Exercise 9: Pipelining (U.Crete, CS-225) 31/3/26, 15:37

HY-225: Opydvwon_Ymoloylotov Tu. Ext. Yrohoyiotwv
AvoLEN 2026 © IMovemothwo Koftng

Aoxnon 9:
Ewsaywyn otnv Opnoyergia (Pipelining)

Ao ™V 6Mm-7 Yo petd v 8n efdopdda tov EEaunvou

Biprio: ArafPdaote Tig evotnreg 4.6 £wg now 4.9, oehideg 333-387.
9.1 Ewoayoywd, llagoyn, KaBvetéonon, llagadeiynoto

Meletijote Tig dwapaveleg 21a/09a pipelntro.pdf . BonOnund, pmooeite va
dwafdote T oehideg 333-338 tov Pifiiov. Omwg eimaue,  opoyepia eivor
o1 aElomoinong magaiiniiouov, mov TouQLdlel Wiaitega 6TaV oL LovAdeg
VM®OU amd TIG OToieg MEETMEL VO TEQAOOVV OL €QYOOLES €lvol €TEQOYEVEIS
(SrapopeTinéc petaEl Tovg) —eEeldrevuéveg oe nATL OLOLPOQETIHO 1) ®aOEULOL.
Khaoow6d  mogdderypo  pipeline  eivor  ov  Propmyovirés  YOOUUES
ovvaouordynong: tov EAAnvind 600 Ouoyeoia tov O0vellopoote oo
TEQUTTMOELS AVOQOTMVWY 0AVOIOWV TT.Y. 0TO VOUTILO/0TQATO TTOV ROoVaholv
OVTIXEIPEVO, TTEQVMVTOS TA astd Yol o€ yéol. H opoyelpio dev peuwver to
YOOVO eXTéEAEONS TNG %OOEWAS UEMOVOUEVNG EVIOAMG, aMAd aQyilel tnv
ENTENEDOT) TNG ETTOUEVNG EVTOANG TTOLV TEAELWOEL 1] EXTEAEOT TNG TTQONYOVUEVNS,
ue amotéheopa vo ovEdvel ratd mOAD TV maoy1 (throughput), dnhadi To
AN 00G TV EXTEAOVUEVDV EVTOADV avE LOVAOO X0OVOU.

9.2 H Boaow) Idéa tov Pipelined Datapath:

Meletiiote 1t Owaddvelo 11 oamd tig mogamavew 21a/09a_pipelntro.pdf .
BonOntnd, pmogeite va dwafdote tig oelideg 349-354 tov Pipiiov. Ze oyéon
UE TNV asth) VAOTTOIN o™ Tov €VOg (LorQD) HUUAOV QOAOYLOU avd EVIOAT), E0M
(o) éxovpe €var QONOL mepimov 5 $oeéc yonyopotepo (Onh. 0 xdBe nORAOC
ooloylov diapxel megimov 5 $opég ovvrtouotepa), (B) €xovue "xoOYPel" TIg
goyoaoieg tng »ébe eviolg oe 5 nopdtio (Babuioes - stages), meglmov (ong
olaprelag to robéva, 6mov to robéva ywed o évav xUrAO TOv VEOU
(yonyoQoOteQov) oAloywov, nat  (y) ewodyovue  (axUOTUQOdOTNTOUG)
1OTOYWENTES VL& Oha Tar dedopéva nal ofuata Tov "meQvouv" amd ™ pa
Babuida otnv emopevy. O rotayxweNTés ®Eatdve TS €L0000VS TG A
Pabuidog otabegéc yid  vo  pmogel  avti] VO AELTOVQYNOEL, EVD
"amelevBegOVoOUV" amd avTi) TV VITOYEEWOTN THV TONYoUuevy Pabuida,
0VTWS MOTE QT VO IWTOQEDEL VO EQYAOTEL YL TNV emOpevn evioAr). H »d0e
EVTOAT], 0TtoV ®d40e wuho QoroyloV, Poloxetal oe pio amd T Paduides, nou
oL doynés eviolég Poloxovrar oe ouvveyxoueveg Pabuides. Ze nabe anun
Q0AOYLOU, OAES OL EVTOAES TTROYWEOUV i PaBuida deEud. O¢hovpue Oheg pai
VO QO WQEOVV TAVTOY OO0V TTOG Ta 0eELd, "TaxTind 1oL 0T O€RA" (in-order
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pipeline) yiéd AOYOUS aTAOTNTOGS CUVETELD QVTOU elval OTL O0EG EVTOAES OV
gyouv timota vo ndvouv ot Pabuida "Data Memory" (41 Pabuida) amhag
TEQVAVE OTtd exel TEQLUEVOVTAS VOV HUUAO UEYOL VO ENOEL 1 OELOA TOVS VO
YOAYOoUV 0TO CLEYEIO RATAXWENTOV OTOV 50 ®UKAO oL QVTES (avTi oToVv 40),
emeld) ol evtoléc load elvan avaryraopéveg va yoddouv tov rd otov 50 ®0xAo.

9.3 Aentouepns Aettovgyia tov Pipelined Datapath
10Eis AAMAEERQTNOELS 1] ALOXAAOMOELS

Meletnote tig dtadpdveleg 1-11 oto 21a/09b_noDep.pdf . Bondntxd, pumopeite
va dtofdote Tig oelideg 355-359 tov BiPAiov.

94 Movdoda Eréyyov yid tnv Opoyergio

Melethote Tig daddveleg 12-19 oto 21a/09b_noDep.pdf . Bondntxd, pmooeite
va dtofdote amd to Phio Tig oehideg 363-366. Edw, 1 faoixi 0éa elval ot
to ofpata eAéyyov "takldevovv" mpog ta OeELd pali pe to dedopéva (na Tig
devBivoeg) g evroris. Omwg ovvibwg étol ol €dd, To opcode %o To
function codes Tng €vroAf|g amoxwowomoloVvTal ot deltepn Pabuido g
pipeline, xouL oty ovvéyxewo to "Eexvaue" OoUTA ROL KQATAUE UOVOV TNV
QTTOXMOLROTOMUEVY  TTANQOdoQta, OMAadY Ta ofuota eAéyxov Y& TIg
novadeg hardware mov Ba pog xEeLAOTOVV, ®oL QUTA "taEdelouv" mTEOg T
0eEld  péyor vo ¢tdoovv ot Pabuido g pipeline Y& TV omoia
mpoogiCovtal.

9.5 Toaduxi) Avaragdaotaon tns Onoyergiog

Mehetiote Tig dradpdaveleg 20-24 oto 21a/09b_noDep.pdf . BonOntnd, pmogeite
va duafdote amod to Piiio Tig oehideg 359-362.

9.6 E&aptnoeis ano Evroin ALU: Ilgoonégaona

Mehetiote tig daddveleg 1-12 oto 23a/09¢_depend.pdf . Bondntind, umogeite
vo dafdote amd to PPAio Ta ewoaywywmd ot oehideg 339-341, now oty
OUVEYELO TV AETTTOUEQT) TTOLQOVOLOLOT OTLS 0eMOeS 366-374. ZT15 TehevTaleS 6
oehideg, MaPete vr OYn oag OTL eueic ot dLaréEelg PAhape To ®ORAOUOL
ehéyyov / aviyvevong yid v VmaEn ailnieEagtioemv ral TV amdpaon
TQOOTEQAOUATOS 0T Oevtepn Pabuido tng pipeline, Omwg %AVOUV OL
nOVOVIXO[ €meEeQY00TEC —xaL Oyl otV Tt OMWS %Avel to PAio yd
amhotnTa. O AOyog va Pdiel navelc To vOrhopo ovtod ot deltepr Pabuida
elvor Ot exel vmhoyer "ehe0eog" yodvog va yiver auth) M OovAelwd ev
TOQOAMA® pE TNV avVAYVMWOT %OToY®WENTOV (ONAadt ywels va yxavetou
EMITAEOV XQOVOG YIA avTi] T O0VAELL), EVD €dv avTO ToToBeTNOEl OTNV TE(TY
Babuida, tote otV agyn Tov ®OxAou oAoylOU, otnv TElTn Pabuida, To
datapath dev ndvel TimoTa ¥ONOLWO TEQLUEVOVTAS VA ATTOPOOloeL TO RURAWLAL
edtv EETEL 1] OeV TIRETEL VAL YIVEL TTQOOTIEQAO UL, KOl OITTO TTOV.
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9.7 EE&daotnon amo mgonyovuevy Evrol) Load: Avapovi
Meletiiote tg Owapdveieg 13-18 oto 23a/09c_depend.pdf . Bondnuxd,

umoopeite vo dofdote amd To PLPAio Ta eloaywyrd otig oehioeg 341-343, now
OTY] CUVEYELO TNV AeTTTOpUEQT] TTOQOVOl0oN OTLG 0eAideg 375-379.

Edv 0éhete va eEaounbeite otn Aettovgyio g Pipeline m.y. yowpatiCoviag
TO OLGYQOUUO TIOU XQNOLUOTOWoaue oOTlg Olapdveleg tov podnuatog,
urogeite va to Poeite, ®evd yowudtwv, oto GpuALO epyaoiag: Pipeline &
forwarding Worksheet (PDF)

9.8 Awaxhadmoeig & Aluaro: Yao0son Anorvyiog,
Axvomon Evrolov eav emrvyet, [Igofreyn Avoxradnocenv

Meletnote Tig dtadpdvelegs oto 22a/09d_ctrlDep.pdf . BonOntnd, wrogeite va
olafdote amd To PLPAo Ta eloaywywmd otig oehideg 343-346, nal 0T CUVELELQ
TNV AETTOUEQT] TAQOVOI0ON 0TI OeAideg 379-387.

Aoxnon 9.9: Ripes: Ontizonoinon tov Pipelining

2ty aoxrnon avti) Ba xonoipomolote Tov mpooopolmt) Ripes (yoapuévov
om0 tov Morten Borup Petersen, tote dortnti) »ar vuv amoporto tov DTU
(Technical University of Denmark)) Y& tnv omrtiromoinon g Aettovyiog g
amAng pipeline Tov RISC-V mov etdape oto pdOnuo. Awofdote N yeviri
meouyoadpt] now Tg OOnyieg XpNong Tou Ripes omd TNV LOTOCEAOO:
github.com/mortbopet/Ripes/ . Mmogeite eite va y0MNOLLOTOLOETE TNV €XO0ON
online Tou mEOoOUOLWTY), €lte Vo TOV "rotePdote" nou TEEEETE TOUAKA OTO
unyxavnua oog (yoetdletar va €xete eyrnataotioel JAVA yia vo to ToéEete
ToTUUA):

e Online: ripes.me/

e Linux: github.com/mortbopet/Ripes/releases/download/v2.2.6/Ripes-v2.2.6-
linux-x86_64.Applmage (Y& va. alMAAEETE TOL permissions TOU AR €OV TOV
rotePdoate o€ exTEMEOLUO, TOEETE 0TO PpAneALO OOV TO ®OTEPAOCATE:
(sudo) chmod +x Ripes-continuous-linux-x86 64.AppImage )

e Windows: github.com/mortbopet/Ripes/releases/download/v2.2.6/Ripes-
v2.2.6-win-x86_64.zip
e MacOS: github.com/mortbopet/Ripes/releases/download/v2.2.6/Ripes-

v2.2.6-mac-x86_64.zip
o Av B¢hete va ndvete compile Tov myaio vmOra (OUVOROAOTEQO, HOL LN
avayroto): github.com/mortbopet/Ripes/archive/refs/tags/v2.2.6.zip
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A¢pol TEéEete TO mMEOoOUOLWTI], TO TEWTO TaEABVEOo (tab) moOv oag
eudaviCetan elvar o editor. Ymdoyovv 5 diabéoua tabs, xot paivoviar mdvm
0QLoTeQd, ndtw amd to File. Ta 5 tabs eivaw o Editor, o Processor, | Cache
(oudn pvnun), n Memory, won to /O (input/output, oe¢ meQ(TTWON IOV
Oeloete vo motEete pe memory-mapped I/0). Zto Editor tab umogeite va
voayete éva meoyooupo oe Assembly (1) Binary) xow va to téEete. Zto
Processor tab Oa delte o yoapunt) avamogdotaon tng Pipeline 0mwg exeivy
tov podnuatog (to default eivor m nhaoown pipeline 5 PoaOuidwv, pe
forwarding wow pe hazard detection: vivGEYOVV ®aL AAAeS emAOYES ediv OéleTE VO
TG Pa&ete, meQLAauPavOouevng oL EXEVIG TOV €VOS MaxQl xOxAov ToV
Aoxnoewv 8). Edv O¢hete va Oeite tnv pipeline pe Oha tor onpota eAéyyov,
umogeite va emAeEete to extended layout. AQywd moémer vo dmoete €va
TOOYQOLLLOL YLOL VO TQEEEL O TIQOCOUOLWTHC.

1. AvoiEete éva amd to érolpo magoadeiypata péow tou File—Load
Example—Assembly—factorial.s (YmoloyiCelL To 7! otov rataymonti) a0).
INa va dmoete éva Ond oag ayeio Assembly: File—Load Assembly File
1] File—Load Binary File.

2. ToéEte 10 mEOYQauua: odot avoiEete to Processor Tab (mhvw
0QL0TteQ), matnote To Run (F6). To mpodygapuua Oo toéEel péyot Téhovg
nouw Qo pmopelte vo Oglte TNV Qo1 Twv O0edouévov ot yoadri
amewovion g Pipeline. Mmogeite vo alhd&ete v TayOTNTA OV
TOEYXOVV OL EVTOAES UECWM TOV TTAOLOLOU €AV, OTN YOOI EQYOAEIWV.
MmoQeite vo. OTaUOTI|OETE TNV EXTEAEOT OTTOV OEAETE TOTMOVTOS TO (OLO0
rovput. To novumt Step (F5) toéyel éva €va ta oTdoo TS »dbe eVIOANG.
To wovumi F4 myaiver v extéheon éva otddlo miow. To Reset (F3)
©0000iCel Tovg ratoayweNnTég ®ou TV pipeline xal emoTQédel otV
TOMTY) EVIOAT).

3. Av mdte oto Cache tab, Ba delte o ametrdvion Tg ®QUPNS uvnung L1
(Eeymolota Yo data xow instructions), ®0L ®OTOLA OTOTLOTIXG ETHOOONS
Yyl UtV avdloya pe to meoyoauua mov 0o teéEete. Ou npudég
LUVIUES RAADTTTOVTOL OE EMOUEVO UOONUOTa, OOTE WTOQE(TE VO TO
OYVOT|OETE Y10 TMQOL.

4. Av mdte 010 Memory tab, Oa delte, EXTOS QUTO TOUG RATAYWENTES, ONES
TLS €VTOAES TTOV ®AVOUV RATOLO Memory access, ®aL TNV (Oua Tn Kvinun.
Av O¢éhete vo Oelte nATL OTNV pviun, ®oul E€gete Tt OlevBuvor) Tov,
matnote rdtw 0eEld Go to — Address »aL yodyte TtV Oevbuvon.
Emumhéov, pmopeite va Oeite ta .data now .text.

5. Zt0 10 tab pmogeite va "eyrotaoTtoete" RAToL0 ETMITAEOV TTEQLDEQELANA
modules pe to omota pwoeite va aAlnhemodgdoete yoddpovrog M
dwafalovtag oe ovyrexgQuuéves Oevbuvoelg oty pviun (Memory-
Mapped 10). I'ia va maiEel To mopdderyuo leds.s Tov RIPES moémel va
éxete avoiEel To LED Matrix, omdte noOmng 1oé€xeL To mpdyoouua Oa
Prémete va adlGCovv Ta leds éva éva.
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Ou "puBuioels" eudaviCovror matdvtog To ®ovust pe v ewmova evog CPU
chip. Ztic puBuioeig umogel o yonotng vo emhéEel to extended layout
(AemTopeNg ammerdVLOT)), MOTE Vo GAIVOVTOL TTEQLOCOTEQO OT|UOLTA ROODG KO
to. Forwarding unit xow Hazard Detection. [1egiocotepa yia tov Ripes Oa Poeite
OTNV LOTOOEAMOO TOV, IOV avadEQUUE OTNV 0QYT] TNG AOXNONG (EXEL oL T
dvvatotta va ndver compile xnow vo exteléoer rmwowmo C- dev Oa To
YOELNLOTE(TE, oALG edv 00 evoLopEQeL oelte TO:!
github.com/mortbopet/Ripes/wiki/Building-and-Executing-C-programs-with-
Ripes ).

EEowelmBeite pe tov Ripes xou pe v pipeline Tov pobnupotog, dedouévou rat
Ot Ba eEeTaoTelte TEOPOQLXA O AVTA. 2T CUVEYELDL, ATTOVTTOTE YQOITTA OTO
TOQORATW, ®OL TOEETE TIG €ENG TTQOCOUOLMOELS TTOV CNTOVVTOL:

(1) AmoplOpnote g fabuides (0tddla) Tng pipeline Tov emeEeQyaoTy), ®oL Yo
™V 200¢ pia megrypdpte megunmrind (1 €émg 3 mEOTAoELS) TN AetTtovQyia TNG.

(2) Iowtg Pabuideg eivor amaQoiTnTeS Yol OAES TIS €VTOAES; ANAadT], TTOLG
0tdoLo TS pipeline exteAOVV ®ATTOLOL XONOLUN AELTOVQYIO YIaL ONES TIG EVTOAEGS,
oveEOQTITMS TUTTOV EVIOANC;

(3) ot Pabuidoo tng pipeline d0ev ndver nATL YONOWO YO TS EVTOLES
aQunTnmv medEemv; Ouoimg, mold Baduido dev ndvel ndTL XENOLUO YLd TG
EVTOAEG store?

(4) Todyte pegurég dnéc oag ahAnlovyies eviohmv yweic alinieEaQTnoelg
%Ol TTALQOTNQTOTE TNV EXTEAEOT TOVS OTOV Ripes. Zvynexoiuéva, yodyte (a)
neQwéc evroléc aounTinmv medEemv PeTaEL xataywentov, () peouréc
LETOED ROTOXWONTMOV oL 0TAOEQMV, ®aL (V) HueQnés eviohég load nawn store.
INo ®éBe pio omo avTég TIG TEELS TEQLITTMOELS, YOAWTE 0TV OvOPOQE 0OG TIS
EVIOAEG TOV extehéoate (To TeQLEXOUeEvVa Tov agQyeiov "Instructions.s")
OVVOOEVOUEVA OO €Val screenshot ATto TV TIQOCOUOIWOoN.

(5) AMGETE TV alnlovyio oag eviohmv 4(ao) oUTWG MOTE VO TIG KAVETE
eEaoTnuéveg petaEl Tovg xdvte T deVTEEN Vo €EQQTATOL ATTO TNV RO,
%«OL TNV TOITN VO €E0QTATOL ROl ATTO TIG OVO TTQONYOUUEVES —OTTO TNV TTOMTY
Y& TOV TQWTO TEAEOTEO TNYNG TNG, ®aL amd TN OelteEn Yid Tov OeVTEQO.
Exnteléote T 0TOV Ripes, noL moQaxoAov010TE TQOOERTIRA AL RATOAVOT|OTE
to. mpoomepdopato (bypasses - internal forwardings). ['odypte otnv avadood
00G TLG EVTOAES nou OMOTE €va screenshot T OTLYUH TWV TQOOTEQAOUATWVY VLA
TNV TOILTN EVTOAT).

(6) TomoBetnoTE OTN PVNUN), O TEVTE OUVEYOUEVES AEEELS, EEXLVDVTAS ATO
omoia dieBvvon ooag Polelel, méEvte axéoaleg LeTaPAnTég, TS int a, b, c,
e, f; %OL OQYXOTOLOTE TOV ®aToywENTH sO va megieyel tn devBuvvon g
TOWMTNG, MOTE VO umopelte va dofdlete 1) yoadete nobeud Toug pe pio
evToAT] load 1) store pe éva puno offset oe oyeon pe tov s0. AQYLLOTOLNOTE TLS
mEVTE UETAPANTESG UE XATOLES TUMES TOU OOG CEEOOVV. TN OUVEYELM,
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uetapodote o€  Assembly, ywels xauio ovadldtaEn eviohdmv, %ol
mpooouolwote otov Ripes ta €Efjg dUo statements oe C, pe T 0€lod WOV
otdovra:

f = a + b; e =a - c;

IMogatnpfote v xabvotégnon otnv pipeline, AMoyw eEdtnong, amd To
0elteo load oto mpwto add, ®aBdg now amd To Teito load ot delteEn MEAEN.
211 OUVEYELD, AVAILATAETE TIC EVIOAES (instruction scheduling) oUTwg MOTE Vo,
YAUTOOoETE aUTES TIG ®aBvoTeENoelg, OTTWg otV Tehevtata dapavela g
§9.7: duaPdote xor TO ¢ AMO TN UVAUN TOLV RAVETE TNV TOWOTH TEOCHED.
EVATOEETE TIG vodLATAYUEVES EVIOAEG 0TOV Ripes, ®olL TOLQATNONOTE TOQO
TO YX00VO entéheons. I'odpte otV avadogd oag TG EVIOAES TOLV %Ol UETA
™V ovadldtogr, xor dmote éva screenshot amd v mEMTY MEQITTWON (TTQLV
™V ovadlaTaEn) ™) otyur T avapoving g memts add, »abwmg »al éva
screenshot oo T deVTEEN MEQIMTMWON (UETA TNV OVAOLATOEY) TN OTLYU TOV
TQOOTEQAOUATOG TNG HeTafPAnTic b mpog v ALU yid tv mowty add.

(7) ToéEte tO factorial.s amd To maQodelypota mov €xel éroluo o Ripes.
‘Otav tedeudoel 1) extéheon, Oa deite oto execution info oL exteléotnray 125
eVIoAég o€ 189 ninhovg poroyloU. ITov odethovtonl oL TeQLOGOTEQOL QIO TOVG
"YOUEVOUS" ®UXAOVS QOAOYLOV (EXTOS aTtd ®ATOU 6 ®VU®AOVC Y TO ecall oto
téhog); [l va pnv ydvovton 16c0 molhol #0rAOL QOAOYLOU O€ TEOYQAUUOTOL
oov avto, eldapue o Texviry oto pdnuo (o o amd tov Branch Target
Buffer (BTB), mowv dotpe tov BTB). ITowa eivar  xevroui) wWéa avtig g
TEYVIXNG, RAL YOoVTOwxd TL otoTeAéopato Ba elye avth (megimov mOoOVS OTtd
TOVG YaAUEVOUS ®UxAOVG B YAuTOVaE) GV TNV EPaQUOTaLE EOM;

Toomog [lagddoons:

IMopadwote péomw Tou AOYAQLAOUOV 0OG OTO elearn, euAéyovtoag HY-225 —
Aoxnoelg 8-9, pali v mponyouuevn doxnon 8 xow avtiy edm TV doxnon 9,
oe poedt PDF (uovov) (umogel va elvor ®elpevo pnyovoyoodnuévo 1/xou
"ORAVAQLOPEVO" YEWROYQODO, aMAA uovov oe poedt PDF). Katd mootipnon,
ToQAdMOTE £Va aQYel0 OVOUOTL ex8-9.pdf TIOU OO TEQLEYEL TIS CLTTOVTTOELS
00,G 0¢ OLES TIG AOnTOELS, 8 naL 9.

Oa eEetooteite o mPOPoIxd Yo Tig aoxnoels 8 xal 9 (nalt), amwd Ponbo
Tov podnuatog, pe dtaduacio yid tmv omoia Ba evnuegwOeite peéomw nATd
(email) otn AloTa Tov poONUOTOC.

© copyright U. Crete, Greece. Last update: 16 Mar. (minor: 31/3) 2026 by M.
Katevenis (& I. Vardas, V. Golantas).
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