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Yepa Aoxrioeov 12:
Ewovwen Mviun (Virtual Memory)

IMooBeopio ¢wg Mapaoxevi) 15 Maitov 2015 (Bd. 12.3) doa 23:59 (on-line) (astd Bd. 10)

Bifhio (EAMvind, éxdoon 4) - diafdote To eENG:

e Xeloopodc EEapéoemv nor Aloxom®mv 0to viuxrd evoc emeEegyaotr): §4.9, oeh. 448 - 455
(to peoaio nopdt, oeh. 452-454, pmogeite va 1o megdoete "ota Yt yooa").
o Ewovixn) Mviun: §5.4, oeh. 571 - 602, extdg 00 TOL EENG EVOLAUETO ROUATLOL:

— ogh. 585-590 (ouvdvoouds ewmoviric Lvnung, ®eudig pvipns, xow TLB): dwafdote Tig
"ota Yot yooa",

— ogh. 597-599 (Aemropépeleg it TLB miss xou page fault exceptions): Eepulhiote Tig "ot
TeTOyTA".
® §5.5, ogh. 602-611 (¢vo »oLvO TAALOLO VLA LEQOQYIES LVIUNG): XOTOLWO BENa YL TEQUTEQ®
1OTAVON 0T, AALG EXTOS UANG 0VTOU TOU HOBTUaTOG.
e Ewovixéc Mnyavég (Virtual Machines) - §5.6, oeh. 611-617: pumogeite va Tig mepd.oete "ot
yofyooa", av %ot eivar onuovtird Oéua g onuegvig texvoloyiog mov meémel va Eégete
mieQl Tivog mEonELTOL VLA TNV TIEQOULTEQ® O0TOOLOOQO L OUG.

12.1 Ewovixi Mvijun: Xtoyor mg

O mpwtog %ot PoordTEQOS 0%oTOS TOU N oviopol g Ewovixfic Mviung (Virtual
Memory) givar va, diver TV evtimwaon o€ tohamthovg "yonotes" ("mpoyoduuata") 6t Exouv
"oAN T unyovi i Toug". To PaoirdTeQo XAQAXTNELOTIHO TOV OTL TO ®AOE TEOYQU LU
"vouiCer OTL €xer OAN T pnyavi) dwi Tov" eivar 6Tl To ®dbe mEOYpauua Bemeel Ot
OraoVTaL Vo XeNoLUoToLogL TV oladnmote dletOvvon uvhung, oov vo fitov OAn 1 wviun
AN TOV, ®OL GOV VO UMV VITNEY AV GALO TTQOYQAUUATA TTOV TEEXOVY (0YEdOV) TOUTOKQOVAL.
O unyoviopodg g Ewovintfic Mviung xdver wote o Xwoog AievBivoewy (Address Space)
Tov ®A0E TEOYQAUUATOS VO E(VaL OLAPOQETIHOS 1AL YWELOTOS ATtd TO XMEO OevBivaewv
Tou dAlov.

H povdda "mgoyodupotog 1) xofotn" mou Osweel OtL €xer OAN TN pnyovi] ound] g
opopdletar Awegyooio (Process) (| napd ¢oed xow "medlo moootaociag" - "protection
domain"), xow amwotelrel "éva meoyoapua". Awodooetinég dlegyaoieg wropel vo avirovv og
OLaPpoQETIROVS OVOQMTOVC-YQTOTES, OMOTE ®OL BELOVUE VO TQOOoTOTEVOVTOL 1 Wl aTtd TNV
AhAn OLOTL 0 ®dBe YENOTNG WIToel Vo BEAEL va €xeL LOLWTIRES (EUTLOTEVTIRES) TTANQODOQIES
IOV VO NV UToQet va. Tig PAEmeL 1] vroxrhéntel o dAhog. Mmogel Opng emiong dtadoetinég
dlegyaoleg vo aviirovv otov (o dvBowmo-xeNoTy, aAld nar mdht vo Béhovue vo TS
EOOTATEYOUUE TN Wa amd v dAhn, ). Yid oxomolg modularity (Toxtomoinon twv
TANE0doQLMV ®aTA opddec) vat debugging: edv "yaldoel" n pwia diegyaasio, vo ovveyioel va
douvhevel 1 GAAN. Ztnv (Ola meQimTmon avirovyv %ot JLadOQETIRG TQOYQAUUATO, TTOU O
TQOYQAUUATIOTHG TOVg Bemwpotoe OTL To nabéva TEéxeL UOVO TOV, %ol rATEANEAV Vo
toéyovv poli. IMagamifoia —ov %o OadoQeTnf] amd GmoyPn SUAWUATOV  %OL
mpootaoioc— elvar xor M meplmtworn wds "depyaoiog yonotn' a¢' evdg, xor Tou
Agitovgywol Zvotiuatog (Operating System) ot TV GAAT: TO AELTOVQYLRO OVOTHUO Elval
oav wa dAln diegyooia, mov €xer oav oxomd va fondd rou vo ovyyoviter Oleg Tig
duapoeg degyaoies Twv xonotdv. AMY megimtwon eivar 810 dapoeTinés depyaoies va
elvar 1o (010 pev mEoYyoauua, TOV OPMS TEEYEL TOEXEL 0 dlapogeTind dedopéva xabe pood
—quy. Eenvaue évav compiler yid vo petopodoove évo TEOYQOUUO, KOL IOV TEAELMOEL
EavoEemvape éva dlho "instance" tov (dov compiler yid vo petadodoer éva GhAho
TOOYQOLILLLOL.

H dvvatdtnro tov emeEegyaoti) (evvoolue tov xdbe éva mugnva, Otav WAGUE YLa
mohumenvoug (multicore) emeEeQyaotég) vo Olvel Tnv evivmwon OtL Teéxel (oxeddv)
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"tovtoyoova"  molhamhés  degyaoles  Aéyetar  IMolvmgoyooupotiopos  (Multi-
Programming), zou otniCeton 0to OTL oL emeEeQynoTES €ival TOMD YONYOQOTEQOL ATTO TOUG
avBpmmovg: TEéxel mOTe T o now mote TV dAAn diegyaoia, amd Aiyo thv ndbe pia, alhd
TG evaildoer 16o0 YEN Yoo mov o avOomdmvog xenotng dev PAEmel TV evalhayn na
vopiCer 0tL avtég teéyouv Tautoyeova. I'd va evolhdoovior petaEd Toug oL diepyaoieg
xonopomoteltor Paoind o punyoviopds twv Eawpéoewv/Avaxomiv (Exceptions/Interrupts) —
PA. §4.9 Tov Pirlov.

H exovuiun) pvhum, cov 106mog va diver tnv eviimwon otnv »dabe diepyooio Ot €xeL ™)
"unyovi]) Ownf tG", omotelel €Ol TEQITTWON TOU YEVIXOTEQOU UNYXOVIOUOU TNG
Ewovizonoinong (Virtualization) —BA. §5.6 tov fiiiov. H yevirdtepn avti meglmtmon twv
"gleovinav pnyovav" (virtual machines) divel T duvardtnTa otV ®dbe diegyacio oyl woOvo
va (vouiCer 6TL) €xeL T punyovi Ouxr) g, aAld emmhéov xat va £xeL To dnd TG AELToVEYIRO
ZVotnua, aveEGQTNTo %ol eVOEXOUEVIS OLAPOQETIRO ATO TO AELTOUQYIXO CUOTHUO TTOU
€xouv oL GAleg dleQyaoieg - emovIvE UNyavéS OV TEEXOUV TOUTOYQOVA TTAVM OTOV (OL0
emeEeQyaoTh.

O de0TEQOS %Ol OLAPOPETIROG OROTOG TNG EWOVIXTG UVIUNG elval va Aettoveyel cav éva
emmAiéov enimedo g Iegagyios Mviung petaEl xevroung pvijung (DRAM) xow povipmg
(non-volatile - pn wenTing) pviung (oxAneot dionov 1 uvhung flash). Me dhha Adya, W)
ewovixf) pvhun Oiver ™) duvvatdTnta oty xaGbe degyaoio va "BAEmEL" XWEO UVAUNG
HEYOADTEQO OO TO ROUUATL TS GpuoLrng uvhung (DRAM) mov ovtwg thg dratiBetor. TTag'!
OTL 0 o%0TOG AVTOG Elval eVIEADS LOPOEETIHOS atd TOV MEMTO (TTOMATAES OlEQYAOiES),
Tuyoiver Opmg ot (dror pnyxoviopot vhxov (hardware) vo pwtoQolv Tawtd)QOVO Vo
vAomoljoouv %ol Tovg d10 orOTOG.

Mud ovvémeia tov dU0 TEONYOUREVOV OROTIMV €lvol TO TEOPANUO TOU TERA(IGHOV
(fragmentation) tng pviung, To omolo —xoL ovtd— To ADvVouv oL (dloL unyaviopol tng
emovirng pvnuns. O TEPOYONOS TG KVIUNG TTEOXUVTTTEL Otd TO OTL OLddpoQES OLeQyaoies
Eentvave ral TEAELOVOUV 0 OLOPOQETIRES OTLYUES, noL nAOE WA TOV TELELDVEL QPTIVEL ROL
HAUTT00ES "TQUTMES" OO Oy ENOLUOTIOLTY (TAEOV) Uviun exel TOU TEONYOUUEVMS avTh
nOTENYE nOL YONOLpomolovoe pviun. Emiong, 6tav myawvoégyovtal oto dioxo (n otnyv flash)
nopdTia pvnung wag degyaotiag mov dev ywedve otnv DRAM, dnuoveyotvtor "toimeg"
ot DRAM and to #nopdtia mov petaxofouvv oto diono. Ou punyoviopol g elrovinng
pvnung dtvouv T duvatdTNTA YIA EXYDENON PVHUNG (Ft.y. péow malloc()) mou poldlel va
amoteleitar amd ovveyxoueveg OlevOUVOELS EVED OTNV TROYUATIXOTNTO OITOTEAE(TAL OO
nopdTia o PEiorovtal RATECTAQUEVO "edM %L exel" 0T puoLrT) pviun.

122 TomoOétnon xou Avevpeon Xehidwv: Ilivaxes Metadoaonc

Emeldn) ov aotoylec tng DRAM -eldmpévng oav Pabuido g egagyiog wvhunc—
eEumneTovvtol omtd to o%xANEO dloro, noL GO ®ooTiCovv TEOywMd TOAD (exatoppiolo
©0O®AOUG QOAOYLOU TOV emeEeQYOOTY)), TEETEL TO TOOOOTO AOTOXlAG VO YIVEL doa TOAD
xapunAo. I'd va emtevyBetl avtd, mpémel ) tomoBETnon Tov ceMdwv va eivor TolD euéntn
—-8gv pog »dvel 0 TOOTOG OV €(VOL 0OQYOVWOUEVES OL HQUPES UVIUES, OOV CUOYETLOTIRES
LeQUMV 0OV, dLOTL 0vTd Bt £dLve TOAD uxen evelMEla oty emioyh Tov "B patog" o
0o aviwataotodel yid vo dégouvpe €va véo "umhon" AéEewv, pe amotéleoua ovyva va
dubyvouvral "umhdxng" mou ta xeewalouaote. ‘Etot, aviiBeto amd T ouvnOiopéves ®Qupég
LLVT|UES, 1) ELrOVIXY] Uviun Aettovgyel oav "mANowg cvoyetiotxi]”!, dnhadi To olodijmote
"uhox" AEEewv amd to dlono pmoel voa tomobetnOel omovdfmote oty DRAM. Avtd,
dvowmd, Ba éxave v avalfitnon eEougetind doamovneh edv €mpeme va avalntovpe o
"uhox" ovtot, yU' avutd 1 avalitnon yivetor allowde: pe "mivaxes petddpooons” mov
naToyQAadpovv ol Poloretol To vdBe "pmhon".

Emeld1 | ®é0e mpooméhaor oto dioxro »ootilel ol (yoovind), Oéhovue va "amooPéoovpe"
ovtd 1O %O0TOS %Avovtog ToAAY Odoukeld xdbe Gopd mov mydivovue oto dioxo,
expeTailevopevol T YO TomArOTNTA ®0OMS %Al TO YUQAXTNOLOTIXA TOv Olo%OU
(mpooméhaon ovvexduevov AEEewv elvar oA yoNnyooTeEn ot 600 Tuyainv AéEewv).
"Etot, to "urmhon" g tepaoyiog pvhung petaEd DRAM xau diorov elvor ol peyahhteo
ot 600 To PO (Yoauui) Twv xeuddv pvnuov. To "pmhon" tng tepoyiog DRAM-8ioxov
Méyetan Xehida (Page) xou elvar ouviBwg 4 1) meguocdtepa KBytes. "Evag delitegog faoindg

http://www.csd.uoc.gr/~hy225/15a/ex12_vm.html Page 2 of 8



Exercise 12: Virtual Memory (U.Crete, CS-225) 15-04-23 17:25

(WGAhov nar Paordtegog) Adyog Yid Ttov omoio Oéhovpe peydho pmhong (o0elideg) otnv
ELLOVLXT] VTN ECval OTL £TOL OLEVROAVVETOL ROL ETUTOYVVETOL O UNYAVIOULOS OVEDQEDNG TOV
urhon wov Pdyyvovue xdbe Ppoed, dradn 1 petdpooon oeridwv mov Bo molue apéomg
TMQEOL.

O Paownds 1eomog Aettovgylog TG ewovirig pvinung eivor o eEfg. Kabe diehBuvon uviung
IOV YEVVA O emeEeQyaoTilc —ONAadi] to mEOYQauUo TOU TEEYE- Bempeitar mg "ewovini)
devBuvon", nal perodpaletar oe wAv GAAn, "¢pvewn devBuvon', meotol dobel ot
pvnun yud voo emheyel m AEEN v omoia tehxd Bo mooomeldoel to mEodyoappo. H
petdpoaon auti) elval 1 ouvagTnon mov "avevpioxel" T ®dOe AEEN, dnhadT) auTi) OV Hog
AéeL o0 ot Puorn uviun €xel TomobetnOel  vAabe ewoviny) AEEN. H ovvagtnon avti Oa
NTav mavaxgpn edv dovAeve mAvm oe pepovmuéves MEEELS, alhd £xel Aoyind ®OO0TOG EMELDN
douhevel mhvm oe (ueyaieg) oehideg. H nébodog avti avalimmong ra avelbpeonsg pumhoxng
dev Ba dovAeve yLd TV nQUDT pvhun, AOYw Tov (OeTHd) unQol peyéfovg Tmv "yoouumv"
™G %QUONS UVAUNG, ®at TG exel amoutotpevng tayitnras. Opwg, doviedel wd xagd yiud
TNV EOVIXT] ViU, AOYm Tov "®OAmov" Touv TLB %ot Tng AeLtovQyiag Tou ev TaQaAMAm pe
™V ®QUON pviun, 6mwg 0o movue magoxdtw. H petddooon devbivoewv eEummoetel
TOAAOTTAOTE GROTTOVG TAVTOYQOVAL:

i. Botoxel mo0 éyovv Tomobetn0ei ot puotnh) pviun oL 6eAdES EOVIXNG IVIIUNG TTOV
YONOLUOTIOLOVVTOL TTEQLOOOTEQO €7l TOV TAEOVTIOG, evidy Ooeg Oev ywEAveE OTNV
vadEyovod Guokh) pviun Peioxovtor oto dioxo —OMAhadh) vAomolel v epayia
pviung peta&0 DRAM o dioxov.

ii. Metagpdlel Tig eovirég dievBivoels tng xabe diepyooiag oe dladoeeTnés GuoLrég
dievBuvoels yid v ndbe diepyooio, % €tol vhomoiel TO OLOYWOELOPO %OL TNV
700TAol0 PETAED dlepya oLV (extdg TV TEQUTTMOEWV oV OEhoVUE OL dleQyaoieg
VO ETUXOLVOVOUV PETAED TOUG HECW ROLVOYXENOTNG LvuNG (shared memory)).

iii. EAéyyer ot m Oegyaotio mou toéyel €xel dunalmpa vo ®AVEL TNV TQOOTEANCT TTOV
Nta (avayvoon/eyyoadh/extéheon) oty dehBuvon mov Tntd, Pertudvovrog €tol
axO U TEQLOOOTEQO TNV TTQOCTACIC TV LEQYOOLDV.

H petddpoaon devbivoewv yivetar ameinoviCovrag ohduineeg "oehides" (pages) euvovinig
pvnung oe ohOrAnEeg uorés oehides. To péyebog tng oehidag eivar ogretd KBytes
OTUEQQ., ®aL 1] TAOM elval va peyalmvel pe ta xeovia. ['é va yivetan 1 petddoaon yoryooa,
yonowpormoteitar cuvibwg évag uxrog ratdloyog Cevymv emovinic-puowmng oehidag yud
g md ovyva yonowpomowotpeveg oehideg —o "TLB" (Translation Lookaside Buffer)—
0QYOVOUEVOS OOV WA WxrEN ®Qudn uviurn, ouvvhimg TANEWS TQOoETOUQLOTINY —PAETE
oehloeg 583-590. Emeldn) peradodlovrar povov to 0gotegd (MS) bits Tng €irovirig
dtevBvvong, 6mwg Ba TOVUE AUECMS TOQOARATW, OTAV OL OEMOES Elvol 0LQUETA HeYAAES ®aL
HQUPTN UV CLORETA UxQT], WTOQOUUE VA TETUXOVUE (MOTE 1] TQOOTEAAOT OTNV RQUOT)
UV, OV Mg YvwoTov Eexwvdel ue raumooa and ta deEd (LS) bits tng detOuvong, va
Eenwvdel pe uovov auetdpoaota bits tng devbuvong, % €tol To TLB va dovkevel ev
TOQOAMNA® (TAVTOYQOVA) UE TNV %QUDT] UviUn, ®oL QA OAORANQOS O PNYOVIOMOS TNG
EWOVIXNG UVAUNG VO unv Toxohel xwoplo emmiéov nabuvotégnon oTo TEEEWWO TOu
emeEeQyaoti), 600 oL 0ehideg IOV YONOLUOTIOLEL O EMEEEQYAOTNG £XOUV T HETAPQAOT TOUS
uéoa oto TLB. Otov wdv ewovirn oehida dev tnv Poloxovue otov TLB, totE TNV
ovalntdpe otovg [livaxes Metdpoaons, mov Potoxoviar oty pvhun. (Me peyaliteon
oxgiPela, n ev magalilho Aettovoyia TLB xou level-1 (L1) cache €xel wg eEng: ®ooviiCovpue
mote to péyebog tng L1 cache (tov »aBe "way" tng!) va eivor puxedteQo 1 (0o ammd To
uéyeBog tng oelidag. Otav woyber avtd, Tdte Ta index bits ov yeedtovion Yid va Eexwvijoet
1 mpoomélaon otV L1 cache mpoéyovrar OAa amd To auetdgoaoto woudtt tThg dtevBuvong
(oo To page offset), ONAad amd To ®oudTL exelvo Thg puotrng dievBuvong mov To Eégouue
auéows, adol elvar (0o pe to avtiotoryo roudtl g ewovixig devbuvong. Me autd To
nopdtL Eexntvael m mpoofaom oty L1 cache. tavtdyoova pe to Eenivnua g medofaong
otnv L1 cache, dideton now m errovir] oehida oto TLB yid petdpoaon. To TLB to xdvovue
vo. elvor 1000 YQYOQo 000 oL 1M avayvwon Tmv tags g L1 cache. 'Etol, pe to mou
TehELVEL 1 avdyvoon Tov tags otnv L1 cache (6mou to tags ovtd elvor ¢uownég
OLlevOUvoeLs), €xel Tehewwoel xoL 1 petddpoaorn amd to TLB (edv fltav edotoyn), % £T0L T
tags Twv lines ov Polorovial otV cache ouyxEivovTaL He TNV PeTodQAoUEVT TAEOV (OO TO
TLB) ¢vowxr; dtevbuvon).
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OewENoTe To €ENG WnEO (EEMTQAUYLOTIRG ONUEQX) OVOTNUA EXOVIXNG UVAUNG, OAV ATTAO
TTOQAELYLOL.

e Ou emovirég devBuvoelg éyovv péyeBog 20 bits (OMA. elvar mevroyfpieg oto
denaeEadumd olotnua), doa o YMEOg ewmovirmv dlevbBivoewv eivor 1 MByte ava
diegyaoia.

e M¢éyeOog oehidag = 4 KBytes, dga ta 12 LS bits ®d0e dietBvvang (3 LS denaeEadina
Ynoia) emiéyovv 1 byte péoa ot oehida, evéd ta volola MS bits vmodnidvouv
YL@ 7ol oehlda uhdpue. Etot, n #dBe diepyaoio €xel 256 errovinég oehidec (1 MByte /
4 KBytes = 256).

e H ¢uownn pviun eivon 64 KBytes, doa oL puowég dievBivoelg amotehovvial amd 16
bits (4 dexaeEadind Ynoia), emopévog vayouvv 16 puowmég oerideg (64 KBytes / 4
KBytes = 16).

Torte, n petddoaon mag ewovirig devdvvong, mty. g FE210, otnv avtiotoyn dvowxrn
yivetal wg eEfg:

o XwoiCovpe tv ewovixi] diehOuvon ota 12 LS bits, mov vmwodnidvouv to byte péoa
oth oedida (edd: 210), xow ota 8 MS bits, wov 0gifovv v eirovirt oehida (edm: FE).

e Ta 12 LS bits (210) dev yoerdCovror petddpoon, apot amewmoviCovpe oAdrANQES
ewmovinég oehideg oe olhOnAnpes ¢uowrég oehldeg, oL Oheg oL oehldeg eival
evOvyQoUOpPEVES 0T dUoLrRd QLA TOVG.

o Ta 8 MS bits, dradt| o aoOpog ewovinig oeridag (FE), yonoipomootvtor oo index
otov mivaxa petddoaong (page table) tng diegyaoiog (process) TOU TEEXEL AVT T
otypn. O mivarog avtdg éxel péyebog 256 B¢oelg —00ec ®aL oL EOoVIrRES oehideg avd
diegyaotio. Yrdyel ymeretog mivoxrag Letddaong yid »a0e diepyacoia, £ToL OOTE 1)
%n00¢e diepyacia vo pmoet va €xel Tig duég TG, dLadoQeTinég, puoirés oerides, Tad
To Yeyovog OtL yonowpormoiel (Oieg ewmovinég OlevBUvoelg pe Oheg TG AMAES
dlegyaotec.

e >t 0¢on FE tov mivoxo petddoaons, 6mov pag odiynoav to 8 MS bits g
ewovirig dehBuvong, vdeyovv mAnEopogies —0mws Ha movue TAQARATW— YL VA
eréyEoupe av 1 exovixt) oerida FE mov Oéhovpue vadQyeL oty Gpuowxi] Lvipr, 1oL ov
éxouvpe duwalmpa va T meoome d.oove Omws TNntd 1) Teéyovoa diegyaaia.

e 31 (0w O¢om FE tov mivaxra petddpoaons Polorovpe tov apOpd g duowig
oehidag omov Poloxretal avth ™ otypn 1 ewoviri] oehida FE. Zto moodderyud pog,
VILAEYOLVV 16 Gpuowrég oehides, Goa 0 aEOPOS puoxrig oelidag éxel 4 bits. 'Eotw 6Tt
Ponrope Tov aglud A ocav aglBpd dvowig oehidag. Ze autdv ®oAdue now Ta 12
apetddoaota LS bits tng errovirng dievBuvong (210), nan dTidyvoupe £tot Ta 16 bits
™S duorilg diehBuvong: A210, 0to TaQAdELYId Lags.

123 Ilgootocioc Mviungs:

Awaymoiopog xou Igooracio Awegyasiumv: 1o hardware tou emeEegyaoty) Poloxel TOVv
mivoro petddooong e toéyovoag diegyaotag amd T (Ppuowxi)) dedbuvon fdaong tou
mivoro ovtol, mov elval yoaupévny (amd Tto A&ttovQyrd cvoTtnua) o évav edrd
ROTAYWOENTH TOV GUOTARATOS dtorxelplong pviung —OxL oto ravovird register file. Otav o
eneEeQy0oTic ToéyeL o€ "user mode", Oev ETMTQEMETOL VO YOAYPEL AUTOV TOV ROTAYWENTH],
00TWG MOTE VA PNV pimoeel va voxgldei ot elvar dhAn diegyaoia, Onhadn va pnv wroet
VO, Ao TNOEL TEOOPR Ao 0T pvhun dAhmv dlegyaoLmy.

IMoootacia Asrtovgyixot Tvotnuatog: O maamdve eldinds RATOYXWENTNS OV ®aHoQiTeL
TOV TRéYOVTA THVOrO PETAPQaons —ONAadT TV TEéXovoa dleQyaoia— elval TPOOTEAACLIUOG
oo tov emeEeQyaotny udvov otav o emegegyaotiic Poloxetar oe "kernel mode", dnladn
TeéYEL TO Aertovywmd olvotnuo. Kabe eEaipeon (exception) —me@uhapBavOUEVOD KOl TOV
nOMECUATOG oVOTHUOTOG (system call)— ammoOnuredel v maMd ratdotaon (user/kernel) otnv
omolo étoeye o emeeQyaoThg, nar Gpéovel Tov eneepyaoth) oe kernel mode. "Etot, o trap
(exception) handler exteheitan mdvta oe kernel mode, evd 0 POVOG TEOTOG YLd €va (ETNOTH VO
déoeL Tov emeEegyaoty] oe kernel mode eivar va mooxahéoel eEaiQeo, exteADVTAG AV
evtoA] system call —xdtL oav magdvoun eviol] mov mooxaiel eEalpeon, alld mov TO

http://www.csd.uoc.gr/~hy225/15a/ex12_vm.html Page 4 of 8



Exercise 12: Virtual Memory (U.Crete, CS-225) 15-04-23 17:25

Aettoveynd ovotnua Eépel Ot mpooiletar oav system call xow Oyl oav ok modvoun
EVIOM] AOY® mQOYQOUHOTLOTINOV oddAiuatos. To xdheopo ocvotiuotog eivor emitndeg
dTioypévo vo ovumeQupéoeTar oav eEaigeon (exception), xar Oyl oov OO HANECUOL
dladuractag (evtoit jal), o0Twg MOTe 1 €l00O0C 0TO AELTOUQYHO GUOTNUO —TTOV TIQETEL VO
vivel og kernel mode— va yivetor povo otnv mpoxabogiopévn dieBuvor tovu trap handler, non
oy og owadNmote Al avBaigetn devBuvorn Bo pmogolioe va Tntioel évag nondoviog
XONOTNG TQOREUEVOU VO TTOQOAKRAUYPEL TO UEQOGS EXEIVO TOU AELTOVQYLXOU GUOTIUATOS IOV
%ndveL Tovg eAEyyovg Tou edv 0 xeNotng £xel duaiwpo va Tnthoel autd mov Tntd.

Iogovoes/ Anovoeg Zehideg zon [Tgooracio Xeridmv: Kdbe 0¢on tou mivaxra petddpooong
TIEQLEYEL:

e To "valid bit", ov vOdewvieL av 1 ewovixy oeAdA OtV Omoid avoheEQOUOTE
elval magovoa 1 amotoo amd ) dpvowt pviurn. Evoeyxduevn amovoio g ewmovirng
oehidag amd ™) duown uvhun WToeel vo odpelhetan €ite 0to OTL 1 EWMOVIXT QUTH)
oeMda elvon maodvoun (dev yonoiwomoieltar, ONAady To mEOYQouue Oev eixe
eviohég N Oedouéva exel, ovte Ctnoe va faier ndtt péow malloc/sbreak), eite oto OtTL
elval vouun pev adld auti) T oty Poloxetal 0to 0ioxo nat oYL oTH Uvhum.

e Tov aeué ™ puoxig oeridag (4 bits 010 €00 TOEAdELYHA pag) OOV PoloreTAL
QUTT) TN OTLYIN 1) ElxoVIxT] 0O, OTav oUTH Elval TEOVoO 0T GUOLKT Lviun.

e Ta "bits mgootaciag" (m). 3 bits: "rwx"), mov dNA@VOUV TL €(dOVG TEOOTELATELS
emToémeTor vo. #dver 1 moQotoa diegyaoio ot AEEElS avtig Mg oeMOOg
(read/write/execute).

e To "dirty bit", mov deiyver av o eneEepyaotig GhAaEe 1] OxL Ta TEQLEYOUEVA QTS
™G oehdag amd ToTe mov TV Oofdoapue tehevtaion poed amd To dlono —eTOUEVIG
edv yoedleton 1 Oyl va yoApoupe To (VEO) TEQLEYOUEVO TS oW 0TO diono dTav
HATOLOG AMAOG TG ®AVEL "¢Emon" (eviction) artd T pviun.

e To "reference bit", mov to yENOLHOTOLEL TO AELTOVEYLRO OVOTNHO YId VO TIROOEYYIOoEL
Tov alyopbpo avtratdotaons "LRU": oe «dBe mpooméhaorn oty oehida, o
emeEeQyaoThc Bétel autd To bit, evdd To Aettovyrd olvotnua megrodind dafdlel
autd to bits yid va el mouéc oehideg yonolpwomouOnrav mododata, %ol 0T
ouvéyela ta unoeviCet.

"TTagdvoues" mQOomELLOELS ELrOVIXTG UVIIUNG elval TT.y. oL €ENG: (i) mpoomdbela eyyQadns
oe oelMdo Omov dev éxm dwaimpo eyyoadns (m.y. oehida read-only), N (i) mpoomdbela
avéyvmong dedopévmv amd oellda mov elval, . "execute-only" (dnA. TEQLEYEL EVTOAEQ), 1)
(iii) mooomdBela avdyvwong ue oxomd v extéleon (instruction fetch) amd oehido mov dev
TeQLéyEL EXTENEOLUES €VTOMEG, 1) (iv) mQOOTAOEL TEOOTEANONS OL0oOTTOTE MOQOTG OF
oehido "unallocated", dnhadi] mov ovte o compiler éPaie exel (oTatnd) ndmolo puéQog Tou
TEOYQEAUMATOS (eVTOLES 1) Oedouéva), ovte 1 malloc() exymonoe exel (duvound) xwEO
(adewa xonong). Tétoles "magdvoues" mEOomELGOELS TEORAAOUV TEOWQEO TEQUATIONO TNG
eEXTENEONG, ME TO oLrelo o OAOVG uag wivupa "segmentation violation - core dumped".

"Amovoec (aALG vOpLpES)" oehidES eovirilg MVAUNG elval exelveg TOU VAL UEV TO
eoYQOUpO £xEL VOWLMO OOoLDUe TEOOTEAOONS 0 QuTES (OMA. dev elval magdvoun 1
TOOTEANGT), AALG OUWS TUYOiVEL (elte eMelPeL ETOQrOVG VUG, elTe emeLdT) TTOTE PEYQOL
otypng dev v eixe Tnrioer to mpdygapupa) m oehida ovth va punv Poioxetal avti) ™)
oty omv  (xevtowi) pviun (RAM) tov vmoloyloti), aAld oto (oxAned) dioxo.
[Mooomeldoels o amooes oehideg MEORAMOVV TQOTWOEWY OLAROT TNG EXTELEONG TOV
mpoyQdpupatos (odpdhipa oehidag - page fault exception/interrupt), avéAnym omd To
AettovEynd OoUOTNUO VO TTQOOXOWOEL TNV oo OeAdM, %Ol ETOVEXX(VIOTN TOU
TOYQAUUATOC "oV va, i CUVERT TiToTa" HETA TV TIROOKOULON AUTH.

Awfaote yia tig EEoupéoeis/Avanomég (Exceptions/Interrupts) oo tnv §4.9 tou Piiiov.
ITpooéETe Wiaitega OTL Ta opdhpata oeMdag TEETEL VO TOL AvaryvmEIiLeL To vMxO ®oL va Ta
yeLlletan meiv ohoxAnQwOel 1 exTELEDT TNG EVIOANG MOV TA TQOXAAEDE: TOLV YQAWPEL 1)
eviolM] load otov ®aTOXWENTH TROOQLOUOU 1 M €VTOAT store ot AEN mpoopLouol, péoa
otV —avimeaxrt!— oeAda pvhung. AAOLDG, TT.Y., OEV UTOQOVV Vo emavexxiv0oUv cwoTd,
LETA TNV TQOOKOOT TNG Ao o0g oehidag amd To 0loro, eVIOAEg Omwg "1lw $8, 4($8)"
OV TTQOXVITTOVV Tr.). ATTO OUVNOLOPEVES EXYXWETOELS ONwG: "p = p->next;".

http://www.csd.uoc.gr/~hy225/15a/ex12_vm.html Page 5 of 8



Exercise 12: Virtual Memory (U.Crete, CS-225) 15-04-23 17:25

Aoxnon 124: Movoerinedog IMivaxas Merapoaong

(o) T'ié to mapamdve urEd (EEmmarypotind oNUEQX) TTAQAIELY L0 ELROVIXNG UVTIUNG, RAVTE
Eva oYMUATIHO OLAYQOUUOL TTOV VO OEIYVEL TOV RATAYWONTH OV TEQLEYEL TOV pointer GTOV
mvoro PETAPQOONS TNG TTOQOVOUS OLEQYUOINS, TOV THVOXO UETAPQOONG, TNV ELXOVIXY
devBvvon (20 bits) mwov yevvd o emeEeQyaotilg, Ta medio. ad Ta omoio auTH asoteleiTtal,
oItO TTOV TTROEQYETAL TO index 0TOV Tvaxra petddaong, Tt dofatovpe amd T Oéor exeivn
TOL THvora, koL TG ouvOétovue T duowrt) dtevOuvon (16 bits).

(B) 'Eotw 071, 0T0 TaQoutdive othd i@ dderypd pog, 1) dtegyooto pog éxel Tig eEfg oelidec:

e Ewovint) oelida 00: mapdvoun (mepiéyel tov NULL pointer).

o Ewovint oehida 01: megiéyer vmdna (r-x), xou foloxetol oty puoiri oerida 4.

o Ewovinég oelideg 02 €mg xau 09: megLéyovv vmOra (r-x), aAld elvol 0mmovoeg amd T
Puowri) pviun.

o Ewovint] oehida 0A: megiéyel otatnd dedopéva (rw-), nal Peloxetor oty Gpuoiri
oehida F, dirty.

o Ewovinég oehides 0B éwg »au BF: mopdvopes (unallocated).

e Ewovint) oehido CO: mepiéyel duvapnd dedopévo (rw-), xou Poloretar ot dpuowni
oehida 0, dirty.

e Ewovini) oelida Cl: meoiéyer duvaund dedopéva read-only (r--), xon folonetor ot
duowrt) oehida 2.

e Ewovinég oehideg C2 non C3: megéxovv duvaund dedopéva (rw-), aAld etvor
amoVoeg amd T GUoLKT) Lviun.

o Ewovinés oehideg C4 émwg nau FD: mapdvopeg (unallocated).

e Ewovint) oehida FE: meguéyel dedopéva otoifag (rw-), naur Poloretor otn ¢puoum
oehida D, dirty.

o Ewovint) oehida FF: megiéyer dedopéva otoifag (rw-), nor Poioxetar ot Guoiri
oghida 1, clean.

AgiEte ta meQLeOUEVO TOV TVOXO HETADGQEAONS TNG OLEQYAOIS HaG, XWQlS Ta reference bits
olhd pe Oha ta dhha media Tov (256 yooupés el 4 medlo avd YQOUUT —eTTQETETOL 1) X0NON
QITOOLOITON TLRMV....).

(y) Moitc amd Tg moQoxdtw TQOOTEMAOES OTLS ewovirés OevBivoelg mov didovron
mpoxahoUv opdipa oehidag xou yrori; [Toég amd autég Ba mEorAAéCOUV TEQUATIONO TOU
TEOYQAUIATOS, O AavOOOUEVO, ®OL TTOLES aA®G Oa ®Avouv TO AEITOUQYLRO OUOTNUA Vo
déger v outnBeloo oerido amd to dloro noL va emoveruviioer To mEoOyoauuo; Ot
VIOAOLTTES, 0€ oL Gpuort) dietBvvon petadodlovan;

01038 (fetch), 0BOF4 (read), CO01C (write), 0292C (fetch), 00000 (read), 99F88
(read), FESD8 (write), FF100 (fetch), C20CC (write), CDOCC (write), C0444
(read), 01FF4 (fetch), C1FFC (write), 008E4 (write), C7700 (read), 01E40 (write).

Aoxnon 12.5: TMolverminedor Mivaxes Metddpoaons - Owxovouio Xmoov

OL epLocOTEQES OLEQYOOLES XONOLUOTOLOVV OYeTIRd Aiyes amd Tig emmovirég Tovg oeAideg,
no auTtég ouvoOnhevuéveg (clustered) oe peQurés "yeLToviES", OIS OTNV TTOQOITTAVM GOXN O
12.4. Expetalhevdpevol avuti] v 00T To, WITOQOUUE VO, HELWGOVUE TO YMEO MUVAUNG TTOV
notohapfdver o mivarog petadpoaons tg xabe diepyaoiog, omdloviag Tov 08 HepLroig
WXQOTEQOUG TUVAKRES, 0QYAUVWUEVOUS OOV WA TTOAU-ETTimedn LeQaQyioL.

Oewofote 6t oto olotua pviung g doxnong 124 olhGCovpe tov povadind
(povoeminedo) mivara petddpoaong avd diegyocia oe diemimedovg mivaxeg, wg eENg. Kdbe
dtegyaotio éxeL évav mivaxra mEdTov emmédov, peyébovg 16 Oéoemv. Tov mivaxra autdv Tov
Potorovpue péom TOL YVOOTOU pointer TOU TEQLEYETAL OTOV €LOKO RATAYMONTH OV
ovadégape mapamdve. Xonowpwomootue ta 4 MS bits tng ewmovirig OetBvvong yud va
emAéEovpe pia amd g 16 Béoeg avtov tov mivaxa. Kabe ovvovaouds tov 4 avtov bits,
EMOUEVIS ®aL ®AOe BEon avTol Tov Tvaxra, avilotol el oe 16 ewmovinég oehldes. Eav xapio
oo avtég TG 16 oelideg dev vmdoyeL 0T GuoLrt) Lviur, TOTE ONUELDVOUUE TN Béon auTi)
TOU Tvoro TEMTOV emmEdov oav dxruem (valid bit = 0). AAowdg, | 6€on avth Tov mivara

http://www.csd.uoc.gr/~hy225/15a/ex12_vm.html Page 6 of 8



Exercise 12: Virtual Memory (U.Crete, CS-225) 15-04-23 17:25

TEMTOU eMIEOV TEQLEYEL EVaV pointer g €val ivoxo peTddpoaong devtégov emmédov. Edv
1 ewovint pog detBuvvon pag odiynoe oe tétolo B€om otov mvara TEMTOV emMITEOV, TOTE
xonowgomootpe ta emdpevo 4 bits tng ewovixng OdeBuvong cov index otov mvaxa
O0gVUTéQOV emmEdOV OOV pag 001 ynoe o mivoxog mowTov emmédov. Exet, otov mivanra
OevTéQov emmédov, foiorovpe ta Tend otouyelo yudt T oehida mov Tntdpe.

(apy) Kbvte éva dudyooppa avdroyo mog ovtd g doxnong 12.4(a) yid to diemimedo
o0OTNUA HETAPQAONS QUTHG TNG Goxnons. Zto (dto didyoapua, delEte GAOVG TOUG TVAKRES
devuTtégov emmédov mov Ba vrdyovv Yid Tig oehideg tng doxnong 12.4(B). Emiong deite,
oho ta meQieyOpeva OAWV TOV VARV UETADGQOONS, TEMTOV %ol OEUTEQOV EMMITEOV.
Befoawwbeite (yweic vo Odoete yoamtd Ttnv oamdvinoi oag) OTL To CUOTHUA dVTO
petapdlet Tig dievBivoels Tng doxnong 12.4(y) to idlo dmmg »aw To povoeminedo cuoTnUa
NG AORNONG EXEIVNG.

(0) TI6oec Oéoeg pvhung rotohaufdvouv OGAOL OL THVOXES UETAPQOONG TOV TTOQOVTOG
Olemimedov ouoTHuaTog YId ™ Olegyaocian pog xor Y tig oehideg (P); e oyéon pe To
povoemimedo ovotmue g doxnong 12.4(P) vmdoyel owovouia, 0To YMEO UVIUNG TTOU
notohapPaverol;

Aoxnon 12.6: IMohveninedor IMivaxes Meradpoaong
o¢ éva PeahMotizo Tvotyno

EmavoldPete v doxnon 12.5(a) —mov fitov oav v 12.4(a) (oynpotind Siaygoppo
vanmv peETadQAoNg)— auti TN Goed Y €vo QEOMOTIRO, ONUEQLVO, CUOTNUO ELROVIRTG
HvALNG:

e O ewovirég devBivoels éxovv péyebog 64 bits. Opmng, y1d moaxrTvoig MOyougs, Lovo
T 48 LS amd avtd enolpomolotvtol (YMeog ewmovinmy dievBivoemv 256 TeraBytes
avd depyaoia...).

e MéyeOog oehidag 4 KBytes. Emouévwg ta 12 LS bits tng eiwovixnic dievBuvong dev
yoedlovron petddooon.

e Tola emimeda mvarwv petddpooong avd diepyoaoial.

o Kdbe mivarog petddpoaong éxer uéyebog 4096 0éoeig, doa "wottdlel" 12 amd ta bits
ToU 0QLOUOU elovirig oehidag.

o Avvatotnro eméxtaons ¢mg 256 GBytes dpuowig puviung, Onhadf 38 bits dpuowrn
dievBuvon, | 64 M dvowréc oehideg (26-pmtog aQlOuds Gpuorng oelidog) emi 4
KBytes avd oghida.

Aoxnon 12.7: TLB, Process ID, o1 Kowvoyonoreg Xehideg

Onwg elmape ®ow TAQUTAV®D, VL& Vo YIVETOL 1] UETAPQOON YOTYOQW, YONOLUOTOLEITOL
ovvNOwg évag unEds ®otdhoyos Tevymv ewmovirig-Gpuotrng oelidag yid Tig md ovyva
yonowporootueveg oehideg, o "TLB" (Translation Lookaside Buffer), opyavmuévog oav
uxEM QUGN pviur, ovviiBws TAEWS TTQOCETALQLOTIXT).

ITooxelpévou vo. pnv ovayraLOpOoTe Vo arvuQMVOUpE T TeQLEXOUEVa Tov TLB og na0e
ahhayi] ™G Olegyaoiag mov TeéyeL (context swap), BEAovpe va uroQoUe va £YOUpe PO 0TO
TLB, tautdyeova, Cevydoia emovirig-puoixig oehidag oMY SLadpoQETIRDV JLEQYATLODV.
Avtd opwg amatel va pmrogovpe va ta Eexmoitovpe petagl tovg, adol v ®aOe oQLopévn
ewmoviny OlevBuvon evoéxeTtol va TNV YXONOLUOTOLOUV TOAAES Olegyaoies oAhd yLd
olapogeTin] mingodogio rar xatd Owodogetind 1eo6mo 1 rdbepio. I'd va yivetow o
Lo WELOUOS avTdg, rotayeddoupe tov 0olpd diegyaoias ("PID", Process Identifier) poCi
pe Tov aQuipd ewmovinig oelMdag authg g Odiepyaoiag oe xabe Béon (Cevydol erovinig-
duowric oeridag) tov TLB.

(o) OewEnote Wd eovint] uviun pe peyédn ommg g doxunong 12.4, nou Bemoiote OTL To
PID éyeL péyeBog 8 bits (uéyoL 256 Tovtdyoves depyaoies). Oewonote évo TLB peyéfoug
16 B¢oewv, ue TANEMS TEOCETALQLOTIXY TOTOBETNOT CevymdV (01001 ToTE TeVYOS HETADQOONS
wrogel va pmel omovdfmote 0to TLB). [Towd medio moémer va €xel 1 »dBe B€on avtol Tov
TLB, nou 1L peyéboug 1o nabéva;
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(B) Adote éva agBunTHd maEddeLypo Touv TANEOUVGS meglexouévoy tov TLB otav oautd
TEQLEYEL TEVYAQLAL LETADGQEOONS VLA TIS TTOQAXATM EMOVIKES OeMde amodaaioTe povol oag,
avbaigeta (oav va eloaotav to AettovEynd oloTnuo), oe mowdv duowrt] oerido Oa
TomoBeTHOTE TNV 1AOE ELrovirt) oehida mov oag Cnreltan va gvgloxreTal ev yonon:

o Trnv ewmovini] oehida 03 tng Oegyaoiag 3B (meQLéyel vMOKA), ROL TNV ELXOVIRN
oeMda 03 tng diegyaoiog B4 (megiéyel data r/w), oL omoleg avapEQovtol og eviehdg
dLapooeTinés, oveEGQTNTES duoLrES oEMOES.

e H dwepyooia 3B xow 1 diepyoosio 3C amotehoUV OLOPOQETIREG EVEQYOTOUOELS TOV
Wiov mpoyedupatog, my. o (dlog web browser TEeYUEVOS atd OVO dLapoEeTIROVG
yonotes. ['id owovopio (Guorig) pviung, To Aettoveyind oUoTNUO ®QATA HOVO €val
avTiTUITO TOV XMAKO CVTNG TNG EGOQUOYNG 0T ViU, ®oL vAvel ONeg TG dieQyaaieg
7OV TO TEEYOVV VA "PAETOUV" avTd TO HOVAILLO ROLVOYQENOTO AVTITUTIO 0T dLKT) TG
ewovixt] pviun n »ébe pia. Bédhte howtdv oto TLB xow tnv eixovixt oehida 03 tng
diepyaotiag 3C, mov megLéyel Tov (010 xwdd ue ) oerida 03 g 3B.

e Bdhte tnv emovint] oghida FF g diepyaociog 3B, nar v exovixn oehida FF tng
diepyaotag 3C, mov megueyouv dedopéva otoifag. Omwg elmape, avtég o oo
dlepyaoiec amoteholv OLapogeTinég eveQyomoLoels Tov Wiov mpoyedpuatoc. [Tagd
TO YEYOVOS OTL 0 #MOWMOS TV 000 QUTMV OLeRYaoL®V glvar ®owdg, Ta dedopéva
TOUg OUmS elvar dapogetind, apol my. Ghha ®AveL 0 €vOg YONOTNG UE TOV web
browser Tov, ®ot GAla 0 GALOC.

e O diegyaoieg A2 now A3 ouvepydlovtor petaED TOUG, ®dL EMUOLVOVOUV UECW
nowvoyonotng pviuns: H diepyaoio A2 mapdyer dedopéva mog emeEepyaoio, nal Ta
voddeL oty etrovirt g oehido C2 (mpootaoctia -w-). H diegyaoio A3 ratavaimvel
to. dedouéva mov mapdyel N A2, nou ta emeEegyatetan. H A3 duafatel ta dedopuéva
ovtd amd v ewovixy oehida tg E3 (mpootaocio r--), N omolo Ouwg, pécw TOv
OCUOTHUATOS EXOVIXTS UVAUNG, OVTLOTOLKElL oty (O duowt) oehida otnv omoia
avtiotoyel naw 1 C2 g A2, MOTE VO EMTUYYAVETOL 1] GUVEQYUOIO TTAQAYWYOU-
notovalmti] Tov d0o diepyaoiwv. Bdite oto TLB oag xot avtés tig 000 eovinég
oehideg.

(y) Ou depyaotes 3B nou 3C, mogamdivm, elval TQOOTATEVUEVES 1] o artd TV GAAn; Mmooel
N pia va dwofdoet to dedopéva tng AhAng (vhéPovtag £€toL, .., 0 évag X0MoTNg ToV aQLOpd
TMOTMTXNG KAQTAS OV O GAAOG TANUTQOAOYE(L OTOV browser Tov Y& WAV 0yOQA HECM
OLadxtov); Mmogel 1 pia vo adlowwoel (Yodpet) to dedopéva tng GAANG (TToQamAavOVTOS
€ToL, )., 0 €vOg XENoTNG ToV dALoV); Mmoget 1 pia va ®otaoteéPel (YoayeL) Tov vmoua
™G GAANG ("®oAdvtag" €tol, my., 0 évag xoNotng tov ahhov); Tlhg eEaodpariCovpe v
embuunti] mpootacio rol oveEoemoia petoED autdv Tov 000 JdleQydoldY, VD
TOUTOYXQOVA RAVOUUE KOL OLXOVOUIOL PVIIUNG HQATOVTAS Vo pHOVO Guotnd aviitumo Tov
1OINO TTOV AVTES TEEYOLV;

Toomnog Iagddoong

IMogadmote ™ oelpd avti) aoxfoewv on-line, oe poodp” PDF (udvov) (umoel va eivar
AELUEVO LMY aVOYOaUdINUEVO T)/raL "OROVAQLOUEVO" XELROYQPO, Al udvov oe popdt) PDF).
[Mopadmote péow turnin ex12@hy225 [directoryName] £va 0QY)El0 OvOpOTL ex12.pdf
7OV D0l TEQLEYEL TLG OLITALVTTOELS OOLC.
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