- 1 - COWPUTER SYSTEM ARCHI TECTURE FOR | MPROVED FLOATI NG PO NT PERFORVANCE
BACKGROUND OF THE | NVENTI ON 1. Field of the Invention: This invention
relates to conputer systemarchitecture and, nore 5 partlc?Larly,uto a
system architecture for cache based systems to inprove ‘tHe [ oat i ng poi nt
performance of such systens. 2. Hi story of the Prior Art: Caches are used
I n conmputer systens to speed the overaII peratlon of 10 the system The

t heor w.of a cache 'C?)Mf’b 2k Qﬁ)r M&ﬁ&n X usi ng a snal |

portion of very la - BCEES
with a | arger anount of slovver . @4 nstructions

are called frommain nenory and placed in cache rrem)ry as they are required.
by the program and if the systemlooks first to the cache to see if 15
the information regui rEdid ofathd ildmMidmere, then the systemw || usually
find the information desired in the cache and will, consequently, -operate
at a speed as though iThiswnventienieelates MDsompuierghstepmdhlmhe amemioye Thi s
occurs because, statistically, information i-n ang particular portion of a

®

process which 5nasP?"U§‘! lady,dp 4 system architegture far gache besed sysiemedo improse dbe| y
than is other een recently used. This
assunption has prf!)‘i?gﬁa ,P%Pfﬁy}dé%’?f‘gr%"cg&ﬁﬁg{ "in a well designed caching

systemthe information desired is found in the cache over ninety percent of
the tine. On the other hand, the assunption is npost saccurate when 25

descri bi ng t he opr at idistarfy af ¢theRriov fAnt:t he i nstructions of a particul ar
process and is |east accurate when applied to the retrieval of data,

especi al |y scientific €Rghes afﬁ|“§e‘&ﬁb€‘?;{'ﬂ8u‘?bsbiie‘ﬂ‘ﬁl!‘é sae%dath\gem@ralltmramwob

gi . hte i ﬁgr t ;C%fgtgg%&‘g(e'ﬁ?t TRE theory ofa cad¥'hat a systdra atiafis arTIPghér speed by

using a small portion of very fast random access memory (RAM) as a cache

memory along with a larger amount of siower main memory RAM. If data and
instructions are cal_led.from main fnemory and plac":e.d in cache memory as they
are required by the program, and .if the system looks first to the cache to see if

15  the information required is available there, then the system will usually find the
informat_ion desired in the caché and will, consequently, operate at a speed as
though it were made of mostly high speed cache memory. This occurs
because, statistically, informatio;\ in. any particular portion of a process which
has just been used is more likely to be required immediately than is other

L - 20 information which has not been recently used.

This assumption has provén true, in general, so that in a well designed
caching system the information desifed is found in the cache over nihety
percent of the time. On the other hand, the assumption is rriost accurate when

25 describing the operation of a cache with the instructions of a particular process
and is leést accurate when applied to the retrieval of data, especially scientific

data. This appears to be trus because of the nature of the particular information



I nstructions are often repeated over and over again to carry out a single
operation.” Data, on the other hand, appears to be less . likely to be

sel ected in such a manner w thout change.  Mdyreover, scientific data is |,
often stored in a formof floating point information. which requires for
Its storage substantially nore actual storage space than do individual

I nstructions. For exanple, a floating point nunber may require a double
word space for storage in a typical conputer system Moreover, the tenggﬂcy
of scientific progranmers is to arrange data in large arrays.  Typicalfy

such arrays require so nuch nenory st?w%gé space that the entire array
cannot be placed in the typical cache nenory space of a typical conputer

system For ddiggHeor egoi ea ache bas stens_ have not proven
as capabl e clhfg sdoeedl ngﬂ? e 0%9& 280 ot co é‘r%‘ﬁ?steﬁs RERFESP t he
processi ng ctdiong iane often crepeated OVQEpcndabNyrpmgammﬂm@

i nvol vi ng | a:fmyimnmtas ﬁndi@&ipéﬁm,nt BEERE" on IWERRASF nidi | NVENTI ON

It is, j t.he sent nvention to accel erate
t he operati orﬁﬂa cacgéd B szgsiom s§8t gelected dnpc84shom 11 oating
poi nt nunmbemanner | withouhechamgest oMorieover,vestientificr asitde ix conput er

system ar chigsain gt ornine adleobAPbd| ¥1BALERT DA | AL ERIL nurber s

Accordi ng t pr esent ventlon there Is pellned
conput er %ﬁ% es Q E storage su stantially more actual

storage space than do  individual instructions. For
example, a floating point number may require a double
~word space for storage in a typical computer system.
Moreover, the tendency of scientific programmers is to
arrange data in large arrays. Typically such arfays
require so much memory storage space that the entire
array cannot be placed {n the typical cache memory space
of a typical computer system. For the foregoing reasons,
cache based systems have not proven as capable in
speeding the operation of computer systens used in the
processing of scientific information, especially
processing involving large amounts of floating point
numbers.

. . . ol -
. It is, therfore, an object of the present

invention to accelerate the operation OF cached based

computer systems used for procession floating point
numbers.

It is another object of this invention to provide
a computer system architecture capable of rap1d1y
processing floatlng point numbers.

According to the present invention there is
provided in a pipelined computer system capable of

L]



- 3 - executing a plurality of floating point instructions, a nethod for
executing floating point instructions, said nethod conprising the steps of:
a) storing a first plurality of floating point data in a primary direct
mapped cache, said prinary cache conprising [err cache |lines, each having a
first cache line size of [err] floating point data word(s) and a first
access..time of [err] clock cycle(s), where [err] and [err] are both
integgrs greater than or equal to 1; b) storing a second plurality of
floating point data in a secondary fully_associative cache, said secondary
cache conprising n2 cache lines, each havi'ng a second cache line size of
[err] floating point data and a second access tine of t2 clock cycles,

where n2 is an éi@&%{néeérbmﬁam t&f fr@itiﬂg politht 2m§tzafeuﬂamera |
greater than [erri %§ storin gr ural ity , of roa mlg tain
a tertiary cachetRod (fex, t&&@h l@&%&f‘?m ¥"f st ctl l'ﬁ%r‘les aktherein
[Frr]l!f anflPfﬁ@fﬁo&rﬁumprising1the(!yens of:t he nunber of sald third
plurality o oating n a a dgyg

third cache line size oﬁ étg?'{??ogt Ellrgi: %hq.gg'tiggv\o%&gsha ﬂ%amé%l access
time of [err] chatk Hys emrimwr éirept]mmpﬂme:t gadd RFiPARY,LI)Ne | s
an integer greaggm H‘élihéﬁi{ lcache 1iﬁé§9uéa6ﬂ li?éviriqi%t fapetf cache r@.md one

secost g 1 ot g5 oLt DT B A, P, ey
floati ng point time lafadtpgcleckr eydle(f)o |heret mhegufoﬁg ﬂr@atbqf'@p poi nt
integers greater than or equal to 1;

b) storing a second plurality of floating point
data in a secondary fully associative cache, said
secondary cache comprising n, cache lines, each having a
second cache line size of m, floating point data and a
second access time of tz clock cycles, where n, is an
integer, m, is greater than my, and t, is an integer
greater than tl,

c) storlng a third plurality of floatlng point
data in a tertiary cache, said tertiary cache comprising
n3 cache lines, wherein nj is an integer greater than or
equal to the number of said third plurality of floating
point data, each of said n, cache lines having a third
cache line size of m; floating point data words and a
third access time of t, clock cycles, where m; is greater
than'mz and t3 is an integer greater than t,;

—

d) executing at least one fetching and one
decoding floating point phase to fetch and decode a
floating point instruction, said floating point
instructions being preceded by a £ loating point data
 loading instruction to load at least one floating point
_data word from a selected one of said primary, secohdary
and tertiary cache; '
e) executing d floating point delay phases, said
d floating point delay phases requiring at least t; + t,
clock cycles; and



data word froma selected one of said primary, secondary and tertiary
cache; e) executing d floating point delay phases, said d floating pojnt
del. ay phases requiring at least [err] clock cycles; and f) executin
at least one floating point execution phase to execute said decoded
floating point instruction. A so according to the present invention there

I s provided I n a pipelined conputer system capabl e of executing a
plurality of floating point instructions, an apparatus for executing -
floating point instructions, said apparatus conprising: a) a prinary dfFect
mapped cache for storing a frrst pIura‘Fty of floating point data in a
prinmary mapped cache, said primary cache conpriSing [err] cache |ines, each

having a first cachegyline .mord S nd a
first access ti % E:&ra fﬁé% g‘%yc? O‘?&%eﬁ%{ rérlf’ 89 e&’P]l"'gre bot h
i nt egers gr EXBER R&n ke execn Qnsai41Qeeeﬂe&rilbatiygapadntative
cache for sﬂnstngcaieacond plurality of floating point data in a secondary
fully associative cache, said secondary cache conprising [err] cache |ines,
each having second cache line size of [err] floating point data wor ds and a
second access tine 2_cloc cl es,, where err] IS an |nteger [err] is
$hg g

greater than [err] [ BFFPE QrﬁQﬁyﬁr dhvientionet Frecﬁ a
tertiary cReR¥idedr dnorangipelihedr ccomputer system capable of :

executing a plurality" of floating point instructions, an
apparatus . for executing floating point instructions,
said apparatus comprising:

a) a primary direct mapped cache for storing a \o/
first plurality of floating point data in a primary
mapped cache, said primary cache: comprising ny cache
lines, each having a first cache line size of my
floating point data word(s) and a first access time of
tl clock cycle(s), where m; and t, are both integers
greater than or equal to 1;

b) ° a secondary fully associative cache for
storing a second plurality of floating point data in a
secondary fully associative cache, said secondary cache
comprisj.ng-n2 cache lines, each haVing second cache line
size of m, floating point data words and a second access
time of t, clock cycles, where n, is an integer, m, is _
greater than m; and t, is an integer greater than tys U/

)] a tertiary cache for storing a third

plurallty of floating point data in a tertiary cache,
said tertiary cache comprising ny cache lines, wherein
ny is an integer being greater than or equal to the
number of said third plurality of floating point data,
each of said n; cache lines having a third cache line
size of my floatlng_p01nt data words and a third access
time of t; clock size, where m, is greater than_mé and
t, is an integer greater than tz, and

d) a floating point pipeline coupled to said
primary, secondary, and tertiary caches for executing at



plurality of floating point data in-a tertiary cache, said tertiary cache
conprisicng n3 cache lines, wherein {err] is an‘integer being greater than
o¥- equal to the nunmber of said third plurality of floating point data, each
of said n3 cache lines having a third cache line size of[err]floating point
data words and a third access time of [err] clock size, where [err] is
greatet than [err] and [err] is an integer greater than [err; and d) a

fl oatipg point pipeline coupled to said prinmary, secondary, and tertiary
caches for executing at | east one fetch®g and one decoding floating
poi nt phase to fetch and decode a floating point ihstruction, d floating
poi nt del ay phases, said d floating point delay phases requiring at |east
[err] + [err] cleaktconeécfetchihmtaridante decodiogt fhgabingtpeint phase phase
to execute sai eGARs, ti ing i ' Sl LR oigt

I nstructions bg'lcﬂg recedéﬁabf&;‘%@oa%i rf'lg;]'%m)arcﬁi(i'{gI gg?jé'%?oqgighg%ﬁgtg?gcﬁon to
| oad at | east ofkORF1RY | PRLDGidR1L DRSS ﬁagﬁﬁ d flrating %de%laﬂlﬁ

pri mar%/, _secondglsaeﬁdréqnu-anq atcheastutiher t, adoeklicyrldsy dride at
presen i nvent i on [ o] LSd OO a
primary direct %%%ﬁédg‘egcﬁg"%ﬁi&g%rﬁ:a eg&@%tsi? E,p?)é?%?ﬁﬁ %?é#‘?%%?sl anlga poi nt
data in a prinedgcedpdefiloating peint pnstrmgtiomnesa Jeatiing apeintache
lines, each hayh8@ruétidhéSheingdCreddddl Byza locateng] poimdt i dwraoi nt

data vord(s) ang g trSt Becess (1 e, of L8 cLogk OYEL ohiec 15T oL ]
data word from a selected one of said primary, secondary
and tertiary cache.
K-/,.
_ Further, according to the present invention
there is provided a computer system comprising:

a) a primary direct mapped cache for storing a
first plurality' of floating point data in a primary
mapped cache, said primary cache comprising n; cache
lines, each having a first cache line size of m,
floating point data word(s) and a first access time of
t; clock cycle(s), ﬁhere m; and t, are both integers
greater than or equal to 1;

b) a secondary fully associative cache for
storing a second plurality of floating point data in a
secondary fully associative cache, said secondary cache
comprising n, cache lines, each having second cache line
size of'mz floating point data words and a second access
time of t, clock cycles, where n, is an integer, m, is
greater than m; and t, is an integer greater than t,;

c¢) ~ a tertiary cache for storing a third
plufality of floating point data in a tertiary cache,
said tertiary cache comprising n, cache lines, wherein
n, is an integer being greater than or equal to the

" number of said third plurality of floating point data,
each of said n, cache lines having a third cache 1line
size of m, floating point data words and a third access



greater than or equal to 1; b) a secondary fully associative cache for
storing a second plurality of floating point data in a secondary fully,
associ ative cache, said secondary cache conprising n2 cache |ines, each
havi ng second cache line size of [err] floating point data words and a
second access tinme of t2 clock cycles, where[err] is an integer, [err] is
greater than [err] and [err]is an |ntqu{ greater than [érr]; c¢) a .
tertiary cache for storing a third plurality of floatlng poi nt dagg-ln
a tertiary cache, said tertiary cache conprising n3 cache lines, wherein n3
is an int egéirllll?eﬁ'-\fg tyr edock ciyedes, whene mp isigreatier tharsa ainkdi 1 d

plurality ofe.fljeatadmg ﬂb%rd?réatﬁfcéh% t?al dyflp cache |ines having a
third cache 1B ne si ze of pol nt - #5ta words and a third access

time of t3 clock cy®es, aV\Eé‘Pétﬂ'Bgl é’%‘r’é‘atl&fpﬁtm [efvpledidtes saddan
i nt eger gregudmalﬁyan s[eebh}:largodadh teftidppicdchd®ifr m@uﬂ@;&%@' ed to

d f t t
ot ching andesat S rerching, Ehl Bhd, GFCRRIng tasetiing, nifletobme o
floating poit® fﬂﬁ?hucﬁﬂdondeaoﬁeoa | Rjopbing gulimt pimstsuction, daf I oat i ng
poi nt del ay mipatdng pednti aa1ay bﬁa§és[e§£id ‘a [Eidde i gJ%dlg%(;g Ea fﬂd at

poi nt_ 1 nat r SRR BRI TARGE A ARAY 1 it FacEABRS SUFAGSp: aBAdES by o
floating poileastatomel Fddatdngnpointt eraecttiomshade Itwawxetirte lsadldi ng poi nt
data word fiRBsaed AYAA Y AhtS Ak, 1898 ¥ ohting point |
instructions being preceded by a floating point data
loading instruction to load at least one floating point W)
data word from a selected one of said primary, secondary
and tertiary cache.

These and other 'object' and features of this
invention will b_e ‘better understood by reference to the
detailed description which follows taken togéther with
the several figures of the drawing in which 1like
elements have been referred to by like designations
throughout the several views.

BRIEF CR IO WIN

Figure 1 is a block diagram illustrating a - u
computer designed in accordance with the inventor.

Figure 2 is a block ilﬂxstrating the
construction of the primary caches of the invention.

Figure 3 is a block diagram illustrating the
construction of the secondary cache of the system of
this invention. ,

Figure 4(a) and (b) are diagrams illustrating
_various sequences of timing signals in the integer
pipeline utilizing the comp\iter system of this
invention.



and tertiary cache. These and other objects and features of this invention
wi |l be:-better understood by reference to the.detail ed description which
foll.ows taken together with the several figures of the drawing in which

| i ke el ements have been referred to by |ike designations throughout the
several vievws. BRI EF DESCRI TION OF THE DRAWNGS Figure 1 is a block
diagram illustrating a conputer designed ip accordance with the inventor.
Figure_, 2 S a block - illustrating {. the canstruction of the

Phe const ructton of |t FiaUtEce i 8 diaprad difding yBiefeehedy &fliming it I
Figure 4(a) and (ﬂ@ﬂd’étﬁscﬂo?rﬂ.rp?ﬁminb 'dﬁ'&ﬁé# %d egﬂg@éi SyiteR VI UAS GR@NASN.L | M Ng

signals in the integer pipeline uti conputer system of - this

I nventi on. Figure 5 is a diagramillustrating various sequences of
timng signals in the floating point pipeline utilizing the conputer system
of this invention. 5 . NOTATION AND NOVENCLATURE Sone

portions of the detail ed descry

fall.ow are prasented in termns

of al gorithms®and synbolic rep data bits

JALION d
Wi thin a conputer nenory. These al gorithm c descriptions and
representations 10 are the nmeans used by those skilled in the data

processing arts to nogonRS peridns/ef the cletailed ddseriptionstwhichefolibwt dreipresemtéd tro

others skilled in the art. An algorithmis here, and generally, conceived
to be a sel f - condémnsot algorithms and symbolic representations of Operations on data bits
within a computer memory. These algorithmic descriptions and representations
U 10 are the means used by those skilled in the data processing arts to most

effectively convey the substance of their work 1o others skilled in the an.

An algorithm is here, and g_enerally. conceived to be a self-consistent
sequence of steps leading to a desired result. The steps are those requiring
15  physical manipulations of physical quantities. Usually, though not necessarily,
these quantitiés take the form of electrical or magnetic signals capable of being
stored, transferred, combined, compared, and otherwise manipulated. It has
proven convenient at times, priﬁcipally for reasons of common usage, to refer
to these signals as bits, values, elements, symbols, characters, terms,
w 20 numbers, or the like. It should be borne in mind, however, that all of these and
similar terms are to be associated with the appropriate\ physical quantities and

are merely convenient labels applied to these quantities.

| Further, the manipulations performed are often referred to in terms, such
25 as adding or comparing, which are commonly associated with mental
bperations performed by a human operator. No such capability of a human

operator is necessary or desirable in most cases in any of the operations



sequence of steps leading to a desired result. The steps are those
requiring 15 physical mani pul ati ons of physical quantities. Usually,

t hough not necessarily, these quantities take the formof electrical or
magnetic signals capabl e of being stored, transferred, conbined, conpared,
and ot herw se mani pul ated. It has proven convenient at tines, principally
for reasons of conmmon usage, to refer to these signals as bits, values,.

el ements, synbols, characters, terns, 20 nunbers, or the like. It should

be borne in nmind, however, that all of f®ese and sinilar terns are to'%

rme in mind, however, _ nd i !
Convent ent | StoriOSS RBRIGUHICH @r R o The BHABM PRy e hEerRBR S Mo i ons

performed ar emaéhine opefatibhs.dUseful MatRingS forPerldrin tﬁéogé i0Rs Qf hgompar i ng,
whi ch are commonly associated with nental operatlgns perforne tDy a human
operator. No preséntdayritioniingiudé genérahpurpope digfital computerosethir Simikesi r abl e

I n nost cases,in any of the operations descri bed herein which formpart
of the preserﬁe"l"?ﬁ?erﬂ‘ia(yrﬁasﬁﬁéﬁ%ﬂ'ép%ﬁmarp@t‘ﬁ?@ thecmethedaperationsis.  Usef ul
machi nes fgor b [ Ll | ' resent Jnvention inglude
gener al pusr po@gd}%?{a% gﬁ n@%ﬁ&“@r‘-g& h{r% ﬁﬁﬁﬁ%'r&?ﬁ?#?‘m" '&&Vi%‘@gg B&.bose it ases
the di stinct i mindberheepreseitanveritiba delatesnta bof dpp R\l ter and
the method of conputation itself should _bg borﬂ%t?%%%ﬁ}%‘?ﬂe%bﬁg%@%t :
i nventi on r el eresatingra igompuigriapsocessingceleatrical tanaqshert (ezs niavhanieal,at i ng a
conputer in processing electrical or her (e.g. mechanical, chemcal)

physi cal si grﬂ]%"'?%i Bg)ﬁﬂ?ét%g’@ﬁ%& gﬁ‘éélﬁee‘afhéh?%'fﬁﬂ physigedisignalso DETAI LED
DESCRI PTI ON OF THE | NVENTI ON Referring now to figure 1 there is shown a
conput er system 10 constructed in accordance with this invention. The .
conmputer gystem 10 15 includes a central processing unit ((CPU) 12 whi ch\o/
controls the operation of the system 10. Associated with the central
processing unit 12 ar RETAKED DE PHON -OF | THE UNVENTIONhe 16. The
data cache 14 and the instruction cache are

Referring now to'figure 1 there ié shown a computer system 10
constructed in accordance with this invention. The computer system 10
| 15 includes a central proceésing unit (CPU) 12 which controls the operation of the
system 10. Associated with the central processing unit 12 are a data cache 14
and an instruction cache 16. The data éache 14 and the instruction cache are
referred to in the present descri'ption as pri_mary caches. Each of these caches
is essentially the same so reference will be rnade hereinafter (except where the
20  explanation requires otherwise) to the data cache 14, Asséciated with the U
central pro_cesSing unit 12 in the syste'm i0is a éecondary cache 18. Also
associated with the central processing unit 12 in the system 10 is a tertiary
c_:_ache 20. The system 10 also incorporates a floating point processor 22 which
is assdc_:iated with the vaﬁous c_ache_s of the arrangement and is essentially
25 capable o_f ihdependently process'ing floating point numbérs in a manner well
| known ‘to the priof art. In a preferred embodiment; the two priméry caches 14

and 16 are direct mapped caches each containing storage space sufficient for

4



referred to in the present description as primary caches. Each of these
caches ks essentially the sanme so reference will be nmade hereinafter
(except where the 20 explanation requires otherwise) to the data cache 14.
Associ ated with the central processing unit 12 in the system1l0 is a
secondary cache 18. Al so associated with the central processing unit 12 in
the system 10 is a tertiary cache 20. The szftem 10 .al so incorporates a

fl oatipg point processor 22 which is associat-ed with the various caches of

the arrangenent agﬁ%i‘i§°b§§&2&tii‘@'%¥ﬁ‘\?£| 1nc ke o s%db%@ﬂ@'%‘ﬂb'ﬂﬂ iB'2oRMpSi Ng

fl oating point nf! manne nown to the pri‘for art. In a

preferred embodi gesHciativeache pPoviding Staragd spackifoa falir kiobytes df intarmatiempénl
-caches each contal ning storage space sufficient for ei ght kil obytes of

information. I n comtrasidd botthef theqrimary gachashandithe; secangary jopchadhetéftiatye
cache providing storage space foy four kilobytes of. nfor i I

cont ragt to bo'? hcagehe @'%849?&'%/°{ﬁ9%'%@°9%@5§%8 W&P%E'ﬁﬁg%ﬁyh%a
tertiary cache 2Q.1is : ' d il ation and
may Do & & dfr oSirefiRRA Sactle 1é pRotP o BAGRINE St He infbrtoR

I nvention. Figure 2 illustrates in block diagramformthe arrangenent of
one of the primary caches. The preferred enbodi ment of the system 10 is
desi gned as a virtual Figuregyllusiratesin biockgiagramfarna the:asangemant of a8 atbfent
10 arrangenent. In such a system  nai [ < | ustral | k\y ded
into a nunber of PriM&N CBFRSs Wp%@]w@éﬂ#@&mh?ﬂﬂgﬁ‘ {S%ga&#&ag%\g and

wi dih; and ori e g CGhG L Bl 8%Bdrd {1568 rhétfoR Anatoniie of L hose

_ essen tiple of "primary cache nenory

size. Each page o;r&;}?fea\dmﬁm Sudies sypstempmantitionmdsy (nSt ilostrated)is wividedinta e
mali 5 nenory an primary cache nenory is of the same size, contains

the same nunber ofurhbeveot fixad dicgks roe:pageﬁotsatmdﬁﬁﬁimmeﬂizﬁ»mmn%‘ﬂi,dﬂﬁrﬁ‘/‘d
e mysnatn ot s Aoosah 8 e T B o P s RRY s
Lgcﬁgc neﬁD%St o mLalan oty ¥eddeR MulipPéprintary catRé mefhcty 6R2e2 Bath @r y
page of main memory has a page address. Since each page of the main
15 memory and of primary cache memory is of the same size, contains the same
number of Iinés. and stores the same amount of information, any byte, word, or
line in such a system may be addressed in main memory by designating its
page number, its line, and its pt;sition on the line. When, in such a system,
‘information from main memory is stored in such a primary cache memory, itis
L 20 " stored in the same fine of the primary cache memdry as the line of the page from
| which it was accessed in main memory together with iis virtual page address in
main memory. It should be un_derstood that each line of the primary cache
memory in such a system may come from any particular page of main memory.
Consequently,' lines lying adjacent each other in primary ache memory may
26 have entirely different virtual page addresses. The virtual page address is
stdred as part of a tag field, a series of high order bits of the address which in

addition to the page designation include protection and control information



20 stored in the sane line of the primary cache nenory as the line of the
page fromwhich it was accessed in main nenory together with its virtual

page address in main nenory. It should be understood that each line of the
primary cache nenory in such a systemnmay conme fromany particul ar page of
mai n menory. Consequently, lines |ying adjacent each other in primary ache
menory may 25 have entirely different ypktual page addresses. The virtual
page address is stored as part of a tag eld, a series of high order pigs

of the addr esuchidsobhéthermtidiihforratich ist8ad 8 ki 'o@é},?%' ' rotection
and control information 10 such as mﬁe?thF'S%E'le |ndoﬁrba¥vpg{r?lé?§d?ead or

write prot ectibigrmationisaalids In agrefarred eattiodiment of the systenn 10, suchfetaged
enbodi nment off@we system 10, such a tag field may require approxi mately
si xt een bi t s [6d B18Y;raguire aPproximately sixtean bits,of sioraga e represant thestaghoin t o

the left in t i lgur.e 2. 5 A system 10 capabl e of
accessing any f'ﬁgﬁ@ﬁagﬁpn%%f"g‘é’éﬁ%'%#&%c ?Pa‘éﬂé’ﬂn(?ﬂé" P/\Hé'fﬁg'r t he
required isnformation is in the cache nmenory (whether .there is a hit) by

| ooking to the particular |line designated in the address sought to

det erm ne whet her A hystemrtQ:capabig)of acoessingianyslineria primary bacHedmeritgy f i el d.
The system deter.rﬁn' pes,the cgrr ct line by looking to the |ow order bits of
the address JBRYAeterminewhelbes thelequirackinformationis ipythe caghet memeage i n mai n
menory from wy ' r ' and co ring these to the |ine
number of th\émg%ghééqﬁ%ﬂrerg%%m?’yﬁﬁ%ﬁwW&Ipaﬁﬁ%@}gﬁ‘ﬁégnﬁtedt'ﬂéh%esi red 1ine
in the cache mysd@wtwaetbhﬁindt%meﬁﬁam WA Lhere is
a hit; 15 and the information in the cacﬁ%bl-r#eaét r -iehs usé?%ﬁ%ﬁahéhe

necessi t yioof tggifielg. t Thevsystenveietermings thetuerieof kne By loeKing fo et loR'd?86MBitd N t he
primary cache then the systeminterrogates the other secondary el

nor.y, I
tertiary cactfdhe Pf’gﬁé SPHeld (Hhase slesiopatetheine andibyteotthe pagetimmatrmche

e o 1 RamBfy PR IR inficalon 88mbPaR compaing thess 14 tha tne.
number of the cache memory. If the virtual page address at the desired line in
the cache memory matches the desired virtual page address, then there is a hit;

15 and the information in the cach_e memory is used without the necessity of going
to main memory. If the information is not present in the primary cache memory,
then the system interrogates the other secondary and tertiary caches. If the
information is not present in any of the cache memories, then the 'system must

delay, go to main memory, replace'the particular line in the primary cache
20  memory so that the information may be used.

In the primary cache 14 illustrated in Figure 2, in additfon to the tag field
shown to the lett, information is stored from the particular page in memory in
each fine of the address. In the preferred embodiment, eight bytes of -

25 information are stored in each line; consequently, sixty-four individual storage
bits are required for the information positions. Such an arrangement is 6ne

which may not conveniently be utilized to handle floating point information.



20 nenory so that the information may be used. In the primary cache 14
illustrated in Figure 2, in addition to the tag field shown to the left,
information is stored fromthe particular page in menory in each |ine of
the address. In the preferred enbodi ment, eight bytes of 25 information
are stored in each line; consequently, sixty-four individual storage bits
are required for the information positions. Such an-arrangenent is one
whi ch gay not conveniently be utilized to Tandle floating point

L) o Pl S B U B B
o s T SR g bl sty i s o,

shown in Figure 3gdfiredmati ifye sforadey space thandnatravilisbie infthe primarybachies.ache
18 is a fully associative cache having in the preferred enbodi nent sixteen
| i nes each capable of storing a total of 256 bytes of information.

Co tly, i h_li f d 8 th ' | Si f
hi Ty Lo UoBbl e vor 380 3eoREAR CAOHS Mepati dBahann e Fiuch 3 3esRrRHI "ol as

h f the. | . . ' . '
uni t where X i's e i BrabFE e GfErBRRCERAC Wisid iy Ssichn BT 0,

menory. In a ful |paAisindhé preterréd eRbotiaHt ixtéety lildsrsachapablerct storingrartutalon
fromany line in mainm nenory so the tag field includes the entire address

of the line. Wt hofeassibyses ofipformatian.c Qonsetuensiyciorassh lingaf isecondary caghel 48
field of each line is conpared to the address desi and, {,f a match is

made the entire |thae SPravision e '@"!Yot"‘f%&@?lw&fs %(r‘fﬁdt,%s& WBV gRpQcigtyye cache
utilization. It will b Sl ] t e
i s tapabl e of1%t AVAYS ﬁﬂﬁ?t‘@é_if’é\ﬂgé‘& f{]é&\ll\a%?g;m%ﬁfysﬂ%rs o%%ges r%o?n{e?/%&@?;h
line for thirty-tyge inq Gﬁk}]whetéak i€ b§@4li1o e ALMbeneNings Sn SR iufly BEsddistive
arranged. It happens that this is the usual way in which floating point

arrays are usual | yaghenaémont. cit.a iy asgociativeycachkamerasotynday line meyesteidnory 18

is nmuch nore able to deal with the large arrays utilized. oqr a rsin
scientific fiel dsin{q;maﬁﬁ@frgmlygl@eoip mgl_n memory so the tag h%qd br}é:llpdres%e entire

address of the line. With each attempt to access the secondary cache, the tag
15 field of each line is compared to the address desired and if a match is made the

entire line is available to the central processing unit for utilization.

"It will be noted that sinéef each line of the secondary cache is capable of
storing thirty-two double words, this provides room in each line for thirty-two
20 individual floating point numbers sequentially arranged. 1t happens that this is
the usual 'way in which floating point arrays are usually constructed.
Cbnsequently, the secondary cache memory 18 is much more able to deal with
‘the large arrays utilized by programmers in scientific fields for the storage of
floating point information. For example, a first access of the secondary cache
25  which misses will cause the central processing unit to take an entire line of
sixty-four sequentially arranged floating point numbers from main memory and

store them in the secondary cache at one line. On the next attempt to access



floating point information. For exanple, a first access of the secondary
cache 25 which msses will cause the central processing unit to take an
entire line of sixty-four sequentially arranged floating point nunbers from .
mai n menory and store themin the secondary cache at one line. On the next

attenpt to access t he secondary cache, the next sequential flodating

poi nt nunber will be a hit, as will the next, and the next so long as the
access asks for sequentially arranged ers. 5 Al t hough full yv
associ ative caches are normally not use ere speed is required becaus® it

i s difficul t theosepeadasscaghe, thechext sequeritiah foatingapaiftorumbértll behehis ey |
nunber of Iian sie[>§(i’een thn t he secondary cache of the preferred

embodi ment) ¥ %\%@' ANl thenext po Jong as thg aceess askssior sequentialiy:atrangashor y
since only anﬂﬁ’iﬁﬂs nunber of lines need to be interrogated to determ ne
whet her 10 the I nformation sought resides at the secondary cache 18. In
the arrangenent illustrated-in Figure 1, the secondary cache 18 is
associated with the tertiary cache 20 which is capable storing two
megabyt esS of i nf oARthaugbriullyassodiatijeccachel are) nomnaliyaivt uged vtePe 'speec s

portions of arrays,of 15 _flqQating point nunbers used in scientific :
processi ng. G%’é’éa@@ﬁ?ﬁﬁ.“\%a '%gﬁaﬁﬁﬁéﬁlﬂﬁaﬁm positienssiaceoshiart timeathise whi ch

is able to p ' ' : ' et floatin oi nt._ nunbers in a row

whi ch may be&@élc']S@H‘{b:eg?ﬂ}mascis@gésée%mv\%? ﬁ85?"&5%§ﬁﬁ'é° ?ﬁ'@g Prefgeed onbi nat i on
subst-anti al | gmbpginsent lew?s/_meeﬁpa@w ke P il lustrated
in Figure 1 utilizi ng’the three | evel Ség]f‘agg@h?sns&cP%% |%'%r?slﬁ‘\%e Yo provi de

both data ansinfeonlysxsmelaumber of jnespnseditobesintedoghied 16 Setdrilind WhEHSF | NG

unit 12 and the floatin oi Nt processor 22. For exanple, information in
the two Pi néﬁey/"{"é@ﬁﬁg" %ﬁggﬁdei%eﬁ &t the-secapfaryieacheitBer of the two

processors 12 and 22 in a single processing tinme because only a single
clock 25 tinme is required for the access once the operation has begun. The

operation of accelaghe@rtangemenpindatrated 7 PRIUFE OIS sddoh@SlY daBRe 38 j@ddi ti onal
two clock tinmes before access is begun but” only a single’processing tine
once the cac@gesociated with the tertiary cache 20 which is capable storing two megabytes
of information. This cache is large enough to store large portions of arrays of
15 - floating point numbers used in scientific processing. Consequently, when used
together with the secondary cache which is able to provide lines of thirty-two
floating point numbers in a row which may be sequentially accessed without a

cache miss, the combination substantially speeds the system operation.

20 The system .illustrated in Figure 1 utilizing the three levels of caching \J
functions well to provide bpth data and instructionis rapidly upon access by the
central processing unit 12 and the flqating point processor 22. For example,
information in the two primary caches 14 and 16 is available to either of the two
‘processors 12 and 22 in a single processing time because only a single clock

25 time is required for the access once the operation has begun. The operation of
accessing the secondary' cache memory 18 requires an additional two clock

times before access is begun but only a single processing time once the cache



13 has been accessed. On the other hand, the operation to derive
information fromthe tertiary cache nmenory requires two clock tinmes before
access is begun and a total of six clock tines once access has been gai ned.
Thus, although the primary caches nmay be accessed i medi ately, the
additional 5 times before access is begun of the secondary cache and the
tertiaty cache neans that sone delay is stiJd inherent in the system even
with the three | evels of caching. The systé of the invention so far

described nay bendgBsen Bccresdt Onlife othdrHand] ihel dperdtintterderibe infounationh it s
timng varied fromthat usual in pipelining systems. Figure 4(a) .
il lustrates a tifomghditerjayyraachememmoryrequitasdivojainckdimesphbaiere aeCess 1S

P Pet' T'oad i not rbegurond 8 18ehof ik OEK g diiee AGResHar BPanad Ag . Lhbs. o
instruction. Tt . 7o AL s¢ e
phase 35 1ol enBiaugREyS Fiitely BaciiACiay Ba'ddssrdddiniiociatgfs 1o addiiandl et ©

execution phage {imekbudtoatchys fsltRganal e secandaty cdchieanddRb tedianheachedat a
access phase of the primary data cache by the data fetch unit of the CPU,
and fourth data smapsshatseswe delay isstil inhafentiy theasysten gvemwith g thrae iﬁ’/el?nit
of the CPU. The fetch operation for the first instruction takes place at
time TO The exe@UF?@H“g’nase 20 for the first instruction which includes
decode and execution and the initiation of the fetch fromboth the primry
and the secondary caches takes place at tinme T1l. The data is available from

the primary cache at thg spQgmadi thé iiwenition sothridescribedanaybemededblopefatem t he -
secondary cache at the end of tine T4. This true of the norma] execution of

the second and t isubstantialtyrfaster sed withdts|tiring ¥atied fiem thatuspgl inRIpRIOING,r ¢ he

ot ot b il e 850G b oI bt et "

second. pipeline in a pipeline system. The diagram includes three lines qf three
instructions; a first load instruction, a second use instrdction. and a third use
instruction. It will be seen that“ea-ch' instructiéh includes a first fetch phase

15 implemented by a program control unit of the CPU, a seéond exedution phase
implemented by the execution umt of the CPU, a third data access phase of the
primary data cache by the data fetch unit of the CPU, and fourth data access
phase of the secondary cache by the 'data fetch unit of the CPU. The fetch
operation for the first instruction takes place at time TO. The execution phase

20 for the first instruction which includes decode and execution and the initiation
of the fetch from both the primary and the secondary caches takes place at time
T1. The data is avallable from the brfmary cache at the end of time T2, and the
data is available from the secondary cache at the end of time T4. This true of
the normal execution of the second and third instructions as well except that the

25 times for the second instruction are shifted by one clock period from the first,

| and the times for the third instruction are shifted by one clock period from the

second.



14. 1If the second "use" instruction desires 10 use data produced in the

| oad instruction, that data is not available fromthe primary cache until
the end of time T2 while the use of the data should occur during tine T2.
This is called an interlock condition, and causes the |oss of substantial
time in the system If the 5 data fromthe |load instruction in to be used
ininstruction three, it is available at the beginning of the execution_
phase and no delay is incurred. In order,}o expedite the operation of t
system and relieve interlock condition, @ . CPU provides a nodified tinrng

arrangenent in thdf the sapendpuset insteuctibn debirés 19o0ed Had prodiced if wMdadn
Figure 4(b), the execution phase of ‘the instructions is delayed 10 by one

time so that \RHUEHanathal dalaigynot availablefremithe primany cache uisthe émdhofy cache
f ol | | pad t If th
nfor mat on ;L2 Wi Peffe'dTiRE ek Ehbiaccht o fRe T2 ﬁi’%?séaﬁ& a0t s e
mss and causmﬂd&ﬂ cONatieN dridtl Edusbs theioss of g.g%étéﬂt@i h"?““’b !‘ﬁﬁg' labl e

either fromthe secondary or the tertiary c

operati on ®f data fidm thelbaddnstpictien imte g uééuemsuawmmras it tseavanaﬁatdt on is
expedited. In |oading integer data, if the primary cache is accessed and a
nss occurs bthe beginning of @emecwm plasscansthte dglayds Ineyrretie in brden ta he CPU

and the b0 oeXesHig e BRBruBAIE the, ystgha relsyaniarlek Goration, ROt han
the CPU. the prdiBds)a fid8IREd tifdinh bf&n emﬁi dﬁgeyagag;eﬁ?@' In Ri}gta.gﬁg.f.g“q ;2 the

data. The SPARC [ine of conputers na acture Cros

2550 Garci a Aliming $fmwrt ini Figiiect(b), The eké@hi&d%aﬁé of the fn!tru@fongfis?egﬁwéh' ng
25 the tim ng arrangenment descri bed above. The tinmng for the floating
y

poi nt pi p&¥in Pgeé'mﬁaﬁmﬂ'tat the dala dsalways avaitable tromek bit irstheqirintarg chotg- | | heﬁ
secondary Cacﬂ:er a\'\@éedﬁsfrgchsogeﬁhugh ln¥mgg Petly Fonows a load mstructuon If the

information is not available in the primary cache, then the CPU detects the miss
and causes the system tp stalkuntil the information becomes available either -
from the secondary or the tertiary cache. In this manner, the operation of the

15 integer pipeline of the system using the invention is expedited.

In loading integer data, if the primary cache is accessed and a miss
occurs but there is a hit in the secondary cache, then both the CPU and the
primary cache are loaded. If misses occur in both the primary cache and the
20 secondary cache, but a hit occurs in the tertiary cache, then the CPU, the \.J
primary cache, and the secondary cache are all i_oaded with the data.

The SPARC line of computers manufactured by Sun Miérosystems. Inc

2550 Garcia Ave., Mountain View, CA. includes circuitry for accomplishing

25 the timing arrangement described above.



hol d sequences of floating point nunbers. Figure 5 illustrates two
instruction for inplenenting the floating p0|nt pi peline. The first
instruction is aload 5 instruction which is an integer type of
instruction and is, consequently, arranged in the same nmanner as the first

| oad instruction of Figure 4(a). Since it is probable that the data sought.
in a floating point operation will be available in the secondary cache, the
executjon stage of the floati:ng point use oqgﬁatlon is delayed until both
the primary data cache and secondary data cache 10 accesses have occurred.
The second i nstruct i oFhestiming fonthEifipatieg pointpipelirfesiddomewhat differantin orgiarta t s

fetch occurs at tine Tl and is foll owed t hr ee it.times., At,t
the execution ph@gkepsgiqidhe jgng-kned QQ%gZ’VI@CBQt ?%'ﬁ?@%‘l&?@&@‘@aehe

has been access eﬁ?ﬁo .y g{.?%snof fﬁ)@ Wﬁ& héf?‘n? bﬁmbgg?te Jeoghlhggatgg Wb Instruction

i nstruction. The ron stages in

al l ow for the 15 oﬁ?ﬁﬁg ngmg%e ﬂéhthbq:d‘.m%dune Hﬁbﬂfrst%ﬁhﬁ;bﬁwa loadnce
execution is not att dnt1l data is available fromboth the primry

and secondarys Cams&&ctndehmemnhtegecw afiinstruction landlis pcansaqyentlyd
secondary caches is the same; and the CPU need not stall the sg k?%
substantial |y i nerreagesinthe same-mapnerasdhe fiest doad iptragtion gl Eigure 4 f(§'"°e it

020 10 e Cach e baby hAEhe R B IR0 pheSRGRIGR 44 bt hhen
rearranged so thglg %ﬁée‘o xﬁd W@:’e‘e%uhbﬁr&tdge dt ke RbAHRY Hmﬁﬁﬁibeoﬁérdtnémi% '

secondary cache IS f'there Is a mss in the prinmary cache 25

and a hit in the depgeddmtybothcthe primary idatentachg gnd secangenadatarcachae pri nary
cache is not filled; there is no reason to fill the p Hmag{ cache.in ?
fl oat’i ng poi no o@sce&segrhaalnerﬂ%wtrﬁ@ a'bﬁaﬁeéﬂl‘d instruckion shew it Figyre fds ap| "i‘ﬂﬂ'y

" the. secondar y "GerEsiion: B RFoqEs bR 17 Fnl 18 Rloviss, ke i
cache and the secQndal ¥sCheuxedliton pHds8begins. At this time, the data in the secondary
cache has been accessed so that it is available to the floating point instruction.
The instruction shown has two execution stages in order to allow for the
15 execution of double floating point operations. Since execution is not attempted
unti! data is available from both the primary and secondary caches, the
apparent access time for both primary and secondary caches is the same; and
the CPU need not stall the system. This substantially increases the speed of

the system.

The operation for loading the caches in a floating point operation is
éomewhat different than for.integer load because the execution phase of the
instruction is rearranged so that the observed access time in the priméry cache
and the secondary cache is the same. [f there is a miss in the primary cache

25 and a hit in the secondary cache in a floating point opération, the primary
cache is not filled; there is no reason to fill the primary cache in a floating point

operation since the épparent time for accessing the primary and secondary



5 = " Al 't hough the invention has been described in a preferred *

enbodi nent, it will be clear to those skilled in the art that many .

nodi fications may be made to the inventl' on described wi thout departing from g
I

the scope of the invention; For exa ;- although the | ong delay to allow
for access ofaqhgs '%Mﬁiﬁ?y%éﬂﬁ@ﬁ'}?éggfi hthgea s & misstia thepegendagyar d t o

~floating poi 0 kal. | it m.ght . _Dbe i i nteger .
oper ati ons iEé%‘%eafb"ggz‘é‘ﬁhﬁ]gef"%ﬁngS‘g‘?'#z’fﬁéWb’Hg%%ﬁﬁ%ﬁﬁgéﬁ??ondary ca,ci‘je
ari ses. Mr egy@ndad¥aditf aRFflgg. "enory which operates with an apparent °~

pi pelined cycle tine near or equal to the processor cycle tine mght -

repl ace the secondary cache. It will, therefore, be appreciated that the _
i nvention should be considered to be particularly 15 defined by the clains
whi ch fol& ow. AfthoughAhesinvention has baen desgsibed|in acrrefesregdrmbadimentsitem -

bl f ' i it.y.of fl i it i ons, hod
For “axecut | e prtignBrd bladit ofi ait il maly B8tBbatshs iave 8388 1B e ot eps
of - a) 'St or i g iAvdriiohddBibed witiowt GephAib it B Nt dat BsdoBodyig Mary di rect

mapped cache, said primary cache conprising [err] cache es, each having
a first cachiavention. sFarexdmpie, difhoagh the lbog rlelayatoaliowrfof ajcess df the i r st
access tinme of [err] clock cyclnsés), wher e '[jerr]and he‘r[] are both integers
great er t hansefongdgoifache has heendesmensiratedswith fegasd i@ Hipating paint | oat i ng poi nt

corpr | oi Ty’ [ Ene e idniah 38 WG B Anblied R Meast DoRBER IR Be@Ridhtoror [or
floating goi Hingl MiBrA&Sbri1reM 1RS edtitcdty chétiaes] Wbleotbr Gy @¢EbAidary WheT ©

[err] is an _

: memory which operates with an apparent pipelined cycle time near or equal to \J
the processor cycle _ti'me might replace the secondary cache. It wili, therefore,
be appreciated that the invention should be considered to be particularly

15  defined by the claims which foliow.



integer, [err]is greater than [err}——and [err] is an i nteger greater than
[err]; .¢) storing a third pIuraIitE of floating point data in a tertiary

cache, said tertiary cache conprii 'uu"mn"uﬂﬁfmﬂlllnes wherein [err] is
said third plurality of

an integer greater than or equal

floating point data, each of said n3 cache Vi fes* having a third cache |ine
size of [err] floating point data words and a third access tinme of t3 clock
cycl egs. where [err is greater than [err] and [err] is an integer greater

than [err]; d) executing at |east one f¢fching and one decodi ng floating
p0|nt_phase to fetch and decode a floating point i nstruction, sai d
floating point instructions being preceded by a floating point data

| oading instruction to load at |east one floating point data word froma
sel ected one of said primary, secondarySkBE¥8ertiary cache; * C L
M S * 18. e) executing d floating point delay phases, said d

exeouting ai Foaer "ot 4| chipeiiied] cSBiledr | dyesRal I 0

decoded float|ngx;mmtﬁnqrntphurakmtyZof floatting poink instructions, ia

glqﬁialmslz “‘;ﬁée'ﬂetﬁéérkoénue%ﬁ:hnaotﬁo%ﬁb ot rinaRitiditb sk deer 1]
method comprising the steps of:

a) storing a first plurality- of floating point
data in a_prlmary direct mapped cache, said primary cache
comprising n, cache lines, each having a first cache line

U size of m; floating point data word(s) and a first access
time of t4 clock cycle(s), where mq and t, are both
integers greater than or equal to 1;

b) storing a second plurality of floating p01nt
data in a secondary .fully associative cache, said
secondary cache comprising n, cache lines, each having a
second cache line size of m, floating point data and a
second access time of t, clock cycles, where n, is an
integer, m, is greater than m,, and t, is an integer
greater than t1,

c) storing a third plurallty of floating point
data in a tertiary cache, said tertiary cache comprising
n, cache lines, wherein n, is an integer greater than or

\_ equal to the number of said third plurality of floating
point data, each of said n, cache lines having a third
cache line size of mq floating point-déia words and a
third access time of t, clock cycles, where mj is greater
than m, and t, is an integer greater than t,;

Y executing at least one fetching and one
decoding floating point phase to fetch and decode a
floating point instruction, said floating point
instructions being preceded by a floating point data
10ading instruction to load at least one floating point
data word from a selected one of said primary, secondary
and tertiary cache; ‘



d equals 3. 3. The met hod as set forth in claim2, wherein [err]
equal s 16. 4. a pipelined conputer system capable of

execut i ng a_pLULaLLL¥_oL_LLQaLLng point instructions, an apparatus for

executing floatln oi nt instructions, said apparatus conprising: a) a
primary d|re lEﬂ“&ﬂﬂttuuor storing a first plurality of floating point
data in a pr said primary cache conprising [err] cache

| i nes, each haV|ng a first cCache line size of [err]floating point data.
mord(s) and a first access tine of [err] clock cycle(s), where [err] aﬁ#
[err] are both integers greater than orf®gual to 1; b) a secondary fully
associ ative cache for storing a second plurality of floating point data in
a secondary fully associative cache, said secondary cache conprising [err]
cache lines, each ha®ng exeeubingche float iy epointeradldy ophas@spoi nt

dat a words asdid de€hodt £AG CH6int dhe %lﬁﬂéébsPEQQKiEXE €3t YBSLE &err] i's
; |

an integer, fe r r _than,[er and [err] I nt eger dater
than [err]; ¢ E Ci8CQ Sféi??ar dache for storing a third pIurallty of

fl oating point data fh a texwm.’gngadte leaist t ohki aﬂoaagﬁg CE8PAL Si NQ
err] cache éxa e e e or equal
[err] % eﬁtwﬂ Fﬁhge[ o’ ]e letut fé%jl%éa‘iel%b&%g ﬁj& ,(,19 gagn q

to the nunbeg % g plurality o Fof said
[err] cache fpAEEY f5%PRy a third cache line size of [err] floating point
data words and a third access . .
2. The method as set forth in claim 1, wherein;
m; and t; both equal 1;
m, equals 64 and t, equals 2; and §_)
d equals 3.
3. The method as set forth in claim 2, wherein n,
‘equals 16.
4. In a pipelined computer system capable of

executing a-plurality of floating point instructions, an
apparatus for executing floating point instructions, said
apparatus comprising:

a) a primary direct mapped cache for storing a
first plurality of floating point data in a primary
mapped cache, said primary cache comprisxng ny cache .
lines, each having a first cache line size of m; floating o/
point data word(s) and a first access tipe of t,; clock
cycle(s), where my; and t; are both integers greater than
or equal to 1;

b) a secondary fully associative cache for
storing a second plurality of floating poiht data in a
secondary fully associative cache, said secondary cache
comprising n, cache lines, each having second cache line
size of m, floating point data words and a second access
time of t, clock cycles, where n, is an integer, my is
greater than m; and t, is an integer greater than tys



time of [err] clock size, where [err] i s g'réater t han [err] and [err]is an
i nteger- greater than [err]; and d) a—floating point pipeline coupled to
said primary, secondary, and tertiary cachés for executing at |east one

fetching and one decoding floating poin lmmﬂﬂm ’ and decode a
floating point instruction, d floating 8 ﬂumﬂgmw said d floating
poi nt- del ay phases requiring at |east [err]® cltoc c§cles, and at |east one
fl oati.ng point execution phase to execute said decoded floating point
instruction, said floating point instruct i‘qns bei ng preceded by a floating
poi nt data loading instruction to |load at 'l east one floating point data
word froma selected one of said primary, secondary and tertiary cache. 5.

The apparatus as set fqrth i,n | i er [err h
equal 1; [err] equals and e?’rE théggl's ?ﬁ%n?ocf[ quut"]ﬁl?'r}%. g ]thtiQEThe
appar atus as s@lumakity rof| §ieptinghppdink pdata) isyual Sextiayry cachep

conput er syst ergLi{PEéSt {Eky dachd EGMpYising Ch, TBAEBRE 13hke,l Whetedhi Ng a .

first plurality of ,floati oint _data in a . pritary nmapped cach i d

primary cache ®amptfsidly ?gFg?e’EaE'ﬁgng greaker R vi?%‘aa"a €?i ?'EF

cache line simmberf ¢f£rsaid| thirdgppuralitiyt efwfldatingngodnti dataaccess

time of lerr] GG 5¥ChaYd) ny"Rlche Fires i fiig la 2ER1PA! RabhbCdine

greater than or equal to 1; ,
size of m; floating point data words and a third access
time of t; clock size, where m; is greater than m, and
t, is an integer greater than t,; and

w _ -d) a floatipg point pipeline coupled to said

primary, secondary, and tertiary caches for executing at
least one fetching and one decoding floating point phase
to fetch and decode a floating point instruction,' d
floating point delay phases, said d floating point delay
phases requiring at least t; + t, clock cycles, and at
least one floating point execution phase to execute said
decoded floating point instruction, said floating point
instructions being preceded by a floating point data
loading instruction to load at least one floating point
data word from a selected one of said primary, secondary
and tertiary cache. '

W, 5. ' The apparatus as set forth in claim 4, wherein,
m; and t; both equal 1; '
m, equals 64 and t, equals 2; and

d equals 3.
6. ~ The apparatus as set forth in claim 5, wherein n,
_ equal_s' 16.
7. . . A computer system comprising:

a) a primary' direct mapped cache for storing a
first plurality of floating point data in a primary
mapped cache, said primary cache comprising n,; cache



b) a secondary fully a Lative cache for storing a second plurality of
floating pﬂfﬁﬁ‘asig?jdary fully associative cache, said secondary
cache conpri g m\mﬂmﬂl i nes, each having second cache |ine size of
[err] floatlm“m{\m ds and a second access tinme of [err]clock _
cycles, wheres efr]tis" af |nteger [err] is greater than [err] and [err] is
an integer greater than [err]; c) a tertiary cache for storing a.
third plurality of floating poi nt data in a tertiary cache, said tertla,r,y
cache conprising [err] cache |ines, iﬁl n n3 is an integer being greater
than or equal to the nunber of sald th plurality of "floating point data,
each of said n3 cache lines having a third cache line size of nB floating

[ d t hj of _t.clo cycl ere [err] is
g(rjlegt er at ﬁa\ﬂ'[n%%r’?ngﬁ eirié iﬂéce‘%s ﬁrer%‘ c@‘PB&t eili(’??\arﬁfz’e‘f r}M}S affd d) a
floating poifcatiing | 'l‘!'o Aatal werdés)d and nar §irstcacdesy, timé o€rtiary

caches for eceiber %&ch.ﬁ%§? ORMeir@! cﬂn ngnanq: Orf'réleBBﬁia %ntl:'e%%?sng poi nt
phase to fet e?%lnd code a ( i nstir uct1 on oat’l ng poi nt

ogt
del ay phase§ g h? Elel ay phases requiring at |east [err]
cl ock cycles, and ab)l easa sleeohldazyl :prynhsmiutliva Phesife t gogxecut e

sai d decode oi structions
bei ng prece% BJ by aq?l oatl ng %ﬁlﬁ *Hﬁ? %‘lg%%il?ﬁsé’gg%g E?ogf‘o&d at

| east one f ISCSONRIYoiGH atazfﬁﬂi’rlétflf"@mcécé’@lneébéd momasm ¢achenar y,
secondary arenpeiilsigy ngaebehe 'lines, each having second cache line

size of m, floating point data words and a second access
time of t, clock cycles, where nz'is an integer, m, is .\)
greater than my and t, is an integer greater than ty;

c) . 'a tertiary cache for storing a third
plurality of floating point data in a tertiary cache,
said tertiary cache comprising n3 cache lines, wherein n,

- is an integer being greater than or equal to the number
of said third plurality of floating point data, each of
said n, cache lines having a third cache line size of m,
floating point-data words and a third access time of t,
clock cycles, where m3 is greater than m, and t, is an
integer greater than t,; and

d) a floating point pipeline coupled to said
primary, secondary, and tertiary caches for executing at
least one fetching and one decoding floating point phase (_,
to fetch and decode a floating point instruction, a4
floating point delay phases, said d floating point delay
phases requiring at least t, + t, clock cycles, and at
least one floating point execution phase to execute said
decoded floating point instruction, said floating point
instructions being preceded by a floating point data
loading instruction to load at least one floating point
data word from a selected one of said primary, secondary
and tertiary cache.



The cthuter systemas set forth in claim

M S * 21 8.
equals 64 and [err] equals

x c L

7, wher-ein, [err] and [err] both equal 1; [err]
a%efgﬁndngqggtzlg.lg. The conputer systemas set forth in claimS8,
| AR 0
2\,
8. The computer system as set forth in claim 7,
wherein, ' o '
m, and t; both equal 1;
m, equals 64 and t, equals 2; and
d equals 3. :
9. The computef system as set forth in claim 8,

wherein n, equals 16.




