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(57) Abstract

An LRU with protection method is provided that offers substantial performance benefits over traditional LRU replacement methods
by providing solutions to common problems with traditional LRU replacement. By dividing a cache entry list into a filter sublist and a
reuse list, populanon and protection processes can be implemented to reduce associativity and capacity displacement. New cache entries
are mm'ﬂly stored in the filter list, and the reuse list is populated with entries promoted from the cache list. Eviction from the filter list and
reuse list is done by a protection process that evicts a data entry from the filter, reuse, or global cache list. Many variations of protection
and eviction processes are discussed herein, along with the benefits each provides in reducing the effect of unwanted displacement problems
present in traditional LRU replacement.




forcing the processor to wait while the data is accessed fromthe sl ower

mai n menory, and is referred to as a cache hit. If the data the
processor needs is not - located in cache but nust be retrieved from
mai N mMenorwo 0e/fdés equest 1S simlarly said to be a caR¢GEBURIGIS6S

The degree to which the cache effectively speeds up nenory access can

be neasured by the nunber of nenory requests that are cache hits and that
are cache msses. It is the goal of the cache controller designer to
pl ace the data nost likely to be needed by the processor in cache,

Sehere.  the syst om EaRt RGPS Yitdeértadehof fInEL AR R bRy, D01 20 Sueh @
hi gh- speed nenory, while reducing overall system cost by storing nost
data in relatively inexpensive | nory. One such
schene for3replacing | ess-often &@Oéﬁf W™ nor e- of t en used data is
to sinply note whif; H@énﬁoﬁEait@ﬁgdnerag?e@fepla%exheﬁ%tfcm&eaﬁﬂaynuﬁed (LRY), 10
and replace that data as new data is into the cache. Such a nethod
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stored in theg.g ggéﬁentmhfoﬁ tﬁaqgméa?s St ﬁmﬁhraméifeﬁﬁkan&ﬁw long it has been

si nce t he" data was ccessed. Such a schene may displace data from
a large set of dat a bef oBackgronnd sé thedmvapftiom due to |inmted cache
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frequently"with d eenu nore recen en though the
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| ess frequentdnd inséRictions from memory. This requires memoryShavean pe aécesded | nventi on
A nethod of storing data ipn a cache ‘ir‘TFS‘r é%tem’s provi ded. A cache

data entry | jayickly @pd due odbhvery Bigh & B ayoiedothe FEMALKY v, and i s

divi ded ip§o t?pxtéﬂ)l BEatkd ﬁtclﬁegrcﬁuﬁlﬁywt%'p?&cess-BF'eBut' fdsBemmbofy cdpableopul at ed
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reuse list by operation of "a protection process. ]
of separate banks of cache memory, separate from a larger main system memory,

are often placed near the processor core.

20 This cache memory typically consists of high-speed memory such as
static random access memory (SRAM) and a cache controller. The controller
manages data that is copied from the relatively slow main memory into the cache
memory based on a prediction of what data the processor is likely to need soon.
The cache memory often comprises between ten percent and one percent of the

25 total system memory, but may vary over a greater range depending in part on the
predictability of the memory access characteristics of the computing system.

Because successive memory accesses typically occur in a relatively small
area of memory addresses, storing the most frequently accessed data in a cache
can create significant improvements in system performance. Accessing this

30 most frequently used data from the relatively fast cache memory eliminates
forcing the processor to wait while the data is accessed from the slower main
memory, and is referred to as a cache hit. If the data the processor needs is not
located in cache but must be retrieved from main memory, the request is

similarly said to be a cache miss.



Brief Description of the Figures Figure 1 shows a table
representing a Least Recently Used (LRU) order matri x, consistent with
an enbodi ment of the present invention. 30 Figure 2 shows a table
represent ivigowtowes in a nulti-way LRU repl acenent cachecrmsod/1adsanged i n
response to access of data in a particular way, consistent with an
enbodi nent of th resent, | L QN - ,

: 1Y ERkso MGt e effeervety speeds up memory sccetsie mmoks
used for vi Cbé measured tyehemirmber of memdry regaystd Rt aracivhe hitp had thaeat,

consistent with an e di pent of. the esent _invention.

Figure 4 sho%gﬁmt‘séﬁﬁr?g?}ségg galgf Fﬁéawgppﬁrglﬁerﬁp%@qﬁ%pﬁﬁ%%g By an 5 |
exampl e of appktilkelyi tobe abeded O thegdssesber iA chdRe, marithizhg theaas®sf @cksl LRU way
protection bits, caonsistent wth an enpodi nent of thgépresent i nventi on.

Figure 5 PI | bisttesache misssen By SMAMRHUED 3 5hksTRS e fy SRmLap a5 R ByFh
menory, andl%ﬁi{?b&éﬁhgfha‘?/ﬂ{gsi REERpecdichdindty), WHROLINEAS ofdrall BRtda esent

i nventi on. ) F|dgur_e 6 shows a data_storage systemthat

i ncor por at escest bysypriegget data in relaivaly ingkpapsivlewersncedmempient of t he
present inventio ing less- dd LRl ged. lspt i on

In the foll ow ng i szflcpgcc:}]egleesfgﬁe %alcglr% (e?s]§ ogg%lf% gﬁélﬂmﬁggﬁg?ﬁ%éﬁe

i nventi on, rédteisansimplynotasdichodathsiored cmershe s leagt-thcantibnysedbRED, f orm a part
15 hereqf, a 1N I.ch,.l own. | . Il L st raat ecific sanple
enbodi m&*ﬁli S ?nnradr\?\%lla%vm?tr#étﬁa%\?%ﬁ'tal,xganl@rfr%a\;a% %nqéﬁgffa%éﬁ uf%gnsegg%aﬁbodi ments are
descri bed i ntypithlty employs aletrabdr df EREN B assddimedwitk ieddhdsioclofidata art to
practice the I 0 der st ood t.hat ot her

embodi nents Hed Hbtlhg¥$‘iqﬁtez‘¥ﬁib5%%ﬂailntdalmtsthétﬁn‘%gﬁ? 8%1‘?’ lo gﬂﬁsnl?efﬁlsfmgl ectrical,
and ot her chpBdes wiBYasbacoRe® Sudhhithemd®magieipplacé O a fifoRivh 1dige SePbf it Or
Seope Of N R Sotorait is Recded agath duc 1o limited Cachdsize. Further, the LRU
15 algorithm may replace data that is used somewhat frequently with data that has
been used more recently, even though the more recently used data is used much
less frequently or only once. A method is therefore needed of ensuring that data
that is more likely to be requested again is not replaced with data used more
recently but less frequently.
20 Summary of the Invention
A method of storing data in a cache memory system is provided. A
cache data entry list records cache data entries stored in cache memory, and is
divided into a filter list and a reuse list. The filter list is populated by storing all
new cache data entries in the filter list, and the reuse list is populated by
25  selectively promoting cache data entries from the filter list. Elements are evicted
from the filter list and reuse list by operation of a protection process.
Brief Description of the Figures
Figure 1 shows a table representing a Least Recently Used (LRU) order
matrix, consistent with an embodiment of the present invention.
30 Figure 2 shows a table representing bits in a multi-way LRU replacement

cache word changed in response to access of data in a particular way, consistent

with an embodiment of the present invention.



detailed description is, therefore, not to be taken in a limting sense,
and .t he scope of the invention is defined only by the appended cl ai ns.
A nmethod | s pneeded for inproving an LRU cache nmenory syst reduce
the ef fect® B"*%Pobl ens associated with si nply evicting the S 35‘rss’ecently
25 used cache data entry whenever additional cache space is needed. The

pr esent | NVaigured shows owbi represensing dequide makks vseg lfarcdctemt  pol i cy, and

addr esses the, . robl e evjcti data fr.o lLarge data set before it
i s used agaisﬁlea‘i!fé‘igmﬁ"waﬁ%&r{ s {?B%ﬁg"@t’zceo.nmf{pngwgga‘gaﬂlggé’géegtet he probl em

of repl aci ngshkesregnt inventfond data with recently used data that is used
| ess often. Solutions to both_ of these 30 ﬁg)tor n. LRU cach robl ens are

provi ded in the prigwedshpwsamblcpressiyng sib S5 BIHREG B nore det ai |

bel oW, 5 example ofAphlYdli6Rbf SRR RASKPER DR dfordithi Bl RiARIORY we! | S Wi th
t he sane Short ehed address in different_ banks, where the banks are
ref erred to mstettivatyts, consistent with an embodiment of the present invention. 3

For exanple, a ne i = hi gth may have a
4- way cachefﬁ%%ﬁfg?g‘%s?rﬁ%g%ﬁﬂg%y n S&g%&nﬁ@ﬁ&h?ﬁ?h?ﬁ&g%ﬁ, have an 8-bit
addr ess. méiiery, BtddrRUB catdie aconsistent Wish amembedimentofithe prgsdnt, t he ei ght
nost significant . bits of the data main nmenory address are discarded,
and the remaiYRY°® bits are 5 the cache address into which the data is
stored. Because tIRgge 8showoudataspage aystem that irmokmraiés ibRDPycache, t h t he

desired address,. the vvag wilgh_t ast recently used data is

A he |
typical |y ch&SBHStgat Wity Qdimgnt O RAPTESTEUGLTHOR | | be stored. This is
because it is less likely thapetdiRdmastipi@cent |y used data will be needed
before the nor e rece_ntlél used data tggt is stored in qQther menory
ways. This assunphitemfollewing defailed desgaption: Stagl?ie,e PREMEYS P °data may in
fact be used,pnkenf LRMIREE Made to the MeBNMpallyidLdiBRings hikh R RAIgaACt Ures and
cache popul ati on ana repl acenent afgorl'thms exi st, and the above
descri pt i®n lieseofreng inwhishdsphawroly warokillasiratign specific samplgyy cache enpl oyi ng
a Least Recent,l v. - ( | -g]grgﬂ ‘] . The present
i nvention inc bu é%gngglﬂ‘ég%f%gﬁe?l&m egibgkﬁ.'gagh%%djg?}%sf Ceg#gdg%er}t%aérepr obl ens of
capaci ty di sigsaitedemsuffincntadetotioznable theselskili¢dbindheart o phdtisls the e

invention, and it is to be understood that other embodiments may be utilized and

that logical, mechanical, electrical, and other changes may be made without
20 departing from the spirit or scope of the present invention. The following
detailed description is, therefore, not to be taken in a limiting sense, and the
scope of the invention is defined only by the appended claims.
A method is needed for improving an LRU cache memory system to
reduce the effects of problems associated with simply evicting the least recently
25 used cache data entry whenever additional cache space is needed. The present
invention improves upon a simple LRU replacement policy, and addresses the
problem of evicting data from a large data set before it is used again due to
limited cache size. It also addresses the problem of replacing frequently used
data with recently used data that is used less often. Solutions to both of these
30 common LRU cache problems are provided in the present invention, and are
explained in more detail below.
A typical cache memory has multiple memory cells with the same

shortened address in different banks, where the banks are referred to as ‘ways’.
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common ways in which the data evicted fromthe cache nenory are sel ected
froma way containing data that is not the least likely to be used soon.
Capacity di s&l acenent occurs when data is used so infrequently that the

| east recRIY%Bed data is actually nore likely to be ac®&IEBYVES6h t han
the data 20 in nore recently used ways. For exanple, capacity displacenent
affects an For exafiBECa ididorbr REPRES SViIORETEbi BGIres 1aikth RAghat@sls- up of 32kB
worth of data that . I's stored iin part jn a_16kB cache when the inage
must be -acce¥3rerohefeasiginge! 4 banks of memperydhat s2¢)y 4ave ap St 34%6§ t he i mage
are accessedyiefiRfhk ahtaYrod e fla AmoRy in caches BRI MACHSSSicadther e wi l |

al ways be 16kB worth of image information in the cache, but the process
wi || need t obitsafdhsdathmainmenorysldresiire Hiseardednapd the remainiigod bisg 4ren bef ore
again neegi n@letcgﬁle'aa{iﬁgm{&mcﬁﬁfe%{ |i¥st'§}e9! e infle BRF e four wz;fé\h the first
part of the irmage file1s reaccessec?, the cache contains only the nost
recent |y usebhknitabimemory, With tsedssired adsress, theé walievithrtheteastiredemtiyy sssd once t he
process requires .the .data fromthe second ri..of .the i mage,.i.t has been
repl aced 30 ‘EW {smlﬁgpyrf%ﬁpéenraé en‘?’?@lngoc‘gglglsle %fé ‘g"l#‘?eosrtﬁ rgﬁ‘e%}"isrlit part of
the i mage. Svethus? it is less fikelg @ms thgUeasarecanly wed igh willbe nedded defoee tilesses,

because the cache si | oe t have the capacgi to store all the
dat a used reﬁ@&rgﬁqny%sé/d cgata tﬁat is store%cin ogxer memory wa{F)s. CILhtiQI assumpnonl% 4

Anot her qoMEK aRedysicBrrvdd] 0 L RU idgtaaMiyCindact e @B EmeRARRuEst]y, hr ough
associ ativity displacenent. This happens when certain data is needed

repeat edl y, Many different sachp achitesBesandcarhg pRpulaiion Apd pPlacemsntt r equent | y used

data is acceﬁg&!ﬂmm'égiist, and thEX60R| RscriptBa idGily 8n ERMIMe YE bkt Qh Ynfi@Ur entries
that handles a data structure A_ 5 and a data elenent B. If the data is
accessed i n whecashelemplayingad cagtRecently Used (BRU) replacamentgigoritym. A9, B, AL0,
Al Al2, Al13, A ; / YR lr(j ; | but will
contain the nor e%ﬁﬁeﬁ{/ﬁﬁ%@ﬂ&%@%ﬁ% 0 ﬂgﬁ%tdrealép adr:fe?)n&,é‘\% kbnid Al t hough
B i s nuchS nothe pfabéamscofichyacity ddplabemerd apd assncjhiavityl dispdademeht, whichdae a

structure A fradi bional bRy sloorl LhTs: Bl AYI 4810 RLELEI SRERS O

frequently 1 c
from a way containing data that is not the least likely to be used soon.

Capacity displacement occurs when data is used so infrequently that the
least recently used data is actually more likely to be accessed soon than the data
20 in more recently used ways. For example, capacity displacement affects an
image editing process operating on an image made up of 32kB worth of data that
is stored in part in a 16kB cache when the image must be accessed repeatedly. If
the data bytes comprising the image are accessed sequentially and stored in
cache on access, there will always be 16kB worth of image information in the
25 cache, but the process will need to access the other 16kB worth of image
information before again needing the information actually stored in cache.
When the first part of the image file is reaccessed, the cache contains only the
most recently used data from the second part of the image. Likewise, once the
process requires the data from the second part of the image, it has been replaced
30 with the more recently accessed data from the first part of the image. Such a
process guarantees a high rate of cache misses, because the cache simply does

not have the capacity to store all the data used repeatedly.



To inmplenent a LRU algorithm a cache controller nust process data

I ndi cating which ways have been nost recently used for specific addresses
within the ways. The cache controller is responsible for both storing the
dat a weeiHdsd1g Whi ch ways have been nost recently usegbr/oswngssodi ng
the data and 15 deciding which way is |east recently used and should be
replaced with newy used dat a. 1.sh ata | lustrating in

F
part one nethod ofAnNREBSHEGIRmOnN Wan”r‘é(E‘l?i‘gFta\)\ﬁ‘d‘ﬁe ml“f‘a"sacg%gﬁh@é‘&]%t recently

used for a parhliaiify digsldchiar. | Thidhdppens wheﬂ/&}‘taﬁa&ﬁk'ﬁs needed repeatedly, Figure 1
shows a table conpri'sing a two-di rren5|onal matrix _of elements 20 (i,])

that can be butdd disoarded e ajlarasemouaee! lovs-frrauensty ysad dpiads accatssd: Bofdr ess
wi thin Qa%l%:lg\%nsﬁgﬁar&cﬂé\@l Bﬂm r datries that hindlds éﬁﬁa E@ﬁc't‘urb'l way (1)

has been use frequen he data in wa 44%1 and is O if
the data i5n wmd/a @ath eleaenbBeif thsé@tals acceSIS@dsl@ the @Rﬁle’éﬁi,l&it A4, 45, Bata i n way

(j). Note that el f h resses (0,0)
to (3,3) do %A@Oﬁgﬁ% Ae[ m?nqgf%afsl%net%sﬂg%%%éﬁi (nlgggand (j) refer
to the sane Wam@ﬁutsmllmaﬂtabﬁhemtedentmtsed elbimentebﬁdttas's'u@un'e A.  one side

of this dlagonal arethelnver e of el egents ont 0 de of the
di agonal , sué¥thpngh Biig much mpre freqpently Usg P? %enggrg ecently

used than  seudiee 22 tralifiRAalIR B k1 gaﬂﬁinﬁ p?av'hﬁahda yrdﬁ&e&eﬁeﬁﬁe@lﬁnﬂﬁy 2 cannot

have been nore recen;mé/ use han way 3. Therefore, the el enents-on
one side 16x P?Féﬁfﬂé@@r?&!’  can be discarded along with the diagonal,

| eaving only the B idrent @m@%@éﬂrﬁ&n acach@&’oﬁlwm’@ﬁ&xﬁstlﬂ?oééaﬁdmt rix as
critical to recor order of use. These five nunbered matri x

el ement s canntdmfcmbefhﬂ@wwé\m@é?ebyﬂ%t ecentlygpsed farispecifig addresses [ epresent ed

oY 2N ArTaY i hR%a0L VPRI BER Sorfb ARSI apldsitle pBBISorne the dgga
of the bits mgatdmgwhah]walyﬁ have been triget red:@the msed, pid ﬂra)gdblgéhe mandmr e
oo e oSS iy R0 A v it g T2 e v
each bit cor usa@imamﬁgma shows & tablﬂ dhstritirigrin phe ooe shethogiofdreping i n t he
previous mat il )i( o VB rlgﬁ \?v%' %gsl é)egn east reée%}/lylﬁ'sed for a particular address in a 4-
way cache.
Figure 1 shows a table comprising a two-dimensional matrix of elements
20 (i j) that can be used to record the order of use of the particular address within
each way, where the element (i,j) is 1 if the data in way (I) has been used more
frequently than the data in way (j), and is 0 if the data in way (I) has been used
less frequently than the data in way (j). Note that the diagonal elements of the
matrix at addresses (0,0) to (3,3) do not contain meaningful information as both
25 (@) and (j) refer to the same way, and so can be ignored. Also, the elements on
one side of this diagonal are the inverse of elements on the opposite side of the
diagonal, such that if (3,2) is 1, meaning way 3 has been more recently used than
way 2, then (2,3) must logically be 0 because way 2 cannot have been more
recently used than way 3. Therefore, the elements on one side of the diagonal
30 can be discarded along with the diagonal, leaving only the elements represented
by numbers in the matrix as critical to recording order of use. These five
numbered matrix elements can then be represented by a string of five bits,

represented by an array L of the five matrix elements (i,j), where
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Figure 2 illustrates an update table, which is used in the operation of
this exanpl e of a cache to update the five bits of array L upon
access of new data and witing of the newy accessed data to cache. -
The updat evaradrrosss i ndi cat es whi ch bits of L to changetiusooassspeci fic
address, based on which way is used to store the 10 newy accessed dat a.

B th ' - d folhe. f . .
e sei oct ea ForCaaEiop i BoRL A e ke R Tt ettt LS ne four
ways of the grcnndiy Tl a8 bethasedihere recently taptiasdahenti(f)e Thesedivitis of array

L that store data on whigch of the four ways has heen nost recently
used, and °fm4¥(}rF@¥§SHH’r?Basﬁﬁéeféﬁ9c (Pé’e%‘bgéfdn‘é‘éb%ﬁl‘gkéﬁft ed in the other

axis. For exaoq,£2,314)5)8d @R G dodrespdiRE & yR¥trixelerhént GEfR PRV eh0 have the
| east recently used data for a specific address by inspection of word

L, way tw i & the preiqus prasdeteprgseHation of amakiboni ng data. Finding way two on
the way axis, thegﬁ&}é 3 HiubBHECAT BalchMle Ritlidh is used ingh%%ger% | Jtthi§mal n

unchanged, while s 1 and 2 are reset to zero, an S changed
to one. Revi skampigof feachmtorupdatsltherfivie bitsnfarmay b upen sresss of neav datgatd t he 20

equation i ndi cat t | ' .1, 104 f.hat way O
has been W’ﬁ&???’g?’é‘“ﬁﬁf :&Eléjgsgg%&{%gon&fﬁ%gg%t%g? é\;\%/zliaa?/n* ! écga?%g’zfﬁ&?ess :
recent |y usedits dinti2change for a eqoifict dddedsy, bagidrmn| velritly wag ét isedi¢p &tote the t 0 one

i ndi cates .t hat way 2 been nore .recently.used than . _Further
| napeot | O oRCPRECHET deh dTetrg s caef 5 B ey and 50 ety Bt e o 01 L 01
bi tﬁ 0, g, aﬁdyﬂxgdpbawemrfoh bﬂﬂaﬁa htﬁfafgé{jmieiaﬂﬂ o@lﬂmmh atviﬂy;ﬁgsea§ théifolhr SO remﬁi n
unchanged. By u ing,.the bits according to this_nethod_ after eac
wite to cacWéYg?fﬁée gchg gystermy, i\%ﬁ/‘é‘%‘&ﬁ%&?f?eé‘&sct ?Qi’%gﬁtﬁ?mt t B8t about t he
order of usegswfe ddiorvRMish of the TourGAEH Badhidén Gaddt REeriBAkedYantine cache
controller to assign new data to the | east recently used way of the

cache. correspond tp ke Waycareesehty preatiefon dha ether #xis. JFor myemaploi it i m
sel ecti onst afl@atghtiide iy &b isteRhdhel ?&hfveram AR Pécefli‘tfly géea ddndei £ tabl e of

Figure 2. Figure 3 shows a victim sel ection tabl € for our exanple
cache, such spesificadiresiasinspectioreoliisendiLy waydwo is to beagplagsdavitti t h zer os and

L vcons, "ok Pkl 1Sy by VRN D 6
6 0, 3, and 4 remain unchanged, while bits 1 and 2 are reset to zero, and bit 5is
changed to one. Revisiting the matrix element notation version of array L, the
20 equation indicates that setting bits 1 and 2 to zero indicates that way 0 has been
less recently used than 2 and that way 1 has been less recently used than 2,
respectively. Similarly, setting bit 5 to one indicates that way 2 has been more
recently used than way 3. Further inspection of the matrix notation version of
array L indicates that bits 0, 3, and 4 do not contain information about way 2,
25 and so remain unchanged. By updating the bits according to this method after
each write to cache, the array L always contains accurate information about the
order of use of the ways of the cache and can be used by the cache controller to
assign new data to the least recently used way of the cache.
The cache controller does this by using a victim selection table, which is
30 simply the complement of the update table of Figure 2. Figure 3 shows a victim
selection table for our example cache, such that all ones in the matrix are
replaced with zeros and all zeros are replaced with ones, and all unchanged bits

remain unchanged. Finding the complement of elements read from a matrix can

6



be done quite easily in electronics or by other neans, and so does not
require mai ntaining a victimselection table but can be done with
on-the-fly conversion of data fromthe update table of Figure 2. Each
el enment ofwgiogtgegs 3 IS used as a mask i n operation, gewbsdonaseot he
contents of the masks are conpared agai nst the 5 data stored in array L.
If the data in any of thefo masks mat ches the rray L, the

at
way associ at &8 9n¢ auitefasibpizie "r"é‘"’%’é? %"c‘i’y HINERS ¢ gﬂ?t ng é"squﬂ'ﬁen

| east recent lyaisaRche Aetiiskiectt thile bhdad 8k d&ﬁwﬁl@%ﬁl@é-ﬁy chiplegsibhat the
masks in Fi ure 3 contain bit data that is mutual Ig excl usi ve bet ween

ways, such t eAdatgpiop the update pblest Fighse £ o Brchrriement c4Rigvat ¢ i RS apdssi bl e
combinat on MasRik Sodrllicht SN that iLoAntsloRHeGRlsRs are%eﬁ@aé Gelfisinas | east

recently use mean$ t he masks can £o array L
si mul t anedus ldgta stoveld imrdrsay dndf theydatai in Ianbeftbeffa@mkmatches thedataimarget for a

cache wite %ﬁ? g‘s! Ogr(/ag soc1ated w1 the 'rzﬁ{sk I?s)n%%{éﬁt!gg’g? g%;w%?td*ag% he ways for

a specific a BESH : ere way 1
is the nost nesertdylyuseat] aadldrxlw\hs/tha targettformelnedesd. Note thatdlenimbsksised. Usi ng
t he update t Ie f ter u contain
the data L=( gc'intfﬂg’)'t daé)% a{llﬁle BU\%Y%&ttBC?%‘éawﬁ%b thatoalyyure 3,
we find that oﬁ@bfm@y°&,m43k§ Sanlnatdh axmd:s&barcembnﬁﬁm 8fbits inQfrapdyanll, bit 1
and 3 are incorrect; for way 2, hits 1, 2, and 5 are incorrect. For

way 2, bilk indicate amcs’wdmskasleaﬁtﬁscqﬁlﬂx kssdn, Thisameans themaissar Pen mat ri x

mat ch the datcamb&eaw A¥ayll. s&ﬁﬂa&é&ué’@)’mﬁ dnﬁy&{éw@r»omeaé Hleligshird as the
| east recently use e ‘'exanpl’e described in the previous

par agr aph |st@§@fm¢ﬁ§¥:ﬁaw§f€=q}ﬁ@tl°ﬂ repl acenent in a cache system and
suffers from the shoclaam BOSIAk i Medldds for a sphdk AERLAIEVEBLeARpY 02Ch as

previ ously di scussed I on I mproves upon the approach
descri bed abmvéxeoedMZédHt odseswehé ictbamost r2éentlpusds] andewayf 2 sssbolsastt i vity and

capacity i r. LRUR includes
the parti on| ﬁ%t o‘flse%ihgsmg the lf’pdmci)'t If%ngf'gﬁ’ltsg ahst ﬁ?ﬁ}sﬁdggsf%a%# vY“East t wo
sub-lists. Thenthihahk ddtohaf0, 1, R 1y®y Cotrphring this mrdwmemdbﬂmgmea i mpr oved
toinclude ar filter |tfo each way that i.ndj cat es whet her the
ot oot or ed P Rdpayi oD s 0T, 252 Sl Bertetf rorny 18 1 G6ES 30 Cl Mot U
ordering is ﬁﬁbﬂéc&i foe drag hobied 1,2, ariiSlars ncdft¥ctWayr wap ) bikkel, RAISWYF t O

nost recentl¥h way may be part of elther one, of the reuse or filter

lists, in iR F}GrY“i%n Fﬂ%"“@PEﬁé‘Fx mateh thedaty ig pgray do @pd seway ﬁa% rranage
the data Aon bh}%eﬂ? Sétted as the least recently used way.

The example described in the previous paragraph is one example of LRU
replacement in a cache system, and suffers from the shortcomings of a plain
LRU replacement approach as previously discussed. The current invention
improves upon the approach described above, and addresses the common

25 problems of associativity and capacity displacement.

LRU with protection, or LRUP, includes the partitioning of the
traditional LRU way list into at least two sub-lists. The traditional LRU way list
of one embodiment is improved to include a reuse/filter bit for each way that
indicates whether the data stored in that way is a part of a reuse or a filter sub-

30 list. LRU ordering is maintained globally, and so any way from the LRU way to
most recently used way may be part of either one of the reuse or filter lists, in

addition to the global list. Various processes that manage the data in the reuse



and filter lists independently are then tailored to address displ acenent

pr obl ens, and optim ze the performance of the LRUP cache.

I n one enbodi nent of the invention, cache elenents are initially

al | ocat ed woopan4ss of the filter list. Selected el enents frranwsee/1336bt er

list are 5 pronoted to the reuse Iist by a nom nation process, to

popul ate the r e |ist. C . ' b ONS:: line to be
noved fromt ﬁggﬁtﬁ léslls ’Inldfsqeng%mly r%ge tﬂgﬁ&ﬂg&e@l}gg&"?r?%td,@g%ﬁﬁeﬁ?%gﬁgﬁfﬁ nation
woul d cause tahé optiriize thd irfotramge ofithed RITP pache) y and eventually crowd
out the filter list fromthe cache.. Therefore, .a protect.. process
chooses between evt &P% Ec'fﬂn%?ﬁm?fér?g&"én‘(’ﬁn%f)ﬂ’eca?}éduesl%m%t%?reé?lhgﬁ’é filter list 10
upon al | ocat iaffcatdd 43 paswf @rRdliRr listh Seleoted ielenents @ itedgilbalist 44 ensure proper
di stribution of elenments be,wign the fjlter and regt@ae |ists. .

Noni nat i or? ofPTROted K iBR reuss ASOMIPANON Freces, fQPIRHALG BFIEnsF st nmy be done
by a number  gfe.RlsLa6R RS ok RhseH Gich il rhSveBTHIME e WHERRERS 1 SPI acenent .
Triggered nomnation, which reduces associativity displacenment, involves 15
novi ng a caclreusk lisfecontiied paninatinsyoyld spuse thaneuserlist tocgrpwdndgfinitelye dat a
stored there | HRGEoutile itk Tist #6m ftid daBhe. | Tritkefor32 fRABCASHT Nat i on,
whi ch reduceé‘;‘h@%‘ﬁ’é‘é‘%at”ﬁ ‘}gims%p?gé(r:ersmnt, rar?doem y s_%?ei:tg né:\E/‘\.A y all ocated
cache |ines @rocessadheoses betwebn eyiction of menabers ¢f the reusglistiop thei filter list on in t he
reuse lis Conbimati.on | At : . | GASLS L nation and
random nolﬁg ngP?%?\ﬁ]o%P et %f%e%q'céc%%é% %ﬁeértg(z&%gpﬁ?wl?%%a%% scoggpog)g} t he

i nvention, adistritarien af clementy betweertheddiement eusd lissich are descri bed

bel ow. Trigger.ed nhom nation nodi t he.sinple rul e that
cache |ines used N°mmﬂﬁﬁgl°£a‘i‘Fle?‘ﬁ@%?’?%ﬁ&%é&?r%*ﬁﬁbﬁﬁ%df’ﬂ% reuse
list by eval yahinighbsPeradesses that eretgilored Anedsecundentedisplacérhents | ess

desirable to_pronote certain elenents to the 25 reuse list. For exanple,
el ements ref Péﬁ@'é@ln%}qaém’ﬁ"}?%g&%f a?SQEIéﬁY‘FXEE%lé‘ETmenL Y9t i on of the

gl obal |igt WRWidies ERRELRSHAH tRSHiIRANkt 1Ofthdrefid Tkt & tRPAtA R tRére is
cal cul ation, and so would be |less |ikely to be reaccessed than el enents

accessed reused whide i the Elterist.t Repdem noraigation, wihichiredugstsapacilen be excl uded
from pronoti gay t hddnRYBLIBctP A1y Qliob &t dachd Bfieslor B4chdMinkd bt er reuse
or eviction. %Pr?lc?né?q’y, el e_yrrgént s 30 yr_e19er enced V\heisloeé%c_n _{Ehe nmost recently
used positi othedilter kst for inclusion iinsthe meuge bist. Combinativing aetivariationgronopt i on to t he
reuse |ist upde ri f ' i : I i i, a nunber of
nore recentl %?éereeg ngg’g%fﬁgr?@&)f)%ﬁ@%tnﬁg}m%{% afﬁ tggaglcgggﬁégréd WitHgl Br lists may
be excl ud®d Scopmofitimiimagniiom.and several exemplary embodiments of such are '

described below.

Triggered nomination may modify the simple rule that cache lines used
while in the filter list are promoted to the reuse list by evaluating special
circumstances under which it is less desirable to promote certain elements to the

25 reuse list. For example, elements referenced while in the most recently used
position of the global list may be reaccessed as part of a single operation or
calculation, and so would be less likely to be reaccessed than elements accessed
at two different times. These elements would then be excluded from promotion,
but remain part of the filter list until later reuse or eviction. Similarly, elements

30 referenced while in the most recently used position of the filter list may be
excluded from promotion to the reuse list under triggered nomination, or
elements within a number of more recently used positions of either the global or

filter lists may be excluded from nomination.
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8 Random nom nati on i nvol ves nom nati on of randomy

sel ected cache lines to the reuse list. Variations on plain random
nom nati on include using a random sel ection algorithmthat nonitors
the size ofoldgeedsguse |ist relative to the gl obal |i pé&rageh/38d6eS

random nom nation increasingly unlikely as the reuse list 5 grows. A
nunber of other nethods for randonmy sel ecting _data exist in addition

to the exanpl es diRandemapnigation “&‘fﬂ!l""ér“@mc“bmﬁﬁ°€Eﬂ‘i§?’BB’rS§EFCWdtCH?}PF the scope
of the 1if&Y &' thk Qflise list. Variations on ;ﬁﬁﬂbﬂu’%ﬁ UhiRktidn ihI0&E &dnglpM Nation
and random nom nation may be enpl oyed to address both associativity
and capaci ty rdidnsh seleatientalgorihan that manters thersiae of tep reuse;list redativede thsot h nay be
sel ect ed t 0 Oré&ﬁa@ é%h%ﬂﬁ%@ﬁggorn 'nunnﬁa?l%n mcreasﬁlg%ﬂ 19111i<915! as Pr?ecﬂe{ulg:ch @ache
configuratiorf5.” For exanple, one nom nation

consi st ent5 wi grhws hA numbenof wherinmthaddder ran@miylscﬂgctbrgtdat@mst iy g@m@h

nom nati on sch exc n m)st recently .use e filter
list, in Le %bscgsngﬁ%r Fﬁtr?a eiCSﬁSIQ r%(g‘?vﬁ%lﬁr{ﬁ%c PeP nle;andom
nom nat i on 15nvéme@rres increasingly unlikely as the size of the reuse |ist

grows. Such a conbi pation has, the benefit of self.-bal anci
nomi nati ons from tFRENRIPRLRGSL tiggered n%ﬁ?t}?&alngﬁa“nglﬁ?ﬂ%aX random

nom nati on alggibyedd b&ﬁ@é&%tﬂ&@odiéﬂﬂﬁ?fﬁhd capaciﬂpﬂklisxaédr@m ,angorithmis
dependent on the size of the reuse list. This wl stabilize the

size of tHe raigesishms and vagatipns afboth may besalsctedtg oaferarzeéhq ¢aghe bitinisy
associ ati vi t%a@&'g)r W daéhOdctifleRRRBR LFor example, one nomlﬂfi%nr %b%ﬁs list may

al so be popul ate nom natlon processes, such
classificati m@dmcemenpw@hﬂh@@vera@mnd@d&a emtqyurmsbqﬂ@amh@er@se | i st

based on speqielluIAANEL RGN ok 1ScdlRl et N bt RETIRL fEDKET, DY
at a rom

vari ous process he T etse l'ist, may
pronot e new )addiﬁlonad hmnﬂbmdxomnﬁumnd@omﬂanmem randonraymprationt e cache dat a

entries s ted by. . _anot.he had. nbi n ons of n m nation

T otesseal mpernaprayingdy kel et of BERLACH Pk SlBE e v Ty

di spl acerregt ,cgﬂnlbm‘aﬁ?]mﬂik tﬁSEerﬁﬁhef semt&cmg no;ﬂlm‘bﬁsl froNGe Bfpgetet | Sh .
antici pated that othe mi processes. for sel e tin cache |ines
Fo S o oRinaA SleonOmn Pk SRt SRIn AR ATy BF AR e SRR o ¢ o

nomination algorithm is dependent on the size of the reuse list. This will help

stabilize the size of the reuse list, while still effectively addressing both
20 associativity and capacity displacement.

The reuse list may also be populated by other nomination processes, such
as by a classification scheme that promotes cache data entries to the reuse list
based on specific characteristics of the data. Cache lines promoted by various
nomination processes may promote data from the reuse list, may promote newly

25 allocated cache data entries, or may promote cache data entries selected by
another method. Combinations of nomination processes may be employed to
address capacity and associativity displacement, or to address other cache
inefficiencies. It is anticipated that other nomination processes for selecting
cache lines for promotion to the reuse list exist and may be developed, and are to

30 be considered within the scope of this invention.

Protection algorithms provide additional control over the size of the reuse
list, by choosing between evicting elements from the global or filter list. Note

that because the global list is comprised of both the filter list and the reuse list,
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30 be considered within the scope of this invention.

Protection algorithnms provide additional control over the size of the reuse
list, by choosing between evicting elements fromthe global or filter |ist:
Not e waa¥ 746t ause the global list is conprised of botRcTissofzdsber |i st

and the reuse |ist, 9

evi ctions fraficiBe S gibbad istFRY BEESHUMEORLsd HELHSE. Yool [ LT

lists. Two protecti©on algori'thms are descried herein - "a strike

al gori t hm angrete¢tiRy aigomthray are descriehheyeini -tastnike algorithm and a LRU beursérr i ke

al gorithm emﬁ&m strike counter to track the nunber of 5 tinmes that a
menory access tesults in a cache mss while the | east recently used

el enent of the reThe strikstalgostimi eraplone b stnije dounferndxchekthe alinbeedsl € stri ke

threshold is preset and is conpared.agai nst .t he strike counter, such that
once the 3 ° tEIeS i p B, PR RIS i & CHAME e TEIe [oh TREER S | oub] e
stri ke threskintént bfthe reuse lidt Rmathenmhtingf. heaghRbadllowable dgkeVi ct ed. The
| ongevity of an element in the 10  reuse |list can be increased by grow ng

the reuse | i direshold igprsspipndpscompersd against the stgike goutgresush that enegitheshol d, but

a larger naxisfk@cahhte\AiRleas glchicK@ah MeaaDEMAmAIR R able strike'tRR¥hdi¢ tHe" | NCTr eased
| ongevity of elenents in the@?léobal I maxi mum

al list. Therefore, [ower
al | onabl e st HRteclemeniaigheriobal listdesyipigdl Ehe longewdtynfian elemeantingber euse | sts,

and hi ghefo t RegeRal i3 vatrdeitahbeidQhe feBled KPAABE mAdHEg | [sts. - One

15 enbodi ment of the strike orit therefore e oys a nethod of
varyi ng the allowablgstrikkthreshelds bul allargée pamitam aldewabisestake thresholdradsar euse

list. P ter ectd on al gori.t hm.att ts to predict
the cost of results lne@%}g?skﬁg n%&é@&?’eel |eg&es 1%?%%%] ?%aégf“té raforsy E’%F sus evicting
a line from nfasinfiurh aBowitilsitrike threshol@h ereciesirdbér fot redativslyriafgerenedistsf 0 t he LRU

kel 1 hood ¢ A% Bk sl s Sirke Rt sptatyqy S réife 1otG OndCeq can e
conpar ed.150nembodindhroMke ffiksilgdtithmndrefdee @iplbPySmathod of vargRighther t hat

starts at zero nd.counts for each reference to the LRU el enent
of the reusesq"f“%a"%ﬁlfﬂlddgwn‘r“g‘F°‘é3’€ﬁ‘zte<9ff§}eé'ﬁ‘&§htsb the LRU of the filter

list. Al 't er 1R LRBldbunter pryRbRsLAbSrithintarldRYtshS pRdfethd st dfe counter,
such that Onl:\%ct%ntha cache line from the reuse list versus evicting a line from the filter list.
The counter tracks references to the LRU elements of both the filter and reuse °
20 lists, so that the estimated likelihood the LRU element of each list will be
accessed can be compared. One embodiment of such a scheme employs a
counter that starts at zero, and counts up for each reference to the LRU element
~of the reuse list and down for each reference to the LRU of the filter list.
Alternatively, a hysteresis bit may be added to the counter, such that only the
25 second reference to the LRU bit of either the filter list or reuse list without
intervening reference to the LRU of the other list will increment or decrement
the counter.
When an eviction is needed, the LRU counter value is used to determine
the maximum allowable size of the reuse list, and to decide whether to evict a
30 cache line from the reuse list or from the filter list. As an example, consider a
case where eviction is needed in one embodiment and the counter holds a
positive number indicating frequent access to the reuse list. The LRU counter

value is then compared to a threshold value for the reuse list. If the counter

10



25 second reference to the LRU bit of either the filter list or reuse |ist

w t hout i ntervening reference to the LRU of the other list wll
i ncrement or decrenent t he counter. When an eviction is
needed, t ¥OPWI94¢8ount er value is used to determn ne t RCTRGS0D/NIHGY

al l owabl e size of the reuse list, and to deci de whether to evict a 30
cache |ine framelR&eaeihatnleitid %luéiﬁx‘"e'liét&%mﬁéd fafde Ust Sike xs/éa g@ddegxanpl e,

consi der a case where eviction 1s needed in one enbod |nent and t he

counter hol dgndif the coyginsivelug s smatlse hap the theeshald velue gpesdetcanined smelh t he
reuse |ist. Tﬂ?s&ﬁynﬁélisé?.t ‘ﬁx? selge ted’l?rje&k‘?erhﬁnéd‘l%@ siZ@ TRAEEhGardd Hieshol d

val ue for the reuse e counter
10 actual sizevofItheerenseclist.dod mimetihevactbd framvhe m@tscahaproauenf éreni ned | arge

list size 5 S pre%%%es gg‘g&zg is smal nﬁ!)an];l}e a@ﬁlafgy%%ﬁbe re% é’ﬁst' Othe i ef ¢ han the

t hr eshol d val*ué a rm ne snal i's needed’  The
sel ected pr edﬁa’ew mm&ﬁfrbﬂn&he filterdist. SNote eliat a tatpiamagl chmttaitnhﬁlumber of actual si ze

of the reuse Ii s evicted fromthe reuse |i.gt if the
S| b edet er miPHEeETEY FEespl Yalies R FOFRROLETR AP S Seh Nkt Bee | ot

Qt herwi se, a of further bmﬂﬂ]zin'g By §igd Sthé 88 idt@nd elit®sn thefefronNaiRhtahat a table
may contain a nunber predeterm ned threshold val ues and

cor r espondi ncj‘*?eél%*érﬂe{‘ §?t %I&@smnﬁﬁ’]tq]?e fevee Hefaize, but alsode eyigh datethaist i ni zi ng

the size ff 40g: KIGWSH Heludka, WHdtHRY {1 Bkt he iR 5:ABhseTieh @ schene
serves not only to control ‘the reuse |ist size, but also to evict data that

is 10 least |ikeMeaneginge reisedist ande ftar listingperptiemreghises the nes ofglatar euse
list. bits that W%gféghﬂgh fst'e él'ifcgacﬁgtgm 355‘ {ujt b eércfﬁhﬁ% t‘ &cﬁﬁ} ¢ ation

requires the use o e Wwhic eac >cache
el enent is abp&rmdqpbndemylendaagacxfmldawglbbﬁlth,st must be d!mierqummeq:ﬂndent |y and

e T e L
benefits ter |b\=nmﬁts‘ dmmﬁgmpeatemhehxhtd-nﬁss-rma s ratio.
LR T T T T,
lists in discssd€dhere 9% ékample of one way of nldnBgihg e rsiNeR8d BREVRRInCache
el ements that are nenbers of the reuse or
such a cache.
Distinguishing between cache elements that are members of the reuse or
20 filter lists can be easily accomplished in such a cache by examining the reuse bit
associated with each cache element. For example, in Figure 4, if the cache
element is a member of the reuse list, the reuse bit is set to 1, as for ways one
and two. If the element is a member of the filter list, the reuse bit is set to zero,
as for ways zero and three. When the cache controller must determine the LRU
25 way of either the filter list or the reuse list to execute one of the processes
described as part of the LRUP cache, the global list must be separated into two
lists, with order of use preserved for at least that list the cache controller is
seeking order of. This process is referred to as sub-list ordering extraction, and
one example of such a process is explained here.
30 The goal of sub-list ordering extraction in our example method is to
produce a re-ordered global list, such that the LRU element of the global list is
also the LRU element of the sub-list undergoing extraction. A scheme for re-

inserting elements of the sub-list not under extraction into MRU positions of the
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20 filter lists can be easily acconplished in such a cache by exam ni ng

the reuse bit associ ated with each cache elenent. For exanple, in
Figure 4, if the cache el enent is a nenber of the reuse list, the
reuse bit weogaeg o 1, as for ways one and two. |f tRETAISOHMITY i s a
menber of the filter list, the reuse bit is set to zero, asfor ways
zero and threg Q1% SRR E offeSbe HElGnHB Y 25 way of
either the f|$ 1‘|§ﬂshﬁglo§ Te %H@I' ?ﬁst too executle one 0 e processes

descri bed as muﬂepmépeﬂdenuﬁ&aﬁonaﬁﬁne Jlist IRU dlitdiuslosés fécmmnstddne separated into
t wo lists f use ed for at least that list the
cache control‘l“gqm’laé R e lésgﬂ?t %rpeé?rg&{o )

This process is referred to as
sub-1ist orderi ng leeﬁmgtagﬂmo ngdre4 an extrefenexxaﬁtphé,RmfelsmeﬁtafthH ocess i s
expl ai ned here ub-list or dglrl n extr ction in

our exanpl @ n‘éP??dH’t jsditpstrated. TIBF%@HE@‘% ’éraSP%fe&éedreﬁf Fétrs such t hat

the LRU el enef)im@fts biardlt@B 2k iddidatediby the assocﬂdltSdJre‘hE‘EletsRls)hﬁ:lh%nt of the
sub-1ist undergoing extraction. A schene f i nserting, el ements of

the sub- i st inGicaiaisaentsaerosd bise ARTOETAES ?fdlg? syblistsnos fndlerextraction.
gl obal i st 'ﬁacﬂ'r%lngﬁl%greﬁ% Fegre@&ﬁ eleflehistRg H‘ﬁgﬁ’rre(i%lt)@;enu%nhéksﬁmﬁnder

extraction ensure identification of list LRU bit but
| oses el errentls epplizd to the arrayffpflﬁp menibgnofthe listinet pder exfraction Hederiggtar act i on

Referri .”9 eg.i +rp§/l: Vsr:? W %a?}eﬁ)é%elhﬁctflé recfrng‘e gl'@oah-m vﬂ{e rfﬁe ]% the -

reuse |IS I'st un raction e reuse Ilst)
consi sts of 1stheLIéUeﬁﬂrctssblmnen®ndxurmoas I ndi cat ed by the associ ated reuse

bits, which al so i ndi.cate el L3 78 nbers of the
subl i st not under F&FF%@F "ﬁ? rowmﬂg &ﬁ %eg’wé)sﬁrgtg &% eéﬁ{%(l)ﬁ?{?p{%sent el enent s
0-4 in Fi gureindicﬁtﬁigrﬁ&ﬁﬁér%famnﬁ,lwhelfm} is the leastirecenthplscddnti O it the naostay L if a

menmber of the list n extraction to derive 10 ew array. This new
array represdfteatly Wée‘i%gﬂéiﬂ@ﬁ‘tgﬁaﬁﬁ%‘(‘ﬁe VEate ‘Wfé?tmgﬁﬁ? Frasg. maSkS%/r is the LRU

of the sulpbi Sdlerdi€0 afX3,VAGEH 80 not a part of the reuse IE@rarQXﬁiﬁBH@o tHehgray @ mar ked
"ol d" represents the original LRUIst, dj. cat.ing an qrder of

3,2,1,0, wherBisyicldsamgwi W&X’tShP%é‘hE‘FW‘Mé@dkeéﬁ‘Geﬁ”ﬂ"%hlﬁméccﬂf?é?y

recently usedefiatdie 8lRFBhe eﬁefeﬁtésméqlsaﬁ&e%ﬁfaaﬁ&ﬁ RéhifeRBsurRigSRe | 1 St
masks for 15 elements O and 3, which are not a part of the reuse |ISt are

appl i ed to teerayindigates the elemenltn pEthg list nps updeseiractiongre is eaMRh the row
marked " new' ’powf'l bfil) ﬁ&cb'éc@ﬁs%ltﬂe masks for the elements not a part of the list under

20 extraction are applied to the old array L in an order not representing their old
position in the array L, the order information for the list not under extraction is
lost.

In this particular example, the new array (0,0,0,0,1,1) represents an order
of 2,1,0,3, where 2 is the LRU element and 3 is the MRU element. Because the

25 masks for way 0 and 3 were applied in random order, the new array indicates 3 is
more recently used than 0, when in fact O is more recently used than 3. But,
because this information is not saved back to array L and because we are only
interested in preserving the ordering of the list under extraction, this type of error
does not matter in this application.

30 Extraction of the sublist by creating a new array can be done using
combinational logic in one implementation, and therefore can be completed very
quickly. Other embodiments exist which derive order of a sublist differently,

and so may include retaining order of the sublist not under extraction. After

12



reflects the order of the elenments in the |ist under extraction, while
ensuring the array indicates the elenents of the list not under
extraction are in the MRU positions. But, because the masks for the

el ements NYO0R7¥a8t of the |ist under 20 extraction are FKPIVEEI8Ht he ol d
array L in an order not representing their old position in the array
L, the order . oh@iihh0lof BE bbby HlsuBhl ciflEion AKE HAE krallid:y | ost.

In this particular exarrp?e, the new array (0,0,0,0,1,1) represents an order
of 2,1,0,3, whatten Backdo theeold Rupyel.elberefonm dray L seméins wRict abteinethe.  Because
the 25 masks_for ; ' | . ew arra

I ndi cates 3 i%cmal ewﬁ%?%ﬁ%gggdnl\gﬁgﬁﬁsﬁgﬁt% ﬁg?\dt%i, ﬁ%gﬁﬁl}:ﬁéﬁd%: ¢ &fgpm)r e g
recent | y usedsublists using Biethods such ds eambinetional bgiadsoreadedi on i s not saved back

to array L_and because we are qnly. L interested in preserving the
ordering of the |i&t? &@?‘“&ii’@hﬁ"? S?ﬁcn’[’?fjl]l%er?lg}ﬁ‘?aaygjfa F‘B(ﬂ%%pmces%Bes not
matter in thifragPiniacdhipater, sbh as in the systenfstowvadh Figres. Thecaehb! | St by
creating a new array .can, be do&g usi ngsé gonbi nat i opal |l ggic in one
i mpl enent at i ofYSteRnEEed mat ke Hpatt fthe BRCESSAAO: Byt (AR bg implemegigd g pparty oy

enbodi ment s ey StargthpobesdS thddi19) a8l 8 sepfafat@déviddl, bSthehwideoRAbdiditothe and so
may i nclude retaining order of the sublist not under extraction. After

12 processore rldigsysem bR proeesstr coFSHeWhighringitachedstost systemext r act i on,
the new anpayyiSo30the system Bid drld o8&k alteQinth@bfhg?&E drdiler 50T €f Or e;

array L rémains intact,” retains e act ua ement order, and is

avai | abl e f orwhighésalsdconoentesitorapache/4e xiihe bus iseanurcted to datastdsdgest s usi ng
nmet hods such as, conbi [ | C e system
such as is des‘suc‘f}r1 f’%g%dﬁgsﬁ‘ed?i ggrkr%%i%gg%a&%aér}?g %? ﬂ’é’“grg%%‘été’s?gf suCﬁSp%?gr use in a
conput er, suc$oéaTherathHeeonydlies recsivesumemory-fetphrequests Tioe thaphecessor, system
need not be a f_the processor.core. huf can be juoplenented as a part
of a larger p‘?’r@%gisstg"rreﬁﬁ?ﬂﬁp om gac ﬁlgtgf)ﬁerqgfsge%@ég’rﬁgﬁ%%ﬂ% connect ed
to the 15 R6Mee6SMemonh) cTHRAtIBNAE1IE RdiMeRSs data it he@adiEl504vhi ch is

attached to a system 10 bus 502. The syste us and praqcessor_are |inked
by a cache cAfEPIIRmeEWIBpthe present inyentipn %?&R(E’B‘?Y%’é’tye??{‘%a&wwe 504. The

bus is connecheflod 8f SehSclshekt3GRacement.

A cache controller such as cache controller 503 may be physically

implemented as logic on an integrated circuit, such that at least a part of the

20 integrated circuit is operable to maintain data in a cache using the LRUP method
as described previously. For example, an integrated circuit with modules
thereon that are capable of performing the functions of dividing a cache into a
reuse and filter list, of populating the reuse and filter lists and of evicting data
entries from the reuse and filter lists as has been described herein is consistent

25 with an embodiment of the invention. It is specifically contemplated that the
invention may be practiced by circuitry comprising at least part of a processor or
processor module, a motherboard chipset, a cache controller chip, or other
integrated circuit, all of which are to be considered within the scope of the
invention.

30 Figure 6 shows a data storage subsystem. The system comprises a
storage controller 601 connected to a system bus 602 of a computer system. The
storage controller is also connected to one or more hard disk drives 603,

generally used as nonvolatile storage for large amounts of data. The storage

13



such as hard disk drive 505, and to one or nore input/output ports such as
port 506. The cache controller receives nenory fetch requests fromthe
processor, and fills the requests fromcache if the requested data is
stored t heV@P#H70468% el se 15 from main nenory. The cache caavusoebessss
mai ntains data in the cache 504 in accordance wth the present

| nvent i on as_geafiePSuier thitEted 1o 4 SAcRY 684, WA is able 1FERAOG QL EAChe

el ement replacenent. A e cdontroll'er slch as
control | er 508atampreeuipkly dhanghé hard disk drived &3ebutaypieallyl io gicte enpendivé Nt egr at ed

circuit, such t r in rated circuit is
operable to n%rlw]n%a}}a%%é{ﬁ%ggritcﬁs%&@agﬁgLtﬁséar%%gcg@ﬁ%ie[E(ﬁf’seﬁ%elsﬁ%c&]‘em to store

descri bed premidresieye ditarfrorxthehbd, diskndrives egd aibwtains freglichtivuida dandy! es

t her eon thgt &rﬁe c@pﬁ@QI & of L}ﬂerfor rir%n the functions of_ djviding a cache
into a r BGSaC f ¢ §3che eantrollsy Mapages theidatn ip the Gagheim agerrdamcet er | st s
and of evi cti Wih @@ description®fi LRYPIda6ke procide€b&sinand filter lists as has
been described herein is consistent 25 w th an enbodi nent of the

invention. It is speckRVh Rrotegiqreanslestritgd aheite affees substantialyent i on may be

practiced by gdrfdrinbhdelbeROHD bl itaditidhal 1988 tepbeie méh 525"
processor rmdﬁélre, a r?oteherboard clhi pset, a cachg crgntﬁ)sl ré‘(;:lﬂling, or ot her

integrated cifodulons tagqmmen pReblemsayith fraditienab bRY) repleestnent.t By dividieg scope of
the v e&h@&é@ﬁ%t into a ﬁétfr sublib1 3G & r@usF. F]Qt}'vﬁ%;g)iﬂi%haana %?og%%e subsystem

The system conpris orage controlle conne P8 a system
bus 602 of a proegssasean by gnplemenitbdto reducesisspcmtjeity amt caphdinrdispacement. connect ed

to one or nor i [,V 6 . ner.al | y,used as.nonvol atile
storage for |§?‘g§‘r‘°g’ﬁ§h%{§§ grgf’mc?fg]tbéagt?ﬁén g{eég%égsn andthe reuse fist s
13 populatedowitit ervti¢ésqromstedl fiohhihe cacheniar t Bxdction feors @emtebfd wWhich is

able to store and r ta nore qduic.kl%thant e hard disk

i d
drives 603, b r?‘?ﬁﬁtétélfﬁ\éneﬁ@'wpgcg BioSess that evicts adata cngyy &esmal | er

capaci ty. 1T hefilet,aed@porcglotial Gache list® Margevariafors@Tpesibctioh and Rt fon and
retrieve data fromthe _hard djsk drives, and maintains frequently used data

in 5 the d404sSegaw disesed abowe. slopg withths benghits gach prawidesinaedusinghe cache
i n accor dancene effect oMirdwhntdattigaeme R probeRs pRSerd B AGRE L REOVI ded herein.

replacement.
Although specific embodiments have been illustrated and described
20  herein, it will be appreciated by those of ordinary skill in the art that any
arrangement which is calculated to achieve the same purpose may be substituted
for the specific embodiments shown. This application is intended to cover any
adaptations or variations of the invention. It is intended that this invention be

limited only by the claims, and the full scope of equivalents thereof,
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The LRU with protection as described above offers substanti al

performance benefits over traditional LRU replacenent methods by providing
solutions to comon problenms with traditional LRU replacenent. By dividing
a 10 cacheoaomonss | ist into a filter sublist and a reuse IPCIUSOPBS6A at i on
and protection processes can be inplenmented to reduce associativity
and capacity di spl acenent. New caglhigsentries are initially stored in
the filter list, and the reuse list is popul ated with entries pronoted
fromthe cach@welciaih: Eviction fromthe filter |ist and reuse list is
done by a protectiaon process at _evi Lot s 2 [ mthe 15 filter,
reuse, or gl oloag"&%%‘f‘f’: fof°§’f‘g r’l@a\‘ig?qeé?l or{g %? o8 oFémts{n h and eviction
processes are di Scyi&diing azhshelataanandisvédninining a hietnefidatasterad in qaelevi des i n

reduci ng the effect of unwanted displacenment problenms present in

tradi ti onad LFEMOLY; replacenment. Al t hough specific enbodi nents
have been il | ust ra&l@i@ﬂféﬁﬁ’e SRR adhertrP st ift6hebude llkttanﬂﬂa|ﬁltebﬁst§lppr eci ated by
those of ordinary skill" in the art that any rrangenent. which is

calculated to achlr@pélatlhéﬂ@éi%rbﬂrbpf@élécmﬁ ngw %%ﬁa?at to the filteg, { he
speci fic enboggdiments shown. This application is intended to cover any
adapt ations or ‘variations of the invention. It is intended that this

i nvention be Hopniatingitheméuse bigt iyhepromatiag progess; ade ful | scope of
equi val eml& t her eOtf:fvmtmg cache data entries from the filter and reuse lists by operation of a

14
protection process.

2. The method of claim 1, wherein dividing the cache data entries into a reuse
list and a filter list is done by setting a reuse bit associated with each cache data

15 entry to a predetermined value.

3. The method of claim 1, wherein populating the reuse list comprises
promoting to the reuse list those cache data entries accessed while a part of the
filter list.

20
4. The method of claim 1, wherein populating the reuse list comprises
promoting to the reuse list those cache data entries selected by a nomination

Process.

25 5. The method of claim 1, wherein populating the reuse list comprises

promoting cache data entries from the filter list to the reuse list at random.

6. The method of claim 5, wherein cache data entries are promoted from the
filter list to the reuse list at random only upon a cache miss, where a cache miss

30 is arequest for data not currently stored in cache.

7. The method of claim 1, wherein populating the reuse list further comprises

randomly allocating new cache data entries to the reuse list.

15
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Cl ai s W claim 1. A nethod of storing data in a cache nmenory
system conpri sing: creating a cache data entry |ist
containing a list of data stored in cache 5 nenory; di vi di ng
the cache weatoa7e68ry |ist into a reuse list and a filter |PGIYS00/13569

popul ating the filter list by allocating new cache data entries to the

filter li st . | at . . | ISt a _pronotion
process; and fosﬁhb method Ofdea\llrlnétWﬁ%glt:ﬁae?#ggggé%gghﬁ%?@'sﬁfcrrof)nmﬁ’iéﬁeeus Plter and
reuse |ists byiltepkstabmprisesf a protection process. 2. The

met hod of claim1, rein. djvidi h ache datg entries into a reuse
list and a filter F%{Yg‘ﬁati"%g taﬁkgg'g\fr}gg‘%h[‘%ﬁ@erzfu?eead’géﬂﬁf[}s@ssoci ated with each
cache data 15 ent gympaing the REghf sachadbistto/£desired length; 3. The met hod of
claim11l, wherein populating the reuse |ist conpyises pronmoting to the
reuse |ist % hose c%ﬁ@‘%r&weﬁﬁ??%éa%ég éétc\%‘lné:aﬁ’eﬂé‘?’{m’aﬁ t he

filter Tist. 20  eyicing dERnEBIth EinPHrorhlcthdP 1kt toWf26ViB AstRRipeAblify the reuse
i st conprises pronoting to the reuse |ist those cache data entries
sel ect ed by afardhe rryy Fashe data entgy, sehsresthe evipted cadhe drigentrg isemaflist| ai m 1,

wher ei n popul giifgs {16 PSR ofbiscf SFRAILSSSA length BRI Esache data

entries from st t e reuse li1st~at ran 6. The
met hod of claimb5, wherein cache data entries are pronoted fromthe

(L L5er ) L5 Wl ot ng I AR S B0 SRl © °
implementing a cache, wherein storing data in the cache comprises:
creating a cache data entry list containing a list of data stored in cache;
dividing a cache data entry list into a reuse and a filter list;
populating the filter list by allocating all new cache data entries to the
15 filter list;
populating the reuse list by promoting cache data entries from the filter
list; and
evicting cache data entries from the filter and reuse lists by operation of a
protection process.
20
10. A method of storing data in a cache memory, comprising:
creating a cache data entry list containing a list of data stored in cache
memory;

dividing a cache data entry list into a reuse and a filter list;

25 tracking order of use of each cache data entry of the cache data entry list;
populating the filter list by allocating new cache data entries to the filter
list;
populating the reuse list by promoting cache data entries from the filter
list; and
30 evicting cache data entries from the filter and reuse lists by operation of a

protection process.

* C L M S *
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7. The nethod of claim11, wherein populating the reuse list further
conpri ses randomy all ocating new cache data entries to the reuse
list. - 15 8.
The met hosvaéomkes m 1, wherein evicting cache data entri ePCrUSA13SE r euse
or filter list conprises: cal culating the I ength of

each of the reuse and.filter. lists: . . COfk ' .l ength of
each subli st f g ’gh?j‘é’gﬁhf’g(‘]%%@ﬁbm;ﬁkr%n populating the.rreél?:egli'rg\??‘%ﬂlgcgn%%gche dat a
entry to be spRuffingfo thaGhge lisvthest,cache data entries accesaadi whilengpat afthhie dat a
entry fromeither l1st to provide a storage |ocation for the new
cache data enﬁ’r‘?‘,h%ere the evicted cache data entry is froma |ist

sel ect ed based on the conparison of calculated Iength to desired | ength.
10 9. A conputerized system operable to store 1(;md retfrieve data,

el ect roni cal | }2-aflkee method of glaimy b Ftherrin RORWRING, theFrupetish TuthsF FOMBPERSEa i n t he

cache conpri sgem ot ihFiIRr BAGH thedBiR 1R ¥ed Witile Nt @i NI Ng
a list of dat gr%ﬁogpgécﬁhecdgghegﬁ ! dividing a ceache edat a entry

list into a reashedatadntay fsiih therfilter {ist;but is not the most receptbipupedicachg datde filter
l'ist by allocati ngtﬁlé*ﬂt&q}gbcache data entries to the 15 filter list;

popul ati ng t NE Pelse ' st )y pronoting cache data entries fromthe filter

list; and evicting cache data entries fromthe filter and
reuse lis b eration pf .a rotection pr 2 .10. A
met hod of t1§t oi/"f'n %I’Efté%i ﬁP daig L 3 eﬁ%??/psjlzggl&ptﬁ? %%%eélfs‘t ffther comprist$ creating
a cache dat a gtiofink aghche@ata@ntty fignathe ifilter hift tol teaewst diseid usad widlkthe

menory, di vj di r%%f% cialcq)e dat a_ent ry Iis} i nto % reuse and a
filter |ist: cachedataentryisin the filter list but 1s not the most recently used cache data

entry in the cache data entry list.

15 14. The method of claim 10, wherein populating the reuse list further comprises

randomly selecting newly stored cache data entries for inclusion in the reuse list.

15. The method of claim 14, wherein random selection of newly stored cache
data entries for promotion to the reuse list becomes increasingly unlikely as the

20 size of the reuse list grows larger.

16. The method of claim 10, wherein the protection process further comprises:
counting cache misses while the least recently used cache data entry of
the reuse list remains unchanged in a strike counter, where a cache miss is a
25 request for data not currently stored in cache;
comparing the strike counter to a maximum allowable strike threshold;
evicting the least recently used cache data entry of the cache data entry
list if the value of the strike counter is greater than the maximum allowable strike
threshold.
30
17. The method of claim 10, wherein the protection process further comprises:

incrementing a counter for each reference to the least recently used cache

17 LT

data entry of the reuse list;



25 tracki ng order of use of each cache data entry of the cache

data entry |ist; popul ating the filter list by allocating new
cache data entries to the filter list; popul ati ng the
reuse |i st wewoppeaoti ng cache data entries fromthe filterpcrusodissgy; and
30 evicting cache data entries fromthe filter and reuse |lists by

operation of a >t

16 £ f?é%%g&}r%st?gg nge?%gﬁsegf%re{ﬂ?mv%%%hee IERSHISSEMUSAS t he reuse
i st further cachprdasesitry of thefilemiist, ng to the reuse |ist those cache data
entries accessed whi art of the ... .filter |ist. 5 12. The nethod
of claim 10, wher eicﬁ{°e‘8§ﬁ$3ﬂaﬁ‘6‘%§“?ee{ﬁ%8‘ZF :bgiegpﬂﬁf%%’i“nﬁiﬁﬂf‘ﬁses. .
pronoting a cache dalkalating thy attualretisedisf sitd;er |ist to the reuse list if used
whil e the cache, dat%eq&tstr%{ is inthe filter Iist but is not the nost

recently used cach&'if4t& REntly used qaghe d4ts entry qfithg cache deraentyy The

met hod of cl i@} iFehe RN RIS IRPB AllkRer hReHe S anhh 3ok ik Rlse GATPT | Ses
pronoting a cache data entry fromthe filter list to the reuse list if used

while the SiZ€ache data entry is in the filter list but is not the nost

recently used cachgyilah@ine least REnEY us&l dable fﬂﬁ&f?x@ﬁ(ﬁf{éﬁﬁ fl;ﬂg%rrl%t Jf'sﬁéh a 15 14

The nmethod of claim10,” wherein populating the ré urther conprises
cache data entry exists and if the actual reuse list size is not larger than the

10 maximum allowable reuse list size; and
evicting the least recently used cache data entry of the cache data entry
list if the filter list is empty and the actual reuse list size is not larger than the

maximum allowable reuse list size.

15 18. The method of claim 17, further comprising:
comparing the counter to a threshold value;
generating a2 maximum reuse list size based on the value of the counter

relative to the threshold value.

20 19. The method of claim 10, wherein the protection process further comprises:
incrementing a counter for each second consecutive reference to the least
recently used cache data entry of the reuse list;
decrementing the counter for each reference to the least recently used
cache data entry of the filter list;
25 calculating a maximum reuse list size based on the counter value;
calculating the actual reuse list size;
evicting the least recently used cache data entry of the cache data entry
list if the actual reuse list size is larger than the maximum allowable reuse list
size; and
30 evicting the least recently used cache data entry of the filter list such a
cache data entry exists and if the actnal reuse list size is not larger than the

maximum allowable reuse list size; and

1 RO RRRY
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randomy selecting newy stored cache data entries for inclusion in the
reuse |ist. 15. The nethod of claim 14, wherein random sel ecti on of
new y stored cache data entries for pronotion to the reuse |ist
becones i ngoeasidegl y unli kely as the 20 size of the reusedigdoodsisys

| ar ger. 16. The nmethod of claim 10, wherein the protection process
further conprises: ., . oynting cache m sses while_the |east
recent|y used caché‘”&%l’(‘%lthéwcaﬁge data e““?%@ﬁ%&@gieﬁf“&tm% iththedHthanged i n
a strike countgfis eWpar shdahEAGkHE rdtiss Bstisizeds B lar@GHABthe hixiaha not

currently stored in cache; . conparing the strike counter to a
maxi num al | onaBewabde FauRelistgizéshol d; evicting the | east
recently used cache data entry of the cache data entry list if the

val ue of the strike counter is greater than the maximum all owabl e strike
t hr eshol d. 53020. The aethotiieé cleim hB.avhsrein the pretectionprepess Murthsecymprissst i on
process further COEFRH{&&% a counter for eachlc e@nﬂmtrl(ajf@&n@efBQHm ¢ for each
reference to the | eas rec%nt?y used cache ata entry of the reuse
list; recently used cache data entry of the cache data entry list; 17

decrenmenting the cqunter for, each referenc o the lLeast recently used
cache data entry oge“[rf:fgel? e the cqunter For eac feferdrdetd &’eéeaﬂs(?:{?f;%?ﬁ'ﬁ’j nmexi num
reuse |ist sizecheaardnah of the filterilidter val ue; cal cul ating the
actual reuse list si Zﬁ;, S . 1evi.ct{)n% t he | east raelce_ntly used
cache datal%ntry of2lfHaIRgATRXIRYILIenss sy size based pp fhe gopntep¥aliess 5] reuse
list size is | argeealgﬁ]gﬁhg]tth@amirmgmiglgi&wabl e reuse |ist Si ze;

evicting the | east recent used cache data entry of the filter list if
such a evicting the least recently used cache date entry of the cache data entry

—

list if the actual reuse list size is larger than the maximum allowable reuse list
size;

15 evicting the least recently used cache data entry of the filter list such a
cache data entry exists and if the actual reuse list size is not larger than the
maximum allowable reuse list size; and

evicting the least recently used cache data entry of the cache data entry
list if the filter list is empty and the actual reuse list size is not larger than the

20 maximum allowable reuse list size.

21. An integrated circuit with circuitry thereon that is operable store datain a
cache, that in operation:
divides a cache data entry list into a reuse and a filter list;
25 tracks order of use of each cache data entry of the cache data entry list;
populates the filter list by allocating new cache data entries to the filter
list;
populates the reuse list by promoting cache data entries from the filter
list; and
30 evicts cache data entries from the filter and reuse lists by operation of a

protection process.

T
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cache data entry exists and if the actual reuse list size is not |arger

than the 10 maxi num al |l owabl e reuse |list size; and evi cting
the | east recently used cache data entry of the cache data entry I i st
if the fil Wexool7p4s8 i s enpty and the actual reuse |ist sizepCruBEN13b6dr ger

t han t he maxi mum al | owabl e reuse |ist size. 15 18. The net hod of

claim17, further ggm' j.ng. : . L counter to a

t hr eshol d val uje};aAS tk&éeﬁgﬂog@%@? ahtaP%]bngasy (rgrtgxi %e{ﬁgfr%etélsg@“f 7@{}3&"% based on
t he val ue of tdata elemwonizally and thatcelmprisessa ¢aohd, lwhetdatadipadath imahei€ache 20  19.
The nethod of c¢lai.n 10, wherein the protection process further conprises:

i ncrenmenti ng FOPBUR®er for each second consecutive reference to the |east

recently used cachelividing acatheydacd entrlydist itsereubesdnd a filter list; decrenenting

the counter_for each referenceg to.the |leasi recently used cache data
entry .of the filtedrackiggor 5°F.“se°fea°?’°a %Wﬁ%%%ﬁ% l'i st

si ze based on the ¢opithérg the!filkes list by allocating new eadhe dhRlehifts tdthedictal reuse
list size; evicting the |l east recently used cache data entry

of the cache di#ba entry list if the actual reuse list size is larger

than the maxi mum al,l,oNaRl £int fseTdt tineSdathe qa@F evicting
the | east recentl ypused cggtche datla'bzh)tr?r?o g}gsét he T %’gﬁ flmsrf1 ﬂéeu% tel-a
cache data entlis§angists and if the actual reuse list size is not |arger

h h i . i i ze: . . :
ppo N 10 T QuiRhif CANE B ot B i RLASH (RS it by pperation 98, cache
data entry | i protedtionipeodesd. t er _

AR
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list is enpty and the actual reuse list size is not larger than the maxi num

al l owabl e reuse |ist size. 5 20. The nmethod of claim 10, wherein the

protection process further conprises: i ncrenenting a counter

for each Gpyessdikd ve reference to the | east recent | ypeheshodssshe dat a

entry of the cache data entry list; 1/3 decrenenti ng the counter

for each reference to the | east recentlfy used cache data entry of the
filter list; 10 cal cul ating a nmaxi num.reuse |ist size based on

t he counter val ue; calculating the actual reuse list size;

evicting the | east recently used cache date entry of the cache data entry
list if the actual reuse list size is larger than the nmaxi mum al | owabl e
reuse |ist size; 15 evicting the |l east recently used cache
data entry of the filter list such a cache data entry exists and if
the actual reuse list size is not larger than the maxi num al | owabl e
reuse |ist size; and evicti %QEEE | east recently used cache
data entry of the cache data entry LRU W'P f the filter list is enpty
and the actual reuse |ist.size . s not arger than the 20 nmaxi mum al | owabl e
reuse |list size. 21N A1 irtqgr dfcigcdito,wth circuitry thereon
that is operable store data i cdchie, tkeus n operation

di vides a cache data ent+y .-cf MN-0—al-Fedsie—ahe {lter list; 25

tracks order of use of each Qache [dat a| eftrly &f tH@ tache data entry list;
popul ates the filter list byjall ogati ng new cache gata entries to the

filter list; 2 poputratres the _r_eLses'r'st by pronoting cache
data entries fromthe filter lListl and-30 evicts cache data
entries fromthe filter and Beusellists by lperdtionjof a protection
process. 19

L=§(0,1),(0,2).(1,2),(0,3),(1,3).(2.3)}
OR L-§0,1,2,3,4,5}
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22. A conputerized informati on handling system operable to store and

retrieve data el ectronically and that conprises a cache, where storing
data in the cache conpri ses: dividing a cache data entry
list into and a filter list; 5 trackin use of
each cach&@m%gntry of the cache d?\zfntry list; Qcﬁ‘hﬁﬁtfnsg%pul ating
the filter list by allocating new ca data entries to the filter

list; popul ating the reuse list by .pronoting cache data
entries fromthe filter list; and 10 evi cting cache data
entries fromthe filter and reuse |lists by operation of a protection
process.
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