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Biprio (EMMvno, éxdoon 4) - dtafdote to €&, »auL pe Toug eElg Todmovg:

e DRAM, AwadpUihwon (Interleaving) Mviung - oeh. 546-551 (amtd §5.2) (row Tig evotnreg 13.1 -
13.3 edM oo ATW): SLAPAOTE TIC XOVOVIRE, ATTOTEAODV HEQOG TNG eEeTaoTéng UANG.

e Aptnoieg (Aiowlot - Buses), na Z0vdeouot (point-to-point high-speed-serial links) - oelideg 678-
681 (e TO PEEOS TS § 6.5): drafdote T navovird, amotehov HEQOG TNg eEeTaoTéns UANG.

e Emxowwvia EneEeoyaoti], Zvorevav I/O, wow Mviung (DMA) - oehideg 684-696 (§ 6.6),
10OMG %Ol OL ONUELDOELS HOL AORTOELS €0 TAQOUXATW: OLOPAOTE TLG HOVOVIRE, OTTOTEAOUV
LéQog s eEetaotéas VANG.

e Opydvmwon I/O eneEepyaotmv x86 - oehideg 682-683 (amd § 6.5): dafdote Tig "ota yenyoea" -
EYRURAOTIOLOLRAL.

e Mayvntoi (oxhngoi) dloxot »nar pviueg flash - oghideg 670-678 (§ 6.3 »al 6.4): daPdote TIg
"ota Y1 yooa" - eyrURAOTOULOLRAL.

e Jyotiuata Amoffxevong (Storage), RAID, ¢egeyyvotnra, afomortia, dwobeoiudtnro -
oeldeg 668-670 nar 700-708 (§ 6.2 nor 6.9): onuovtivd OEUa YL TEQUUTEQW TQOOWIUKT COC
uelétn, alrd extdg UANG ovToL TOU pObnuaToc.

e [Tapdderypo server yid data centers, xou dhha eyrvxrhommoudind Oépata - oehideg 708-723 (§
6.10 non 6.12): yonowwa yud eynvrhomoudini evnuéQwon, orAd extds UANG cutol TOU
pafnuotog.

13.1 SRAM, DRAM, [Igoonerdoeis Xvveyouevov AéEewv:

SRAM-DRAM: Onwg eimape oto paOnua, ta chips pvhung eivar oQyovouéva 0wTeQHd OF
nAapuooa blocks amd otoyeion pviuns. Ztig "otatxés" pvnues (SRAM - Static Random Access
Memory), to. otowyeio pviung eivon flip-flops (pe 6 transistors ®aBéva), xal 1 AmOONHEVUEVT)
minoodogia datnoeitar 600 eivar avapévn N Tdon teododootas. Ztig "duvopurég” pviueg
(DRAM - Dynamic Random Access Memory), To. otouyeia pvijung eivor munvwtég (capacitors --
€vag TURVITNG %o €va transistor avd bit), 6mov amoOnxreleton duvaund n mngodogio. Adyw
Tov QelpOTog dLaEQOTS, 1 TANEOdoQid auTH (PoETio 0TOV TUUVMTY)), XAVETAL Héoa ae Alya
¥ WMooTd Tov devtegorémtou (ms). ['d va duatnenBolv ta megleyxdueva thg DRAM mpémel va ta
avalwoyovoipe (refresh), dnhadr va ta dafdlovpe ol va to Eavayoddoupe, »abe megimov 8
pe 16 ms.

Méye0og (Xmontzotnta - Gbits): [Tapd To pelovértnud Tovg autd, ®Row ToEd TV HeYOADTEQN
noBvotépnon mooomélaong mov £xouvv, oo DRAM dwaBétouvv éva onuavtird mAeovEXTNUOL
meoodéQovv megimov wia TéEN peyéBoug peyaditegn ywoenTwoOTNTO (capacity, Mbits --OyL
"capacitance") avé chip og oyxéon pe tic SRAM. Etot, oo DRAM yonotpomototvtal oyedov vt
YI& TNV ®ATAOREVT] TNG ®VOLAG UvAunG (main memory) TV VTOAOYLOTOV, €vdd oL SRAM
yonowpomoovror  oxedov mlvia yud Tic %udéc pviues (cache memories), AOY® TNg
younhoteons xobvotégnong tovg. Me v mEbé0do TG TEXVOAOYIOS  RATAOREVTS
0AOUMQMOUEVOV RUKAWUATOV (chips), 1) xwENTROTNTA TOV chips WvAUNG CLVVEXDS AUEAVOVTOV.
Tig moonyolueveg denaetieg, o QuOUOS avthg g adEnong ftav: tetoamhaciacnos (x4)
yoonTroémTag ndbe teio (3) yeovia, dpmg avth TN dexaetian avtodg €yxel méoel. To 2013, n
texvoloyio Twv DRAM Peiorovrav yiow ota 2 éwg 16 Gbits avd chip, alhd »a to 2017 wa
MOTLE TT.y. 0TO www.micron.com Og({yvel TAUQOUOLES KWENTROTNTES. Epmogund, tTnv pviun tmv
vIoAoYLOTOV T Polonrel naveig oe unéc mhanétes (modules - DIMM), mov 1 »aBeud £xet wavom
™g ovvihiBws 8 (1 9) 1| 16 (1) 18) chips. ‘Etot, mwy., éva module pe 8 chips twv 256M x 8 bits = 2
Gbits xabéva elye ovvolnt) ywontrdtto 16 Gbits = 2 GBytes. Otav ta chips elvar 9 avti 8, 1)
18 avti 16, to emmhéov chips yomnolpomolovvTal yid amofixevon rwdinwv aviyvevong xol
OL6eBwong oparpdtwv (ECC - error correction codes).
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Tooupég zon Xtijheg: Méoo oto chip thg DRAM, to ®d0e block eivan évag mepimov teTedymvog
mivorog amd otoryeion pvhung, ue yoow otig 1024 1 mogamdvem yoauués emi 1024 1) moQasmdve
othhec. ['id va dwaPdoouvpe éva otouxelo Pviung eMAEYOUUE TEMTO TV YOOUW OTNV OTmold
aviner ovtd, divovtag ™) detBuvon yoopuns (row address) 0TOV QITOXRWILLOTOLNTH YOOLUUNG, O
omolog avdapel éva oboua (word line) ov SLoTEEYEL HOL EVEQYOTOLEL TNV ETUOUUNTY] YOOLWUY.
Otov avdyper to ovgpo. ovtd, Ok ta otouelor pviung (bits) AV OTN YOOUUN QUTY)
dwafpdlovrar, dnhad” Tomoletotv To ®abéva TV T Tov (TEQLEYOUEVO TOV) OTO AVTIOTOLYO
ovopo otiAng (bit line) mov dwatéyer ™ othin tov. Etol, oto xdtw pégog tou block tng
LVTUNG, OTLS ATTOANEELS TV CUQUATWY OTNANG, epdavitetol To meglexduevo OAmV TV bits wov
elvan amoOnrevpéva otnv emheyeioa yoouut. Evog peydhog mohumhéntng emiéyel 10Te 1O bit
mov epeic Oéhape, Pdoel g dletOvvong oting (column address), xow To divel mpog ta éEw. H
oM avth) drodracio, atd TV eil0odo g dtevOVVoNg yoauuns péxol va Pyel To tTeMxo bit othv
€€000, dtapnretl apretd xeovo (Yoow ota 30 ns yud tig onuegvég DRAM, amtd ta pins dieOvvong
uéyoL Ta pins dedopévmv Tov chip g DRAM, evd auti] avEdver onpoviind otav mpoote0el xa
1 ®0.OvoTEQNOT 0ITd TO chip Tov emeEeQyaot uéyot To chip tThg DRAM »au miow).

I'ewrtovizég Mooonehdoerg (sequential Accesses): EGv petd v mopandve dwadiwacia, Opmg,
0éhovpe va duafdoouvpe nan pegurd omd ta "dumhavd” bits avtov mov puohg dafdoape, TOTE
ovtd pwoel va yiver moAl yonyopdteQa: Ta bits autd eivon "érowua", otig amoinEelg Tmv
OVQUATMY OTNANG, ®ot TOo chip g pvAung wropel va ta amooteilel 0TOV ALTOUVIA TNV
ovayvmon (). Tov eneEeQyaoti]) TOAD yQTYoQa To éva uetd to Ao (mepimov 1 bit #dBe wod
pe 1 ns oe noBévo amd ta olouata Sedopévov (data) yid tg onueowvés DRAM).
Expetallevdpevor tn duvatdTNTA 0UTi], TETUYAIVOUUE VO TQOOTEAAVVOUUE HEYANES OUAOES
vertovirmv AéEewv (m.y. cache lines (blocks)) e moll punpt| emmiéov emfdouvon o oxéon e
™V aEyrt] 200VoTEQNON TROOTEALNONS TS TOMTNG AEENS TN OUAdOGs.

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

H mogamdvw mepintwon mpoonehdoewv oe yertovird bits otnv (0o yoopun wds DRAM eivou
moQaderyua ds yevirdteQns meQimTtwong: moAlés Ppooés, vmdoyel éva onuovind Kootog
Exxivnong (start-up cost / overhead) yid pdv egyoocio (m.y. petadogd dedouévav) mov elvor
(oxedOV) aveEGQTNTO TOU UeyEBoug TNG €QYaolag (). Tou OY®oU TOV JeDOUEVMV), HOL OTH
ouvéyelo vmdoyel €va  uxoteQo (1] oAU uxdteQo) emmAéov (Awodoguxd) Koetog
(incremental cost) Y& v ®(0e emmhéov povdda egyaoiog (m.y. Y ®vabe emmhéov Byte 1) AEEN
oedopévov mou petadégovrar). To emmiéov, dapoowd avtd zootog avd povdda €Qyov
ToMES POQES TO PETQANE PO TOU avTLoTEOdOU Tov: 0 Pubuog IMagaymyng tov éoyov, N N
Hagoyn (throughput) (. TV petapegduevov dedouévmyv) elvar 1 TOCOTNTA TOV €QYOV TTOU
TOQAYETAL AVA HovAda YQOVoU, 1] 0 OYrOS TV dedopévmv mov peTadpEéQovial avd povada
XQOVOU.

INé mopdderyua, Oewenote éva DRAM chip pe opydvmwon x8 (.. 256M x 8), Onhadf) éva chip pe
8 data pins, mov AettovQyel oe ovyyeovioud (SDRAM - Synchronous DRAM) pe éva gohdi 500
MHz (Goa pe mepiodo gohoylot 2 ns) (to madderypa eivar ndmwg malondtego - to 2017, ta
0oAOYLeL Twyv DRAM's eival ovyvd séve atd 1000 MHz). O yooviopdg twv data pins elvar DDR
(Double Data Rate), Onhadf) To #d0e data pin pmooel vo petadéger £vo data bit oe wG0e OeTinn
oxun Tov QoAoYLoU xral éva emmhéov data bit oe ®dOe apvnTny) oxun eohoylol, GQa OTo
oeaderyud pog éva data bit avé 1 ns (uuot) mepiodo goroyov), dnhadn pe éva euiud (tagoy)
petapodgs 1 bit / 1 ns = 1 Gbit/s ava pin. ‘Eotw 6t amd ™) otryud] mov divovpe oto chip avtd
wé drevBuvon avdyvmong péyol vo pog emoteépel Ta 8 bits (1 Byte) (uéow tov 8 data pins) ammd
™ devBuvon mou tou dmoaue megvdel nobvotéonon 40 ns. Metd and avtd ta medto 8 bits
oumg, éotm Ot epelg Béhovpue ot Ta dumhavd Tovg 56 bits, dnhad) cuvoind 64 bits (8 Bytes)
(7. OLOTL €xoupe 8 Tétola chips ev moparlAm, ral BEhovue va drafdoovpe pior Cache Line twv
64 Bytes atd avtd (8 Bytes/chip x 8 chips = 64 Bytes ouvolxd)) (napud poed, avtd dha ta bits 1
Bytes mov ta dtofdlovpe 6ho pali ta Aépe "burst" — opofoovriat). Apol to ndBe data pin Tov
chip pmoget va pog divel 1 data bit ava 1 ns, Tote Tal 8 pins Tov chip puwoov vo pog divouv 8 bits
ovd 1 ns, dnhadr| 1 Byte / 1 ns = 1 GByte/s.

e avtd MooV 10 TOQASELYU, TO X00TOG (%0.0VOTEQNON) exxiviions TNG AVAYVOONS €VOG
Tétolov "burst" eivon 40 ns, xow avti) 1 ®oBVOTEENON EXriVONS APoEd TOCO To nABe éva chip
YWELOTA 600 %ot Ta 8 &V maeaAMAw chips Oha poli. Amd v AMAY, TO emmAéov (dtapooixd)
x00t0g (x0.Ovotéonon) Y to emmmAéov (Yertovind) bits wow Bytes eivar 1 ns yid »nG0e éva
emmAéov bit avd pin, 7] 1 ns yid #d0e 8 erumhéov bit (1 Byte) avd chip, 1 1 ns yud ®d0e 8 emmhéov
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Bytes Y& 6Aa naw ta 8 chips. To avtiotgodo autol Tou diadpoorot ®60TovS (To aAvTioTEOodhO
™G ®abuotégnong avd povdda emmiéov Oyrnov dedopévmv) elvar o QvOUGS ueTaPoods Twv
emmhéov dedopévav, N N wagoyy dedouévarv, dnradn 1 bit/ns = 1 Gbit/s Y14 »dBe éva pin, 1) 1
Byte/ns = 1 GByte/s Y14 ®G0¢ éva chip, 1] 8 Bytes/ns = 8 GBytes/s Y14 0ha »ou to 8 chips. Me avt)
™v nobvotéonon exxivnong (40 ns) xor to QUOUO petadopds (8 GBytes/s = 8 Bytes/ns), 1
ovvohuxi] vaBvotéonon yid vo drafdoovue ohdxinen v Cache Line twv 64 Bytes amd ta 8 ev
moQahANAm chips Oa etvar: 40 ns yid to modta 8 Bytes, ouvv 1 emmhéov ns yid ndbe pud emmhéov
ouddo amd 8 Bytes, OnAadn ovvolnd 7 emmhéov ns yid Tig 7 emumhéov ontddeg and Bytes (64
Bytes = 8 momta Bytes + (7x8=56) emmhéov Bytes), dpa ouvolxd 40 + 7 = 47 ns. [Tapdpola
OVUTEQLHOQA UE TNV TOQOITAVM CUVOVTAUE %L O TAN00g GAAwv TEQUTTMOEWV, 0T
VITOAOYLOTIXA CUOTHLOTO HOL TAL SXTVOL:

e Sov moWTo MaddeLyUa, 1 opoyelota (pipelining) éxeL autTi) axQLPOS T CUMITEQLHOQA,
€0Tm 1oL AV oVYVA adLapoQolUE VLA TO HOOTOG exrivNoNg OTav Wd eQyaoto amaLtel TV
EUTENEOT) EXOTOURVQIWV EVIOLMV. ZTNV dxt] pog o) pipeline Tng doxnong 9, To x0oTog
exnivnong elvor 5 wimhot goAoyLo0 (ONA. 601 DEA YEELATETAL YId VO TEAELDOEL 1) TOWDTN
EVIOM]), 0L OTN OUVEYELD O QUOUOS OAOXANQMONG TV EMOUEVOV, ETUTAEOV EVIOADV
etvar 1 eviol] avd »nixho goroylol 600 dev vmdoyouv aAAnAeE0QTNOELS EVIOADV 1)
00TOoY(eC RQUPDOV PVNUDV.

o Sav 0eltego maodderypa, ol oxhngoi diorol €xouvv nL ovTol TAEOUOL CUUTEQLHOQAL:
péxol va umogéoovue vo. agyloovpe va dwofdfovpe to block dedouévmv mov pog
eVOLAPEQEL, TTQETEL VO TTEQLUEVOUNE VO nLVNOEl 1 »eDOAT] AvAYVWLONG ®aL VO YUQIOEL O
dtonog oltwg mote va £MBeL To TEMTO bit Tovu block ®Gtw amd TNV *EGAAT), TOV CLVVHOWG
onuoiver amd Alya éwg 10 pe 20 ms (milli-second) —avtd elvan 1o ®60T0G (RBVOTEQTON)
exxlivnong g avayvoons. Metd amnd avtd Ouwg, ta bits eivor amoOnrevpéva tOOO
%®ovid to éva 0to dAho, now o diorog yueilel TOoO YT yoQa, Tov 1 mapoyT dedouévav
(ouBubds avayvmong) eivor g TAENS TV peQMV dexddwV ¢wg Alywmv exatovidadwv
MBytes/s (ag movpe, av elvor 100 MBytes/s = 800 Mbits/s = éva bit »d0e 1.25 ns).

e AMo madderyue elvar to dixtva, O6mov Ta olEUOTO  (YOOUUES UETOPOQAS
NAexToopaYVNTIROV  ®VUATOV) ®ow oL omtirés  (veg  (rupotodnyol  dwTovimv)
ovteQLpEQOVTaL OxQIPOS ooV TOMD porQuég pipelines —oav tolva omd bits mov
%®voUvVTOL TO évo miow amd to AMAO pe TV TaydTTa Tov Gwtds. Td mogdderyua,
Bewpnote éva dintvo 10-Gig Ethernet (10 Gbit/s) mov meQvder péoa amd Wav orrtixt
pufrovg 20 km, #or uéow tov omoiov évo moxéto peyébouvg 1 KByte. ‘Eotw 6tL 1
Ty OTNTO TOV GWTOG PEo 0TV orttxt] (va elvar 200 Mm/s (Aoyw tov deintn didOhaong
TOU VA0V TNG (vag, 1) ToyTtnTa Tov GwTodg HESH oTNY (Vo elval Yo umAoTteen o 660 0To
®evd —ag moiue €d® ta 2/3 twv 300 yxhddwv km/s touv xevol). H nobvotéonon
exxivnong yid tn petodoed tov moréTou pog péoo amd TV omuki (va, dnhadin m
r0Bvotéenon Tov mE®TOoL bit Y& va dtavioetl Ta 20 km pe avt) v toytTnTa, O gival
20 km / 200 Mm/s = 0.1 ms = 100 ps. Metd to mo®TO bit, Ta emdpevo. arohovBolv oe
"amootoon" (xoovwxi) 0.1 ns avd bit (to avitotpodo tou 10 Gbits/s) —avtd elvor TO
drapoond ndotog Tov ndbe emmhéov bit. Aga, ta 8 Kbits (1 KByte) Tov maxétov pog Ho
¥0€La0ToUV megimov 8 yhiddes doég to 0.1 ns, dnakdn mepimov 800 ns = 0.8 ps yid va
¢tdoouv, To éva mom amd to dhho. H ovvolui) nabvotéonon howtdv eivor 100 + 0.8 =
100.8 ps.

e [lagoépola elvor xot 1 ovureQLdoQd Twv aETNELMV (buses) HEOA OGTOVS VITOMOYLOTEG, KL
Tov STV amd ovvdéopovg onuelo-meog-onpeio (point-to-point links) mou ofueQa
avtoloTotv TG aQTneies ot Ynhéc tayxvnteg —Omws .. To PCI-Express xou ta
"Networks-on-Chip (NoC)", 6mwg 6o moivue apéomg tooa, otnv § 13.3, nabbg no
TAQOXATW, OtV donnon 13.7

133 Awpvrhoon (Interleaving), AAMAnioralvrropeves AocoMpies:

O Hagalinliouog eivan 1 Paowi) texviei Yo v o0Enon g mooyns (throughput) pudc
vaneeotag, ONAadf Tov mdoot "mehdTes" eEVmnEETOVVTOL VA HOVAdA XOVOU, £0TM KoL OV OEV
pewoveton 1 rabvotéonon ("exniviong") g eEummoeétnong tou rabevdg meddtn yworotd. H
opoyelpio (pipelining) eivor M wiow poedf TOQAAANAOMOD, OV epaoudleTar OTav TOMATAES
eldevuéves novadeg egydtovral tovidygova oe Oapogetinés daoels 1 xabepio TG
eEummnpétnong tov »dbe "meldtn". H Gl poodp magarinhopot eivor 6tov molhamhés idieg
povades egydlovtal toutdxgovo eEumneeTdvias (mANowg) évav dadogetind  "mehdn"
noBepta. Avti) 1 0eltegn poedi moariniouol, eGaQUOOUEVY OTIS UVIIUES, KO OLUOTOLELTOL
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ed® ol Wod adva yid TNV abENON TG TOQOYNGS TOV UVNUMOV, ovopotouevn Awapivllwon
Mvijung (Memory Interleaving).

"Eva. Avapuilopévo Zvotnuo Mviung amoteleltor omd molamhés unedtepes uvijues, mou
oo v va. douheovy Oleg TawTOYEOVA, TTROOTEAUVOVTAS (dLafdlovTag 1 YoadpovTag) i
oo a dradpogeTint] AEEN (] opdda yertovivmv AéEewv) nabepio. Ou emmpéQovg wndTeQES
pviiues ovopdlovtar "memory banks", xaBepic. H »abe AEEN tou cuvoluol cvoThpotog
whuns Poloxetar amodnxevpévn oe pio xow pdévo pioe amd Tig banks. Omote ovpfaiver vo
xoeratopoote (0yedov) Tavtdyeova d0 1 meQLoodTeQES AEEELS (1] OUAOES YELTOVIROV AEEEWV)
mov  Pelorovror amoOnrevuéves oe  Owodopetinés banks woBepio, pmwogolue va TG
mgoomeldooupe (0xedOV) TavtodReova, PAloviag Tig banks mou TLG TEQLEXOVV (TTOAAATAES
oveEdQTNTeS pvhues, dmiadf) va doviebouv ev moQolMiAw. O TQOTOS SLOUOLQACUOD TWV
MEewv (] TV opddwv yertovirdv AéEewv, my. cache lines) otig banks udg dtoduvilwpévng
pvnung axohovBet zdmola ovvdotnomn rotoxeouatiopot (hashing) méve otig dievBivoels Tmv
MEewv, emheyuévn olTwg MOTE vo peyiotomotel Ty mbavotnto ov AéEels (1] opddeg) mov
Intapue yoovird novtd petagld toug vo feiorovial o diadoetirt) bank. Mid ovviOng tétola
OUVAQTNON RATAXEQUOTLONOU YONOLHOTOLEL bits xovtd oto 0eELd (LS) dnpo tng dietBuvvong yud
va emAéEeL TV bank, oUtwg wote mpoomeldoels oe dradoyrnég AéEels (1) cache lines), m.y. AOYw
OELQLONMV ETMOXREPEWVY O PEYANOVGS THUVOKEG, VO TEGTOUV OE JLadOQeTIRES banks.

H mogadooiont] ogydvwon evog dadpuAlmpévoy cuoTHUOTOS UVAUNG YOMOLMOTTotel  dv
ootnela (bus) ou eival TOAD Yo1Y0Q0TEQEN 0td TIg memory banks mov ovvdéovtal emdvm Tg.
IN'é mopdderypa, Oewenote wdv aptnoia (address bus) mov pmoei, ®G0e 10 ns, vo. petadégel i
€va #avoEYLo altnuo TRooméhaons oe wd memory bank (OnAadf wd detOvvon pali pe ta
bits eléyyov mou THV OLVOOEDOUVY) (YA amhdTNTa, g OswEnoouue UOVO TTQOOTEAGOELS
avéyvmong edm). OewENote OTL 0TV aETNEiC auTi cuvdéouvue 8 memory banks, wov 1 ®oOeuia
Tovg €xer wabvotégnorn avayvoons 80 ns. Téhog, Oewphote 6t ta data mou Pyaivouv
(OwapéCovron) amd »dbe bank Tpododotov wd dettegn agtnola (data bus) mov pwogel xabe 10
ns vo petopégel mom otov emeEegyaoth to data mov dwufdoope amd pio bank. Tote, o
emeEeQy0oTNg WroQel, »a0e 10 ns, va Eexivael nu amd wd véa TQOOTEANOT] UVIUNG, TOQA TO
veyovog O0tL Ba vdpyovv 101 7 meonyolpeveg "exnpepels" (pending) mooomeldoels, aoxel M
nA0e véa mpoomélaon vo amevBiveTal og pla (otnv) "ehetBeen" bank, dnhadn pia (tnv) bank
exelvn mov dev elvol amooyoAnuévn pe plo oo Tig volowes 7 exnxpelels mpoomeldoels. H
%nA0e pio mpoomélaon (avdyvwon) emotoédel ta data tng petd amd 80 ns, alrd %ndbe 10 ns
vdEyovv data mov emMOTEEPOUV %L and pia diapogetint] amd Tig 8 tehevtaieg mpoomeAdoELg
mov Tig Eexivnoe Oheg 0 emeEeQYAOTNG TOLY TEAELDTOUV OL 7 TIQOTN YOV LEVEG.

Ta onuegvd DRAM chips megiéyovv puéoo toug moramiés diapuvilmpéves banks (cuviOmg
petakl 4 xot 16 banks). To QOAO TV YO YOQWV CQTNELMOV IOV €lvol ®OLVES HeTaED Twv banks
Tov maiCovv ag' evog ta address pins Yid TLg auTioelg TQOGPAONS, ad' eTéQov Ta data pins Yid TG
ammovtioels otg avayvooels. H dtapihhmon (magaiiniopds) péoa o' évo DRAM chip eival
emwdelng OLOTL, Y., THV ®EA WOV ¢ évo bank Poloxetan oe eEEMEN M avdyvwon wdg véog
yooupng (mov eivar d ayn dradraoia), éva Ghlo bank emotoédel ta data wdg o yoluevng
avayvwong pécw twv data pins, ®.0.%.

H aptnola mov tpopodortet éva diapuiiwpévo ovotnuo pviung, 1 évo dintvo mov amotelel
™V eEEMEN g apthoiag (6mwg to PCI Express) oL 7ov 7Q00QICETOL YL TNV ETXOLVWVIKL
ovéhoywv magdlAniwv cUOTNUATWV —T.Y. TOMATAOL TTUQETVES, TOALOTAG TeQLpeEQELOnd,
ovotolyieg TAQAAMNADV JloRWV, ®AT— TQETEL VO £)EL LA X AQAXTNQLOTIXT] LOLOTNTA IOV dEV TNV
oUVaVTOUOOUE OTIS TOQAOOOLOKES OQTNOIES: TEEMEL va. VTooTNnEilel morhamhég, YOOVIXA
AlMhoxalvmropeves AocoMypieg (multiple Transactions, Overlapping in time), 1) alloidg
emovopoLopeves mohhamhés Exxgeneis Aosoimypieg (multiple Pending Transactions), 7 Split
Transactions. H 10¢a eivow 1 €Efg: o amd Tig emuovwvooeg cuoxevés (0 ATV — requester,
master) {ntd plo Aocornyia (Transaction) omtd wav dAln ovoxrevr) (o amaviov — replyier, slave)
O TTEQLUEVEL LAY ATTAVTNON: T.Y. O ALTOV CNTd [av avayvmon, otéhvovtog uud dtevbuvon, xot
0 amavtav Bo amovtioer aQyoteQa, otéhvoviag Ta autnBévia dedopéva. H docormpio auti,
ovvnOwg ofuega, OloQxel C0QxeT MEA, Ot OYéon Ue To 7OOO YETY0QO E&ivoL TO UECO
gmunovoviag (aptnota, dintvo). Tov mahod xawd, péyxol vo €MBeL mow 1 amdvinon xoL vo
ohoxrhnowBel £€tol m docolpia, dev pmogooe nad dAAn cuoxevt] amd TG ouvdedeuéveg oTnV
ootnelo va Eexwvioer xowvoloylo docornyio, mooxelpévou va. uny "avoxratmdoiv" petag
TOUG oL d0cOMPieg rat mEorPeL "uméQdepa €tot, N apmeia ®abdviav avevegyn (idle) dom
MOA EXOAVE O QTTALVTOV VO, OTTALVTHOEL.
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H onpeowvi, ®ohteen ogydvmon emteémnel "yweLotég" dooolieg (split transactions): H ¢don
ToU outNuatog (request) Thg xdBe docolmpiag elvar Eexwoloth amd T ¢pdon g amdvinong
(reply), ®ou petaEV Twv dV0 emTémeTan va maeePAN00UV pia 1) tegLocdTeQes avaioyes pdoels
(outpoto, omavInoels) Ag 1 TEQLOoOTEQWV GAAwV docolmpiwv. Ouvoiaotird dnhadi,
emtoémeTal Aettovgyla avdioyn g OloduAAOUEVNS UviuNG: €vog 1) TEQLOOOTEQOL CULTOVVTES
ETUTOETETOL VO OITTOOTEIMOUV TOMATAG QUTHUATA 08 o 1] TEQLOOOTEQES OVOXEVES OV Oa TaL
OTIAVTIOOUV, TEOTOU ETMOTEEPEL 1] ATAVTNON OTO TEMTO OO T drtiuato. Me dlha Aoywa,
emrtoémetor oL dooohPies va allnroxollmtovror yoovird -1 deltegn vo aQyilel oLy
TEAELDOEL 1) TEOTY, ®.0.%.— doa EmMTQEMETOL O TOQUAANAMOUOS peTOED docoyrv. Avutd
onuaiver 6Tl emteémovrol ToMMATAES "exnpepels” (pending) docolnpies: 600 1 TEMTY deV EYEL
TEAELDOEL OMONA, GO elvol exnQeung, Eextvdel 1) de0TeQET), naL (VoL %L EXEIVY) ExnQEUNS HEYOL
VO TEAELDOEL, %.0.X.

And v dmoymn g viomoinong, Wao amd TS ONUOVIIHOTEQES OITALTIOELS Y& Vo dovAépouv
omotd Oha autd eivan vo vdoyeL évag TEOTOS OTAV £QYETOL UG QTTAVTHON Vo E€QOVNE YId
oL OTTO TOL TQONYOUUEVA auTiata amotehel amdvtnon avti mov toea éoxetal! Edv oha ta
artnpoto moigvouv otabegd yoovo va amovtnBoiv, tote wropel va moodiayoadel 6Tl Ta
ortnpoto 0o amovTOVToL TAVTo HE T 6eLpd Tovg (in order), xou doa 1 ®d&He amdvinon apood
IOVTO TO TOAALOTEQO eUXQEUES altnuor Tote, Wwd ovpd FIFO agxel yid vo Oupdpaote ta
EXNQEUN cuTNHOTAL, %O VO TA "TaQLdCovpe” pe Tig apuvoipeves amavtioels. Opwg, duoTuymg,
ovvNnBmg, Ta dddoga arthpoata, mOavov oe SLUPOQETHES OVOKEVES %Ol O OLODOQETINES
"amootdoels" oto dintvo, dev maigvouv otabegd xou mdvia tov (0o xedvo va amavinboiv,
doa oL amovtioels €oyovtal extog oelgds (out-of-order — o0o0o). Tote, amoitelton 1 O
docolnyia va ovvodevetanr amd évav "agpd (xwdwmd) tavtomoinong" (tranasction ID —
identifier), mov va elvar erdotote HOVOOWMOS UETAED TV EXUXQEUMV EXEV] TNV QO
Q0COMYLOV, RalL OTOV £QYETAL LG ATTAVTION VO VITAQYEL Eva ®ORAMUA TTOV VoL TV "TouLalel”,
Pédoer avtot tov ID, pe 10 aviiotolyo altnua mov elye ovtd to ID- dtav ohoxinewOel étol
docoinia, amerevBepdveTar noL umoeel vo avaxrvxrAmBel zar 0 aQlOuOs (rwddg) mov elye
maeL ot 1 docormpia.

Aoxnon 13.4: Anewévion Mvijuns tov Movadov E/E (Memory Mapped 1/0)

Onwg elmope oto pdbnua, évag ovvnOLoUEVOS TEOTOG EMUOLVOVIOG ETEEEQYAOTI-LOVAdWY
elo6d0v/eE6d0V (E/E - megupegetanéc ovoxrevéc) eivar 1 "ameindvion pviuns" tov povadwv E/
E (memory-mapped I/0). Ze tétola ouoTnpaTa, éva HEQOS Tov "YhEov" duordv devBivoewv
ovtioTol el oty ®0QLoL PVAUN TOU VUTOAOYLOTY], €V@ OL vIOAouteg Quowrés devBuvoelg
OVTLOTOLYOUV OTIC TEQUEQELONES OLVOKEVES. AUTO onuaivel OtL evioAés load xau store TmV
omotwv 1 ewovixy] OelBvvon petadpodleton ot Tétoleg "dhhec" duowméc devBivoelg
TEORAAOUV UeTOPOQA dEQOUEVOV A0 TNV EXAOTOTE EMMAEYOUEVY TTEQLHEQELOKT] OVGHEVT] TTQOG
tov emeEeQyaoti (load) 1| avtiotgoda (store), avii va dafatouv 1] va yoddovv pia Bom nioLag
uviiuns. H mpootaocio twv megupegetonmv cuorevmv (). agyela oto diono) amd avemitoentes/
noxopPouvies, havBaouéveg, 1] Tavtdypoves mpooPaoels eEodaiitetar pue To va unv amerrovitel
TO AELTOVQYWO OVOTNUAL xauia EmoViry oehda yoHoty oe Ppuolxt] oeMOO TOV AVTILOTOLYEL OE
nieQupepelonés ovonevés, nal va "gppavitel" avtég Tig dvowméc oehideg pOvVo 0TO YMEO
emovirmv dlevfivoewV Tou AEITOUQYIXOU CUOTIUATOS (TTAMV TTEQUTTNOEMV ELOUMY OUOHEVMV
%O ELOUMV ENOTOV IOV EMTQENETAL VO OTTOXTOUV ®aT'eVOeloy TQOOR 00N 08 QUTEQ).

Zav amhoind moddeLyua, YIo. TOVG OXOTTOUS QUTHG TS AornoNs, OewEnote OTL Adue Yo éva
ovoTnua xS Pviung xor ovoxevdv E/E mov PAémer puowmég dievBuvoels MEewv (OxL bytes,
Onhadn éxouvv NoM adpoalpebel ta 2-3 LS bits g detBuvons tov emeEegyaoty)) peyébovg (oL
duonés dievBivoes AéEewv) 11 bits. Tov avtiotowo yho dpvoav dievBivoewv, peyéboug
2048 MéEewv, amodaoilovpe vo Holdooupe wg eEfg:

o Oxxxxxxxxxx: 1024 AéEelg nloLag pviung (main memory).

e 1loxxxxxxxxx: 512 AéEeig ywoo o "ueydhn" megupegelant] ovoxevn (dnhadi pla
OUox®eVT) OV TEQLEYEL évav ueyaho buffer dedouévov E/E mov Béhovpe vo umogel vo
PAémeL 0 emeEeQy0oTNG).

e 110000011xx: 4 AéEewg notaveunuéveg oe 2 "unés" ovoxnevég E/E, tnv "IN" otig 2
yaunhétepes dievbivoelg, ol tv "OUT" otig 2 YnroTeQeg, 6mov 1 »abe pia amd autég
TIC OVOREVEG €XEL 2 E0MTEQIROVE RATAYWENTES --TOV "status" otnv Cuyr diedBuvon, »a
Tov "data" ot povr) deBvvon.
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() Zyedidote, yonowwomowmdvrag moheg AND  (ocwvdfmote e06dwv) nor NOT, tov
QITORMALROTIOLNTH] OLEVOVVOEMV TTOU ETUAEYEL TN OVOREVT] (ROL TOV RATAYWENTY]) TOV TQETEL VAL
evegyomownOel »dbe dopd. Eicodog tou amoxwdwmomowmti| eivor ta 11 olpouata duowxrng
devBvvong AéEewv amd tov emeEeQyaoti] (LeTA T petddoaon g ewovirig deBuvvang amd
to TLB). O amoxmdiromomtig €xeL 6 ovouata eE600u: 1 yia tnv nigLa uviun, 1 yio tv peyain
ovoxrevn E/E, 2 yud v IN, »ot 2 yi& v OUT- yid #dbe wd and tig IN xow OUT, to mpdto
olouo. Aéel moTE QTEVOVVOUOIOTE OTOV RATAXWENTY TN "status" xow To delTEQO AéeL mOTE
amevBuvopaote otov "data". Zyedidiote To ®OXAWUO TOV YEVVA QUTA TOL 6 oVQuaTa, el VOVTOS
TIOOOEXTIXA TTOLOL OVOUATA ELCOAOV %O TTOLALS TTOMKRATNTOS (ONOLUOTOLE(TE 08 ®AOe TOAN AND.

(P) Ze mod AEEN pvhumg (oto dexadird, agyiloviag amd v 0), 1| o€ mowd Béomn tov buffer g
LEYAANG ovoreVNS (TTGAL 0Tto denadrd, aQyiCovtag amd v 0), 1| € TOLOV noTAYWENTY] TOLAS
ovoxrevng avadégetal xdbe plo amd tg eENg puowrég devBivoelg AéEewv mov didoviar oto
dexaeEadnd ovotnua, 1 moeg amd autés elvor mapdvopues (avimagxrteg): 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: Kareywonréic Kardoraons, Busy Wait, Polling

duownd, ov povadeg E/E dev eivar mpayuatxi] pvijun: ovyvd, dapalovtog amd ogopévn
devBvvor, dev malgver o emeEepyaotng TV (Olal T pe autiv mov eixe yodapelr oe avTh ™)
devBvvon v tehevtaia Gpoed mou £ypape exel (0 emeEeQyaoTic) --mtalQVveL TV TLur| wov BEAEL
va, tov dwoel ®4be dpoed 1 povada E/E, n omolo tuf) ovyva alldler pe to xoovo. Emiong,
TETOLES AVAYVIOOELS OO TEQLPEQELORES OUOKREVES WTOQOUV Vo €xouv "magevépyeles" (side-
effects), O0mwg my. va 0étovv 1| va undeviCovv onpaies (flag bits) ov vrodewviouv my. OTL
dafdotnre 1 maooo Tl eloddov kot Oev Exel EMOeL axduo 1 edpevn (véa) T eLoGdov.
Opoimg, eyyoadn oe oQLopévr dlevBVVOT TEQUHEQELARTG CUOKEVTG UITOQE( VO TQOXAAEL TT.Y.
HeTAdO00N TNG TANEOGOQEIOS 08 HATTOLO CVQUO/SIXTVO, HOL OYL TQAYUOTLXY] EYYOAPT) O RATTOLOL
flip-flops mov va. umogov e 0QydTeQQ Vo TO SLOACOVUE, ROL EVOEYETOAL ETUONG 1) EYYOOLDT) AUTH
va mooxohel nan dhhec mopevéQyeleg Omwg my. undeviopd evog flag mov vmodewwvier OTL
e O 1 magovoa Tiph €E6doV naL dTL M cuoneut] dev elvar axdua £ToLun va ToQOAGEL
TNV ETVOUEVY TUL).

Emewdi) o povédeg E/E 0ev ouumegLdp€Qovial ooy moaryloTivy] Ui, ol Tlués mov dtafalovue
1 Yoadpovue otig devhUVOELS TOVG TIRETEL VO UV KQATIOUVTOL OTNV %#0vP1} Uiy, eldahng Oa
dwafPdlovpe mahég Tipés ) avtd mov yoddovue dev Ba dptdvouv dha 1 AUECMS OTIS CUOKREVES
E/E. Avtd, t0 VO TAQOXAUTTOUV ONAOOT OL TQOOTEAACELS QUTES TNV %QUDT VUM,
emTLUYYAveTaL ouviBwg pe éva emmAéov bit otov mivaxra oehMdwv, ov va vmodewviel "non-
cacheable pages", 1| pe to vo avoyvoilel 1 ®QuUdpT pvhun v €xn ot TOv GuoROV
devBuvoewv Twv cvorevov E/E.

‘Eva. dMho olbotnuo emmxowvwviag enegegyaoti-ovoxevdv E/E, diadogetnd amd v
amewovion pviung tov povddwv E/E, eivar 1 0maoEn ediwdv eviokdv eio6d0v/eE6dov (I/0
instructions) 0To QeMEQTOQLO EVIOAMV TOV emeEeQyaati). OL eviolég elcddov potdtovv pe tig load
%ol Ol eVToAés €EOdov poudlouv pe Tig store, dpws ot evtoréc E/E elvow "mgovopoivyes"
(priviledged), ONAad1) emrtEémetal vo exterolvron uovo oe "kernel mode", xow ov eviohéc E/E
eLd0TOLOUV TNV ®QUOT| pviun va unv moépPet. Katd ta dhha, otig agtnotes E/E, o eviohéc E/
E pdihov zatarfiyer va 0ivouv devBivoelg evrtehdg avdhoyes mpog avtég mou divouv ol
eVTOMLEG load/store 0TOL CUOTHHOTO UE QTEWROVLON UviiNG Twv povddwv E/E.

e auti] TV doxnor), Bewerjote 6TL N "uxen" ovoxevn IN g doxnong 13.4 eivor pia ovoxnev
€L0000U 0ITd TANUTEOADYLO, LLE TOVG ROTAYWOENTES "notdotaons" (status) xot "dedopévmv" (data)
v elmope. MoOMg €MOeL vEOg YOQOXTNOAS OO TO TANKTQOAOYLO, 1| ouoxeut] 0étel tov
HOTOYWENTT] ®OTAOTOONS OtV TLh 1, oL 0€telL Tov notoywenti) 0edouévwv otV T 70U
astotelel Tov xmOa, ASCII Ttov yapaxtiiga mwov NAOe. Avayvwon (amd mAevds eneEeQyaoTi)
TOU %OTOYXWENTN] ®atdotoong Oev £yelL TOQEVEQYELES, EVID OVAYV(MON TOU KOTOYWENTY
dedouévarv mooralel undeviopud tov xotaywenti) ®otdotaons (uéxor va éMBeL o emdUEVOS
yoooxthoos -—-étol EexwoiCovue, av mamBel to (0o mAinteo mOAMES Popég, mOoES POQES
ot ON®E).

(o) Tedyte pio drodinaoctia (procedure) "read_kbd_busywait_char ()" oe C (1], otnv avayxn,
oe Pevdor®Owa otuh C) 1 omola eMOTEEPEL TOV ETOUEVO YOQAKTNQO OO TO TANKTQOOAOYLO
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avtd. Omwg Aer xow 1o dvopd g, 1 dwadwacio. ovth Oa »dver "busy wait", dnhadn Oa
mieQLuével vo EMOEL 0 ETOUEVOS Y OQOKTIQOG ATTAOYOAMVTOS €V T UETAED TOV emeEeQyaoTh| LE TO
va eMEYYEL ouveXMG, Eavd rat Eavd, edv NABE yaaxtioag (AvAyvmon Tou xoTaymnTh
1OTAOTAONG) --QUOLHA, TQOKELTAL VIO TOAD %OKO OTUA TQOYQOUUOTIONOU, oAl amd ndmou
moémer va Eemvijooupe... H dwadiwaocio 0o emotoéder tov yaoaxthoo (char) mov MAOe.
Oemofiote 0Tt M dadwraocia Oa tEéxel oe kernel mode (B elvar péQog Tou AeltovEYLROU
OVOTNUATOC), ®oL OTL, 6Tav Ba TEéYEL, N HETAPQOON ewmovirdv devBivoewv oe Ppuornég Ba
elvar n ovvagtnon Tavtotnrag, dMiadn N duoirn dievBuvon Ba LooDTAL e TNV ELROVLKT] TTOV
™V Yévvnoe. XQNOLWOTOLNOTE type casting, om0 TG OTAOEQEC AXEQOUES TOOOTNTES TWV
OlevBlvoemv o EEQETE, YLOL VO CLOYLXOTIOLNOTE TOVG pointers (xotdAAniou €idovg) mov Oa
YOELALOTE(TE Y10 TQOOTEALOT] OTOVS HOTOYWOENTES TNG OUOREVTG.

(B) H naganavw draduraocta (o) elvor oD nonLd, OLOTL dev ocq)nva TOoV srcsﬁegyoccm vaL #AVEL
timoto. Ghho GoMv Moo owtog TEQUUEVEL VOl rc)»nmgokoynﬁu 0 emopevog yagaxtioas. Omwg
elmmape xaw 0to pabnua, évag xohitegog TeOMog elvar vo extelel o emeEeQyaotilg dudpoga
TEOYQAUUOTA, 1AL, TEQLOOWKA, OTOTE €QYETAL OLOXOM| OO TO QOAOL TEAYHOTIXOU YQOVOU
(ovvBwg 50 pe 120 Hz --dAlo amd to gohdt Tov emeEegyaoth, Twv GHz 1) exatoviddwv MHz),
LETAED dAAV TEQLOdLKMV EQYOOLMV, VO ELEYYEL ®OL EAV TAOE RATOLOG VEOS XOQOXTNQOS OTTO TO
TANRTEOAOYLO (0QREL OL XAQAUTNQES VO NV £QYOVTOL O YT YOQd aTtd TLG OLOXOTES, TOAyU
OV LOoYVEL Yior TAN®TEOAOYL0 %ot 50-120 Hz ouOud Swoxommv). O 10o6mog autdg Aéyetou
derynatoyio (polling) (1] megudodevon), OLOTL 0 emeEeQyaotihg malgvel £vo "delypa" amd v
1OTAOTAON TOV TArTQoloyiov xAGBe 10 pe 20 ms (50-100 Hz). Todyrte pia véa drodiracio
"read_kbd_polling char ()", avdloyn pe tnv moonyoUuevy, ahld oauti ™) ¢Goed ymeig
ovapovh.. Edv éyer €é\Ber véog yoQontiQOS o0 TO TQONYOUMEVO HAAECUO OTNV
read_kbd_polling_char(), Tote Ba emoteédel autdv Tov yogontinea, ahholmg (ov dev éxel £ABeL
vEOG YooanTNEOS) Oa emmoTeédel (auéoms) "\0 .

Aoxnon 13.6: Kéorog E/E faoer Acvypnarodpiog xot fdoer Avaxommv

H megodwni] devyporornyia (polling) mov eidape otv moagomdve doxnon 13.5 elvor évog
0€aMOTIHOG TEOTOS €10000V/eEGO0V (E/E - T/0), agxel 1 ouxvoTnTo OeLypotoApiog vou eiva
0QroUVImg YNy dote vo pnv yxdvovtar eioodor 1| va pnv xrabvotegel 1 €Eodoc. To
LELOVEXRTNUA TNG OeLyMaTOMPiag elval 1) OTATdAN YQOVOU YIOL TNV AVAYVMOOT] TOU ROTAYMONTH
natdotaong otav dev €xel EL0eL andua véa el00d0g 1) OeV £xEL TEAELMOEL AROUOL 1] TTQONYOUUEVY
TQGEN €EGOOV.

"Evag evalhoxtindg 106mog e10600v/eE0d0v eivar E/E faoer draxommv (interrupt-driven 1/O):
1 meQLpeQeLant] ovoxrevT dtoxdmrel (interrupt) Tov emeEeQyaoth Otav vdoyouv véa dedouéva
£Ll0600V YU auTdV, 1] 6Tav elvol £Toyun va deytel véa dedopéva eE6dov amd avtdv. ‘Etol, dev
OTATAMETOL YEOVOGS Yo derypuaTtohpia xwelg AOYO TG GuoxEVTS, 000 auTi) OeVv elval andua
érowun. To noéotog, mdviwg, tg E/E fdoel dianommv eivar n edinf) dpoovtida (overhead) mov
astowtet 1 ®Aa0e draxort), 0edouévou OtTL avti) ahAATEL TN OLEQ YOl TTOU TEEYEL, TOL TEQLEYOUEVA
™G ®UPNG viung »atl tov TLB, nou asmmortel dammovnet xoatayeadr otowyeiwv (book-keeping)
YL VoL )\awov@yﬁaet owotd. Avt' avtov, 1 6ewuaro7mw£a WTTOQEL Vo €YEL TO TAEOVEXRTNUQL,
avakoya Le TV meQimtwon, ot derypotolnstrel "pio xow »ali)" mwodlég ovonevég E/E yio »d0e
utor draxorth) atd to QOoAOL (batch processing), ovti vo vpiotaton "va0e Teic now AMyo" to ®00T0g
ptog emahéov duanomig and piov dAln ovoxeui). [id va amodaocicovpe Tu pog ovpdéoel Hog
eVOLAPEQOVV TEELS TTALQAUETQOL:

e [1600 novtd yoovimd pmogel vo ovuPfoiv dvo yeyovota ewddov; H mepliodog
derypoatoliog meémel va eivou foayltegn amd avtd, TQOKELUEVOY VAL UV Y AOOVUE TO
delitego yeyovogs. [Mpoxelpévou megi eE6O0V, mOoO deyduoote vo rabvotepnioovue amd
™V ohoxANQWOoN pioag medEng €600 uéyol va 1o aviilndOel o emeEeQyaotig ®at va
TQOYWQETNOEL OTNV €TTOUEVT; TNV TOQAUETQO aVTH UTOQOVUE Vo TV Ueyaldooupe (doa
omavioteen derypotonpia) av 1 ovorevr E/E éxel évav peyalitego evrapuevti (buffer)
ov vo pwoel vo %patd péco Ttou meguoodteQa dedopéva el0d6d0v 1) €EOSOV
(eQLoodTEQT dovAeld ndBe o).

o [l600g elvow 0 péoog EQUONOS TV YeyovoTWV €10000V; ANAadt], aveEdotnta av do
veyovota €lo0dou evdgyetal vo oupfoiv ol novid petakl tovg, xatd uéocov 6po
71000 ®OVTA Yeovird Oa cupPaivouv; Oco omavidTeen eivar 1 ®atd PEcov 6QO0 epdAviIon
TOVUG, TOOO UeYalTEQN E(VOL 1) OTIOTAAM TNG AOROTING OELYLOTOANPIOS.
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e JI600 molrég ovonevég E/E Oeryportoinmroipe pali oe xdbe dionomi] Tov QoAoyLov
(batching factor); Oc0 meQLO0OTEQES ElvaL OVTEG, TOOO TMEQLOOOTEQO ATOOPEVETOL UETAED
TOUG TO ®OOTOG TNG OLOXOTNG TOV QOAOYLOV.

BewenNoTe, 08 QUTAVY TNV Ao®NON, OTL TO QOAOL Tov emeEepyaoti eival 1 GHz (Goyeto pe to
QOAOL TEayUaTIROT YEOVOU Tov wog Olver meQLodwmés OLamomés), OTL 1 edxi] Gpoovtida
(overhead) yuo »éBe dronomi) elvan 000 yLALddeg (2000) xnAoL TOU QOAOYLOU TOV emeEeQya 0T,
noL OTL To ®O0TOg derypatopiag plog ovoxevis E/E elvar dtandoor (200) »Oxhot tou
00A0YL00 TOV emeEeQyaoT (1 ®VELAL cutlor AuThS TG ®aBuoTéEnong eivar To OTL oL aptholeg E/
E (I/O buses) eivor mold mod 0Qyég amd Tous (YOTYOQOUs) OMueQLtvols emeEeQyaoTés). @éhoupe
VoL VITOAOYICOVE TL TOGOOTO TOU GUVOALROD XQOVOU Tou emeEeQyaati] Oa amopeodd 1 E/E otig
TOQOXATM TEQUTTWOELS, OTAV avTh| Yivetal faoel derypatohpiag 1 fdoel donommy.

() Eotw évoag vmohoyotils o omotog AopPdver nor  natayodder onuoto  omd 40
omopaxQuopéva onueta. Kédbe pia amd tig 40 yoauués e06dov evdéyetal va GEQvelL VEES
elo06dovug ®ABe 1 ms, Onhadi pe péyoto uiuod 1 kHz. Eav yonowuomotjcovpe devypatornyic,
emOMEVIGS, TO QOMOL moémer vo pog Otver 1 dwomomi) ovéd 1 ms. e xdfe dwoxom,
derypatoinmroipe 40 ovoxrevég. I16ooug ninhovg goroylol (tov emeEepyaot)) Eodevovpe o€
%n00e droxort, (i) Yo Ty O T dromort), zau (i) yia tig 40 derypotolnpieg; Aedouévou oL
ovtd emavorapfdvetar 1000 $popés 1o deuTteQOlemTo, WOOOVS RUXAOVUG QOAOYLOU avd s
Eodetovpe yio E/E; Ti 10600T6 TS OUVOAXNG VITOAOYLOTIXNG SUVALLKOTITOS TOV EMEEEQYAOTH)
OVTLIIQOOMITEVOUV QUTOL OL X1UXAOL;

(B) 'Eotw 611 010 0hotnua (o), o' OtL vées e(0000L LTTOQEL VaL £QOVTOL OYETIXA ROVTA M pioL pe
™V GAAn (2G40e 1 ms), 0 pécog QUOUAS APLENG Tovg elvar oNuOVTIRG 0QOLOTEQOS: RATA HECOV
000 ¢pyovtal 20 véeg eldodol avd devtepdiermto avd yoauur e.o0dou. Zuvolnd, yio OLeS TIg
YOOPUES, TTOOES elvar oL véeg elcodol avd s; ‘Eotw 6t xvavoupe E/E Pdoel doxommv, xor Ot
nA0e véa elcodog (amd owodimote yoapup) mooxahrel pio dioxomi). I16oeg dianomés avd
devtegolemto Oo éyxouvue, natd péoov 6go; Ilooovg nvxrhoug oloyov Bo Eodevel o
emeEeQyaots vy va Tg egummeetioel; Tu TOG00TO TG GUVOMANG UTOAOYLOTIXNG TOV
OUVAUROTNTOS OVTLTIQOCMIEVOUV QUTOL; ZUUpEQEL 1 derypotormpia (o) 1) ot draromég (B);

(y) ‘Eotw thoa 6t oto ohotnua (o) avEdvetor o péoog ouiuds dplEng véwv eloddwv, amd
Myeg Oenadeg avd yoopun) avd devtepdierto mov fitav oto (P) oe 500 avd yoopun avd
devtepolemto (ONhadi) mAnotdlel mepuoodTeQo 0To PEYLOTO EUONO, Tov elvar 1 kHz). To ®daTog
™G derypatoAniog dev alldler, apol auth oltwg 1| GhAwg emoxémtetol TV ®A0e yoauun
1000 $popéc to devtepdremto. Ouwg, oty uEbodo Pdoel danomdv, avEdvel To péoo mhbog
daxomv avd devtegdlemro. IMog arldlovv oL amoavrioels cog g eomtnong (P) edm;
Zuudépetl ) OeLypaTtoinPia 1) oL OLOOTES, T,

(®) =t megurtdoelg (B) nau (y), nvduvebovpue vo ydoovue xamolo véa €0odo av "mécouv
ualepéves" véeg eicodol amd Oheg Tig yoaupés; 'Eotm 0Tt apéomg petd v éhevon piog véag
eloodov amd ) yoauun A, pog éoyovtal véeg eicodol nar amd Tig 39 dhheg yoopuéc. I va
egumnetioel o emeEepyaoths Tig 40 auTég dlaromég (Tn po peTd TV AAAY), TOOOUS HORAOUG
emeEepyaotn yoewdteton; [1dcog yodvog eivar avtds; To vwpitego mov pmoget vo €hOeL m
emouevn €(0000g oo T Yoo A elval 1 ms HETA TNV TRONYOUUEVT), OTWG elape oto (o). Oa
éyxeL mpohdPer o emeEeQyaotnc vo eEummpetioel Tig moQomdve 40 droxomég mowv €ABeL M
eMOUEVT) QUTH) €(0000G 0Td T Yoaupn A, 1) o TV (AoeL auTi) TNV eTOUEVT] €(0000;

(e) "Eotw thoa 6TL avti Twv 40 e106dmVv Tov () 0 VItohoyloTig pag €xel pio povo --old ol
YONY0QOTEQN-- €{00d0: pia yoouun dxtiov Twv 32 Mbit/s, dniadi 4 MBytes/s. 'Eotw 6tL 1)
ovoxevt] €.06dov pmoet va xpatfoel (€xer buffer yio va zgatfoel) 1 moxéto, alhd OyL
nogamdvw. H ovoxevh) pag diver 1 dwanomi) yio #G0e 1 apumvoipevo maxéto. ‘Eotw 6tL TO
uxotepa duvatd manéto elvor peyéBoug 40 Bytes nabéva (6mmg oto TOMTOROAAO TOU
Awodutovu, 1o IP). Aga, 0 péylotog duvatdg Quiuds ApLEng maxétwv eivar 4000 KBytes/s dud
40 Bytes ava maxéto = 100 K manéto/s. Edv pog éoyxovror moxéta ehoyiotou peyéfoug nat pe
oV PEYLOTO duvaTd QUONO ("ROMNTA" TO éva pe To GAAO), Eava-amavtiote TV eodtnomn ().

(ot) ZMpepa vmdgyouv yooppés Owtvov my. Tov 1 Gbit/s, dnhadn meglmov 30 dooéc
YONY0p6TEQES OO VTNV TOV (8). MmOQEl 0 VTOAOYLOTNG HOG VO TLG OVTEEEL OV 1] CUOAEUT)
€L0000U GUVEYIOEL VO €XEL EVIOMEVTT] UOVO Yo VOl TTOETO KAl OVVEY(oEL VO pog OlvVeL pia
draxori) Yo ®&0g adpuvoluevo TaréTo;;;
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Exercise 13: 1/0, Links/Buses, DMA (U.Crete, CS-225) 10/05/2020, 19:55

Aoxnon 13.7: AnevOzciag MpooPaocn Mvijuns (DMA) anoé Xvoxevéig E/E

And to mapamdve vouuega Gpdvnre 6Tl oL yiyopes ovoxrevég E/E moémel va éxouv peydiovg
evrapevtég (buffers), oUTwg MOTE OL OLAROTES --glTe TOV QOAOYLOU E€(TE TV CLOREVWDV-- VO UNV
elvar oAy ovyvég, maL va prmoQel peyain "moodtnto €Qyaoiog’ va OUCOWQEEVETAL OTOV
EVTOMEVTN LETOED OLadoyr@V "emMOonEPEWV" 0TI CUOREVT] OTTO TOV EMEEEQYAOTY). AROUO RaL
pe vt T Abom, OpmG, YL vo. UV elval oL dlanomég oD ouyVES, LTIAQYEL ®aL €va GAlo
TEOPAN U ETOOCEWMV VLol TLG YO Yopes cvonevég E/E:

Ié va avirypdapel o emeEeQyaotic éva peydho 6yro dedouévmv ovAUESO OTOV EVIQMEVTH] TG
TEQUHEQELOXTS TUOREVTS XL TNV XKUQIWG UV TOU VITOAOYLOTH, AtouToUVTOL TTOANOL ®URAOL
pohoyto, emeldn) ov aptnoies E/E (Aewdogor E/E - I/0 buses) eivor mold mod 0Qyés amd toug
onueELvolg (YonyoQoug) emeEepyaotés. Aedouévou OTL 1 avtyoadt aut) elvar wia oAl ot
egyaoia, 0o amoTehOoE OTTOTAAM SOITAVQWV VITOAOYLOTIXMV TTOQWV (TOV €meEEQYAOTH]) TO VA
Palovue tov emeEepyaoth va Ty ®dveL: o eneEeQyaoTig, o auti) Tn dovield, Oa omatadd tThv
TEQLOOOTEQT] (MO TOV TEQLUEVOVTOS Vo, artovtioel 1) agtnota E/E. H evdederypévn hbom eivar
VO QITOXTNOEL 1) TEQLPEQELANT) OUOXEVT] T OUVOTOTNTA VA UAVEL POV TNG TNV OVILYQO.(Y|
ovAaUeCO OTO EVIALEVTT) THG ®oL 0TV xUola pviun: H "Anev0eiag Ieoopfaon Mvijung (Direct
Memory Access - DMA)" am6 11 ovorevés E/E heitovoyel wg €Efg. H ovoxevn) E/E éxer 800 1
TEElS RATAXWENTES ELEYYOV Yia T Aettovgylo DMA:

a. AwevBuvon évoEng --elvor 1 (dpuowri)) devBuvon uviung mEog TV omoia 1| amd TV
omola Ba ayioel N avitypadr) dedouévarv.

b. Méyebog petadods --givar To mAN0og Twv Bytes mov Oa avityoadov.

c. Kataywontis evegyomoinong --eivar o =xataywoentig exeivog Omov  udMg o
emeEeQyaoTng YodweL évav eldrd nmoa Ba aQyioel N avtrygodi) (AuTdg PITOQEl naL va
uNv vITdoyeEL, Y. edv N ovtyoadt agyilel ue To mov yeddpoue To uéyebog neTadpodig
0ToV O TEQO RATAYWENTY)).

H ovoxevt| E/E éyel emiong plo uxov) punyovn memegaouévov xatootdoewv (FSM), 1 omola,
LoOlg dobei To ofua exxrivnong, ndver Ty eENg dovheld xat' emavainym:

i. Zntd vo g 000l N xonon g agtneiog pwviung (M tov agmmowwv E/E »ar pviung, M
TOV/TWV OYETIUDV CUVIECHWYV).

ii. MoMg g dobel n xonon, avtryodder v emduevy "AEEN" TOU EVTOLUEVTI] TG CUOKREVTS
otV ®VEImg Pviun, exel mou delyvel o xataywenthg diehBuvong, 1) TV aviypddel amd
TNV ®UElmg WVAUN OTOV EVIOUEVTN TNG ovoxeuis. [Zto PAua autd, n "AEEN" movu
avtrypadetal ovyvd dev eivon piar pdvo AEEN Tov emeEepyaati 1] TN aptneiag, aAld wa
uxef opddo (burst - Quti) AEEEMV, TTQOXEWWEVOY VA EXUETAMAEVTOUUE TN duvaTOTHTA
twv DRAM vyia. otxovoundtepn mpooméhaan ovvexouevov AéEewv (§ 13.1), abwng »a
va amooPécovpe raliteQo To overhead amdnTNONG YOENONG TNS QQTNOLOG UECW TNG
petapodic mepoocotémv Bytes #G0e pood oV TNV ATTOXRTOUVE].

iii. AvEavel tov nataywonth dietOvvong xatd to mAHBog twv Bytes mov pwoOMS petédege.

iv. Mewwver tov ratoywent peyébous petadoeds xatd to miijfog twv Bytes mov poOMg
HETEDEQE.

v. Av o notaywontig peyéfovg eivar axdua peyoritegog tov undevog, emavohaufdver
a0 to (i).

Ag Bempfoovpe oe auti TV doxnon tov 0o emeEepyaotr) ue goldl 1 GHz mov elyope nou
TOQATTAV®, KoL EVOV GUVOECUO EMAKOLVOVIOS TEQLPEQELORMDV - UVIUNG - ETMEEEQYAOTI] TUTTOU
PCI-Express twv 2.5 Gbits/s (xamwg molordteons vevidc), not "otevo", dnh. tng piag povo
"Mwidag" (x1). O euBuodg petddoong autol tov cuvdéopou elvow 2.5 Gb/s = 2500 Mb/s =
negimov 312 Mbytes/s, dniadi] mepimov 1 Byte xG0e 3.2 ns 1| ahhoudg 1 Byte ndBe 3.2 winlou
oAoylol tou emeEeQyaoti pag. [Idvm oto avvdeopo avtd oL TAngodopies petadégovrol oe
"manéta" (6mwg ota dixtua), noL xabe manéto £xel av emxedarida (header) ag movue Twv 12
Bytes (). OevOivoelg myNg, TQOOQLOMOU, ®wOrd TRAENGS, éAeyy0oS OhOAUGT®YV, *AT)
oxohovBoiuevn amd ta petadpeodpueva Bytes dedouévmy.

(o) ‘Eotw 6t dev vdoyer DMA, xaw 0 ene€eQyaoTtic ®AVEL TNV avTiyQodr HETAED uviung »ou
EVTOULEVTH TTEQLPEQELOKTC OUOREVTC, OG TTOVUE OITTO TN VTN TTQOG TNV TEQLPEQELONT] CUOKELT).
H avtiypadn yiveton pe éva unpd Poodyo mov meguhopPdvel pio evtoit load ammd tn puviun ot
uior EVTOATY| store OTOV EVTOULEVTH TNG ovoxeur)c. Ou evtolég load non store avadégovror og pia
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wovo AEEN (4 Bytes) --adol dev vmdQyouv eviodés load/store molhomhdv AéEewv. Otav
toEdeteL N AEEN (LEow TNG EVTOAG store) oG T ouoxevT) uéow Tov ovvdeouov PCI-Express, 1
AEEN avuti) Takdelel péoa oe éva manéto ueyéBovg 12 Bytes (header) + 4 Bytes (data) = 16 Bytes
ovd moxéto. Me 1o guiud 1 Byte ndBe 3.2 nimAol gohoyloU TOU emeEeQyaoTi]) mov Pornae
noandvem, ®abe tétolo manéto Twv 16 Bytes (uetadopd piog AEENS twv 4 Bytes) nootilel
niepimov 50 winhovg gohoyLoU Tov enmeEeQyaoTi]. Ag VTOBEcoUpE OTL OL VTTOAOLTTES EVIOAEG TOV
Podyov rootiCovv 30 ®0xhOUS TOV emeEEQYAOTH], ®VQIWG AOYW TWV AVATOGEVHTWV AOTOYLDV
®QUPNG pviung mov Bo. mpoxralécouv ou emovellnuuéves eviohéc load amd devOivoelg pn
1060 HATA QNOUOTOMUEVES. ZUVOMKRAL, ETOUEVMIS, O QUONOS avtryoadg elvar 4 Bytes avd 80
n0nhovg eneEegyaoti (80 ns). [T6cog elvar autdg 0 QUOKOS oe MBytes/s xat oe Mbits/s; EGv o
emeEeQyaotng autodg €xel va teododotel Tavtdygova 2 Olorovg ue mogoyh 10 MBytes/s
n00évog nar 1 dintvo fast ethernet pe maoyn 100 Mbits/s, Tt TOC00TO TOU YEOVOL TOU OOt
VIOYQEWOEL VO APLEQDVEL Y10 AVTLYQOPES OEQOUEVIV ATTO TH) VTN TOV TIQOG TOVUS EVTOMEVTES
TWV GUOKEVDV QUTOV;

() 'Eotw thoa 6tL vidoyer DMA. Ag vrmobéoovpe, mQog otiyufv, 0Tl o emeEeQyaotis dOev
amooyolel ®aB0kov to ovvdeopo PCI-Express pvijuns-E/E, m.y. eneldi) evotoyel ovvexmg otnv
AQUPT TOU UVHT], ROL ETOUEVIS O OUVOECUOC oG elval ouveyxmg dtabéolpos yid T wnyavi
DMA. (i) EGv n pnyavi) DMA 100$000Tt000¢€ TIg TEQLPEQELANES CUOREVES OTEAVOVTOG U0 AEEN
nA0e dopd (4 data Bytes péco oe ndbe "manéto"), no edv amaoyoAel £ToL To oUVOECUO ARG
(100%), woom Ba frav 1 cuvolr ooyl Ths oe MBytes/s xau og Mbits/s; (ii) Ouwmg, oL unyavég
DMA xdvouvv (oyxeddv) mavto TG METAPOQES TOug o peyalitega blocks dedopévwv,
TQOXELUEVOV VO ATTOOPECOVY O€ meELocOTEQQ dedouéva To ®00Tog (overhead) tng emuedaiidog
TOU TOXETOV, 1] TNG QITOXRTNONG %Ol XONONS TS 0QTNEI0S, 1] TS £VaQENS TEOOoTELAONS O VEQ
yooppn (row) Tng pviuns DRAM. Ag movpe 6t €d® 1 unyovi) DMA pog petodéet to dedopéva
oe ouddeg (blocks) Twv 16 AéEewv (64 Bytes) nobeuio (dnh. avd moxéto): doa ta maxéta Oa
gxovv uéyeog 12 header Bytes + 64 data Bytes = 76 Bytes ®6.0¢ moxétro. Me 1o guOud 1 Byte xd0e
3.2 ns mov Porrape ToQATAvm, ®d0e TéTolo maxéto maigvel 76 B x 3.2 ns/B = mepimov 250 ns
ové maxéto, | 4 M moxéta (tov 64 Bytes dedopévov) avd devtegdiermto. Edv 1 agtnoia
astooyoleitar wail 100% yia tétoleg petadpogéc DMA, toon Oa elval 1 Guvolxt| ToQoy T TS 0€
MBytes/s now o€ Mbits/s;

(y) Eqv oL mogomdive petadogés DMA o€ blocks Tov 64 Bytes eEumnoetotv mdhl Toug 2 dionovg
pe mogoyn 10 MBytes/s naBévag now 1o 1 dixtvo fast ethernet pye magoyrn 100 Mbits/s tng
eomTNong (), TOTE T TMOC00TO TOU YEOVOu TOou ouvdéouou PCI-Express pviuns-E/E
aT0LoY0AOUV QUTES OL PUeETOD0ES DMA auTdV TV TEQLPEQELORMDV CUOREV(DV; ZUYRQIVETE QUTO
TO TO0O0OTO e TO TO0O00TO TNG amdvtnong (a). [Ta'ét medxeltan yia avopolo peyédn (to (o)
Tav 0000Td TOU YEOVOU TOU EMEEEQYAOTI], eV TO (Y) €lval TOCOOTO TOU YOOVOU TNg
0otnelag), eEnyelote oe mowolg OU0 mapdyovies odeiletar M peiwon TOU TOCOOTOUV
ooy 0ANong oo to (a) 0To (Y).

Emséov g pelmong authg, mov eivar ammd povn g éva €006, toQatheoTe OTL 0To Uev (a),
ONAad xwoigc DMA, o eneEeQyaotig aplégmve Eva U euratadpeOvnTo HEQOS TOU YQOVOU TOV
Yo VoL eEUTTNEETEL TIg LETAPOQES OEdOUEVIIV OUTOV TV ovorev®v E/E, evd oto (), Onhadi pe
DMA, o eneEepyaotig dev adplegmvel ®aOOhov ¥oOVO 0 QUTES TIg HeTapoés (dpoovtitel povo
Vo, TLG EENLVAEL, ®OL PETA TIG AP VEL VO TEEYOVY uOVES TOUg Yo ToAMG KBytes ouviOwg), naw ot
petadoés yivoviar "udves tovg" (ONAadf amd v N Tig unyavéc DMA, mouv doviehouv
naedAAnha pe tov eneEepyaoti)), amaoyoldvtag (ou petopogés DMA) éva péQog poOvVo Tng
dwabéaung maoyng (throughput) T PviiUng, ®ot apivovrog To vaOAOUTo PEQOS VTN TNG
TQOYNG OLABETLILO YLaL VO EEVTTNQEETONVVTOL OL AOTOYIES TNG KQUPTG LUVIIUNG TOV eEEEQYOOTH.

Toomnog Iagadoong

MMapadwote ) oeld autr aoxioewv on-line, oe poedpn PDF (uovov) (umoet va eivar neipevo
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