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METHOD OF LAYERING CACHE AND ARCHITECTURAL
SPECIFIC FUNCTIONS

BACKGROUND OF THE INVENTION

1.  Technical Field:

The present invention relates in general to cache
controllers 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 controller to improve performance and simplify



cache coentrollers which |ayer cache and architectural specific functions.

Still nmore particularly, the present invention relates to | ayering cache
and architectural specific functions within a controller to inprove
performance and sinplify - 2-

desi gn. 2. Description of the Related Art: Dat a processing

systenms which utilize a level two (L2) cgche typically include a cache
controller for managi ng transactions affecting the cache. Such cache
controllers are conventionally inplenented on a functional |evel, as
depicted in Figure 3. For exanple, a cache controller 302 may include |ogic
304 for maintaining the cache directory, logic 306 for inplenenting a | east
recently used (LRU) replacenent policy, logic for nmanagi ng rel oad buffers
308, and |l ogic for managi ng store-back buffers 310. In traditional

i npl ement at i o@esighe cache is generally very visible to these and ot her
architect- ural functions typically required for cache controllers, wth
the result that cache controller desi gns are specific to a particular
processors suéh asPtRFiPSHER g& PEFF], or the x86 family of
processors. The prior art approach i nposes stringent and conplex

geSI gn requrb [errenhllsaw ﬂzllaeegg oé;}ste;%mbm%fénle%%uw a 1&%@ g%lt g
for i vor 71 CaER eﬁgﬁsﬁ%i%eeaﬁ Iy Sperins coarebily (B BRRnel ) o1
the design. |trapererismsdasiedtyng thedasher ¢ Such aadksi Wr;tnq%éeaem of a
cache contr ol lcehvent RnalilgaimplaEreihtedrgn axfuirictional level, as depicted
in Figure 3. For example, a cache controller 302 may include
logic 304 for maintaining the cache directory, logic 306 for
implementing a least recently used (LRU) replacement policy,
logic for managing reload buffers 308, and logic for managing
store-back buffers 310. ":In'traditional implementations, the
cache is generally very visible to these and other architect-
ural functions typically required for cache controllers, with
the result that cache controller designs are specific to a
particular processors such as the PowerPC™, Alpha™, or the x86
family of processors.

‘The prior art approach imposes stringent and complex
desigjiri' requirements on the controller implementation. The
maximum frequency obtainable is limited by the interlocks
required. Testirig and formal verification of the design may
be frustrated by the complexity of the design. It would be
desirable,' therefore, to simplify the design of a cache
controller to eliminate such complexities.



SUMMARY: OF THE | NVENTI ON It is therefore one object of the present
i nvention to provide an inproved cache controller for a data processing

system It is another object of the present invention to provide an
i nproved cache controller having |ayered cache and architectural
specific functions. It is yet another object of the prese t
invention to | ayer cache and architectw &l -specific fun tions within a
controller to inprove performance and sinpli y design. The foregoing

objects are achieved as is now descri bed. Cache and architectural specific
functions ar layered within a controller, sinplifying design require
ents. Faster performance may be achi eved and i ndividual segnents of the
overall design may be individually tested and formally verified.
Transition between nenory consi_tency nodels is also facilitated. Different
segnents of the overall designsﬁﬁVuH%°FﬁBP% di stinct integrated
circuits, allowi ng | ess expensive processes to be enpl oyed where suitable.

3a Accor difigié ocd¥R fasBe6he dbfdde Bf e&f&ﬂtprbaaﬁﬁtimnttasﬁctb S
provided a nmethod, gf Iaygélp er%%]o gntr #ge téol %E a L
receiving opeﬁﬁilo I om us at a-bus rmrert c% hi $2% rp 58?35

devi ce withi n8¥S§6®r age hi erarchy; perform ng each cache operation
to be perforned on data within the storage device and received at the bus

interface unit forrfhg 3hotage éid?.\é'c?:eof ‘thd i-és%htcﬁﬂiefn%%ﬁrtdi%lrbvn.&é‘d _
Perf or med-on % aSBRECYS)  GAERSw THHTTOLLE: STBVANE dBVRERS arfheieccrOtd at
per fornmed on a Wi ce a

t he bus i nt er farckitestunads spreifiofagstiendce in a second controller unit;

It is yet another object of the present invention to
layer cache and architectural speciflc functions within a .
controller to improve performance and simplify design.

The foregoing objects are achieved as is now described. .
Cache and architectural specific functions are layered within
a controller, simplifying design requirements. Faster
performance may be achieved and individual segments of the
overall design may be individually tested and formally
verified. Transition between memory consistency models is
also “facilitated. Different segments of the overall design
may be implemented in distinct integrated circuits, allowing
less expensive processes to be employed where suitable.

The above as well as additional objects, features, and

advantages of the present invention will become apparent in
the following detailed written description.

|||iiiiﬂ’i‘ii|TuTi‘ uﬂi



wherei n.the step of perform ng cache operations received at the bus
interface unit for the storage device in the first controller unit further
conprises performng instruction fetch, load, wite, read and snoop
operations in the first controller unit; wherein the step of
perfom ng at | east a portion of each architectural operation received at
the bus interface unit for the storage-unit in the second controller unit
further conprises perform ng cache managenent, nenory nanagemnent, operating
syst em managenent, and synchroni zati on operations in the second controller
unit. Aecordi ng to another aspect of the present invention there is
provided a controller, conprising: a bus interface unit receiving
operations froma bus for a storage device within a storage hierarchy;

a first controller unit within the storage device perform ng each cache
operation to be perforned BRAEFaPESGRIRTIANt O THEOPRAJENGEVi ce and received at
the bus interface unit for the storage device; and a second

controller unit WI nEbSlStfé&%?reg *eclq_egggf oc{}g&?gtﬂlgts_gstog qg{tl on of

each architectural operation orned on ne or data Wi thin

t he storage déQY%%tlél’i‘daF%ﬁﬁtvgﬁr%# "L“hEh?J&EP?’Fﬂeér erimsniTher dpvenelan or age
‘devi ce; itsebieriwwevehe &srwdll ast nopreferanit mydy fodr wBe| NShxrtistrt 0N

fetch |oad, %bgsccéeaaﬁ 2R PAGEs OPRERIJEONG11 P Bhst be und&‘f'ﬁfc%d‘ﬁ:h

second controll .nlt erf he. ma nagene
" operating systg &‘e n(f%?;'ﬁgﬁ’?%m%gg?%geﬁ NE%?%’%IHP&E; Man
3b éé%ﬁn?glfre ombpRLBeRR EhemstRast 1f qoRduRAtdSEnteithy dths on
there is pr,ovadednpzanylmghﬁﬂamifng‘sayehengxmperat| ons in a storage device
within a data processing system storage hi er ar chy, corrpri si ng:

recei ving operations fro essor. first bus interface unit. for the
st orage devi ce; Figor Trggg’ ?‘ﬂg 088€ ?’Eﬂ%sﬂ’b‘-’ms&’sé:??té ag?fge'bﬁ ed; second
bus int erfaceW&hhta honshared cochgecoftiriodber- design in pegongapcagwitdela cache
operation to peeperded eRbodimstai aEWchdigresbft Sinvengortievi ce and received at
the first and second bus interface units in a first controller unit wthin
t he storage device;, and erforming at | east a portiqgn of each
archi t ect ural oper%ix@‘ﬁﬁ th B8 p%r%&Pﬁﬁd d&ﬁgﬁﬂ afht & reAEREgdwi4anhe t he

st orage devi ceocnkxbllerecdesignaintdurdridaste whth scporfdrived embodifente afnits in
a second cont Eﬁé|ﬁn§é&tt imbddt ibr;hangt or age devi ce; wherein the
step of perform ng each cache operation received at the first and second
bus interface units in the first controller unit within_the_storage device
further conprises P8 i MRPIRNS PoRELN 2&F cPRthec COrEOIdSEr SoFiEts
correspondi ng to cache operations in the first controller unit;
wherein the step of performng at |east a portion of each architectural
operation received at the first and second bus interface units in the
second controller unit within the storage device further conprises

perform ng cache nmanagenent, nenory nanagenent, operating system
managenent, and synchroni zati on operations in the second controller unit.
The above as well as additional objects, features, and advantages of the
present invention will becone apparent in the followng detailed witten
descri ption.




BRI-EF DESCRI PTI ON OF THE DRAW NGS The novel features believed
characteristic of the invention are set forth in the appended clains. The

i nvention itself however, as well as a preferred node of use, further

obj ects and advantages thereof, will best be understood by reference to the
follow ng detail ed description of an illustrative enbodi mrent when read in
conjunction with the acconpanying draw ngs, wherein: Figure 1
depicts a data processing systeminplenented with a nonshared cache
controller design in accordance with a preferred enbodi nent of the present

I nvention; Figure 2 is a bl ock diagram of a nonshared cache
controller design in accordance with a preferred enbodi nent of the present
i nvention; and Figure 3 depicts a prior art cache controller design.
-5-

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

With reference now to the figures, and in particular with
reference to Figure 1, a data processing system implemented
with a nonshared cache controller design in accordance with a’
preferred embodiment of the present invention is depicted.
Data processing system 100 may include only a single processor
or may be a symmetric multiprocessor {SMP) system including a
plurality of processors. A single processor system is shown
in the example depicted. Processor 102 may be a superscalar
reduced instruction set computing (RISC) processor including
separate level one instruction .'_fmd data caches 104 and 106
within the processor. A PowerPC™ processor may be utilized
for- processor 102.

i

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 the system depicted, either with a separate L2
cache or sharing L2 cache 108 with processor 102. L2 cache
108 is connected to system bus 110 for data processing system
100. Local memory 112 is also connected to system bus 110, as
is I/0 bus bridge 114. Other devices, such as memory-mapped
graphics adapter 116, may also be connected to system bus 110.
I/0 bus bridge 114 is connected to I/0 bus 118, which may be
connected to a variety of other devices such as local area
network (LAN) adapter 120 and hard disk drive 122,

Those of ordinary skill in the art will appreciate that
the hardware depicted in Figure 1 may vary. For example,
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 example is not meant to imply



DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENT Wth reference now
to the figures, and in particular wwth reference to Figure 1, a data
processi ng systeminpl emented with a nonshared cache controller design in
accordance with a preferred enbodi nent of the present invention is
depicted. Data processing system 100 may include only a single processor or
may be a symmetric nmulti processor (SMP) systemincluding a plurality of
processors. A single processor systemis shown in the exanpl e depicted.
Processor 102 may be a superscal ar reduced instruction set conmputing (Rl SC
processor including separate | evel one instruction and data caches 104 and
106 within the processor. A PowerP(Cerr] 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 the SFShEMFTERLt ed™ibREES wilhla ERFRECH etP2 EBBhePERS¥Haring L2
cache 108 wi t hnpencigssor IA(RartiiZzulachea H38ai promesdoy eshydtermspsédmdrus 110

for data procgssiingi eyt € d08ind1eC HrotBEREY alsl LHSmaka0t88NREsi&kkd O
mnory- mapped SSPERH e BRasris hu thy Breatdl inENe AR, WS v 2 0ent s

110. 1/ 0O bus BRVeRfeiori4mey dgnrtloyedo PO mIempig, &R climreyebetheonnect ed
to a variety gpérbfbimncderf aedatsal proasssdingosystiendhadeingotwo prrdbbssshapt er 120

and hard di sk deh U322 corres on-ﬁllﬂéehé’fca pdinary skill in the art wll
appreciate that the hardware depicteéd in Figure 1 may vary. For exanpl e,

ot her peripheral devices, such as optical disk drive and the |Iike also may
be used in additi Referringptaciiaire (%o Wabdock edikgyiapt ofi. 2 nPhehaxkshi ct ed

exanpl e i s notaBR@NicontPolid®| Mesign in ‘accordance with a preferred
: embodiment of the present invention is illustrated.
Controller 202 is implemented within cache 108 depicted in
Figure 1. Controller 202 includes a bus interface unit (BIU)
204 connected to an upper bus 206 for a processor or a higher
level cache, and a bus interface unit 208 to a lower bus 210,
which may be a system bus or a bus to another cache. Upper
bus 206 and lowexr bus 210 wmay differ; upper bus 206 may be,
for example, a 60X bus, while lower bus 210 may be a different
bus.

“Cache and architectural specific functions within
controller 202 are layered. Thus, controller 202 includes
cache controller 212 and architectural controller 214.
Operations are distinguished ag "cache" or Tarchitectural®
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.

2 third unit, noncacheable controller 218, 1is also
contained within cache controller 202. Noncacheable



architectural imtations with respect to the present invention. In
particular, a data processing systemneed not be |[imted to a single
processor as shown in the depicted exanple to benefit fromthe present

i nvention. The present invention may be enpl oyed, for exanple, to inprove
the performance of a data processing system having two processors, each

with a corresponding L2 cache. Referring to Figure 2, a block diagram
of a nonshared cache controller design in accordance with a preferred
enbodi ment of the present invention is illustrated. Controller 202 is

I mpl enmented within cache 108 depicted in Figure 1. Controller 202 includes
a bus interface unit (BIU) 204 connected to an upper bus 206 for a
processor or a higher |evel cache, and a bus interface unit 208 to a | ower
bus 210, which may be a system bus or a bus to another cache. Upper bus 206
and | ower bus“Z%G“’%?roﬁJf%/érs aghpetlnfs co- arRRprbeto fGChexePiEel 860X bus,
while | ower 2 2h0thay be asigh fHanddes dnly cache opéaahéomnd avhalrekect ur al
speci fic functddas dMnEQbﬂl&Q%ﬁ.Q' hehaPd? kel Sf%on-ghl&’reﬁggﬁrgu er 202
i ncl udes cache nt roI | er 21: ar chi t&ctﬁg; cq:n ;ﬂc_)l I eéleZ er ations
are distingui §H ’C'jéc}'l“a °“Sar ERPTECYarat ““BpéParFon Eache
oper at i ons ar@%@%@?@a@*@m ?%WEPQIQ“W%WQ:@QW“CMM ol l er
212 perforns @peaghe @IS .0NIEatd addhfitadecusl, t £ l:l'éakoﬁpﬁtha%(]i‘ts taosehandl ed

by architect ugﬁnggng_{:lokhgragg_.4 @ﬁdtﬁé&%%&ﬂ Ry g@%e %i%%contro 432 as

system si de operat]on uni L nong, ler 218, is
al so contain n"\ﬁ\cPﬁ?}hle'catﬁ?é’h BGRPFY| Tay; beopbllizedy fQF fexaypde, by

memory mapped devices. While cache controller 212 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 dat;.a,
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 way
change or retrieve the wvalue of data in a memory location.
Cache operations are generally those simple operations which
result from LOAD or STORE instructions, or equivalent
instructions, within a processor. The remaining operations
are defined as architectural operations. Unlike cache
operations, architectural operations are more complicated and
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 functiomns. However, architectural -o'peraticns
generally do not directly alter the value of data within a
memory location. 2An example of an exception is the data cache
block zero (DCBZ) instruction in the PowerPC™ architecture,
which is an architectural operation which alters the values of



control l.er 218 is actually a counterpart to cache controller 212 in that it
al so handl es only cache operations. \Wereas cache controller 212 handl es
cache operations directed at cache nenory | ocations, noncacheabl e
controll er 218 handl es cache operations directed at nenory | ocations which
do not map to cache 216. It is advantageous, for reasons known to those
skilled in the art, to treat part of the:system nenory as noncacheabl e.
Such nenory may be utilized, for exanple, by nmenory mapped devices. Wile
cache controller 212 operates on full cache bl ocks, noncacheable controller
218 operates on snaller menory segnents, typieally |less than 8-16 bytes.

Mor eover, noncacheabl e controller 218 does not store data, while cache
controller 212 retains copies of data handl ed within cache 216. Cache
operations are typically those operations which read or wite values to
menory | ocati dasa ianch meepey dlacatayncbangeache ridfockebasishe val ue of data in
a nenory |l ocation. Cache operations are generally those sinple operations
which result from LOAD or STORE instructions, or equivalent instructions,
within a processor. The renmining operations are defined as architectural
oper ati ons. Un|Gaghe eraratdpopat PURROrtEAc vt eeche akoppreellisrordlzar e nore
conpl i cat ed aadmlgﬁw e/ Tirdedit aReRGRLy Nef Vopdiatabnsahifédt idgMRIRY Y

| ocati on. sggé%]nu RELHEA! WPPRE AU O BR el B oRERe ddh R olibdd A1

| ocation mnthhg cac e -hi er ar t us data 11 a

n e st
particul ar ¥y gPUEﬁtRWGSSPrp Rﬁ"‘%&”%‘h&‘ﬁyf‘fﬂ’fc'fl?’b’n‘ée. fropyfiheyer
ar chi t ect ur al popeicrt | ofis theneaimdtirpctibomosetdi whidh yisl nest t fizequdntdyof data
B“Hh'k” a ”E?Déiéeéx%‘éﬁ | 418,/ oA cﬁifmleetﬁfa aargaga;ep:u;ealtf ébte Q@é@séacﬂe
ock zera ns n r c ich is an

archi tectural %ieeféa't igﬁwﬁéﬁg‘hd& rﬁgﬁ 'gﬂgxggl%?nas 8L LS ol dat a
in a nenory | 568¢ %ﬂ?ﬁ%nu& Eﬁcﬂ%ﬁ#ﬂ%xﬂbeba§?%ﬁss°rt such as the floating

; po:.nt, fixed point, or branch units, cache operat:.ons are,

collectively, executed most often and utilize the largest -
measure of time.

The remaining operations affecting a system cache--those
employed for cache management, operating system management,
page management, and synchronization, etc.--are layered out
and supported by architectural controller 214. Virtually all
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.

Different designs mway vary the set of operations

" gupported 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



Cache operations, supported by cache controller 212, conprise the |argest
maj ority of operations affecting the systemcache. 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 cycles. However,
di sregarding instructions directed to other. functional units within the
processor, such as the floating point, fixed point, or branch units, cache
operations are, collectively, executed nost often and utilize the |argest
measure of tine. The remai ni ng operations affecting a system
cache--those enpl oyed for cache nmanagenent, operating system nmanagenent,
page nmanagenent, and synchroni zation, etc.--are |ayered out and supported
by architectural controller 214. Virtually all processor architectures
support such opmmxicodry, Whe ctrciree cantirpiielr | ary evdt tsyppoypedabiomrlduch

l ess frequent | yrddedRoea e iapefast Plthe Alilid coNMd1Y eri diliiyhdusdeHRREAL | ONS

anong the archyiselutal,opSLatihops gl edensialdyetplagatied. if at all, in
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substantial ly divergent nmanners erent processo I nterest.
Different designs may vary the set of operations supported by the cache
control l er and, bywielautdrtaine operatiunegpape downonsly aner pski evithdpport by
the architect us@le, 90kt BdR ehaEOVEY Shroddif hEaRI tade bl RUHPES1 Al 2RRM ati ons
supported by the cg;%he cont r]ﬁ%l eé #n_cr ases tt%%.corrpl exi ty.g-f Idogl C
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- 9- suppéeun otk rathgecheCadhn contrrllere2lf EMBLEYFO At RS Hthaomgh
processors of dedighestint kAichchsperaittiond | dnitbsiegn asdatetrfadh r eed
transferabilitysfddR8W £ONUJIEE LS| GRBerface 222 ‘while operations

initiated at interface 222 produce a responsive action at
interface 220.

Because cache and architectural operations are layered
within controller 202, bus transactions and protocols may alsp
be layered. That is, generic interfaces may be defined for
cache controller 212, architectural controller -214, and
noncacheable controller 218. Th{.ts, interfaces 220-230
comprise géneric protocol interfaces to bus interface units
204 and 208 which are, to the extent possible, not archi-
tect{ii‘ally 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 intérfaces 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



Whi.l e certain operations pass down only one path within controller
202--that is, through architectural controller 214 or cache controller
212--other operations are split and pass down both paths. Cache controller
212 enmpl oys a pass-through design, in which operations initiated at

I nterface 220 generate a response at interface 222 while operations
initiated at interface 222 produce a respgnsive action at interface 220.
Because cache and architectural operations are layered within controller
202, bus transactions and protocols may al sp be |ayered. That is, generic
interfaces may be defined for cache controller 212, architectural
controller -214, and noncacheable controller 218. Thus, interfaces
220- 230 conprise generic protocol interfaces to bus interface units 204 and
208 which are, to the extent possible, not archi- tectutrally specific.
Thi s decoupl escdrdterodéer @12f way chokcbe dmplapented 2h2a fmagquret hindepeadénc

protocol s of hys 205 apd Bused1QoealdnaNizi@,t RRAsHEsd 3y f&{lycae@ecﬁeﬂérol"er
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transl ati ng tHerangagtions % edthasoys 796 PrAtla RA%pronbt slextaingeweri c
i nterfaces 220:23@acBiorenidyli. pgogpv e i mespohss fwichinf cichentcantaobse?20- 230,
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bus architectures a be readi.l . ntrast_to
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operations. Alifiough §ich GRGHSOPYLAL LS ASal 1Y t sThFfifed design
requirements for cache controller 212. This is accomplished
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 removeci from the design of
cache controller 212 and placed in architectural controller
214.

The cache operations handled by cache controller 212 are
supported by every commercial processor of interest in
subsféntially 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 tc new implementations. The
cache controller logic may be reused without significant
modification for cache operations. New sleeves of logic for



transact.ions on either bus 206 or bus 210, only certain bus transactions
w Il pronpt a response within cache controller 212. 1In a preferred

enbodi ment, cache controller 212 only responds to instruction fetch
operations (I FETCH), LQOAD operations, and WRI TE operati ons on bus 206, and
to READ operations, WRI TE operations, and traditional SNOOPS on bus 210.
This results in substantially sinplifi¥¥d~ design requirenents for cache
controller 212. This is acconplished by avoi ding the usual practice of
overlaying the highly irregular (semantically and tenporally).
architectural operations and cache operations. The burden of responding to
the architectural operations is renoved fromthe design of cache controller
212 and placed in architectural controller 214. The cache operations

handl ed by ca ]ggn. r..212: \RLY qgﬂp | &l . processor
of interest i gﬁgu St %%%%%cf %@gsglﬁgﬁégg%fﬂ, %ﬁ?f;/e m n8§ di f%lgellrugin%rp I n
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ayering selecgte che and _archit. e u iong, _an ment i_ng
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the overal | d88PEER oFURPSKLLRE| 8r dpBfexan; proessasyt iy reawbrad ot &he new
i mpl enent at i oaschittetazaheconttslldrer | Dglicridayl béesisms ed WikehAldgic
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of operations handled by architectural controller 214 will
change.

By layering cache and architectural functions, limiting
cache controller 212 to ffesponding'. 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 wmay be designed as individual units.

Layering cache and architectural functions allows those
operations which are performed most frequently--cache
operations--to be executed as fast as possible. The remaining
architectural operations, which may occur as infrequently as

_ once every 20,000 operations, are layered out handled in the
existing (and necessary}! snoop logic for controller 202.

Layering cache and architectural functions also provides
benefits in designing cache controller 212. In addition to



design supporting a different processor is required by the architectural
controller. I ndi vi dual design of the logic supporting the architectural
operations is required in any case since processor architectures vary
dramatically. Overall, however, a significant savings in design effort for
di fferent processors may be achi eved since only the semantics of operations
handl ed by architectural controller 214 ylJ change. By | ayering
cache and architectural functions, limting cache controller 212 to
responding to a few fundanental operations, the cache controller logic is
greatly streamined and sinplified. |In addition, the architectural .
controller logic is also sinplified since, by separating the tw cl asses of
operations, issues of interrelationships between operations in different

cl asses are elimnated. The cache and archi- tectural controllers may be
desi gned as i meiingdalsle Wi toncentrate dgeigmeffacte candiaphizeat Hyad

functions all %‘@% EHQ§Pu&ﬂQJr&t 'a%nsfa\él@' a8 ﬁé@s:ﬂ@éf OEIE@ddéER.%h for cache
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bei ng abl e to concentrate design efforts on sinply running a few
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controller des cﬁ eneri %ces.
odular approach of the preéent :|.mrent:l.on permlts independent

formal ver:.f:.cation of different units within the overall
design.

Indepgndent vexrification of the cache controller c'tesign
is important since cache controller 212 still contains the LRU
logic and other essential logic discussed earlier. Addition-
ally, bugs are more difficult to locate when contained within
the mainstream path of the design if the mainstream path is
complicated. By layering the more complex logic required for
architectural controller 214 and the logic required for cache
controller 212, the bugs become easier to locate. Moreover,
with the layered design, bugs within the architectural
controller 214 are less likely to impact operation of cache
controller 212, which may continue to operate normally.

Because the complex, dedicated loéic required for

"+ architectural operations is segregated, cache controller 212
may be pipelined and may operate at processor frequency while
architectural controller 214 is run at a much lower fregquency.

In fact, the architectural controller 214 may be implemented
in a separate chip or on a separate die, using a less



Formmal werification attenpts to mathematically prove the operation of a
design. Such formal verification is virtually inpossible with extrenely

| arge, conplicated designs. The nodul ar approach of the present invention
permts independent formal verification of different units within the
overal | design. | ndependent verification of the cache controller
design is inportant since cache controldeg 212 still contains the LRU | ogic

and ot her essential |ogic discussed earlier. Addition- ally, bugs are nore
difficult to | ocate when contained within the mainstream path of the design
if the mainstreampath is conplieated. By layering the nore conplex |ogic
required for architectural controller 214 and the logic required for cache
control l er 212, the bugs becone easier to | ocate. Mreover, with the

| ayered design, bugs within the architectural controller 214 are |ess

li kely to inpeexpegisérvatpxaresis.cache controller 212, which may continue to
operate nornmally. Because the conpl ex, dedicated logic required for

architectural operat QDS S ,S80LE93 ega?&%%hg%%gg%g%gt%gagﬁ JBY. ke
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devi ce wi t hi n 3Xter aply Hiher gsepptial logic. perforni ng each cache operation
to be perfornmed on data within the storage devi ce and received at the bus

interface unit for p&t}a&i ae&lééeeac (e Shr OB SRl otk 1 0B
perform ng at |east . a eac arc ura ation to b
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t he bus int er finareases tm compladitygefdehe clodie yegeixadd andhtimprits unit;
wherein the stgipedfinprsf ahdi ffe@iaRe HIEKHL | €HS doRecbyRtralilerhaobils.
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t he bus int erf@&gleuabﬁtfﬁletzhe storage unit in the second controller unit
further conprises performng cache management, nenory managenent, operating

system
y Layering cache and architectural allows pipelining of

cache operations, and simplifies design requirements by
eliminating the need for interlocks. Simplifying the design
directly impacts the clock frequency (MHz} which may be
obtained, since more complicated logic requires wore
interlocks,'increasing cycle time.

Layering allows the design to be implemented in simple,
largely autonomous units. Layering also allows cache
controller designs to be more resilient to changing from one
memory consistency model to another. The controller design
may be developed more expeditiously during migration--from one
memory consistency model to another, one processor to another,
or both--by altering the cache and architectural controllers



managenment, and synchroni zati on operations in the second controller unit.
2. A control ler, conprising: a bus interface unit receiving
operations froma bus for a storage device within a storage hierarchy;

a first controller unit within the storage device perform ng each cache
operation to be performed on data within the storage device and received at
the bus interface unit for the storage-deyice; and a second
controller unit within the storage device performng at |east a portion of
each architectural operation to be perfornmed on netadata for data within

t he storage device and received at the bus interface unit for the storage

devi ce; wherein the first controller unit perfornms instruction

fetch, load, wite, read and snoop operations; and wherein the

second controller unit perfornms cache managenent menory managenent,

oper ati ng syst¥peFakatenent, and synchroni zati on operations. 3. The

met hod of claim 1, wherein the step of receiving operations froma bus at a

bus interface unityfofe achl O5AGEnCEM CRaM bl BhrRhieLogeI i BRGRENYndUr t her
conpri ses:

. . . <o .+110.
recei ving operS5cEited PRPIhTERSShO @ Breferred puRodingnty F wcf'lléi ke 1,
wher ei n the stwidessteed oy these gkidiedis Sheoarh that varigusishangescitace
unit for a st dcigeanid\detailindy Be anieotRgRihi withbab\ddparting frempthses:
recei ving oper%tilrg_ Sadd q;goi,esggta;g Q.':‘x%ent{bn. The nethod of claim1,
wherein the stép of recelving operations froma bus at a bus interface
unit for a storage device within a storage hierarchy further conprises:
recei ving operations froma processor at a first bus interface unit for the
storage devi ce; and receiving operations froma systembus at a
second bus interface unit for the storage device. 6. The net hod of
claim1, wherein the step of performng at |east a portion of each
architectural operation received at the bus interface unit for the storage
device in a second controller unit further conprises: performng a
first portion of an architectural operation in the first controller unit,
wherein the first portion of the architectural operation corresponds to a
cache operation; and perform ng a secohd portion of the
architectural operation in the second controller unit 7. The
controller of claim2, wherein the bus interface unit receives operations
froma processor. 8. The controller of claim?2, wherein the bus
interface unit receives operations froma system bus. 9. The
controller of claim2, wherein the bus interface unit conprises a first bus
interface unit receiving operations froma processor for the storage

devi ce, the controller further conprising: a second bus interface
unit receiving operations from system bus for the storage device. 10.
The controller of claim?2, wherein: the first controller unit

perfornms portions of architectual operations which



correspand to a cache operation; and the second controller unit
performs remaining portions of architectural operations. 11. A net hod of
| ayering operations in a storage device within a data processing system
storage hierarchy, conprising:

17 recei ving operations froma processor at a first bus interface
unit for the storage device; recei-vi ng operations froma system
bus at a second bus interface unit for the storage device;

perform ng each cache operation to be performed on data within the storage
device and received at the first and second bus i nterf acehiShdeSHas Beedt REbIESI
controller unit within the storage device; and p ast
a portion of each architectural operation to be performedelmgggrﬂ r
data within the storage device and received at the first a

interface units in a second controll erc%' wi thin the storage device;
wherein the step of perform ng each caché Operation received at the first
and second bus interface units in the first controller unit within the

storage device further conprises, perform ng porti ong of architectural
oper ati ons coﬂrespﬁndﬁé“’f&o Egc W&Pﬁti@%%‘af‘ﬁm?shelf‘i r&t TWTEPSEEEr unit;

wherei n the steppoisjraf ornming at | east a portion of each architectural
operation recei vedpgdfdrinkl £8Eha WhesREOSHE RHSa i fily@kf 8604V LRit he
second control| g unit within t he storage device further conprises

perform ng cache nmanagenent nenory nmanagenent, operating system managenent,
and synchroni zati of® on@hcRitgetw@don PPEEREIRAS erituni®. $ocond "The
met hod of cl aicont#dlleshenit n whiezedt eypevitjpersf eithingsaitd tenistoldepoate on of
each architectigyabe@peration received at the first and second bus interface
units in a second controller unit within the storage device further

conpri ses: perform ng a renmaining portion of architectural

oper ati ons haw-ng borantawd lesy redM3H6Eing: t o cache operations in the second
controller unit. 13.firstTéentwilled ahitc parferhingf dcidiectperafionsi; ngnd
performing each caghe,aneial IRReooLIANCAGREAtkEBRADRy aldiBESERFLLC! ved

at the first and second bus interface units jr}l,a t hi,rd contro_,ILIer unit
within the st @ggathcg{.ﬁ,cew erein operations within said controller are

layered.
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