word can be, for
exanple, the first 64 bytes of the 1024 byte row of data read fronlthe
menory bank. The first 64 byte word can then be re r ow
cache nmenory 601, one byte at a tine. As the individ f the flrst
64 byte word are sequentially read out of channel mmmmﬁﬁﬂ

second 64 byte word is read fromnenory bank 301 and

-28- stored igpaapgnnel row cache nenory3%02. This second 64 byte mord can
be, for exangle, the second 64 bytes of the nenory row. The second 64 byte
word is stor i tnnel row cache nenory 602 before the | ast byte of the
first 64 byte word is read out of channel rom/cache menory 601. The second
64 byte word can Hherefore be read out from channel row cache nory 602 in
a sean ess manner af t el (IEGNY Y BRI VFIEC l°nlt?1° &h %Y?gEﬂatlve
enbodi ment, &uishi n:dheﬁmdu;dzej vy sk @ancdeptiwinde read out of nmenory bank 301
and stored in channel ﬁ;%%%aﬁlﬁ? LDr Y 601 while the bytes of-the second 64
byte word are read out % el"7Tbw cache menory 602. In this nanner, any-
nunber of 64 byte- V\ordmeca:rr beomanemrydwtkﬁarqoupkﬂxbbyoctleetl ng a
channel rOM/cachengﬁgﬁéy &n infinite Iength. Such a recircul ating
chai ning schene is particu arI useful for menory nasters which tend to
"wal k and pl ay hopscot @&'PXus PF arjeryrbacesaeriannelsuch nenory

masters include tupIua Gih QUIMIEI &1 SEEwEsh 'tefd asfbtaaeRis oasa £Badi ng a

Lexture map n reygloe oDl g One ALl Ol o WO Gy gngyLde0 stream

channels provides a set of memory access resources
for accessing the one or more memory banks, and
wherein each of the virtual access channels is
1ndependently addressable by signals prov1ded on
the system bus. o .

2. The memory system of Claimil, wherein ‘the
virtual access channels comprise a plurality of
cacheable virtual access channels which perform caching

operations.

3. The memory system of Claim 2, wheremn each of:
the cacheable virtual access channel comprises a data
cache memory and a corresponding address cache memory.

4. The memory system of Claim 3, wherein each
data cache memory comprises a plurality of cache
_entries, and each corresponding address cache memory
comprises a corresponding plurality of cache address
entries. '

5. The memory system of Claim 2, wherein the -
virtual access channels further comprise a non-
cacheable virtual access channel which bypasses the

cacheable virtual access channels.




Virtual channel control circuit 325 can include a chain control register
whi ch controls the chaining node within the vari‘cms*ﬂiﬁ—t_ua.l\l_
access. channels. I n one enbodi nent, the chain co ister woul'd be a
16- bit register, with a 2-bit entry correspondi Wm]

ei ght
virtual access channels. Each of these two bit enrt_rlclfgf iw!"mntify one
of the follow ng chaining options: (43310 chaining, (2) chaining of two

cache entries, an 3) J.nfinite chaining. . The chain gontrol register is
progr ammed by the%éit)e S "Eﬁi?%r%%%%%‘?nogf s@ﬁ’é’?nafi'n é‘é%br?%]éncegw th the
operating checamprésiisig es vofrtueel nemonye hegiensel circdit twieidbr egoi ng
manner, eachgyLphual +AecesS ANl -£80 @r?anrfgzl%y 'igg%é%éhéé SeQWn

i ndependent ) erating characteristics,
t her eby enabfiggalke reiceiysd gt csle cPstri PusH be nodified to match the
operating characteristics of the individual nmenmory masters. The
previously described nepgory systens can be used in the data processing
systems illustratdd i nThegdenpgnFysten £ £hadm 3y Jyrtheryram of a
personal conpoinpirickay R0@Fredliaige Scaiirdipatgiidtenwhicae| statesd & aphic
Processor (AGP).. PC 100Q inplements a mul ti~t.aski ng. system.menory 1009 in
nGoor dance WPLRERREEH: & GRS TPl B s SAURI o y 2000
i ncl udes a ptanbkpilybit gsratdsponxdimg dice dnee o \they starhel0a- 300n, each
of which is gk ti 'Qﬁﬁﬁh%% t e\l ﬂé%ﬁ? ystem
300 (Fig. 3).%?Egagy§?g%¥ﬁ%nnr f?_ﬁ?%%%%éggﬁien y_ accessed ;tﬁ?gugh t he -
nérth bridgebéfrdefinesognenpf e plucakidor ofo prechargromaies gekaphec
processor 109fp1bhenteudl by HHl)cdrFéapdndidfip cacheable virtual :

access channel.

8. The memory system of Claim'i,“further
comprising a burst length'control register which stores
a plurality of burst length control bytes,'each burst
length control byte éofresponding‘to one or the
.cacheable virtual access channels, wherein each burst
length control by defines a burst access length for the
corresponding cacheable virtual_@ccegs channel.

9. The memory sYstem of Claim 8, whq;e;njthe

" burst length control bytes are independently -
programmable to provide different .cacheable virtual
access channels with different burst access lengths.

10. The memory system of Claim 2, further
_comprising a chain control register which stores a
plurality of chain control bytes, wherein each chain
control byte defines one of a plurality of chaining
modes to be implemented within a corresponding

cacheable virtual access channel.



. (which is the master for the EISA/I SA bus 1004) and the PCl bus master 1005
(which interfaces wwth the PCl devices 1006). The AG?‘E??GHLL\ngZkgggxldes

an interface between the AGP processor 1002 and the n i dge Ci

1008. In a particular inplenentation, each of theseg [I%,(

processor 1001, AGP processor 1002,._§Quth bridge circuit ¢

bus
mast er 1005) assunes control of one or nore of the virtual chahnel s@esent
in the system nmenirly. 101l¢ge ﬂémosgssgsﬁemtoﬁfCl&fmspecfdrthdrrtuaI channeIS'

can be hardw r e p

dynam cal |y r?rg r"?l%}ﬁ c\mérr%iis dfn%%agkggg %% d%%vgﬁe&g%e@%%)ﬁg syst em
kernel . FourbQQMQHFQM&tﬂnﬁcbﬁhm@evsréuélaé@¢gﬁ@dbh@nQQA @rotbesor 1001
instruction aEGR3S, Hik. Processor 1001 data access, (3) AGP processor 1002

texture mappi ng access, and (4) PCl bus naster 1005 access. The non-cached
virtual channel is assigned to (1) nenory refresh and (2) | SA bus mnaster

1?03 i ned 12. The memory system QQtC1a1m f%ﬁ)Yﬁéfélﬁ-QhéCk dlag[am
of a pipeline raphi enen | - nmenory system
300. The Bi thIa?'F I%E’ eéerleﬂnlngtﬂgggl ?°’B?‘r“f§%§rlnd Fr‘a;'zﬁ“l%‘%? the screen
refresh engi perefetdhnrpdrat oy gin differant nendd IdE (tﬂ@e:hnéxﬁd:ﬂg
conventlonalbgkg%p33|ng engi nes) can each independently act as a menory

master to access the |ow | atency nenory 1016 through the nenory request
interleaving logic 1015. Again, nmenory 1016 includes a plurality of nenory

systems 300a- 300N i Clindl Guiehsy 3ByrbBbhYok (ETkial1 | GuiAYgUEhY descri bed
menory system 300. Again, eac :
means for prefetching data implements prefetch .

operations at the same time that data is transferred
between the system bus and the virtual access channels.

~ 14. The memory system of Claim 1, further
comprising means for restoring data stored in the
virtual ‘access channels to the memory banks.

15. The memory system of Claim 14, wherein the
means for restoring data concurrently implemenﬁs
restore operations in different ones of the memory
banks.

16. The memory system of Claim 14, wherein the
means for restoring data implements restore operations
at the same time that data is transferred between the
system bus and the wvirtual access channels.

17. A memory system comprising: .

a first interface circuit for coupling the
memory system to one or more external memory
masters, wherein the first interface circuit
receives address and data information from the

memory masters;




-

tthe nmenory masters 1011-1014 is assigned to access one or nore of the
virtual channels within the system- nenory 1016.————— n—amother exanpl e,

the nenory system of the present invention is used ' '“ic frame
buffer. In this exanple, four cached virtual channHiﬁ!ﬁ“mmmﬂ ely
mapped to a screen refresh process,$§f3D renderi ng cess, v 2D draw ng
and polygon fill process, and a textUt'e mapped wite process. The non- -

cached virtual channel ésfggggegugocgugggg{gornp%gﬁg%?%gggéscircuit!n yet

anot her enbodi ment, the present i nvent | € I'n connection wth
an SDRAM array. | faudteesiehbadaddnesst Ardedakei inbarrapias fremadded to a

conventional SDRAMHEN®Iys€hiRcborapabkerthigrsel ection of four cached
virtual channels and a non-,  cached virtual channel. A performance gain of

2.0 to 2.5 tinmes can bé® re&}P BEMBKYsARFRYand | arge bl ock accesses,
respectively. | n yetsedohdebuenbodphedt tot tite pi&seNhendirgnt i on is

i npl ted i ti i1 h., M US DRA : M

ypi cal 1y has two I, AEHEHRT KRS REGPBY DY FFreL YA GObFe cBRnbes Thi s
is modified to inolemd ficom vhetwainchemorysanfay; KByte row cache. Bits in
the RDRAM request packel §,ak 6, ggsteiggh?ﬁt%h%?%d?%?%&%%ﬁ?%%éﬁEégtaCCesS

channels. Miultiple nenory masters resi
mul ti-taski ng confts |t .the pseecondahus8igain of 80%can be realized in an

- RDRAM nerory chi p. a |PL GBI &) oBAEHCHY ShEMOPY OLBS8PE EdnébEbyde a
in parallel between the first bus and the second
bus, wherein each of the cache memory arrays '
receives data information from the first bus and
the second bus; _

- a plurality of cache address arrays.connectéd.
in parallel between the first bus and the second
bus, wherein each of the cache address arrays

i ' Yeceives address information from the first bus,
each of the cache address arrays further being
coupled to a corresponding one of the cache memory
arrays, wherein each cache address array and
corresponding cache memory array form a wvirtual
cache channel which is independently addressable _ .-
by the one or more memory masters. - -

18. The memory system of Claim 17, wherein the
memory array comprises a plurality of memory banks
which are coupled in parallel to the second memory bus.

19. The memory system of Claim 17, wherein the
memory array has a first data width and the second bus
has a second data width, the memory system further
comprising a memory interface circuit wherein the
memory interface circuit performs a multiplexing
function for data passing between the memory arrays and
the second bus.



«plurality of nenory masters, each of which perforns a particutar—type of
processi ng task. These nenory masters can access.t rient
frequenci es, as determ ned by the tasks perforned Wﬂy ilgﬂ”@ r-will
al so exhibit a different behavior in terns of nunber’s of cons byt es

read/witten for every address locality. Thus, even if there.is only one
physi cal device accessing nenory sysB8ém 300, a multiplicity of menory

(rjrasters rr?%/ SLI Llfbe PIrase Memdry rgtassit%%gﬁs,cﬂfm qhsar @H@féﬁplﬁl@hysi cal
evi ces attaghne Y. sys em an eac O Ica
devi ces may ﬁﬁﬁﬁdgagﬁewgﬁnﬁ’n GpYdyEgy £he q%graed‘b%/% 9P has

descri bed the principles and preferred enmbodi ments of the present

i nventi on. Howeves, th hrenxleégltogggcsy%éggp or}_?_tClt% cqRst %%(Leg_ n%g limted

to the particul ar“enbodiments he “aBové-descri odi nent s
shoul d be refardeddatai widshr dis Vessitthan tihen segomd slatee Wld?%hr ations can
be made to those enbodi nents by workers skilled in the art w thout
departing fromthe scope _of the present inventjion as defined by the

fol | owi ng cl ai ms. 22- The memawy system of Claim 17,3funghey i m

1. A nenor YCéMﬁi:EQlﬁQVacﬁnﬂQﬁlll:@ﬁr IoF Taphe! dNtkyFadeh@iRgs system:
ggﬂgrggl?g 1 fherein eagh cac%e 1nterface c1rcugte1%rcou(iégﬂggé@gggks
the second bus and a corresponding cache wmemory array,
wherein the cache interface circuits are controlled to
pass data to selected cache memory arrays. - : ' .

23. The memory system of Claim 17, further
comprising a plurality of cache interface circuits,
wherein each cache interface circuit is coupled between
the ‘first bus and a corresponding cache memory array,

i wherein'the.cache interface circuits are controlled to
pass data from selected cache memory arrays to the
first bus when a current access address provided by a
memory master matches ‘an addrese\stored in a cache
address array. B B

24. The memory system of Claim 17, wherein each
cache memory array comprises a plurality of cache
entries and each cache address array comprises a
corresponding plurality of cache addresses.

. 25. A method of accessing a memory array with a
plurallty of memory masters, the method comprising the
steps of:

coupling a virtual access system to the
memory array, wherein the virtual access system
comprises a plurality of virtual access.channels

connected in parallel to the memory array, each




-menory bus; and "~ aplurality of virtua+-ae@essmﬁhaﬂﬂ§L§__

coupled in parallel between the system bus an nmenory bus, wherein
each of the virtual access channel s provi diﬂigﬂﬂﬂ lﬂ""ﬂtmnfy access
resour ces for accessing the one or nore ne wherein
each of the virtual access channels is |ndependently addr éssabl e by

signal s provi ded on the system-isks: . The nmenory system of

Claiml, wherein sfetvat lﬁic@@@%ﬁaﬁhénnﬂﬁvid)iMI&&s@t pbﬂrraémb;tyof
cacheabl e virtual _access channe S m€B£ 3 erforn1c h|n Perg
r %“

3.  The nenory syST&ERDF GUNST ?F%E&ﬁgcﬁ atheab %g ‘Virtua
access channel conprlsa$sagnmngca£bh uénth'm&mbrycmﬂ$ésp@nd0ng addr ess

h h dat
cache nenory. accels o on uraﬁg@f%féggé - - A raécﬁacﬁéﬁns% at a

cache menory conprises a e entries cor r e$pondi ng
address cache nenory c®¥vistang r@%%mﬁkﬁnﬁﬂﬁﬂﬁﬁqw|E@ecme%%§3e addr ess

entries. Smast&l@ W He SYSEERAPI adddddN Arstidie) Gaiat he virtual
access channels further conprjse a non- cacheabl e V|rtuaj a00fss channel

whi ch bypasses the cacRESFSFINT tRFeirckrd MeyRfeltde virtua

access channels in response to -the address
- signals.

2é. The method of Claim 25, further comprising
the steps of: . : : S .

storing a cache entry and a corresponding

cache address entry in the selected one of the -

virtual access channels, ’
comparing the address signals with the cache

address entry; and
access1ng the cache entry corresponding if

the current access address matches the cache

address entry.

27. The method of Claim 2€; further comprising
the steps of accessing the memory array through-a bus_”-
bypass circuit and updating the selected one of the B
virtual access channels to reflect this accessing if
the address signals do not match the cache address
entry.

_ 28. The method of Claim 25, further comprising
the step of simultaneously actlvatlng two of the

virtual access channels.

29. The method of Claim 25, further comprising
the step of chaining a plurality of the virtual access
channels.



.-33- 6. The nenory systemof Caim1l, further conprising a virtual
channel control circuit which enabl es the virtual—aceess—channels I n

response to signals received on the system bus. ory
systemof Claim2, further conprising a precharge H‘plmH “m M‘mrvv\hl ch
stores a plurality of precharge control bits, each precharg®# cénttol bit

correspondi ng to one of the cacheabl e-¥8+tual access channels, wherein each

precharge control Biot. dafienase®ied obfacphimabs | yEwitpseohangei sbags to be

I npl ement ed by, the,correspandin acheabl e virtual_ access channel .

8. The rrermr%hgygf:g% &%Sd%#jﬁ%‘&?ﬁgfﬁe?sﬁﬁ%}?%i%g %r%‘ur F9%YER control
regi st er ‘whi chashopdés taepluirtinaly atcbsssthammgts. control bytes, each burst
| ength control byte corresponding to one or the cacheable virtual access

channel' s, wherein each burst |ength contrpld§¥ defines a burst access
| ength for the corBéspof#iendgnetho@dadf eClaim b, dbvether nawnlising 9.

The menory sygh&nsebpCh# Mrtied¥edEn 1Y s HiESind SN Pl SRRSO mdtyd €80 ar €
i ndependent |y progranmabl.e to ‘provide different.cacheable virtual access
channel s wi t heafhf efehbepyiigttunt Rcceenggannels. 10, The nenory system -

of daim2, further conprising a chain control register.which stores a
bne. of & plural ty38r cAReh MR ARIcRE | SLEuR i) ey WemRmr gt o' oS
correspondi ngthacatepl efviprdafdtchiing sdatmnficdtn the memory array to a
. selectéd one of the virtual access channels in response
to a prefetch command issued by one of the memory
masters.

33. The method of Claim 32, further comprising
the step of transferring data between one of the memory
masters and one of the virtual access channels
concurrently with the step of prefetching -data.

34. The method of Claim 25, wherein the memory
array comprises a plurality of memory banks, the method
further comprising the step of'éoncdfrently prefetching
data from a plurality of the multiple banks to.a _
corresponding plurality of the virtual access channels
in response to a plurality of prefetch commands issued
by the memory masters.

35. The method of Claim 32, further comprising
~the step of restoring data from a selected one of the
| virtual access channels to the memory array in response
to a restore command issued by one of the memory
masters, wherein the step of restoring data is
performed concurrently with the step of prefetching
data.




x 3?1 11. The nmenory systemof Caiml, furtm for

prefetching data fromthe nenory banks to a speC|f

channel on the nenory bus. 12. The rrermry ﬂ)’”ﬂi{&i@
wherein the nmeans for prefetching data concurrently |FrpI'eran fetch
operations in different ones of the nenory banks. The nenory

system of Caim1l, wherein the neanggfor prefetching dat a | npl ement s

prefetch operatiopg, atTthméac%é e éﬂ% %%taft&éﬂe%n%ﬂaﬁ%méween the

system bus and t he vi rtua access annel s. he “menpry" system of

Caimi1, furitersterpefsragtegdmg data daom |ang59dé9(°é:%q ed 9fh &R vi rt ual

access channﬁ&ﬁ@ltmcasgoahabﬂi@i% to the mbmorbhar®Riprih dpsnos G aim
14, wherein the neans for restordtH% datﬁ concurr%nt Ihye mr"[:pl enents restore

operations %P & %5 ent S oigmgR ™¥Y The nmenory
system of Clmsters. wherein.the neans for restorl ng dat a i npl enents restore
oper ati ons
37. The method of Claim 36, further comprising
the step of transferring data between one of the memory
masters and one of the virtual access channels
concurrently with the step of restoring data.
38. The method of Claim 25, wherein the memory
array comprises a plurality of hemory banks, the method
further comprising the step of concurrently restoring
data from a plurality of the virtual access channels to
a corresponding plurality of the memory banks in
response to a plurality of restore commands issued by
the memory masters. "



ﬁ"‘.’

‘at the sane time that data is transferred between the system bus and the
virtual access channel s. 17. A nmenory system conpri sing: a
first interface circuit for coupling the menory systemto one or nore
external nmenory masters, wherein the first interface circuit

recei ves address and data information fromthe menory masters;

- 35- a first bus coupled to %@e Interface circuit for

recei ving address and data information from the first interface
circuit; a mai 'WIRHUALY CHANNEL MEMORY SYSEEMONd bus coupled to
the main nenory array, wherein the second bus receives data val ues
read fromABSTRACTE nenory array; ) a bus bypass circuit whi ch
couples the first bus to the second bus; plurality of
cache nenory an%mpm%bm@m) havingra rpanaznarmrybﬁuvha@rcoupbdm agplumplity efnd

t he second bus ereln each of the cache nenory arrays receives
dat a i nf oPwallebyirtualascessehannels. Each ofifhe virtual ageesscchappeds Gy provides a set of . 5

plurality of cache address r nect ed aral | el between the
First busTERPTY AECRSE EBress orogﬁeoﬁ RS iRinamemors: "THa: BRIy 0ARee o r ays

;38?;;’25 a?%gk}%eg Hic?%%r ”gé' %80\;1{:0 nhﬁcqudl}cn'; Cac el():Hammg), burst mct]deogpe}a Gncache

control and precharge operation control. A plurality of the virtual access channels are
_cacheable virtual access channels, each of which includes a channel row cache memory
(601-607) for storing one or more cache entries and a channel row address register (701-
707) for storing corresponding cache address entries. One or. more non-cacheable virtual
access channels (1-8) are provided by a bus bypass circuit (311). Each virtual access
channel is addressable, such that particular memory masters can be assigned to access
particular virtual access channels.

Fig. 3



cqﬁ%led to a correspondi ng one of the cache nmenory arrays, wherein
gach cache address array and correspondi ng cache nmenory array forma
vi rtual cache channel which is independently addressable by the
one or nore nenory nasters. 18. The menory system of Caim 17,
wherein the nmenory array conprises a plurality of nenory banks which are
coupled in parallel to the second nenory bus. 19. The nenory system
of- Claim 17, wherein the nenory array Ba$ a first data width and the second
bus has a sécond data wi dt-h,. the-menory system further conprising a nenory
interface circuit wherein the nenory interface circuit perforns a

mul ti pl exi ng function for data passing between the nenory arrays and the

second bus. _ - 36- 20. The henory
systemof Claim 19, wherein the first data width is greater than the second
data w dth. 21. The nmenory system of Claiﬂb¥9, wherein the first

data width is less than the second data w dth. 22. The nenory
systemof Caim17, further conprising_g plurality of cache interface

circuits V\fﬁer el n 6\8%1. cache i nté‘kf'ace‘&u’c T i's cd‘d'plzed'lfgefé/\een —t
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thves second bus and

interface cir
arrays. -
plurality of

is coupl ed between

wherein the.

cuits
23.
cache

cache

furthe

a correspondi ng cache nenory array, wherein the cache
are controlled to pass data to selected cache nenory

The nmenory system of Claim 17,
interface circuits,

r conprising a

wherei n each cache interface circuit
the first bus and a correspondi ng cache nenory array, '
interface circuits are controlled-to pass data from

sel ected cache menory arrays to the £i/Pst bus when a-current access address
provi ded by a nenory naster

array.

24.

mat ches an address stored in a cache address
The menory system of O aim 17, wherein each cache nenory

array conprises a plurality of cache entriés, and each cache address array
conprises a corresponding plurality of cache addresses.

of accessing a.menory array with a plurality of nenory mds

conprising the stepsLQL

menory array,
of virtual ae
each

providing a s

et Re- vif t-oal —aseess

= 25. A nethod
o0
?érs, t he net hod

WobBling a vi eyl access systemto the

s-y_st.em.. e et

Hsgs a plurality
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access resources for accessing the menory ‘array,

- pf the nenor

. assi gni ng each -
nore of the virtual '

provi di-ng address signals fromthe nenory

access systen and

mast er s

access

accessing a selected one of the

access one or

y masters to-

channel s;
to the virtual
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-38- 30. The method of Claim 25, further conprising the step of
i ndependently assigning a burst length to each of the virtual access

thannel s. 31. The method of Cdaim25, further conprising the step
of independently assigning a precharge node to each of the virtual access
channel S.s 32. The nethod of Caim25, further conprising the step of

prefetching data fromthe nenory array to a sel ected one of the virtual
access channels in response to a prefdt/éh command i ssued by one of the
menory nasters. 33. The nmethod of O aim32, further conprising the

step of transferrj et ween one of the nenory nmasters and one of the
virtual access chhnﬂ?IS\cBnpurrently with the step of prefetching data.

34. The nethod of| G4%ijm™3,; wherein the memory array conprises a plurality
of menory banks, Fﬁq:qﬁrﬁgd}further conprising the step of concurrently
prefetching data froanaﬁgauyality of the nultiple banks to a corresponding
plurality of the vi 1 dal “dccess channels in response to a plurality of
prefetch commands| i ssued byl t he menory masters. .
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35¢ The nethod of Claim 32, further.conprising the step of restoring-data
froma sel ected one of -the virtual- access channels to the nmenory array in
iresponse-to a restore command i ssued by one of the nenory masters, wherein
the step of restoring data is performed concurrently with the step of

pr ef et chi ng dat a. ) - 39- 36. The net hod
of Caim25, further conprising the step of restoring data froma sel ected
one of t'le™virtual access channels t®&/tthe menory array in response to a
restore conmmand issued by one of the nenory nmasters. 37. The net hod
of Claim36, further conprising the step of transferring data between one
of the nenory masters and one of the virtual access channels concurrently
with the step of restoring data. 38. The nethod of Ctaim 25, wherein
the nenory | T : i nory banks, the nethod further
conpri sing of—concurrentlyrtestoring. data froma plurality of the

virtual acckbs Natyellstio a corrgsgpondi ng_plurality of the nmenory banks in
response to 1§*Fu Iitﬁ‘of.restorqq )nnﬁﬁdé?'ssued by the nmenory masters.
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