‘Cache controller and associated.nethod for remapping cache addregs%SBY
FI'RLD:OF THE | NVENTION Thi s invention relhtes to the field of cache '
‘menories for mcroprocessor systems, and particularly to a cache controller

*for an associativ h m_havi ng.a pa pped_nenor
BACKGROUND OF THE%WF%J&“%WEH t@ﬂ%&% ._
performance of a mM-CIQORLQACSSsOr systemis the access tine of system nenory.
Al t hough the speed of sem conductor nenories has i nproved over tine, the

speed of DRAM devi ces has not. kepEIEEDcOB THE' ENVENTIONoOf the processors.

Consequent |y, when executing nost applications, a processor wll experience
nunmerous wait states while systemnenory is accessed. A frequently enpl oyed

of & high. Z-péﬂifcﬁéﬁi'ﬁé"w&ﬁ#&‘%#f&ﬁé%%%ﬁ%@io@%° o mamoTes égg&" |
/ ' [ & Lanifi ' t non- gac
System mhe SEREPREPEEaSLF bvRCals, ?z%&év%?#@}%ﬁéffﬁ?%ﬂy Forrdaler
T . e - ¢
and stored | SOEoSHcaplORLREIVE PIAAHE 1 o Sifeceil WAV BT DA ddiirlad Widhory.

exanple, if an 8K cache is provided, the thirteen |.owest order address bits
of the systemnmenory |ocation to be .

A significant barrier to iﬁpfo#ing the.performance of a
&j’  - 'nicrbproceséof'BYsten is the aeéeis-finq of system memory.
' -Although the'speed of éemieondnctordﬁenories has imp:oved over

- tihe, the spded of DRAM daviéés_has not kept pace with the_sbeed'
;cf thé Processors.. CQniequcntly; ﬁheh exeéﬁﬁinq most
'apéiications, § processor will experience numerous wait states
~while system memory is aecoiidd."g-frcqugntly employed solution
'toithis prcblen:is.the-incor?oration'in the nictobrocossdr systen
©of a high-speed cache ﬁeﬁéry cdnprising SRAM devices. In |
general, a cached system will experience sigﬁificahtly fewer wait

_states than a non-cached system.

The éimﬁlést fornm ot'cache'is éencrillf referred to as a
direct-mapped cache, wherein contents of the systgn memory are
‘retrieved and stored in cache locations having the same low-order
address. For example, if an 8K cache is provided, the thirteen |

lowest order address bits of the sysﬁen'nenory location to be



- _performancé
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retri eveWWa@ /07323 he cache st orage [ocation. A significant 6’(33953”9%“
a direct-rmpped cache is that the cache contents will be overwitten - . .
. whenever .there is an access request to a system nenory | ocation having the .
sane | ow order address but a different high order address. To overcone thi S
~di sadvant age, a set associ ative cache struc%ure s sonetimes used. For:
exanple, with a two-way set associative cache, .the cache nenory is -
physical ly divided into-[err] banks of SRAMs. Thus, a tvvo way set

associ at i ve—eéﬁs%aemghd £AEPEASRe  ¥€0 bar&é.qo % s i gt eved

from system nmenory may be nmapped rnto elthéer -one o anks since the .

two banks adsadvantagedbs! iV\ﬂQrdet-ﬁdﬁpﬁdSeichoMﬂathet hthe i cachie dutitents -
causes a l.east-recently used (LRUy .flag to be set for the corresponding
address i nwidd Molverlwxd.itteiihwheneuetethereeisnag tscdsse:ewlest) tda cache

bank. whose contents were | east recently used, thereby preserving the more
recent |y usystem memorysJiocagiont havéegs'ebebyanﬁelepwrmrasémg& iBE @che

Si gnlflcantly roves ‘the cache rate and thus inproves overall system
M?%"ﬁ' miahoereessgegrsygrens have * enor nous virtual. o

- To overcome this disadvantage, a set associative cache

structure is sometines used. !‘or example, with a two-way set

| associative oache, the cache nenory is physically divided into tu
| banks of sms Thus. a two-way set associative sx cache wou:l.d

- conprise two 41( banks of snm Data retrieved from systen menory o
-nay be napped into eithor one of tho two banks since the two banks

| _have identical 1ow order addresses. A cacho hit in one bank
"canses a 1east recently used (IRU) flag to bo set for . the _.
'corresponding address in the other bank 'rhus, cache writes nay
be directed to tho cache banx whose contents were least recently
used, thercby preserving tho noro recontly used data. for
'.subseqﬁent accesses by the CPU An associative cache o
significantly imprwes the cache hit rate and thus inproves : V

-overall systen pertomance.

| nodern nicroprocessor systens have enormous virtual )
:'"addressing capabilities. . I-‘or exanple . the protected virtual _
:address node of the Intel 386’“‘83 prccessor supports a virtual
nenory of 64 terahytes (245 bytos) nanagenent_ot such a large- -



_édd,r-"-es,s_i-ng ies. For exanple, the protected virtual adgieryusynieses
t he\y rit el err processor supports a virtual nenory of 64 terabytes
(2[err} bytes) Managenent of such-a Iarge WD 92/ 07323

PCT/ US91/ 07599 3 virtual address space is facilitated by an expanded rrermry
system (EM5) such as specified in the Lotus/kntel/Mcrosoft (LIM 40
standard. Under this standard, address space is partitioned into 16K byte
pages that are mapped into t he physi cal address space Use of EMS

oo o TR e S 9% AR Sl prcen
glejﬂo(raln;[aggre ‘?‘bﬁ us he c ntent Pﬁﬁahe cg%e vvhenev (aa%lgﬁgéyppl g 4.0

change i nvagicdndayd. he UriddE s Gtandard)c ddAress dﬁad&QﬁWIttioned into
invention i's to provide a cache controller that overcomes many of the prior
art d| sadvawsagw pagemithine: iare maped it it iphysical address space.

' ' Use of. EMS complicates cache nanagenent since any changcs to the
ms mapping will invalidatp cached data. ‘ro preser_ve cache

~ integrity, prior art systems must either make EMS pages non-

| cacheable and suffer a loss in system pertomnce or flush the

h contents of the cache whenevcr an EMS mpping change invalidates

' the contents. -
One of the ohjects of the presont invention is to provide a
- cache controuer that overcomu many ot the prior art
- disadvantages of cperating in an EMS environment.
(L

e
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SUMVARY WD 92F07323VENTI ON The present i nvent i on provi des a c%@ﬂé@?ﬂﬁs

for a set associative cache that selectively remaps. predetermnned bits of
the cache address so as to confine data froma single menory page to-.a
particul ar bl ock of the cache rrermry When: changi ng ‘a nenory page, only.
‘the particular bl ock of the cache in which data fromthat page nay be .
stored is flushed, thereby preservr ng the femal ni-. ng contents of the cache..

WD 92/ 07323 ' T ~PCT/-US91/ 07599 BRI EF
DESCRI PT] ONOF “THE ™ DRAW NGS Fi STV ' ioP e stu*aw‘o pl ock di’ agram of a
M croprocessor system enbodyi ng the. present Inventron.. Figure 2'is a.

sinmplified func_t i'onal bl ock di agram of a prior art EMVS mapper '
i npl ementation.” Figure 3.is a sinplified.bl ock. .di agr am of . -an- al ternative
“prior art EMS frhppprenpltertanatnlon pFovides4ai tacher eoatrpuer fior samek
mappi ng of a nenory page tgure 514 ustrates "cache- mapgl ng. of -a mermr¥
page . associative cachc at ulectively renaps prede ernined bits o

| -tha eache addrcu 80 as to confino data fren a s:lngle nencry pag.

to a particula: block ot the cache nenory._ When changing a |
- -nenory page, only the particular block of. the cache in which da.ta :

" from that page may be stored is flushed, thereby preserving the

S _renaininq contents of the cache. C ' '_ ' \J .



acqordl ng‘ggg?m p§ esent I nvention. Figure 6 is a logic ci rcwpcwmﬂwsn)r
cache esS mapping of the present invention. WO 92/ 07323

P ] U591/ O7599 6 DETAI LED DESCRI PTION OF THE | NVENTION In the fol |l owi ng
'descrlptlon for purposes of explanation and not linitation, specific
mappi.ngs, bit assignnents, etc. are set fortd in order to prOV|de a

t hor dugh under st andi ng of the present invention. However, it wll be
apparent to one skilled in the art that the. present i nventi on may be
practiced in other enbodi nena PesterTTd IHES DRAWINGS ¢ details. In

ot her instances, detail ed descriptions of we nown aspects of
‘m croprocessor systens are omtted so as to not obscure the description of
the present invention with unnecessary detail. System Overview The present

invention is advaigageodsiis anfunchionala nm&mﬁﬂ@mqqnmese@r

for appllcatlons requiring | ow power consunption and conpact size. such
appl i cat i onsypa:an exhodying dheipresent davantdiononput ers of the. types

'?igurc 2 is a simplified functional block diagran-ot a prior
‘art EMS mapper'inplenentation. . '

_ Figure 3 is a simplified block diagram of an ilternat;ve
"t b:ior art EMS mapper implenentetion.

Figure 4 illustrates prior art cache napping'of_a'nanory'
page. | |
_ Pigufé_s 111ustratgé cache mappihg of a nenéry~page

" according to the present invention.

Figure 6 is a'logic éircuiﬁ diagran for'the'cache'address

mapping of the present invention. .



connonly referred to as | aptops and not ebooks. One enbodi nment of such @
m croprowz;mmm briefly described bel ow, however, it is t o PEI/USAML

that the present invention is not linted to this partlcular nlcroprocessor s
- design, and may be incorporated in virtually any processor -desjgn. SRR
PCr/ US91/.07599 -WD 92/ 07323 7 Referring to Figure 1, a processor systen110

i's shown. System 10 conprises three main processor conponents, designated

" as GENCPU, CENI O and GENVGA. GENCPU i s an 6xpanded cent ral proceSS|ngjunir'
including the CPU 12, a nenory controller 14, a cache controller 16, ISA .
~bus control 1ogic 18 and- I|ne buffers 20. In the descrlbed enbodi nent, CPU
12 is essentially a 38 6 MRk BRI SR § NYONIZGNpor ation, -the
corporate assignee of this i nventi on. Throughout this description,.certain
t erm nol ogy. relatlng to the 386[err] SX CPU, such &as regi ster:names, si gnal -

nomencl ature, etc d t.o descri esent i nventign. Such
termnology is undeFEt 5§¥§P§9Pﬁtﬁ8ﬁ8FgPF%°Pn PF PH*BPS ﬁfc? processor
..desrgn aanﬁiEBa&ESﬁeLﬂﬁenBQt1E§itation, specific mappings, bit '
'aesignnents, etc. are eet torth in order to provide a thorough

understanding of the preeent.invention. Howevor, it will be '

apparent to one skilled in the art that the present. invention nay
”_ be. practiced in other embodimente that depart from: theee epecitic a

s'details. In other-instances, detailed descriptione of well known'd"
'_aepecte of nicroprocessor systono aro onitted 80 as to not |

- obscure the description of the present invontion with unneceeeary

.detail. | |

System Overview |
| The preeent invention ie advantaqeously employed in a

nicroprocessor design optinized for applications requiring low
'power consumption and compact size. Such applications _
particularly include small pereonal computers of the types | "-;:}.

ccmnonly roterred to as laptops and notebooks. ‘One enbodinent of -

such a nicroprocessor is brietly described below: however, it is |
 to be understood that the present invention is not limited to. _
| this particular nicroprocessor design, and may he incorporated in o

_virtually any processor design.



explai ned o 9B herein.  For further information relating PET(H891/07599 -
i i grpal structure of CPU 12, reference is made to the "386[err] SX

‘M crogrocessor Hardware Reference Manual" published by Intel Corporation as
‘publ i cati on ‘nunber 240332 and rel ated publications. GENNOis a single chip

~input/output unit conprising parallel ports 22, dual serial ports 24a, 24b,
‘real time clock unit 26, dual programmable interrupt controllers 28a, 28b,
dual programmable timers 30a, 30b, dual DVA controllers 32a, 32b and nenory

mpper 34.  PGRASSRIARZSRS ¥Ey2007328 GROMEHubE dystedl SocliPatibenn cs

interface conprisiing VGA“graphi Cs, controller video nenory controller

- 38 and i.nt cgystem420f comprikas phree dasn! ﬁ!odéhior%bnﬁ&nﬁhﬁsprcéﬁi ated
units comunicate with one another and with other system conponents (such
as expansi cms SGENCPUkcGBNIOJdandAnGENVGAL, GENEGPUOLBr ahl expanded. central SA

- bus 42 External to the three main conponents of system 10 are system nenory
44, optiongprecessingnunitidneiudipgi thel CPUJ32, nanwepory. contvplienald, a

PAL/ DAC unit 50 provi.des_a video

' cache controller 16, ISA bus control logic 18 and line buffers

In the described embodiﬁsﬁt, CPU 12 is essentially a 386TMsx
CPU manufactured by Intel COrpqration, the ‘corporate assignee of
et ‘this invention.  Throughout this déscription, certain terninplogy
relating to the 386TMsx CPU, such as register names, signal
.nénenclature, etc., is employed to dcscribo-tho-p:otqnt
invention. Such terninoiogy is undcfltoéa_hy practitiohcrs in
‘the field of microprocessor design and will therefore not bo
explained at length herein.  For further information relating to
.the-internal strucfur§ of CPU 12, reference is made té the |
.n386TMsX Microprocessor Hardware Reference Manual® published by
inﬁel.Corporation-as publication number 240332 and related
4;-,. publications. ' '

GENIO is a ;1691; chip input/output unit conprising parﬁllel
ports 22, dual serial ports 24a, 24b, real time clock unit 26,-
dtal programmable interrupt controllers 28a, 28b, dugl |
- programmable timéri-30a, 30b, dualhnua cohtrollers 32;,-32b ind_

" memory mapper 34.



i nterf-ace with a conventional VGA nonitor. Cache Controller. .l nplementation,
Prior art systens that include both a cache nenory and an E

- funct.i orw@e92/01328npl emented in one of two ways. Figure 2 |IP§§?&§$220§39 ;54?
system wherein CPU address bus 102 from CPU 100 is coupled to EMS napper

104. Remapped- addresses on [err] 106 are then provided to both cache -
control-ler 108 and menory controller 110. A systeminplenmented as .
illustrated in Figure 2 has the advantage of being fully cacheable since .
remapped addresses.are provided to.both thé cache controller. and the nénory
controller. However, the system of Figure 2 has the dlsadvantage of

inserting a delﬁmﬁ aginqdaaqm ggaiced Compriksdn VBN s
~ being used and us V\Hﬂeﬁa%}@ %v\%gi- e gE

PCT/ US91/ 9@%&&%&&@&@%,@% enrys dibintrolderais andaintersace
alternative -inplenmentation is illustrated in Figure 3. In this system CPU

- addr ess .byp M5k is Sy prhdbidigplashRinitpper 104 and -t o-cache control | er
.108. Remapped address bus 106-fromthe ENMS mapper is coupled to nmenory

controller 110-as in the systenllllustrated n Flgure 2. The -address path
to the nmenory.
all of the processor units communicate with one another and

with other systen components (such as expansion slots, keyboard

*'controller, disk controllers, etc.) via ISA bus 42.

External to the three nain components ot systen 10 are S S*('
 system nemory 44, optional cache nenory 45 and optional video
memory 48.. An optional nan/nac unit 50 provides a video

'interface-with a conventional.VGA:nonitor. 3

'Prior_artfsystins'that'inclndefbothva°cacheﬁneﬁorY-and.an'
' nns"'napp'ing f'unc'tion-. ﬁa'y- '-b"e'.' 'iﬁﬁxﬁdnud 1:.' o'n'e' 'éf-r-t"ﬁb "waj'rs.- '
"-Figure 2 illustrates a syeten uherein CPU address bus 102 tron ;
- CPU 100 is coupled to~Eus mapper'104. Remapped addresses on bg:;
106 are then.provided to hotn cache controller 108 and memory |
“'oontroller.lld. A systen implenented as illustrated in Figure 2
-has the advantage of being tully cacheable since renapped
- addresses are- provided to both ‘the cache controller and ‘the
-memory oontroller.: However, the systen of. Figure 2 has the _
disadwantage of inserting a delay in the address path to the
- cache controller when EMS is being used and thus will 1ikely-



*control | er WQ 92407823 dentical in both of the systens illustrat EJ’WI’E{L??%?
\de 3. The system of Figure 3 has the advantage of elimnating any wait
states caused by the EMS mapper to cache access requests. However, this:
|nplenentat|on has the di sadvantage of requiring that the cache be fl ushed
whenever EMS is enabl ed, disabled, EMS page ?applng s nodified, or the EMS
regi ster set is changed. This can significanfly degrade cache perfornance.
Yet another -alternative is to nake all EMS-nenory areas non-cacheabl e, but
this |nposes % r r | T sent '
nvent on 1 <oRiBF SR 246 SELASHFE RS LANEELGRNE 1t MERCUFLT
architecture illustrated in Figure 3, but is done.in such a nanner t hat EMS
menmory may be cached w thout sacrificing cache performance. The performance
objective of the RhcaRBernatevé m?unbaﬁe'didﬁomtmmaﬁmuom Figueey3.
that the EMS function will be enabled or disabled relatively infrequently :
and that a highthéscsybstenm,(ORFUt #ddpess bug 202) isfcoupliedrbothSto EM® mapper
92/07323 _ PCT/ US91/ 07599 10 users
use only onel@Wcandgtot cachet conhaeuanemsst Renqnpmll yddreasrbug 306nfrom

t hat reqU|res cache flushlng IS the remap |ng
the EMS mapper 1is coupled to ! Ty controller 110 as in the

: systen illustrated’in Figure 2. ‘The address path to the memory
. conrroller is thus identical in both of the systenms illustrated
in Figures 2 and 3. The system of Figure 3 has the advantage of
eliminating any wait states cauied by the fHS'napper to cache
access requests. Héﬁevcr, this.inplemsntation ﬁas the
.disadvantage of requiring that the cache be rlushed whenever nus
. is enabled, disabled, EMS page mapping is modified, or the EMS
. . register set is changed. This_can signi!icantly degrade cache .1'
perfornancc. Yet énother‘#ltcrnativé is to make all ENMS memory :
' areas non-cacheable, but this 1npeses an even nmore serious |

pertornance penalty.

The-present'invention is ihplémcntt#'géneraily in'accordance_.
‘with the system architecture illustrated in figure 3, but 13 done:
in.ruch a naﬁnér-that ENMS rbmory may be cached without
- sacrificihé cachefpertormanco.'-The'pertornance'objective of the
._ presant invention is based upon two. assumptions, n&noly that the
EMS function will be enabled or disablcd relatively intrequently.
’.and that a high percentage (on the order of 90%) of hardware EMS



an EMS pag'e ~ The cache controller of the present invention- handl es t hi s o
Si tuatlon wing the selective flushing of -the cache’ i np&ftUS¥IOTS99" \,/.’5“
bl ocks, ding to the size of an EMS page, .regardl ess of cache- . -
associ at|V|ty Thus, when and if an EMS page i.s changed, -only that- 16K :
bl ock of . the cache whi ch corresponds to the page being remapped wi | | need

to be flushed, rather than the entire cache as in prior art systens.

| npl enent ation of the present invention map be conceptualized with the ai d
of Figures 4 and 5. Figure 4 di agrarratlcally illustrates the.structure of

a conventional 64K 4-way set ‘associ ative cache. Using a 16 bi t(2 byt e) dat a

2‘5225 " oSk PS'%C @ﬁﬁ% °ﬁ'°m?%§ FeRtraR %52&%&“@}3‘% @%ﬁ%&d“?gﬁm
X W ch%!q
poglntlonal n their respectlve pageg ‘?a retr| ev ﬁ m I oca‘tell(g)qrilll or of

Mai N MEMDigy MG lﬁgd AC ¢ Hathe Cortrtllex: wwmep@‘oaiﬁ finverittion at - the
Iocatlons I ndi cated as X1-X4. Data fromnmain nenory locations Y - X+8K or Z -

= WK (V\ml\ea&lﬂxﬁ a¥tdatidie yarel Yowing they selectival flushimy wt tHe/) -
can be placed into the cache in any one of the four sets-at the |ocations"
desi gnat ecashey|invAEKthyte cblccksommmx@im qmg&mfsimgz mm
random y di stributed throughout
page, regardless ‘of cache aeecciativity. 'l‘hus, when and it an

" '- EMS page ie changed, cnly that 16K block ct the cache which _
B ccrresponds tc the page being renapped will need tc be flushed,

rather than the entira cache as in pricr art eyetene

| '-I.nplémnfatich' of t'he'.-pra"ee_nti inventicnnay '.b’ef'.'--' i

.-co_x;eepti;auua.. vith the aid of .'ni;ur".i ‘4’ and 5. Figure 4

. diagramatically illustrates the structure of accnventional 64K .

. 4~way set: 'ae'ecciati;'vc- cache. Using 'al-'-.l'sz- hit---'(z byte) '-:."';'d'a't.'a \'r'crd' '

: etructure ., each eet of- the cache ccnprieee 8!( word addresses. _
let X epecity a lccaticn in aain nencry and wa lccaticn equal tc
x+1sx so that X and W are in difterent lslt nencry pagee, but at

 the- eane relative pceiticn in their respect:l.ve pages. Data w

) retrieved trcn lccaticn X cr w cf main nenory naY be- placed into :

the cache in any one of the tcur eete at the locations indicated :
.as X1=X4.. Data trcm main nemcry lccaticne Y - x+ax or z - w+sx '
(where Y and Z are in the sane nencry pagee as x and w. .
: respectively) ‘can be placed intc the ‘cache. in any cna cf. the tour
.'eets at the: lccaticne deeignated ae n-u. “Thus,’ data trcn a
aingl_e 16K page of menory may be_ randcnly distributed thrcuthac-.' .



WD 92/ 073230 92/07323 - | PCT/ US91/ PESYSIL/07509
- cgghe structure. Consequently, when a page is remapped, it is necessary to
fl ush-the entire contents of the cache in order to assure the conplete
‘del etion of the old data fromcache nenory and thus insure cache coherency.
‘Referring nowto Figure 5 the nmapping of datja fromnenory into the cache
by the cache controller of the present invention is illustrated. The
i ncom ng addresses to the cache controller are remapped so that all of the

addr esses wi thi [ : | b he
vor g gz_dfe\gsé%&. "R REEadBiner A aNEIYS i dh a pdlle L8 Falipidd oty
pl aced into : ' : : ek OGat § :

% | L A nECE LD S8V nd MnEeLS dont B e T o o

pl aced into gyyaggerel théccotpTeté déFetiontopnchdcoldnaatd groiicadde, memory

Y1'-Y4' and Z1'-Z4', respectively. By this remapping of the incomng .

addr esses t oahdetRaghensaper cathe  coherencyed data froma single 16K page

of main menory will be confined to a contiguous 16K bl ock of the cache,

i.'e., one 2K block of word addresses across each of the four sets. As a
“resul't, when a main nenory page is remapped, it is necessary-onl¥ to flush

the 16K bl ock of Raferming newwbecRigure $yothenmarping REs9pta,izey, pemory

Data from ot her pages stored in th i ni : . :
intoptge-cache.by the gaéﬁgnégﬁggdlle:”of the present invention

is illustrated. The incoming addresses to the cache controller
are remapped so thqt'all of the addrehses within a single 16K -
page are collapsed into a 2K block of cache word addresses. As
' shown, data from location X of a main memory page may be placed .
'inté the cache in any one ot_thc sets at the locations designated
X1'-X4!. Likewise, data trdn locations W, ¥ and Z (as defined
. above) can be placed into any one of the sets at the locations
designated as W1'-W4', Y1'-Y4' and 21'-24', respectively. By
this_remapping-of_the'incdhihg addresses to the_cache contro11er,
all cached data from a single 16K page of main nehory-will be
' éontined to a contiguous 16K block of the cache, i.e., one 2K
. block of_wo:d addresses'across eﬁgh of the four sets. As a
| result, wheﬁ a main nenary'page is remapped, it is necessary only
to flush the 16K block of the cache in which data from that page
h#g_béen stored. bata from other pages stored in the remaining
48K of the cache tre'uﬁattected. Thergtoré, cache perforﬁance is
significaﬁtly'improvéd in comparison to prior art systems that

must flush the entire cache.



- the- entl

48K -of the cache are unaffected. Therefore, cache perfornance is. - e
S|gn|f| roved in conparison to prlor art systens thpcnnngunhﬁu;’-f?
@ticz\io#ﬁ WD 92/ 07323 -
PCT/ US91/ 07599 12 The detail ed i mpl.ementation of the present |nvent|on s
illustrated in Figure 6. This is used in conjunction with the system. o
illustrated in Figure 1. whi ch is designed to accormobdate a 16K, 32K or 64K
cache. A high state on |nput 202 indicates a 16K cache, whereas a high
state on |nput 204 indicates a 32K cache. jf nejither input is set- high, a
64K cache is assumed. The physical address provi ded from CPU12 conprises
address bits A -A23. For a 64K byte four-way. set- associative cache, bits

Al ~A13 ‘define one of 8K cache word addresses and higher order bits Al2- A23
conprise a tag Theldetatled inplerentation| of mtm—'%ﬁ!!t# rinkentiomcis is a

cache hit. CPU address |ines Al2-Al5 are remap 8 gg ye C che controlier
whenever Hidustzated cin Figure G« ed!‘ﬁsa isi use eRIUR AEREEthe Cpy

dd | A12: AlS : ts 2 devel h -
o ces bifeYem 4 %'gfﬁtéfgﬁfgéﬂ%gwgfhe’?ﬁsﬁ?ﬁ'@wﬁ%"f‘gb‘i@eﬁéﬁ&& a
6K 32i<sx, 321@13: 64X cdtis.. A Rign state’¥n’ input 202 indicates a 16K

"cache, wheteas a high state on. input 204 indicates a 32K cache.

S ¢ 4 neither input is set high, i 64K cache is assuned.

c The physical addrcss prcvided tran CP012 ccnprises addressxfa'
bits 51-523. For a 643 bytc :our-way set associattvc cache, bits
Al-A13 define one of. ax cache word addrcsses and higher ordcr
bits A1z-azs comprisc a tag. tield used by cache controller 16 to
'deternine 1: thcre is a cache hit. CPU ‘address lines AlZ-AlS_;rcc_
remapped by the cacho ccntroller whcnover EHS is- enabled as '
‘indicated by a high statc of signal EMEMSE..- cPU address 11nes- .
Alz-Als are remappcd by gate circuits 206 to dcvclcp cache

"gddrcss.bitc AL:f—AlS!_in_acccrdancc_with_the-tc;lcwing.tablcﬁ

0 x X Al2 . A13. . A4 a5
1 1 ) Al2 - A3 A4 A8
1 -0 1 A4 A2 Al G CAlS
1 o o

A4 A5 A2 . A1



0 X A12 A13 Al4 Al5 1 PCT/US91/07599
0%/ - Al.,gvo 92"’7"‘231(3 - Al4 Al5 1 0 1

A4 5, A2 A3 Al5 1 0 0 Al4 A15
AL2 A13 WD 92/ 07323 ' | -

PCT/ US91/ 07599 13 It will be observed that the CPU address bits are not
remapped if EMS is disabled. Likew se, renﬂéping Is not perfornmed in.the
case of a 16K cache since this is equal in size to the EMS page and

et 1 s Skt e o Sl asn SR s
nbodi ed i ther specl fic. f i & t t f th tial
char act er | oRRRRREF E2 ols £4 IRe. ERfevAq, toRRRPTRG, 18 nhot
. O > e ; : : . Lo .
rather s t PREEaECh Ehe tdadd 0FC SERCOMEHe' 1436 Bh1KTIH bGuAE 1R b1ze
to the EMS page and therefore requires that thé entire cache be

_ flushed when the EMS page is remapped.

. It will be recdgnized.that the above described invention may
be embodied in othet'speéific £otns without departing from the _'
essential'charaéteristiqs of the disclosure. Thus, it
is understood that the inﬁéntion-is not to be limited by the
~tbregoing'illustrativa de£ai1s, hutffath@r is ﬁo_he defined by
the appended claims. | |



14 CLAIMS 1.  An i mproved cache controller for use in a '
system iwmmnet associ ative cache and a page mapped neng‘%@%{%ﬁi’:"é%?

i nprovenent conprises address nmapping means for renmapping at |east one : -
cache address bit such that all addresses within a single page of nenory

are mapped into a bl ock of sai d cache conprising | ess than the entlrety of
said cache. 2 The device of claim1 wherein said addr ess mappi ng neans

i nterchanges at | east one cache address bl and at |east one cache tag bit.

3. The device of claim1 wherein each page of nenory conprises 16K bytes
sai d cache conprises a 64K byte four-way a5500|at|ve cache, and all o
addresses within a single page of nenor mapped i.nto a bl.ock of sald
cache conprising 16K bytes. 4. - The device of claim3 wherein a menory. _
address is speC|f|ed by- address bits Al .to AN.inclusive, where: N.ts greater
than 15 and Al is the | éast “siignificant bit, a cache address is speci fied

by address bits.A tAn Ampnmdmmc MMHMMMMM means renaps -
address bits Al2°to Al5 according t
microprocessor syatem having a set ansociative caehe and a page

napped nenory, wherein the inprovencnt cenprises—address nappinq'”
: neans for remapping at least one cache.address bit. sueh that a1l
: addresses wlthin a single page ot menory ere napped into a block
'“ot said cache couprising less than the entirety ot said eache._'

2.' The deviee et clain l wherein said addre-s napping
neans 1nterchanges at least ene eachc address bit and at least

one eaehe tag bit.

3. The device of claim 1 qherelh_eaehipagc ofrnemory.i
..eanprieee 16K bytes, said eache.ebnprises e 64k-b§te feureﬁay: o
aééobiative.caehe; and ell'eddresler;within aesingle:page'et-.
-neﬁery_are-iapped into a bleek'ot said cache camprising 1sxl
_bytes. | = i - | | _." '_ 'ri;J__

4. The device of claim 3 ﬁherein a2 memory addresS"ie |
specitied by address bits Al to AN inclusive, where N is greater l
than 15 and Al is the least signiticant bit, a cache address is

.specitied by address bits A1 to A13 1nclusive, and laid address
mapping means renaps address bits Al2 to AlS aeeording te-

N
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L_place o in place of Al3. 5. The device of claim1l wherein each
page~of nenory conpri'ses 16K bytes, said cache conprises a 32K hyte
*four-way -associ ati ve cache, and all addresses within a single page of
menory are nmapped-into a block of said cache conprising 16K bytes. 6. The
device of claim5 wherein a menory address iy specified by address bits Al
to AN inclusive, where Nis greater than 15 and Al is the least significant
bit, a cache address is specified by address bits Al to Al13 inclusive, and
sai d address mappi ng A32ndnr plage afdAdds bits Al2 to Al4- according to:
Al2 in place of Al3 Al3 .in place of A14 Al4 in place of Al2. 7. In a
i croprocessor syst émiddv gﬁg Piace; ofsAdS ative cache and a page mapped

menory, a nmethod of g cach resses conprising the step of
remappi ng at. | east ongagagﬁb gﬂ&?e?? %ﬂg such that all addresses within a

~single page of Al5 in place of Al3l.

5. The dsviss of clainm 1 whsfsis'sssh page of memory
1 comprises 16K bytss, sald cachs conprisss a 32K byte four-way
associative cache, and all addrsssss within a singls page of
nsnory are nappsd into a hlock of ssid_cachs comprising 16K
bytes. ' |

6. . The dssics'sf clain 5 wherein a memory address is
spscitisd by address bits Al to AN inclusive, where N is greater
thsn 15 and Al is the least significant bit, a sschs address is
spscitisd by addrsss bits Al to Al3 inclusive, and ‘said address
mapping means remaps address bits Al2 to Al4 according to:

Alzlin place of All
_:\;) | | © Al13 in place of 514
| | ‘Al4 in place of Al2.

7. In a microprocessor systsm having a set associative
cache and a page mapped memory, a method of generating cashs
addresses comprising the step of remapping at lsast one cache

address bit such.thst all addrsssss within a single page of

* [4 L M s *
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menory awoaw@w into a bl ock of sai d cache conpri sing Iesspméﬂsf’r(8759§'f"‘“
entirety of said cache. 8. = The net hod of claim7 wherein the step of - B
remappi ng conprises interchanging at |east one cache. address bit and-at .~
| east one cache tag bit. 9. The nmethod of claim7 wherein each page of
~menory conprises 16K bytes, said-cache corr£r| ses a 64K byte four-way o
~associ ative cache, and all addresses withit6a si ngl e - page of menory.are
~mapped into a bl ock of said cache conprising 16K bytes. ‘The met hod of

Tl i ver kel SE el 56 & BEEEK' 4 €1?h€9%€§§?&§%i%¥mﬁm
. a cache’ ad%%ﬁﬂf‘f}? 51% @M Ss bits Al to A13 incl usi ve, and the

step of remapping c i ses remappl ng address bhits Al2 to Al5 accor d| ng-
to: Al2 in pI ace of Al4 A13 I n pI ace of AlS5 Al4 in place of Al12

8. '.l'he method of elein 7 wherein the etep of renepping
eenprieee interehanqing at least one cache addrese bit and at

_leest one ceche tag bit.

o "9 . " '.l'he method et elein 7 wherein eeeh pege et nenery _
conprises 16K bytee. eaid ceche comprisee a 648 byte four-way _\J
. associative eeehe, and all eddreuee w:l.th:l.n a eingle pege et
nenery are nepped into a hleek of eeid eeche eonprieing 16K
'bytes. ' ' '

- 10, 'rhe nethed of clein 9 wherein a nenery eddress :I.e
’ epecitied by addreu b:lte Al to AN inclusive, vwhere N :I.e greater _ "
' then 15 and A:I. is the leeet signif.icent bit, a ceehe address is
specitied by’ addreee bits Al te a1 inclusive, end the etep of
renepping cenpriees renepping eddreee b.tte nz to 1.15 eecerding

to:

. 512 in-pleee of Al4
'A13 in place of A1S
'Al4 in place of Al2
'ns ihjé_lac”é of Al13.

L LLE

. e ot s
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PCI/"USQl/ 07599 17 11. The nethod of claim 7 wher ei n each page of menory
~conpri,ses 16K bytes, mai.d cache conprises a 32K byte four-way associative
“cache, and all addresses within a single page of nenory are mapped into a
bl ock of said cache conprising 16K bytes. 12. The nethod of claim 11
.wherein a nenory address is specified by ad ss bits Al to AN inclusive,
where Nis greater than 15 and Al is the least significant bit, a cache

address is specified by address bits Al to_Al3 in |USIV§ and tPe st&g}2
r emappi ng conpri séé-reéﬁpﬂ%&dﬁ’@s?%ﬂ‘s’%‘ﬂ‘?& n183GR-BRYPGE ( BER in

place of A14cé1]i%rl 23@ %.Cs% %fyt%]éS, éla d ca %C %o:%riall%sAPshﬂ Mgef&txr%
o ao‘sociative cache, and all addresses within a single page .o: |
memory are mapped into a block of said cache. éonpris:l.ng 16K
bytes. | | |

12. The method of claim 11 wherein a memory ‘address. is
specified by a&dress bits Al to AN inclusive, where N is greater
than 15 and Al is the least significant bit, a cache address is

o _
:  specified by address bits Al to Al3 inclusive, and the step of
remapping comprises remapping address bits Al2 to AlS according
tos ' '
Al2 in place of Al4
. Al3 in place of AlS
Al4 in place of Al2
Al5 in place of Al3.
“
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