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“ $xebiaon kau YAoroinon Mnxavwv Zuvoxi¢ Kpudpwv Mvnpwv yia Zuotrpota RISC-V”

NepiAnn

MpLv TNV emoxn Twv MOAuTUpNVWY eMefepyaoTwy, N anddoon Twv enetepyaotwy BeAtiwvotav
KUPLWG HECW TNG OUVEXOUC AUENONG TNG CUXVOTNTOG TOU poAoyloU Touc. OL U nAEG cuXVOTNTEG
KOTEANEQV O€ ylyavTLaia mTood KatavaAwong eVvEPyeLag Kat n Staxuon tng Beppotntag édtaoe o
un Tpoottd mineda, SLOITEPWE OE CUOTHOTA HEYAANG KALpakog omwe ta Kévtpa AsSopévwy.
MPOC QVTLLETWTITLON AUTWVY TWV {NTNUATWY, LEXPL KAL OUEPQ, OL KATAOKEUAOTEG OAOKANPWUEVWY
KUKAWUATWYV EMeEEPYACTWV TOTOBETOUV MOANATTAEG povadeg emefepyaciog. Me auTOV ToV TPOTO
omokaBLoToUV TNV EVEPYELOKNA AmOS00H, TO KATOHOKEUAOTIKA KOOTN, Kol BEATLWVOUV TNV amodoon
TOU OUOCTNUOTOG HECW TNG TAPAAANANG €Mefepyaciag. ZUyXpOVWG, UTIAPXEL €VOL CUVEXWG
auéavopevo eviladEPOV YL TIG EVEPYELOKA ATTOSOTIKEG APXLTEKTOVIKEG RISC Kal LSLaLTépwG yia
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T0 oUvoAo evtoAwv RISC-V To omoio elvatl avolyto Kol SwPEAV KOl UMOPEL VO LELWOEL TIEPALTEPW
TO KOOTOG TWV MOAUTIUPNVWV EMEEEPYOOTWV.

Ta cuotuata moAamAwv rupAvwy pe Koy Mvun emtAlouv apketd mpoBAnpata, oAAd
EL0AYOUV KOLL KATTOLEG ETUMAOKEC. APXLKA, TO QUENUEVO KOOTOG EMKOLVWVIOG LETALY TWV MUPHNVWV
KoL VA UNG Kata tnv AfPn evioAwv kal dedopévwy Kot eUTEpOV, N EVOPXNOTPWON TWV TTUPHVWY
LE OKOTO TNV dLaTNPNOCN CUVEKTIKWV avilypddwv OSeSopévwv cuoyeTl{OPeEvO UE TNV (Ola
SlevBuvon UVAUNG, OTLG LOLWTIKEG TOUG KPUPEG UVAEG TipWTOU H/Kkat Seutépou emunmédou. H Tpitn
ONUOVTLKA EMUTAOKN €lval n amodoon Kol TO EVEPYELAKO KOOTOG TWV AELTOUPYLWV TNG GUVOXNG
KPUDWV UVNUWV KATd TNV aval)Tnon Kol EVTOTILOMO TIaAdlwV avilypddwy dedousvwy og OAn TV
lepapxia NG KPudAg HvARNG, OnAadn Twv AETOUPYLWV EMEPWTHOEWV/evnuepwoswy. OL
TAPATIAVW TTAPAYOVIEG YivovTal akOUa TLO Kpiolpol amod MAeupag anodoong 600 aufAveTal To
TANBoC Twv MUpAVWVY og €va clotnua. Auto odeiletal otn duvntikd vPnAn mAnPOTNTA TOU
SiktUou dlacuvbeong eviog Tou TOUT, TO omolo eival urteUBuUvVo yla TIg SocoAnPieg alTNUATWY-
QITOVTAOEWY A0 TOUG TIUPHVEG TIPOG TNV HVAUN KAl TAUTOXpOvA yla TNV UTIOOTAPLEn Tou
KOTAAANAOU TIPWTOKOAAOU GUVOXNG KPUDWVY UVNUWV.

H epyacia autr cuvelodEépel pLa oxedilaaon Kal UAOTIOINGCN KNXOVWY CUVOXNS KPUDWV UVNLWV
KoL Twv urodopwv Stacuvdeong yla cuotipata RISC-V. JuykekplUuéva n epyacio KAVEL TIG
TMAPAKATW OUVELODOPEG: i) Tn oxediacn evog Siktuou S1o.cUvEeang VIO TOLT yLO THV UTTOOTNPLEN
OUVOXNG KPUPWV PvnUwV o€ eTtimedo UALkoU, To omoio Baciletal oto mpwtokoAAo ACE tng ARM
Kot TiepAapBavel SOHEC PIATPOPIOUATOC TWV UNVURATWY EMEPWTOEWV/EVNUEPWOEWV. ii) Tn
oxeblaon ¢ UTOSOWNG Yl TNV UTOOTAPLEN CUVOXAC KPpUdWV UVNUWVY OTOV EMEEEPYOOTIKO
nupnva CVA6 (mpwnv Ariane) mou Baoiletatl oto cuvolo evtoAwv RISC-V. iii) Tnv uAomoinon evog
cuoTHua-

TOG TOMAMAWV TUPNVWV TIOU UTOOTNPI(EL TO TPWTIOKOAAO GUVOXNG Kpudwv HVAHWY
Tponomnotnuévo-Kowdypnoto- Akupo (TKA).

YAomoloUpe Kat emaAnBOeUoupe To OUVEKTIKO Kot TtoAumupnvo RISC-V ox£6lo otn yAwooa
nieplypadng uAikou SystemVerilog kat aflohoyoUpe tnv anodoor Tou HECW TPOCOMOLWOoNG e
eninedo petadopdg kataywpntwy. Ma tnv afloAdynon dnuLoupyol e Kol EKTEAOUE EVOELKTIKA
TPOYPAHUATA XWPLC TNV UTtooTAPLEN AELTOUPYLIKOU CUCTHUATOC KAL ETTLONG EKTEAOUUE eMIAEYUEVA
SOKLUAOTIKA Ttpoypappata Litmus yla tnv ektipinon tTng opOoTNTAC TOU CUCTAUATOS UVAKNG. Ma
™V afloAdynon tng anddoong ToU CUCTAUATOC oG TIUPOUCLALOUE LETPLKEG KABUOTEPNONG OF
KUKAOUC poloyloU, TN Héylotn £PLKT ouxvoTNTA POAoyLoU KoL Tn XPrnon mopwv AOYKNG o€
ocuotolyieg emavanpoypappati{opevng Aoyikng (FPGAs).
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"Design and Implementation of Cache Coherence Engines for RISC-V Systems”

Abstract

Before the multi-core era, the performance of processor chips improved mostly by continuous
increase of their clock frequency. Such high frequencies ended up in enormous power
consumption figures and heat dissipation reached non-affordable levels, especially in large-scale
systems such as Data Centers. In response to these issues, and until nowadays, manufacturers
build chips which consist of multiple processing units that restore energy efficiency, silicon costs
and improve system performance through work parallelization. In conjunction, there exists a
continuously surging interest for energy-efficient RISC architectures and particularly the open-
source RISC-V Instruction Set Architecture that can further reduce the cost of multi-core chips.

Although shared memory multi-core systems tackle several problems, they also introduce
several complications. Firstly, the increased communication costs between cores and memory
while fetching instructions and data, secondly the orchestration among cores in order to maintain
coherent copies of data, associated with the same address of memory, in their private L1 and/or
L2 caches. The third important concern is the performance and energy cost of cache coherence
operations to search and locate stale copies throughout the cache hierarchy, i.e. snoop
operations. Above factors can become even more critical and challenging from the performance
point-of-view as the number of cores in a system increases. This is due to the high occupancy of
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the on-chip interconnection network which is responsible for transferring requests and responses
from cores to memory, and simultaneously supporting the appropriate cache coherence protocol.

This thesis contributes with the design and implementation of cache coherence engines and
interconnect infrastructure for RISC-V systems. Specifically this work makes the following
contributions: i) the design of a hardware cache coherent on-chip interconnect based on ARM’s
ACE protocol that employs snoop filtering structures, ii) the design of the hardware infrastructure
to support cache coherence on the open-source CVA6 (former Ariane) RISC-V processor core, iii)
the implementation of a multi-core system that supports the Modified-Shared-Invalid (MSI) cache
coherence protocol.

We implement and verify our cache-coherent RISC-V multi-core design in SystemVerilog and
evaluate its performance using RTL simulation. For the evaluation we run indicative hand-made
bare metal programs and selected Litmus tests to assess its correctness. As part of the
performance measurements we present latency metrics in terms of clock cycles, clock frequency
and FPGA resource utilization.



