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2e100 Aoxnocov 13:
DRAM, Awo.¢pvAroon,
Movaoeg Ewocooov/EE60ov (1/0), DMA

Ao ™v 11n vy v 121 efdopada tov EEaurvou

Bipiio: Two peurnd amd ta Oépota avtig TG oelRds aornoemv, olofdote Tnv §5.2
"Teyxvohoyieg Mviung" (oeh. 453-459), naBmg nat (RATWG O £YRVHAOTALOLLA) TLS
§1.4 (Kdtw amd to Kdhvpa) nar §1.5 (Teyvohroyieg Kataorevic EneEegyaotmv
nor Mvnuov), oehideg 45-58. Ta drhho O¢poata autng ™S 0elRdS 0LoRTCEWY, TOV
glvou ®oL TO TEQLOOOTEQAL, OV VITAQYOVV 0€ QUTH TNV €%O001 Tou PLfAiov.

13.1 SRAM, DRAM, IIpoonehdoels Tvveyonevov A¢Eewy

SRAM-DRAM: Onwg elmape oto paOnuo, too chips pviung eivor oQyovmuevo
eowteoud oe xnAawrooo blocks amd otoelon pvhung. 2tig "otoTréc" uvieg
(SRAM - Static Random Access Memory), to. otovyeio pvinung etvan flip-flops (pe 6
transistors x0aBéva), nar M amodnrevpévn mAngodogia dwotneeitar 0co elvou
avapuévn M tdomn teododooios. Ztig "dvvapunés" pvijues (DRAM - Dynamic Random
Access Memory), Ta otouyeion pviung etval murvoTtég (capacitors --€vog TURVOTHG
%o €va transistor avd bit), 6wov amoOnreveTon dvvauxd n TAnoodogia. Adyw Tou
el paTog dLaEoNg, | TAneodoio avti) (potio oTov TUAVITTH), YAVETOL PECO O
Mya ythootd tov dgvtegorémTov (ms). ['id va dtatnenBoiv ta megLeydueva g
DRAM mpémel va to avalmwoyovoiue (refresh), dniadr va ta dwofdlovue »ar vo
ta Eavayoddovue, »dbe megimov 8 pe 16 ms.

Méye0os (Xmontuxotmyra - Gbits): [Togd to petovéxtnud Toug autd, ®RaL ToQd TV
peyahlteen %obuotéenomn meoomélaong mov €xovv, oo DRAM dwabBétovv éva
ONUOVTIXO TIAEOVEXRTNUOL: TTRQOOPEQOVV TEQ(OV pioe TAEN peyéBovg peyolivTeen
yoenTrdéTNTO (Ccapacity, Mbits --OyL "capacitance") avd chip oe oyéon pe 1ig SRAM.
Etol, oo DRAM yonoipomototvial oxedov mdvta Yud TNV ROTAOKEVT) TNG RVQLOS
Lviung (main memory) TV VITOAOYLOTMV, VM oL SRAM %0NOLULOTOLOUVTOL OYEOOV
mdvra. Y tig wQupég uviueg (cache memories), AOY®W TG YAUNAOTEQNS
nobvotéonong Tovg. Me v mEO000 TG TEXVOAOYIOS  KOTOOXEVTC
OAOUANQWUEVDV RURAOUATOV (chips), 1] XWONTROTNTA TOV chips UVI|UNG OVVEXDS
avEdavovtav. Tig moonyovueveg dexaetieg, o QUOUOS avthg Tng abEnong Nrav:
terganmhacioonog (x4) ywonurotrag xdbe toia (3) yxeovia, Opmg ovuti)
denaetia avtog €yel méoel. To 2013, n teyvohroyio twv DRAM Poioroviav yoow
ota 2 ¢wg 16 Gbits avd chip, ald xar to 2017 d potid .. 0T0 Www.micron.com
Oelyvel moouoleg ywenTrotnTes. Epmoound, tnv uvijun Tov VTOAOYLOTOV TN
Potoxel navelg oe uneég mhaxnéteg (modules - DIMM), mou 1) ®aBeud €xel mévo tng
ovvilBwg 8 (] 9) 1} 16 (] 18) chips. ‘Etou, m.y., éva module pe 8 chips twv 256M x 8
bits = 2 Gbits ®abéva elye cvvolxi) ywentwdTnTa 16 Gbits = 2 GBytes. ‘Otav to
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chips elvar 9 avti 8, | 18 avii 16, to emmiéov chips yomolpomoloVvVToL YLl
amoBnurevon nwdixwv aviyvevong xzor doeBwong odaiudtwv (ECC - error
correction codes).

Toapupés o Xtnheg: Méoa oto chip g DRAM, 10 %d0¢ block elvan évag mepimov
TETQAYWVOG Tvaxoag omd otoleta pviung, pe yoow otg 1024 1 mooosmdvem
voouués emi 1024 1 mogamdve othhes. I'id va dwaPdoovpe éva otouxeto uviung
ETMAEYOUUE TTOMTA TN YOOUU] OTNV omota avixel auto, divovtag tn detBvvon
voouung (row address) OTOV QUTOXMOLXOTOMTY] YQOUMNG, O OTOLog avAafeL éva
ovopa (word line) ov OLaTEEYEL ®aL €vEQYOTOLEL TV emBuunty yoouu. Otav
avdper To ovpuo avtd, OAa Ta otoyeta pviung (bits) TAVD 0T YOOUW QUTH
oapatovrar, ONAady tomobetotv To ®abEva TNV T TOL (TTEQLEYOUEVO TOV) OTO
avtiotolyo ovpua oTNAng (bit line) ov diateéyel T othAn tov. Etol, oto »dtw
LEQOG TOL block TG UVIIUNG, OTIS ATTOANEELS TV CVQUATWV OTHANG, epdpaviCeton To
TEQLEXOUEVO OMWV TWV bits OV elval amoBON®EVUEVOL OTNV ETUAEYEIOO YQOUUA.
Evog peydhog mohvmhéntng emhéyer tOTe TO bit ov epeic Oéhape, Pdaoer g
oeBuvong oting (column address), nor to dlver mpog tar €Ew. H O avth
dadwaota, amd TV €i0odo g deBvvong yoauung péxor va Pyel To teMxod bit
otV €£000, dLorel preTO KOVO (YVow ota 30 ns Yid Tig onuegivés DRAM, amd
to pins OevOuvong péxol to pins dedouévov tov chip tTng DRAM, evd avti
avEdvel onuovikd Otav mootebel xow M wobvotéonon amd TO chip TOU
emeEeQyaoTi) puéyoL To chip tng DRAM xou mtiom).

I'ertovirég Ilgoomehdoergs (sequential Accesses): Edv petd v mooamdvom
owadwaota, opwe, Béhovue va dafdoovue rat pegwd amd to "duthavd" bits
ouToU oV POMS drafdoape, TOTe avTtd Umoel va yivel oAl yonyooTeQa: Ta bits
outd elvar "étolua”, TG AToANEELS TV OUQUATWV OTNANG, ®aL TO chip TNG Uvnung
uwrogel va. to. amootelhel 0TOV ALToUVTO THV avayvewon (.. Tov emeEeQyaoTy))
TOAD Y1) YOQO TO €val LeTd To GALO (megimmov 1 bit xdBe oo pe 1 ns oe xabévo amd
to ovouata dedopévorv (data) yid tig onueovés DRAM). Expetalievopevol
OUVOTOTNTA QUTH], TETUYA{IVOULE VO TQOOTEAALVVOUUE UEYAAES OUADES YELTOVIXMDV
MéEemv (rt.y. cache lines (blocks)) pe moAD puxpY) emmAéov emmfPaQuvon o€ oyéon Ue
™V 0Qyr1) x0.BVOTEQNOT TROOTEANONS TNG TTOMTNS AEENS TS ONAdaGC.

13.2 Kootog Exxivnong »au Iagoyi
(Startup Cost versus Throughput)

H mopamdvo megimtwon mpoomehdoewv og yettovind bits otnv o yoopuy wdg
DRAM eivor maQdoerypo Wag YEVIROTEQNS TEQLITTMWONG: TTOMES POQES, VITAQYEL
éva onuovtivo Kooetog Exxiviiong (start-up cost / overhead) yud pdv egyooio (m.y.
uetadoed dedopévmv) mov eivon (oyedov) aveEdotnto Tov peyébovs g egyaciog
(7. TOU OYROU TMWV OEDOUEVMIV), ROL 0T CUVEYELD VITAQYEL £VA IURQOTEQO (1] TTOAD
uxoTeQO) emuthéov (Awndpoexnd) Kootog (incremental cost) yid tnv ®d0e emumhéov
povada epyootag (my. Y& xdBe emmiéov Byte 1) AEEN Oedopévov  mov
petadpégovrar). To emmmiéov, dadognd avtd ®O0Tog avd Lovado £Qyou TTOMES
$0oeéc To petpdue PEow Tov aviloteodpou tov: o Pulnog Magaymyng tov £oyov,
1 1 Hagoyn (throughput) (.. TOV petodeQduevOV 0edopévmy) gival 1 TOCOTNTA
TOV £€QYOU IOV TOQAYETOL OVAL LOVAdA XQOVOU, 1] O OYROG TWV OEDOUEVIIV TTIOV
petapégovral avd Lovada xeovou.
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INé mopdderypa, Bewonote évoo DRAM chip pe ogydvwon x8 (m.y. 256M x 8),
onhadt éva chip pe 8 data pins, mouv Aettovgyet oe ovyyooviopd (SDRAM -
Synchronous DRAM) pe éva golot 500 MHz (doa pe mepiodo goroyot 2 ns) (to
moQdderypa eivar nAmwg maladteQo - to 2017, ta QoAdOYL Twv DRAM's givou
ovyvd v and 1000 MHz). O ypoviopdg twv data pins eivar DDR (Double Data
Rate), Onhad1 to »éOe data pin progel va petapéoel éva data bit o ndbe Oetinm
axu Tov QOAOYLOU xal €vo emuthéov data bit oe ®dBe aQvnTrY) axu QOAOYLOU,
aga 0to modderyud pog éva data bit ava 1 ns (o) megiodo goAoylol), ONAadT pe
éva uOud (rtapoym) petadoeds 1 bit / 1 ns =1 Gbit/s avd pin. ‘Eotw 6tL amtd ™)
otyun] ov divovpe oto chip autd wd OelBuvon avayvmong PEXOL VO oG
emoteépel Ta 8 bits (1 Byte) (uéow twv 8 data pins) amd TN OlevBULVON OV TOV
dmoape megvael xaBvotégnon 40 ns. Metd amd avtd ta memdTa 8 bits OUwG, £0TW
OTL epelg BEhovue now To OLTAavd Tovg 56 bits, dnAadn cuvolxd 64 bits (8 Bytes)
(7. OLOTL €xovpe 8 TéTOLa chips ev OQAAAMAW, now Béhovpe va dafdoovpue pio
Cache Line twv 64 Bytes amd avutd (8 Bytes/chip x 8 chips = 64 Bytes ovvolxzd))
(ropud $poea, autd Oha ta bits 1) Bytes mov ta dtofdlovue Oha poli ta Aéue "burst"
— opoPoovtio). Adol to xdBe data pin Tov chip pmogel va pog dtver 1 data bit avd 1
ns, TOTe T 8 pins TOV chip proovv va pag divouv 8 bits avd 1 ns, Onhadmn 1 Byte / 1
ns = 1 GByte/s.

Ze avtd AoV TO TOQASELYUO, TO %00TOS (2aBvoTéQnom) exxivhons g
avayvoong evog tétowov "burst” eivar 40 ns, xar vt 11 ©0OVOTEQNOT ExnivONG
0$oed 1600 To ®ABe €va chip xwELOTA 600 ®aw Ta 8 €V ToRalMNA® chips OAa poli.
Ao TV dAA, T0 emmAéov (Otapoixod) xootog (xabvotéonon) YU to EMITAEOV
(yertovind) bits nouw Bytes etvar 1 ns yud #Aa0e éva emmiéov bit avd pin, 1 1 ns yud
7100¢ 8 emmhéov bit (1 Byte) avd chip, 1] 1 ns y1& ®é0e 8 emumhéov Bytes yud Oha o
ta 8 chips. To avtiotgodo avtov tov dapoeLrol ®OOTOVG (TO AVTIOTEOPO TNG
rnofuvotéonong avd povddo emmiéov Oyrov dedopévmv) elvor o uludg
UETOPOoQAS TV eTUTAEOV dedOoUEVWIV, 1) M| Taoyn dedouévmv, ONhadm 1 bit/ns = 1
Gbit/s yid »&0e éva pin, 1) 1 Byte/ns = 1 GByte/s yid &8¢ éva chip, 1] 8 Bytes/ns = 8
GBytes/s yi& 6Aa now Ta 8 chips. Me avti) v nobvotéonon exxivnong (40 ns) xou
0o QUOUO peTapoeds (8 GBytes/s = 8 Bytes/ns), 11 ouvolint] vabvotépnom Y vo
oafdoovpue ohOxANEN TV Cache Line twv 64 Bytes amd ta 8 €v moQalrjhw chips
Oa elvai: 40 ns yud to mpdta 8 Bytes, ouv 1 emmhéov ns yid xG0e pwd emmiéov
opdda amod 8 Bytes, ONAad1) ouvolrd 7 eITAEOV ns YA TIS 7 €TUTAEOV OXTAOES QLTTO
Bytes (64 Bytes = 8 mpwta Bytes + (7x8=56) emuthéov Bytes), dpa ovvolxd 40 + 7 =
47 ns. [Tagopola ovuTteQLPoQE Le TV TOQATTAVE® CVVAVTAUE ®ou o€ TAB0g dAAwV
TEQUITTMOEMYV, OTO VITOAOYLOTIXG OUOTHLATO RO TA, OlXTLAL:

e Jov TEMOTO TAQAOELYU, 1 opoyewta (pipelining) €xer outi) axoPmg ™)
oVUTEQLPOQE, €0Tm %OL AV oVYVA adLPOQOVUE YLE TO HOOTOG EXAIVIONG
OTav [d €QYOOLO OITALTEL TNV EXTEAEOT] EXATOUUVQIMV EVIOADV. ZTNV OLx1)
pog amin pipeline tg doxnong 9, to nd60TOg exnnivnong elvar 5 ndnhol
00AoYLOU (ONA. 6oN MEO YOELATETAL YIE VO TEAELDOEL 1) TOATH EVTOAT]), KO
0T OVVEYELX O QUOUOS OLORATIQMONS TWV ETOUEVIV, ETUITAEOV EVTOADV EIVOLL
1 eviohn) avd ®0xho QOAOYLOT 600 deV VIIARYOVV OAAAEEQTIOELS EVIOADV
1] a.0TOYlEC HQUDOV LVIUDV.

e Jov 0e0TeQ0 TaAdELYHa, OL oxAngot dlorol €ouvv %L outol TAQOUOLLL
OVUTEQLHOQA: HEYOL VO WTOQECOVUE VO aQytoouue va daPatovue to block
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OedOUEVOV TTOV HOG EVOLADEQEL, TTQETEL VAL TTEQLUEVOUE VAL ®LVNOEL 1] nEDOAT
aVAYVMOoNG oL Vo YueioeL o §loxog oUTwg wote va éMBEL To TEMTO bit TOV
block ®dtm amd v redoit], mov ovvi|Bwg onuaiver amd AMya émg 10 pe 20
ms (milli-second) —avtd elvowr to %60TOG (n0OVOTEQNOY) Exnivnong G
avayvoons. Metd amd avtd Opmg, ta bits eival amodnrevpéva T0o0 1oVTd
to éva 0to GALO, ®aL o dtoxog yvpiler TOOO YENYOQM, TOU 1) TOLQOYT
OedouEVOV (QUOUOS avAYVmOoNG) elval TS TAENS TV UEQLRWDV OERAdWV £mg
AMywv exatovtadwv MBytes/s (ag movue, av eivor 100 MBytes/s = 800 Mbits/s
= ¢va bit #60e 1.25 ns).

e Al modderypo eivar tor dintva, 6mov to oDEUOTO (YOOUUUES METAPOQAS
NAEXTQOUAYVNTIXDV KUUATWV) %O OL OTTTRES (veS (rupoTodnyol dpwTovinv)
OVWUITEQLHEQOVTAL AXQPMS OOV TTOAD HaxQUES pipelines —oav Toalva oo bits
OV %LVOUVTOL TO €V oW astd To GALO pe v tavtnTa Tov Gwtoc. I'd
mopdderypa, Bewpnote éva dixtvo 10-Gig Ethernet (10 Gbit/s) mov meQvdel
péoo amd v omrixt] pnrovg 20 km, nat péow TOv OMOIOV €vo TAKETO
ueyéboug 1 KByte. ‘Eotm 6t 1 tayttnta Tov ¢mtdg uéca otV OmTixy| (vo
etvar 200 Mm/s (MOyw tov delntn didBLlaong Tov vArol g tvag, 1 ToyLTNTO
TOV GTOS PEGA OTNV (Vo elval YoUNAOTEQN AT OO0 OTO %EVO —0G TTOVUE E0M
ta 2/3 Tov 300 yhddwv km/s Tou xrevov). H naBuvotégnon exnivnong yud ™
HETOPOQA TOU TOXETOU UOG UEOO OO TV OXTxy (va, ONAadn n
©00voTéEnomn Tov TEMTOV bit yid vo dwovvoer Tta 20 km pe oquti) ™V
toyvTNTa, Oa elvar 20 km /200 Mm/s = 0.1 ms = 100 ps. Metd to mpdro bit, Ta
emopeva  oaxohovBolv oe "amdéotoaon" (yoovixn) 0.1 ns avd bit (to
avttotpodo tou 10 Gbits/s) —avtd elvar To OLapoord %nO0TOog TOv AAOE
gmumhéov bit. Aga, ta 8 Kbits (I KByte) tov moxétov pag 0a xoeiaotoiy
negtmov 8 yLhddes Gpopég to 0.1 ns, dNardi) mepimov 800 ns = 0.8 ps yud va
btdoovv, To éva mow amd To dAlo. H ovvolxn naBvotéonon Aowmov eivor
100 + 0.8 = 100.8 ps.

o [lapopowa etvoar now M ovuteQLpoed Twv aTNnoLwv (buses) HECH OTOUG
VITOAOYLOTEG, ROl TOV dTVWV amtd ouVOECUOVS ONUELO-TTQOG-oNUElo (point-
to-point links) stov ofpeQa avtLroOLOTOUV TIS TNELES OTLS YPNAES TAXVTNTES
—Omwg m.y. To PCI-Express nat ta "Networks-on-Chip (NoC)", 6mwg 0a motue
apéomg Tmea, oty § 13.3, nabng rnal maganrdtw, oty doxnon 13.7

13.3 Aw¢vrrmon (Interleaving),
AlMroxralvntopeves Aocoieg

O [agaliniioucg eivor m Paocri) teyvivy] Y& v obENon g ToQOYNG
(throughput) wdg vangeoiag, dnAadn tov moool "mehdtes" eEvmnoeTolvial avd
povada xeovou, ¢0tm xaL av O0gv pelwwvetor 1 robvotéonon ("exnivnons") tng
eEumnoétnong tov xabevog mehdtn xwowotd. H opoyelpio (pipelining) eivol n pio
LOQPT) TAQUAAMOUOT, OV ePOQUOTETOL OTAV TTOMOATAES eL0wxevVUEVES LOVADES
eoYyACovtal Toutoyeova o€ dLadOQETIRES HAOELS 1) ®OOeWOl TNG EEVTTNEETNONS TOV
n00e "mehdtn". H GAAM pooodn mooarAniopov eivor Otav TOMOTAES (Oteg
pnovadeg €Qydlovral TouTOyEOovVo €EVTNEETMVTOS (TTAMQWS) €vav dladpoeTInd
"wehdtn" woBepta. Avti) 1 0e0TEQN HOQEOT] TOUQAAMNAMOUOU, EPAQUOCUEVY OTLS
LVTLES, XOMNOLUOTOLEITOL €O %Ol WOO dLdVO YLd TNV o0ENCY TG TAQOYNS TWV
Uvnuov, ovopalouevn Adiagpviiwon Mviung (Memory Interleaving).
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‘Eva. Avapvilopévo Zvotnue Mviung amoteleltar amd moAlamhés unodtees
WUVIUES, TTOU WITOQOUV Vo OOVAEDOUV OAES TAVTOYQOVA, ITQOOTEAQVVOVTOG
(duaPdalovrag N yoadoviag) %L amd Wwa Oodoetiny AEEN (1) oudda yeLTovirmV
AéEewv) noBepia. OL empéoous unoTees pviues ovopdtovtar "memory banks",
nofepio. H nobe AEEN TOU OVVOM®OU OUOTHUOTOS UviUNGS  Potoxetal
amoOnxrevpévn o plo xaw povo pio owd Tig banks. ‘Omote ouvpPaiver va
yoewaLopoote (oxeddv) tavtdoyoova OVO 1 TEQLOoOTEQES AEEES (1) ouddeg
vertovirmv AéEewv) mov Poloxoviar oamobnxrevuéves oe duopogetinés banks
rnoBepio, Wrogovue vo Tig meoomehdoovue (oxeddv) tautoyeova, PAtovtag Tig
banks mov Tig meQLEXOUVV (TTOMATAES aveEAQTNTES Hviues, ONAadT) va dovhelouv
ev moQaANA®. O TeOmOg dLOHORAoHOD TV AéEewV (1] TV OUAOMV YELTOVIXMOV
AMéEewvV, m.y. cache lines) otig banks dg StapuAlwuEvNg pvijung axolovBel xdmolo
ovvapmon xrotoxeQuatiopot (hashing) mavw otig devBivoels Tov AéEewv,
eMAEYUEVT OVTMG MOTE VO LEYLOTOTOLEL TNV TBavOTNTA oL AEEELS (1) opddeg) mov
Intdue yoovird ®ovid PeToEL toug va Peioxovtor oe diadogetint) bank. Mid
ovVviONg TETOLOL OUVAQTIOT ROTOREQUOTIOMOU YONOLUOTIOLEL bits x0vTtd 010 deELd
(LS) dxrpo tng dtevBuvong yud va emudéEel Ty bank, oUtwg MOTE TQOOTEAATELS OF
Oladoynég AéEelg (1 cache lines), m.y. AOY® OCELQLARDV ETMOREPEWY O UEYANOUG
VOrES, VoL TEGTOVV 0 dLapoQeTInéS banks.

H mogadooiaxy) oQydvworn &evog  OlopUAA®MUEVOL  OUOTHUOTOS — UVI|UNG
yonowworotet udv agtnota (bus) mwov elvor TOAD YENYOQOTEQN OO TS memory
banks mov ovvdéovror emdvw TG, [Nd mapdderypa, Bewonote wdv agtneio
(address bus) mou pmoopet, ®dBe 10 ns, vo petadéQeL %l Vo ROUWVOUQYLO OLTNULOL
mooomélaong oe d memory bank (dnhadn wd dtevBuvon pali pe ta bits eréyyov
oV TV ovvodelouv) (Y& amhotnTa, ag Beweioovue HOVO TEOOTEAAOELS
ovayvmong €0m). Oewpote OTL 0TV 0QTNEi0. avTi cvvoéovue 8 memory banks,
mov N raBepia Tovg €xel nabvotégnon avayvwong 80 ns. Téhog, Bewonote 6TL TOL
data mov PByaivouvv (dwafaloviar) oamd xdébe bank TEOPOOOTOUV WA OelTEQM
ogtnelo (data bus) mov pmoget ®GBe 10 ns vo peTadEQEeL TMOW OTOV EMEEEQYOOTI] T
data mov dwafdoape amd pio bank. Tote, o emeEeQyaotng wroel, ®dOe 10 ns, va
Eentvder wL amd wd véo TQOOTEANOT UVIUNG, TTAQd TO YEYOVOS OTL Ba vIdQyouV
Non 7 moomyolueveg "ennpepeic" (pending) mpoomehdioels, oQxel M ndGbe véa
TEOOTEAOT VO autevBUveTow o€ pia (otnv) "ehetBeen" bank, dniadn) pia (tnv) bank
exelvn mov dev elvar amooyoAuévn pe wo omd Tig VTOMOWTES 7 EXXQEMELS
nmooomeldoels. H #dBe pio mpooméhaon (avdyvmwon) emotoédel Ta data Tng HeETA
amd 80 ns, ald ndBe 10 ns vmdpyouv data mouv emoteédouv %l amd o
olapogeTiny) amd Tig 8 Tehevtaieg mpoomehdoels mov TG Eexivnoe Oleg o
emeEEQYOOTNG TOLY TEAELWOOUVV OL 7 TTQONYOUUEVEG.

To onuegivéd DRAM chips megLéyouvv péoa Tovg moAlamiés dtadurlhmpéves banks
(ovvNOwg peta&v 4 nat 16 banks). To QOAO TV YO YOQWV AQTNOLDV TTOV Elval
%nOLVES HETOED TV banks tov mailovv ad' evog ta address pins yud TLG QTN OELS
mobofaong, ad' etépouv Ta data pins Yyl TIC OITAVTIOELS OTIS avoyvooels. H
OLapUAAmOoN (TagaAiouds) péoa o' éva DRAM chip eivon emmpelng duot, my.,
™V ®ea mov o éva bank PBoloxetal oe €EEMEN N avdyvwon WAS VEAS YOOUUNG
(mov elvar wa aQyn Owwdwooia), €va GAlo bank emotoéder to data b
TOMYOUUEVNS OVAYVWONGS Lo TV data pins, ®.0.%.

H aptoia mov tgododotel éva dtadurimpévo ovotnuo pviung, 1 éva dixtuo mov
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arotelel TV eEEMEN T aptneiog (6mmwg to PCI Express) xou mov moooiletol yid
TNV EMROLVOVIOL OVAAOYWV TOQAAANAWY OUOTNUATWV —TT.). TTOAALOITAOL TTUETNVES,
TOANOTIAG TTEQLDEQELANE, OVOTOLY(EC TAQAAMAWVY dIORWV, AT~ TTQETEL VAL €XEL L
LAQOATNOLOTIXY] LOLOTNTOL TIOU OEV TNV OUVAVTOUOOUE OTLS JTOLQOOOOLAXES
0QTNOleS: mEEMEL Vo VOOTNEICEL mOALaAES, yoOovVIRd AAlAAoxalvaTouneveg
AocoMpieg (multiple Transactions, Overlapping in time), 1 oAlol®dg
emovopoLopeves  molamiés  Euxpeneisc  Aocolqypies  (multiple  Pending
Transactions), 1 Split Transactions. H 10¢a eivai 1) €ENg: pia amd TG Emrovmvoioeg
ovorevég (0 autmv — requester, master) {Ntd pio AocoAmpia (Transaction) oo pudv
AAAn ovoxevn (0 amavtov — replyier, slave) ®ouL TEQUUEVEL AV OTTAVTNOT: TT.Y. O
artdv TNt wav avdyvoon, otélvoviag wd devBuvon, xar o amaviov Oa
QTTALVTOEL aQYOTEQX, OTEAVOVTOGS To autnBévta dedouéva. H docolypio avti,
ovviBmg onueQa, SLEKEL CLOKETY] MO, O€ OYEOTN WUE TO TTOOO YQONYOQO &€lval TO
uéoo emuowvoviag (atnota, dixtvo). Tov mahatd ®od, péyor vo élBeL miom
aTTAVTNON %ol Vo, OAoxANEwOel €toL | docolmpia, Oev umoQoloe rad GAAN
OVOREVT OO TLG OVVOEDEUEVES OTNV 0QTNQIO VO EenLvi|OEL ®aouvoUEyLo docolia,
TQOXELWEVOL VO NV "avaxoatmBolv" uetaElh toug oL docohieg xou mEoxeL
"uméoepa: €tot, 1 agTnElo ®raBovTav avevepyr (idle) 6on wEa érnave O ATOVIOV
VO, OITALVTTOEL.

H onueowvi], noAitegn opydvwon emteémer "ywouotés" doocoimpieg (split
transactions): H ¢don tov authuatog (request) g »dBe doocoimypiag eivol
EeywoLoth amd ™ ¢paon g amdvinong (reply), xow LeTaED Twv dVO EUTQETETAL VO
moeeUPANO0UV pia 1) epLoodTeQes avahoyes GAOELS (ALTIUOTO, OITTOLVTOELS) WAG
1] TEQLO0OTEQWV AANWV docoMpLv. Ovolootind dNAadT|, emntoémetal Aettovyio
avAAOYT TS OLAPUANOUEVNS VNG €VaS 1] TTEQLOOOTEQOL OULTOUVVTEG ETUTQETETOL
VO, QTOOTELAOVV TTOAOTTAG QLTHUATOL O€ Wa 1) TTEQLOOOTEQES OUOXEVES TTOV Bl TaL
QITOLVTT|OOVV, TTIOTOV ETLOTOEYEL 1] ATTAVINOY OTO TQWTO OO T, owthuota. Me
ahho Aoy, emrtémetar ov docoMPieg va aAlnhoxralimrovror YQovixd -
Oeltepn vo  aQyilel OV TEAEWWOEL 1 TEMOTY, %.O0X—~ GQA EMTQENMETAL O
TOQOAMAMONOS HeTAED docoMYPLdV. AVTd onuaiver OTL ETUTQETOVTOL TTOAAOITAES
"ennpepels" (pending) docoliec: 000 1 TEMOTN OV €xEL TEAELWOEL AROUA, QO
elvon exnoepng, Eextvder 1 O0elTEQN, %o €(vaL L eXElvI) exxQeUNS UEYXOL VO
TEAELMOEL, K.0N.

Ao v Qmoym ™G VAOTOINOoNG, WO AIt0 TS ONUOVTIXOTEQES OUTULTIOELS VLG VO
dovAépouv omotd Ohol auTA €lvor Vo VITAQYEL €vog TEOTOS OtV £QyeTOL A
oTTAVTNON VO EEQOUUE YL TOL0 a0 TA JEONYOUUEVO CLTHUOTO ATTOTEAEL
amdvtnon avti) wov toea £oyeton! Edv Oha to arthpato moigvouv otafegd
¥QOvVo vo. amavtnBovv, TOTe pmogel va moodlwayooadel OtL To cutiuota Bo
QITOLVTMOVTAL TTAVTO ME T1) 6€Led Tovg (in order), nal doa M ©dOe amdvinon adpood
TAVTO TO TOAALOTEQO EXUQEUES ailtnuar Tote, Wwd oved FIFO oagxel yid va
OUUOUOLOTE T EXHQEUN AUTNUATO, KOL VO TO "TOUQLACOVUE" HE TS OPLRVOUUEVEG
amaviioes. Oupwg, dvotuymg, ovvibwg, to dddpoga arthuata, mbavov oe
OlapoQeTinég ovoxrevég nwor o€ dlapopetinéc "amootdoels" oto dixtvo, OV
motvouv otafepd nal TAvIa Tov (010 YEOVo va amtavtnBoUv, Ao OL OTTAVTT|OELS
€oyovtol ext0g oe1pds (out-of-order — 000). ToOte, amatteiton 1 ®d0e docolnyio va
ovvodetetor amd évav "aglpd (wwowmd) Tovtomoinong" (tranasction ID —
identifier), mov va elvan exGoToTE HOVOOROS LETAED TV EXRQEUMV EXEIVY TNV DQO
O0COAPLOV, 1oL OTOV EQYETOL UG ALTTAVTNON VA VITAQYEL EVOL HVXAMUOL TTOV VO TNV
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"taoLdlel", Pdoel avtot tou ID, pe To avtioTolyo ailtnuo ov eixe avtd to ID:
otav ohoxAnowOel €toL 1 doocoAmia, ameEAeVOEQMVETOL KL UTOQEL VOl
ovaxvrhmBOel xot 0 aELOPOS (RWOROC) MOV elye mhEEL AV T 1) dDOCOAN L.

Aoxnon 13.4: Anewxoviony Mvijung tov Movadov E/E
(Memory Mapped 1/0)

Onwg etmope oto padnua, £€vog ouvnOLoUEVOS TQOTOG ETMROLVMVING ETEEEQYOOTT)-
novédwv eoddov/eEd6dov (E/E - megubegeionés ovonevéc) elvar m "amemdvion
pvnung" Tov povadwv E/E (memory-mapped 1/0). Ze tétola ovotipota, £va Héeog
Tov  "yweov" ¢uowmmv OlevBivoewy ovTloTolel OtV ®VELOL  UVHUN  TOV
VTTOAOYLOTY], €V® oL vmolowteg ¢Puowés  OlevbBuvoelgs  avIloToL oV  OTIS
meQLpeQELOnES oVOoREVES. AUTO onuaivel OTL eviolég load nal store TV omolwV M
ewoviny) Olevbuvon petagdedletar oe tétoleg "Ahheg" duowméc OevBuvoelg
TEORAAOUV PeTOPOQE OedOUEVOV aTTO TNV eXAOTOTE EMAEYOUEVY] TEQLPEQELOK)
ovoxrevn mpog tov emeEeQyaoty) (load) N aviiotpoda (store), avti vo dtafdlouv 1
va yoddouv pio O¢on wigrag pviuns. H mpootaoia twv megudpeelonmv ovorevmv
(. ooyelo oto Olono) amd avemitoemreg/ronoOPovies, AavOoouéveg, 1)
TOUTOYQOVES EOOPAOELS €E0DAATETOL e TO VA UV ATELXOVICEL TO AELTOVQYIRO
ovoTNUOL xoula ewmoviry) oehMoo yonotn o duowry] oeMOa oV avTLoTOoLKEL O
TEQLPEQELONES OVOKREVES, naL VO "epdaviCel" avtég Tig uoég oehideg udvo 0To
YDEO EROVIXMV OLEVOVVOEMV TOU AELTOVQYIXROU CUOTNUOTOS (TTAV TEQUTTMOEWY
ELOLLDV CVOREVDV %O ELOXDV KONOTDOV IOV ETUTOETETAL VA AITOXRTOVV ®OT'eVOEiOY
mOOPaomn o€ AUTEG).

Zov amhoind TTOQAOELYUOL, YLOL TOVS OXOTOVS QUTNG TG doxnong, Bewpiote OTL
whdpe yioo évor obotnua xovolag pvijung »ar ovorevov E/E mou PAémer duounég
oLevBivoelg AéEewv (OyL bytes, ONAadT €xouvv NON adapebel Tta 2-3 LS bits tng
OteBvvong tov emeEepyaoti)) pueyéboug (ou puorég drevBivoelg AéEewv) 11 bits.
Tov avrtiotoro ymdEo ¢uowanv devbivoewv, peyébovg 2048 AéEewv,
amodaoifovue va polpdoovue mg eENG:

o oOxxxxxxxxxx: 1024 AéEelg nQLOG Lviung (main memory).

o 1oxxxxxxxxx: 512 AéEelg yio plo "peyddn" meoipegetant) cvoxrevt] (dnhadm
uto. ovorevn mov mepLeyeL évav peydho buffer dedouévaov E/E mov Béhovue
Vo, uoel vo BAETTEL O EMEEEQYOOTHC).

® 110000011xx: 4 AéEelg nataveunuéveg oe 2 "unéc" ovorevéc E/E, tnv "IN"
ot 00 rEoTEQES dlevBuvoels, ot v "OUT" otig 000 peyoahiteQeg, Ommov
N ®A0e o amd VTEG TIG CVOAEVES €XEL OVO EOMTEQIXOVS RATAYXWONTES —TOV
"status" otnv Cuyn dtevBuvon, xaw tov "data" oty povi devBuvon).

(o) Zyedrdote, yonolpomoldvtog woheg AND (oowvdnmote elo6dwv) xow NOT, tov
aroxmOLroToMNTY dLlEVOVVOEMV OV ETMAEYEL T OUOXEVT] (KOL TOV RATOYWENT)
mov mEémeL va, evegyomomBel xabe poopd. Eicodog Tou amornmdiromomti) elvor ta
11 ovopata ¢vowrig Oevbuvong AéEemv amd Tov emeEeQyaoth) (UETd TN
petddpoaon g ewmovirng devBuvong amd to TLB). O amoxwoiromontilg €xeL 6
ovuata €E600v: 1 yia Ty ®igLo pvium, 1 yia Ty peydin ovoxevi E/E, 2 yid v
IN, now 2 Y& v OUT: yid ®é0e pud oo tig IN xow OUT, To momto ovouo AEeL oTe
aevOUVOLOOTE OTOV  %OTaXWENTH TNg "status" nor 1o 0gVTEQO Aéel TOTE
amevBuvopoote otov "data". Zxedidote TO HORAWUO TOUV YEVVA AvTd TO 6
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ovEUATO, OElYVOVTIAS TTQOOEXTING TTOLA OVQUOTA EL0OOOV KOl TTOLAS TOMKOTNTOG
yonoluoroLeite oe xAaBe oA AND.

(B) Ze moud AEEN pviung (oto dexnadnod, ayitoviag amd Ty 0), 1 oe moud BEon Tov
buffer tng peyding ovoxevng (dAl oto dernadno, ayiloviag amd v 0), 1| ot
OOV RATAYWENTH TTOLAG OVOREVNS avapéoetor xAbe o amd TG €ENG puoLnég
oevBivoelg MEewv mou didovtar 0to deraeEadind cvoTNU, 1| TOLES QIO AVTEG
elvou mapdvopes (avimagurteg): 000, 00E, 100, 200, 2FF, 300, 3FF, 400, 4FF, 500, 5FF,
600, 608, 60A, 60E, 60F, 610, 680, 6C0, 6C3, 6CF, 6FF, 700, 708, 70A, 70E, 70F, 710,
780,7C0, 7C3, 7CF, 7FF, 800, 808, 80A, 80E, 80F, COE, COF, F02, F12.

Aoxnon 13.5: Karayoontéc Katdoraong, Busy Wait, Polling

duvowd, ou povadeg E/E dev elvor moaypating pviun: ovyvd, owofdlovrag amd
0QLOMEVT) OLELOUVOT), OV TTOLQVEL O EMEEEQYOOTIIS TNV (OLAL TLUY] UE VTNV TTOV elye
vodapeL exel TV Televtaio pood tov Eypope oo quTNV (0 eMEEEQYAOTNG) --TTOULQVEL
™V T o Béhel va tov dwoel ®dbe popd M povdda E/E, n omota i) ouyva
ohAGCel pe To yeodvo. Emiong, tétoleg avayvmoels amd TeQUPEQELONES OUONEVES
umopovv vo. €youvv "maevégyeles" (side-effects), Omwg my. va B&touv 1 va
undeviCovv onuateg (flag bits) mov vwoderviouv m.y. 0T dafAoTnre 1 TAQOVOO
TLun €L0000v noL Oev €xel ENBeL anopo M emdpevn (véa) tipn ewoo6dou. Opoimg,
eyyoadr) oe 0QLoUEVT dLeBVVOT TEQLPEQELANTIG CUOAEVT|C LTTOQEL VO TTQORAAEL TT.Y.
HeTAdOON TNG TANQEOPOQEIOG 0€ %ATOL0 OCUQEUO/OIXTVO, HAL Ol TTQOYUOTLXT)
eyyoadn oe namoia flip-flops mov var prmogovpe apyodTeQa va ta dtafpdoovpe, nol
eVOEYETAL emioNg M eYyYQadT avti) va mooxalel xal dAAeS TaQEVEQYELES OIS T.Y.
undeviopd evog flag mov vmodewrviel 6tL moEeAGON N mapovoa Tl eEG00V ral
OTL 1] oLvoxRELT] OeV elval axnoOuo £TOLUN VA TAQOAAPEL TNV ETTOUEVT] TU).

Emeldn ot povddeg E/E dev ovpmegudp€Qovtol ooy ooy ortint] WV, oL TLES TTOV
dafaovue 1 yoddpouvue otig dlevOVVOELS TOVS TIQETEL VO UV RQATIOVVIOL OTNV
%#ovp1 pvnun, elddimg Oa dafatovpe mohég TLHES 1] QVTA OV YRAdpouue dev Ba
dtdvouv Oha N apéons otig ovorevés E/E. Auto, 1o va mogaxduttouy Oniadn ol
TEOOTEMAOELS QUTES TNV RQUPT Lvijun, emTvyydvetor ovvihOms pe éva emmhéov bit
OTOV Jvoxra oeMOmv, mou vo vmodewrvieL "non-cacheable pages", 1 pe 1o va
ovayvmeiCer m ©Qud1 pviun v ewwrn poedn Twv Guorav Olevdivoewv Twv
ovorevov E/E. Emiong, now o Compiler mpémer vo elvon €viuegog yior )
OVUTTEQLPOQA AVTMV TV "OE0emV" MG UN ROVOVLRT) LWVTLT, OVTMOS MOTE TT.Y. VO WV
oviaOiotd  mohamhég  avayvooels (load) amd exel pe  yonon TLYXOV
TQONYOUVHEVV AVTLYQAD®V TOVG O RATAYWENTES, KOl O TEQITTMON TOAAATAMDV
ovveyouevmyv eyyoadmv exel vo unv omaleiper Oheg erTOG TNG TEAELTOLAG
eyyoadne. ['a va evnuepmwOel o Compiler yio avti) TV eld) ovumeQLPoQd, mEémel
ovutég oL "B¢oelc pvung" va OnlwBolv wg volatile oto mEOYQAUUO TOU TIG
mooomeNACEL.

‘Eva. dMo otvotqpo emrowvoviag eneEepyaoti-ovoxrevidv E/E, dtodooetind amd
™V amewovion pviung tov povadwv E/E, elvor n 0mogn eldwmdv eviohwv
€L0000v/eE600v (I/O instructions) 0To QEMEQTOQLO €VTOAMV TOU emeEeQyaoti). Ot
EVIOAEG €L0000V HoLtdLovv pe Tig load xai oL evrorég eEGO0V potdlovv pe Tig store,
opwg ot evtorés E/E elvanr "mpovoovyec" (priviledged), Onhodr emroénetar vo
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extehovral povo oe "kernel mode", koL ou eviodég E/E ewdomolotv v xouodn
uvnun va uny mapépPet. Katd ta dhha, otig aptnotes E/E, ol evtohég E/E pdhhov
nOTOAYEL VO dlvouv dlevBivoelg evteAmds avaAoYeS QOGS auTég mou Oivouv oL
€VTOAEG load/store 0TaL CLOTNHOTA PE QTTELOVION LVIIUNG TV povadwv E/E.

e auti] TV doxnon, Bewenote 6Tl N "uxen" ovoxrevt) IN g doxnong 13.4 eivor
uia ovoxevy] €l0000V Ad TANUTEOAOYLO, UE TOVUG RATAYWENTES "xoatdotaong”
(status) zow "dedouévimv" (data) mou elmope. MOhg €LOBeL VEOG Y 0LQAXTIQOGS QIO TO
TANXTQOAOYLO, 1) OUOXEVT BETEL TOV ®OTOYXWENTN ®OTAOTAONS OTNV Ty 1, %o
OéteL Tov notayweNT) dedouévwv oty TN ov astotehel Tov rwowwo ASCII tov
YoQoxTNEO OV NABE. AVAyvmon (amd TAEVEAS €MEEEQYAOTI)) TOU XOATAYWENTN
HOTAOTOONG OEV EYEL TTOLQEVEQYELES, EVI) AVAYV(OT TOU ROTOYWENTY] dedouévmv
TEOXOAElL UNOEVIOUO TOU ®OTAYWENTY] RATAOTAONS (UEYXOL Vo €ABEL O emOUEVOS
YOQOXTN QOGS --£T0oL EgymeiCovpe, av matnbel To (0o MAMTEO TTOAES POEES, TOOES
dooég ot Onxe).

(o) Todpte pia dradraota (procedure) "read_kbd_busywait_char()" oe C (1], otnv
avdrynn, oe YevdormOwa otuh C) 1 omolo emMOTEEPEL TOV EMOUEVO Y AQOKTNO
amd 10 TAUTEOAOYL0 avtd. Omws Aéer xaw to dvoud g, 1 dadiracio aut Oa
nAvel "busy wait", OnAadn Oa meguuéver vo €NOEL O ETOUEVOS YOLQOKRTIQUG
OQITOLOYOMDVTOGS EV TM UETOED TOV EMEEEQYOOTI UE TO VAL EAEYYEL CUVEY DS, EOVA %O
Eavd, edv NAOe yooontNog (Avayvmon Tou ®oToywENT] ®RATAOTAONS) --GUOLKAL,
TQOKRELTOL YO TTOAD %OKO OTUA TTQOYQOUUOATIONOU, OANE amtd ®Ammov TREMEL Vol
Eenwvijoovpe... H dwadiracio 0o emotoéder tov yapaxtnoa (char) mov MAOe.
Ocwonote 0Tt M Owdwaocia Ba Toéyer oe kernel mode (Ba elvar pégog tov
AELTOVEYIXOV CUOTNUATOG), %oL OTL, OTOV Oo TEEYXEL, 1N UETADQOOT EOVIROV
olevBivoewv oe puvowég Ba eivar 1 ouvdeTnon TavtdTNTOg, ONAAdT 1 PuoLKY
oeBuvon Ba LoolToL pe TNV €ovirt] oV TV YEVvnoe. XQNOLWOTOOTE type
casting, a0 TLg 0TOOEQES AREQALES TTOOOTNTES TV AlEVOVVOEWV IOV EEQETE, YLaL VO
0QYKOTONOTE TOVG pointers (rotdAAAov &eidovg) mov Bo ypelooteite Yo
TQOOTEAALOT) OTOVS RATAYWENTES TG OVOKEVTG.

B) H mogamdveo dwadwwaota (o) elvar moAld xoxid, OOt dev adnver tov
emeEeQyaoT VO ®AVEL TIOTA AAAO OONV MDA QVTOG TEQLUEVEL VO TANRTQOAOYNOEL
0 enduevog yapaxthoas. Onwg eimape o 0to uadnua, évag xaldTeog TEdTOg
elvon va extelel o emeEepyaotng OuddpoQa TEOYQAUUOTO, KoL, TEQLOOKA, OTOTE
€0YETAL OLAXOTTH ATtO TO QOAOL MEAYUATIXOD XQOVOU (ouviBwg 50 pe 120 Hz --dAho
a0 To QOAOL Tou emeEepyaoti), Twv GHz 1) exatovrddwv MHz), peta&l GAlwv
TEQLOOUMV EQYOOLMV, VO EAEYYEL AL €AV NAOE RATOLOG VEOS YAQARTIQOS OTTO TO
TANXTQOAOYLO (CLO®EL OL YOQAXTNQEES VO UV €QYovial md yYENYoQd Ol Tig
OLOROTIESG, TTOAYUOL TTOV LOYVEL YioL TAMNRTQOAOYLO %o 50-120 Hz ouBud danommv).
O 10mog avtdg Aéyetor devyporoMypio (polling) (1) meouodevon), OLOTL O
emeEeQynotng malgvel éva "delypa" amd TV raTtdoTao Tov TANRTQOoAOYioV nA0E
10 pe 20 ms (50-100 Hz). T'odyte pio véa duadinaoio "read_kbd_polling_char()",
OVAAOYN UE TNV TTQONYOUUEVT], OALE auTi] TN ol xwElc avaupovy). Eav éxel éA0el
VEOG X0QAXTNQAS A0 TO O YoUUEVO rdleoua oty read_kbd_polling_char(), tote
Oa emotEéder aUTOV TOV YAQOKRTNQQ, OAAOLDG (av Oev €xer €ABeL vEog
YOLQOXTNQOG) Oa emOTOEPEL (AUECMS) '\O .
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Aoxnon 13.6: Kéorog E/E faoer Asvynatopiog
znon facer Aloxonmv

H mepodwxi derynaroinypio (polling) mov eidope oty mooamdvew doxnon 13.5
elvon évag geaMoTindg TeoOmog eloddov/eE6dov (E/E - 1/0), agxel m ovyvotnta
derypotoMpiog va elval agrotvtmg Ynin dote vo unv xdvovial etoodot 1 vo unv
noBvotepet M €Eodog. To pelovéxtnuo g derypatoAnpiog elvar 1 omatdin
YOOVOU YLd TNV avVAYVOON TOU %OTOY®WENTH ®otdotaons otav dev €xel €AOel
oxOuo Ve el0000G 1) OV €XEL TELELMOEL OXOUOL 1 TTIRONYOULEVT TTIRAEN E6dOV.

"Evag evalloxtinds 1006mog e106d0v/eE6d0v eivan E/E facer dwoxommv (interrupt-
driven I/O): 1 megudpegelant) ovorevn dlondmTel (interrupt) TOv emeEeQyaotn OTavV
VITAQYOVV VEO dedouéva eLl0000V YU auTOV, 1 Otav elvar €towun vo deytel véa
dedopéva e€6d0ov amd autdv. ‘Etol, dev omotalétol xodvog yio derypotonpio
YWEig MOYO TG oVonEVNG, 600 auTi) dev eivor axrdua étowun. To xdotog, Tavime,
¢ E/E Bdoer diarxommv eivon 1 eldni) poovrida (overhead) mov amontel 1 »dOe
olaxorti), 0edopuévou OtL avti) aAldlel T Olepyaota Tov TEEXEL, TA TEQLEXOUEVAL
™S ®QUONG uviung xow tov TLB, xou amoutel domavnei] ®atoyoadt oToLyelwv
(book-keeping) yio. va Aettovynoel cwotd. Avt' avtov, 1 derypotopio pooet
VO, €XEL TO TTAEOVERTNULAL, AVAAOYOL UE TNV TEQLITTMWON, OTL OeLypaToATTTel "wior na
1o molég ovonevég E/E yia na0e plo danorti) amd to goAot (batch processing),
avti va vototatar "va0e el now AMyo" to ndéotog wag emmAéov daxomng oo
oy dhAn ovoxevi). I'd va amopaotoovpe TL Hog OUUPEQEL LG EVOLOPEQOVYV TOELS
TOQAUETQOL:

o [1600 novtd yeovird umogel vo ovpfoiv 010 yeyovota elo6dov; H mepiodog
derypatoMpiog moémel va elval PoaylTeQN atd QUTO, TIQOXELUEVOD VO UMV
ydoovpe to delitepo yeyovags. [Tpoxepuévou mepi eE6d0v, OO0 deydUAoTE VO
roOvotepnoovue amd TNV OAOXANOWON Wiag TEAENS €600V UEYOL VO TO
OVILANGOEl O emeEEQYAOTIIC %OL VO TROYXWETOEL OTNV emOuevr; Tnv
TOQAUETQO OUTI] WTOQOUUE VO TNV UEYOADOOUUE (GQa  OmAVIOTEQN
derypatopio) av n ovorevn E/E éxer évav peyalitepo eviauevty| (buffer)
OV VO UTOQEL VAL ®QOTA LECA TOV TTEQLOCOTEQA OEQOUEVA ELGOOOV 1] EEOOOV
(teQLooOTEQN dovAeld nAdBe pood).

e [1600¢ elvar 0 pécog QUOUOS TV YeEYOVOTMV €L0000V; ANAadT], aveEAQTNTA
av 000 yeyovota el0000v evOEyeTaLl Vo CUUPOVV TOAD ©OVTA PETOED TOVG,
xotd uéoov 6o mHOO0 ®ovtd xeovixd Ba cvupPaivovv; Oco omavidTeeT elval
N ®ratd PEoov 6QO0 EUPAVLOT TOVS, TOOO UEYAADTEQT €(VOL M OTOTAAN T™NG
Ao%oTNG SELYLATOANLaG.

e [1600 mohiég ovonevés E/E derypatolnmrotpe poli oe #dBe dionomy tovu
poloylo¥ (batching factor); Oco meQLO0OTEQES Elval AVTES, TOOO TTEQLOOOTEQO
amooBévetal PeTaEl Toug To ®OOTOG TG OLOKOTTNG TOU QOAOYLOU.

OcewENoTe, 08 AVTNV THV AOUNOT, OTL TO QOAOL Tov emeEepyaotn elvar 1 GHz
(GoyeTO PE TO QOAOL TEAYLATIROU XQOVOU TTOV oG Oivel TEQLOOLKES DLANOTIES), OTL
N e poovtida (overhead) yio ®éBe draxomy) elvar dvo yMadeg (2000) winhol
TOV QOAOYLOU TOV €MEEEQYAOTH], XOL OTL TO KOOTOG OELYUATOMNPIOG WOG OVOKREVTC
E/E elvon drandotol (200) v0rAoL TOv QOAOYLOU TOU emeEeQyaoti| (1] ®VQLL outio
outig g nabvotéenong eivar To Ot ov aptneiec E/E (I/0 buses) elvor mohl mod
aQyéc amd TOoug (YOTYyoQoug) omnueowvolg emeEepyaotés). Ofhovue  va
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VITOAOYIOOVE TL TOOOOTO TOV GUVOAMXOU X0OVOU TOV emeEeQY0T Ba QITOQQODA
n E/E otg mogoxrdton megurtmoelg, 0tav auti) yivetor Bdaoel derypotopiog 1
Béoel dranomwv.

(o) Eotw évag vmoloyiotiig o omoiog AapfPdver nat xatayoddel onuota amd 40
aoporQuopéva onueio. Kdébe pio amd tig 40 yooppués €0000v evdgyetal va
déover véeg elo00ovg %dGbe 1 ms, dAadn pe péyoto oubud 1 kHz. Eav
YONOLUOTIOL OOV E OELYUOTOAMPiCL, ETOUEVIG, TO QOAOL mEémel va. pog Olver 1
owaxomi avd 1 ms. e »dBe diaxomi), derypatoinmrovpe 40 ovoxevég. ITooovg
©ORAOVG QOAOYLOU (TOV emeEepynoTi)) Eodelovpe o ®&Be daxori, (i) yio TV (0o
™ Owwxom, xrat (i) yw Tg 40 Oerypotohpies; Agdouévov OTL  AvTO
emavalopfdévetor 1000 Gpopéc to deuTeQOAENTO, TOOOUS RHVURAOVS QOAOYLOV VAL S
Eodevovpe Yo E/E; Tu m0600td TS 0UVOMKRNG VITOAOYLOTIXTG dUVAUAROTNTAS TOU
eMeEEQYAOTY) ALVTLIIQOOMITEVOUV CLUTOL OL XUXAOL;

() 'Eotw 6t oto chotnua (a), o' 0Tt véeg €l00d0L WIToQEl Vo £QYOVTOL OYETIXA,
novtad 1 o pe v A (»dBe 1 ms), o péoog EUOUOS APLENC TOug elval
ONUOVTIXG  0QALOTEQOS: %OTd péoov 6o €oyovialr 20 véeg eloodor avd
OEUTEQOLETTTO ALVA YOOUUT ELOOOOV. ZUVOMKRAL, YLOL OLES TIG YQOUUES, TTOOES E(VaLL OL
véeg eioodol avd s; 'Eotw 6tL ndvovue E/E doel donommv, xal ot xdbe véa,
€l0000¢ (amd owadNmote yoouur) mooxaietl pion dwoxory). T1doeg danomés avd
deutepolemto Oa éxovpe, ®atd péoov 69o; ITécovg rnirAovg poroylot Ba Eodevel
0 emeEeQyaoTNS Yo va Tig eEummeethoet; TL m0o0oTo TG CVVOMXTG VITOAOYLOTIXTG
TOU QUVOUXOTNTAS AVTUTQOOMITEVOVV QUTOl; ZUNdEQEeL 1) derypatoAmpia (o) 1) oL
ooxorég (B);

(y) 'Eotw topo 0Tt oto ohotnua (o) avEdvetar o péoog ouiuds APENS vémv
eLoodWV, amd AMyeg 0enddeg avd yoouu avd dgvtegoiertto mov Ntav oto () oe
500 avd yoauun avd devtegdhermtto (dnhadt TANoLaLel TEQLOCOTEQO OTO UEYLOTO
ovBbuo, movu eivan 1 kHz). To xdéotog g derypatornpiog dev alhdlel, apov avth
oVvTwg 1 dAwg emoxémretor ™V %©A00e yooauun 1000 ¢oéc to OgvtEQOLETTO.
Ouwg, ot uébodo Pdoer draromwv, avEdver 1o péoo mARBog droxomdv avd
devtegoiemnto. g ahhdCouv o amavtioels oag g eowTnong () edm; Zvupépet
N derypatoAnia 1) oL OLOROTES, TOQ;

(0) Ztg megurtdoels (B) o (¥), ®vOUveEDOUNE VO Y ACOVUE HATTOLL VEX (0000 AV
"éoovv poleuéves" véeg eicodol amd Oheg Tig yoouués; ‘Eotw OTL apféows uetd
™V €hevon wog véag elo0dou amd ™ yoouun A, pog éoyovtol véeg eloodol ral
amd T 39 dhdleg yoauués. I'd va eEummeetnoer o emeEepyaotng T 40 avtég
OLoxomég (T wiar petd v dAAn), wOoovg ®UrAOVC emeEeQyaoTi) yoeldleTal;
[T6o0g ybdvog elvar avtodg; To vwpitego mov wroel vo éLOeL 1 edpev el0000g
oo T Yoo uun A elval 1 ms petd TV meonyoUuevn, Omwg elmope oto (o). Oa éxel
TEOoAAPEL 0 emeEeQYAOTNG VO eEVTNEETNOEL TLG TTOQATTAVMD 40 dLanoTég oLy EAOEL
eMOUEVN QTH] €60000G aTtd TN Yoo uun A, 1) Ba v ydoel avth TNV endpevn €i00d0;

(e) 'Eotm tdoa 6TL ovti twv 40 e106dwv Tou () 0 VITOAOYLOTNG HOG £XEL o udvo --
oALG TOAD YENYOQOTEQN-- €(00d0: pia yoauun owmtvou twv 32 Mbit/s, Onhaodm 4
MBytes/s. 'Eotw 6t 1} cvoxevf] elo6dov umopei vo npathoet (€xer buffer yio vo
noatnoel) 1 maxétro, alhd Oyt magamdvw. H ovoxevn pog diver 1 diaxorti) yuo
®ébe 1 adwmvoiuevo maxréto. Eotw Ot1L to uxdtego dvvotd maxéto elivor
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ueyéboug 40 Bytes na0éva (Ommg 0T0 emTtO%oAMO TOv Atadixtiov, to IP). Aga, o
péylotog duvatdg euOUOS AdLENS monétmv eivor 4000 KBytes/s O 40 Bytes avd
nmaxétro = 100 K maxéra/s. Edv pog éoxoviar maxéto ehayiotov peyéBovg rau pe
Tov péyloto duvvatd Quiud ("wolntd" to éva pe to dAho), Eavo-amavtiote TV

gomnom ().

(o) ZNuega, Wwad yoouun dtiov pétolag taxvtnrag eivar tov 1 Gbit/s, dnAadn
neptmmov 30 poeés YoNYoodTEEN QTd VTV TOV (€). Mmoetl 0 VITOAOYLOTHS LOG VOl
TNV OVTEEEL AV 1] CVOREVT] EL0OO0V OUveYIOEL VO €YEL EVIAWEVTI] LOVO YLa €val
TOXETO nOL OVVEYIoEL Vo pag dlvel piow dtoxorh Yo ®a0e apinvoluevo TaréTo;;;

Aoxnon 13.7: AnevOziog IpooPaon Mvijung (DMA)
oo Xvoxevég E/E

Ao Ta oQATAVD vOoUpeQa Ppavnre OtL oL Yo yopes ovoxrevég E/E moémer va
Exovv peyalovg evropevtés (buffers), o0Twg MOTE OL OLOROTES --€{TE TOV QOAOYLOV
€(TE TV OVOREVDV-- VO UMV (VoL TTOAD OUYVES, RAL VO WToQEL peydAn "moodTnTa
€QYaolog" vo OUCOMEEVETAL OTOV EVTOEVTI] UETOED OLadoywmV "emoréPemv"
OT1) OUOXEVT] ATTO TOV EMEEEQYAOTY). AXOUO KO PUE QVTT) TN ADON, OUWGS, VIO VO UV
elvou oL OLooTES TTOAD OUYVES, VITAQYEL ®OL €V AALNO QORI ETMOOCEMV YLOL TIG
vonyoopes ovoxevég E/E:

INé va aviyodper o emeEepyaotns éva pueydho Oyno dedouEvmv avAaueoa oTov
EVTOMLEVTN TNG TEQLPEQELOUTS CUOAEVTIC XOL TNV KUQLWG UVIUY TOV VITOAOYLOTH],
astoutovvTal toAhol ®nhor gorhoyLov, eneldr) o aptneies E/E (Aewdodpol E/E - 1/0
buses) elvar mOAM) MO 0QYES OO TOUG ONUEQLVOUS (YQT)YOQOUS) €meEeQyaoTéc.
Agdopévou ot 1 avtrypadn auti) elvor pior ToA) amh egyaocia, o amotelovoe
oA TdA dATAVNEMV VITOAOYLOTIXGDV TTOQWYV (TOV emeEeQyaoTi)) TO va fdlovue Tov
emeEeQYaoT) VA TNV RAVEL: O emMeEeQYAOTNG, 08 avTi] TN 00VAELd, Oa omatald v
TEQLOCOTEQT] QO TOV TEQLUEVOVTOS VA artavTioel 1 aptneta E/E. H evdederypévn
Moom elvol va, oroxTOEL 1] TEQLPEQELOKT] CUOREVT] TN dUVATOTNTA VO ®AVEL POV
™G TV OVILYQOdpT) OVAUESH OTO EVIAWEUTH TNG ®aL OTNV xvowor puvhun: H
"AnevOeioag IMoooPaon Mviuns (Direct Memory Access - DMA)" and Tig
ovoxrevég E/E Aertovoyel wg eENg. H ovoxrevn E/E éxer 000 1) toelc nataywontég
eAEYYOU Yo TN Aettovgyio DMA:

a. AteBvvon évaEng --elvar 1 (uort) delBvvon pvHung TEOS THV omold 1
amd TV omota Oa aQyloel n avtryQadt dedouEvmy.

b. MéyeBog petadopdg --etvon To mA0og Twv Bytes mov Oa avirypadoiv.

c. Kataymontig evegyomoinong --etvar o ratayxwntig exeivog 6mou wohg o
emeEeQyaotng yodpel évav eldmd nmdwma Ba agyioer  avirypadn (avtodg
WToQel ®aL vo unv vmdQyeL, my. €dv m avoyoodn ayilel ye to mov
vodpovue To puéyefog peTapoods 0Tov OEVTEQO RATAYWONT)).

H ovoxevi) E/E éxeu emiong plo uxei) unyovi memepaopévmy xotaotdoewv (FSM),
1N omota, poMg d00el To onua exxivnong, xwdvel Ty eENg dovield nat' emwavaAmn:

i. Znta vo g 00l n xonon g apmeiog uvhuns (M twv agtnoiwv E/E »a
LVT|UNG, 1] TOV/TOV OYETRMV OUVOECUWV).
ii. MOMg g 000€l 1 ¥ oN, avTryeddel TV emdOuevN "AEEN" TOV EVTOMLEVT) TNG

https://www.csd.uoc.gr/~hy225/26a/ex13_io.html Page 12 of 14



Exercise 13: 1/0, Links/Buses, DMA (U.Crete, CS-225) 4/5/26, 00:43

OVOREVNG OTNV ®VEIWG UV, exel Tov OelyveL o nataymenthg deBvvong,
1 TNV avTLyQddEeL omd TNV ®VEimg UV OTOV EVTOLLEVTY) TG OVOXEVNGS. [ZTO
PAua autd, N "AEEN" mov avitypddeTor ovyvda 0ev eivor o povo AEEN Tou
emeEeQyaoT) 1 TG apTnElag, alrhd o puxot) opdda (burst - ouy) AéEewv,
TQOXELUEVOY VO expetalhevtovpe T Ouvvatodotnra twv DRAM vy
OLXOVOXOTEQN TTROOTEANOY ouvexOuevwv AéEewv (§ 13.1), »abng »aL va
amooféocovue naltepa To overhead amOXTNONG XONONS TNG CLOTNOIOG LECW
™G HeTadoQdg mepLocotémy Bytes ®dOe ¢pod mou TV amortolue].

iii. AvEdvel tov nataymenti) OtevBuvong xatd to mA0og twv Bytes mou pOAG
LETEDEQE.

iv. Mewwvelr Tov ratoywnti] peyéfovg petadpoeds xatd to minbog twv Bytes
OV HOMG UeTEDEQE.

v. Av 0 nratoywontig ueyéBoug elvor axduo UeYOAUTEQOS TOU UNdEvVOC,
emavoropfdvel amod to (i).

Ag Bewpnoovue og avti) TV Goxnomn tov (0o emeEepyaoti pe Qolol 1 GHz mov
elyopue noL TAQOITAV®™, ®aAL VOV OUVOECUO ETUXOLVOVIOS TTEQLPEQELORMV - UVIUNG -
emeEeyaotn Tumov PCI-Express twv 2.5 Gbits/s (OnA. malowdTEQNS YEVIAC), %Ol
"otevd", ONh. g wog povo "Ameidag" (x1). O euBudS petddoong avtov Tov
ovvoéopou eivar 2.5 Gb/s = 2500 Mb/s = megimov 312 Mbytes/s, Oniadr| mepimov 1
Byte #G0¢ 3.2 ns 1) alhowwg 1 Byte ®G0e 3.2 winhoL QoAOYLOU TOV eMEEEQYAOTH) LA,
[Mavw oto olvdeopo autd oL TAneodoies petadpégovial oe "maxéra" (6mwg ot
Olntua), now nébe moxéto €xer wav emmxeparida (header) ag movue twv 12 Bytes
(7. OlevBUvoeLg TYNG, TTQOOQLOMOV, RWOLO TRAENG, EAEYYOS OPOAUATWY, HATT)
axolovBoiuevn amod Ta petadeooueva Bytes dedopévmv.

(o) 'Eotw 611 dev vdyet DMA, xouw 0 eneEeoyaotig ®Avel Ty aviryoadr et
LVIUNG %O EVIAEVTT TTEQLPEQELORNG OVOREVTG, OG TTOVUE OO TN UVI|UN TTQOG TNV
negupegetony ovoxevi. H avriyoadn vyivetar pe éva  uxod Pedyo mov
negrhapPaver wio evioAt) load amd T pvijun xow Wow EVIOAT] store 0TOV EVIAEVT
™G ovoxevi)s. Ou eviohég load nal store avadEQovtal oe pia povo AEEN (4 Bytes) --
apot dev vrdoyovv eviolég load/store moMamh®v AéEewv. Otav taldeder N AEEN
(LEoW TNG EVTOANG store) OGS TN OoVOoxeVT] puéow tov ovvoeopou PCI-Express, 1
AEEN avth Taldevel péoa oe Eva moxéto peyébovug 12 Bytes (header) + 4 Bytes (data)
= 16 Bytes avd moxéto. Me 1o @uOud 1 Byte xndBe 3.2 nwinhor goloylol Tou
emeEeQYaoT) OV PENrOUE TTOQATAV®D, %A0e Tétowo moxéto Twv 16 Bytes
(netapood wiag AEEng Twv 4 Bytes) xootilel megimov 50 »Oxhovg QoAoylol Tov
emeEeQyaot). Ag vroBéoouue OTL oL VITOAOUTES EVTOAES TOV FRdyov nooTiCouv 30
©0RAOVG TOV emeEeQYaoTi], ®VQIWS AOY® TWV OVATOPEVHTOV AOTOYLOV LQUPTC
LVIUNG ov Ba TEOXOAECOUV Ol emAVELMUUEVES €VTOAES load amtd devBUvoels Uy
TEOOPATO YONOLLOTIONUEVES. ZUVOMARA, EMOUEVIS, O QUOUOS avTrypadig elval 4
Bytes avd 80 wUxhovg emeEepyooti) (80 ns). I16cog elvar avtdg o oubuodg oe
MBytes/s now oe Mbits/s; EGv o emeEegyaotiic avtodg €xel vo teohpodoTel
tovtdyova 2 diorovg pe mapoyn 10 MBytes/s nabévag nou 1 dintvo fast ethernet
pe ooy 100 Mbits/s, Tt TOCOOTO TOU YEOVOU TOV Oa VoY EeWOEl Vo apLeQmVEL
VIO aVILYQOPES OedOUEVIV aItd TN UVIUW TOU JIQOG TOUG EVIAWEVTES TV
OUVOREVDYV QUTOV;

(f) 'Eotw thoo o6t vmagyer DMA. Ag vmobéoovue, moog otyufv, OTL O
emeEeQyaotng 0ev amaoyoiet naBohov to ovvdeouo PCI-Express uvijunc-E/E, my.
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ETMELOT] EVOTOYEL OUVEYMDS OTNV RQUPT] TOV UVILT), KO ETOUEVIS O CVVOECUOG QVOG
elvor ovveywg Owbéopog yid ™ pnyxovp DMA. (i) Edv n pnyoviy DMA
TQOPOOOTOVOE TIG TEQLPEQELOKES OVOKEVES OTEAVOVTAGS Wi AEEN #AOe Hopd (4 data
Bytes péoa oe ndBe "manéto"), nar edv amooyohel £ToL TO OVVOEOUO TANQWG
(100%), mdéon Ba NTav 1 ovvolnry) maEoyl ™ oe MBytes/s wow oe Mbits/s; (ii)
Ouwg, ov pnyavég DMA ndvouv (oxeddv) mlavta Tig HETOPOQES TOUG OF
pueyolvtepa blocks dedouévmv, TQORELWEVOL VO ATOORECOUV OE TEQLOOOTEQO
oedopéva to ®0otog (overhead) g emueparidOg TOV TAXETOV, 1) TNG ATOLTNONG
7oL XONONG TG aQTNElOG, 1] TS EVOQENS TEOOTEANONGS 08 VEQ YQOUUN (TOW) TNG
pviung DRAM. Ag movpe OtL €dm M unyavi) DMA pog petadégel to dedopéva oe
ouddeg (blocks) Twv 16 AéEewv (64 Bytes) nabepio (dnh. avd moxéto): doa Ta
moxéto Oa €yovv puéyebog 12 header Bytes + 64 data Bytes = 76 Bytes #40¢e monéto.
Me to ouBud 1 Byte #dBe 3.2 ns mov Porroue maQomdvw, xdbe TETolo TAxéTo
molpvel 76 B x 3.2 ns/B = mepimov 250 ns avd maxéto, | 4 M moxéto (twv 64 Bytes
oedopévorv) ava devtepolento. Edv m apmelo amaoyoleiton mdil 100% yio
tétoleg petadpopéc DMA, mdon Oa elvar 1 ovvolxt] mapoy s oe MBytes/s zou o€
Mbits/s;

(y) Edv oL magamdve petadooés DMA o blocks tmwv 64 Bytes eEummeetovv mdh
toug 2 dlonovg pe ooyl 10 MBytes/s naBévag »ot to 1 dixtvo fast ethernet pe
ooy 100 Mbits/s TG egTNOoNg (A1), TOTE TL TOGOOTO TOV XEOVOU TOV OUVOETUOU
PCI-Express pviiunc-E/E amaoyoholv auvtéc ou petadopéc DMA aviov tov
TEQLDEQELARMV OUOREVMV; ZVYRQIVETE AUVTO TO TTOOOOTO UE TO TOOOOTO TNG
amdvinong (a). Ia'6tL mpdxerTan Yo avopora peyeédn (to (a) NTav T0000TO TOV
YQOVOU TOU €meEeQy0OTH], EVMD TO (Y) €lval TOCOOTO TOV XQEOVOU TNG 0QTNEING),
eEnyelote o€ mOLOVG OO TAEAYOVTEG OdEIAETAL 1 UEIMON TOU TTOOOOTOU
a0y OAoNG astd To (a) oto (Y).

Emuhéov tng pelimong avtig, mov elval amd povn g éva ®€Q0g, maQaTnEoTe
OtL oto pev (a), dhadn yweic DMA, o emeEeoyaotic adléQmve €vo  un
eVRATAGEOVNTO HEQOC TOU YQOVOU TOU Yo Vo €EVmNEeTel TG UeTAPOQES
oedouévarv avtov tov ovorevodv E/E, evd oto (y), Onhadf] pe DMA, o
emeEeyaotng dev adlegmvel raB0AOU x0OVO 0 aUTES TIS HeTadoés (dpoovTitel
UOVO VO TIG EEXLVAEL, ROL UETA TIG OPTVEL VO TOEXOVV LOVES TOVGS Yo TTOMA KBytes
ovvinOwg), ®al oL LeTaPOoES YivovTon "uodves Toug" (ONAadT) amtd TNV 1) TG P ovES
DMA, mov Oovietovv maQdAAnAo pe Ttov emeEeQyaoTy)), QmaoyolDVTOS (Ol
petapooés DMA) éva pggog povo tng Owabéowung magoyfs (throughput) ng
LVIUNG, ®OL OPNVOVTOGS TO VTTOAOWTO HEQOS QTG TNG TTOQOXNG OLaBEaLIO YL val
€EVITNEETOVVTOL OL QOTOY(ES TNG RQUPNG LVI|UNG TOV eTEEEQYAOTH).

Toomog Iagddoong:

Kévte tig amd toea, yud va g €xete €rolues, mo' 0t B Tig mopadmwoete Aiyo
0QYoTeQa, pali pe v emduevn (kou televtolo) oewpd aoxnoewv (ol Oa
eEetaoteite, TOTE, MQOPord nou oTig 0o pali). O Tedmog moddoons Ba eivan
on-line, oe poodn PDF (uovov) (umogel vo elvor neipevo pnyovoyoodpnuévo 1/zon
"ORAVAQLOPEVO" XELROYQOPO, AALG uovov oe podt PDF).
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