2 5. The cache index of claim1, further conprising a second set, wherein
said second set is one of said pl urallty of data sets, and said second set
includes a ¥O¥A§Wag conprising a second plurality of bits RGIMGSISOINIA
state. 6. The cache index of claimb5, wherein if both a first line and a
second line are mapped into said first set, said first plurality of bits
references said first line and said secondl-plurality of bits references
said second line. 7. The cache index of claim1, wherein said cache index
conprises a tag arrayAaWrWAA SET+ASSOCIATIVE CACHKE MEM®RYIbsyst em f or
use in a conputer system said conputer system having a central processing
unit (CPU), said cache nenory subsystem conprising: a data array having a
plurality of elements; and a set array including, a plurality of sets,
wherein each set of said p r a single el ement
of said data array, aflrsll#{ dﬁb 3 1 | d and a first
state field, and a second set |ncI uding a second tag field and a second
state field, and wherein said first state field indicates a nunber of cache
l'i nes rrapped into said first set ﬁ@ﬁd%iltﬁemﬁgoﬁt ate fiel d i ndi cates a
nunber of cache |ines mapped into sai

The present invention pertains to the field of data storage. More

particularly, this invention relates to cache memory subsystems..

Background
Computer technelogy is continuously ativancing, resultihg in
microprocessors which operate at faster and faster speeds. In order to
take full advantage of these higher-speed microptocessors, data storage
capabilities must keep u:p w1th the increased speed. I_-Itgh speed
memory, however, is very expensive, with the cost being further
amplified by the large amount of xhemory which many modern
software programs requtre | |
One solutxon to the problem of expensxve memory is that of a
cache memory subsystem A cache memory subsystem is a memory
unit which is generally much smaller than the system memory unit
but which operates at a significantly higher speed than the systent
memory. The goal 6f the ceche memory is to contain the information
) (whether 1t be data or mstruchons) that the microprocessor is going to

use next. Ttus mformatlon can then be returned to the microprocessor

much more quickly, due to the higher speed of the cache memory.



second set. 9. The subsystem of claim@8, further conprising a bit map *
correspondi n% to said first set, said bit map indicating whether said first
set has bWOPA¥Bssed by said CPU nore recently than sai d BETMRIM98 10,
The subsystem of claim9, wherein said bit nmap receives as input fromsaid
CPU a second plurality of bits which uniquely identify a third set of said
set array, and outputs a nost recently-3rsed set bit indicating whether said
first set or said second set is the nost recently used set. 11. A cache
nermory subsyst em¥hg operation ef cagheumemaryssubdystens vatiepuhewesss iem havi ng

Gat a ar oy’ 1ERRETRY. SRR GrSHTARREhbeaTammesyStoTE AR HOFE AL R GBERG, & |
Fo ' si ngl o BEEEH: Wbyt BeoIprayor seanpat Siarlatin BEM 2°F{ rot tag
field and af ity Sic bl ellaf iRRFAAHT f is' githgdbTBReBuit®GPNd 120

v

field and a sécon
data related to an instruction, it s_ends the memory address of the

desired information to the cache mémory. If the cache memory
contains the information, it issues a signal to the microprocessor
indicating so; this sxgnal .is:l genéraﬂy termed a "hit." The cache
memory then returns the requeéted informatidn’ fo the | '
microprocessor. Thus, the microprocessor receives the requested
information more quickly due to the faster speed of the cache memory.
If, however, the cache méx:xiory does not contain the

_ information requdstéd by the ixxiéroﬁroéeésor, then a signal, generally
termed a "miss," is returned to the microprbcessof. The miss indicates
to the microproceséor ghat it must retrieve the information from the
slower system memofy. 'Alfern.étively, the cache memory controller
may retrieve the information from the system memory, and return it
to the microprocessor. Regardless of which subsystem retrieves the
information from the 'system memory, the retrieved information is
also stbréd in the cad'\.e'memory.. In ofder to store this information in
the cache memory, how@a, other data in the cache may need to be
overwritten. That. is, other ihformation-may be contained in the
location the new information is to be written into. In some systems,
this situation is resolve& by transférring the inform&tion stored in a -
particulér location of the cache memory into system memory and
traﬁsferring the information stored in system memory into that

particular location of the cache memory.



a nost recently used set (MRU) i ndi cat or corresponding to said first set

I ndi cati ngw@gg’%

fecently than“sa

i

said first set has been accessed by said '
second set, wherein said MRU indicator is%ggﬂﬁg%s; and

-an exclusive-or gate, wherein said bit map receives as input fromsaid CPU
a second plurality of bits, said second plurality of bits being all bits of
athird plurality of bits except the nostsignificant bit of said third

plurality of bits,
a third set of sai ¥hetheythgcaghe memgry mysirangigs thetipfermation ig1ax pit

said single bit an

excl usi ve- or BafRcu

wherein said third plurality of bits uniquely identifies

id t gignifi t bit .bei ' t Id
aZ Forasifiy o et ey S AR GeRBMAERERR g cat i ng

120 "The subs B Pacy BineiPhét. REF siaiBle. e Epi bolioRs Baptatife o'

second state iﬂf‘a
possi bl e states

;

fhatich £5i¢he %?s_tg?‘g tngé,mg)p% Qﬁh&?&?rbﬂh% ﬁ{faf'rﬁgﬁoﬁaihdtl{é‘r ee

elng a dire

orrowed state, and a palred state.

13 The sUbSYAUNOapah RN ThuslihentebteAnk i Tansion idrh dhey

i ndi cates said first

I's nost recently useéd and is nodified to indicate

said second sgystefn fidthory; dfifSriyation in the cache need not be transferred to

the system memory.

The cache memory is generally much smaller than the system

memory. Thus, only a portion of the memory address, referred to as

the cache index, is used as an index into the cache memory. A second

portion of the memory address, generally referred to as the "tag

portion”, is used to determine whether the information stored in the

cache memory is the requested information. Thus, multiple system

memory addresses reference the same slot in the cache memory.

When the microprocessor requests a memory address which

corresponds to a slot in the cache memory which is already used by

another cache line, then a conflict occurs.

Cache memory subsystems are frequently divided into muitiple

ccache lines, with the cache index portion of the memory address

corresponding to one of these cache lines. Each cache line includes

multiple bytes, with the particular byte requested by the microprocessor

being indicated in the memory address as an offset. The system

“memory is also often divided into the same line size as the cache

memory. These lines in the system memory are referred to as data

lines.

~ One type of cache memory subsystem for resolving cache line

conflicts is known in the art as a direct-mapped cache. In a direct-



used in response to a request to said cache nmenory subsystem from said CPU
when said first state field is in a paired state. 14. (Anended) The
subsyst enwadémassed m 9, wherein said MRU indicator initiallyPCTIUses®e989s said
first set is nost recently used and is nodified to indicate said second set
I's nmost recently used in response to a request to said cache nenory
subsystem when said first state field-4s in a direct state and said request
is not located in said first set. 15. (Amended) The subsystem of claim§9,
wherein sai {i(’\aggUd' Adhevilen AN Ebrbilict obRids AR édthkuirdstbred fie tis@pachent egr at ed
circuit package. 16. ‘The subsystem of claim 15, wherein said first state
field and sgitdarsfened totsyisterhimemory andtheudatd line sarrésportdiggadetieci rcui t '
package. 5 17. A cache nenory subsystemfor use in a conputer system
sai d conput mquessfrom ithe migreproeessox|is franséarsed go that locaton indhed cache
menory subsystem conpri-sing: a data array having a plurality of elenents; a
s;at alr ray i?a;hedmmoru- S raching system hap several advantagesofFitshi d

urality of sets o
P Y the hardware complexity for implementing the cache is relatively

o

simple. The tag of the location is compared to the request, and the
cache line is returned to the microproceésor if they match, or the data is
retrieved from system memory if they do not match.

Second, the cost of the cache memory subsystem is relatively ‘
small. The reasoning for this is two-fold. The reduced logic
complexity discussed above reduces the fiﬁancial cost of the system. In
addition, the low compieacity allows the cache memory to utilize static
random access memory (SRAM) cells. SRAMs are widely available,
and are inexpensive relative to many other types of memory cells.

The direct-mapped. cache, however, performs poorly under
certain circumstances. For example, memory address A and memOry.
address B may both reference the same cache location, location X. If the
niici'oprocessor initially requests memory address A, then the data in
address A is stored in location X. If the microprocessor requests address
B on the next cdlock cycle, then the data in location X is returned to the
system memory (at address A), and the data in address B is stored in
location X. The next 'request'.by the microprocessor may then be for
‘address A again. Thus, the data in location X is returned to the system
memory (at address B), and the data in address A is again stored in
location X. Therefore, a very pobr hit ratio (that is, the number of
cache hits relative to the total number of accesses to the cache) will

occur if the microprocessor makes requests in the following order:



corresponds to a single elenent of said data array, a first set including a
first tag field and a first state field, and a second set including a
gecond tagWO8@B3dhd a second state field; and a swap contr oPCDUBS5/98%6
swappi ng a first cache line and a second cache line, said swapping
including placing a first cache line initially located in a first el enent

of said data array into a second el ement_gof said data array, and placing a
second cache line initially located in said second elenent into said first

element. 18. TRAreuDYIdELOB, £dd¥el AT adibelst Adkibd Al iddrest Bl &l €l d and

~said second state field are each in ohe of three possible sai d

three possi bl qThuspitefaniied Sébrotiilt tRE pesforhrfance &qaﬁéﬁdnﬁb?haca%ﬁ@ a paired
0

state. 19. The subsystem of claim 18, wherein said swap ntrol wunit
perforns sai dsaffeppwheni merxﬁimﬁpﬁ&ebsbraalt&ﬁﬂ@¥ requésts addeedses PERRAY
subsystem from said CPU when said first state field is in said paired
state. 20. TMe subsystem of claim 18, wherein said swap control unit
performs said swapping in response to a request to said cache nenory
subsyst em from sai d* eeeonghisrpesef cachermemaryt whicheresolwesithissai d direct state

and said request_is not ]Jocated in said first set. _ |
performance disadvantage is a two-way set-associative cache memory.

- A two-way set-associative cache includes two "ways,"” which can be
thought of as two direct-mapped caches operating together (for this
reason, a direct-mapped cache is sometimes referred to as a one-way
cache). In a two-way cache, if a conflict occurs, then the data stored in
the first way of the cache is transferred to the sécond way of the cache,
and the new data is retrieved from the system memory into the first
way of the cache. Thus, both da;a lines are stored in the cache memory.
Therefore, if the microprocéssor continuously switches between

- requesting address A and address B as described above, each request
will hit the cache, resulting in a higher hit ratio. Both data lines
remain in the cache until a second conflict occurs; that is, a third
request which accesses the same location.

Thus, it can be seen that the two-way cache resolves some of the
performance problems in the direct-mapped cache. However, this
increased performance has several costs. First, the logic complexity to
operate a two-way caché is greater. Additional logic must be incdluded

“to monitor both cache lines in both ways, and return the proper data |

when a request from the microprocessor hits the cache. Second, two-

way caches generally use customized memory cells, rather than
standard SRAMs. Thus, the financial cost of the cache system is

increased.



6 21. A nethod of returning a data |line requested by a central processing
unit (CPU) of a conputer systemto said CPU, said conputer system i ncl uding
a systemwomemgddand a cache nmenory subsystem said cache nBPODUSISHNIBIG/ St em
including a | evel one (L1) cache and a level two (L2) cache, said L2 cache
having a plurality of cache |lines, wherein each cache |ine of said
plurality of cache lines is a partner gache [ine to another cache |ine of
said plurality of cache lines, said nethod conprising the steps of: (a)

d I Ni wh .Sai o4l . i_S. i i . a :
rgt ﬁ;m zlgngai def}laegh'?|8Irfg’sE%%ébéf%?ls;t?%é%ggd&s@gggﬁ%&?ﬁg t|mg(p-)st ored in
said L1 cache,y, é&)\e.is%‘?éﬁéfr}l{ﬁxpﬁlamta"tﬁi%&ﬂﬁa RadlidleThe dbrelcfl L2 cache

corresponding-“to said®data ltne 1s 1n a borrowed state; (d) -retrieving

sai d data Ihﬁwpﬁé&&é@&céys%wﬁlyamgglemém@immmmm hitne in said
L2 cache in the cache |line corresponding to said data line; and (e)

updat i ng t hecatst dowever, dn @ashewayneache, botl carhe listestare a2@essedite net hod of
claim 21, further conprising the steps of: determ ning whether said cache
line in sai determinelif aihit poeursawith theproper line being returned to the

o

microprocessor if a hit does occur. Thus, it can be seen that the two-
way cache utilizes twice the power of the direct-mapped cache, since it
is accessing twice as many cache lines.

~ Thus, it would be advantageous to provide a cache memory !
subsystem which operates quickly to take advantage of the increased
speed of modern microprocessors. The prese'nt invention provides
such a solution.
| Furthermore, it would be ;dvantageous to provide a cache
memory subsystem which had the advantages_of both a direct-mapped
cache and the increased performance of the two-way cache. The
present invention provides a cache memory characterized as being less
complex, having a lower cost, and lower power usage than the 2-way

cache. The present invention also provides higher hit ratios as

- compared to conventional direct-mapped caches.



requested by said CPU;, and determ ning whether said cache line in said L2
cache corr ' to said data line is in a direct state. t hod
of claim Zgﬁa?ﬁ?{sggr conprising the step of returning said ngﬁl_ell_sﬁgl}%es rom
said L2 cache to said CPU. 7 24. The method of claim?22, further
conprising the steps of: retrieving said gata line fromsaid system nenory
and storing said data line in said L2 cathe in the cache line correspondi ng
to said data line; returning_said data |line to said CPU updating the state
of said cache line to a pai reMMadY Q Yoo ltyN st ate of said
partner cache line to a borrowed state. 25. The nethod of claim 22,
further conprising the steps of: determ ning whether the cache line in a

| east recently used® _§E’P‘WPYa§eb‘FF$ﬁﬁi§ﬁi‘é%€acéﬁdn§“thﬁé‘IESW berein. daquest ed
data 11 ne: andodPaRbbnEY, thi S35e RSSO IncHSES Bk 4 SePSnbl oS!
| data array. The data array comprises multiple elemehts; each of which

can contain a cache line. The set 'array: comprisés multiple sets, each of
which corrésponds to an element in the data ai'ray. 'Each set in the set
array contains information which indicates whether an address
received by the cache memory matches the cache line in its
corresponding element of the data array (assuming the element
contains a cache line). | | | |

- Each set includes tag information and state information. The tag
information is a reference to one.of thé cache lines in the data array. If
the tag ofa particular set matches the tag portion of the address
received by the cache memory, then the cache line associated with that
particular set is the requésted cache line. The state information of a
particular set indicates the nur_nber of cache lines mapped into that

particular set.



26. The nethod of claim25, further conprising the step of returning said
cache line fromsaid | east recently used set of said L2 cache to said CPU
27. The wovwoessof cl ai m 25, further conprising the step oPCT@SSN98%ng sai d
data line fromsaid systemnenory and storing said data line in said L2
cache in the cache line corresponding to said data line. 28. The nethod of
claim25, wherein said step of updating-said | east recently used set
conprises swapping said |least recently used set and said nost recently used

set. 8 29. A COWPUB;;E;WMN%PWHB DRAWEBNGStral processing
unit (CPU) coupled to a cache nenory subsystemincluding, a
data array having a plurality of el enents, a set array I ncl udi ng a
plurality of sets, wherein each set of said plurality of 'sets corresponds
to a single el eneThe pfesent ihviaitioreis illnstratéd bytwaptoflexampierag\dambﬁ rst tag

field and a first state field, and a second set
lxmxtat:on in the fxgures of the accompanymg drawings, in which like

o

references indicate smular elements and in which:

Fxgure 1 shows an overvrew of an example computer system of
the present mvennon, .

Figure 2 shows the set array and correspondmg data array of a
cache memory in one embodtrnent of the present mven_tlon, | ‘

Figure 3A shows a bit map for determining the most recently
used set informetion in one embodiment of the'present invention;

Flgure 3B shows the logrc cxrcultry for determuung the most
recently used set information in ‘an alternate embodunent of the
present invention;

Flgure 4disa block dragram of a cache memory subsystem in one
embodiment of the present mventlon,

Figures 5A and 5B show the steps followed by one embodlment
of the present invention in operating the cache memory subsystem of
Figure 4;. '

~ Figure 6 is a block diagram of a cache memory subsystem in an
alternate embodiment of the present invention; |

Figures 7A and 7B show the steps followed by one embodiment

" of the present invention in operating the cache memory subsystem of
Figure 6; |
Figure 8 is a block diagram of a cache memory subsystem in

another embodiment of the present invention; and



including a second tag field and a second state field, and wherein said
first state field indicates a nunber of cache lines mapped into said first
set and saiVMO6B&®Y state field indicates a nunber of cache PCRESIH8HEd
into said second set. 30. The systemof claim?29, further conprising nmeans
for maintaining an MRU i ndicator corresponding to said first set indicating -
whet her said first set has been accessed-®By said CPU nore recently than
said second set. 31. A conputer system conprising: a bus; a central
processing unit (CHipufesUph agdi 9B SRow théSsteps felldweddyDone embdiinemt
including, a data array having a plurality of elenents, a set array

i ncludi ng a plofrtheipreserit Bweationtiar aperadagitheataché memnorylsubsysteyn of set s
corresponds to a single elenent of said data array, a first set including a
first tag fielkigure® and a first state field, and a second set including a
second tag field and a second state



field; and means for maintaining a nost recently used (MRU) set, said MRU
set being either said first set or said second set, said neans for

mai nt ai NiW@ 9640639 si ng a swap control unit for swappi ng a PCTASIN8%e | i ne
and a second cache line, said swapping including placing a first cache |ine
initially located in a first elenment of said data array into a second

el enent of said data array, and placing0a second cache line initially

| ocated in said second elenent into said first elenent. 32. The system of
claim 29, wherein said first pefigrErErDESCRIPTRON second state field are
each in one of three possible States, saird three possible states being a
direct state, a borrowed state, and a paired state. . WO 96/ 06390

PCT/ US95/ 09896 -10- DETAI LED DESCRI PTION In the follow ng detail ed

descri pti on nunerldnuhedplomnfing ditailed sleacripien numerousrspecifier detailsr ovi de a
t horough understandi ng of the present invention. However, it wll be
“under st ood laye sabfartk kn jorder toyprovide a thorough understanding of the

present invention. However, it will be understood by those skilled in
the art that the present invention'may be practiced without these
specific details. In other instances, well known methods, procedures,
components, and circuits have not been described in detail so as not to
obscure aspects of the present inventipn. ‘
Figure 1 shows an overview of an example computer system of
the present invention. The computer system generally comprises a
system bus or other communication device 100 for communicating
information, and a central proces‘sing unit (CPU) 101 coupled with bus
100 for processing infbrmaﬁon and instructions. In one
implementation, the present invention includes an Intel® architecture
microprocessor as CPU 101; however, the present invgntion may
utilize any type of microprocessor architecture. In one embodiment,
bus 100 includes address, data and control buses. The computer system
also includes a system memory or random access niemory (RAM) 104
coupled with bus 100 for stodﬁg information and instructions for CPU
101, a read only memory (ROM) 105 coupled with bus 100 for storing
staiic information and instructions for CPU 101, a data storage device
“106 such as a magnetic disk and disk drive coupled with bus 100 for
storing information and instructions, a display device 107 coupled to
bus 100 for displaying information to the computer user, an
alphanumeric input device 108 including alphanumeric and function

keys coupled to the bus 100 for communicating information and



the art that the present invention may be practiced without these specific
details. In other instances, well known nethods, procedures, conponents,

and circui t WORs963%0t been described in detail so as not to CINLIS/OMIpect S
of the present invention. Figure 1 shows an overvi ew of an exanple conput er
system of the present invention. The conputer system generally conprises a
system bus or other comuni cation device-1100 for comuni cating information,
and a central processing unit (CPU 101 coupled with bus 100 for processing

i nformation angmmahdelédivhs thrCPOCI01TR! QIFSSE &l dé\hee ﬂb@%@ﬂglédwnt on

includes an Intel architecture m croprocessor as CPU 101; howev

present i nventi@N 10 YortomniEnieatin yznﬁrqﬁ it GhRRHRARTS ahd domhmagdt ure. In
one enbodi nent, bus 100 includes address," data and control buses. The

conput er syst Seiel:ltmsnoﬂmddﬂlﬁamj/at}wfdmpyrde\ﬁte 1thdachaseeplotieeioory ( RAM
104 coupled with bus 100 for storing information and instructions for CPU
101, a read orprntesncoupleembusoictarprayidingha lvisual gepfesentation ofjthet at i ¢
informati on and instructions for CPU 101, a data storage device 106 such as
a magnetic di s@"éﬂﬂt%‘!}fkagﬁst ve coupl ed with bus 100 for storing i'nformation

and instructions, 6ll‘ aPsp?Xy evice 10]7 Jnlcxgg lm%ﬂx the computer system of the
present invention may be a liquid crystal device, cathode ray tube, or
other display device suitable for creating graphic images and
alphanﬁmeric characters (and ideographic character sets) recognizable
to the user.- The cursor control device 109 allows the computer user to
dynamically signal the two dimensional movement of a visible symbol |
(e.g., a cursor or pointer) on a display screen of the display device 107.
Many implementations of the cx;rso'r control device are knowh in the
art including a trackball, mouse, joystick or special keys on the
alphanumeric input device 108 capable of signaling movement of a
given direction or manner of displacement. It is to be appreciated that -
the cursor also may be directed and/or activated via input from the
keyboard using special keys and key sequence commands.
Alternatively, the cursor may be directed and/or activated via input
from a number of specially adapted cursor directing devices, incduding
those uniquely developed for the disabled.

CPU 101 includes an internal bus or other communication
“device 115 for communicating information between components
- within CPU 101, as well as components external to CPU 101. An
instruction execution unit 116 is also included in CPU 101. The
instruction execution unit 116 retrieves and executes instructions, and

- retrieves data, from data storage devices within the computer system.



bus 100 for displaying information to the conputer user, an al phanumeric

| nput device 108 including al phanuneric and function keys coupled to the

bus 100 fwpegeegasuni cati ng i nformati on and WO 96/ 06390 pCTMUS9IS/09896

PCT/ US95/ 09896 command sel ections to CPU 101, a cursor control device 109 ‘
coupled to bus 100 for conmmunicating user input infornmation and comrand

sel ections to CPU 101, and a hard copy.jdevice 111, such as a plotter or
printer, coupled to bus 100 for providing a visual representation of the

conmput er i es. i ' T Hidd i it H&E,c 3@@“'
of the .pre%esﬁ%ﬂ%ﬁ?@ﬁﬂﬁﬁ%@@%ﬁﬁﬁlst%i sc;wc;:é_rdyisntzg’?st%v&cee, aﬂ% e raflytS Lg(ran,
or other di smsaaapaeytbiigs‘gé(g%\g@?g%,f&& A RYEl-Ofe YL BRRAIcRe 1T ¢S 8IsBNd

al phanumeri c character eographi ¢ character- sets) recognizable to
the user. Thackidedin CPU 101 foiitbfifig Ha¥a ahtd dnstrubtonofariisy byiser to

dynam cal |y signal the two dinensional movement of a visible symbol (e.g.,
a cursor or ex@cation)urdn16.disshould e netedcthat KPUI18D lcontairy additidval
| components, however these have not been shown so as not to clutter
the drawings and obscure the. pré;ent invention.

CPU 101 is coupled to a level two (L2) cache 118 via L2 bus 119.
L2 cache 118 is an additional cache for storing data and instructions for
use by execution unit 116. In one embodiment of the present _ ‘
invention, L2 cache 118 is both lai‘ger and slower than L1 cache 117. L2
cache 118 includes L2 controller 120 for controlling the operation of L2
cache 118, and also L2 RAM 121 for storing the data and instructions

“contained in L2 cache 118. In th;a embodiment shown, L2 controller
120 is included in L2 cache 118. Alternativély, L2 controller 120 could
be included in CPU 101.

It will be appreciated that the computer system of Figure 1 is
exemplary only. lﬁ some impiementations of the present invention,
additional processors or other components may be included in the
computer system. Furthermore, certain i:nplementa;tions of the
present invention may not require nor include all of the aibove
components. For example, display device 107 or hard copy device 111
may not be coupled to bus 100.  Furthermore, certain implementations

“may couple components in a _.differeﬁt-manner. For example, L2 cache
/118 may be connected directly to system bus 100 rather than to internal
bus 115.

Figure 2 shows a cache index or set array 201 and a

corresponding data array 21 of a cache memory in one embodiment of



Many i npl enentations of the cursor control device are known in the art
including a trackball, mouse, joystick or special keys on the al phanuneric
input devi MO 96186390 pabl e of signaling movement of a gi ven di PEERISHSH09896
manner of displacenent. It is to be appreciated that the cursor also may be
directed and/or activated via input fromthe keyboard using special keys
and key sequence commands. Alternativel yl13the cursor may be directed and/ or
activated via input froma nunber of specially adapted cursor directing
devi ces, i ncl thii presehbimvemicquebet atzay R20paniclides Riredatassets,cand drta 101

i ncl udes an internal bus or other communication device 115 for

comuni cat i ngarmay@idnrindes & nelementsp Hachdatasetpfsetaray20l as wel | as
conmponents external t n i nstryction eéﬁ ution unit 116 is also

i ncl uded in CF‘EFE%HO“ @?ﬁ&éﬁ@?’ﬁﬁn’e% a'iai%max. #t- 116 retrieves and
executes instructi %:fa v\%o etri eveslsdgtsxaﬂgle ym&tlf)‘r t%nq{gqg)%sdﬁréfes wi t hin

the conputer syste
PCT/ US95/ 098945wever set array 201 can be treated as a two-way set-associative cache.

This is shown in Figure 2 by way 0 and way 1, with each way
comprising n sets. An address received by the cache memory contains
a portion which is a set index, such as set index 205. Set index 205
uniquely identifies one particular set within set array 201, whether that
set be in way 0-or way 1. Thus, the size (that is, number of bits) of set
index 205 is determined by the number of sets within set array 201,
Given the division of way 0 and way 1 shown in Figure 2, the
difference between a set index which identifies a set in way 0 and a set
index which identifies a set in way 1 is the most significant bit of the set
index. For example, if all the bits of set index 205 are zeroes, including
the most significant bit, tl_len set index 205 maps to set 1 of way 0 of set
array 201. However, if the most significant bit of set index 205 is a one
and all other bits are zeros, then that set index 205 maps indexes into
set 1 of way 1 of set array 201. |
Thus, it can be seen that set array 201 can operate essential_ly asa
direct- mapped cache. That is, each set index into set array 201 maps
-into one particular set of set array 201. However, it should be noted
~that to access the corresponding set of a different way, the most
significant bit of the sef_ index need only be flipped. Thus, for example,
given the set index for set 4 of way 1, if the user desired to access set 4 of

way 0, the most significant bit of the set index would simply need to be
flipped t0 0. -



-12- These data and instructions can be stored in systemnenory 104, ROM
105, data storage device 106, etc. A level-one (L1) cache 117 is also

i ncl udedwon9emeapo101 for storing data and instructions for RCHUSSEN886CUt i ON
unit 116. It should be noted that CPU 101 contains additional conponents,
however these have not been shown so as not to clutter the draw ngs and
obscure the present invention. CPU 10l14-s coupled to a level two (L2) cache
118 via L2 bus 119. L2 cache 118 is an additional cache for storing data

and i nst ruct i onsyf ghe 4sndRinfHACH! iR phakht ientich, @agh agbaisgent of the

.present invention, cache 118 1s both larger and slower than L1 cache

117. L2 cacligay d81inaLidees the flehdhndld statelffldl ThectagifieMilofag the operation
-of L2 cache 118, and also L2 "RAM 121 for storing the data and instructions

cont ai ned i pattidutaicéia idéRtifies thé eaciwbline storedsinctive, cortesponding | er 120 is
included in L2 cache 118. Alternatively, L2 controller 120 could be
EiGte 1 1S Cxenmlary olty.. L Sone LD, chentati ons. of the precent
nvent i on, selartaya0 incales the EEOTX AAASH B NG 4h Aot FREY uded i n ¢ he
221. The information stored in the tag field of a‘particular set is .
received as part of the memory address request from the processor. -
| The state field of a particular set within set array 201 indicates the .
number of cache lines that are mapped into the set, as described in <
more detail below. In an alternate embodiment of the-présent
invention, two set arrays are utilized. One set array contains the tag
fields, while the second set array contains the state fields. This
embodiment is discussed in more detail below with reference to Figure
4. |
It will be appreciated by those skilled in the art that alternate -
émbodiments of the present invention can utilize set arrays with
additional information.. For example, in one embodiment of the
present invention, set array 201 includes parity bits for each set used for
error checking and also includes status bits which reflect the validity of
the cache line (for example, using the well-known MESI protocol).
In one implementation of the present invention, set array 201
comprises 1,024 sets in total. Thus, each way includes 512 sets, and set
‘index 205 comprises ten bits. Therefore, data array 221 also includes
1,024 elements. In one embodiment of the 'presént invention, each
element within data array 221 is a single cache line for the computer
~ system. In one implementation, the size of.this cache line is 32 bytes.

It will be appreciated, however, that these sizes for the set array, data



-~

conput er system Furthernore, certain inplenentations of the present

I nvention may not require nor include all of the above conponents. For
exanpl e, di@'é”éﬂ?‘-?@vi ce 107 or hard copy device 111 may not RETAHIHPMS t 0
bus 100. Furthernore, certain inplenmentations may couple conponents in a

di fferent manner. For exanple, L2 cache 118 may be connected.directly to
system bus 100 rather than to internal bgs- 115. Figure 2 shows a cache

i ndex or set array 201 and a corresponding data array 221 of a cache nenory.

in one enbodi Epfdy, @hd cack@ 18 483 @mplary 'on-lg'; these components can be of
PCT/ US95/ 09896 -13- the present invention. Set array 201 includes 2n data

sets, and dat angrsiz¢g. 221 includes 2n el enents. Each data set of set array
201 corresponds to a single elenent in data array 221. Set array 201 as
shown is a singl e, Afhmentimined above, gadusetawithyn sebarray203 anayiinelpdaGl can
be treated as a two-way set-associative cache.
state field. 'In one embodiment of the present invention the state field
 indicates the number of cache lines which are mapped into this
particular set. Each set index uniquely identifies one set of set array
201. However, since multiple data lines can have the same set index,
when the data lines are transferred to the cache as cache lines, the
present invention allows a set index to map to multiple cache lines. In
this embodiment, three possible states exist for the state field. These
three states are: direct, paired, and borrowed.
The direct state indicates that only a single cache line is mapped
into this set. That is, only one ca‘che line is associated with the set. A
‘set in direct state can transition to either borrowed state or paired state,
or remain in direct state.
- A set in paired state indicates that two cache lines are mapped
into this set. That is, two cache lines are associated with this set. In
this situation, the information associated with one of the cache lines
(that is, the tag, state, data, efc.) is stored in this set and its
corresponding data array élements. This set is then termed the
“primary” set. The information associated with the second cache line
is stored in the corresponding set and data array element of the other
“way, which is termed the "partner” set. The partner set can be accessed
by simply flipping the most significant bit of the set index for the
primary set.- For example, if the primary set is set 4 of way 0, then the
partner set is set 4 of way 1. A set which is in paired state can transition

to direct state, or remain in paired state.



This is shown in Figure 2 by way 0 and way 1, with each way conprising n
sets. An address received by the cache nenory contains a portion which is a
set i ndexWVO2606398s set index 205. Set index 205 uni quely i PETIP5EI8IONE
particul ar set within set array 201, whether that set be in way 0 or way 1. °
Thus, the size (that is, nunber of bits) of set index 205 is determined by
the nunber of sets within set array 2Qig- G ven the division of way 0 and
way 1 shown in Figure 2, the difference between a set index which

vy 1 sl _ ! cen a set i) h
< the most si gnif Paibe ) BOpReRCiale WBcalfe fhel AR Mapaih MedThes 10,

of set inde : ' ' ' (11 ' h
ése %hgrxﬁdg%&gfa% 5? gdvgghggs& Rigst TS st iy bEaskd pyt%t en set

i ndex 205 maps to set array 201. wever, e nost

signi ficant cBHesﬁBnéﬁi&éélCBﬁh_EQﬁhéﬁuﬁyOﬁma%ﬂg, thiel cortdiponbing sét'6f zer os,
then that set index 2 maps indexes into set 1 of way 1 of set array 201.

Thus, it canhéothercwaylisin patredrstate & thensecopdraiche disedsmapped as a
di rect- mapped cache. That is, each set index into set array 201 maps into
one parti culinto thds set. Secong; the carespondisgeset of the pthardway may alsot hat t o
access the corresponding set of a different way, the nobst significant bit
of the set ibedaxborsewedrstate,indicating thatme sache)lines argymapped into
~ either this set or the corresponding set of the other way (that is, this
set's partner set). A set in borrowed state can either transition to direct
state or remain in borrowed state. At system start-up, all sets in set ‘
array 201 are initialized to the borrowed state.
It should be noted that each pair of corfesponding sets (where
the set indexes of a pair of corresponding sets differ only in the most .
significant bit) is-a primary/ partr;er set combination. Either set can be
the primary set and either set can be the partner set. Which set is the
primary set and which set is the partner set is determined by the set
indexed by the set index. The set indexed by the set index is the
primary set; the corresponding set in the other way is the partner set. It
should also be noted that which set is the primary set may also be
dependent on which of the two sets has been most recently used, as
discussed in more detail below.
It should further be noted that whenever a particular set is in
paired state, that set's partnei‘ set is in borrowed state. By using the
‘paired/borrowed states, a two-way cache is created. Thatis, if a
particular set is in paired state, then it contains the information for one

cache line and its partner set contains the information for the second

- cache line mapped to this set.



given the set index for set 4 of way 1, if the user desired to access set 4
of way 0, the nost significant bit of the set index would sinply need to be
f1ipped to WO96/0639 96/ 06390 PCT/US95/09896

PCT/ US95/ 09896 -14- |In one enbodi nent of the present invention, each set in
set array 201 includes a tag field and a state field. The tag field of a
particular set identifies the cache lineatored i.n the correspondi ng

el enent of data array 221. For exanple, the tag field of set 2 of way 0 in

set array 201 i ndi ghesi i HREBYNANRNP SRR mBhRIY Hertavel 283! dirdit 2y 221

The information stored in the tag a par ar set is received as

part of the _ﬁéd?éﬁéh@iﬁltﬂ%h&%ﬂi& befvedte tWoaehe Mines beeuss. alAhdr €l d of a
particul ar set thin set array 201 indicates the nunber of cache |ines

that are mappsich atconflive ovetrs, e oty ineatbriyrbehaves dstadtwo-kedyoset- | N an
al ternate enbodi rent of the present invention, two set arrays are utilized.
One set arr ayassodiadivescache. t ag ' .

By utilizing the state fields within set array 201, a preliminary
determination as to whether a request hits the cache or misses the
cache can be made for some requests. If the request received from the
processor indexes a set which is in borrowed state, then the request is
guaranteed to be a miss. That is, the borrowed state indicates that no
cache lines are mapped into this set. Thus, there is no need to compare
the tag of the request to the tag of either the primary set or the partner
set of set array 201.

If the request from the prc;cessor indexes into a set which is in
direct state, then the request may either hit or miss the cache. The tag
field for the indexed set must be compared with the tag field of the
request from the processor to determine whether or not a hit occurs.
However, the partner set need not be checked because direct state

- indicates only a single line is mapped into this set. Thus, the tag field
of only a single set need be compared with the tag field of the address |
received from the processor. Thus, it will be understood by those |
skilled in the art that when each set of set array 201 is in either direct or

borrowed state the cache behaves as a direct-mapped cache.

) If the request from the processor indexes a set within set array
201 which is in paired state, then the request may either hit or miss_the
cache. In one implementation of the present inventidn, the tag field of

- the request is first compared to the tag field in the primary set. If the
tag fields match, then the cache line associated with the primary set is



fields, while the second set array contains the state fields. This

enbodi nent is discussed in nore detail below wth reference to Figure 4. It
will be wupeeusds ed by those skilled in the art that alterrcu/esesmbesdi nent s
of the present invention can utilize set arrays w th additi onal

i nformati on. For exanple, in one enbodi nent of the present invention, set
array 201 includes parity bits for eacg.set used for error checking and

al so includes status bits which reflect the validity of the cache Iine (for

exanpl e, usj th |1 -kn [ ' ' f th
e R L R i 8 el R s L0
way i ncl ude , |5}r]gp Ui Hhd K Bd S f ,
dat a array éﬁ?ﬁ(ﬁ;{aﬁ%%%te el 24 Eet‘_e ts. l%ﬁ_%%gﬁﬁfeﬁ-&hg; et ﬁree
present i nVEaAheNsetqs eBnaPEE Withithe kdp HaldPofttieneqdedt. iIf the &ghaf e cache

line for the conputer system In one imnplenentation, the size of this cache
line is 32 flSrnérd seddnd fee mighfield of t requestvmiatclt, lthen thesacls zes for the

set array, data . _ :
line associated with the partner set is returned to the processor.
Otherwise, a miss indication is returned to the processor.

Thus, when a set is in paired state, that set and its partner set
behave much like a two-waycabhe. However, the two sets donot
operate exactly as a two-way cache because the second set is accessed | ‘
only when the first set is a miss.

In one implementation of the present invention, the primary
set is the most recently used (MRU) set. The MRU set is the set which
has been most recently accessed l;y the processor. Thus, the primary set
could be either set of the primary set-partner set pair, as discussed in
more detail below. |

In the embodiments of Figure 4 and Figure 6, MRU logic is
utilized when accessing the L2 cache. The MRU logic (or indicator) -
indicates which of the primary set-partner set pair has been most
recently accessed by the processor. In the embodiments of Figures 4
and 6, the MRU set is termed the primary set, and the least recently
used (LRU) set is termed the partner set. When the request from the
process_of is a miss, the cache line of either the primary set or the
i)artner set is transferred to the system memory to provide a free
location for the cache line coming in from system memory. In one
implementation, the cache line which is least recently used (that is, the

partner set) is the one which is swapped with the cache line coming in
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PCT/ US95/ 09896 -15- array, and cache line are exenplary only; these
gconponent s WQ#6M46890%f any size. As nentioned above, each set RFT/HS95/09896
array 201 may include a state field. In one enbodi nent of the present
i nvention the state field indicates the nunber of cache lines which are

mapped into this particul ar set.

Each s&#- i ndex uniquely identifies one set

of set array 201. However, since multiple data |lines can have the sane set

i ndex, when fiom dgbtent meraory.e Thuenbi antfledng; aht MRUARECc,aheqaOpe

present _

t hi s enmbodi meache line ¢e transéérnloesystemememwrstisfknowhe state fiel d. These

three states are: direct Rai red, and borrowed. The direct state indicates
IS

that only a singl FiguterdA

I nvention allows a set index to map to multiple cache lines.

rl i nes,

In

aw's; 3 bitmapdor dejermining dhe mpsttrerentlynl y one

t he

cache line is associafed wth the set, A set in direct state can transition
nsed.og oh

to either
in paired st

That

IS,

t intormationyin ppg embediment

line. The ten input lines to bit map 310 are the ten bits of the set index
into set array 201. Thus, with ten inputs, bit map 310 can access 1,024
unique locations. Given these ten inputs, bit map 310 outputs a single
bit, MRU bit 311, which is the MRU indicator for the particular set
which was input to bit map 310. In one implementation, if MRU bit
311 is a "0", then the most recently used set is determined by not
flipping the most significant bit of the set index. However, if MRU bit
311 is a "1" then the most rece'ntly‘used set is indicated by flipping the
most significant bit of the set index. For example, the set index indexes
a set within set array 201. If MRU bit 311 is a "0", then that set index is
the index of the primary set. However, if the MRU bit 311 is a “1", then
that set index is the index of the'partne'r set.

Figure 3B shows the logic circuitry for determining the most
recently used set information in an alternate embodiment of the
present invention. Figure 3B shows a bit map 320 having nine input
lines. These nine input lines are the nine least significant bits of the
set index of the address received from the processor. The most
significant bit of the set index is input into a conventional exclusive-or
gate 322, along with the output from bit map 320. The output of
exclusive-or gate 322 is then used as the most significant bit of the set
index (that is, bit 14), rather than the most significant bit which was

input to gate 322. Thus, the result of the arcuitry in Figure 3B indicates

S8 BRt PEARE PTEFET iNVERtORate. A set
o Poofh bR 4 Bl AV B AR TRPLE LERERA SA Bulple ot



this situation, the informati on associated with one of the cache |ines
(that is, the tag, state, data, etc.) is stored in this set and its
correspongtoRgoeieba array el enents. This set is then ternmedpchwsisosser y"
set. The information associated with the second cache line is stored in the
correspondi ng set and data array el enent of the other way, which is terned
the "partner" set. The partner set carppe accessed by sinply flipping the
mﬁst significant bit of the set index for the primary set. For exanple, if
the primry,se ¢4 of way 1.
A set whi chthSe£ thﬁlpg'lﬁistg @’{xﬁ tclg'ﬁ {a?gﬁsflgﬁoﬁﬂeﬁﬁ%{triﬁp g?eatﬁ{egs or rema?/n I n

pai red stat gxéuflca\qpb%q@@mbed in Figure 3A.

PCT/ US95/ 09 - If aset is in borrowed state, no cache lines are

mapped i nto thi sppehe ebibadinehicat gfe ﬁﬁ%eﬁi invention, the; MRU $égictibi s set may
be used by the corresponding set of the other way. That is, %1

ﬂ)[] re els EO Prg :Oi;gt(;dﬁed)bytshﬁtimg bach loration inrthpdiit m}z(eitlerdummdpeBmeobnd cache
Figure 3A or bit map 320 of Figure 3B) to "0" at system start-up. In this
embodiment, the MRU logic can be implemented using the logic
cxrcultry of either Figure 3A or Figure 3B. The MRU logic is then

updated when a set transitions from direct state to paired state, as

discussed in more detail below. . : '

Figure 4 is block diagram of a cache memory subsystem in one
embodiment of the present invention. In this embodiment, both the
MRU logic and the state information-are stored in the same integrated
circuit (IC) package as the CPU, and the level-two (L2) cache is
contained in a separate IC péckage. Figure 4 shows the logic circui&y
for both CPU 402 and L2 cache 403. The separation between these two
IC packages is shown by boundary line 401.

CPU 402 includes an instruction execution unit 405, a level-one
(L1) cache and controller 406, MRU logic 407, L2 state controller 408,
and state array 409. An internal bus 404 is also included within CPU |

. 402 for communicating information between the various components
of CPU 402. ‘It will be understood by those skilled in the art that
various additional components necessary for the operation of CPU 402,
Such as an arithmetic logic unit, are also included within CPU 402.
These addit'ion&l components, however, have not been shown in
Figure 4 so as not to clutter the drawing and obscure the present

invention. -

4



into this set. Second, the corresponding set of the other way may al so be

i n borrowed state, indicating that no cache lines are nmapped into either
this set orWafRe/0630r espondi ng set of the other way (that is, RCLESISHI8IE
partner set). A set in borrowed state can either transition to direct state
or remain in borrowed state. At systemstart-up, all sets in set array 201
are initialized to the borrowed state. I-2lshould be noted that each pair of
correspondi ng sets (where the set indexes of a pair of correspondi ng sets
differ only in theInststciéoneixboutdon unit 105 exacytes instytodons eetrieeed

conbi nation. Either set can be the primary set and either set can be the
partner set. Y¥oimlprograms aperapnginrthesompuier system.sdihis exeqdiomrt ner set
is determ ned by the set indexed by the set index. The set indexed by the
set index is imeolyes Fatrievdag bathdnsguctiops amd datacfromy the, compiter wvay i s t he
partner set. It shquld also noted that which_set is the.prinmary set may
al.so be depenaxwgﬂweﬁ}"of bgB %ﬁﬁ“&'@f‘s“‘ﬂééﬁéé’gﬂ“mg&rdéggﬂgfy used, as
e

par 1 cular scttutpr dRtC it akd IS he AR malior B0R 1y HenBUR LT, °

% Zt ® . Byi e ;'&thﬁﬁepibé.e‘# 8 FeQifedt AR BRectidn'BnitR0SHIE'E1 Eckd 866,29

then the requested information is returned to execution unit 405.
However, if the request from execution unit 405 misses L1 cache 406,
then the address received by L1 cache controller 406 is input to L2 state
controller 408. In one embodiment of the present invention, L1 .cache

and controller 406 is a conventional cache memory. In an alternate
embodiment, L1 cache and controller 406 is a cache memory according
to the present invention. ) |
MRU logic 407 is the logic circuitry which provides the MRU
information, such as shown in Figures 3A and 3B. The request from
execution unit 405 is input into MRU logic 407 at the same time it is
input into L1 cache 406, thereby allowing the MRU information for the
particular set within L2 cache 403 to be accessed in parallel with L1
cache 406. Thus, the MRU information, such as MRU bit 311 discussed
above in Figure 3A or bit 14 discussed in Figufe 3B, is available to L2
- state controller 408 at the same time the L1 cache and controller 406
outputs the address of the request to L2 state controller 408.
B - L2 state controller 408 receives input from both L1 cache 406 and
MRU logic 407. L2 state controller 408 combines the MRU information
received from MRU logic 407 with the least significant bits of the

- requested set index received from L1 cache 406. Thus, L2 state



particul ar set

such a conflict occurs, the cache nene2+ behaves as a two-way set-

associ ati ve cache.

for the second

Is in paired state, then it contains the information for one
cache line and its partner set contains the information
cache lingowepésee to this set. WO 96/ 06390 . PCT/US95/09896

PCT/ US95/ 09896 -17- Thus, it can be seen that the cache nenory behaves as a
di rect- mapped cache until a conflict between two cache |ines occurs.

When

By utilizing the state fields within set array 201, a

prelini nary sersnéd 468 keerafesiihe HRIrBSY {6t theganhrPkéiS(thAEiscathe or ni sses

the cache can be nade Tor sonme requests. If the request received fromthe
| AR eecehtlyelisadhset ofi theiparherrsetvptimant set gadn t he request is

processor

guaranteed to be a mss. That is, the borrowed state indicates that no
cache |ines are h2ppatd controllend@8 isalsoToupled toestate array 408c8tate conpare t he
tag of the request to the tag of either the

array 409 includes the state field for each set within the L2 cache. The
state field for a particular set indicates whether that set is in direct,
paired, or borrowed state. Thus, if the request misses the L1 cache then
the L2 state controller 408 determines the state of the primary set for
the request. Thus, prelimihary information, such as whether the' set is
in borrowed state and therefore guaranteed to be a miss, can be accessed
in the same IC package as the CPU 402, without accessing L2 cache 403.
Therefore, under certain circumstances, a miss indication can be
returned to execution unit 405 without incurring the time delay in = -
accessing the separate IC package ‘of L2 cache 403.

If the request misses L1 cache 406 and L2 state controller 408
determines that the set is in either direct or paired state, then L2 cache
403 is accessed. The requested address from execution unit 405 is input
to L2 cache 403 from L2 state controller 408. This address is shown as
address 420, comprising 32 bits. The 16 most significant bits of address
420 contain the tag field of the request from execution uhit 405. This

tag field is used to determine whether the cache line associated with

the primary set matches the request, as discussed in more detail below. -

Bits [14:5] of address 420 are the index into set array 422, as described
-above with reference to Figure 2. The five least significant bits of
address 420 are the offset within the cache line of data array 424. That
is, bits [4:0] of address 420 indicate which byte within the requested
cache line should be returned to execution unit 405 first in the event of

a hit.

primary set_or the partner



Sset of set array 201. If the request fromthe processor indexes into a set
which is in direct state, then the request may either hit or mss the
cache. TheW™QM63W d for the i ndexed set nmust be conpared wiRCE/DSRS/0988¢
field of the request fromthe processor to determ ne whether or not a hit
occurs. However, the partner set need not be checked because direct state
indicates only a single line is mapped-2hto this set. Thus, the tag field
of only a single set need be conpared with the tag field of the address
recei ved from t heTheqgréanany setTbased oh adidréssbi20yiscmicessedchria tiidwagdoski | | ed
in the art that when each set of set array 201 is in either direct or .
borrowed st athatiset isingnd todag comparisendiogic426raphe dag ferhdhe primamy sebquest
fromthe progessor index&; a set_wi.thin set array 201 which js in paired

state, then FHEPEaIRdWitathedagifigld rf_mmoaddﬁeg%ﬂdﬁby dag empapisgRdogic
RGPS XA FE R TR YT S
match, then Lng RS foted that BRtS {1458k 4dikst 250 BFd Qf%){nﬁlﬂ td data array
424. Thus, the output of data array 424 is the cache line associated with
the set indexed by address 420. If tag comparison logic 426 indicates that |
the tag of the priniary set and the tag of address 420 match, then a hit
indication is returned by control logic 428 to CPU 402, along with the
cache line from data array 424.
However, if tag comparison logic 426 indicates that the tags do
not match, then control logic 428 either checks the partner set or
returns a miss, depending on whether the state of the primary set is
direct or paired. The state of the primary set is received as input from
L2 state controller 408. If the state of the primary set is direct, then
control logic 428 returns a _miss- indication. However, if the state of the
primary set is paired, then control logic 428 accesses both set array 422
and data array 424 uéing the set index of the least recently used (LRU)
set. ‘As discussed above, this is ddne_ by flipping the most sigﬁifiéant bit
of the set index, for example bit [14] of address 420. The tag from set
array 422 of the LRU set is compared by tag comparison logic 426 with
the tag received from address 420. The result of this comparison is.
then output to control logic 428.. If tag comparison logic 426 indicates a
hit, then the cache line from data array 424 associated with the LRU set
is returned to CPU 402, along with a hit indication. However, if tag
comparison logic 426 indicates a miss, control logic 428 returns a miss

indication to CPU 402.
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returned to the processor. However, if the tag field of the primary set
does not wanseuis3sthe tag field of the request, then the tag FCEUSHSHH89he
partner set is conpared with the tag field of the request. If the tag of

" the partner set and the tag field of the request match, then the cache |ine
associated wth the partner set is retd-ned to the processor. O herw se, a
mss indication is returned to the processor. Thus, when a set is in paired

state, that set g0@nklémBadiment éﬁhé)ghas\ém oo ScohtiNogRy 488 Che.
However, the two sets do not operate exactly as a two-way cache because the

second set idria¢esanydata linewfsntsystdnm Mémoey witich ave seeded bank2
i npl enent ation of the present invention, the primary set is the nost

recently usestheMR®3) Eean alteendi®émbodinsenithkl satheand rontrollerat@6nost
recently accessed by the processor. Thus, the primary set could be either
set ﬁf t he retriesey anytneededrdatadinespfaom thessystemumempryn Ioarodherai | bel ow.
In the enbodj ments of Figure 4 and Figure 6, MRU logic is utilized when
accessi ng t alkernate gmbodiment, exequiioncupniy 405 retriayes any needed clata

lines from the system memory.

Figures 5A and 5B show the steps followed by one embodiment
of the present invention in operating the cache memory subsystem of
Figure 4. A request for information is first issued from the execution . '
unit of the CPU, step 505. In one implementation of the present |
invention, this request is in the form of an address, such as address 420
shown in Figure 4. This request from the execution unit is used to
access the L1 cache, step 506, and Eo access the MRU logic, step 508. As
shown in Figure 5A, steps 506 and 508 are performed in parallel.

‘Upon receiving the request from the execution unit, the L1
cache and controller 'deterfrﬁnes whether the request hits the L1 cache,
step 510. If the request hits the L1 cache, then the requested cache line
is returned to the execution unit from the L1 cache, step 512, thereby
satisfying the request. However, if the request misses the L1 cache,
then the L2 state controller determines whether the primary set
indexéd by the request from the execution unit .is, in borrowed state, -
step 515. The primary set is the set indexed by the set address received
from the execution unit as modified by the MRU information obtained
in step 508. The partner set is the set indexed using the least significant
bits of the primary set address and the most significant bit of the
primary set address flipped. Thus, the primary set is the most recently

used set, and the partner set is the least recently used set.



~

indi cates which of the primary set-partner set pair has been nobst recently
accessed by the processor. In the enbodi nents of Figures 4 and 6, the MRU
set is ternXOME3W i mary set,; and the |least recently used (LIRDUSHEI098%

termed the partner set. Wien the request fromthe processor is a mss, the
cache line of either the primary set or the partner set is transferred to
the systemnenory to provide a free | ocat2ben for the cache line conmng in
fromsystem nmenory. In one inplementation, the cache Iine which is |east

recently used (thatlfithe printaryesetiiein bottowed sfate, ?hen thé L2 ststeswapped with
the cache line comng in WO 96/ 06390 .

PCT/ US95/ 0989 Gcont®llerrimmedintely kmowsthall thues reduyest tftdr zthegexeatibRUiniogi c,
the proper cache line to transfer to systemmenory is known. Figure 3A
shows a bit nepisses theL2carhe.nghusetheoraquestedndata lineis retrieved fromti on in
one enbodi nent of the present invention. Figure 3A shows a bit map 310
havi ng ten i npygtem ﬁggl%gm ster 520+ F;'[he- data line retrieved from system

memory is then returned to the execution unit and also to the L2
cache, step 525. The cache line is then stored in the L2 cache in the data
array line which corresponds to the primary set, and the state of the
primary set and the partner set are both updated to direct state, step 530.
In one implementation of the present invention, the cache line is also
stored in the L1 cache.

Returning to step 515, if the primary set is not in borrowed state,
then the L2 state controller outputs both the primary set address and an
indication of whether the primar;' set is in direct or paired state to the
L2 cache, step 535. The tag.comparison logic in the L2 cache then
determines whether the tag of the primary set and the requested
address match, step 540. If the tags match, then the request hits the L2
cache and the cache line corresponding to the primary set is returned
from the data arfay in the L2 cache to the execution unit, step 542.

- I, however, the tags do not match in step 540, then the control
logic in the L2 cache determines whether the primary set is in direct
state, based on the input received from the L2 state controller, step 544
of Figure 5B. If the primary set is in direct state, then the requested data

line is retrieved from system memory, step 545. This data line is
‘returned to the execution unit and is also stored in the partner set, step
550. In one implementation of the presént invention, the data line is
also stored in the L1 cache. The MRU logic is then updated, step 555, to

indicate that the partner set is the most recently used set. The state of



line. The ten input lines to bit map 310 are the ten bits of the set index
into set array 201. Thus, with ten inputs, bit map 310 can access 1,024

uni que | wev§/063%0 G ven these ten inputs, bit map 310 out ppCHUSISH98G € bit,
MRU bit 311, which is the MRU indicator for the particular set which was
input to bit map 310. In one inplenentation, if MRU bit 311 is a "0", then
the nost recently used set is determupgd by not flipping the nost
significant bit of the set index. However, if MRU bit 311 is a "1" then the

Ot T €cent . y36g Qb istneATigiHtEd 1 pabledRRY ahh ATk GBL [ cant bi L of

t he set index.® For exanple, et dex I ndexes a set within set array

201. If W%ﬁ&&w&hbﬁ&g@vvé@'étaté,@épmt set index is the index of the
primary set. However, if the MRU bit 311 is a "1", then that set index is

the i ndex of thelpontembodimertti gfutte PRsehoisvertion, ahecMRU dogicry f or
determ ning the nost recently used set information in an alternate

enbodi nent iricludes pbitseap withdeniioput Hngsras gwwndndiguts 3Andp Bd9 havi ng
nine input lines. These nine input lines are the nine |east significant

bits of theembodiment the MRY logig issupdated; tacindicate the PapineE s€L 4 . The nost

significant bit_of th |.nd IS | .int ' . | usi ve-
el 555"kl o SIS vt BPE RS 4Tt g 0

determined by the ten bits of the set index of the primary set and a "0"
in the bit map at the location determined by the ten bits of the set index
of the partner set. In an alternate embodiment of the present ‘
invention, the MRU logic includes a bit map with nine input lines, as
shown in Figure 3B. In this embodiment, the MRU logic is updated to
indicate the partner set is the MRU set by flipping the bit in the bit map
-at the location determined by the Tine least significant bits of the set
index of the primary set. - |

Returning to step 544, if the state of the primary set is rieither
direct nor borrowed, then the primary set must be in paired state. The
tag of the primary set was already found to not match the tag of the
request in step 540. Thus, the tag comparison logic determines.
whether the. tag of the partner set matches the tag of the request, step
575. If the request hits the partner set in step 575 (that is, the tags
match), then the cache line associated with the partner set is returned
from the L2 cache to the execution unit, step 580.- The MRU logic is
then updated to indicate that the previously least recently used set is
now the most recently used set, step 585. The MRU logic is updated as
discussed above in step 555. -

Retuming- to step 575, if the request misses the partner set (that

is, the tags do not match) then the requested data line is retrieved from



excl usive-or gate 322 is then used as the nost significant bit of the set

I ndex (that is, bit 14), rather than the nost significant bit which was
input to gdY@9EY6IN Thys, the result of the circuitry in Fi guPCTBBSMI&C at es
WD 96/ 06390 ' : PCT/ US95/ 09896 - 20-

t he actual nost significant bit, rather than whether to flip the nost
significant bit as described in Figure 3% |In one enbodi nent of the present
invention, the MRU logic is initialized by setting each location in the bit

map (either biysteémbmeéidbryf stepBIoe BhisUatRilineBRhéR FeirnBldd BotBBhet 0 "0" at
system start-up. In this enbodi ment, the MRU | ogic can be inpl enented using

‘the | ogic cirexdcutipnofini¢iankiethell2 ¢ache}Atep 595.0Uh ondBmpletnérithkibAgtite i s t hen
updat ed when a set transitions fromdirect state to paired state, as
di scussed i n datadinkeisalso beturned ko gndestdredsinbtheck] daclg: aThel2aachehe nenory
both the | stores this dafa fine in the pariner set. The MRU logic s then updated |
| to indicate that the previously least recently used set is now the most
recently used set, step 585.
Figure 6 is block diagram of a cache memory subsystem in an
alternate embodiment of the present invention. The embodiment
shown in Figure 6 is similar to the embodiment shown in Figure 4,
however, the state information for each set within the set array is
stored in the same IC package as L2 cache 603, rather than in the same
IC package as CPU 602. Figure 6 shows CPU 602 and L2 cache 603,
separated by boundary line 601. ‘
CPU 602 includes an internal bus 604, an instruction execution
unit 605, and an L1 cache and controller 606. The opération of these
components is as discussed above with reference to Figure 4. CPU 602
also includes MRU logic 607, which is similar to MRU logic 407 of
Figure 4.  However, MRU logic 607 determines whether to flip the
most significant bit of the set index received from L1 caéhe' 606 and also
flips the most significant bit, if necessary, to obtain the. index of the
primary set. Thus, the set index portion of address 620, which is input
to L2 cache 603 from MRU logic 607, contains the set index of the
primary set (that is, the most recently used set). ‘As discussed above
with reference to address 420 of Figure 4, address 620 of Figure 6 |
comprises 32 bits. Bits [31:15] are the tag field of the address, bits {14:5]

are the set index, and bits [4:0] are the offset into the cache line.



MRU | ogic and the state information are stored in the same integrated
circuit (1C package as the CPU, and the level-two (L2) cache is contained
in a sepawebdeoéx® package. Figure 4 shows the |ogic circuitPgrfusssidsessn CPU
402 and L2 cache 403. The separation between these two | C packages is shown
by boundary |ine 401. CPU 402 includes an instruction execution unit 405, a
| evel -one (L1) cache and controller 46, MRU logic 407, L2 state controller
408, and state array 409. An internal bus 404 is also included within CPU

402 f '
202, 1t wil pEaohadfel SRR (RO oy Vel apRe RS O
addi ti onalar{a%glgg ﬁﬁ‘?‘*’&gﬁg’sﬁ?ﬁﬁ‘*ﬁﬂbﬂm’%ﬁ M{c]:\p%{ea,tggu 402, such as an

arithnetic 0 1ncluded within These additi onal
conponent nfoRRidtioN and S¥ite inforhntios b tie intddxegdlset beirg impuint tdgo cl ut ter

t he draw ng and obscure the present invention. WD 96/ 06390
PCT/ US95/ @8fffarison logic 626 and state comparison logic 627, respectively.. Tag

comparison logic 626 compares the tag of the indexed set with the tag of
address 620 and outputs the result to control logic 628. Similarly state
comparison logic 627;determines thé. state of the indexed set, and
outputs this information to control ldgic 628. State comparison logic
627 indicates that the set is either in direct state, paired state, or ‘
borrowed state. . |

Control logic 628 receives as input the result of the tag
oompanson from tag comparison loglc 626, and the state of the indexed
set from state comparison logic 627 Based on this information, control
logic 628 determines whether the request from execution unit 605 hits
or misses L2 cache 603. |

Control logic 628 returns either a hit indication or a miss
indication to execution unit 605, depending on the result from tag
comparison logic 626, and the state of the indexed set as received from
state comparison logic 627. It should be noted that if the state of the
indexed set is paired, then both the primary set and partner set may
need to be accessed by control logic 628. Whether both sets are accessed
by control logic 628 and whether a hit or a miss -ihdicétion is returned
to execution unit 605 is discussed in more detail below with reference
to Figures 7A and 7B.

In one embodiment of the present invention, control logic 628
retrieves any needed data lines from the system memory. In an

alternate embodiment, L1 cache and controller 606 retrieves any



-21- Instruction execution unit 405 executes instructions retrieved from
prograns operating in the conputer system This execution involves
retrieving W& 8t ructions and data fromthe conputer syst ®@TSIAWHG
When execution unit 405 requires additional instructions or data, it first
requests the information from Ll cache and controller 406. If the request
from execution unit 405 hits L1 cache 42%, then the requested information
is returned to execution unit 405. However, if the request from execution
unit 405 m saeedéd dasx hined @fomtthe sybtemn anleinesy. r bt enathir ajtekdateache
controller 406 is input to L2 state controller 408. In one enbodi nent of

t he present iembodiment, execusioncunit G0 etrievéscanyl d@eded alatadinestfromal cache
menory. In an, alternate enbodi ment, L1 cache and controller 406 is a cache
mermory accor dhe§ystem mempEBent i nvention. MRU logic 407 is the logic

e T i
o mat 1 on' Rhhe pettdhybfiit 08 oHRFdind e ok Femly BibRcelcy 1

parallel wt 'Fiéﬂ:re 6. A request from the execution unit on the processor is -

initially issued, step 705. This request for information is a request for a
data line, 6r a cache line, and may comprise instruction information or
data information for the processor's use. In one implementation of
‘the present invention, this request is an address. -

The request from the execution unit is input to both the L1
cache, step 706, and the MRU logic, step 708. The MRU logic accessed
in step 708 indicates the primary set (that is, the most recently used set)
for the indexed set in the L2 cache, which is used by the present
invention if needed as discussed below. Upon receiving the request
from the execution unit, thg L1 cache determines whether the request
hits the L1 cache, step 710. If the request hits the L1 cache, then the
requested cache line is returned to the execution unit from the L1
cache, step 712.

If the request misses the L1 cache, then the tag comparison logic
determines whether the tags of the primary set and the request match,
step 715. This is done as discussed above, by comparing the tag field of
the request from the execution unit to the tag field of the primary set
within the set array of the L2 cache. If the tags match, then the
requested cache line is returned to the execution unit from the L2

cache, step 720.



cache 406. Thus, the MRU information, such as MRU bit 311 di scussed above
in Figure 3A or bit 14 discussed in Figure 3B, is available to L2 state
control | eWABEI6HO t he sanme tine the L1 cache and control | er PGL/ESS0OR6t S t he
address of the request to L2 state controller 408. L2 state controller 408
receives input fromboth L1 cache 406 and MRU | ogic 407. L2 state

control l er 408 conbines the MRU i nfor38tion received from MRU | ogi c 407
with the least significant bits of the requested set index received fromlLl1l

cache 406. Thus,fl Rotevbt the tXf3 86/t3MAAtch, then the control logic within
PCT/ US95/ 09896 -22- controller 408 generates the address for the primary

set (that ithe Lheadhesdetermines whethet the privhatyhsetrisih borrowed gtatepry set
pair). L2 state controller 408 is also coupled to state array 409. State
array 409 istep 7@bs If the primazy isekisdnfhorrewed state, thenhthe requestomissesie. The
state field for a particular set indicates whether that set is in direct,
paired, or tb@r%%.fg\es tEhus, the requested data line ds retrieved Jromethessystame t hen
memory of the computer system, step 730. This data line is returned to
both the execution unit and the L2 cache, step 735. The data line
retrieved from system memory is stored in the data array of the L2
cache which corresponds to the set indexed by the original request from
the execution unit (that is, the primary set).  The state of the primary ‘
set is then updated to the direct state, and the state of the partner set is
also updated to direct state, step 740. . In one implementation of the
present invention, the data line is also stored in the L1 cache and
controller. ‘ .

Returning to step 725, if the primary- set is not in borrowed state,
then a determination is made as to whether the primary set is in direct
state, step 745 of Figure 7B. If the primary set is in direct state, then the
requested data line is retrieved from system memory, step 750. This
data line is then returned to the execution unit and stored in the
partner set in the L2 cache, step 755. In one implementation, the data
line is also stored in the L1 cache. The MRU logic for the primary set is
then updated to indicate that the partner set is the most recently used
set, step 760. The MRU logic is updated as discussed above with
reference to Figures 5A and 5B. The state of the primary set is then
updated to paired state, and the state of the partner set is updated to
bbrrowed state, step 765.

~ Returning to step 745, if the partner set is in neither direct nor

borrowed state, then it must be in paired state. Since a determination



the L2 state controller 408 determ nes the state of the primary set for the
request. Thus relimnary information, such as whether the set is in

bor r owed stﬂpe“};ﬁ?"t herefore guaranteed to be a nmiss, can be PSTAINSS0989 n
‘the sane | C package as the CPU 402, without accessing L2 cache 403.
Therefore, under certain circunstances, a mss indication can be returned
to execution unit 405 without incurringlthe tine delay in accessing the
separate | C package of L2 cache 403. If the request m sses L1 cache 406 and

L2 state conivaslalad¢Giiadetasntoiwiestheh e tdifuesthiti theiptiatyieét ih stept or
paired state, then L2 cache 403 is accessed. The requested address from

execution un715,4hé detemnmahonashibwanwe 48 3o fwhethef tis¢ a¢quess hitsothleer 408.

This address is shown as address 420, rising 32 bits: The 16 nost

si gni fi cant pmebsetasl&pe%)(&lm:aowmthe niRe tagsgof the parsher st arahthest from
execution unit 405. This tag field is used to_determ ne whet her the cache
li ne associ afedues) matetne 1§ thedags de matshthen thegequastedicache lileds ussed i n

122, a5 descRAEHFL o th 17 Sache 18 iﬂé%?%aﬁ%a%?@%?%ﬁ%q R o
o901 oant ke eidhagin 18 Py el T HEBRE R,
wi thin the rgeuesdteetep 780. The MRU logic is updated as discussed above with

reference to Figures 5A and 5B.

However, if the tags do not match, then the requested data line
is retrieved from system memory, step 785. This data line is returned
to both the execution unit and stored in the partner set in the L2 cache,
step 790. In one implementation, the data line is also stored in the L1
cache. The MRU logic is then upd;ted to indicate that the partner set is
the most recently used set, step 780, as discussed above.

Figure 8 is a block diagram of a cache memory subsystem in
another embodiment of the present invention. The cache memory
subsystem of Figure 8 is similar to the system of Figure 6, including a
CPU 802 and an L2 cache 803 separated by boundary line 801. CPU 802
includes an internal bus 804, instruction execution unit 805, and L1
cache and controller 806. The operation of these components is as . ..
discussed above with reference to Figures 4 and 6. It should be noted
‘however, that CPU 802 does not include MRU logic analogous to MRU
logic 607 of Figure 6. The embodiment of Figure 8 ensures the most
recently used set is the pnmary set by swapping cache lines when
necessary, as discussed in more detail below.

Lﬁ cache 803 is similar to L2 cache 603 of Figure 6. L2 cache 803
includes a set array 822, data array 824, tag comparison logic 826, state



cache |line should be returned to execution unit 405 first in the event of a
hit. WD 96/ 06390

PCT/ USO5/ 9aBsbe3d3- The primary set, based on address 420, pcrnggesgssgd and
the tag for that set is input to tag conparison logic 426. The tag for the
primary set is conpared wwth the tag field fromaddress 420 by tag
conparison logic 426. The result of thi3g-conparison is then input to
control logic 428. It should be noted that bits [14:5] of address 420 are

al so input tgyH Lﬁs&{ro\?fc é@f&-.anm&auémggﬁs%syﬁagg%&%%z ea}/cg\‘é?ébai s the

cache |ine assoti ated th t'he set 1 nde 420. tag

conpari son |sfFigufe6. H{agiébiﬁp?i%diﬁ[ogﬁsm aemplarésheltag TRl dftheand the tag
en a ni I Ndi

of address 420 rmatch, dication is returned by control logic
428 to CPU 4feguest 8alowith! thettiag fickd bf the iraddxedrset! fiom sev &ryay 822 abldwever, if
tag conparison logic 426 indicates that the tags do not match, then control
| ogi ¢ 428 eioutputs the resultto gontrolclogic:828,r Similarly, state comparison
logic 827 determines the state of the indexed set in set array 822, and
outputs the result to control logic 828. In the embodiment of Figure 8,
the primary set is the set indexed by the request from execution unit
805, without any modification based on MRU logic.
| - L2 cache 803 aiso includes swap logic 830, which is coupled to ‘
control logic 828, set array 822 and data array 824. In the embodiment
of Figure 8, the most recently used set is always maintained in the set
which is in paired state. Thus, no additional MRU indicator such as a
bit map is required to determine‘w_hich set ié the most recently used
set.
Swap logic 830 includes swap control logic 831, set array buffer
832, and data array buffer 833. Set array buffer 832 is a conventional |
buffer which is a temporary stdrage location for the tag field and other
data stored in a set of set array 822. Data array buffer 833 isa
conventional buffer which is a temporary storage location for the cache
line stored in an element of data array 824. Swap control logic 831
controls transferring the information from set array 822 and data array
824 from one set fo another set. Swap logic 830 switches two sets when
) indicated to do so by control logic 828. This may occur in tV\}o :
situations. The first is when the indexed set is in direct state but the
request misses the cache. In this situation, the requested line is.

retrieved from system memory and stored into the partner set of L2
- cache 803. The partner set and the indexed set are then swapped as



returns a mss, depending on whether the state of the primary set is direct
or paired. The state of the primary set is received as input fromL2 state
control | er W%/06390 t he state of the primary set is direct, tberrusssiosss

|l ogic 428 returns a m ss indication. However, if the state of the primry
set is paired, then control |ogic 428 accesses both set array 422 and data
array 424 using the set index. of the | ed8t recently used (LRU) set. As

di scussed above, this is done by flipping the nost significant bit of the
set index, fadiseusserllia mobte Héthlil bdlodddidsrefdidhce tOFigatesiaNangedB.array 422
of the LRU set is conpared by tag conparison logic 426 with the tag

recei ved frorbimilarly df ikoindExedrset is in pairedistate oamd the oequest mhissesout put t o
control logic 428. If tag conparison logic 426 indicates a hit, then the
cache |ine fribgRrmary set then gither acsaghe ding isiretrievedfromaisystent et ur ned to

CPU 402, along with a hit indication., However, if tag conparison |ogic 426
i ndi cates a REMOTYdRiQ the paginer seteand a SWRP MUt QecuRrcie rgquest kits) 402.

WD 96/ 06390 the partner set, in which case the partner set 1s most rece?\gg'/ &Jsse%ségg 896
a swap occurs. . This is discussed in more detail below with reference to
Figures 9A and 9B.

Figures 9A and 9B show the steps followed by one embodiment
of the present invention in operating the cache memory subsystem of
Figure 8. A request is'ori_ginally issued from the execution unit on the
processor, step 905. In one implementation of the present invention,
this rei;uest is in the form of an address. Based on this request, the L1
cache is accessed, step 908. If the ;'équest hits the L1 cache, step 910, then
the requested cache line is returned to the execution unit from the L1
cache, step 912. - |
However, if the request misses the L1 cache, then the request is

sent to the L2 cache, and the tag comparison logic determines whether
the tags of the request and the primary set match, step 915. If the tags
match, fhen the request hits the L2 cache and the requested cache line
is returned from the L2 cache to the execution unit, step 917. However,
if the tags do not match, then the L2 cache examines the state of the
primary set. |

) The state comparison logic determines if the primary set is in

borrowed state, step 920. If the primary set is in borrowed state, then

the data line is retrieved from the system memory, step 925. The data

line is then returned to the execution unit and the L2 cache, step 930.

In one implementation, the data line is also stored in the L1 cache.



-

-24- 1n one enbodi ment of the present invention, control |ogic 428
retrieves any data lines fromsystem nenory which are needed by L2 cache
403. | n awo6t063%0at e enbodi ment, L1 cache and control |l er 4GEIesosiesees any
needed data lines fromthe system nenory. In another alternate enbodi nent,
execution unit 405 retrieves any needed data lines fromthe system nenory.
Figures 5A and 5B show the steps follgyed by one enbodi nent of the present
i nvention in operating the cache nenory subsystem of Figure 4. A request
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505. In one T nplenen rese s in the

formof an gt & BothStie'brith ?ﬁgét%ﬁ?d ﬁ?@giﬂ?ﬁﬂsét%%ﬁ%tesé? 9B s request

fromthe executlon unlt IS used to acce L1 cac ep 506, and to

access the MRU | Refuinirg &PstePD20/H gieim aa%Eegwm&ﬁ  bérréRedisteand 508
are perfornmed in parallel. Upon receiving the request fromthe execut i on

unit, the Lﬂzenamaestamlcmnpansd)ﬂx dogideletermines whethee thé set issinudivechi ts the
L1 cache step 510. If the request hits the L1 cache, then the requested

cache |ine state; stepr fbof Bigune 98x A€ the primariytset isin direct statep then the ep 512,

thereby data line is retrieved from system memory, step 945. The data line is
then returned to the execution unit and also stored in the partner set
in the L2 cache, step 950. In one implementation, the data line is also
stored in the L1 cache. The swap logic within the L2 cache then swaps ‘
the lines between the primary set and the partner set, step 955. The
state of the primary set is then updated to paired state and the state of
the partner set is updated to borrowed state, step 960. Thus, it can be
seen that by retrieving the data lit;e from system memory into the
partner set and then swapping the partner set and the primary set, the
primary set contains the most recently used cache line.

- Swap control logic swaps the lines of the primary set and the
partner set by switching the two data lines in the data array, as well as
the associated tags (and any other parity bits) of the set array. 1t should
be noted that the state information stored in the set array is not
switched. This swapping can be performed in any of a wide variety of
conventional manners. For example, in one implementation of the_ -
present invention, the information in the data and set arrays of the -
primary set to be swapped is transferred from the two arrays into

' buffers within the swap control logic. The information in the data and
set arrays of the partner set to be swapped is then transferred into the

primary set of the arrays. The information stored in the swap buffers is



satisfying the request. However, if the request misses the L1 cache, then
the L2 state controller determ nes whether the primary set indexed by the
request fr dWOt@639ecution unit is in borrowed state, step S¥ernoNesodsos Mary
set is the set indexed by the set address received fromthe execution unit
as nodified by the MRU information obtained in step 508. The partner set is
the set indexed using the least signifiggpt bits of the primary set address
and the nost significant bit of the primary set address flipped. Thus, the

primary set i ﬁle&\hﬁaﬂgﬁ%@é&lﬁg&% BH?t?lg.r 36t of ﬁﬂedaxlrgﬁ;r%ﬁ{e}e%%r susrﬁghiinsg fiae ! east

recently used set

PCT/ US95/ 098 98ata2find kol GBHtkin irl fho BriBRiry HRApSHAE sefshen the L2

state controller imediately knows that the requ ~Tromthe execution unit
m sses the L2 cachRetubhitfy td SeprRIy esihRprdmaty 'sbi'B ndt ihedire&\sestef  OM system

menory, step 520. The data line retrieved fromsystemnenory is then
returned to tthenctheclagi comparisoraiugieldecerintineb eviiéther the tags of the
request and the partner set match, step 965. If the tags match, then the
requested cache line is returned from the partner set to the execution
unit, step 970. The swap control logic within the L2 cache then swaps
the line in the primary set and the partner set, step 975. Thus, the
primary set remains in paired state and the partner set remains in
borrowed state, with the primary set containing the most recently used
cache line. | |
Returning to step 965, if the tags do not match, then the
requested data line is retrieved from system memory, step 980. The
requested data line is retrieved from system memory and returned to
the execution unit and stored in the partner set in the L2 cache, step
985. In one implementation, the data line is also stored in the L1 cache.
The swap control logic w1thm the L2 cache then swaps the lines of the
primary set and the partner set, step 975. |
Thus, in the embodiment shown in Figures 9A and 9B it can be
seen that when the request misses both the primary set and partner set,
the requested data line is retrieved from system memory, stored in the
partner set of the indexed set, and then the cache lines of the primary
and the partner set are swapped. Thus, the primary set remains in-
paired state, the partner set remains in borrowed state, and the primary
 set contains the most recently used cache line. |
" In an alternate embodiment of the present invention, the L2

cache stores data lines from system memory directly into the primary



cache, step 525. The cache line is then stored in the L2 cache in the data
array line which corresponds to the primary set, and the state of the
primary swO%ed%he partner set are both updated to direct pgiraisosogdep 530.
In one inplenentation of the present invention, the cache line is also _
stored in the L1 cache. Returning to step 515, if the primary set is not in
borrowed state, then the L2 state contzgl | er outputs both the primry set
“address and an indication of whether the primary set is in direct or paired

state t0 thgeil Zathef ifan ﬂ{teﬁlgarﬁér sef 8 dieaxssema%bé.o@Xlnsge{iﬁgitﬂetda?a L2 cache

t hen determ nes whet her tag of ‘the primary set request ed

addr ess nat fifies direptip4Rto tHe primarp@et, The UR cdcheraviolids havingsto Wi the L2

cache and the cache line corresponding to the primary set 1s returned from
t he data ar tleyprimargandpartnéesets. t he execution unit, step 542, If,
however, the tags do not match in step 540, then the control logic in the
L2 cache det er m Heshowmid tbeanotetddhpt althoygh dheidescriptions above doenotbased on
the input received fromthe L2 state controller, step 544 of Figure 5B. If

t he pri mar ydiseuss ypdating the L1naghe whenthe requestmisses the i rache but s

xecut ! on B b2 cache e sache BRe Fif in e Fe ke ey us fnea tn the 10 11
L1 cache in addition to being returned to the instruction execution unit
-of the CPU. Whether the L1 cache is updated in this situation is
dependent on the cache f)olicy employed, as is understood by those ' ‘
skilled in the art. _

It should also be noted that the descriptions above discuss a
computer system having both an L1 cache and an L2 cache. It should
be understood, however, that sys;ems having only a single cache can
utilize the cache memory of the present invention. .

Similarly, the descriptions above describe the cache memory of
the present invention as implemented in an L2 cache. However, it
will be appreciated tﬁat the teachings of the present invention are
applicable to any level cache, and are not specifically limited to L2
caches. For example, a system having only an L1 cache would be
implemented as discussed above, although the request from the
instruction execution unit is checked to hit only one cache rather than
two caches. it will be understood by those skilled in the art that when
‘utilizing the present invention in an L1 cache, the MRU information
is not available from the MRU indicator simultaneously with the
address being input into the cache.

Furthermore, the descriptions above describe a cache memory

which transfers a cache line to the system memory when a data line



550. In one inplenentation of the present invention, the data line is also
stored in the L1 cache. The MRU logic is then updated, step 555, to
indicate t WO %93%artner set is the nost recently used set. PCRAISS5/098%6 Of
WD 96/ 06390 PCT/ US95/ 09896
-26- the primary set is then updated to paired state, and the partner set
is updated to borrowed state, step 560. -3/ one enbodi ment of the present
invention, the MRU logic includes a bit map with ten input |ines, as shown

in Figure 3A nkads bd bedroaghitintroni lie bteirogietory. Libdaérechche politiesat e t he
partner set is the MRU set (step 555) by storing a "1" in the b|t map at
the |ocation howaver,mdythe employad wiithin dhe tspirisand isoope obthe presentnary set
and a "0" in the bit map at the location determ ned by the ten bits of the
~set index of inwentign.n&orsxampls, emoaet@nhadgne%@ﬂth@mesﬁmttln@ephegent

| nFlur o 35, WITENES SciRobel i, updRieHD the aehe Snefport.oe; gache line™* *"*""
may also be updated in the system memory. Thus, no transfer of the
cache line to system memory occurs when a data line is transferred
into that cache location because the system memory already contains a
copy of the cache line.

Thus, a cache memory subsystem of the present invention
provides the advantages of both a direct-mapped cache and a two-way
set-associative cache. The lower power consumption and logic
complexity of the direct-mapped cache are combined with the better hit
ratios of the two-way set-associa;ive cache. In addition, in one
embodiment of the present invention, certain requests can be
determined to miss the cache without accessing the IC package
oontammg the cache, thereby i mcreasmg the speed of the miss
indication response.

In addition, it will be understood by those skilled in the art that
although the descriptions above discuss a caéhe which can behave as a
two-way cache, other multiple-way caches are within the spirit and |
scope of the present invention. For example, the teachings of the
present invention can be applied to a conventional two-way cache,

" thereby creating a four-way cache which combines the advantages of a
two-way cache and a four-way cache.

Whereas many alterations and modifications of the present
invention will be coinprehended by a person skilled in the art after

_having read the foregoing description, it is to be understood that the



indicate the partner set is the MRU set by flipping the bit in the bit map
at the location determ ned by the nine |l east significant bits of the set

i ndex of WQO96M6B%ary set. Returning to step 544, if the st RE/GIISONMI6
primary set is neither direct nor borrowed, then the primary set nust be in
paired state. The tag of the primary set was already found to not match the
tag of the request in step 540. Thus, -8&e tag conpari son | ogic determ nes
whet her the tag of the partner set natches the tag of the request, step
575. If the hequast efibcdiilentd Shéwarariblesddibedepy iy 6f fiAistiationtdre t ags
“match), then the cache line associated with the partner set is returned
from the L2jgaphwaydntdirieekrcbe iconsidered limiting58lhergfore Mefetengestd s t hen
updated to indicate that the previously least recently used set is now the
nost recent idetailseof patticudaremboliments arnotogtended -tmémlbﬂl%lsc‘??%@ﬁssed '
above in step 555. Returning to step 575, if the request mssesg the partner
set (that i she claimsawhids indhemgelyes resits onhythasg feaues H%ﬁa&%Parf’e‘ is

retrieved from | ) )
' essential to the invention. - - .

Thus, a two-way set-associative cache memory has been

descnbed |



WD 96/ 06390 PCT/ US95/ 09896 - 27-
system nenory, step 590. This data line is then returned to both the
gxecution UNDP6@E0t he L2 cache, step 595. In one inpl ement atPoIyses/ibesseiat a
line is also returned to and stored in the L1 cache. The L2 cache stores
this data line 1n ) -~ The IVRUIog|C|sthen updated to

i ndi cate that t : recen3py used set is now the npst
recently used smllmmﬂwm’aljﬂ ure 6 is block diagram.of a cache menory
subsystemin an alter ment ofLiaRigr esent ARG
enbodi nent shown in Figure 6 is simlar to the enbo |TM&SH§EEMS|BEEIN é’ure
4, however, the state information for each set withjjn t hdRERUACHEray is
stored in the sane | C package as L2 cache 603, rather—tham ri—theé sane | C
package as CPWHhaRis Elajmed i6: shows CPU 602 and L2 cache 603, separated by
boundary |ine 601. CPU 602 includes an internal bus 604, an instruction
execution unit 605, and an L1 cache and controller 606. The operation of

t hese conponerlts |sAa:achle frudessfort indicating whethereareinputtagddiesuiise 4. CPU 602

al so includes MRU | ogic 607, which is simlar to MRU |ogic 407 of
contained in a data array of a cache memory system, wherein said data

array comprises a plurality of elements, said cache index comprising:

a plurality of data sets, each data set corresponding to an
elemént of said data array;

a first set of said plurality of data sets having a first tag and a
a first state; | . |

said first t#g comprising a first plufality of bits indicating
the identity of a first cache line stored in a first element of said
plurality of elements of said data array; and

said first state comprising a first state indicator ihdicating .
a number of cache lines which are xﬁapped into said first set,
‘wherein each of said cache lines corresponds to an element of

said data array.

2, The cache index of claim 1, wherein said first state being in a

direct state indicates a single line is mapped into said first set.

-3. The cache index of claim 1, wherein said first state Being' ina-
paired state indicates both a first line and a second line are mapped into

said first set.
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Figure 4. Hovv_ever,' MRU | ogi ¢ 607 determ nes whether to flip the nost
significant bit of the set index received fromLl cache 606 and also flips
t he nost WMGBQ(I:HHT bit _if necessary, to Obt al n the [ ndeP\C'HUSﬂSIOMrl mary

set. Thu t he set |ndex ortlon of addre to L2 cache
' 603fromNRUIog|c set i set (that is,
t he nost recently usiged gbove ¢/ to address
- 420 of Figure 4, address 620 of F| gure 6 conp Faaes Sia = il s [ 31: 15]
are the ta f'el?h fcaéﬁ? R S aink 1 %He%ém@ax@'fﬁ'stts‘tﬁtes%mgﬁﬂ&a(, and bits
[4:0] are:.the offset -Into the cache [ine. WO 96/ 06390

PCT/ US95/ 0988wl stErCihdidite®ho dities are ayapfiaid intolsaitbfirst detg fiel d and a
state field. Set array 622 is indexed by bits [14:5] of address 620, with

the tag informati on and state information of the indexed set being input to
tag conparison |ogic 626 and state corrparl son logic 627, respectively. Tag
conpari son 5.0gi cThe eacherindexsof ¢laimdg @wthehéommmaﬁomtsnt,t he tag of

wherein said second set is one of said plurahty of sets, and said second
set includes a second tag compnsmg a second plurality of bits and a

“second state.

6. The cache index of claim 5, wherein if both a first line and a .
second line are mapped into said first set, said first plurality of bits . |
references said first line and said second plurality of bits references said

second line.

7. The cache index of claim 1, wherein said cache index eomprises a

tag array and a state array.

8. A cache memory subsystem for useina computer system, said
computer system having a central processing unit (CPU), said cache
. memory subsystem comprising:
a data array havmg a plurality of elements
a set array including,
a plurality of sets, wherein each set of said plurality
of sets corresponds to a single element of said data array, a
first set including a first tag field and a first state field, and
" a second set including a second tag field and a second state
field; ahd -
et Has Been Replaced
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address 620 and outputs the result to control logic 628. Similarly state
conparison | ogic 627 determ?nes the state of the indexed set, and outputs
this infor YW@PE3P® contrdl’ | ogic 628. State conparison Iogll!cﬂﬁiwmsbscat es
that the set is either in direct state, paired state, or borraye

Control logic 628 r limauam t he result of t | SN
tag conparison Ioglﬂmnmmlllﬂg” at e-4a¢ the |nde\< Eﬁ 1E LA@%%state
conparison | ogic 627° Baséd dn.fhis information, coHt«r_gL-
det ermi nes whet her the dm&bcéﬁtmgé&seumnwriham@&ﬁ &irréspondihg 18S L2
cache 603. Control logic 628 returns either a hit indication or a mss

i ndi cation to execsaid firstset indicating aphetitengaidrfirsh setiles bdenf acesssedd
conparison logic. 626, and the state of the indexed set as received from
state conpari son |sajd €2 mone recbntly dhém saick ssontaset.i f t he state of the

I ndexed set is paired, then both the primary set and partner set may need
to be accessed by control | ogic 628. VMether both sets are accessed by

rom

control |ogic, 628 et her mss in is ret ned to
execution uni® 605 %s‘w égq? %%méi‘ﬂﬁﬁm 1FAtOR iga Ee to
Figures 7A anI(I;iIaEB

10.  The subsystem of claim 9, wherein said bit map receives as input
from said CPU a second plurality of bits which uniquely identify a third
. set of said set array, and outputs a MRU bit indicating whether said first

set or said second set is the most recently used set.

11.  The subsystem of claim 9 f‘urther corhprising an exclusive-or
gate, wherein said bit map receives as input from said CPU a second
plurality of bits, said second plurality of bits being all bits of a third
plurality of bits except the most significant bit of said third plurality of
bits, wherein said third plurality.of bits uniquely identifies a third set of
said set array and said bit map outputs a single bit, said single bit and
said most significant bit being input to said exclusive-or gate, said -
exclusive-or gate outputting a MRU bit indicating whether said first set

or said second set is the most recently used set.

12. The subsystem of claim 8, 'wherein said first state field and said
second state field are each in one of three possible states, said three
possible states being a direct state, a borrowed state, and a paired state.
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~In one embodi nent of the present invention, control logic 628 retrieves any
needed data lines fromthe systemmenmory. In an alternate enbodi ment, L1
cache andw@ QI" 606 retrieves any WO 96/ 06390 PcrIUSQSIm%

PCT/ US95/ 09896 - 29 d data |ines from[the sSystenrn | | n anot her
al t er nate enbodi. rrerrum Eﬂﬂ"’tﬂ,ﬂmﬂ 605 r gt |é\%’€%ﬂ%§£@%@éc data |ines
fromthe system ne nd.4%5B PA f ol ljpwed by one

embodi ment of 't he present Tnvention in operating the cache nmenory subsystem

of Figure 6.
initially i s uedeﬁﬂf‘%’ﬁbgf};@g&ﬁé}ecslgfr&ggfgés {H %a@mfg‘?\&?@ r% est for a
data line, gng ?cafi?&md ﬁfa?seﬁeqnaayreeeﬁwh%sdla&\atxwﬁsamdlwaaa@étéon or

data information tor the processor use. In one 1 nplenentation of the
present i nveglid @8coridsét 15%&%&:&1@&5@41&& esspons@ o haeyaest tbrsaid t he
execution unit is input to both the L1

cache subsystem from said CPU when said first state field is in said

paired state.

14.  The subsystem of claim 12, wherein said MRU indicator initially

indicates said first set is most recently used and is modified to indicate

said second set is most recently used in response to a request to said .
cache subsystem when said first state field is in said direct state and said

request is not located in said first set.

15.  The subsystem of claim 8, wherein said MRU indicator and said
CPU are included in the same integrated circuit package.

16.  The subsystem of claim 15, wherein said first state field and said
second state field are included in said integrated circuit package.

17. A cache memox.-y'subsystem for use in a computer system, said
computer system having a central processing unit (CPU), said cache
memory subsystem comprising:
a data array having a plurality of elements;
a set array including,
" a plurality of sets, wherein each set of said plurality
. of sets corresponds to a single element of said data array, a

 first set including a first tag field and a first state field, and

his Sheet Has Been Replaced
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cache, step 706, and the MRU logic, step 708. The MRU | ogi c accessed in
step 708 indicates the primary set (that is, the nbst recently used set)
for the inWX¥M63W:_in the |2 cache, which s _by -t he prRCEYI$95/09898nt i on
i f needed as discussed bel ow._ Uobon recei Vi NOTHRSSH - E the execution
unit, the L1 cache qmwmmﬂmwm t he equesﬁggugé R cache, step
710. |If the request catle, ige e _ elineis
returned to the execution unit fromthe L1 cache, step 712. |If the request

i sses the LieGathto (14)3chacsaiad £ e Haviig hqlfaliy! o aicfie hnelet her t he

tags of the primary set an e request match, “step 715. IS Is done as
di scussed abGyReredX eaeieaché'ink ¥ shith plurality of chéle iRy Fﬁﬂﬁ@'t he
execution unit to the tag field of the prinary set within the set array of
the L2 cache.calche tine tocaytotivet ciiche! lime of Baid phurelityeof cauhledinespsaids r et ur ned
to the execution unit fromthe L2 cache, step 720. WD 96/ 06390

PCT/ US95/ 0983Bethod comprising the steps of: L

(@) determining whether said data line is stored in said L1
cache; . _ _

() returning said data line to said CPU, provided said cache
line is stored in said L1 cache;

(©)  determining whether the cache line in said L2 caéhe
corresponding to said data line is in a borrowed state;

(d) retrieving said data line from said system memofy and
storing said data line in said L2 cache in the cache line
corresponding to said data. line; and

 (e) updating the state of said cache line to a direct state.

22. The method of daim 21, further comprising the steps of:
~ determining whether said cache line in said L2 cache is
the data line requested by said CPU; and
determining whether said cache line in said L2 cache

corresponding to said data line is in a direct state. .

23.  The method of claim 22, further comprising the step of
Teturning said cache line from said L2 cache to said CPU.

'24.  The method of claim 22, further comprising the steps of:

: Thls SheEIH s Be
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* -30- If, however, the tags do not match, then the control logic within the
L2 cache determ nes whether the primary set is in borrowed state, step 725.
~If the prwoegepes®t is in borrowed state, then the request rBCIuSHSOIEI6L 2

" cache. Thus, therequested data Tine is retrieved -;_,____.,L menory of
t he conputer system data l'inel ecbrtlh t he
execution unit and t““llﬂﬂ'lﬂm u"u p 435. The 35*{5‘;%“#@%?2@%“ evied from
system menory i s stored®in th’é datd array of tlb orresponds
to the set indexed by t (t hat
I's, the primary set). E d}{ %Et'}ﬁ u%ﬁ%%ﬁ@ﬂéﬁ%{%?ﬁgﬂdeggﬁg?g}etO t he
direct state, and the gittandf the partner set is also updated to direct
state, step 740. In one |an ementation of the present invention, the data
line is also stored InabhﬁpLdomﬁslhmxafm-mapnglaef;rstRatherhmgmd)astep 725,
if the primary set is not in borrowed state, then a determ nation is nade
as to whet her thesqmndmayhehne;wdmmpmogmdamngpﬂwgﬂiwcﬁ%re 7B. If
the primary set is in direct state, then the requested data line is
retrieved from sykneinitahlyr 9caf§dép ‘arfirst efementyef said; datajaITay EMOr®t ur ned t o

the execution unit and stored f
second element of saxd ata array, and placing a second cache

line initially located in said second ele,m_ent__ into said first

element.

18.  The subsystem of claim 17, wherein said first state field and said
second state field are each in one of three possible states, said three

possible states being a direct state, a borrowed state, and a paired state.

19.  The subsystem of clairh 18, wherein said swap control unit
performs said swapping in response to a request to said cache
subsystem from said CPU when said first state field is in said palred
state. '

- 20. . The subsystem of claim 18, wherein said swap control unit
performs said swapping in response to a request to said cache
subsystem from said CPU when said first state field is in said direct
state and said reqﬁest is not located in said first set. - -

21. A method of returning a data line requested by a central
processing unit (CPU) of a computef system to éaid- CPU, said computer-

- system including a system memory and a cache memory subsystem,

said cach;e'_ memory subsystem including a level one (L1) cache and a

This Sheet Has Been Replace

M i




partner set in the L2 cache, step 755. In one inplenmentation, the data |ine
is also stored in the L1 cache. The MRU logic for the primary set is then
updat ed t oWong6/@saee t hat t he partner set is the nost recentlycpmgggmggg
step 760. The MRU | ogi ¢ TS updated as di scussedrabore=p-thrt-ries ce to

Fi gures 5A and 5B.- T ﬂml ﬂﬂ rimry set
state, and the state , fr " mm 148 upda
765. Returning to stepg 745,tifmt partner set rs rir

t nce determntlon
e\g gg\//v(e)g?jt)ate, then.it rrgf'nevmg saxd I%laata ?me ftrgmesat Isystenp@grgggg,ag 896 - 31-

the determ nati on Eotinl Sl Bhu e W RMECE Galnd PERRLETRNAET, 1 o ther
set, step 770 (thategrfes Rgﬁg&{ke; ;Qa Slrﬁaf the partner set and the request

“match). If the tags do en t e requested cache line is returned
fromthe L2 cache to thqewrg s8id davalliné ¢ Faid Spyihe MRU

updatittg the state of said cache line to a paired state; and

-

updating the state of said partner set cache line to a

' borrowed state.

25.  The method of claim 22, further comprising the steps of:
- determining whether the cache line in the least recently
used set of the primary set and the partner set is the requested
data line; and .

updating said least recently used set to be the most

recently used set.

26.  The method of claim 25, further comprising the step of |
returning said cache line from said least recently used set of said L2
cache to said CPU.

27.  The method of claim 25, further comprising the step of
retrieving said data line from said system memory and storing said
data line in said L2 cache in the cache line corresponding to said data

-

line.

28.  The method of claim 25, wherein said step of updatihg said least

recently used set comprises swapping said least recently used set and

said most recently used set.
This Sheet Hz\s Been Replaced
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logic is then updated to indicate that the partner set is the nost recently ~
used set, step 780. ‘The MRU logic is updated as di scussed above with

r ef er encewooelszgar es 5A and 5B. However, if the tags do nopciRisodeesddien the
requested data line.is retrieved from system rrem)ry, step 785. This data ’

line is returnedtoboth—the executi on uni [farestoeet-ty 2 partner set

in the L2 cache, am Hmﬂ one |rrpL435ren Cdata] al-sQ
stored in the L1 ! i'cis t en u-' ‘hﬂséh@éi! e that the
partner set is the+D$ ﬂm sed set, Step 790 h%saé
Figure 8 is a block di agram of a cache: menory subsyste l]

S gure 8

enbodi ment @§, t he ph yg{@ﬂ‘té&ﬁ riffigg:cache menory-
is simlar to the system of” Fi gure g I ncl uding a CPU 802 and an L2 cache

803 separated by bounddue;|ine 801 CPU 802 includes an internal bus 804,
instruction execution unit 805, and L1 cache and controller 806. The
operation of these comn&alpro&smgdumt(@ﬁ'&ﬂcahphﬂtn@drhiserence to
Figures 4 and 6. It should be noted however, that CPU 802 does not include
MRU | ogi ¢ anal ogous tethelmgn@rxs@ub@ystemgmcbl gThe enbodi nent of Figure

8 ensures the nost recentl sed set_is the pripmary set .by swappi ng cache
| i nes” when % data array having a pP urality of elemer%/ts PPITY

a set array including a plurality of sets, wherein
each set of said plurality of sets corresponds to a single
elemex}t of said data array, a first set including a first tag | .
field and a first state field, and a second set including a
second tag field and a second state field; and
means for maintaining a most recently used (MRU) set,

~ said MRU set being either said first set or said second set.

30. . The system of claim 29, wherein said means for maintaining
comprises an MRU indicator corresponding to said first set indicating
whether said first set has been accessed by said CPU more recently than

said second set.

31.  The system of claim 29, wherein said means for maintaining
comprises a swap control unit for swapping a first cache line and a
second cache line, said swapping induding placing a first cache line
initially located in a first element of said data array into a second
element of said data array, and placing a second cache line initially

located in said second element into said first element.



necessary, as discussed in nore detail below L2 cache 803 is simlar to L2

cache 603 Flfﬁé‘r 6. L2 cache 803 includes a set array 822, data array
824, tag co M WD 96/ 06390 PCT/US95/09896

PCT/ US95/ 09896 - 32- 827 and i anal ogous
to L2 cache 603 of ﬂggﬂ%wimﬂ ari son | ogj ¢HERSHEDINR %EEP tag :
field of the request sag fr4td of |t he |Rﬁexgd5 m set

array 822 and outputs the result to control |ogic 828:= %‘;Hq:: state
conpari son | o3f.c 8The dgstermodh elaimi29, svldreirofaitifirst stite fidlds endisaidet array
822, and outputs the result to control ic 828. ' In the enbodi nent of
Figure 8, t hesqspndmtqtesf&ld@retenehsmonemfetgeea possible statgs.caaid three execution
unit 805, V\nthout an gm' catjon based.on MRU.|logic. L2 cache 803 al so

i ncl udes swapPPSH gchdirect siatey é(!PoﬁPV&%ﬁag? anga paiyed stafgt array
822 and data array 824 In the enbodi nent of Figure 8, the nost recently
used set is always naintained in the set o
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which is in paired state. Thus, no additional MU indicator such as a bit

map is required to determne which set is the nost recently used set. Swap
hogi c 830 WRP&OIS80 swap control |ogic 831, set array buffer %@g'_,%\%ﬂ,g 9qata
array buffer 833. Set array buffer 832 is a conventional buffer |c?1 is a

tenporary storage location for the tad/i%@l and other data stored in a set
of set array 822. Data array buffer 833 is a conventional buffer which is a
tenporary storage |location for the cache line stored in an el ement of data

array 824. Swap control logic 831 confrols E/%an\fer‘r'ng the information
fromset array 822 and data arrfay [8Z4_fTgm ¢fie set {p another set. Swap
| ogic 830 switches two sets when ijndiZatgd {p -dp sofpy control |ogic 828.
This may occur in two situations. |TEefinfst ||s When{}he indexed set is in
direct state but the request nilsslgsQdesicaghe= [n this situation, the
requested line is retrieved frgqmg'qyystemirenpd pnd pfored into the partner
set of L2 cache 803. The partner&-seg{@nd thagnjexej set are then swapped
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-33- discussed in nore detail below with reference to Figures 9A and 9B.
Simlarly, wodsusssondexed set is in paired state, and the reaaisoshsenés
the primary set, then either a cache line is retrieved fromsystem nenory
into the partner set and a swap nust o2/ 12r the request hits the partner
set, in which case the partner set is nost recently used and a swap occurs.
This is discussed in nore detail below with reference to Figures 9A and 9B.
Fi gures 9A and 9B show the steps foll owed by one enbodi nent of the present
invention in operating the cache nenory subsystem of Figure 8 A request is
originally issued fromthe execution unit on the processor, step 905. In
one inplenmentation of the present invention, this request is in the form of
an address. Based on this request, the L1 cache is accessed, step 908. If
the request hits the L1 cache, step 910, then the requested cache line is
returned to the execution unit fromthe L1 cache, step 912. However, if the

request msses the I1'|icache, |[then the¢ rlequebt [I § sent T¢ tlhe L2 cache, and
the tag conparison lfodi c| d¢t §r mi nes what her.
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the tags of the request and the prinmary set match, step 915. If the tags
mat ch, then the request hits the L2 cache and the requested cache line is
returned fwWOR6t06890L2 cache to the execution unit, step 917. pdayessemesosf t he
tags do not match, then the L2 cache exam nes the, state of the primary set.
The state conparison | ogic determ nes i$%,h§?$rinary set is in borrowed
state, step 920. If the primary set is b owed state, then the data
line is retrieved fromthe system nenory, step 925. The data line is then
returned to the execution unit and the L2 cache, step 930. In one

i npl enentation, the data line is also stored in the L1 cache. - WO

96/ 06390 PCT/ US95/ 09896 - 34-
The L2 cache stores this data line in the primary set, and updates the
state of both the primary set and the partner set to direct, step 935.
Returning to step 920, if the primary set is not in borrowed state, then
the state conparison |ogic determ nes whether the set is in direct

14 ——»
13 ——>
. | BIT MRU
. MAP —> BIT
311
310
5

FIGURE 3A
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State, step 940 of Figure 9B. If the primary set is in direct state, then
the data line is retrieved fromsystem nenory, step 945. The data line is
{ hen retur wo90639e execution unit and also stored in the pRCTUSYS/DEYs | N
the L2 cache, step 950. In one inpl emané‘? I'fé the data line is also stored
in the L1 cache. The swap logic wthin e cache then swaps the lines
between the primary set and the partner set, step 955. The state of the
primary set is then updated paired state and the state of the partner
set is updated to borrewed $tdte, step 960, Thus, it can be seen that by
retrieving the data Iir'a'a:'?:gr bmisyst em nmernforly into the partner set and then
swappi ng the partner s&<dnd tlhe Rrdgary slet, the prinmary set contains the
nmost recently used caghe |ihe.| Shap contro‘l logic swaps the lines |of the
[

primary set and the partn sqt py switdhijng the two data lines in the data
array, as well as the|associatled] tags (dnd any other parity bits) jof the
set array. It should Be notee that the skate information stored inf the set
array is not swtched.| This gvv&)pl'rl'g‘canaje performed in any of a wide

vari ety of conventi onal nnar &4 For example, in one inplenentation of the

present invention, thg infformation in th& data and set arrays of thhe
primary set to b@ivap edH hnt o
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buffers within the swap control logic. The information in the data and set
arrays of the partner set to be swapped is then transferred into the

primary seiw@bsideisp arrays. The information stored in the s IS
VO 96/ 06390 % g N

-35- then transferred into the partner &f $@2the arrays, thereby switching
the data and information contained in the primry and partner sets.
Returning to step 940, if the primary set is not in direct state, then the
tag conparison | ogic determ nes whet her@?@s f the request and the
partner set match, step 965. If the tag the he requested cache
line is returned fromthe partner set to theyJexecution unit, step 970. The
swap control logic within the L2 caclie Then swaps the line in the primary
set and the partner set, step 975. T1us£;g€)£_§gfﬁ*%ry set remains in paired

state and the partner set remains in{bo %Pﬁ'ﬂ‘e, with the primary set

contai ning the nost recently used cacne TTT[E 508
Y 506 ¥ Z
ACCESS L1 CACHE ~ . ACCESS MRU
- LOGIC

L ]

DOES THE \_YES
REQUEST HIT THE 512

L1 CACHE? IR c

RETURN CACHE LINE
TO EXECUTION UNIT
FROM L1 CACHE

YES

PRIMARY SET IN
BORROWED STATE? END
r 520
RETRIEVE DATA LINE |
FROM SYSTEM MEMORY
v 525
RETURN DATA LINE TO |/
EXECUTION UNIT AND .
L2 CACHE OUTPUT ADDRESS AND
T 530 | STATE INFORMATION
TOL2CA
UPDATE PRIMARY |}~ i
SET AND PARTNER
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y
— | 540
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TAGS OF THE
) Y
ES  PRIMARY SET AND SO
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RETURN CACHE LINE '
TO EXECUTION UNIT ' -
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Returning to step 965, if the tags do not match, then the requested data
line is retrieved fromsystem nenory, step 980. The requested data line is
retrieved WQAR$/06388 em nenory and returned to the executi on uPCT/USeSh9sgsor ed
in the partner set in the L2 cache, step 985. In one inplenentation, the
data line is also stored in the L1 cachzhéTgigsmap control logic within the
L2 cache then swaps the lines of the pr r et and the partner set, step
975. Thus, in the enbodi ment shown in Figures 9A and 9B it can be seen that
when the request m sses both the primary set and partner set, the requested
data line is retrieved fromsystem nenory, stored in the partner set of the
I ndexed set, and then the cache lines of the primary and the partner set
are swapped. Thus, the primary set remains in paired state, the partner set
remains in borrowed state, and the primary set contains the nost recently
used cache line. In an alternate enbodi nent of the present invention, the
L2 cache stores data lines from systemjrenory dﬁfgptly into the primry
[21]

bl > W
AERINE-.
< S0z
0(235 <Zwwm
we FOa e
S <EOuw
> O35 =
Wy = =z
= zOoWME
xz CWa
b3b SXZ<
Wea
< % o<
@ =
B
o 0\
< 3 w
=z o~ woy Lo
zZ5 Er ITE< i
- Haow 020 uE
bk wEQue <0 o<
Wen - T wsy -
6 Fe<ES oxzlv| o
=2 - w =
nCh OpniE< o0 =
=< Q gl oM m <
suw O:ms & =
& Sox E‘”l—- &o
ao i czz Sk
@ 3z
0 m
> Lo
0 o 0 o
< 0 TS
0\ lo\ B\ 8)
> w o . u \ 4
< zE 0 ozoH
E<O S5z ] <<
<2-2 == W= wb
Qom <°u.|¢n wo < TR TRy A
we s 28| [Ext] |[RoacnO
- > U =0 uw <mm < oW [a]
Mauus 22z czo ez nnz z
Tz W ZO00E L] |IR<aZ0 w
= £eek Se=E| |Psakc
T % o< g = E<Z0
@ ato




WO 96/ 06390 PCT/ US95/ 09896 - 36-
set, rather than the partner set as discussed above. By storing the data
lines direwn9snme3o the primary set, the L2 cache avoi ds hawicraosesosseep t he
primary and partner sets. It should.?e 3ﬁéed t hat al t hough the descriptions
above do not discuss updating the LX d% when the request msses the L1
cache but hits the L2 cagle, the cache line hit in the L2 cache may be

stored in the L1 cache i difign to be n% returned to the instruction
execution unit of the CRU<a&Mhelher the LL ¢ache is updated in this _
situation is dependent e rag¢he poligcy|enpl oyed, as is understood by
those skilled in the aft. It} shofl®d®al so| bgTotedt—ttat—the—deseript i ons
above di scuss a conput tem lhavi ng. bot h an L1 cache and an L2 ¢ache. It
shoul d be under st ood, ,|{ that systiens having only a single cache can
utilize the cache nenp of e present rHpvention. Simlarly, the
descri ptions above desgclri be cackwe ne@®ry of the present inventjon as
impl emented in an L2 clgche. Ebvgver, it il| be appreciated that the
teachi ngs of the present invention are §
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applicable to any |level cache, and are not specifically linited to L2
caches. For exanple, a system having only an L1 cache woul d be inpl enented
as di scusswW@ 996398, al t hough the request fromthe instructi @TTRSOS/0E89ON
unit is checked to hit only one cache ti? than two caches. It will be
under stood by those skilled in the ar when utilizing the present

I nvention in an L1 cache, the MRU |nforn§é RN s not available fromthe MU
i ndi cator sinultaneously with the addre i7gput into the cache.
Furthernore, the descriptions above he menmory which transfers
a cache line to the system nenory |whe ¢ WO 96/ 06390

PCT/ US95/ 09896 - 37-

needs to be b

ougﬂ

%’E%‘?k%a%

the system nenory. O her

cache policies, however, nay be enploved thin the spirit and scope of the
present invention. For exanple, in one elrrbod ment of the pr nt i nvention,
whenever a cache line is_updated inygfie cache nmenory, the caohe |ine
access |~ AC
L1 CACHE cf_%séému
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may al so be updated in the system nenory. Thus, no transfer of the cache
line to system nenory occurs when a data line is transferred into that
cache | ocat wowansamuse t he system nenory already contai ns a egIyusoiodisse
cache line. Thus, a cache nenory subsystem of the present invention

provi des the advantages of both a direct-nmapped cache and a two-way
.set-associ ative cache. The | ower power Sbﬁsiﬁbtion and | ogic conplexity of

t he direct-mpped cache are conbined with the better hit ratios of the

t wo-way set-associative cache. In addition, in one enbodi ment of the
present invention, certain requests can be determned to mss the cache

W t hout accessing the | C package containing the cache, thereby increasing
the speed of the miss indication response. In addition, it will be
understood by those skilled in the art that although the descriptions above
di scuss a cache which can behave as a two-way cache, other multipl e-way
caches are within the spirit and scope of the present invention. For
exanpl e, the teachings of the prese \] ion can bqganp1ipi to a
conventional two-way cache, thereby cr a four-way\gcacBe|whi ch

conbi nes the advantages of a 37
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-

f wo-way cache and a four-way cache. Wereas many alterations and

nodi fi cations of the present invention wll be conprehended by a person
skilled i nwones/®8%0 after having read the foregoi ng descri ptimrEnusdsop®et 0 be
under stood that the WD 96/ 06390
PCT/ US95/ 09896 -38- party cular
illustration are in no@y fin

references to details '&‘E ar t
the scope of the clai ich

/'s1sgown and described by way of
ejconsidered limting. Therefore,

ments are not intended to limt
LeS—f-0Ci-1-e nnI\Jl those features:

regarded as essenti al |to—tfe hus, a two-way set-associative
cache nmenory has been||{gestHi be
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WD 96/ 06390

PCT/ US95/ 09896 - 39- What

is clained is: 1.

A cache i ndex for

I ndi cating

whet her anwaopeie3saldress is contained in a data array of a CREHEsIERIBY

. system wherein said data array conprises a plurality of el enents,

cache index conprising: a plurality of1d§ya1ggts
corresponding to an el enent of said datsa

plurality of data sets having a flrst
conprising a first plurality of bits

cache line stored in a first elene
and said first state donpgg
i ndi cating a nunber of cache |ineg
wherei n each of said cache |ines d
The cache index of cl
a direct state indicates a single

data array,

array. 2.

sai d

each data set
a first set of said

first state;

said first tag

tdoe identity of a first

aim1l,
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-3. The cache index of claim1, wherein said first state being in a
paired state indicates both a first line and a second line are mapped into
sai d first v@96/063% WO 96/ 06390 _ PCT/US95/09896

PCT/ US95/ 09896 -40- 4. The cache indéex of claim1, wherein said first
state being in a borrowed state indicates no llines are mapped into said
first set. 5. The cache index of c1@h 12further conprising a second
set, wherein said second set is one of said plurality of sets, and said
second set includes a second tag conprising a second plurality of bits and
a second state. 6. The cache index of claim5, wherein if both a first
line and a second line are mapped into said first set, said first plurality
of bits references said first line and said second plurality of bits
references said second line. 7. The cache index of claim1, wherein said
cache index conprises a :
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-tag array and a state array. 8. A cache nenory subsystemfor - use in a

conputer s syst em havi ng a central pr ocessi ng unit
nmp y y

(CPU), said subs stem conpri si ng; a gata—ar ha s
plurality of Bi’jﬂ‘ﬂiﬁ" Uﬂm rray including, a p tREF'thEME‘NTSQ.ﬁéE erein
each set of sets corresponds tojja si ng Befmb,eﬁﬁg

data array, a first set including a first tag fiefj dagnd. a. Ilrsro ta

field, and a second set including a seéond tag fi

2 . e 0 2 4

field; and \\D ﬁgé 06390
PCT/ US95/ 0989 t recently used set (MRU) indicator corresponding to
said first set indicating whether said first set has been accessed by said

CPU nore recent]ly than said second set. 9. The subsystem of claim 8,
wherei n sal-d MAFa¢hS r@g%forllgdlgatmgtwhether an input address is contamed in a data

array of a cache memory system, wherein said data array comprises a plurality of
elements, said cache index comprising:
a plurality of data sets, each data set corresponding to an element of said
data array; |
a first set of said plurality of data sets having a first tag and a ﬁrst state;
said first tag comprising a first plurality of bits indicating the identity of a
first cache line stored in a first element of said pluralit)'( of elements of said data
array; and
said first state comprising a first state indicator indicafing a number of
cache lines which are mapped into said first set, wherein each of said cache lines

corresponds to an element of said data array.

2. The cache index of claim 1, wherein said first state being in a direct state

indicates a single line is mapped into said first set.

3. The cache index of claim 1, wherein said first state being in a paired state

indicates both a first line and a second line are mapped into said first set.

4, The cache 'i'n'dex of claim 1, wherein said first state being in a borrowed state

-indicates no lines are mapped into said first set.’

l AMENDED  SHEET




map. 10. The subsystemof claim9, wherein said bit map teceives as input
fromsaid CPU a second plurality of bits which uniquely identify a third
set of said set array, and outputs a MRU bit indicating whether said first

set or said second set is the nost recently used set.. 11. The subsystem
of claim9 further conprising-an exclusive-or ‘gate—wherein said.hit map

recei ves as i nput fron}mgm CPU a second plurality (nfgpbhbgMEﬁqfig,,E%q.c nd

plurality o m u“ bi-ts of a third pluralllty of xcept {it he
nost &gmf“ﬂ H\ third plaurality of biiff é%‘e __________ wﬁt ird

plurality of bits uniquely identifies a third set
said bit map outputs a single bit, said single bit and sai d nost
signifrcant bit being input to sai d excl usi ve- or gate, said exclusive-or
gate outputting a MRU bit indicating whet her said first set or said second

set i's the mosiyrecent| %og a@%t-g%ﬁigrc?.i;pﬁsa HOSUELRTLE! WALy wher ei n

said firs are each 1 n one of three

ng f Ioa,leg :%tpgctmds E%tﬁg Iogeénz i yeof Qats S4t§ Bl YailPsdbotit's8E inchidds & sékond

tag comprising a second plurality of bits and a second state.

6. The cache index of claim 5, wherein if both a first line and a second line are
mapped into said first set, said 'ﬁrst plurality of bits references said first line and said

second plurality of bits references said second line.

7. The cache index of claim 1, wherein said cache index comprises a tag array and

. a state array.

3. A cache memory subsystem for use in a oqmputer systemn, said computer system
having a central processing unit (CPU), said cache memory subsystemn comprising:
a data array having é plurality ofleiement_s; and
a set array including,
a plurality of sets, wherein each set of said plurality of sets
corresponds to'a single element of said data ari"éy, a first set including a
first tag field and a first state field, and a second set including a2 second

tag field and a second state field, and wherein said first state field

indicates a number of cache lines mapped into said first set and said

second state field indicates a number of cache lines mapped into said

second set.

et

it
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WD 96/ 06390 o - T
PCT/ US95/ 09896 - 42- 13. The subsystem of claim 12 V\/nerel n said MRU
indicator initially indicates said first set |s, and is

rggij];istedt E)Osallymmgmel|m'ujmgrr:1df fgﬁn !s;i QD?:}DUr " En sai gEMSNgﬂg"gJ“ r]fsieeltg .

is in said paited stat®. 34.* The subsystem of l|¢clDaten.12;...wherein $ai d MRU
indicator initially indicates said fBrst set is Mty used and is
nodi fied to indicate said second set is nost recently used in response to a
request to said cache subsystemwhen said first state field in said
direct st&e ardhessubsystequeeiainss. uithercom DIiging A RIL MaPGOITesp '
subsystem of claim8, wherein said MRU indicator and sai d CP are ded
in the sarfisstsetespidibsdnan ingisating whethes saigdirst sethas begpgcsassed Py sa QQ&E
wherein said first state field and said second state fiel'd are included in
sai d i nt egnartecreécentiythian gaid kegpnd set. A cache nenory subsystem for use in
a conputer system said conputer system having a central processing unit
(CPU), said cache

10.  The subsystem of claim 9, wherein said bit map receives as input from said CPU

a second plurality of bits which uniquely identify a third set of said set array, and outputs
a most recently used set bit indicating whether said first set or said second set is the

most recently used set.

11. A cache memory subsystem for use in a computer system, said computer system
having a central processing unit (CPU), said cache memory subsystem comprising:
a data array having a plurality of elements;

a set array including,

a plurality of sets, wherein each set of said plurality of sets

corresponds to a single element of said data array, a first set including a

first tag field and a first state field, and a second set including a second

tag field and a second state field;

a most recently used set (MRU) indicator corresponding to said first set
indicating whether said first set has been accessed by said CPU more recently
than said second set, wherein said MRU indicator is a bit map; and

an exclusive-or gate, wherein said bit map receives as input from said
CPUa secoﬁd plurality of bits, said second plurality of bits being all bits of a third

plurality of bits except the most significant bit of said third plurality of bits, wherein

said third plurality of bits uniquely identifies a third set of said set array and said




menory subsystem conprising: a data array having a'plurafffy of elenents; a
set array including, a plurality of sets, wherein each set of sald
plurality of sets corresponds to a S|ngle el ement of’_sai d_dat a-—aseay =1 a

SEal [T

| evel two (L2) ‘¢ache,* sdi dSL2 cache havi ng a pl urallj
wherein each cache line of said plurality of cache 2 T
line to another cache line of said pldrality of cache I i nes, sal d rret hod

conprising the steps of : (a) determ ni ng whet her said data line is stored
In said L1 cache; r

cache lihe is S‘P'BF@@ ‘?%p‘é'g;[alcjlsriﬁl ng)g §e3b|4 %bf%?m%%gigﬁg? ﬂtgéripﬁ%igsga(s:ﬁied

line in gaid L2 cache . . ‘ :
I input to said exclusive-or gate, said exclusive-or gate outputting a MRU bit
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indicating whether said first set or said second set is the most recently used set.

12.  The subsystem of claim 8, wherein said first state field and said second state
field are each in one of three possible states, said three possible states being a direct

state, a borrowed state, and a paired state.

13.  The subsystem of claim 9, wherein sald MRU indicator initially indicates said first
set is most recently used and is modifled to indicate said second set is most recently
. used in response to a request to said cache memory subsystem from said CPU when

sald first state field is in a paired state.

14. {Amended) The subsystem of claim 8, wherein said MRU indicator initially
indicates said first set is most recently used and is modified to indicate said second set
is most recently used in response to a request to said cache memory subsystem when

said first state field is in a direct state and said request is not located in said first set.

15. (Amended) The subsystem of claim 9, wherein said MRU indicator and said

CPU are included in the same integrated circuit package.

16.  The subsystem of claim 15, wherein said first state field and said second state

field are included in said integrated circuit package.
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correspondi na to said data Iine is in a borrowed state; (d) retrievi ng
t

said data |i mmmmmmul" Tegf;gﬁg?/ngngosgglrhng tsa| d dat HE’NIqégmgﬁT sai d

L2 cache in

updating the- state of %aid d‘ache line to a direct ﬁln 'Iip%
of claim 21, further conprising thed§teps of : dete m ng QN\’ al
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THS SHEET HAS BEEN a4%ata array having a plurallty of elements;

' hod

a set array including,

a plurality of sets, wherein each set of said plurality of sets
corresponds to a single element of said data array, a first set including a
first tag field and a first state field, and a second set including a second
tag field and a second state field; and

a swap ooﬁtrol unit for swapping a first cache line and a second
cache line, said swapping including placing a first cache line initially
located in a first element of said data array into a second element of said
data array, and placing a second cache line initially located in said second

element into said first element.

18.  The subsystem of claim 17, wherein said first state field and said second state
field are each in one of three possible states, said three possible states being a direct

state, a borrowed state, and a paired state.

19.  The subsystem of claim 18, wherein said swap control unit performs said
swapping in response to a request to said cache memory subsystem from said CPU

when said first state field is in said paired state.

20. The subsystem of claim 18, wherein said swap control unit performs said
swapping in response to a request to said cache memory subsystem from said CPU

when said first state field is in said direct state and said request is not located in said

first set.
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a second set including-a second tag fi-eld and a ‘second’ state field; and a
swap control—ﬂn+%~ioL_&__QQLﬂQ_a first cache line and a second cache l'ine,

sai d swappi ng ma | acing a first cache I e—FAttal alo¥: ed in a
first el enent ay into a second =- ‘
Iﬁ"l(ef initially |ocat

and pl aci ng a I n
iaamf

into said first el enent.
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The subsyst em of

first state field and sa|d second séate field are eact—r—o hr ee
possi bl e states, said three possible states being a direct state a
borrowed state, and a paired state. 19. The subsystem of claim 18,

wherei n sath svk@@bﬂd pbretuming » datadinegegusstedbin senigaliprocessing st (GPW) of
request to said cache subsystemfrom said CPU when said first state field
i s in sai dapamputersystem tospid CPthesaid émsymutensysters includiriBa systerrefmentay dndwap
control unit perforns said swapping in response to a request to said cache
subsyst em & caohe aietha@ySubbysternasaid cachs metranesdbsysen includirgpa bvel ops (LBt at e
and said request is not located in said first set.
cache and a level iwo (L2) cache, said L2 cache having a plurality of cache lines,
wherein each cache line of said plurality of cache lines is a partner cache line to another
cache line of said plurality of cache lines, said method comprising the steps of:
(a) determining whe’gher said data line is stored in said L1 cache;
(b) retuming said data line to said CPU, provided said data line is stored in
said L1 cache;
(c)  determining whether the cache line in said L2 cache corresponding to said
data line is in a borrowed state;
(d) retrieving said data line from said system memory and storing said data

line in said L2 cache in the cache line corresponding to said data line; and

(e) updating the state of said cache line to a direct state.

22. The method of claim 21, further comprising the steps of:
determining whether said cache line in said L2 cache is the data line
requested by said CPU; and
determining whether said cache line in said L2.cache corresponding to

said data line is in a direct state.

23. The method of claim 22, further comprising the step of returning said cache line

from said L2 cache to said CPU.




21. A method of returning a data line r equésté‘d"B'y-"a:"c,_ent-'r-al processing
unit (CPU) of a conputer systemto said CPU, said conputer systemincluding

a system mmWy subsystem said cache menory subsystem .
including a le L1) cache and a WO 96/ 06390. )

PCC/ US95/ 09896 mﬁ ﬂﬂﬂnﬂ said data |ine fr Temr nenolly and -
storing said data ,L2 cache in the cdt H@PI-AQE N SERngdi ng to
said data line; returni ng sai 8 data line to said pslagmggg[he tate of
said cache line to a paired.state; and updating t i ate-of-saidpdrt ner
set cache line to a borrowed state. 25.7 The netfrod of ¢ctraim 22, further

conprising the steps of: det'erm ni ng whet her- t-he cache line in the | east
recentl'y used set of the primary set and the partner set is the requested

24. The method of claim 22, furtﬁer comprising the steps of:
retrieving said data line from said system memory and storing said data
line in said L2 cache in the cache line corresponding to said data line;
returning said data line to said CPU;
updating the state of said cache line to a paired state; and

updating the state of said partner cache line to a borrowed state.

25.  The method of claim 22, further comprising the steps of:
determining whether the cache line in a least recently used set of a
primary set and a partner set is the requested data line; and

updating said least recently used set to be the most recently used set.

26.  The method of claim 25, further comprising the step of returning said cache line

from said least recently used set of said L2 cache to said CPU.

27.  The method of claim 25, further comprising the step of retrieving said data line
from said system memory arid storing said data line in said L2 cache in the cache line

corresponding to said data line.

28. The method of claim 25, wherein said step of updating said least recently used

set comprises swapping said least recently used set and said most recently used set.
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data line; anuw Least recently used set to be the nost
ecently used set. The et hod of cl ai m 25, further conprising the

r.

step of returniu ““Lﬂ‘“:mmu e fromsaid |east recently used set of said
L2 cache to sai met hod of cl ai m25—Fuw-ther—co ing the
step of retrievi ng Sai'd data line fromsaid Sys m&mmﬁﬁMEbﬂ'nﬁl"E
data line in said L2 cache in the cache,line cofjiresp sai
line. 28. - The nethod of claim 25, vvhgsr ei n sai Bsﬁtegr%f‘ﬂm)m :
| east recently used set CO”,R“ ses. swappi ng sai dHeast—recently used set and

sai d nost “PeceMIQMRIEEHSYRLIN cOMPRBINgs/ 06390

PCT/ US95/ 09896 29. abﬁsporrput er system conprising: a bus;

a central brocessing unit.(CPU) coupled to said bus; and
a cache memory subsystem including,

a data array having a plurality of elements,

a set array including a plurality of sets, wherein each set of said

_ plurality of sets corresponds to a single element of said data array, a first

-set including a first tag field and a first state field, and a second set
including a second tag field and a second state field, and wherein said first
state field indicates a number of cache lines mapped into said first set and
said second state field indicates a number of cache lines mépped into said

second set.

30. The system of claim 29, further comprising means for maintaining an MRU
indicator corresponding to said first set indicating whether said first set has been

accessed by said CPU more recently than said second set.

3. A coﬁputer system comprising:
a bus;
a central processing unit (CPU) coupled to said bus;
a cache memory subsystem including,
" a data array having a plurality of elements,

a set array including a plurality of sets, wherein each set of said plurality of sets

corresponds to a single element of said data array, a first set including a first tag field
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a Eentral- 'procesm ng unlt (CPU) coupl-ed to said bus; a cache nenory
subsystemincluding, a data array having a plurality of elenents, a set

array incl udi ngﬂ—u—#&l-%sﬂs wherei n each get—of—caid Lty of

sets c_orrespond eI enent of said data ﬂrmm.maEMEmsnggf
including a fir Mﬂy gﬂ'@ first state fiel ;" andj g JANJBER set
i ncl udi ng a seco a second state fi ¢l okteand. j’_‘re_an,s,,_,t_g,r_

mai ntai ning a nost recently used (MRU) ®et, said VRY sai d:
first set or said second set. 30. The system of cI a| m 29, wherein said
means for maintaining conprises an MRU. indjcator co di

F1rot set [ PRERMET HGRRBBNBR § 2001 PinGElnga Sepuehiag BB F55oai Hate
nore recemt|ly than said second set. 31. The system of claim 29, wherein
sai d neang fielsk apdi nt ai ni ng conprises a swap control unit for swapping a
first cachhe line and a second, cache |ine, sai d @&Hﬁ ?gl acing a
first cache Ii nmansffpama;ntp@m%mswe&emmste et'oﬁ‘a' beingr ay

into a se¢ond el enent of said data array, and placing.,a second cache line
i ni tially| either said first set or said second set, said means for maintaining comprising a swap

control unit for swapping a first cache-line and a second cache line, said swapping
including placing a first cache line initially located in a first element of said data array

into a second element of said data array, and placing a second cache line initially

located in said second element into said first element.

32. The system of claim 29, wherein said first state field and said second state field

are each in one of three possible states, said three possible states being a direct state,

a borrowed state, and a paired state.
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_| (§7) Abstract

A two-way set-associative cache memory includes both a set array and a data amay in one embodiment. The data array comprises
multiple elements, each of which can contain a cache line. The set array comprises multiple sets, with each set in the set array comresponding
to an element in the data array. Each set in the set array contains information which indicates whether an address received by the cache
memory matches the cache line contained in its corresponding element of the data array. The information stored in each set includes a
tag and a state, The tag contains a reference to one of the cache lines in the data array. If the tag of a particular set matches the address
received by the cache memory, then the cache line associated with that particular set is the requested cache line. The state of a particular
set indicates the number of cache lines mapped into that particular set.




