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CLAIMS 

What is claimed is<: 

1. A method implemented by a network node (1 0) for signaling to a wireless 

5 communication device (14) which precoders in a codebook are restricted from being used, the 

method characterized by: 

10 

15 

20 

25 

30 

generating (21 O) codebook subset restriction signaling that, for each of one or more 

groups of precoders. jointly restricts the precoders in the group by restricting a 

certain component that the precoders in the group have in common. and wherein 

the precoders are Kronecker product precoders and wherein the signaling is 

rank-agnostic so as to restrict precoders lrresoectlve of their transmission rank; 

and 

sending (220) the generated signaling from the network node (1 O) to the wireless 

communication device (14). 

2. A method implemented by a wireless communication device (14) for decoding signaling 

from a network node (10) indicating which precoders in a codebook. are restricted from being 

used, the method characterized by: 

receiving (400) codebook subset restriction signaling that, for each of one or more 

groups of precode rs, jointly restricts the precoders in the group by restricting a 

certain component that the precoders in the group have in common. and whereir1 

the precoders are Kronecker product precoders !l[Jd wherein the signaling is 
rank-agnostic so as to restrict precoders Irrespective of their transmission r,,nk: 

and 

decoding {410) the received signaling as jointly restricting precode rs in each of the one 

or more groups of precoders. 

The method of an of claims 1- , wherein the certain com nenl corn rises a beam 

precoder. 

,d, 

precoders is restricted if at least one of its one or more beam precoclers is restricted. 

I The method of an of claims -il- wherein a beam recoder is a Kronecker roduct of 

3Q diHerent bearnforming vectors associated with different dimension$ of a multi-dimensional 

antenna array. 

31 

\ 
\ 

~l@ted: 3. The method of Bil}' of clafms 1-2, wherein the 
codet:xiok subsa r~tnction srg11aJing lS rnnk-agnostic signaJing 
that jo ir.tly re9fficts the precoders m a group without regard to 
the pr@c:adm>s' iransmls:s50n rarik. ,i 
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,la, __ T~he~rnethod of claim 2, wherein the different beamformin.g_ vectors com rise Discrete 

Fourier Transform (OFT) vectors, 
-⇒ Det,,t@d: 7 

----._ Deleted: 6 

Deleted, 9 

Zt____ The method ot any of claims~ere~ beam precoderLs a beamfo2.r!!m!)i!in!lQD'V~ecftgo!__rr~------'v~'...'.'~)";:::i:~::ted::;::-;:;---------------7 

used to transmit on a Jr<1rtk;ul.ir l:;tyer of a multi-layer transmission, wherein ditterent scaled 

versions of that beamforming vector are transmitted on dif1erent polarizatio1rs; 

The method of any of claims.,;l- wherein a beam recoder is a beamformi!")9 vector 

used to transmit on: 

multiple ditte.rent layers ot a multi-layer transmission; 

multiple different layers ot a mulfJ-layer transmission, wherein the layers are sent on 

orthogona.I polarizations; or 

a particular layer and on a particular polarization. 

Deleted:~ ,,·l---------------------
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[I Deleted: 14, A melhod implemented by a network node (tO) /

(_,~!'.,: ~"::: :: 

f t 1or slgnalu;g to c1 wlr-t!'111!!!i:S cornmunlc..:itJon rl@'!Jlr::e ("14} which 

i3, The method of any of claims 1- wherein the codebook. subset restriction si9J1aj1.ng ___ / ~ II i:,ooodera. In" <»d•took "'" ros1rlc,o<1 lrom being uS<!d. th• 
1 method charo.clei,zed ty1 

· b' · h d"f/ t b' ' +1,, b' · I d ,.. d ' d ' h h I .1/ fore.ad, o1 one or rnorc grot.1~ o, pre-codors lh lh@cod&book. comprises a Itroap. wtt r eren 11!; in " 1e ;tmap respectwe y e.,.1cate to In Ica1Ing w et er I/, ltlontlfyll\g II t 01 000 01 ,..oi• '°'"""1<• cont,guiatlo,is to, lh• 

d'ff be de · d f b • d ~l gro1.1p1 wherein each referer,CE;! configuration 1s: one of different or not I erenl am preco rs are restr1cte rom e1ng use , I ,~ r possiblt> corillgwatlons ,1,01 '"""'" dinorool subgroUf10 ol 
• , preooders ln me group ltorn being us.eel:~ 

' 
I idenlifyiog 11 20), from 1he dittereot po~sible confi!;Jllral19n~ for 

1 1 the grot.1p.. a11 a.ctus.l c:on11gural.1on io oe i,19nafed for the 9rouo; 
o. The method of any of claims 1-~ wherein a beam recoder is a Kronecker product of r 1,,, an<'~ 

!'I. gsnora1i~ (tSO) s1gi1:ahng lo n;cfi,cate thu actual conffQurafion 
first and second beam forming vectors with first am:l second indices, wherein the first and second /i fil ionhe grouo, by gene<ati"9 the si!lnartr>9 •~ab• paijam 

whose fenc1;1,ti depends. on (0 whether the aciual conhgur8bon 
bearnforming vectors are associated with different dimensions of a multi-dimensio'1al antenna I matches one 0111,e one or more rete,ence conliguratichO 

'/ Md!or (•~ wh,ch ,elerence c.on.figura11on the-oc.rual 
array, and wherein, the codebook subset restriction signaling jointly restricts the precoders in a /' con!lgurallon ma,ci,,,.,; •ncl~ 

If 
,
11

1 .sending 1160) the genen.\ted ~ignali~ to tt,e wireles~ 
group of precoders that have the same pair of values forthe first and second indices. commun cation <1ev1to (14).1 

The rne!!:i_od of any of dafms 1 ~ wherein each pt~codet come_tises one ~ !TfDr!!_I?~ 

precoders, wherein each beam precoder comprises multiple different components 

correspoliding to dtfferent dimensions of a multi-dimensional anteni1a array, and wherein said 

certain component comprises a component of a beam precoder. 

,!g. The methoa of any of claims 1-.1,1. wherelh the codebook .subset te.strlctloli slghallng 

joiritly restricts the precod'ers in a group of precode rs that trarismit at least in part towards a 

certain angular pointi'1g direction, by restricting a ce11.un component wtiich has that angular 

potnttn9 direction. 

.!l,___A network.node 1 o 600 lor signaling to a wireless communlcalion device 114 800) 

which precoders 1n .a codeboo~ are restricted from being used, the network node (10, 600) 

configured 1o: 

32 

t!\. A method impk!rnented by a wireles:,J:,comrm.11\karioh 
! ! 1 dev,o• (14) to, d•«>dlt\g aignolIng lrom a netwotk oo<lo (1 OJ 
,\1 r 1 - Indlca11119 which ptecod8t'6 In a oodQbook are f@strt.:1ed ,mm 

/i
1l t,eJr,g used, the rneitiod characteri:z.E:'d by·,i I rocelvlng (300) sJgoallr,g from the notwolk no"8 ( t oJ.~ 

for each af on& or Inoro groups-of p"ecoder~ in I e codebook_ I td11ntify1ng j320) ona or more referel'K!e conf"9ur~:Oi0fla tor lhe 
group, whore1n t:l.x.tl ,iefeteoec tc!lfigvrafioo is one of difforc:mt 
poss:lb1e cor'lfigu,atlons th(ll ,e3trtct ditl~efll-St.tb,groups o1 

lj ~=~d~i; ~;1~) ::~!~~e~ ~~::?1gf'alirrg each 
reference configuration. and. a length o, that bit pa1cem: and, 

..: 
1 

detEl<itil"\Q (330) an a<:1uai cor,,tlgurauon signaled forth& group. 

I 

l 
I 

by deiecti~ in t11e ~~gn;t.Jing ab~ pattern ~ho~e length 
dep1mds On (I) w~elher the actual colifl:gur.allon rnalc.he9 Onf! oj 
1fle-one Of mqre refere11Ce c.onJ[gur-PJions endlQr (ii) which 
reference conflgurauori ll'lf!' acl.lJal co11Hgur'atloo 1natct,,~_ 
1 
16, The m1:Hhoi;:i o1 anv-oi ,;:;lsims 14-i 5, wtierein lhe 6,gnalmg 
is a .:;hort b~ pilU&rn whe.n lhll!I cretval eon{igutalio-r, rnatches 
any one of the Qne or rnc)re r~lere(lC.e conflliJumltl;l~s ar,d iE s 
long bft patlem whan the actual conf/9ura11on doe-'!3 not. malch 
any o1 lhe Qno at more re1erence configuration:G, wt,erem a 
long brt pailein has more b1tn then .a !:!hort bft paOefn 1J 

17, The rnethod of claim 16. v-'h"erei1l tt,e orie or more 
referarrca conffgUrabona 10, at least.On<? oi lhc On.a ot more 
groUpS' cotnprls:e, a :slngl~ ,ofc1tmce conrtgurall6ri, and whotett'I 
diffeient loni.1 bit: patie,-~ are respeclively defined for ,s;ignatirrg 
dlUe"ent conti,guratlorto 0th.at ttran the slngJ~ rerei,cnce 
coohgara1lo~.f 
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,14. 

15, 

generate codebook subset restriction signaling Iha!, for each of one or more groups of 

precoders, jointly restricts the precoders in the group by restric1ing a certain 

component that the precoders in the group have in common. and wh~rein the 

precoders are Kronecker product precoders and wherein the signaling is rank­

agoostic so as to restrict precoders jrrespecyye of their jrnnsmission rnnk; and 

send the generated signaling from the network node (10, 600) to the wireless 

communication device (14, 800). 

The network node of claim.13, configured to ~rforrn the method of any of claims 3,.12. 

A network node (1 O. 600) tor siqnalinq to a wireless communication device 114 800) 

which precoders tn a codebook are restricted from being used, the network node (10, 600) 

characterized by: 

.1.§.. 

a generating module (640) for generating codebook subset restriction signaling that, for 

each of one or more groups of precode rs, jointly restricts the precoclers in the 

group by restricting a certain component that the precoders in the group have in 

common. and wherein the precoders are Kronecker product precoders and 

wherein the signaling is rank-agnostic so as to restrict precoders irrespective of 

their transmission rank; and 

a sending module (650) for sending the generated signaling from the network node ( 1 o, 

600) to the wireless communication device (14, 800). 

A wireless communication device (14, 800) for decodlng_~gnallng from a network node 

(10, 600) indicating which precoders in a codebook are restricted from being used, the wireless. 

__.....-c1 Delete<l: 25 

~ Deleted: 24 

Deleted; 13 

Delete<l; 26 

25 communication device (74,800) configured to: 

30 

receive codebook subset restriction signaling that, for each of one or more groups of 

precoders, Jointly restricts the precoders In the group by restric1ing a certain 

component that the precoders in the group have In common. and wherein the 

precoders are Kronecker product precoders and wherein the slgnanng ts rank-

agnostic so as to tesltlct precoders Irrespective of their iransmlsslon rank: and 

decode the received signaling as jointly restricting precoders in each of the one or more 

groups of rxecoders 

J.Z. The wireless communication device of cl<1i1TL..!.§L configured !Q..Qerform the method of anL.._::;::-~ Deleted: 2a 

of claims 3-12. -r;,-. 0e ____ ,_v _____________ _ 
Deleted: 13 '------------------~ 
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~ wireless communication device O 4' 800 for decodingJ;ignaJLng irorn a network node -----1 cet&MI· 29 :=============~ (10, 600) indicatirig which precoders in a codebook ru-e restricted from being used, the wireless: I Deleted: ~ 
,I 30. A network node (10. 600) Jor cI_gnalIrtg to a wireless 

communication device ( 14, 800) i;haracterized by: / comrrnnioation device which p,ecooera ,n a c:odia.book are 
, re~trlttad From !Je:lng used. ~e r-etwork node 11 D~ 500j 

a receiving module (840) for receiving codebook subset restriction signaling that, for 

eact, of one or more groups of precoders, jointly restricts the precoc;lers in th~ 

group by restdcting a certain component that the preooders in the group have tn 

common, and wherein the precoderi; ar:e Kronecl<.er product pracoders a,od 

wherein the signaling is rank-agnostic so as lo restrict precoders irrespedwe. of 

their transmission rank; a,r,d 

a decoding module (850) for decoding the received signaling as jointly restricting 

precoders ln each of the one or more groups of precoders. 

J2. A computer program comprisin instructions which when executed b at least one 

processor ot a node (10, 14), causes the node (10, 14) to carry cul the method of any of 

embodiments 1'-..,1=· -----------------------------~ 
I 

0. A carrier containin _!he computer program of embodiment.19 wnerei the carrier is one 

of ar, electronic sfgnal, optical signal, radio signal, or computer readable stor1;19e medium. 

34 

I config1Jred to;f 
for each o1 one or more groups of pteco.ders in ~he codeb0c+;· 
idem~o11-e or rnore- reference corrllgurarions for the group, 

I ~::~1e :~,~~~~nn~t~~~:~,:~~dnift~,:~~ :ii~~~~;' oi 
' p,ecoder!:; in 1he g,oup Jrom being u~ed·~ 

Ii · ldtmlily. ftom Ute <hHerel'tt po:.sibl~ configuration:!;" lot t.he g1oup. 
nn actual C!.(]nf~urel1Qll ta be s-ignaled for 1h1;e group: a.rtdl!I 

I generate qi!JnatiJ1g to llld'icate 1he aob.Jal c.allfigurstion f9r ttw 

' 
f~~~-~~:n~S:~~(18)1~~:~~!i~~ ::1~~~~~;~~:::etc:heEt 
one or lt1e one eir more rete,en~ -e.~otlgumUOM andlot (IJ 
which {f".!Jerence oonf+g:l.lratiQn tire actual coriflguia1i,0r., 

I matcties arid 

II/ sond tho ga,ner.itad sigll8l1ng LO tha Wlr&k!ss i:::OrntnllnJC!UUor'I 
devic.e.t 

31, 1'h& net.work nod~ C>t cJalm 30. con1I9ored to perform the 
methQd ol MY ol <la imo 1 1;-23 1 

I 
I 

\ 
" I\ 

l\ 
~\ 

'ii 
I1, 

1 
32. A ~twor1< nOde {10, 500j IOtSISfil..iUns to a W1(e-li&s::. 
c;i;i,rnmimic~ion d~fce (14 700) whH;Ji prec:oders 1n a 
codot:ook rll'e resu1c1ed 1tom bti1ng used. the Mtwork node 
(I 0, 5001 characterized by;~ 
fqre~i;t, o1 one or more !j;!fOU~ol pr~den1 trP the codebe~"I 
a reJerellce oonfigllrat.ioo identJfying module (540) tor 
ic:1~n11fying one or mote reference configurations to, the grovp 
wherein eac.h ,efsrence col'l!igurauon Is one or dLnerem 
posSJ01e corwfigufation~ th~I re~tiel dif1e,eri1 svbgrovps o1 
p,retW-Qer!:. i11 1he 9f0\JP trorn being \l~~~,i 
an liile;tual c.onh91Jrat1r.rn l,;1,.,fltlfy1rt9 :m,cu;H•I"" (550) tor ld•r1'1lyjn9 
from lhe dltterent pos.sible conh.gurat1011s 1or the group. Bil 

actual contrguratton lo b&.dgr"laled forlhe grotJp,and1 
.n gen-era-ting mod.ule {560) for generatfng slgn.;ilirig to indic.;:11e 
lno ac1u.al oonf.guration !or the group. by generat.ng lho 
slg naJm g as a bl! pallorn whoso length depends on ( I) wM1he1 
me-~u.sl cc-n~I.Jration matches one of lhe o~ ar more 
refeoe11ce c.o11flguraucns .and/or <11) wh1ct1 re/ere.nee 
conhgutaUotl lho ac.1ual conngYratlOn matcht::s, .and 
a seriding rnodute (570) 1or sending llie ~nerstP.d :;;ignaHru~ 10 
ttuit Wh 11;r;~s COl'tJ mun1eatio r, device t, 4;, 700). 

'1 .3:3. The netWOP"k node. Di dBim :32. configureD to pertorm lhe 
methbC of aoy of claims 16,2a 11 

II\ 'I 34, Awl(slesa .commLJnlcatlon dsvli::e {14, 700j lor dacodjr,g 

~ 
:signi~hng from a netw<>rk node (10,500) indicaung which 

1 preoo-Oer~ in a co-deboo-k are res-tride<i fr,:,m being tJsed the 
\ ""'r'sle-;-;;; corntnunh:.ation de1,11ce (14,700) t:onflgured to~~ 

receive ~ignaling from ,rie net.vo-rk riode (10. !500).11 

~ for ea;ch Qt one Qr mQre _groups of Pfecodere in the c:oQebod;~ 
ldenMy oh~ ot rt'loti& tef(lr&nce con~lgurauons tor th(!, gmuri. 
wherein e;;ich reference i:;:or.figura1jo,n is one of differen, 

~ p.::i!::s~ble corrfig\J,a•ki-ns tha1 resino di1iereni aubgroµp9 o 
~ ptecoder~ Ir. lhe-g.ro(Jp trorn bfnng ute:.d.11 
lj\ identif.y a bit rxttlern delln-ed for elgr,afing ,e-ae:ti reference 

~ 
co11hgurat100. and o leng1h ol that bit pattern: ar,d 
de-ta.ct an .acUJal .contjguratlon !llgnatecl lo, !he gmup 1 by 

1 detectii,g in the sign::i1ing a bit pattetn whoo:e len_gltl dependS: 
Qn (i) l.lltlether the adual co.nfigurntion 111.asc:ne.s one of the o.ne 

~ll 01 more t@fiarf!lnc.e. corwUgur.a.ilons and/or (11) whtch ,&h!lrl!noe 
'~ 1;011figorotion.1he actual cordlglJrat[on mn!ch~ 'II i, !s_ Tho wnol••~ oommuntcatlon do\/lc& OI claim 3A., 
Q configured to perfo rrn 111e meU:tod Clf any of c.laim51 10·2-3 11 

~, r-:-::-
1 ~:'57 

D@I@-: 23 

Deleted: 38 

Deleted: sr 

Samsung Ex. 1002 
255 of 409 

IPR2022-00464 
Apple EX1002 Page 255



PCT /SE 2016/050 009 - 28-12-2016 

P45698-WO1 / 4015-9362 

CLAIMS 

What is claimed is~ 

1. A method implemented by a network node (1 0) for signaling to a wireless 

5 communication device (14) which preco,ders in a codebook are restricted from being used, the 

method characterized by: 

10 

15 

20 

25 

30 

generating (210) codebook subs;et restrictioh signaling that. for each of one or more 

groups of precoders, jointly restricts the precoders in the group by restricting a 

certain component that tile precoders in the group have in common, and wherein 

the precoders are Kronec:ker product precoders and wherein the signaling is 

rahk-agnostic so as to restrict precoders irrespective of their transmission rank; 

and 

sending (220) the generated slginaling from the. network node (1 0) to the wireless 

communication device (14). 

2. A method implemented by a wireless communication device (14) for decoding signaling 

from a network node (10) indicating whi,ch precoders in a codebook are res1ricted from being 

used, the method characterized by: 

receiving (400) codebook subset restriction signaling that, for each of one or more 

groups of precoders, jointly restricts the precoders in the group by restricting a 

certain component that the precoders in the group have in common, and wherein 

the precoders are Kronecker product precoders and wherein the signaling is 

rank-agnostic so as to restrict precoders irrespec-tive of their transmission rank; 

and 

decoding (410) the received signaling as jointly restricting precoders In each of the one 

or more groups of precoders. 

3. The method of any of claims 1-2, wherein the certain component comprises a beam 

precoder. 

4. The method of any of claims 1-3, wherein a precoder comprising one or more beam 

precoders Is restricted if at least one of its one or more beam precoders is restricted. 

5. The method of any of claims 3-4, wherein a beam precoder is a Kronecker product of 

35 different beamforming vectors associated with different dimensions of a multi-dimensional 

antenna array. 
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6. The method of claim 5, wherein the different beamforming i;,,ectors comprise Discrete 

Fourier Transform (OFT) vectors. 

7. The method of any of claims 3-6, wherein a beam precoder is a beamforming vector 

5 used to transmit on a particular layer of a mult1-layer transmission, wherein different scaled 

versions of that beamform1ng vector are: transmitted on different polarizations; 

8. The method of any of claims 3-6, wherein a beam precoder is a beamforming vector 

used to transmit on: 

multiple different layers of a mulili-layer transmission; 

multiple different layers of a mul•ti-layer transmission, wherein the layers are sent on 

orthogonal polarizations; or 

a particular layer and on a particular polarization. 

15 9. The method of any of claims 1 -8. wherein the codebook subset restriction signaling 

comprises a.bitmap, With different bits in the bitmap respectively dedicated to indicating whether 

or not different beam precoders are resltricted from being used. 

10. The method of any of claims 1-8, wherein a beam precoder is a Kronecker product of 

20 first and second beamforming vectors with first and second indices, wherein the first and second 

beamforming vectors are associated wi1lh different dimensions of a multi-dimensional antenna 

array, and wherein the codebook subset restriction signaling jointly restricts the precoders in a 

group of precoders that have the same pair of values tor the first and second indices. 

25 11. The method of any of cla1ms 1-2; wherein each precoder comprises one or more beam 

30 

35 

precoders, wherein each beam precode1r comprises multiple different components 

corresponding to different dimensions of a multi-dimensional antenna array, and wherein said 

certain component comprises a component of a beam precoder. 

12. The method of any of claims 1-11, wherein the codebook subset restriction signaling 

jointly restricts the precoders in a group of precoders that transmit at least in part towards a 

certain angular pointing direction, by restricting a certain component which has that angular 

pointing direction. 

13. A network node (10, 600) for signaling to a wireless communication device (14. BOO) 

which precoders in a codebook are restricted from being used, the network node (1 O, 600) 

configured to: 
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generate codebook subset restriction signaling that, for each of one or more groups of 

precoders, jointly restrict:s the precoders in the group by restricting a certain 

component that the precoders in the group have In common, and wherein the 

precoders are Kronecker product precoders and wherein the signaling is rank­

agnostic so as to restrict precoders irrespective of their transmission rank: and 

.send the generated signaling from the network node ( 1 0, 600) to the wireless 

communication device (14, 800). 

14. The network node of claim 13, configured to perform the method of any of claims 3-12, 

15. A network node (10,600) for signaling to a wireless communication device (14. 800) 

which precoders in a codebook are restricted from being used, the network node (10, 600) 

characterized by: 

a generating module (640) for gE~nerating codebook subset restriction signaling that, for 

each of one or more groups of precoders, jointly restricts the precoders in the 

group by restricting a certain component that the precoders in the group have in 

comrnon, and wherein the precoders are Kronecker product precoders and 

wherein the signaling is rank-agnostic so as to restrict precoders irrespective of 

their transmission rank; and 

a sending module (650) for sencling the generated signaling from the network node (10, 

600) to the wireless communication device (14, 800). 

16. A wireless communication devic,e ( 14, 800) for decoding signaling from a network node 

(1 o, 600) Indicating which precoders In :a codebook are r.estricted from being used. the wireless 

25 communication device (14, 800) configured to: 

30 

receive codebook subset restr/cliion signaling that, for each of one or more groups of 

precoders, jointly restrict:s the precoders in the group by restricting a certain 

component that the precoders in the group have ln comrnon, and wherein the 

precoders are Kronecker product precoders and wherein the signaling is rank-

agnostic so as to restrict precoders irrespective of their transmission rank; and 

decode the received signaling as jointly restricting precoders in each of the one or more 

groups of precoders. 

17. The wireless communication device of claim 1 6, configured to perform the method of any 

35 of claims 3-12. 
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18. A wireless communication devic,e (14, 800) for decoding signaling from a network node 

(i 0, 600) indicating which precoders in :a codebook are restricted from being used, the wireless 

communication device (14, 800) characterized by: 

a receiving module (840) for rec,eivi11g codebook subset restnction signaling that. for 

each of one or more groups of precoders, Jointly restricts the precoders in the 

group by restricting a certain component that the precoders in the group have in 

common, and Wherein the precoders are Kronecker product precoders and 

wherein the signaling is rank-agnostic so as to restrict precoders irrespective of 

their transmisslon rank; and 

a decoding module (850) for decoding the received signaling as jointly restricting 

precoders in each of the one or more groups of precoders. 

19. A computer program comprising instructions which. when executed by at least one 

15 processor of a node ( 10, 14), causes th,e node (1 0. 14) to carry out the method of any ot 

embodiments 1-12. 

20 

20. A carrier containing the computeir program of embodiment 19, wherein the carrier is one 

of an electronic signal, optical signal, ra:dio signal, or computer readable storage medium. 

34 
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CHAPTER 3 

ASYMPTOTIC EQUIPARTITION 
PROPERTY 

fo tnfotmatlon theory. t.he .J.nalr,g Qf the law of forge ntJinben is. (he 
as.yn~ptotic equipartition property (AEP). lt is a direct c<mseque.a.ce 
of the weak law of httge numbel,s. The ft1w of k!rge n.umbe:r~ states 
that for tndepeodent, iderftic~1lly distrih1..1ied (J.i,d .. ) random vut-i<.'lbles, 
¼ r:;:,, X1 i::. ·close to its ex.pected value EX for hirge values of ii·. 

:11e ~BP stll.t~s that} log rt Xi ,x~.•-. x;,i) is close lo the enlr'opy 1;. \:here 
X 1• X1 , , .. , .X,; ate 1. t.d .. randorn variables and p(X r,., Xi • ... , X ,1) 1.:, the 
f!H>hability of obliervin:,g the seq1.1euce X 1, X 1, .. , , X ,,. Tbu~, the proba .. 
bility p{X 1, X_, ..... X,.) <1$signed to tm ob~rved sequence win be dose 
LO 2-,,H. . 

Th.is enables m, ttJ divide ~he set of all seq,uences into two sets~ the 
rypi"txll ;,'t'f; where, th~ i;afl1ple entropy is vlo~ tQ the tJue. e:iwropy. and the 
nont.yprcal set, which contains the: Qther seq1;1enqes. Most of our attention 
will be on· the typical sequences. Any properly t:hal is proved for the typical 
sequences wi.ll then b.e troe \vi'th high probabilfty and w:iil det(;rmine lhe 
a.ve.r4g,~ beh-a:.rio,r. of'a .l_aFge sample. 

First, an example. Let ~he random variable X € {0, 1] have a probability 
rna~1-fuJ1clion .defined by p-( l) = p and pt())·= q. lf X t, X2,, •. , X'lt are 
i.j,d. according to p(.{' J~ rhe pr~Jl:rn.biHty of a sequence x1. x1, ... , ·'a is 

ft',=1,,P,{·f'~:.Fot~,r;ampl~, th~ prob~bi!it~ ofth.e·sequence (!,◊, 1, I,0, 11_ 
rs pL. ~, q'·· ··:t Xi .::: p 4q·, Clearly,. 1t rs n~· trui:; that all 2" sequen!..'.~S. o.f 
length n have the s.att)e; probability. 

l·fowever, \Ve rnight be abte to pre<lic1 the pm'bahHit)' of thl! ~guence 
that we actually qbserve. We ask for the p-robabilily p(.X1,,X:1,.,. 1 X,,)' Q,f' 
, be o~tcomes Xi, x~., .. , Xn;•where X1 ,X'1,, .. an: i.i.d. ~ p{:r). This.~s 
itlsidious.Jy ·sdf-reJerent.i:.:11, but -wen cleii.ned nonetheless. Applt·reotly" Yi't'. 

are as'k.ins j(.)f th.~ probability of an evem drawn accordif1g to the same 

1St1:r,,ell(s /)J~r,.·011 Tb.:11ry, Stn>1td Ediifon.. By Thm1\as .M. Ci>l'er a-nd Joy A. Th<1mas 
Copyright.~ 100(i /olm Wllt-y & , ~1n:1, h)c. 
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58 ~SYMf'lOTIC:EQUtPA~TITIOI\I f'ROJ>.ERTY 

pr.obibUity dtst:ributio.n. Here h tµrns-oul t·hat p(X 1, X2 , .... , X,,) .is .close 
to 2-nH wilh h.igb pti:>babi:Hty.. · · 

We 'S.i.ithmarize th.ls by saying; "Afmtrst alt event.$ a1-e afol~)$1'. eqi:1ally 
~utpr1:slag, ,. TMs i~ 11 way o.f saying (hat · 

(3.1) 

V X11 X:2, ... , X.,; u~ U . .d. ~ p(x). 
In the example just given, where p(X 1, X2., •••• Xn) = ,;r.x;</'1--Y:.~,, 

\Ve a.re simply saying that the nm:riber of 1 's in the sequence is l<:lose 
to np (wl:~b. high pmba:b.ility}, an.d .an sue-I~ seq~en6e:. nave (roughly) the 
same prt)bability .1,~!iU'\,PJ, We US¢ the Idea <>f eotlVer_gen~e jn probabHit:y~ 
deflnod US. foH<:lW$: 

Definition (Cmwerg.ence of rmulom Far.iabie.$). Given l\ -s~uence of 
nmd.0m varfab'lei;, X'1, .X.2, .. • , we say tlnrt the sequence Xr, Xi,, .. con­
l~rg~s t~l a. ramlo,ri ¥-llriat,le X: 

t, Jhprobnbility if for-eve.ry (a> 0, Pt{IX17 -· Xl > i} -~ 0 
2, In mit<tn S(pw,re if E(X,. -'- x)1 ._ 0 

3. lV'tth pro.b.tt&ili'fy l (also. called alm.ost su·rel:y) if P:r{Hmr .... oa, X.11 = 
Xi z.::: I 

;l.1 ASYMPTOTIC t'QUJPARtfHON PijOPERTYTM~OR~M 

The Mympfofk eqt:1if:1trtilion ptupeny is fonrniliz..ed In the followi11g 
lhCtlrom. 

in fiftJbobillJ:y, 

Proof: 8wm>tio11s of h1depe11d:ent: 1<andI,nn variahje;S ire ,;1l-S(t indepe:ndent 
nmdtlm vad:ahlcs, Thus, 5'tn<:c tbc- X1 are i,i.d',, s(j .are lt•~ i,(X 1 ). Hence~ 
hy t't1e we'ltk Jaw of 'lar~e nwtioo-ri;., 

➔ -E l◊;g.p{,X) 

.: H(X'), 

(,3,4) 

(.3.5') 
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3.1 AS\'MPTOHC £:QUIMRlHION PROl'fRTY 1M£0REM 59 

tJefinitiort The 1.ypicn( set At1>. with respec~ to p(x) is the ~et of se, 
que,nces (-t 1 , ;t:~ 1 , •• , --~) € .~'' w~th the property 

r!!Uf(>.')44') '.:::: p(,1:1, .t2., ... • ~,~) ~ i·-ll'(H(X)-tJ-, (3;6) 

Ai a co_nseq_\;lence of the ABP. we can show t·h-at the set A}''1 h.a£ the 
foll'owing propert;ies: 

Theorem 3;1,2 

/, {f (x1,.~:z, .. .,:t'r~) E Ai"}. tht!n fl(X) ~r· .:S: -¼ log.p(x1,.t~, ... , 
~n) -:S H(X) + e. 

:Z. Prf A.ti) l >· I - E Jor n stljJkitmtly large. 
3.. t A i>tl I 5;° 211rniXJ,f,<). where IA. I denotti.s thnimnber pjele-ments in tlu.' 

set-A. 
4. IA.~t1l1 ~ ( l - (')2 11W( x:}~<) for n sufficientl,V lq·rge. 

Thus, the typical set llas pmbabiUW nearly l, ali-elen:ient-s qf the typk\¼t 
~t are. nearly &luip.rob..lble, and t.h.e ntnnbet ()f ele1nents in the typical ~t 
is oeatly 211H, · · 

Proof: The prnof of property ( l} is: rmmediate frotti the defin.ltioo of 
A~~1\ 'Dte se<.'.ond property follows directly from Theore,n 3.1. l, since t-h.e 
propabi-Jity u.f the t..-veuf (X l, X1, , .. , X 11) E A~ 1

} tends lo l as 11 -+ oo. 

'Thus., for .in,Y S > 0-, there e~ists an fl.{) sue~ that for all u ~ no, we have. 

Setting 8,:,;;: Ii; we obtain the se£on.d part· of the tl1eo.1:e:.m. The i'dentitic.:ation 
of tJ :~ <: will conveniently l>implify .notation tater,, 

To prove pmpftrt)' (3), wee wfite 

J .,:;:. I: p(7f..) 
SE;\'• 

('.l. j 1) 
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60 ASYMl-!TOT{C EQUll'ARtntON f'ROfHffY 

where the second u1eqoality follows from (3.6) .. Hence 

Fim1lly, for sufficiently large n, Pr{A~1
~1.) ;> l - E, S(.I Lh<\t 

1- ~ < Pr(A~"11 

~ L 2-11(/llX)-~} 

xe' A~"> 

where the .se.concl inequality foU.ows frotn (3.6). Hence. 

which completes the proof of the-propertie~ of .-,'\~d. 

3,2 CONSfQUENCES Of THE AEP: DATA COMPRESSION 

(3.13) 

(J,,14) 

0 

Let X 1, X2 , • , •• Xii be independent, rdentkaUy distribu1e9 random vari,­
~bJcs dr:~wn frorn the probability ma$s function p(A-)-. \Ve wisll to find 
short descripti()uS for such sequences of randQnt variables. We divide. an 
~'q{teoces iii X" into two sel~: tl,e typical set Ai11t and its (.:Otnplemeut, 
a~ sh.own in. Figure 3. 1. 

rton,typi'enl set 

Typiealse! 

A~"l ~2"1'°'"' •i eUmi~n,ts 
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NQl:l•iypi'<:a! i,,it 

Oesct1ptivr1, 111(¥,J l~ ti l:ii!s 

\Ve order ;dl clements in each sel a~conling to some orde,r {e.g:., Ie~<i­
cQgraph.ic ot~J~}. Then we catl re-p~S-e:llt each sec11Hni~e r1f AtJ. by giving: 
the index-p( th.e s.eq1:1e-nce in thf! se,. Since there, ,\re :; '];1<P-1·1 l sequentes 
in A;.11:1, the i.n.dexingreq~fres oo trioretf)a.n.n(.H + c) + l bit's; [The extm 
bh may be neces:sacy-bcc.ause 11.< H + f) r.n~lY. not be-an 1oteger.J We pre­
fi.x. ~n th~se St:.quenc:e~ by a 0, giv.inf µ t(.ltal length M ~ n (ff + f.) + 1 
bits to re~resent each sequen.c_e,ln A~' (see Figure 1·.1}. Similarly. \\.~e c.an 
irtd~i each $e-que:nt~ not fo At.1 by using not more th~rt 11 h:>g iA1 + 1 bit~. 
Prefixing tlit1;se indices by 1, we have a CJ>de for .tll tb_e: ~quences i-o ,,yn-_ 

Note the foU~)~vi~~ feat~11-es of the ,1buve eoding sc.he1t1e: 

• The code is o.ne-to--one 11m:l l:!nsily decodable. The in1thd bi.I acll> a$ 

ti flag bit l~'J-i~dicate t;lle, le.ngth o.f the c-0dew0r:<l d1,H foll~}WS. 
• We huve used a. htrne~f()l"Ce e.nurneration of (he atypkal set A~11Y 

wi~ltout takfo.g into a~ctlU(ll (be f:)~~ that the 1llHnber of elt:rne-nts in 
A~•ri'" t$ less th-an th.e i:iuruber of elements in ,'.\'.'11• Surprh,iogJy, this is 
good enough to _y1eld an efficient descript•ion. 

• The typ-ic~t :;equeiir.:e.s have sl:l-011 d~scrit>lions ·<.if lefl<gth ~ a.fl. 

We .u.se the i1-0t'ali<Jr1 .1f'' to de!lote a sequence x1, xi,-,., ,h1- Let/(.\·'') 
he the length of the ~Mewo.rd c{me!>poti.di:n,~ tl') ,ru. lf n is :suffide.ntly 
huge .so th~tt P1i Al11} ~ J -· €. the expected length (Jf t:he-codeword 1,; 

E{l(.Xv)) ::.; L p(x"}/(x"' (3.17) 

r" 
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t2 ASYMl'lOTI¢ £QVIPARTll ION PROPEIHl' 

~ L p(.r 11)(!1(H + €) + 2) 

~"'~Ai"1 

+ L p(x 11){n leg !,\'I+ 2} 

xfli.A!-"l'" 

(3.18) 

=Pr! A~11) (n(H + €) + 2) + Pt { At)"I (1-, log !A1 + 2) 
(3.20) 

S n(H + €) + 01(10.g 1,11} + 2 

::;;.:.· n(/1 + <i'), 

('..Lll)· 

(3.12) 

wbe-re f' ::::. f. + € kig ],11 + f can be made atbiti:arily small by a..n· ap;pro­
pdate choice of£ followed by an appropriate dmice. of 11. Hence we have 
proved t·he, following theorem. 

Theorem 3,2, 1 Let X" be U.d. ~ p(x), Le'f E. > 0. Then tlwre exists a 
code that 11111ps seque,u;es xn of length n inta binmy strings sm:h ifwr the 
ht(tpping is ,me-tv-or1t (an-cl tJurefote invertible) and 

(J.23) 

for n sufjici1m1ty lc~tgti. 

Thtrs, wi c.ail repksei;t ~que.i1ces xt• u~i:ng Jl fl (X) blts on thr. averng_e. 

3,.3 HtGH•PROBABIUTY SETS AND THE TYPICAL SET 

From the definition of A¥'1, it is clear that A~") is 'a fairly $man se.t that 
contains most of the probability. !li1t frort1 the detlnifion, jt •is not clear 
whether it is rhe smallest -such-~-eL We will pr<)"··e that the t:ypicHl set has 
es-stlintiaHy the same-number of elements as the snuillest set, t0 frn,, order 
fo th,e. e,;.pon.ent. 

Definition For e,ach n = J, 2, ... , let B}"i C ,.-\:"1 be the smallest set 
with 
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Frequent Pattern Compression: A Significan9e-Based 
Compression Scheme for L2. Caches 

Alaa R. AlamddootJ and David A. Wood 
C{imputer Sci~nc.es Departn:1.m:i!. l!ph:et~Hy of Wisconsin -Mm.-H$on 

tafau, &wid}@cs.wisc.~du 

Abstra<:t 

"With !he-widening gap bdween process()r end rn~mory ~ed~. memory system d~~igners rnay 
fitui cache compression benefkfal lo i-ncreas-:!. cadie eupaci,y unct retl.uce off-.chip bandwidth, 

Most h,1rdwari:: compres.s.im1 a!gt>nthtl'l8 fall i,liO the dicti<mary-hased categcrry, whkh <lepetrd 

,,n buildi11g a dictionary Md using Jis entries to encode repeated data value.s, S1lclJ algorithms 

am effective i'll eomT,1ressing la.rge data hJocb und -file~. Cache lb1es, however, nm typicully 
:;!Jo.rt ('5\2-256 byteK), mid a pet,-lin~ diciionitty pl;ice;, a significan:t ove.rhead that limit~ the 

compmsiihility imd wcre:1ses de1Xnn:prt~ssio11 la;lency t,f su~h algoritlmls. For ~ach ;;ho1t Tint~. 
significa1ic.¢-based compn::ssion 1s an a1)})e.ttling altertUttive. 

We propose• and evaluat:(: a ~imple signlficam::e-based compress-ion scheme-that has a low i::om­

p1e~sio,1 imd de.compre&sion overhead, Th.i11 s-cheme. Freq11en1 Pattern Compression (f<PC) 

c.ompres.scs i:ndivichrnf c,,cfo, li:n.cs on a wo.rd-hy-wcn:d basis lly stolii1g commoo ·word patterns 

in a l'-1'.lmpressed fonn.it accompanied witn mi aµpr<tf>riate prefix. For a 64-byte cache. line, 

compression can be Gomp,let-ed in three •c.yc1c,; and de::ompressfo:n Ill five cycles, ,asliul'.niri:g 1.2 

F04 gate defoyi; per ej\C1c:, \Ve pn)pose a ~ornpre~se,d cache design in ·wJuoh 4ata is stored in a 

compre~sed t't1m1 In the t2 caches, but 11r!t u11c:om1~rei~ed iu the LI tach<:,s, i.,2 eac-he Uncs are 

c,uup.ress.ed to p.wdclennfocd sizes tha! ueve, ei~l their origi.u;d ,sfae t.o red:uce de.comprns-~ 

sio.r: overhead. Tius s.i1,1pl~ s,:,,Jw.n.ie p.r,Wide;; e<1mpaial>le to.mprossion ratios tr) more complex 
,sd1.-:me~ that have big111.1r cache Mt lme1des-. 

A& .semicondu;;tor 1edmology <;(11ltrnue!:. m imp1"<11>e, the 1isi11g-dh,Jgarity bel'i~'~-n prozess◊r an:i rmiinory spie,j 

in<:J·ea:,:ogly dl}mfoatcs pe,tfonwmc.e, M'Xlcrn prlX',e$i)f"S ii,? twQ ('.lr rnori: lt•th of cm.,~ memorie~ t1J reduce e.ffe'"•· 

tive 1i_1e,--Y,m-y !4um::y al,:1 lla.'\clwidt,1e E.ff~tively u~fog u1e lirni~ o;HJ-,lfi ca(.he resoi.rrces be.;:mne.s lm:-rcasb_gty 

importcnt ~$: memory late1lde;$ cominue ,o incr~c rdarl:v.: to prnt.:s~m· ;a;pecds. C((Che cowpres$io-n ha~ prev1ous1y 

ht:en pFM/OSoo to trnl)l:ove p,erl'cn:ri;iticc, since: C<>r!lpressing dat,1 . ..tm:t<..J i.n c,n-dtlp t..1el-ie$ focre.Js-e,; !heir efftt:tiw: 

c.ipa(~ii;):, votentMJy 11:d11ch1g inis&:-:.~. 

M"l>.$t ptevi-m1~ pto{,oial, fo ha:::dware e:icl1t:c t,r rn~1r1c,r1 ~ompreilr.kl;:-J {Sxtfon 2) are hardwai:e impkmen1:at1m\~ (1( 

dictio.nary-ba~ed softw,-ii:e ¢(unpn,ss.ion 11!gmitl)m.~ (e,g,, 1.217 t3'il), Sudi t.,\l'dwa:~ dktfon&.tY•bnsed schen~e;; 

tlei'><s~ld rrrninly on maintaining a J;>c.t•block dk,}or1,ffy and cncodilrg word~ (or hyt.t>,'>) tliat m'ilteh ill the dfr:Uonat)', 

\,,hli-.~-:keepiag worM i!iy1~;) 1ha1 do. nc,1 rr1,,tch in their rn ig~,i~l f<:>rrn with roi ;1ppropria1.e prflh. 

Schtmes i;u1,,h as 1he U{ock-(kfar.:ltilfaf C'ornpre.ss1on \\•ith {.,(,91<,ahead (BRCW us&! in the !I3M MXT mrmocy com. 

pt¢ssioa d?.pend on \raving li:,n}I e.imugh line$./ pa~'I tu in::n:ase the ow1aU comp1essioa ratio I 14). BRCL provides a 

IPR2022-00464 
Apple EX1002 Page 273



XP008167485 

go!,'ll Cl>qipreS!;i~)l1 ratio for 1 K•hyt~ or longer. blo;;k$, However, c,1.;he lines a:-c typkal!y med, i.lt1>t1e:. Md I{J{CL 

de~$ i,01 per.form as well for-shortei-!l~. fu aclcli:tion, decompression latc~y is high, .since-the parallel im:plementa• 

tfon of'BRCL decc•mpr'¼sc~ data at a speed qf 8 bytes 1~r cycfo 'f26J, or S cytdc"S for ii frl-byu~ cache lfae. The X­

Ma1ct~ co1)1prc$ll10ll $Cherne { 1.8] 1rtc.~ to comr1ra~s, mort<, data wiJh il .:mall diction.1ry by allowi'ng pania! match~ of 

<bit& ~•ords f.<I dictk,nary en1.;ies, ,!;=req11cnt-vatuc cache (kslgns f.29,_ 31 j achieve ~tter co(11prc.ssion fo1 etchc !hm,; hy 

oons;ructh!,!! a single dk:tionary (i,h,:i hequer..t-Value Cache, FVt) for(l)e wl).o1e ci,che. which ir.cteases the ch,uice of 

a ~ingle wnr(I lo ~e fo1md and colllpl'~secl These d~ign$ are b~ on tllc,Obsc.rvatio.o IJ1a1 'll, few cachl.l valtws are: f1e­

quetrl &':Id tlms c:an be comprei;,,;c:.d t1> a. fewer numbet of bits. 1-.hi\\~"~r, a l.urg~ PVC requm::.~ n.r. h\cteased deton1pres­

sion lsteney du(: ,o Jh~ increas«d flVC. .ircess time. 

Sizniilcance-ba.sed eompres.~itm ls bn;;ed on the ob,ervatiQO that .mos.t data tyi)<ls (,e.g., 32·bit integers) cim be stored 

in a fewer numb-er ·of bits ihan the maximum .a1!<5wed. Far ex~qifn. sign-bi! e~ieosfon i~ a cnmmon{y implemented 

technique to store small intcg~rs. (e.g., S -l~it) into J2-bit wBt,ls, whiJ1i !lll (he infomwtion in th;:, w,)td is stored ln thtt 

ka,1.signifirn111 few biis. lo ,:or.-tra~t with dic;JJ011u..ry-1>escd compt~ion $ChcfllOS, SiE:11ifi.panc;e--base{I c.~mpre'l.,·iori (9. 

I I, 121 Jt.~ not !ncuf a ~--.llucdktii.'.'lll!'}' overhead. wbic:h-:m1ke:s it .71-ore suitable for the typic:<1lly-shmt cache Jines. 

In additiot1. COlltprcs$kll1 il.'1{1 de-.c.ompre.~.~icm hai:dw.ixe 1s fas((!{ than m:c1i0Hat'y·lA'%cd enl-,x!ing and decodit1g. ttow­

cvcr, comprc.s;;;1binty can be-&lgnific;int!y ii:npaire.i fo.r lo1)g ca<:h.c luies. 

ln this doeurru::nt, we, J,ll'QJX)Se., a significam::-::-~ed' c-omprcs:,kii scl1cmc th.1t prnvtires reasonahJe c.;(1mpr~sjhJ1ity .for 

the ti,,pie,1lly short cache l/11cs with ;l rehm~i:iy fast h,))'rh\lal:e <;ompr<;$sjon ~d dcc<>mpte;S.Sior. (S~tion :3). This 

_schel'.!1e, t!l.o:c Freo.,ue11t Pli1tcm Comrr~sion (FP-Cl <:ompresses a cai::tie line on It word•.by•W<>rd basis, for cad1 w:tmi, 

FVC detoct~ whetb.ed1 f~lls into one of the _paitems !hal can be stored l.n a ;..mailer nu.mber of bits, 1md s~res if in,, 

i:oinp1·cssed form wiih an .ippmpri.ate preax.. We dhuu.-s tli<~ rmp!ementntion ,;;f a hardware dec-0mpr~'-~on pipeli11e 

that rlcc:imp~sc:s 11 64 .. byte cach.i l111e ir; fiw' cycfo:s (Section 4). We cvalua,c !Iii$ sdic:itle and compa1e it wi'th (1!he.r 

ila.-tlw11re Ci}ftlP,rll%i<>n ~.::hemes in Se~ion 5, 

2 Related W'<,1rl{ 
Se,11~al fese;u-d1ers \\S~ .. (l bardwfilc-bmx:d coinpttision to J:ncreas:e-effocti\le .me:mm; size. reduce memory ~d(!r:ess aoo. 
d;ua bandwidth, an<l focr~$C effoc1ivc each<: si~ 

lllM 's Memory Coropi-essi<m, IBM's MXT llc°'chnalogy {26j i:;,ttp!Qys rl!nl-time mdn~me:nor-1 cm.n~nt compt'.l':,U10'11. 

that ~()Jt be usced to effcc¾ive(y ciouh!e \h(!. main meft\,o!)I C"ipi!CJ!y wiJhout a rignifi:::ant .addea ccst. 1' was nrsr hPple­

JlJCUted hi the t'iliMtk chip [251, a slng)e.-chip men;oi:y co~1troller. Franaszek. et aL (l:3J, dcsciibed th!'l dcsigo of a 

ccmu1r(:ss.::ci M)UQ/1l ac;;es$ mem~ry (C~RAMJ, which fonned ll,e bafoi for-tlie mcm<ll"5' vrg,rnir..ilim) fur the MXT 

iec.llnotogy, a:ml ..-tu.died lhe optimal lir.e sb..e for sµc;fa m: rnganization, Data u1 .m.ain mem.OI)' is-co111p1e5sed using ,t 

.hatd\1/l!Ie. para!l~ti1.i!d.~er,ivative qf the t.,ern~I-Zi" {LZ,17) scqt1cntiat algo1ith,'<t (:i'2). This J;)Utallcl algt,ril'hm, t>an1.llet 

Block .. Ref.ereH!ia! Gompressfon \Vith Directory Sharing. di\·ides th:<; input dala h!Qc!>: {J l'...B in MX"'f) fota !>'Ub•oli:x-ks 

{four 2'.56,byk ~uh•t>locks), and ~p::1-ativdy colis!J\J¢ts dicifon3.tlcs whlle t.,>mJ?ressing 111.I S(1l>--l>lock$ is parJlle! 

{14J. f\-1.XT is· shown 10 have a ncgllgibleperfan:nanct'. pena!ty-compured to i,111ndt1rd memory, nnd memory con!ent& 

f~1 many applications an.J w~b serv,~rs can be ce>inpre$5:id by a fa¢for of two to oru: f !l. 

2 
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Other lfm·d1va~e Mi!-inory Compr~~ion Deiig11s, Kjclsr>, et al. (!8J; dc:m□nstrated that hm·dw!U'e main memory 

cem1pressio1i is: feasi:bl~ mad worthwhile. They n5¢d the X-Matdi h.irdwme ;;ompre..,-sion alg,i:>rithm lhlM :mafo!:l.i1is a 

dictiotmry .and repla,,es eacl)_ input dar:a eJc1rieM (whose si.w is nc>:M ,il fotir ·1iytes) with >t iihm1er cod;: i.n ca.,.:e of' ;1. 

mtal or pat1ial n1a1.:h with a-<lkt·ion1iry ~try. O>rnmu.n.icati@.bandwi<llh is reduced liy •··,ompa,:.tiog" cache--te-mem­

ory add,~ss stre-am5 [12} or_tfara strtai:n, fl l l, Ben.ini, ei a!. !8), pr~,pt~e ;J dat» cemp;~ion/decornpie-sskm sd1~ni to 

1-:;dute ltl~rm)ry fi:ilffk, l.1. ;;11m.,ral pur?ose pnx<l~,eir syl\lc.nis. Data ii. starc<l unc;HnJ.il'l":~Sed in tbe l'.,~ch~. nmi coril­

prei.se-.1 on thti: ofiy 1>:lten tnrnsforret! ·{<, mr.:mcry. Memmy•t.1>-cache u-affic ~ ,it~r.i. (lr>,;,,.;,rnpre.ssed on t.¾c fly. Tiiey·u~ed a 

diffexentia; .. --or1,pn;~:;.io11 s;;h~m.e de.~,;ribed in [7,J th,1t ls biisci;l <m the a:,~umptiou that it is likely ford~~ ~ord~ in t!ie 

s.rm~ '(;slcht fine k.> ·have soml:; bjis in co;nmon, Zhang ,anrl Gu.pt.a fSO) lmrodu;;e a, c1Mii of comrorm•Jm;ii:x ~nd nar.!'O~V• 

dr;f;i tra,n'K(ormati.on~ for geocral-pu1p.o,e progr$IO-i lhai c<,m1m:1<s 32-b!t addre$se.s and intezer words int.<> 15-bit eiiti• 

tit;i. They impicm,11Het! these tran~iQ1:m,1tions ~1 <1ug,1uen11n.g sh ,d;1ta oornpression C?tteosiml (DCX} ins'ttot:UOIJS 10 

the MIPS ins!ructfon sN. 

Ca.cite Com;i,1i·es.~iM aud lhiht.1ed ~sigw,. Le¢, et at {2 l, 1 \!, WJ. prop<)se a compre.~s~ 1T1emory hierarchy model 

th.Ir ,~kctivdy oompte,~t!< ti c3c'ft1:>·and momory 'f;lor;ks j:f th~.y <>an be f~(i.xd ti) hnlf !hdr ori&inaJ !ii,~, Their sel~c­

tive. compre~~i<-1I m4nory sys1e1n (SCJ..1S) use a /1(.orcht·m-~ implementniion of tbe X-RL compre,~s.iolt algill'ithm il 81. a 

,·aria/11 .of th.e X•Matcl;l algoritlm\ lbar gi11es a spetial treatment foJ· nll)s of zei'os. 11iey pr<>p(i,;e 00\'ernl fecl1olque;,; tv 

hlde dt~omp.ress-ioo ovcrlwad, inchidh<S pam.kl deNm1•1·ctssion, -i;electlve .«Japi.ive oompr~.s.si1in (Qr bloch tht can 

be-comp1c)>$t:d tQ below a certain ihrr:;.ho1d, fill!i t:'h~ u,,c of a cb,'or11pres.~km 'buff~r to N Mcessed on LI l)'lisses in pal'­

allel with L-2 <1cce~!;. Alm. et lll. [2], pr-opose ~e"cra'I improvements. on ihe 'X-RL 1:eehn.iq_ue that .:apture-com;;non 1,;a). 

uc-s. Ch::n, et al. [10J. propo~ a scbeme that dynamicafl)' partition~ Uie ,;aclie ·imo sections of Jiifo.rern 

C9)1lpf~;si1,;1ity, ll,"\d -they ui;e a. va,rimit ~f the l-Z com11rc$siml a}i(irhhm. f'onlcrene, et ,d, [7.21. t1~<~c1 a ~lr,1dow clill¼-

1my ,cl1eme w-ith mt:rtl.a.ddr('.!i.s: la§:$ than da.ta ble-ch to ioipm\\'t up,m LRU ieplumment. 

l•'reg11ent-Valm~~nnsl!d Cof!lp'rt?S~·io:n, Y<1ng an,i {fopta [28,l fo~111,1 out from an ioalfsls of the SPEClnt95 her,chA 

marks that a smRIJ number of (ljstim,t "°i!lue~ occupy a large fra.;tio)) of mcroo;ry acccs~ valut)~, This 'i'Sluc ICK<1lhy 

p!:ic11omi:1m11 en?.bletl tim,"!1 ie design e;nc,rgy,dlkient ~a<.:he:s [17) a.id da1.;1 C!.>mf:>re!S..~t:cl .:aches [J.9}. In t,he~r com­

preswd, cache dt.s1gn, each .Unt lsn the L l cadie ·,,nn b~ eifoer m1r. ut,compr.e.'ised. l:ne or t-.w1 lin~ co:mprn$sed to at 

lcntt haif their origins1I $ites based on fieqt1~.1n·a1ues (29}. Zhang. ot al., dcsignc<l ~ valu1>-ce;11,iie uata caehe design 

eulk:d l11e ln.'{J\)tnl. vah,ic ciwt.e (FVC} (l 1j. which is a s1wrll dir~t.1--ri1appcd ::,,t:11e dedic,1,ed to ht1ldipg !'requent 

beN;!~m;1r~ valtm~. They 'Showed th;i.t :.ngmenttng a direct ma.pi'«! tach<:' with 11 small' ke.qi:~nt Ya1ut oirc.he ci:m 

trt,a\ly .redtlc-.e the cacli'-' icis~ r~!~. 

Si~nifi®l'lei!•Bnscd C:lllT1pres~ioi1. F.ml:mll .u1d Piil'k l'l1} mri~.» u.~~ of l~e fuet thul ..n,uzy addrc~ ~◊reMes W1rl~'­

fo.rrc::J between. prore,~sor ~nd rne.mory -hi!\·e re-0\lntiaN infounatit>n ir. tbtfr high-ordtr (most s1g'llilkar,~) portimis. 

Thc-y cached these high ucclN blJs fo a jJ'a'dp 0N)'11<>1~1ically alhx.·auid bas<:;.I!:!!,i~ier~ <!!Id m,ly tHlll~foix~i smdl regis­

t.e1'ilide;,;c,~ rl1ther ihan the hiw-ordi:r ad,l.fc.,~ \litli between tlit. prnt<:sllo.r and men11:iry. Citron ;ind R11do!ph (l rJ ~ttfe 

coirmH>i\ !ti&h-ordtlr bttt Jn ,uk!res$ :;n,d tktfJil \\'Cl:(l:. in n table. .md 1nm~~r ur;ly ,m index plus the li1w 01 <ier hit:,;. 

bo:twT.\'\n. th~ pt~-~~tlr and mer.\t)J)'. C,m!l!, et 11!. {91, pfop:~,M a s<:heme th\!: ◊mnF·eMe.$ d;i,ttt, add~se:~ mid iMttut:-
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tlo:i1.lt famnlleit fl;g1)1il:::Mt by,es Willie maintllll1mi} "fl two or Wl:lt e-xrerµ;i,q!!'bt1?1 t() m,;1im11in 11igr1iiic:a:ni-ftytu jJ0sil1ons. 

111~1 tm; this m.:ithoo w rt:l!l,l<:.e dyna1uk powet d.11Istniwuon \p a pte<.,"C~1or .pip~-lilfo, ~W1.t and lyet f.l~l s,tkd'ie4 .!)1¢. 

~orr;pr~sibni\y pr1)i)1~.rtle1-11 o)',aodre~l• and data tr!l(iSkrs ~I, C'.Olmn1-l;:1>ial 'o'.Orldouck and i:1:1,mn that th~ high•~mi~r l:rit:'i 

i;a:ri l)c pl:tlli<::teli w11il high i!Cl;-\lfa\;'.:5' ln,ll>:fdr~s~ (faTISfots wt vfith le;;~ accura:i:y, for'dnuiJnmskr~. 

J Fre.gueut Pattern Compression (FPCJ 

We p:'{)pG e ~ .cornpr~,.,;siofl st.tiern~ that-tm.ild~ on ~hWilfcant.~ha~!ld.:C1,m1pt'~tl'.1U,;j;)1e.,m:e,, [9; )J, 12}, it i~ fil&O l,asei:l" 

Nt 1111::. ol.lS'~'tvation th!lt ion,.::! data ?lltterns &1-"e fr-equ~:nt a:rtd lusc compressl:crt~ It> -a ~wer·m,rtlf>Cf of 'b'.ifo. '.F(1il' -~a'nipie, 

i:nany ism.ill· v.:iue inte8ern cMn he sttiroil in 4, ll or 16 bill;, t\ur me-norrnally stl'iet~ !tut full.,32-blt wo_rd t l)t 64-lii:sJnr 

{)4-Q.tJ iitt;hi!e.tt\lr't,s,). Tha,e -values iirn -fi-~,l~J:¢•1lt cm:Jugh w ~rlt spat1i.al q-e,j~!lleJil, !md slpdni ·them in. a mu,r: ·cqm· 

pntl' fo~m can increase tht cat:be ◊apadty. In .tdd1tit:lll, special immment is Jl-so .gi\/.en t<i-t'Ull.S-of zei;o.s-:iinc-e they iU'e 

very__ fretf!le."11, wi't!ch i',.;;l.n:iilirr !b 1he ~-ped~I tremmtillt i.rt· XA~L f_t~]. l11~ Jr.·sight oeMnd rPC 1s that we w-o .... m tc.g!it 

tl~°'"' oi the benefil$-ofd1:otionazy-tiased~hcme-~, while-keeping the peHfo~ 1:1,verht!ill.1.llt !l minimum. 

'l11,:; ·Freqoen1 f'a,.'tcm Co111p1·1;s&iQn (fPC) .:ornpre(i$c& 1 dec-0inp1'Cii&e§' on a ooohe line b~,;is. lii!ch .::ache line i:. 

dfridcu 1_t;to 32,..bit wardi! {e.g., 1$ worqs iqr a 64-,hy,tc !fur:.), E11(lh 31-bil word h .eneM~ as a "5-'Wt_prtfi:.._ j;>lus dttta. 

Tii\,Ie 1 s!mws:-ihe; tlifn!rent pmternscon~.~pondin!fli.'1 em::h pr.cl:r.. 

Ea¢.fi, .-,'()ro int.he ea:c.he Hne "i. i::r,~m:led im.i II cornpres$e!i formm 1f it mA~dies ar1y of.tm: p,atle:m,dn the for,a S'l.'< rows 

of Table L Tbtsc pattern:, ru:e; a 1.e.:1, rliil fone.·oi' m¢re aJl..a.e,.o wocdsJ, ,i,bjt".i;ig1i-eJ.tend!:.d (including one~word. '!om 

nms}, t~e by,c ~tgn-e.lknd«L :tme !Ialfwt1d ,1g1H:X(e,ricted, one luiif,i.:»td padded. 1"'lth a u:m hllilfwtit<l, t~vc l:iyte• 

-sl.gn-w:Jended' half(vor.n~. rtud <! wc,td cM~lstitig-of repellted' hyf;es (e,g. •·0,~'2020~D'ZO'', r.>r •'-im'tl,ir fatlerns th.at1;.m be 

11s-ed for dtta intti:1lizs.tiw1). These p·M,!<:m& mu scle;;;.ted based 011 'thdr high frequem.y in marty of Q<1r integer ;rod 

~~l;l"!ll't~1'cild t?end11:ct.ii:k.. A Wptd .th~t doesn't m,m~b ;ui)' Gf, tht .. ~• c~ttfil,\tks 1s $lOtild h,;,ii$ ,,rigjnal 32•b1t fcnnai. All 

prdi9i. ·,•alues: M weU il::I t:he 'terr.>.-rt111.ltitt&,tfi <!ala bib-ar¢-s.ti:i.~J il.~ !ht: beg1m:1in;g of il:te ihte tu $.peed up <lts.x!Il\pn::ssi,.:in. 

3.1 Segnumted Frequeot P.attctn t.\J.mprusion (S-.FPC) 
'fo e~r,i!oit cumrrtsidnn, the· L'.! cm:h.<:c musr: lx. 11:bl!! tu jlli<.lk rmm: cim;1,;;~;sc:tl Cil~hc En-:::s th,m uneO:rllf1~$StlJ line.s. 

inm ~-sa.-ne s.pace-One ;;.pp,<iadi is ,o deMl:lp!~ ihe cad1.e ar.cesi;, w.d!il& a kve!. ol' indji'CC-tlon lietwee11 the addr~,;.,; 

P:telh: 
l t)OI) l --·-···-

001 l 
~10 I 

' 
Ofl 

: ----lOO 
101 

110 
IJl 

TahkJ. Fh>·qnent Pattem Enc.otlfo,g 

Pt1 th!l"!I f;nco.d_ecl 
-

Data Size 
-

Z~Rup 3 bi'..,s {for run~ \!f to. 8 zeros) 
·-·-""·····--••'"-•--------·-····-"·· -.. .- ............. -- .... 

4-"Ult sig!l~·:u~nd.ecl .:I-bits 
_____ .. __ ._,...,.. ••• ~,- - •• ✓ •• 

Or,e,:b.yte :.ign-cNtet1de.d 8 bit, 
'" . 
halfwQ!'jj sig:11-e~fende:d Hi bit-t 

~alfwo-d padd.itd with a·1.e4wJi:1lfwoid The nonil.e'.rQ haJl'wi.Jrtt { l fr bi,s) 

Two llaU,wtmlsi, eath a byte ·~l,1;;.r1-e:.,k;1,:k<l The. tW◊ byw£ ( 16 b.its} ..., ___ , 

wi)Id c:onsl:stfag r!f' ,ep~at.d }l~tjl& 8 bits. 
. ....----

____ ,..... 

(Jnccm~~il \.t-'tl:rd Odgi:1ai Word (3·1 bits) 

·-'--' 
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l.ag Md the .!l;!,tii s;omge. Seinec •~ tle<-.(:<!lpled secttJr c,~clle d0¢s tlfa:on a per-s~t busil; to.1n:11>r(l.vc ·the utS! i21ttfoil or~~­

tor {or sul:>-blcck} ~r,ches {23]. HaUnoi· anti R~inliatdt's fudirec.t•lndcx Cac;he (11C) does this a(roi.~ the whole cache, 

aU9wing f-ully-assor.iati,•e pfoci~nant :a).ltl a softllfnm·'llHmage.il ,eplaceme~I t~!icJ .[15}. Lee, et at's ~ekcliveetim­

prc-s·s¢d eaches use ~fa. 1e--~n)tf_Qe to alkw1 1:wo ecomp~-essed cac-h;e blocks ~ P<:-l'lupy the space requlri:il· for one ,.meom­

pre.~;;e.1 hl'od t2l. 19, 20,j. '.De,~ouphl ac<:e;~ i;; !iimpk.r .ir we- .s.~aJ!y -act:ll.-'i~ !lie eache 11.tgs before thi;. ds.rn_ 

Foit,makly. thh is h1t:reasingly nt~s.ny fo li,mit pt1wer distjpati◊J) f,17]. 

Jr, theory, a ::-acoc llne .cM be oomprcsi.c:ii into any number ptl,its. 1i1is call be achieved in a. compl!::t<::ly aecc,upfed 

desisn .a>.m:iss the will/le i.;ad;c {c,g., IIC), H:oweV(:1, such desig)i adds more ca1.i1.pkx.hy 10· cach1: 1mmagemen1. ln our 

1?ompr0,5s1id c·aQrn! .de.(rgrt, the dec{!.Upled variable segment. eache £51, e.l)t,h <:;ttlie line is stored as ll gro~p of one: ot 

more &-byte. seymeiU:$. Ft>r exa.m1,?!e-, a 64-hy,e lh1e can be -StQfed i)l 1-8 s.egme.nts. A compre_~;;ed line is padded \\'itl1 

7.e_~ 1iH lt~ ~i:i.e bccom11~ arni.hlple ol'tbe segmcm sii.e, and 11:c.se e.i.tt_;1-,.J:lros (!hut dp n:01 ,;or.e.gxmd 1011ny tags) nr.e 

ignored d11ri~g d~t.mpr~s~ion, While 1hi~ approa.cJi doesn't ptrrrut hi~h wi:opressioo ratiqs for i;ome cMh:e ljr.es 

(e.g:., alt :.:crv UM,), il iUows for n mor<c-prar.:tka! and fa.~ter'}n:pfomen!ttiM o( c{l,1h,r. ~C<:-•~.sc~. 

\Ve pmpo~ a con,1m:ssed rache dei,ig:n in-wh-icn dala Is stored 1.m.wmpre,sed :In ll.,c !e~•el-l udies Mt! oompres-J;ed tn 

,ne Jcvel-2 cache.:; f5J. Tb:ls helps Illilut:H mll:fly of the ;..'bstly L2 caclie miss.es tha h:i1uler pe.rfliimam::e, while not 

affecting th.c ctm'tJTfOJ'I Ci!S/?• ◊fan U h.it. Howe~'Cr, ·such a des}gti a,qd!{ fh.1 l>V\'lrhe.1d of -o:,mpr:essing c:r d,:1cqmpr('.&si11g 

c-M:'h!:l lines when moved vetwoon ti-le ~wo kvel,. PPC allow~ a relatlvel y fast irnplei:rwntatlons of both. of these fllJIC• 

lioni;. 

ei:,mprt1S~tt111, <.'.lch~ llH!:': c<1,1wr.::tshn::. occu1s when cfat;i ii. 1>1),"itl!m bacli'. frwu the I.l to the 1.:2 cache, A c,i,cf,e line is 

c.<1mp-rt\$$ed eMi1y using a .$l.mplH dn:mit ;hm ·c:t~h- e;;d1 word (in p~ralld) for p<'it1tm1 m&tdi<i.s. 'II' a woril 1uatche:s 

M:,i of the s~;;en t.ompre:.!>lble ,patte-.ms. a simple e11eode.r drcult is used t(l cn .. ,'Xfe the wmt .i1110 !,s tllt);,t, compact 

fomh If m> ma;-:::b Wl.15 fotmd, the. wJwl:e lk'01d i-s stored with O)~ ·pteth 'I t l ', This can ~ pcrfol1l1ed in one C}·cfo, 

a~:;-11roil\g 12 J-04 d~!-a}'s. Fqr ~N rill\~, we lltetl ,a detect such fiJ):'(S-,~r c:uns~vfi\./e ~r<:>$, and i~t:-r~l)leO!, lhe. da11, 

vafoe •Jf the firs\ 1J(.Ctl1fe)1Cl; \(• rcpr~wol the fr wunt;, Sface. i.er<:> ,un~ .an: Jj1'1)it,e<l i1) m1.r design to ;ei~N tN<>S, !hi~ i;an 

be impk:mented in .;1 i.i.1Jgle cycle using 11 -si1;~p!e mult-ipk-xerladder· circuit. 

Cac!:\1;: line cc»:npr~~$ion -ca;, be. impfome,nwct in a ::t1emor'j pipclint, 1:,y 3.!1t)(:'ati1;1g thr.:e pip.!lint $l~ge,~ 011 tbe LI ~t<r­

{.2 write pi;!.h (or--~, for l)f!Ut,m 1m1rcl\il)t, one rnr ·1.e.r~i nm ~m:fllihi.e, ancl Nie foi- r;.ai'he.ti'l1g t~e cNnpressetl line). A 

smi.ll victim. (,M.bc that c-t.mt'l!m i\ few ®tJ:iM i11 both c::ompres.,ed nnd uncoinpressed form can be uEed 10 hldc ;n~ 
c•~mj,1es,,;k1n l~tency op Ll wriwb.a~.:~. 

D"e<·.omprE,!,,~i(m. -Cacns !foe t!e,::.\X!t!J;<E'-'$/,i<:m vs,~m~ wtreu oala i-s 1esd fnml tb; Lil, Ii> tl"lt< LI. Cl'!cli~s. Th1's .ls a fteq_11cnt 

e\'Cn( fot moot h!!.r,chm1wk& whci.,e W(lrkir..g ~,!I~ dti n<>t fir in /ilc LI crmhe._Dt.-comprcs~i,o_n l~(en9- iJ1·e1i1Jir:al lm'!l,,e it hs 

djre,,ily adoed t<:i:the lJ. hil ln\.ency. De~ompre,,inn i5 ;1 i;l01'-'er pri)cc.s:,·thM comprc,<1fo~, si;:it.::,•prefixc.s fonlll w-01'd$ 

.in th<, Jin~ b.a-<.~ tn he acee-.$.Sed· in ~Mii'i., bi!>::;m,e eaoh prefi;t is use.d tt• dettt:min.:: I-he leogth of il'S. ro£rcspuntli:ag 

e,n.to<led word a.ntl themforc. the starting. focil~itm flf. al! the suh~uent cot!\pB~SSt:d words. f\g-ure I pl:l:)~e1,ts a s<:lle--
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i~ ~rt,pressed 
Lir,e 

l'at:i!!cl 
_p~'( 
D=ider 

XP008167 486 

·~--~ Su1,"lirlll 
Pa.i,U~J 'i.d<.~. 
C,llri)' .. kiohh®tl 
AdclM Am;y QXc9,bits 

Cq1~1putes 
------------~~-------~si-:a...,rtfr,$l!il,__...~..,......~--

('/aralld 
Paitero 
,Decmdcr 

'i1Jrlrosrei; for 
tl)e16wor& 

r- 7 

I 
IUo..cl!mprcsS<:1.i 

Lm~ 
f 
I 
I 
I 

f 
L ..; 

Tt:ui I~" fa<e-~mg;; r,i:ri,:foie u,.stJ tu <iecornr,t:l:$s -a ~.,>rnpn:~ted cathi; 'fine, ,I/here ea<'.h sta1:e conJaiw, !2 F04 giitecdek..y.. or fo:s, 
Thii il~f pi~!'m~ :;ia,&<: ~C(lfltafomg rh.e t6!0, !'.';ill de.te.QW. shift ~~r mu! r=i.1i:e1 ptt<!t~ tla,u,kr) dee<Jdts tr,e tnmx. artay t!.1 

<kt¢ml.Ute tt-,~ lr.,ngfu m bits.of e;)t:h •YOrd. 'J1w. second aJ)d ~hi.rt! s~-.:s 1Panil1\!.J Pr-.:lix a~d,fr nr,rny} eompu1e th:! ,t.utmg b.\bddre,ss 
for =ii il;u~ *Wi l\Y i>difalt thr, !sw:5,h iir,/ds t>ftt,.i. iir~~-edi~ words in i.i hierar<i;ii:.;il fit.shfon, 'J1ie fourth SLJjgCl {p11Nlld s:hin;eg­
,,¢~~) -.-,0111.fos Hi regist~r.1 eacb. ,1f «<hid1. i.:. ihufo<l tly ih.e ~iattl;J~·&llWi;s of i~s wOtd, The :fif,t\ twl ln~I :itllie ,~•mt11iris th;;: pa:tem 
<le«>ll~r. will.ch tl;:~'(lcley the: t-01lt<ml cl' c>'tcb ,32-t--it rtgi$tt:f im;i no ur.c1>."!'>rre/\le.(! ;•wd (l{:CQJaillng; ~ its c~rr,es.por1dh.g prefl .. 

malk d:iagram for a five-s:taie· hro:dvxin/ pipeline !bar can oe used to 1kcomprei;s 64-hy,e euclle Hn.~-s. !iacl\ p.ipefo1~ 

-$.t.~ is.12 1<1)4-dcJays or le~. :;s~µnlinz-~he par:al!~l rese1t1~ tequired are av.:iH:ir:il¢. for tlie r.u:allel add~r, $hiftrer,­

'ister and flilltern decod<:r, Ai,s111uing ~nc JX()(;t:S'llol eye!~ requires 12 FtM g-,l'le J:i:ilil:,,!i, tftis mean~ that rlt◊ ~0~1pr~­

sioi1 l;ite11,cy i; Umirn<l to 5 r-,ocet,,mr cycl~, 

5 Evalu~tion 

We V\"aluatiH>Llf' F.P:t SC\h~tr,~ j(! n;rtn.s ¢ iu; .ichieved cv;nf}r~.f-si4Hity wmpared to mher ~om;pre;Ssmll ~d,cme~. Wi: 

show cHrnp.r~~-:kr;i resu.14 for o>Jr f'r'e-1ueu( p;itt1mi&; !i.f!;j "!.lcmenSl.rate that zt.n1 tWis ~ t~e mo, 't frcqucrit. We iU$\.'I 

amuyzi: tl;e perfotir,an~ d $..~ented coropressl<iri, aml. the effmt of restni:ti:ng ctimpr~sed U11e$ to segmeul bot.rod• 

nriie.'1' l t, oompres$~Ctl ,,atjos,. 

S, l Workloads 
To tYaluine our ,fasiga againQt a.ltei;narlve .sche111.<M, '"e 11l(ed sey,;:taJ.1n.olti-dlteaded cornmercfal Wo.k.toads from lhe 

Wisc<1usin Comme.rc}al W<irileijcJ Su lie t3J. We .il&P used sfa of li11:1 SPE.,C:: l24} L~nchma:rlts, three from rhe i, teget 

s\l.ite (SPEC·in12(l{JQ) .an<l tiaree in,m the fio,iting i,mint .sui:te {Sl"ECfp2000). All of ,h!!Se workkm<ls run umle.i 11-~ 
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'rnble 1. W<1dunad J>escrlpti1ms 

t'..!h!im: ::tiai,sactlN• l'rott:ssing (OL"ti'): Ditz witff a TPC,C-11~ wot.klimtl •. Tfye 'tfC·-C pii;~aik model:!' tk 
t!a;:1!:,1!.t! ac1ivity ot a whnle:,1\k ~uppl!cr, .wiib mtny ~:)!1t,iri~l! it-1:rn p~·forming 1rai/\$~!/1ioos, Our Ola'!> ,i,o.rlcfolid 3s 
b~se,J on tiie TIJC-C•v),\} m~1a!rr:11ark_ n"hg IBM's DR2y7,2tl:;Wl ~,tnb~~f. roanngc:mr:m sxswnL. We U~ll S' G1i d~se 
wi;h 23,000 wardux,m t~l~ed ot1-1.il;b11~w di~/<$ anil.~11 adilititmal' dedu:ated 4~iab~,e 1o <I, l. We ri;:du~-d u,c nm,i~r 
nf dl.stn'i!l~ p.er w~nuse, .i!e;ms. per Wlll'("Jt◊U!<\ M<l eµsmmcrs per Lf1st1tc:i., tL• alfow tpq;e mrit."llrr~cy _prmiid<l\1 hy a 
llu:gi1r number c.>f wtr .. '1':lmml>::s. Tii~c &:l'e. 16 ,lrm.ifuted u~~lll., :md· i-fie dJ1fa~:r.;-1a. J, \Vif!Jlled ri{l 'f'tir liJO,OOfrmtn$3ttfor11:. 
~~ ......... ~ ... r...,«.••----•.,\,u•~•..,•o,.~•••-4--,-••••-••--••••••••-••·•• '••••-••--"•~•.,, . ..,..,.,._.,.~,._. ... ..,..,.v...,...··---• ~-------J 

Ja1'a Senff Worli.loi)iJ! Sf'ltC,ibll, h1'&Jjbb20<)0 i, ii s;.'ivcr--sfd<'->ja\ti l:i~-tidml,l!k 1h;it nit,11!!1.p 31ier syslel'!l, fo.t'1tiing 
. .in !he mtiidfo:\l>-ar~ rewer bt?&lf!~ss lati~. \'i./e,u~1: !?,m's BqtSJX)i J .4-0 -Servilr TVM, Our r,qic.i'm,,pw. ·u~e t\YO-lbr--sads and 

t\vu w;m:liwset a·tjt1ta sh:e 1/f -44 .MB, am} a Wllt!mip inlen'l!J of'200,00f! 1rau.sm,rl<>fls, · · 

Stalk \Ve.b Skntfs~g! Apadu:, We-U$t. /!;t,lltlie.'.W,43 for $PA~)ru1~ 9, t:(~!}gwE<i tl! u.~t pilircw 'loruand l)'lirntr4l 
tQg!,iug,a~ lb(! "''* serv'ilt, W;:, ine S'URGr. [61 ,o i;i':-ilt:rate-W~b ;ccqu~s.-We u~~ e. repoiitMY of 20,00() ftlt<~ (.(otniliJ.is 
·--SOO Mi:!}. an,1 di!l!lhk: ~of.the !o,s;...11li1g. fot lilgf. p.dorn1atce. Vt~ simolate 400 -clfosL~ ~ach Mth 1.'i m.s 1,_11t11(: ,i<'l,~ 

t>,;:~~Cll1'<l£JGe~7'·, il~d \\'llm1 VP f\:lf 50.~reqti~ts. ----------~---~-----! 
Sfalie Web Se,t\'ing; l.lR•'l-• 'l:<.>JJJ; ii auqthi,.'f ~t!,pc--web-W<1Jng worJ..-Son(hiti~Nl by SORG[i, 'Zeu, u~l\$ M cvent,dri-vir,g 
~e:nie,-motkl. lfocl\ pr.oce,wr of 1he ~rs.(el\1 i, bomid hY, a Ze.11 ·p.ocesi;► which,t$-w11itiilg foi:web .,;er"ii,g &1e1K {1i,::,: •• opl;n 
st:,d,:i::l. re~.-f ilk, s!:A<J 'fite. (i◊~.t $Oui.(,t, ctt.,). Th1., -te::Ji, \:!f tlic tt.mfijl!:..rnrk•n r. tk~ $am<: a~ A~h,:; (1Q,f)f!() .files of' 
.,5_0(} Ml~ (tit~! ~itt, 4f.JQ dl!i.~ts, _i-5, qi~ think. time, 50,d!.(i req11ws f()f wwm11p). 

SPKC. w,~ "~t· :1:.:r;(' i11tt·.g1tJ' l1t11;d.itrnrl-s {lw.ip, ~(;. ;i~· 1i1,.:f} ~11,~ 1h1~e fl()\11:l~i }X>fot. beU<'hmarh."S .f~pJ>IU. e(Juake, <lm.l 
;;wi'ml fi-:,m i!i~ S:J>E~tm1llt)n ~lit ~◊ c{)~er•;1 wM,1 r;m~ -0(: ci,i;i111rmi-t1(J/!.)' prq,p~;1l~ ?1Jrl wprking }\\I. ~i?P.-l;. We ute tise 
lln;i reference inp.Jl Rir eir.l1.bench."n!lft..·wi1 w&n:r, ujt t'iithct of ~h lil!nctnis:-k niu fPt i \:iiltiilo ii!~~ctfi_l1l!i, . . . •.---.,.......:_..,__.__ ............... ~ ...... ~~•.- ........ -=------------------

So!nrfa 9 npcratfog; s-yi.tom. These WQrldoad, :ire b.ticfl)' <f,m::.ribc..i fo Table :l-. P-or eacli data i,x,1nt :in our tesll'll~c we 

1rresent, the uvenrge Md the 95% ()vnfitfonee iniet·,aJ of multi[jfo iimnlatiom; l~i ~~ommt fm spac-e yuriat,ii.ity ! 41 

5:.2 .Comp.ressfort l'falio 

'f.o~-.aluate the suc-.t:t~i; of imr con)tl1-ei;$iml $<,hen~e; wc-e~trm13ted th~ cornp1%iiht!icy_prnpe11ie-s-o,f nut s.e1, or-t1ei1oh~ 

m,u:klt, A imapshoi is taken >Jftbe L.2-wche, ;;oi;tcr.t.. fur.ca;;;h ~f'tf~·h:rncb.111iirks aftct.a wam1,.11p-i-uterv;it A5i,IJJl'ling 

,'llr:i,!.Me: le.ngJ:h cnc.he-liile's th;1.1; c.{m cc-:::u.p~· any tt11m1:Jen,f bits, we vcimµa;1f the. aon'tpteSllio-n rntio fmni nur freq1m1t 

PatWrr, Col)~Pf\!:ti-Si!;m ;.6hr:mc (F!'C'} wi:_!h t~v.o 0:thz-r rtW!:tJQry cnmprc~sion: scber,oes: 

• lb~ X·N:J, a!,gc1ritbr.1i [rn}l!~e:('.i t!) $~<fl~ 9ompres=:l: c.1ch~.impl-<1t\Jettt~tiBns f:21, J..9, 201, 

• 'fhe Dlo-cli,R-ef~rnntfor Cornpm~folnvl!lr Loolrnh:<1i1d (BR,q,) ~diem~ f 141, whkil is ,tn up,pe.r bm.tnd for fhe 

paralicl ,,a:n,pre.¼ion s<itle.iwe: os.ed ·for me,.nory Os}fflfft~on tn tll~IB!<.1 MXT tech~ology [261. W~<1pp.ly H ·htte: to 

cache Unct 

Vi~ a!ro·oa.!1'.1f!.'Me a1,aint.t lhe "l)dfore'' alg~>rhhm-lls-ed •fo the g,.i~ unia. uliHi)',-whlcl1 c;ir.,ibines M1 r . .2-,-a."!anl im.pk­

m~~w1.!mi with Huff,naTI eiroodht_g of -codewpnf:; in th~ clic.tion.;ry. for 1.hii; :alg<'lrithJ11, w; rµn the g?jp utility <in~ 

whule each:.: Sl13p~lwi nk-(0:$ 'i'J?P,s)J\M to M--h1•~e. llnts ,indi),idi.;;i.Uy et,tnpl'l$Hed ~ the-~•tht.r-lhl~c .~chi:n,t,). :tbc 

"Deflai~·' itfgor,,i!,..·-u h \.l.!ititl {opr91:1jdc, a wr11.clic;1l O(lt?a(f. t}n ◊::lillp®llibll\;>, ef didJp11ii.ry-b?£ed s'dl\~!!S fl)r i!Tbi·· 

tiArtiy kog: caohq Jin.«;. 

Fi_g11,;Q .i $1}Qws r~1.Jlrs that 1-omp11:rc U:!c,i'ntir GQfllPf.C/.':>il.3!l sch~nwl!. While "FfC i · fl}~!li't t1; jmplernent in M.rclwa_l'°e, it 

t)ttWttl\,':.~ c,1-mp;_i:ra~lk CJJmtirtll;,ip.q• r~(i_Q~ tt} t{ie.clkti1iu,~ty,b:\l-~(·I X/U. ;ind BRCI,, 11uil-t:ve1i ~p1;m,1«,d:t~~ ;tip for .s:~m:ii: 

bwd:ini,lf.k,~. f'PCAs silghHy-bcH.ct th;m XIU. and 13Rl:L for foe.four t:(Jllltn,:tdiil bt»tifm'.:l!rk,s 
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IXRL 
~BR.Cl 

OFPC 
F:l _g,d.{, 

job apache zeus 

mi Segmented FPC 
S., M;p,.imm:n fJ'.C 

b&ip gee nwf app1u eqtt.ake s\vim oltp jbb apache zeus 

Figttr(i 3. C'><1mpn:ssion r&ti.us for scgmC11ted and vuriable•length l<'PC 

lf1 nm.ft pro~ii:;;J <:i!~he ,ksfgns, t:aclic: lbc,$ c;imi:;t l)CCUf'Y ,1ny arbim,ry r,mnhcr of hits. Rc,:ric:;ji.ug 1b,; -compressed 

liile sit<'ls t<'.l (I s:eri:ain sl.it».111 or ali }'l().~!tiblc: kngtt,~ (u~ \!.-e do ill <:iur 5<:grcmnted clei;igr.) partfally miuces comprt:$sibil· 

,ty. To <>~St\S~ (lt,': foss in c-0rnpre,,.~lbilhy, we t:orn{lar~ tb~ ,1.mipr~"<Slon: r!ltio fl:i.>tn our Segmented Fr;:qu~ .. t I1att.:1i, 

Comprt,">£i~i, sehc,me .(Scgmcnt::id-FPC) 11g,iimt the c:ou,p::e.1t,i;>u rn1:i9 fmn, rlre F'requent Patian ComprnSi;.i(!11 

sch:!mc :~umir.g v,,n11ble-l,mg1h Hm:, uxe po$~ihle (Maxi.cm:m-FPC). 

Figur.-3 ~ows 1bt: ~,lmpre~sion rmlo.~ fron, ,he two s<;heJne~ fot 011t H.m lx:ncb.m~rl<;;. The ~imp!;: :-,cilC'me {S~­

;));:,1\l~,FI'C) h«s oQmp:H~!ISion ratio& cf 1.7-'.1.A for lt1;;, th1·tc:, SPE.Cint2000 btnehman<:~, 1.0-l,3 for the Iii.re¢ 

SN~CfpZ<)OO l:,(:;;~hmarlM, J .4-2.1 fur ,l:l~ four r.:,.om1mrc.\t1i J;enchma::ks. OLTI' had the low.:$t <:orn!)l:t:c!:t,ion r&1io 

«n1rm$mlr set of <:-<1m1nernial beuchm\Uks, si!l(;C i.ts tlatii !~ rm1dotnly gene.rote~. A res'! Ol,,TP applicatimi-W{mH nu,~ 
mnr.:J, IMS rnNl,>ri)ile-%, ,md ;hir~ ha·1,c a higher compres~icm r~tfo. 
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111 Unc-0rnp~estible 
• Cmtlj'>f, 16-bi!, 

~ C<m,pr. 8-hi~,; 

m Compr-. 4-bits 

0Ze.ro\V!llrd$ 

Comptcsrion m;io;, a.re higher for all inieg~rbe;1chmark~ (l .4, 2.4) thrul floati)1g point bcnclun,!fks:. Pot ('.Xi!.mp!e, only 

0.4% ;.){ ar1 e:ad1e lin<::ii l:n .rv(i11;c a1~ cornpressi\>h This l~ l:ie,mi:se i;f !he nalJllt.i Qf lfoati·11a: p1»11t bend.mark.$ where 

ffr,ating point nombtmr might Hot .fit any of the freql!ent pmte-!1l.S. Howc:ver, some be'r;i:fa is td11 pOM,ihk for beuch­

marb with lo!$ of wi:o words. $!:gnnmted-l:l:'C 1lchieved mos, ❖f tl'N! compre.~~ion beneJit ftom variabl~fe.ngth lines 

of Maximum, FPC. 

5.3 Whkb Pa,tforns Are Frequettit? 

Preq~i,mt l\1H.e;n Cornpn:i;:;ion Cf-'.PC) is buJlt 011 the obse.rvatioi:i ih11t .some. wod varteJ·ns nre m.-,n: f.rei.1uenl tfom oth­

ers. We. ex1)el'imente>:l with c;iche ,m~slsot~ f~t ollr di(furt~ni bem:hm:uk~-U) come up wifli a renwna(>le set ru ftequi::m 

pawmi;: {de~l'lb,'XI m Taole. l }. Fig,m: 4 .-tmw~ me lel1>.tii~ frequ~r.:--.y of i.n~>toJ)f.'!.-..~lble wciiil!l. zero w()tcl:s ,md woids 

con1pre$~1ble w 4, 8. and Hi bi~. The 4--, s., and 16-ltit patietns arc;: pros~t wi1l1 vmious freque11cfo., a;;rlU$ ~m i,,teger 

and cmxunercial bi:uchm.s.tks. trnfomn,ately, m.<r~t of ti~ words in floating point bt;nthrrmrb ate in;;,,mpr◊s.siblc. \\·itb 

FPC, dnce ourpt,tt,ms nre nlainly integ,;i patt.ct,1s. 

A!:i Figur~ 4 dt1mons!ta1ti:S, uro woi;cl!> an: !he rncst Irt,pent compressible partem iu.To,s a!! lJ~nclnriar~. wbicl; t~ 

.vhy mm1:i c.omp1,c-$~fon teck1iq:.1~.s (e.g,. X·RL) ~p~c:ilkallY op!l'm!.ze for run, O:f 1,ew1. t:;igme 5 sh,1w$ lh<l a-\'l:l!'l\g_e 

n1,mberof'1~ros lfl a 7.~io r,m for ocf stt i;,f be.nchwark:,. Iixe¢p, for-eqtAa·b:: w1d jhb, the a,wagc. i.eri-> ,u.n kng/.h for al! 

b~n:::hmllrk,; is gl:!'1,ltr !hmt tv.:<~ Io d1.wefopjng foe FP'C seh,m:w, we had iwu option~ le compre~ 1;eto!:. The !ltl\1 wa~ 

to h;ive. It rircfoc for r.Mb zero wt)rll With 1w ihua. 11ie ,e.;ond wn,; ii> e11•;od.: ter,,; ru:ns wit); ;; single p~fii< Jmd s.1ve the 

le.n_glo ~ft.hinun m the d;,La p,1rt cou:!ilip0111lir1g .to that,pn:fi'x. Ifoweve:r. ~itic,q)m~t t(ln:i ,un,J1.a,•e mnn-.1b,in Nm(;md 

m most cases (fu'te} We>;'ds, lh..e ad,foi::>!131 c.Mllfiressibl.lity Justifies havmg sp<:ci3t•ll:t:,!!rt1t,n! for ,zero nm~. 
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I 32-byics 
~ 16-bytt'> 

0 ~H1ytes 
~ i·blt 

Figu,re 6, l?PC Cort1pre~-s1<.1n rudos fur segment sizes ( 1 bit to 32 bytes) 

SA Analysis of Segmented Frc<1uent Pattern (..))111pr(lssio11 

fH <le.~iini11g ~ µractical ~fnp,e~$ed cac·h.e impl!!''1Nlntatio11, sele-cti'11g 11 &ped.lic bl!.St:. ~'Cgm~•nt s;~e ;s cri!k.aL :\ wm· 

pr~~sed line(:.!)) 0111,y he $trn-;:tl In a size tJ1ai St an ln~ger t1n.ltiple of rhe base ,iegmen1 s;ie. Smaile, &-~•gmenis alfow 

for .hlgh•'!:1' wmprei;s;or, m,ios. On liie qiher ·har,d, larger :iegmecnt~ d~.creasil l'lie cacltct lieslg,11 comH1<lxit.~. C'ai:he 

d;:.;;lgn sht•ukl bal~c.e the !ratk~lf l>e!-wteri the.st: twc; e"1rrifa:tli1g iss{Ws.. We r.el.N;,ed ll tm:,e segmt:.nt siz.c pf S-by~~ 

(;.,c., ~1µ to.8 ,~3r11e1tts futi\4,tiyte line:;) 1n 01!.f S~mtr.te:4 Ft'C dcs-ign, 

Fi~;e 6 sl.:i,vs lhe wtc~itivit;)' t1f our ::O~\pressfon r,;;hemes to •lhe ba~~-11egme-n? size, 1:1t fo,tt b.m; fot eai:i; l;~irn:h, 

l:tlatk rec1i1:t:1,('lnt ®1t)p1e~i◊H rlittl);, .if wt mwe two pC!~ihle !lit.es, i.e., a)) ;m::,jrnpa:,i;i:d line oc~upfir.g f\~1} se-gm<::flt~ 

{32-hyte ~grnenti-), four (Hi-byte .$t)gmMl\.Sl, e-ight {8,h)'lte. i.egme.nts, whi<.,h h lhc. s~~w~ :\~ Segmented-,FPC in 

10 
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- 8~;J:-gtll'1;1X!~ 

~ 1 Segffients 

i----f-1--1:~4-~- - 15 S~g_mtt;l~ 

~5 S¢._gtlltfil.S. 

D 4 Seg1nen11; 

E}B 3 tlcgrntiut.<, 

eJ- 2 :Segment~ 

~ l Segntetlt 

t:tgure J), a.'lrl atl po~.sible i.~1,a, (I.bit S¢l!l'iepts, the ,ame !IS Ma-xfo1uni-FPC). Our $-by.te-~gfnem ih,;ig11 -hJet~ie~ 

1bt wn,press.fol\ n1tfo b-y ;Ip 'I~ 52% ¥~- 12.-byu: ~-egment.'-, and ttp· l(:) 19% 'tS. 16-b-}•te segments. F.igupe 7 stmw:$ 1h::: 

pt1rat!)~11ge. of lil'f~$ th~t t~a:i t-.e; oom~~~~d inl·e 1 •8° SEgmcni.,. We .sbow a fi\Cll'~: dewikd ~ 1~1.rinvtfon ·lr. f'igut1~ S, den~ 

®&1-tl.l!ln.g the ct1mula1l:w~ dfstl'.ibtttlo11 of c<impres~ed tachec f\1Je si.u:s ( l-512 blts.) fi.:u• ou:t lei; bl'-0ch;1un'ks. as weU as 

1hu ;15~, 504b ;11td 75th pt;rP:'~Jtilc,. 

<• C-onclm,ion 

C-acll~ ikwi~Mrs.mi,gbt i;,onsidf-r •t$ing, ~'ilch~ (,)mnpr~;ioi; W"f>t;;)rt:'il,re \_lmilie ,wp."lt,'\J}' Md rcd\!<:o 9~f-d1lp ban,h,,id(ti, 

l!n i.Ms <J(.l<;\lmem, ,ve f•"'!J(')~,~ anil e~>afo.,.,.le a ~in\1f1: sli»ili.cam»-oo.s~d eomp1e,%fot1. s;:hcnw auit.a.bl¢ fpcr ct;d:.~ limm, 

~ioc11 it !\"is a bw i;:t-1mpres.<ii◊11 and d~.:m,p~sl?1a ()>J~h¢fld. l1'1i1, ~lic.vl<-\ Fr~ql).::-111 l'anem 0,-.oir(.¢,;;io,i Cf'PC}.cnm­

?t'e'S-s-e.s sndividuul c.ac:!w iilie.<\ M a wonl .:tw~word htl~ls hy s1ori1,1g oomm,;)n worcl p,~m:rn;; in a «mt;p~e.-;se.i f~rnmt 

;i_=,nxp:&ni~d with all app.ropfiate p,reflt. thhr ~frnr,l~-,die:me rrovkks c<mipai·able compressi~n rnti0$ to mn,""t c,nn, 

pie."--~dm;m:)>' fu;;t .h.1cve. higher ;;ai::n~ hit fatendes. 
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-r--...----, Q,..;::;=---~-----------
100 4(i0 6.0Q 0 200 4€¥.) i',OQ 

Bits: 

1:~~1--·-•••·••••••• ll1C1'~ ........... .,_ 
g 60 
~ 401. V~•••:_ •-~ •:' '. '. ... -.~_,.,_, . .,.,. 

'20 - .. 7 ······· , ...................... . 
0 ...... ' i I ' I ,_ .I 

0- 200 400 600 

iOO 
8.0 

:~ (i/1 
~. ·40 
~ 

······-······· -~~~-£ 
• ..... ~·-·- .. - ........... J ..... ,.,,_.,.,.. ;:..,- .. ,.-~ ........ ,.. 

2(l .................. , .•• ~~ .... ~ .......... . 

{) 4-, _ __,.......,=:;:::;:.._~ ___ ..,...._~--

t) 1PO- 400 6fJO 

.Bits Bit5 

Q-1---,-----.----....------. 
() 200 !100 

.lfos 

tiltp 

0-t'----,--...,...-~--.---,-,.~ 
0 2:00 4(}0 .6i)(J 

Sits 

Figures. C11m0.lotive Oisfiibutfon 1>f Compressed Linc-1'..-cngths (l t(iSlZ bits). These gMpbs 
bigl1llght the l-5tb_, S-Oth and 75th pen-etdik values. 
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