;e3e$ 1 d" XTHT$6STHXF* *vs9vs9* 1 - *@00002* METHOD OF LAYERI NG CACHE AND
ARCHI TECTURAL SPECI FI C FUNCTI ONS TO EXPEDI TE MULTI PLE DESI GNS BACKGROUND OF
THE I NVENTION 1. Technical Field: The present invention r i er al
to cache controllers in data processing systens and in pamwmm@ﬂwmmmmmgache
controllers which | ayer cache and architectural specific f : il
more particularly, the present inventiop relates to |ayering CHYAE and
architectural specific functions within a cache controller to permt
controller functions to be inplenented as distinct, subsﬂﬁ“MWﬁMWMwmmL

aut ononous funct-i onal f - 2 wunits which may be effici ted or
renmoved to produce nultiple designs with different cost/ perf apspmce

characteristics. 2. Description of the Related Art: Data processing systens
which utilize a | eMBTHOD OF2LAYERENG \RicH AWD Delceder ﬁﬁﬁ&f controll er

for managing tr ' j e he. Such cache controllers are
conventional ly ?%2?2%5§F2géﬁﬁﬁgiéﬁgc%goﬂgfﬁ?¥mﬁﬂ¥UQE;E%§HQE%ﬁGNﬂ Fi gure 4.
For exanple, a cache controller 402 may include |ogic 404 for maintaining
the cache directory, logic 406 for inplenenting a | east recently used (LRU)
repl acenent policy, logic for managing rel oad buffers 408, and logic for
managi ng store-back buffers 410. In traditional inplenentations, the cache
is generally very visible to these and other architectural functions
typically required for cache controllers, with ' the result that cache
controller designs are specific to a particular processors such as the
Power PC ", Al phas", or the x86 famly of processors. The basic cache
controller design depicted in Figure 5 is difficult to rework .n order to
produce new designs. The controller's functional nature gives rise to a
conplex set of interrelated logic which is difficult to reconfigure. Oten
it is sinpler to start fromscratch rather than attenpt to nodify and

exi sting design to alter performance. Resources are tightly coupled and may
not be added or renoved fromthe design in a straightforward manner to
alter the controller performance. In addition, the conplex |ogic

significantly restrains the maxi num frequency achi evable for the design.
A

BACKGROUND OF THE INVENTION

1. Technical Field:

The present invention relates
controllers

1n general to cache

in data processing systems and in particular to

cache controllers which layer cache and architectural specific

functions. Still more particularly, the Present invention

relates to layering cache and architectural specific functions

within a cache controller to permit controller functions to be

lmplemented as distinect, substantially autonomous functional
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- 3 Until recently, little need has been perceived for cache controllers
of simlar designs but differing price/performnce characteristics. In
particular, two largely distinct classes of data processing systens have
arisen in the field: servers and clients. Servers are typically systens
intended to ' provide data and services in a overall |arger network of
conputers and are used sinultaneously by a nunber of users. In contrast,
clients are typically desktop systens used by a single user. For servers,
performance is a nore driving concern than cost, with price being a

si gni fi camigs | whd chnpoay are c efilgdeatilon. reviicitedt ©r t hemorved chp
factor i $84 ! bR dAP1ee (AN RS F QuEBNCE; £ Rvpin i thidy hhd seomghakl
groupi ng of servers and clients,” however, there still has arisen w dely
varyi ng HeE&FEdicHiedte needs. Cache control | er performance is doninated
by three distinct issues: clock speed, cache size and nunber of

si mul t angous eratjio su te ocC eed determnes the overall rate
at whi ch%o'per ﬁs(ﬁfs"patrrﬁp%e$€i %%ﬁ%?g?‘ﬁ%éc%&’e and the systemas a whol e.
Cache size affects the hit/mss ratio for the cache, which determ nes the
cache's overald_,effectiv i rovi di.ng,.d t he .pr.ocgessor W t hout
resort to ret rdlaé:va} f‘%éa?%gflﬁ%msgﬁee%ygbggpl 3@%2}%\%&% slyes:"teglmstriormx\@ggr

| ower | ewsicheachypithd lyunbeclofeouasteanliang copsreaililems fapponamalgbygt he
cache co ; é%?c?i}?g ce tLops

whi ch rra;%%%g?vl?%{essg%n aver agg{,ef g{e@%ﬁi tg%{?ﬁ[}? %‘g#gb St D :g%%'gd%‘t@g
processi IRPIFRRtdATE0 P LRNENIGH AT PehtiBFEionad; pevehedagpiepicted
tre}n_s?mt |i?{‘ ﬁi!ﬁg[ré g.go%ﬁxt :&?ca%ﬁfef;p?aaledcﬁégéfsﬁﬁﬁélbéﬁeéez;rr’_ﬁ'é.ﬁ h@@iuge Its
specific inten o allow multiple outstandi ng operations - a
any gi vertadif 404 ok LRt R ARG B8 FARRS AR i HOFE BRAeEPE
perm t numg ledaitaing g Deesat rotent by hesedi (LRU)Neskpliacergdvenpdl ey, a

hi gher ower al | fperformance can be %)c ' ved4 ]bt vvo(glf ther€fore be desirable
to inpl enSi% f€%: Mm@ P e RAEE Rg *2P1 | 1 BntOF LYol BHIREHTi on of
resour cesttaxreapackrentf feds i $1@. cathetxaditidnal deslgrentwviogs vacheng -
price an f rpg@ r | St GS f ous to
provi de g:a%g{seo(l}rc g'l[%rx‘lia?fiaf g]tes pé%)lrs?'?)r}ge Eﬁmﬁié{%g%l%éﬁrﬁ%%e%%?@éggch t hat
even t he Ukads fumaidmsisy & Yorstagnl o peaarizeds sreeache - gorgumpl s , OFLFhiE

I'NVENTI ONHd dSsiier ehate citeod St rOf1 diheqds £5eht a8V 8RELAF k0 ¢ 0yi de an
i nproved cache controller for a data processin s,ys'\t%ﬁm i s apot her
obj ect ofPa(%%lé’s%mrq%ﬁeﬁﬂ#%ﬁqul BroviF WP Eprofd®gachet the x86

family of processors.

The basic cache controller design depicted in Figure 5 is
difficult to rework ‘n order to produce new designs. The
controller’s functional nature gives rise to a compiex set of
interrelated logic which is difficult to reconfigure. Often
it is simpler to start from scratch rather than attempt to
modify and existing design to alter performance. Resources
are tightly coupled and may not be added or removed from the
design in a straightforward manner to alter the controller
performance. In addition, the complex logic significantly

restrains the maximum frequency achievable for the design.
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controller having | ayered cache and architectural specific functions. It is
yet anot her object of the present invention to | ayer cache and
architectural specific functions within a cache controller to permt
controller functions to be inplenented as distinct, substantially

aut ononous functional units which may be efficiently replicated or renoved
to produce nultiple designs with di f fet ent cost/ performnce
characteristics. The foregoing objects are achieved as is now descri bed.

Cache and archj t | cifl ngLLgn it Nl al.ler are
| ayered and p?%lﬁgegé%epﬁag’gg%g}:ﬁg Ilq%%gr?%%Mésefgr?Q%F%%ﬁn@%df%%%é?ﬁ%@(i ties
of each endtabléeirsgef eimikinlde signs bohalififieniadpricerper fdirwiaden: i nt o
distinct cnLghoebyiguieRonoun pupettanal Wid 32,520 higelnonakiuid.dandl es
a certain type of operation ahd may be easily réplicated or r emoved from
the desi §f €atprbyPgesgimgnisaistems iaye @adsgnsini thevhirdd: pseaaensd
perfor maRe. AL NY t BedvhirsSt apsPAGlpiRhallife spyedhd onntddiical o
provi,ded a co trg{ling system poqErLsing: a Storage unit forning part of a
st or age gyevéﬁ? &l hentorfisor Hef c&ﬁnef’ct‘é\ﬂe%”%ﬂh AZPEraRe tHP¥ R ait

per f or mi aﬁmpaﬁé:ﬁsaaha mﬁaié@ fﬁg@iw@x@e&gl}dmﬁlmmﬁml e £ h?ffsh@e&gae_ |
system e _cache control ler inc i ng: .S uraljty o nctiona

ini (o eadl SPOFALRRg FUISEES FEE dvE ety fERscBR bekehe Bper ot of a
first ripéngdaduaesecond plurality of functional units each operating in
parall el and perform ng only cache operations of a second type, wherein the

functional units performng only . . i
For servers, performance is a more driving concern than

cost, with price being a significantly 1less important
consideration. For clients, the critical factor is more often
price than performance. Even within this overall grouping of
servers and clients, however, there still has arisen widely
varying price/performance needs.

Cache controller performance is dominated by three
distinct issues: clock speed, cache size and number of
simultaneous operations supported. Clock speed determines the
overall rate at which operations are serviced by the cache and
the system as a whole. Cache size affects the hit/miss ratio
for the cache, which determines the cache’s overall effective-
ness in providing data to the processor without resort to
retrieving data from the (typically slower) system memory or
lower level cache. The number of outstanding operations
supported by the cache controller affects cache performance by
the number of operations which may be serviced, on average,
per unit of time. Most modern data processing systems employ
a well known feature--a pipelined split transaction bus--in
both the system and processor buses. This feature is

specifically intended to allow multiple outstanding operations



-6 cache operations of the second type operate in parallel with the

« functi.onal units performng only cache operations of the first type; an

architectural controller coupled to the storage unit and perform ng at

| east a portion of each architectural operation received for data within
the storage system and managi ng | ogi ¢ assigning cache operations of the
first type to one of the first pluraljty of functional units and cache
operations of the second type to one of the second plurality of functional
units. According to another aspect of the invention, there is _provided a
net hod ofatex3eYi ¥ivignnbiBepl eBYoARFSPREAGIs f8Le kP EREKFERS, avadpabdiendn
perform ngheacks @Rchec KPP fbre S AGhANY TpdHatd Rt t&f Be

storage sysfemijn cache controll er cogne ted to tE storage unit, further
ncl udi ngta e HRSRNgE ofl §1EBNG Bfer &t RAHESS! CHOFRLL BEFEETMRRREN Gife of a
pl uralitypefadhhetréa@nal units of a first type each operating in parall el
within the cache controller; performng only cache operations of a second
type within one of a plurality of functional units of a second type each
operating i n phtawbelldw thenefbre chehadexinalold eto dmg lessmingni ag caadtiee

ni . and RRehel Bty PP ERLCFARS, BRI EARRE, hRe L B Ml

) erein the prurarity o
functi onatespureesf tde implemenpemuddiphe ptache i opneiroldent | desioms ts of

the secongb{ypg QRSNAME | PrP8Ealdf ' p@Pformance characteristics. It
would further be advantageous to provide a resource structure
supporting higher clock frequencies, such that even the least
expensive design operates faster.



perform ng at |east a portion of each architectural operation for data
within the storage unit in an architectural controller coupled to the
storage unit. The above as well as additional objects, features, and
advant ages of the present invention will becone apparent in the follow ng
detailed witten description. BRI EF. PESCRI PTI ON OF THE DRAW NGS The
novel features believed characteristic of the invention are set forth in

t he appended clains . The i A0, 0N as well as a preferred
node of use, further obj ect@@yﬁ\/gmggwmig@v wi |l best be
understood by reference to the follow ng detail ed description of an

i1l ustrative enpqdiBabreliRby &2 i FORhUAGHRR YbidVidd 5 AGSFBIRALKHEY
drawi ngs, wherein: Figure 1 depicts a data processing system i npl enented
with a cacbentmbiet foylal data plesésgingisystaocor dance with a preferred enbodi nent of
the present invention; Figure 2 is a block diagramof a cache controller
design in accordance with a preferred enbodi nent of the present invention;
Figure 3 depict & RNaREtrtdigaRlofVingWr&ent Rvehi@siN® pRIidO LA SpriRacakheabl e
controller, and bus interface units within a controller in accordance wth
t he pref er eadrodiebbatiing layerstl ce¢hs amdaschifectural specifisfuntiapsre 4 is a prior art
cache controller design. _ g DETAI Lt ~ DESCRI PTI ON OF THE PREFERRED
EMBODI MENT Wth reference nowto the figures, and in particular with
reference to Figys 9et1anoﬁle‘ii%bﬁcﬂ36pﬁ1€%§ésgﬂ ifnventiomtd MHyLEERAL QAd Wchite@u@fche
controll er design in accordance with a preferred enbodi nent of the gr esent

i nventi on $pectfispifigictians Meithin pr saehes conjradigs temearmg  eanfraller | fuasional tp be si ngl e

processor Qr ,may he a s tri.c. multiprocessor system.i.ncl udi a

Dl U o vy GriERéned B, BUTRE, bGrah RO SRNoha SRETHA o Barp
depi ct ed. iy Orepliddtedtyr bRnOVREPRY Sadie hadtisied dedigis’ Ugith Ofiffsfint
conputing (Rl SC) processor including separate | evel one instruction and
dat a cacheeostparfermance chaipetefisics-he processor. A Power PCTM processor may be
utilized for processor 102. Processor 102 is connected to a |level two (L2)
cache 108, which is a nonshared cache. A second processor (not shown) may
be added to theThysfoesgoiteniabjeecs aé tdokieved tds & Ippardeseitded. caClivheomndhari ng

L2 cache 108 with processor 102. .2 cache 108 is connected. to system bus
110 for da%r&h‘é‘?cé‘tréﬁ%eﬁ’éics@g‘ftéﬁ?ﬁ Fthin ¢ seche CH%%IHV agejlgyered apd grovifedatithhy t o

system bus ér%gc ﬁﬁ?{k‘a%eé,/ %o%ﬁg b{ﬂedg@m Ieﬁ'i-tiegd}eéaéﬂe‘éh@eﬁlo&ﬁﬁ%hthésovera%
menor y- n'ap%e gr aphi cs "adapter 116, y al so be connected t® system bus

110. 1/ O bfunctionalige td bé fusherafivided éulo tdistint( lirgely Iugynontvius Humaionbleudisnnect ed
;gdah\é?gl gfsgqpoﬁp&tl}gﬁ EI%?K!}.I?CEGSS aséje%tginatifp!c 8f ggerﬁlro%aan %Mekeagllﬁe 'r\gpli%gt% torer 120

removed from the design to provide a number of cache designs with varied price and

performance.

According to a first aspect of the invention, there is provided a controlling
system, comprising:

a storage unit forming part of a storage system;

a cache controller connected to the storage unit and performing each cache
operation received for data within the storage system, the cache controller including:

a first plurality of functional units each operating in parallel and performing
only cache operations of a first tvpe; and

a second plurality of functional units each operating in parallel and performing

only cache operations of a second type, wherein the functional units performing only



These of ordinary skill in the art will appreciate that the hardware
depicted in Figure 1 may vary. For exanple, other peripheral devices, such
as optical disk drive and the like also may be used in addition or in place
of the hardware depicted. The depicted exanple is not neant to inmply _ g
_ architectural imtations with respectsto the present invention. In
particular, a data processing systemneed not be |[imted to a single

processor as, shown in the depict exanpl e to benefit fromthe present
Pvent: on. SPHE PPELERE AnbEnEPaN B DErEnphoyBa ety i RS mbaiorth Filpr ove
t he perforlg@ﬂggli,goﬁyggg@ dYeRfiBASbMNMe SYS k@ having two processors, each
with a corresponding L2 cache. Referring to Figure 2, a block diagramof a

cache control | ean ambiteprurahcatmwdedenpécdiptihe storage fusitrand perfooudingwhieasfat he

present inveptiop is illustrated. .Contr.oller 202 i.s i.nplemented wthin
rche 108 MM ben araitsEi bérasin RFied F 3 huin B SRR oniaface
unit (BIU) 204 g Rikid sti’ghit&g)@cﬁ:!helbgéraﬁ&@s dfothe FirfiI9F& &5 Bhe OF e fitsgher

| evel cache, and a bus interface unit 208 to a | ower bus 210, which nmay a

syst em busplbrality lofifuncsionabuits anchednhe appyséienh s troeccand typnka obeiof b nmay

di ffer; upper S 6 e, for exanple, a 60X bus, while | ower bus 210
may be a d&ﬁ?&ﬁ@ﬁvﬁg%ggﬁ%ﬁgﬂgdgﬁﬁiarchitectural specific functions within
controller 202 are | ayered. Thus, controller 202 includes cache controller
212 and architectural controller 214. Operations are distinguished as
"cache" or "ar cAreasdingrtgl anogise aspach 9 thegivontione eere pe peaviidadsa anethathalll ed by
cache cont ol . . r . 212 perforns_operations on
cache 216.éxiféﬁ#1§§éﬁt&?1§{&g8%@lrhé ?gsgés}ﬁggée?&ﬁag%dﬂ@ architectural controller
214 and are seeperfirmigcbachceuhé opératio? fot B storags tumit: fortligopat af amisragh third
unit, noncacheable controller 218, is also contained within cache

cont r ol | ersystem inNsache prarralisr eenmeptsd fqthe sfosagednife fusthey pchidiigint er part to

cache controll e - [ -] i ons.
Wher eas cache c%eg%%ﬁé?&%?cﬁ%ﬁgﬁégb%a@h%%5%2‘?@% ie‘?)trllﬁs%{1 é%{er ggt% ggu%p %{: g{::he
menory | ocfahctions] umicsafacisatype eachrdpecdting in fdr8lldl anitiie thexaclecompretlat; i ons
directed at nennrg | ocations which do ngt map.to cache 216. It iﬁ'

advant ageous, fR§fF QrRInARIY ICREREPREEAORS 85 2 SRFAnd &¥ps Withineongqf a plyralitegf par ¢
of the sysfasdRITRAYs &% MBE@B@%%Q&?O[}&%&@ AR WhKinRRe BhdneicBRTo11drOT
exanpl e, by nmenory mapped devi'ces. Wiile cache controller 212 operates on
full cacheandl ocks, noncacheabl e controller 218 operates on snmaller nenory

segnents, typically.less. than 8-16 hyte reqver, noncacheabl e..controll er
38 does not st BFENRE SEeNGCETERR 00 LE TR BPES s PERE BT COMRLE"BE Gat o
handl ed W fyRétiorfaPamies Rld@ackOEiteatRne fidickiona valte typi cally those operations

which read or wite values to nenory |ocations, and therefore may change or

retrieve the vavherewsthganlarality af fwiienal (vaiaof dhe fiRé imenandythepdpmlitbpt are
defined as i LU ' , [ operations, architectural
operationsmgéﬁgpgﬁﬁ%”ggk%%%Bé%g%%gﬁfﬁ%ﬁbééﬁgﬁgﬁgﬁata in a nenory | ocation
An archi t ect ur aperfpsiirgd atdeasiaypontivreof dueh dathitedtarabopérfticr ntdataceidiiinahe Wi t hi n

t he cache hierarchy, change the status of data in a particular nenory

| ocat i on, PragepRipihbarpiecsrakeoniraler conrled tRyheviaragediiti t ect ur al

operati ons gen i : 1.0l

menory Iocatiogfﬁ%g%ﬁgggSﬁ%ggfgﬁgﬁhgugg%}fé%ﬂﬁggggg%ga%gggégfﬂ%ﬁ”&%&?
conpri se tineeltmngestbenaino mpparemntfin tdpefolowmgdlesilbé etritteg desveipsipat em cache.
Wthin the conplete set of operations supported by a given processor, cache
operations may not derive fromthe portion of the instruction set which is
nost frequently executed and/or consune the largest majority of processor
- 11 cycles. However, disregarding instructions directed to other
functional units within the processor, such as the floating point, fixed
poi nt, or branch units, cache operations are, collectively, executed nost
often and utilize the |argest neasure of tine. The remai ning operations
affecting a system cache--those enpl oyed for cache nanagenent, operating
syst em managenent, page managenent, and synchroni zation, etc.are |ayered
out and supported by architectural controller 214. Virtually all processor
architectures support such operations, which axe utilized in real tine
operation nuch less frequently than cache operations. Additionally,

i ndi vi dual operations anong the architectural operations are generally

i npl enented, if at all, in substantially divergent manners for different
processors of interest. Processor-side architectural operations pass

t hrough architectural controller 214 to systembus 210 and affects cache
controller 212 as apparent systenside architectural operations.



D fferent designs may vary the set of operations supported by the cache
controller and, by default, the renmaining operations |ayered for support by
the architectural controller. However, increasing the nunber of operations
supported by the cache controller increases the conplexity of |ogic
required. Additionally, if instructions selected for support by the cache
controll er are not supported by all protessors of interest, the cache
controller design loses its direct transferability to new control | er

designs. Wiile certain o d nl th within controller
202--that is, through Bﬁ@?ﬁﬁé’égﬁﬁfﬁ% % Wﬁ’@sa or cache
controller 212--other operatlons are spllt and pass down both pat hs. Cache
controller t hr ough [ n.which Qp eratiqns initiated
at interface %B QﬁéF&te §a “&E nsge%ﬁe ﬁgeng EaEEErﬁﬁlﬁg oﬁ§$aﬁﬁﬁﬁs
initiat eﬁnuentnonrd:aeeséexqmtdmluae ther egpendedecib&imsan dhe nnseade?20.

Because a t r L € in b | er
202, busf %gﬁgaggwgﬁgggn %%3% 6%0 %&%#%? §? ﬁ%yerggmh%ﬁé qq?% ggLerlc
i nt erfac@bjﬁqps bendefadmnttaﬂe@aéh@r@oﬁt rvllﬂ-ér beEr, he cwnderstipall by
control ':E‘éf@ﬂ-éncé”dtao”‘E%he%@l%%%tgf oljbeniZk8 JBHEripREBHI 2GRS 220- 230

conpri se, generlc protocqgl interfaces™to bus interface units 204 and 208

whi ch arbllugtrablieet SMbiRent eWhaBt %83chi RcCOrdMRFtdpaciwikh Hhiss
decouplegcbbﬁpgﬁshﬁg aQawqag@q whetbednl:er 212 fromthe specific protocols
of bus 206 and bus 210, allowi ng the' design for cache controller 212 to be
reused. Bus interface units 204 and 208 are responsi ble for managi ng
transactions BEhgupeotlocdeésitosbas dif gurbeeestiony bags 24, 1mpamieanttiemg t he
speci fi r t t t t 0- 230.
By ompl OYTh HenRene SAREFbELEE A6 R, OF MoccalBROlen B BEEIRERT
control |embod@igen1of &he EI@S§m§ n@@b@t@dntrontspeC|f|c bus archltectures
and may be readily duplicated. In contrast to traditional cache
controllers, cache controller 212 may thus be inpl emented_in a manner

i ndependent oFignzet doipuaeklook %%EEQ#@‘D & FeFden §opkrplig . dasd gn
operati ofif. AdIHESUGA thache RREkairedNSerbd ikt abed e t ARG ONS on

ei ther bus 206,or bus 210, only certain bus transactions will pronpt a
response"WERFACRache controller 212. In a preferred enbodi ment, cache
controller 212 only - 13 responds to instruction fetch operations

;| FETCH), L eration an E r nd 1.0 READ
operat| ons, O\?%‘?E Spe?atcﬁ%ﬁlcggnd ra%?(a%h%rfg%éﬁ;%}jon he
results cnn‘substantl abhyasihealbliel edndesildrr; egndr buennstéoﬁacac hma.ts
controllggyg12. %flt&%lﬁ%‘iomﬁl 1231080 a2 3V 0l BN Gnk B TRl Bl AR Of
overl ayi ng the irregular (semantically and tenporally) architectura
operatloﬂ%nﬁnﬂfcﬁgﬁepoﬁéﬁ i dmyenfientur den of responding to the
architectural operations is renoved frontthe design of cache controller 212
and placed in_architectural cantraoll o operati ons handl ed
by cache conthgPEF IisaPepgﬁﬁﬁoFFEdcﬁf 8v5?9t58§i§ ﬁ&g BPocessor of
interest in substantially the sanme form Only m nor dlfferences in specific
i npl ementati on, from which cache controller 212 in the present invention is
decoupl ed by generic interfaces 220 and 222, distinguish conparable
instructions for different processors of interest. By |layering selected
cache and architectural functions, and inplenmenting generic interfaces to
bus interface units 204 and 208, a large portion of the overall design of
controller 202 may be directly transferred to new i npl enentati ons. The
cache controller logic my be reused without ntdification for cache
operations. New sleeves of logic for the bus interface units may be easily
i npl enented for handling new bus protocols and converting the generic
protocol interfaces 220-230 of cache, architectural, and noncacheabl e
controllers 212, 214, and 218 to interfaces for bus 206 and bus 210. The
nost significant effort for inplenenting a design supporting a different

processor is required by the architectural - 14 controller. 1ndividual
design of the logic supporting the architectural operations is required in
any case since prccessor architectures vary dramatically. Overall, however,

a significant savings in design effort for different processors may be
achi eved since only the semantics of operations handl ed by architectural
controller 214 wll change .
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By -l ayering cache and architectural functions, |limting cache controller
212 to responding to a few fundanental operations, the cache controller
logic is greatly streanmlined and sinplified. In addition, the architectural
controller logic is also sinplified since, by separating the two classes of
operations, issues of |nterrelat|onsh|ps bet ween operations in different

cl asses are eliminated. The cache and8architectural controllers nay be
designed as individual units. Wth reference nowto Figure 3, an additional
view of the caphes £08S rPESERIPTRORAGRERRE CPRAPEERED CEMBEDEMBNE | Nnterface
units within a controller in accordance with the preferred enbodi nent of
the present invention is depicted. Additional details depicting various

techni ques foridlayesfidigeee iow @t eakl £1g2dds, rmf&amhgabtgcqgatrrwhlt@r 216,
and bus interface unifs 204 g nd 20 are_shown.. Fromt he procgssor si de,

cache cOftYTHFEr® 2t2 EpePaee 13 RIS IS 67Tt $BRSSmRRRAD
oper at i omnisth aand:aWRieTEoonmca]tlmsieslm rinc bicawrtiahck wpehahi prefareed

consi der S ial_ca pe i n r I in
substantﬁﬁé%lﬁgﬁi a %%hne ggéggghe;ﬁkéggﬁggeg% |g%2&%$ﬁ$ge |nP3FFaces
f or REA@mmﬁmmssmmmbOO nrayf asetuderonly TE oivaybe |m0haserbee'n

L 2ia ?ace%sgyg ﬁ@em6%€g€%3é¥fso ﬁégp?”%@@% ace Jﬂ?%fég4 érthe

generlc | etween c us inter
di vi ded nlmzzﬁlsw @b REPEL FFOLDs: 6h6§@9$%rpmﬁ§%dsymmuésu 8ROWBt ch)

oper ati of}s {1 %RamPLd dEPIc80dc, ﬁﬁgcéagég 1oz mTEeO@eé &PBEadf4a and
304b. Wthin bus |nterfape unit he ontroIIe ¢tiona
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controller is a unified queue 314 of operations managed by a single control
unit 316. Although this structure is better suited for noncacheabl e
controller 218, those skilled in the art will recognize that it can be

enpl oyed in other units in controller 202 dependi ng on circunstances-
specific to the inplenentation. In the depicted exanple, queue 314 receives
operations frombus interface unit 204. The operations are placed into
gueue 3l 6 and passed to systembus interface unit 208 under the control of
control logic 316. The capacity oL a queuing structure such as that
depicted is dependent on the nunber of positions within the queue. The
addition or renoval of positions within a queue is typically a
straightforward process, allow ng easy alteration of the queue structure
capaC|ty Such queues are typlcally nDst advantageous |n t he propagatlon of
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21 2, architectural controller 214, to propagate operations from system bus
21 0 to processor bus 206, or in sone conbination thereof. The utilization
of queues and | argely autononmous comuni cating functional units within the
vari ous major conmponents of controller 202 greatly sinplifies the task of
removi ng or addi ng resources to produce a new controller with differing
pricel/ performance characteristics. Ina&ddition, use of such regular
structures to handl e operati ons eases the difficulty of achieving high
frequenc | er deSJ J din g r..overall _performance. For
exanpl e, ﬁ éxf’?gﬁﬁlay |nJT) g’?act% ﬁn E:‘%% %cﬁer?tor rraﬁﬁ%--cpfcer?e S ze-i s
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st or age whiilef dowemgbpar R18f maysther ageifferemt buesache control |l er connected
to the storage unit and performng each cache operation received for data
within the storage system the cache controller including: a first
plurality of F—'aﬁgﬁl ofdd urrrchieeet Witk at $PRCHFlpar BENELIigRE patiftdiid ng

only cachenepsnatkon0fasef Layeredpe; ®is, controller 202 includes
cache controller 212 and architectural controller 214,

Operations are distinguished as "cache" or "architectural"
operations. Only cache operations are handled by cache
controller 212, and only cache controller 212 performs
operations on cache 216. Architectural operations are handled
by architectural controller 214 and are seen by cache

controller 212 as system-side operations.

A third unit, noncacheable controller 218, is also
contained within <cache controller 202. Noncacheable

controller 218 is actually a counterpart to cache controller
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a second plurality of functional units each operating in parallel and
perform ng only cache operations of a second type, wherein the functional
units perform ng only cache operations of the second type operate in
parallel with the functional units perform ng only cache operations of the
first type; an architectural controller coupled to the storage unit and
performng at |least a portion of each-atehitectural operation received for
data within the storage system and nanagi ng | ogi ¢ assi gnl ng cache

operati ong f.th r t.ype. t f nct i onal
units and*® gc Ité glﬁgkr;a?ﬁ:or?sisg }?%e@g%%oondff ééé]t% %ﬁé'rg{; g =28
pl ural i t yca¢h¢ usonitomdllami 232 manﬁﬂeaa:o@acrhm ppgrgysmm cﬂu:ehatadl at

wherein tog.LACRERBH HRld ecrldafgf%@cé;}%afwé'@sh%amrrfﬁe aadardd e

oper ati ons | ng system o aim1l erel
oper at i onc@a¢he gRemAt igpe directeddtopenaryohocat iqne whih ole inef oyt em of

claiml, whesgdre (3B Cache DPARFdriiagows f IfsH r@ﬁ@%rﬂssmow&l e @R 1 on.
5. The cont roLI Lng systemof claiml, wherein the. at |east one functional

uni t per f8fhtH odPy et bpel&t iTiRatfPart i PSt Ehep SYSHAThPRBEYr ifses: a
pluralitynohchchicibaal gudhs meranty fmuzptb@nﬁ&nﬁrdefdm NekARpRkeyr dhyi ty of

Functi onal un| = é)fprégr&gvn:gce on| ythei Qeﬁgtclzc?n oller %QLZ operates on
full cache blocks, noncacheable controller 218 operates on
smaller memory segments, typically less than 8-16 bytes.
Moreover, noncacheable controller 218 does not store data,
while cache controller 212 retains copies of data handled

within cache 216.

Cache operations are typically those operations which
read or write values to memory locations, and therefore may
change or retrieve the value of data in a memory location.
Remaining operations are defined as architectural operations.
Unlike cache operations, architectural operations generally do
not change the value of data in a memory location. An
architectural operation may move the data to a different
location within the cache hierarchy, change the status of data
in a particular memory location, or perform other such
functions. However, architectural operations generally do not
directly alter the value of data within a memory location.

Cache operations, supported by cache controller 212,
comprise the largest majority of operations affecting the
system cache. Within the complete set of operations supported
by a given processor, cache operations may not derive from the
portion of the instruction set which is most £requently
executed and/or consume the largest majority of processor



6. -The controlling systemof claim1, wherein the at |east one functional
unit perform ng only cache operations of a second type further conprises:. a
plurality of functional units, each functional unit within the plurality of
functional units performng only wite operations. 7. The controlling
systemof claiml, wherein the cache controller perfornms each cache
operation on cacheable nmenory addresse$lwi thin the storage system the
controlling systemfurther conprising: a noncacheable controller perform ng
each cache operati on on noncacheabl e nenory addresses, the noncacheabl e
cont r ol | &Y4Gled .udHeyeve tunidlise @ IJreiast s éHGFh@nép‘é%ﬁﬁ:Eﬁ@ tanathgr

control yhidetTRARA Nehihe WithifdeaueyeocBssdhe @ity ald ivlk syEb&ELAL Claim
1, further .conprisin a . bus interface unit connected to the cache

control | &k +Fx cHPtlé‘&uroa’T RERETRI PRI ESNdCRERST VRRF 30D | BRE f or

data w t iollidhe istdiageexpgsuead Gnodtheotosnr @ind ngt sybiemrale clargeit
further conpr|S| a first bus interface unit connected to the cache

cont rol | &F3FNF lé?aﬁ%ﬁﬁtectural controller and receiving operations on
data within the storage system from a processor; and a second bus interface

uni t connecteq. 51 6%%§gf %%&%ﬁgé a%?chQﬁ agcQ* *ngghgoné 8L£er and

receivi ng operatl storag roma sys ém bus.
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operat | O An Al o dhd i N LA SYACRIBnI¥aLEBN] T WD -REOLC Rl ly dohi ! St

us inte ce unlt Connecte e cache confroller arc ltectural
and supported by architectural controller 214 Vlrtually al
processor architectures support such operations, which are
utilized in real time operation much less frequently than
cache operations. additionally, individual operations among
the architectural operations are generally implemented, if at
all, in substantially divergent manners for different
processors of interest. Processor-side architectural
operations pass through architectural controller 214 to systenl
bus 210 and affects cache controller 212 as apparent system-

side architectural operations.

Different designs may vary the set of operations
supported by the cache controller and, by default, the
remaining operations layered for support by the architectural
controller. However, increasing the number of operations
supported by the cache controller increases the complexity of
logic required. Additionally, if instructions selected for
support by the cache controller are not supported by all
processors of interest, the cache controller design loses its

direct transferability to new controller designs.

While certain operations pass down only one path within
controller 202--that is, through architectural controller 214
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controller; and receiving operations on data within the storage system from
a systeem bus at a second bus interface unit connected to the cache
controller and the architectural controller. -21 11. A nethod of
expediting multiple controlling system designs, conprising: performng each
cache operation for a storage unit forngbng part of a storage systemin a
cache controller connected to the storage unit, further including:
perform ng only cache operations of a first type within one of a plurality

of functigpal _upits o firs pe.each operating in _parallel wthin the
cache contFoPPEP SePFaBLEy Gid Cicnd SBSFALiERS BFohobItbna ™ty FAA  hi n
one of a gbwnabotll pathanctCaché contsobier Xl employse acpelsopératigny in -
paral |l el within the_c on ~~and: assd gni Ng .gac | 0 of the
Firet typoebaohe op thacey cobBrefipnd) LETHANAD S IRepRRaR 02200

oper at i ongenghateonal YREPSNSRhel& nierfrgeral k29 oWhilAct PeezRtdenss of

the firstihypeagad the phHeskhbty 22 Upeddidl o UnielshRisitiee SEEPHH taxpe
operate | fnpadhed bad!

Because cache and architectural operations are layered
within controller 202, bus transactions and protocols may also
be layered. That is, generic interfaces may be defined for
cache controller 212, architectural controller 214, and
noncacheable controller 218. Thus, interfaces 220-230
comprise generic protocol interfaces to bus interface units
204 and 208 which are, to the extent possible, not archi-
tecturally specific. This decouples the design for cache
controller 212 from the specific protocols of bus 206 and bus
210, allowing the design for cache controller 212 to be
reused. Bus interface units 204 and 208 are responsible for
managing transactions and protocols to bus 206 and system bus
210, translating the specific bus transactions into the
protocol for generic interfaces 220-230. By employing generic
interfaces for interfaces 220-230, the designs for controllers
212, 214, and 218 are isolated from specific bus architectures

and may be readily duplicated.

In contrast to traditional cache controllers, cache
controller 212 may thus be implemented in a manner independent
of the two buses 206 and 210, responding only to cache
operations. Although such cache operations are initiated by
transactions on either bus 206 or bus 210, only certain bus
transactions will prompt a response within cache controller
212, In a preferred embodiment, cache controller 212 only



performng at |east a portion of each architectural operation for data
"W thin the storage unit in an architectural controller coupled to the
storage unit. 12. The method of claim 11, wherein the step of performng

each cache operation for a storage unit formng part of a storage systemin

a cache controller connected to the storage unit further conprises:
perform ng instruction fetch, read anpdite operations in the cache

controller. 13. The method of claim 11, wherein the step of performng only

cache operespondsoft@ fidstriypeom thiat Joeast 108 f upstieng ‘;\E:Q of
first type wwthin the cache controller further conpriseS: perfor

a
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oper at i on®PSF A he | BRETE o MR 1@ ONSn 91 uhne R0 heahdr sto t READ 14.
The net hasbedattions) 1ARITHE bRt attions!, eRnd H2IdieN B %‘ﬁdbﬁ@c&s g)ulgi fst

' f flost t thin at |east ope functjonal unit of 3
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by avoiding the usual practice of overlaying the highly
irregular (semantically and temporally) architectural
operations and cache operations. The burden of responding to
the architectural operations is removed from the design of
cache controller 212 and placed in architectural controller
I 214. -

The cache operations handled by cache controller 212 are
supported by every commercial processor of interest in
substantially the same form. Only minor differences in
specific implementation, from which cache controller 212 in
the present invention is decoupled by generic interfaces 220
and 222, distinguish comparable instructions for different
processors of interest.

By layering selected cache and architectural functions,
and implementing generic interfaces to bus interface units 204
and 208, a large portion of the overall design of controller
202 may be directly transferred to new implementations. The
cache controller logic may be reused without mcdification for
cache operations. New sleeves of logic for the bus interface
units may be easily implemented for handling new bus protocols
and converting the generic protocol interfaces 220-230 of
cache, architectural, and noncacheable controllers 212, 214,
and 218 to interfaces for bus 206 and bus 210. The most
significant effort for implementing a design supporting a
different processor is required by the architectural

-22
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15. - The method of claim1l, wherein the step of performng only cache

‘ operations of a first type within at |least one functional unit of a first
type within the cache controller further conprises: performng only read
operations within any of a plurality of functional units of the first type.
16. The method of claim1l, wherein the step of performng only cache
operations of a second type within at Léast one functional unit of a second
type within the cache controller further conprises: performng only wite

tion ithin an f lurali of functional units of the second
?Sg;é ?;éﬁ#&?%@fﬁ%dyo&Q§iﬂidﬁél @t nOt hEhst dpdde prHroInt ing eabb cache
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and per f ¢ nisigrifhcaric hesepéngsi oinon dayigagh@?ﬂﬂc&-trrermn/ g&lﬂf%@ﬁt;’“ thin
a noncac&g&Q@ SORE T I yaNC k unj f | eue _for pendi ng operations
a control uniQté manag?rlr?J i he u'lrilllH P’ggegueﬁiergéei&o%e fho e'B?nEfg‘&?m‘ig,
further<ﬂ9ﬁﬁqgﬁqﬁﬁ handled by architectural controller 214 will
change.

By layering cache and architectural functions, limiting
cache controller 212 to responding to a few fundamental
operations, the cache controller logic is greatly streamlined
and simplified. In addition, the architectural controller
logic is also simplified since, by separating the two classes
of operations, issues of interrelationships between operations
in different classes are eliminated. The cache and archi-
tectural controllers may be designed as individual units.

With reference now to Figure 3, an additional view of the
cache controller, noncacheable controller, and bus interface
units within a controller in accordance with the preferred
embodiment of the present invention is depicted. Additional
details depicting various techniques for layering cache
controller 212, noncacheable controller 216, and bus interface
units 204 and 208 are shown.

From the processor side, cache controller 212 operates on
instruction fetch operations, READ operations, and WRITE
operations. Instruction fetch operations are considered a
special case of READ operations and are handled in
substantially the same manner as other READ operations. Three
interfaces for READ operations and two interfaces for WRITE
operations have been arbitrarily selected for the exemplary



receiving operations on data within the storage systemat a bus interface

+ unit connected to the cache controller and the architectural controller.
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204 and 208 and cache controller 212, architectural controller
214, and noncacheable controller 218.

Separate logic (not shown) manages the interaction
between functional units 306a-306c, 308a-308b, 310a-310c, and
312a-312b. In particular, the managing 1logic assigns
operations of a given type (e.g. a READ operation) to a
particular functional unit, such as functional unit 310b, for
processing that operation. A variety of well-known methods
(fixed encoding, random, etc.) may be employed for this
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10 purpose. Interaction between functional units is kept to an
absolute minimum to providé modularity and aid in managing
complexity. Often, but not in all cases, the only necessary
interaction between functional units is the communication of
an "in-use" indication in order to allow the managing logic to
determine which functional units are available when allocating
a functional unit to a new operation. Reducing communication
between functional units also substantially reduces the
complexity of and required interlock logic and allows for
higher frequency clock designs.

In addition to the autonomous functional unit structure
depicted for cache controller 212, another structure often
appropriate for managing operations with the cache controller
is a unified queue 314 of operations managed by a single
control unit 316. Although this structure is better suited
for noncacheable controller 218, those skilled in the art will
recognize that it can be employed in other units in controller

202 depending on circumstances specific to the implementation.

In the depicted example, queue 314 receives operations
from bus interface unit 204. The operations are placed into
queue 316 and passed to system bus interface unit 208 under
the control of control logic 316. The capacity of a queuing
structure such as that depicted is dependent on the number of
positions within the queue. The addition or removal of
positions within a queue is typically a straightforward
process, allowing easy alteration of the queue structure
capacity. Such queues are typically most advantageous in the
propagation of single beat WRITE operations frcm the processor
to the system bus, although those skilled in the art will
recognize that queues may be both employed in cache controller
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212, architectural controller 214, to propagate operations
from system bus 210 to processor bus 206, or in some combin-
ation thereof.

The wutilization of queues and 1largely autonomous
communicating functional units within the various major
components of controller 202 greatly simplifies the task of
removing or adding resources to produce a new controller with
differing price/performance characteristics. In addition, use
of such regular structures to handle operations eases the
difficulty of achieving high frequency controller designs,
leading to greater overall performance. For example, an
extremely important factor in cache performance--cache size--
is easily changed to suit any particular price/performance
goal due to the regular nature of the cache data array.

Queues and communicating functional units are not the
only structures which may be utilized within cache controller
212, architectural controller 214, and noncacheable controller
218 to achieve the desired ease of replication or removal.
Other structures known in the art may be also be suitably
employed.

The present invention layers cache and architectural
specific functions within a controller to permit the required
logic to be reduced to functional units or queue structures
which may be easily replicated or removed. Thus, a particular
controller design may be readily modified to improve
performance or decrease costs, dependirng on the commercial
circumstances. The division of functional logic into such
easily reproducible and additive modular segments would not be
possible without layering cache and architectural functions.
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invention are straightforward and present a much lower
obstacle than prior art approaches to producing multiple
designs. The reduction in complexity also allows higher
frequency designs to be achieved, improving the performance of

every design within the family.

While the invention has been particularly shown and
described with reference to a preferred embodiment, it will be
understood by those skilled in the art that various changes in
form and detail may be made therein without departing from the

spirit and scope of the invention.
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CLAIMS:

1. A controlling system, comprising:

a storage unit forming part of a storage system,;

a cache controller connected to the storage unit and performing each cache
operation received for data within the storage system, the cache controller including:

a first plurality of functional units each operating in parallel and performing
only cache operations of a first type; and

a second plurality of functional units each operating in parallel and performing
only cache operations of a second type, wherein the functional units performing only
cache operations of the second type operate in parallel with the functienal units
performing only cache operations of the first type;

an architectural controller coupled to the storage unit and performing at least a
portion of each architectural operation received for data within the storage system; and

managing logic assigning cache operations of the first type to one of the first
plurality of functional units and cache operations of the second type to one of the

second plurality of functional units.

2. The controlling system of claim 1, wherein the cache controller performs

instruction fetch, read and write operations.

3. The controlling system of claim 1, wherein the cache operation of a first type is

a read operation.

4. The controlling system of claim 1, wherein the cache operation of a first type is

a write operation.

5. The controlling system of claim 1, wherein the at least one functional unit
performing only cache operations of a first type further comprises:
a plurality of functional units, each functional unit within the plurality of

functional units performing only read operations.
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10% & () cache operation on cacheable memory addresses within the storage system, the
controlling system further comprising:
a noncacheable controller performing each cache operation on noncacheable
memory addresses, the noncacheable controller including:
a unified queue for pending operations; and -

a control unit managing the unified queue.

8. The controlling system of claim 1, further comprising;:

a bus interface unit connected to the cache controller and the architectural
controller and receiving operations for data within the storage system.
9. The controlling system of claim 1, further comprising:

a first bus interface unit connected to the cache controller and the architectural
controller and receiving operations on data within the storage system from a processor;
and

a second bus interface unit connected to the cache controller and the
architectural controller and receiving operations on data within the storage system from

a system bus.

10. The controlling system of claim 1, further comprising;

receiving operations on data within the storage system from a processor at a
first bus interface unit connected to the cache controller and the architectural
controller; and

receiving operations on data within the storage system from a system bus at a
second bus interface unit connected to the cache controller and the architectural

controller.
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assigning cache operations of the first type to one of the first plurality of
functional units and cache operations functional units, -
wherein the plurality of functional units of the first type and the plurality of
functional units of the second type operate in parallel; and
performing at least a portion of each architectural operation for data within the

storage unit in an architectural controller coupled to the storage unit.

12. The fitethod of claim 11, wherein the step of performing each cache operation
for a storage unit forming part of a storage system in a cache controller connected to
the storage unit further comprises:

performing instruction fetch, read and write operations in the cache controller.

13.  The method of claim 11, wherein the step of performing only cache operations
of a first type within at least one functional unit of a first type within the cache
controller further comprises:

performing read operations within the at least one functional unit of the first

type.

14. The method of claim 11, wherein the step of performing only cache operations
of a first type within at least one functional unit of a first type within the cache
controller further comprises:

performing write operations within the at least one functional unit of the first

type.
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15.  The method of claim 11, wherein the step of performing only cache operations
of a first type within at least one functional unit of a first type within the cache
controller further comprises:

performing only read operations within any of a plurality of functional units of

the first type.

16. The method of claim 11, wherein the step of performing only cache operations
of a second type within at least one functional unit of a second type within the cache
controller further comprises:

performing only write operations within any of a plurality of functional units of

the second type.

17. The method of claim 11, wherein the step of performing each cache operation
for a storage unit forming part of a storage system in a cache controller connected to
the storage unit further comprises:

performing each cache operation on cacheable memory addresses within the
cache controller; and

performing each cache operation on noncacheable memory addresses within a
noncacheable controller including a unified queue for pending operations a control unit

managing the unified queue.

18. The method of claim 11, further comprising:
receiving operations on data within the storage system at a bus interface unit

connected to the cache controller and the architectural controller.



