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NEPINAHWH

Tig teAeutaieg SeKaeTieg, TO00 0 KAASOG TNG £pEUVAG, OGO KO AUTOG TNG Blopnxaviag
g€xouv otpadel mpog tnv YmoAoylotik YPnAwv Anodocewv yla va KoAUPouv Tig
QUEOVOUEVEG QAVAYKEG TOUG Yl UTIOAOYLOTIKA LoXU. Xe pia mpoomdBela va
uAoTtol|ooupE €va TAaiolo emkowvwviag upnAng amoddoong yla eupwmaikolg
UTIEPUTIOAOYLOTEG, OTA MAALoLa TwV EUpWTATKWY Tpoypappdtwy ExaNeSt kat RED-
SEA, oxedlaloupe pia véa dlemadn Siktuou xapnAng kabuotépnong (Alyotepo amo
0,5 us) kat vpnAng mapoxng (100 Gb/s), kavr yla QMOUAKPUOUEVEG QUECEG
TPOOTIEAACELG UVAUNG.

Ze QUTAV TNV gpyacio oxeSLATOUUE ULa pnxovr UAKOU yla tTnv BeAtiwon tng
napoxng umnpeowv (Quality of Service, QoS) oG pnXavAG ATOUAKPUCHEVWY
Apeowv Mpooneddcewv Mviung (Remote Direct Memory Access, RDMA). Ot peyaAeg
petadopéc dedopévwy xwpllovtol og UIKPOTEPA TUNUATA, £TOL WOTE VO ETILTPATEL N
ETUAEKTIK avapetadoon 6edopévwy, n xprion moAlamlwv Sladpopwv HECA OTO
6iktuo, kaBwg kat va amodeuxBel o emutAéov ¢$OPTOG TOU TIPOKUTITEL OO
emBeBawwoelg ANPewv oe enimedo mMak€twv. OL peTaPOpPEC HIKPOU peyEBoug
urmopoulv va Tmapakappouv TNV Stadpopry RDMA-DRAM, €A0XLOTOMOLWVTOC
TIEPALTEPW TOV XPOVO OAOKANPWONC TouG. Mpoypappatiloupe TIC UETOPOPEC OF
eninedo TUNUATWY, PaclllOYeVOL O OELpA TIPOTEPALOTNTOC TToU KaBopiletal amnd tov
xpnotn, kot umootnpiloupe Staxeiplton ocupdopnong tou Siktvou. EmumpooBETwg,
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Tapéxou e 2048 €LKOVLKA KOVAALXL OTOV XProTn yLa TNV €KS0on MOANATIAWY EKKPEUWV
alrtnuatwy  petadopdg OSeSopévwy, UAOMOLOUPE Ml pnxov €ldomoinong
OAOKANPWONG Of UAIKO KOl ELOAYOUUE €vav VEO TPOTO MAllKAG, SLadoXKNG
Slepelivnong TG KATAOTAONG TOANATIAWY KOVAALWV.

H ulomoinon pag oe eminedo peTadopdC KATAXWPENTWV XPNOLUOTOLEL
opoXelpla yla va emituxel uPnAn cuxvotnta poAoylou Kat uPnAd pubuod AmooToAN
unvupatwy (1 mpagn/kukAo poAoylou 1} 150 MOP/s yia uAomoinon otnv cuotolyia
ETUTOTLA TtpOYpappaTi{opevwY TUAwV (Field Programmable Gate Array, FPGA) mou
Xpnotgomnotoape), evw mapdAAnia Siatnpei xapnAoug xpovoug kabuotépnong, 4
KUKAOUGC poAoyloU yla petadopéC tou €vog (1) tuAuatog. MNa va HELWOOUUE
TEPALTEPW TOV XPOvo KaBuotépnong, UAomoloape TOANAMAEC oupég (32)
TIPOYPOAULOTIOHOU LETOPOPWV, OE KOLVOXPNOTO XWPO, OL OTIoLEG uTtooTNPILlOUVV pLa (1)
npaén e€aywyng kot pia (1) etoaywyng KOpBou amo/otig oupeg ava KUKAO poAoyLou,
KaBwg kat mpagelg e€aywyng o Stadoxlkoug KUKAOUG poAoyLou.

YAomouwoape tnv gpyacia otnv FPGA tou Zyng Ultrascale+ MPSoC tng Xilinx.
MNa tnv pnxoavn Beitiwong Mowdtntag Ymnpeoiag xpnoiwpomolnOnkav 13,3K
MNpoypappoatilopeveg MUAeg (LUTs), 5,1K kataxwpntég kot 23 UVAUEG TUXOLOC
npoonélaong (848 kbits). H péylotn ouxvotnta mou emetevxdn Atav 150 MHz,
UTMopEl, WoToo0, va BeATlwOEel mepattépw, OLaitepa og pia uAomoinon oAU HeyAANg
kAlpakag ohokAnpwong (Very Large Scale Integration, VLSI).

Ektevelg SoKIEC yla TNV emaAnBeuon TNG AELTOUPYIKOTNTAG TNG UNXAVAG
npayuatonotnonkav xpnowonowvtag to Vivado Design Suite. H pnxavry QoS mou
avarntuxbnke o auth tnv SlatpPr) ohokAnpwaoe o€ pooopoiwon 100K petadopég
6ebopévwy, petaBAntou peyebBoug, €wg 1 MB. EmumpooBeta, EVOWUATWOAUE TNV
punxovr QoS e v povada amooToAng o€ €vav TIPOCOUOLWHEVO TIAYKO SOKLUWY,
ekdidovtag 5K ekkpepels petadopeg, peyiotou peyebBoug 256 KB (256 maketwv), oL
omoleg OAOKANPWONKaAV KoL QUTEG HE eTtuxia. I AUTEC TIG SOKIUEG €eTAOAUE KABE
eldoug petadopd, cupnephapfavopévwy Twv powv UTO dlaxeiplon cuudoprnoews
Kall TwV powv yprRyopng dtadpoung, kot emaAnBevoape Tov unxaviopo ewdomnoinong
oAokAnpwongc.

H unxavri RDMA ulomnoOnke otnv FPGA tou Zyng kat eAfpOnoav peTpAoELg
anodoong anod mpoypdupata o eninedo XPnoTn, EKTEAECUEVA OTOV EMEEEPYAOTN
ARM A53 tou Zyng. O xpévog oAokAnpwong yla HKPEG peTadopéc €wg 512 Byte
avépxetal ota 360 ns, katd tn petadopd evtog kouPou, amé BRAM ce BRAM
(e€apoupévwv Twv kabBuoteprioewv Siktuou kat DRAM), &éka dopég xaunAotepo
armdé Ttov avtiotolyo Xxpovo tng pnxav¢ ExaNeSt RDMA, plag mponyoupevng
vuAomoinong AoylopKoU-UALOPLIKOU oto  (6lo  MPSoC, xpnoluomowwvtag Tov
ouvenefepyaotnc ARM Cortex-R5 yla va umnootnpi€el QoS. EnmutAéov, BeAtiwoape
Spopatik@ TOoV pubuo petadopd¢ OeSOpEVWY, ETITUYXAVOVIOC TNV HEYLOTN
Bewpntikn mapoxn He petadopes Twv 16 KB, evw otnv mponyoUuevn uAomoinon
amottouvtav petadopeg Twv 4 MB. Télog, map otL n unxavy RDMA €xel Sokipootel
Kal BeAtiotonolnBel yio SltacuvdEoelg Keviplkol emetepyaotr) tumou AXI, pmopetl
emniong va ocuvdebel kat pe dtacuvdéoelg tumou PCl kot CHI.
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“Advanced Quality of Service support for hardware RDMA engine”

ABSTRACT

In recent decades, both research and industry have turned to High Performance
Computing (HPC) for their ever-increasing computational needs. In an attempt to
provide a high-performance communication framework for European
supercomputers, under the EU-funded ExaNeSt and RED-SEA projects, we design a
novel Remote Direct Memory Access (RDMA) engine, capable of low latency (less than
0.5 ps) and high throughput communication (100 Gb/s).

In this thesis, we design the Quality of Service (QoS) hardware of our RDMA
engine. Transfers are segmented into blocks, so as to enable selective retransmissions,
multi-path routing and to avoid per packet acknowledgment overheads. Small-sized
transfers can bypass the RDMA-DRAM path, to further minimize latency. We schedule
transfers at block level, based on a user-defined priority, we support end-to-end flow
control and we enable network multi-pathing and congestion management options.
We also implement a completion notification engine in hardware. We expose 2048
virtual channels to users supporting multiple outstanding data transfer requests.
Finally, we introduce a novel way of collectively polling the status of multiple channels.

Our register-transfer-level (RTL) hardware implementation is pipelined in order
to achieve higher clock and message rates (1 operation/clock cycle, or 150 MOP/s in
our FPGA implementation), while maintaining a low latency of 4 clock cycles for single
block transfers. To further reduce latency, we implement multiple (32) scheduling
gueues in shared space, that support one (1) enqueue and one (1) dequeue operation
per clock cycle, as well as back-to-back dequeue operations.

We synthesized our design for the Zynq Ultrascale+ MPSoC. The RDMA's QoS
engine leverages 13.3K Look-Up Tables (LUTs), 5.1K register and 23 BRAM blocks (848
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kbits). The maximum frequency achieved in this FPGA was 150 MHz, but this can be
further improved, especially in a VLSl implementation.

Extensive functional verification tests were performed using the Vivado Design
Suite. The QoS engine developed in this thesis completed in simulation 100K
outstanding transfers of varying size, up to 1 MB. Additionally, we integrated our QoS
implementation with the RDMA send unit in another simulated test-bench, issuing 5K
transfers of maximum 256 KB (256 packets), which the design also completed
successfully. In these tests, we examined every possible transfer type, including
congestion managed and fast-path flows, as well as completion notifications.

The design was implemented on the Zyng's FPGA and performance
measurements were taken from user-level programs on the Zynqg's A53 ARM core.
Completion time for small transfers of up to 512 Bytes was measured at 360 ns, when
transferring intra-node, BRAM to BRAM (excluding network and DRAM latencies), ten
times lower than the latency of the ExaNeSt RDMA, a previous implementation on the
same MPSoC, using the ARM Cortex-R5 co-processor for QoS support. Moreover, we
significantly improved the transfer rate that can be achieved, reaching the theoretical
maximum (line) throughput as early as with 16KB transfers, whereas using the
previous implementation the corresponding transfer size was 4MB. Finally, although
the RDMA engine is optimized for and tested using AXI processor interconnects, it can
also be connected to PCl or CHI host-processor interconnects.



