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HY-225: Opydvwon Ymoloylotov Tu. Ent. Yroloyotdv
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Xe100 Aonioeov 13:
Movades Ewo060v/EEd00v (I/0), Xvvdeonov/Aptnyeies, DMA

IMooBeopia: g Za. 31 Maifov 2014, (BS. 13.4) doa 23:59 (mapdd. on-line) (amtd Bd. 12)
Bifhio (EAMMvind, éxdoon 4) - dafdote ta eENg, oL e Toug eENG TEdMOVGS:

e DRAM, AwodpUrhwon (Interleaving) Mviung - ogh. 546-551 (amd §5.2) (naw tig evotnteg 13.1 -
13.3 ed® moQandtm): dLafdote TIg ®avovird, ATOTEAOUV PEQOG TNG eEETa0TENS UANG.

e Aptnoleg (Atavhol - Buses), naw ZUvoeopol (point-to-point high-speed-serial links) - oelideg 678-
681 (EMTO PEEOG TS § 6.5): drafdote T novovird, amotehoV PéQOG TNg eEetaotéag UANG.

e Emxowowvia EneEepyaoti), Zvorevav I/O, wow Mviung (DMA) - oehideg 684-696 (§ 6.6),
nOODS HOL OL ONUELWOELS HOL AORNOELS €00 TOQOXRATM: OLOPAOTE TIG RAVOVIRA, ATOTELOUVV
L€QOG NG eEeTaoTéns VANG.

e Ogydvmon I/O eneEegyaotdv x86 - oelides 682-683 (amod § 6.5): dafdote Tic "ota YT yoQa." -
EYRURAOTIOLOLRAL.

e Moayvntoi (oxinpot) dlorot nan pviueg flash - oehideg 670-678 (§ 6.3 now 6.4): dofdote TIg
"ot Y1 yooa" - eyrURAOTOULOLRAL.

e Jyotiuata AmoOfxevong (Storage), RAID, degeyyvotnta, o&omotic, dabeoipdtnTa -
oeldeg 668-670 now 700-708 (§ 6.2 naw 6.9): onuavind Béua yId TEQALTEQW TEOCWIUKY] COG
LEAETY), aALG exTOG UANG auToU TOu HaBuaTog.

o [Tapdderypa server yid data centers, xou dAlo eyrvrnhomaudund Bépota - oehideg 708-723 (§
6.10 naw 6.12): yonowa Y& eyruxrhomoudint] evnuéowaor, alrd extdg UANG ovtol Tov

pobfuatoc.
13.1 SRAM, DRAM, [Ipoorerdoers Tvveyouevov AéEewv:

SRAM-DRAM: Onwg eimape oto pdOnua, ta chips pviung elvar oQyovouéva eomteQnd o€
nauooa blocks amd otoyeion pvijuns. Zug "otatnég" pvhues (SRAM - Static Random Access
Memory), ta. otovyeior pviung etvan flip-flops (ue 6 transistors xabéva), xou 1 amoOnxrevuévn
minoodogia diatngeitar 6co elvar avopévn 1 tdon Teopodocios. ZTig "duvaunréc" UViUES
(DRAM - Dynamic Random Access Memory), ta otouyelo pvihung elvor munvmtéc (capacitors --
€vag TURVOTNG ®ou €va transistor avd bit), 6mov amodnxretetar duvaunrd n minoodogio. Adywm
Tov Eeluatog dLaEEotg, N TAngodopio avty (GpoeTlo OToV TURVMTY), YAVETOL PUECO OF Alyd
¥ WMooTd Tov devtegorémTov (ms). ['d va datnenBoiv Ta mepieyopeva g DRAM mpémel va ta
avalwoyovoipe (refresh), dniadm va ta dtafdtovpe o va ta Eavaypddovue, »dbe negimov 8
pe 16 ms.

Méye0og (Xmonrxotro - Mbits): [Tagd to petovérTud Toug auTtd, ®oL TaQd TNV peyaliTeEn
no0votépnon meoomélaong mov €xouvv, o DRAM dLabétouv évo onuoviind TAEOVEXTNUAL:
oo déQovv TeEQimov piar TAEN peyébovg peyoadilteprn ywenTwodTNnTo (capacity, Mbits --Oyt
"capacitance") avd chip og oxéon pe tig SRAM. Etot, oo DRAM yonotpomootvror oyedov mévia
YI& TNV RATAOREVT] TNG %VQLIG MvAUNG (main memory) TV UTOAOYLOTMV, eved) oL SRAM
yonowpomoovror  oyedov mavia yud T ®eudéc pviues (cache memories), AOY® NG
younhoteons nobvotéonofs tovg. Me v md0od0  TNG  TEYVOMOYIOG RATAOAEVTG
0MOUMQWOUEVOY RUXA®UATWV (chips), 1 YOENTOTNTA TV chips uviiung ouveymg owEavet. Tig
tehevtoleg Oenraeties, o QEuONOS auths T aUEnong Mroav: tergomhacioonos (x4)
yoonTrdémTag ®dbe toia (3) yoovie. Zfuega elvor Alyo yxounioteQog avtdg o uOpog
a0Enong, xou eivar ok mbavd va cuveyioer moEdUoLa, av ol xdmote pdilov Ba méoel i
ahho. To 2013, n texvoloyio twv DRAM Potoxetor yoow ota 2 éwg 16 Gbits avd chip (). PA.
www.micron.com). Eumoowd, v pvijun twv vmoloywotwv trn Potoxel navels oe puxéc
mhaxéteg (modules - DIMM), ;ov 1 naBgpud €yl mave g ouvviiBog 8 (1) 9) 1| 16 (M 18) chips.
"Etot, )., éva module pe 8 chips twv 256M x 8 bits = 2 Gbits nabéva eixe ovvolxi
xwontrdtto 16 Gbits = 2 GBytes. Otav ta chips eivow 9 avti 8, 1) 18 avti 16, ta emmhéov chips
YONOLLOTOLOUVTAL YO amofnuevon nwdinwv aviyvevong wor dopbwong opaiudtwv (ECC -
error correction codes).
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Toanpués o Xtihes: Méoa oto chip tng DRAM, to #d0e block elval évag megimov teTedywvog
mivarag amd otouyelor Lvijung, ne yoow otig 1024 1 mopamdvem yooupués et 1024 1 mogamdvo
otheg. T'ld va dwaPdoouvpe éva otolyelo uvhuNg eMAEYOUUE TEMTO TN YOOUUN OTNV OO0
ovirer avtd, divovrag ™) detBvvon yoopuung (row address) 0TOV ATOXMILKOTONTH YOUUUNG, O
omotog avdaper éva otoua (word line) mov SLaTtEéyeL noL EVEQYOTOLEL TNV eOUUNTN Yoauur).
Otav avayer 1o oloua outd, 6ha to otovgeion pvnung (bits) mAve oTn YOO OQUTH
dwafatovratl, dMradn tomobetolv to ®obéva TV TLUT Tov (TTIEQLEXOUEVO TOV) OTO OVTIOTOLYO
ovopo. otNAng (bit line) mov dwateéyer Ty othAn tov. Etol, oto xdtw pépog tou block g
LVAUNG, OTLS ATOANEELS TV CUQUATOV OTNANG, EpdaviteTal To meglexdevo OAmv Twv bits ov
elvan amofOnrevpéva oty emhleyeioa yoopuui). Evog peydhog molvmhéxntng emiéyel TOTE TO bit
mov epelg Béhape, Pdoel g detBuvong oting (column address), xouw To divelr mpog ta éEw. H
O\ avth) dradracia, amd v elcodo g OeBvvong yoauung péyot va Pyet to telnd bit oty
€€000, dlaQuel 0ereTd YEOVO (YOow ota 30 ns yid tig onuegvég DRAM, O6tav wAdpe omd ta
pins deBuvong péyoL Ta pins dedopévav Tov chip thg DRAM, evdd ovti] owEAver onuavtind
otav mpootebel xou 1 woBvoTtéQnon ad To chip Tov emeEeQyaoti) péyoL To chip g DRAM xau
Tow).

I'evtovizég Ipoonerdoeis (sequential Accesses): Edv petd tnv mogamdve diadwmooia, Oumg,
0éhovpe va duafdoouvpe rat pegnd amd to "duthavd" bits avtol mov puoMg dwafdoape, TOTE
ovTd WIoEel va yiver oAl yonyodTteQa: ta bits autd eivor "étowua", otig amoAnEels twv
OVQUATWY OTNANG, ®oL TO chip Tng UVIUNG WITOQE(L VO TO ATTOOTEIAEL OTOV ALTOUVTO THV
ovéyvmon (f.y. Tov emeEeQyaoti)) ToAD YT yoQa to éva uetd to Ao (megimou 1 bit ®ébe wod
pe 1 ns oe xabéva amd ta olvouata dedopévov (data) yuid T onuegwvés DRAM).
Expetallevdpevor 1 duvatdTnTa quti), TETUYXAIVOUUE VO TTQOOTEAQUVOUUE peydhes opddes
vertovirmv AéEewv (st.y. cache lines (blocks)) pe ol uxn emuhéov emufdiouvon oe oyéon ue
™V 0y x00VOTEEN 0N TROOTEANONG THS TEMTNG AEENS THS OUdOOG.

13.2 Koorog Exxivnong zat Illagoyn (Startup Cost versus Throughput):

H mogamdvew megimtmwon mpoomehdoemv o€ yertovird bits oty (dua yoouuh pds DRAM eivor
TOQAdELYUO MAS YEVIROTEQNS TEQITTMONG: TOAAES Ppoég, vmayel éva onuovtind Koetog
Exxivnong (start-up cost / overhead) yid av eoyaoia (m.y. petapood dedouévmv) mov elva
(oyeddVv) aveEGoTnTo Tov peYéBous TG epyaciag (. TOv OY®oU TwV OedOUEVMIV), HOL OTY
ouvéyel VmaQyeL €va  uxOteQo (] mOAD uxQOTEQO) emmhéov (Awndogizo) Kootog
(incremental cost) Y& TV ®G0¢ emumhéov povada epyaoiog (m.y. yid xd0e emmhéov Byte 1) AEEn
dedouévarv mouv petadépovrar). To emmiéov, dapooumd avtd #dotog ovd povada égyou
ToMES HOQES TO UETQAUE PEOM TOV avTLoTEOGOU Tov: 0 PuOuog Magaymyis tov £oyou, | M
Magoyn (throughput) (.. Twv petadedpuevov dedopévmv) elvol 1 TOCOTNTA TOU £QYOV TTOU
TOQAYETAL AV HovAdo (EOVoU, 1] 0 OYrOG TV 0edopévmv mov UetadEQovial avd povada
¥QOVOU.

INé mogdderypa, Bewpiote éva DRAM chip pe ogydvwon x8 (mt.y. 256M x 8), dnhadi) éva chip pe
8 data pins, mov Aettovoyel oe ovyyovioud (SDRAM - Synchronous DRAM) pe évo. Qohdl 500
MHz (4o pe mepiodo gohoylov 2 ns) xou pe xeoviopd DDR (Double Data Rate) oto data pins,
OnAadi to nabe data pin pmogel va petadégel éva data bit oe xG0e OeTini] anpn Tov QOAOYLOV
nou évo emmAéov data bit oe ndBe apvnTny) oxun gohoylov, doo éva data bit avd 1 ns (ot
niep(odo goroyLo, dnhadi) pe évo QuONO (mapoyl) petadoeds 1 bit/ 1 ns = 1 Gbit/s ava pin.
"Eotw 611 amtd ™) otryuf) mov divovpe oto chip ovtd wd diedBuvon avdyvoong péyor vo pog
emoteéPel Ta 8 bits (1 Byte) (Léow twv 8 data pins) amd ™) dlevBLVVOT OV TOU dMOOE TEQVAEL
noBvotégnon 40 ns. Metd amtd autd ta memta 8 bits Ouws, éotw OTL epeic BEAovpE now T
duthava Toug 56 bits, ONhadi) ovvolnd 64 bits (8 Bytes) (m.y. OtOTL éxovue 8 tétowa chips ev
o QOoAANA®, ®ow BEhouvpe va drafdoovpe pia Cache Line twv 64 Bytes oo avtd (8 Bytes/chip x 8
chips = 64 Bytes cuvolxrd)) (raud ¢pod, avtd 6ha ta bits ) Bytes mwov ta dwofatovpe Oha paki
To Mépe "burst" — opoPoovtia). Apol to nAbe data pin tov chip pwwopet va pog divel 1 data bit avd
1 ns, Tote TO 8 pins Tov chip ooV va pag divovv 8 bits avé 1 ns, dnhadn 1 Byte / 1 ns = 1
GByte/s.

e autd MooV To TAQAOELYUA, TO %00TOS (%aBVOTEENON) ExxiVIONS TNG OVAYVMONGS EVOG
Tétolov "burst”" etvan 40 ns, na avTi) 1 ®aBVOTEQONON ExnivNONG 0POoEA TOGO TO %A €va chip
¥ 0ELOTA 000 %ol To 8 ev moQaAlAw chips 6Aa pali. Amd Tnv dAAn, To emmiéov (Stapooixo)
®x00t06 (nabvotéonon) yid to emmhéov (yertovird) bits zol Bytes eivar 1 ns yud »dbe éva
emmiéov bit avd pin, 7] 1 ns yid #&0e 8 emmmhéov bit (1 Byte) avd chip, 1) 1 ns yid »a0e 8 emmhéov
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Bytes yid 6ha »ou to 8 chips. To aviiotpodo avtot Tov dtadogirol #60ToVS (To AvVIioTEOdO
™G ®aBuoTéEQNONG avd Hovada emmhéov Oyrov dedouévmv) eivar 0 pvOuds ueTapoeds Twv
emmAéov dedouévamv, N M magoy dedopévov, dnhadn 1 bit/ns = 1 Gbit/s yud ®dbe éva pin, 1 1
Byte/ns = 1 GByte/s yid ®G.0¢e éva chip, 1] 8 Bytes/ns = 8 GBytes/s yid 6Ao nou ta 8 chips. Me avth
™v xaBuotégnomn exxivnong (40 ns) zow to QUOUO petadoeds (8 GBytes/s = 8 Bytes/ns), N
ovvolxn nabvotégnon yud vo dwafdoovue ohdxinoemn tv Cache Line twv 64 Bytes oo ta 8 €v
oo hANAm chips Ba etvar: 40 ns yid to mowta 8 Bytes, ouvv 1 emthéov ns yid ndbe pwd emmmhéov
ouddo amd 8 Bytes, Onhadn ovvoind 7 emmhéov ns yud Tig 7 emmiéov ontddes amd Bytes (64
Bytes = 8 mpmta Bytes + (7x8=56) emmiéov Bytes), doa ovvolrd 40 + 7 = 47 ns. [Mogodpola
OVUITEQLHOQA UE TNV TOQOITAV® OUVOVTOUE Nl og TA00g GAAwV TEQUTTMOE®WV, OTA
VITOAOYLOTLXE CUOTHHOTO HOL TAL dinTUOL:

o Sov moWTOo TaddELypa, 1 opoyewpla (pipelining) €xel avth) axQp®dg ™ oVUTEQLHOQA,
€0TM oL OV GUYVA 0dL0POQOVE VLA TO ROOTOG EXX(VNIONG OTOV WA EQYATiO ATtOLTEL TNV
EUTENEOT) EXOTOUUVQIWV EVTOLDV. ZTNV dunn pog o) pipeline Tng doxnong 9, To x60Tog
eunivnong elvor 5 wimhol goAoyLo0 (ONA. 6oM WEA YEELATETAL VLA VO TEAELUDOEL 1) TOWDTH
EVIOM)), %Ol OTY OVVEXELD O QUOUOS OAOXANQWONG TWV EMOUEVV, ETUTAEOV EVTOADV
etvar 1 evioli] avd nbnho goloylot 6co dev vmdEyouv OAANAEEOQTNOELS EVIOA®DV 1
00TOY(ES RQUPDOV PVNUDV.

o Sov delteQo maQdderypo, oL oxingoi dioxrol £xovv %L avTol TOQOUOLY GUUTEQLPOQAL:
péyoL vo pmogécovue va agQyicovpe vo dwofdatoupe to block dedopévwv mov pag
eVOLAPEQEL, TTRETEL VO TTEQLUEVOUNE VO KLV OEl 1 reDOAT] AvAYVWONG ROl VO YUQIOEL O
dilorog ovTwg Wwote vo ¢AOgL To TPMTO bit Tou block ®dTw 0Tt TV ®EGAAT, TOV GLVHOWG
onuaiver amd Aiyo €og 10 pe 20 ms (milli-second) —autd eival to ®doTog (vobvoTéQnon)
exnivnong g avdyvoons. Metd amd autd Oumg, to bits eivol amobnuevuévo tOcO
®OVTd TO évo 0To GANO, ®aL 0 dionog Yveitel T0CO YETyoQQ, TOU 1) TTAQOYT OedOUEVWDV
(ouOubdS avayvmong) eivor ™g TAENS TV HEQROV derddWVY £wg Mywv exatovtddwv
MBytes/s (a.g tovue, av eivar 100 MBytes/s = 800 Mbits/s = éva, bit ®&0e 1.25 ns).

e AMo madderypa elvor To dixtva, OmOv Ta OUQUATO  (YOQOUUES METUPOQAS
niextoouayvnTir@v  wVupdTov) xraL ol omtwkés  (veg  (nupatodnyol  Ppwtovimv)
ovuteQLdEQOVTaL OxQIBOS oav TOAD poxQUES pipelines —oov TQOivo amd bits OV
xwvolvtol To éva mom amd to dAho pe TV tayltnTe Tov ¢wtoc. [Nd mapdderypa,
Bewonote éva dintvo 10-Gig Ethernet (10 Gbit/s) mouv megvdel péoo amd AV OTTLXd)
puxovg 20 km, xou péom Tov omoiov évo monéto peyébovg 1 KByte. ‘Eotw OTL )
oy TNTO TOV PTOG péca oty omtxd] (va elvar 200 Mm/s (Aoym Tov delntrn dtdbhaong
TOU VAROU NG (vag, N TayTnTa Tov GpwTog pEaa oty (va eival younioteen o 600 0T
®nevd —ag moivue €dd to 2/3 tov 300 yhadwv km/s tov xevov). H nabuotéonom
exxlivnong yid tn petadopd tov moxrETOU HOg pEOA OO TNV OmTKT (va, ONAadi M
7©00v0oTéENM 0N TOV TEMOTOUL bit Y& va dtavioel Ta 20 km pe avti) v ToylTnTa, O eivar
20 km / 200 Mm/s = 0.1 ms = 100 ps. Metd to mpmto bit, Ta emdOueva oanorovBoiv oe
"amdotaon" (yoovirt) 0.1 ns avd bit (to aviiotrgopo tov 10 Gbits/s) —owTd €lvar ToO
dLapoQnd n60tog Tou ®Gbe emAéov bit. Aga, ta 8 Kbits (1 KByte) Tov manétov pag Oa
¥0€L0ToUV meQimov 8 ythiddes dpoég to 0.1 ns, dnardn mepimov 800 ns = 0.8 ps yid va
dtdoouv, To éva mow amwd to dhho. H ovvolnt) nabvotéonon howtdv eivon 100 + 0.8 =
1008 ps.

o Tlapdpola eivor xow 1 oupTeQLhpood Twv aTNEL®V (buses) LEGO OTOVS UTTOALOYLOTES, ROl
TOV OWTU®V amd ovvdéouovg onueio-moog-onueio (point-to-point links) mov ofuepa
ovtiraBlotolv T agtnoles ot Yniég tayltnteg —Ommwg m.y. to PCI-Express oL Ta
"Networks-on-Chip (NoC)", 6mwg Oo molpe apéomg twea, oty § 13.3, nabohg x»al
TAUQAKRAT®W, OTNV Goxnon 13.7

13.3 Aw¢vrhoon (Interleaving), AAMAnloradlvropeves AocoMpies:

O Hagallniwousg elvar n Paownn texviri yid v adEnon tng mapoyxns (throughput) pudg
v7nEeotag, ONAadT Tov mocol "meldtes" eEumneeToUVTOL VA LOVADO YEOVOU, £0TM RAL AV OEV
pewoveton 1 rabvotégnom ("exxivnong") tng eEummeétnong tov xabevog mehdtn ywowotd. H
opoyewlo (pipelining) eivan 1 pla poodt maearAlniopov, mov epooudtetar OTov TOAATAES
el0evuéves povadeg epydlovtal tavtdygova ot Olapogetivés daoels n xabepion g
eEummnpétnong tov »dbe "meldtn". H diin pood magariniopot elvor 6tov mohamhéc (e
povédes egydloviar tavtdygovo eEvmmpetvtog (Aows) évav diadogetnd "meddtn"
noBepia. Avti) 1 0eltegn poedn TOQAAANAMONOT, EGOQUOCUEVY OTLG UVTUES, YOOLUOTTOLETAL
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edm %ot Wod awdva yid v aENem TG TOQOoYNS TV UvNUMV, ovouatopevn dragivilwon
Mvijuns (Memory Interleaving).

"Eva. Avapvidopévo Zvotnuo MvAung amoteleiton amd moAMATAES [UrQOTEQES UVTLES, TTOV
LwtoQov vo. dovietouv Oheg TauTtdyQOVa, mooomelaivoviag (dafdlovtag 1 yoddpovrag) »i
omd wa dwapogetint] AEEN (1 opdda yertovinmv AéEewv) nobepio. Ot empuéQous uxrQOTEQES
pvrueg ovopdfovror "memory banks", xabepio. H »abe AEEN TOou ovvolxol ocvothuortog
uviung Poloxeton amobnrevpévn oe wia xow poévo pior artd g banks. ‘Omote ovpPaiver vo
yoelalopaote (oxedov) TavtdyQova dV0 1 TEQLocOTEQES AEEELS (1] OUAOES YeELTOVIRMV AEEEWV)
mov  Polorovror  amoOnrevuéves oe  Odwapopetinés banks xzobeplo, pmogovue Vo TS
mpoonehdoovpe (0xedov) Toutodyeova, Paloviag Tig banks mov TG mEQLEXOVV (TTOAMATAES
oveEdoTnteg pvipes, dradn) voa dovietouv ev mogariw. O tedémog dropolpacuot Twv
AEewv (1] Twv opuddwv yertovir®dv AéEewv, m.y. cache lines) otig banks pudg drapuvilmpévng
pvnung axohovBet zdmola ovvdgtnon rotoxeouatiopo¥ (hashing) méve otig dievBivoels Twv
MéEewv, emAeyuévy olUTWG MOTE Vo peylotomolel v mbavotnta ov AéEelg (1] ouddeg) mov
Cntdpue yoovind novtd peta&l Ttovg va Peiorovioar oe drodogetiny bank. Mid cuvihOng tétowa
OUVAQTION RATOXEQUOTLONOU YoNOoLHomoLel bits ovtd oto deELd (LS) dnpo thg detBuvong yid
va. euAéEeL TV bank, oUtwg Wote mpoomeldoels oe dradoynég AEEels (1) cache lines), m.y. AOYw
OELQLONMV ETUOXEPEWY O PEYANOVGS THUVOKES, VO TEDGTOUV € dLadopeTInéS banks.

H mogadoociaxi] ogydvwon evog SapuAlwpévou CuoTHUOTOS WVIUNG YO OLUOTOLEL udv
aotnela (bus) mou etvar TOAD YO1Y0Q0TEQN OO TIC memory banks mov ouvdéovtol endvm TNg.
INé mapdderypa, Bewpiote wdv agtnota (address bus) mov umoget, ndbe 10 ns, vo peTadEQel %i
éva xouvoiQylo altmua meooméhaong oe Wwd memory bank (OnAadf ud devOvvon pali pe ta
bits eléyyov mou TV ouvodevouv) (Yid amhdtnTa, og OewEioovpe MOVO TROOTEAACELS
avéyvmong edm). OemEnote OTL 0TV apTnEia auti ovvdéoupe 8 memory banks, Tou 1 xaBepio
Toug €xel xnobuvotégnorn avdayvoons 80 ns. Téhog, Bewpnote 6t ta data mou Pyaivouv
(Srapatovrar) amd &b bank tpodpodotoiv d detteen aptneia (data bus) mov pmwoet xdbe 10
ns va petodéoel mom otov emeEegyaoth] to data mov dwofdoape amd pian bank. Tote, o
eneEeQyaotng umogel, ®a0e 10 ns, va Eenvael %L amd L vEo TQOOTEAOCY UVIUNG, Tad TO
veyovog O6tL B vdyovv MO 7 moornyolueves "enxpepeils" (pending) mQoomeLAOELS, CLOXEL M)
%nA0e véa mpooméhaon va amevBiveton o pio (otnv) "ehevBeon" bank, dNAadn pio (Tnv) bank
exelvn mov dev elval amooyoAUEVY Ue plo oo TIg vitOloumes 7 exnnQepels mpoomeldoels. H
nA0e pio mpoomélaon (avdyvmon) emotoédpel Ta data Tng petd amd 80 ns, aAld »dbe 10 ns
vrdeyovv data mwov emaoTEépouv nL amd po dapogeTint] amd Tig 8 TELEVTAIES TROOTEMAOELS
70V TLG Eexivnoe OLeg 0 emMeEEQYNOTHG TOLY TEAELDOOVYV OL 7 TTQONYOUUEVEG.

Toa onpegvd DRAM chips megiéyouv péoo tovg morlhamhés dapurihmpéveg banks (ovviBog
LeTaEl 4 nou 16 banks). To 0OAO TV YENYOQ®WV 0.QTNELOV OV €lval xowvés petaEl twv banks
Tov mollovv ad' evog Ta address pins yid Tig outioels mEOoaons, ad' etégov ta data pins yid Tig
amavtioels otg avayvooels. H dtadpOlhwon (mogoariniopdc) péoa o' éva DRAM chip eivor
emwderNg OLOTL, TY., THY OO OV O €va bank Poloxetar og eEEMEN N avdyvwon wdg véag
vooppng (mov eivon wé agyn dadwacia), Eva drho bank emoteédel Ta data pudg mEonyoluevNg
ovdyvmong péow Tov data pins, ®.0.%.

H agtnoioa mov tpopodotel éva dtadurhopuévo oVoTUO UVAUNG, 1] €va OixTvo Tov OIToTENEL
™V €EEMEN Tng aptnolog (6mwg to PCI Express) xou mov moogietal yid v emxovwvia
OvAAOYWV maQdAAniwy cvotnudtwy —my. TOAATAOL TUETVES, TOAOTAG TEQupeQELand,
ovoToryieg TUQAAANAWV OIORMV, RAT— TQETEL VAL EXEL MG K OLQOKTIQLOTLXT] LOLOTNTO. TTOU OEV TNV
oVvVavVTOUOoOUE OTIS TTOQOAOOOLUXES OQTNQlES: TREMEL VO VTTOOTNQICEL MOMAATAES, YOOVIXA
AlMAoxadlvmropeves Aocoinieg (multiple Transactions, Overlapping in time), 1| oAhoundg
emovopoLopeves molhamiés Exxpeneic Aocornyieg (multiple Pending Transactions), 7 Split
Transactions. H 8¢ eivar 1 €Efjg: pia amd tig emuovwvooeg ovonevés (0 aLtmv — requester,
master) Tntd pwio Aocornio (Transaction) amd wav A cvoxrevt] (0 amavimv — replyier, slave)
O TEEQLUEVEL LAY ATTEVTNON: LY. O AT®V TNTd Wdv ovaryvmon, otéhvovtag d dtehBuvor, ®o
0 amavtav 0o amavtioer ayotepa, otéhvovtag ta artndévra dedouéva. H docoinyio avti,
ovvnOwg ofuega, Olanel OQxeT) MEO, 0e OYEON UE TO TOCO YONYOQO €ivar 1o UECO
emuowvaviag (agtnota, dixtvo). Tov madatd ®od, puéyxol voa M0l o 1 aTavINnon %ot va
ohoxrnewBel £toL 1 docoia, dev pmoooe rapd GAAT cuoxeLT) amd TG CUVOEdEUEVES OTNV
oQTola va Eentviioel xavolylo. S0COAM i, TQOXEWEVOL va v "ovoxratwBoiv" peta&l
TOUG oL 00C0OMPieg nat oo el "umédepa- €tot, N agtneia ®abdvrav avevepyn (idle) 6on
(OO EXAVE O ATIAVTOV VO OLTTALVTT|OEL.
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H onpeguvi], ol 0tepn ogydvmwon emtémel "yweLotés" docolpieg (split transactions): H ¢péiom
TOU owtNuatog (request) thg ®&Oe docormpiog eivor Eexmwoloty amd ™ Gdorn e amdvIneng
(reply), ®ou petaEV twv 000 emtEémetal va. ToeUPAN00V pia 1) teQLoodTeQEs AvANOYES GAOELS
(owthuota, omovTioeS) Wag 1 meQLocotégwy AV docornyumv. Ouotaotind dmhaodi,
emTEETETOL AELTOVQYIOL OvaAoYN TNG OLodUANDUEVNG UvAUNG: €Vog 1) TTEQLOOOTEQOL CULTOVVTES
ETUTOETETOL VO ATTOOTEIAOUV TTOAAITAG OLTHOTO O Wi 1) TEQLOOOTEQES CLVOKREVES oV Ol tal
QITOVTI|OOUV, TTQOTOU €TMOTEEYEL 1] ATAVTION OTO MEMOTO amd To. cutijuata. Me dhlo Aoy,
emteémeTol oL docohpieg vo arlmioxolimroviar yeovird -1 OelteEn va aQy(lel mmowv
TEAELDOEL 1) TQMOTY, %.0.%— GO0 emTEEMETAL O TOQOMNMONOS peTaED docoMrdv. Autd
onpaiver 6t emreémovrol molamiég "ennpepels" (pending) docormpies: 600 1 mEmdTN dev €xEL
TELELDOEL AROUL, GQOL ElvaL ExQEUNG, EentvaeL 1 de0TeQN, ®vaw elval %L exelvy exxnQepng péyoL
VO TELELDOEL, X.0.%.

Amd v amoymn g vhomolinong, pia amd TG ONUOVTIXOTEQES QITOLTHOELS YA Vo, QOVAEYOUV
0mWOoTA Olo. auTA glval vo VITAEYEL Evag TEOTOG OTAV €QYETOL A OmAvTnon vo. Eégovue yud
0L0 OO TOL TQONYOUUEVO UTIUATO OTtoTEAE] QTEdvTnon auTr) ov Twea £oxetal! Edv oha ta
ortuato moigvouy otafepd yodvo vo amovtnBoiv, tote wropel va mpodiaygadel OTL Ta
oLThpoTa 8o aITovVTOVTOL TAVTO UE T1) 6E1Qd Tovg (in order), xal doa 1 ®Abe amdvinorn adoed
TOVTO TO TTOALOTEQO eXXEENES altnuor TOTe, d oved FIFO agxel yud va Bupdupoote to
EUNQEUT OUTTIUOTOL, KO VO TO "TouQLdCovpe" pe Tig apevoiueves amavtioels. Opmg, dvotuyde,
ovvnlwg, ta dddoga arthuata, mOavov ot SLoPoQETHES OVONEVES oL O OLADOQETINES
"amootdoels" oto dintvo, dev maigvouv otafeQd noL TAvVTIA Tov (dlo KEOVo va aovTnOoUy,
dQO. OL aTOVTNOELS €Qyovial extdg oeids (out-of-order — 000). Tote, amonteitan m ndbe
doocoyia vo. cuvodeveton ammd évav "aQiud (rwdwrd) tavtomoinong" (tranasction ID —
identifier), mov vo &ivor &xdoToTE POVOOLKOS METAED TV EXXQEUMV EXEV TNV MU
docoMYLOV, ®aL 6TV £QYETOL WG ATAVTNON VO VITAQYEL £Va ®UXAMUA TTOV VO TV "ToQLdlel",
pdoer autod tou ID, pe to avtiotoro aitnuo mwov &ixe avtd 1o ID- dtav oAorAnQwOEl £ToL 1
doooia, amelevBepdvetal voL UmoEel vo avarvrhwBetl xor 0 aQLOUog (rwOrdS) mov elye
mdeL ot 1 docormpia.

Acoxnon 13.4: Amewxovion Mvijung tov Movadwev E/E (Memory Mapped 1/0)

Onwg elmmope 0T0 puadnuo, évag ovvnOopévog TEOMOg emxovmviog emeEeQyooT-uovadwv
eL.0000v/eE600v (E/E - mepudpepelanéc ovonevéc) eivorl 1 "amendvion pvijuns" tov povadwv E/
E (memory-mapped I/0). Ze tétola ovothuota, Eva puéQog Tov "ymeov" puowmmv devdivoewy
ovtioTol el otV ®0QL. PVIU TOU VITOAOYLOTH, €VM Ol vmolowmes ¢uowmés Olevbivoelg
OVTLOTOLY OV OTIG TIEQupEQELOXES OUOXEVES. AVTO onuaiver OtL evtoAés load xau store Twv
omoiwv 1 ewovixi] OevBuvon petapedleton oe Tétoleg "dhhes" duowmés devBivoelg
TEORAAOUV LeTOPOQA dEQOUEVIV ATTO TV EXACTOTE ETMAEYOUEVT) TTEQLPEQELONT] CUOHEVT] TTQOG
tov eneEegyaoti| (load) 1) avtiotgoda (store), ovti va dafpdlouv 1 va yoddouv pia BEon »ioLog
pvinunc. H mpootaoio twv megudpepetondv ovonevmv (mt.y. agyeio oto diono) amd avemnitoemntes/
naxOPovies, havBaouéves, 1 Toavtdypoves mQooPdoels eEoparitetan pe to vo punv amewoviCel
TO AgLTOUQYWO oVOoTNUO 2auic emovint) oehida yo1oty oe puowri] oehido OV AVTLOTOLYEL OF
neQLpeQelonés ovonevég, noL va "epdoavitel" auvtés tig duowmés oehideg puOvVo 0TO XWEO
emovinmv dlevbivoemv Tou AELTOVQYLXOU CUOTIUATOS (TAMV TEQLITTMOEMV ELOUMV OUOREVDV
1O ELOLRADV YONOTMV IOV ETUTEENETAL VO, ATTOXTOVV xoT'evbeiav mQOoPaom o aUTES).

Sav amhoind ToQAdELYUa, VIO TOVG OROTTOUS QUTHS TS Aoxnong, OewEnote OTL Adue Yo éva
ovoTNUa ®0ELOG viung »at ovoxevwv E/E mov PAémel puownég dievbivoelg AéEemv (OyL bytes,
ONAadn éxouv NON adporedei ta 2-3 LS bits thg dievBvvong tov emeEepyaoti)) peyéBoug (ot
duowég devbivoelg AéEewv) 11 bits. Tov aviiotolyo o duorwv devdivoewv, peyéboug
2048 AéEemv, amopaoilovue vo LoLRAooVUE WG EENG:

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

o loxxxxxxxxx: 512 MEeg v pio "peydhn" megubegelant] ovoxrevh) (dnhadh pio
ovoxeLT] ov meQLéyel évav peyaho buffer dedopévwv E/E mov Béhovue va pmogel va
PAémeL 0 emeEeQy0OTNG).

e 110000011xx: 4 AéEelg nataveunuéveg oe 2 "unpég" ovoxevés E/E, tqv "IN" ot 2
yapnhotepes dievBuvoels, xoaw v "OUT" otig 2 Ynrotegeg, 6mou 1 ®AG0e pia amd autég
TLG OUOAEVES €YEL 2 ECMTEQLROVG RATAYWENTES --TOV "status" otnv Tuyn OievBvvor, xa
tov "data" ot povn dievBuvon.
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(@) Zyedidote, yomowwomowmvtag mwokeg AND  (oowvofmote €060wv) xnaw NOT, Tov
QIToRWAOLROTTOLNTH] OLEVOVVOEMV TTOV ETUAEYEL TN CUOKREVT) (ROL TOV HOTOYWQENTI]) TTOV TOETEL VO,
evegyormownOel ®dbe $opd. Elcodog tou amoxmdixomomti eivor ta 11 olouata duowxig
devOvvong AéEewv amd tov enmeEeQyaoti] (UETA TN HeTAdpQaon TNg ewmovirig dedbuvong amd
to TLB). O ammorwdiromountiig £xel 6 ovguota eE600v: 1 yio v ®ELa vhun, 1 yuo Ty peyain
ovoxrevi] E/E, 2 yid tnv IN, »at 2 yid v OUT- yid #aBe wd amd tig IN zwow OUT, to mp®dTo
oloua Aéel moOTE amevBUVOUOOTE OTOV RATOXWENTH TG "status" %ot To OelTEQO Aéel TmOTE
amevBuvopoote atov "data". Zyedidote To ®URAOUO TOV YEVVA QUTE Ta 6 oUQUOTO, Ol VOVTaG
TQOOEXTIXA TTOLOL CVOUATA EL0OAOV KO TTOLEG TTOAMKOTNTAS XONOLUOTOLE(TE 08 ®d&Oe TOAN AND.

(B) Ze moud AEEN pvhung (oto dexadno, agyiCovtag amd v 0), 1| o mowd B¢on tov buffer Tng
HeYAANg ovoxreuvng (tdhl 0To denadind, agyitoviag amd v 0), ] 08 TOLOV RATOYWENTT| TOLAS
ovoxevns avagpéoetal x4l pio amd g eENg duowég devbivoelg AéEewv mov didovtal oto
Oen0eEadmd olotnua, 1| molég amd autég elvol modvopes (avimagxrteg): 000, 00E, 100, 200,
2FF, 300, 3FF, 400, 4FF, 500, SFF, 600, 608, 60A, 60E, 60F, 610, 680, 7FF, 80E.

Aoxznon 13.5: Karaywenréis Kardsraong, Busy Wait, Polling

Pvowmd, o povadeg E/E dev elvor moaypatirny] pvijun: ovyvd, dwofdatoviag amd oglopévn
OlevBvvor, dev maipvel o emeEeQyaoTig TNV (Ol TN HE QUTNV ToV elye YOAYEeL 08 auTi] T
dedBvvom v Televtaia pod mov éypae exel (0 emeEeQyaoThs) --maigvel TNV TLf ov Bélel
va tov dwoel vdbe poed m povado E/E, n omolo tufy ouyxvé ahhdler pe to yeodvo. Emiong,
TETOLEG OVAYVOELS OO TEQLPEQELANES OVOREVES UTOQOUV va €youvv "moevéQyeles” (side-
effects), 6mwg m.y. va Bétovv 1| va undeviCovv onpaleg (flag bits) mov vmodenviouvv my. OTL
dafPdotnure | mopooo Tr €l06d0v now dev €xel EAOEL axdpa 1 emOUEVT] (VEQ) T EL0600V.
Oupoiwg, eyyoadn oe oQLopévn dletBuvon TeQLPEQELUKRNG CUOREVNS UITOQEL VO TIQOXOAEL TT.Y.
neTd.doom ™G TANEOPOLag 08 RATOLO CVQUA/OIXTVO, KL OYL TTQOYUOTLXY] EYYQAPT] OF RATOLO
flip-flops ov vo. pmooUe aQyoTeEQA Vo, Ta SLOPACOVE, ®aw eVOEXETAL ETONG 1 €YYQAPT) QUTH
vo, mooralel nou GAleg moevéQyeleg Omwg my. undevioud evog flag mov vmoderviel Ot
0QeANGON 1 agovoa T eE6S0V oL OTL 1 CVoKREVT) OeV elval axdua £Tolun va, TaQaAd el
TNV ETOUEVT] TULY).

Emeldn] o povddeg E/E dev ouputegudp€Qoviol 6oV ooy Lot v, ot Tipég mov duafPdlovpe
1 YoGdpovpue otig OLlevBUVOoeLS TOUG TIRETEL VO UV RQATIOVVTIAL OTNV ¥0U@H Uviur], e0dimg Ba
dwafatovpe mohég Tipés 1| autd mov yoddoupe dev Ba pTdvouv Oha N AUECHS OTIS CLUOKEVES
E/E. Avtd, to vo maQoxdpmtovy Onhadn] OL TQOOTEAACELS OQUTES TNV %QUGT Wviun,
emruyydvetalr ovvibwg pe éva emmiéov bit otov mivaxra oehidwv, mov va vrodewrwvieL "non-
cacheable pages", 1| pue To va avayvoiCel n ®QUdT puviun v ewdrl] poedr Tmv duowmmyv
dev0ivoewv twv ovorevav E/E.

"Eva. Mo olotnua  emxowvoviag  enetegyooti-ovoxevov E/E, diadogetind amd v
areovion uvnung tov povadwv E/E, eivar n 00N edwmmv eviohmv etoddov/eEddov (I/0
instructions) 0T0 QEMEQTOQLO EVTOAMV TOV £meEeQy00TH. OL eviohés e1l06d0V potdtouv pe tig load
%nOL OL €VTOAES €EO00V poldlouv pe g store, Opwg ol evtorés E/E elvar "moovootyes"
(priviledged), Onhadf) emteémetar vo exteholvror udvo oe "kernel mode", now ov evrorés E/E
eLd0ToLOTV TNV ®QUGT pvijun va unv oépPer. Katd ta dhha, otig aptnoteg E/E, o eviohéc E/
E pdhhov zotalijyer va divouv OevBivoels evieAms avAaloyes moog autég mov dlvouv oL
eVTOALEG load/store 0T GUOTHUOTA [UE ATEWOVLON UviUng Twv povddwv E/E.

e avti] TV doxnor, Bewenote 6tL 1 "uren" cvoxevt] IN g doxnong 13.4 elvor plo ouoxeun
€L00O0V QITO TAUTQOADOYLO, [E TOUG RATAYWENTES "natdotaons” (status) xou "dedouévav" (data)
mov elmope. MOhg €Ol vEog yoQoxTNEAS amd TO TANKTEOAOYLO, 1 Ovoxevi] O€teL Tov
HOTOYWENTI] ROTACTAONS OTNV TLul| 1, ®ow Bétel Tov rataywenTi dedouéVmV OTNV TIUT TTOU
asotehel Tov ®@dwar ASCII Tov yagoxtieo mov NABe. Avayvwon (amd mheveds eneEeQyaoT))
TOU %OTOYWENTI] RATAOTOONS Oev £YeL TOQEVEQYELES, EVA OVAYV(ON TOU XOTOYXWENTN
dedopévarv mooralel undeviopud tov xataymenti xrotdotaons (Uéxol va élBeL o emOUEVOS
yoQantneas --€tol EexweiCovpe, av motndeil to (Olo mAnTEo mOAAES dopés, mdoes hopés
ot Onxre).

(o) Todpte pio draduaotio (procedure) "read_kbd_busywait_char ()" oe C (1], otV avdyxn,

og Pevdornmwona otuh C) 1 omolo €TMOTEEDEL TOV EMOUEVO YAQAXTNQO OO TO TANUTQOAOYLO
avtd. Omwg Mer xor 1o dvoud g, 1 dwdwaocion avth Ba xdver "busy wait", dnhadf Oa
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TEQLUEVEL VO EMOEL O EOUEVOG Y OLQOKTIQUS OITOLOYOMDVTAS €V TM METAED TOV emeEeQYOTH] e TO
va, ehEyyeL ouvexms, Savad wow Eavd, edv NABe yopoxrtioag (avayvmorn Tou xoToymwenTh
HOTAOTAONG) --PUOIRA, TIQORELTAL VIO, TTOAD KOXO OTUA TQOYQOUUOTIONOD, OAAG amd ndmou
moémeL va Sewvijoovpe... H Owodiwacio 0o emotoéder tov yogaxtioa (char) mouv MAOE.
Oewonote 0tL N dadwraoto O tEéyel oe kernel mode (Oo elvor péQOg TOU AELTOUQYHOV
OVOTANATOG), ®oL OTL, tav Oa TEéxeL, N uETADQOON emovir®v dlevdivoewvy oe duowrés Oa
glvar 1 ovvaTNOoT TAVTOTNTAS, dNAAON 1 Ppuowxi) detBuvon Ba LoolTaL e TV EROVIXT TTOU
™V Yévvnoe. XQNOLWONOLWoTe type casting, amd Tig otobegéc oxéQaueg TOOOTNTES TWV
dlevBivoemv mov E€Qete, YL VO 0QYLXOTIOL0TE TOVg pointers (xotdAAnlov eidovg) mov Ha
YOELALOTE(TE VL0 TQOOTEAOLOT] OTOVUS HOTOYWONTES TNG OUOREVTGC.

(B) H mogamdvm diaduaocio (o) elvor ol xonid, 016t 0ev adiVeL TOV EMEEEQYAOTI] VAL RAVEL
Timota dAho GoNY MO aVTOg TEQLUEVEL VA TARTQOAOYNOEl 0 emdpevog yaoaxthoas. ‘Omwg
elmope ®ow oto padnua, évag ®ohiteQog TEOTOS eival va extelel o emeEepyaoths diddpoga
TEOYQAUUATA, RAL, TEQLOOKA, OTOTE €QYETAL OLOXOT| amtd TO QOAGL TQAYUATIROU YQOVOU
(ovvNBwg 50 pe 120 Hz --GAho amwd To QOAGT Tou emeEegyaoty), twv GHz 1) exatovtddwv MHz),
PETAED GAMWV TTEQLOdKMV EQYOOLMV, VO ELEYYEL ®OL EAV NAOE RATTOLOG VEOS X AQAXTNQOS ATTO TO
TANUTQOAOYLO (CLOXEL OL YOLQOUTNEES VA UNV £0XOVTOL TGO YO YOQO OO TLS dLOHOTES, TQAYLOL
oV Loy UEL Yior TANRTEOAOYI0 xrat 50-120 Hz @ubud dwoxomav). O 10démog auvtdg Aéyetal
devynoronyia (polling) (1) meQLddevoN), O1OTL 0 emeEeQyaoTic maigvel éva "deiyua" amd v
1OTAOTACN TOV TAnxTeoloyiov #GOe 10 pe 20 ms (50-100 Hz). I'odte wion véa diadumaoio
"read_kbd_polling char ()", avdloyn pe tnv monyoUuevn, ohAd ovth ™ $od ywoig
ovapov. Edv éyer éMBer véog yogomtioog amd TO mpornyoluevo xkdheopo  oTnv
read_kbd_polling_char(), toéte 0o emotoéder autdHV TOV YoQoxrTiod, ahAolng (av dev £xel £MOeL
VEOGC yapanTNEos) Ba emoteédel (auéoms) '\0 .

Acoxnon 13.6: Koortog E/E faocer Asvypnaroinypiog #ot faosr Avexommv

H megrodiny) devypatodnypio (polling) ov eidope otnv mogoamdvem doxnon 13.5 eival évog
0eaMoTInOg TEOTOG €10600V/eEGO0V (E/E - 1/0), aoxel 1 cuyvotnto derypatolpiog va eivor
0Q®OUVIWG YNAN ®oTte va unv ydavovtor gioodolr | vo pnv nobvotepel M éEodog. To
HELOVEXTNUA TNG OELYMATOM PO E(VOL 1) OTTOTAAT XOOVOU YLOL TNV AVAYV(OT] TOU ROTOYWENTH
noTAoTAONS OTAV deV €xel EAOEL omoOua VEX €(0000G 1) OeV £xeL TEAELDOEL OXOUM 1) TTQOTYOUUEVT)
T4EN €EGOOV.

"Evag evallhoxtindg t1odmog e106d0v/eE6dov eivar E/E Baoer dwaxondv (interrupt-driven 1/0):
1 meQLPeQELAnT] CVOKREVT) OLonOTTTEL (interrupt) Tov emeEeQyaoTr) Otav vdoyouv véa dedouéva
eLl0600V YU TV, 1] OTav elval éTouun vo deytel véa dedouéva eE6d0v amd autdv. ‘Etot, dev
OTATAMETOL YEOVOGS Yo derypuatolnyia xwels AOYO TG CUuoxEVT|S, 000 auTi) OeVv elval andua
étoupn. To ndotog, maviwg, thg E/E Pdoel donommv elvor m ewdwnn ¢oovtida (overhead) mov
astoutet 1 #dBe draxom), dedopévou 6t avti) alhdlel T diegyaoio mov TEEYEL, T TEQLEXOUEVAL
™G ®QUPNS pviung #aw tov TLB, »nou amotel domavnet| xatoygodi] otoryeinv (book-keeping)
YLO. VO AELTOVQYTNOEL 0MOTA. AVT ovTol, 1 derypatolpia uwoQel vo €xeL TO TAEOVEXRTNUA,
avahoya pe Tnv megimtmon, ot devyparoinmrel "pion wow xali)" mohhéc ovoxrevés E/E yio wdBe
uio dranorti) ard To QoG (batch processing), avti va vpiotatan "vdaBe toelc noL Ayo" To ®00TOg
ulog emmmiéov dromomilg amd pov Al ovoxrevr). Id vo amodacioovue TL pag cuudEQEL HOg
evOLAPEQOVV TQELS TALQAUETQOL:

e [1600 novtd yoovind pmogel vo ouvpPoiv dvo yeyovota ewwddov; H mepiodog
derypatolpiog moémel va etval ooy itegn amd autd, TQOKELPEVOU VO UV XACOUUE TO
delteQo yeyovog. ITgoxrelpévou mepl eE600v, mdoo dexdPaoTE va vaBVOTEQNOOUE OO
TV OAOXANIQWON Miag TEAENS €00V péyoL va To aviindOel o emeEegyaotig xal vo
TQOYWQETNOEL OTNV eTOUEVT; TNV TOQAUETQO aVTH UTOQOUVUE Vo TNV Ueyaldoovpe (doa
omavioTeE Oerypatolnpia) av n ovoxrevi] E/E éyel évav peyalitego evraeuti) (buffer)
OV VO WITOQEL VO %QATA UECO TOU TEQLooO0TEQA dedouéva €l00dov 1] €EHOOU
(mepLocoTEQN doVAELd ®AOE HOQA).

e [l6cog elvor 0 pécog QUOUOS TV yeyovotmv elocodov; Anhadf|, aveEdotnta av dvo
veyovota €.o0dou evdéyetar vo. oupPovv oD ®ovid petafl tovg, xatd uéoov 6o
600 novTa yeovird Ba cvpPaivouvv; Oco omavidteen elvar n »atd pécov 6o euddviom
TOVG, TOOO PeyalTeQn elvou 1) omatdAn TG Goxomng derypotoAnpiog.

e [l60o molég ovoxrevég E/E derypotolnmrovpe poli oe »édBe dioxomi tov goloylol
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(batching factor); Oco0 meQLO00TEQES €lval AUTEG, TOOO TEQLOGOTEQO QTOOPEVETAL LETAED
TOVG TO ®OOTOG TNG OLOXOTTNG TOV QOAOYLOV.

OewenoTe, 0g AUtV TV doxnon, 6T 1o QOAGL Tou emeEepyaoth elvar 1 GHz (doyeto pe 1o
QOAGL moayuaTikoU ¥OVoU mov pog Otver meQlodmég dlanomég), OtL 1 ewdwi] doovtida
(overhead) yio #é0e dranomi) eivan 00 xhadeg (2000) xOxhoL Tov QOAOYLOD Tov emeEeQyaoTy,
nol OTL To ®00T0Gg derypotodmpiog wog ovoxrevilc E/E elvon dwonodolor (200) wizhor tov
0AoYLOU TOU emeEeQyaoTi] (1 ®VELA aLtia auThg TS ®aBvaTéEnong etvar To Ot oL aptneieg E/
E (I/O buses) eival mohl mod 0QyEg amd Toug (YT YOQOUS) oNueQLvolg emeEeQyaotés). O@éhovue
VoL VTTOAOYICOUE TL TOGOOTO TOU OUVOMROU XQOVOU Tov eneEepyaoti] Oa amogodd 1 E/E otig
TOQOXATM TEQUTTWOELS, OTAV avTh Yivetal faoel derypatohpias 1 fdoel dionommy.

(o) Eotw évag vmoloywoths o omolog AapPdver xow  xotoyodder ofuoato omd 40
asopaxQuopéva onueio. Kabe pio amd tg 40 yoauués eo6dovg evdéyetal va dEQvel véeg
€L0000ug ®G0e 1 ms, Onhad pe péyioto euoud 1 kHz. Eav yonolpomorficovpe derypatornyio,
EMOUEVIIS, TO QOAOL mpémel vo. pog oOlver 1 dwoxom) avéd 1 ms. e »dbe dvanorti),
derypatoinmroiue 40 ovoxrevés. I1o6oovg »huhovg QoroYLoU (tov emeEepyaoti)) Eodebovue oe
%nA0e dvonort, (i) yia v (Otar TN dranorti), row (i) Yo tig 40 devypatolpies; Aedopévou OtL
ovtd emavorapPdvetor 1000 ¢pooéc to devteQdiemto, TOOOUG AHVHAOUG QOAOYLOU avd s
Eodevoupe Yo E/E; TiL 1000016 TG GUVOMANG VITOAOYLOTIXTG OUVAIUKOTNTOS TOV EMEEEQYAOTH)
OVILTQOCMITEVOVV QUTOL OL HUHAOL;

(B) "Eotw 611 0T0 oot (o), e’ 6t véeg (00001 UITOQEL VaL £QYOVTOL OYETIRE ®OVTA 1) wia e
™v Gl (xABe 1 ms), o péoog QUONOS AdIENS ToVg elvol ONUOVTIXA 0QAOTEQOG: RATA PUECOV
000 €pyovtal 20 véeg elcodoL avd deutepdhemtTo avd yooupu elo6d0v. ZuVolnd, Yio. OAES TIS
voouués, mooeg elvar ou véeg gicodol avd s; ‘Eotw 6t ®dvovue E/E Pdoer diaxomdv, xat 6t
%n@0e véa eloodog (amd owodimote yoauui) mooxahel o dioxom. I16oeg dianomég avda
devtegolemto Oa éyxouvpe, natd péoov 06po; Ildooug xUnhovg oroywol Oa Eodelel o
emeEeQya ot Yo va g egummeetioel; TL TOGO0TO TG GUVOMANG UTOAOYLOTIXNG TOU
AUVAUKROTNTOS OVTLITIQOOMITEVOUV QUTOL; ZUUpEQEL 1) derypotonpia (o) 1) ot drarorés (B);

(v) "Eotm thea 611 oto chotnua (o) avEdvetar o pnoog QuOPOS APLENS véwv eloddmV, artd 20
ovd yoopuin avd dgvtegdlemto mov MTav oto (B) og 400 avd yoouun ovd dgvteQOAETTO
(ONAadf) mAnoLGler meQLO0OTEQO OTO péyw'co QUG;L(’) mov elvow 1 kHz). To %éorog ™C
derypatopiog dev ahhdler, apot auth oltws 1) dhhwg emoxémreTon TV ndbe y@oq.q,w] 1000
dooéc To 681)‘58@07\.8317150 Opwg, ot pébodo Pdoer daxomdv, avEdver to péoo mhhBog
daxomv avd devtegodlemro. IMog arldlovv ouv amoavtioels cog g godtnong (f) €dm;
Svpdépet ) derypatoinia 1) oL OLoOTES, T,

(0) 2t megurtdoels (B) raw (Y), ®vduvebovpe vo yaoovue xAmola, véa €0odo av "mEcouv
uolepéves" véeg eicodol ammd Oheg Tig yoaupés; ‘Eotw 6t apéows petd tnv éhevon wiag véag
€L0000U amtd TN yoouun A, pog égyovtor véeg eioodot kot amd tg 39 dileg yoaupéc. I'd va
eEummoetioel o emeEepyaotns tig 40 autég doaxromég (T wa petd thv dAln), méoovg rixhovg
emeEepyaotn yoewdletan; [16oog ypdvog eivar avtds; To vwpitepo mov wropel va éMOel )
emouevT €i0o0dog amtd ) yoauun A eival 1 ms PeTd v mponyouevr, 6mwg eimape oto (). Oa
éyeL mpohdPer o emeEeQyaotic va eEummopetioel Tig moeomdvew 40 dwomomés mowv €MOeL )
ETOUEVT) QUTT) {00005 0Td T Yoo A, ) o TV Y AoEL auTi) TNV ETOUEVT] €(0000;

(¢) "Eotw thea 6t avti Tmv 40 1060wV Tov (1) 0 VITOAOYLOTHG Hag €xel wa povo --ahhG oA
YONY0QOTEQN-- €{00d0: wiat yoouuf dxtiov twv 32 Mbit/s, dnhadf) 4 MBytes/s. Eotm 6t 1
ovoxevt] €10600v pmoel va npatnoel (€xel buffer yio va xgatnoel) 1 moxéto, alld Oy
naQatdvw. H ovoxev] pog diver 1 dwaxorth) yio #60e 1 apuevolbpevo maxéto. ‘Eotw 6t ta
uxotega duvatd manéto eivor peyéBoug 40 Bytes nabéva (6mwg 0To TQWTOROALO TOU
Awadietiou, 1o IP). Aga, 0 puéylotog duvatodg QuOOS AdLEns maxétmv elvar 4000 KBytes/s dud
40 Bytes avd moxéto = 100 K manéta/s. Edv pog éoyovran moxéta ehoylotov peyéBovg nau pe
ToV péYLoTo duvatd QuONS ("wolANTd" To éva pe To dAho), Eava-amavnote Ty egdtnon ().

(ot) Zfuepa vadEyovv YROUUES Owtbov my. tou 1 Gbit/s, dNAadf megimov 30 dopég
YONY0QOTEQES AT QUTAHV TOV (8). MmoQel 0 VTOAOYLOTNS HOS VO TIG AVIEEEL OV 1] CUOAELT)
€L0000U OoUVEXIOEL VO €YEL EVTOUEVTI] LOVO YO €Vl TTAETO oL OUVeXLoeL va pog Olver o
dlaxomi) yia ®dbe advoUIEVO TORETOS;;
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Aoxnon 13.7: Amnevlciog [ooofaon Mvijuns (DMA) ané Xvoxevés E/E

Amod ta maamdve voouuepa pavnre OTL oL Y1 Yoees cvoxevég E/E moémel va éouv peydhovg
evrapevtés (buffers), o0TmWG MOTE OL OLAROTES --€(TE TOV QOAOYLOU E(TE TWV OCUOKEVMV-- VO NV
elvar ol ovyvég, motr vo umogel peyddn "mooodtnta €Qyaoiag” Vo CUOCMQEEVETOL OTOV
EVTOUEVTT METAED OLadoymdv "emoxréPewv" 0T oVoxreVT] amd ToV emeEeQyaoTi]. AxOUa oL
pe vt Tt Aon, Oumg, yio va. unv eivor oL dloxromég ol ouyvég, VITaQyEL nat éva dAlo
oA U0 ETOOCEMV YLaL TIS YOTYOQES ovoxevég E/E:

TG va avirypdpel o eneEepyaotig £va HeYAAo Oyro EOUEVIV AVAUETO OTOV EVIQUEVTT TG
TEQUPEQELOXTG OUOREVTC HAL TNV KUQIWGS UVI|LN TOVU VITOAOYLOTY), OITOLTOUVTAL TOAAOL ®UnloL
pohoyol, emeldi] ou agtnoies E/E (hewdogor E/E - I/O buses) elvor morv mod aQyég amd Toug
ONUeQLVOUS (YO Y0QoUg) emeEeQyaotés. Aedouévoy OTL 1) avTLyQadt oty elval pia okl oy
egyaoia, Ba amotehooe omATAAN OTAVNQMOV VITOAOYLOTIXMY TOQWV (TOV EMEEEQYAOTT]) TO VAL
PéCoupe Tov emeEeQyaoTi) vo THV ®AVEL: O emEEEQYAOTNG, O¢ avTi] TN douheld, o omataid v
TEQLOOOTEQT] (OO TOV TEQLUEVOVTAS va. amavtioel 1 aQtneio E/E. H evdederyuévn Aon eivan
VO OITOXRTNOEL 1) TEQLHEQELART] OUOREVT] TN OuvaToOTNTA VO ®AVEL POV TNG TNV AVTLYQadT
OVAUECSO 0TO EVIALEVTY) TG %ol 0TV ®VELe pviun: H "AmevBeiog Ilposfaon Mvijung (Direct
Memory Access - DMA)" an6 11 cvoxevég E/E hettovgyel wg eEng. H ovorevn E/E éyxel dVo 1
TOElS ®aTAYWENTES ELEYYOV YiaL T AettovQylo DMA:

a. AwledBuvvon évapEng --etvarl 1 (dvowrt)) devBvvon pvHung eog v omoia 1 amd TV
omoia Ba ayioel M aviypadr) dedouévarv.

b. MéyeOog petadogdgs --elvar to mij0og Twv Bytes mov Oa avtrygadoiv.

c. Kataywontfs evegyomoinong --elvar o xrataywentis exeivog Omov poOMg o
emeEeoyaoTng YodeL Evav eldnd ®mora Oa ayioel 1 aviyad (avTdg UITOQEL ®oL VO
Ny vIdoyeEL, Y. GV M avirypadn ayiter pe to mov yoddouvue to uéyebog petadoodc
0ToV 0 TEQO RATAYWENTY)).

H ovoxevi) E/E éxel emiong pio pnet pnyoavi) memegaopévav xotootdoewv (FSM), n omolia,
nohg dobet To onua exnivnong, ndvel Tnv eENg dovield xat' emovddnym:

i. Zntd va g dobet n xonon g apmeiag uwhung () tov agtowwv E/E wou pvijung, N
TOV/TOV OYETHMDY OVVOEOUMV).

ii. MoMg g 000l 1 xENO™, AVTLYQAdEL TNV ETOMEV "AEEN" TOV EVTOMLEVTH] TG CUOKREVTS
otV ®VEIlmg uviun, exel ou deiyvel o nataywenthg diehBuvong, N Thv aviLyQdadpeL amd
TNV ®UEIWG UV OTOV EVIAEVTY TNG OVOXEVNS. [ZTo Prijua avtd, m "AEEN" mov
ovtryddetan ovyva dOev elvar pia povo AEEN Tou emeEeQyaoTi) 1] ™G aQTneiag, alld pia
uxet) opddo (burst - Queh) AéEemv, TQOREPEVOU VA EXUETOAAEVTOUUE TN OUVATOTNTA
tov DRAM yio. 01xovounoteQn meooméhaon ouveyouevav AEemv (§ 13.1), »obhg non
va amooPécovpue raAlTeQa To overhead omOXRTNONG XONONG TS CQTNEIOG HEOW TNG
petapodc meglocotégmv Bytes e God ov TNV aITORTOVE].

iii. AvEavel tov nataywenti dieBuvong xatd to mAH0og Twv Bytes mou pole petédege.

iv. Mewover Tov rataymonti peyébovg petagpodc xatd to miibog twv Bytes mou nohg
LETEDEQE.

v. Av 0 notoyxmentig peyébovug elvar axduo peyoiiteog tov Undevog, emavaiapPAveL
a6 to (i).

Ag Bewproouvpe og auT THV Aoxnon Tov (0o eneEepyaoti) pe Qordi 1 GHz mou elyope no
TOQOITAV®, ®OL VOV CUVOECUO ETMXOLVOVIOS TEQUHEQELOXRMV - UVAUNG - €MeEEQYOOTH TUTTOV
PCI-Express twv 2.5 Gbits/s (rQmwg moAotdTeQNS YeVIAS), nou "otevo", OnA. tng piag pudvo
"Aweidag" (x1). O @uOudg petddoong avtol tov cuvdéopov eivor 2.5 Gb/s = 2500 Mb/s =
megimov 312 Mbytes/s, dOnhadm) mepimov 1 Byte »d0e 3.2 ns 1] adlowwg 1 Byte #dbe 3.2 wirnhot
poAoylo¥ tou emeEegyaotih pog. [dvw oto o0vdeouo avtd oL TANEOPOoQies HeTapEQOVTOL OE
"manéta" (6mwg ota dintva), xoL xabe manéto £xel av emuxedarida (header) ag movue Twv 12
Bytes (. OevOivoels myng, mEooQLopol, xwdwmd medEns, €heyyos odaiudtov, %)
onohovOoiuevn oo to petadepdueva Bytes dedopévav.

(o) 'Eotw 6T dev vudoyer DMA, »au 0 eneEeQyaotis #Aver TNV ovityQodr| petad pviung xou
EVIOULEVTH TIEQUPEQELOXTS OVGREVTG, OC TOUUE aTO TH UVHUN TTQOG TV TEQLPEQELART] GUOKREVT).
H avrtiypadn yiveton pe éva puxed ooyo mou megihapfdver pia evioht load amd ) pvijun »ou
Lo eVTOAT) store 0TOV EVIALEVTT TNG ovoxevi)c. H eviolés load »al store avadégovial oe pia
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uovo AEEM (4 Bytes) --adpol dev vmagyouvv evtodés load/store molhamhdv AéEewv. Otav
ToELdevEL M) AEEN (LEOW TNG EVTOATG store) TTROG T ouoxeut] uéow tov ovdeopov PCI-Express, 1)
MEN avutih) Takdetel péoa oe éva manéto ueyéBovg 12 Bytes (header) + 4 Bytes (data) = 16 Bytes
ové monéto. Me to guOud 1 Byte rd0e 3.2 nOnhotr goroylol Tov emeEeQyaoth) mov Penraue
TOQOITAVW, ®A0e TéTOolo TMOKéTo TV 16 Bytes (uetadoed piag AENC twv 4 Bytes) xootilet
meQimov 50 ®Ouhovg QoroyLoD Tou emeEeyaoti]. Ag vmobécouue OTL OL VITOMOLTIEG EVTOAES TOV
Poodyov xootiCovv 30 nixhovg Tou emeEeQyaoTi), ®UQIWS AOY® TV AVATOGEURTMOV AOTOYLDV
©QUPNGS pviung mov o mponrarécovv ou emovellnuuéves evroréc load amd OevBivoelg pn
TROODATO YONOLUOTONUEVES. ZVVOMARA, ETOUEVIS, O QUOUOS avTyoadmg elvar 4 Bytes avd 80
nonhovg emeEegyaoti] (80 ns). I1600g elvan avtds o QuONOS oe MBytes/s nat oe Mbits/s; Edv o
emeEeQyooTic avtdg €xel va 1eodpodotel Tavtdygovo 2 dlorovg pe maQoyfn 10 MBytes/s
noBévog nar 1 dlntvo fast ethernet pe magoyr 100 Mbits/s, T WO000TO TOV XEOVOU TOL O
VoY 0eWOEl Vo aPLEQVEL YLaL OVTLYQODES OEQOUEVIV ATTO T VI TOU QOGS TOUG EVTIOLMUEVTEG
TWV OVOREVDV QUTOV;

(B) ‘Eotow thoa 6t vmdoyer DMA. Ag vrobécouvue, moog otypfv, 0tL o emeEeQyaoths dev
amaoyohel noBO6hov to oUvdeopo PCI-Express uviuns-E/E, mw.y. emeldr) evotoyetl ovvexms oty
NOUPT TOU UVIUY, ROL ETOUEVIG O OUVOECUOS QUOG Elval oUVEXWDS OLABEOLILOC VLG TN Wiy oV
DMA. (i) Edv 1 umyovii DMA 190$000T000¢ TG TEQLPEQELURES CVOKEVES OTEAVOVTOS o AEEN
%n00e Gpopd (4 data Bytes péco oe né0e "manéto"), nal edv amaoyorel £ToL To oUVOECUO TAEWS
(100%), oo Ba Ttav 1 cuvolxi) TooyT Ts oe MBytes/s xaw g Mbits/s; (ii) ‘Opmg, oL unyovég
DMA xdvouv (oyeddov) mdvia Tg UetadoEés Toug ot peyohitega blocks dedopévmv,
TIQOXELUEVOV VO ATTOOPECOVV OE TEQLO0OTEQO 0edopéva To ®00TOg (overhead) Tng emueparidag
TOV TOXETOV, 1] TNG OWTORTNONG KL XONONGS TNG aTNEIAS, ) TG EVAEENS TQOOTEMAONG OF VE
yoouuh (row) tg uvihung DRAM. Ag motue 6tL edm 1 unyavi) DMA pog petadéel ta dedopéva
oe opadeg (blocks) Twv 16 AéEewv (64 Bytes) nabeuia (dnA. avd maxéto): doo to maxéta Oa
éyovv uéyeBog 12 header Bytes + 64 data Bytes = 76 Bytes &8¢ moxéto. Me 1o guOud 1 Byte ®d0e
3.2 ns mov Ponrape moamdvw, ®ade tétolo moxéto moigvel 76 B x 3.2 ns/B = mepimov 250 ns
ovd maxéto, | 4 M maxéta (tov 64 Bytes dedopévmv) avd devtepdhento. Edv n aptnola
asaoyoleitar wdil 100% yua tétoleg petadpoés DMA, mdon Ba elvar 1 ouvohuxi) oy g o€
MBytes/s now o€ Mbits/s;

(y) Edv ou mogamdvew petadpogés DMA oe blocks Twv 64 Bytes eEumnoetotv mdh Tovg 2 dionoug
ue mooyf 10 MBytes/s xo0évag xor 1o 1 dintvo fast ethernet pe maoyin 100 Mbits/s g
gomdTNoNg (0), TOTE TL OOO0OTO TOL YEOVOu TOov ouvOéopou PCI-Express uviuns-E/E
QIO 0AOUV QUTES OL PETAPOQES DMA auTiV TV TEQLPEQELARMDV CUOREVMDV; ZUYRQIVETE QUTO
TO TOCOOTO e TO WOo00TO TG amdvinong (o). ITag'ot mpdretton yio avopoa peyédn (to (o)
fTav 10000Td TOU YEOVOU TOU €meEeQyaoTi], evd To (Y) €lval TOCOOTO TOU YQOVOU TNG
00tnelag), eEnyeiote oe mowolg &U0 moQdyovies odethetor 1 UElWON TOV TOCOOTOV
arooy0ANong artd to (a) 0To (Y).

Emumléov g petmwong avtig, mov eivol amtd pov g évo #EQO0G, QA TNET0TE OTL OTO eV (A,
Onhadi) yweic DMA, o emeEeQyaoths adLégmve Eva ) evratadEOvNTo PEQOS TOV YEOVOU TOV
yio vo eEummeetel Tig petadogég dedopévav avtdv Tmv ovoxrev®v E/E, evd oto (), Onhadi pe
DMA, o eneEepyaotilg dev aplegmvel vabBdhov xdvo oe avuTtés Tis petadoés (boovtitel povo
vaL TG Eentvder, na PETd TIg adfveL va Teéxouv poves Toug yio moAhd KBytes ouviiBwg), xou oL
petapoés yivoviar "puoves tovg" (dnhadt) amd v 1 T punyovés DMA, mouv dovielovv
ToQAMANAC pe Tov emeEeQyY0OTH), AMAOoXOAMVTOS (oL petapooés DMA) éva uépog HOVO TG
OwaBéaung maoyng (throughput) Tng Uviung, ®oL odivovTog TO VTOAOLTO UEQOS QUTHG TNG
000y MG OLaBEaLUO YL va eEVTTNEETOVVTOL OL LOTOY(ES TNG RQUOTG UVTUNG TOV ENMEEEQYAOTH).

Toomog Iagadoong

O mpotipduevog Témog moeddoong elvor on-line, oe poedpi PDF (uovov) (umogel va elivol
AE(UEVO UNYOVOYQAPNUEVO T)/noL "OROVAQLOPEVO" %eLROYQadO, OAAA uovov oe pogdt PDF).
[Mogadmote péom submit ex13@hy225 [directoryName] éva 0Qyelo ovopot ex13.pdf
mov Do meQLéyeL TIg amavtnoels oog. (Edv dev wropelte va magadmoete on-line PDF, Oa yivetou
OEXTI —OV %Al OYL TQOTLUOUEVI— %Ol TTAQAO00T OE Y0QTl, Al vVmEiTEQX, OTNV (DQO TOV
HoOMLOTOC TS o you VNS Nuéoac, ITapaoxeviic 30 Maiov).
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