Exercise 15: Cache Memories (U.Crete, CS-225) http://www.csd.uoc.gr/~hy225/07a/ex15_caches.html
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Xepd Acknosov 15:
Kpvopéc Mvijneg kar 1) Emidoo) Tovg

[IpoBeopia éog Tetaptn 13 lovviov 2007, dpo pabqpotog (Boopdada 12)

Byiio (EXL. éxdoon): dwufdote To Tp®dTo Huov Tov kepaiaiov 7 --§ 7.1 émg kot 7.3, oeh. 486-528.
Aoxknon 15.1: Méoog Xpovog Ilposnéraong Iepapyiog Mviung

Onwg eidope 6to padnuo, y1é Tov VTOAOYIGUO TOV ETBOGE®Y UIAG 1epapyiag Lviung (.. Kpuen Lviun
(cache memory) pe kvptla pviun (main memory)) opifovpe tig €£NG TAPAUETPOVG:

¢ hit_ratio (mroc0otd gvotoying): Tt T0G0oTO TOV GLVOALKOD TANOOVG TPOCTEAAGE®MY GTNV 1lEPOPYi
LVIING TOV EVGTOYEG TPOCTEAAGELS.

e Mmiss_ratio (m0c0ot6 0oTOYi0G): TL MWOGOGTO TOV GLVOAMKOD TANOOVC TPOGTELIGEWY OTHV
epapyio pvnung frov dotoyeg tpooneldoels. Ipogavac, hit_ratio + miss_ratio = 1.

o thit (hit time - ypdvog gvaToYinG): XPOVOC EVGTOYNG TPOCTELUCTG, ONAST TOOT Mpa TaipVEL Ui
wpoomélacn mov Ppiokel avtd mov (NTé oMV KPR Kol ypryopn pvaun (. ommv Kpuoen
pvipm).

® tmiss (miss time - ypdvog aotoyiag): ¥pOdvoG AoTOYNG TPOSTEANGNG, dNANdY TOOT Mpa TAIPVEL
(cvvoAkd) pd Tpocmélact mov dev Ppickel avtd Tov {NTd otV pIKpn Kot ypryopn uvAun (m.y.
oTNV KPLON Hvipn), Kot avoykdaletat va 1o dofdoet and v PeYain kou apyn pviun (m.y. Kopo
HVNHn).

® tmiss_penalty = tmiss - thit (miss penalty - emmAéov KOGTOG TG BOTOY0G): TOGT DPO. TOPUTAVD
poG Kootilel ) actoyio amd TV guetoyia.

Tote, o péooc ypdvog mpooméracong otV 1epapyia pvniung, teff (effective access time), Bo eiva,
TPOPAVAOG:
teff = hit_ratio * thjt + miss_ratio * tmiss = thjt + miss_ratio * tmiss_penalty

OempNoTE A KPLPT UV HE T0G00TO aotoying dudpiot (2.5) %, xpodvo gvotoyiog 1 kuxko poroylob,
Kot k66ToG aotoying (miss penalty) 40 kokiovg poroytoV. I1660g ival 0 pHéGog ¥pPOVOC TPOOTELUOTG OE
oot Vv epapyio pvnung (o KbkAovg poroyov);

Aoknon 15.2: Enidoon Eneepyaotn pe Iepapyio Mvipng

To CPI tov ackfjicewv 14.2 - 14.4 Beopodoe 0TL Ohec o1 mpooneddoelg pviung (instruction fetch, data
load, data store) eivar gvotoyeg, onAaod Ppickovv avtd mov {nrovv TNy KpuEN pvAun (N omoio £xet
1pOvo mpooméraong 1 KOKAO PoAOYION). AVGTUYMG, 1) TPAYLOTIKOTITO SIPEPEL CNUOVTIKE amd VT
™V Woviky ewove (kat, dVoTLUY®MSG, TETOWVS EE0OVIKEVUEVOLS Kot EEOTPAYLOTIKOVG aptOHoDS
EMAOGEMV dNUOGIEVOVV Oyl oThvia TOAAEG ETapEies, Y18 guvONTOVG AOYOVC...). Ag dodue OGO pmopet
VO YEPOTEPEYOVV TO, TPAYLLOTA LLE LG 1] IOOVIKT] VU],

Ocopnote évav eneepyaoctn MIPS pe opoyepia, p' éva "dovikd" CPI (CPI pe davikn pviun) ico pe
1.4 (kbmog xepodtepo amd avtd g doknong 14.3 dedopévov 4Tt o1 EVIOAEG KIVNTIG LTOSIOGTOANG
yewpotepevovy to CPI). Oeswpiote 0Tl avTOC TPEYEL €va TPOYPOALUN TOV Oamotel v ektéheon 1
gkatoppvpiov evroddv. (@) [Tdcovg KikAovg poroyiod Ba ypedlovtav avtd 1o TPdYpapa YId va TpEEet
av N epapyio pvnung oy 1avikn (OAeG o1 TPOcTEAAGEIS EDGTOYES);

Ac vTOAOYIGOVUE TOPO TOGES TPOCTELAGELS LVAUNG KAVEL ovTd To TTpdypappa. Kabe évion kdver pia
wpoomélaot pviung yid i_fetch, kat, emmAéov, ot evtodéc load kon store kévovv pio akOpU TPOGTEAACN
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pviung xaBepio. (B) Bdost tov mocootdv eviohdv g doknong 14.2, vmoloyicte 10 TAN00G
TPOCTELAGEDV LVAING TOV KAVEL TO TOPOTAV® TPOYPOLLLLOL.

Ano T mpoomeldoelg avtéc (B), dAdec elvar gbotoyec, Kol GAAEG Aotoyec. Me TIG €00TOYEG
TPOCTEAACELS, TO TPAYHATO £X0VV OTTMG Kot 6TOV 100vikd vroioywot (o). Kdébe dotoyn mpoomélaon,
OUmG, pog kootilel miss_penalty KOKAOVG poroylov emmAéov ovTOV 7oL E0dEVEL O 10AVIKOG
vrnoAoywotg. (y) I16cec G0TOYEG TMPOOTEAAGES UVAUNG KAVEL TO TOPOTAV®D TPOYPOUUD, €0V TO
miss_ratio gtvon 2.5 % (6nwg xor oty doknon 15.1); (8) [Iécovg KdKAOVG poroylol (EmmAEOV TOL
1WBOVIKOV) paG KooTi{ovv anTég 01 AGTOYEG TPOOTEAGGELS, €AV TO miss_penalty givar 40 kvKAot poloylod
(6mwg ko oty doknon 15.1);

O mpaylaTiKdc VTOAOYIGTNG, A0oV, Ba apyel TePlocdTEPO amd TOV 100vVIKO (o) Kotd TOG0VE KOKAOVG
poroylov doot xabnkav Aoym dotoymv tpoonerdcewv (d). Emopévac, (€) mocovg kKikAovg poAoylov O
YPEWOTEL O TPAYUATIKOG VTOAOYIOTNG Y14 va. TpEEel 10 mapomdve Tpdypapupo tov 1 ekatoppvpiov
evtoAdv; (ot) [16co gival, ocuvenmg, to 16odvvapo CPI tov mpaypatikov vroroyiot; (§) [1ocec popég
apyoTEPOG EIVOL O TPAYUATIKOC amd TOV 0aVIKO VIToAoYloT; (InAadN TOGEG POPEG TaVTEPOG Elval O
13aVIKOG amO TOV TPOYUOTIKO --OnAadn trpoyporticog / tidavikoc)-

Aoknon 15.3: Kpven Mvijun Movooipavtng Aneikoviong (Direct Mapped)

Otav tonobetodpe éva avtitomo pdg AEENG amd TV KVUPLOL VAN GTNV KPLON LV, 0VTO UTOPEL va
tonofebel o opropéves pévo "emrpentic" 0foerg g Kpveng pviung. Edv dhec o Béoelg g
KPLONG UWVAUNG eivorl emtpentés (Yid v ke AEEN g KOplog pviun), TOTE M KPLET Lviun Adyetot
ampog mpocsetaprotikn (fully associative cache). To pelovéktnua Oumg TG  TANP®G
TPOGETAPLIOTIKNG KPLUPNG UVAUNG €ivarl To DYNAG TG KOGTOG: Yud vo Wa&ovpe vo Bpodpe ov pud
emBbount AéEN g KOHpLOg LVNUNG EXEL QLT TN OTLYUY GVTITUTO TNG GTNV KPLET| LVAUT, DOTE VO TO
dwpdoovue amd ekel ypnyopa, mPEMEL va. yaEovpe 6& O0Aheg TIg BECELG TNG KPUONG LUVIAUNG, a@ov 1
emBount AEEn, otav eixe éABel omv Kpven pvaun (av gixe €ABel, kol av eivon axopo ekel), RTov
EMTPENTO va TomobetnOel og omoladnmote BEGM TG KPLPNG UVAUNG.

H opydvoon kpoeng Uviung He To UIKPOTEPO OLVOTO KOGTOC E€1val 1| HOVOGTHAVING OTELKOVIONG
(direct mapped cache). Ze avt Vv opydvmon, vapyel pio. poévo emrpent 0£on oy KpLEN UVNIUN
vy v Kabe AEEN g woplag uvAune. ‘Etot, to wagipo y1d i AéEn eivar amhod: wnyaivovpe oty
povadikn emrpentn 0€om yid vt ™ AEEN, Kol Kottdpe va dovEe To10¢ Bpioketal EKEL aVTN TN GTIYUN:
N emBopn AEEN, aAAN AEEN, N kapio AéEn; (H amdvinon dideton amd to address tag ko to valid bit,
Om®G gimope 6To Padnua).

dvuoikd, To TPOPANUO UE TNV LOVOCT|UOVTI OTEIKOVIOT] €lval 6Tt povo pio omd TIc ToAAEG AEEEIS TNG
KOPLOG LVIUNG oL €X0VV OAeG TNV id1aL emitpenty Béom oV KpveN pvAun propet vao Bpioketon oty
KPUON HVAUN GE OTOONTOTE OESOUEVT] OTIYUN --av TO TPOYPOUUE oG TOYEL va BEAeL v dovAéyet
(oxedov) "tavtoypova" pe 600 N TEPLEGOTEPEG amd aVTES TIg AéEelc, TOTE Ba €xel ouveyeic aoToyiec: N
i AéEn Ba Suwyvel v GAAN. T4 va peldGovUE OGO UITOPOVUE TIC OPVNTIKEG GUVETEIEG OLTOV TOV
QOIVOUEVOD, EMIOUDKOVUE T OMEKOVION TOV AEEE®V NG KOPLOG UVAUNG OTNV KPLET UvAuUN --pUid
ouvaptnon dwacmopdg (hashing), ovolaoTiKd-- Vo TIC GTEPVEL OGO MO OUOLOLOPPO. UTOPEL GE OAN TNV
KPLEN MVAUYN, KOl VO TIG OMEPVEL YWOPIG OPVNTIKEG GLOYETIOES e TIG ovvndiouéveg 1010TNTEG
TOTIKOTNTOG TV TPOYPUUUATOV.

O1 ovvnBiopéveg TOTIKOTNTEG TOV TPOYPOULATOV givon 1 gpoviki] (temporal - 161 AEEN Eava kot Eavd),
Kot M yopwi (spatial - yertovikég AéEeig ypnoomorovvton "poli). T'd vo pnv €xel n ameovion Tov
AEEEDV OPVNTIKEG GUOYETIOEIG LE TNV YOPIKT] TOTIKOTNTA, TPETEL YELTOVIKEG AEEELS TNG KOPLOG UVIUNG
(mov ypnoomotovvton "pali") va anewovilovial e drapopeTikég OIS TG KPLPNG LvRUNG (doTe va.
pnv ddyver n pio v GAAN). EmmAéov, n aneikdvion tov AEEemv TPEMEL VoL Elval OTAY], TPOKEEVOL VO,
vAomotgitoan TAYoTe O0TO0 KOKA®po. H ovvdptnorn Swomopdg mov £€yel ovTég TS 1010TNTEG KO
YPNOYLOTOLEITOL OTIC KPLPES UVILES LOVOSTILOVTNG amekoviong eivan 1 €€ng (0mov "modulo” givon to
voromo G olaipeong --Bounbeite o611 daipeon d1d dVvaun Tov 2 1GOSVVAEL LE TO VO LOIPAGOVLE
amA®g o bits g AéENG 610 KaTtdAANA0 TANBog MS bits (nAiko) xon LS bits (vméAouro)):
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(0éom_xpvong_pv) = (51ev0_xHplag_pv) modulo (péyebog kpveng pv)

Oeopnote, Y14 amAOTNTO G oVTH TNV Goknom, 0Tt 1 Koplo. pviun €xst péyeboc pévo 256 Bytes,
emopévag ol AEEeic g €yovv dievbuveoerg 0, 4, 8, 12,... 248, 252. Osmpnote, eniong Yid anAdtnta, OTL 1
Kpuen pvniun €xet péyebog povo 32 Bytes, dnradn 8 AéEeis, emopévag o1 Béoeig g eivor 01 0, 4, 8, 12,
16, 20, 24, ko 28.

(o) Kavte évav mivoka mov va deiyvel motég AéEeig g kOplag uvniung arewkovilovtot o€ k@Oe pio Béon
™G KPLPNG PvAunG (M kaBe AEEN NG KOpLoG LVRUNG, Tpopavms, Ba eppavifetar pio poévo eopd, oe pia
pévo Béon tov mivako, agol ameikoviletol o pio povo Béom g kpveng puvung). Iocec AéEeig g
KOpog UVNUNg ameikovifovtal oty 101 B€on (Stdyvouv 1 pia v GAAN), Y14 Kabe BEon ™ KpLENg
pviung; Etvon opoidpopeoa dacmappéves 11 cuvootilovior OAec o PEPIKES POVO BEGEIG TG KPLOTG
UvnuNG; Ymapyovv movbeva yertovikég AEEELS TNG KOPLOG LVIUNG OV va ameikovifovtal otny idwa 0o
™G KPLONG LVvAUNG, dNAadn va "didyvouv" 1 pia trv GAAN;

(B) Zt0 mapamdve ankd mapdderypa, 1 devBuvon pvqung eivor 8 bits (apod To péyebog g KVPLOG
uvnung eivan 256 Bytes). H dievBvvon tng kpueng pviung sivan 5 bits (uéyebog 32 Bytes), aArd puovo ta
3 amd avtd ta bits pag evolanpépovy yid va emhéEovpe T BEom TG KPLENG LVHUNG OToL ametkovileTal
i AEEn, agov M kpuen uvAun €xel 8 povo Béoelg (Y16 vo To TOVUE OAAOLDG: 1| KPLOT UVAUN OgV
evolapépetar Y1d Bytes, odAd povo yud AéEeic). Otav o emelepyaotng pog divel ta 8 bits tng dievbuveng
LVAUNG TG AéEng mov B€AeL, g Ba Tporkvyouv Ta 3 bits Tov VITOdNA®VOLV TN BEoT TNG KPLENG LVANG
omov mpémetl vo, ya&ovpe; Metappdote Tov mivake g epadtong (o) oto dvadikd Yid vo. dgite v
OAVTINOT £TOUT UTPOCTE GOG.

(y) Td va Bpoovue ) AeEn mov Bélel o enelepyaotng, €idape oto (B) mov mpémel va ya&ovpe. Otav
(QTACOVIE EKEL, 1] EMOLEVT EPAOTNOT EIVAL OV VTLAPYEL EKEL AVTITLTTO KATO10G AEENS LLVIAUNG, OV VO TTOLAG,
Kol ov gival ovtng mov gpeic wayvovue. To av vrdpyel avtitumo kdmolog AEENG UVAUNG, TO OTTAVTAEL TO
valid bit (bit eykvpomtoc). To moidg AéEng, To anavtdel To address tag (etikéto dievbvvong). [Toca
bits mpémel va yel n etikéTa dievbuvvong (va kKavete oukovopia oto bits --kootiouv!); ITowd bits g
dtevbuvong pvung mov BELEL 0 emelepyaoThg TPEMEL VA, GUYKPIVOVUE UE TNV TIKETA devBuvong Yid va
Eépovpe av Pprkape t AéEn mov {ntder (gvotoyic) N Oyt (actoyio); ' vo omavtiote avTég TIg
EPWTNOELG, LEAETNOTE TPOGEKTIKA TOV TIVOKO TOV UETOPPACAUTE 6TO dLOSIKO otnv gpmtnon (B), Kot
deite péow moumv bits dievBuvong pmopel kKavelg va Egympioet petah tovg Tig AEEEIS TG KOPLOG VNG
7oV emTpEMETal Vo, omelkovilovtal ot B6om g KpLENG UVNUNG OOV WOAXVOLLE, KOl TOV EMOUEVAC
Bélovpe va EEpouie ol am' OAEG ALTEG PploKeTal EKEL VTN TN OTUYUA).

Aoknon 15.4: Ilocooto Actoyiog o Mviiun Movocipaving Ameikoviong

BewpNOTE TNV KPLET VAN GUESNS OmEKOVIoNG TNG doknong 15.3, n omola givar apykd kevn (0Aa ta
valid bits yevdn), ko Bewpnote 0TL 0 enelepyactng TPoomeEAAVVEL TIG €ENG dlevBhvoelg Pvnung, Kotd
YPOVOLOYIKY| GEPA:

100, 200, 56, 96, 204, 60, 52, 100, 208, 96,
200, 52, 204, 104, 60, 100, 208, 52, 96, 212,
100, 208, 52, 108, 104, 60, 56, 108, 204, 52,
96, 204, 56, 100, 60, 52, 104, 64, 60, 204

(o) TTog amd avtég T1g TpoomeAdoelg ival dotoyeg kol oG givan gvotoyeg; [d va 10 amavtiote,
YPAYTE TIG TPOCTELAGELS GT GEPA, KOt SimAa 6€ Kabepd onpemdote o mapévieon  B€om g KpLENG
LvfAung 6mov avtn tomobeteiton, ko "A" 1 "E". To "A" i "E" mpokdntel KorrtdvTag mow 610 ¥pdvo Kot
BAémovtag ol AEEN pvAung eixe pmel og avt T B€on tedgvtaio.

(B) [16oeg and T1g mpoomerdoelg eival aotoyes; [1o1d gival 1o T0G0GTO 0.6TOYING;
(y) Eoto 611 0 ypdvog gvotoyiag eivar 1 kOkAog poloyiod, evd 1o emmAéov kO6GTOC aotoying givar 4

KOKAOL poAoylov. Tote, mO10¢ gival 0 PECOG ¥POVOG TPOCTEANCT|G GE QLT TNV tepapyio uvaung; (BA.
doxnon 15.1 y14 Tovg opropovg). (To kd6oTOg 0oTOoYiog OV SideTOn €d® €ivar vVIEPPOAKA LKPd Yid
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onuepwva dedopéva, OUMG KOl TO TOGOGTO 0oToYloG givar vIepPoAKd peydAo AOYO TOL TEYVNTOV
TOPOSEIYUOTOC TOV EYOVLLE).

Aoxknon 15.5: AvEnon tov Meyé0ovg Block

>11c aocknoelg 15.3 kon 15.4, to péyedog block g kpveng puviung ntav pio (1) AéEn wévo, dniadr oe
KGO aoToYio PEPVALE GTNV KPUPT VAU LOVO TNV [ GLYKEKPLUEVT AEEN oL BEAape Kot pog ELETE.
M tétolo opyavmaon, 0V EKUETAAAEDETOL TN YOPIKT TOTIKOTNTO, ONAAO OTL TO TPOYPAUUOTO, LOAG
YPEWOTOOV UG AEEN, €xouv peydAn mBavotnta oe Aiyo va ypelootovv kot Tic dumAavég e [d va
EKUETAAAELTOVHE QLTI TNV W1OTNTA (08 GLVOVOCUO LE TO YEYOVOS OTL TPOCTEAAGES GE GUVEYOUEVEG
d1evbiveelc KOpLog VNG gival TOAD TNVOTEPEG GO TPOOTELICELS G TVYOiEG d1eVBVVEELS) (Kot Yid v
peuwoovpe kat to TAn0og tv address tags), avEavoupe to péyebog twv blocks tng KpLENG LvARUNG.

Ag molpe 4Tl 6TV KPLON pvnun g doknong 15.3 kévovpe 1o péyebog block va givan 2 Aé&eig, SnAadn
8 Bytes. Tote, 1 kpoen pviun, peyéboug mavto 32 Bytes, 0o £xel 4 udvo blocks, ta 0, 8, 16, kot 24. To
block 0 mepiéyerl tic Béoeig 0 xan 4, 1o block 8 mepigyer Tic Béoeig 8 ko 12, x.0.x. Emiong, o1 AéEeig
pvniung Beopovvton (evyapopéves oe blocks icov peyébovg, mov givar evBuypappicpéve ota VoK
ToVG Opa (OT®G KOl Ol YVMOGTOL LOG TEPLOPIGHOL EVBVYPAUUIOTC T®V TPOCTEAAGEDY TOV ENEEEPYOOTN).
Emopévag, ta Cevydpro tov Aégewv pviung eivor ta: 0 pe 4, 8 pe 12, 16 pe 20, 24 pe 28,... 240 pe 244,
Ko 248 pe 252.

e kabe aoToYin, PEPVOVUE GTNV KPUPN Uviun Oyt Lovo T AéEn mov yperaldpacte, aAld kai o "taipt”
¢ (Ta Taipla TG, Y1é peyaAvtepa blocks), dniadn oAdékinpo to block cto omoio avtr aviKel. Avto To
block AéEewv tng kOplog uvAune, 1o @épvouvpe oto block Bécewv g kpveNg UvAUNG 6mov ovTd
amelkovileTal, Le TNV 1010 GLVAPTNOT OTEIKOVIOTG OTIMG TPLV.

(o) TTooeg etkéteg dievBuvong (address tags) yperaletor topa 1 kKpuen pviun; Iapatnpriote 6t1, 0EoOV
wévta eépvovpe oAdkANpa blocks kot moté pepovopéveg AéEelg, av Eépovpe mold AEEN Bpioketon .y,
ot 0éom 24 g KpueNG LVNUNG, TOTE EEPOoupe avTOpaTa Kol Told AEEN Ppioketan otn Bon 28, dniadn
otV dAAn Béon Tov id1ov block: To "taipt" g TPMOTNG.

(B) Bewpnote v 1010 oelpd Tpooneldcemy OTmG Kot oty doknon 15.4. Me m véa kpven pviun,
TOLEG OO AVTEC TIG TPOOTEALGELG ElvaL AGTOYES KOl TOEG Eivol 00TOYES; ATOVINGTE UE TPOTO OVALOYO
pog TV epwtnon 15.4(a), oAAd Tpoceste OTL TP M TP®TY aotoyia oe b AEEn evog block @épvet
oAOKANpo 10 block (2 AéEelg), Kot emopEVMS 1 EXOUEVN TPOGTELAGN otV AAAN AéEN Tov 1810V block Oa
EVOTOYNOEL.

(v) Tl6cec amd 11 Tpoomeldoelg eivar dotoyeg; [Tod gival 10 T0c06TO aGTOYiNGC;

(0) 'Eoto 011 0 ¥pdvog guotoyiag givar 1 kOKA0G poAoylov, eved 10 emmAL0V KOGTOG aoTo)iog givol 5
KOKAOL poA0y100: 4 KOKAOL y1d TNV TpdTN AEEN, kon 1 emmAéov KOKAOG yud TNV pio emmAéov AEn. H
devtepn AEEN pog kootilel évav uoévo KOKAO TOpOmTAv® OO TNV TPAOTN EMEWN o1 dVvo AEEEIG mOv
Qépvoupe ovikovv oto 1010 (gvBuypappiopévo) block g kOprog pvqung, koi Gpo pmopodv va
dwPaotovv "pali", Told ypryopotepa amd 600 Tuyaies, AoyeTEG Avayvdacelg Tov Ba ypetalovioy 4+4=8
KOKAOVG poroy100. Tdpa, Towdg gival 0 HEGOG XPOVOG TPOGTELNCTG GE QTN TNV lEPAPYiD, LVAUNG;

Tpomog lHapddoong
A®GTE OAEC TIC UMOVINGELS GOC 6 YOPTL 6TO pabnua, Tpwv avtd apyicetl. (Eav ypdwyete v amdvinon

0€ VTOAOYIOTY], TOPOKOAEIOTE VO TNV TULMGETE KOl VO TOPUdMOETE UOVO YopTi, Y Adyovg
opotopopiag Kot dtevkdivvong g d1opBwong).
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