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NEPINAHWH

Tig TeheuTaieg dekaEeTieG, n Texvoloyla £xel dTAoEL Eva onpelo apyng KALLAKWONG, Kupiwg
AOyw Teploplopwyv mou odeilovtal oTIC AUENUEVEG AVAYKEG KOTOVAAWONG EVEPYELAG, ME
ETUMTWOEL OMw¢ tn OSuckoAia alfénong tng toxlTnTag €evog TupAva f TpocBnkng
TIEPLOCOTEPWVY TIUPHVWV O€ TIOAUTIUPNVOUG EMEEEPYOOTEG. ETtELd UTIAPXEL AKOUA QVAYKN YL
avénon TNG amodoong, oL APXITEKTOVEC UTIOAOYLOTWVY £Xouv otpadel oe evepyelakd
amodoTkoUG €TEEEPYAOTEG, CUMMEPAAUPBOVOUEVWY OPLOPEVWY TIou PBacilovtal otnv
avolytoU KwdLka ApXLTEKTOVIKN ZUvOAou EvtoAwv (Instruction Set Architecture - ISA) RISC-V,
N omoilo UTMOOXETOL evepyelakn amodoon, xapnAd kdotog uAomoinong kat PeAtiwpévn
anodoaon o MOAUTIUPNVOUC EMEEEPYAOTEC.

H mapoloa epyacia cupBarlel otn oxediaon kal vAomoinon plag VEAG TIPOCEYYLONG
ETUKOLVWVIAC powv HeTalL enefepyaotwy mou Pplokovtal oe Stadopetikd Nnold Zuvoxng
(Coherence Islands) RISV-V. Mapadootakd, To vNoLd CUVOXAG EMLKOWVWVOUV HECW SIKTUWV o€
emninedo cuotnuatog, Ta onoia Bacilovtal oe SLAcUVSECELG TTOU Xpnaotomololv ite TCP/IP
N Amopokpuopéveg Apeoeg MNpoomeldoelc Mvrung (Remote Direct Memory Access - RDMA).
Ye auTEC TIC SOMEC, oL KOpPol emikowwviag avtaAddoocouv Sedopéva mou Pplokovral
OUTOKAELOTIKA OTLG UVALEG TOUG, KATL TTOU QUEAVEL TLG XPOVIKEG KaBuoTePHOEeLg Kol eEavTAel
KUKAoug enetepyaciag. To RDMA BEATIWVEL TNV EMKOWWVIO HETAEY UVNUWV, TTPOOHEPOVTOC
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petadopég SeSouévwy oL omoleg ekKlvoUvTal o€ eMIMeSO XpROTN, UE LNOEVIKEC avTlypadEg
KOl LNSEVIKEG eme€epyaoTIKES EMIBAPUVOELG.

Y€ QUTN TNV EpYAOLO, OKOTIEUOUUE VO TIPOOHEPOUHE ETIKOWVWVIA HETAED €VOG TUPHVO KL
£VOC GAAOU (MO OKPUGHEVOU) KOUPOU, 0 oTtolog pmopet va elval £vag mupAvag f Lo Lvnun.
ZUYKEKPLULEVQ, TIpOTEIVOUE pLa KawvoUupla Kpudry Mvrpn amokAELOTIKA YLoL TNV UTIOGTAPLEN
EMIKOVWVIOC powv, N omoia Bploketal dimha amnoé tnv Kpudr Mvhun Emunédou 1 (L1 Cache)
TOU TIUPNVO KaL XPNOLUOTIOLEL TNV 8L ypriyopn Slemadn yLa eMKOLVWVLO e auTov. Xwploape
v Kpudn Mvrpun Powv og uo pépn AOYLKNG: 0) TOU Ttapoywyou, OTIOU TO EEEPYXOUEVO HEPOG
Slayelpiletal dedopéva TOU avaxwpouv amo tov KOpPo, Kot B) Tou KotavoAwTtr, Omou To
£L0EPXOUEVO HEPOC SLayelpileTal Sedopéva mou katadBavouv otov KOpBo. OucLaoTIKA, OTNV
npotewvopevn Sopn Slaxeiplong powv, avti Ta SeSopéva va PETAKLVOUVTOL UETALU TWV
KUPLWV UvNUWV Twv KOpBwv, ta Sedopéva téoo Tou mopaywyol, 6000 Kal TOU KATAVOAWTH,
UTTopOoUV va TIPooTieEAACTOUV HE KaBuatépnan omwc authg tng L1 Cache. MNa va BeAtiwoou e
v anodoon, emAé€ape ol MOALTIKEG TNG Kpudnc Mvnung Powv va Bacilovtal otnv apxn
povadIkAG-avayvwonc/povadikng-eyypadng, wote va yivetal dpeon avakUKAWoN ToU XWpPou
SeSopévwv powv ota omola £xel umapéel Non mpocBaocn. EmutAéov, £vag MNpoavaktntig
(Prefetcher) avakta 6ebopéva oamd tov (OMOUAKPUOUEVO) KOUPBO TPV Xpelaotolv, e
QMOTEAEOMA TN HElWON TOU KOOTOUG OTIC TIPOOPACELC OvVAYVWONG, €VW OL TPOCPACELS
gyypadng enwdelovvrtal ano évav fuvduvaotn Eyypadwv (Write-Combiner), o omoiog
ouvbualel yetovika SeSopéva Kal Ta OTEAVEL OTOV (QTTOUAKPUOUEVO) KOUBO. ITNV epyocia
pag, ot mpooBaoelg oe dedouéva powv avayvwpilovtal amd TG EIKOVIKEG SLleuBUVOELS TwY
EVIOAWYV, XWPLC TNV avaykn eMEKTAcng Tou ISA.

YAomolnoaue autd to cUoTnua, Pe Th yAwooa meplypadng UAkou SystemVerilog, kat to
TPocB£oape WG EMEKTACN TOU povomupnvou RISC-V enefepyaotry CVAG (mpwnv ARIANE). Ta
Eloepxopeva kot E€epyoueva pépn Aoyikng tng Kpudng Mvriung Powv xpnollomolouv to
koBéva (4) mAalolo epyaciog Oe TPAYUOTIKO UAIKO TIPOKELUEVOU v UTooTnpiléoupe
£lKOVIKOTtOlNoN, Kal eival apeca ocuvdedepévo pe tn Movada Avayvwoswv/Eyypadwv
(Load/Store Unit - LSU) tou ARIANE. Emtiong, ota dkpa £xet uhomotnBel Aoyikn emkowwviag,
n omota {ntd Kot otéAvel Sedopéva péow piog Stacvvdeong AXI-4.

H epyaoia pag €xel uhomoinBel yla tn Zuotolxia Ermréma Mpoypappatilopevwy NMuAwv
(Field Programmable Gate Array - FPGA) Zyng UltraScale+ MPSoC tng Xilinx. Na to
Eloepxopevo pPEPOC  AOYLKAG, amd TALUPAC Xwpou  xpnolpomowndnkav 16839
Mpoypoappatilopeves MUAeg (LUTs), 7506 Katayxwpntég kat 8 Mvrueg Tuxaiag Mpoomélaong
(BRAMSs), Aettoupywvtag ota 275 MHz, svw ywa to Efepxdpevo pEPOG AOYLKAC,
xpnowuomnowBnkav 23606 LUTs, 8615 Kataxwpntég kat 8 BRAMs, Asttoupywvtag ota 210
MHz.

Mpooopolwoape TNV UAomoinon pog Tpokelnévou 1) va  emoAnBeslooupe TN
AeLToupyKOTNTA TWV Powv o cuvbuaopd pe mupnveg RISC-V kat 2) va afloAoyrjooups tnv
anddoaon tnE. TG aflohoynoelg pag, LetadEpou e Sedopéva powv armo Kal IIpog TNV KUpiwg
pvnun tou mupnva ARIANE, xpnGOLLOTIOLWVTAC TIPWTO TNV TAPASOCLOKNA LEPAPXLA VNG KO
Uotepa TNV BeAtiotomnownpévn Kpudn Mvhun Powv. Ta amoteAéopota mapouctalouv KEpdn
anodoong XApn OTIC TOALTIKEG PBeAtiotomoinong powv tTng UAomoinon pag, adol
ETUTUYXAVETAL N oxedOV TANPNG e€AAeln TWV XPOVIKWVY KaBuoTepnoswy TnG dlacuvdeong
TOU SIKTUOU OTa €VOELKTIKA TIPOYPAUUATA CUYKPLTIKAG aloAdynong, xwpig tTnv umootnpLén
AeLtoupyLkol oUCTAUOTOG.
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“Stream communication across RISC-V Coherence Islands, with
Read-Invalidate and Write-through-Combine Cache Policies”

ABSTRACT

In the last decades, technology has reached a point of slow scaling, mainly due to limitations
caused by the increasing amounts of power consumption. To gain performance speedup,
hardware architects have turned to energy efficient processors, including some that are based
on open-source RISC-V Instruction Set Architecture (ISA), which promise energy efficiency and
high performance on multi-core chips.

This thesis contributes the design and implementation of a new approach for
interprocessor stream communication across RISC-V Coherence Islands. Traditionally, the
coherence islands use memory-to-memory communication over TCP/IP or Remote Direct
Memory Access (RDMA) interconnections. Writing and reading data to and from memory at
the endpoints heightens latency and depletes processor cycles. Instead, in our work, the
communication confines itself between a core and another (remote) node, which can either
be a core or a memory. In particular, we propose a new Streaming Cache that resides next to
Level 1 Cache (L1 Cache) and uses the same fast interface for communication with the core.
We split the Streaming Cache into two logical parts: a) the producer, an outgoing streaming
cache that handles streaming data departing from the node; b) the consumer, an incoming
streaming cache that handles streaming data arriving to the node. Effectively, in the proposed
streaming framework, instead of moving data across the main memory of the end-points, data
of both the producer and the consumer can be accessed with same latency as the L1 Cache.
To improve performance, we use the read-once/store-once cache policies in the Streaming
Cache, which immediately recycle the space of already accessed streaming data. Furthermore,
a Prefetcher fetches data from the (remote) node before they are needed, thus reducing the
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cost of read accesses, while the write accesses take advantage of a Write-Combiner, which
combines neighboring data and sends them to the (remote) node. In our work, accesses to
streaming data are recognized using virtual addresses without the need of extending ISA.

We implemented the proposed system in SystemVerilog, as an extension of the CVA6
(former ARIANE) single-core RISC-V CPU. We built the Incoming and Outgoing schemes of
Streaming Cache, each with four (4) contexts (hardware streams) to support virtualization,
and we tightly-coupled them with the Load/Store Unit (LSU) of the ARIANE. We also built a
communication logic at the edges that sends/receives data over an AXI-4 interconnect.

We synthesized our design for Xilinx Zynq UltraScale+ MPSoC Field Programmable Gate
Array (FPGA). The Incoming logic of our design utilizes 16839 Look-Up Tables (LUTs), 7506
Registers and 8 Block Random Access Memories (BRAMs), and operates at 275 MHz, while the
Outgoing logic utilizes 23606 LUTs, 8615 Registers and 8 BRAMs, and operates at 210 MHz.

We performed behavioral simulations to our RTL design in order 1) to verify the streaming
functionality when coupled with the RISC-V cores and 2) to evaluate its performance. In our
preliminary evaluations, we stream data from/to main memory of the ARIANE core, first using
the traditional memory hierarchy and second using our optimized streaming cache. The
promising results underline the performance gains due to the stream-optimized cache policies
of our design, by managing to almost completely eliminate the latency of network's
interconnection in our indicative hand-made bare metal benchmarking programs.






