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Xe1d Aonioceov 13:
Movades Ewe060v/EEd00v (I/0), Xvvdeonov/Aptnyeies, DMA

IMooBeopio: émg Magaoxrevh 19 Maiov 2017, doa 23:59 (BS. 13.3)
Bifhio (EAMMvind, éxdoon 4) - dafdote ta eENG, oL e Toug eENG TedMOVGS:

e DRAM, AwapOihwon (Interleaving) Mviung - oeh. 546-551 (amd §5.2) (wow Tig evotnteg 13.1 -
13.3 edm moQandtm): dafdote T ®avovird, AmoTEAOUV PEQOG TNG eEeTaoTéNS UANG.

e Aptnoleg (Aiavhol - Buses), naw Z0vdeopot (point-to-point high-speed-serial links) - oehideg 678-
681 (pMTO PEQOG TNG § 6.5): dLafdoTe TIg navoVIRA, ATOTEAOUV UEQOGS TG EEETAOTENS VANG.

e Emxowwvia EneEepyaoti), Zvorevav I/O, wow Mviung (DMA) - oehideg 684-696 (§ 6.6),
1OODS ROL OL ONUELWOELS ROL OORNOELS €00 TALQORATW: OLAPAOTE TIG HAVOVIRA, ATOTEAOVV
LéQOG TNg eEeTaoténs VANG.

e Ogydvmon I/O eneEegyaotmv x86 - oehideg 682-683 (amd § 6.5): dafdote Tig "ota ynyoQa" -
EYRURAOTIOLOLRAL.

o Moayvntwol (oxhngoi) dloxot nan pviueg flash - oehideg 670-678 (§ 6.3 naw 6.4): daPdote TIg
"ota Y1 yooa" - eyrURAOTOULOLRAL.

e Jvotiuata AmoOfxevong (Storage), RAID, ¢pegeyyvotnta, afomortia, dwabeoipdtnro -
oeldeg 668-670 nar 700-708 (§ 6.2 now 6.9): onuovtvd OEpa YL TEQUUTEQW TQOOWIMXKT] OOG
LEAETY), AALG exTOG DANG auToU TOU HaBuaTog.

o [Tapdderypa server yid data centers, xou dhha eyrvrhomoudind Bépata - oehideg 708-723 (§
6.10 nan 6.12): yonowwa yud eynvrhomoudini evnuéQwon, orid extdg UANG cvtov TOu

pobfuotoc.
13.1 SRAM, DRAM, [Igoonerdoers Xvveyouevov AéEewv:

SRAM-DRAM: Omwg eimope oto pddnuo, ta chips uviung eivor opyovmpuéva e0mTeQLRA O
néumooa blocks amd otovyeto pviuns. g "otamnéc" puvipegs (SRAM - Static Random Access
Memory), to. otouelo pviung elvor flip-flops (ue 6 transistors #nabéva), xnor 1 amwobnuevUévn
m\noodogia datngeitar 600 eivar avapévny N Taon teododootas. Ztig "duvoaurés” pviueg
(DRAM - Dynamic Random Access Memory), T0. oTOolyelot Pviung eivan murvmtég (capacitors --
€vag TURVITNG ®ou €va transistor avd bit), 6ov amoOnxreteton duvaund n Tneodogio. Adyw
TOU QELUOTOS dLaEQOTS, 1 TANEOdoEie auTh (PoETio oToV TUURVMTH), XAveTaL péoa ae Alya
Moot Tov devtegorémtou (ms). ['d va duatnenBoiv ta megleydpueva thg DRAM moémel va ta
avalwoyovoipe (refresh), dnhadm va ta daPdlovpe ol va to Eavayoddoupe, nabe megimov 8
pe 16 ms.

Méyefog (Xoponrxotnta - Gbits): [1ogd to petovértnud Tovg avtd, ot maed TV peyolitegn
noBvotégnon mooomélaong mov €xovv, oo DRAM OwBétovv éva onuavtind TAEOVEXRTNUOL:
meoodpéovv mepimov wia TéEN peyéboug peyalitegn ywoenTwdTNTO (capacity, Mbits --OyL
"capacitance") avd chip og oyxéon pe tic SRAM. Etot, oo DRAM yonoipomototvtal oyxedov mavta
YI& TNV ®ATAOREVT TNG »0OLAg PUvAung (main memory) TV VTOAOYLOTOV, €v®d oL SRAM
yonowwomoovror  oyxedov mdvia yud Tig %udéc pviues (cache memories), AOY® TNg
yopunhotegns xobvotégnong tovg. Me v mEo0do  TNng  TEYVOAOYIOG  RATAOREVTS
olornAnowuévarv xurhwpdtmv (chips), n xmontrdTnTa TOV chips Lviung ocuveyme avEdvovtay.
T mpomyovueveg Oexaeties, 0 QUONOS VTS TG aVENONG TTav: TETQOTANGLOONOS (x4)
xwENTWoOTTaS ®A0e TEle (3) YEoOvVIa, Ouws avti) T dexaetio avtdg €xel méoel. To 2013, m
teyvohoyio Twov DRAM Potorovtov yvpow ota 2 éwg 16 Gbits avd chip, ol xow Tto 2017 wd
HaTd Y. 0T0 www.micron.com OglyVeL TAQOUOLES XwENTRATNTES. Epmoound, tnv pviun tov
VIOAOYLOTMV T1) Polonel naveilc oe nég mhanéteg (modules - DIMM), mou 1) ®oBepud €xeL Tovm
™™g ovviiBws 8 (1 9) 1| 16 (1) 18) chips. ‘Etot, mw.y., éva module pe 8 chips twv 256M x 8 bits = 2
Gbits xabéva elye ovvolnt) ywontxdtnto 16 Gbits = 2 GBytes. Otav ta chips elvan 9 avti 8, 1)
18 avti 16, to emmhéov chips yonopomolotvIal Y amoffxrevon rwdirwv aviyvevong »ol
d6eBwone opaipdtwv (ECC - error correction codes).
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Foanpuég o Xtihes: Méoa oto chip tng DRAM, 1o #d0¢ block elvar évag mepimov teTodymvog
mivarag amd otouyeion pvijung, pe yoom otig 1024 1 mopamdvew yoouués et 1024 1) mooamdvo
otheg. T'ld va dwaPdoouvpe éva otolyelo uviuNg emAEYOUUE TEMTO TV YOOUU OTNV OTold
ovirer avtd, divovtag ) devOvvor yoaupng (row address) 0TOV QITORWOLXOTIOLNTH] YQOUUNG, O
omotog avdaper éva oloua (word line) woU OLOTEEYEL ®OL EVEQYOTOLEL TNV EOVUNT YOOUUT.
Otav avéyer 1o olouo avtd, Oha ta. otorxeion uviung (bits) mhvw oty yoouun avth
dwafatovral, dradn tomobetolv to ®abéva TV TLpl Tov (TEQLeduevd Tov) 0To avTioTOL O
ovopo. otNAng (bit line) mov dwateéyer ™ othAn tov. Etol, oto ndtw pépog tou block tng
LVAUNG, OTLS AmOANEELS TV CUQUATOV OTHANG, epdaviletal To meQLeOUeEVO OGAMV TV bits TOU
elvan amoBnxrevpéva oty emheyeioa yoouui). Evog peydhog mohumhéntng emiéyel 10te TO bit
mov epelg Béhape, Pdoel tng devBuvong othing (column address), xow To diver moog T €Ew. H
O\ avtr) dradraoia, amd v eloodo g dtevBuvong yoauuns péyxol vo Pyel To teMnod bit otnv
€€000, drapnel areTd Ydvo (YOow ota 30 ns yid T onpeQLvés DRAM, amd ta pins dieBuvong
péyot ta pins dedopévav Tou chip g DRAM, evd ovth) avEdver onpoviind 6tov moootedel nal
1 ®0Bvotégnon amd to chip Tou emeEegyooti péyol To chip g DRAM o miow).

I'evtovizég IMpoonelaoers (sequential Accesses): EGv petd tnv mogomdve diadwmocia, Opmg,
Bélovpe va dwofdoovpe nou pegurd amd ta "dumhavd" bits ovtol mov poMg diafPdoapue, TOTE
ovtd Wmoel va yiver oAl yonyoedteQa: Ta bits autd eivon "érowua", otig amoinEelg Twv
OVQUATWY OTNANG, ®oL TO chip TG pvAung WToEel va Ta aOoTEINEL OTOV AUTOUVTA TNV
ovdyvmon (f.y. Tov emeEeQyaoti)) TOAD YT YoQa To £va uetd to GAAo (mepimov 1 bit #dbe wod
pe 1 ns oe noBéva amd ta olouata Oedopévov (data) yud tg onueowvés DRAM).
Expetallevdpevor t) duvatdTTa auT], TETUYOIVOUUE VO TQOOTIEAAUVOUUE HEYAAES OUAOES
vertovirmv AéEemv (.. cache lines (blocks)) pe moAD wuxY) emumhéov empPaouvarn o€ oyEon ue
™V 0y x00VOTEQN 0N TROOTEANONS THS TTEMTNG AEENS THS OUdOOG.

13.2 Koorog Exxivnong zaw llagoyn (Startup Cost versus Throughput):

H mogamdvew megintmorn mpoomehdioewv og yertovird bits otnv (0o yoouun wds DRAM eival
ToQAdeELYUe MAS YeVirdTEQNS TEQITTWONG: TOAMES (opéc, vmdoyel éva onuoavind Koéotog
Exxivnong (start-up cost / overhead) yid pav egyocio (m.y. petadod dedouévarv) mou eivol
(oyedoV) aveEdQTnTo Tou peYEBOUS TG eoyaciag (. Tou OyYxov TV 0edOUEVWV), HOL OTY
ouvéyelo VmaQyeL €va  uxQOTEQO (1] TOAD uxQoTEQO) emmhéov (Awapogixd) Koerog
(incremental cost) Y& v ®&0e emmumAéov povada ggyaotag (rr.y. Y ®d0e emumiéov Byte 1) MEN
dedopévarv mou petadépoviar). To emmiéov, dwapoowmd avtd xdotog avd povdda €gyou
oMES HOQES TO UETQANE PHEOW TOU avTLOoTEOPOU Tov: 0 Pulnag Magaywyis tov égyou, N 1
Mooy (throughput) (m.y. Twv petadpeedpuevov dedopévwv) elvar 1 ToodTNTA TOV €QYOU TTOU
madryeton avd povada xedvov, N 0 0yrog Twv dedouEvav Tov petadEQovTal avd povada
¥QOVOU.

INé mogdderypa, Oewenote éva DRAM chip pe ogydvmon x8 (m.y. 256M x 8), Onhad éva chip pe
8 data pins, mov Aettovgyel og ovyyeoviopd (SDRAM - Synchronous DRAM) pe évo gorot 500
MHz (Goa pe megtodo gohoylot 2 ns) (to madderypa eivar ndmwg malordtego - to 2017, ta
oohdylo. twv DRAM's eivan ouyvd mdvew amd 1000 MHz). O yooviopdc Ttwv data pins elvor DDR
(Double Data Rate), dOnhadr) To »éBe data pin pmoel va petapégel éva data bit oe xaOe Betirm
oxpn Tov QoAoyloU nrau évo emmhéov data bit oe »dBe apvnTni oxpi gohoylol, dQo OTo
moeaderyud pog éva data bit avd 1 ns (uuot) megiodo goroylot), dnradn pe éva ouud (tagoy)
petapodgs 1 bit / 1 ns = 1 Gbit/s ava pin. ‘Eotw 6t amd ™) otryus mov divovpe oto chip avtd
wé drevBuvon avayvmong péyol vo pog emoteéel Ta 8 bits (1 Byte) (uéow Twv 8 data pins) ortd
™ devBuvon mov tov dmoape megvdel vobvotéonon 40 ns. Metd and avtd ta medto 8 bits
ouwg, éotw Ot pelg BEhovpue ot Ta dumhavd Tovg 56 bits, dnhadf cuvolrd 64 bits (8 Bytes)
(7. OLOTL €xoupe 8 Tétola chips ev moQaAAAm, xal Béhovue va dafdoovpe pior Cache Line twv
64 Bytes at6 avtd (8 Bytes/chip x 8 chips = 64 Bytes cuvolxd)) (rapud ¢poed, avtd dha ta bits 1
Bytes mov to drafpdlovpe dha pali to Aépe "burst" — opofovtia). Aot to ®GOe data pin Tou
chip pumoget va pog diver 1 data bit avd 1 ns, Tote Tar 8 pins Tov chip wroEoV va pog divouv 8 bits
ova 1 ns, dnhadi) 1 Byte / 1 ns = 1 GByte/s.

e avtd AotdovV 1O TOQASELYU, TO X00TOG (%0.OVOTEQNON) exxivionG TNG AVAYVOONGS EVOG
tétolov "burst” etval 40 ns, nal avti) 1 xaBvotéEnon exxrivnong apod tooo To ®dbe €va chip
¥ 0ELOTA 600 %ol Ta 8 €V maeaAAiAw chips Oha pali. Amwd v ArAr, T0 emmAéov (dtagooino)
®x00t05 (r0.Bvotéonon) Y to emmAéov (yertovird) bits xow Bytes eivar 1 ns yid »ndfe éva
emmiéov bit avd pin, 7] 1 ns yid »d0e 8 emmmhéov bit (1 Byte) avd chip, 1 1 ns yid ®d0e 8 emmhéov
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Bytes yid 6ha »au to 8 chips. To aviiotpodo avtol Tov daporol xO0ToVS (TO AVIIoTEO(GO
™G ®oBvoTéEnong avd povada emmAéov Oyrov dedouévwv) elval 0 QVOUGS ueTapods TV
emmAéov dedouévamv, N | magoyr dedopévarv, Oniadn 1 bit/ns = 1 Gbit/s yid ndbe éva pin, 1 1
Byte/ns = 1 GByte/s y14 #G0¢ éva chip, 1} 8 Bytes/ns = 8 GBytes/s Y& 0ha ®ow ta 8 chips. Me avt)
™v xaBuotégnomn exxivnong (40 ns) xwor to QUOUO petadoeds (8 GBytes/s = 8 Bytes/ns), 1
ovvolxn nobvotégnon yid va dafdoovue ohdxinen v Cache Line twv 64 Bytes amtd ta 8 ev
oo hANAm chips Ba etvar: 40 ns yid to mowta 8 Bytes, ouv 1 emuthéov ns yid ndbe wd emmmhéov
ouddo oo 8 Bytes, OnAadn ovvolnd 7 eumhéov ns yid Tig 7 emmhéov ontddeg and Bytes (64
Bytes = 8 momta Bytes + (7x8=56) emmhéov Bytes), doa ouvohxd 40 + 7 = 47 ns. [Tagdpola
OVUITTEQLHOQA UE TNV TOQOIIAVM CUVOVTAUE naL og TAN0og GAAwv TEeQUTTMOE®WV, 0T
VITOAOYLOTLXE CUOTHHLOTO HOL TaL inTUOL:

o Sov moWTO TaeddeLyHa, 1 opoyelpia (pipelining) €xeL autTi) axQLPOS T CUNITEQLHOQA,
€0TM oL AV OVYVA adLLPOQODUE VLA TO OOTOG ExrivNong OTaV Wd eQyaoia amaLtel TV
EUTENEOT) EXOTOUPIVQIWV EVIOLDV. ZTNV dxt] pog o] pipeline tng doxnong 9, To x00Tog
exxivnong eivar 5 wimhor gohoylot (dmh. 60m dea yoeldtetol Yid va TEAELDMOEL 1 TODTYH
EVIOM)), ®OL 0T OUVEYELD O QUOUOS OAORANQEWONG TWV ETOUEVOV, ETUTAEOV EVIOMDV
etvar 1 evioli] avd nOuho goroylot 6co dev vmdyovv OAANAEECQTIOELS EVIOADV 1)
00TOY(ES RQUPDOV PVNUDV.

o Sav 0elteQo maeddeLypa, oL oxhngoi diorol £xouv %L ovTol TAEOUOL CUUTEQLHOQAL:
péyoL vo pmogécovue va agQyicovpe vo dwofdatouvpe to block dedopévwv mov pog
evOLAPEQEL, TTRETEL VO TTEQLUEVOUNE VO KV OEl 1 ®eDOAT] AvAYVWONG ®oL VO YUEIoEL O
dilonog otwg wote va éAOeL To mEMTO bit Tov block ®dtw amd TV ®EPAA, TOV CVVNHOWG
onpaiver amd Ayo éog 10 ue 20 ms (milli-second) —avto givar 10 ®00T0Gg (RAOVOTEQNON)
exnivnong g avdyvoons. Metd amd autd Oumg, to bits elvor amobnrevpévo 1600
®ovtd to éva 0to GALo, now 0 diorog yueilel TOoO Yo yoQa, ov 1 maeoy T dedouévav
(ouOubdS avayvwong) eivor g TAENS TV HeQWMV 0exAdWV Emg Alywv exatoviddwv
MBytes/s (a.g movue, av eivar 100 MBytes/s = 800 Mbits/s = éva, bit ®&0e 1.25 ns).

e AMo madderypa eivor To dixtva, Omov Tt oUQUOTO  (YQOUMES  HETOHOQAS
NAeRTEQOUAYVNTLIROV  ®VUATOV) naL oL omutrés  (veg  (wvportodnyol dwtovimv)
ovurteQupégovtal axQws oov oD ponQuég pipelines —oav talva omd bits mov
%xvolvToL To évo miow amd To AMO pe TV TayxvINTa Tov Pwtds. I'd mogdderyua,
Bewonote éva dixtvo 10-Gig Ethernet (10 Gbit/s) mov megvdiel péoa amd WAV OTTLxt
puxovg 20 km, xou péom Tou omoiov éva moxéto peyébouvg 1 KByte. ‘Eotw 6t 1
ToyTNTO TOV PTOS pPéoa oty orttixd] (va elvar 200 Mm/s (Aoym Tov deintn dtdOhaong
TOU VAoV NG (vag, 1 Toy TNt Tov GwTog HEcO oty (va elvol younioteen o 600 0To
®evd —ag molue edd ta 2/3 twv 300 yhddwv km/s tov nevol). H nobvotéonom
exxlivnong yid tn petodoed tov moréTou pog péco amd TV omuxi) (va, dnhadn m
©0BvoTéEnon Tov mEMTOL bit Y& va dtavioel Ta 20 km pe avti) v ToylTnTa, O eival
20 km / 200 Mm/s = 0.1 ms = 100 us. Metd to mpmTo bit, To. endpeva arohovBoiv oe
"amdotaon" (yoovirt) 0.1 ns avd bit (to aviiotgopo tov 10 Gbits/s) —autd elvar To
dLapond ndotog Tov %dbe emmmhéov bit. Aga, ta 8 Kbits (1 KByte) tov maxétov pog Ha
¥0€L0ToUV meQimov 8 yhiddes dpoég to 0.1 ns, dnardn mepimov 800 ns = 0.8 ps yid va
dtdoouv, To éva mow amd to Ghho. H ovvolnt) nabvotéonon houtdv eivar 100 + 0.8 =
1008 ps.

e Tlopopowa givar »at 1 oOVUTEQLPOQAE TV 0TNELWV (buses) MECA OTOVG VITOAOYLOTEG, AL
TOV dTiWV amd ouviEouovs onuelo-meog-onuelo (point-to-point links) mou ofueQa
ovTiraOLoToUV TIC apTNOles Ot YNAES TaylTnTeg —O0mwg m.y. To PCI-Express xai to
"Networks-on-Chip (NoC)", 6mwg 0o moivue apéomg tmea, otnv § 13.3, »abmdg xat
TOQOXATW, 0TV donnon 13.7

13.3 Aw¢vrhoon (Interleaving), AAMAnloralvrropeves AocoMpies:

O Hagalinliouog elvor 1 Poaowi] texviei yd v obEnon g mooyns (throughput) pudc
vanEEeotag, ONAadT Tov mdooL "TehdTes" eEumnEETOVVTAL VA HOVAdA X0OVOU, £0TM KoL OV OEV
pewovetor 1 rabvotégnon ("exniviong") g eEummoétnong tov rabevodg merdtn yworotd. H
opoyewlo (pipelining) elvar 1 pior podn moQariniopot, mov epaguoletol OTav TOAAOTAES
eldevuéves povadeg epydlovtor tavtdygovo oe dapooetinés ¢doelg M rabeplo Tng
eEummnpétnong tov »ndbe "meldtn". H dhn poodn magarinhouot eivor 6tov molhamhés idteg
povéddes epydloviar tavtdygovo eEumetivtog (Aows) évav duadpogetind  "meldtn"
noBepia. Avti) 1 0eltegn poedh TaEAAANMOUOT, EGOQUOOUEVY] OTIS UVIUES, XOTOLUOTTOLEITOL
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edm oL Wod amva Yid Ty abENON TS TOQOYNG TWV UVNUmV, ovopotouevn Arapivilwon
Mvijuns (Memory Interleaving).

"Eva. Avapuilopévo Zvotnuo Mviung amoteleltor omd molamhés unedTeQes UviUeES, O
ooy va. dovhetouv Ohes Tavtd)EOVA, mEOoomeELavovTag (Suafdlovtas 1 yoddoviag) xi
omd wa duapogetint) AEEN (1] opdda yertovinmv AéEewv) nabeuio. O emMUEQOVS IUKRQOTEQES
pvrueg ovopdfovror "memory banks", naBeulo. H »abe AEEN tou ouVOMKHOD OUVOTHUATOS
uviung Poloxeton amobnrevpévn oe wian xow poévo pior artd g banks. ‘Omote ovpPaiver vo
yoelalopaote (oxeddov) TavtdyQove. OVO 1) TEQLO0OTEQES AEEELS (1] OUAOES YELTOVIRMV AEEEWV)
mov  Pelorovror amoOnrevuéves oe Owodogetinés banks wofepio, pmogolue va TS
mpoonehdiocovpe (0xedoOV) Toutodyeova, Pdlovtac Tig banks mov Tig TEQLEXOLV (TOMATAES
oveEdQnteg pvipeg, dnradn) va doviebouv ev moQorliihw. O TEOTOS dLAUOLQACHOV TwWV
AEewv (1] Twv opddwVv yertovirdv AéEewv, m.y. cache lines) otig banks wds Stapurhopévng
pvnung axohovBet zdmola ovvdotnon rotoxeouatiopot (hashing) méve otig dievBivoels Tmwv
MEewv, emAeyuévny o0TWG MOTE va peylotomolel v mbovotnta ov AéEels (1) opddeg) mou
Cntdpue yoovind xovtd petagl Toug vo. feiorovial oe diadoetiri] bank. Mid ovviBng tétola
OUVAQTNON RATOREQUOTIONOU YoNoLHomoLel bits rovtd oto 0eELd (LS) dxgo thg dieBuvong yid
va. eAéEeL TV bank, oUtwg Wote mEoomeldoels oe dradoynés AéEels (1) cache lines), .y, AOYw
OELQLOXNMV ETUOXEPEWY O PEYANOVGS THVOXES, VO TEDGTOUV € dLadpoeTInéS banks.

H mogadooioni] ogydvmon evog OadpuAlmpévov ouoTnuatog Uvipng yomowporotel wdv
aotnela (bus) ou etvarl mOAD yo1YoQOTEEN Otd TIg memory banks mov ouvdéovtal endvm Tng.
INé mapdderypo, Beweiote wdv agtnoia (address bus) ov pmoel, ®ae 10 ns, vo petadéget i
éva nouvoiylo aitmua meooméhaons oe wd memory bank (dnAadf wd devOvvorn pali pe to
bits eAéyyov mou TV ovvodelouv) (Y& amhdétnTa, dg Oswgiooupe UOVO TQOOTEAAOELS
avayvmong edm). Oemenaote 6TL oty aTnEia auti ouvdéouvue 8 memory banks, wov 1 ®oOepio
Toug €xel nabvotégnorn avdayvoons 80 ns. Téhog, Bewpnote 6t ta data mou Pyaivouv
(Sropatovrar) amd ®dbe bank toodpodotovv d devtegn aptneia (data bus) mwov pwwopel »dbe 10
ns va petodéoel mom otov emeEepynoth) ta data mov dwaPdoape amd pion bank. Tote, o
eneEeQyaotng umogel, ®a0e 10 ns, vo Eentvael wL ammd W v TQOOTEAOON UVIIUNG, TTAQd TO
veyovog O6tL O vrdpyovv 101 7 moonyolpeveg "exnpepels" (pending) mooomeldoeLs, aoxel M
n00e véa mpoomélaon vo amevOiveTan og pia (otnv) "eheBegn" bank, dnhadn pia (tnv) bank
exelvn mov dev elvol amooyoAuUévn pe plo ortd Tig vitdlowmes 7 exnxnpepeils mpoomeldoels. H
n00e o mpoomélaon (avdyvwon) emotoédel Ta data tng petd amd 80 ns, alld xdbe 10 ns
vrdeyovv data mov emMOTEEPOVY %L amtd pia dadogeTin amd Tig 8 Ttehevtaieg mpoomeAdoELS
70V TLG Eexivnoe OLeg 0 eMEEEQYOOTHG TOLY TEAELDOOVYV OL 7 TTQONYOUUEVEG.

Toa onuegwwd DRAM chips megiéyovv péoo tovg morhamiés dtapuiimpéveg banks (cuvhBwg
LeTa&l 4 xou 16 banks). To QOAO TV YO YOQWV ALQTNOLMOV 7OV elvol ROLVES PETAED TV banks
Tov mollovv ad' evog Ta address pins yud Tig autioels mooPaong, ad' etégov Ta data pins Yl TG
amavtioels otg avayvooels. H dtapiihwon (magaiiniopods) péoa o' éva DRAM chip eival
emwderng doTL, Y., THY DO oV ¢ éva bank Poloxetan oe €EEMEN 1 avayvwon was véag
yoouung (mov eivar pud ayn dradiwaocia), éva Ghho bank emotoédel ta data s Qo yoluevng
ovdayvmong péow Tov data pins, ®.0.%.

H ogtnoia mov topodortet éva dapuiiwpévo olotnua pviung, | éva dixtvo mov amotelel
™v €EEMEN g apthotag (6mwg to PCI Express) xou mov moooiletor yid TV emxovmvia
OVAAOYWV TaQAAANAWY CGUOTNUATOV —TT.Y. TOAOTAOL TVENVES, TOMATAG TEQLPEQELONAL,
ovoToryieg TAQAAANAWV OIORMV, RAT— TQETEL VO EXEL MG XAQOAKTIQLOTLXT] LOLOTNTO TTOV OEV TNV
OUVOVTOUOOUE OTLS TOQAOOOLOXES CQTNOLES: TREMEL va VooTnEiCel moAlhamhés, yooOvIXd
AlMAoxadlvmropeves AocoMpies (multiple Transactions, Overlapping in time), 1) aAloiudg
emovopoLopeves mohhamhés Exxgepneis Aosoiypieg (multiple Pending Transactions), 7 Split
Transactions. H 10¢a eivow 1 €ENg: o amd Tig emuovwvooeg CuoxeVES (0 ALTOV — requester,
master) {ntd pio Aoconio (Transaction) atd v GAAn ocvoxevt (o amovt®v — replyier, slave)
O TEEQLUEVEL LAY ATTAVTNON: TT.Y. O ATV TNTE av avayvmoy, otéhvovtog ud dtevduvon, not
0 amavtav 0o amovtioer aQyoteQa, otéhvoviag Ta artnBévra dedopéva. H docormypio auti,
ovvnOwg ofuega, Oloxel OQxeT MEQ, 0t oYéon Ue To 7OOO YETY0QO E&ivaL TO UECO
emuowvaviag (agtnota, dintuo). Tov molatd xod, péxol vo EM0eL oW 1 ATAvINoY %ol va
ohoxnowBel £tol ) doconpia, dev pmogotoe rad dGAAn cuoxevy] amd TG ouvOEdEUEVES OTNV
apmola va Eemvioel xouvoigylo docolpia, mooxelpévou vo. uny "avaxratmboiv" puetago
TOUG oL 000OMPieg naw mporpel "umédepa- €tol, N aptneio rabdvrav avevegyn (idle) 6om
(MEO EXAVE O ATTAVTOV VO OLTTALVTT|OEL.
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H onpeguvi], al0tegn ogydvmwon emmtémel "yweLotéc" docohieg (split transactions): H ¢pdon
TOU outuatog (request) Thg #éBe docompiag elvar Eexworoth amd T ¢pdon g amdvinong
(reply), ®ou petaE0 Twv 000 emuteémeTan va aeePAN00UV wia 1) eQLocdTeEes avaioyes pAoels
(owthuota, omovTioes) Wag 1 meeLocotégwy AV docornyPov. Ouotaotind dnhadf,
eMTEETETOL AELTOVQYIOL OvaAOYN TNG OLoUANDUEVNS vAUNG: €Vog 1) TTEQLOOOTEQOL CULTOVVTES
ETUTOETETOL VO OITOOTEIAOUY TTOMATAGL QUTANATA O o 1) TTEQLO0OTEQES OVOXEVES OV Oa Ta
QITOVTI|OOUV, TTQOTOU €MOTEEEL 1] ATAVTION OTO TEMOTO amd Tar cutijuata. Me dila Aoy,
emroémeTol oL docohpieg vo arlnroxoahimroviar yoovird -1 OelTeEY vo ayiCel mmowv
TEAELDOEL 1) TOMOTY], ®.0.X~ QA ETMTOEMETOL O TAQUAANALOUOS METAED docoAnYdv. Avtd
onpatver 6t emreémovrol molamAég "ennpepels” (pending) docolmpies: 600 1 TEMTN deV EYEL
TELELDOEL Ao, GQO Elval eExnQeNNg, Eexntvdiel 1) OeDTeQET, noL ElvVOL ®L eXEIVY] EXRQEPNG UEYOL
VO TELELDOEL, X.0.%.

Amd v dmoymn tng viomoinong, Wao amd TG ONUOVIIXOTEQES ATTAUTIOELS Y& Vo dovAépouv
0mWOoTA Oho. auTA glvar vo VITdEYEL €vag TEOTOG OTAV €QYETOL [Ud amtdvTnon vo. Eégovue yud
OL0 OO TOL TQONYOUUEVO CUTNUATO OTtoTEAE AmtdvTnom avuth ov theo éoxetal! Edv 6ha ta
ortuato moigvouvy otafegd yodvo vo amovtnBoiv, tote wropel va moodiaygadel 4Tl T
orThpota Bo AmavIOVToL TAVTA HE T 61 Tovg (in order), xou doa 1 xdBe amdvinon apod
TIOVTO TO TOAUOTEQO exnQEUES altnuor tote, Wwd ovpd FIFO agxel yid vo Ouudpaote to
EUNQET OUTNUOTOL, KO VO TO "TouQLACovpe" pe T adurvoipeveg amavtioels. Oumg, duotuy®g,
ovvnlwg, ta dddoga arthuata, mOavov oe SLPOoQETHES OVONEVEC %Ol 08 OLOPOQETINES
"amootdoels" oto dintvo, dev maigvouv otafepd xou mdvia tov (0o xedvo va amavinboiv,
doo. oL amovtioels éoyovioar extdg oeleds (out-of-order — 000). Tote, amouteitor 1 nAGOe
doocoMia vo cuvodetetar amd évav "aolBud (rwdwmd) tavtomoinong" (tranasction ID —
identifier), mov va elvar exdotote PoOvaOWOS WETAED TV EXUXQEUMV ExElv) TNV DO
docOMYPLOV, RaL OTOV £QYETOL MG ATTAVTNON VO VITAQYEL Eva ®ORADU TTOV Vo TV "touLdlel”,
pdoer autod tov ID, pe Tto aviiotolo altnua mov elye ovtd to ID- dtav ohoxinewOel £tol
dooolia, amelevBepdvetal voL UmoEel vo avarvrhwBetl xor 0 aQLOuog (rwOrdS) ov elye
mdeL outi 1 docormpia.

Aoxnon 13.4: Amewxovion Mvijung tov Movddwev E/E (Memory Mapped 1/0)

Onwg elmope 0t0 pudbnuo, évag ovvnoOwopévog TEOOg EMXOLVOVIOG EMEEEQYOTH-HOVAOWY
€1.0000v/eE600V (E/E - megudpegetanés cuonevés) eivor 1 "asmewrovion uviung" twv povédwv E/
E (memory-mapped I/0). Ze tétola. ouoThuata, éva uEQog Tov "ymheov" Guormv devfivoewv
ovtioTolel oty ®0QL. VAU TOU VIOAOYLOTH], €V oL vrdhoutes Guorég devBivoelg
OVTLOTOLYOUV OTLS TIEQLPEQELOXES OVONEVES. AUTO onuaivelr 6t evtolég load ol store TV
omoiwv 1 ewovixi] OevBuvon petoapedleton oe Tétoleg "Ghhes" Puoréc dievBivoelg
TEORAAOUV UeTOPOQA dEQOPEVIV ATTO TNV EXAOTOTE ETUAEYOUEVY TTEQLHEQELOAT] OVOAEVT] TTQOG
tov eneEeQyaoti (load) 1| aviiotgoda (store), avti va dafalovv 1) va yoddpovv pio B¢om niLog
pvnunc. H mpootaoio twv megupepelanmv ouoxrevav (mt.y. agyeta oto dioro) anmd avenitoentes/
naxOpovhes, havBaouéves, 1 tavtdyeoves mooPdoels eEohaliCetal pe To va unv amernovitel
TO AELTOUQYWO OVOTNUA xaula eEmoViry oelida yoHotny oe Ppuolxi] oehdo oV avIloTolyel Oe
neQupeQelonés ovoxrevés, xou va "eudpavitel" avtég tig duowméc oehides pOvo oto MO
emovinmv dlevBivoewv Tou AELTOUQYIHOU CUOTIUATOS (TTAMV TTEQUTTWOEMV ELOUMY CUOREVMV
1O ELOLRDV YONOTMV IOV ETUTEENETAL VO, ATTOXTOVV xoT'evbeiav mQOoPaom o aUTES).

Sav amhoind ToQAdELYUa, YL TOVG OXOTTOUS QUTHS TS Aoxnong, OewEnote OTL Adue Yo éva
ovoTNua ®0ELOG pvhung ot cvoxevav E/E mov BAémer puownég dievBivoels MéEewv (OyL bytes,
ONAadn éxouv NON adougedei to 2-3 LS bits g dietBuvong tov emeEepyootr)) peyéboug (oL
duowég devbivoelg AéEewv) 11 bits. Tov avtiotolo x®Eo dvorwv dievbivoewy, peyéboug
2048 AéEemv, amopaoilovue vo LoLRAooVUE WG EENG:

o Oxxxxxxxxxx: 1024 AéEeig nOoLag pviung (main memory).

o 1lO0xxxxxxxxx: 512 AéEeig yoo wa "ueydhn" megupegelaxt] ovoxevh (dnhadi uio
ovOo%EVT] oV TeQLEYEL Evav peydio buffer dedopévmv E/E mov Béhovpe vo pmopel va
PAémeL 0 emeEeQy0OTNG).

e 111110000xx: 4 AEEelg notaveunuéveg oe 2 "wngéc" ovorevég E/E, v "IN" otig 2
yapnhotepes dievBivoelg, ot tv "OUT" otig 2 Ynrotegeg, 6mov 1 ®a0e pia amd autég
TLG CUOKEVES €YEL 2 E0MTEQLROVS HOATOYXWENTES --TOV "status" otnv Cuyn devBuvon, nou
tov "data" ot povn dievBuvon.
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(@) Zyedidote, yonowwomolmvrag moheg AND  (oocwvdfmote eo6dwv) nor NOT, tov
aItoRWOLROTTOLTH] OLEVOVVOEMV IOV ETUAEYEL TN OVOREVT] (ROL TOV RATUYWENTY)) TOV TQETEL VAL
evegyormownOei »dbe dopd. Eicodog tou amonmdwmomowmti| eivor to 11 olpouota duowxrng
devOvvong AéEewv amd tov emeEeQyaoti) (LeTd ™) petdpoaon g eovirnig detOvvang amd
t0 TLB). O ammormoromountiig £xel 6 ovpuata eE6d0v: 1 yia TV VLo uviun, 1 yuo tnv pueyain
ovoxrevi] E/E, 2 vy v IN, now 2 yid v OUT: yid #dBe ud amd tig IN xow OUT, to mowto
oloua Aéel moOTE amevBUVOUOOTE OTOV XATAXWENTH TN "status" xoL to OeTEQO AéeL mOTE
amevBuvopoote otov "data". Zyedidote To wOrAOUO OV YEVVA avTd Ta 6 olopata, delyvoviag
TQOOEXTIXA TTOLOL CVOUATA EL0OAOV KO TTOLEG TTOAMKOTNTAS XONOLUOTOLE(TE 08 ®EOe TOAN AND.

(B) Ze moid AEEN pvhums (oto dexadrd, aQyilovrag amd v 0), 1] oe mowd B€omn Tov buffer Tng
HeYaANg ovoxreuis (tdi oto denadinod, aQyilovtag amd v 0), 1] 08 TOLOV ROTOYWENTI] TTOLAS
ovoxevns avapéoetal ®ale pio amd g eENg duowmég devbivoelg AéEewv mov didovtal oto
Oen0eEadmd ovotnua, 1 molés amd avtég elval mopdvoues (avimagxtes): 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, 7CO0, 7C3, 7CF, 7FF, 800, 808, 80A, 80E, 80F, COE, COF, FO2, F12.

Aoxnon 13.5: Karaywenréis Karaoraons, Busy Wait, Polling

Puvowmd, o povadeg E/E dev elvow mpayuatiny puvipun: ovyvd, duafdtovrog omd ogopévn
OevBvvor, dev moalgvel o emeEepyaotng TV (Ola Tl pe auTiv mov eixe yodapel oe auTi ™)
dtevBvvon v tehevtaia Gpoed mou £ypape exel (0 emeEeQyaoTi|c) --TalQVEL TNV TLUY OV BEAEL
va tov dwoel xdbe popd M povada E/E, n omoia i ovyvad alldlel pe to xodvo. Emiong,
TETOLEG OVAYVOELS OTO TEQLPEQELONES OUONEVES UITOQOUV Vo €xouv "mapevéQyeles" (side-
effects), 6mwg m.y. va B€tovv 1) va undeviCovv onuaieg (flag bits) mwov vmodewrviovv my. OTL
dwafdotnre N mogovoo T eloddov no dev £xel EABeL axdpa 1) eTOPEVT (VEQ) TUUT €LOOOOV.
Opoimg, eyyoadn oe oQLopévn dlevBUVOT TEQUPEQELRTG CUOKEVTG WUITOQEl VO TQORAAEL TU.Y.
LeTddoom TG TANEOPGOEING 08 HATOLO GVQUO/OIKTVO, RO OYL TTQAYUATIXT EYYQODT] 0 rndmoLo
flip-flops 7oV var pmoov e 0QyOTEQQ VO, TO SLOPACOVUE, ROl EVOEYXETAL ETUONG 1) EYYQUPT) ALTH
vo, moxohel nal dlheg moQevépyeleg Omwg Y. undeviopd evog flag mwov vmodewmvier OTL
100eANGON 1 ogovoa Tur €E60V ®at OTL 1) ovaoxrevt] dev elval axduo Etolurn vo ToQaidfel
TNV EMOUEVT] TULY).

Emeldn) o povédes E/E 0ev ouvumeQudp€Qovial ooy moaryuatint] i, ot Tiués mov dtofalovpe
1] Yoadpovpue oTig dLlevhUVOoeELS TOUG TRETEL VO 4NV RQATIOUVTOL OTNV %#0vP1 Uiy, eldahmns Ba
drafatovpe mohég Tiég 1) autd mov yoddovue dev Oa dtdvouv dha 1] AuEomS OTLS OVOREVES
E/E. Avtd, 10 vo moQoxAumtovv OMAadf oL TQOOTEAAOES dUTEG TNV RQUOT pviun,
emruyydvetal ovviBwg pe éva emmhéov bit otov mvaxro oghidwv, mov vo vmodewviel "non-
cacheable pages", 1| ue To vo avoyvoilel 1 ®QUPT pvhun Ty €drn Hoedt TOV GUOLROV
dev0ivoewv twv ovonevav E/E.

"Eva. Mo ovotnua  emxrowvoviag  emefegyootil-ovorevov E/E, dwadogetind amd TNV
arelrovion uvhuns tov povadwv E/E, eivar 1 0mmoEn edwmmv eviohmv etod6dov/eEddov (I/0
instructions) 070 QEMEQTOQLO EVIOAMV TOV emeEeQyaoti). Ot evtolég eloOdov potdtovv e tig load
%noL Ol eVTOAES €EO600V potdtouv pe Tig store, Opwg ot eviohés E/E eival "mpovouotyes"
(priviledged), Onhadf) emroémetan va exterolvtor udvo oe "kernel mode", now ov eviohés E/E
eLd0ToLOV TNV ®EUGT pvijun va unv oépPer. Katd ta dhha, otig aptnotes E/E, ol eviohéc E/
E pdihov natadfyer va divouv Oievbivoels eviehdg avdioyes moog avtég mov divouv oL
evtohéc load/store 0T CLOTIUOTO PE ATTEWOVLOT PviiUng Tov povadwv E/E.

Al

e avti] TV aoxnor, Bewenote 6TL 1 "uxen" ovoxrevn) IN tng doxnong 13.4 elvor pia cuonev
€L0000V 0Td TANKTOOAOYLO, LLE TOVG ROTAYWENTES "naotdotaong" (status) ko "dedopévmv" (data)
mov elmope. MOhg €MOeL VEOG YOQOXUTNQAS OO TO TANRTQOAOYLO, 1 ouoxeut] Oftel Tov
NOTOYWENTI] ®OTAOTOONG OtV T 1, now 0€teL Tov notoywenti) 0edouévwv otV TN OV
asotehel Tov ®@dmar ASCII Tov yagaxtiea mov NAbe. Avdyvwon (amd mhevds eneEeQyaoT))
TOU %OTOYXWENTI] RATAOTOONG Oev £€YeL TOQEVEQYELES, EVAD OVAYV(MON TOU KROATOYWQNTY
dedouévav mooralel undeviopud tov rotaywenTi) rotdotaons (UéxoL va éMBeL o emdUEVOS
yoeantneas --€tol Eexweilovue, av motnOel to (do mTA®TEO TOMES GoEEg, mOOES GOQES
ot Onxe).

(o) Todypte o dadunaoia (procedure) "read_kbd_busywait_char ()" oe C (1], othv avayxn,
oe Pevdormowa otuh C) 1 omolo emMOTEEPEL TOV EMOUEVO YOQOKTNQO QIO TO TANKTQOAOYLO
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avtd. Onwg Aéer xan o Ovoud g, 1 dadwacio avth Ba xdver "busy wait", dnhadf O
TEQUUEVEL VO EAOEL O ETOUEVOG Y OLQOKTIQUS OTTOLOYOADVTOS EV TW METAED TOV emeEeQyaoTh) pE TO
vo. eAEYYEL OUVEYMDS, Savd xou Savd, edv NAOE yaeaxtNEog (AVAYVIO! TOU ROTOYWENTY
HOTAOTAONG) --PUOHAL, TIQORELTAL VIO, TTOMD KOXO OTUA TQOYQOUUUOTIOMOT, OANG amtd #dmmou
moémel va Semwviiooupe... H dwadwoocio 0o emoteéder tov yogaxntioa (char) mov MAOe.
Oewofote 0TL N dadwraocia Oa teéxer oe kernel mode (Do elvor péEOg TOU AeLTOVQEYLROD
OVOTHUATOS), %ol OTL, Otav Ba TEEXEL, N LETADQOON ewovir®V dlevBivoewv oe duorés Ba
glvar n ovvagtnon tavtdtnrag, dMiadn N puorn devBuvvon Ba LovTAL pe TNV ELROVIKT] TTOV
™V Yévvnoe. XQNOLWOTOLOTe type casting, om0 TG OTOOEQES OXEQOUES TOOOTNTES TWV
dlevBivoemv mov EEQeTe, YLl VO 0LQYIXOTIOLOTE TOVG pointers (xatdAAniov €idovg) mov Ha
YQELAOTE(TE Y10 TQOOTEALOT] OTOVUG HOTOYWONTES TNG OUOREVTGC.

([3) H na@anowoo draduracta (o) elvor oD noxld, OLOTL dev aq)nvet TOV enegegyaom va %AVEL
timota Ghho donv Mo omrog TIEQLUEVEL VL rc)mmgo)»oynest 0 emdpevog yapoaxthoags. Omwg
elmope »waw oto udbnua, évog xohteQog TEOTOG eival vo extehel o emeEeyaothc diddoga
TEOYQAUUATA, RAL, TEQLOOWMA, OTOTE €QYETAL OLOXOM| OO TO QOAOL TEAYHOTIXOU YQOVOU
(ovvNBwg 50 pe 120 Hz --dhho amd to QoAOL Tov eneEepyaoti), Twv GHz 1 exatoviddwv MHz),
HETAED AAMDV TTEQLODLHMV EQYAOLMV, VO EAEYYEL KAl AV NADE RATOLOG VEOG XOQAXTIQAS OO TO
TANRTEOAOYLO (0Q®EL OL XAQAXTNQES VO PNV €QyovTol Tud YT yood amd TG danomés, Todyua
oV Loy UEL YL TIANRTEOAOYI0 ot 50-120 Hz @uBud dwoxommv). O todmog avtdc Aéyetol
devynoronia (polling) (1) mepLddevon), OLdTL 0 emeEeQyaoThg malgvel Eva "delypa" amd v
1OTAOTAON TOV TA®TEoAoYiov ®xG0e 10 pue 20 ms (50-100 Hz). Todyrte pia véa dodiracio
"read_kbd_polling char ()", avdloyn pe tnv moonyoluevy, oAl outh ™) ¢$poed ymeig
ovapovi.. Edv éyer éAM0Ber véog yoQoxTtioag om0 TO TTQONYOUMEVO HAAECUO OTHV
read_kbd_polling_char(), téte Oa emotoédel avtdv ToV Yooortioa, aAlowms (av dev éyxel éMOel
VEOGC yaanTNEog) Ba emoteédel (auéoms) '\0 .

Aoxnon 13.6: Koortog E/E facer Asvypnaroinypiog #ot faost Avexommv

H megodwni] devypoarodnyio (polling) mov eidape oty mogomdvw doxnon 13.5 eivor évag
0eaMoTnOg TG €10600v/eEGO0V (E/E - 1/0), apxrel n ovyvotnta derypatohnpiog vo eival
0Q®oUVTIWS YNAN @ote va unv ydavovior elcodor 1) va unv xrabuvotegel 1 €Eodog. To
HELOVEXTNUA TNG OeLyaToMPiag elvar 1 omaTdAn xeOVoU Yo TNV ovAyvVmoT TOU RATAY WO T
notAoTaons Otav dev £xel EA0eL andua vEa el0000G 1) OeV £XEL TEAELMOEL AROUOL 1] TTQONYOUUEVY
dEN €EGOOV.

"Evag evalhoxtindg 106mog e10600v/eE6d0v eivar E/E faoer draxommv (interrupt-driven 1/O):
1 meQLpeQELanT] CVOKREVT) OLoxOmTeL (interrupt) Tov emeEeQyaotr Otav vdoyouv véa dedopéva
€Ll0600V YU auTdV, 1] 6Tav elvol éToyun vo deytel véa dedopéva eE6dov amd avtdv. ‘Etot, dev
OTATAMETOL YQOVOG Yo derypuaTolnypia xwelg AOYO TG CUOKEVTS, 000 auTi) OeVv elval andua
érouun. To xdotog, mdviwg, g E/E Pdoer dianommv etvar 1 eldint] poovtida (overhead) mov
astoutet 1 ©Ad0e draxort), 0edopévou OTL avti) ahAATEL TN OLEQYAOl TTOU TEEYEL, TO TTEQLEYOUEVAL
™G ®QUPNG pviung %ot tov TLB, o amowtet damavnen rotayoadr otouxelmv (book-keeping)
YLO. VO, AELTOVQYTOEL 0WOTA. AvT qutoU, 1 68Lyuaro7w]wéa WUTTOQEL VoL €YEL TO TAEOVEXTNUAL,
ovahoya pe Ty megimrmon, 6t derypatohnmret "ulo xow woh)" worlég cuonevég E/E yio waOe
uior dramorti) ad To QOoAOL (batch processing), avti va vpiotatan "vdabe toelc xow Aiyo" To ®00TOg
ulog emmmhéov dromomilg amd piov ahhn ovoxevr). [d vo amodaciocovpe TL pog ovUPEQEL Mog
evOLAPEQOVV TQELS TOLQAUETQOL:

o [1600 novtd yoovmd pogel vo ovuPoiv dvo yeyovota ewddov; H meplodog
derypotolpiog moémel va elvor foaylteon amd avtd, TQOKELUEVOY VO UV Y AOOVUE TO
delteo yeyovog. TTgoxreluévou mepi eE600v, mOoo deyduaoTe vo rabvoteghoovpe amd
TNV OAOXANQWON piag TEAENS €600V péyoL va To aviiindBel o emeEepyaotig xoL vo
TQOYWQETNOEL OTNV eOUEVT; TNV TOQAUETQO avT UTOQOUVUE Vo TV Heyaldoovpe (doa
omavioTeET Oerypatolnpia) av 1 ovoxevn E/E éyxel évav peyoahitego evrapuevth (buffer)
OV VO WITOQEl VO %QATA UECO TOV TEQLoo0TEQX. dedouéva €100dov 1] €EHO0U
(mepLocOTEQN doVAELd ®AOE HOQA).

e [l6cog elvaw 0 pécog QuUONOS TV YeYovoTWV €L0000V; ANhadt], aveEdotnta av dlo
veyovota €l00d0ou evdéyeTal vo oupfoiv ol novid petal tovg, xard uéoov 6po
000 novTd Yeovixd Oa ovuPaivovv; Oco omovioteET elval 1 votd uéoov 6Qo euddvion
TOVG, TOOO PeYalTEQT Elval 1) 0T TAAN TG Ao%OTNG deLypoTOANPlOg.

http://www.csd.uoc.gr/~hy225/17a/ex13_io.html Page 7 of 10



Exercise 13: 1/0, Links/Buses, DMA (U.Crete, CS-225) 17-05-07, 01:03

e [1600 molhég ovonevég E/E devypatolnmrotpe poli oe #dbe duonom tov goloylov
(batching factor); Oco0 eQLo0OTEQES elval aVTES, TOOO TEQLOOOTEQO ATOoPEveTOL HETAED
TOVG TO ®OOTOG TNG OLOXOTTG TOV QOAOYLOV.

Oewenote, og avTV TNV doxnon, 6t 1o QOAOL Tov emeEepyaoth) eivar 1 GHz (doyeto pe to
QOAOL moayuaTivoU ¥0OvVoyu mov pog Oiver meQodinég dlamomés), OtL 1 ewdwwi] Goovtida
(overhead) yua ®G0e droxomy) etvan 800 yhddes (2000) xixAol Tov QOAOYLOU TOU emeEeQyaaT),
nol OTL To ®O0TOC derypatolpiag piog ovoxevns E/E elvar daxdoor (200) »Oxhol tou
ohoyLoU Tou emeEegyaotr) (N ®boLa autio autig TG ®aBuotépnong eivar To OtL oL apthotes E/
E (I/O buses) eivor moll mod 00YEég amd TOug (YOTYOQOUGS) ONUEQLVOUG eMeEEQYAOTES). OEhouue
VoL VTTOAOYICOVE TL TOGOOTO TOU CUVOALROU X0OVOU Tov emeEeQyaoti] Oa amopoodpd 1 E/E otig
TOQOXATM TEQUTTWOELS, OTAV avTh Yivetal faoel derypatohpiag 1) fdoel dioanommy.

(o) Eotw évag vmoloywoths o omolog AapPdver non  xotoyodder ofuoto omd 40
amopanQuopéva onueta. Kdbe pia amd tig 40 yoauués e106d0ov evdéyetal va GéQvel VEES
€Lo000ug ®G0e 1 ms, ONhadn pe péyioto euoud 1 kHz. Eav yonowomoroovue derypotoAnyia,
EMOUEVIIS, TO QOAOL mpémer vo. pog Oiver 1 dwaxomiy avd 1 ms. Ze xd0g Odwomor,
derypatolnmrotpe 40 ovorevés. T1d6oovug vixhovg goroylol (tou emeEegyaoti) Eodebouvpe o
%nA0e dronori, (i) yio Ty O tn dromort), o (i) yia Tig 40 derypotolnpieg; Aedouévou Ot
ovtd emavorapPdvetar 1000 ¢popég to deutegdlemto, mOOOVS ®UAOVUG QOAOYLOU avd s
Eodevoupe yio E/E; T 1000010 NG 0UVOMXUNG VITOAOYLOTIRTG OUVAUXOTNTAS TOV EMEEEQYAOTH)
OVTLITQOCMIEVOUV QLUTOL OL XURAOL;

(B) "Eotw 611 0T0 ototnua (o), e 6t véeg (00001 ITOQEL VO £QYOVTOL OYETIRG ROVTA 1 wioL pe
™v dAn (xGBe 1 ms), o péoog eUOUOS ADLENS Toug elvar onuavtind aeaLdTEQOS: RATA PHECOV
000 ¢pyovtal 40 véeg eicodol avd devtepdiertto avd yoauur e.lo0dou. Zuvolnd, yio OLeg TIg
vooupués, mooeg elvar ou véeg gicodol avd s; ‘Eotw 61l ®dvouvue E/E Pdoer diaromdv, xat Ot
%n@0e véa eloodog (amd owadimote yoopuf) mooxohel pio dwaxomi). I1ooeg dionomés avd
dgvtepolemto Oa éyxouvue, xatd pécov 6go; Iléoovg nixhoug goloyov Bo Eodever o
emeEeQya ot vy va g egummeetioel; Tu TOG00TO TS GUVOMANG UTTOAOYLOTIXNG TOV
AUVAUKROTNTOGS OVTLITIQOCMITEVOUV QUTOL; ZUUpEQEL 1) derypotonio (o) 1) ot drarorés (B);

(v) "Eotw thoa 6t oto chotnua (o) avEdveton o péoog Quiude AdEng vémv eloddwv, amod
Ayeg Oenddec avd yoopun avd devtepdiemto mov fjtav oto (B) oe 400 avd yoopun avd
devtepdhemro (Onhadi) minordilel meQLocodTEQO 0T0 PEYLOTO QUONS, oL eivan 1 kHz). To ndaTog
™G derypotopiog dev aAlalet, adol avth ovtwg | AMOE emoxémteTar TV #dbe yoauun
1000 popég to devtepdhemto. Opwg, ot pébodo Pdoel droxomdy, awEdver o péoo mhhBog
oaxommv avd devtegodhento. [Mog aridlovv oL amavifioels ooag TG godtnong (P) &dm;
Svpdépet ) derypaToinia 1) oL OLorOTES, T,

(0) St megurtdoelg (B) rau (y), ®vduvebovpe vo ydoovue wamolo véa €i00do av "TEcouv
uolepéves" véeg eicodol amd Oheg Tig yoaupés; ‘Eotm 0Tt apéomg petd v élevon piog véag
€Lo000u amtd T yooupn A, pog éoyovror véeg eioodol nal amd Tig 39 dhdes yoouués. T va
eEummoetioel o emeEepyaoths tig 40 auTtég dLoromég (T wio petd TV AAAY), TOOOUS HORAOUG
emeEepyaotn yoewdleton; I1docog yodvog eivar avtds; To vwpitego mov pmwoget vo €MDl M
emopevT €ioodog amtd ) yoouun A eivor 1 ms petd tv moonyoluevt), 0mwg elmoue oto (o). Oa
éyeL mpohdPer o emeEepyaotnc vo eEvmmpetioel Tig moQomdvew 40 dwoxomég mowv éAOeL M
ETOUEVT) QUTT) {00005 0Td T Yoaupn A, ) 0o TV YGoEL auTi) TNV ETOUEVT] €(0000;

(¢) "Eotw thoa 6t avti Tmv 40 1060wV Tov (1) 0 VITOAOYLOTHG Hag €xel wa povo --ahhG oA
YONY0QOTEQN-- €{00d0: pia yoopun dwmtdov twv 32 Mbit/s, dniadf 4 MBytes/s. 'Eotw 6tL 0
ovoxevt] €106d0v pmoet va xpatfoel (€xer buffer yio va zpatfoel) 1 moxéto, alhd OyL
nagartdvw. H ovoxev] pog diver 1 dwaxorh) yia »dbe 1 apuxvoipevo maxéto. ‘Eotm 6t ta
uxotepa duvatd manéto eivor peyéBouvg 40 Bytes nabéva (6mwg oTto TOWTOROAAO TOU
Awadietiou, 1o IP). Aga, 0 uéylotog duvatds Quinds AdiEng maxétwv eivow 4000 KBytes/s dud
40 Bytes avd moxéto = 100 K manéta/s. EGv pog éoyovror moxéta ehayiotov peyéBoug nou pe
ToV péYLoTo duvatd QUONO ("wolNTd" To éva pe To dAho), Eava-amaviote Ty egdtnon ().

(ot) ZEfueoa vmagyovv yooppés Owxtoov my. Tov 1 Gbit/s, dNhadf meglmov 30 dogéc
YONY0QOTEQES AT QUTAHV TOV (g8). MmoQel 0 VTOAOYLOTNS HOS VO TIG AvIEEEL OV 1] CUOKELT)
€L0000U ouveXloeL va €xel EVIQMEVTH] UOVO Yo €vo TOXETO raL ovveyioel vo pog Otvel uio
dlaxomi) yia ®dBe advoUIEVO TTORETOS;;
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Exercise 13: 1/0, Links/Buses, DMA (U.Crete, CS-225) 17-05-07, 01:03

Aoxnon 13.7: Amnevlciog [ooofaon Mvijuns (DMA) a6 Tvoxevés E/E

Amod ta mapandvem vouuepa pavnre 0T oL yoiyooes ovoxevéc E/E mpémel va éxouvv peydhoug
evrapevtég (buffers), o0Twg MOTE OL OLAROTES --€(TE TOV QOAOYLOU E(TE TWV CUOREVWDV-- VA UV
elvar moAD ovyvég, maL va pmoQel peyahn "moodtnto €Qyaciog”’ Vo OUCOMQEEVETAL OTOV
EVIOUEVTT UETAED OLadoymmv "emonéPewv" 0T CUOREVT] OO TOV EMEEEQYOOTH. AROUO HOL
pe ovth ™) Abom, OpmG, Yo vo. UV elvar oL dlaxomég oD ouyVES, LTIAQYEL ®oL Eva GANO
oA U0 ETOOCEMVY YLaL TIS YOTYOQES ovoxevég E/E:

TG va avirypdyel o emeEeyaotig £va peydho 6yxno dedOUEVOV OVAIESH OTOV EVTOUEVTT TNG
TEQUPEQELOXTG OUOREUTS RAL TNV HUQIMG UV TOV VITOAOYLOTH, arantoUvToL wollol xuxrhol
pohoyo, emeldi] ov aptnoies E/E (Aewdodgor E/E - 1/0O buses) eivor mold mod aQyég amd toug
onpeQLvols (YoM yoQovg) emeEeQyaotés. Aedopévou OtL 1 aviryead avti elvor pio ToAD ot
egyaoia, Ba amoteho0E CTATAAT SUTOVNODV VITOAOYLOTIXOV TOQWV (TOV EMEEEQYNOTY]) TO VO
PéCoupe Tov emeEeQyaati) va TV ®AVEL: 0 emeEeQYAOTHG, 08 OUTH T1 doVAELd, O omaTald TV
TEQLOOOTEQT (OO TOV TEQLUEVOVTOS Vo, amtavtioel 1) agtnota E/E. H evdederypévn Abon elvon
VO OITOXTNOEL 1) TEQLPEQELANT] OUOXEVT] T OUVATOTNTA VA AAVEL POV THG TNV OVILYQOOT|
OVAUECO OTO EVIAEVTT) THG ®oL 0Ty ®iowa pviun: H "Anev0eiag ooopfaon Mvijuns (Direct
Memory Access - DMA)" amd 115 ovorevég E/E hertovpyel wg €Efg. H ovoxrevn E/E éxer 000 1
TOEIG ®ATAYWENTES ELEYYOV YLaL T AettovQylo DMA:

a. AwevBuvon évaEng --etval 1 (puowxt) dedBuvon uviung mEog TV ormola 1 amd TV
omoia Bo aQyioel M aviypadr) dedouévarv.

b. Méyebog petadoedgs --givar To mAN00og twv Bytes mov Oa aviryadpov.

c. Kataywontic evepyomoinong --elvar o xotoywenths exeivog Omov  pOMg o
emeEeQyaoTNg YodPeL évav eldmd nmowma 0o agyioel ) avtrygadt) (AuTdS WITOQEL 1oL va
Ny vIdoyeEL, Y. GV N avitypadt ayiCer ue to mwov yoddovue to péyebog uetadodis
0ToV 0V TEQO RATAYWENTY)).

H ovoxevi) E/E éxel emiong wio punr| punyovi) memegoopévav ratootdoewv (FSM), n omoia,
nohig dobet To onua exnivnong, ndvel Tv eENg dovield xat' emovadnym:

i. Znta va g 800l M yofon e aptnoiag wiung () tov agtowwv E/E xaur pvijung, 1
TOV/TOV OYETHMY OVVOEOUMV).

ii. MoMc tng 000sgi M xeNom, avTryQddeL TV eOUEVN "AEEN" TOV EVIQULEVTT TNG OVOREVTG
otV ®VElmg uviun, exel mou delyvel o xatayweNthg diehBvvong, N v aviyedder amd
TNV ®UQIWG UVAUN OTOV EVTOMEUTH) THNG OVOXEVNS. [Zto PHua auvtd, n "AMEN" mou
ovTtryddeTan ouyva dev eivar pia povo AEEN Tov emeEegyaoti 1 Tng agtneios, ol pio
xet) opddo (burst - Quf) AéEewv, TQOREWWEVOU VO EXPETAAAEVTOUUE T OUVATOTNTA
tv DRAM yio. 01xovouunoteQn moooméhaon ouveyouevav AEemv (§ 13.1), »abhg nou
va amooPécovpue raliteQo To overhead amdOnTNONG ¥ONONG TNG QQTNOLOG UECWH TNG
petapodc meglocotégmv Bytes e Gpod ov TV aITORTOVNE].

iii. AvEdavel tov rataywenti diehBuvong ratd to TAHB0g Twv Bytes mov polg petédege.

iv. Mewover Tov rataymoenti peyébovg petagpopds xatd to mibog twv Bytes mov poALg
LETEDEQE.

v. Av 0 xnotoyxmentig peyébovug elvar axduo peyoiiteQog tov Undevog, emavalapPavel
a6 to (i).

Ag Bewpnooupe og aUTH TV Aoxnon Tov (0o eneEepyaoti) e gorot 1 GHz movu elyope no
TOQOITAV®, KOl EVOV CUVOECUO ETUKOLVOVIOS TTEQLPEQELORMDV - UVIUNG - ETEEEQYOTI] TUTOU
PCI-Express twv 2.5 Gbits/s (»Qmwg maAoudTeEQNS YEVIAS), ®oL "otevd", dnA. g piag udvo
"Aweidag" (x1). O @uOudg petddoonsg avtol tov cuvdéopov eivow 2.5 Gb/s = 2500 Mb/s =
miegimov 312 Mbytes/s, dNAadf mepimov 1 Byte ®dBe 3.2 ns 1] alhoudg 1 Byte »G0e 3.2 wixhot
poAoyLol tou emeEegyaoth pag. [ldvem oto oivdeopo avtd oL TANEodopies uetodépovrol o€
"manéta" (6mwg ota dintva), xot xGbe manéto £xel wav emuxedarida (header) ag mohue Twv 12
Bytes (7. Oev0Oivoels myNg, TQOOQLOWOU, ®wdrd TRAENS, éAeyyog OhOApGT®Y, *AT)
onohov0oiuevn oo to petadepdueva Bytes dedopévwv.

(o) "Eotw 6T dgv vuaoyert DMA, xau o eneEeyaoths xdver Ty aviyQodf peto&h uviung »ou
EVIOULEVTT TIEQLHEQELONTS OCUOREVTG, O TTOVUE OTTO TN VI TTQOG TNV TEQLHEQELOXT] CUOKELT).
H avtiypadn yivetou pe éva punpd Poodyo mov meguhapPdvel pio evtoit load amd T puviun ot
ulor EVTOAT| store OTOV EVIAMEVTH TG ovoxevts. Ot eviorég load now store avapégovtal og pio
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uovo AEEN (4 Bytes) --adpol dev vmdoyouv evioléc load/store molhamhdv AéEewv. Otov
ToELdevEL M) AEE (LECW TNG EVTIOMS store) TTOG T ovoxeVT uEow tov ovoeouov PCI-Express, 1)
MEN auth) Takdelel péoa oe éva manéto ueyéBovg 12 Bytes (header) + 4 Bytes (data) = 16 Bytes
ové monéto. Me to guOud 1 Byte xdbe 3.2 ndnAoL gohoylot tov emeEeQyaoti] mov Pofnaue
TOQAITAVW, ®G0e TéTolo TOréTo TV 16 Bytes (uetadopd piog AEEng twv 4 Bytes) xootilel
megimov 50 ®Oulovg gohoylo® tov emeEepyaoti. Ag voBéoovue OTL OL VITOAOLTES EVIOMES TOU
Poodyov xootiCovv 30 nixlovg Tov emeEeQyaoti], ®VEIWg AOY®D TOV AVOTOGEVRTOV OLOTOYLDV
©QUPNGS pviung mov Bor mporaléoouvv ou emovellnuuéves eviohéc load amd devOivoelg pn
TEOODATO YONOLUOTONUEVES. ZUVOMXRA, ETOUEVMS, O QUONOG avTiypadg elvar 4 Bytes avd 80
nOnhovg eneEepyaoti] (80 ns). [T6o0g eivan avtds o QUOKOS oe MBytes/s naL e Mbits/s; Edv o
emeEeQyooTic avtdg €xel va tTeodpodotel Tautdyxgova 2 dlorovg pe magoyn 10 MBytes/s
no0évog nar 1 dlntvo fast ethernet pe maoyn 100 Mbits/s, TL TOC00TO TOUV YEOVOL TOL Oat
VIOYQEWOEL VO APLEQDVEL VL0 AVTLYQAPES OEOOUEVMV ATTO TH) UVTUN] TOV TTQOG TOVUG EVTOUEVTES
TWV OVOREVDV QUTOV;

(B) ‘Eotw thoa 6t vidoyer DMA. Ag vrobéoouvpe, moog otiypiv, 0Tl o eneeQyaotig dev
asaoyohel ®0BO6Aov to oUvdeopo PCI-Express pvijunc-E/E, m.y. emeldn) evotoyel ouveymg oty
1OUPT TOU UVNUY, ROl ETOUEVOC O OUVOECUOG avdg elvol ouveXDS SLOBETLUOC YL TN Py avi)
DMA. (i) EGv n pnyavi) DMA 100$000Tt000¢€ TIg TEQLPEQELARES CUOREVES OTEAVOVTOG UioL AEEN
n00e Gpopd (4 data Bytes péco oe ndbe "manéto"), xow edv amaoyoAel £ToL To 0UVOEGUO TANEWS
(100%), dom Ba fitav 1) cuvolrt Taoy Tng oe MBytes/s »now og Mbits/s; (ii) Opwg, oL unyovég
DMA #xdvouvv (oyedov) mavia Tig UeTadoQés TOoug o€ peyoAvtepa blocks dedopévav,
TIQOXELUEVOV VO ATTooPECOVV 0€ TTEQLOCOTEQO dedopéva To ndaTog (overhead) thg eruxedpoaridog
TOV TOXETOV, 1] THG QUTOXTNONG XL XONONS TS 0QTNEIG, 1| TS £VOQENS TEOOoTELNONC O VEQ
yoouuh (row) tg uviung DRAM. Ag moUpe Ot €di 1) punyovi) DMA pog petadéel ta dedopéva
oe opadeg (blocks) Twv 16 AéEewv (64 Bytes) xabepior (dnh. avd moxéto) doa ta moxéto O
éxovv uéyeBog 12 header Bytes + 64 data Bytes = 76 Bytes ®d0¢ maxéto. Me to ouOuod 1 Byte #d0e
3.2 ns mov Perrape moQomdvem, ®ébe TéTolo maxéto maigvel 76 B x 3.2 ns/B = mepimov 250 ns
ovd maxéto, | 4 M moxéto (tov 64 Bytes dedopévov) avd devtepdiermto. Edv 1 agtnola
amaoyoleitor wadil 100% yia tétoleg petadpogéc DMA, moon Ba elvar ) cuvolunt| ooy g o€
MBytes/s now o€ Mbits/s;

(y) Edv oL mogomdve petagpogés DMA o blocks Twv 64 Bytes eEumnoetotv mdht Toug 2 dlonovg
ue mooyf 10 MBytes/s xaBévac »ar to 1 dixtvo fast ethernet ue mogoyr 100 Mbits/s g
gomdTNOoNg (0), TOTE TL MOO00TO TOU YEOVOu Tou ouvdéopov PCI-Express pviunc-E/E
oTI0LoY0AOUV QUTES OL UETODOEES DMA vtV TV TEQLPEQELARMDV CUOREVMDV; ZUYRQIVETE AUTO
TO TOCOOTO e TO TO000TO TG amdvinong (a). ITag'ott medxettal yio avopoa peyédn (to (o)
fTav 10000Td TOU YEOVOU TOU €meEeQYOTI], EVA TO (Y) €lval TOC00TO TOU YEOVOU TNg
0Qtnelag), eEnyeiote oe mowolg OU0 mapdyovies odeidetar 1 pelwon TOU TOCOOTOU
arooy0ANong oo to (a) 0To (Y).

Emumléov tng pelmong avtig, mwov eivor amd povn tng éva #€000g, ToQatheoTte OTL 0To Uev (a),
Onhadi) yweic DMA, o emeEeQyaotis adléomve £va un eurnotadpedvnTo HEQOS TOU XOVOU TOU
yio vo eEummeetel Tig petadogég dedopévav avtdv Tmv ovoxrev®v E/E, evd oto (), Onhadi pe
DMA, o eneEepyaotiic dev adlegmdvel xaBOAoV YeOVO 0 0TS TIG HETAPOQES (PoovTilel povo
vaL TIg Eentvder, v PETd T adfveL vo Teéyouv nuoves Toug yio todld KBytes ouviifmg), ot oL
petapoés yivoviar "udves tovg" (Onhadn amd v N g unyxavéc DMA, mou dovielouv
ToQAMANAa pe Tov emeEeQyaoti)), amacyoldviag (ov petadoés DMA) éva pépog uovo g
dwabéaung maoyng (throughput) T Uviiung, ®ot adpfvovtog To vadhouto PEQOS VTN TNG
QoY MG OLaBEaLUO Yo va eEVTTNEETOVVTOL OL LOTOY(ES TNG RQUPTG VNG TOV EMEEEQYAOTH).

Toomnog Iagadoong

[Mogadmote TN oglpd auti) aoxioewv on-line, o poodt PDF (uovov) (wropel va elvor neipevo
unyovoyQadnuévo  m/xotl  "oxnovaglopévo"  xelpdypado, ohlhd uovov oe poodtn PDF).
[Mogoadmote péow turnin ex13@hy225 [directoryName] éva 0Qyelo ovopott exl13.pdf
70V B0 TEQLEYEL TIG ALTTALVTTOELS OOLC.
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