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Abstract

Field Programmable Gate Arrays (FPGAs) have emerged as a compelling platform for
generating application-specific hardware, offering high performance and energy efficiency
while retaining flexibility for post-deployment updates. Programming FPGAs at the Reg-
ister Transfer Level (RTL) has traditionally posed significant challenges, as designers must
explicitly manage hardware resources, timing, and parallelism, requiring deep expertise in
digital logic and device architecture. High-Level Synthesis (HLS) mitigates many of these
challenges by enabling designers to express hardware behavior using high-level languages,
while the compiler automatically identifies parallelism and generates the corresponding
RTL. This abstraction simplifies development, accelerates design exploration, and reduces
the complexities of traditional hardware description language workflows. Despite these
advantages, HLS introduces its own difficulties, as designers must carefully reason about
how high-level constructs translate into hardware, particularly regarding parallelism,
pipelining, and memory behavior, while the manual tuning of compiler directives com-
bined with the slow feedback cycle of synthesis results creates a large and intricate design
space, making it challenging to achieve optimal outcomes.

In this dissertation, we investigated HLS Design Space Exploration (DSE) through three
interrelated perspectives, each corresponding to a critical layer of the process. At the
data layer, we developed GNQSIS, a large-scale and diverse HLS design corpus, pro-
viding a robust foundation for training and benchmarking contemporary learning-based
optimization methodologies. At the modeling layer, we introduced language-level perfor-
mance and resource prediction techniques that enable early-stage, accurate estimation of
HLS optimization effects, significantly reducing dependence on time-intensive synthesis
runs. At the optimization layer, we proposed CollectiveHLS, a rapid, knowledge-driven
framework for directive selection that leverages historical design behaviors to guide explo-
ration and generate effective optimization strategies for unseen applications. Together,
these contributions constitute a comprehensive approach to HLS DSE, enhancing scal-
ability, predictive accuracy, and practical applicability across the entire optimization
workflow. Finally, to bridge the gap toward real FPGA deployments, we propose a
QoS-aware FPGAaaS framework that generates Pareto-optimal hardware variants for
each application and dynamically selects the most appropriate one at runtime based
on available resources, thereby improving resource utilization and reducing QoS viola-
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Per-Thyh

Ta FPGAs tgoun anadeigje- wc mia isqur platf rma gia th dhmiourg-a uliko , prosftro-
ntac uyhl ap dosh kai energeiak apodotik thta, diathr,ntac th dunat thta prosarmo-
g ¢ met thn an ptuxh. O programmatism ¢ twn FPGAs apotele- shmantik pr klhsh,
kaj ,c oi sgediastic pripei na diageir-zontai mesa to ulik , ton qronism kai thn pa-
rallhl-a, apait,ntac baji gn,sh yhfiak ¢ logik c kai argitektonik c upologist,n. H
S njesh Uyhlo Epiptdou metri zei polltc ap auttc tic duskol-ec, epitrtpontac stouc
sgediasttc na ekfr zoun th sumperifor tou uliko qrhsimopoi,ntac gl,ssec uyhlo

epiptdou, en, o metaglwttist c anagnwr-zei aut mata thn parallhl-a kai par gei thn a-
nt-stoigh perigraf tou uliko . Aut h afa-resh aplopoie- thn an ptuxh, epitaq nei thn
beltistopo-hsh kai mei,nei thn poluplok thta twn paradosiak,n ro,n ergas-ac. Par

aut ta pleonekt mata, h S njesh Uyhlo Epiptdou ftrnei ntec prokl seic, kaj ,c oi
sgediastic pripei na sktftontai prosektik p,c oi kataskeutc uyhlo epiptdou meta-
fr zontai sto ulik , idia-tera son afor thn parallhl-a, to pipelining kai th diage-rish
mn mhc, en, h geirok-nhth r jmish twn odhgi,n metagl , ttishc se sunduasm me ton arg

k klo anatrofod thshc twn apotelesm twn s njeshc dhmiourge- tna meg lo kai pol plo-
ko g, ro sged-ashc, kajist,ntac d skolh thn ep-teuxh btltistwn apotelesm twn ak mh
kai gia tmpeirouc sqediasttc.

Se aut th diatrib , exet zoume thn Exere nhsh tou Q,rou Sqged-ashc mtsw thc S n-
Jjeshc Uyhlo Epiptdou mtsa ap treic prosegg-seic, kajem-a ap tic opo-ec antistoige-
se tna kr-simo ep-pedo thc diadikas-ac. Sto ep-pedo dedomtnwn, anapt xame to GNQSIS,
to megal tero s nolo dedomtnwn, prosftrontac mia stibar b sh gia thn ekpa-deush kai
axiol ghsh s ggronwn mej dwn beltistopo-hshc me m jhsh. Se ep-pedo montelopo-h-
shc, eisag game tegniktc pr bleyhc epid sewn kai p rwn ap gl ,ssa uyhlo epiptdou,
0i opo-ec epitrtpoun akrib ekt-mhsh twn epipt, sewn twn beltistopoi sewn se arqik

st dio, mei, nontac shmantik tic qronob rec sunjtseic. Se ep-pedo beltistopo-hshc, pro-
te-name to CollectiveHLS, m-a taq tath mtjodo epilog ¢ odhgi,n, basismtnh sth gn,sh
thc beltistopo-hshc pali terwn efarmog,n, h opo-a par gei apotelesmatiktc strathgi-
kic beltistopo-hshc gia ntec efarmogtc. Sunolik , auttc oi suneisfortc sunjttoun mia
oloklhrwmtnh prostggish, enisq ontac thn klim kwsh, thn akr-beia pr bleyhc kai thn
praktik efarmosim thta se ol klhrh th diadikas-a beltistopo-hshc. Ttloc, gia na pro-
segg-soume periss tero tic pragmatikic ulopoi seic se FPGA, protehoume tha s sthma
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FPGAaaS pou par gei Pareto-btltistec parallagtc gia k je efarmog kai epiltgei du-
namik thn katallhl terh me b sh touc diajtsimouc p rouc, belti,nontac ttsi th gr sh
twn p rwn kai mei,nontac tic parabi seic.

Lixeic Kleidi : Epanadiat ximec Argitektoniktc, S njesh Uyhlo Epiptdou, Ana-
Z thsh tou Q,rou L sewn

xii



Eugarist-ec

Kat th suggraf tou par ntoc keimtnhou, sugn eptstrefa stic diatribtc sunadtlfwn,
prospaj ,ntac na katano sw ton tr po me ton opo-o d mhsan thn eisagwg touc, parous-a-
san to trgo touc kai kattlhxan sta sumper smat touc. Wst so, k je morf exwterik ¢
kajod ghshc Lgei anap feukta ta ri thc. Den e-ga fantaste- ti aut to mkroc thc
diatrib ¢ ja apodeiknu tan t so apaithtik . P ,c mpore- rage na sumpukn,sei kanec
kxi gr nia se I-gec m no paragr fouc; Qr nia gem ta tntonec yugologiktc diakum nseic,
periss terec -swc ap sec ja jela na paradeqt,. E-ai btbaio pwc to didaktorik u-
p rxe m-a ap tic shmantik terec proswpikLc mou dokimas-ec. Antimet, pisa duskol-ec,
tftasa sta ri mou kai ta xeptrasa; pttuga pr gmata pou palai tera f ntazan ad nata
kai, telik , apok misa pol timec gn, seic gi m no gia to episthmonik mou antike-meno,
all kai gia ton -dio mou ton eaut . Par thn atomik mou prosp jeia, e-mai pepeismtnoc
ti tpota ap sa pttuga aut ta gr nia den ja tan efikt qwr-c thn upost rixh twn
anjr,pwn pou st jhkan d-pla mou.

Arqik , ja jela na ekfr sw tic jermkc mou euqarist-ec proc ton kajhght k rio Dh-
m trh So ntrh, o opo-oc me upodtgjhke sto ergast rio kai mou tdwse thn eukair-a na
ekpon sw eke- th didaktorik mou diatrib . Kat th di rkeia aut,n twn et,n e-game po-
Iu rigmec suzht seic, mtsa ap tic opo-ec apok misa gn,seic pou ekte-nontan ptra ap
to sten episthmonik plasio. Par lo pou den up rge p ntote s gklish ap yewn, oi
suzht seic mac tan stajer g nimec kai euq ristec. ldia-tera xeqwr-zw to tax-di mac
sto San Francisco to 2024, mia empeir-a pou d skola ja fantaz moun ti ja z sw. Ja
Jelaep-shc naeugarist sw jerm ton ep-kouro kajhght Swt rh X dh gia thn pol timh
episthmonik tou kajod ghsh la aut ta qr nia. Ap thn per-odo thc diplwmatik ¢ mou
ergas-ac twc kai thn olokl rwsh tou didaktoriko , st jhke diark,c d-pla mou, pr jumoc
na epanexhg sei me upomon Kk je shme-o pou den tan saftc. O gr noc pou afitrwse
up rxe anekt-mhtoc kai h sumbol tou kajoristik , kaj ,c shmantik mkroc twn gn,sewn
pou aptkthsa ofe-letai se ekenon. Ttloc, ja jela na eugarist sw ton metadidaktorik
ereunht Dhmosjtnh Maso ro gia th suneq upost rix tou kaj 1h th di rkeia aut,n
twn et,n. Se proswpik ep-pedo, ton jewr, tnan ak mh ousiastik kajodhght sthn
episthmonik mou pore-a.

Fusik , aut h pore-a den ja tan h -dia qwr-c thn parous-a twn sunadt1fwn mou. Kat
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thdi rkeiaaut,ntwnet,ne-gathnt gh, mtsaap toergast rio, na gnwr-sw anjr, pouc
me touc opo-ouc antptuxa ousiastikiLc kai stentc sgtseic. Pr,taap 1la, ja jelana
eugarist sw ton f-lo mou Man, Ih, sunodoip ro se amttrhtec sunaul-ec kai tax-dia. Maz-
tou tzhsa meriktc ap tic pio morfec stigmic twn teleuta-wn gr nwn, ap suntdria sth
Gall-a mtgri kalokairintc apodr seic sth Dono sa kai thn Amorg . H parous-a tou u-
p rxe stajer , idia-tera se peri douc tntonhc p-eshc, prosftrontac st rixh, front-da kai
ousiastik suntrofik thta. Ja jela ep-shc na eugarist sw ton Gi,rgo kai ton Aqil-
ILa, me touc opo-ouc moir sthka polltc suzht seic pou p nta ektimo sa kai apol mbana.
Idia-terh mne-a ax-zei stouc palai terouc sunadtlfouc pou tgoun plton apogwr sei, pwc
0 Gi nnhc S., oi opo-oi me upodtqjhkan me jtrmh kai suntbalan ,ste na ni,swap nwr-
oike-a kai neta sto perib Ilon tou ergasthr-ou. Ttloc, ja jela na euqgarist sw kai
touc ne terouc sunadtlfouc  ton HI-a, ton Gi,rgo A., ton Altxh, ton P no Q. kai ton
P no E. gia th zwnt nia kai th frtskia entrgeia pou tferan sto ergast rio, idia-tera
se mia per-odo pou eme-c arg-same plton na pali,noume .

Tic pio baje-c mou eugarist-ec ja jelana tic apeuj nw sthn oikogtnei mou, ston pattra
mou Altko kai sth mhttra mou Btta. Ap thn pr,th stigm mkqri kai s mera st jhkan
adi leipta d-pla mou, prosftront cmout soulik st rixh  dnont c mou th dunat thta
na oloklhr,sw tic proptugiaktc mou spoudtc gwr-c ggoc so kai ousiastik sunai-
sjhmatik en-sqush. H empistos nh kai h p-sth touc se mtna up rxan anekt-mhtec. Sth
suntgeia, Ja jelanaeugarist swtonaderf mou Sp ro, an kai o qarakthrism c aderf c
den arke- gia na perigr yei th sgtsh mac, kaj ,c apotele- kai than ap touc pio steno ¢
mou F-louc. P nta p-steue se mktna, me enj rrune na exel-ssomai kai den d-staze na mou
epishmanei ta 1 jh mou tan aut tan apara-thto k ti pou ektim, baji wc sp nio
kai pol timo. Fusik , den ja mporo sa na mhn anaferj, sthn kal mou, thn Olump-a,
pou eai p ntote eke-, pr jumh na ako sei, ak mh kai tic mtrec pou la moi zoun ma ra.
To endiaftron kai h Front-da pou de-gnei gia touc anjr, pouc apotelo n gia mtna shme-0
anafor c, mia upenj mish aptnanti ston atomikism kai thn adiafor-a pou sugn suna-
nt, g rwmou. Ttloc, ja Jela na eugarist sw thn Eugen-a, thn opo-a, met ap t sa
gr nia, aisj nomai pragmatik wc mtloc thc oikogtnei ¢ mou. H parous-a thc me Lgei su-
node sei se shmantiktc allagtc thc zw ¢ mou, bohj ,ntac me na katano sw ton eaut mou
me tr pouc pou palai tera den ja mporo sa na fantast,.

Ni, jw idia-tera tuger c pou sth zw mou gn,risa pollo c anjr,pouc me touc opo-ouc,
me thn p rodo twn gr nwn, antptuxa ousiastiko ¢ kai baje-c desmo c. Ja jela na
xeqwr-sw ton agaphmtno mou kai palai tero f-lo, ton Gi nnh M., o opo-oc den tpaye pott
na br-sketai d-pla mou, ap ta pr,ta mac gr nia mtqri s mera. Fusik , den mpor, na mhn
anaferj, stic f-lec mou, th Matna kai thn ‘Artemic, d o anjr,pouc pou diagronik me
k nounnani, jwzest kaioike-a. Epiplton, yja jelanaekfr sw tic eugarist-ec mou proc
touc sumfoithttc mou, ton Gi nnh T., ton Jan sh P., ton Kwnstanto N. kai th Je,nh.
Aisj nomai pragmatik eugn,mwn gia louc touc anjr,pouc pou ptrasan ap th zw

Xiv



mou, o kajtnac ap touc opo-ouc fhse to dik tou apot pwma se diaForetikkc peri douc.
Me k poiouc oi dr moi mac q,risan, en, me Ilouc paramtnoume kont . Ja mporo sa nha
gem-sw polltc sel-dec, mwc epiltgw na stamat sw ed,.

H diatrib aut afier,netai sthn oikogtnei mou, me thn eur terh tnnoia thc Ikxhc.
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Ektetamenh Ellhnik Perblhyh

Eisagwg

O Riloc the Epit"qunshc UlikoO ston SOggrono Upologismi

Deep Learning (DL) mia énnoia pou éqei exeligieb sto jemeélio tou sOggronou Machine
Learning (ML), ephre“zontac kajoristik™ pl joc ptug,n thc kajhmerin ¢ zw c. Par” to
metasghmatistiki thc dunamiki, to DL garakthrbzetai api exairetik™ uyhléc upologistikéc
apait seic. H ekpabdeush (training) montélwn aigm c (State-of-the-Art - SotA) prodpo-
jétei th beltistopoPbhsh disekatommurbwn paramétrwn p nw se ter“stia sOnola dedoménwn,
gegonic pou sunep getai shmantiki upologistiki kistoc kai meg~louc grinouc ekpabdeu-
shc. Endeiktik”, to GPT-3 perilamb™nei perDpou 175 disekatommOria paramétrouc [5],
en, to GPT-4 ebPnai perissitero api mPa t'xh megéjouc megalOtero. H priklhsh gbne-
tai akimh pio éntonh kat™ to st'dio thc exagwg ¢ sumperasm™twn (Inference), ipou ta
ekpaideuména montéla anaptOssontai se pragmatikéc efarmogéc gia thn paragwg pro-
bleyewn kai apof'sewn. Tomebc ipwc h autinomh od ghsh [6], h iatrik di"gnwsh [7],
ta sust mata sust’sewn [8] kai oi sust mata dialogik ¢ allhlepbdrashc (conversational
agents) [9] apaitoOn h diadikasPa Inference na ikanopoieD austhroOc periorismoOc kaju-
stérhshc (latency) kai rujmoO epexergasPac (throughput). Oi gr stec anaménoun pléon
apokrbseic se pragmatiki grino, en, se efarmogéec krbsimec gia thn asf’leia akimh kai
kajuster seic thc t"xhc twn giliost,n tou deuteroléptou mporoOn na odhg soun se so-
baréc sunépeiec. Wc apotélesma, h apodotik epit"qunsh tou DL Inference égei ana-
deigjeD se mPa api tic shmantikiterec prokl seic twn sOggronwn upologistik,n susth-
m’twn.

Oi paradosiakob epexergastéc genikoO skopoO (Central Processing Units - CPUs) den
eparkoOn gia na kalQyoun tic upologistikéc apait seic twn sOggronwn efarmog.n Deep
Learning (DL). Ta Deep Neural Networks (DNNSs) apaitoOn ektetaméno parallhlismi kai

uyhli rujmi epexergasbac (high-throughput processing) prokeiménou na diageiristoOn a-
potelesmatik™ disekatommOria paramétrouc, mia apabthsh pou oi CPUs, oi opobec égoun
sqgediasteP kurbwc gia seiriak ektelesh, adunatoOn na ikanopoi soun. Oi periorismoD au-
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Brief Description of the Proposed Frameworks in Greek

Sqg ma 1.: Megejoc thc Agor™c Epitaqunt,n thn Perbodo 2022 2025 kai Problepimenh An"ptu-
xh ewc to 2032

tob éqoun odhg sei tiso thn akadhmadk koinithta iso kai th biomhganba sthn an”ptuxh
exeidikeumeénwn epitaqunt,n ulikoO (hardware accelerators) pou mporoOn na diageiristoOn
tétoiou ebdouc upologistik™ apaithtik™ workloadc me shmantik™ megalOterh apodotikith-

ta. Oi Graphics Processing Units (GPUs) apotélesan touc pr.touc epitaquntéc pou
epétreyan thn eureDa klim“kwsh thc tegnht ¢ nohmosOnhc, prosférontac gili"dec pur nec
beltistopoihménouc gia par’llhlec arijmhtikec pr°xeic kinht ¢ upodiastol ¢ kai mei no-

ntac drastik™ touc grinouc ekpabdeushc montélwn [10]. H apotelesmatikitht™ touc apo-
debgjhke garakthristik™ kat™ thn ekpabdeush tou AlexNet ston diagwnismi ImageNet tou
2012, ipou h gr sh GPUs mebwse ton grino ekpabdeushc api ebdom™dec se Ibgec hmérec
kai epetreye thn epbteuxh prwtofan,n epidisewn se probl mata anagn,rishc eikinac me-
g’lhc kiIbmakac [11]. Par’lihla, oi Tensor Processing Units (TPUs), pou anaptOgjhkan

api th Google, prowjoOn peraitérw aut thn proséggish mésw miac argitektonik ¢ eidik”
sgediasménhc gia prxeic se tanustéc (tensor operations) pou kuriarqgoOn stouc algo-
rDjmouc DL, epitugg nontac exairetik™ uyhl apodotikithta [12]. Api thn “lIh pleur”,

ta Field-Programmable Gate Arrays (FPGAs) prosféroun mia pio euelikth enallakti-

k 10sh, epitrépontac th dhmiourgba epanadiamorf,simou ulikoQ prosarmosménou stic
apait seic sugkekriménwn montélwn. Me autin ton tripo epitugg'noun mia isorropba
metaxO apidoshc kai energeiak ¢ apodotikithtac, en, par’lihla uposthrBzoun tropopoi-

seic kai enhmer seic met” thn an”ptux touc [13]. Téloc, ta Application-Speci c Inte-
grated Circuits (ASICs) prosféroun th mégisth dunat apodotikithta, kaj,c to uliki

touc sqedi“zetai apokleistik™ gia thn ektélesh prokajorisménwn leitourgi,n. H exei-
dbkeush aut odhgeb se asunag,nistec epidiseic kai shmantik exoikonimhsh enérgeiac,
me ant’llagma imwc th shmantik mebPwsh thc euelixbac se sqesh me “llec platfirmec
epit"qunshc [14].
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H auxanimenh ex’rthsh api thn epit’qunsh ulikoO (hardware acceleration) apotup,ne-

tai xek’jara sth ragdaba an”ptuxh thc pagkismiac agor'c epitaqunt.n gia kéntra de-
domenwn (data center accelerators), h axba thc agor"c akoloujeb stajer” anodik poreba
kat™ thn perbodo 2022 2025, en, oi probléyeic epektebnontai éwc to 2032. 'Opwc fabnetai
sto sq ma 1, to 2025, to mégejoc thc agor’c an lje se perbpou 37 disekatommOria do-
Iria HPA, antiproswpeOontac sgedin diplasiasmi se sgésh me thn antDstoigh axba tou
2022. H entupwsiak aut an"ptuxh anadeiknOei ton oloéna shmantikitero rilo twn epi-
taqunt,n wc anapispastwn stoigePwn twn sOggronwn kéntrwn dedoménwn, epitrépontac
thn apodotik ektelesh upologistik™ apaithtik,n efarmog.n, ipwc to Deep Learning,

h upologistik uyhl.n epidisewn (High-Performance Computing - HPC) kai h an’lush
dedoménwn meg’lhc kIbmakac. H suneq,c auxanimenh z thsh gia tétoiec efarmogéc kaji-
st” touc epitaquntec basiki par"gonta gia thn epbteuxh uyhl ¢ apidoshc kai energeiak ¢
apodotikithtac stic upologistikéc upodoméc neac geni“c. Oi prooptikéc gia ta epimena
grinia paraménoun idiabtera jetikéc, kaj,c oi probléyeic upodeiknOoun et sio sOnjeto
rujmi an“ptuxhc (Compound Annual Growth Rate - CAGR) thc t"xhc tou 25.6%. Me
autin ton rujmi an”ptuxhc, h agor” epitagunt,n anameénetai na ft"'sei ta 168 diseka-
tommOria dol'ria HPA éwc to 2032, upogrammbzontac tiso thn tegnologik iso kai thn
oikonomik shmasba twn epitaqunt,n sth diamirfwsh twn mellontik,n upologistik,n u-
podom,n.

FPGAs: Programmatismic & Prokl seic sthn Uiojéthsh

Ta FPGAs apoteloOn éna shmantiki pososti tou eterogenoOc upologistikoO oikosu-

st matoc (heterogeneous computing). 'Opwc parousi“zetai sto Sq ma 2ap, h pagkismia
katanom thc agorc epitaqunt,n se kéntra dedoménwn an” tOpo epexergast gia to 2025
debgnei iti ta FPGAs antistoiqoOn sto 24% thc sunolik ¢ agor’c, anadeiknOontac th
suneg,c auxanimenh shmasPa touc sto sOggrono upologistiki topPo. H t'sh aut anti-
katoptrbzetai kai sto mégejoc thc agor'c FPGA, h opoba parousbase stajer an”ptuxh
metaxO 2023 kai 2025, ipwc fabnetai sto Sq ma 2bp. Sugkekriména, to 2025 to mégejoc
thc agorc éftase ta 14.1 disekatommOria dol’ria HPA, shmei, nontac aOxhsh thc t"xhc

tou 29.3% se sgésh me to 2023. Me b’sh tic tréqousec probléyeic, h agor~ anaménetai na
sunegbsei aut thn anodik poreba me ektim,meno CAGR 13.6%, ft'nontac perbpou ta 39
disekatommOria dol'ria HPA éwc to 2033, gegonic pou upogrammpzei ton oloéna kai pio
kentriki rilo twn FPGAs sto oikosOsthma twn epitaqunt,n. H dunamik aut enisqOetai
peraitérw api tic exagoréc twn dOo basik n etairei_n tou g,rou, me thn Intel na apokt’

thn Altera kai thn AMD na exagor”zei th Xilinx. Oi kin seic autéc epibebai,noun th stra-

thgik shmasba twn FPGAs gia to méllon thc epitagunimenhc upologistik ¢. Par’llhla,

h uiojéths touc epektePnetai se éna eurO f'sma biomhganik,n toméwn. O tomeac twn IT
& Telecommunications katégei hgetik jésh me merbdio 35%, ligw thc ragdabac aOxhshc
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(ap) Katanom Agorc Epitaqunt,n an™ TOpo E-
pexergast (bp) Exelixh thc Agor’c FPGA

Sq ma 2.: Pagkismio merbdio agor"c epitaqunt,n kentrwn dedomenwn gia to 2025 kai exelixh
thc agor’c FPGA (2023 2025) me probleyeic ewc to 2033

thc kbnhshc dedoménwn, thc an”ptuxhc tou cloud computing kai thc an"gkhc gia uyhl ¢ a-
pidoshc kai euélikth sundesimithta. Epipléon, tomebc ipwc ta katanalwtik™ hlektronik™,

h aerodiasthmik kai “muna, h biomhganBa, h autokinhtobiomhganba kai h ugePa axiopoioOn
epbshc tic dunatithtec twn FPGAs, ligw thc prosarmostikithtac, thc akrbbeiac kai thc
axiopistbac touc. Oi sunegebc tegnologikéc exelDxeic enisqOoun peraitérw thn uiojéths
touc, diasfalbzontac th diark an”ptuxh thc agorc kai prowj ,ntac thn kainotomba se
pollaploOc tomeBc efarmog,n.

O sgediasmic ulikoO se FPGA mporeb na pragmatopoihjeD se difora epPpeda afabreshc,
me to Register-Transfer Level (RTL) na apoteleb éna api ta pio euréwc grhsimopoioOmena
gia thn an”ptuxh yhfiak ,n kuklwm™twn. Se auti to epPpedo, oi sqediastéc basbzontai se
Hardware Description Languages (HDLs), ipwc h VHDL kai h Verilog, prokeiménou na
orbsoun rht” th metafor™ dedoménwn metaxO katagwrht,n. O sgediasmic se epPpedo RTL
parégei akrib élegqo twn stoigePBwn tou ulikoO, ipwc katagwrhtéc, polupléktec kai arij-
mhtikec mon“dec, epitréepontac thn apodotik gartogr'fthsh kai thn "mesh ektelesh uyhl”
parallhlopoihménwn leitourgi,n sto uliki. Par’llhla, dieukolOnei th beltistopoBhsh
krbsimwn metrik,n sgedbashc epitrépontac stic ulopoi seic FPGA na epituggq noun uyh-

| apidosh kai energeiak apodotikithta [15]. Wstiso, h pl rhc axiopobhsh aut,n twn
pleonekthm™twn apaiteD prosektik diagePrish tou gronismoO kai tou suggronismoO, ste
na diasfalbzetai h orj kai axiipisth leitourgba tou sust matoc. Wc apotélesma, par”

thn apodotikitht™ tou, o sgediasmic se epPpedo RTL jewrebtai sugn” polOplokoc Kai
apaithtikic, kaj,c prodpojétei shmantik exeidbkeush sto uliki kai leptomer geirismi
gamhloO epipédou leptomerei,n ulopoPhshc [16,17].

Mia pio kontin mati” ston sgediasmi se epPpedo RTL anadeiknOei arketéc shmantikéc pro-
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kl seic [18]. Pr,ton, apaitebtai mia jemeli,dhc allag nootropbac api ton paradosiaki
seiriaki programmatismi proc éna qwriki, mazik™ parallhlopoihméno montélo sgedbashc.
Se antbjesh me tic argitektonikéc CPUs kai GPUs, ta FPGAs apoteloOntai api katane-
mhmeénouc pirouceipwc Look-Up Tables (LUTSs), Digital Signal Processing (DSP) slicec,
Flip-Flops (FFs) kai Block RAMs (BRAMs)+0i opoboi prépei na suntonbzontai rht” a-

pi ton sgediast. Auti perilamb™nei igi mino th gartogr'fhsh twn upologism.n se
autoOc touc pirouc, all” kai ton prosektiki sgediasmi monopati,n dedoménwn kai pro-
sarmosmeénwn strathgik_n proswrin ¢ apoj keushc, ste na diathrebtai eparkéc eOroc
z,nhc mn mhc se k’je kOklo rologioO. Mia akimh shmantik priklhsh afor™ thn apo-
sfalm™twsh. Se antbjesh me thn an’ptuxh logismikoO se CPUs, ta sgédia FPGA den
uposthrbzoun diaisjhtikoOc mhganismoOc debugging, ipwc breakpoints ektélesh b ma
proc b ma. Antbjeta, oi sgediastéec basbzontai se gronobirec prosomoi,seic epipedou
RTL se periorisménec tegnikéc exomobwshc, gegonic pou kajist™ ton entopismi sfal-
m"twn kai thn an"lush thc rbzac touc idiabtera sOnjeth diadikasPa. Sunolik”, oi parap™nw
prokl seic sumb’lloun sthn éntonh kampOlh ekm’jhshc pou garakthrbzei ton sgediasmi
me HDLs kai eis"goun mia saf antipar’jesh metaxO paragwgikithtac kai apidoshc. Auti
anadeiknQOei th shmasba thc exélixhc twn tegnik, n metagl ttishc kai twn afairésewn uyh-
loO epipédou, me stiqo th beltbwsh tiso thc prosbasimithtac iso kai thc apodotikithtac

thc epit’'qunshc mésw FPGA.

To High-Level Synthesis (HLS) egei anadeigjeD wc mia idiabtera elkustik enallaktik
IOsh énanti tou paradosiakoO sgediasmoO se epPpedo RTL, metaférontac to epPpedo afa-
Breshc pio kont™ se algorijmikéc perigraféc. Epitrepontac stouc programmatistec na ek-
fr"zoun ton sqediasmi se oikebec gl ssec, ipwc h C/C++ kai h OpenCL, h HLS mei_nei
shmantik™ to gnwstiki fortbo pou sqgetbzetai me thn uiojéthsh enic qwrikoO kai mazi-
k™ parallhlopoihménou montélou programmatismoO, kaj,c o metaglwttist ¢ analamb™nei
autimata thn exagwg parallhlismoO kai th gartogrfhsh tou se pirouc ulikoO [19].
Par’lihla, to HLS amblOnei thn apitomh kampOlh ekm’jhshc twn mejodologi.n RTL,
kaj,c katargeD thn an"gkh gia gamhloO epipédou k dika HDL, diathr ntac wstiso th
dunatithta leptomeroOc mikro-argitektonikoO eléggou mésw thc gr she directives [20].

O sunduasmic uyhliterou epipédou afabreshc kai diathroOmenou eléggou epitrépei stouc
sgediastéc na exereunoOn apotelesmatik™ ta sumbibastik™ metaxO apidoshc kai gr shc
pirwn. Epipléon, to HLS enisqOei shmantik™ thn paragwgikithta tiso sth diadikasPa
Design Space Exploration (DSE) iso kai sthn aposfalm“wsh. Uposthrbzei taqOte-
rouc kOklouc epan’lhyhc se sgésh me tic roéc basisménec se RTL, diathreD pio “mesh
antistoigba metaxO dom,n uyhloO epipédou kai stoigePwn ulikoO kai epitrépei thn pr,i-
mh axiolighsh sumbibasm n metaxO embadoO kai apidoshc qwrDc thn an"gkh gronobirwn
ulopoi sewn gamhloO epipédou [21]. Endeiktik”, ta ergaleDa AMD Vitis HLS kai o In-
tel HLS Compiler metatrépoun k_ dika uyhloO epipédou se RTL, parégontac tautigrona

gr gorec ektim seic apidoshc kai gr shc pirwn, epitrépontac stouc sqgediastéc na a-
xiologoOn sumbibasmoOc kai na kajodhgoOn th beltistopobhsh dh api ta pr,ima st'dia
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an’ptuxhc. Sunolik™, to HLS antimetwpbzei shmantiki meroc thc poluplokithtac kai twn
prokl sewn paragwgikithtac pou garakthrbzoun ton sqediasmi se epbpedo RTL, en, tau-
tigrona diathreb th dunatithta paragwg c apodotik,n kai uyhl ¢ apidoshc ulopoi sewn

se FPGA.

An kai to High-Level Synthesis (HLS) aux"nei shmantik™ to epbpedo afabreshc ston sqge-
diasmi FPGA, h epbteuxh ulopoi sewn uyhl ¢ poiithtac exakoloujeb na apaiteb ousiasti-

k epbgnwsh thc argitektonik ¢ tou ulikoO. Oi sgediastéc ofePloun na sullogbzontai se
irouc parallhlismoO, diogéteushc kai org’nwshc mn mhc, topojet, ntac to HLS sto sh-
mebo tom ¢ metaxO algorijmikoO sgediasmoO kai argitektonik ¢ ulikoO. Aut h ditt fOsh
eis"gei shmantiki empidio, idiabtera gia programmatistéc me prosanatolismi sto logismiki

kai efarmogéc uyhloO epipédou, twn opoPwn h periorisménh exoikeBwsh me argitektonikec
leptoméreiec eidikéc gia FPGA suqgn” periorbzei thn ikanitht™ touc na par"goun apodoti-
kéc kai klimak, simec IOseic [1]. Mia basik prikihsh entopPzetai sth geirokPnhth gr sh

twn compiler directives [22, 23], oi opobec kajorBzoun ton tripo me ton opobo ex"getai o
parallhlismic kai gartografebtai se pirouc ulikoO. O g.roc sqedPashc twn directives e-

Pnai eggen,c meg~loc kai idiabtera euabsjhtoc tiso sta garakthristik™ thc efarmog ¢ iso

kai sthn argitektonik -stigo. Wc apotélesma, h beltistopobhsh kajbstatai mia dOskolh

kai epirrep ¢ se sfllmata diadikasba, akimh kai gia émpeirouc sgediastéc, kaj,c leptéc
allhlepidr'seic metaxO directives mporoOn na odhg soun se upobeéltistec akimh kai mh
ulopoi simec sqgedi“seic [21]. H duskolba aut entebnetai peraitérw api to uyhli kistoc
axiolighshc. H apikthsh akrib,n ektim sewn apidoshc kai gr shc pirwn sun jwc a-

paiteb diadikasPec sOnjeshc merik ¢ metagl.ttishc, oi opoPec mporeb na diarkésoun api
lept” éwc kai ,rec [24 26]. AutoP oi argoD kOkloi anatrofodithshc periorBzoun thn olo-
klIhrwmeénh exereOnhsh tou g,rou sgedbashc, anagkzontac touc sgediastéc na basbzontai
se euretikéc proseggbseic ellipebc ektim seic, sugn” eic broc thc telik ¢ poiithtac thc
sgedbashc.

Sunolik™, oi parap™nw prokl seic anadeiknOoun iti, par™ to uyhlitero epPpedo afabre-

shc pou prosferei, to High-Level Synthesis (HLS) den exalebfei pl rwc ton jemeli,dh
sumbibasmi metaxO paragwgikithtac kai apidoshc ston sgediasmi FPGA. O ektetaménoc
kai sOnjetoc q,roc apof’sewn pou sgetbzetai me thn epilog compiler directives, se sun-
duasmi me to uyhli Kistoc axiolighshc, kajist™ th diadikasba Design Space Exploration
(DSE) kentriki priblhma. Se apousba pio apotelesmatik,n uposthriktik,n mhganism,n,

oi sgediastéc anagk’zontai na kinoOntai metaxO dOskolwn sumbibasm.n an"mesa sthn
apodotikithta kai ston grino an”ptuxhc, gegonic pou telik™ periorbzei thn eurOterh u-
iojethsh thc epit’qunshc mésw FPGA. Kat™ sunépeia, anadeiknOetai saf ¢ an"gkh gia
prohgmeéna automatopoihména plabsia kai mejodologbec pou mporoOn na aplopoi soun tiso
thn epilog twn directives iso kai th diadikasba axiolighshc thc apidoshc. Tétoiec pro-
seggbseic den ja meBwnan mino to empidio eisidou gia mh exeidikeuménouc gr stec, all” ja
enbsquan shmantik™ kai thn paragwgikithta émpeirwn sqediast,n, epitrépontac thn pl rh
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axiopobhsh tou HLS.

Pedbo Efarmog ¢ kai Suneisforéc thc Didaktorik ¢ Diatrib ¢

O stigoc thc paroOsac diatrib ¢ ePnai h diereOnhsh mejidwn pou aplopoioOn, epitagOnoun
kai beltistopoioOn thn an'ptuxh efarmog,n mésw tou High-Level Synthesis (HLS), e-
pitrépontac se gr stec gwrbc exeidDkeush sto uliki na sgedizoun kai na beltistopoioOn
apodotik” tic efarmogeéc touc kai, telik”, na dieurOnoun thn uiojéthsh twn FPGAs. Pariti

h beltbwsh thc prosbasimithtac sto HLS mporeb na epiteugjeb se pollapl” epbpedasapi
thn autimath prosarmog tou phgabou k_ dika uyhloO epipédou gia HLS éwc kai lepto-
mereDc beltistopoi seic pio kont™ sth f'sh paragwg ¢ tou ulikoO+h paroOsa diatrib
esti"zei sugkekriména se mejodologbec pou uposthrbzoun kai kajodhgoOn th diadikasba
beltistopoBhshc twn compiler directives. Me th ragdaba aOxhsh twn dhmisia diajésimwn
HLS sqgedi“sewn se apojet ria ipwc to GitHub, h ergasba aut basbzetai se dedoména pou
proérgontai api auti to suneq,c anaptussimeno oikosOsthma efarmog,n, wc jemélio gia

thn an"ptuxh kai thn axiolighsh twn proteinimenwn mejidwn. Pio sugkekriména, h éreuna
thc diatrib ¢ kajodhgebtai api tic akiloujec basikéc argéc:

1. Uposthrbzetai iti, parilo pou to High-Level Synthesis aux"nei to epbpedo afabreshc
tou sgediasmoQ, paraménei dOskolo gia gr stec qwrbc upibajro sto uliki na axio-
poi soun pl rwc tic dunatithtec epit°qunshc pou prosferei. Sto plabsio auti, ebnai
aparabthth h paroq ergaleBwn pou uposthrbzoun tiso arg'riouc iso kai émpeirouc
sqediastéc sthn plo ghsh thc diadikasbac beltistopobhshc sto HLS.

2. AnadeiknOetai h auxanimenh diajesimithta efarmog,n étoimwn gia HLS, pou kumabno-
ntai api kajierwmeéna sOnola benchmark éwc meg’lhc kibmakac apojet ria anoiktoO
k,dika, kaj,c kai o kajoristikic riloc twn dedoménwn sth sOgqgronh ereunhtik
drasthriithta. Se aut thn kateQjunsh, axiopoiePtai h kiDmaka kai h poikilDa twn
diajesimwn dedomeénwn gia thn exagwg gn,shc pou apoteleb th b"sh gia dedomeno-
kateujunimenec proseggbseic beltistopobhshc twn directives, me stiqo th beltbwsh
thc apodotikithtac tou HLS kai thn upost rixh tagePac gartogr~fhshc kai exere-
Onhshc tou g,rou sqedPashc.

Efarmizoume autéc tic argéc se éna sOnolo prokl sewn pou sgetDzontai me th beltisto-
pobhsh mesw HLS, sumperilambanomeénhc tiso thc beltistopobBhshc twn compiler directives
iso kai thc montelopobhshc apidoshc kai gr shc pirwn. To Sq ma 3 parousi“zei mia a-
fairetik , uyhloO epipédou apeikinish thc jéshc twn suneisfor n thc paroOsac diatrib ¢

sto eurOtero topPo twn epipédwn beltistopobhshc.
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Sq ma 3.: Apeikinish twn Suneisfor n thc Diatrib ¢

Sunolik™, h paroOsa diatrib parousi“zei tésseric basikéc suneisforéc, oi opoPec ka-
|Optoun diaforetik™ epPpeda tou probl matoc thc beltistopobhshc mésw High-Level Syn-
thesis (HLS). Pr ton, to GN SIS apoteleD to megalOtero éwc s mera anoikti sOnolo
dedoménwn gia HLS, sugkentr_ nontac énan ektetaméno arijmi sgediastik,n shmebwn api
kajierwmeéena benchmark suites kai dhmisia apojet ria, en, par’lihla eis"gei ena euéli-

kto plabsio gia thn automatopoihménh paragwg néwn sgediastik,n shmebwn, me stiqo
thn enbsqush thc diajesimithtac dedomenwn gia ereuna sth beltistopobhsh tou g,rou
sqedbashc. DeOteron, protePnetai mia proséggish montelopobPhshc se epPpedo gl ssac
gia thn ektbmhsh thc poiithtac apotelésmatoc (QoR) se HLS sqgedi“seic, h opoba epi-
trepei thn pribleyh apidoshc kai gr shc pirwn apeujebac api ton phgabo k dika upi
diaforetikéc rujmbseic directives, paregontac étsi pr,imh plhrofirhsh gia thn epilog
apodotik,n sunduasm,n beltistopobhshc. Trbton, to CollectiveHLS eis"gei éna pl rwc
dedomeno-kateujunimeno plabsio gia thn autimath epilog kai efarmog compiler direc-
tives, epitagOnontac shmantik™ th diadikasPa beltistopoPhshc kai mei nontac thn kaju-
stérhsh sqedbashc, en, tautigrona diathreb th dunatithta ulopobhshc kai genbkeushc se
néa “gnwsta sgédia. Teéloc, h tétarth suneisfor” afor” th sOndesh thc beltistopobh-

shc HLS me thn enorq strwsh ektéleshc se epbpedo FPGA runtime, ipou protebnetai
mia apodotik mejodologba proseggishc tou Pareto-optimal g,rou sqgedbashc me el"qi-
sto kistoc ulopoBhshc, epitrépontac th dunamik epilog tou kat’llhlou sgediasmoO
b“sei diajesimwn pirwn partial recon guration kai apait sewn QoS se epbpedo efarmo-

gc.
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GN SIS: Did"gmata pou Apokombsthsan api th
Dhmiourgba enic Sunilou Dedomenwn gia HLS

Eisagwg

To High-Level Synthesis (HLS) aplopoieb ton sgediasmi FPGA metatrépontac autimata
gl.ssec programmatismoO uyhloO epipédou se exeidikeuménouc epitaquntéc, exalebfontac
thn an“gkh gr shc polOplokwn kai epirrep,n se sf’lmata Hardware Description Lan-
guages (HDLs) [27]. Afair,ntac tic leptomeéreiec gamhloO epipédou, oi sgediastéc grei“ze-
tai mino na perigriyoun th leitourgikithta, en, ta ergaleba analamb™noun thn an’lush,

ton gronoprogrammatismi, thn katanom pirwn kai th dhmiourgba k,dika Register Trans-
fer Level (RTL). Oi programmatistéc mporoOn epipléon na beltistopoi soun thn apidosh
kai th gr sh pirwn efarmizontac odhgbec (directives) pou kajodhgoOn th diadikasba tou
HLS, epitrepontac tageba prosarmog thc mikroargitektonik ¢ kai aplopoi,ntac th die-
reOnhsh tou g.rou IOsewn. H euelixDa aut égei katast sei to HLS basiki ergalebo se
sOggronec efarmogéc ipwc to 10T [28], to High Performance Computing [29], ta Neural
Networks [30] kai akimh kai ta Large Language Models [31].

Pariti ta ergaleDa HLS pareqoun uyhlitero epPpedo afabreshc, oi programmatistéc apai-
tebtai na égoun shmantik gn,sh sgedbPashc ulikoO ste na efarmizoun apotelesmatik®

tic apaitoOmenec odhgbec, ipwc kai na katanooOn pwc o phgaboc k dikac metafr"zetai se
uliki [17]. Ta directives diadramatDzoun krBsimo rilo sth diamirfwsh tou telikoO sge-
dbou, kajorbzontac basikoOc par“gontec ipwc h ierargPa mn mhc, oi strathgikéc caching,
h parallhlopobhsh kai to pipelining [19]. H lanjasmenh gr sh directives mporeb na o-
dhg sei se mh apodotik™ sgédia, ta opoba endégetai na parousi"zoun geiriterh apidosh
akimh kai api paradosiakéc CPUs, exaitbac anapotelesmatik ¢ qr shc pirwn gamenwn
eukairi_n parallhlismoO [32]. Wc apotélesma, h beltistopoPhsh sqgedDBwn paraménei su-
gn” antikebmeno émpeirwn hardware developers kai uperbabnei tic dunatithtec enic tupikoO
programmatist . H élleiyh ergalePwn pou mporoOn na par"goun autimata beltistopoih-
meéna directives periorbDzei peraitérw thn prosbasimithta thc epit"qunshc mésw FPGA gia
sgediastéc me periorisménh gn,sh hardware [20].

To HLS-driven Design Space Exploration (DSE) antimetwpbzei aut thn priklhsh ana-
ptOssontac mejidouc gia thn autimath dhmiourgba beltistopoihménwn sunduasm,n HLS
directives [21]. Oi Synthesis-based proseggbseic [22,23,33] antimetwpbzoun to ergalebo HLS
wc éna maOro koutD , me stiqo thn apodotik exereOnhsh tou g,rou mésw erwthm’twn
gia metrikec Quality of Results (QoR), ipwc h kajustérhsh sqedbou kai h gr sh pirwn.
Antbjeta, pio prisfata ereunhtik”™ paradeBgmata esti"zoun sthn katanihsh thc sumperi-

for’c tou ergalebou HLS uiojetoOn strathgikéc exereOnhshc basisménec se dedoména
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gia thn plo ghsh ston g,ro I0sewn. Oi Model-based proseggbseic [25,26,34] dhmiourgoOn
montéla gia thn ektbmhsh metrik_n QoR, apofeOgontac thn an"gkh ektéleshc pl rwn ro.n

HLS. Milic InfjoOn oi ektim seic twn metrik,n QoR, h diadikasPa DSE mporeb na pragma-
topoihjeD mesw euristik,n. Oi Knowledge-based proseggbseic [1,35,36] eqoun epbshc ana-
deigjeD wc strathgik gia th mePwsh tou g,rou sqediasmoO kai ton periorismi thc an"gkhc

gia dapanhréc axiolog seic. Oi proseggbseic autéc axiopoioOn omoiithtec me prohgouménwc
exereunhmena sqgedia, epitréepontac th metafor™ sunduasm,n directives pou par gagan
Pareto-optimal apotelésmata se néec, "gnwstec efarmogec.

H apotelesmatikithta aut,n twn mejidwn ephre“zetai shmantik™ api thn poiithta kai thn
poikilba twn upokebmenwn dedoménwn. Mia sullog dedoménwn uyhl ¢ poiithtac apaiteb iqi
mino meg~lo arijmi sgedbwn, all” kai meg’lh poikilba efarmog,n, sunduasm,n directives,
sugnot twn kai argitektonik,n FPGA. H dhmiourgba tétoiwn sunilwn dedoménwn apotele-

b idiabtera gronobira diadikasba, kurbwc ligw thc an"gkhc epanalambanimenhc ektéleshc
thc ro ¢ HLS. Gia pardeigma, ipwc anaferetai sto [26], h dhmiourgba enic sunilou dedo-
ménwn gia éna montélo pribleyhc se epbpedo gl ssac di rkese perissitero api tésseric

m nec ste na paragjoOn 40K sgeédia gia €na mino FPGA kai mPa sugnithta. Gia thn
antimet pish thc anapotelesmatikithtac dhmiourgbac aut,n twn b sewn gn_ shc api thn

arq , @qoun protajeD di“fora sOnola dedoménwn HLS [37 39]. Parila aut”, ta up“rgonta
sOnola dedoménwn periorDzontai api par"gontec ipwc h gamhl poluplokithta sqgedBwn,

h periorisménh poikilba beltistopoi sewn, h sten k'luyh suskeu,n kai sugnot twn, o
anepark ¢ garakthrismic gronismoO met” to HLS kai h periorisménh dhmisia prosbasi-
mithta « par"gontec pou empodbzoun shmantik™ thn eurOterh uiojéthsh kai axiopoBhs
touc.

Se auti to plabsio, parousi"zoume to GN SIS, éna oloklhrwméno kai epekt’simo sOno-

lo dedoménwn HLS sgediasmeéno gia th beltistopobhsh apidoshc se FPGA. To GN SIS
basbzetai se 55 efarmogéc pou proérgontai api gnwst™ benchmark suites kai dhmisia
diajésima apojet ria HLS sto GitHub. To sOnolo dedoménwn perilamb™nei sqgedin 219K
shmeba sqgediasmoQ, stogeOontac dOo diaforetik® FPGAs me diaforetik™ garakthristik™
pirwn kai treic diaforetikéc sugnithtec leitourgbac, apotel ntac meqri s mera to mega-
|Otero diajésimo sOnolo dedoménwn. Gia na diasfalisteD h epektasimithta, eis"goume éna
plabsio domik ¢ kai upologistik ¢ an"lushc phgabou k,dika basismeéno sthn ergaleioj kh
LLVM, me stiqo thn anagn,rish tou q,rou anaz thshc twn directives gia K'je efarmog ,

se sunduasmi me éna plabsio exereOnhshc basisméno ston NSGA-II, to opoBo par’gei kai
axiologeb susthmatik™ diamorf seic directives grhsimopoi_ ntac to Vitis-HLS. PisteOoume

iti to GN SIS ja dieurOnei thn prosbasimithta twn FPGAs kai ja apotelései kinht rio
dOnamh gia kainotomPa sthn éreuna.
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Sq ma 4.: Episkiphsh tou plaisbou dhmiourgbac tou sunilou dedoménwn GN SIS

SOsthma Paragwg ¢ tou upi exétash Sunilou Dedoménwn

To GN SIS den prosférei mino éna oloklhrwméno sOnolo dedoménwn, all” diajétei anoi-

gt” kai th mejodologba pou grhsimopoi jhke gia th dhmiourgba tou. To plabsio GN SIS
dégetai sunjésimo phgabo k dika C/C++ kai par"gei éna ploOsio sOnolo shmebwn sgedba-
shc, parégontac par’llhla analutik™ statistik™ kai plhroforbec. 'Eqei sgediasteb ste

na mporeb na prosarmosteb se diaforetikéc efarmogéc, suskeuéec kai sugnithtec leitour-
gbac, automatopoi ntac pl rwc th diadikasba kai exalebfontac thn an"gkh geirokBnhtou
orismoO tou g,rou sgedPashc. H automatopoPhsh aut basPzetai se éna st'dio an’lu-
shc phgabou k. dika, to opobo axiologeb ta megeéjh pin“kwn kai ta loop trip-counts ,ste na
par"gei autimata ta kat'llhla directives proc exereOnhsh. Me ton orismi tou g,rou sge-
dbashc, to plabsio katargeb thn an"gkh summetoq ¢ tou gr sth sth diadikasba paragwg c
dedoménwn. To plabsio GN SIS apotelebtai api trba basik™ st'dia, ipwc apeikonbzetai
sto Sqma 4. 1) to st'dio Structural and Computational Source Code Analysis, to o-
pobo ex"gei krbsimec plhroforbec sqgetik™ me tic doméc tou phgabou k,dika pou sgetbzontai
me ta HLS directives kai kajorbzei ta upi exereOnhsh directives gia k'je efarmog , 2) to
st’dio Design Space Generation , to opobo dhmiourgeb ton q,ro sgedbashc efarmizontac
susthmatik™ diaforetik™ directives ston phgabo k. dika kai katagr~fontac tic antbstoigec
metrikéc QoR, kai 3) to st'dio Data Analysis , to opoPo analQOei kai optikopoieD th sun-
jesimithta, tic katanomeéc twn metrik,n QoR kai ta Pareto fronts gia tic axiologhménec
efarmogéc se diaforetikéc suskeuéc kai sugnithtec leitourgbac. K'je st'dio analOetai
leptomer,c stic epimenec enithtec.
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B ma 1. Structural and Computational Source Code Analysis

Se auti to st'dio, to plabsio epexergzetai sunjesimo phgabo k,dika C/C++ ste na
entopbsei basik™ domik™ kai upologistik™ garakthristik™ api ila ta pijan™ action points

mesa ston k,dika. 'Ena action point anaféretai se mia sugkekriménh jesh sthn ierargba

tou k. dika ipou mporoOn na efarmostoOn HLS directives, ipwc pipeline, unroll  ar-

ray partition. H estbash se doméc pin“kwn kai brigwn eujugrammbzetai me prohgoOmenec
melétec [35, 36], kaj,c ta stoigePa aut™ diadramatbzoun kajoristiki rilo sthn apidosh
efarmog,n HLS. Gia ton entopismi twn action points kai twn akrib,n jése,n touc, axio-
poioOntai stoigePa thc ergaleioj khc LLVM 1, sumperilambanomeénou tou libclang, enic C
library front-end gia ton metaglwttist clang/clang++. Wc argiki b ma, énac analut ¢

phgabou k,dik@ diasgbzei to Abstract Syntax Tree (AST) pou par"getai api ton k. di-

ka, entopbzontac th Top-Level Function (TLF), dhlad to shmebo eisidou thc diadikasbac
HLS, kaj,c kai tic dhl seic pin"kwn kai briqwn. Par’llhla, o analut c ex"gei lepto-

méreiec ipwc to inoma thc TLF. Gia touc pPnakec, entopbzei to inoma, ton tOpo dedoménwn
kai tic diast’seic touc, en, gia touc brigouc apodbdei éna monadiki anagnwristiki. Gia
par‘deigma, sto Sq ma 4, o analut ¢ entopbzei th TLF func sth gramm 2, dhl nei ton
monodi’stato pPnaka A tOpou oat sth gramm 3 kai anigneQei €nan brigo me etikéta L1
sth gramm 4.

AfoO kajoristoOn oi jéseic dhl,sewn pin“kwn kai brigwn, h an’lush basisménh sto

LLVM @ ex"gei krbsimec upologistikéc plhroforBec gia autéc tic doméc. Gia touc pbna-
kec, prosdiorbzetai to mégejoc K'je di"stashc, en, gia touc brigouc upologbzetai o
akrib ¢ arijmic epanal yewn (trip-count). Oi plhroforbec autéc ebnai krbsimec gia ton
kajorismi pijan,n paramétrwn array partitioning kai loop unrolling, oi opobec kajodh-
goOn thn exereOnhsh tou g,rou sgediasmoQ sta epimena st'dia. H diadikasba xekin™ me
th gr sh twn clang/clang++ gia th met'frash tou phgabou k dika se LLVM IR, mia
endi"mesh anapar”stash se morf Static Single Assignment. Sth sunégeia, efarmizontai
tupik™ LLVM optimization passes, parimoia me aut™ pou grhsimopoioOntai sth diadikasba
HLS, mésw tou ergalePou opt Autéc perilamb™noun tegnikéc ipwc constant folding,
constant propagation, function inlining kai instruction combining. H function inlining,
eidikitera, diadramatbzei shmantiki rilo, kaj,c epitrepei th di"dosh stajer,n mésw twn
paramétrwn sunart sewn kai thn antikat"stash metablht,n apeujebac sto s, ma thc su-
nrthshc, dieukolOnontac thn akribésterh an’lush twn brigwn. Me autin ton tripo
diasfalbzetai iti oi metablhtéc eléggou antanakloOn sugkekriménec timéc thc sun’rth-
shc kai kajbstatai dunat h akrib ¢ ektbmhsh tou pl jouc twn entol,n stouc brigouc.

Téloc, éna prosarmosméno LLVM pass analOei to beltistopoihméno IR gia na sulléxei

1Se aut thn ergasPa grhsimopoi jhke h ékdosh LLVM 14.0.5.
2LLVM Optimizer
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tic epijumhtéc plhroforbec sgetik™ me ta action points tou pur na. Gia par"deigma, ipwc
fabnetai sto Sq ma 4, to st"dio auti entopbzei iti to mégejoc tou monodi“statou pbnaka
A ebnai 16, en, o brigoc L1 éqei trip-count Bso me 8.

B ma 2. Design Space Generation

Axiopoi,ntac tic upologistikec kai domikéc plhroforbec api to B ma 1, to B ma 2 dh-
miourgeD kai exereun” ton g,ro sqgediasmoO twn directives gia diaforetik® FPGAs kai
sugnithtec leitourgbac. H diadikasba HLS ektelebtai gia k’je sunduasmi kai sullégontai
basikéc metrikéc, ipwc h kajustérhsh sqedbou (se kOklouc rologioO), o grinoc ektéleshc
HLS (se deuterilepta) kai metrikéc pirwn, ipwc h gr sh Block RAMs (BRAMSs), Digital
Signal Processing units (DSPs), Flip-Flops (FFs) kai Look-Up Tables (LUTs). To st'dio
auti apoteleb ton pur na tou GN SIS, kaj,c dhmiourgeP autimata ton ¢ ro sgediasmoO
gia kK'je efarmog, par"gontac éna ploOsio sOnolo enallaktik.n sgedbwn. Arqgik”, o

q.roc sgediasmoQO twn directives, ipwc fabnetai sto@, orbzetai ;ste na perilamb™nei
ilec tic dunatéc epilogéc pou mporoOn na efarmostoOn se k’je action point.

'‘Estw éna action point pPnaka me N diastseic, ipou to megejoc k'je di"stashc égei dh
upologisteD, ipwc perigr-fetai sthn Enithta . Treic diaforetikob tOpoi array partitioning
directives, dhlad Complete, Cyclic kai Block, efarmizontai se k’je di"stash. Gia ta
Cyclic kai Block, o par"gontac diamerismoO orbzetai we dOnamh tou 2 kai ePnai mikriteroc
api to megejoc thc di"stashc. Gia par‘deigma, gia to action point tou pbnaka A sto
Sqg ma 4, oi diajésimec epilogec perilamb™noun Complete, kaj,c kai Block kai Cyclic me
par‘gontec 2, 4, 6 kai 8. Gia ta action points brigwn, me b’sh to trip-count, efarmizontai
treic kathgorbec directives: Pipeline, Pipeline 11=1 kai Unroll. H diafor” metaxO Pipeline
kai Pipeline II=1 égkeitai sto Initiation Interval (II). To Pipeline epitrépei sto Vitis

HLS na kajorDsei to beltisto 1| me b"sh gronikoOc periorismoQOc, en, to Pipeline I1=1
jetei rht” to 1l Bso me 1, epidi kontac megisth apidosh me ekkbnhsh néac epan’lhyhc se
k'je kOklo rologioO. Wstiso, aut h epilog ePnai pio apaithtik ligw austhriterwn
periorism_n gronismoO kai exart sewn. Gia ta Unroll, o par"gontac apotOlixhc orbzetai
me parimoio tripo ipwc kai stouc par"gontec diamerismoO. Gia par“deigma, gia ton briqo
L1, mporoOn na efarmostoOn ta Pipeline, Pipeline 1I=1 kai Unroll me par"gontec 2, 4
kai 8. Téloc, an jewr soume iti 0 phgaboc k.dikac periegei K action points kai Dy
ebnai to sOnolo twn directives pou efarmizontai sto action point k, tite o sunolikic
g.roc sgedbashc D dbnetai apithsqéeshD=0 D , D 3 D k. Gia par'deigma,
an up“rgoun 9 dunatéc epilogéc gia éna action point pbnaka kai 5 gia kK'je action point
briqou, tite o sunolikic arijmic diamorf,sewn directives ston g,ro D anérgetai se

225.
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AfoO oloklhrwjeb o orismic tou D, xekin” h diadikasba dhmiourgbac sqedbwn. Gia thn apo-
dotik exereOnhsh tou ektetaménou ¢ rou diamorf sewn directives kai th sOgklish proc

beltistec 10seic, grhsimopoiebtai énac genetikic algirijmoc @ H méjodoc aut stoge-
Oei sthn elagistopobhsh tiso thc kajustérhshc iso kai thc gr shc pirwn, lamb™nontac
upiyh touc periorismoQOc tou FPGA. Gia ton skopi auti, axiopoiebtai o algirijmoc NSGA-

Il [40], ulopoihménoc sth biblioj kh PyMOO [41], gia thn plo ghsh ston g,ro IOsewn.

O NSGA-II ebnai énac euréwc grhsimopoioOmenoc genetikic algirijmoc, gnwstic gia thn
apofug topik,n béltistwn kai th gr gorh sOgklish se uyhl ¢ poiithtac 10seic, lei-
tourg,ntac se pollapléc geniéc kai diathr ntac tic kalOterec diamorf seic gia epimenec
epanal yeic. K'je geni” perilamb™nei trba basik™ st'dia: A) argikopobhsh enic plhju-
smoO diamorf sewn, B) efarmog aut,n twn diamorf,sewn ston phgabo k dika mésw
enic source-to-source compile@, ektélesh thc diadikasbac HLS gia to FPGA grhsi-

mopoi,ntac to Xilinx/AMD Vitis @3 se prokajorisménh sugnithta rologioO 4, kai C)

gr sh twn apotelesm™wn gia thn kajod ghsh tou NSGA-II sth dhmiourgba beltiwmeénwn
diamorf,sewn gia thn epimenh geni”. K'je diamirfwsh directives pou odhgeb se sgédio
pou uperbabnei touc pirouc tou FPGA apaiteBD mh apodekti grino ektéleshc HLS (1
.ra) epishmabnetai kat'llhla. H diadikasba beltistopobhshc orbzetai me mégejoc plhju-
smoO 40 kai ektelebtai gia 24 geniéc. Gia th beltbwsh thc apodotikithtac, oi upoy fiec
|Oseic axiologoOntai par’llhla. Qrhsimopoiebtai o telest ¢ random gia deigmatolhyba
kai epilog, o simulated binary gia crossover, kai o polynomial gia mutation. Sugke-
kriména, gia ton telest random sampling, h pijanithta met’llaxhc (prob) orbzetai se

0.1. O telest c random selection den apaiteb epipléon paramétrouc. Gia ton telest
simulated binary crossover, h pijanithta crossover (prob) orbzetai se 1.0, exasfalbzontac
iti pragmatopoiebtai p'nta, en, o debkthc katanom ¢ (eta) tbjetai Dsoc me 15. Téloc, gia
ton telest polynomial mutation, o debkthc katanom ¢ (eta) orbzetai se 20, epitrépontac
eleggimenec metall"xeic pou diathroOn th diaforetikithta. Kaj,c k’je diadikasPa HLS
apaiteD shmantikoOc pirouc RAM, mino 10 sgédia axiologoOntai par’lihla se kje ge-
ni". Me mégisto grino ektéleshc 1 ra, h pl rhc dhmiourgba tou sunilou dedomenwn gia
mba efarmog , se éna sugkekriméno FPGA kai sugnithta, mporeb na diarkései ewc kai 96
_rec sth geiriterh perBptwsh. Gia thn exasf’lish apodotik ¢ sOgklishc, orbzetai epPshc
éna irio anog ¢ Bso me 0:0025 gia tic timeéc twn sunart sewn. H diadikasba termatbzetai
itan h diafor” stic timéc stiqgou metaxO diadogik,n gene,n pései ktw api auti to irio,
epitrépontac gr gorh sOgklish se sgedin beéltistec I0seic.

3Se aut thn ergasba grhsimopoi jhke h ékdosh Xilinx/AMD Vitis HLS 2021.1.
“Tiso to FPGA iso kai h epijumht sugnithta kajorDzontai se éna argePo .tcl pou parégetai sto
Vitis kat” th diadikasba HLS.

XXXIX



Brief Description of the Proposed Frameworks in Greek

B ma 3. Data Analysis

Met" th dhmiourgPa tou g,rou sgediasmoO gia mba efarmog se pollapl” FPGAs kai su-
gnithtec sto B ma 2, to B ma 3 perilamb nei thn ektélesh miac seir"c analOsewn gia thn
exagwg bajOterwn sumperasm’twn api ta sullegjénta dedoména. Arqik”, pragmatopoie-

Dtai mia meléth sunjesimithtac@. 'Ena sqédio jewrebtai sunjésimo itan oloklhr nei
epitug,c th diadikasba metagl,ttishc HLS kai par"gei anaforec kajustérhshc kai gr shc
pirwn, en, éna mh sunjésimo sgédio apotugq nei ha metaglwttisteD uperbabnei to gro-
niki irio thc mPac rac, me apotélesma thn apousPa anafor.n. MetaxO twn sunjésimwn
sgedbwn, éna efikti sgédio ebnai auti pou gwr” entic twn diajesimwn pirwn BRAM, DSP,
FF kai LUT tou FPGA, en, éna mh efikti sqédio uperbabnei toul"giston énan api autoOc
touc periorismoQOc, parilo pou &gei suntejeD epitug.c. Me bsh aut thn kathgoriopo-
Phsh, upologbzontai kai optikopoioOntai ta posost™ sunjésimwn, efikt.n kai mh efikt.n
sgedbwn gia peraitérw axiolighsh. Gia ta efikt” sunjésima sgédia, analOetai h katanom
twn metrik,n QoR @ prokeiménou na exagjoOn sumper’smata sgetik® me tic timéc e-
ntic tou q,rou sgediasmoO. Oi metrikéc QoR perilamb™noun thn kajustérhsh sgedbou (se
msec), ton grino ektéleshc thc diadikasbac HLS (se sec), kaj,c kai ta posost™ gr shc

twn pirwn BRAM, DSP, FF kai LUT. Téloc, gia ta sqédia aut”, prosdiorbzontai ta
Pareto frontiers metaxO kajustérhshc kai gr shc pirwn gia kje suskeu kai sugnith-

ta stiqo, kai optikopoioOntai ste na anadeigjoOn oi sumbibasmob metaxO apidoshc kai

gr shc pirwn

To Sg ma 5 parousi“zei thn an”lush dedoménwn gia thn efarmog LavaMD (T) api to
RodiniaHLS, h opoba suntéjhke gia to UltraScale+ MPSoC ZCU104 FPGA me sugnithta
stigo 100 MHz. Qrhsimopoi,ntac to plabsio GN SIS, axiolog jhkan sunolik™ 942 sh-

meDa sqgediasmoO. 'Opwc fabnetai sto Sq ma 5, to 66.1% aut,n jewr jhke efikti, dhlad

h diadikasbBa HLS oloklihr jhke epitug,c kai ta sqédia ikanopoioOsan touc periorismoOc
pirwn tou FPGA. Antbjeta, to 31.1% twn dokimasménwn sunduasm,n directives apétu-

ge sth sOnjesh, kurbwc ligw uperbolik® meglou grinou ektéleshc HLS, pou od ghse

se termatismi thc diadikasPac. Téloc, mino to 2.8% twn sgedbwn tan sunjésimo al-

I uperébaine touc diajésimouc pirouc tou FPGA, kajist,ntac to mh efikti. To Bdio

sq ma parousi“zei epbshc tic basikéc metrikéc QoR gia ta efikt” sgédia. Gia thn efar-
mog LavaMD (T), h kajustérhsh kumabnetai api 79.6 msec éwc 1.85 sec, me meso iro
491.7 msec kai tupik apiklish 483.9 msec, gegonic pou upodeiknOei meg’lh diakOman-
sh sthn apidosh. Parimoia eikina parathrebtai kai ston grino ektéleshc thc diadika-

sbac HLS, o opoboc kumabnetai api 2.1 eéwc 53.3 lept”, proseggbzontac to irio thc mbac
,rac, me méso iro 8.6 lept”. H gr sh pirwn BRAM% kai DSP% paraménei gamhl,

me meésec timéc 2.4% kai 2.8% antbstoiga. Antbjeta, oi eurOterec katanoméc twn FF%
kai LUT%, me timéc api 2% éwc 71% kai api 7% éwc 98% antDBstoiga, anadeiknOoun th
shmantik metablhtithta stic apait seic logik.n pirwn metaxO twn beltistopoihménwn
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Sg ma 5.: An"lush dedoménwn gia thn efarmog LavaMD (T), suntejeimenh gia to UltraScale+
ZCU104 FPGA se sugnithta 100 MHz.

sgedbwn.

To SOnolo Dedoménwn GN SIS

Axiopoi, ntac th mejodologPa, anaptOssoume to sOnolo dedoménwn GN SIS, éna anoigtoO
k.dika sOnolo HLS DSE pou perilamb™nei pur nec api dhmofil benchmark suites kai
apojet ria efarmog,n sto GitHub. O PPnakac 1 parousi'zei basikec plhroforbec gia
touc sullegmeéenouc pur nec, ipwc: a) to inoma tou pur na, b) thn phg proéleushc, g)

mia sOntomh perigraf , d) ton arijmi twn action points ston phgabo k dika (dhl seic
pin"kwn kai briqwn), kai e) to sunoliki pl joc sgedbwn pou sullegjhkan gia ta exe-
tazimena FPGAs kai sugnithtec. To sOnolo dedoménwn perilamb™nei phgabouc k dikec
api 55 epilegménouc pur nec proergimenouc api ta Machsuite [42], RodiniaHLS [43] kai
to GitHub. 'Opwc fabnetai ston PPnaka 1, oi pur nec autoD kalOptoun éna eurO f'sma
efarmog,n. Oi basikec kathgorbec perilamb™noun Machine Learning and Data Analytics,
me par"deigma thn Backward Propagation se ekpabdeush neurwnik n diktOwn; Scienti c
Computing and Simulation, ipwc prosomoi,seic Computational Fluid Dynamics (CFD);
Image and Signal Processing, me efarmogéc ipwc to Kalman Filter; Mathematical Com-
putation and Linear Algebra, ipwc o pollaplasiasmic pin"kwn; kaj,c kai “llec efarmo-

gec, ipwc to Radix Sort. Axioshmebwto ebnai iti to RodiniaHLS perilamb~™nei pollapléc
ulopoi seic thc Bdiac efarmog c, gia tic opoPec grhsimopoioOntai eidikob dePktec diaforopo-
Bhshc. Gia par"deigma, to LavaMD (T) ebnai mia efarmog api to RodiniaHLS pou ekteleb
prosomobwsh moriak ¢ dunamik c. H sugkekrimenh ulopobhsh efarmizei loop tiling gia th
beltbwsh thc apidoshc, perilamb™nei 13 action points kai axiolog jhkan sunolik™ 5685
sqédia. Parilo pou perilamb™nontai diaforetikec ekdiseic thc Bdiac efarmog ¢, autéc
diaféroun ston arijmi twn action points, gegonic pou upodeiknOei ousiastikéc diaforo-

poi seic ston phgabo k dika.

To 74% twn pur nwn proérgetai api to RodiniaHLS, kaj,c oi efarmogéc tou eqoun
sgediasteD ste na anaparistoOn realistik™ upologistik™ fortba [44]. Oi pur nec tou
GN SIS parousi“zoun meg’lh poikilDa se action points, api 1 sthn efarmog Vector Mult.

xli



Brief Description of the Proposed Frameworks in Greek

Pbnakac 1.: Perigraf pur nwn sto sOnolo dedoménwn GN SIS
Kernel Source Description #Action Points #Designs

GEMM 1 Machsuite Matrix Multiplication using Tiling 5 3736
GEMM 2 Machsuite Matrix Multiplication 3 1710
MD KNN Machsuite Molecular Dynamics Simulation 2 288
Radix Sort Machsuite Integer Sorting Algorithm 10 5561
SPMV Machsuite Sparse Matrix-Vector Multiplication 2 240
Stencil2D 1 Machsuite 2D Stencil Computation 4 1437
Stencil3D Machsuite 3D Stencil Computation 9 5032
Viterbi Machsuite Probable Sequence Identi cation based on Series of Observations 8 4718
Backprop. 1 (B) RodiniaHLS Backward Propagation in NN Training (Baseline) 2 240
Backprop. 2 (B) RodiniaHLS Forward Propagation in NN Training (Baseline) 6 4944
Backprop. 1 (T) RodiniaHLS Backward Propagation in NN Training (Tiling) 10 5140
Hotspot (B) RodiniaHLS Thermal Simulation (Baseline) 3 1287
Hotspot (T) RodiniaHLS Thermal Simulation (Tiling) 8 5156
Hotspot (P) RodiniaHLS Thermal Simulation (Pipelining) 10 5755
Hotspot (U) RodiniaHLS Thermal Simulation (Unrolling) 19 5754
KMeans (B) RodiniaHLS K-Means Clustering (Baseline) 3 766
KMeans (T) RodiniaHLS K-Means Clustering (Tiling) 12 5702
KMeans (P) RodiniaHLS K-Means Clustering (Pipelining) 14 5701
KMeans (U) RodiniaHLS K-Means Clustering (Unrolling) 16 5670
KNN (B) RodiniaHLS K-Nearest Neighbors (Baseline) 2 144
KNN (T) RodiniaHLS K-Nearest Neighbors (Tiling) 7 4506
KNN (P) RodiniaHLS K-Nearest Neighbors (Pipelining) 8 4900
KNN (U) RodiniaHLS K-Nearest Neighbors (Unrolling) 9 5462
KNN (D) RodiniaHLS K-Nearest Neighbors (Double Bu ering) 11 4317
KNN (C) RodiniaHLS K-Nearest Neighbors (Coalescing) 12 5676
CFD Flux (B) RodiniaHLS Computational Fluid Dynamics Simulation (Baseline) 3 192
CFD SF (B) RodiniaHLS Computational Fluid Dynamics Simulation (Baseline) 1 48
CFD SF (T) RodiniaHLS Computational Fluid Dynamics Simulation (Tiling) 4 3617
CFD SF (P) RodiniaHLS Computational Fluid Dynamics Simulation (Pipelining) 7 3010
CFD SF (U) RodiniaHLS Computational Fluid Dynamics Simulation (Unrolling) 8 4944
CFD SF (D) RodiniaHLS Computational Fluid Dynamics Simulation (Double Bu ering) 18 5595
CFD SF (C) RodiniaHLS Computational Fluid Dynamics Simulation (Coalescing) 20 5754
Dilate (B) RodiniaHLS Image Dilation (Baseline) 5 2388
Dilate (T) RodiniaHLS Image Dilation (Tiling) 12 5656
Dilate 1 (P) RodiniaHLS Image Dilation (Pipelining) 17 5600
Dilate 2 (P) RodiniaHLS Image Dilation (Pipelining) 26 5760
LavaMD (B) RodiniaHLS Molecular Dynamics Simulation (Baseline) 6 3617
LavaMD 1 (T) RodiniaHLS Molecular Dynamics Simulation (Tiling) 13 5685
LavaMD 2 (T) RodiniaHLS Molecular Dynamics Simulation (Tiling) 14 5739
LavaMD (P) RodiniaHLS Molecular Dynamics Simulation (Pipelining) 14 5695
LC Gicov (B) RodiniaHLS Leukocyte Detection using GICOV Method (Baseline) 11 4524
LC Mgvf (B) RodiniaHLS Leukocyte Detection using MGVF Method (Baseline) 3 1388
Lud (T) RodiniaHLS LU Decomposition (Tiling) 46 5760
PFinder (B) RodiniaHLS Grid Traversal using Path nder (Baseline) 6 4320
PFinder (D) RodiniaHLS Grid Traversal using Path nder (Double Bu ering) 8 4791
SCluster (B) RodiniaHLS Streaming K-Median Clustering (Baseline) 2 384
SCluster (T) RodiniaHLS Streaming K-Median Clustering (Tiling) 14 5667
SCluster (P) RodiniaHLS Streaming K-Median Clustering (Pipelining) 15 5429
SCluster (D) RodiniaHLS Streaming K-Median Clustering (Double Bu ering) 18 5196
SCluster (C) RodiniaHLS Streaming K-Median Clustering (Coalescing) 20 5678
Kalman Filter GitHub Signal Smoothing 13 5760
Vector Mult. GitHub Vector Multiplication 1 48
Stencil 1D GitHub 1D Stencil Computation 1 48
Stencil 2D 2 GitHub 2D Stencil Computation 4 5142
Matrix Mult. GitHub Matrix Multiplication 4 3744
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éwc 46 sthn Lud (T), me méso iro perBpou 10. AnalOontac peraitérw ta action points,

to sOnolo dedoménwn perilamb™nei pPnakec (ulopoihménouc se programmatizimenh logik )
pou kumabnontai api 0 ewc 22, me mégisth di"stash 2. Oi doméc brigwn kumabnontai api 1
ewc 26, me megisto b’joc emf leushc Bso me 5. Epipléon, h an”lush tou phgabou k dika
paréqei plhroforbec gia arijmhtikec pr'xeic (p.g. ADD, FMUL) kai prospel’seic mn mhc
(p.g. LOAD). To sOnolo dedoménwn apokalOptei eurePa katanom arijmhtik n prxewn,
api 708 éwc 18.3B, kai prospel’'sewn mn mhc, api 2.5K éwc 11.5B, anadeiknOontac thn
poikilba twn upologistik,n apait sewn twn efarmog,n.

The GN SIS perilamb™nei design points pou stogeOoun se eterogenebc FPGA platfirmec.
Sugkekriména, exet’zei dOo FPGA suskeuéc me diaforetik™ garakthristik™ pirwn: a) to
periorismenwn pirwn UltraScale+ MPSoC ZCU104, kai b) to Alveo U200, mia suskeu
uyhl.n epidisewn gia datacenter perib’llonta. To ZCU104 diajétei 624 Block RAMs
(BRAMSs), 1728 Digital Signal Processing units (DSPs), 461K Flip-Flops (FFs) kai 231K
Look-Up Tables (LUTs). Antbstoiga, to U200 prosférei 6:9 perissitera BRAMs, 3:96
perissitera DSPs kai 5:1 perissitera FFs kai LUTs se sgésh me to ZCU104. Epipléon
thc poikilDac suskeu,n, oi efarmogéc axiologoOntai se treic diaforetikéc sugnithtec
rologioQ: a) 100 MHz, b) 200 MHz kai g) 300 MHz. Auti odhgebD se éxi diaforetik™ sen’ria
gia K'je efarmog , trba gia k'je FPGA. H st |h #Designs ston PPbnaka 1 parousi“zei

to sunoliki pl joc design points an”™ efarmog . O arijmic twn paragimenwn designc
diaférei shmantik™, api 48 designs (p.qg. CFD SF (B), ligw periorisménou design space)
ewc 5760 designc (p.g. Lud (T), ligw auxhménwn action points). Sunolik™, h paragwg
twn 219K design points di rkese p'nw api dOo grinia, anadeiknOontac to uyhli kistoc
dhmiourgbac tétoiwn datasets.

To Sq ma 6 sunoybzei thn an"lush QoR tou dataset. O katakirufoc “xonac antistoigeb
se diaforetik”™ QOR metricc, en, o orizintioc "xonac parousi“zei tic efarmogec. Suno-

lik”, 81.5% twn designc ebnai feasible, 16.7% den ebnai synthesizable kai 1.8% den ebnai
feasible. Ta mh synthesizable kai mh feasible designs proérgontai kurbwc api argikéc
epanal yeic tou GA-based Directives Con guration Generator, ipou oi diamorf seic pa-
r"gontai tugaPa. Kaj,c progwr” h beltistopobhsh me NSGA-II, h diadikasPa kateujOnetai
proc gamhliterh kajustérhsh kai meiwmeénh katan“lwsh pirwn upi touc periorismoOc tou
FPGA, belti,nontac to feasibility. Oi timéc kajustérhshc kumabnontai api 0.03 s éwc
201.3 s, me uyhl tupik apiklish 3:6 10 32, gegonic pou dePgnei meg’lh metablhtithta
epidisewn. Antbstoiga, o grinoc ektéleshc tou HLS kumabnetai api 21 s éwc to irio
thc 1 ;rac. Kat” méso iro, k'je design point apaiteb perbpou 12.5 lept™ gia synthesis.
Sunolik™, h paragwg tou pl rouc design space gia mba efarmog se sugkekriméno FPGA
kai sugnithta apaiteb perbpou 20 ,rec.

'Oson afor” thn axiopobhsh twn BRAMs, parathroOme mia eureba katanom me mésh tim
13%, gegonic pou anadeiknOei iti ta designc sto GN SIS parousi"zoun meg’lh poikilDa
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wc proc th gr sh pirwn. Orisménec efarmogéc emfanbzoun polO sten katanom gOrw
sto 1%, ipwc ta perissitera kernelc tou Machsuite kai orisménec baseline ulopoi seic

api to RodiniaHLS. Auti sumbabnei epeid ta sugkekriména kernels leitourgoOn p'nw se
arrays pou apojhkeQontai sth global device memory. Dedoménou iti ta directives par-
titioning efarmizontai mino se arrays pou brbskontai sto Programmable Logic (PL), h

gr sh twn BRAMs paraménei sgedin amelhtéa. Mia akimh shmantik parat rhsh api thn
katanom twn BRAMs ebnai iti to RodiniaHLS, ligw thc qr shc beltistopoi sewn ipwc

to tiling, apojhkeOei dedoména se in-memory arrays. Auti odhgeb se ekdiseic efarmog,n
pou ephre”zontai perissitero api memory-related directives, epitrépontac th dhmiourgba
pio antiproswpeutik,n designs se sgésh me “lla benchmark suites. H axiopobhsh twn
DSPs parousi“zei epbshc eureba katanom , parimoia me aut twn BRAMs, me mésh tim
4%. ParathroOme megalOterh diakOmansh sth gr sh DSPs se efarmogéc pou perilam-
b noun pollaplasiasmoQOc kai diairéseic, ipwc oi ekdiseic Tiling, Pipeline kai Unroll thc
efarmog ¢ KMeans, kaj,c kai se kernels me Multiply-Accumulate (MAC) pr-xeic, ipwc

h efarmog Backprop. 1 (T) api to RodiniaHLS, oi opobec sun jwc gartografoOntai

se DSP units sto HLS. Epipléon, parathroOme iti iso aux™nontai oi beltistopoi seic se

mia oikogéneia efarmog,n tou RodiniaHLS, tiso aux"netai h pijanithta gr shc DSPs,
odhg,ntac se pio eureba katanom . H mésh axiopobhsh gia ta FFs kai ta LUTs ebnai 7% kai
15% antbstoiga. H uyhliterh axiopobhsh twn LUTs se sqésh me touc DSPs apodbdetai
ston rilo touc wc basik,n domik,n stoigePwn, kaj,c grhsimopoioOntai kurbwc gia thn
ulopobhsh sunduastik ¢ logik c. Dedomeénou iti h perissiterh logik elégqou, oi upolo-
gismob dieujOnsewn kai oi élegqoi sunjhk_ n gartografoOntai se LUTSs, h axiopoBhs touc
parameénei stajer” uyhl . Antbstoiga, ta FFs emfanbzoun pio diaforopoihménh katanom
axiopobhshc se sqésh me ta BRAMSs, kaj.c grhsimopoioOntai wc katagwrhtéc gia thn a-
poj keush endi"'meswn tim, n, th diagebrish twn pipeline stadbwn kai ton élegqo shm™twn,
kajist,ntac ta krbsima gia éna eurO f'sma efarmog,n.

EpbPlogoc

H paroOsa ergasPa parousPase to GN SIS, éna anoiktoO k_dika sOnolo dedoménwn gia
HLS, to opobo perilamb™nei 219K design pointc api 55 efarmogéc se diaforetik™ FPGASs
kai sugnithtec rologioQ. Gia thn upost rixh thc dhmiourgbac tou dataset, anaptOxame
ena automatopoihmeno framework pou axiopoieb tic teqnologbec LLVM kai Vitis-HLS, epi-
trépontac thn exereOnhsh tou design space me el"gisth geirokBnhth parémbash kai exasfa-
IBzontac prosarmostikithta se diaforetik™ benchmark suites, suskeuéc kai sugnithtec.
Parégontac tiso ena oloklhrwmeéno dataset iso kai éna euélikto framework, to GN SIS
aplopoieD th beltistopobhsh efarmog,n gia FPGA, enisqOontac thn prosbasimithta kai
thn kainotomba sthn koinithta tou HLS.
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Sg ma 6.: Sugkentrwtik™ QoR Metrics gia ilec tic diajesimec efarmogéc sto GN SIS
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Montelopobhsh se Epbpedo Gl ssac gia HLS

Eisagwg

S mera, to pedbo tou Deep Learning kai tou Natural Language Processing (NLP) parou-
si"zei shmantik priodo, idiabtera me thn emf'nish twn Large Language Models (LLMs),
ipwc ta Generative Pre-trained Transformers (GPT) [5]. Ta LLMs apoteloOn mia kath-
gorba montélwn baji"c mjhshc me ter“stio arijmi paramétrwn, ta opoba ekpaideOontai se
meg’lhc kiIDmakac sOnola keiménwn, epitrépont’c touc na ekteloOn éna eurO f'sma erga-
si.n katanihshc kai paragwg c fusik c gl,ssac me uyhl akrbbeia. An kai arqik™ sge-
di"sthkan gia glwssikéc efarmogéec, ipwc question answering kai language inference [45],

ta LLMs égoun epektajeb kai se ergasbec pou sgetbzontai me ton programmatismi. En-
deiktik” paradebgmata perilamb“noun to GitHub Copilot [46], to opoDPo paréqgei prot™seic
autimathc sumpl rwshc se pragmatiki grino, to Facebook TransCoder [47], éna mh e-
piblepimeno sOsthma met*frashc phgabou k dika metaxO glwss,n programmatismoO, Kai
to Microsoft CodeBERT [4], @nha montélo pou mporeD na prosarmosteD se éna eurQ f'sma
ergasi,n sgetik,n me ton k. dika.

H tageba aut uiojéthsh twn LLMs gia an’lush phgabou k dika kai ergasbec an”ptuxhc

logismikoO dhmiourgeP néec eukairbec gia axiopobhs touc se pio exeidikeuména pedba.

gkekriména, ston toméa tou programmatismoO FPGA me qgr sh glwss n uyhloO epipédou
(p.g. High-Level Synthesis), aut h metatipish epitrépei thn axiopobhsh twn LLMs gia
thn aOxhsh tou epipédou afabreshc kai th mePwsh thc poluplokithtac tou sgediasmoO
ulikoO. Mésw thc parog ¢ on-the-y upodeDxewn kat™ th suggraf k dika, kajbstatai

dunat h axiolighsh kai beltistopobhsh efarmog,n High-Level Synthesis (HLS) se prag-
matiki grino. Axioshmebwto ePnai iti h t'sh gia an“ptuxh ulikoO me th bo jeia LLMs
enisqOetai kai api thn parousPash tou ChipNeMo api th NVIDIA sto ICCAD 2023, enic
montélou prosarmosmeénou ston tomeéa tou sgediasmoO oloklhrwmeénwn kuklwm’twn, to
opobo leitourgeb wc proswpikic bohjic gia sqediastéc [48].

Oi programmatistéc beltistopoioOn thn ektélesh efarmog,n gia FPGA grhsimopoi ntac
HLS #pragmas (p.q. pipeline, loop unrolling) kai periorismoOc gia na kajodhg soun th
sOnjesh tou ulikoO. An kai ta sOggrona ergalePa HLS (p.g. Vitis) parégoun autima-
tec beltistopoi seic, autéc mporeb se orismenec peript,seic na odhg soun se upob”jmish
thc apidoshc se sgésh me thn ektélesh se CPU. Antbjeta, h geirokPnhth rOjmish twn
#pragmac api touc programmatistec mporeb na epiféerei shmantikec belti,seic [32]. W-
stiso, api thn pleur” tou sqgediast, h akrib ¢ ektbmhsh thc epPdrashc K'je #pragma
sthn apidosh kai gr sh pirwn sto FPGA apoteleb mia idiabtera sOnjeth diadikasPa. I-
danik”, h axiolighsh K'je design point mésw synthesis, P&R kai ektéleshc apeujebac
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sth suskeu FPGA ja parebge thn pio akrib ektbmhsh. Wstiso, aut h diadikasba e-
Pnai exairetik™ gronobira, ligw thc uyhl ¢ poluplokithtac thc diadikasbBac paragwg ¢
ulikoO [22].

Parilo pou prohgoOmenec ereunhtikéc prospjeiec éqoun exet’sei th montelopobhsh a-
pidoshc gia HLS, parousi"zoun sugkekriménouc periorismoOc. Ta analutik® montéla [49,
50] basbzontai sugn” se aplopoi seic kai upojéseic sgetik™ me thn tegnologba, thn ar-
gitektonik ulikoO kai to logismiki, oi opoPec den apotup.noun plrwc thn poluplo-
Kithta pragmatik,n efarmog,n HLS kai FPGA. Antbstoiga, proseggbseic basisménec se
ML/NN [51 54] kai GNN [25, 34,55, 56] sthrbzontai sun jwc sthn Intermediate Repre-
sentation (IR) tou phgaPou k dika, me apotélesma na mhn mporoOn na apotup,soun thn
epbdrash twn beltistopoi sewn pou dhl_nontai wc #pragmas [34], na apaitoOn polOplo-
kec diadikasPec gia na to epitOgoun (p.g. HLS-IR me enswm"twsh tou Vitis HLS) [55]. Sto
plabsio enic pio agile hardware development process [34], pou apaiteb gr gorh kai akri-

b axiolighsh thc poiithtac kuklwmtwn api ta pr ta st'dia sqediasmoQ, o ap,teroc

stigoc ebnai h montelopobhsh kai h ektbmhsh tou feasibility tou design se uyhlitera epbpeda
afabreshc. ldanik™, auti ja prépei na epitugg netai apeujebac api ton phgabo k dika, epi-
tréepontac stouc programmatistéc na lamb™noun se pragmatiki grino prot"seic beltisto-
pobhshc kat™ th suggraf k. dika, gwrbc thn an"gkh ektéleshc gronobirwn diadikasi,n
sOnjeshc.

Se auti to kef'laio, protebnoume mia proseggish montelopobhshc apidoshc kai gr shc
pirwn se epPpedo gl ssac gia HLS. H IOsh mac axiopoieD thn argitektonik Transformer
gia thn pribleyh metrik.n QoR se efarmogec HLS, lamb“nontac upiyh di*forec bel-
tistopoi seic #pragma apeujebac api ton phgabo k dika. Prisfatec melétec, ipwc

sto [38], diereunoOn th montelopoPhsh HLS se epPpedo gl,ssac mésw ne-tuning pro-
ekpaideumenwn LLMs (p.q. [4]), en, parimoiec proseggbseic éqoun efarmosteb kai sth
beltistopobhsh metaglwttist.n [57]. Wstiso, tétoiec meéjodoi apaitoOn shmantikoOc u-
pologistikoOc pirouc gwrbc na ePnai saféc an prosféroun antbstoiqo ifeloc, ipwc e-
pishmabnetai sto [38]. Antbjeta, deBgnoume iti mia pio stogeumenh argitektonik , eidik”
sqediasménh gia HLS, paréqei akribésterec kai pio sumfrazimenec ektim seic apidoshc
kai pirwn. H ergasba aut apoteleb thn pr,th proséggish montelopobhshc QoR apeu-
jebac se epbpedo gl ,ssac, gwrbc a) to kistoc ne-tuning enic LLM kai b) thn an“gkh

gr shc domik ¢ plhroforBac api to epPpedo tou metaglwttist , ipwc apaitoOn sOggronec
proseggbseic basismenec se GNN [34,55,58]. Mesa api ekten peiramatik axiolighsh, a-
nadeiknOoume thn anapotelesmatikithta twn proekpaideuménwn LLMs sthn katanihsh thc
shmasiologbac tou HLS. Teloc, apodeiknOoume iti h proteinimenh argitektonik epitug-
g'nei perbpou 96% akrbbeia sthn pribleyh efiktithtac wc proc touc diajésimouc pirouc

kai, gia tic efiktec peript seic, mésh tim 0:91 sto R 2 gia thn pribleyh twn metrik.n

QoR.

xIvii



Brief Description of the Proposed Frameworks in Greek

Sg ma 7.: Diadikasba Sullog ¢ Dedomenwn

Diadikasba Sullog c Dedomeénwn

Gia thn ekpabdeush tou glwssikoO mac montélou, sullégoume éna antiproswpeutiki sOno-

lo dedomenwn pou sundéei sugkekriménouc phgabouc k dikec me tic antbstoigec metrikéc
apidoshc kai gr shc pirwn, upi thn efarmog diaforetik,n odhgi,n HLS. Akolouj,ntac
kajierwmeénec praktikéc [25,34,38], sunjétoume ta sqgédi” mac gia éna sugkekrimeno FPGA
(UltraScale+ ZCU104) kai sugnithta leitourgbac 300 MHz.

| Synthesizable C/C++ Source Code Dataset: DhmiourgoOme to sOnolo dedo-
ménwn mac sullégontac perissiterec api 100 efarmogéec C/C++ api euréwc anagnwri-
sména benchmark suites thc koinithtac, ipwc ta Rodinia [44] kai Machsuite [42], kaj,c
kai api dhmisia diajesima apojet ria sto GitHub. Gia k'je efarmog , entopPzoume ton
phgabo k. dika tou kernel@, dhlad to tm ma pou ektelebtai sto FPGA, kai epalhje-
Ooume th dunatithta sOnjes ¢ tou @. Gia k’je d lwsh pPnaka kai dom brigou mésa
ston phgabo k,dika, shmei,noume ta antbstoiga shmeba gia th f'sh eisagwg ¢ odhgi.n
(directives annotation) @. Téloc, sunjetoume to kernel grhsimopoi,ntac to AMD Vitis
HLS (@) ,ste na exag"goume leptomerebc metrikéc ulopobhshc, sumperilambanoménhc thc
kajustérhshc se kOklouc rologioO kai thc gr shc basik,n pirwn ulikoO ipwc BRAM,

DSP, FF kai LUT. Oi timéc autéc apotup,noun th sumperifor” tou sgediasmoO qwrbc
thn efarmog odhgi,n HLS, paréqontac étsi éna kajari kai amerilhpto shmebo anaforc.
Aut h baseline ulopobhsh ebnai aparabthth gia thn axiolighsh opoiasd pote strathgi-
k ¢ beltistopobhshc, kaj,c epitrépei thn posotikopobhsh twn belti, sewn se apidosh

kai apodotikithta pirwn mésw thc sOgkrishc twn beltistopoihménwn sgediasm,n me mia
ulopobhsh qwrbc directives.

| Directive & QOR Metrics Dataset: Gia ton emploutismi tou sunilou dedoménwn
mac, efarmizoume diaforetikoOc sunduasmoOc directives stic jéseic pou epishm njhkan
sto @ kai sth sunégeia pragmatopoioOme sOnjesh mésw tou Vitis HLS. Esti"zoume sta
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pipeline, unroll kai array_partition HLS directives, kaj,c ePnai gnwsti iti égoun

th megalOterh epbdrash sthn apidosh [22,49]. H diadikasPa aut parégei tic antbstoi-
gec metrikéc QoR gia k'je design, sumperilambanomenwn thc apidoshc kai twn posost,n
gr shc pirwn. Ligw tou ter“stiou arijmoQ pijan,n sunduasm,n directives  ° kai thc gro-
nobirac diadikasPac sOnjeshc ulikoO, grhsimopoioOme mia genetik proséggish beltisto-
poPhshc gia thn exereOnhsh tou design space twn directi@®s Sugkekriména, epildoume
ena dipli priblhma beltistopobhshc, dhlad thn elagistopobhsh thc kajustérhshc tou
sgediasmoO kai thc gr shc pirwn, thr,ntac par’lihla touc periorismoOc tou FPGA.

Gia ton skopi auti, axiopoioOme ton algirjmo NSGA-II [40] p'nw api to Vitis HLS,

me meégejoc plhjusmoO 40 con gurations kai sunolik™ 24 geniéc. E™n K'poio con gu-
ration par"gei sgediasmi pou uperbabnei touc diajésimouc pirouc apaiteD mh praktiki
grino sOnjeshc (> 1 ra), qarakthrDzetai wc mh efikt. H parap™nw diadikasPa odh-
geb sth dhmiourgba diaforetik,n parallag,n phgabou k, dika an™ kernel ®), kajemba me
diaforetikoOc sunduasmoQc directives kai tic antDstoigec metrikéc, ipwc h kI"sh efiktith-
tac, to speedup (dhlad o ligoc thc kajusterhshc tou mh beltistopoihménou kernel @
proc thn kajustérhsh thc parallag c), kaj,c kai ta BRAM%, DSP%, FF% kai LUT%

| Dataset Insights: Akolouj ntac thn parap™nw diadikasPa, dhmiourgoOme to teliki

mac sOnolo dedoménwn, to opobPo perilamb™nei perbpou 40;000 instances kai apabthse peris-
siterouc api tésseric m nec gia na oloklhrwjeb. To Sq ma 8 paregei epipléon plhrofo-

rbec sqetik™ me ta qarakthristik™ tou sunilou dedomenwn. Perbpou to 75% twn instancec
ikanopoioOn touc periorismoOc pirwn, gegonic pou eujugrammbzetai me touc stigouc thc
metaeuretik ¢ diadikasPac exereOnhshc. 'Oson afor” to mégejoc twn kernels kai ton a-
rijmi twn directives pou efarmizontai an”™ kernel, parathrebtai shmantik metablhtithta.
Sugkekriména, o arijmic twn tokens kumabnetai api 100 ewc 4,500, en, o arijmic twn
efarmozimenwn #pragmas an” kernel kumabnetai api 1 éwc 48. AxBPzei na shmeiwijeb iti ta
megeéjh aut” ePnai toul"giston mPa t'xh megéjouc megalOtera se sgésh me prohgoOmenec
melétec [34, 38, 58], oi opobec basbzontai ebte se sunjetik™ benchmarks ebte apokleistik
se mikr ¢ kIbmakac benchmark suites (p.q. Machsuite Polybench). Anaforik™ me touc
pirouc-stigouc, parathroOme iti h katanom gr shc twn BRAMs kalOptei oliklhro to

eOroc api 0% © éwc 100%, en, oi upiloipoi piroi emfanBzoun diakum™nseic se gamhlite-

ra epPpeda. ldiabtera, h katanom twn DSPs ePnai sugkentrwmeénh gOrw sto 1%, gegonic
pou upodhl nei iti h pleionithta twn instances ulopoieb arijmhtikéc pr'xeic mésw look-up
tables. Téloc, h katanom tou speedup ektebnetai api el’gisth tim 0:6 eéwc meégisth

50, me di'mesh tim perbpou 3:5.

5Se éna sunthrhtiki sen“rio me 10 jéseic #pragma, 2 diaforetik™ pijan~ #pragmas an” jésh kai 4
diaforetikéc timéc an” #pragma, prokOptoun 10 2" diaforetikoD sunduasmob.

'0loc 0 g,roc mn mhc ulopoiebtai mésw distributed 1-bit registers.

"Fusik® mh efiktéc IOseic ligw routing congestion.
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Sq ma 8.: Perigrafik™ Statistik™ tou Sunilou Dedomenwn
Montelopobhsh HLS se Epbpedo Gl ssac

To Sg ma 9 parousi“zei mia episkiphsh thc proteinimenhc mejodologbac montelopobhshc.
Dedoménou enic phgabou k dika C/C++ me efarmosména sOnola api HLS #pragmas,
stigoc mac ebnai: a) na prosdiorbsoume an o sgediasmic ebnai efiktic, diasfalbzontac
iti kanénac api touc pirouc (QoR metrics) den uperbabnei touc diajésimouc pirouc tou
FPGA, kai b) na probléyoume to speedup thc efarmog c se sOgkrish me thn ékdosh
gwrbc #pragmas, kaj,c kai th gr sh pirwn sth suskeu. To Sq ma 9 parousi“zei e-

pbshc mia episkiphsh thc proteinimenhc mejodologbac, h opoba apotelebtai api dOo basik”
meérh: a) ton tokenizer phgabou k dika kai b) to proteinimeno montelo basisméno se Trans-
former.

Source Code Tokenization

O tokenizer metatrepei ton eisergimeno phgabo k dika C/C++ mazb me ta efarmosmeéena
HLS #pragmas se mia akoloujba api tokens subword units, ta opoPa mporoOn na grhsi-
mopoihjoOn wc ePsodoc gia to montélo Transformer. QrhsimopoioOme ton proekpaideuméno
tokenizer tou CodeBERT [4], o opoboc axiopoieb byte-level Byte-Pair-Encoding, mia te-
gnik tokenization se epPpedo subword pou diasp” to kebmeno se mikriterec upomondec.
Auti epitrépei sta montéla na uposthrBzoun éna meg’lo eOroc glwss, n kai na dhmiour-
goOn éna pio euglikto lexiligio. To p"nw méroc tou Sq matoc 9 parousi“zei éna apli
par"deigma tokenization gia phgabo k,dika me emfwleumeénouc briqouc. 'Opwc fabnetai,
genikob iroi anex’rthtoi gl,ssac metatrépontai se word-level tokens (p.q., for ! 1990),

en, metablhtec kai iroi eidikob gia HLS diasp,ntai se subword tokens (p.g., pr-ag-ma !
4862-1073-1916). WSstiso, to subword tokenization den apoteleb priklhsh gia ta Trans-
formers, kaj,c oi mhganismob positional encoding kai attention mporoOn na sull’boun
apotelesmatik” tic exart seic metaxO twn tokens tiso wc proc to perieqimeno iso kai wc

proc th jésh touc [2]. Epipléon, up’rqoun dOo eidik” tokens sthn arq kai sto téloc tou
phgabou k. dika eisidou, ta opoba upodhl ,.noun thn énarxh akoloujpac (<SOS> ! 0)
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kai to teloc akoloujpac (<EOS>! 2).

Sg ma 9.: Proteinimenh Argitektonik gia to Montélo

Argitektonik tou Montélou

H proteinimenh argitektonik axiopoieb thn argitektonik Transformer Encoder. To tm ma
tou decoder den ebnai sqetiki me touc stigouc palindrimhshc thc ergasbac mac, kaj,c
h basik tou leitourgba ePnai h paragwg akolouji.n. Epipléon, grhsimopoioOntai task-
speci ¢ heads gia th metatrop twn kwdikopoihmenwn garakthristik,n tou phgabou k,dika
stic epijumhtéc metablhtéc pribleyhc. Pio analutik™

| HLS Semantics Encoder: To tm ma auti basbzetai sthn argitektonik tou Encoder

kai apotelebtai api trba mérh: to embedding layer, ton positional encoder kai ton trans-
former encoder. To Embedding layer metatrépei ton tokenized k. dika (0 opobBoc mporeb na
éqei aujabreto m koc) se anaparstash stajeroO megejouc, en, o Positional Encoder pa-
regei plhroforba sqetik™ me th jesh twn tokens sthn akoloujba eisidou. O Transformer
Encoder apoteleb ton basiki pur na tou diktOou kai ePnai upeOjunoc gia thn katanihsh
tou phgabou k,dika HLS kai thn exagwg enhmerwtik, n garakthristik,n pou anaparisto-
On di*forec ptugéc sqetikéc me ta probl mata pribleyhc. O k dikac HLS mporeD na ePnai
idiabtera polOplokoc, perilamb nontac pollapl” #pragmas, doméc brigwn, dhl seic me-
tablht,n klp. O encoder epexerg zetai ton k dika ,ste na sull"bei tic allhlexart seic

pou up“rgoun se autin, sundu”zontac garakthristik™ se epbpedo token (content-based) kai
garakthristik™ jéshc (position-based) gia k’je token thc akoloujpac. Stigoc tou ebnai

na katano sei th sunolik dom kai logik thc efarmog c kai ha exag"gei garakthristik™

pou ebnai shmantik™ gia ta probl mata pribleyhc.
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Sqg ma 10.: Epbdrash tou Loss Function (Arister”) kai thc enswm’™twshc tou speedup head
(Dexi") sthn apodotikithta tou montelou.

| Classi cation Head: To sugkekriméno tm ma montelopoieD éna priblhma duadik c
taxinimhshc, upodeiknOontac an h efarmog mporeD na ektelesteb sto FPGA (feasible
1) iqi (infeasible 0). To feasibility anaféretai sto kat™ piso oi apaitoOmenoi piroi

(p.g. BRAMSs, LUTs k.lp.) thc efarmog ¢ gqwroOn entic twn periorism, n thc suskeu c-

stiqgou. Apotelebtai api éna mean pooling layer akoloujpOmeno api dOo linear layers,
metaxO twn opoPwn paremb’llontai éna ReLU kai éna Dropout layer, ste na sullam-

b nontai mh grammikéc sumperiforéc sta dedoména. To pr,to dhmiourgeP mia sOnoyh sta-
jeroO megejouc api tic akoloujpec garakthristik.n pou par"gei o encoder, en, ta e-
pimena metasghmatbzoun th sugkentrwménh plhroforba sthn telik metablht pribleyhc
(0/1).

| Regression Heads: Ta regression heads ebnai upeOjuna gia thn pribleyh twn prag-
matik,n tim,n twn QoR metrics. Ta heads energopoioOntai mino itan h éxodoc tou
classi cation head ebnai 1, gegonic pou upodhl nei iti o sqediasmic ebnai feasible. Se
aut thn perbptwsh, ta kwdikopoihmeéna garakthristik™ prowjoOntai se k’je task-speci ¢
head, to opobo epexerg-zetai peraitérw thn plhroforba gia na parag™gei thn telik éxo-
do. 'Ola ta heads moir“zontai thn Bdia argitektonik dom me to classi cation head, a-
poteloOmena api éna mean pooling layer akoloujoOmeno api éna linear layer. Sunoli-
k™, up“rgoun pénte diaforetik™ regression heads, kajéna api ta opoba ebnai afierwméno
sthn pribleyh diaforetikoO stigou, dhlad twn Speedup, BRAMs, DSPs, LUTs kai Flip
Flops.

Ulopobhsh kai Ekpabdeush

Qrhsimopoi same to PyTorch gia thn ulopobhsh thc proteinimenhc argitektonik c.

| Learning Rate: AkoloujoOme mia proséggish warm-up kai decay gia to learning
rate, h opoba stajeropoieb ta argik™ st'dia thc ekpabdeushc kai belti,nei thn apido-
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sh twn Transformers [59]. Sugkekrimeéna, xekin ntac api argik tim 2e 4, aux'nou-

me grammik™ to learning rate kat™ th di'rkeia twn pr,twn 10 epochs, prosarmizontac
stadiak™ to montélo sta dedomena ekpabdeushc. Met" th f'sh warm-up, metababnoume
se strathgik learning rate decay, pollaplasi“zontac to learning rate me suntelest

=0:9.

| Loss Function: EkpaideOoume to montélo mac grhsimopoi ntac mia multitask loss
proséggish, ipou sundu”zoume epimérouc loss functions gia K'je task. Sugkekriména,
grhsimopoioOme Binary Cross Entropy (BCE) gia ta probl mata taxinimhshc kai Mean
Squared Error (MSE) gia ta probl mata palindrimhshc. Sqedi"zoume th loss function
,ste na exelbssetai kat™ th di‘rkeia thc ekpabdeushc. Argik™, gia eénan sugkekriméno
arijmi epochs, ila ta tasks suneisféroun isitima sto sunoliki loss. Met™ api aut thn
perbodo, metatopbzoume stadiak™ thn émfash proc to kOrio prediction task. H metatipish
aut kajorbzetai api énan suntelest b’rouc (w), o opoboc aux'netai iso plhsi"zoume
ston sunoliki arijmi epochs. Api ta peir'mat™ mac, diapist,same iti ta 25 epochs apote-
loOn éna sweet spot gia thn prosarmog tou upologismoO thc loss function. To Sq ma 10
(arister”) parousi“zei p,c exelbssetai h apodotikithta tou montéelou kat™ th di“rkeia thc
ekpabdeushc, sugkrbnontac ton tupiki upologismi thc loss function me th dik mac exelis-
simenh proséggish. Kat” ta pr,ta 25 epochs, kai ta dOo sen’ria parousi’zoun sgedin
parimoia apidosh, epitrépontac sto montélo na xekin sei me pio genikéc anaparast’seic
kai na apofOgei to priwro over tting. Met™ api 25 epochs, h exelissimenh loss function
argbzei na uperégei thc tupik ¢ mejidou, epitrépontac sto montélo na esti“zei oloéna kai
perissitero sthn ekm’jhsh task-speci ¢ qarakthristik,n.

Task R?2 MAE

Speedup 0.958 0.84
BRAM 0.960 3.38

DSP 0.923 4.13

FF 0.894 5.05

LUT 0.842 11.7
Feasibility 96.02%

Pbnakac 2.: AkrBbeia an” Prediction Task

| Training Considerations: Ligw thc idiabtera apaithtik ¢ fOshc twn montélwn Trans-

former wc proc touc upologistikoOc pirouc (p.q. baji” LLMs pou apaitoOn dek dec uyh-

I.n epidisewn GPUs gia thn ekpabdeus touc [2,4,47]) kai exaitbac twn periorism_n tou
diajésimou hardware, epiléxame na ekpaideOsoume xeqwrist™ language models gia k’je
regression task. H proséggish aut mac epitrépei na dhmiourg soume ligitero polOploka
montéla pou mporoOn na leitourg soun entic twn periorism_n thc upodom ¢ mac. H sugke-
kriménh diadikasba ekpabdeushc apaiteb perbpou 35GB mn mhc GPU kai perbpou 24 rec
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se mia NVIDIA A100 GPU gia k'je montelo. Téloc, sta peirmat”™ mac parathr same

iti h enswm™twsh probléyewn speedup, anexrthta api to target prediction task, odhgeb
susthmatik™ se kalOterh kwdikopoPhsh thc HLS shmasiologBac, belti,nontac étsi ta apo-
telésmata se ila ta prediction tasks. 'Opwc fabnetai sto Sq ma 10 (dexi’), up“rgei saféc
pleonekthma tou multi-task montélou, ligw twn eggen,n susgetbsewn garakthristik,n
metaxO apidoshc kai pirwn, oi opoPec epitrépoun kalOterh katanihsh twn upokeDmenwn
protOpwn tou k dika.

Sqg ma 11.: Confusion Matrix (Priblhma Taxinimhshc) kai Pragmatikec enanti Problepimenwn
Tim,n gia ta Pente QoR Metrics Stigouc (Priblhma Palindrimhshc)

Peiramatik Axiolighsh

| Model Accuracy: Argik”, axiologoOme thn ikanithta tou montélou mac na problépei

thn ki"sh efiktithtac kai tic metrikéc QoR. Qwrbzoume to sOnolo dedoménwn se dOo upo-
sOnola: 80% gia ekpabdeush/epikOrwsh kai 20% gia élegqo, diasfalDzontac iti to deOtero
perilamb~nei plei"dec phgabou k,dika pragmas pou den emfanbsthkan kat™ thn ekpabdeush.
PragmatopoioOme 4-fold cross-validation sto sOnolo ekpabdeushc/epikOrwshce kai diathro-
Ome to montélo me thn kalOterh apidosh gia th f'sh eléggou. Gia thn palindrimhsh,
exet"zoume tiso to Mean Absolute Error (MAE) pou debqgnei to sflma twn probléyewn

(iso mikritero tiso kalOtero), iso kai ton suntelest prosdiorismoO (R 2), o opoPoc
debgnei piso kal® oi problepimenec timéc proseggbzoun th diakOmansh twn pragmatik n
dedoménwn (iso pio kont™ sto 1 tiso kalOtera).

O Pbnakac 2 parousi“zei tic antbstoigec timéc gia ilouc touc exetazimenouc pur nec,
en, to Sqma 11 parousi'zei ton pPnaka sOgqushc kai th sOgkrish pragmatik,n éna-
nti problepimenwn tim_n gia ta probl mata taxinimhshc kai palindrimhshc, antbstoiga.
'‘Oson afor” thn taxinimhsh, to montélo mac epitugg nei entupwsiak akrbbeia perbpou
96%, axiolog,ntac apotelesmatik™ an éna sqédio mporeb na gwrései stouc diajésimouc
pirouc thc suskeu ¢ stigou. O pPnakac sOgqushc anadeiknOei peraitéerw aut th du-
natithta, kaj,c to pososti twn false negatives ¢ dhlad twn peript,sewn ipou éna

mh efikti sqédio problépetai lanjasmena wc efikti « ebnai mikritero api 0.8%. Auti

to gamhli pososti upodeiknOei thn uyhl axiopistba tou montélou sthn apofug pro-

liv
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Sqg ma 12.: Arister”™: Qrinoc ektéleshc wc proc to m koc tou k,dika. Dexi™: Qrinoc exere-
Onhshc kai epiteugjén speedup enic montélo-kateujunimenou NSGA-II.

bleéyewn pou ja odhgoOsan se mh efikt” sgédia. Gia ta probl mata palindrimhshc, ta
apotelésmata kumabnontai api 0.84 0.96 se Rkai api 0.84 11.7 se MAE. To montélo
parousi“zei uyhl akrbbeia sthn pribleyh thc pragmatik ¢ epit’qunshc kai thc gr shc

BRAMSs, me ta perissitera shmeba na eujugrammbzontai kont”™ sth gramm palindrimhshc

twn 45°. Pariti oi timéc gia DSPs, Flip Flops kai LUTs emfanBzoun megalOterh diaspor”,

oi epidiseic paraménoun uyhléc gwrbc endebxeic susthmatik ¢ upoektbmhshc uperektbmh-
shc.

| Inference Overhead: Sth sunégeia, axiologoOme thn ikanithta tou montélou na
paregei on-the-y prot'seic stouc programmatistec. To Sq ma 12 (arister”) parousi-
“zei ton grino exagwg ¢ sumperasm’twn (inference time) wc proc to m koc thc akolou-
jPac eisidou se tupik™ sust mata upologist,n, dhlad se énan Intel i7-8700K CPU kai
mba NVIDIA GTX-1070 GPU. Gia mikr" m kh akolouji,n (< 400 tokens), tiso h CPU
iso kai h GPU prosféroun grinouc exagwg ¢ sumperasm™twn thc Bdiac t'xhc megejouc
( 10 20 msec), upodeiknOontac iti kai oi dOo platfirmec mporoOn na parégoun pro-
bleyeic se pragmatiki grino. Kaj,c to m koc tou phgabou k dika aux"netai, h gr sh
GPU kajbstatai aparabthth gia th diat rhsh probléyewn se pragmatiki grino, kaj,c
prosférei stajer” grinouc exagwg ¢ sumperasm’twn gOrw sta 10 giliost” tou deutero-
léptou.

| Surrogate Model Approach for DSE: Me b"sh ta parap™nw, to montélo mac e-

Pnai ikani na axiologeb perbpou 100 diaforetikec diamorf,seic #pragma an” deuterilepto.
Prokeiménou na paréqgontai “on-the-y prot'seic, enswmat,same to montélo wc upoka-
t'stato (surrogate) mesa se mba genetik diadikasba beltistopobhshc NSGA-II. Metr same
ton grino thc diadikasPac NSGA-II, upobohjoOmenhc api to montélo mac, gia ton entopi-
smi tou apodotikiterou sqediasmoO wc proc to speedup gia k’je efarmog tou sunilou
dedoménwn phgabou k,dika. To speedup aut,n twn béltistwn sgediasm,n se sqésh me
to Vitis axiolog jhke sth sunégeia qrhsimopoi,ntac to ergalebo HLS. To Sq ma 12 (de-

xi") apeikonbzei to meégisto sunoliki speedup se sqgésh me to proepilegmeno Vitis-HLS,
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to opobo epitugq netai mésa se groniki di"sthma 10 deuteroléptwn (dhlad parimoio me
ton grino pou apaitebtai ste to ChatGPT na apant sei se ena er,thma). Axioshmebwto
ebnai iti akimh kai aut h apl proséggish beltistopobhshc me gr sh montelou ft'nei

se shmebo koresmoO tou speedup se perbpou 5 6 deuterilepta, apodeiknOontac thn a-
potelesmatikitht™ thc sthn parogq gr gorwn kai axiipistwn prot’sewn sgediasmoO se
pragmatiki grino .

Epblogoc

To HLS apoteleb éna isquri ergalebo gia th beltistopobhsh tou sgediasmoO ulikoO mésw
odhgi.n logismikoO, all* antimetwpbzei shmantikéc kajuster seic ligw twn meg’lwn
grinwn sOnjeshc. Ta LLMs dhmiourgoOn néec dunatithtec gia thn anab’jmish thc diadi-
kasbac beltistopobhshc thc HLS apeujebac sto epbpedo tou phgabou k dika. Sthn ergasba
aut, parousi'same mba exeidikeuménh proséggish montelopobhshc se epbpedo gl,ssac,
prosarmosmenh gia HLS. H proseggis mac problepei thn klI"sh efiktithtac kai tic metri-
kéc QoR efarmog,n me diaforetik™ HLS #pragmas. Ta apotelésmata debgnoun akrbbeia
perbpou 96% sthn pribleyh thc ki"shc efiktithtac twn efarmog,n kai meso skor

0:91 se R 2 gia thn pribleyh twn QoR metrik,n, enisqOontac shmantik™ th diadikasbPa
sgediasmoO me HLS.

CollectiveHLS: Mia sunergatik proseggish gia th
beltistopobhsh sgediasmoO sto HLS

Eisagwg

To HLS éqgei ekdhmokratbsei th gr sh twn FPGAs, epitrépontac programmatismi suskeu-

.n uyhloO epipédou kai tagePa prosarmog mikroargitektonik ¢, exalebfontac thn an"gkh
gia polOplokec kai endeqoménwc epirrepebe se sfimata tegnikéc sqedPashc ulikoO pou
basbzontai se exeidikeuménec gl ssec perigraf ¢ ulikoO [20]. To HLS dieukolOnei thn a-
n"ptuxh parégontac mia taqOterh kai pio euélikth diadikasPa, epitrépontac stouc program-
matistéc na kajodhgoOn ton HLS compiler kat™ th sOnjesh kernels mésw thc prosj khc
directives ipwc pipeline, unroll kai array_partition ston phgabo k dika glwss,n

uyhloO epipédou. Ta paradosiak™ algorijmik™ HLS tools epikentr nontai kurBwc sthn
exagwg parallhlismoO api algorijmikéc perigraféc kai ston metasghmatismi tou apote-
lésmatoc se ulopoi seic ulikoO pou leitourgoOn par’lihla [19]. Wc apotélesma, ta HLS

Ivi
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tools epitrépoun stouc sqediastéc na ulopoioOn gr gora diaforetikéc algorijmikéc epilo-
géc, na entopbzoun trade-o s uyhloO epipédou sgetik™ me thn epif'neia kai thn apidosh,
kai na apofeOgoun priwrec beltistopoi seic [21, 60].

Pariti to HLS paréegei uyhlitero epbpedo afabreshc se sqésh me tic gl,ssec perigraf ¢
ulikoO, oi programmatistéc exakoloujoOn na grei“zetai na katanooOn th metfrash ka-
taskeu,n logismikoO compiler se énnoiec ulikoO, ste na beltistopoioOn thn epit"qunsh
efarmog,n mésw FPGA. Auti gbnetai akimh pio dOskolo gia gr stec pou leitourgoOn
se uyhlitera epbpeda thc tegnologik ¢ stobbac kai den ebnai exoikeiwménoi me tic polu-
plokithtec thc sqedPashc ulikoO. Prigmati, h autimath exereOnhsh enic ektetaménou
g,rou sgediasmoO kai mikroargitektonik ¢ apoteleD diark apabthsh sta sOggrona HLS
frameworks [22,23]. Epipléon, h geirokbnhth epilog kat’llhiwn HLS directives apoteleb
exairetik”™ apaithtik diadikasba akimh kai gia émpeirouc sgediastéc. H poluplokith-
ta aut prokOptei kurbwc api a) ton ter’stio g,ro apof°'sewn sgediasmoO kai b) thn
eggen susgétish twn directives me thn upokebmenh arqgitektonik [20]. Kat™ sunépeia, h
elleiyh ergalebwn pou na paregoun gr gora kai autimata beltistopoihménec diamorf, seic
HLS directives apoteleb shmantiki empidio gia thn axiopobhsh thc epit’qunshc FPGA api
sqgediastéc me periorismenh empeirba sto antikebmeno.

Ta teleutaba qgrinia, arketec meletec éqoun diereun sei diaforetikéc mejodologbec gia
thn autimath paragwg beltistopoihménwn diamorf,sewn HLS directives, gnwstéc kai

wc HLS-driven DSE [21]. Oi ergasbec autéc gwrbzontai kurbwc se treic kathgorbec: a)
synthesis-based, b) model-based kai g) knowledge-based proseggbseic. Oi synthesis-based
meéjodoi [22, 61, 62] epikentr,nontai sthn apodotik exereOnhsh tou ¢,rou diamorf sewn
axiolog,ntac €na sOnolo metrik_n Quality of Result (QoR), ipwc o grinoc kajustérhshc

kai h gr sh pirwn, pou prokOptoun api sgédia ta opoPa goun suntejeD mésw HLS tools.
Oi model-based proseggbseic [49,63,64] dhmiourgoOn prognwstik™ montéla gia thn ektbmhsh
twn QoR metrics gwrBbc thn ektelesh twn HLS ows. Idiabtera, ta Graph Neural Networks
(GNN) [25, 55, 58] éqoun apokt sei shmantik dhmotikithta sto performance modeling

ligw thc ikanitht"c touc na apotup,noun metaboléc ston phgabo k dika, sumperilam-
banoménou tou megéjouc, twn domik,n garakthristik,n kai twn optimization directives.
Met" thn apikthsh ektim sewn gia thn apidosh kai th gr sh pirwn, h diadikasba DSE
mporeb na pragmatopoihjeD mésw heuristics, ipwc evolutionary algorithms [65, 66]. Oi
knowledge-based proseggbseic [35, 67] égoun epbshc anadeigjeb me stigo th mebwsh tou
g,rou apof'sewn kai twn dapanhr,n synthesis evaluations gia “gnwstec efarmogec, a-
xiopoi,ntac omoiithtec phgabou k,dika me dh exereunhmeéna sqgédia kai metaférontac ta
directive con gurations pou od ghsan se Pareto-optimal designs proc tic “"gnwstec efar-
mogéc. Wstiso, parathroOme iti oi up“rqousec ereunhtikéc I0seic adunatoOn na parégoun
gr gora idiabtera apodotik™ sgedia, gegonic pou tic kajist™ ligitero prosb”simec se mh
empeirouc sqediastéc.
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Kat™ th gn,mh mac, oi mejodologPec HLS DSE ja prépei na exeligjoOn basizimenec se
treic basikoOc pul .nec, dhlad : a) e ciency: oi proteinimenec odhgPec (directives) na
proseggbzoun tic beltistec diamorf seic; b) fast convergence: oi prot'seic beltistopo-
Phshc na paréqontai mésa se apodekt™ gronik™ plabsia; kai g) interpretability and gen-
eralization: oi mejodologPec na ebnai analOsimec kai epark,c genikeOsimec, sundu“zontac
sullogik gn,sh api pollapléc efarmogeéc, epitrépontac étsi stouc programmatistec na

tic grhsimopoioOn "mesa akimh kai gia "gnwstec efarmogéc. Pariti h apodotikithta anti-
metwpDzetai api prohgoOmenec ereunhtikéc ergasbec [22, 58], oi IOseic autéc sun jwc epi-
kentr,nontai se beltistopoi seic eidikéc gia k'je efarmog , apait,ntac ter"stio arijmi

axiolog sewn sgediasm,n ,ste na kajodhghjeD h exereOnhsh, gegonic pou metafr"zetai

se uyhli leitourgiki kistoc kai megalOtero time-to-market. H statik an’lush twn
garakthristik,n tou phgabou k,dika mporeD na sumb’lei sth gr gorh sOgklish kai sth
genbkeush, parégontac éna profbl ektéleshc miac efarmog ¢ qwrbc na apaitoOntai qro-
nobirec axiolog seic. Parilo pou h pio prisfath ereuna [68, 69] kinebtai proc aut thn
kateOjunsh, periorDzetai se proseggbseic antistoDgishc protOpwn (pattern matching) [35],
basizimenh étsi se amfbdromh ro gn,shc metaxO efarmog,n kai parablépontac ta pijan”
ofélh thc sullogik ¢ diamobrashc plhroforbac.

Aut h anekmet’lleuth dunatithta dhmiourgeb thn prooptik an”ptuxhc proseggbsewn
beltistopobhshc pou axiopoioOn plhroforba api pollapl” prodp rqonta kai dh exereu-
nhména sgedia, ,ste na parégoun gr gora kai autimata beltistopoihménec ulopoi seic.
To kbnhma tou open source [70] sumb’llei epPshc proc aut thn kateOjunsh, kaj,c éqei
aux sei shmantik™ ton arijmi diajesimwn HLS apojethrbwn sto diadbktuo (p.g. GitHub),
kajist,ntac exairetik” eOkolh thn apikthsh kai an“lush sgediasm.n qwrBc periorismo-
Oc. Mejodologbec pou kinoOntai proc aut thn kateOjunsh férnoun thn koinithta éna
b ma pio kont" sto irama thc pl rouc apom krunshc tou programmatist api ton kOklo
beltistopobhshc.

Proc aut thn kateOjunsh, parousi"zoume to CollectiveHLS, éna ierargiki plaBsio belti-
stopobhshc sgediasm,n basisméno se omadopobhsh gia gr goro autimato tuning twn HLS
directives. Se antbjesh me tic up'rqousec tegnikec auto-tuning [23, 25, 58], protebnou-
me éna pl rwc data-driven plabsio beltistopobhshc HLS, to opobo sundu“zei up“rqousa
gn,sh kai dedoména api prohgoumeénwc garakthrisménec efarmogéc ,ste na ex'gei kai
na efarmizei tic pio uposqgimenec diamorf seic odhgi,.n se “gnwstec efarmogéc. Mésw
miac ierargik ¢ strathgik c omadopobhshc, to CollectiveHLS susgetbzei qarakthristik™
uyhloO epipédou tou phgabou k_ dika miac efarmog ¢ me metrikéc QoR gamhloO epipédou
tou ulikoO, me stigo th dhmiourgPa beltistopoi sewn HLS anex’rthtwn api ton program-
matist , mia idéa pou egei dh efarmosteb se beltistopoi seic epipédou metaglwttist
(compiler-level optimizations). Sugkekriména, oi kOriec suneisforéc aut ¢ thc ergasbac
ebnai oi ex c:
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(ap) Dhmiourgba B"shc Gn shc kai Paragwg Katanom, n Pareto-Optimal (bp) An’jesh Odh-
(PO) gi,n

Sqg ma 13.: Episkiphsh thc Proteinimenhc Mejodologbac Beltistopobhshc

~ Parousi"zoume mba komy strathgik ierargik ¢ beltistopobhshc sgediasm,n HLS
basisménh se omadopobhsh (cluster-based hierarchical optimization), h opoba prote-
Pnei kai efarmizei beltistopoihménec odhgbec HLS se opoiad pote gnwst “gnwsth
efarmog , sundu“zontac plhroforBa api pollapléc pro6p rqousec kai dh exereu-
nhmeénec efarmogéc.

~ Enswmat,noume ton proteinimeno beltistopoiht sto Vitis-HLS [71], to pléon sOg-
grono biomhganikoO epipédou ergalebo HLS thc Xilinx, epektebnont’c to me mPa olo-
klhrwmeénh (end-to-end) diadiktuak kai mhdenik ¢ kajustérhshc (zero-delay) I0sh
autimatou suntonismoQ (auto-tuning) gia thn paragwg FPGA sgediasm_n uyhlite-
rhc poiithtac.

~ ApodeiknOoume thn apotelesmatikithta kai thn anjektikithta thc proséggis ¢ mac
meésw ektetaménhc peiramatik ¢ axiolighshc.

To CollectiveHLS epitugg nei mésh gewmetrik epit'qunsh éwc kai 23:1 se sOgkrish

me ton phgabo k. dika gwrbc odhgbec (directives), diathr ntac par’llhla 100% sunjesi-
mithta (synthesizability) kai 96.6% efiktithta (feasibility), posost™ tautishma me aut”

tou Vitis-HLS. Oi sugkrDseic me paradosiakéc proseggbseic DSE basisménec se genetikoOc
algorBjmouc, kaj,c kai me sOgqgronec proseggBseic state-of-the-art, deBgnoun iti to Collec-
tiveHLS par"gei sqediasmoQOc sugkrbsimhc poiithtac kat” méso iro 14:6 tagOtera. Auti
upodhl nei iti h proséggis mac apoteleD mba idiabtera uposgimenh 10sh uper-gr gorhc
kai automatopoihmeénhc beltistopobhshc HLS.
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CollectiveHLS: 'Ena ierarqiki plabsio beltistopobhshc HLS basisméno
se omadopobhsh

To CollectiveHLS automatopoieb thn anagn,rish kai efarmog beltistopoihmenwn odh-
gi.n gia HLS. KOrioc stiqoc tou ePnai h mePwsh thc kajustérhshc twn proteinimenwn
sgediasm,n, diasfalDzontac parllihla iti ikanopoioOntai oi periorismoD pirwn tou FPGA
stigou. To plabsio auti uiojeteD mba data-driven mejodologba, sullégontac kai sundu-
“zontac plhroforbec api efarmogéc pou éqoun dh analujeb. Kat™ sunepeia, oi beltisto-
poi seic pou protebnei prokOptoun apeujePac api istorik™ dedoména kai igi api polOplo-
kec euristikec tegnikec montela QoR. To CollectiveHLS perilamb™nei tésseric basikec
f°seic, ipwc parousi“zontai sta Sq mata 13 kai 16: A) h f'sh Knowledge Base Forma-

tion stogeOei ston garakthrismi twn dom,n phgaPou k,dika pou sgetBzontai me odhgbec
HLS, kaj,c kai sth sullog metrik,n QoR gia diaforetikoOc sunduasmoOc odhgi.n se

k'je exetazimenh efarmog , jétontac th b"sh p“nw sthn opoba kataskeu“zetai h strath-

gik beltistopobhshc; B) h f'sh Cluster-level Pareto Optimal Distributions omadopoieb
efarmogéc me parimoiec doméc k,dika kai pragmatopoieb statistik an“lush p"nw stouc
Pareto-optimal sqediasmoOc k’je omdac; G) h f’sh Compile-time Directives Assignment
perigr-fei ton tripo me ton opobo par"gontai oi proteinimenec odhgbec, basisménec sth
statistik an”lush, gia "gnhwstec efarmogéc; kai D) h f'sh Re-proposing Directives
antimetwpBbzei peript seic ipou to CollectiveHLS par"gei mh efiktoOc sgediasmoOc, pa-
regontac plhroforbec sgetik™ me th diadikasba epPlushc tou probl matoc. Oi tésseric
autéc f'seic analOontai diexodik™ stic epimenec enithtec.

Sghmatismic thc B shc Gn,shc

F’sh A. An’lush Phgabou K, dika basisménh se Compiler: Se aut th f'sh, entopbzou-
me kai ex"goume antiproswpeutik™ qarakthristik™ gia kajemba api tic N efarmogéc pou
apoteloOn th b’sh gn shc mac. Sugkekriména, antistoigbzoume k'je efarmog se éna
di"nusma garakthristik.n stajeroO megejouc, apotup nontac garakthristik™ uyhloO e-
pipédou apeujebac api ton phgabo thc k dika. K'je di"nusma garakthristik. n sundu”zei
tiso domik™ stoigePa (p.g. megejh diast'sewn pin"kwn) iso kai upologistik plhrofo-
rba (p.q. loop trip-counts). To plabsio entopbzei ila ta pijan™ action points mésa stic
efarmogéc thc b"shc gn,shc. 'Ena action point antistoigeb se mba sugkekrimenh jesh
ston phgabo k,dika ipou mporeb na efarmosteb mba odhgba HLS ipwc pipeline, unroll
array partition. Gia thn an’lush tou phgabou k. dika kai ton entopismi aut,n twn
shmebwn beltistopoPhshc (gnwst n kai wc optimization points), grhsimopoioOme stoigeDa
thc ergaleioj khc LLVM, sumperilambanomeénou tou libclang [72], to opobo leitourgeb
wc C library front-end gia ton metaglwttist clang/clang++. 'Enac analut ¢ phgabou
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k. dika (@) diasgbzei to Abstract Syntax Tree (AST) pou par'getai api ton k dika,
entopbzontac brigouc (loops) kai dhl,seic pin"kwn (array declarations). Gia th dieu-
kilunsh tou entopismoO twn action points, prostbjentai etikétec (labels) se k’je shmebo.
Met" ton entopismi twn jésewn aut,n, o phgaboc k,dikac metaglwttbzetai se LLVM IR,
mba endi"mesh gl ssa assembly tOpou Static Single Assignment (SSA) pou grhsimopoie-
btai eswterik™ api to LLVM. Kat™ th dirkeia autoO tou stadBou efarmizontai tupikéc
beltistopoi seic metaglwttist mésw tou ergalebou opt tou LLVM, ipwc constant fold-
ing/propagation, instruction combining kai function inlining, en, to pérasma an’lushc
Scalar Evolution parakoloujeb tic allagéc stic metablhtéc elégqou twn brigwn. AfoO
oloklhrwjoOn oi beltistopoi seic, ta prosarmosmeéna LLVM passes mac (@) diatreqoun
to IR ,ste na entopbsoun ta loop trip-counts, tic leptoméreiec emf leushc kai ton akrib
arijmi entol,n.

DianOsmata qarakthristik,n epipédou phgabou k dika: H plhroforDa pou exgetai api

ton phgabo k,dika mésw tou LLVM apoteleD th bsh gia th dhmiourgBa enic dianOsmatoc
garakthristik_n pou perigr-fei k'je efarmog . Pariti oi sOgqgronec ergaleioj kec meta-

glwttist.n paréqoun ektetaménh plhroforba sgetik™ me exart seic mn mhc kai dedoménwn,

h émfash thc proséggis ¢ mac parameénei se garakthristik™ pou apotup,noun apotelesma-
tik™ parimoiec domec phgabou k,dika se efarmogec HLS, me idiabterh emfash stouc pbnakec
mn mhc kai stic doméc brigwn. H estbash se doméc pin“kwn kai brigwn eujugrammbzetai
me prohgoOmenh éreuna [35], kaj.c ta stoigePa aut” éqoun shmantik epBdrash sthn a-
pidosh efarmog,n HLS. 'Ena di"nusma qarakthristik,n organ netai se trba merh: a) th

dom pin“kwn (array structure), b) th dom brigwn (loop structure), kai g) arijmhtikéc

kai pr'xeic mn mhc (arithmetic and memory operations) pou ex"gontai mesw tou LLVM.
Gia ton orismi thc dom ¢ tou dianOsmatoc garakthristik,n, prépei na kajoristoOn: a) o
meégistoc arijmic diast"sewn pin“kwn, b) o mégistoc arijmic pin“kwn an” efarmog , g) o
megistoc arijmic dom_ n brigwn se mba efarmog , d) to mégisto epPpedo emf leushc se
mba dom brigou, €) o megistoc arijmic brigwn se k'je epbpedo emf leushc, kai st) o
arijmic arijmhtik, n kai prxewn mn mhc. 'Estw iti to D anaparist™ ton mégisto arijmi
diast’sewn pin“kwn kai to A ton megisto arijmi pin“kwn. Epipleon, estw iti to L sum-
bolbzei ton mégisto arijmi dom n brigwn, to M to mégisto epPpedo emf leushc se mba
dom brigou, Kai to L nestingLevel (i) ton meégisto arijmi brigwn sto epPpedo emf leushc

i. Oi timéc autéc kajorbzontai mésw an’lushc twn N efarmog,n tou sunilou dedoménwn
mac. Teloc, éstw iti to O antistoigeb ston arijmi arijmhtik,n kai mnhmonik,n prxe-

wn. Orbzoume to di"nusma garakthristik n tou phgabou k,dika gia thn efarmog k, ipou

Vk = [Vikyi Vio s Vikas o505 Vi ] 1)
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ipou:

XM .
S=A D+ L NestingLevel (j) + O (2)
i=1 j=1

Gia tic timéc y, lamb™noume upiyh to megejoc k’je sugkekriménhc di"stashc twn pin“kwn,
to trip-count twn brigwn, kaj,c kai tic emfanbseic kje sugkekriménhc arijmhtik ¢ kai
mnhmonik ¢ prxhc. Kat™ th diageBrish pin"kwn me ligiterec diast’seic api to megisto
epitrepti pl joc, grhsimopoiebtai énac eidikic anagnwristikic debkthc (identi er) ,ste na

dhl netai h apousba thc antbstoighc di"stashc. Antbstoiga, h Bdia proséggish efarmize-
tai kai se efarmogec pou den diajétoun ton megisto arijmi pin“kwn, brigwn epipédwn
emf, leushc.

F"sh B. Sqoliasmic Odhgi,n kai Metrik,.n QoR: Se aut th f'sh esti"zoume sth sul-

log dedoménwn, sugkekriména sthn apikthsh metrik,n QoR gia efarmogéc pou upikeintai

se diaforetikéc odhgbec HLS. H gn,sh aut apoteleb th b"sh thc sunergatik ¢ mac pro-
séggishc, kaj,c h pritash odhgi,n sth F°'sh D basbzetai ex olokl rou sth statistik

an’lush aut,n twn dedoménwn. Pariti h F'sh B perigr'fei mba automatopoihménh diadika-
sba sullog ¢ dedoménwn QoR kai sqetik,n me tic odhgbec plhrofori,n api tic efarmogéc
mac, ebnai shmantiki na shmeiwjeb iti h b"sh gn ,shc mporeb epbshc na enswmat, nei hand-
optimized sgediasmoOc pou égoun dh upoblhjeb se sOnjesh. AfoO entopistoOn ta shmeba
parembashc (action points) se K'je kernel kat” th F'sh A, efarmizoume di*forec odhgbec

se k'je tétoio shmebo kai ekteloOme sOnjesh ste na exag"goume thn kajustérhsh (se
kOklouc rologioQ) kai tic metrikéc perioq ¢ (area metrics) ipwc BRAM%, DSP%, FF%

kai LUT%.

Dedomeénou tou ter’stiou g,rou sqediasmoO, grhsimopoioOme mia genetik proseéggish bel-

tistopobhshc @) gia thn apodotik exereOnhsh tou g,rou diamirfwshc twn odhgi,n kai

th sOgklish proc beltistec I0seic. H proséggish aut epilOei éna dipli priblhma belti-
stopobhshc, dhlad thn elagistopobhsh tiso thc kajustérhshc iso kai thc gr shc pirwn,
lambnontac upiyh touc periorismoOc pirwn tou stogeuménou FPGA. H mejodologPa aut
par"gei mPa proséggish twn Pareto optimal IOsewn gia k’je efarmog , ipou k’je 10sh
antistoigeD se diaforetikoOc sunduasmoOc odhgi.n gia k™poia ila ta shmeba parémbashc,
apotup,nontac to sumbibasmi metaxO apidoshc kai gr shc pirwn. Gia thn exereOnhsh tou
q.rou IOsewn grhsimopoioOme ton algirijmo NSGA-II [40], ulopoihméno mésw thc biblio-
j khc PyMOO [41], o opoboc ebnai gnwstic gia thn ikanitht” tou na parak™mptei topik™
béltista kai na sugklPnei gr gora se apodotikéc [Oseic. O NSGA-II ePnai énac exelikti-
kic algirijmoc pou leitourgeb se diadogikéc geniec, metaférontac elbt diamorf,seic api
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th mba geni” sthn epimenh. Sto diki mac sen’rio, kje geni” perilamb™nei ta ex ¢ b ma-
ta: a) argikopobhsh tou plhjusmoO diamorf sewn, b) efarmog k’je diamirfwshc ston

phgabo k dika mésw enic metaglwttist phgabou se phgaE@) kai ektelesh sOnjeshc

gia to stogeumeno FPGA mesw tou Xilinx Vitis, kai g) trofodithsh twn apotelesm™twn
sOnjeshc ston NSGA-II gia th dhmiourgba thc epimenhc geni“c diamorf,sewn. E'n mba
sugkekriménh diamirfwsh odhgi.n odhgeb se sqediasmi pou uperbabnei touc diajesimouc
pirouc apaiteD mh praktiki grino gia th diadikasba HLS (p.q. 1 ,ra), garakthrbzetai

wc mh efikt (infeasible). Sunolik”, orBzoume mégejoc plhjusmoO 40 diamorf,sewn Kai
sunolik™ 24 geniec. Epipléon, rujmbzoume ton genetiki algirijmo grhsimopoi, ntac ton te-

lest tugabac deigmatolhybac gia epilog kai argikopobhsh, ton telest simulated binary
crossover gia diastaOrwsh kai ton poluwnumiki telest (polynomial mutation) gia met’l-

laxh. 'Oloi oi telestéc rujmbzontai me tic proepilegmeénec paramétrouc thc biblioj khc.
Sugkekriména, gia ton telest tugabac deigmatolhybac orbzoume pijanithta metllaxhc
(prob) 0.1. O telest ¢ tugabac epilog ¢ den apaiteD paramétrouc. Gia ton telest simu-
lated binary crossover orbzoume pijanithta diastaOrwshc (prob) 1.0, diasfalbzontac iti

h diastaOrwsh efarmizetai p™nta, kai grhsimopoioOme debkth katanom ¢ (eta) Bso me 15,
,ste na isorropeb h poikilba kai h omoiithta twn apoginwn me touc gonebc. Téloc, gia ton
telest polynomial mutation orbzoume debkth katanom c (eta) Bso me 20, epitrépontac
eleggimeno eOroc metall"xewn pou par"goun apoginouc kont™ stouc gonebc, diathr ntac
par-llihla thn poikilomorfba.

F'sh G. Katanoméc beéltistwn |IOsewn Pareto se epPpedo sust'dwn

To CollectiveHLS uiojeteb mia proseggish basismenh se clustering gia na protebnei kai na
efarmizei diaforetik™ directives gia k“je action point. H basik idéa ebnai iti k,dikec pou
parousi’zoun parimoia dom (ipwc apotup,netai api ta Bdia feature vectors) tebnoun na
emfanbzoun koin™ garakthristik™ kai, kat™ sunépeia, na antapokrbnontai me parimoio tripo
sta Bdia directives, eujugrammizimenoi me th strathgik beltistopobhshc pou protebnetai

api touc Ferretti et al. [35]. QrhsimopoioOme énan algirijmo clustering@, ipou h a-
njesh diaforetik n efarmog,n se clusters kajorbzetai api ta stajeroO megejouc feature

vectors touc, ipwc aut” prokOptoun api th F'sh A. Gia thn epit"qunsh thc sOgklishc tou
algorbjmou, efarmizoume feature vector normalization, afair ,ntac ton méso iro kai kli-
mak,nontac sth monadiaBa diakOmansh. Auti to b ma proepexergasPac ulopoieDtai mésw
thc biblioj khc Scikit Learn [73]. Epipléon, grhsimopoioOme ton algirijmo An’lushc

KOriwn Sunistws,n @ gia th mebPwsh thc diastatikithtac. Apeikonbzoume to cumulative
explained variance ratio wc proc ton arijmi twn kOriwn sunistws,n kai entopPzoume to sh-
mebo agk,na, ipou h prosj kh epipléon sunistws,.n odhgeb se meiwména ofélh [74]. Sthn
perbptws mac, h tim aut prosdiorbsthke stic 30 sunist,sec, epitugq nontac ajroistik

Ixii



Brief Description of the Proposed Frameworks in Greek

Sg ma 14.: Istogrymmata twn Action Points  Sq ma 15.: Istogrymmata twn Action Points
api to Cluster A api to Cluster B

exhgoOmenh diakOmansh Bsh me 0.976.

Katanom directives an” cluster: Met” thn an”jesh twn clusters, to CollectiveHLS emplou-
tbzei k'je cluster me plhroforbec sqetikéc me ta QoR kai ta directives. Sugkekriména, gia
k'je efarmog meésa se éna cluster, to plabsio sulleégei tic sugkekriménec diamorf,seic
pou od ghsan se mia IOsh Pareto Optimal (PO) (F'sh B). Autéc oi diamorf,seic mporeD
na diaféroun wc proc tic directives pou efarmizontai se k'je action point. Kat™ su-
népeia, h diadikasba aut par"gei mia katanom twn Pareto Optimal directives an” action
point, h opoPa perilambnei ilec tic diaforetikéc directives api ilec tic PO 10seic ilwn

twn efarmog,n gia to sugkekrimeno shmeD@. 'Estw C to sOnolo twn clusters pou
égoun dhmiourghjeb kai AP to sOnolo twn action points. Upojétoume iti gia to clus-
ter ¢, h parap™nw katanom apotelebtai api Nrtgg sShmeba. Gia éna dosméno action point
ap, éstw DR,y to sOnolo twn Pareto Optimal directives pou efarmizontai se auti to
shmebo, kai d 2 DRy mia directive h opoba emfanbzetg fdrec. OrbBzoume thn pija-
nithta efarmog c¢ thc directive d sto action point ap sto cluster ¢ ipwc fabnetai sthn
ExPswsh 3.

P(d;apic) = ©

Total

Me b”sh autin ton orismi, to CollectiveHLS kataskeuzei istigramma directives gia k’je
action point kai cluster, to opobo apeikonbzei thn pijanithta qr shc miac sugkekriménhc

directive sth sugkekriménh jésh tou phgabou k,dika@. Ta Sg mata 14 kai 15 parousi-
“zoun ta istogr'rmmata directives pou par"gei to CollectiveHLS gia éna array action point
kai éna loop action point se dOo diaforetik™ clusters. To pr,to kai to trbto di"gramma
antistoiqoOn sto array action point, en, to deOtero kai to tétarto sto loop action point.
Sto array action point, h kuklik kat'tmhsh me par"gonta 16 sth deOterh di"stash éqei
th megalOterh pijanithta sto cluster A (0:43), en, h kuklik kattmhsh me par"gonta

4 sthn pr.th di"stash égei th megalOterh pijanithta sto cluster B (0:25). Gia to loop
action point, to pipelining égei th megalOterh pijanithta sto cluster A (0:28), en, to loop
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unrolling me par"gonta 2 égei th megalOterh pijanithta sto cluster B (0:38). Parath-
r.ntac pio prosektik™ to array action point, diapist, netai iti Bdiec directives emfanbzoun
diaforetikéc pijanithtec metaxO twn clusters. Gia par"deigma, h pl rhc kat"tmhsh (com-
plete partitioning) sth di"stash 2 éqei pijanithta 0:16 sto cluster A kai 0:09 sto cluster

B. Epipleon, orismeéenec directives emfanbzontai mino se éna cluster kai kajilou sto “llo-

*h kuklik kat'tmhsh me par"gonta 16 sth di"stash 2 efarmizetai sto cluster A all®

igi sto cluster B. Parimoiec t"seic parathroOntai kai gia to loop action point metaxO twn
dOo clusters. Sunoybzontac, h diaforopoPhsh tou phgabou k dika metaxO diaforetik,n
clusters odhgeb se diaforetikéc directives kai diaforetikec timéc pijanot twn, akimh kai
gia to Bdio akrib,c action point.

F'sh D. An“jesh directives kat™ th di“rkeia metagl,ttishc

Sth f'sh compile-time directives assignment, to CollectiveHLS beltistopoieb tic eiser-
gimenec efarmogéc protebnontac autimata directives gia k’je entopisméno action point.
To Sg ma 13bp parousi“zei mia episkiphsh twn bhm“twn pou empléekontai. Arqik”, to
plabsio lamb™nei wc ebPsodo ton phgabo k. dika thc efarmog ¢ proc beltistopobhsh. Sto
pr.to b ma, o parser tou phgabou k,dika ex"gei tic aparabthtec plhroforbec gia thn peri-

graf thc efarmog c @ kai par"gei to feature vector thc, ipwc perigr-fhke sth F'sh

A. E"n mia "gnwsth efarmog mporeb na perigrafeb api to up“rqon feature vector, tite

h pr,th dom brigou thc antistoigbzetai me thn pr,th dom brigou thc anapar”stashc,

h deOterh me th deOterh k.o.k. 'Oson afor” ta array action points, oi pPnakec thc “gnw-
sthc efarmog ¢ taxinomoOntai se fijPnousa seir” wc proc to mégejoc. O megalOteroc
pPnakac antistoigbzetai sto pr,to array action point thc anapar“stashc, to deOtero me-
galOtero sto deQtero k.o.k. Gia efarmogéc pou apokiPnoun api aut thn anaparstash,
tugin epipléon action points agnooOntai kat™ th F'sh D. Wstiso, h prosj kh miac néac
efarmog c sth b"sh gn,shc mporeb na pragmatopoihjeD me apléc prosarmogéc sthn ana-
par”stash tou k,dika, gwrbc na apaitebtai epanekpabdeush gia tic dh gnwstéc efarmogéc,
ipwc perigr-fetai sth F'sh B.

Sth sunégeia, me b"sh auti, h efarmog antistoigbzetai se éna sugkekriméno cIust@,
ipwc égei dhmiourghjeb sth F'sh G. Me b’sh ta istogrrmmata tou cluster, to Collec-
tiveHLS protePnei to directive me th megalOterh pijanithta gia k'je action point, upi thn
prodpijesh iti h pijanithta uperbabnei éna prokajorisméno kat,fli, gnwsti wc Prob-

ability Threshold. AxioshmebPwto ePnai iti h aOxhsh tou Probability Threshold odhgeb se
ligitera proteinimena directives kai sunep,c se pio apl” kai pio eOkola ulopoi sima de-
signs. Antbjeta, h mh gr sh beltistopoi sewn mporeb na odhg sei se upobeltisth apido-

sh. AfoO protajoOn ta directives, o metaglwttist ¢ source-to-source @ tic enswmat,nei
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Sg ma 16.: Leitourgba Epanapritashc Directives

ston argiki phgaPo k, dika kai par"gei thn beltistopoihmeénh ékdosh. Sthn paroOsa ékdo-

sh, to CollectiveHLS den lamb™nei upiyh ta sugkekriména pritupa prisbashc sth mn mh

twn efarmog,n gia th dhmiourgba thc béltisthc ierargbac mn mhc. Wstiso, o periorismic
autic mporeP na antimetwpisteD me thn enswm’twsh thc 1Oshc pou protebnoun oi Wang
et al. [75]. Téloc, to beltistopoihmeno design suntbjetai gia to stogeuméeno FPGA sth
zhtoOmenh sugnithta kai paradbdetai ston teliki gr sth.

F'sh E. Epanapritash twn Directives

Pariti h strathgik beltistopoPBhshc pou grhsimopoieb to CollectiveHLS prosférei sh-
mantik™ ofelh apidoshc, uprgei h pijanithta na odhg sei se sgédia pou apaitoOn peris-
siterouc pirouc api autoOc pou ePnai diajésimoi sto stogeuméno FPGA, akimh kai na
apotOgei sth dhmiourgba miac sunjésimhc IOshc. Se tétoiec peript,seic, to CollectiveHLS
grhsimopoieD mia kleistoO brigou (closed-loop) strathgik epanapritashc directives, ,ste
na paragjeD mia efikt 10sh. To Sq ma 16 parousi“zei mia episkiphsh thc proteinimenhc
proséggishc. To arqiki b ma thc mejodologbac perilamb™nei thn axiolighsh twn metri-
k.n gr shc pirwn, sumperilambanomenwn twn BRAM%, DSP%, FF% kai LUT%, ,ste
na diapistwjeb an uperbabnoun touc diajésimouc pirouc tou FPGA. Efison den up“rgoun
parabi“seic pirwn, to beltistopoihméno design parégetai apeujebac ston gr sth. Wstiso,

an entopistoOn parabi’seic, prosdiorDzetai o sugkekriménoc piroc pou parabiAzet@.
Se peript,seic ipou parabi“zontai pollaplob piroi, dbnetai proteraiithta ston piro me
th megalOterh upérbash.

To epimeno b ma afor” ton entopismi tou action point kai, sunep,c, tou directive pou

eujOnetai gia thn parabBash pirwn, to opobPo sumbolbzetai @ Orbzoume mia sun’r-
thsh pou posotikopoieb thn epbdrash enic directive se mia sugkekrimenh metrik QoR wc
ex C:

Impactoer : C AP DR!R 4)
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Gia na posotikopoi soume thn epbdrash thc directive d sto action point ap sto clus-
ter ¢, diaqwrbzoume thn katanom twn Pareto-optimal [Osewn se dOo sOnolag..Qh,
pou perilamb™nei designs pou grhsimopoioOn th directive d sto ap, kai Qp;:d » PoU
perilamb™nei designs qwrbc th sugkekriménh directive sto Bdio action point. Sth su-
négeia, efarmizoume statistik an’lush kai sta dOo sOnola gia na upologDsoume th
di'meso twn metrik,.n QoR mésw thc sun’rthshc Mediangor. H epBdrash orbzetai wc
ex c:

ImpaCthR (c;ap; d) = Mediangor (Qc;ap;a) Median qor (Qc:ap:d ) (5)

H logik pbsw api aut thn proseggish ebnai iti directives me uyhl epbdrash se mia metrik
QoR, ipwc h kajustérhsh, itan den efarmizontai, odhgoOn se shmantik epidePnwsh thc

antbstoighc metrik c. 'Estw V R 0 parabiasmenoc piroc pou entopBbsthke st@. Tite
entopbzoume to action point kai th directive me th megisth epbdrash sto VR mésw thc
Exbswshc 6:

(ap ;d ) =arg apZAII;r;\(jaZ)I(D R Impact,, r(c; ap; d) (6)

Se auti to stdio, to CollectiveHLS égei entopBsei th directive me th megalOterh epPdrash
stouc parabiasménouc pirouc kai to epimeno b ma ebnai h pritash enallaktik ¢ directive

gia kK'je perbptwsh @ Sugkekriména, gia to action point me th megalOterh epBdrash,
entopbzetai to sOnolo [, to opobo perilamb™nei ilec tic directives me mikriterh epPdrash
api thn treqousa, ipwc fabnetai sthn Exbswsh 7:

D%=1fd 2D ,pjImpacty g(c;ap ;d) < Impact  g(c;ap ;d )g (7)

Me dedomeno iti stigoc tou CollectiveHLS ebnai h gr gorh paragwg apodotik,n designs,
epilégetai api auti to sOnolo h directive me th mikriterh epBdrash sto latency, ipwc
orbzetai sthn Exbswsh 8:

d’=arg rc}qzigolmpactLatency (c;ap ;d) (8)

Oi neec directives efarmizontai ston argiki phgabo k. dika kai akoloujeb nea fsh synthe-
sis@, me groniki irio. H diadikasba aut epanalamb™netai éwc itou to paragimeno design
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ikanopoieb touc diajésimouc pirouc tou FPGA. H epilog thc proséggishc tropopobhshc
enic directive k'je for™ parégei megalOtero élegqo stic allagéc tou beltistopoihménou
sqedbou. Se perbptwsh pou to teliki design paramenei mh efikti, gbnetai epanafor” sthn
arqgik ékdosh tou k, dika qwrbc directives, axiopoi,ntac tic proepilegménec beltistopoi-
seic tou Vitis.

Peiramatik Axiolighsh

Gia na apodebxoume kai na epikur,soume th biwsimithta tou CollectiveHLS, kataskeu"same
éna ektenéc sOnolo dedoménwn efarmog,n HLS. To sOnolo auti apoteleBtai api sunjési-
mec efarmogéc grammeénec se C/C++, proergimenec api kajierwména HLS benchmark
suites thc ereunhtik ¢ koinithtac, ipwc ta Rodinia [43,44] kai Machsuite [42], kaj,c kai

api dhmisia diajésima apojet ria HLS sto GitHub. Sugkekriména, analOoume 56 efar-
mogéc pou kalOptoun diaforetik™ pedba, sumperilambanoménwn efarmog,n Digital Signal
Processing (DSP), Machine Learning (ML) kai High-Performance Computing (HPC). Gia
thn an’lush tou phgabou k dika grhsimopoi same to LLVM (v14.0.5), en, gia th sOnjesh

twn efarmog,n tou sunilou dedoménwn axiopoi same to Xilinx Vitis HLS (v2021.1). Wc
arqgitektonik anafor’c epilegjhke to Xilinx Zynq UltraScale+ MPSoC ZCU104 FPGA,

to opobo leitourgeD se sugnithta rologioO 300 MHz.

SOgkrish me diaforetikéc strathgikéc beltistopobhshc

Met™ ton kajorismi twn beltistwn paramétrwn gia to CollectiveHLS, sugkrbnoume ta
sqgediastik™ apotelésmata pou epitugq nontai api th mejodologba beltistopobhs ¢ mac
(qwrbc to garakthristiki re-proposing) me: a) ton sqgediasmi pou prokOptei api gei-
rokPbnhth beltistopoPhsh api touc dhmiourgoOc twn benchmark suites, p.q. Machsuite
(Tuned), b) ton sgediasmi pou prokOptei itan efarmizontai odhgbec pou odhgoOn sth
meégisth axiopoBhsh pirwn (MAX), g) ton sgediasmi pou beltistopoiePtai mésw miac sOg-
gronhc mejidou basisménhc sth gn,sh [35] (KBOpt), kai d) ton sqediasmi me thn el"gisth
kajustérhsh pou epitugqg netai mésw exereOnhshc tou sqgediastikoO g,rou basisménhc se
NSGA-Il (GenOpt). Sto Sqma 17, parousi"zoume a) th gewmetrik meésh epit’qunsh
(geometric mean speedup), b) tic katanoméc epit'qunshc thc kajustérhshc sgediasmoO
(design latency speedup), g) tic katanomeéc tou grinou exagwg ¢ prot'sewn (inference
latency), dhlad tou grinou pou apaitebtai gia thn parog thc pritashc odhgi,n mazb me
th sOnjesh tou pur na, kai d) tic kanonikopoihménec katanoméc apodotikithtac pirwn twn
BRAM%, DSP%, FF% kai LUT% gia k’je proséggish beltistopobhshc se sOgkrish me

to Vitis. Orbzoume thn kanonikopoihménh apodotikithta pirwn (Normalized Resource E -
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ciency) thc metrik ¢ axiopobhshc pirwn x gia thn proséggish beltistopobhshc y, ipou x 2
fBRAM%; DSP %; FF%,; LUT %qg kaiy 2 fT uned; Max; KBOpt; GenOpt; CollectiveHLSg,
grhsimopoi,ntac thn Exbswsh 9.

. . X "
Normalized Resource E ciencyy, = \)/('t's )
y

Kaj ilh th di'rkeia thc axiolighshc, grhsimopoioOme ton gewmetriki méso wc métro
.ste na IhfjoOn upiyh oi diaforopoi seic stic timéc epit"’qunshc metaxO diaforetik,n
efarmog,n kai na metriasteb h epbdrash akrabwn tim_n (outliers) [76]. Epipléon, to sq ma
perilamb~nei kai ta posost™ sunjesimithtac (synthesizability) kai efiktithtac (feasibil-

ity).

H proteinimenh mejodologba beltistopobhshc epitugg™nei gewmetrik mésh epit"qunsh
12:3, me thn katanom thc epit’qunshc na parousi“zei di'mesh tim 22.3 kai endotetar-
thmoriaki eOroc (interquartile range) 38.7. H katanom tou grinou exagwg ¢ prot’sewn
(inference latency) kumabnetai api 30 deuterilepta éwc 1 ,ra, me mesh tim 32 lept”. De-
domeénou iti h dhmiourgba tou dianOsmatoc garakthristik_n (feature vector) apaiteb 2.1 sec,
h an”jesh se sust’da (cluster assignment) 420 msec, h paragwg odhgi,n (directive gen-
eration) 310 msec kai h efarmog odhgi,n (directive application) 100 msec, ePnai profanéc
iti o grinoc sOnjeshc (synthesis time) apoteleb ton kOrio par"gonta pou sumb’llei ston
sunoliki grino exagwg ¢ prot’sewn. Gia tic metrikec DSP%, FF% kai LUT%, oi puknéc
katanoméc gOrw api thn tim 1.0 upodeiknOoun iti to CollectiveHLS parégei sgediasmoOc
me axiopobhsh pirwn parimoia me ekebnh thc basik ¢ proséggishc Vitis. Axioshmebwto ebnai
iti h katanom tou BRAM% emfanbzei el"qgisth/megisth tim 0.13/31 kai mésh tim 3.8,
gegonic pou upodhl nei iti to CollectiveHLS apaiteb mikriterh axiopobhsh BRAM% se
sqésh me th basik proséggish Vitis. Wstiso, to pososti sunjesimithtac (synthesiz-
ability) anérgetai se 53.45%, antanakl ntac th sunolik fOsh thc an“jeshc odhgi n tou
CollectiveHLS, h opoba sterebtai leptomeroOc prosarmog ¢ ( ne-tuning). To pososti
efiktithtac (feasibility) ft'nei to 87%.

To CollectiveHLS epitugg™nei gewmetrik meésh epit"qunsh kat™ 7.9, 3.1 kai 1.58
uyhliterh se sOgkrish me tic basikéc proseggbseic Tuned, MAX kai KBOpt, antbstoi-

ga. H proséggis mac upertereb akimh kai twn geirokbnhta beltistopoihménwn sgediasm_n
twn benchmark suites, kti pou apodbdetai sth sgetik™ prisfath diajesimithta thc pro-
epilegménhc shmabac beltistopobhshc tou Vitis, h opoba eis gjh met” th dhmosbeush twn
sugkekriménwn benchmark suites. H epbdrash thc proepilegménhc beltistopobhshc tou
VitisHLS analOetai sthn epimenh enithta. To CollectiveHLS upertereD epBshc énanti thc
uper-désmeushc pirwn (over-provisioning), apodeiknOontac iti h gr sh afel n tegnik,n
(oblivious techniques) den mporeb na egguhjeb uyhl apidosh. Se sOgkrish me sOgqronec
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Sq ma 17.: Axiolighsh LOT tou CollectiveHLS

tegnikec basisménec sth gn,sh (knowledge-based techniques), h proséggis mac xeqwrbzei
kaj,c pragmatopoieD beltistopoPhsh basismeénh se pollapléc efarmogéc, anadeiknOontac
ta ofélh thc sunergatik ¢ antallag ¢ plhroforbac (collaborative information sharing).

Pariti h gewmetrik mésh epit°quns tou ePnai 1.5 gambhliterh api to GenOpt, h sOgkri-

sh twn katanom_n epit"qunshc thc kajustérhshc sqediasmoO debqgnei iti to CollectiveHLS
diajétei 1.4 uyhliterh di"mesh tim epit"qunshc kai 1.25 mikritero endotetarthmoria-

ki eOroc, gegonic pou upodeiknOei parimoiec katanoméc. Kat™ méso iro, h proséggis
mac apaiteb 10:3 kai 29:1 ligitero grino gia na protebnei énan beltistopoihméno sge-
diasmi, anadeiknOontac ton exairetik™ gr goro garakt ra thc. To CollectiveHLS apaiteD
kat” méso iro 12:3 kai 1:33 perissitero grino gia na paréqei ton beltistopoihméeno
sgediasmi se sOgkrish me tic basikéc proseggbseic Tuned kai MAX, antBstoiga. EPnai
shmantiki na shmeiwjeb iti oi proseggbseic Tuned kai MAX perilamb™noun mino ton grino
sOnjeshc tou antBstoiqou pur na (kernel), exair,ntac ton qrino pou apaiteBtai ,ste o
sqgediast ¢ na epiléxei tic kat'llhlec odhgbec. 'Oson afor” tic katanomeéc twn BRAM%,
DSP%, FF% kai LUT%, to CollectiveHLS protePnei sqediasmoOc me gambhliterec apai-
t seic pirwn se sOgkrish me tic upiloipec basikéc proseggbseic. Wstiso, ePnai shmantiki
na shmeiwjeb iti to CollectiveHLS emfanbzei ta gamhlitera posost™ sunjesimithtac kai
efiktithtac metaxO twn basik,n proseggbsewn, gegonic pou anadeiknOei énan shmantiki
periorismi thc paroOsac ékdoshc thc proséggis ¢ mac.

Energopobhsh twn Beltistopoi sewn tou Vitis HLS

Se aut thn enithta, stigoc mac ebnai na axiolog soume thn epbdrash twn beltistopoi se-
wn pou efarmizontai autimata api to Vitis HLS se k'je kernel. To Vitis HLS ebnai ikani

na ekteleb tic akiloujec beltistopoi seic: a) autimato pipelining brigwn mesw thc para-
métrou config_compile -pipeline_loops, b) unrolling brigwn mikroO tripcount mésw

thc config_unroll -tripcount_threshold, kai g) pl rec partitioning mikr,n pin“kwn

mésw thc config_array_partition -complete_threshold. EnergopoioOme autéc tic
beltistopoi seic kai ekteloOme sOnjesh gia k’je beltistopoihméno kernel grhsimopoi-
.ntac to CollectiveHLS. Gia na diasfalbsoume dbkaih sOgkrish, akoloujpOme thn Bdia
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diadikasba gia ila ta diajesima baselines. Epipléon, sumperilamb™noume to Vitis_Opt, to
opobo anadeiknOei thn epBdrash twn beltistopoi sewn tou Vitis ston epPshmo k dika qwrbc
directives. To Sq ma 18 parousi“zei ta Bdia diagr'mmata ipwc sthn prongoOmenh enithta
gia ta parap’nw baselines. H energopobhsh twn proepilegménwn beltistopoi sewn tou
Vitis HLS belti,nei shmantik™ thn apidosh thc proseggis ¢ mac, odhg,ntac se gewme-

trik mésh epit’qunsh 23:08 se sqésh me to Vitis, pou antistoigePb se aOxhsh 1:87 se
sqgésh me to CollectiveHLS gwrbc energopoihménec tic beltistopoi seic. H beltbwsh aut
ebnai epPshc emfan ¢ sthn katanom thc epit°qunshc kajustérhshc sgediasmoO, h opoba
parousi“zei kat™ méso iro 2:1 uyhliterh epit’qunsh. Par” autéc tic belti seic, to
CollectiveHLS diathreb thn apodotikitht™ tou sthn tageba paragwg beltistopoihmenwn
sgqedbwn, me mino 4% aOxhsh ston grino exagwg ¢ prot’sewn kat” méso iro. Wstiso,

h energopobhsh twn beltistopoi sewn odhgeb se mikr mebwsh thc sunjesimithtac kat”
1.73% kai thc efiktithtac kat™ 7.1%. Axioshmebwto ebnai iti oi proepilegménec beltisto-

poi seic tou Vitis HLS eqoun el’gisth epbdrash sthn axiopobhsh pirwn, ipwc fabnetai
api tic sqgedin bdiec katanomeéc pirwn.

'Ola ta baselines epwfeloOntai api tic beltistopoi seic tou Vitis, me to Vitis na pa-
rousi"zei th megalOterh aOxhsh kat™ 8:34 , akoloujoOmeno api ta Tuned kai KBOpt
me 7:23 kai 1:39, antbstoiga. Wstiso, to over-provisioning parousi“zei mino mikr
beltbwsh 7%, kaj,c h megisth axiopobhsh pirwn af nei el"qgisto perij,rio gia epipléon
beltistopoi seic api to Vitis. To NSGA-II parousi“zei akimh mikriterh aOxhsh apido-

shc, milic 1%, gegonic pou apodbdetai sthn ektetamenh K'luyh tou Pareto front, h opoba
periorbzei tic dunatithtec peraiterw belti,sewn. Pariti oi beltistopoi seic tou Vitis

HLS belti_.noun thn apidosh ilwn twn baselinec, to CollectiveHLS sunegbzei na uperte-
reD, epitugg nontac gewmetrikéc mésec epitagOnseic kat™ 2.78, 2.05, 5.33, 2.1 kai
1.2 uyhliterec api ta Vitis, Tuned, Max, KBOpt kai GenOpt me energopoihménec tic
proepilegmeénec beltistopoi seic tou Vitis, antbstoiga. To CollectiveHLS epideiknOei pe-
raitérw thn uperoq tou sthn katanom kajustérhshc sgediasmoO, me th di"mesh tim 34.4
na uperbabnei ekebnh twn “llwn proseggbsewn. H proséggis mac parégei stajer” tagOte-
rouc beltistopoihmeénouc sgediasmoOc se sOgkrish me th sOgqgronh proséggish basisménh
sth gn,sh (9.94) kai th strathgik exereOnhshc NSGA-II (28.1). To Vitis, ta Tuned

kai to over-provisioning prosféroun tagOterh paragwg beltistopoihménwn sgedbwn kat®
méso iro, me epitaqgOnseic 15, 14.5 kai 1.56 , antDstoiga, gegonic pou apodbdetai sto
iti den lamb™netai upiyh o grinoc entopismoO twn directives. 'Oson afor” tic katanoméc
BRAM%, DSP%, FF% kai LUT%, h eikina den all"zei, kaj,c to CollectiveHLS protebnei
sgediasmoOc me gamhliterec apait seic pirwn se sqésh me ta “lla baselinec, sugkrbsimec
me to apli Vitis, pariti efarmizontai pio epijetikéc beltistopoi seic. 'Opwc anaférjhke
prohgoumeénwc, h kOria priklhsh paraménei h sunjesimithta kai h efiktithta, oi opoPec
exakoloujoOn na brbskontai se gamhlitera posost™. Shmei netai iti to Vitis ephréase

kai th sunjesimithta twn “llwn baselinec, me to over-provisioning na parousi’zei me-
bwsh 30% sth sunjesimithta kai 20% sthn efiktithta. Parimoia t"sh parathrebtai kai
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Sg ma 18.: Axiolighsh LOT tou CollectiveHLS me energopoihménec tic beltistopoi seic Vitis

sto NSGA-Il, me mePwsh 10% sth sunjesimithta kai 12% sthn efiktithta. H sOgqronh
proséggish basismenh sth gn,sh den ephre“zetai shmantik™, diathr ntac thn Bdia sunje-
simithta kai parousi“zontac mino 2% mebwsh sthn efiktithta. H parat rhsh aut , mazb
me parimoiec t'seic sto CollectiveHLS, anadeiknOei iti oi proseggbseic basisménec sth
gn,sh mporoOn na sunduastoOn me tic beltistopoi seic tou Vitis HLS qwrBc shmantik®
meionekt mata.

Energopobhsh tou garakthristikoQ epanapritashc directives

Me thn energopobhsh twn beltistopoi sewn tou Vitis se sunduasmi me to CollectiveHLS,
energopoiebtai to garakthristiki epanapritashc sto plabsio thc mejodologbac beltisto-
pobhs ¢ mac. H epBdrash autoO tou qarakthristikoO apeikonbzetai sto Sq ma 19, to o-
pobo esti“zei apokleistik™ sto CollectiveHLS me kai gwrbc th dunatithta epanapritashc.
Wstiso, oi sugkrbseic me “llouc mhganismoOc mporoOn na exagjoOn apeujePac api ta
Sg mata 17 kai 18. To garakthristiki epanapritashc belti,nei shmantik™ ta posost
sunjesimithtac kai efiktithtac tou CollectiveHLS, epitugg nontac 100% sunjesimithta

kai 96.55% efiktithta. Axioshmebwta, metaxO twn beltistopoihménwn efarmog,n, mino oi
AES kai Kalman Filter uperbabnoun touc diajésimouc pirouc tou stogeuimenou FPGA.
To CollectiveHLS apotugq™nei na protebnei efikt” sgédia gia autéc tic efarmogéc, kaj,c
kat” th di"rkeia twn epanal yewn par"getai mh sunjésimo sgédio, to opobo energopoieb th
sunj kh termatismoQ. Sunep._c, gia autéc tic peript,seic parégontai ta beltistopoihména
sqgédia tou Vitis_Opt, ta opoPa epbshc apotugqg™noun na par"goun efiktéc 10seic, odh-
g,ntac se metrikec sunjesimithtac kai efiktithtac Bdiec me ekebnec tou Vitis_Opt, enic
biomhganikoO ag beltistopobhshc. Pariti to garakthristiki epanapritashc apaiteD kat”
meéso iro 4 epanal yeic gia thn paragwg tou telikoO sqedPou, epibarOnei ton grino mino
kat™ 35% kat™ méso iro se sqésh me to CollectiveHLS qwrbc epanapritash, ipwc fabnetai
api tic parimoiec katanomeéc grinou inference. Kai p’li, h aOxhsh tou grinou ofePletai
kurbwc ston megalOtero arijmi syntheses, kaj.c ta upiloipa st'dia thc diadikasPac a-
paitoOn ligitero api 2.5 lept” kat™ méso iro. Wc proc thn apidosh, to garakthristiki
epanapritashc odhgeb se gewmetriki méso speedup 11:6 se sgésh me to Vitis_Opt, to
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Sq ma 19.: CollectiveHLS me Beltistopoi seic Vitis kai Qarakthristiki Epanapritashc Direc-
tives LOT Evaluation

opobo antistoigeD se mePwsh 1:9 se sOgkrish me to CollectiveHLS qwrbc epanapritash.
H diafor” aut apotup,netai epbshc stic katanomec speedup thc kajustérhshc sgedbashc.
'‘Oson afor” tic katanoméc pirwn, h epanapritash odhgeb se uyhliterh gr sh pirwn, me
exabresh to DSP%, to opobo paraménei Bdio kai stic dOo ekdogéc tou CollectiveHLS. Su-
gkekriména, parathrebtai mésh aOxhsh 4:3 sto BRAM%, 1:6 sto FF% kai 4:3 sto
LUT%.

Par” th mePwsh epidisewn se sgésh me thn prohgoOmenh ékdosh tou CollectiveHLS, to
garakthristiki epanapritashc upertereb énanti twn perissiterwn baseline proseggbsewn,
epitugg nontac gewmetrik™ mésa speedups 1.4, 1.03, 2.7 kai 1.06 uyhlitera api

ta Vitis, Tuned, Max kai KBOpt me energopoihménec tic beltistopoi seic Vitis antbstoi-
ga. Wstiso, upolePpetai kat” 1.6 se sgésh me th strathgik exereOnhshc NSGA-II.

H proséggis mac exakoloujeb na par"gei taqOtera beltistopoihména sqédia se sqésh me
state-of-the-art knowledge-based mejidouc (7.6 ) kai th strathgik NSGA-II (21.6).

'‘Oson afor” th gr sh pirwn, to CollectiveHLS protebnei sqédia me gamhliterec apait seic

se sOgkrish me ta upiloipa baselines, parimoia me to apli Vitis. Wc proc th sunjesi-
mithta, epitugq nei 5%, 29.3%, 5% kai 11.3% uyhliterh sunjesimithta se sgésh me ta
Tuned, Max, KBOpt kai GenOpt me energopoihménec tic default beltistopoi seic Vitis
antbstoiga. Epipléon, epitugq nei 2%, 16% kai 8% uyhliterh efiktithta se sgésh me ta
Tuned, Max kai GenOpt. Axioshmebwta, to CollectiveHLS epitugg™nei 11:6 uyhlitero
gewmetriki méso speedup me milic métria aOxhsh 12% sto BRAM%, 1% sto DSP%, 9%
sto FF% kai 20% sto LUT% kat™ méso iro, anadeiknOontac thn apotelesmatikithta thc
proteinimenhc mejodologbac beltistopobhshc.

Epblogoc

Se auti to kef'laio parousi“zetai to CollectiveHLS, mba ierargik strathgik beltisto-
pobhshc sgediasm,n HLS basisménh se omadopobhsh (cluster-based), h opoba entopbzei
kai efarmizei autimata tic pio uposqimenec diamorf seic odhgi ,n (directive con gura-

Ixxiii



Brief Description of the Proposed Frameworks in Greek

tions) me stiqo thn elagistopobhsh thc kajustérhshc sgediasmoO (design latency). To
CollectiveHLS par“gei apodotikéc sqgediastikéc IOseic, epitugg nontac mésh gewmetri-
k epit'qunsh éwc kai 23:1 se sOgkrish me ton phgabo k dika qwrbc odhgbec (direc-
tives), diathr,ntac par’llhla 100% sunjesimithta (synthesizability) kai 96.6% efiktith-

ta (feasibility), epidiseic antbstoigec me ekebnec tou Vitis-HLS, tou pritupou plaisbou
gia epit'qunsh me FPGA. Epipléon, se sOgkrish me proseggbseic ipwc oi paradosiakeéc
strathgikéc DSE basisménec se genetikoOc algorBjmouc, kaj,c kai me sOgqronec pro-
seggPseic state-of-the-art, to CollectiveHLS parousi“zei sqediasmoOc sugkrbsimhc  kai
an terhc poiithtac, all” kat” méso iro 14:6 taqOtera. Auti kajist” to CollectiveHLS

mbPa idiabtera uposgimenh |Osh gia uper-gr gorh kai automatopoihménh beltistopoPhsh
HLS.

SOndesh tou High-Level Synthesis me to FPGA Runtime
Orchestration

Eisagwg

H ragdaba an”ptuxh kai oi suneq,c auxanimenec dunatithtec twn suskeu, n loT, se sun-
duasmi me thn ektetaménh an“ptuxh diktOwn uyhl ¢ taqOthtac 5G, éqoun odhg sei se
ter’stia aOxhsh thc paragwg ¢ dedoménwn. Autéc oi tegnologikéc exelbxeic enisqgOoun
éna eurO f'sma efarmog,n, ipwc ta autinoma oq mata [77], oi éxupnec astikéc upodo-
méc [78] kai ta eufu biomhganik” sust mata [79]. Tétoiec efarmogéc apaitoOn exairetik”
gamhl kajustérhsh, uyhl axiopistba kai epexergasba dedoménwn se pragmatiki grino,
apait seic tic opobec oi paradosiakéc argitektonikéc basisménec apokleistik™ sto upolo-
gistiki néfoc den mporoOn na ikanopoi soun apotelesmatik™. Gia thn antimet,pish aut,n
twn prokl sewn, oi upologistikoD piroi topojetoOntai pio kont™ stic phgéc dedoménwn,
odhg,ntac sthn emf nish tou edge computing. Wc apotélesma, anaptOssontai poluepBpe-
dec argitektonikéc pou katanémoun upologistikoOc pirouc kai efarmogéc apriskopta api

to “kro tou diktOou éwc tic kentrikopoihménec platfirmec upologistikoO néfouc. Aut

h enopoihménh proséggish diamorf nei to edge-cloud computing continuum, epitrépontac
apodotik katanom fortbou ergasbac, meiwmeénh kajustérhsh kai beltiwménh axiopobhsh
pirwn se éna eurO f'sma efarmog,n [80].

Pariti oi argitektonikec edge-cloud epektebnoun shmantik™ tic upologistikec dunatithtec
parégontac prisbash se meg’lo sOnolo epipléon pirwn, oi sumbatikéc CPUs sugn” adu-
natoOn na uposthrbxoun gr gorh epexergasba pragmatikoO grinou. Gia thn antimet pish
autoO tou periorismoO, epitaquntéc ulikoO ipwc oi GPUs, ta FPGAs kai ta ASICs ensw-
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mat,nontai oloena kai perissitero se ilo to upologistiki sunegec. Oi GPUs, me qili"dec
mikroOc pur nec pou epitrépoun maziki parallhlismi, ePnai idiabtera apotelesmatikéc gia
upologistik™ apaithtikéc ergasPec ipwc sto Deep Learning [81], wstiso sunodeQontai
api uyhl katan’lwsh enérgeiac kai mporeb na ebnai anapotelesmatikéc se fortba erga-
sbac me sOnjeto parallhlismi [82]. Antbjeta, ta ASICs prosféroun exairetik apidosh

kai energeiak apodotikithta gia sugkekriménec ergasbec mesw exeidikeuménwn sgedi“sewn
kuklwm™wn, an kai sunep”gontai uyhli kistoc an“ptuxhc kai élleiyh euelixbac met” thn
kataskeu [14]. Ta FPGAs apoteloOn mia endi'mesh IOsh metaxO aut,n twn proseggbse-
wn, prosférontac epit'qunsh ulikoO diathr, ntac parilihla th dunatithta epanadiamir-

fwshc met” thn an™ptuxh [13]. H euélikth argitektonik touc epitrépei prosarmosmenec
ulopoi seic krBsimwn leitourgi n, epitugq nontac uyhl apidosh kai energeiak apodoti-
Kithta.

H auxanimenh uiojethsh twn FPGAs gbnetai emfan ¢ mesa api thn enswm’tws touc stic
upodomeéc meg’lwn parigwn upologistikoO néfouc. To Microsoft's Project Brainwave [83],
mia platfirma pragmatikoO grinou gia Al basisménh se FPGAc, parégei proekpaideuména
montela DNN wc diadiktuakéc uphresbec kai leitourgeb p“nw se exuphrethtéc enisquménouc
me Catapult [84]. H enswm"twsh aut anadeiknOei p.c oi progoi axiopoioOn ta FPGAs
gia thn apodotik epit"qunsh meg’lwn fortbwn ergasbac, diathr ntac par’llhla thn apa-
rabthth euelixba ,ste na uposthrbzoun suneq,c exelissimenec efarmogéc Al. Péra api th
gr sh touc wc epitaquntéc gia upologistik™ apaithtikéc ergasbec entic twn upodom_n twn
parigwn, ta FPGAs prosferontai oloéna kai perissitero kai wc uphresba. Sto plabsio

tou paradebgmatoc FPGA-as-a-Service (FPGAaaS), diatbjentai wc upologistikob piroi, e-
pitrépontac stouc gr stec na ta desmeOoun, na ta programmatbzoun kai na ta anaptOssoun
mésw upargintwn plaisbwn diagePrishc gia epit’qunsh ulikoO kat™ apabthsh [85]. Gia pa-
r'deigma, h Amazon parégei FPGAs wc upologistikoOc pirouc kat apabthsh [86], anadei-
knOontac th diark,c auxanimenh uiojéthsh tou FPGAaas.

Par” ta pleonekt mata pou prosférei to par'deigma FPGAaaS, exakoloujoOn na up’r-
goun shmantikéc prokl seic ison afor” thn apodotik axiopobhsh twn diajesimwn pirwn
twn FPGA. Api thn pleur” tou gr sth, h programmatistikithta paraménei éna shmantiki
empidio. Se antbjesh me touc paradosiakoOc upologistikoOc pirouc, ta FPGAs apaitoOn
shmantik geirokbnhth prosp’jeia kai exeidikeuménh gn sh gia thn epbteuxh apodotik,n
sgedi"sewn [17]. Parilo pou ta ergaleDa High-Level Synthesis (HLS) aplopoioOn th dia-
dikasPa anptuxhc, exakoloujoOn na apaitoOn shmantik gn sh ulikoO ste na epiteugjeD
apotelesmatik beltistopobhsh apidoshc [21]. 'Opwc édeixan oi Chi et al. [32], h anepark ¢
beltistopobhsh mporeb akimh kai na odhg sei epitaquntéc FPGA se geiriterh apidosh api
tic CPUs. Epipléon, h exereOnhsh tou ter’stiou g,rou sqedPashc twn FPGA periorDzetali
api th gronobira diadikasba paragwg c ulikoO, kajist,ntac th sunolik beltistopoPhsh
idiabtera apaithtik se grino kai pirouc [51]. H gr sh mh beltistopoihménwn sgedi“sewn
dhmiourgeb epbshc prokl seic gia touc pariqouc, kaj,c ta mh beltistopoihména fortba
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ergasbac odhgoOn se upoaxiopobPhsh twn pirwn twn FPGA. Gia th beltbwsh thc axiopo-
Phshc, oi proqoi grhsimopoioOn multi-tenancy, epitrépontac se pollaploOc gr stec na
moir“zontai touc pirouc twn FPGA [85]. Wstiso, aut h proséggish eis"gei epipléon po-
luplokithta. Se éna tétoio perib’llon, h tautigronh koin qgr sh periorisménwn pirwn
dhmiourgeb shmantikec prokl seic wc proc thn ikanopobhsh twn apait sewn Quality of Ser-
vice (QoS) twn grhst,n. H apodotik enorq strwsh aut,n twn fortbwn ergasbac prépei
epbshc na prosarmizetai se dunamikec kai metaballimenec apait seic, diathr ntac par’llh-

la apotelesmatik katanom pirwn. Sunolik”, oi par"gontec autoB kajistoOn thn parog
FPGAaaS mia idiabtera sOnjeth kai apaithtik diadikasPba.

Me thn p“rodo twn et.n, @qoun protajeD polu’rijmec |Oseic gia thn aplopobhsh thc dia-
dikasbac an"ptuxhc se FPGA kai thn apotelesmatikiterh koin gr sh twn pirwn touc.

Sto plabsio tou HLS, polléc melétec éqoun epikentrwjeb sthn automatopobhsh thc eOreshc
béltistwn sunduasm_n odhgi,n gia mia dedomenh sqedbash. Oi paradosiakec proseggbseic
exereunoOn ton ¢,ro parametropobhshc axiolog,ntac metrikéc QoR pou prokOptoun a-
pi sgedi“seic suntejeiménec mésw HLS [22], en, sOggronec proseggbseic basisménec se
dedomeéna axiopoioOn gn_sh api prohgouménwc beltistopoihménec sgedi’seic ste na ka-
jodhg soun tic parametropoi seic néwn efarmog,n [1]. ‘Allec tegnikéc stogeOoun sthn
epit’qunsh thc diadikasPac sqedbashc mésw kataskeu ¢ montélwn pou ektimoOn tic metri-
kéc QoR gia mh exereunhménec sqedi“seic [26]. Par”™ autéc tic exelbxeic, oi perissiterec
up“rqousec proseggbseic epikentr,nontai se an,tera epbpeda thc sgedbashc, periorbzo-
ntac thn efarmosimitht™ touc gia gr gorh paragwg kai an”ptuxh ulikoO se pragmatik”
sen’ria. Sto plabsio tou FPGAaaS, to Partial Recon guration (PR) [87] egei anadei-

gjeb wc basikic mhganismic upost rixhc, epitrépontac se pollaploOc gr stec ha moi-
r"zontai pirouc kai na belti,noun th sunolik axiopobhsh. Se auti to par"deigma, to

FPGA qwrbzetai se pollaplec periogéc PR, kajemba api tic opobec leitourgeb wc éna ei-
koniki FPGA sto opobPo o gr sthc mporeD na anaptOxei th dik tou sqedPash ulikoO. H
eikonikopobhsh basismeénh se PR epitrépei thn epanadi’jesh adranoOc logik ¢ epif'neiac
se “llouc gr stec. Oi periogéc PR mporoOn na diamorfwjoOn ebte wc asOmmetrec [88],
.ste na uposthrbzoun mon“dec ulikoO diaforetik,n megej,n, eBte we summetrikéc [89] me
stajeréc diast’seic. Wstiso, oi sgedi“seic ulikoO pou parégontai api touc qr stec
proérgontai api biblioj kec epit"'qunshc FPGA ebnai sun jwc monolijikec, apait,ntac
sugkekriménouc pirouc pou endégetai na mhn ebnai diajésimoi, gegonic pou mporeb na odh-
g sei se parabi“seic twn apait sewn twn grhst,n meéqri na eleujerwjoOn oi aparabthtoi

piroi.

Se aut thn ergasba, protebnoume éna néo plabsio gia thn apodotik axiopobhsh twn FP-
GAs. O kOrioc stiqoc tou ePnai h elagistopobPhsh twn parabi"sewn QoS gia efarmo-
géc pou anaptOssontai sto FPGA, diasfalbzontac parlihla th beéltisth gr sh twn

pirwn thc suskeu c. To proteinimeno plabsio dhmiourgeb, gia k'je efarmog pou ana-
ptOssetai, mia proséggish twn Pareto-optimal sgedi"sewn pou anaparistoOn diaforeti-
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Sq ma 20.: Episkiphsh twn O ine kai Online f"'sewn tou proteinimenou plaisbou

koOc sumbibasmoOc metaxO apidoshc kai gr shc pirwn. Auti epitugg netai mésw miac
mejodologbac montelopobhshc ikan ¢ na kataskeu“zei to Pareto front me el qisto arij-
mi paragimenwn sgedi’sewn ulikoO. Kat™ thn ektélesh, o enorghstrwt ¢ epilégei th
katallhliterh sgedbash me b"sh tic diajésimec periogéc PR, ,ste na ikanopoi sei tic a-

pait seic QoS thc efarmog c. Ta peiramatik™ apotelésmata debgnoun iti to proteinimeno
plabsio mei_ nei tic parabi“seic QoS kat™ méso iro kat™ 8:1 se sOgkrish me di*forouc
mhganismoOc b’shc kai fortba ergasbac me diaforetikoOc rujmoOc ~fixhc kai apait seic
pirwn, anadeiknOontac thn apotelesmatikitht” tou sthn ulopoBhsh tou paradeBgmatoc
FPGAaaS.

Proteinimeno Scheduling Framework

H proteinimenh mejodologba epitrépei thn apodotik enorqg strwsh pirwn FPGA se ilo

to sunegéc api to “kro éwc to upologistiki néfoc (edge-to-cloud continuum). O basikic

thc stigoc ebnai h ikanopobhsh periorism,n QoS se epbpedo efarmog ¢, mésw thc elaqi-
stopobhshc twn parabi"sewn QoS kai thc tautigronhc megistopobhshc thc axiopobhshc
twn diajésimwn pirwn FPGA. 'Opwc parousi“zetai sto Sq ma 20, to plabsio leitourge-

b se dOo sumplhrwmatikéc f'seic: (a) th f'sh ML-driven Application Variant Library
Generation (O ine) kai (b) th f'sh QoS- & Resource-aware Runtime Scheduling (On-

line).
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O ine Phase: ML-driven Application Variant Library Generation

O stigoc thc O ine f'shc ebnai na lamb™nei mia efarmog basisménh se HLS me énan sun-
jésimo pur na C/C++ kai na dhmiourgeP mia biblioj kh parallag,n ulikoO, kajemba api

tic opoPec prosferei diaforetikoOc sumbibasmoOc metaxO kajustérhshc kai gr shc pirwn.
Aut h biblioj kh api bitstreams leitourgeb wc jemélio gia ton Online orchestrator, epi-
trépontac thn tekmhriwmeénh epilog sgedbashc kat” thn ektélesh.

H diadikasba xekin®™ me thn proséggish tou met,pou Pareto tou upologistik™ apaithti-

koO pur na @ Dedomeénou enic sunilou stogeuméenwn sugnot twn leitourgbac kai thc
epilegménhc suskeu ¢ FPGA, auti to st"dio dhmiourgeb to meéetwpo Pareto kajusterh-
shc pirwn gia K'je diamirfwsh sugnithtac. To b ma auti basbzetai se plhroforbec

prin api th sOnjesh (pre-synthesis), kai sugkekriména stic anaforéc pou par"gontai ka-

t" th diadikasPa HLS. H logik pPsw api aut thn epilog prokOptei api to shmantiki

pl joc prohgoOmenwn ergasi,n pou mporoOn na ex"goun apodotik™ Pareto-optimal dia-
morf,seic se epPpedo HLS. Epipléon, dhmisia diajésimec sullogéc sgedi"sewn paréqoun
Pareto-optimal diamorf,seic gia eurewc melethménec efarmogec, epitrepont™c mac na axio-
poi soume “mesa aut” ta apotelésmata qwrDc na ektelésoume pl rh exereOnhsh tou g, rou
sqedPashc api thn arq . UlopoioOme auti to b ma grhsimopoi ntac to sOnolo dedoménwn
GN SIS [90], th megalOterh diajésimh sullog sgedi’sewn HLS, h opoPa perilamb nei
ulopoi seic api perissiterec api 55 efarmogéc proergimenec api kajierwména sOnola
efarmog,n kai apojet ria anoiktoO k,dika. Gia efarmogéc pou den perilamb™nontai sto
sOnolo dedoménwn, grhsimopoioOme mia mhgan beltistopoPhshc basisménh ston NSGA-
[1 [90], h opoPa ex"gei autimata to métwpo Pareto kajustérhshc pirwn gia th dedomenh
sugnithta kai to stogeuméno FPGA.

H epimenh f'sh thc mejodologbac epikentr netai ston entopismi tou uposunilou sge-
di"sewn pou ja ulopoihjoOn fusik™ ;ste na dhmiourghjeD h biblioj kh parallag.n thc

efarmog ¢ @ Api K'je métwpo Pareto pou par“getai gia tic exetazimenec sugnithtec
leitourgbac, epilégoume trba antiproswpeutik™ shmeba sqedbashc: (a) th diamirfwsh belti-
stopoihménh wc proc thn kajustérhsh (LE), (b) th diamirfwsh beltistopoihménh wc proc
touc pirouc (RE), kai (g) mia endi"mesh sgedbash pou exisorropeb kai touc dOo stiqouc
(MID). AntD na ulopoioOme oliklhro to sOnolo Pareto, epilégoume mino autéc tic basikéc
diamorf seic gia dOo ligouc. Pr ton, h sOnjesh kai ulopoPhsh k'je upoy fiou Pareto

ja odhgoOse se uperboliki grino metag|.ttishc kai upologistiki firto [26]. DeOteron,

h parog ston runtime scheduler saf,c diaforopoihménwn shmebwn sgedbashc prosférei
ousiastik euelixba kat™ thn antistobqish fortbwn ergasbac stouc diajesimouc pirouc tou
FPGA. Péra api tic parallagéc pou basbzontai se odhgbec, emploutbzoume peraitérw ton
g,ro sgedbashc enswmat,nontac coarse-grained parallelism. Gia k’je epilegménh sqedba-
sh kai gia k’je sugnithta leitourgbac, dhmiourgoOme ulopoi seic me pollapl” Compute
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Units (CUs), dhlad pollapl” antbgrafa tou pur na sthn Programmable Logic (PL). Au-

t hapl all” apotelesmatik strathgik mporeb na mei sei shmantik™ thn kajustérhsh
ekteleshc itan up’rqoun eparkeBc piroi ulikoO. Gia na diasfalisteD h efiktithta, au-
x"noume ton arijmi twn CUs kai diathroOme mino ekebnec tic diamorf seic twn opoPBwn h
ektim,menh gr sh pirwn, ipwc anaféretai api to ergalebo HLS, qwr” sto stogeuméno
FPGA.

H eisagwg thc exereOnhshc CU aux’nei shmantik™ ton arijmi twn sgedi"sewn pou prépei
na paragjoOn fusik™. Gia par"deigma, jewr ste &na sen’rio ipou axiologeBtai mino mba
sugnithta leitourgbac. Ac upojésoume iti h diamirfwsh LE mporeb na uposthrbxei 1,
2, 4 kai 6 CUs, h diamirfwsh MID mporeb na uposthrbxei 1, 2, 4, 6 kai 8 CUs, kai h
diamirfwsh RE mporeb na uposthrbxei 1, 2, 4, 6, 8 kai 10 CUs sto stogeuméno FPGA.
Se aut thn perbBptwsh, o g,roc sqedbashc epektebnetai sunolik™ se 15 parallagéc pou
prépei na ulopoihjoOn. Epipléon, prongoOmenec éreunec égoun debxei iti oi ektim seic
prin api thn ulopobhsh (pre-synthesis) sugn” diaféroun api ta apotelésmata met™ thn
ulopobhsh (post-implementation) [51], gegonic pou shmabnei iti h pragmatik gr sh pirwn
miac sgedbashc pollapl,n CU mporeb na diaferei kai orisménec diamorf seic endegetai na
mhn ePnai kan efikti na paragjoOn. Gia thn antimet pish autoO tou probl matoc, to

b ma@ eis"gei dOo mhganismoOc pou axiopoioOn dedoména met” thn ulopoBhsh api mPa
mino CU, mazb me éna mikri uposOnolo tou g.rou sgedPashc, ste na axiolog soun thn
efiktithta diamorf,sewn pollapl,n CU sto FPGA kai na probléyoun me akrbbeia thn
kajustérhsh thc sqedbashc, kaj,c kai th gr sh BRAMs, DSPs, FFs kai LUTs. Auti to

b ma epitrépei thn pribleyh thc efiktithtac, thc kajustérhshc kai thc gr shc pirwn gia

tic upiloipec diamorf seic. Perissiterec leptomereiec parousi“zontai sthn par“grafo

me tbtlo Feasibility Classi er and Performance Resource Modeling . Qrhsimopoi,ntac
autéc tic probléyeic, mporeb na prosdioristeb to pragmatiki métwpo Pareto, epitrépontac
thn ulopobhsh mino twn Pareto-optimal sgedi"sewn kai mei nontac shmantik™ ton arijmi
twn apaitoOmenwn ulopoi sewn. To prokOpton métwpo Pareto leitourgeb sth sunégeia wc
biblioj kh parallag,n efarmog c gia th Online f"sh.

Feasibility Classi er & Performance Resource Modeling. Gia thn ekpabdeush twn

montélwn mac, qrhsimopoioOme efarmogéc api to sOnolo dedoménwn GN SIS [90]. Sugke-
kriména, grhsimopoioOme di*forec efarmogéc ipwc oi KNN kai KMeans kai ex"goume ta
meétwpa Pareto touc sta 100, 200 kai 300 MHz sto Alveo U200 FPGA. Gia K’je sto-
geumeénh sugnithta, epilégoume antiproswpeutikec sqedi“seic, sumperilambanoménwn twn
LE, MID kai RE, kai epektebnoume ton g,ro sgedbashc enswmat nontac pollapl™ CUs.
K'je parallag ulopoiebtai kai, gia k“je égkurh sgedbash, sullegoume metrikéc met” thn
ulopobhsh, ipwc kajustérhsh kai gr sh BRAM, DSP, FF kai LUT. Gia k’je efarmo-

g, ta sullegména dedomeéna ulopobhshc grhsimopoioOntai gia thn ekpabdeush tiso tou
taxinomht efiktithtac iso kai twn montélwn apidoshc pirwn. Basizimaste se kajierw-
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meénec proseggbseic thc bibliografbac [51], grhsimopoi, ntac énan Decision Tree Classi er
(DTC) gia thn pribleyh efiktithtac, Linear Regression (LR) gia thn ektbmhsh thc ka-
justerhshc kai XGBoost Regression (XGB) gia thn pribleyh twn BRAMs, DSPs, FFs

kai LUTs. H apidosh twn montélwn gia k'je efarmog axiologebtai mésw 5-fold cross-
validation, grhsimopoi,ntac th metrik R 2 gia tic ergasDec palindrimhshc kai to skor Fy

gia thn taxinimhsh. Met" api feature engineering kai hyperparameter tuning, o DTC
epitugg nei meéso skor F, Pso me 0.967, en, to montelo LR epitugg nei RDso me 0.97.
Ta montéla basisména se XGB parousi"zoun epbshc isqur probleptik ikanithta, epi-
tugg nontac skor R 2 Bsa me 0.99 gia ta BRAMs, 0.98 gia ta DSPs, 0.97 gia ta FFs kai
0.97 gia ta LUTs. 'Eqontac epitOgei uyhl akrBbeia se ila ta montéla, mei,noume to sOno-
lo dedomenwn ste na entopPsoume to el’gisto tm ma tou q,rou sgedbashc pou prépei
na ulopoihjeb péra api tic diamorf,seic mbac CU. Ta upiloipa shmeba epilégontai mesw
tugabac deigmatolhybac (random sampling). Ta apotelésmat™ mac debgnoun iti h gr sh
mino tou 20% tou q,rou sqedbashc odhgeb se mésh upob’jmish akrbbeiac mikriterh api
3% se ila ta montéla. Ta eur mata aut™ apodeiknOoun iti ta proteinimena montéla mpo-
roOn na ekpaideutoOn apotelesmatik™ grhsimopoi ntac éna mikri uposOnolo tou g,rou
sqedPashc, mei nontac shmantik™ ton arijmi twn apaitoOmenwn paragwg.n bitstream gia
thn kataskeu thc biblioj khc parallag,n efarmog c.

Online Phase: QoS- & Resource-aware Runtime Scheduling

O stigoc thc nline f'shc ebnai h diagebrish miac ro ¢ api FPGA-accelerated efarmogeéc,
kajemba me apabthsh ektéleshc orisménh api ton gr sth, ste na elagistopoioOntai oi
parabi“seic QoS en, par’llhla na gbnetai apodotik axiopobhsh twn diajesimwn pirwn.

O scheduler diathreb mba OL@, ipou K’'je eggraf anaparist” mba efarmog mazb me
ton meégisto apodekti grino ektéles ¢ thc. Gia k'je ergasbPa sthn our”, to sOsthma pa-
rakoloujeb tiso to kajorisméno execution deadline iso kai ton grino pou egei paréljei

api th stigm pou h ergasba eis lje sthn our”. Me b"sh autéc tic plhroforbec, upolo-

gbzei ton upoleipimeno epitrepti grino prin prokOyei parabbBash QoS, o opoboc orbzetai
wc h diafor” metaxO tou target execution time kai tou susswreuménou grinou anamon c.
Kaj,c h ergasba paraménei perissitero sthn our”, o upoleipimenoc grinoc mei,netai,
upodeiknOontac auxhmeénh an"gkh programmatismoQ. H par'metroc aut enhmer netai su-
neq,c kai grhsimopoiebtai gia thn kajod ghsh thc proteraiopobhshc twn ergasi,n kai th
mebwsh twn parabi"sewn QoS.

Tob ma@ ebnai upeOjuno gia thn epilog thc katallhliterhc parallag ¢ efarmog ¢
_ste na ikanopoihjoOn oi apait seic thc efarmog c. LeitourgeD grhsimopoi ntac th bi-
blioj kh parallag,n efarmog,n pou dhmiourg jhke kat™ thn O ine f'sh, kaj,c kai

gn,sh tou tréeqontoc FPGA con guration. Ed,, o iroc FPGA con guration anaféretai
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ston arijmi twn diajésimwn PR regions. Se aut thn ergasPa, jewroOme summetrik® PR
regions, sOmfwna me thn epikratoOsa praktik sth bibliografba [85]. To FPGA qwrDzetai
se aut” ta PR regions étsi ,ste oi sunolikob piroi na katanemontai omoiimorfa, dbnontac
se k’je region Bso merbdio twn pirwn thc suskeu c. Gia ton entopismi tou béltistou
upoyhfBou, to b ma auti argik™ epalhjeQei iti h parallag efarmog ¢ mporeb na qwrései
sta diajésima PR regions. Sugkekriména, aporrbptei opoiesd pote parallagéc apaitoOn
perissiterouc pirouc BRAM, DSP, FF LUT api isouc ebnai diajésimoi se éna mino
PR region. MetaxO twn enapomein™ntwn bitstreams, aporrDptei peraitérw opoiesd pote
parallagéc den mporoOn na ikanopoi soun ton periorismi QoS me b’sh ton upoleipime-
no epitrepimeno grino, kaj,c autéc ja odhgoOsan se parabPash. Api to filtrarisméno
sOnolo upoyhfbwn, o scheduler epilégei sth sunégeia thn parallag me ton mikritero ex-
ecution time ,ste na megistopoi sei thn apidosh diathr, ntac par’llhla th summirfwsh

me tic apait seic Qo0S.

E"n kamBa api tic diajésimec parallagéc efarmog ¢ pou gwroOn se éna mino PR region den
mporeb na ikanopoi sei ton periorismi Q0S, energopoiebtai 0 mhganismic anbgneushc para-
bbashc Qo@. To b ma auti entopPzei ergasbec pou den mporoOn na exuphrethjoOn upi
tic tréeqousec sunj kec kai proswrin™ mei nei thn proteraiitht™ touc topojet,ntac tec

sto téloc thc our’c, epitrépontac étsi ton programmatismi pr ta twn efikt,n ergasi n.

Milic upologistoOn ta urgency scores gia ilec tic efarmogéc, h our™ anadiorgan netai

etsi ,ste oi pio epebgousec ergasbec na epexerg-zontai pr. tec, sqghmatbzontac thn ordered

job queue @ 'Otan mba ergasba ebnai etoimh proc ektélesh, to framework exereun” ta

diajéesima PR regions@ ,ste na kajorbsei e"n up“rqgei kat'llhlo region diajesimo proc
an’jesh. E"n up’rgei diajésimo region, h efarmog anatbjetai se auti; diaforetik™, h er-
gasba parameénei sthn our” mégri na eleujerwjeb k™poio region. Milic pragmatopoihjeb h
an’jesh, h ergasba gartografebtai sto antbstoiqo PR region tou FPGA, oloklhr,nontac

to deployment plan @

Peiramatik Axiolighsh
Episkiphsh Peiram™twn & Perigraf Basik,n Mejidwn

AxiologoOme thn apodotikithta tou proteinimenou plaisDou dromolighshc mésw enic ekte-
taménou sunilou peiram™twn, sgediasmenwn  ste na apotup,noun realistikéc dunamikéc
firtou ergasbac kai sumperiforec sust matoc. Ta workloads proergontai api efarmogec

tou sunilou dedoménwn GN SIS [90], me émfash stouc algorBjmouc KNN kai KMeans,

oi opoboi apoteloOn antiproswpeutik™ paradeDgmata euréwc grhsimopoioOmenwn mejidwn
se meg’lhc kibmakac an’lush dedoménwn kai epexergasba se pragmatiki grino kai ebnai
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idiabtera kat'llhloi gia epit"qunsh mésw FPGA [91]. 'Olec oi ulopoi seic anaptOgjhkan

me th gr sh tou AMD Vitis Uni ed Software Platform 2021.1 [92] kai ektelésthkan se
FPGA Alveo U200. Gia thn axiolighsh tou Partial Recon guration (PR) [87] grhsimo-

poi jnke prosomoPwsh. Ta peir'mata perilamb™noun sto sOnolo 30 efarmogéc, kajemba
me sugkekriménouc periorismoOc QoS pou antistoiqoOn se meégistouc epitreptoOc grinouc
ektéleshc. Oi afbxeic twn efarmog,n dhmiourg jhkan me gr sh katanom ¢ tOpou bursty,
basisménhc se traces api to Alibaba accelerator cluster [93], apotup,nontac realistik™
pritupa cloud workloads.

To proteinimeno plaPsio axiologebtai se dOo sumplhrwmatikéc diast’seic: (a) th stra-
thgik dromolighshc, h opoba kajorbzei th seir” ektéleshc twn efarmog,n, kai (b) th
strathgik diagebrishc, h opoba kajorbzei thn epilog bitstreams kai th diameérish tou
FPGA mésw PR. Se epbpedo dromolighshc, o proteinimenoc scheduler sugkrbnetai me
enan klasiki scheduler FIFO, o opoboc exuphreteb tic efarmogec austhr” me b"sh th sei-
" “fix ¢ touc, gwrbc na lamb™nei upiyh qarakthristik™ firtou thn kat'stash tou

sust matoc. Aut h basik proseéggish parégei éna apli all” qr simo shmebo anafor™c

gia thn axiolighsh thc proteinimenhc politik ¢ se dunamik™ kai eterogen workloads. Se
epbpedo diagebrishc, exet'zontai tésseric diamorf,seic ,ste na apotupwjeb h epbdrash
tou Pareto-awareness kai tou partitioning tou FPGA. H pr,th diamirfwsh (M1) ebnai
enac Pareto-agnostic manager gwrbc prisbash sto Pareto frontier. Epilégei éna stajeri
bitstream to opobo, kat™ méso iro, ebnai 30% pio argi kai grhsimopoieb 24% perissiterouc
pirouc api to MID design, prosomoi nontac sumperifor” mh émpeirou qr sth pou epi-
legei upobéltisth diamirfwsh. To FPGA leitourgeb wc mba eniaba monolijik periog se
aut th rOjmish. H deOterh diamirfwsh (M2) eis"gei Pareto-awareness, epitrépontac thn
epilog ulopoi sewn api to Pareto frontier, en, to FPGA exakoloujeb na leitourgeb wc
mba perioq . H trbth diamirfwsh (M3) sundu”zei Pareto-awareness me PR, diair,ntac to
FPGA se dOo epanadiamorf,simec periogéc, epitrépontac tautigronh ektélesh pollapl.n
Pareto-optimal sqgedbwn. H tétarth diamirfwsh (M4) epektebnei peraiterw thn idéa aut,
diamerbzontac to FPGA se tésseric PR periogéc, aux nontac ton parallhlismi kai thn
euelixba. O arijmic twn PR periog,n periorbzetai se tésseric, kaj,c peraitérw diamérish

ja periirize uperbolik™ ton diajésimo g,ro ulikoO, apotrépontac poll” bitstreams api

to na qwrésoun se mikriterec periogéc kai mei nontac thn praktik grhsimithta tou su-

st matoc. H apidosh k'je diamirfwshc axiologebtai mésw tess rwn basik,n metrik_ n:

(a) sunolikic arijmic parabi"sewn QoS, (b) mésoc grinoc anamon ¢, pou antistoigeb sto
groniki di"sthma pou mia efarmog parameénei sthn our” prin thn ektélesh, (g) end-to-end

i ekteleshc, o opoboc perilamb™nei grino anamon c, grino ektéleshc kai overhead dromo-
lighshc, kai (d) mésoc grinoc upérbashc, pou orbzetai wc 0 mésoc grinoc kat™ ton opobo
mia ergasba uperbabnei ton stiqo QoS. Gia tic ergasbec pou ikanopoioOn touc periorismoOc
QoS, o grinoc upérbashc jewrebtai mhdenikic.
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Sqg ma 21.: Axiolighsh thc proteinimenhc proséggishc upi eterogen workloads, ipou parou-
si"zontai (Arister”) o arijmic twn parabi"sewn, (Méso-Arister”) h katanom tou
grinou ektéleshc end-to-end, (Méso-Dexi") h katanom tou grinou anamon c kai
(Dexi”) o0 mésoc grinoc upérbashc QoS.

Analutik Axiolighsh tou Proteinimenou Plaisbou énanti twn Orisménwn
Basik,n Mejidwn gia Eterogen Workloads

AxiologoOme éna poikilimorfo sOnolo efarmog,n, kajemPa api tic opoPec par“gei ait ma-

ta me diaforetikéc apait seic olokl rwshc ekteleshc, paregontac mia realistik ana-
par’stash senarbwn an“ptuxhc. To Sq ma 21 parousi‘zei ta apotelésmata autoO tou
peir'matoc. O proteinimenoc scheduler se sunduasmi me ton M4 manager epitugq nei ton
mikritero arijmi parabi"sewn QoS. Sugkekriména, katagr'fei mino 2 parabi“seic. H
katanom tou end-to-end execution time kumabnetai api 30 seconds ewc 3.4 minutes, me
meéso iro 1.5 minutes, en, o grinoc anamon ¢ kumabnetai api 2.7 seconds éwc 2.9 min-
utes, me meso iro 57.3 seconds. O meésoc grinoc upérbashc anérgetai se 9.8 seconds.
Wc proc tic parabi’seic, aut h diamirfwsh epitugg™nei shmantikéc belti,seic, emfanbzo-
ntac 13:5, 8:5 kai 5 ligiterec parabi’seic se sOgkrish me ton FIFO scheduler me

M1, kaj,c kai me ton proteinimeno scheduler me M2 kai M3, antbstoiga. Epbshc uperéqei
enanti twn Bdiwn baseline diamorf sewn wc proc ton méso qrino end-to-end ekteleshc,
epitugg nontac belti seic thc t'xhc twn 10:6, 3:6 kai 1:8, antbstoiga. Wc proc ton

grino anamon ¢, parousi’zei mei seic thc t'xhc twn 14:9 kai 2:3 se sOgkrish me tic
antbstoigec diamorf,seic. Epipléon, o mesoc grinoc upérbashc emfanbzei mebwsh t"xhc
megeéjouc se sgésh me ton FIFO scheduler me M1 kai M2, en, parameénei 7:6 gamhlite-
roc api autin tou M3. Ta apoteléesmata aut” debgnoun iti o proteinimenoc scheduler,
itan sundu”zetai me Pareto-awareness kai pl rh axiopobhsh tess"rwn PR regions, upe-
regei susthmatik™ ilwn twn baseline proseggbsewn, akimh kai upi realistik™ eterogen
workloads.
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Epblogoc

H ergasba aut parousbase éna néo framework sgediasméno gia th beltbwsh thc apodoti-
kithtac kai thc euelixbac thc axiopobhshc multi-tenant FPGA susthm™wn sto edge-to-
cloud continuum. Me thn enswm’twsh Pareto-optimal design approximation kai eufuoOc
runtime orchestration, h proteinimenh proseggish exisorropeb apotelesmatik™ thn apido-
sh kai th gr sh pirwn, en, parillhla elagistopoieb tic parabi“seic QoS. Se antbjesh

me sumbatikéc static monolithic strathgikéc deployment, to framework prosarmize-
tai dunamik™ sth metablhtithta twn workloads kai twn diajésimwn pirwn, axiopoi,ntac
partial recon guration ste na diasfalbzei apodotiki diamoirasmi FPGA pirwn metaxO
tautigronwn efarmog,n. H peiramatik axiolighsh debgnei mésh mebwsh twn parabi"sewn
QoS kat™ 8:1 se diaforetik™ workloads kai baseline mhganismoOc, epibebai_nontac thn
apotelesmatikithta tou proteinimenou framework sthn ikanopobhsh twn apait sewn twn
grhst,n upi dunamikéc sunj kec leitourgbac.

Epblogoc kai Mellontikec Epekt’seic

SOnoyh

Ta FPGAs éqoun proselkOsei shmantiki endiaféron ligw thc dunatitht’c touc na u-
lopoioOn exeidikeuméno uliki prosarmosmeéno stic apait seic sugkekriménwn efarmog,n,
prosférontac énan sunduasmi uyhl ¢ apidoshc kai energeiak ¢ apodotikithtac, en, pa-
rlihla uposthrbzoun enhmer, seic kai tropopoi seic met” thn an”ptux touc. Paradosia-

k™, o programmatismic twn FPGAs se epbpedo RTL ebnai idiabtera apaithtikic, kaj,c oi
sqgediastéc prépei na diageirbzontai rht” touc diajésimouc pirouc ulikoO, touc gronikoOc
periorismoQOc kai ton parallhlismi, gegonic pou prodpojétei baji~ gn,sh thc yhfiak ¢
sqedbashc kai thc argitektonik ¢ thc suskeu c. Epipléon, h diadikasba aposfalm™tw-
shc epibarOnei peraitérw ton sgediasmi, kaj.c poll” probl mata gbnontai emfan mino
kat™ th di‘rkeia gronobirwn prosomoi sewn met" thn olokl rwsh thc sOnjeshc, ka-
jist.ntac ton entopismi kai th diirjws touc idiabtera dapanhr diadikasba. To High-
Level Synthesis (HLS) antimetwpbzei poll” api ta parap™nw empidia, epitrépontac stouc
sgediastéc na perigrfoun th sumperifor™ tou uliko® grhsimopoi ntac gl ssec uyhloO
epipédou, en, o metaglwttist ¢ analamb’nei autimata thn exagwg parallhlismoO kai th
dhmiourgba tou antbstoigou k dika RTL. To uyhlitero auti epbpedo afabreshc aplopoieb
shmantik™ th diadikasPa an’ptuxhc, epitagOnei thn exereOnhsh enallaktik n sgediastik.n
epilog, n kai mei,nei thn poluplokithta twn paradosiak,n ro,n sqedbashc pou basbzontai

se HDLs, epitrépontac thn apodotik ulopobhsh efarmog,n se FPGAs qwrbc thn an"gkh
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diagebrishc k'je leptoméreiac gamhloO epipédou. Wstiso, to HLS eis"gei kai néec pro-
kl seic. Oi sgediastéc exakoloujoOn na grei“zetai na katanooOn ton tripo me ton opobo
oi kataskeuéc uyhloO epipédou antistoigbzontai se uliki, gegonic pou apaiteD prosektik
katanihsh ennoi,n ipwc o parallhlismic, h diogéteush kai h sumperifor” thc mn mhc, oi
opoDPec diaféroun shmantik™ api ton sumbatiki programmatismi logismikoO. Epiprisjeta,

h geirokbnhth epilog twn compiler directives, se sunduasmi me ton argi kOklo anatro-
fodithshc pou basbzetai sth sOnjesh, dhmiourgeP énan idiabtera meg’lo kai polOploko
g,ro sgedPashc (design space), kajist,ntac dOskolh th susthmatik epBteuxh beéltistwn
apotelesm™wn akimh kai gia émpeirouc sgediastec.

Sthn paroOsa didaktorik diatrib exet'same to priblhma tou High-Level Synthesis De-

sign Space Exploration (HLS DSE) meésa api treic sumplhrwmatikéc optikéc gwnbec, oi
opobec antistoiqoOn se basik™ epPpeda tou probl matoc beltistopoPhshc. Se epbpedo de-
domeénwn, kataskeu“same éna meg’lhc kiDmakac kai ploOsio se efarmogéc sOnolo sqgedPwn
HLS, to opobo paréqei thn aparabthth b"sh gia thn ekpabdeush kai axiolighsh sOggronwn
mejidwn beltistopobhshc pou basbzontai sth mhganik m“jhsh. Se epbpedo montelopobh-
shc, anaptOxame mejodologbec pribleyhc epidisewn kai gr shc pirwn se epbBpedo gl s-
sac, oi opobec epitrepoun thn apodotik ektbmhsh twn epipt,sewn twn beltistopoi sewn

HLS se pr.ima st'dia tou sgediasmoO, mei nontac thn ex’rthsh api gronobirec diadi-
kasPec sOnjeshc. Téloc, se epPpedo beltistopobhshc, protePname éna taqO kai basisméno
sth gn_ sh plabsio epilog ¢ directives, to opobo axiopoieP istorik® dedoména sgediasmoO
gia na kajodhgeD thn exereOnhsh tou g ,rou sgedPashc kai na pargei apotelesmatikec
strathgikec beltistopobhshc gia néec, mh exereunhménec efarmogéc. Sunolik”, ta trba
aut” epbpeda sunjétoun mia sunektik proseggish gia thn pro,jhsh thc éreunac sto
pedbo tou HLS DSE, belti,nontac thn epektasimithta, thn akrbbeia kai thn praktik
efarmosimithta twn mejidwn se oliklhrh th stobba beltistopobhshc. Sth sunégeia, pa-
rousi“zetai mia sunoptik anaskiphsh thc ereunhtik ¢ mac suneisfor™c kai tou tripou

me ton opobo ta proteinimena plabsia antimetwpbzoun shmantik™ anoikt™ probl mata tou
pedbou.

GN SIS. Apoteleb to megalOtero anoiktoO k dika sOnolo dedoménwn HLS pou ePnai
diajésimo s mera, kalOptontac éna exairetik® eurQ f'sma sgediastik.n shmebwn (de-
sign points) proergimenwn tiso api kajierwmena benchmark suites iso kai api prag-
matikéc efarmogéc pou sullégjhkan api dhmisia apojet ria logismikoO. Epipléon, pa-
regetai ena euélikto kai pl rwc automatopoihmeno plabsio dhmiourgbac néwn sgediasti-
k.n shmebwn, epitrépontac th suneq epéktash tou sunilou dedoménwn kaj,c exelbsso-
ntai ta ergaleba, oi suskeuec kai oi efarmogéc. Mésw tou GN SIS, stigoc mac ebnai
h enbsqush thc prosbasimithtac se uyhl ¢ poiithtac sgediastik”™ dedoména kai h dh-
miourgba miac isqur ¢ b"shc gia thn pro.jhsh thc éreunac sto pedbo tou HLS-driven
DSE [90].
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Language-level QoR Modeling for HLS. Protebnetai mia mejodologba montelopo-
bhshc se epbpedo gl.ssac, h opoba problépei thn apidosh kai th gr sh pirwn sqge-
dbwn HLS apeujebac api ton phgabo touc k,dika upi diaforetikec diamorf, seic direc-
tives. Stigoc thc proseggishc ebnai na parégei stouc sqediastéc égkairec kai exar-
t,menec api ta directives ektim seic, epitagOnontac shmantik™ ton entopismi apodotik,n
strathgik, n beltistopoPBhshc gwrbc thn an"gkh epanalambanimenwn diadikasi,n sOnje-
shc. Me thn ergasba aut antimetwpbzetai h ufist'menh élleiyh montélwn pou mporo-
On na ektim soun me akrBbeia thn apidosh kai th gr sh pirwn api k. dika emplouti-
sméno me directives, kalOptontac éna krbsimo keni sth diadikasPa HLS design space explo-
ration [26].

CollectiveHLS. Prikeitai gia mia exairetik” tageba kai basisménh se dedoména proseg-
gish beltistopobhshc sgedbwn HLS, h opoba entopbzei kai efarmizei autimata kat'llhlec
diamorf seic directives apeujebac ston argiki phgabo k. dika. H mejodoc epikentr, netai
sthn elagistopobhsh thc kajustérhshc (latency), diathr .ntac parillhla th sunjesi-

mithta tou sqedbou, kai paréqgei éna oloklhrwmeno plabsio beltistopobhshc se epbpedo
directives. Mésw aut c thc ergasbac antimetwpbzetai h élleiyh tagéwn mejodologi,n pou
mporoOn na par"goun apodotikéc, égkurec kai sqedin beltistec diamorf seic directives
gia néec kai “gnwstec efarmogéc [1, 36, 94].

Linking HLS with FPGA Runtime Orchestration. ProtePnetai eéna plabsio QoS-

aware FPGA-as-a-Service (FPGAaaS) pou sundeéei th beltistopobhsh sqgedbwn mésw HLS
me th dunamik enorq strwsh pirwn se polumisjwména (multi-tenant) sust mata FPGA.

H proséggish dhmiourgeb pollapléc Pareto-optimal parallagéc ulikoO gia k’je efarmog ,
axiopoi,ntac mia elafri” mejodologba montelopobhshc pou apaiteb el"qisto arijmi ulopoi-
sewn se uliki. Kat” th di'rkeia leitourgbac tou sust matoc, énac runtime orchestrator
epilégei dunamik™ thn katallhliterh parallag me b’sh touc diajésimouc pirouc merik ¢
epanadiamirfwshc (partial recon guration), ste na ikanopoioOntai oi apait seic QoS kai

na periorbzontai oi parabi“seic touc. Me thn ergasba aut antimetwpbzetai h elleiyh miac
enopoihménhc mejidou pou na gefur nei th beltistopobhsh sqedbwn HLS me th dunami-
k diagebrish pirwn FPGA, diasfalbzontac par’lihla thn ikanopobhsh twn apait sewn

QoS [95].
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Mellontikéc Epekt'seic

Emploutbzontac to GN SIS me Post-Implementation Data

Oi perissiterec sOggronec mejodologbec HLS directive Design Space Exploration (DSE)
basbzontai se dedoména pro-ulopobhshc (pre-implementation data), kurbwc ligw thc eu-
kolbac sullog ¢ touc kai thc diajesimithtac meg’lwn sunilwn dedoménwn se uyhlitera
epPpeda afabreshc tou sgediastikoO g,rou [95]. Pariti ta dedoména aut™ égoun dia-
dramatbsei kajoristiki rilo sthn priodo thc éreunac gia th beltistopobhsh mésw HLS,
antanakloOn ektim seic kai igi ta pragmatik™ apotelésmata thc telik ¢ ulopoPhshc. Wc

ek toOtou, polléc api tic ufistmenec proseggbseic adunatoOn na apotup,soun pl rwc

ta sOnjeta fainimena pou eis"gontai kat™ th ro ulopoPhshc se FPGA, odhg,ntac se
apoklbseic metaxO thc problepimenhc kai thc pragmatik ¢ apidoshc. Oi apoklPseic autéc
gbnontai idiabtera emfanebc se metrikéc pou sgetbzontai me ton gronismi, th gr sh pirwn
kai thn poiithta uphresbac (Quality of Service - QoS), periorbzontac thn akrbbeia twn
montelwn pribleyhc kai mei,nontac thn praktik axiopobhsh twn mejodologi,n beltisto-
pobhshc se pragmatik™ perib’llonta an™ptuxhc [51].

Gia thn antimet, pish autoQ tou periorismoQ, mia idiabtera uposgimenh ereunhtik kateOjun-
sh ebnai o emploutismic tou sunilou dedomenwn GN SIS me plhroforba met” thn ulopobhsh
(post-implementation data). Epektebnontac to plabsio ,ste na uposthrbzei th dhmiourgba
kai an”lush pragmatik,n FPGA bitstreams, kajbstatai dunat h katagraf fainoménwn

pou emfanbzontai se epbpedo ulopobhshc, ipwc h topojéthsh (placement), h dromolighsh
(routing), h sumfirhsh pirwn (congestion) kai h epbteuxh gronik,n periorism.n (timing
closure), ta opoPa paraménoun airata kat™ ta pr,ima st"dia tou sqediasmoO. Parilo pou h
paragwg dedomenwn met” thn ulopobhsh sunep”getai shmantiki upologistiki kai groniki
kistoc, to prokOpton sOnolo dedoménwn ja parégei mia saf ¢ akribésterh anapar’stash

tou pragmatikoO sgediastikoO g,rou. Mia tétoia b”sh gn_shc ja epitréyei thn an"ptuxh

pio axiipistwn strathgik, n beltistopobhshc HLS kai akribésterwn montelwn pribleyhc,

gefur nontac to g"sma metaxO ereunhtik_ n prwtotOpwn kai praktik™ axiopoi simwn I0se-

wn FPGA. Par’llhla, h enswm™twsh plhroforbac met” thn ulopobhsh ja sumb’lei sth
dhmiourgba mejodologi,n beltistopobhshc pou den ja ebnai mino apotelesmatikéc se je-
wrhtiki epPpedo, all” kai anjektikéc, epekt’simec kai "mesa efarmisimec se pragmatik™
sen’ria an"ptuxhc kai leitourgbac susthm™twn FPGA.
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Qr sh Meg’lwn Glwssik,n Montélwn sto HLS directives DSE

H ragdaba exélixh kai h eureba uiojéthsh twn Large Language Models (LLMs) eqoun meta-
sghmatbsei polloOc episthmonikoOc kai tegnologikoOc tomeBc, kajier,nont™c ta wc isqur”
ergaleba gia sullogismi, paragwg Kk,dika, beltistopobhsh kai upost rixh | yhc apo-
fsewn. H ikanitht” touc na genikeOoun se diaforetik” tasks, na axiopoioOn ektetaménh
prodp’rqousa gn,sh kai na prosarmizontai ta éqei topojet sei ston pur na sOggronwn
Al-driven ro,n ergasbac. H t"sh aut antikatoptrDzetai oloéna kai perissitero kai ston
q,ro tou sgediasmoO ulikoO kai thc hlektronik ¢ automatopobhshc sqedPashc (Electronic
Design Automation - EDA), ipou prisfatec melétec anadeiknOoun thn emfnish mejo-
dologi,n basisménwn se LLMs gia thn automatopobhsh sqediastik,n diadikasi,n kai th
beltbwsh thc paragwgikithtac [96]. Ereunhtikéc proseggbseic égoun exet'sei tiso th
gr sh proekpaideumenwn montélwn mesw prompting [97, 98], iso kai elafriec mejidouc
ne-tuning, ipwc h LoRA [99], katadeiknOontac th dunatithta twn LLMs na uposthrBxoun
akimh kai na antikatast soun paradosiakéc euretikéc mejidouc beltistopobhshc. Ka-
j,c ta montela aut”™ wrim“zoun, o riloc touc sthn epit'qunsh kai aplopoPhsh sOnjetwn
mhganik,n ro,n ergasbac anamenetai na enisqujeb peraiterw.

Sto plabsio thc HLS directive Design Space Exploration (DSE), ta LLMs prosféroun
idiabtera uposgimenec dunatithtec gia thn enbsqush thc automatopobhshc, th mebwsh tou
kistouc exereOnhshc kai th beltbwsh thc poiithtac beltistopobhshc. Axiopoi ntac sOno-

la dedomeénwn ipwc to GN SIS, ta LLMs mporoOn na kajodhghjoOn _ste na anagnwrbzoun
strathgikec beltistopobhshc gia “gnwsta sgedia, basizimena se motbba pou éqoun majh-
jeb api Pareto-optimal diamorf seic se diaforetikec efarmogéc, platfirmec FPGA kai
rujmBseic sOnjeshc. Gia par“deigma, oi ploOsiec sgéseic metaxO directives kai QoR sto
GN SIS mporoOn na uposthrbxoun thn pritash kat'llhiwn diamorf, sewn pragma, en,
exeidikeuména montéla mporoOn na mjoun na problépoun apidosh kai gr sh pirwn apeu-
jebac api phgabo k dika emploutisméno me HLS directives [97 100]. Tétoiec dunatithtec
epitrépoun sta LLMs na leitourgoOn wc eufu front-ends gia ergaleba HLS, paréqontac

gr gorec kai dedomeno-kateujunimenec ektim seic pou sumplhr,noun epitagOnoun para-
dosiakéc mejodologbec DSE. Sunolik”, oi roéc HLS pou enswmat,noun LLMs apoteloOn
mia idiabtera uposgimenh kateOjunsh gia mellontik éreuna, me th dunatithta na belti-
_soun shmantik™ thn apodotikithta kai thn prosbasimithta tou sqediasmoO epitaqunt,n

se FPGA.
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Epitrépontac to FPGA-as-a-Service sto Upologistiki Sunegéc

Mia poll” uposgimenh mellontik kateOjunsh ePnai h enswm™twsh thc beltistopoPhshc
mésw HLS sto eurOtero upologistiki sunegéc, ipou h uiojéthsh twn FPGAs aux netai me
idiabtera tagePc rujmoOc. H sunegq,c dieurunimenh parousPa touc se upodomeéc cloud, ipwc
ta sust mata thc Microsoft me to Project Brainwave [83] kai emporikéc IOseic ipwc oi
FPGA instances thc Amazon [86], anadeiknOei ton oloéna kai shmantikitero rilo touc wc
uyhl ¢ apidoshc kai epanadiamorf simwn epitaqunt,n gia sOggrona Al workloads. Pa-
r'lihla, h emf nish tou paradebgmatoc FPGA-as-a-Service (FPGAaaS) [85] upogrammbzei
th met"bash proc montéla ipou to programmatizimeno uliki kajbstatai diajésimo kat
apabthsh, epitrépontac stouc gr stec na anaptOssoun exeidikeuménouc epitaquntéc qwrbc
thn an"gkh diagebrishc thc upokePmenhc upodom c. Par” th dunamik aut , exakoloujoOn
na ufbstantai shmantikéc prokl seic, ipwc ta empidia sthn programmatisimithta [17], o
kbndunoc dhmiourgbac mh apodotik, n epitagunt,n pou apodbdoun geiritera api CPUs [32],
kaj,c kai h arg kai upologistik™ apaithtik fOsh thc exereOnhshc tou g,rou sqedPashc
(design-space exploration) [21]. Epipléon, h upost rixh polumisjwtik,n (multi-tenant)
periballintwn eis"gei prisjeth poluplokithta, kaj,c pollapl~ workloads prépei na

moir“zontai periorismenouc pirouc FPGA diathr,ntac tautigrona austhrec apait seic
poiithtac uphresbac (QoS) [85]. Proseggbseic pou basbzontai sth Partial Recon gura-
tion [87] prosféroun mia idiaBtera uposgimenh kateOjunsh gia eikonikopobhsh twn FPGAs,
wstiso apaitoOn sgediastik™ apotelésmata pou ePnai epark,c beltistopoihména, arjrwt”

kai euaisjhtopoihména wc proc touc diajésimouc pirouc, ste na mporoOn na axiopoihjoOn
se pragmatikéc sunj kec.

H topojéthsh thc montelopobhshc kai thc exereOnhshc HLS directives mésa sto anaduime-
no oikosOsthma edge-to-cloud FPGA sunist™ mia idiaDtera krbsimh kai epPkairh ereunhtik
kateOjunsh. Kaj,c ta FPGAs enswmat,nontai oloéna kai perissitero se eterogen ,
polumisjwtik™ perib’llonta, anadOetai h an"gkh gia automatopoihménec roéc HLS pou
pargoun sqediastik™ apotelésmata ta opoba ebnai tautiqgrona apodotik™ wc proc touc
pirouc, forht™ kai étoima proc an"ptuxh. H epéktash thc paroOsac diatrib ¢ proc tétoia
plabsia me epbgnwsh thc telik ¢ an"ptuxhc (deployment-aware) ja epétrepe th dhmiourgba
epitaqunt,n pou prosarmizontai sth metablhtithta twn suskeu,n, stouc periorismo-

Oc thc partial recon guration kai sth dunamik diajesimithta pirwn se kimbouc edge

kai cloud datacenters. H kateOjunsh aut ja antimet,pize krbsimec prokl seic tou FP-
GAaas, ipwc th duskolba paragwg c béltistwn sgedbwn, tic anapotelesmatikithtec api
upo-axiopobhsh pirwn kai thn uyhl exrthsh api exeidikeuménh geirokbnhth rOjmish. Pio
euréwc, ja “noige ton drimo gia eufu sust mata metagl ttishc ikan™ na par"goun epita-
quntéc pou paramenoun apodotikob kai klimak,simoi se eterogenebc platfirmec, uposth-
rbzontac thn epimenh geni” euéliktwn kai uyhl ¢ apidoshc katanemhmenwn upologistik,n
susthm™twn.
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Chapter 1.

Introduction

1.1. The Impact of Digital Transformation in the Modern Era

Today, society is facing a profound transformation driven by the rapid and widespread
adoption of digital technologies, often referred to as the digital revolution. In this context,
billions of devices, ranging from smartphones to cloud platforms, are interconnected,
enabling seamless communication and global data exchange. This extensive connectivity
has not only revolutionized the way individuals live, work, and interact with technology,
but has also reshaped entire industries, fostering innovation across sectors. The COVID-19
pandemic further accelerated this transition, forcing enterprises to rapidly adopt and
integrate digital solutions to ensure operational continuity!. Remote working practices,
online collaboration, and digital communication platforms became essential, highlighting
the role of Information and Communication Technology (ICT) in modern society. For
instance, in 2020, 33% of EU enterprises expanded remote access to ICT systems, with
94% of these changes attributed at least partly to COVID-19.

The rapid digitalization of society has resulted in an unprecedented expansion of global
data production. According to the IDC Global DataSphere report, more than 59 Zettabytes
of data are expected to be created within the current year, a volume that exceeds the
total amount of data generated during the previous three decades Furthermore, by
2026, it forecasts that the annual data volume will reach 221 Zettabytes, with unstruc-
tured data contributing to more than 90% of this growth 3. This explosive increase in
data volume is mirrored in the expansion of the supporting data infrastructure mar-
ket. In particular, the global Internet data center market was valued at approximately
48.7 billion USD in 2022 and is projected to grow at a Compound Annual Growth Rate

1The COVID-19 Pandemic and its Impact on the Digital Economy
2IDC: Next 3 Years to Surpass 30 Years in Data Creation
3Data Growth and Applications Drive New Storage Requirements in Digitally Transformed Enterprises
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(CAGR) of 10.6% through 2030, ultimately surpassing 107 billion US}. The unprece-
dented magnitude of these data highlights the depth of the digital transformation and
presents signi cant challenges for computation, storage, and communication infrastruc-
tures. Addressing these challenges requires the implementation of advanced techniques
and the development of innovative solutions capable of meeting the demands of a data-
driven world®.

Machine Learning (ML) has played a pivotal role in handling and understanding the
massive volumes of data generated daily. It facilitated the automation of tasks that were
previously impractical with traditional approaches, including data cleaning, anomaly de-
tection, feature extraction etc. In particular, methods such as Deep Learning (DL) have
facilitated analytics, predictive modeling, and automated decision-making in environ-
ments characterized by high data volume, velocity, variety, and noisé. As a result,
the adoption of Al-powered applications is accelerating at a remarkable pace, with ML
techniques being applied across a wide range of domains, including healthcare [101], -
nance [102], transportation [103], manufacturing [104], and education [105]. A notable
example is ChatGPT, which, based on the Transformer architecture [2], has emerged as
one of the most widely used digital tools globally. On a daily basis, ChatGPT handles
over 1 billion user queries globally, and in 2025 its weekly active user base grew to approx-
imately 800 million, doubling from 400 million earlier in the year’. This rapid adoption
across both specialized domains and everyday applications highlights the transformative
impact of Al and ML on modern society.

1.2. The Role of Acceleration in Modern Computing

It is evident that DL has become the foundation of modern ML, shaping numerous aspects
of daily life. Despite its transformative potential, DL is characterized by exceptionally
high computational demands. Training State-of-the-Art (SotA) models involves optimiz-
ing billions of parameters across massive datasets, resulting in signi cant training costs
and time requirements. For instance, GPT-3 contains approximately 175 billion param-
eters [5], while GPT-4 is over an order of magnitude larger. The challenge becomes
even more pronounced during Inference, where trained models are deployed to deliver
predictions in real-world applications. Domains such as autonomous driving [6], med-
ical diagnostics [7], recommendation systems [8], and conversational agents [9] require

“Internet Data Center Market

®What is big data analytics?

5The Role of Al in Processing and Generating New Data, European Commission Report
"ChatGPT Statistics
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Figure 1.1.: Accelerator Market Size (2022 2025) and Projected Growth Through 2032

inference to meet strict latency and throughput constraints. Users increasingly expect
real-time responses, and in safety-critical contexts, even millisecond-level delays can lead
to severe consequences.

Traditional general-purpose Central Processing Units (CPUs) are insu cient to address
the computational requirements of modern DL workloads. Deep Neural Networks (DNNSs)
demand extensive parallelism and high-throughput processing to e ciently handle billions
of parameters, a need that CPUs, designed primarily for sequential execution, cannot
meet. These constraints have driven both academia and industry to develop specialized
hardware accelerators capable of managing such computationally intensive tasks with far
greater e ciency. Graphics Processing Units (GPUs) were the rst major accelerators
to enable large-scale Al, o ering thousands of cores optimized for parallel oating-point
computations and thereby signi cantly reducing training times [10]. Their e ectiveness
was shown in the training of AlexNet during the 2012 ImageNet competition, where the
use of GPUs shortened training from weeks to days and achieved unprecedented accu-
racy in large-scale image recognition tasks [11]. Additionally, Tensor Processing Units
(TPUs), introduced by Google, further advance this paradigm by o ering an architec-
ture tailored speci cally for tensor operations in DL, achieving remarkable e ciency [12].
Field-Programmable Gate Arrays (FPGAs) provide a exible alternative, enabling re-
con gurable hardware tailored to specic models, balancing performance with energy
e ciency while allowing post-deployment updates [13]. Finally, Application-Speci ¢ In-
tegrated Circuits (ASICs) deliver the highest e ciency by dedicating hardware entirely

to prede ned tasks, achieving unmatched performance and energy savings at the cost of
exibility [14].

The growing reliance on hardware acceleration is clearly re ected in the rapid expansion
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of the global data center accelerator marke?. As depicted in Figure 1.1, the market value
has shown consistent growth from 2022 to 2025, with projections extending to 2032. In
2025, the market size reached approximately 37 billion USD, which corresponds to nearly
a twofold increase compared to its value in 2022. This substantial growth highlights the
rising importance of accelerators as indispensable components in modern data centers,
enabling e cient execution of computationally demanding workloads such as DL, high-
performance computing, and large-scale data analytics. Looking ahead, the market is
expected to sustain this momentum, with forecasts indicating a CAGR of 25.6%. At this
rate, the accelerator market is projected to reach 168 billion USD by 2032, underscoring
both the technological and economic signi cance of accelerators in shaping the future of
computing infrastructures.

1.3. Field-Programmable Gate Arrays: Programming &
Adoption Challenges

FPGAs represent a signi cant portion of the heterogeneous computing pie. Figure 1.2a
illustrates the global datacenter accelerator market distribution by processor type in 2025,
where FPGAs account for 24% of the overall market, emphasizing their rising importance
in modern computing. This trend is further re ected in the FPGA market size °, which
experienced consistent growth between 2023 and 2025, as illustrated in Figure 1.2b. In
particular, by 2025 the market size reached 14.1 billion USD, marking a 29.3% increase
compared to 2023. Looking ahead, the market is expected to sustain this trajectory with
a projected CAGR of 13.6%, and at this rate, the FPGA market is forecasted to reach 39
billion USD by 2033, underlining their expanding role in the accelerator ecosystem. This
dynamic is further highlighted by the acquisitions of the two major FPGA companies,
with Intel acquiring Altera *° and AMD acquiring Xilinx %, With their rapidly increasing
market size, FPGAs are now widely adopted across diverse industries. The IT & Telecom-
munication sector leads with a 35% share, driven by the expansion of data trac, the
growth of cloud computing, and the demand for high-performance, exible connectiv-
ity. Other sectors, including Consumer Electronics, Aerospace & Defense, Industrial,
Automotive, and Healthcare, also rely on FPGAs for their adaptability, precision, and
reliability. Continuous technological advancements further reinforce their adoption, en-
suring sustained market growth and fostering innovation.

8Data Center Accelerator Market

°Field Programmable Gate Array Market
©Intel Acquires Altera

1 AMD Acquires Xilinx
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(a) Accelerator Type Market Share (b) FPGA Market Growth

Figure 1.2.: Global Data Center Accelerator Market Share by 2025 and FPGA Market Size
(2023 2025) with Projected Growth to 2033

FPGA hardware design can be approached at various levels of abstraction, with the
Register-Transfer Level (RTL) being one of the most widely adopted for digital circuit
development. At this level, designers rely on Hardware Description Languages (HDLS),
such as VHDL and Verilog, to explicitly de ne data movement between registers. RTL
design provides precise control over hardware components, including ip- ops, multiplex-
ers, and arithmetic units, enabling the e cient mapping and direct execution of highly
parallel operations on hardware. It also facilitates the optimization of key design met-
rics such as area, power consumption, and computational throughput allowing FPGA
implementations to achieve both high performance and energy e ciency [15]. However,
fully exploiting these advantages requires careful management of timing and synchroniza-
tion to ensure correct and reliable operation. As a result, despite its e ciency, RTL design
is often considered complex and demanding, as it requires substantial hardware expertise
and attention to low-level implementation details [16, 17].

A closer look at RTL-level design highlights several challenges [18]. First, it requires a
conceptual shift from traditional sequential programming to a spatial, massively parallel
design mindset. Unlike CPUs and GPUs, FPGAs consist of distributed resources such
as Look-Up Tables (LUTs), Digital Signal Processing (DSP) slices, Flip-Flops (FFs), and
Block RAMs (BRAMSs) which must be explicitly orchestrated by the designer. This
includes not only mapping computation onto these resources but also carefully design-
ing data paths and custom bu ering strategies to sustain su cient memory bandwidth

at each clock cycle. Another major challenge lies in debugging. In contrast to soft-
ware development on CPUs, FPGA designs lack intuitive debugging mechanisms such as
breakpoints or step-by-step execution. Instead, developers often rely on time-consuming
RTL simulations or limited emulation techniques, making error detection and root-cause
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analysis signi cantly more complex. Collectively, these challenges contribute to the steep
learning curve associated with HDL-based design and introduce a pronounced produc-
tivity performance trade-o . This underscores the importance of advancing compilation
techniques and high-level programming abstractions to improve both the accessibility and
e ciency of FPGA-based acceleration.

High-Level Synthesis (HLS) has emerged as a compelling alternative to traditional RTL
design by raising the level of abstraction closer to algorithmic descriptions. By allowing
developers to express designs in familiar languages such as C/C++ and OpenCL, HLS
reduces the cognitive burden associated with adopting a spatial and massively parallel
programming model, as the compiler automatically extracts parallelism and maps it onto
hardware resources [19]. At the same time, HLS alleviates the steep learning curve of
RTL methodologies by removing the need for low-level HDL coding, while still enabling
ne-grained micro-architectural control through the use of directives [20]. This combi-
nation of higher abstraction and retained control allows designers to e ciently navigate
the trade-o s between performance and resource utilization. Furthermore, HLS enhances
productivity in both Design Space Exploration (DSE) and debugging. It supports sig-
ni cantly faster iteration cycles compared to RTL-based ows, preserves a clearer corre-
spondence between source-level constructs and hardware components, and enables early
evaluation of area performance trade-o s without requiring time-consuming low-level im-
plementations [21]. For instance, AMD Vitis HLS!? and the Intel HLS Compiler!® both
translate high-level code into RTL while providing rapid estimates of performance and
resource utilization, enabling designers to assess trade-o s and guide optimizations early
in the development process. Overall, HLS mitigates many of the complexity and pro-
ductivity challenges associated with RTL design, while still enabling the generation of
e cient and high-performance FPGA implementations.

Although HLS elevates the abstraction level of FPGA design, achieving high-quality
implementations still requires hardware awareness. Designers must reason about paral-
lelism, pipelining, and memory organization, placing HLS at the intersection of algorithm
design and hardware architecture. This duality introduces a considerable barrier, partic-
ularly for software-oriented developers and application-level practitioners, whose limited
exposure to FPGA-speci ¢ architectural details often constrains their ability to produce

e cient and scalable solutions [1]. A central challenge lies in the manual application of
compiler directives [22, 23], which govern how parallelism is extracted and mapped onto
hardware. The directive design space is inherently large and highly sensitive to both ap-
plication characteristics and target architectures, leading to complex trade-o s between
performance, resource utilization, and power consumption. Consequently, optimization

2 AMD Vitis HLS
B|ntel HLS Compiler
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becomes a non-trivial and error-prone process, even for experienced designers, as sub-
tle interactions between directives may result in suboptimal or infeasible designs [21].
This di culty is further pronounced by the high cost of evaluation. Obtaining accurate
performance and resource estimates typically requires synthesis or partial compilation,
which can take from minutes to hours [24 26]. Such slow feedback cycles hinder compre-
hensive design space exploration, forcing developers to rely on heuristics or incomplete
assessments, often at the expense of nal design quality.

Taken together, these challenges underscore that, despite its higher level of abstrac-
tion, HLS does not fully eliminate the fundamental productivity performance trade-o

in FPGA design. The vast and complex decision space associated with directive selection,
coupled with the high cost of evaluation, places DSE at the core of this problem. In the
absence of more e ective support, developers are forced to navigate di cult trade-o s
between e ciency and development time, which ultimately hinders the broader adoption
of FPGA acceleration. Consequently, there is a clear need for advanced automated frame-
works and methodologies that can streamline both directive selection and performance
evaluation. Such solutions would not only lower the barrier to entry for non-expert users
but also signi cantly enhance productivity for experienced designers, enabling HLS to re-
alize its potential in high-performance computing contexts.

1.4. Ph.D. Thesis Scope & Contributions

The scope of this thesis is to investigate methods to simplify, accelerate, and optimize
application development using High-Level Synthesis, enabling non-hardware experts to
e ciently design and optimize their applications and ultimately broaden the adoption of
FPGAs. While improved accessibility to HLS can be pursued at multiple levels ranging
from automatic adaptation of high-level source code for HLS to ne-grained optimization
closer to hardware generation this dissertation focuses speci cally on methodologies
that assist and guide the directive optimization process. With the rapid expansion of
publicly available HLS designs in repositories such as GitHub, this work builds upon data
derived from this growing ecosystem of applications as the foundation for developing and
evaluating the proposed methods. More speci cally, the research in this thesis is guided
by the following core principles:

1. We argue that although High-Level Synthesis raises the design abstraction level,
it remains di cult for users without a hardware background to fully leverage its
acceleration potential. In this context, it is important to provide tools that can
support both novice and expert designers in navigating the optimization process
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Figure 1.3.: High-Level Overview of the Ph.D. Thesis Contributions

within HLS.

2. We highlight the growing availability of HLS-ready applications, ranging from well-
established benchmark suites to large-scale open-source repositories, alongside the
pivotal role of data in modern computing research. In this direction, we harness the
scale and diversity of available data to uncover insights that serve as the founda-
tion for data-driven approaches to directive optimization, thereby improving HLS
e ciency and supporting rapid mapping and design space exploration.

We apply these principles to a range of challenges in HLS optimization, including di-
rective optimization as well as performance and resource modeling. Figure 1.3 provides
an abstract, high-level illustration of how the contributions of this thesis are positioned
within the broader landscape of optimization layers.

Overall, this thesis presents four main contributions:

" GN SIS: It represents the largest open-source HLS dataset to date, encompassing
a vast number of design points drawn from prominent benchmark suites and pub-
lic repositories. Furthermore, we introduce a exible framework to automate the
generation of additional design points. Through GN SIS, our goal is to enhance
accessibility to FPGA design data and provide a foundation for advancing research
in HLS directives design space exploration.

~ Language-level QoR Modeling for HLS: A language-level modeling approach
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is introduced to estimate the performance and resource requirements of HLS ap-
plications directly from the source code under di erent directives. The goal of this
work is to provide users with early estimates for their chosen directives, enabling
faster identi cation of e ective directive combinations.

" CollectiveHLS: It provides an ultra-fast solution for optimizing HLS designs by
automating the identi cation and application of directive con gurations directly
from the original source code. The approach prioritizes minimizing design latency
while maintaining synthesizability, and, being fully data-driven, it delivers a gener-
alized framework for HLS tuning.

" Linking HLS with FPGA Runtime Orchestration: It introduces an e cient
methodology for approximating the Pareto-optimal design space of HLS applica-
tions, capturing trade-o s between performance and resource utilization. This is
achieved through a lightweight modeling approach that constructs the Pareto front
with minimal hardware generations, signi cantly reducing exploration overhead.
At runtime, an orchestrator dynamically selects the most suitable design based
on available partial recon guration resources, ensuring that application-level QoS
requirements are met.

Beyond its primary contributions, this thesis also addresses two other problems: i) the
challenge of inference serving in cloud infrastructures under the impact of performance
interference, and ii) the challenge of orchestrating workloads across the edge-to-cloud
continuum, where devices span a wide spectrum of capabilities, from low-power embedded
systems to high-performance servers.

In the following subsections, we highlight the major contributions of this thesis and
explain how these contributions extend prior State-of-the-Art (SotA) approaches and
limitations, as described later in Section 3.

1.4.1. GN SIS (Chapter 4)

Addressed Problem: The lack of large-scale design collections that can serve as reliable
foundations for developing, benchmarking, and validating new methodologies.

High-Level Synthesis simplies FPGA programming by abstracting low-level hardware
complexities and enabling rapid customization through directives, but determining the op-
timal directive con gurations remains a major challenge, especially for designers without
deep hardware expertise. Various approaches address this challenge by automating the
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generation of e cient directive con gurations through a variety of techniques. However,

the success of these methods largely depends on the quality and comprehensiveness of the
underlying data. Existing design collections are often limited in scope, complexity, and
device diversity, containing only a narrow range of designs [37,38]. Furthermore, expand-
ing these collections is challenging because tools for automatically generating new designs
are limited, and those that do exist usually require substantial manual intervention [39].

In order to tackle these problems, we propose GN SIS.

GN SIS extends prior by:

~ Introducing the largest open-source HLS dataset, compiled from applications drawn
from both well-established benchmark suites and publicly available repositories on
GitHub.

~ O ering data spanning multiple FPGA platforms and a variety of clock frequencies.

" Developing a generalized, automated framework for generating and exploring HLS
design points, leveraging program analysis and evolutionary optimization tech-
nigues.

~ Delivering comprehensive evaluations that provide actionable insights and guidance

for designers with limited experience in HLS optimization.

1.4.2. Language-level QoR Modeling for HLS (Chapter 5)

Addressed Problem: Absence of models capable of accurately estimating performance
and resource usage directly from source code annotated with directives.

The HLS process remains a major bottleneck in directive optimization, as each invo-
cation is computationally expensive and can take from minutes to hours. To address
this limitation, several modeling approaches have been developed to substitute the HLS
process, ranging from Analytical Models [49] to Machine Learning (ML) [51] and Neu-
ral Networks (NN) [52], which excel at capturing complex data behaviors. Within this
context, Graph Neural Networks (GNN) have become the de facto choice for HLS model-
ing, as they can e ectively represent the Control and Data Flow Graph (CDFG) derived
from application source code [24,25]. However, the generation of these graphs relies
on HLS-speci ¢ information, which is produced only after an invocation to capture the
impact of directives. Consequently, these methods cannot deliver rapid estimates of la-
tency and resource usage. In order to tackle these problems, we propose a modeling

10



1.4. Ph.D. Thesis Scope & Contributions

scheme that estimates performance and resource requirements directly at the language
level.

The proposed approach extends prior by:

Introducing a language-level modeling approach for HLS that eliminates the need
for lengthy HLS invocations, relying solely on the source code.

" Leveraging the Transformer architecture trained on the large-scale GN SIS design
collection.

Providing the capability to determine whether a design exceeds available resources
and to predict both latency and resource utilization.

" Delivering extremely fast inference, o ering valuable support for designers.

1.4.3. CollectiveHLS (Chapter 6)

Addressed Problem: Absence of a rapid methodology capable of e ciently generating
valid and near-optimal directive con gurations for previously unseen designs.

The automatic discovery of near-optimal directive con gurations has consistently been
a key challenge in HLS design space exploration. Well-chosen directive sets not only
provide immediate, usable solutions for novice users but also act as e ective starting
points for experienced designers, thereby reducing optimization time and e ort. Current
methods typically explore the design space through repeated invocations of the computa-
tionally expensive HLS ow [106,107]. Alternatively, they rely on predictive models that
approximate HLS results, but these require extensive training and are highly sensitive to
tool versions and dataset characteristics [24,25]. Some approaches attempt to transfer
optimal con gurations from one application to another, but obtaining the Pareto frontier
and deriving a latency-e cient design still requires multiple HLS ow invocations [35].
Consequently, none of these approaches deliver an ultra-fast, robust, and broadly appli-
cable solution for design optimization. In order to tackle these problems, we propose
CollectiveHLS.

CollectiveHLS extends prior by:

" Delivering the fastest optimization methodology to date, capable of producing near-
optimal con gurations for a given FPGA.

11



Introduction

" Detecting source-code similarities across applications to suggest e ective directives
for previously unseen designs.

" Employing a data-driven approach that leverages the extensive GN SIS dataset,
extracting and combining insights from prior applications without relying on com-
plex heuristics or models.

" Incorporating a closed-loop mechanism that adapts directive proposals whenever a
design cannot be synthesized or exceeds available FPGA resources.

" Integrating this mechanism into Vitis HLS, a SotA industrial tool, thereby ex-
tending it into a complete end-to-end solution that remains user-friendly and self-
contained.

1.4.4. Linking HLS with FPGA Runtime Orchestration (Chapter 7)

Addressed Problem: Bridging pre-implementation and post-implementation Pareto-
optimal data to facilitate the realization of the FPGAaaS paradigm.

FPGAaaS has emerged as a compelling paradigm for enhancing FPGA utilization by
enabling resource sharing through multi-tenancy, typically facilitated by Partial Recon-
guration (PR) [85,87]. In this model, the FPGA is divided into multiple PR regions that
function as virtual devices, allowing users to deploy custom accelerators while improving
overall resource e ciency. PR-based virtualization supports exible resource allocation
through both symmetric [89] and asymmetric [88] partitioning schemes. Nevertheless,
most existing solutions rely on static or coarse-grained allocation policies and assume
monolithic hardware designs, which limits their ability to adapt to dynamic runtime
conditions. As a result, there is often a mismatch between optimized designs and the
fragmented availability of PR resources, leading to ine cient utilization and challenges

in consistently meeting user QoS requirements. To address these challenges, we propose
a methodology that generates multiple hardware variants for each application and dy-
namically selects the most suitable one based on available PR regions and target QoS
requirements.

The proposed approach extends prior work by:

" Integrating Pareto-based design generation with runtime orchestration for dynamic,
QoS-aware selection.

12
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" Employing a lightweight model to approximate the Pareto front with minimal hard-
ware generations.

" Enabling ne-grained mapping of applications to PR regions, reducing QoS viola-
tions.

1.5. Ph.D. Thesis Organization

The rest of this thesis is organized as follows:

" Chapter 2 provides an overview of Field Programmable Gate Arrays, High-Level
Synthesis, and the challenges associated with directive-driven Design Space Explo-
ration.

~ Chapter 3 presents a literature review of State-of-the-Art solutions, highlighting
the challenges and limitations of current HLS datasets and HLS directives design
space exploration. It also summarizes key contributions and identi es the research
gaps addressed by this thesis.

Chapter 4 introduces the GN SIS dataset, the largest open-source HLS dataset
to date, along with the framework used for its generation.

" Chapter 5 describes a language-level model for predicting performance and re-
source utilization directly from source code with directives.

Chapter 6 presents CollectiveHLS, an ultra-fast HLS tool for identifying near-
optimal directives tailored to the target FPGA.

" Chapter 7 presents a lightweight method for approximating the Pareto-optimal
design space of HLS applications with minimal hardware generations, enabling e -
cient trade-o exploration and runtime design selection to meet QoS requirements
under partial recon guration constraints.

" Chapter 8 concludes the thesis by summarizing the results and outcomes, and
discussing potential directions for future research.

~ Appendix A introduces IRIS, an interference- and resource-aware predictive or-
chestration framework for ML inference serving at cloud.

13
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" Appendix B describes SynergAl, an edge-to-cloud framework for high-performance
and energy-e cient orchestration of Al inference workloads.

14



Chapter 2.

Background on Field Programmable Gate
Arrays

In this chapter, we present an overview of FPGAs, discussing their internal architecture
and conventional programming methodologies. We then present the core principles of
HLS and discuss some of the main directives involved in the design process. Finally, we
present a mathematical formulation of the HLS-driven DSE problem and highlight its
primary challenges.

2.1. Fundamentals of Field Programmable Gate Arrays

An FPGA [108] is a recon gurable integrated circuit designed to be reprogrammed
multiple times after manufacturing, allowing designers to de ne its functionality di-
rectly in hardware. FPGAs belong to the broader class of Programmable Logic Devices
(PLDs) [109] and are composed of an array of programmable logic blocks interconnected
through a exible routing fabric. These logic blocks can be con gured to perform a wide
range of digital operations, enabling the creation of custom hardware architectures tai-
lored to speci ¢ computational tasks. The reprogrammable nature gives FPGAs a unique
advantage, bridging the gap between general-purpose processors and custom ASICs by
combining exibility with high performance [110]. Due to their versatility, FPGAs are
widely adopted in scenarios where rapid prototyping, hardware customization, or frequent
design iterations are required. They are commonly used in research and development,
where producing dedicated ASICs would be cost-prohibitive or impractical for low-volume
applications. In this section, we explore the fundamental architecture of FPGAs and pro-
vide an overview of the RTL programming.
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Figure 2.1.: High-Level Schematic of FPGA Architecture
2.1.1. Fundamental Architecture of Field Programmable Gate Arrays

An FPGA consists of a nite set of prede ned hardware resources interconnected through
programmable routing networks, enabling the implementation of recon gurable digital
circuits tailored to specic applications [111]. It also incorporates dedicated Input/Out-
put (I/0) blocks that handle communication between the internal logic and the external
environment. At the heart of the FPGA architecture is the Con gurable Logic Block
(CLB), often referred to as a Slice or Logic Cell, which serves as the main computa-
tional unit. Each CLB is composed of two primary elements, Lookup Tables (LUTs) and
Flip-Flops (FFs), which collectively enable both combinational and sequential logic func-
tionality. Figure 2.1 illustrates a simpli ed schematic of a typical FPGA architecture,
highlighting its major components and interconnections. FPGA resource speci cations
generally describe key architectural characteristics, including the number of CLBs, the
availability of xed-function components such as Digital Signal Processing (DSP) blocks,
and the size of on-chip memory elements like Block RAM (BRAM). These parameters
play a vital role in assessing and selecting FPGA devices, as they have a direct impact
on system performance, resource utilization, and overall design suitability. We now pro-
vide a more detailed overview of the fundamental FPGA components mentioned above,
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including FFs, LUTs, BRAMSs, and DSP units.

Flip Flops. Flip-Flops are essential sequential logic elements in FPGAs that store and
synchronize binary states across clock cycles. Each FF functions as a one-bit memory cell
that captures the logical value present at its input on the active clock edge and holds that
value steady until the next clock event. This mechanism enables the preservation of sig-
nal states between computations and supports the implementation of synchronous digital
circuits such as counters, registers, and state machines. In FPGAs, FFs are typically inte-
grated with LUTs within CLBs, providing both combinational and sequential processing
capabilities within a single programmable structure.

Lookup Tables. A large portion of the logic within a CLB is implemented using small
memory elements known as Lookup Tables. Instead of relying on traditional logic gate
structures such as AND or XOR gates, FPGAs use LUTs to realize combinational logic
in a highly exible manner. Each LUT functions as a small memory that stores a truth
table, which de nes the output for every possible combination of input signals. During
operation, the input values serve as the address to this memory, and the corresponding
output value is retrieved. This approach allows LUTs to implement any Boolean function
of their input variables, making them the fundamental building blocks for constructing
complex combinational logic within the FPGA fabric.

Block RAMs. Memory resources are a critical consideration when evaluating FPGA
devices. FPGAs include embedded Block RAMs distributed across the chip that can be
con gured by the user to store data or facilitate communication between parallel tasks.
The size and organization of these memory blocks vary by FPGA family, commonly avail-
able in units of 16 or 36 kilobits. While it is possible to implement arrays using ip- ops,
this approach becomes ine cient for large data sets, quickly consuming a signi cant por-
tion of the available logic resources. For example, a 100 element array of 32-bit numbers
can occupy over 30% of the ip- ops in a Virtex-l1l 1000 FPGA, whereas the same data
would consume less than 1% of the embedded block RAM. Applications such as digital
signal processing often require storing entire data blocks for complex computations, and
without dedicated memory resources, these functions cannot be e ciently implemented
solely using the FPGA con gurable logic.

Digital Signal Processing Units. The operation of multiplying two numbers can

quickly become highly resource-intensive and complex when implemented directly in dig-
ital logic. As the bit-width of the operands increases, the number of required logic gates
grows exponentially, making purely combinatorial implementations impractical for larger
word sizes. To overcome this challenge, modern FPGAs provide dedicated multiplier
hardware that greatly reduces the usage of general-purpose logic resources such as lookup
tables and ip- ops, while signi cantly improving performance for arithmetic-intensive
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and signal processing applications. In addition, many signal processing algorithms rely
not only on multiplication but also on the accumulation of products over time, which is a
common requirement in operations such as convolution. To e ciently support these work-
loads, high-performance FPGAs, including the Xilinx Virtex-5 series, incorporate special-
ized multiplier-accumulate blocks. These dedicated processing units, often referred to as
DSP48 slices, integrate a 25-bit by 18-bit multiplier with an adder, allowing designers
to perform complex arithmetic operations in a single cycle. By o oading these opera-
tions to specialized hardware, DSP48 slices enable high-throughput computation while
preserving general-purpose logic resources for other functions, ultimately enhancing the
overall e ciency and scalability of FPGA-based designs.

2.1.2. Register Transfer Level Programming

Traditionally, FPGAs have been programmed using HDLs such as VHDL and Verilog,
which enable designers to specify digital circuits at the RTL [112]. At this level, de-
signers de ne both the structure and behavior of the hardware, detailing how signals
propagate between registers, how combinational logic processes inputs, and how timing
is controlled across clock cycles. Every module, wire, ip-op, and logic gate must be
explicitly described, giving the designer full control over the implementation while also
placing complete responsibility for correctness on them. Designers must ensure that the
circuit meets timing requirements, that signals are properly synchronized, and that race
conditions are avoided. HDLs support the description of both combinational and sequen-
tial logic, where combinational logic generates outputs immediately in response to inputs,
and sequential logic uses ip- ops or registers to store state between clock cycles. This
capability is crucial for implementing state machines, counters, and memory elements
within FPGA designs. Listing 2.1 shows a 1-bit modulo-2 counter that toggles on every
rising edge of a clock signal.

Listing 2.1: Verilog Speci cation of a 1-bit Modulo-2 Counter

module counter(
input clk,
input rst,
output reg q

always @(posedge clk or posedge rst) begin
if (rst)
g <= 0; /I Reset output to O
else
g <= ~q; /I Toggle output on each clock cycle
end
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endmodule

In this example, the clk input is the system clock, and rst is an asynchronous reset signal.
The counter output q is implemented as a single ip- op. On every rising edge of the clock
signal, the always block is executed. If the reset signal rst is active, the output q is set
to zero. Otherwise, the output changes its state, alternating between 0 and 1, which e ec-
tively makes it a modulo-2 counter. This design demonstrates the fundamental concepts
of sequential logic, edge-triggered behavior, and signal assignment, all of which must be
explicitty managed in HDL. Even for such a minimal design, the programmer must care-
fully consider several critical aspects of hardware behavior, including signal timing, reset
conditions, and potential hazards such as race conditions.

Programming at the RTL level poses considerable di culties [18], as demonstrated even
by the simple example presented earlier. Every signal and connection must be explicitly
de ned, leaving little room for abstraction. Complex designs require careful consideration
of timing paths, clock domains, and synchronization, and small errors can result in func-
tional bugs or timing violations that are di cult to detect. Debugging RTL code is often
labor-intensive, involving simulation and waveform analysis for every module and inter-
action. Additionally, synthesizing RTL into hardware can reveal resource constraints or
routing problems that require signi cant re-design. These challenges make RTL program-
ming highly detailed and prone to human error, often resulting in long and complex devel-
opment cycles. This has motivated the adoption of higher-level design approaches such as
HLS, which enable designers to express algorithms at a more abstract level while automat-
ically generating the underlying hardware implementation.

2.2. Fundamentals of High-Level Synthesis

A common and intuitive method for deploying a compute-intensive function on an FPGA
involves describing its behavior in a High-Level Language (HLL) as a sequence of state-
ments incorporating control structures such as loops and conditionals. Modern tools
support a wide range of HLLs, including C, C++, Java, Python, C#, and MATLAB,

and can automatically translate these behavioral descriptions into RTL implementations
written in HDLs such as VHDL, Verilog, or System Verilog. This process, known as High-
Level Synthesis, enables developers to design hardware directly using HLLs. An HLS tool
automatically transforms untimed HLL code into a fully timed HDL circuit speci cation
that performs the same functionality on the FPGA, greatly simplifying hardware design
and reducing development time.
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2.2.1. Phases of the High-Level Synthesis Process

Although a variety of HLS tools are available, they typically follow a similar design
methodology consisting of several well-de ned stages [20]. Figure 2.2 presents a represen-
tative HLS design ow employed for synthesizing accelerators on FPGAs. The process
begins with a behavioral description of the design, expressed in a synthesizable subset of
a HLL. It is important to emphasize that not all constructs within an HLL are compatible

with every HLS tool. For example, many tools impose restrictions on the use of pointers,
recursion, and dynamic memory allocation. The compilation ow starts with parsing the
source code, where the HLS tool constructs an Intermediate Representation (IR) that
serves as the foundation for subsequent processing. Next, a comprehensive set of source-
level optimizations is performed on the IR@, including dead-code elimination, redundant
expression removal, and other transformations. Modern HLS tools are typically built on
top of the LLVM compiler framework 1, which generates a Control and Data Flow Graph
(CDFG) @ that accurately captures all data and control dependencies present in the IR,
forming a detailed map for the following steps.

The resource allocation step@ is responsible for determining the hardware components
required to implement a design e ciently. The HLS tool analyzes the IR or the CDFG

of the design and selects appropriate functional units, memory elements, and intercon-
nect components from a prede ned library. For functional units, the tool identi es the
arithmetic and logical operations needed, such as adders, multipliers, dividers, and com-
parators. It also considers resource sharing, where multiple operations of the same type
can reuse a single hardware unit if their execution does not overlap, thereby optimizing
area and power. For memory resources, registers, block RAMs, and FIFOs are allo-
cated to store variables, intermediate results, and data streams. The tool may further
optimize memory usage by analyzing variable lifetimes and sharing storage locations for
non-overlapping data. Interconnect resources, including buses and multiplexers, are then
assigned to ensure correct and e cient data movement between functional units and
memory. Following allocation, the scheduling phase@ assigns each operation from the
source code to a speci ¢ control step, corresponding directly to hardware clock cycles. The
scheduler must respect data and control dependencies, ensuring that operations are exe-
cuted in the correct order. Scheduling strategies may prioritize operations on the critical
path to minimize total latency. The scheduler also considers resource constraints from the
previous allocation step, ensuring that operations mapped to a shared functional unit do
not con ict. Various scheduling algorithms are employed to balance trade-o s between la-
tency, throughput, and resource usage. The output is a detailed timing plan specifying the
exact execution cycle for every operation in the hardware.

1The LLVM Compiler Infrastructure
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The resource binding step@ maps the scheduled operations and data elements to con-
crete hardware components. Each arithmetic or logical operation is assigned to a speci c
functional unit, and the tool may reuse these units across multiple cycles to reduce area
usage. Variables are allocated to registers or memory elements based on their lifetimes,
ensuring safe and e cient sharing of resources. Datapaths are constructed using multi-
plexers, buses, and FIFOs so that every functional unit receives the correct inputs and
outputs at the appropriate time. An accompanying Finite State Machine (FSM) is then
generated to coordinate the sequence of operations, memory accesses, and data transfers,
e ectively orchestrating the entire system according to the established schedule. These
stages are closely interconnected since scheduling depends on resource allocation to de-
termine available hardware and timing constraints, while binding uses the schedule to
assign operations accurately to physical components. Modern HLS tools typically iter-
ate among allocation, scheduling, and binding steps, re ning each to achieve optimal
trade-o s among latency, area, and power consumption, ultimately producing a synthe-
sizable RTL representation that preserves the original high-level behavior. Finally, in the
RTL generation stage @, the HLS tool translates this optimized hardware design into

its nal RTL implementation, establishing signal interconnections and control logic for
downstream synthesis.

2.2.2. Industrial and Academic High-Level Synthesis Tools

A wide range of HLS tools has been developed by both academia and industry over the
years. The selection of a particular tool is typically in uenced by factors such as ap-
plication availability, cost, community support, and compatibility with specic FPGA
vendors. As a result, no single HLS tool dominates the market. Among the most widely
used commercial tools are AMD Vivado HLS?, Intel HLS Compiler 2, Mentor Catapult 4,
and Cadence Stratus®. In the academic and open-source domain, tools such as LegUp [16]
and Bambu [113] have made signi cant contributions to advancing research in the eld.
It is generally more di cult to obtain detailed design information, such as compiler archi-
tectures, for commercial tools compared to research-oriented ones. Notably, commercial
tools that have evolved from university research, such as Vivado HLS, tend to have more
documentation available in the literature than those developed entirely within industry,
like the Intel HLS Compiler. In this section, we focus more closely on Vivado HLS and
Intel HLS Compiler, as they are among the most prevalent and in uential tools in FPGA
design, supported by two of the leading companies.

2AMD Vivado HLS
3Intel HLS Compiler
“Mentor Catapult
SCadence Stratus
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Figure 2.2.: Overview of a Typical HLS Design Process

Vivado HLS is a commercial HLS tool developed by AMD for their FPGA devices. It
originates from AutoPilot [17], which was a commercialized version of the xPilot [114]
system developed at the University of California, Los Angeles. Vivado HLS enables de-
signers to generate RTL descriptions in VHDL or Verilog from high-level speci cations
written in C, C++, SystemC, or OpenCL. Although the internal design ow of Vivado
HLS is not publicly available, it is generally understood to follow a process similar to
that of AutoPilot. The tool is built upon the LLVM compiler infrastructure, which
compiles high-level code into LLVM-IR. The IR then undergoes a series of standard com-
piler transformations, such as dead code elimination, constant propagation, and loop
unrolling, along with hardware-speci ¢ optimizations including bit-width minimization,
data locality enhancement, and parallelism extraction. Following these transformations,
Vivado HLS performs synthesis and interconnect-centric optimizations during operation
scheduling and resource binding, taking into account user-de ned constraints. It pro-
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vides a rich set of directives that allow designers to guide compilation and synthesis to
optimize performance, resource utilization, and data communication e ciency. The tool
also o ers an extensive collection of hardware-optimized libraries and APIs to support
FPGA development. Finally, the optimized IR is synthesized into RTL implementations
suitable for AMD FPGAs, which can be stored as reusable IP cores. Vivado HLS includes
functionality for co-simulation and veri cation, enabling users to test the generated RTL
against the original high-level speci cation. The tool has been incorporated into the Vitis
Uni ed Software Platform © under the name Vitis HLS, o ering additional capabilities
and tighter integration within AMD software ecosystem.

The Intel HLS Compiler is a high-level synthesis tool developed to convert C++ hard-
ware descriptions into optimized RTL implementations for Intel FPGA architectures.

It bridges the gap between software-level design and hardware realization, allowing de-
signers to describe hardware functionality using familiar programming constructs while
automatically generating hardware-e cient implementations. In addition to standard
compiler optimizations such as dead-code elimination and constant propagation, the Intel
HLS Compiler incorporates hardware-speci ¢ transformations, including loop unrolling,
pipelining, and dependency analysis, all of which can be ne-tuned through user-de ned
annotations. These directives give designers precise control over the resulting microar-
chitecture, enabling the exploration of various design trade-o s across memory organi-
zation, data path structures, interface protocols, and levels of parallelism. Similar to
Vivado HLS, the Intel HLS Compiler facilitates the generation of reusable IP compo-
nents that can be integrated into larger System-on-Chip (SoC) designs, thereby reducing
overall FPGA development time and improving design productivity. The tool also in-
cludes robust veri cation mechanisms, allowing users to validate the correctness of the
synthesized RTL against the original high-level speci cation using software-based test
benches. Distributed as part of the Intel Quartus Prime Design Software Suite’, the
Intel HLS Compiler provides a cohesive environment that supports the full FPGA de-
velopment cycle, from high-level modeling and synthesis to simulation, veri cation, and
system-level integration.

2.2.3. Fundamental Directives in High-Level Synthesis

HLS directives, also known as pragmas, enable designers to in uence and tailor the HLS
outcome of their code. Pragmas are inserted directly into the source code to apply speci c
optimizations or modify the default HLS behavior, ensuring that each HLS run re ects

SVitis Uni ed Software Platform
"Intel Quartus Prime Design Software Suite
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the speci ed con guration. Alternatively, optimization directives can be de ned in con-
guration les, enabling exible and reusable HLS settings across multiple components.
The available directives and their syntax vary depending on the HLS tool being used.
Since this dissertation employs the AMD Vitis toolchain, we present the fundamental
directives utilized throughout this work, detailing their syntax, points of application, and
functional purpose. In particular, the focus is placed on the Loop Pipeline, Loop Unroll,
and Array Partition directives.

Loop Pipeline. This directive allows designers to reduce the Initiation Interval (Il) of a
loop or function, enabling concurrent execution of operations and improving throughput.
By default, the HLS tool generates a minimum Il based on the specied clock period
constraint, prioritizing timing over Il reduction unless an explicit Il is provided. The
actual Il achieved may be larger than requested if data dependencies exist. The syntax
for the directive is as follows:

#pragma HLS pipeline ll1=<int>

where ll=<int> speci es the desired initiation interval. For example, as shown in List-
ing 2.2, the loop inside the function func can be pipelined with an initiation interval of 1
by using the #pragma HLS pipeline II=1 directive, provided that the tool determines
it is achievable.

Listing 2.2: C Speci cation of a Pipelined Loop

void func(...) {
for (inti = 0; i < N; i++) {
#pragma HLS pipeline 11=1

Loop Unroll. This directive allows designers to replicate loop iterations, enabling multi-

ple iterations to execute in parallel, improving throughput. By fully or partially unrolling

a loop, the HLS tool can expose parallelism and reduce loop overhead. The degree of
unrolling can be speci ed explicitly, or the loop can be fully unrolled to execute all it-
erations simultaneously. The unrolling factor achieved may be constrained by resource
availability or data dependencies. The syntax is as follows:
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#pragma HLS unroll factor=<int>

where factor=<int> sets the number of loop iterations to unroll, and if omitted, the loop

is fully unrolled. For instance, as illustrated in Listing 2.3, the loop within the function
func can be unrolled with a factor of 4 by applying the #pragma HLS unroll factor=4

directive.

Listing 2.3: C Speci cation of a Partially Unrolled Loop

void func(...) {
for (inti = 0; i < N; i++) {
#pragma HLS unroll factor=4

Array Partition. This directive allows designers to split an array into smaller, inde-
pendent arrays, enabling parallel access to multiple elements and improving throughput.
By applying array partitioning, the HLS tool can reduce memory access bottlenecks and
increase the concurrency of operations. Partitioning can be complete, block, or cyclic,
and the choice a ects how the array is mapped to hardware resources. The degree of par-
titioning may be limited by available hardware resources or the array size. The syntax is
as follows:

#pragma HLS array_partition variable=<array> type=<type> factor=<int>

where variable=<array> speci es the target array, type=<complete|block|cyclic>

de nes the patrtitioning strategy, and factor=<int> sets the size of each block or the
stride for cyclic partitioning. If factor is omitted, the tool applies complete partitioning.
For example, as shown in Listing 2.4, the array A can be cyclically partitioned with a
factor of 4 by applying the #pragma HLS array_partition variable=A type=cyclic
factor=4 directive.

Listing 2.4: C Speci cation of a Partially Partitioned Array

void func(...) {
int A[L6]:
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#pragma HLS array_partition variable=A type=cyclic factor=4
for (int i = 0; i < N; i++) {

}

For more information on the available directives, the reader is referred to the o cial Vitis
HLS documentation 8.

2.3. High-Level Synthesis Directives Design Space Exploration

The automation of directive exploration in HLS has been an active area of research
for many years. To ensure a consistent understanding of the core concepts, we begin
by de ning the fundamental terminology used throughout this work. Subsequently, we
provide a formal mathematical formulation of the HLS Design Space Exploration problem,

0 ering a precise and structured framework for its analysis.

An HLS design refers to a hardware functionality to be implemented, while a speci ca-
tion denotes its high-level description, typically written in languages such as C/C++, and
provided as input to the HLS tool. The implementation is the resulting hardware de-
sign produced by the HLS process, usually represented as automatically generated RTL
code in Verilog or VHDL. Each implementation can be evaluated in terms of performance
and cost metrics that quantify its e ciency and resource utilization. A con guration de-
nes the speci c set of transformations that a design undergoes during the HLS process.
These transformations are governed by the designer through a combination of constraints
and optimization directives, such as loop unrolling, pipelining, array partitioning, and
other control and data path optimizations. Each directive is associated with a partic-
ular location in the source code, which may correspond to a syntactic construct such
as a loop, function, or array declaration. Moreover, certain directives expose tunable
parameters that allow further customization of the resulting hardware implementation.
For example, the designer can control the degree of parallelism by specifying the loop
unrolling factor or by setting the initiation interval for a pipelined loop. The design space
encompasses all possible design con gurations and the corresponding performance and
cost outcomes produced by HLS. Within this multi-objective optimization landscape, a
Pareto-optimal con guration represents a design point that achieves an optimal trade-
0 between conicting objectives, typically performance and resource utilization, such

8Vitis HLS Directives
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that no other con guration can improve one objective without degrading the other. In
practical terms, this often corresponds to minimizing design latency while simultaneously
reducing resource consumption.

We now formalize the exploration phase in mathematical terms. For a given design T, let
Xt denote the set of all possible con gurations. In practice, due to the vastness of X,
designers typically examine only a subset of con gurations denoted by ¥ X 1, where
elements of ¥ are chosen based on empirical experience from previous HLS executions.
To illustrate the scale of Yt even for a simple design, consider Listing 2.5, which presents
a C-based speci cation of a well-known vector addition kernel. The design T consists
of two input arrays and one output array, along with a loop that performs element-wise
addition across 64 elements. For this design, we de ne 1Y as the set of con gurations
generated by varying a selected subset of common HLS directives. Speci cally, for each
array declaration, we explore nine directive con gurations corresponding to complete
partitioning, and block or cyclic partitioning with factors of 2, 4, 8, 16, and 32. For the
loop, we include eight possible con gurations, covering pipelining (with and without an

Il of 1) and loop unrolling with factors of 2, 4, 8, 16, 32, and full unrolling. Combining
these directive options yields a con guration space of size jff =9 9 9 8 = 5832,
demonstrating that even a compact design such as vector addition can lead to thousands of
possible con gurations. Itis important to note that this estimation omits other commonly
used directives which would further expand .

Listing 2.5: C Speci cation of Vector Addition

#define N 64

void vecAdd(const char* A, const char* B, char* C) {
for (int i = 0; i < N; i++) {
Clil = Ali] + BIi;

Given T and Yy, the DSE task produces a subset of ¥ that contains all Pareto-optimal
con gurations, formally de ned as:

P(T;YT)=fxjx2Y 1 " xis Pareto Optimalg

The subset P (T; Y ) is obtained by:

1. Performing jYtj HLS runs on T, one for each con guration x 2 Yy, and
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2. Selecting only those con gurations that are Pareto-optimal with respect to the
chosen performance and cost metrics.

With this formulation, the objective of HLS directives DSE is to approximate P (T;Y )
while minimizing the number of HLS operations. Since each HLS run is computationally
expensive, reducing the number of invocations of the HLS tool is essential for practical
and e cient exploration. We can identify two fundamental challenges that make this
task particularly di cult:

1. Combinatorial Explosion of the Design Space The design space in HLS grows
combinatorially with the number of code constructs (e.g., loops, arrays, and func-
tions) and the set of available optimization directives. Each construct can be con-
gured with multiple parameters resulting in an exponential increase in possible
con gurations. Even simple designs can produce thousands of valid directive com-
binations, rendering exhaustive exploration impractical.

2. High Computational Cost of Evaluation Each con guration typically requires
a full HLS synthesis ow to obtain performance and resource utilization results.
These operations are time-consuming, often taking minutes or hours per con gura-
tion, which signi cantly limits the number of con gurations that can be explored
in a reasonable time frame.

Because of these challenges, achieving e cient and scalable HLS optimization remains an
active area of research. A substantial body of work continues to focus on automated meth-
ods to accelerate DSE and improve the usability of HLS tools.
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Chapter 3.

Review of State-of-the-Art Challenges and
Limitations

In this chapter, we review the various methodologies that have been proposed to tackle
the challenges of automatic HLS directive design space exploration. Researchers and prac-
titioners have developed a wide range of strategies to improve both the e ciency and the
level of automation in exploring HLS directives. These e orts highlight the inherent dif-
culty of optimizing hardware designs under complex architectural and tool constraints.
Since many of these approaches depend heavily on the quality and diversity of the data
they use, we also examine the landscape of modern HLS datasets and dataset generation
frameworks. We assess their availability, current maturity, and the challenges they face,
highlighting existing limitations and identifying gaps that in uence the e ectiveness of
automated HLS methodologies.

3.1. High-Level Synthesis Design Space Exploration

The research e orts in this domain can be broadly classi ed into three main categories:

a) synthesis-based approaches, b) model-based approaches, and c) knowledge-based ap-
proaches. This categorization re ects the dominant strategies adopted in the literature to
tackle the complexity of automated HLS directive design space exploration and provides

a structured view of the methodological landscape.
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3.1.1. Synthesis-based Techniques

Synthesis-based approaches strive to navigate the con gurations decision space e ciently
by analyzing a set of Quality of Result (QoR) metrics derived from designs synthesized
using an HLS tool. Within these investigations, the HLS tool is regarded as a black box,
with these methods relying on the tool for each evaluation to assess the quality of the
design. Various application-agnostic heuristics have been employed to direct the search.
Mahapatra et al. [115] introduce a modi ed version of the simulated annealing algorithm
that utilizes decision trees for the e cient exploration of optimal directives. Evolution-

ary algorithms [65, 66] and particle swarm optimization [116 118] have been exploited
in multiple works due to their ability to e ciently explore the con guration space and
ensure convergence to optimal solutions. Moreover, researchers and practitioners have
developed specialized heuristics to guide the search, considering speci ¢ characteristics
of the HLS DSE problem. Ferretti et al. introduced a method for guiding selection in
vast design spaces by utilizing local search within an N-dimensional lattice space [106].
Additionally, they presented a cluster-based meta-heuristic to rapidly obtain an approx-
imation of the Pareto frontier of a design [107]. SPIRIT [63] introduced a signal-based
representation of the HLS solution space, employing response surface models and spectral
analysis to predict design quality and navigate the decision space. Finally, there are re-
search e orts attempting to integrate multiple optimization strategies to achieve quicker
convergence and enhanced performance. For instance, S2FA [62] utilized a multi-armed
bandit approach to integrate multiple heuristic algorithms, including uniform greedy
mutation, di erential evolution genetic algorithm, particle swarm optimization, and sim-
ulated annealing. While the aforementioned approaches are not bound to a speci ¢ HLS
tool, they often demonstrate a slow convergence rate due to the gradual accumulation
of knowledge for the explored design space and the time-consuming synthesis invoca-
tions.

In the pursuit of minimizing the design space and delivering highly e cient designs,
recent research approaches involve modifying the original source code in addition to se-
lecting suitable directives [22,23]. The rationale behind this approach is that, through
alterations to the original source using a compiler toolchain (e.g., LLVM [119]), paral-
lelism can be uncovered. This can signi cantly enhance the performance of the nal
design by identifying the most promising directives that t the modi ed source-code. For
instance, if a function can be expressed in a read-compute-write manner, it is highly
likely that function-level parallelism directives would provide the most signi cant perfor-
mance bene ts. Sohrabizadeh et al. have recently introduced AutoDSE [22], a tool built
on the foundation of the Merlin compiler [120]. AutoDSE identi es bottlenecks in the
target design and systematically attempts to overcome them by prioritizing high-impact
parameters with respect to performance. ScaleHLS [23], constructed using MLIR frame-
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work [121], depicts HLS designs across multiple representation levels (e.g., graph level
IR). Through source code analysis and transformations, it has the capability to optimize
the kernel at the relevant level. AutoScaleDSE [33] identi es ine ciencies in ScaleHLS
that result in unnecessary HLS tool invocations. Through the use of a random forest clas-
si er, it successfully reduces the DSE time without compromising design e ciency. While
the results of incorporating transformations to the original source code and identifying
suitable directives are promising, the aforementioned approaches necessitate additional
time for source code transformations. Moreover, they still rely on the time-consuming
HLS invocation process to evaluate the design quality.

3.1.2. Model-based Techniques

These methodologies aim to replace the time-consuming synthesis phase from the op-
timization loop, by building models capable of inferring the QoR metrics of a design.
Upon obtaining performance and resource utilization estimates, the DSE process can be
optimized and managed e ciently using specialized heuristics [106, 107]. These e orts
can be categorized into three major groups, i.e., i) analytical-based ii) ML/NN-based and
iii) GNN-based modeling approaches.

Analytical-based modeling in HLS aims to theoretically understand the impact of various
directives on application performance by developing mathematical prediction models.
Lin-Analyzer [49] constructs an analytical model for clock cycles based on dynamic data
dependence graphs, derived from traces that represent the data ow within the designed
accelerator. This model takes into consideration directives such as pipeline, unroll, and
array_partition. Building upon Lin-Analyzer, COMBA [50] extends its capabilities

by predicting latency using Control and Data Flow Graphs (CFG & DFG) from the
examined application. COMBA incorporates additional directives, such as dataflow
and function_inline, into its predictions. While analytical models are known for their
interpretability, e ciency, and reduced data requirements for training [122], they are
based on the assumption that QoR metrics change monotonically with the modi cation
of individual design parameters. However, this assumption may not hold in all cases, as
pointed out by Nigam et al. [123].

ML/NN-based modeling has emerged to address the above limitations. These methods
typically use pre-synthesis HLS reports, which include details like resource consump-
tion (e.g., DSP units), clock periods, and operations (logic, arithmetic, and memory),
to predict outcomes such as post-implementation resource usage and timing constraint
satis ability. Dai et al. [51] employ Lasso, XGBoost, and Arti cial Neural Networks
(ANN) for this purpose. XPPE [52] adopts a similar approach, using ANNs to predict
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speedup on di erent FPGA devices, incorporating device speci cations during training.
In addition to architectural attributes, HL-Pow [54] integrates static and dynamic power
characteristics. It utilizes XGBoost and Convolutional Neural Networks (CNN) to fore-
cast actual power consumption in FPGA designs. Moreover, the authors of [53] predict
design clock cycles and power consumption using data from CPU performance counters.
While ML/NN-based models o er accurate predictions, they are often tailored to specic
applications, whereas the construction of the input feature vectors necessitates running
time-consuming synthesis processes.

Recently, GNN modeling has gained a lot of attention due to their ability to capture
the structural variations of HLS applications. Ustun et al. [55] have recognized the in-
e ciency of HLS tools to accurately capture how operations are mapped in the actual
hardware. To address this issue, they introduce a GNN approach which, given an ap-
plication's DFG, has the capability to predict the hardware mapping of operations as
well as the associated latency. Wu et al. [34] introduce a variety of GNN-based modeling
strategies that employ di erent approaches to balance the trade-o s between prediction
timeliness and accuracy in forecasting BRAM%, DSP%, LUT%, and critical path timing.
In their research, Ferretti et al. [25] introduce a unique graph representation that incorpo-
rates elements from the CFG, DFG, and the HLS directives and through a GNN model
predict the DSP%, LUT%, FF%, and latency. Similarly, Sohrabizadeh et al. [24, 58]
adopt a graph-based representation to encode program information, encompassing as-
pects like control, data, call, and pragma ows. They harness GNNs, incorporating
various techniques for enhanced accuracy (e.g., node attention). Their aim is to pre-
dict key HW design metrics, including latency and resources, e ectively proposing an
alternative to Vitis HLS. However, constructing these graphs relies on the Intermediate
Representation (IR) of applications, which requires HLS-speci ¢ information to include
the details of the applied directives, such as the Activity Database (.adb les) generated
after completing the High-Level Synthesis process. In contrast, approaches using IR from
standard compilers (e.g., LLVM) struggle to re ect the impact of HLS directives on the
source code and often rely on human-de ned xed-size feature vector representations for
#pragmas [25,58]. Table 3.1 provides an overview of the most signi cant contributions
in this area.

3.1.3. Knowledge-based Techniques

Knowledge-based approaches utilize information derived from the analysis of previously
studied applications to optimize unseen applications. This form of optimization is widely
recognized across various elds for its capability to swiftly deliver highly e cient op-
timizations. In the realm of compiler optimizations, Xydis et al. [124, 125] investigate
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Table 3.1.: Comparison of HLS QoR modeling approaches in terms of i) the modeling strategy
employed, ii) the features provided as model inputs, and iii) the QoR metrics pre-

dicted.
Ref. Codename Model Used Input Features Predicted Metrics
[49] Lin-Analyzer Analytical Dynamic Data Dependence Graph #Clock Cycles
[50] COMBA Analytical CFG, DFG Latency
[51] Dai et. al Lasso, XGBoost, ANN Pre-synth. resources, CP, #Ops Post-synth. resources
[52] XPPE ANN Pre-synth. resources, CP, #Ops Speedup on dierent FPGAs
[54] HL-Pow XGBoost, CNN Pre-synth. resources, CP, #Ops Power
[53] HLSPredict ALS, Lasso, RF, ANN CPU Performance Counters #Clock Cycles & Power
[55] Ustun et al. GNN DFG Post-synth. resources, Latency
[34] Wu et al. GNN CFG, DFG Post-synth. resources,
[25] Ferretti et al. GNN CFG, DFG, Directives Post-synth. resources, Latency
[58] Sohrabizadeh et al. GNN CFG, DFG, Directives Post-synth. resources, Latency

the application of collaborative Itering to con gure compiler- and runtime-tuning pa-
rameters by identifying similarities to applications that have already been optimized.
Knowledge-based approaches have also been applied to the problem of HLS DSE [94].
Kwon et al. [67] employ knowledge gained from diverse application explorations to mini-
mize the data needed for training a neural network architecture for QoR prediction. Liu

et al. [126] leverage previously optimized designs for ASICs and propose a methodology
to transfer this knowledge to di erent FPGAs. In conclusion, Ferretti et al. drew upon
prior knowledge from DB4HLS [127] to formulate an HLS-speci c methodology aimed
at diminishing the size of the decision space. This methodology relies on assessing the
similarity between seen and unseen source codes [35]. The underlying rationale is that
applications with comparable code structures will be in uenced by similar directives.
Therefore, the directives that contribute to the Pareto front of the explored application
are expected to yield favorable con gurations for the unseen application. Nevertheless,
achieving an accurate approximation of the Pareto frontiers still necessitates numerous
time-consuming application-speci ¢ synthesis evaluations.

Limitations of SotA Approaches in HLS Directives DSE

The limitations of current HLS DSE methodologies are summarized as follows:

~ Synthesis-based methods are severely hindered by the computational expense of
repeated HLS runs.

" Model-based approaches are constrained by the quality and coverage of available
datasets, their dependence on post-HLS features, and their limited ability to
generalize to new kernels, architectures, or HLS conditions.

~ Knowledge-based methods are limited by the quality of their underlying datasets
and similarity assumptions, often still requiring extensive HLS exploration to
nd Pareto-optimal designs.
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3.2. High-Level Synthesis Datasets

The e ectiveness of model- and knowledge-based approaches heavily relies on the avail-
ability of extensive datasets. In the HLS community, several widely recognized benchmark
suites are utilized for evaluating, comparing, and re ning methodologies, tools, and sys-
tems. These include Polybench [128], MachSuite [42], Rosetta [60], CHStone [129], and
RodiniaHLS [43], alongside various design collections [112,130]. However, the total num-
ber of designs available from these benchmark suites and collections is relatively small,
making them insu cient for direct use in ML training. To address the limitation in

the number of designs and create large-scale datasets, researchers exploit the vast design
space of possible directives applicable to a given application [35]. They generate numerous
designs by applying various HLS directives to the existing benchmark suites, targeting
di erent FPGAs and clock frequencies. This approach populates applications with a
wide range of design points, enhancing the dataset and enabling the development of more
e ective model- and knowledge-based methodologies.

Table 3.2.: Comparison between prior HLS datasets in terms of i) the HLS benchmark suites
utilized, ii) targeted FPGAs, iii) operating frequencies, and iv) the number of design

points.
Ref. Codename Benchmarks Devices f (MHz) #Designs
[51] Dai et al. Machsuite, Rosetta, and CHStone Zynq, AX7, KX7, and VX 100 to 1K 1.3K
[37] DB4HLS Machsuite Zynq 100 100K
[131] MLSBench Machsuite and CHStone Zynq 7000 100 to 300 6K
[132] HLSDataset Polybench, Machsuite, Rosetta, and CHStone ZU9EG and XC7V585T 100 19K
[38] HLSyn Polybench and Machsuite U200 250 42K

Recent studies [37 39] have concentrated on collecting datasets that include post-HLS
design latency and resource utilization metrics, primarily to support the development
of optimization methodologies. Spectot [133] was among the earliest e orts to create
an HLS dataset, utilizing 9 distinct applications, including Breadth-First Search (BFS),
Discrete Cosine Transform (DCT), Finite Impulse Response (FIR) lter, and Histogram.
This dataset targeted the Stratix V FPGA from Altera/Intel, resulting in approximately
8.3K design points. Dai et al. [51] aimed to develop high-accuracy models for predicting
post-implementation metrics such as BRAM%, DSP%, FF%, and LUT%, as well as a
classi cation model to determine whether a design meets its clock period constraints. To
this end, they compiled an HLS dataset using applications from MachSuite, Rosetta, and
CHStone, targeting various Xilinx’AMD FPGAs, including Zynq, Artix7 (AX7), Kin-
tex7 (KX7), and Virtex (VX). The dataset covered multiple clock frequencies, such as
100MHz, 200MHz, 300MHz, 500MHz, and 1GHz. However, because the entire compila-
tion ow up to bitstream generation was required, the resulting dataset was relatively
small, containing only about 1.3K design points. DB4HLS [37] was the rst open-source

1GitHub Repository
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dataset to o er a substantial collection of design points, featuring approximately 100K
designs. This dataset emphasizes per-function exploration of loop unrolling and array
partitioning, using applications from the Machsuite benchmark suite and targeting the
Xilinx/AMD UltraScale+ ZyngMP device at 100MHz. Goswami et al. [131] introduced
MLSBench, an HLS dataset emphasizing applications from CHStone and Machsuite.
This dataset targets the Xilinx/AMD Zyng 7000 platform with clock frequencies ranging
from 100MHz to 300MHz, comprising a relatively smaller collection of approximately 6K
designs. HLSDataset [132] was the rst dataset to include applications not only from
Machsuite, Rosetta, and CHStone but also from Polybench. Targeting the ZU9EG and
XC7V5857 FPGAs at 100MHz, it o ered a collection of 19K design points, incorporat-
ing post-implementation data as well. Bai et al. [38] presented HLSyn, a benchmark
suite designed to support their GNN-based modeling approaches, featuring explorations
conducted using the Merlin compiler [120]. The suite includes applications from Poly-
bench and Machsuite, targeting a modern cloud-based Xilinx’AMD FPGA, the Alveo
U200, at 250MHz, resulting in a dataset comprising approximately 42K design points.
Finally, Abi-Karam et al. recognized the diversity within modern HLS datasets, encom-
passing variations in benchmark suites, devices, target clock frequencies, and vendors, as
well as the signi cant time required for data generation and the lack of standardization.
They introduced HLSFactory [39], a methodology for generating diverse HLS datasets by
expanding design spaces, concurrently executing HLS and FPGA tool ows, and stan-
dardizing the data. Table 3.2 provides an overview of the most signi cant contributions
in this area.

Limitations of SotA in HLS Datasets

In short, the limitations of prior works regarding HLS datasets can be summarized
as follows:

~ Many datasets rely on narrow or domain-speci ¢ benchmarks or focus only on
sub-functions, failing to capture full-application behavior and real-world design
variability.

" Key HLS optimizations such as pipelining or array partitioning are often missing,
resulting in design spaces that do not re ect realistic hardware optimization
work ows.

~ Several datasets depend on specialized toolchains or target only a single FPGA
device and frequency, limiting generalizability to standard industrial ows and
diverse hardware platforms.

~ Most frameworks require handcrafted design-space de nitions, making dataset
creation di cult to scale and susceptible to human bias, while lacking full au-
tomation.
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GN SIS: Lessons Learned in Generating a
HLS Dataset

High-Level Synthesis (HLS) streamlines FPGA programming by abstracting low-level hard-
ware complexities, facilitating rapid microarchitecture customization through the use of
directives. However, identifying optimal directives remains a signi cant challenge, partic-
ularly for software developers without extensive hardware expertise. HLS-driven Design
Space Exploration (DSE) addresses this challenge by automating the generation of direc-
tive con gurations through a variety of techniques. The e ectiveness of these methods
heavily relies on the quality of the data on which they are built. Unfortunately, exist-
ing datasets are often constrained in scope, complexity, and device diversity. To address
these limitations, we present GN SIS, the largest open-source HLS dataset, to the best
of our knowledge, containing almost 219K design points generated from prominent bench-
mark suites and public repositories. The dataset covers two FPGAs with varying resource
characteristics and three clock frequencies. Additionally, we introduce a versatile frame-
work to automate design point generation. We evaluate the impact of frequency scaling,
FPGA architecture, and optimization targets on Quality of Result (QoR) metrics, ana-
lyze HLS directive e ectiveness across code constructs, and study design transferability
across FPGAs and frequencies. These analyses provide practical insights into QoR and
HLS behavior, o ering guidance for designers with limited optimization experience. We
believe GN SIS will enhance FPGA accessibility and act as an enabler for innovation in
HLS-driven DSE research. The dataset is publicly accessible on Hugging Fateand the
framework is available on GitHub?3.

1 GN SIS is drawn from the ancient Greek word gnAsic , signifying knowledge or insight.
2Hugging Face Repository
3GitHub Repository
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4.1. Introduction

High-Level Synthesis (HLS) streamlines FPGA design by automatically converting high-
level programming languages into domain-speci ¢ accelerators, eliminating the need for
complex and error-prone Hardware Description Languages (HDLs) [27]. By abstract-
ing low-level details, designers only need to specify a design's behavior, while HLS
tools handle analysis, operation scheduling, resource allocation, and Register Transfer
Level (RTL) code generation. Developers can further optimize performance and re-
source usage by applying directives to guide the HLS process, enabling rapid microarchi-
tecture customization and simplifying the exploration of architectural trade-os. This
versatility has made HLS a key tool in modern applications such as IoT [28], High
Performance Computing [29], Neural Networks [30], and even Large Language Mod-
els [31].

While HLS tools provide a higher level of abstraction, developers still require substantial
hardware expertise to e ectively apply directives and understand the translation of source
code into hardware [17]. Directives play a critical role in shaping designs by de ning key
factors such as memory hierarchy, caching strategies, parallelization, and pipelining [19].
Improper use of directives can result in suboptimal designs that may perform worse than
traditional CPUs due to ine cient resource utilization, poor data ow management, or
missed opportunities for parallelism [32]. As a result, design optimization often remains
the domain of experienced hardware developers, falling beyond the capabilities of a typical
HLS designer. The lack of tools that can automatically generate optimized HLS directive
con gurations further limits the accessibility of FPGA acceleration for designers with
limited hardware knowledge [20].

HLS-driven Design Space Exploration (DSE) tackles this challenge by developing methods
to automatically generate optimized HLS directive con gurations [21]. Synthesis-based
approaches [22,23,33] treat the HLS tool as a black box, aiming to e ciently explore the
con guration decision space by querying it for Quality of Results (QoR) metrics, such as
design latency and resource utilization. In contrast, more recent research paradigms focus
on understanding the behavior of the HLS tool or adopt data-driven exploration strate-
gies to navigate the solution space. Model-based [25, 26, 34] approaches create predictive
models to estimate QoR metrics, avoiding the need to execute full HLS ows. Once QoR
metrics estimates are obtained, the DSE process can be further optimized and managed
using heuristics. Knowledge-based [1, 35, 36] approaches have also emerged as a strategy
to reduce the design space and minimize the need for costly synthesis evaluations. These
approaches leverage similarities with previously explored designs, enabling the transfer
of directive con gurations that produced Pareto-optimal results to new, unseen applica-
tions.
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The e ectiveness of these methods is strongly in uenced by the quality and diversity
of the underlying data. A high-quality data collection requires not just a large number
of designs, but also a wide variety of applications, directive combinations, target clock
frequencies, and FPGA architectures. Constructing such datasets is a time-consuming
process, primarily due to the need to repeatedly execute the HLS ow. For exam-
ple, as noted in [26], generating a dataset for a language-level QoR prediction model
took more than four months to produce 40K designs for a single FPGA at one fre-
guency. To address the ine ciency of building these knowledge bases from scratch,
several HLS datasets have been proposed [37 39]. Nevertheless, current datasets are
limited by factors such as low design complexity, restricted optimization diversity, nar-
row device and frequency coverage, insu cient post-HLS timing characterization, and
limited public accessibility, factors that signi cantly hinder their broader adoption and
usability.

In this context, we present GN SIS, a comprehensive and extensible HLS dataset
designed for FPGA performance optimization. GN SIS is built from 55 applications
sourced from well-known benchmark suites and publicly available HLS repositories on
GitHub. The dataset comprises nearly 219K design points, targeting two distinct FP-
GAs with di erent resource characteristics across three clock frequencies, making it, the
largest up to now available dataset. To ensure extensibility, we introduce a structural and
computational source code analysis framework based on the LLVM toolchain to identify
the directive search space for each application, combined with an NSGA-Il-based ex-
ploration framework that systematically generates and evaluates directive con gurations
using Vitis-HLS. Using GN SIS, we conduct a comprehensive evaluation to analyze how
frequency scaling, FPGA architecture, and optimization objectives impact QoR metrics.
We also investigate the e ectiveness of HLS directives across di erent source code con-
structs and perform a transferability study to assess the adaptability of optimized designs
across various FPGAs and clock frequencies. Building on the directives impact analysis,
we evaluate the e ectiveness of a simple set of empirical optimization rules to determine
how close we can get to optimal results. Finally, we provide a discussion of the dataset's
limitations, possible extensions, documented success stories, and prospective future re-
search directions. We believe that GN SIS will expand FPGA accessibility and serve as
a driving force for innovation in HLS-driven DSE research. The key contributions of this
work are as follows:

" Presentation of GN SIS, the largest open-source HLS dataset that spans multiple
FPGAs and clock frequencies.

" Development of a fully automated dataset generation framework that integrates
LLVM-based analysis with NSGA-II driven DSE in Vitis-HLS.
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" Comprehensive evaluations that deliver practical insights and serve as a guide for
designers with limited expertise in HLS optimization.

We believe that GN SIS will broaden FPGA accessibility and drive progress in HLS-
driven DSE research.

4.2. GN SIS HLS Dataset Generation Framework

GN SIS not only o ers a comprehensive dataset but also open-sources the methodology
used for its creation. The GN SIS framework accepts synthesizable C/C++ source code
and generates a rich set of design points, while also delivering detailed analytics. It is
crafted to ensure adaptability across various benchmark suites, devices, and frequencies,
while automating the entire process to eliminate the need for manual speci cation of the
design space. This automation is driven by a source code analysis step, which evaluates
array sizes and loop trip counts to automatically generate the relevant directives for ex-
ploration. By de ning the design space, the framework removes the necessity for user
involvement in the data generation process. The GN SIS framework comprises three
key steps, as depicted in Figure 4.1: 1) the Structural and Computational Source Code
Analysis phase, which extracts critical information about source code structures rele-
vant to HLS directives and determines the design space directives for each application,
2) the Design Space Generation phase, which constructs the design space by system-
atically applying various directives to the source code and capturing the corresponding
QoR metrics, and 3) the Data Analysis phase, which examines and visualizes the syn-
thesizability, feasibility, QoR metric distributions, and Pareto fronts for the evaluated
applications across di erent devices and clock frequencies. Each phase is examined in the
following sections.

Step 1. Structural and Computational Source Code Analysis

In this step, the framework processes synthesizable C/C++ source code to identify key
structural and computational characteristics from all potential action points within the
code. An action point refers to a specic location in the code hierarchy where HLS
directives, such as pipeline, unroll, or array partition, can be applied. The focus on array
and loop structures aligns with prior studies [35, 36], as these elements play a pivotal
role in the performance of HLS applications. To identify action points and their precise
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Figure 4.1.: Overview of GN SIS Dataset Generation Framework

locations, it leverages LLVM toolchain component$, including libclang, a C library front-
end for the clang/clang++ compiler. As an initial step, a source code parse@ traverses
the Abstract Syntax Tree (AST) generated from the source code, locating the Top-Level
Function (TLF), the entry point for the HLS process, and identifying array and loop
declarations. Additionally, the parser extracts details such as the TLF's name. For
arrays, it identi es their name, data type, and dimensions, while for loops, it assigns a
unique identi er. For example, in Figure 4.1, the parser identi es the TLF func at line

2, declares the one-dimensional oat array A at line 3, and detects a loop labeled as L1
at line 4.

With the locations of array and loop declarations established, the LLVM-based analy-
sis@ extracts essential computational details for these structures. For arrays, it de-
termines the size of each dimension, while for loops, it calculates the exact trip count.
This information is critical for de ning potential array partitioning and loop unrolling
factors, which guide the design space exploration in subsequent steps. The process be-
gins by using clang/clang++ to translate the source code into LLVM IR, an intermediate
static single assignment representation. Standard LLVM optimization passes, similar to
those used in the HLS process, are then applied to the IR using the opt tol These
include techniques such as constant folding, constant propagation, function inlining, and
instruction combining. Function inlining, in particular, plays a key role by propagating

4Throughout this work, we have used LLVM version 14.0.5.
SLLVM Optimizer
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constants through function parameters and replacing variables directly in the function
body, facilitating more accurate loop analysis. This ensures control variables re ect
function-speci ¢ values and enables precise evaluation of loop instruction counts. Fi-
nally, a custom LLVM pass analyzes the optimized IR to gather the desired details about
the kernel's action points. For instance, as shown in Figure 4.1, this step identi es that
the size of the one-dimensional array A is 16, while the loop L1 has a trip count of
8.

Step 2. Design Space Generation

Leveraging the computational and structural insights from Step 1, Step 2 generates and
explores the directive design space across various FPGAs and target clock frequencies.
The HLS process is performed for each con guration, and key metrics are collected,
including the design latency (measured in clock cycles), the HLS execution time (in
seconds), and area metrics such as the usage of Block RAMs (BRAMS), Digital Signal
Processing units (DSPs), Flip-Flops (FFs), and Look-Up Tables (LUTs). This step is
central to GN SIS, as it automatically generates the design space for each application,
resulting in a diverse set of designs.

Initially, the design space for directives, as shown ir@, is de ned to specify all possible
directives that can be applied to each action point. Consider an array action point with
N dimensions, where the size of each dimension has been determined as described in
Section 4.2. Three di erent array partitioning directives, namely Complete, Cyclic, and
Block, are applied to each dimension. For the Cyclic and Block directives, the partition-
ing factor is also speci ed as a power of 2, ensuring that it is smaller than the size of the
dimension. For instance, for the action point associated with array A in Figure 4.1, the
applicable directives include Complete, as well as Block and Cyclic with factors of 2, 4,
6, and 8. Regarding loop action points, based on the trip-count of the loop, three dis-
tinct directives are applied: Pipeline, Pipeline II=1, and Unroll. The di erence between
Pipeline and Pipeline II=1 lies in the Initiation Interval (Il). The Pipeline directive al-
lows Vitis HLS to determine the optimal Il based on timing constraints, while Pipeline
[I=1 explicitly sets the Il to 1, aiming for maximum throughput by starting a new itera-
tion every clock cycle. However, this can be more challenging due to stricter timing and
dependency requirements. For the Unroll directives, the unrolling factor is speci ed in
the same manner as the partitioning factors. For example, for loop L1, it can apply the
following directives: Pipeline, Pipeline 11=1, and Unroll with factors 2, 4, and 8. Finally,
assuming the source code contains K action points and P denotes the set of directives
applicable to action point k, the generated design space D can be mathematically repre-
sentedasD=D; D , D 3 D k. For example, considering 9 possible directives
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for the array action point and 5 for each loop action point, the total number of directive
con gurations in D amounts to 225.

Once the de nition of D is complete, the design generation process begins. To e ciently
explore the extensive directive con guration space and converge toward optimal solutions,
it employs a genetic optimization approach@. This method seeks to minimize both de-
sign latency and resource usage while adhering to the FPGA's constraints. For this
purpose, it utilizes the NSGA-II algorithm [40], implemented in the PyMOO library [41],
to navigate the solution space. NSGA-II is a widely used evolutionary algorithm known
for avoiding local optima and rapidly converging to high-quality solutions. It operates
across multiple generations, preserving the best con gurations for subsequent iterations.
Each generation follows three main steps: A) Initializing a population of con gurations,

B) Applying these con gurations to the source code via a source-to-source compile@,

performing the HLS process for the target FPGA using Xilinx/AMD Vitis © @ at a
prede ned clock frequency, and C) Using the obtained results to guide NSGA-II in gen-
erating improved con gurations for the next iteration. Any directive con guration that
leads to a design exceeding FPGA resources or requiring an impractical HLS process time
(1 hour) is agged accordingly. The optimization process is con gured with a population
size of 40 and runs for 24 generations. To enhance e ciency, candidates are evaluated in
parallel. We apply the random operator for sampling and selection, the simulated binary
operator for crossover, and the polynomial operator for mutation. Speci cally, for the
random sampling operator, the mutation probability (prob) is set to 0.1. The random
selection operator requires no additional parameters. For the simulated binary crossover
operator, we set the crossover probability (prob) to 1.0, ensuring that crossover always
occurs, and use a distribution index (eta) of 15, balancing o spring diversity and simi-
larity to parents. Finally, for the polynomial mutation operator, we set the distribution
index (eta) to 20, allowing for controlled mutations that maintain diversity while pro-
ducing o spring close to their parents. Since each HLS process demands signi cant RAM
resources, only 10 designs are evaluated in parallel per generation. With each process
limited to a maximum runtime of 1 hour, generating the complete dataset for a single
application on a given FPGA and target clock frequency can require up to 96 hours in
the worst-case scenario, assuming the full set of 960 design evaluations. To ensure e -
cient convergence, we also set a tolerance level of 0:0025 for the objective function values.
This ensures the optimization process terminates when the di erence in objective values
between successive generations falls below this threshold, facilitating rapid convergence
to near-optimal solutions.

6Throughout this work, we have used Xilinx/AMD Vitis HLS version 2021.1.
"Both the target FPGA and the desired clock frequency are speci ed within a .tcl script provided to
Vitis during the HLS process.
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Best Practices for Design Space Generation. For researchers aiming to replicate or ex-
tend the dataset, it is strongly recommended to use a server with high memory capacity,
preferably more than 256 GB of RAM. Limited memory has been identi ed as a pri-
mary bottleneck during the execution of the genetic algorithm, especially when multiple
HLS processes are run in parallel. A single HLS instance can consume several GB of
RAM, with demands increasing for larger applications or complex directive combina-
tions that create challenging synthesis scenarios. Having more available memory enables
a greater number of concurrent evaluations per generation, which signi cantly reduces
the time needed to explore the design space for a given application, FPGA device, and
clock frequency. Additionally, reducing the timeout limit for each HLS process may
help accelerate dataset generation. However, setting the limit too low can prevent the
synthesis of valid yet complex designs, potentially reducing the dataset's coverage and
quality. This parameter can be con gured within the framework and adjusted in fu-
ture extensions to optimize the trade-o between dataset generation time and overall
completeness.

Step 3. Data Analysis

After generating the design space for a single application across multiple FPGAs and tar-
get clock frequencies in Step 2, Step 3 involves performing a series of analyses to extract
deeper insights from the collected data. First, it conducts a synthesizability and feasibil-

ity study @ A synthesizable design is one that completes the HLS compilation process
and produces latency and resource reports, whereas a non-synthesizable design fails to
compile or exceeds the one-hour timeout, resulting in missing reports. Among synthesiz-
able designs, a feasible design is one that ts within the available BRAM, DSP, FF, and
LUT resources of the target FPGA, while a non-feasible design exceeds at least one of
these resource limits despite compiling successfully. Based on this classi cation, it com-
putes and visualizes the proportions of synthesizable, feasible, and non-feasible designs
for further evaluation. For the feasible synthesized designs, it analyzes the distribution
of QoR metrics@ to gain insights into the values within the design space. These QoR
metrics include design latency (in msec), HLS process execution time (in sec), and uti-
lization percentages for BRAM, DSP, FF, and LUT resources. Finally, for these designs,
the latency versus resource utilization Pareto frontiers are determined for each device and
target clock frequency and visualized to highlight the trade-o s between performance and

resource usage across di erent design con guration@.

Figure 4.2 presents the data analysis for the LavaMD (T) application from RodiniaHLS,
synthesized for the UltraScale+ MPSoC ZCU104 FPGA with a target clock frequency
of 100 MHz. Using the GN SIS framework, a total of 942 design points were evalu-
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Figure 4.2.: Data analysis conducted for the LavaMD (T), synthesized for the UltraScale+
ZCU104 FPGA at 100 MHz

ated. As illustrated in Figure 4.2, 66.1% of these design points were deemed feasible,
meaning the HLS process was successfully completed, and the resulting designs met the
resource constraints of the target FPGA. Conversely, 31.1% of the attempted directive
combinations failed synthesis, primarily due to directives that led to excessively long HLS
processing times, causing termination. Lastly, only 2.8% of the designs were synthesiz-
able but exceeded the available FPGA resources, rendering them infeasible. Figure 4.2
also visualizes the key QoR metrics of the explored feasible designs. For the LavaMD (T)
application, design latency ranges from a minimum of 79.6 msec to a maximum of 1.85
sec, with an average of 491.7 msec and a standard deviation of 483.9 msec, highlighting
a wide variation in performance. A similar trend is observed in the HLS process time,
which varies from a minimum of 2.1 minutes to a maximum of 53.3 minutes, approaching
the one-hour time limit, with an average of 8.6 minutes. BRAM% and DSP% resource
utilization remain low, with average values of 2.4% and 2.8%, respectively. Finally, the
broader distributions of FF% and LUT%, with FF% ranging from 2% to 71% and LUT%
from 7% to 98%, underscore the considerable variability in logic resource demands across
the optimized designs.

4.3. The GN SIS Dataset

Using the methodology described in Section 4.2, we develop the GN SIS dataset, an
open-source HLS DSE collection that includes kernels drawn from popular benchmark
suites and open-source application repositories on GitHub. Table 4.1 provides key details
about the collected kernels, including: a) the kernel name, b) the source from which it was
obtained, c) a description of the kernel, d) the number of action points in the source code,
including array and loop declarations, and e) the total number of designs collected across
the evaluated FPGAs and clock frequencies. The dataset comprises input source codes
from 55 selected kernels sourced from Machsuite [42], RodiniaHLS [43], and GitHub. As
presented in Table 4.1, these kernels span a diverse range of application domains. The
main categories include Machine Learning and Data Analytics, represented by Backward
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Table 4.1.: Kernel Description in GN SIS Dataset

Kernel Source Description #Action Points #Designs
GEMM 1 Machsuite Matrix Multiplication using Tiling 5 3736
GEMM 2 Machsuite Matrix Multiplication 3 1710
MD KNN Machsuite Molecular Dynamics Simulation 2 288
Radix Sort Machsuite Integer Sorting Algorithm 10 5561
SPMV Machsuite Sparse Matrix-Vector Multiplication 2 240
Stencil2D 1 Machsuite 2D Stencil Computation 4 1437
Stencil3D Machsuite 3D Stencil Computation 9 5032
Viterbi Machsuite Probable Sequence Identi cation based on Series of Observations 8 4718
Backprop. 1 (B) RodiniaHLS Backward Propagation in NN Training (Baseline) 2 240
Backprop. 2 (B) RodiniaHLS Forward Propagation in NN Training (Baseline) 6 4944
Backprop. 1 (T) RodiniaHLS Backward Propagation in NN Training (Tiling) 10 5140
Hotspot (B) RodiniaHLS Thermal Simulation (Baseline) 3 1287
Hotspot (T) RodiniaHLS Thermal Simulation (Tiling) 8 5156
Hotspot (P) RodiniaHLS Thermal Simulation (Pipelining) 10 5755
Hotspot (U) RodiniaHLS Thermal Simulation (Unrolling) 19 5754
KMeans (B) RodiniaHLS K-Means Clustering (Baseline) 3 766
KMeans (T) RodiniaHLS K-Means Clustering (Tiling) 12 5702
KMeans (P) RodiniaHLS K-Means Clustering (Pipelining) 14 5701
KMeans (U) RodiniaHLS K-Means Clustering (Unrolling) 16 5670
KNN (B) RodiniaHLS K-Nearest Neighbors (Baseline) 2 144
KNN (T) RodiniaHLS K-Nearest Neighbors (Tiling) 7 4506
KNN (P) RodiniaHLS K-Nearest Neighbors (Pipelining) 8 4900
KNN (U) RodiniaHLS K-Nearest Neighbors (Unrolling) 9 5462
KNN (D) RodiniaHLS K-Nearest Neighbors (Double Bu ering) 11 4317
KNN (C) RodiniaHLS K-Nearest Neighbors (Coalescing) 12 5676
CFD Flux (B) RodiniaHLS Computational Fluid Dynamics Simulation (Baseline) 3 192
CFD SF (B) RodiniaHLS Computational Fluid Dynamics Simulation (Baseline) 1 48
CFD SF (T) RodiniaHLS Computational Fluid Dynamics Simulation (Tiling) 4 3617
CFD SF (P) RodiniaHLS Computational Fluid Dynamics Simulation (Pipelining) 7 3010
CFD SF (U) RodiniaHLS Computational Fluid Dynamics Simulation (Unrolling) 8 4944
CFD SF (D) RodiniaHLS Computational Fluid Dynamics Simulation (Double Bu ering) 18 5595
CFD SF (C) RodiniaHLS Computational Fluid Dynamics Simulation (Coalescing) 20 5754
Dilate (B) RodiniaHLS Image Dilation (Baseline) 5 2388
Dilate (T) RodiniaHLS Image Dilation (Tiling) 12 5656
Dilate 1 (P) RodiniaHLS Image Dilation (Pipelining) 17 5600
Dilate 2 (P) RodiniaHLS Image Dilation (Pipelining) 26 5760
LavaMD (B) RodiniaHLS Molecular Dynamics Simulation (Baseline) 6 3617
LavaMD 1 (T) RodiniaHLS Molecular Dynamics Simulation (Tiling) 13 5685
LavaMD 2 (T) RodiniaHLS Molecular Dynamics Simulation (Tiling) 14 5739
LavaMD (P) RodiniaHLS Molecular Dynamics Simulation (Pipelining) 14 5695
LC Gicov (B) RodiniaHLS Leukocyte Detection using GICOV Method (Baseline) 11 4524
LC Mgvf (B) RodiniaHLS Leukocyte Detection using MGVF Method (Baseline) 3 1388
Lud (T) RodiniaHLS LU Decomposition (Tiling) 46 5760
PFinder (B) RodiniaHLS Grid Traversal using Path nder (Baseline) 6 4320
PFinder (D) RodiniaHLS Grid Traversal using Path nder (Double Bu ering) 8 4791
SCluster (B) RodiniaHLS Streaming K-Median Clustering (Baseline) 2 384
SCluster (T) RodiniaHLS Streaming K-Median Clustering (Tiling) 14 5667
SCluster (P) RodiniaHLS Streaming K-Median Clustering (Pipelining) 15 5429
SCluster (D) RodiniaHLS Streaming K-Median Clustering (Double Bu ering) 18 5196
SCluster (C) RodiniaHLS Streaming K-Median Clustering (Coalescing) 20 5678
Kalman Filter GitHub Signal Smoothing 13 5760
Vector Mult. GitHub Vector Multiplication 1 48
Stencil 1D GitHub 1D Stencil Computation 1 48
Stencil 2D 2 GitHub 2D Stencil Computation 4 5142
Matrix Mult. GitHub Matrix Multiplication 4 3744
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Propagation in Neural Network Training; Scienti c Computing and Simulation, exempli-
ed by Computational Fluid Dynamics (CFD) simulations; Image and Signal Processing,
with examples such as the Kalman Filter; Mathematical Computation and Linear Algebra,
including Matrix Multiplication; and other applications, such as Radix Sort. Notably,
RodiniaHLS includes multiple implementations of the same application, and we use spe-
ci ¢ indicators to di erentiate them. For example, LavaMD (T) is an application from
RodiniaHLS that performs a molecular dynamics simulation. This particular implemen-
tation applies loop tiling to enhance performance. It contains 13 action points, and a total
of 5685 designs were evaluated. Although we include di erent versions of the same appli-
cation, these versions, as shown in Table 4.1, di er in the number of action points. This
emphasizes that, despite being variations of the same application, they exhibit distinct
di erences in their source code.

The 74% of kernels are derived from the RodiniaHLS benchmark suite. The empha-
sis on RodiniaHLS is due to its applications, which are designed to replicate real-world
computational challenges [44], providing valuable insights into system performance under
practical workloads. The kernels in GN SIS exhibit a diverse range of action points,
from a minimum of 1 in Vector Mult. to a maximum of 46 in Lud (T), with an av-
erage of approximately 10 action points. Examining these action points in detail, the
dataset includes in-memory arrays, which are arrays implemented in programmable logic,
ranging from 0 to 22, with a maximum dimensionality of 2. The loop structures vary
between 1 and 26, with the highest nesting depth reaching 5. Additionally, an analysis
of the source code provides insight into the arithmetic (e.g. ADD, FMUL) and memory
operations (e.g. LOAD) of these applications. The dataset reveals a broad distribution
of arithmetic operations, ranging from 708 to 18.3B, and memory operations, spanning
from 2.5K to 11.5B. This variation highlights the diverse computational demands of the
kernels.

The GN SIS dataset features design points targeting heterogeneous FPGA platforms.
In particular, it includes two FPGA devices with contrasting resource pro les: a) the
resource-limited UltraScale+ MPSoC ZCU104, and b) the Alveo U200, a device typi-
cally deployed in high-performance server environments. The ZCU104 includes 624 Block
RAMs (BRAMSs), 1728 Digital Signal Processing units (DSPs), 461K Flip-Flops (FFs),
and 231K Look-Up Tables (LUTs). In comparison, the U200 o ers 6:9 more BRAMS,
3:96 more DSPs, and 5:1 more FFs and LUTs than the ZCU104. In addition to
using di erent FPGAs, we evaluate our applications at three distinct clock frequencies:
a) 100 MHz, b) 200 MHz, and ¢) 300 MHz. This results in six di erent exploration
scenarios for each application, three for the U200 and three for the ZCU104. The #De-
signs column in Table 4.1 shows the total amount of design points collected for each
application. The number of designs generated for the examined kernels varies, with a
minimum of 48 designs, such as for the CFD SF (B) application, which has a small de-
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sign space due to its single loop, and a maximum of 5760 designs, as seen in the Lud (T)
application, which has more action points. In total, gathering the 219K design points
took more than two years, highlighting how time-consuming it is to collect this type of
data.

Figure 4.3 presents insights into the QoR metrics analyzed for the designs in the GN SIS
dataset. The vertical axis represents the various QoR metrics, while the horizontal axis
lists the di erent applications. A total of 81.5% of the designs are feasible, while 16.7%
are not synthesizable and 1.8% are not feasible. The 18.5% of designs that fall into the
not synthesizable and not feasible categories result from the initial generations of the
GA-based Directives Con guration Generator described in Section 4.2, where con gura-
tions are generated randomly. As generations progress, the NSGA-II algorithm focuses
on minimizing design latency and resource utilization while adapting to the constraints
of the target FPGA. This learning process enables it to generate resource-aware designs,
ultimately resulting in a high feasibility score. Focusing on the design latency diagram
in Figure 4.3, we observe a wide variation in latency across the evaluated designs. In our
dataset, latency values range from a minimum of 0.03 usec to a maximum of 201.3 sec.
The high standard deviation of 3:6 10 2 further highlights the substantial performance
variability among the designs. Similar observations can be made for the time required to
complete the HLS process, with durations ranging from 21 sec to approximately 1 hour,
which is the imposed time limit during exploration. For completeness, we measured the
average synthesis time per design point across the dataset, which is approximately 12.5
minutes. Accordingly, the end-to-end generation of all design points for a single appli-
cation, targeting a speci ¢ FPGA architecture and clock frequency, requires on average
about 20 hours.

Regarding BRAM utilization, we observe a broad distribution with an average of 13%,
highlighting that the designs evaluated in GN SIS exhibit a wide range of resource usage
levels. We note that certain applications exhibit a narrow distribution around 1%, such
as most Machsuite applications and some baseline implementations from RodiniaHLS.
This behavior arises because these kernels operate on arrays stored in the global device
memory. Since partitioning directives are applied only to arrays stored in Programmable
Logic (PL), their BRAM utilization remains almost negligible. Another key observation
from the BRAM utilization distribution is that RodiniaHLS, with its approach of apply-

ing various optimizations such as tiling, stores data in in-memory arrays. This results
in application versions that are more in uenced by memory-related directives, enabling
the generation of more representative designs compared to other benchmark suites. The
DSP utilization also shows a broad distribution similar to that of BRAM, with an aver-
age usage of 4%. We observe greater variation in DSP utilization for applications that
involve multiple multiplication and division operations, such as the Tiling, Pipeline, and
Unroll variants of the KMeans application, as well as those with Multiply-Accumulate
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(MAC) operations, such as the Backprop. 1 (T) application from RodiniaHLS, which
are typically mapped to DSP units in HLS. Additionally, we note that the more op-
timizations applied to an application family in RodiniaHLS, the higher the likelihood
of utilizing DSP units, resulting in a broader utilization distribution. The average uti-
lization for FFs and LUTs is 7% and 15%, respectively. The higher LUT utilization
compared to DSPs can be attributed to their role as the fundamental building blocks,
primarily used for implementing combinational logic functions. Since most control logic,
address calculations, and condition evaluations are mapped to LUTs, their utilization
remains consistently high. Similarly, FFs demonstrate a more diverse utilization distri-
bution than BRAMSs, as they serve as registers for storing intermediate values, managing
pipeline stages, and controlling signals, making them integral to a wide range of applica-
tions.

4.4. Analysis of Pareto-Optimal Designs in GN SIS

This section provides insight into the key QoR metrics of the designs analyzed in our
study. Our analysis focuses only on the Pareto-optimal designs identi ed by GN SIS
across all evaluated applications, FPGAs, and clock frequencies, as these designs rep-
resent the most e ective trade-o s between performance and resource usage. We rst
examine the MPSoC UltraScale+ ZCU104, assessing how di erent clock frequencies im-
pact performance, time required to perform the HLS process, and resource usage. Next,
we compare it with Alveo U200 in terms of performance and examine how QoR metrics
vary when targeting di erent optimization goals, such as latency- versus resource-e cient
solutions. We also analyze the impact of HLS directives on performance, identifying ef-
fective directives for speci c source code constructs and determining the best scenarios
for their application. Finally, we perform a transferability study to assess how well
optimized designs adapt between ZCU104 and Alveo U200, o ering insights into cross-
platform compatibility. Our goal is to o er valuable insights that act as a practical guide

for designers with limited optimization expertise, making FPGA utilization easier and
more accessible.

4.4.1. Evaluating the Impact of Frequency Scaling on Performance and HLS
Process Time for ZCU104

Figure 4.4 illustrates the distribution of key QoR metrics for the Pareto-optimal designs of
the evaluated applications on the MPSoC UltraScale+ ZCU104 at 100, 200, and 300 MHz.
To assess performance, we examine the speedup of each optimized con guration relative to
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Figure 4.3.: Aggregated QoR metrics for all the available applications in GN SIS

the baseline design, which is generated by performing the HLS process to the source code
without directives at the target clock frequency (referred to as Vitis). Speedup provides

a normalized metric for performance improvements, ensuring fair comparisons across
various applications and FPGA platforms. We also evaluate the HLS process execution
time in the optimized designs to understand how stricter timing constraints impact the
overall HLS runtime. Across all examined frequencies, the speedup of the distributions
exceeds Vitis (denoted by the red dotted line), indicating performance improvements over
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Figure 4.4.: Speedup and HLS Process Time for Pareto-Optimal Designs on MPSoC UltraScale+
ZCU104, Across Di erent Frequencies

the baseline. However, some designs, such as particular con gurations of CFD SF (C),
perform signi cantly worse than Vitis, with slowdowns reaching up to 8:55 10 2. This is
due to the GA-based exploration's optimization goal of minimizing both design latency
and resource utilization. Consequently, the Pareto frontier contains design points with
high latency but extremely low resource consumption, resulting in performance lower
than Vitis.

Focusing on 100 MHz, the speedup over Vitis ranges from 3 1¢ to 139:9, with an
average of 19:9. Increasing the clock frequency to 200 MHz results in a performance
boost, with an average speedup increase of 1:63 . However, raising the clock frequency
to 300 MHz does not produce a signi cant impact. The performance distribution at 300
MHz is similar to that at 200 MHz, apart from a few outlier designs, resulting in an
average performance improvement of 1:18 when excluding the outliers. This behavior
is due to operation chaining, where multiple operations are executed within a single
clock cycle without extra pipeline stages. At 200 MHz, the longer clock period allows
more operations to be chained, reducing cycle count and improving performance. At
300 MHz, the shorter period makes chaining harder, resulting in more pipeline stages,
increased cycles, and lower performance, as also indicated by the 3% average increase in
FF utilization compared to 200 MHz. For the HLS process time at 100 MHz, we observe
a distribution ranging from 23 sec to nearly 1 hour, which is the imposed time limit, with

an average of 3.25 min. Increasing the frequency to 200 MHz and 300 MHz results in
an average HLS process time increase of 16.4% and 54.4%, respectively. This con rms
that higher frequencies impose stricter timing constraints, increasing the complexity and
duration of the HLS process.

? Empirical Summary: Increasing clock frequency doesn't always lead to better per-
formance and also raises HLS process time, adding complexity to the optimization pro-
cess.
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Figure 4.5.: QoR Metrics for Pareto-Optimal Designs on MPSoC UltraScale+ ZCU104 and
Alveo U200 at 100 MHz

4.4.2. Comparison of Pareto Frontiers between ZCU104 and Alveo U200

Figure 4.5 displays the distributions of QoR metrics for the Pareto-optimal designs of
the evaluated application on both the MPSoC UltraScale+ ZCU104 and the Alveo U200,
operating at 100 MHz. In this analysis, we also examine the BRAM, DSP, FF, and LUT
distributions across the two FPGAS, as they provide valuable insights into the behavior
of the HLS tool. Analyzing the speedup over Vitis distribution, we observe that the
Alveo U200 achieves an average speedup increase of 1:33 compared to the ZCU104.
This result is expected, as the Alveo U200 o ers more computational resources, enabling
deeper pipelining and higher parallelism. In terms of resource utilization, there is an
average increase of 2, 1:78, and 1:34 for DSPs, FFs, and LUTSs, respectively. On
the other hand, BRAM utilization shows a 1:89 decrease compared to the ZCU104.
Our experimental results demonstrate that the greater availability of computational re-
sources on the U200 allows the HLS tool to map more operations to DSPs, FFs, and
LUTs, resulting in higher utilization of these resources and, consequently, better perfor-
mance. Moreover, the reduced reliance on BRAM suggests that the tool prioritizes the
use of LUTRAMs and FFs for storage rather than BRAM blocks. This behavior can
also be explained by the HLS directives applied during the GA-based exploration. The
increased resources of the U200 made it possible to apply more aggressive partitioning
strategies, a point explored in the sections that follow. This includes complete parti-
tioning, which maps arrays to FFs, increasing their utilization while reducing reliance on
BRAMs.

? Empirical Summary: FPGAs with more resources deliver better performance, lever-
aging their increased computational capacity to enable deeper pipelining and greater par-
allelism.
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4.4.3. Switching the Optimization Goal: Latency- VS Resource-E cient
Designs

In this part of our analysis, we examine how the optimality target in uences the QoR
distributions. Speci cally, for each Pareto frontier, we identify two key designs: the one
with the lowest resource consumption, referred to as Resource-E cient (RE), and the
one with the shortest execution time, referred to as Latency-E cient (LE). Figure 4.6
presents the distribution of the examined QoR metrics for both RE and LE, while also
including the distribution when considering all design points (ALL). This analysis is
conducted for the MPSoC UltraScale+ ZCU104. For the speedup distribution over Vitis,
the RE designs exhibit a range from 1:2 10# to 200, with an average speedup of 9.1.
In contrast, the LE designs show a distribution, ranging from 0.001 to 54103.2, with an
average speedup of 377.6. As expected, the LE designs achieve higher speedup values,
with an average speedup that is 41:3 greater than that of RE. The distribution for ALL
design points results in an average speedup of 183.9, which falls between the average
values of RE and LE, as anticipated. A similar trend is observed in the time required
for the HLS process, where LE designs exhibit an average execution time that is 4:4
higher than RE. This increase is attributed to the greater resource consumption of LE
designs.

A closer examination of resource utilization reveals the expected trend, where the BRAM,
DSP, FF, and LUT usage in the RE designs is, on average, lower than that of the LE
designs. Specically, for BRAM utilization in the RE designs, the distribution ranges
from 6 to 599, with an average of 79 units. For DSPs, the utilization ranges from 17
to 69, averaging 19. FF utilization varies between 4.6K and 28K, with an average of
7.2K. Similarly, LUT utilization spans from 2.3K to 78K, with an average of 9.8K. On
average, LE designs exhibit higher resource utilization compared to RE designs, with
increases of 1:47 for BRAMs, 9:1 for DSPs, 9:2 for FFs, and 6:3 for LUTs. An
interesting observation is that while the average values for DSPs, FFs, and LUTs fall
between those of RE and LE as expected, the ALL distribution shows a 1:19 higher
speedup for BRAM utilization compared to LE. This behavior is primarily attributed to
the use of complete partitioning directives, which increase bandwidth and often result in
highly performance-e cient designs when they t within the FPGA. As a result, memory
arrays are implemented using FFs, leading to lower BRAM utilization compared to the
ALL distribution.

? Empirical Summary: Latency-e cient designs deliver much higher speedup than
resource-e cient ones, but this improvement comes with a signi cant increase in resource
consumption.

52



4.4. Analysis of Pareto-Optimal Designs in GN SIS

Figure 4.6.: QoR Metrics for ALL, RE, and LE Designs on ZCU104

Figure 4.7.: Distribution of Sizes for Array Action Points and Tripcounts for Loop Action Points

4.4.4. Analyzing the Impact of HLS Directives on Performance

In this section, we examine the directives applied to action points, speci cally in-memory
arrays and loop structures, that contribute to latency-e cient designs. Leveraging our
extensive GN SIS design collection, our primary goal is to identify patterns in directive
application and determine the most suitable action points for their use. We conduct our
analysis on the MPSoC UltraScale+ ZCU104 at 100 MHz and 300 MHz to assess the
impact of frequency scaling on directive application, as well as on the Alveo U200 at 100
MHz to explore how directive usage adapts to a larger FPGA at the same frequency.
We use the Kruskal-Wallis [134] test to determine the impact of a speci ¢ directive on
performance at a given action point. For each action point, we identify the directives
applied across all collected designs. For each directive, we gather performance values
both when the directive is applied at the action point and when it is not. Using these two
distributions, the Kruskal-Wallis test provides a p-value, indicating whether the directive

in uences performance. P-values below 0.05 suggest a signi cant impact, with values
closer to O indicating a stronger e ect. Figure 4.8 and Figure 4.9 show the results of
our analysis for array and loop directives, respectively. In both diagrams, the vertical
axis represents the action points in the source code, while the horizontal axis corresponds
to the applied directives. The color intensity indicates the p-value, with more intense
colors signifying a greater impact. Additionally, the array action points are arranged in
descending order based on array size, with Array 1 representing the largest array in each
application. In contrast, the loop structures are presented in the order they appear in
the source code, with Outer Loop 1 being the rst outermost loop in the applications,
Inner Loop 1 1 representing the rst loop at nesting level 1 found in the source code etc.
To better illustrate the characteristics of the action points, Figure 4.7 shows the number
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(a) ZCU104 at 100 MHz (b) ZCU104 at 300 MHz (c) U200 at 100 MHz

Figure 4.8.: P-value heatmaps illustrating the impact of directives on array action points. The
X-axis displays arrays from the source code ordered by decreasing size, and the Y-
axis lists the applied directives. Higher color intensity indicates greater performance
impact, while dashed boxes denote directives with no impact on the corresponding
action point.

of elements in each array and the trip counts of the corresponding loops. Our analysis
indicates that applying optimization directives to the largest arrays and outer loops with
high trip counts produces the most signi cant performance gains. In contrast, smaller
arrays and inner loops have progressively less in uence, emphasizing that focusing on
critical data structures and dominant loops is key to achieving substantial HLS speedup.
We note that this summary is limited to action points that exhibited a measurable impact

in our study.

Focusing on the ZCU104 at 100 MHz in Figure 4.8, we observe trends in partitioning
strategies based on array size. For the largest arrays (Array 1 to Array 4), averaging
31K elements, the most e ective directives are block or cyclic partitioning with factors
of 16 or 32, balancing memory bandwidth and BRAM utilization. Medium-sized arrays
(Array 5 to Array 10), averaging 13.4K elements, favor cyclic partitioning with larger
factors, such as 128 for Array 5, while progressively smaller arrays bene t from complete
partitioning. The smallest arrays (Array 11 to Array 15), averaging only 1.8K elements,
mainly use block partitioning with factors of 64 or 128, along with complete partitioning,
fully mapping them to FFs. These ndings align with the resource constraints of the
ZCU104 and its 100 MHz operating frequency. Larger arrays require moderate parti-
tioning to optimize memory access without excessive resource usage, while medium-sized
arrays can leverage higher partitioning factors to enhance parallelism without exceed-
ing BRAM limits. Smaller arrays, having lower memory demands, are best optimized
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(a) ZCU104 at 100 MHz (b) ZCU104 at 300 MHz (c) U200 at 100 MHz

Figure 4.9.: P-value heatmaps illustrating the impact of directives on loop action points. The
X-axis displays loops in the order they appear in the source code, and the Y-axis
lists the applied directives. Higher color intensity indicates greater performance
impact, while dashed boxes denote directives with no impact on the corresponding
action point.

through full partitioning into FFs, ensuring e cient utilization of FPGA resources. An-
alyzing the loop directives applied on the ZCU104 at 100 MHz in Figure 4.9, we observe
that the pipeline directives have the most signi cant impact on Outer Loops 1 to 3.
These loops iterate over the largest iteration spaces, averaging 12.7K iterations, as shown
in Figure 4.7. For Outer Loops 4 and 5, where iteration counts are signi cantly lower,
averaging 110, unrolling with a factor of 64 is the most e ective directive. For inner loops,
which typically have the smallest iteration spaces, unrolling is the predominant directive,
with factors ranging from 2 to 16. These ndings highlight how directive selection is
driven by loop size and computational e ciency. Pipeline directives are applied to large
outer loops to improve performance by overlapping iterations, reducing idle cycles, and
mitigating memory access latencies. This technique ensures that multiple iterations exe-
cute simultaneously, striking a balance between performance improvement and resource
consumption. For smaller loops, where iteration counts are low and dependencies are
minimal, unrolling is favored, allowing computations to be replicated and executed in
parallel within a single cycle.

Increasing the frequency to 300 MHz on the ZCU104 notably changes the impact of
applied directives. For the largest arrays (Array 1 to Array 4), we observe a shift to-
ward more aggressive partitioning, with factors increasing to 256, 512, and even 1024.
Medium-sized arrays (Array 5 to Array 10) follow a similar trend to that at 100 MHz,
with complete partitioning remaining dominant. For the smallest arrays (Array 11 to

55



GN SIS

Array 15), the strategy diers from 100 MHz, favoring block partitioning with smaller
factors, typically not exceeding 8. This change is due to the total resource limitations
of the FPGA. The larger partitioning factors applied to bigger arrays use more BRAMs,
making it di cult to apply aggressive partitioning even to smaller arrays without exceed-
ing available resources. Analyzing the loop directives applied, we observe that pipeline
directives continue to have the greatest impact on loops with the largest iteration spaces
(Outer Loops 1 to 2). For Outer Loops 4 to 6, where iteration counts are signi cantly
lower, unrolling with a factor of 16, which is smaller than at 100 MHz, along with com-
plete unrolling, emerges as the most e ective directive. For inner loops, which typically
have the smallest iteration spaces, unrolling remains the dominant directive, with factors
ranging from 2 up to complete unrolling. This behavior aligns with the previously dis-
cussed increase in partitioning factors, as higher unrolling factors allow for more parallel
data processing. However, to manage the increased resource usage, smaller unrolling
factors are applied to Outer Loops 4 to 6, mitigating the impact of higher resource con-
sumption.

Moving from the ZCU104 to the Alveo U200 at the same frequency of 100 MHz also
results in changes in the impact of directives. For the largest arrays (Array 1 to Array
4), we observe an increase in partitioning factors, with values ranging from 8 to 128,
and even complete partitioning being used. Medium-sized arrays (Array 5 to Array 10)
show a similar pattern to the ZCU104, with complete partitioning remaining dominant.
However, for the smallest arrays (Array 11 to Array 15), larger partitioning factors such
as block partitioning with a factor of 128 and cyclic partitioning with factors of 64 and
128 are preferred. This shift towards more aggressive partitioning is attributed to the
increased resource availability on the Alveo U200, which has 6:9 more BRAMs and
5:1 more FFs compared to ZCU104, allowing for more aggressive memory partitioning
strategies. Finally, analyzing the loop directives applied, we nd that pipeline directives
continue to have the greatest impact on loops with the largest iteration spaces (Outer
Loops 1 to 3). For Outer Loops 4 to 6, where iteration counts are lower, unrolling with
a factor of 64 and complete unrolling are most e ective, with these factors being larger
compared to the ZCU104. For inner loops, unrolling remains the dominant directive,
with factors ranging from 2 to 64, also larger than those used on the ZCU104. This
shift towards higher unrolling factors aligns with the increased resource availability on
the Alveo U200.

? Empirical Summary: For larger arrays, block or cyclic partitioning with moderate
factors optimizes memory access without overusing resources, while complete partitioning
is more e ective for smaller arrays. Pipeline directives best improve performance in large
outer loops with many iterations, whereas unrolling is better suited for smaller loops to
boost parallelism. On resource-rich FPGAs and at higher frequencies, more aggressive
partitioning and greater unrolling factors can be leveraged to maximize performance while
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Figure 4.10.: P-value Heatmaps lllustrating the Impact of Directives on Di erent Quality of
Result Metrics

managing resource usage.

4.4.5. Holistic Examination of Directive In uence on Quality of Result
Metrics

We performed an additional analysis of the Pareto-optimal designs for the UltraScale+
ZCU104 FPGA at 100 MHz, examining how directives applied at di erent action points

a ect speedup, HLS compilation time, and BRAM, DSP, FF, and LUT usage. The results
are shown in Figure 4.10. The horizontal axis lists the array and loop directives, the
vertical axis shows the corresponding QoR metrics, and the color intensity represents the
average p-value, with darker colors indicating stronger in uence. This analysis provides
a broad view of how directives shape QoR metrics. For speedup and speci cally for
loop directives, pipeline and pipeline with an explicitly de ned Il stand out, with the
strongest improvement achieved when Il equals one as Vitis HLS starts a new iteration
every cycle, maximizing throughput under stricter timing and dependency constraints.
Larger unroll factors similarly enhance performance by increasing parallelism, with full
unrolling having the largest e ect. For array directives, higher partitioning factors show
greater performance impact, with complete partitioning being the most in uential. This
follows from the way directives interact during exploration. When a loop is unrolled,
the associated arrays often require partitioning to supply enough memory bandwidth for
parallel accesses, enabling concurrent iteration execution. The increased impact of larger
partitioning factors therefore stems from this complementary behavior between unrolling
and partitioning. Regarding HLS compilation time, larger unroll and partitioning factors
result in greater increases, with full unrolling and complete partitioning producing the
largest overhead. These directives lead to more complex hardware structures that require
additional analysis, resource allocation, and circuit generation during synthesis, raising
the overall compilation time.
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For BRAM utilization, larger partitioning factors generally produce stronger e ects, as
expected. Complete partitioning, however, does not create a similarly large impact be-
cause the tool often maps fully partitioned arrays to registers to maximize memory band-
width instead of using BRAM. This behavior aligns with the corresponding increase in
FF and LUT usage. At loop action points, higher unroll factors also increase BRAM
usage, re ecting the combined in uence of loop unrolling and array partitioning. A com-
parable pattern appears in DSP utilization. Larger unroll factors lead to higher DSP
usage because loops performing operations such as multiply accumulate are typically
mapped to DSP blocks, and unrolling replicates these operations. The strong e ect
of higher partitioning factors is consistent with this behavior, since partitioning is fre-
guently applied alongside unrolling to supply adequate memory bandwidth. For FF and
LUT utilization, larger unroll factors again result in greater resource use due to hardware
replication that increases both data path elements and control logic. Pipeline directives,
especially those with Il equal to one, also contribute signi cantly because deeper pipelin-
ing requires more pipeline registers and additional control logic. The elevated FF usage
observed with complete partitioning arises from arrays being mapped to registers instead
of BRAM. LUT utilization also increases moderately with higher partitioning factors
due to the additional control and multiplexing logic needed to manage multiple memory
partitions.

? Empirical Summary: Larger unrolling, pipelining, and partitioning factors substan-

tially a ect QoR, boosting performance through increased parallelism while simultaneously
raising resource usage and HLS compilation time due to the more complex hardware they
generate.

4.4.6. Transferability study between ZCU104 and Alveo U200

In this section, we analyze how the most performance-e cient designs for a given FPGA
at a speci c clock frequency translate to a di erent frequency on the same device or to
a completely di erent FPGA. To achieve this, we rst identify the most latency-e cient
design from the resource utilization-latency Pareto front at the target clock frequency and
extract the corresponding directives. We then apply these directives to perform the HLS
process across di erent clock frequencies and devices. We compare the resulting designs
in terms of performance to evaluate their transferability. This analysis is conducted for
the MPSoC UltraScale+ at 100 MHz to observe how it scales to other con gurations, and
similarly for the Alveo U200 at 100 MHz. Figure 4.11 presents the speedup over Vitis for
each con guration. Actual refers to the performance-e cient designs obtained through
direct exploration, while Transferred represents the corresponding designs adapted from
the reference con guration.
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When transferring performance-e cient designs from the MPSoC UltraScale+ ZCU104 at
100 MHz, running the HLS process at 200 MHz results in a speedup distribution ranging
from 3:6 10 # to 277, with an average speedup of 22. In contrast, the actual designs
obtained through exploration achieve a 1:6 higher speedup on average. At 300 MHz, the
transferred designs exhibit a speedup distribution between 2:3 10* and 310.4, averaging
28.7. Once again, the actual designs outperform the transferred ones, achieving a 1:5
higher speedup on average. For the Alveo U200 at 100 MHz, the transferred designs show
a speedup distribution from 8:6 10 4 to 96.8, with an average speedup of 11.7, which
is 2:5 lower than the actual designs. Increasing the frequency to 200 MHz and 300
MHz results in transferred designs being 2:7 and 2:8 slower on average compared to
the actual designs at those frequencies. These results indicate that transferring designs
within the same FPGA at di erent frequencies yields better solutions since the initial
exploration is tailored for that device. In contrast, moving to the U200 leads to worse
results as the exploration is done for an FPGA with fewer resources, leading to suboptimal
solutions when applied to a more powerful device.

Transferring performance-e cient designs from the Alveo U200 at 100 MHz to 200 MHz
results in a speedup distribution ranging from 3:3 10 3 to 141.4, with an average speedup
of 24.7. The actual designs achieve an average speedup that is 1:7 higher. At 300 MHz,
the transferred designs exhibit a speedup distribution between 2:5 10° and 210, aver-
aging 32.1. Once again, the actual designs outperform the transferred ones, achieving a
1:7 higher speedup on average. This behavior is consistent with what was previously ob-
served for the ZCU104 when transferring designs across di erent frequencies. Moving to
the ZCU104, the transferred designs show a speedup distribution ranging from 3:3 16

to 139.9, with an average speedup of 21.1. The distributions are similar, with only a 5%
higher average speedup. Increasing the frequency to 200 MHz results in a further 3%
improvement, while at 300 MHz, the transferred designs even achieve an average speedup
1:25 higher than the actual designs. These results indicate that Pareto-optimal designs
from the U200, where the exploration was performed on a larger FPGA, transfer well to
the ZCU104, as they push the FPGA's resources to their limits. However, this increased
resource demand can exceed the ZCU104's capacity, leading to designs that either violate
resource constraints or fail to synthesize altogether. This analysis highlights the impor-
tance of considering the resource characteristics of the target FPGA during exploration,
as they are crucial for achieving optimal designs.

? Empirical Summary: Designs transfer well across frequencies on the same FPGA
but can under-perform or fail when moved between FPGAs with di erent resource capac-
ities.
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(a) ZCU104 at 100 MHz (b) U200 at 100 MHz

Figure 4.11.: Transferability of Pareto fronts from ZCU104 and U200 at 100 MHz across Devices
and Frequencies

4.5. Assessing Practical Guidelines for HLS Directive
Optimization Against Systematic DSE Methods

This section builds on the insights from Section 4.4.4 to establish a practical methodol-
ogy, providing guidelines on where to apply specic directives for e cient design opti-
mization. We refer to this approach as EmpiricalHLS. The goal is to explore whether the
insights derived from our dataset can inform the designer of simple optimization strate-
gies. To determine the most e ective directives for each action point, we analyze the
heatmaps in Figures 4.8 and 4.9, selecting those with the highest impact at each loop
and directive action point. For example, when targeting the ZCU104 at 100 MHz, we
apply the cyclic partitioning directive with a factor of 32 at the Array 1 action point,
while for Outer Loop 1, we use the pipeline directive. We evaluate EmpiricalHLS by
comparing it against three approaches. First, we benchmark it against the optimiza-
tions applied by Vitis-HLS, also known as Vitis-O3, which include: i) automatic loop
pipelining (config_compile -pipeline_loops), ii) unrolling of small tripcount loops
(config_unroll -tripcount_threshold), and iii) complete partitioning of small ar-

rays (config_array_partition -complete_threshold). Next, we compare it with a
per-application DSE approach, speci cally the Pareto-optimal designs generated by the
NSGA-II optimizer, described in Section 4.2. Finally, we assess EmpiricalHLS against
CollectiveHLS [1], a SotA knowledge-based optimization approach. For our evaluation,
we target the MPSoC UltraScale+ ZCU104 FPGA at 300 MHz, using the applications
from the GN SIS dataset, as detailed in Table 4.1.

Figure 4.12 presents the evaluation metrics for the analyzed mechanisms, including the
geometric mean speedup over Vitis, speedup distributions, and optimization time, which
encompasses both the time required to identify the optimized design and the HLS process.
Additionally, it illustrates resource utilization distributions. As shown in Figure 4.12,
EmpiricalHLS achieves a geometric mean speedup of 9:1 over Vitis, with a speedup
distribution ranging from 0:02 to 310:4. The HLS process duration varies between
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Figure 4.12.: Comparing Empirical-HLS with Vitis Optimizations, CollectiveHLS [1], and
NSGA-II-based DSE

5.6 seconds and 1 hour, with an average of 33.5 minutes. Regarding resource utilization,
EmpiricalHLS exhibits an average BRAM utilization of 14.8%, DSP utilization of 95%,
FF utilization of 78%, and LUT utilization of 80%. EmpiricalHLS achieves a 4% higher
geometric mean speedup compared to Vitis -0O3, resulting in an average speedup 1:44
greater. However, CollectiveHLS and NSGA-Il-based DSE perform better, achieving
1:37 and 2:43 higher geometric mean speedups, respectively. In terms of optimization
time, EmpiricalHLS is 14:4 slower than Vitis -O3, primarily due to the aggressive direc-
tives applied, such as large array partitioning and loop unrolling, which increase resource
utilization and prolong the HLS process. As expected, CollectiveHLS and NSGA-II-
based DSE are 1:27 and 26:1 slower than EmpiricalHLS, as both involve additional
optimization steps beyond HLS. Regarding resource utilization, EmpiricalHLS exhibits
the highest consumption among all baselines due to its aggressive directives. Speci -
cally, it utilizes 2:3 more BRAM than Vitis -O3, 1:4 more than CollectiveHLS, and

2:3 more than NSGA-II-based DSE. Similarly, DSP utilization is 95 higher than Vitis

-03, 13:6 higher than CollectiveHLS, and 95 higher than NSGA-II. For FFs, utiliza-

tion increases by 39, 11:1, and 39, respectively, while LUT usage rises by 26:7,
6:2, and 20 compared to Vitis -O3, CollectiveHLS, and NSGA-Il-based DSE. The
most signi cant drawback of EmpiricalHLS is its limited ability to generate valid designs
across all applications. While other optimization strategies achieve 100% synthesizability,
EmpiricalHLS successfully produces a feasible design for only 40% of cases. This limita-
tion underscores the critical role of HLS-driven DSE methodologies, as purely empirical
approaches fail to account for the resource constraints of the target FPGA and clock fre-
quency, ultimately hindering their ability to deliver both feasible and high-performance
designs.
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4.6. GN SIS Limitations & Future Directions

This section outlines the current limitations of the GN SIS dataset and assesses the ex-
tent to which its insights generalize to other FPGA architectures. It also highlights early
success stories demonstrating its practical value and discusses future directions, including
applications in real-world scenarios and emerging domains.

4.6.1. Current Limitations

Information about Design Power Consumption

The GN SIS dataset reports key design metrics such as latency and resource utilization,
speci cally BRAM%, DSP%, FF%, and LUT%, across multiple FPGA platforms and
target clock frequencies. However, it does not include power consumption data for the
corresponding designs. This omission is consistent with the majority of existing HLS
datasets [38, 127], which typically rely on reports generated immediately after the HLS
stage, prior to implementation or bitstream generation. Accurate power consumption
measurements generally require post-implementation analysis or real hardware execu-
tion, which fall outside the scope of early-stage HLS exploration. Although tools like
the Xilinx Power Estimator & (XPE) exist to provide early power estimates, their utility

is limited in this context. XPE is a spreadsheet-based tool that estimates both static
and dynamic power based on user-provided inputs such as resource utilization, clock
frequency, toggle rates, and I/O con gurations. While useful for preliminary power bud-
geting, its accuracy is highly dependent on the delity of these inputs. Moreover, XPE
operates independently of actual implementation and routing data, which signi cantly
reduces its reliability for post-P&R power estimation. Previous studies have shown that
XPE-based tools, can overestimate post-implementation power by as much as 17.5% to
over 200%, with worst-case discrepancies reaching several hundred mw [135]. Given these
limitations, we chose not to include power estimation in GN SIS, focusing instead on de-
sign metrics that can be consistently and accurately extracted from the HLS compilation
process.

8Xilinx Power Estimator
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Support for Intel Tool Flow and FPGAs

The GN SIS dataset includes design points from two Xilinx’/AMD FPGA platforms,
the UltraScale+ MPSoC ZCU104 and the Alveo U200, targeted at three di erent clock
frequencies. While the current framework supports a range of Xilinx/AMD devices, it
does not yet provide compatibility with the Intel/Altera toolchain and the corresponding
FPGAs. However, the framework is designed in a modular fashion, making it extensible
to support additional tool ows. Speci cally, the Structural and Computational Source
Code Analysis (Step 1) and Data Analysis (Step 3) are agnostic to the underlying
tool ow or target device. These stages focus on extracting kernel characteristics and
processing the results of the exploration, respectively, and can remain unchanged when
integrating a new toolchain. The primary modi cations would be required in the De-
sign Space Generation (Step 2) process. To enable support for Altera/Intel FPGAs,
the directives currently used such as loop pipelining, loop unrolling, and array partition-
ing must be translated into their corresponding constructs as de ned by the Intel HLS
compiler, following the o cial documentation °. These mappings would be incorporated
into Directive Design Space De nition (Step 2A) to generate valid con gurations for
each action point. Additionally, the component of the framework that performs the HLS
process (Step 2D) and evaluates each design point would need to be adapted to work with
the Intel HLS ow and retrieve equivalent design metrics. Prior work [39] has shown that
integrating multiple HLS toolchains within a single exploration framework is both prac-
tical and achievable. By introducing targeted modi cations to the GN SIS framework,
support for Altera/Intel tool ows and devices can be integrated, enabling the inclusion
of a broader range of heterogeneous FPGA platforms.

Direct Application in Graph Neural Network Training

The current version of the GN SIS dataset is not directly applicable for training Graph
Neural Networks (GNNSs), as it does not include the Control/Data ow Graphs (CD-
FGs) produced during the HLS process. These graphs are stored in the .autopilot
directory, an internal workspace of the Vitis HLS tool that contains intermediate rep-
resentations such as control ow, scheduling, and binding information. While CDFGs
are essential for learning structural and data-dependency patterns in hardware designs,
retaining the .autopilot directories for all explored con gurations was not feasible due

to their considerable storage requirements, often reaching several hundred megabytes per
design. As a result, only performance and resource metrics are included in the current
release. Nevertheless, the GN SIS framework can be easily extended to capture and

®Intel oneAPI DPC++/C++ Compiler Handbook for FPGAs
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preserve the .autopilot data by adjusting Step 2D. This enhancement would allow for
CDFG extraction and enable sophisticated GNN-based methods for modeling perfor-
mance and resource usage, thereby fostering further advancements in QoR estimation
using GNNSs.

4.6.2. Applicability of Results Across FPGA Architectures and Vitis Versions

In the nal part of our analysis using the GN SIS dataset, we assess the generalization of
our conclusions across di erent FPGA architectures and Vitis HLS versions. We begin by
evaluating architectural variation through an experiment targeting the Xilinx Zynq 7000
series. To this end, we randomly selected 100 designs from the GN SIS dataset, originally
synthesized for the Xilinx/AMD UltraScale+ ZCU104 at 100 MHz using Vitis HLS 2021.1.
These designs were re-synthesized for the Zyng-7000 ZC706 at 100 MHz, using the same
tool version. Although the ZC706 is based on an earlier FPGA generation, it o ers
comparable Programmable Logic (PL) resources. After the HLS process, we extracted
key QoR metrics including design latency and resource utilization (BRAM, DSP, FF,
and LUT) for both devices. We then computed the Pearson correlation coe cient [136]
for each metric to quantify the degree of linear agreement between results on the ZCU104
and ZC706. The correlation for design latency was found to be 0.9998, suggesting near-
perfect alignment. Similarly, the correlation coe cients for BRAM, DSP, FF, and LUT
utilization were 0.927, 0.9953, 0.9953, and 0.950, respectively, demonstrating strong linear
relationships across architectures. These ndings con rm that trends in performance and
resource usage remain consistent despite architectural di erences, thereby reinforcing the
robustness of the GN SIS dataset. This supports the broader applicability of the derived
insights, particularly when emphasizing total PL resource utilization rather than device-
speci ¢ characteristics

In the same direction, to evaluate the consistency of the HLS process results across
di erent Vitis HLS versions, we re-synthesized 100 randomly selected designs from the
GN SIS dataset. These designs were originally generated using Vitis HLS 2021.1 for the
UltraScale+ ZCU104 at 100 MHz. For this experiment, we used Vitis HLS 2023.1 while
keeping the FPGA target, clock frequency, and directive con gurations unchanged. Our
results showed a strong Pearson correlation of 0.9782 for design latency and 0.9799 for
BRAM utilization, indicating that these metrics remain highly consistent across versions.

In contrast, DSP, FF, and LUT utilization exhibited lower correlations of 0.3868, 0.6787,
and 0.5971, respectively. This behavior is expected, as design latency and BRAM usage
are more directly in uenced by HLS directives and the array sizes, both of which were
held constant. The variation in DSP, FF, and LUT utilization re ects di erences in
backend compiler optimizations, such as arithmetic mapping, control logic generation,
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and scheduling heuristics, which may evolve between versions. These variations are a
natural consequence of toolchain development and do not a ect the overall trends or the
validity of our conclusions regarding design latency. Furthermore, the GN SIS framework
provides users with the exibility to explore other Vitis HLS versions by simply modifying
Step 2D, which encapsulates the synthesis process. This allows for systematic exploration
of version-speci ¢ optimization behaviors.

4.6.3. GN SIS Successful Utilization in HLS Case Studies & Future
Directions

The GN SIS dataset serves as a comprehensive resource for a variety of tasks in the
domain of HLS-driven DSE. The breadth and diversity of design points provided by
the GN SIS dataset o er signi cant value to both model-based and knowledge-based
approaches, which are among the most commonly applied methods in recent HLS-driven
DSE research. A notable subset of the dataset, speci cally targeting the UltraScale+
MPSoC ZCU104 at 300 MHz, has already facilitated the development of two advanced
methodologies. In [26], the authors utilize C/C++ code and accompanying HLS directives
from GN SIS to train a Transformer-based model [137] that predicts design feasibility and
estimates performance and resource utilization directly from the source code. The model
achieves 96% classi cation accuracy for feasibility, with R values of 0.95 and 0.91 for
performance and resource predictions, respectively. Additionally, CollectiveHLS [1,36,94]
clusters applications based on source-level features. It then leverages cluster-specic
Pareto-optimal con gurations and directive probability distributions to recommend and
iteratively re ne HLS pragmas. This approach achieves an average speedup of up to 23.1
over baseline code generated by Vitis, while maintaining 100% synthesizability and 96.6%
feasibility, and o ering a 14.6 reduction in optimization time compared to traditional

and SotA DSE strategies. These ndings underscore the e ectiveness of GN SIS in
supporting high- delity modeling and automated directive optimization, reinforcing its
value to the HLS community.

As future work, we plan to expand the dataset using our extensible framework by adding
applications from other benchmark suites and public GitHub repositories. This e ort
will also include contributions from other users, aiming to make GN SIS the de facto
standard HLS dataset in the eld. Another promising future direction for GN SIS is

its application in emerging Large Language Model (LLM)-based methodologies for HLS-
driven DSE. Recently, LLMs have gained signi cant traction across a wide range of
domains, including hardware design via HLS [96]. In this context, researchers have begun
leveraging LLMs through in-context learning with pre-trained models [97,98] (e.g. GPT-
40) as well as through ne-tuning techniques like Low-Rank Adaptation (LORA) using
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specialized datasets to improve model performance on HLS-speci c tasks [99]. GN SIS
can act as an enabler in such e orts. For example, the dataset's collection of Pareto-
optimal designs across diverse applications, FPGA targets, and clock frequencies can
be used to guide LLMs to recommend optimization directives for unseen applications.
Furthermore, GN SIS could support the development of models that estimate resource
usage and performance directly from source code annotated with HLS directives. These
examples highlight the broader applicability of the dataset and its potential to drive SotA
research in LLM-based HLS optimization.

4.7. Conclusion

This work introduced GN SIS, an open-source HLS dataset, featuring 219K design
points from 55 applications across diverse FPGAs and clock frequencies. To support
dataset generation, we developed an automated framework leveraging LLVM and Vitis-
HLS, enabling design space exploration with minimal manual e ort and ensuring adapt-
ability to other benchmark suites, devices, and frequencies. Our analysis uncovered key
insights into QOR metric patterns, directive impacts, and device-speci ¢ optimizations,

o0 ering a practical guide for FPGA designers with limited expertise. By providing both a
comprehensive dataset and a versatile framework, GN SIS simpli es FPGA optimization,
fostering accessibility and innovation in the HLS community.
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Chapter 5.

Language-level QoR Modeling for HLS

Large Language Models (LLMs) have gained signi cant attention lately, proving their

e ectiveness in a wide range of computer language related tasks. In the hardware design
community, where synthesis pipelines are often time-consuming, LLMs present a novel
opportunity for assessing circuit quality from the early design stages. In the context
of High-Level Synthesis (HLS), language models can be leveraged to model the impact
of applied directives on performance and resource utilization of the nal design, thus,
enabling developers to receive on-the-y recommendations for optimizing their code
throughout the development process. In this chapter, we propose a language-level modeling
approach for HLS based on the state-of-the-art Transformer architecture. Our approach
aims to estimate the performance and resource requirements of HLS applications directly
from the source code when di erent synthesis directives, in terms of HLS #pragmas, are
applied. Speci cally, our solution assesses the feasibility of the target design whether it

ts within the resource constraints of the target FPGA and if feasible, it predicts the
design's performance and resource requirements. Our experimental results demonstrate
promising results, with the proposed architecture achieving 96.02% accuracy for predicting
the feasibility class of applications and an average of 0.95 and 0.912Rcores for predicting
the actual performance and required resources, respectively.
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5.1. Introduction

Nowadays, the eld of Deep Learning and Natural Language Processing (NLP) domains
has seen notable progress, especially with the rise of Large Language Models (LLMs), such
as the Generative Pre-trained Transformers (GPT) [5]. LLMs are a class of deep learning
models that have a vast number of learnable parameters and are trained on extensive text
corpora, thus being able to perform a wide area of natural language understanding and
generation tasks with extremely high accuracy. While initially designed for language-
related tasks, e.g., question answering and language inference [45], LLMs have also
been adopted for modeling computer-related language tasks. Typical examples include
GitHub's Copilot [46], which provides real-time auto-completion suggestions during soft-
ware development; Facebook's TransCoder [47], an unsupervised system capable of trans-
lating source code across programming languages; and Microsoft's CodeBERT [4], a model
that can be ne-tuned for a wide range of code-related tasks.

This rapid adoption of LLMs for source-code analysis and software development related
tasks, presents a novel opportunity for their utilization into more domain-speci c con-
texts. Specically, in the eld of FPGA programming using higher-level programming
languages (e.g., High-Level Synthesis), this paradigm shift o ers a way of leveraging the
potential of LLMs to raise design abstraction and alleviate the complexities of hardware
design, by providing on-the-y insights as developers code, allowing for real-time assess-
ment and optimization of High-Level Synthesis (HLS) applications. Notably, the trend
towards LLM-assisted hardware development process is also supported by NVIDIA's re-
lease of ChipNeMo, a domain-adapted LLM in the latest ICCAD 2023, acting as designers'
personal-assistant for several chip design tasks [48].

Developers optimize FPGA execution by using HLS #pragmas (e.g., pipeline, loop un-
rolling) and constraints to guide hardware synthesis. Although current HLS tools (e.qg.,
Vitis) o er automatic #pragma optimizations, these may sometimes lead to performance
degradation compared to CPU execution, whereas manual #pragma tuning by develop-
ers can lead to signi cant performance improvements [32]. However, from a designer's
perspective, accurately estimating the impact of each applied #pragma on the Quality-of-
Results (QoR) requirements of the nal design (e.g., performance and allocated resources
on the FPGA) is a complex task. Ideally, characterizing each design point through syn-
thesis, P&R, and direct execution on the FPGA device would be the most accurate
approach. Yet, this process is very time-consuming, due to the high complexity of the
compilation and mapping optimization process [22].

While prior research e orts have explored performance modeling for HLS, they also have
speci ¢ limitations. Analytical models [49, 50] often rely on simpli cations and assump-
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tions about the technology, the hardware infrastructure and the software stack, which
may not accurately capture the real-world complexities of HLS applications and target
FPGAs. On the other hand, ML/NN [51 54] and GNN based approaches [25, 34,55, 56]
often rely on the Intermediate Representation (IR) of the source code, thus not being
able to capture the e ect of optimizations declared as pre-processor #pragmas [34] or
necessitating complex software stacks to do so (e.g., HLS-IR requires presence of Vitis
HLS in the loop) for predictions [55]. Towards a more agile hardware development pro-
cess [34], which demands fast and accurate circuit quality evaluation from early design
stages, the ultimate goal is to enable QoR modeling and design feasibility at higher levels
of the stack. Ideally this should happen directly from the source code, thus, allowing
developers to receive live optimization recommendations as they code, without resorting
to costly synthesis tasks.

In this chapter, we propose a language-level performance and resource modeling ap-
proach for HLS. Our solution leverages the state-of-the-art Transformer architecture to
address the challenge of predicting QoR metrics for HLS applications, considering vari-
ous #pragma optimizations directly from the source code. Recently in [38], the authors
explore language-level HLS modeling by ne-tuning pre-trained LLMs (e.g., [4]). A sim-
ilar approach based on LLM ne-tuning has been utilized in [57] targeting the compiler
optimization domain. While strategies based on pre-trained LLM models may be able to
address some aspects of HLS, they do require massive infrastructure resources without
being clear if they deliver a realistic return of investment, as discussed in [38]. In this chap-
ter, we show that a more tailored approach (i.e., utilizing language model architectures
speci cally designed for HLS) provides more accurate and context-aware performance
and resource estimations. This is the rst work to approach QoR modeling for HLS
directly from the language-level of abstraction stack i) without the need to adopt the
costs of ne-tuning a LLM as well as ii) without the need for any structural information
from the compiler stack like current GNN-based SotA [34,55,58]. Through an extensive
experimental campaign, we highlight the ine ciency of pre-trained LLMs for capturing
and modeling HLS speci ¢ semantics. We show that our proposed architecture achieves

96% on predicting whether a #pragma-optimized HLS application will t into the
available resources of the target device and, if it does, an average of 0:91 Rscore for
predicting its actual QoR metrics.

5.2. Background on Language Models

Modern LLMs, such as Copilot [46] and Codebert [4], are based on the Transformer
neural architecture [2]. Transformers rely on an encoder-decoder schema, as shown in
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Figure 5.1. The purpose of the encoder is to process the input sequence whereas the
decoder generates an output sequence from the context-aware representations provided
by the encoder. Both the encoder and decoder consist of i) the multi-head self-attention
and ii) a fully-connected feed forward network. In the case of the decoder, there is also
iif) the encoder-decoder self-attention block. In detail:

Figure 5.1.: The Transformer Network Architecture [2]

@ Embedding Layer: The input to a Transformer model is a sequence of discrete
tokens, and the collection of all possible tokens de nes the model's vocabulary. In the
context of C++ code, for instance, a token may correspond to a full keyword such as for
or while, a subword fragment like whi, or even a single symbol depending on the chosen
tokenization strategy. Since neural networks operate on numerical data, the embedding
layer transforms each token into a xed-dimensional continuous vector. These learned
vectors encode semantic relationships between tokens, allowing the model to understand
similarities, syntactic structure, and contextual meaning. As a result, the embedding
layer serves as the bridge between raw text and the internal representation space where
the Transformer performs its computations.

@ Positional Encoding: The Transformer architecture processes all tokens in parallel,
which means it has no built-in notion of order. Positional encoding provides this missing
information by injecting a representation of each token's position directly into its embed-
ding vector. This enables the model to di erentiate between sequences that contain the
same tokens but arranged in di erent orders, a distinction that is essential for understand-
ing structure and meaning in any sequential data. In the context of HLS programming,
preserving positional information is especially important. The order in which optimiza-
tion directives are applied can drastically alter the resulting hardware design, a ecting
execution latency, resource utilization, and overall performance. Positional encodings help
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the model recognize such ordering e ects, allowing it to reason about directive sequences
more e ectively. These representations are learned during training and added to the to-
ken embeddings, enriching them with both content information and structural context
before being fed into subsequent Transformer layers.

@) Attention Mechanism: The self-attention mechanism forms the backbone of Trans-
formers. It allows the model to weigh the importance of each token in the input sequence
concerning all other tokens, capturing contextual relationships. Unlike conventional re-
current neural architectures, this allows Transformer models to capture long-range de-
pendencies along the input sequence. In the context of HLS nested for loops for example,
it is important to capture the interdependence of the applied directives within each loop
in order to estimate their cumulative impact on performance. Transformer models stacks
multiple encoders and decoders (N), i.e. the output of one encoder/decoder is used as
input for the next one.

@ Feed-Forward & (B Linear: Once the self-attention layer has captured dependen-
cies between tokens, the output is processed by a position-wise feed-forward network.
This component applies two linear transformations with a ReLU activation in between,
allowing the model to introduce non-linearities and re ne each token representation in-
dependently. Even though it is simple, this feed-forward block signi cantly enhances the
model's ability to learn complex patterns. In the nal stage of the decoder, a linear layer
maps the processed representation of each token to a vector of logits corresponding to
the vocabulary. These logits express how likely each token is to appear next. A softmax
function then converts them into probabilities, enabling the model to generate the most
plausible token during decoding.

5.3. Data Collection Process

In order to train our language-based model, we collect a representative dataset that links
speci ¢ source codes with their corresponding performance and resource utilization statis-
tics, under the application of di erent HLS directives. Similar to well established prac-
tices [25, 34, 38], we synthesize our designs for one target FPGA (UltraScale+ ZCU104)
and a working frequency of 300MHz.

| Synthesizable C/C++ Source Code Dataset: We build our dataset by gather-

ing more than 100 C/C++ applications from benchmark suites widely recognized in the
community, i.e., Rodinia [44], and Machsuite [42], as well as publicly accessible GitHub
repositories. For each application, we identify the kernel source cod@, which is the part
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Figure 5.2.: Data Collection Process

executed on the FPGA, and validate its synthesizability @. For each array declaration
and loop structure inside the source code, we mark it for the directives annotation phase
@©. Last, we synthesize the kernel using AMD Vitis HLS @) to obtain detailed imple-
mentation metrics, including the latency measured in clock cycles and the utilization of
key hardware resources such as BRAM, DSP, FF, and LUTs. These values re ect how
the design behaves when no HLS directives are applied, providing a clean and unbiased
reference point. This baseline is essential for evaluating any optimization strategy, as
it allows to quantify improvements in performance and resource e ciency by comparing
optimized designs against a directive-free implementation.

| Directive & QOR Metrics Dataset: To populate our dataset, we apply di erent
combinations of directives on the positions annotated in@® and then conduct synthesis
using Vitis HLS. We focus on the pipeline, unroll, and array_partition HLS direc-

tives, as these are known to have the most signi cant impact on performance [22,49]. This
process provides the target QoR metrics per design, including performance and resource
utilization percentages. Due to the enormous number of di erent directive combinations
and the time-consuming nature of hardware synthesis, we employ a genetic optimization
approach to explore the directives design spac@®. We solve a dual optimization prob-
lem, i.e., minimize design latency and resource utilization while adhering to the resource
constraints of the FPGA. Speci cally, we employ NSGA-II [40] over Vitis HLS with pop-
ulation size equal to 40 con gurations and a total of 24 generations. If a particular
con guration yields a design that exceeds available resources or demands an impractical
amount of synthesis time (> 1 hour), we mark it as infeasible. The above procedure
results in di erent source-code variants per kernel ®), each con gured with distinct di-
rective combinations and associated with the corresponding feasibility class, speedup (i.e.,
the ratio of the unoptimized kernel's design latency @ to the variant's design latency)

YIn a conservative scenario of 10 #pragma positions, 2 possible di erent #pragmas per position and 4
. . . 4 . . .
di erent values per #pragma, this results in 10 2 di erent combinations.
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along with the BRAM%, DSP%, FF% and LUT% @.

| Dataset Insights: Following the aforementioned procedure, we generate our nal
dataset comprising approximately 40; 000 instances, i.e., needed more than four months
to be assembled. Figure 5.3 o ers further insights into the dataset's characteristics.
Approximately 75% of the instances meet the resource constraints, aligning with the
objectives of our meta-heuristic exploration. Regarding the size of the examined kernels,
and the number of directives applied per kernel, there is a notable variability. Speci cally,
the number of tokens ranges from 100 to 4,500, and the number of applied #pragmas per
kernel varies from 1 to 48. It is important to note that these gures are at least an order
of magnitude larger than those in prior studies [34,38,58], which either rely on synthetic
benchmarks or solely on small-sized benchmark suites (e.g., Machsuite or Polybench).
Regarding the target resources, we observe that the BRAMSs distribution ranges covers
the entire range from 0% 2 to 100%°, where as the rest of the resources uctuate at
lower values. Notably, the DSPs distribution is compact around 1%, implying that the
majority of our instances implement arithmetic operations using look-up tables. Last,
the speedup distribution spans from a minimum of 0.6 to a maximum of 50 and a
median value of 3:5.

Figure 5.3.: Dataset Descriptive Statistics

5.4. Language-Level HLS Modeling

Figure 5.4 shows an overview of the proposed modeling approach. Given a C/C++
source code with a set of HLS #pragmas applied to it, our goal is i) to determine if the
design is feasible, ensuring that none of the resources (QoR metrics) exceed the available
resources of the FPGA device (classi cation task); and ii) to predict the speedup of the
application compared to the non-#pragmas version, as well as its resource utilization on
the device (regression tasks). Figure 5.4 shows an overview of the proposed modeling

2All memory space implemented through distributed to 1-bit registers.
3Physically infeasible solutions due to routing congestion.
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approach, which consists of two basic components, the source code tokenizer (Y 5.4.1)
and the proposed Transformer-based model (Y 5.4.2).

5.4.1. Source Code Tokenization

The tokenizer converts the input C/C++ source code along with its applied HLS #pragmas
into a sequence of tokens or subword units that can be used as input for the Transformer
model. We utilize CodeBERT's [4] pre-trained tokenizer, which uses byte-level Byte-
Pair-Encoding, a subword tokenization technique, that breaks text into smaller subword
units. This allows models to handle a wide variety of languages and create a more exible
vocabulary. The top part of Figure 5.4 shows a simple tokenization example for a nested
loop source code. As we see, generic, cross-language words are translated into word-
level tokens (e.g., for ! 1990), while variables and HLS-specic terms are split into
subword tokens (e.g., pr-ag-ma ! 4862-1073-1916). However, subword tokenization is
not a challenge for Transformers, as the positional encoding and attention mechanisms can
e ectively capture dependencies between tokens in terms of both content and position [2].
Additionally, there also exist two special tokens at the beginning and end of the input
source code, indicating the start-of-sequence (<SOS> ! 0) and the end-of-sequence
(<EOS>! 2).

Figure 5.4.: Proposed Transformer-based Neural Architecture

5.4.2. Proposed Architecture

The proposed architecture leverages the Transformer Encoder architecture described in
Y5.2. The decoder component is not relevant to our regression-based objectives, as its
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primary function is sequence generation. Moreover, task-speci ¢ heads are used to trans-
form the encoded source code features into the target prediction variables. In more
detail:

| HLS Semantics Encoder: This part is based on the Encoder architecture (Y5.2)

and consists of three components: the embedding layer, the positional encoder and the
transformer encoder. As discussed in Y5.2, the Embedding layer converts the tokenized
code (which can be of arbitrary length) into a xed-size representation, whereas the Posi-
tional Encoder provides information about the positions of tokens in the input sequence.
The Transformer Encoder is the backbone of the network, being responsible for com-
prehending the HLS source-code and extracting informative features, which represent
various aspects relevant to the prediction tasks. HLS code can be complex, with multiple
#pragmas, loop structures, variable declarations, and other language-speci ¢ constructs.
The encoder processes the code to capture inter-dependencies within it, by combining
token-level features (content-based) and positional features (position-based) for each to-
ken in the sequence. Its purpose is to understand the overall structure and logic of the
application and extract informative features that represent various aspects of the code
that are relevant to the prediction tasks.

| Classi cation Head: This component models a binary classi cation problem, indicat-

ing whether the application can run on the target FPGA (feasible 1) or not (infeasible 0).

As mentioned in Y5.3, feasibility refers to whether the required hardware resources (e.g.,
BRAMs, LUTs, etc.) for the application t within the constraints of the target FPGA
device. It consists of a mean pooling layer followed by two linear ones, which are in-
tervened by a ReLU and a Dropout layer, to capture non-linear behaviors in the data.
The former creates a xed-size summary representation from feature sequences provided
by the encoder, while the latter ones transform the aggregated information to the target
prediction variable (0/1).

| Regression Heads: The regression heads are responsible for predicting the actual
values of the target QoR metrics. The heads are activated only when the classi cation
head's output is 1, indicating the design's feasibility. In such cases, the encoded features
are passed to each of the task-speci ¢ heads, which further process the information to
generate the nal output. All the heads share the same architectural structure as the
classi cation head, comprising a mean pooling layer followed by a linear layer. In to-
tal, there are ve distinct regression heads, each dedicated to predicting di erent tasks,
namely Speedup, BRAMs, DSPs, LUTs, and Flip Flops.
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Figure 5.5.: Impact of Evolving Loss Function (Left) and speedup head Integration (Right)
on the E ciency of the Model.

5.4.3. Model Implementation & Training

We used PyTorch to implement the proposed architecture.

| Learning rate: We follow a learning-rate warm-up and decay approach, which sta-
bilizes early training and improves the performance of Transformers [59]. Speci cally,
starting from an initial rate of 2e 4, we increase this value during the rst 10 epochs in
a linear manner, gradually adapting the model to the training data. After the warm-up
phase, we transition to a learning rate decay strategy, by multiplying the learning rate
by a factor of =0:9.

| Loss Function: We train our model using a multitask loss approach, where we com-
bine individual losses for each task. Speci cally, we use Binary Cross Entropy (BCE) for
classi cation tasks and Mean Squared Error (MSE) for regression. We design the loss
function to evolve during training. Initially, for a set number of epochs, all tasks con-
tribute equally to the total loss. After this period, we gradually shift focus towards the
main prediction task. This shift is determined by a weight factor (w) which increases as
we approach the total number of epochs. From our experiments, we found that 25 epochs
forms a sweet" point for adjusting the loss calculation. Figure 5.5 (left) shows how the
model's e ciency (aggregated across all target prediction tasks) progresses during train-
ing, comparing the standard loss calculation with our evolving approach. In the rst 25
epochs, both scenarios perform almost similarly, allowing the model to start with broader
representations and avoid early over tting. After the 25" epoch, our evolving loss cal-
culation starts outperforming the standard method, enabling the model to increasingly
focus on learning task-speci c features.

| Training Considerations: Given the resource-hungry nature of Transformer models
(e.g., deep LLMs requiring tens of high-end GPUs to be trained [2,4,47]) and due to our
hardware limitations, we opted to train separate language models for each regression task.
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Task R2 MAE

Speedup 0.958 0.84
BRAM 0.960  3.38

DSP 0923 4.13

FF 0.894 505

LUT 0.842 11.7
Feasibility 96.02%

Table 5.1.:

Accuracy / Score per Prediction Task

This approach allows us to create less complex models that t within our infrastructure

constraints. For each model, we use an embedding dimension of 72 and employ 6 attention
heads with 6 encoder layer per head and a hidden dimension of 1024. We train our model
for 70 epochs using a batch size equal to 4 and we employ Adam as our optimizer. This

training setup requires 35GB of GPU memory and 24 hours on a NVIDIA A100
GPU for each model. Last, in our experiments we observed that incorporating speedup
predictions, regardless of the target prediction task consistently yielded a better encoding
of HLS semantics, leading to improved results across all prediction tasks. As shown in
Figure 5.5 (Right), there is a clear advantage of the multi-task model, due to the inherent

feature correlations between performance and resources that allow to better comprehend

the underlying patterns in the code.

Figure 5.6.: Confusion Matrix (Classi cation Task) and Real versus Predicted Values for the
Five Target QoR Metrics (Regression Task)

5.5. Evaluation

We avoid a direct comparison with recent GNN-based SotA, they need information of
internal structures from the compiler or HLS-engine, which cannot be directly mapped

to our solution.

| Model Accuracy: We rst assess our model's ability to predict the feasibility class and
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Figure 5.7.: Left: Inference Time w.r.t. Code Length. Right: Exploration Time and Speedup
Achieved of a Model-driven NSGA-II.

target QoR metrics. We divide our dataset in two subsets: 80% for training/validation
and 20% for testing, ensuring the latter comprises source-code/#pragmas tuples not
encountered during training. We conduct a 4-fold cross-validation on the train/val set
and retain the best-performing model for testing. For regression, we consider both the
Mean Absolute Error (MAE) that shows the error of our predictions (the lower the better)
and the coe cient of determination (R 2) showing how well the predicted values match
the variance of real data (the closer to 1 the better).

Table 5.1 shows the respective values across all the examined kernels and Figure 5.6
presents the confusion matrix and the comparison of real vs. predicted values for the
classi cation and regression tasks, respectively. In terms of classi cation, our model
achieves an impressive accuracy of approximately 96%, e ectively assessing whether a
design will t within the target device's resources. The confusion matrix further illus-
trates this capability, with the rate of false negatives incorrectly predicting a design as
feasible being less than 0.8%. This low rate indicates a strong reliability of the model
in avoiding predictions that would lead to infeasible designs. For the regression tasks,
the results show a range of 0.84 0.96 in R and 0.84 11.7 in MAE. The model demon-
strates high accuracy in predicting actual speedup and BRAMs usage, with most points
closely aligning with the 45° regression line. While DSPs, Flip Flops, and LUTs are
more scattered, the scores remain high without any indication of consistent under- or
over-estimation.

| Inference Overhead: Next, we assess the capability of the model for providing on-
the-y recommendations to developers. Figure 5.7 (left) shows the inference time w.r.t.
input sequence length on standard desktop devices, i.e., an Intel i7-8700K CPU and an
NVIDIA GTX-1070 GPU. For small sequence lengths (< 400 tokens) both the CPU and
GPU provide inference times in the same order of magnitude ( 10 20 msec), indicat-
ing that either hardware can provide real-time predictions. As the source-code length
increases, utilizing a GPU becomes essential for maintaining real-time predictions, as it
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consistently o ers inference times around 10 milliseconds.

| Surrogate Model Approach for DSE: Based on the above, our model is capable of
evaluating approximately 100 di erent #pragma con gurations per second. In order to
provide on-the-y recommendations, we integrated the model as a surrogate within a
genetic NSGA-II optimization process. We measure the time of the NSGA-II process, as-
sisted by our surrogate model, to identify the most e cient design in terms of speedup for
each application forming our source code dataset. The speedup over Vitis of these optimal
designs was then evaluated using the HLS tool. Figure 5.7 (right) depicts the maximum
aggregated speedup over default Vitis-HLS achieved within a 10-second time-frame (i.e.,
similar to the duration it takes for ChatGPT to respond to a query). Notably, even this
straightforward model-driven optimization approach reaches a speedup plateau in 5-6
seconds, showing its e ectiveness in providing quick and reliable design propositions in
real-time.

| Impact of HLS Semantic Encoder: Next we examine the e cacy of our HLS
domain-speci ¢ encoder in comparison to general-purpose pre-trained LLMs. Similar
to [38], we employ CodeBert [4] to substitute the HLS semantic encoder in our architec-
ture while keeping the classi cation and regression heads untouched. The authors of [38]
have demonstrated that re-training an LLM speci cally for HLS QoR modeling yields
satisfactory results for small-sized kernels, however, at the cost of considerable resources
and training time. In contrast, we follow a di erent approach, by freezing the weights
of CodeBert and focusing solely on training the heads, to evaluate whether a pre-trained
LLM can e ectively extract HLS-relevant features. Table 5.2 summarizes the respective
results. We nd that the CodeBert variant satisfactorily predicts the feasibility class of
applications, achieving an accuracy of approximately 89%. This suggests that the feasi-
bility is largely determined by high-level source code features, which are well-captured by
generic LLMs. However, when predicting QoR metrics, which are more intricately linked
to the speci cs of applied #pragmas, the pre-trained encoder performs poorly. The R and
MAE values range from 0.04 to 0.46 and 6.9 to 22.7 respectively, underlining the necessity
of using domain-speci ¢ language models for such tasks.

| Generalization Study: Last we perform a generalization study, aiming to examine

how e cient can we model unseen applications. We follow an application-granular leave-
one-out validation, where each time we omit a speci ¢ kernel from the training set and
use it to test the e ciency of the model. Our results showed a low e ciency on unseen
kernels, with an average of 40% classi cation accuracy and R scores ranging from
0.02 up to 0.43 across applications. These results align with the observations of [38] that
language models struggle generalizing to unseen kernels. Data augmentation, few-shot
retraining and transfer learning schemes can be adopted to tackle this ine ciency, which
we leave for future work.
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Table 5.2.: Predictions with Codebert [4] as semantic encoder

Speedup BRAM DSP FF LUT | Feasibility
2
R 0.085 0.46 0.039 0.072 0.06 83.19%
MAE 6.95 18.32 10.23 13.27 22.77

5.6. Conclusion

HLS serves as a powerful tool for optimizing hardware design through software direc-
tives, but struggles from lengthy synthesis times. LLMs present a novel opportunity for
elevating the HLS optimization process directly to the source code level. In this paper,
we introduced a domain-speci ¢, language-level modeling approach tailored for HLS. Our
approach predicts the feasibility class and QoR metrics of applications with di erent HLS
#pragmas. Results demonstrate an accuracy of 96% for predicting the feasibility class
of applications and an average of 0:91 R? score for QoR prediction, thereby signi cantly
enhancing the HLS design process.
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Chapter 6.

CollectiveHLS: A Collaborative Approach to
HLS Design Optimization

High-Level Synthesis (HLS) has played a pivotal role in making FPGAs accessible to a
broader audience by facilitating high-level device programming and rapid microarchitec-
ture customization through the use of directives. However, manually selecting the right
directives can be a formidable challenge for programmers lacking a hardware background.
This chapter presents CollectiveHLS, an ultra-fast, knowledge-driven approach to opti-
mizing HLS designs. It automates the identi cation and application of optimal directive
con gurations from the original source code, focusing on minimizing design latency and
ensuring synthesizability. This optimization approach is entirely data-driven, o ering a
generalized HLS tuning solution without reliance on Quality of Result (QoR) models or
meta-heuristics. CollectiveHLS is designed, implemented, and evaluated using around
60 applications sourced from well-established benchmark suites and GitHub repositories,
all running on a Xilinx UltraScale+ MPSoC ZCU104. It achieves an average geometric
mean speedup of up to 23:1 compared to the o cial source code without directives, while
maintaining synthesizability and feasibility rates of 100% and 96.6%, respectively, match-
ing those of Vitis, the industry-standard framework for FPGA acceleration. Comparisons
with resource over-provisioning, traditional genetic algorithm-based Design Space Explo-
ration (DSE), and State-of-the-Art (SotA) approaches demonstrate that CollectiveHLS
produces designs of comparable quality 14:6 faster on average. These results underscore
the potential of our approach as an ultra-fast and automated solution for HLS optimiza-
tion. CollectiveHLS is publicly available on GitHuld.

1GitHub Repository
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6.1. Introduction

HLS has democratized FPGAs by enabling high-level device programming and rapid mi-
croarchitecture customization, removing the need for complex and potentially error-prone
hardware design techniques that utilize specialized hardware description languages [20].
HLS facilitates development by providing a quicker and more adaptable process, allow-
ing developers to guide the HLS compiler in kernel synthesis by adding directives like
pipeline, unroll and array_partition to high-level language source code. Tradi-

tional algorithmic HLS tools primarily focus on extracting parallelism from algorithmic
descriptions and transforming the result into hardware execution that operates in par-
allel [19]. As a result, HLS tools empower designers to quickly implement various algo-
rithmic choices, identify high-level tradeo s concerning area and performance, and avoid
early optimizations [21, 60].

Despite HLS providing a higher level of abstraction than hardware description languages,
developers still need to master the translation of software/compiler constructs into hard-
ware concepts to optimize the acceleration of applications using FPGAs. This becomes
even more challenging for users operating at higher levels of the technological stack who
lack familiarity with the complexities of hardware design. Indeed, automatic exploration

of an extended compiler and micro-architectural design space is a constant requirement
in modern HLS frameworks [22,23]. On top of that, selecting manually the suitable HLS
directives poses an exceptionally challenging task, even for experienced designers. This
complexity arises primarily from i) the huge decision design space and ii) the inherent
correlation of directives with the underlying architecture [20]. Consequently, the lack
of tools that quickly and automatically deliver optimized HLS directive con gurations
presents a signi cant obstacle for leveraging FPGA acceleration among designers with
limited expertise in the eld.

In recent years, several studies have explored various methodologies for automatically
delivering optimized HLS directive con gurations, also known as HLS-driven DSE [21].
These works primarily fall into three categories: a) synthesis-based, b) model-based, and
c) knowledge-based approaches. Synthesis-based methods [22,61,62] focus on e ciently
exploring the con guration decision space by evaluating a range of Quality of Result
(QoR) metrics, such as design latency and resource utilization, obtained from designs
synthesized using HLS tools. Model-based approaches [49, 63, 64] build predictive mod-
els to estimate QoR metrics instead of executing HLS ows. Especially, Graph Neural
Networks (GNN) [25, 55, 58] have gained prominence in performance modeling due to
their capacity to capture variations in source code, encompassing size, structural con-
structs, and optimization directives. After obtaining performance and resource utiliza-
tion estimates, the DSE process can be optimized and managed using heuristics, such as
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evolutionary algorithms [65, 66]. Knowledge-based approaches [35,67] have also emerged
to reduce the decision design space and minimize the costly synthesis evaluations for
unknown applications by leveraging source code similarities with previously explored de-
signs and transferring the directive con gurations that led to Pareto-optimal designs to

the unknown design. However, we have observed that current research solutions fail to
rapidly deliver highly e cient designs, making them less accessible to non-experienced
designers.

In our view, HLS DSE methodologies should evolve based on three major pillars, i.e., i)
e ciency: proposed directives should be close to optimal con gurations; ii) fast conver-
gence: optimization recommendations should be provided in acceptable time frames; and
i) interpretability and generalization: methodologies should be analyzable and generic
enough and combine collaborative knowledge from multiple applications, thus, allowing
developers to use them o -the-shelf, even for potentially unknown applications. While
e ciency is tackled by prior research works [22, 58], these solutions typically focus on
application speci c optimizations, thus requiring massive numbers of design evaluations
to guide exploration, which, in turn, translate to high operational costs and longer time
to market. Static analysis of the source-code characteristics can aid towards fast conver-
gence and generalization, by providing an "execution pro le" of an application, without
requiring long-running evaluations. Even though latest research [68, 69] is pivoting to
this direction, they are restricted to pattern matching approaches [35], thus, relying on
a bi-directional knowledge ow between applications, neglecting the potential bene ts of
collaborative information sharing.

This unexploited opportunity raises the possibility for developing optimization approaches
that utilize information from multiple pre-explored designs to quickly and automatically
provide optimized designs. The open source movement [70] also assists to this direction,
as it has increased the number of HLS repositories available online (e.g., GitHub), making
it extremely easy to obtain and analyze designs freely. Methodologies that move in this
direction bring the community one step closer to the vision of completely removing the
programmer from the optimization cycle.

In this direction, we introduce CollectiveHLS, a cluster-based hierarchical design opti-
mization framework for fast auto-tuning of HLS directives. Unlike existing auto-tuning
techniques [23, 25, 58], we present a fully data-driven HLS optimization framework that
combines existing knowledge/data from previously characterized applications to extract
and apply the most promising directive con gurations for unknown applications. Through

a hierarchical clustering strategy, CollectiveHLS correlates an application's high-level
source code characteristics with its low-level hardware QOR metrics to create program-
mer agnostic HLS optimizations, an idea already applied in compiler-level optimizations.
Speci cally, the novel contributions of this work are:
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" We introduce an elegant cluster-based hierarchical HLS design optimization strategy
that recommends and applies optimized HLS directives to any known or unknown
application, combining insights from multiple pre-explored applications.

" We integrate the proposed optimizer to Vitis-HLS [71], the state-of-the-art industrial-
strength HLS tool provided by Xilinx, extending it with an end-to-end online and
zero-delay HLS auto-tuning solution for higher quality FPGA designs.

" We demonstrate the e ectiveness and resilience of our approach through thorough
experimentation.

CollectiveHLS achieves an average geometric mean speedup of up to 23:1 compared to
the source code without directives, while maintaining 100% synthesizability and 96.6%
feasibility, identical to Vitis-HLS. Comparisons with traditional genetic algorithm-based
DSE, and state-of-the-art approaches demonstrate that CollectiveHLS generates designs
of comparable quality 14:6 faster on average. This suggests that our approach holds
great promise as an ultra-fast and automated solution for HLS optimization.

6.2. Motivation

The rationale driving CollectiveHLS is the recognition that source codes sharing simi-
lar structures often exhibit common characteristics, thereby responding similarly to the
same directives [35]. This intuition underpins the approach taken by designers when
optimizing applications using HLS. Initially, upon inspecting a given source code, the
designer identi es applicable directives based on the code's structure. For instance, if a
single loop operates on an array without inter-iteration data dependencies, a combina-
tion of #pragma HLS UNROLL with varying factors and #pragma HLS ARRAY_PARTITION
with di erent degrees of partitioning might be explored. The focus on speci ¢ HLS opti-
mizations corresponding to encountered source code constructs stems from the designer's
expertise. While the examined application may not mirror previous ones exactly (e.g.,
di ering loop trip-counts or in-memory array sizes), structural similarities are often ade-
guate to suggest adapting directives that previously led to optimal implementations. This
approach avoids the need to exhaustively explore numerous directive combinations from
scratch. Thus, the designer's strategy involves three key steps: a) identifying the primary
structural characteristics of the target code b) identifying a previously explored design
with similar attributes and c) leveraging knowledge from the source design to optimize
the new target design.
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Figure 6.1.: Pearson's Correlation Coe cient Distribution

To further motivate our hypothesis with both qualitative and empirical evidence, we ex-
amine whether applications with similar code structures receive analogous directives to
achieve a latency-e cient design. We use applications sourced from established bench-
mark suites [42,43], as well as from GitHub repositories. To verify our assumption, we
encode the source code of each application into a xed-size feature vector. Additionally,
we determine the directives that result in the most latency-e cient design for each appli-
cation. We assess the similarity between the source code and the directives' vectors of two
applications using the Hamming distance metric [138]. More speci cally, we calculate the
Hamming distance for each application, comparing its source code and applied directives
with those of all other examined applications. After determining the source code and
directives' similarity vectors for each application, we compute the correlation between
the vectors using the Pearson's Correlation Coe cient [139]. Figure 6.1, illustrates the
distribution of Pearson's Correlation Coe cients ? between the source code feature vector
and the directives vector across all the applications examined. The displayed distribution
reveals a range of Pearson Correlation Coe cients, with a maximum value of 0:9 and
a minimum value of 0:5. The average coe cient, standing at 0:62, signi es a positive
correlation observed between similar code structures and optimized HLS directives. Fur-
thermore, the relatively low standard deviation of 0:07 suggests that the distribution's
values closely cluster around the mean.
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(a) Knowledge Base Formation and Cluster-level PO Distribution Genera- (b) Directives  As-
tion signment

Figure 6.2.: Overview of the Proposed Optimization Methodology

6.3. CollectiveHLS: A cluster-based hierarchical HLS
optimization framework

CollectiveHLS automates the identi cation and application of optimized directives for
HLS designs. Its primary goal is to reduce the latency of proposed designs while ensur-
ing they meet the resource constraints of the target FPGA. This framework adopts a
data-driven methodology, gathering and combining insights from previously analyzed ap-
plications. Consequently, the optimizations it suggests are derived straight from historical
data, rather than relying on complex heuristics or QoR models. CollectiveHLS involves
four key phases as shown in Figures 6.2 and 6.5: A) the Knowledge Base Formation
phase aims to characterize the source code structures relevant to HLS directives, along
with acquiring QoR metrics for various directive combinations for each examined appli-
cation, laying the groundwork upon which we construct our optimization strategy; B)
the Cluster-level Pareto Optimal Distributions phase clusters applications with similar
code structures and conducts statistical analysis on the Pareto-optimal designs within
each cluster; C) the Compile-time Directives Assignment phase outlines how proposed
directives are generated based on the statistical analysis for unseen applications; and D)
the Re-proposing Directives phase addresses scenarios where CollectiveHLS produces
infeasible design, providing insights into the resolution process. We thoroughly examine
these four phase in the upcoming sections.

2pearson's Correlation Coe cient measures the linear association between two continuous variables,
ranging from 1 to 1. A value of 1 indicates a perfect positive linear relationship, 1 signies a
perfect negative linear relationship, and O indicates no linear relationship or correlation between the
variables. Higher absolute values closer to 1 indicate stronger correlations, a rming the validity of
our assumption.
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Knowledge Base Formation

Phase A. Compiler-based Source Code Analysis: In this phase, we identify and extract
representative features for each of the N applications that comprise our knowledge base.
Speci cally, we map each application into a xed-size feature vector by capturing high-
level characteristics directly from its source code. Each feature vector combines both
structural elements (e.g., array dimension sizes) and computational information (e.g., loop
trip-counts). The framework identi es all potential action points within these knowl-
edge base applications. An action point signi es a speci c location within the source
code where a pipeline, unroll, or array partition HLS directive can be applied. To
analyze source code and pinpoint these action points (a.k.a optimization points), we
employ components of the LLVM toolchain, including libclang [72], which serves as a C

library front-end for the clang/clang++ compiler. A source code parser @ navigates the
Abstract Syntax Tree (AST) generated from the code, identifying loops and array declara-
tions. To facilitate the identi cation of action points, labels are added to each one. After
identifying the action point locations, the source code is compiled to LLVM IR, an in-
termediate Static Single Assignment (SSA) assembly language used internally by LLVM.
During this stage, standard compiler optimizations are applied using LLVM's opt tool,
including constant folding and propagation, instruction combining, and function inlining,
while the Scalar Evolution analysis pass monitors changes in loop control variables. Once

optimized, our custom LLVM passes@ iterate over the IR to identify loop trip counts,
loop nesting details, and detailed instruction counts.

Source-code level feature vectors: The information derived from the source code by LLVM
serves as the basis for generating a feature vector that characterizes each application.
Although modern compiler toolchains provide comprehensive information on memory
and data dependencies, our emphasis remains on features that e ectively capture similar
source code structures found in HLS applications, with a particular focus on in-memory
arrays and loop structures. Focusing on array and loop code structures aligns with
prior research [35], as these elements have a substantial impact on the performance of
HLS applications. A feature vector is structured into three components: a) the array
structure, b) the loop structure, and c) arithmetic and memory operations extracted
through LLVM. To de ne the structure of the feature vector we have to determine a)
the maximum number of array dimensions, b) the maximum number of arrays within
an application, ¢) the maximum number of loop structures in an application, d) the
maximum nesting level within a loop structure, e) the maximum number of loops at each
nesting level, and f) the number of arithmetic and memory operations. Let D represent
the maximum number of array dimensions and A denote the maximum number of arrays.
Additionally, let L denote the maximum number of loop structures, M the maximum
nesting level within a loop structure, and LyestingLevel (i) the maximum number of loops
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at nesting level i. These values are determined by analyzing the N applications in our
dataset. Finally, let O represent the number of arithmetic and memory operations. We

de ne the feature vector of source code for application k, where k 2 f1;2;3;:::;Ng, as
follows:
Vi = [Vkys Vio s Viks s 055 Viks | (6.1)
where:
X M _
S=A D+ L NestingLevel (j) + O (6.2)
i=1 j=1

For the vi values, we consider the size of each speci ¢ dimension for arrays, the trip-count
for loops, and the occurrences of each speci ¢ arithmetic and memory operation. When
handling arrays with fewer dimensions than the maximum allowed, a speci c identi er is
used to denote the absence of the corresponding dimension. Likewise, the same approach
is applied to applications lacking the maximum number of arrays, loops, and nesting
levels.

Phase B. Directives and QoR Metrics Annotation: In this phase, we focus on data col-
lection, speci cally the acquisition of QoR metrics for applications subjected to di erent
HLS directives. This knowledge forms the foundation of our collaborative approach, as
the proposition of directives in Phase D relies entirely on the statistical analysis of this
data. While Phase B describes an automated approach for gathering QoR and directives-
related data from our applications, it's important to acknowledge that the knowledge base
can also incorporate hand-optimized synthesized designs. After pinpointing the action
points in each kernel during Phase A, we apply various directives to each action point
and carry out synthesis to obtain latency (measured in clock cycles) and area metrics
(BRAM%, DSP%, FF%, and LUT%).

Given the vast design space, we employ a genetic optimization approa@ to e ciently
explore the con guration space of directives and ensure convergence to optimal solutions.
It tackles a dual optimization problem i.e., minimizing both design latency and area while
considering the resource constraints of the target FPGA. This methodology produces an
approximation of the Pareto optimal solutions for each application, each with distinct
directives for some or all action points, representing a trade-o between performance and
area. To traverse the solution space, we utilize the NSGA-II algorithm [40] implemented
in PyMOO library [41], known for its ability to bypass local optima and quickly converge
to e cient solutions. NSGA-II is an evolutionary algorithm that operates across several
generations, transferring elite con gurations from one generation to the next. In our
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scenario, each generation entails the following steps: a) initializing the con guration
population, b) applying each con guration from the current population to the source

code via a source-to-source compile@, and synthesizing the output for the target
FPGA using Xilinx Vitis, and c) feeding the synthesis results into NSGA-II to generate
the next generation of con gurations. If a specic directive con guration results in a
design that exceeds available resources or demands an impractical amount of time for the
high-level synthesis process (e.g., 1 hour), it is agged as infeasible. Overall, we set the
population size to 40 con gurations and the total number of generations to 24. We also
con gure the genetic algorithm using the random operator for sampling and selection,
the simulated binary operator for crossover, and the polynomial operator for mutation.
All operators are con gured with the default library parameters. In particular, for the
random sampling operator, we set the mutation probability (prob) to 0.1. The random
selection operator does not require any parameters. For the simulated binary crossover
operator, we set the probability of crossover (prob) to 1.0, ensuring crossover is always
applied, and used a distribution index (eta) of 15, which balances o spring diversity
and resemblance to parents. Finally, for the polynomial mutation operator, we set the
distribution index (eta) to 20, allowing for a controlled range of mutations that produce

o spring close to the parents while maintaining diversity.

Overhead of Assembling the Knowledge Base: Given the fact that the designs of one
generation are evaluated in parallel, the 1h limit for time-consuming synthesis, and the
termination criterion, database formation requires 24h for 960 evaluations in the worst
case for a single application. We have also de ned the tolerance level for convergence on
the objective function values as 0:0025. This parameter is pivotal in ensuring that the
optimization algorithm stops when the di erence in objective values between successive
generations drops below a speci ed threshold, thereby facilitating rapid convergence to-
wards near-optimal solutions. While this process might be time-consuming, it occurs only
once in our solution (or asynchronously in general) and thus does not form a bottleneck
for our approach. Moreover, the proposed architecture enables the incremental expansion
of the knowledge base in a seamless manner, without the need for ground-up training or
employment of sophisticated retraining techniques typically required in ML-driven ap-
proaches, which are prone to catastrophic forgetting and have proven to be ine ective in
incrementally assimilating new information [140].

Phase C. Cluster-level Pareto Optimal Distributions

CollectiveHLS adopts a cluster-based approach to propose and apply distinct directives
for each action point. The underlying concept is that source codes sharing similar struc-
tures (indicated by the same feature vectors) tend to exhibit common characteristics
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Figure 6.3.: Histograms of Action Points from Figure 6.4.: Histograms of Action Points from
Cluster A Cluster B

and, consequently, respond similarly to the same directives, aligning with the optimiza-

tion strategy proposed by Ferretti et al. [35]. We employ a clustering algorithm @
where the assignment of di erent applications to clusters is determined by their xed-size
feature vectors, as captured in Phase A. To accelerate the convergence of the clustering
algorithm, we employ feature vector normalization by subtracting the mean and scaling
to unit variance. This preprocessing step is performed using the Scikit Learn Python
Library [73]. Additionally, we utilize the Principal Components Analysis (PCA) algo-

rithm @ to reduce the dimensionality of the feature vectors. We plot the cumulative
explained variance ratio against the number of principal components and identify the
Elbow point where adding more components yields diminishing returns [74]. In our
case, this value was determined to be 30, resulting in a cumulative explained variance
ratio of 0.976.

Cluster-wise directives distribution: Following the cluster assignment, CollectiveHLS en-
riches each cluster with QoR and directives-related information. Speci cally, for every
application within a cluster, the framework collects the speci ¢ directives' con gurations
that led to a Pareto Optimal (PO) solution (Phase B). These con gurations may di er

in terms of the directives applied per action point. Consequently, this process yields a
distribution of Pareto Optimal directives per action point, encompassing all distinct
directives from all PO solutions across all applications for that specic point @ Let
C denote the set of formed clusters and AP the set of action points. Suppose that
for cluster c, the aforementioned distribution consists of Nz points. For a given ac-
tion point ap, let DR 4y represent the set of Pareto Optimal directives applied to that
action point, and let d 2 DR 4, be a directive that occurs Ng times. We de ne the
probability of applying directive d to action point ap in cluster ¢ as shown in Equa-
tion 6.3.

P (d;ap;c) = N':I‘tjl (6.3)
otal
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Following this de nition, CollectiveHLS constructs a histogram of directives for each
action point and cluster, illustrating the likelihood of using a speci c directive at the
corresponding location in the source cod@. Figure 6.3 and Figure 6.4 depict the
histograms of directives generated by CollectiveHLS for both an array and a loop action
point across two distinct clusters. The rst and third diagrams correspond to the array
action point, while the second and fourth diagrams represent the loop action point. In
terms of the array action point, cyclic partitioning with a factor of 16 at the second
dimension has the highest probability in cluster A (0:43), whereas cyclic partitioning with
a factor of 4 at the rst dimension has the highest probability in cluster B (0:25). For the
loop action point, pipelining has the highest probability in cluster A (0:28), while loop
unrolling with a factor of 2 has the highest probability in cluster B (0:38). Upon closer
examination of the array action point, it's noted that identical directives exhibit di erent
probability values across clusters. For instance, complete partitioning at dimension 2 has
a probability of 0:16 in cluster A and 0:09 in cluster B. Furthermore, certain directives
are present in one cluster but not at all in the other cyclic partitioning with a factor of

16 at dimension 2 is applied in cluster A but not in cluster B. Similar trends are observed
for the loop action point across the two clusters. To summarize, the di erentiation of
source code across di erent clusters results in the application of di erent directives and
probability values, even for the exact same action point.

Phase D. Compile-time Directives Assignment

In the compile-time directives assignment phase, CollectiveHLS optimizes incoming
applications by automatically recommending directives for each identi ed action point.
Figure 6.2b provides an overview of the steps involved. To begin, the framework takes
as input the source code of the application to be optimized. As a rst step, the source

code parser extracts the essential information needed to characterize the applicati

and generates its feature vector, as outlined in Phase A. If an unseen application can be
described by the current feature vector, its rst loop structure is aligned with the rst
loop structure in the representation, the second with the second, etc. Regarding array ac-
tion points, the arrays of the unseen application are arranged in descending order of size.
The largest array is then paired with the rst array action point in the representation,
the second largest with the second, etc. For unseen applications that deviate from the
representation, any additional action points are disregarded during Phase D. However,
adding the new application into the knowledge base can be achieved through straightfor-
ward adjustments to the source code representation, without necessitating re-training for
the pre-explored applications, as detailed in Phase B.

Subsequently, based on this feature vector, the application is assigned to a speci ¢ cluster
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Figure 6.5.: Directives Re-proposing Feature

@, as formed in Phase C. Based on the cluster's histograms, CollectiveHLS suggests the
directive with the highest probability for each action point, given that the probability
surpasses a prede ned lower threshold, which is also known as the Probability Threshold.
Notably, increasing the Probability Threshold results in fewer optimization directives and
consequently more feasible designs. In contrast, not using optimizations can lead to sub-
optimal performance. Once the directives are proposed, the source-to-source compi@
integrates them into the input source code and generates the optimized output. In the
current iteration, CollectiveHLS does not consider the speci ¢ memory access patterns
of applications to construct the optimal memory hierarchy. However, this limitation
can be addressed by incorporating the solution proposed by Wang et al. [75]. Finally,
we synthesize the optimized design for the target FPGA at the desired frequency and
provide it to the end-user.

Phase E. Re-proposing Directives

While the optimization strategy employed by CollectiveHLS o ers substantial perfor-
mance bene ts, there is a possibility that it may lead to designs requiring more resources
than what is available in the target FPGA, or potentially fail to generate a synthesiz-
able solution altogether. In such cases, CollectiveHLS employs a closed-loop strategy
for re-proposing directives to generate a design that is feasible whenever a synthesizable
or feasible solution is not achieved. Figure 6.5 provides an overview of the proposed
re-proposing directives approach. The initial step of our methodology involves assessing
resource utilization metrics, including BRAM%, DSP%, FF%, and LUT%, to determine

if they surpass the available FPGA resources. Should there be no resource violations, the
optimized design is directly provided to the designer. However, if violations are detected,
we identify the speci c violated resource @ In scenarios where multiple resources are
exceeded, we prioritize the resource with the highest violation. For instance, if BRAM%
is at 125%, DSP% at 150%, FF% at 20%, and LUT% at 5%, the prioritized violated
resource would be DSP%.

The next step involves identifying the action point, and consequently, the directive re-
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sponsible for the resource violation, denoted a@. We de ne a function that quanti es
the impact of a directive to a particular QoR metric as:

Impactqger : C AP DRI!R (6.4)

To quantify the impact of directive d at action point ap in cluster c, we partition the
Pareto-optimal distribution of directives into two sets: Q ;ap;a, Which includes designs
utilizing directive d at action point ap, and Q c;ap;:d , Which comprises designs not employ-
ing directive d at the same action point. We then conduct statistical analysis on both
sets to determine the median values of the QoR metric distribution using the function
Mediangor. The impact is de ned as follows:

|mpaCthR (c; ap; d) = Mediangor (Qc;ap;a) Median qor(Qc:ap;:d ) (6.5)

The rationale behind this approach is that directives with a high impact on a QoR
metric, such as design latency, when not applied, will lead to a signi cant drop in
the respective metric. Let VR be the violated resource identied in @ we iden-
tify the action point and the directive with the highest impact on V R using Equation
6.6.

(ap ;d ) =arg apZALT?c%)IgR . Impacty, g (c; ap; d) (6.6)

Figure 6.6 depicts the impact analysis of directives conducted by CollectiveHLS's re-
propose feature for the Stencil 3D application from Machsuite. This analysis arises from
the examination of the distribution of Pareto-optimal directives within the source code
cluster to which the aforementioned application is assigned. We speci cally identi ed the
HLS directives applied at each action point and depicted their respective impacts. For
directives present in multiple action points, we display the average impact. The hori-
zontal axis represents directives related to in-memory arrays and loop structures, such
as #pragma HLS ARRAY_PARTITION FACTOR=2 DIM=1 for the rst directive and #pragma
HLS UNROLL for the last one. On the vertical axis, the QoR metrics are displayed, while
the impact of the directives is indicated by colors, with lighter colors indicating higher
impact. In terms of design latency, loop unrolling demonstrates the most signi cant im-
pact because it allows the hardware executing the loop body to be instantiated multiple
times, facilitating parallel execution in the absence of inter-iteration dependencies. Ad-
ditionally, array partitioning directives contribute to latency, especially when combined
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with unrolling directives. While unrolling enables parallel execution of loop iterations,
memory bandwidth remains a limiting factor. Partitioning directives e ectively enhance
this bandwidth, facilitating parallel execution in practice. As anticipated, partitioning
directives exhibit a signi cant impact on BRAM%, directly correlating with the increase
in BRAM usage in the programmable logic. It's noteworthy that while fully partitioning
arrays shows a relatively low impact on BRAM%, it notably a ects FF% and LUT%,
suggesting that the initial array is realized as registers. The analyzed directives exhibit
a moderate impact on DSP%, with unrolling directives showing a greater in uence, as
anticipated. This aligns with the characteristics of the applications under examination,
which appear to demand fewer DSPs for execution. Finally, partitioning directives impact
FF% and LUT% as they introduce extra control logic and registers for managing parti-
tioned memory segments, consequently elevating the utilization of both FFs and LUTs in
the design.

At this stage, CollectiveHLS has identi ed the directive with the highest impact on
the violated resources, and our next task is to propose an alternative directive for each

occurrence, denoted a@. This is accomplished using the Pareto-optimal directives
analysis outlined in @ Speci cally, for the action point exhibiting the highest impact on

the violated resource, we identify the set P that contains all directives with lower impact
than the one currently applied as shown in Equation 6.7.

D%°=fd2D apjImpacty g(c;ap ;d) < Impact \ r(c;ap ;d )g (6.7)

Given CollectiveHLS's objective of swiftly delivering high-performance designs, we se-
lect the directive from this set with the least impact on design latency as denoted by
Equation 6.8.

d'=arg ryzlg Impact atency (C;ap ;d) (6.8)

The newly proposed directives are applied to the original source code, followed by another
round of kernel synthesis@, adhering to a speci ed time limit 3. This iterative process

continues until the output design adheres to the available resources of the target device.
We have opted for this approach of modifying one directive at a time for the re-propose
feature because it o ers greater control over the changes made to the optimized design.

3To set the time limit, we analyze the synthesis times of designs explored during Section 6.3. We observe
a distribution of synthesis times ranging from 30 seconds to 3 hours, with an average of 17.2 minutes.
Based on the 75%-ile, we set the threshold at 23 minutes.
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Figure 6.6.: Directives Impact Analysis for Machsuite's Stencil 3D Application

In cases where the resulting design is not feasible, we revert to proposing the source code
without directives, utilizing the default Vitis optimizations.

6.4. Experimental Evaluation

To demonstrate and validate the viability of CollectiveHLS, we constructed a compre-
hensive dataset of HLS applications. This dataset is composed of synthesizable appli-
cations written in C/C++, sourced from well-established HLS benchmark suites within
the community such as Rodinia [43, 44] and Machsuite [42] as well as publicly avail-
able HLS repositories on GitHub. Specically, we analyze 56 applications spanning
diverse domains, including Digital Signal Processing (DSP), Machine Learning (ML)
and High-Performance Computing (HPC) applications. For our source code analysis,
we employed LLVM (v14.0.5), and for synthesizing applications within our dataset,
we utilized Xilinx Vitis HLS (v2021.1). Our choice of base architecture was the Xil-
inx Zynqg UltraScale+ MPSoC ZCU104 FPGA, operating at a clock frequency of 300
MHz.

The experimental evaluation in this paper is structured as follows: Section 6.4.1, provides
an overview of the applications used for constructing CollectiveHLS. Sections 6.4.2, 6.4.3,
6.4.4, 6.4.5, and 6.4.7 delve into the analysis of key parameters in CollectiveHLS and
evaluate its features against various optimization strategies and SotA approaches. This
evaluation is conducted using a Leave-One-Out (LOT) scenario, where each application
is excluded from the dataset during the knowledge base formation phase. Subsequently,
for each omitted application, the optimized con guration is determined and compared

with the design obtained from the source code without directives (referred to as Vitis).

Finally, Section 6.4.8 investigates scenarios where certain applications are excluded from
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our knowledge base to assess the robustness of CollectiveHLS, comparing it against a
SotA knowledge-based approach [35].

6.4.1. Source-code Dataset Insights

Table 6.2 provides an overview of the source code characteristics for the applications
within our dataset. Speci cally, it includes a) the number of array declarations, b) the
maximum array dimension, c) the quantity of loop structures, d) the number of loops at
each nesting level, and e) the total number of arithmetic and memory operations reported
by LLVM. Additionally, it displays the latency (in milliseconds), BRAM%, DSP%, FF%,
and LUT% when the kernel is synthesized for the target FPGA and clock frequency. In
our presentation, we use di erent colors to signify the benchmark suite origin of each
application. The applications are categorized into three groups. The rst group consists
of applications from Machsuite, the second from Rodinia, and the third from open-source
GitHub repositories. Notably, RodiniaHLS includes multiple implementations for the
same application, and to distinguish among them, we utilize speci c indicators. Specif-
ically, "Baseline" is denoted by 'B', "Tiling" by 'T', "Pipeline” by 'P', "Unroll" by 'U’,
"Doublebu er" by 'D', "Coalescing" by 'C', and "MultibDR" by 'M' Consider the CFD
Flux (B) application from Rodinia as an example. This application features a single ar-
ray declaration, which is one-dimensional, and includes only one loop structure. Notably,
there is a loop at the rst and one at the second nesting level, indicating the presence of
a doubly nested loop structure. The application involves 198.5K arithmetic and 772.7K
memory operations, as reported by LLVM. When synthesized, it yields a design with a
latency of 1.37 milliseconds. The resource utilization percentages for BRAM, DSP, FF,
and LUT are 0%, 2%, 2%, and 3%, respectively.

Our dataset comprises 74% of applications sourced from the RodiniaHLS benchmark
suite, with the remaining 26% originating from Machsuite, and GitHub. The focus on
RodiniaHLS stems from its diverse applications in scienti c computing, image process-
ing, and machine learning. These applications aim to replicate real-world computational
challenges [44], providing relevant performance evaluations and insights into system per-
formance under practical workloads. In terms of in-memory arrays, which represent arrays
to be implemented in the programmable logic, the dataset exhibits a range from 0 to 22,
with a maximum dimensionality of 2. The loop structures across the dataset vary from
1 to 9, with the maximum nesting level reaching 5. The dataset exhibits a wide-ranging
distribution of arithmetic operations (from 708 to 18.3B) and memory operations (from
2.5K to 11.5B), re ecting the diverse computational intensity of the applications. In
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terms of target resources, the distribution of BRAMSs covers a range from 194 to around
33%. The distribution of other resources exhibits uctuations at lower values. The la-
tency distribution extends from a minimum of 0.083 usec to a maximum of 57.2 sec, with
a mean value of approximately 2.7 sec. This indicates a broad range of execution times
across the analyzed applications. Finally, note that although we use di erent versions
of the same application from the RodiniaHLS benchmark suite, these versions, as shown
in Table 1, vary in the number of arrays, loop structures, and arithmetic and memory
operations. This indicates that, despite being variations of the same application, they
have distinct di erences in their source code.

6.4.2. Parameter Analysis

CollectiveHLS' e ectiveness relies heavily on parameters found on di erent phases of our
methodology. These parameters encompass: a) the algorithm employed for clustering
application source codes, b) the Pareto frontiers utilized in per-cluster Pareto optimal
directives generation, c) the probability threshold applied in the directives assignment
phase, and d) the size of the utilized knowledge base. In the subsequent sections, we
analyze these parameters with regard to geometric mean speedup and synthesizability
percentage, indicating the number of applications for which the directives proposed by
CollectiveHLS can be successfully synthesized.

Clustering Algorithm

The clustering of source code constitutes an important step in the cluster-level Pareto
optimal distributions phase, as it groups applications with similar code structures and
derives the Pareto optimal distribution from them. We evaluated various clustering ap-
proaches o ered by the Scikit-learn library [141], including a) KMeans, b) A nity Propa-
gation, c) Mean Shift, d) Spectral clustering, €) DBSCAN, and f) OPTICS. We con gure
each clustering algorithm with parameters optimized to maximize CollectiveHLS' direc-
tive proposal e ciency. We speci cally designate the number of clusters as 5 for KMeans
and Spectral clustering, as these algorithms necessitate specifying the cluster count. For
DBSCAN, we select an epsilon value, determining the radius of the neighborhood around
each data point, set to 1:5, and establish the minimum number of samples required to
form a dense region as 2. In the case of OPTICS, a generalization of DBSCAN where
the epsilon value is not needed, we choose a minimum samples value of 4. The remain-

4All memory space implemented through distributed to 1-bit registers.
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Table 6.1.: Source Code Characteristics & QoR Metrics for the Applications of our Dataset

Application #Arrays #Loops #Arithmetic Ops #Memory Ops Latency (ms)
AES 1(1) 9 (9) 708 2.5K 0.011
GEMM1 0 1 (1/1/1/1/1) 1.14M 475K 23.9
GEMM2 0 1 (1/1/1) 1.3M 504K 22.7
MD KNN 0 1 (1/1) 42.3K 16.8K 2.8
Radix Sort 0 6 (6/4) 774K 679K 2.2
SPMV 0 1 (/1) 18.7K 14.3K 0.48
Stencil 2D 1 0 1 (1/1/11) 228.9K 68.6K 1.38
Stencil 3D 0 4 (4/4]1) 199.2K 116.3K 0.41
Viterbi 12 4 (4121) 2.22M 1.13M 61.2
CFD Fiux (B) (1) 1 (1/1) 198.5K 772.7K 1.37
CFD SF (B) 0 1 (1) 17.4K 7.2K 0.69
CFD SF (T) 3 (D) 1) 17.4K 7.2K 0.76
CFD SF (P) 6 (1) 1 (1) 17.4K 72K 0.78
CFD SF (U) 6 (1) 1 (1/1) 16.4K 16.7K 0.76
CFD SF (D) 15 (1) 2 (211) 16.4K 16.K 0.00008325
CFD SF (C) 15 (1) 2 (211) 51.3K 65.1K 0.00009657
Dilate (B) 1) 1 (1/1/1/1) 23M 47M 1734
Dilate (T) 3(1) 4 (4/3/1/1) 22.5M 4.6M 179.4
Dilatel (P) 5 (1) 5 (5/5/1/1) 3.1M 875.4K 418.5
Dilate2 (P) 7 (1) 5 (5/6/7/1) 19.9M 9.3M 4446
LavaMD (B) 2(2) 1 (1/1/171) 30.4M 35.7M 1036
LavaMD 1 (T) 6 (2) 1 (1/3/3/1) 28.6M 9.3M 1036
LavaMD 2 (T) 6 (2) 1 (1/37371) 32.9M 15M 1100
LavaMD (P) 6 (2) 1 (1/3/3/1) 455M 16M 1252
LC Gicov (B) 5(2) 1 (1/1/113) 8.9M 8.4M 477.4
LC Mgvf (B) 0 2 (2/1) 28.3M 11.5M 39108
PFinder (D) 4 (1) 2 (212) 10.6M 13.4M 332
SCluster (B) 0 1 (/1) 614.8K 416.4K 7.62
SCluster (T) 10 (1) 3 (3/1) 617.1K 415.7K 22
SCluster (P) 10 (1) 3 (3/1) 800K 550.7K 22
SCluster (D) 14 (1) 3 (3) 1.4M 934.6K 0.025
SCluster (C) 14 (1) 3 (3/1) 1.4M 934.6K 0.005
Backpr. 1 (B) 0 1(1/1) 5.9M 5.9M 153.6
Backpr. 1 (1) 6 (2) 2 (211/1) 3.8M 47M 2324
Backpr. 1 (P) 6 (2) 2 (2/171) 5M 4.9M 245
Backpr. 2 (B) 3 (1) 1 (1/1/1) 5.9M 2M 78.6
Backpr. 2 (1) 4 (1) 1 (U11) 4.9M 1.0M 241.6
Backpr. 2 (P) 42) 2 (2/171) 2.7M 2.6M 85.3
Backpr. 2 (D) 5(2) 3 (3/1) 6.5M 6.5M 0.66
Hotspot (B) 0 2 (2/1) 18.3B 11.5B 6044.1
Hotspot (T) 3(1) 2 (213) 154M 98M 5258.8
Hotspot (P) 3 (1) 2 (213) 175M 120M 5350.8
KMeans (B) 0 1 (1/1/1) 220M 108.5M 2587.45
KMeans (T) 3 (1) 5 (5/3/1) 221M 108.5M 7555.02
KMeans (P) 3 (1) 5 (5/3/1) 250M 115.5M 7700
KMeans (U) 3(1) 5 (5/3/1) 265M 125M 8050
KNN (B) 0 1 (1/1) 4.2M 3.1M 223.47
KNN (T) 3 (D) 4 (471) 4.2M 3.1IM 254.93
KNN (P) 3 (1) 4 (4/1) 5M M 258
KNN (U) 3 (D) 4 (471/1) 3.IM 1.7M 258.42
KNN (D) 5 (1) 4 (47171) 6.3M 3.1IM 0.027
KNN (C) 5 (1) 4 (47171/1) 778.2K 772.7K 0.034
Kalman Filter 6 (1) 4 (4/3) 3M 45.6M 45.1
Vector Mult. 0 1(1) 4.1M 3.1M 3.41
Stencil 1D 0 1(1) 4.1M 2M 3.41
Stencil 2D 2 2 (1) 1 (1/1) ™ M 106.4
Matrix Mult. 1(1) 1 (1/1/1) 2.1B 3.2B 57222.9
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ing parameters of the algorithms are con gured using the default values provided by the
Scikit-learn library.

In Figure 6.7, the geometric mean speedup and synthesizability percentage of Collec-
tiveHLS are illustrated for all the clustering approaches under examination. Among these,
KMeans attains the highest geometric mean speedup value of 10.8, whereas DBSCAN
records the lowest at 3.2. Concerning the synthesizability percentage, spectral clustering
demonstrates the highest feasibility at 62.4%, while a nity propagation and mean shift
exhibit the lowest percentages at 46.6%. KMeans surpasses both A nity Propagation and
Mean Shift in terms of geometric mean speedup and synthesizability percentage. Its abil-
ity to create clusters with relatively uniform sizes results in rich per-cluster Pareto optimal
distributions, contributing to e cient directive proposals. Despite DBSCAN achieving

a slightly higher synthesizability percentage (2.3%) than KMeans, it is outperformed in
terms of overall performance. This is attributed to the nature of DBSCAN [142], which,
in identifying high-density regions, designates multiple points as outliers, leading to their
exclusion from per-cluster Pareto optimal distribution generation. Notably, during DB-
SCAN clustering, more than 10 applications are excluded, contributing to sub-optimal
results. KMeans outperforms OPTICS, which shares a similar approach with DBSCAN.
Spectral clustering, while exhibiting 8.6% higher synthesizability, lags behind in geomet-
ric mean speedup (1:77). Considering e ciency, interpretability, and computational

e ciency [143], KMeans clustering is selected.

As mentioned earlier, choosing the right number of clusters is a crucial parameter. In
Figure 6.8, the geometric mean speedup and synthesizability percentage are illustrated
for various cluster numbers. The maximum geometric mean speedup, reaching 11.15, is
achieved when the number of clusters is set to 2, while the lowest, at 2.05, occurs for
9 clusters. In terms of synthesizability percentage, the lowest value, 46.6%, is observed
with 2 clusters, and the highest, at 75.9%, is attained with 14 clusters. The overall
trend observed indicates that increasing the number of clusters, i.e., adopting a more
ne-grained approach, results in lower geometric mean speedup and higher synthesiz-
ability. This outcome is attributed to the utilization of fewer points in each cluster's
Pareto distribution, diminishing the e ciency of the proposed directives. To determine
the optimal number of clusters, we computed the product of geometric mean speedup
and synthesizability and found that the optimal value (578.9) corresponds to 5 clus-
ters.
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Figure 6.7.: Clustering Algorithm Evaluation  Figure 6.8.: KMeans Cluster Number Evalua-
tion

Used Pareto Frontiers

In Section 6.3, Phase C outlines that for each application allocated to a cluster, we iden-
tify designs from the Pareto front and incorporate the associated directives. However, this
constraint can be relaxed by considering additional frontiers. The rationale behind this
approach is that including more frontiers, up to a certain extent, will augment the points
available for the statistical analysis performed by CollectiveHLS. Nonetheless, incorpo-
rating designs that are distant from the optimal ones may result in sub-optimal directive
proposals in terms of performance. To assess the impact of this parameter, we identify
the rst 10 Pareto frontiers for each analyzed application and evaluate CollectiveHLS
using these distinct distributions. To determine the k-Pareto front, we straightforwardly
eliminate the rst k-1 Pareto fronts and subsequently recalculate the Pareto front using
the remaining points in the distribution. For instance, using 2 Pareto fronts implies that,
for each application, we utilize the rst and second Pareto frontiers in the generation of
the per-cluster Pareto optimal distribution. Figure 6.9 illustrates the geometric mean
speedup and synthesizability percentage for di erent number of Pareto frontiers consid-
ered during optimization. Concerning geometric mean speedup, an increase in Pareto
fronts up to 4, results in the highest value of 11.57, followed by a nearly linear decrease
to 9.05 when 10 Pareto fronts are used. The trend suggests that relaxing the Pareto
front inclusion criteria up to 4, incorporates nearly optimal distribution points, enhanc-
ing directive proposals. However, extending beyond this point includes less favorable
points, diminishing the e ciency of proposed solutions. Regarding synthesizability, a
rise is observed from the 2nd Pareto front, where the lowest value of 48.28% is found,
to the highest value of 60.34% with 10 Pareto fronts. This behavior correlates with the
decrease in geometric mean speedup, indicating that directive proposals are less e cient,
utilizing fewer resources, and making it more likely for the nal design to be synthesized.
To nd the optimal number of Pareto fronts, we employ the same approach used for
determining the number of clusters and nd that the optimal value (598.2) is 4 Pareto
fronts.

100



6.4. Experimental Evaluation

Figure 6.9.: Pareto Front Number Evaluation Figure 6.10.: Probability Threshold Evalua-
tion

Probability Threshold

The probability threshold plays an important role in the compile-time directives assign-
ment phase, in uencing the application of directives proposed by CollectiveHLS on the
source code. The probability threshold determines the likelihood of a directive being
applied, with higher/lower values resulting in fewer/more directives being applied, re-
spectively. We analyze threshold values in the range of 0.1 to 0.5 with a step of 0.15,
evaluating the geometric mean speedup and synthesizability percentage of CollectiveHLS.
Figure 6.10 illustrates the examined metrics for di erent probability thresholds. The high-
est geometric mean speedup value, equal to 12.96, occurs at a threshold of 0.1, while the
lowest value, equal to 0.89, occurs at a threshold of 0.45. The general trend indicates that
for threshold values above 0.2, the directives proposed by CollectiveHLS are not applied,
resulting in designs comparable to Vitis HLS, i.e., the initial source code without direc-
tives. Values below 0.2 trigger the application of directives, revealing the advantages of
collaborative information sharing in the output design's quality. Concerning synthesiz-
ability percentage, the highest value of 96.55% is achieved for the maximum probability
threshold while the minimum value of 51.72% is achieved for the probability threshold
of 0.1. To identify the best probability threshold, we exclude values above 0.2 as they
do not reveal the impact of CollectiveHLS' directive proposal. For the remaining values,
the threshold value with the highest geometric mean synthesizability product (670) is
0.1.

Knowledge-base Scaling

CollectiveHLS is inherently data-driven, meaning that the knowledge base, comprising
the used applications, directly in uences its ability to provide e cient designs. Varied
knowledge base sizes result in diverse clustering patterns of application source codes,
consequently yielding di ering Pareto-optimal distributions per cluster and distinct di-
rective proposals. To explore the impact of knowledge base size, we systematically revisit
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the LOT experimental campaign, considering scenarios encompassing di erent percent-
ages of the available applications' solution spaces. Figure 6.11 displays the geometric
mean speedup of our approach across the examined knowledge base sizes. The results
reveal that the higher the percentage of the knowledge base employed, the greater the
geometric mean speedup. This suggests that our approach's performance can be further
enhanced by incorporating additional applications. For values below 0.4, the average ge-
ometric mean speedup equals 2.33, whereas for values above, the average speedup is 8.67.
An interesting observation is that enlarging the knowledge base from 40% to 60% leads
to a ve-fold increase in geometric mean speedup. Further increasing the knowledge
base by an additional 20% has a more modest e ect on the geometric mean speedup,
with only a 10% increase. This outcome primarily stems from the inclusion of appli-
cations that augment the Pareto-optimal points within the distribution of each source
cluster, resulting in more precise distributions and, consequently, improved directive pro-
posals.

Although we observe that increasing the knowledge base size leads to a higher geometric
mean speedup, it also results in decreased synthesizability. Speci cally, when using 10%
of the knowledge base, the synthesizability is 88%, whereas using 100% of the knowledge
base results in a drop to 53.5%. To better understand this outcome, we compare the de-
signs produced by CollectiveHLS at each knowledge base size with: a) the approximation
of the Pareto frontier acquired by the NSGA-Il-based optimizer described in Phase B,
and b) the designs produced by the Vitis baseline, i.e., the o cial source code without di-
rectives synthesized by VitisHLS. To quantify the di erences in design latency, BRAM%,
DSP%, FF%, and LUT% between the designs produced by CollectiveHLS, the NSGA-II
optimizer, and Vitis, we calculate the Average Distance from Reference Set (ADRS) met-
ric [144]. Figure 6.12 displays the average ADRS for each knowledge base size for both the
NSGA-II optimizer (Left) and Vitis (Right), respectively.

Figure 6.12 (Left) shows that increasing the knowledge base size leads to a decrease in the
average ADRS value, indicating that the designs produced by CollectiveHLS increasingly
approach the designs generated by the NSGA-II-based optimizer. Speci cally, the ADRS
value is 694 for 10% of the knowledge base, whereas it drops to 46 for 100%. This trend
is expected since a larger number of applications enable CollectiveHLS to perform more
aggressive optimizations, resulting in more latency-e cient designs, as demonstrated by
the geometric mean speedup in the original manuscript. The more intriguing result is
shown in Figure 6.12 (Right). Here, we observe that increasing the knowledge base size
leads to an increase in the average ADRS value, meaning the designs diverge further from
those produced by Vitis. The ADRS value is 525 for 10% of the knowledge base, whereas it
rises to 1049 for 100%. A smaller knowledge base size means fewer applications are used by
CollectiveHLS to generate the per-cluster and action point probability density functions

for the directives. This results in less aggressive optimizations, producing designs closer
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Figure 6.11.: Knowledge Base Scaling Figure 6.12.: ADRS using NSGA-II and Vitis
Designs as Reference

Figure 6.13.: CollectiveHLS LOT Evaluation

to those of Vitis. Since Vitis does not apply optimizations, it has a high synthesizability
percentage of 96%, comparable to the 88% achieved by CollectiveHLS with 10% of the
knowledge base. The most important outcome of this analysis is that more aggressive
optimizations increase the likelihood of producing designs that are either not synthesizable
or feasible. This nding underscores the need for the Re-proposing Directives Feature
described in Phase E of Section 6.3.

6.4.3. Comparison with Di erent Optimization Strategies

Following the determination of optimal parameters for CollectiveHLS (Section 6.4.2), we
compare the design outcomes achieved by our optimization methodology (excluding the
re-proposing feature) with: i) the design resulting from manual tuning by the benchmark
suite developers, e.g., Machsuite (Tuned), ii) the design output obtained when directives
leading to maximum resource utilization (MAX) are applied, iii) the design optimized
using a state-of-the-art knowledge-based method [35] (KBOpt), and iv) the design with
the minimum latency achieved through an NSGA-II-based exploration of the design space
(GenOpt). In Figure 6.13, we showcase i) the geometric mean speedup, ii) distributions
of design latency speedup, iii) distributions of inference latency (i.e., time to provide the
directive proposal along with the synthesis of the kernel), and iv) the normalized resource
e ciency distributions of BRAM%, DSP%, FF%, and LUT% for each optimization ap-
proach compared to Vitis. We de ne the normalized resource e ciency of resource utiliza-
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tion metric x for optimization approach y, where x 2 fBRAM%; DSP %; FF %;LUT %g
andy 2 fTuned; Max; KBOpt; GenOpt; CollectiveHLSg using Equation 6.9.

_ _ -
Normalized Resource E ciency,, = \)/('t's (6.9)
y

Throughout the evaluation, we utilize the geometric mean as a measure to account for
variations in design speedup values across di erent applications and to mitigate the im-
pact of outliers [76]. Additionally, the gure includes synthesizability and feasibility
percentages.

Human Optimized Designs

As mentioned earlier, the Tuned baseline underscores the in uence of directives proposed
by the developers of the benchmark suite on the QoR metrics in the design. Tuned
resulted in a slight improvement over Vitis, achieving a geometric mean speedup of 1:56 ,
as indicated by the tight speedup distribution with a median value of exactly 1.0 and an
interquantile range of 0.59 (the red dotted line represents the Vitis baseline, as everything
is normalized to this value). In this baseline, the distribution of inference latency, i.e.,
the time to propose directives along with the synthesis of the kernel, closely resembles
that of Vitis, with a minimum/maximum value of 22 seconds/1 hour and an average
value of 2.6 minutes. The hand-optimized design resulted in a 94.8% synthesizability
percentage and a 96.36% feasibility percentage, which is a reasonable outcome, given that
human iteration on the design is optimized to lead to at least a synthesizable/feasible
solution. Regarding resource utilization, the design produced by Tuned requires more
LUTs, as indicated by the distribution with a minimum/maximum value of 0.008/1.0
and an average value of 0.76. This indicates a 24% rise in LUT%, a recognized outcome
when directives promoting parallelism, such as loop unrolling or pipelining, are applied.
BRAM%, DSP%, and FF% closely match those of Vitis, as shown by their respective
distributions.

Resources Over-provisioning

The MAX baseline emphasizes the e ects of resources over-provisioning. For each ap-
plication explored in the Directives and QoR Metrics Annotation (Section 6.3), we
identify the design with the maximum summary of resource utilization percentages, en-
suring that they do not exceed the available target FPGA's resources. MAX outperforms
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Vitis, achieving a geometric mean speedup of 4:04, which is also highlighted by the
speedup distribution. The inference latency distribution displays a minimum/maximum
value of 38 seconds/1.1 hours with an average of 24 minutes, indicating that MAX re-
quires more time to provide the output design. When the design has a higher utilization
of resources, the synthesis tool has to consider a larger number of possibilities for placing
and routing logic elements, which increases the search space. Additionally, the complex-
ity of the design increases with higher resource utilization, requiring more iterations and
optimizations during the synthesis process. Since we chose con guration that meets the
synthesizability and feasibility criteria, both percentages lie at 100%. As expected, the
over-provisioning design has the highest resource requirements, especially for BRAM%
and LUT% utilization, as shown by the decrease in the 25%-iles (0.023 and 0.027). Re-
garding the DSP% and FF% distributions, although resource utilization is comparable
to Vitis, there is an increase in outliers and a decrease in the minimum values, reaching
0.67 and 0.011, respectively.

Knowledge-based Optimization

CollectiveHLS falls within the realm of knowledge-based approaches in the state-of-the-
art. To showcase its e cacy, we conduct a comparison with Ferretti's knowledge-based
HLS optimization [35] (KBOpt), which, to the best of our knowledge, is the most closely
related approach in the SotA. KBOpt follows a series of steps when optimizing an ap-
plication. As a rst step, it identi es the most similar application in terms of source
code features, calculating the Hamming distance with other pre-explored applications in
Phase B. For the identi ed application, it retrieves the Pareto-optimal designs and ex-
tracts their directives. It translates these directives, similar to the approach in [35], and
applies them to the source code of the application being optimized. Finally, the method
synthesizes all the di erent optimized source codes and identi es the designs with the
lowest latency.

KBOpt achieves a geometric mean speedup of 7:79 over Vitis, with a speedup distri-
bution having a median value of 8.945 and an interquartile range of 30.8. The inference
latency distribution indicates a signi cant increase in the actual time to propose direc-
tives, with a minimum/maximum value of 33 seconds/82 hours and an average value
of 5.5 hours. This increase is attributed to the Pareto frontiers of certain applications
containing multiple points, resulting in multiple translations of directives and subsequent
synthesis processes to acquire the nal designs. KBOpt achieves a 94.83% synthesizabil-
ity score and 100% feasibility, which is noteworthy, surpassing even the Tuned baseline
in synthesizability and feasibility. Regarding resource utilization, KBOpt exhibits an in-
crease in BRAM% and LUT%, as indicated by the decrease in the 25%-iles (0.027 and
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0.18). Concerning DSP% and FF%, a similar pattern is observed as in the resource over-
provisioning baseline. In resource utilization comparison, KBOpt outperforms resource
over-provisioning by achieving better performance with lower resource utilization, under-
scoring the advantages of knowledge-based approaches.

NSGA-II Exploration

We also conduct a comparison between CollectiveHLS and a typical per-application DSE
approach, speci cally one involving the approximate optimal Pareto designs generated by
the NSGA-II optimizer (GenOpt) for each application. The NSGA-II con guration is de-
tailed in section 6.3. GenOpt achieves a geometric mean speedup of 18:47 over Vitis, the
highest among all examined baselines. Its speedup distribution has a median value of 16.4
and an interquartile range of 48.4. However, this increased performance is accompanied
by higher inference latency, with GenOpt's inference latency distribution ranging from
42 seconds to 132.7 hours and an average value of 15.5 hours. Both synthesizability and
feasibility metrics reach 100%, re ecting the NSGA-II exploration's emphasis on these re-
guirements. Finally, given its optimization goal of nding a design with minimum latency
and resources, GenOpt achieves the lowest percentages for BRAM%, DSP%, FF%, and
LUT% compared to resource over-provisioning and the implemented knowledge-based
approach.

CollectiveHLS

The proposed optimization methodology achieves a geometric mean speedup of 12:3,
with a speedup distribution having a median value of 22.3 and an interquartile range
of 38.7. The inference latency distribution ranges from 30 seconds to 1 hour, with an
average value of 32 minutes. Given that feature vector generation takes 2.1 sec, cluster
assignment 420 msec, directive generation 310 msec, and directive application 100 msec, it
is evident that the synthesis time is clearly the primary factor contributing to the overall
inference time. For DSP%, FF%, and LUT%, tight distributions around 1.0 indicate that
CollectiveHLS provides designs with comparable resource utilization to the Vitis baseline.
Notably, the BRAM% distribution shows a minimum/maximum value of 0.13/31 and an
average value of 3.8, suggesting that CollectiveHLS requires less BRAM% utilization
than the Vitis baseline. However, the synthesizability percentage is 53.45%, re ecting
the global nature of CollectiveHLS's directive assignment, which lacks ne-tuning. The
feasibility percentage reaches 87%.
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CollectiveHLS achieves 7.9, 3.1, and 1.58 higher geometric mean speedup compared
to the Tuned, MAX, and KBOpt baselines. Our approach outperforms hand-optimized
designs of the benchmark suite, and this is attributed to the recent availability of Vitis'
default optimization ag, which was introduced after the release of the benchmark suites.
The impact of default VitisHLS optimization is analyzed in the next section. Collec-
tiveHLS also surpasses over-provisioning, demonstrating that using oblivious techniques
cannot guarantee high performance. Compared to state-of-the-art knowledge-based tech-
nigues, our approach stands out by optimizing based on multiple applications, showcasing
the bene ts of collaborative information sharing. While its geometric mean speedup is
1.5 lower than GenOpt, the comparison of design latency speedup distributions high-
lights that CollectiveHLS has a 1.4 higher speedup median value and a 1.25 lower
interquartile range, indicating similar distributions. On average our approach leads to
10:3 and 29:1 less time to propose the optimized design highlighting its ultra-fast
nature. CollectiveHLS takes 12:3 and 1:33 more time on average to provide the opti-
mized compared to Tuned and MAX baselines respectively. It's important to note that
the Tuned and MAX baselines include only the time to synthesize the corresponding
kernel, excluding the time required for the designer to choose the appropriate directives.
In terms of BRAM%, DSP%, FF%, and LUT% distributions, CollectiveHLS suggests
designs with lower resource requirements compared to other baselines. However, it is
important to note that CollectiveHLS exhibits the lowest synthesizability and feasibility
percentages among the baselines, indicating a signi cant limitation in this version of our
approach.

6.4.4. Activating Vitis HLS Optimizations

In this section, our objective is to assess the in uence of optimizations automatically
applied by Vitis HLS to each kernel. Vitis HLS is capable of executing the following opti-
mizations: i) automatic loop pipelining using the ag config_compile -pipeline_loops,

i) unrolling of small tripcount loops through config_unroll -tripcount_threshold,

and iii) complete partitioning of small arrays using config_array_patrtition
-complete_threshold. We enable these optimizations and conduct synthesis for each
optimized kernel using CollectiveHLS. To ensure a fair comparison, we follow the same
process for all available baselines. Additionally, we include Vitis_Opt, which highlights
the impact of Vitis optimizations on the o cial source code without directives. Figure
6.14 presents the same diagrams as in the previous section for the mentioned baselines.
Enabling the default Vitis HLS optimizations signi cantly boosts the performance of our
approach, resulting in a geometric mean speedup of 23:08 over Vitis, which represents
a 1:87 increase compared to CollectiveHLS without the optimizations enabled. This
enhancement is also evident in the design latency speedup distribution, which exhibits a
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2:1 higher speedup on average. Despite these improvements, CollectiveHLS maintains
its e ciency in rapidly generating optimized designs, with only a 4% increase in infer-
ence latency on average. However, enabling the optimizations leads to a slight decrease
in synthesizability by 1.73% and feasibility by 7.1%. Notably, the default Vitis HLS
optimizations have minimal impact on resource utilization, as indicated by the nearly
identical resource distributions.

All baseline approaches benet from Vitis optimization, with Vitis experiencing the
largest increase of 8:34 , followed by Tuned and KBOpt with 7:23 and 1:39, respec-
tively. However, over-provisioning exhibits only a minimal performance improvement of
7%, as the maximal resource utilization leaves little room for additional optimizations
by Vitis. NSGA-II experiences an even lower increase in performance, at just 1%, which
is attributed to the extensive coverage of the Pareto front, limiting opportunities for
further enhancements. While Vitis HLS optimizations enhance the performance across
all available baselines, CollectiveHLS consistently outperforms them, achieving geomet-
ric mean speedups of 2.78, 2.05, 5.33, 2.1, and 1.2 higher than Vitis, Tuned,

Max, KBOpt, and GenOpt with default Vitis optimizations enabled, respectively. Col-
lectiveHLS demonstrates its superiority further in the design latency distribution, with
its median value of 34.4 surpassing that of the other approaches. Our approach consis-
tently delivers faster optimized designs compared to the state-of-the-art knowledge-based
approach (9.94 ), and the NSGA-II exploration strategy (28.1 ). Vitis, Tuned, and over-
provisioning o er faster optimized designs on average, with speedups of 15, 14.5, and
1.56, respectively. This is attributed to not factoring in the time needed to identify the
directives. In terms of BRAM%, DSP%, FF%, and LUT% distributions, the picture does
not change as CollectiveHLS suggests designs with lower resource requirements compared
to other baselines, comparable to simple Vitis, although more aggressive optimizations
are performed. As previously mentioned, the major challenge lies in synthesizability and
feasibility, which still remain at lower percentages. Note that Vitis impacted the synthe-
sizability of other baselines too, with over-provisioning experiencing a 30% decrease in
synthesizability and a 20% decrease in feasibility. The same trend is observed for NSGA-II
exploration, leading to a 10% drop in synthesizability and a 12% drop in feasibility. The
state-of-the-art knowledge-based approach is not signi cantly impacted in terms of feasi-
bility and synthesizability, maintaining the exact same synthesizability and experiencing
only a 2% drop in feasibility. This observation, along with similar trends observed in
CollectiveHLS, highlights that knowledge-based approaches can be combined with Vitis
HLS optimizations without signi cant drawbacks.
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Figure 6.14.: CollectiveHLS with Vitis Optimizations LOT Evaluation

6.4.5. Activating Directives Re-proposing Feature

Upon enabling optimizations by Vitis alongside CollectiveHLS, the re-proposing feature
within our optimization methodology is activated. The impact of this feature is depicted

in Figure 6.15, focusing solely on CollectiveHLS with and without the re-proposing aspect.
However, comparisons with other mechanisms can be drawn directly from Figures 6.13
and 6.14. The re-proposing feature signi cantly enhances CollectiveHLS's synthesizabil-
ity and feasibility percentages, achieving 100% synthesizability and 96.55% feasibility.
Notably, among the optimized applications, only AES and Kalman Filter surpass the
available resources of the target FPGA. CollectiveHLS fails to propose feasible designs
for these applications due to encountering a not synthesizable design during iterations,
triggering the exit condition. Consequently, the optimized designs by Vitis_Opt are
provided, which also fail to produce feasible designs, resulting in synthesizability and
feasibility metrics matching those of Vitis_Opt, an industrial-strength optimization ag.
Despite the re-proposing directives feature necessitating an average of 4 iterations to
propose the nal design, it requires only a 35% increase in time on average to propose
the optimized design compared to CollectiveHLS without the re-proposing feature, as evi-
denced by the similar inference latency distributions. Once more, the increase in inference
time is primarily due to the greater number of syntheses required, as the other steps of
the re-proposing feature take less than 2.5 min on average. In terms of performance, the
re-proposing directives feature yields a geometric mean speedup of 11:6 over Vitis_Opt,
representing a 1:9 decrease compared to CollectiveHLS without this feature. This di er-
ence is also highlighted in the design latency speedup distributions. As for the resources
distributions, re-proposing directives lead to higher resource utilization except for the
DSP% distributions, which are identical for both versions of CollectiveHLS. Speci cally,
the re-proposing directives result in an average increase of 4:3 in BRAM% utilization,
1:6 in FF% utilization, and 4:3 in LUT% utilization.

Despite experiencing a performance drop compared to CollectiveHLS' previous version,
the re-proposing directive feature surpasses most of the baselines, achieving geometric
mean speedups of 1.4, 1.03, 2.7, and 1.06 higher than Vitis, Tuned, Max, and
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Figure 6.15.: CollectiveHLS with Vitis Optimizations and Directives Re-proposal Feature LOT
Evaluation

KBOpt with Vitis optimizations enabled, respectively. However, it falls short with a 1.6
lower geometric mean compared to the NSGA-II exploration strategy. Our approach
consistently yields faster optimized designs than the state-of-the-art knowledge-based
approach (7.6) and the NSGA-Il exploration strategy (21.6). In terms of resource
utilization, CollectiveHLS suggests designs with lower requirements compared to other
baselines, similar to simple Vitis. Regarding synthesizability, it achieves 5.2%, 29.3%,
5%, and 11.3% higher synthesizability compared to Tuned, Max, KBOpt, and GenOpt
with default Vitis optimizations enabled, respectively. Additionally, it leads to 2%, 16%,
and 8% higher feasibility compared to Tuned, Max, and GenOpt' Notably, CollectiveHLS
achieves an 11:6 higher geometric mean speedup with only a modest increase of 12%
in BRAM%, 1% in DSP%, 9% in FF%, and 20% in LUT% on average, highlighting the
e ectiveness of our optimization strategy.

Figure 6.17 showcases the speedup achieved by CollectiveHLS over Vitis when default
Vitis optimizations and the re-proposing directives feature are enabled. On average, Col-
lectiveHLS achieves a 32:5 speedup over Vitis, peaking at 310:4 for the Molecular
Dynamics KNN application. However, for one of the versions of Dilate Pipeline appli-
cation, used to expand boundaries in binary images, our approach achieves a 30% lower
design latency compared to Vitis. Initially, CollectiveHLS faces challenges in producing
a feasible design due to the large arrays required to store images within the resource con-
straints of the target FPGA. As a solution, the re-proposing directive gradually adjusts
optimization to t the target device, resulting in a slight deceleration, although this is not

a consistent observation. The most signi cant performance improvements are observed
for highly parallel applications such as those in the KMeans and KNN application family
from RodiniaHLS, as well as the Molecular Dynamics KNN and Sparse Matrix-Vector
Multiplication applications from Machsuite. Furthermore, CollectiveHLS demonstrates
promising results for applications with higher memory accesses than computation, exem-
pli ed by the Computational Fluid Dynamics Step Factor Baseline application from Ro-
diniaHLS, due to the e cient utilization of on-chip memory.
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6.4.6. Evaluating Against Application-speci ¢ Model-based DSE

In our experimental evaluation, we also compare CollectiveHLS with a model-based DSE
approach. To facilitate this comparison, we trained application-speci ¢ models for the
applications in our knowledge base. We focused on application-speci c models because
they can achieve higher accuracy in predictions by concentrating on the unique data pat-
terns and behavior of a particular application compared to application-agnostic models.
Our goal was to develop models that predict design latency, BRAM%, DSP%, FF%, and
LUT% for each application using the collected data. We experimented with three di er-
ent models proposed in recent literature for this task: Random Forest [53], Radial Basis
Function (RBF) [54,145], and XGBoost [51]. We split the dataset for each application
into two subsets: 75% for training/validation and 25% for testing. We evaluated the
models using both the Mean Absolute Error (MAE), which indicates the prediction error
(with lower values being better), and the coe cient of determination (R2), which shows
how well the predicted values match the variance of the real data (with values closer to
1 being better). Table 6.4 presents the corresponding metrics. The rst value represents
the average R2 score, while the value inside the parentheses indicates the average MAE
score.

As shown in Table 6.4, XGBoost has the best average R2 and MAE scores, making it
our chosen model for the application-speci ¢ model-based optimizer. We integrated the
trained XGBoost models into our NSGA-lI-based optimizer, as described in Phase B, to
develop our application-speci ¢ model-based optimization approach. In the application-
speci ¢ model-based case, the NSGA-II optimizer utilizes the trained model for each QoR
metric to evaluate a design and acquire the design latency, BRAM%, DSP%, FF%, and
LUT%, instead of using VitisHLS. Because evaluating a design now requires signi cantly
less time w.r.t. Synthesis-based approach, we have removed the 24-generation limit. To
determine which design to use for comparison with CollectiveHLS, we rst identify the
designs on the Pareto frontier and sort them in ascending order of design latency. We
then use VitisHLS to synthesize each design, starting from the lowest latency, until we
nd a design that is both synthesizable and feasible.

Figure 6.16 (Left) illustrates the design latency speedup distributions relative to Vitis for
the application-speci ¢ model-based optimization approach, referred to as ModelOpt, and
for CollectiveHLS. In terms of design quality, CollectiveHLS experiences a slight average
speedup drop of 11% compared to ModelOpt. The similarity in design quality between
the two approaches is also evident in the resemblance of their speedup distributions.
As expected, the application-speci ¢ model-based approach surpasses CollectiveHLS in
terms of design quality due to its enhanced knowledge of the design space for each appli-
cation. However, using such a model for new applications requires collecting new data,
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Figure 6.16.: Comparison of CollectiveHLS against Application-speci ¢ Model-based DSE

which takes multiple hours, training the model, and then using it for exploration. This
process is necessary even if the new input code di ers only slightly, such as by adding
a single loop structure. While the high accuracy of these models is bene cial, it comes
at a signi cant cost, hindering scalability. Consequently, modern literature is moving to-
wards more application-agnostic solutions that, although potentially less accurate, avoid
this bottleneck. Knowledge-based approaches like CollectiveHLS do not su er from this
limitation.

Table 6.3.: R2 score and Mean Absolute Error (MAE) for the Evaluated Models

Model Design La- | BRAM% DSP% FF% LUT%
tency

Random Forest 0.85 (0.08) 0.89 (0.12) | 0.73 (0.12) | 0.83 (0.15) | 0.83 (0.2)

RBF 0.77 (0.22) 0.88 (0.18) | 0.59 (0.23) | 0.81 (0.21) | 0.85 (0.22)

XGBoost 0.87 (0.09) 0.91 (0.11) | 0.83 (0.10) | 0.83 (0.14) | 0.84 (0.18)

Figure 6.16 (Middle) presents the exploration time in seconds for ModelOpt and Collec-
tiveHLS. This diagram excludes the time required to perform the HLS process to highlight
the actual time each optimization approach takes to provide the optimized design. Col-
lectiveHLS takes an average of 3.2 seconds to propose the optimized design, whereas
ModelOpt takes an average of 1 minute and 3 seconds to produce the optimized design.
This means that CollectiveHLS proposes the optimized design 19.7 times faster, showcas-
ing its ultra-fast nature. Figure 6.16 (Right) presents the resource utilization percentages
for both optimization approaches. Speci cally, ModelOpt requires 8% more BRAMS, 7%
more FFs, and 18% more LUTs on average, while both mechanisms require the same
amount of DSPs. This underscores the resource-e cient nature of CollectiveHLS, which
achieves similar design quality while utilizing fewer resources compared to ModelOpt.
Finally, both optimization approaches are capable of providing synthesizable designs.
In terms of feasibility, all ModelOpt designs are feasible, while the feasibility of Collec-
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tiveHLS designs is limited to that of Vitis_Opt.

6.4.7. Evaluating Against ScaleHLS

We assess CollectiveHLS against ScaleHLS, a state-of-the-art framework for HLS de-
sign [23]. ScaleHLS introduces a novel paradigm in HLS design representation, leveraging
a Multi-Level Intermediate Representation (MLIR) [146] structure to facilitate optimiza-
tions across various levels of abstraction. For instance, at the graph level, ScaleHLS
orchestrates source code transformations to enable function-level pipelining, while at the
loop level, it automates loop tiling and incorporates various other optimization techniques.
Additionally, at the directives level, ScaleHLS strategically applies directives based on
preceding code transformations. To explore the Pareto front e ciently, ScaleHLS imple-
ments an algorithmic process that iteratively re nes the Pareto frontier until a satisfactory
solution is achieved, with the aid of an As Late As Possible (ALAP) algorithm during
exploration. Once the transformations are complete, ScaleHLS generates the nal syn-
thesizable source code, ready for synthesis with Vitis HLS. To evaluate our optimization
approach against ScaleHLS, we select source code kernels from our dataset (see Table 6.2)
that resemble those analyzed in Section A of the original paper's experimental results.
Considering the target device and frequency, we adjust the ALAP scheduler con guration
using information speci c to the UltraScale+ MPSoC ZCU104. Following the DSE with
ScaleHLS, we synthesize the kernel with Vitis HLS and compare it with the corresponding
design from CollectiveHLS.

Figure 6.18 provides a comprehensive view of the design latency speedup achieved by each
approach over Vitis, the time taken to produce the optimized design, and the resource
utilization metrics (BRAM%, DSP%, FF%, and LUT%) for both optimization methods.
CollectiveHLS achieves a geometric mean speedup of 12:47 over Vitis, slightly lower
than ScaleHLS's speedup of 12:63, indicating that our method achieves comparable
performance. A notable distinction in optimized design performance is observed for the
Vector Multiplication and Stencil 2D (2) applications sourced from GitHub, where
ScaleHLS demonstrates 13:8 and 10:2 higher speedups, respectively, compared to
CollectiveHLS. To investigate the cause of this di erence in performance, we analyzed
the directives applied by both optimization approaches to the computationally intensive
sections of their source code. While both CollectiveHLS and ScaleHLS utilize pipeline
directives, ScaleHLS distinguishes itself by leveraging its transformation capabilities to
unroll the innermost loop in the source code by a factor of 10. While the approach of
modifying the source code during optimization can yield improvements in certain cases,
it does not universally benet all scenarios. In some instances, extensive modi cations
may disrupt the compiler's optimization process, leading to sub-optimal execution paths
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Figure 6.17.: CollectiveHLS with Vitis Optimizations and Directives Re-proposal Feature
Speedup over Vitis per Application

Figure 6.18.: Comparison of CollectiveHLS against ScaleHLS

or increased resource utilization [147]. For instance, in the GEMM 2 application,
ScaleHLS's source code unrolling resulted in an execution initiation interval of 1666,
leading to 37 lower performance than CollectiveHLS which uses pipeline directives

to the original source code. As expected, CollectiveHLS completes the optimization
process in approximately 9.1 minutes, while ScaleHLS requires 20.3 minutes, making
CollectiveHLS 2:24 faster in proposing optimized designs on average. Upon analyzing
the resource utilization diagrams, it's evident that for the SPMV and Stencil 2D

(1) applications, ScaleHLS generates designs that surpass the available DSPs on the
target FPGA. This result stems from the source code transformations performed by
ScaleHLS, which contribute to increased resource utilization. In contrast, CollectiveHLS
consistently respects the available resources of the target FPGA. Additionally, ScaleHLS
exhibits higher resource utilization rates, speci cally 7.5% and 10.3% on average for FF%
and LUT%, respectively, underscoring that its performance advantages are accompanied
by a signi cant resource overhead.

6.4.8. Evaluating Against Unseen Applications

We conduct an experiment by excluding certain applications from our knowledge base to
assess the robustness of CollectiveHLS in scenarios with reduced information. This evalu-
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Figure 6.19.: Comparison of Knowledge-based Approaches for Unseen Applications Scenario

ation is compared with the SotA knowledge-based approach [35] (KBOpt), as both meth-
ods are in uenced by the size and quality of the knowledge base. For CollectiveHLS, ex-
cluding applications means they are not considered during source clustering and are omit-
ted from the generation of Pareto optimal directives. In the case of KBOpt, we identify
the most similar source code for each excluded application from those already present in
the current knowledge base. We enable the re-propose directives feature for CollectiveHLS
and default Vitis optimizations for both methods. Speci cally, we exclude the Machsuite
benchmark suite and all applications sourced from GitHub, totaling 15 applications and
resulting in a 25% reduction in the initial knowledge base.

Figure 6.19 provides a comprehensive view of the design latency speedup achieved by each
approach over Vitis, the time taken to produce the optimized design, and the resource uti-
lization metrics (BRAM%, DSP%, FF%, and LUT%) for both knowledge-based methods.
CollectiveHLS successfully generates synthesizable designs for all applications, whereas
KBOpt fails for AES, GEMML1, Viterbi from Machsuite, and the Matrix Multiplication
application from GitHub, as depicted by the missing bars in Figure 6.19 (Left), resulting in

a synthesizability rate of 71.4%. Our approach achieves a geometric mean speedup of 11
over Vitis, outperforming the state-of-the-art knowledge-based approach, which achieves
a 10:2 speedup, highlighting our method's superior performance. CollectiveHLS com-
pletes the optimization process in approximately 23.67 minutes, while KBOpt requires
1.86 hours, making CollectiveHLS 4:71 faster in proposing optimized designs. Regard-
ing feasibility, CollectiveHLS fails to provide feasible solutions for Machsuite AES and
the Kalman Filter from GitHub, triggering the re-propose directives feature and resulting

in non-synthesizable solutions. Consequently, CollectiveHLS resorts to providing designs
without directives, coupled with default Vitis optimizations, which also fail to yield feasi-

ble solutions, leading to an overall feasibility rate of 85.7%. Excluding the applications for
which CollectiveHLS produces infeasible designs, CollectiveHLS exhibits average resource
utilization rates of 1%, 1%, 1.75%, and 2.6% for BRAM%, DSP%, FF%, and LUT%, re-
spectively, indicating that the performance and latency bene ts of CollectiveHLS come at

a minimal cost in terms of resource utilization. In contrast, KBOpt demonstrates higher
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resource utilization rates of 10.8%, 1.5%, 5.7%, and 11.9% for BRAM%, DSP%, FF%,
and LUT%, respectively.

Table 6.5.: Results of Accelerating the Generator of GAN-based Image Reconstruction Applica-

tion
Optimization Approach Design Latency BRAM% | DSP% | FF% LUT%
Vitis 527 usec 3% 1% 1% 1%
Vitis_Opt 42.3 usec 13% 1% 1% 1%
CollectiveHLS 4.4 usec 12% 4% 2% 5%

Finally, to demonstrate the capability of our optimization approach in generating opti-
mized designs for entirely new real-world applications, we applied it to accelerate the
generator of a Generative Adversarial Neural Network (GAN)-based image reconstruc-
tion application [148]. The objective of the generator is to complete the missing portion
of a 14 x 28 pixel image, which represents half of an image from the fashion-MNIST
dataset. Danopoulos et al. developed a MultiLayer Perceptron (MLP) with a 4-layer
architecture, utilizing Dense layers with Leaky RelLU activation functions, and a tanh
activation function in the output layer, resulting in a total of 1.1M parameters. To op-
timize the MLP for FPGA deployment, they reduced it to 3 layers with reduced neuron
counts, while preserving the hardware-friendly ReLU activation function. These modi -
cations reduced the parameter count to 32K, while preserving the high quality of image
reconstruction.

We identi ed the generator kernel, removed the existing directives, and utilized it as
input for CollectiveHLS. Subsequently, we synthesized the kernel with Vitis optimiza-
tions enabled for the Xilinx MPSoC UltraScale+ ZCU104 FPGA, targeting a frequency

of 300MHz. As baselines, we compared against Vitis and Vitis_Opt. We did not com-
pare the design produced by CollectiveHLS with the one provided by the authors in
their o cial GitHub repository, as it was optimized speci cally for the Alveo U50 FPGA.
Table 6.6 presents the latency and resource utilization of the designs. CollectiveHLS
achieves speedups of x119.8 and x9.6 over Vitis and Vitis_Opt baselines, respectively.
Our approach not only reduces design latency compared to these baselines but also main-
tains comparable resource utilization. Speci cally, it outperforms the design produced
by Vitis with marginal increases of 9% in BRAM%, 3% in DSP%, 1% in FF%, and 4%
in LUT%. Similar trends are observed for the Vitis_Opt baseline, where it surpasses it
with 1% less BRAM% and slight increases of 1% each in FF% and LUT%. Finally, Col-
lectiveHLS completes the optimization process, including generating optimized directives
(55 msec) and performing High-Level Synthesis (123 sec), in less than 124 seconds. This
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is comparable to the 62 sec required by Vitis and the 88 sec required by Vitis_Opt for
the same tasks.

6.5. Conclusion

This chapter introduces CollectiveHLS, a cluster-based hierarchical HLS design opti-
mization strategy that automatically identi es and applies the most promising directive
con gurations to minimize design latency. CollectiveHLS yields e cient design solutions,
achieving an average geometric mean speedup of up to 23:1 compared to the source code
without directives, while maintaining 100% synthesizability and 96.6% feasibility, on par
with Vitis-HLS, the standard framework for FPGA acceleration. Moreover, when com-
pared to strategies like traditional genetic algorithm-based DSE, and SotA approaches,
CollectiveHLS showcases designs of comparable or superior quality but 14:6 faster on
average. This positions CollectiveHLS as a highly promising solution for ultra-fast and
automated HLS optimization.
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Chapter 7.

Linking High-Level Synthesis with FPGA
Runtime Orchestration

FPGAs are increasingly being adopted across the edge-to-cloud continuum due to their
ability to provide both high performance and energy e ciency. However, the complex-
ity of programming FPGAs often leads to deployed designs that underutilize available
resources. FPGA multi-tenancy has been proposed to enhance resource utilization, yet
monolithic designs and dynamic workload demands continue to challenge e cient FPGA
usage and compliance with Quality of Service requirements. To address these issues, we
propose a novel framework for the optimal orchestration of FPGAs across the edge-to-
cloud continuum while meeting user demands. The framework generates approximations
of Pareto-optimal designs for each application, capturing trade-o s between performance
and resource usage with minimal bitstream generation. This information allows the run-
time orchestrator to select the most suitable design based on available PR regions and
the QoS requirements of each user. Experimental results demonstrate that the proposed
approach achieves an average reduction of QoS violations by a factor of 8:1 across di-
verse workloads and baseline con gurations. Overall, the framework o ers a practical
and e ective solution for realizing FPGA-as-a-Service across the edge-to-cloud contin-
uum.

1The framework is openly accessible on GitHub at https://github.com/aferikoglou/FPGAScheduler.
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7.1. Introduction

The rapid growth and increasing capabilities of 0T devices, together with the extensive
deployment of high-speed 5G networks, have led to a massive rise in data generation.
These technological advancements are driving a diverse range of applications, including
autonomous vehicles [77], smart urban infrastructures [78], and intelligent industrial sys-
tems [79]. Such applications demand ultra-low latency, high reliability, and real-time
data processing, requirements that traditional cloud-based architectures alone cannot ef-
fectively fulll. To address these challenges, computing resources are being positioned
closer to the data sources, leading to the emergence of edge computing. As a result,
multi-layered architectures are being developed to distribute computational resources
and applications seamlessly from the network edge to centralized cloud platforms. This
integrated approach establishes the edge-cloud computing continuum, enabling e cient
workload distribution, reduced latency, and improved resource utilization across a wide
range of application domains [80].

Although edge-cloud architectures expand computing capabilities by providing access to
a large pool of additional resources, conventional CPUs often fall short for fast, near
real-time processing. To address this limitation, hardware accelerators such as GPUs,
FPGASs, and ASICs are increasingly integrated across the computing continuum. GPUs,
with thousands of small cores enabling massive parallelism, are particularly e ective
for computationally intensive tasks like Deep Learning [81], but they come with high
power consumption and can be ine cient on workloads with complex parallelism [82]. In
contrast, ASICs deliver outstanding performance and energy e ciency for speci c tasks
through customized circuit designs, though they involve high development costs and lack
exibility after fabrication [14]. FPGAs provide a middle ground between these ap-
proaches, o ering hardware acceleration while retaining post-deployment recon gurabil-
ity [13]. Their exible architecture allows custom implementations of critical operations,
from general-purpose datapaths to specialized components such as attention mechanisms
and matrix operations in transformer-based models [31], achieving both high performance
and energy e ciency.

The increasing adoption of FPGAs is evident from their integration into the infrastruc-
tures of major cloud providers. Microsoft's Project Brainwave [83], an FPGA-based
real-time Al platform, delivers pre-trained DNN models as online services and operates
on Catapult-enhanced servers [84]. This integration illustrates how vendors leverage FP-
GAs to accelerate large-scale workloads e ciently while preserving the exibility needed
to support evolving Al applications. Beyond serving as accelerators for computationally
intensive tasks within provider infrastructures, FPGAs are increasingly o ered as a ser-
vice. Under the FPGA-as-a-Service (FPGAaaS) paradigm, they are made available as
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computing resources, allowing users to allocate, program, and deploy them through ex-
isting management frameworks for on-demand hardware acceleration [85]. For instance,
Amazon provides FPGAs as on-demand cloud resources [86], illustrating the growing
adoption FPGAaaS.

Despite the advantages o ered by the FPGAaaS paradigm, signi cant challenges re-
main in e ciently utilizing available FPGA resources. From the user's perspective,
programmability continues to be a major obstacle. Unlike traditional computing re-
sources, FPGAs require substantial manual e ort and specialized expertise to achieve
e cient designs [17]. Although High-Level Synthesis (HLS) tools simplify development,
they still demand considerable hardware knowledge to achieve e ective performance op-
timization [21]. As shown by Chi et al. [32], insu cient optimization can even cause
FPGA accelerators to perform worse than CPUs. Moreover, exploring the vast FPGA
design space is constrained by the lengthy hardware generation process, making com-
prehensive optimization both time-consuming and resource-intensive [51]. The use of
unoptimized designs also poses challenges for providers, as ine cient workloads lead to
under-utilization of FPGA resources and, consequently, e ective under-provisioning. To
enhance utilization, providers often employ multi-tenancy, allowing multiple users to
share FPGA resources [85]. However, this approach introduces additional complexities.
In a multi-tenant environment, the concurrent sharing of limited resources presents major
challenges to satisfying users' Quality of Service (QoS) requirements. E cient orches-
tration of these workloads must also adapt to dynamic and uctuating demands while
maintaining e ective resource allocation. Together, these factors make the delivery of
FPGAaaS a highly complex and demanding task.

Over the years, numerous solutions have been proposed to streamline the FPGA develop-
ment process and enable more e cient sharing of FPGA resources. Within the context of
HLS, many studies have focused on automating the identi cation of optimal directive con-
gurations for a given design. Traditional approaches explore the con guration space by
evaluating QoR metrics obtained from HLS-synthesized designs [22], while modern data-
driven methods leverage knowledge from previously optimized designs to guide con gura-
tions for unseen applications [1]. Other techniques aim to accelerate the design process by
building predictive models that estimate QoR metrics for unexplored designs [26]. Despite
these advances, most existing approaches focus on higher-level design aspects, limiting
their applicability for rapid hardware generation and deployment in real-world scenar-
ios. In the context of FPGAaaS, Partial Recon guration (PR) [87] has emerged as a key
enabler of FPGA multi-tenancy, allowing multiple users to share resources and improve
overall utilization. In this paradigm, the FPGA is partitioned into multiple PR regions,
each functioning as a virtual FPGA to which a user can allocate their custom hardware
design. PR-based virtualization permits idle fabric to be reassigned to other users, e ec-
tively transforming the FPGA into a multi-tenant device. PR regions may be con gured
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as asymmetric [88], to accommodate hardware modules of varying sizes, or symmetric [89]
with xed dimensions. However, the hardware designs provided by users or obtained from
FPGA-accelerated libraries are typically monolithic, requiring speci c resources that may
not be available at deployment, which can result in violations of user requirements until
the necessary resources become available.

In this work, we propose a novel framework for the e cient utilization of multi-tenant
FPGAs. Its primary objective is to minimize QoS violations for applications deployed
on the FPGA while ensuring optimal use of device resources. Our framework generates,
for each deployed application, an approximation of the Pareto-optimal designs repre-
senting di erent trade-o s between performance and resource usage. This is achieved
through a modeling approach capable of constructing the Pareto front with a minimal
number of hardware generations. At runtime, the orchestrator selects the most appro-
priate design based on the available PR regions to meet the application's QoS require-
ments. Experimental results demonstrate that our framework reduces QoS violations
by 8:1 on average across various baseline mechanisms and workloads with di ering ar-
rival rates and resource demands, underscoring its e ectiveness in realizing the FPGAaaS
paradigm.

7.2. Related Work

Recent years have seen signi cant research e orts dedicated to improving FPGA utiliza-
tion, addressing both the challenges faced by users in developing e cient accelerators
and by providers in managing FPGAs as shared computational resources. These e orts
can be broadly classi ed into two categories: i) programming-oriented approaches, which
focus on automating the identi cation of optimal HLS directives and streamlining the
design space exploration process, and ii) orchestration-oriented approaches, which aim to
e ciently share FPGA resources among multiple users, with a particular emphasis on
techniques based on partial recon guration.

Programming-oriented Approaches. The exploration of directive design spaces has long
been a major challenge in the eld of HLS. Early approaches sought to e ciently navigate
the directive con guration space by analyzing QoR metrics obtained from HLS tools, em-
ploying techniques such as simulated annealing [115], evolutionary algorithms [65], and
particle swarm optimization [117]. Other studies introduced specialized heuristics to en-
hance the search process [63]. More recent frameworks have extended these e orts by
applying source-level transformations through modern compiler infrastructures such as
MLIR [23] or custom compilers built on top of HLS [22]. Nevertheless, achieving accu-
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rate results in these methods typically requires invoking the HLS tool to obtain QoR
metrics, which is a time-consuming process that can take several minutes per design. To
address this limitation, data-driven approaches have emerged, leveraging knowledge from
large collections of previously optimized designs to guide con gurations for unseen ap-
plications [1,36]. Despite these advancements, most existing methods remain focused on
high-level design abstraction, reducing their applicability for rapid hardware generation
and deployment in practical orchestration scenarios.

Another research direction focuses on replacing the HLS process itself by developing
predictive models trained on large collections of existing designs. During exploration,
these models are queried to estimate QoR metrics, greatly reducing the need for time-
consuming synthesis runs. The increasing availability of design data has enabled the
use of various ML methods, including XGBoost [51], ANNs [51, 52], and CNNs [54],
for predicting latency, resource utilization, and power consumption on target FPGAs.
Recently, GNNs [24, 55] have attracted attention for their ability to capture the struc-
tural characteristics of HLS applications when predicting QoR metrics. Despite their
improved representational power, most of these approaches remain limited to HLS esti-
mations, which often diverge from the actual hardware performance in terms of latency,
resource usage, and power consumption of the implemented design [51]. Bridging this
gap between high-level prediction accuracy and low-level hardware realization remains
a critical challenge for enabling truly e cient and deployable FPGA design automation
frameworks.

Orchestration-oriented Approaches. The increasing density and capacity of modern FP-
GAs have made it possible to virtualize devices e ectively, enabling multiple users to
share resources e ciently. Partial Recon guration (PR) is a widely used technique for
achieving this goal, as it divides an FPGA into several recon gurable regions, each func-
tioning as a virtual FPGA. Research on PR-based FPGA partitioning can generally be
divided into asymmetric and symmetric approaches [87]. Asymmetric PR regions provide
enhanced exibility by supporting hardware modules of di erent sizes without requiring
full device recon guration. One representative work in this category is hCODE2.0 [88], an
open-source FPGAaaS platform that leverages asymmetric PR to enable exible multi-
tenancy. The framework simpli es accelerator design and deployment while incorporating
an intelligent scheduler that optimizes performance and utilization by considering both
resource availability and communication bandwidth.

In contrast, symmetric PR regions, often referred to as resource slots or tiled regions,
have xed and prede ned sizes that cannot be altered at runtime. Adjacent regions can

be combined to host larger accelerators, helping to reduce internal fragmentation and im-
prove overall resource utilization. Several research frameworks and commercial platforms
have adopted symmetric PR partitioning to enable FPGAaaS. Chen et al. [89] proposed
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a cloud FPGA framework that divides devices into symmetric PR regions for accelera-
tor deployment, achieving low virtualization latency, though limited by PCle bandwidth
constraints. The RC3E FPGA hypervisor [149] allows users to deploy custom hardware
designs through full or partial FPGA allocation, improving utilization while maintaining
strict security controls. Similarly, a datacenter-oriented recon gurable accelerator frame-
work [150] connects FPGAs via PCle and leverages a hypervisor to manage PR regions,
e ectively reducing redundant recon gurations. Commercial solutions such as Amazon's
EC2 F1 instances [86] extend this model by providing reusable FPGA images and develop-
ment toolkits for hardware and software developers, while Accelize QuickStore introduces
a pay-per-use marketplace for third-party FPGA accelerators and IP cores. Despite these
advancements, most accelerators, whether user-designed or sourced from FPGA libraries,
remain monolithic in nature, requiring xed resource con gurations. This in exibility

can limit deployment adaptability, potentially leading to QoS violations when suitable
resources are not immediately available at runtime.

7.3. Proposed Scheduling Framework

The proposed methodology enables e cient orchestration of FPGA resources across the
edge-to-cloud continuum. Its central objective is to satisfy application-level QoS con-
straints by minimizing QoS violations while simultaneously maximizing utilization of
the available FPGA resources. As illustrated in Figure 7.1, the framework operates in
two complementary phases: (i) the ML-driven Application Variant Library Generation
(O ine) phase, detailed in Section 7.3.1, and (ii) the QoS- & Resource-aware Runtime
Scheduling (Online) phase, presented in Section 7.3.2.

7.3.1. Oine Phase: ML-driven Application Variant Library Generation

The objective of the oine phase is to take a given HLS-based application with a syn-
thesizable C/C++ kernel and generate a library of hardware variants, each o ering dif-
ferent trade-o s between latency and resource usage. This library of bitstreams serves
as a foundation for the online orchestrator, enabling informed design selection at run-
time.

The process begins by approximating the Pareto frontier of the computationally intensive
kernel @ Given a set of target operating frequencies and the chosen FPGA device, this
stage generates the latency resource Pareto frontier for each frequency con guration.

123



Linking High-Level Synthesis with FPGA Runtime Orchestration

Figure 7.1.: Overview of the O ine and Online Phases of the Proposed Framework

This step relies on pre-synthesis information, speci cally the reports generated during the
HLS process. The rationale for this decision stems from the substantial body of prior work
capable of e ciently deriving Pareto-optimal con gurations at the HLS level, as discussed
in Section 7.2. Moreover, publicly available design collections provide Pareto-optimal
con gurations for well-studied applications, allowing us to directly leverage these results
without performing full design-space exploration from scratch. We realize this step using
the GN SIS dataset [90], the largest HLS design collection currently available, comprising
implementations from over 55 applications drawn from established benchmark suites and
open-source repositories. For applications not included in the dataset, we employ an
NSGA-II based optimization engine [90] that automatically derives the latency resource
Pareto front for the speci ed frequency and target FPGA.

The next phase of the methodology focuses on identifying the subset of designs that
will be physically implemented to build the application variant library @ From each
Pareto frontier generated across the evaluated operating frequencies, we select three rep-
resentative design points: (i) the latency-optimized con guration (LE), (ii) the resource-
optimized con guration (RE), and (iii) an intermediate design balancing both objectives
(MID). Instead of implementing the entire Pareto set, we choose only these key con gura-
tions for two reasons. First, synthesizing and implementing every Pareto candidate would
lead to excessive compilation time and computational overhead [26]. Second, o ering the
runtime scheduler clearly di erentiated design points provides meaningful exibility when
mapping workloads to available FPGA resources. Beyond the directive-based variants, we
further enrich the design space by incorporating coarse-grained parallelism. For each se-
lected design at each operating frequency, we instantiate multiple Compute Units (CUSs),
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meaning multiple copies of the kernel on the Programmable Logic (PL). This simple yet

e ective strategy can signi cantly reduce execution latency when su cient hardware re-
sources are available. To ensure feasibility, we scale the number of CUs and keep only
those con gurations whose estimated resource usage, as reported by the HLS tool, ts
within the target FPGA.

Introducing CU exploration signi cantly increases the number of designs that must be
physically generated. For example, consider a scenario where only a single operating
frequency is evaluated. Assume the LE con guration can support 1, 2, 4, and 6 CUs,
the MID con guration can support 1, 2, 4, 6, and 8 CUs, and the RE con guration
can support 1, 2, 4, 6, 8, and 10 CUs on the target FPGA. In this case, the design
space expands to a total of 15 variants that must be implemented. Additionally, prior
research has shown that pre-synthesis estimates often di er from post-implementation
results [51], meaning that the actual resource utilization of a multi-CU design may vary,
and some con gurations may even be not possible to generate. To address this problem,
step@ introduces two mechanisms that leverage post-implementation data from a single
CU, along with a small subset of the design space, to assess the feasibility of multi-CU
con gurations on the FPGA and to accurately predict the design's latency as well as
the utilization of BRAMs, DSPs, FFs, and LUTs. This step enables the prediction of
feasibility, latency, and resource usage for the remaining con gurations. Further details
can be found in the paragraph titled Feasibility Classi er and Performance Resource
Modeling. Using these predictions, the actual Pareto frontier can be identi ed, allowing
only the Pareto-optimal designs to be implemented and thereby signi cantly reducing the
number of required implementations. The resulting Pareto frontier subsequently serves
as the application variant library for the online phase.

Feasibility Classi er & Performance Resource Modeling. To train our models,

we utilize applications from the GN SIS dataset [90]. Speci cally, we use several appli-
cations such as KNN and KMeans and obtain their Pareto frontiers at 100, 200, and 300
MHz on the Alveo U200 FPGA. For each target frequency, we select representative designs
including LE, MID, and RE, and expand the design space by incorporating multiple CUs.
Each variant is implemented, and for every valid design, we collect post-implementation
metrics including latency, BRAM, DSP, FF, and LUT utilization. For each application,
the collected implementation data are used to train both the feasibility classi er and the
performance resource models. We build upon established approaches from the litera-
ture [51], employing a Decision Tree Classier (DTC) for feasibility prediction, Linear
Regression (LR) for latency estimation, and XGBoost Regression (XGB) for predicting
BRAMs, DSPs, FFs, and LUTs. Model performance for each application is evaluated
using 5-fold cross-validation, applying the Rz metric for regression tasks and the I score
for classi cation. After feature engineering and hyperparameter tuning, DTC achieves
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an average F score of 0.967, while the LR model attains an R of 0.97. The XGB-based
models also exhibit strong predictive capability, achieving R scores of 0.99 for BRAMs,
0.98 for DSPs, 0.97 for FFs, and 0.97 for LUTs. Having established high accuracy across
all models, we reduce the dataset to identify the minimal portion of the design space that
must be implemented beyond the single-CU con gurations. The remaining points are
selected via random sampling. Our results indicate that utilizing only 20% of the design
space leads to an average accuracy degradation of less than 3% across all models. These
ndings demonstrate that the proposed models can be e ectively trained using a small
subset of the design space, substantially decreasing the number of bitstream generations
required to construct the application variant library.

7.3.2. Online Phase: QoS- & Resource-aware Runtime Scheduling

The objective of the online phase is to manage a stream of FPGA-accelerated applica-
tions, each with a user-de ned execution-time requirement, in order to minimize QoS
violations while e ciently utilizing the available FPGA resources. The scheduler main-

tains a queue@, where each entry represents an application along with its maximum
acceptable execution time. For every queued job, the system tracks both the specied
execution deadline and the time elapsed since the job entered the queue. Based on this
information, it computes the remaining allowable time before a QoS violation occurs,
de ned as the di erence between the target execution time and the accumulated wait-
ing time. As the job waits longer, this remaining time decreases, signaling increased
urgency for scheduling. This parameter is continuously updated and used to guide job
prioritization and reduce QoS violations.

Step @ is responsible for selecting the most suitable application variant to meet the
target application's requirements. It operates using the application variant library gener-
ated during the o ine phase, along with knowledge of the current FPGA con guration.
Here, the FPGA con guration refers to the number of available PR regions. In this
work, we assume symmetric PR regions, in line with the prevailing practice in litera-
ture [85]. The FPGA is divided into these PR regions such that the total resources
are evenly distributed, giving each region an equal share of the device's resources. To
identify the best candidate, this step rst veri es that the application variant can t
within the available PR regions. Speci cally, it excludes any variants that require more
BRAM, DSP, FF, or LUT resources than are available in a single PR region. Among
the remaining bitstreams, it further eliminates any variants that cannot meet the QoS
constraint based on the remaining allowable time, as these would result in a violation.
From the ltered set of candidates, the scheduler then selects the variant with the short-
est execution time to maximize performance while ensuring compliance with the QoS
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requirements.

If none of the available application variants that t within a single PR region can satisfy
the Qo0S constraint, the QoS violation detection mechanism is triggere@. This step
identi es jobs that cannot be accommodated under the current conditions and temporar-
ily de-prioritizes them by placing them at the end of the queue, allowing feasible jobs to
be scheduled rst. Once the urgency scores for all applications are computed, the queue
is reordered so that the most urgent jobs are processed rst, forming the ordered job

queue@. When a job becomes ready for execution, the framework explores the avail-

able PR regions@ to determine whether a suitable region is available for allocation. If a
region is available, the application is assigned to it; otherwise, the job remains in the queue
until a region becomes free. Once assigned, the job is mapped to the corresponding PR
region of the FPGA, nalizing the deployment plan

7.4. Experimental Evaluation

In this section, we present the experimental evaluation of the proposed framework. We
begin by describing the experimental setup and the baseline mechanisms used for com-
parison, followed by a detailed presentation and analysis of the obtained results and the
impact of the proposed approach.

7.4.1. Experimental Overview & Baselines Description

We assess the e ciency of the proposed scheduling framework through a comprehensive
set of experiments designed to capture realistic workload dynamics and system behaviors.
The experimental workloads are derived from applications in the GN SIS dataset [90],
focusing on KNN and KMeans, which are representative algorithms widely used in large-
scale data analytics and real-time processing and are particularly well suited for FPGA
acceleration [91]. All implementations were developed using the AMD Vitis Uni ed Soft-
ware Platform 2021.1 [92] and executed on the Alveo U200 FPGA. The experiments were
conducted on a Linux-based server equipped with an Intel Xeon Silver 4210 CPU @ 2.20
GHz, featuring 32KB of L1D/I, 1MB of L2, and 14MB of L3 cache. To evaluate Par-
tial Recon guration (PR), we employed a simulation-based approach instead of deploy-
ing physical bitstreams, providing the exibility to explore a broad range of partitioning
schemes and FPGA con gurations. The experiments involve a set of 30 applications, each
de ned with speci c QoS constraints representing maximum allowable execution times.
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Application demands were modeled by aggregating the execution times of all available de-
sign variants and selecting the 25%-ile values, emulating a high-load operational scenario.
Application arrivals were generated using a bursty distribution derived from Alibaba ac-
celerator cluster traces [93], capturing realistic cloud workload patterns where requests
arrive in concentrated bursts. This setup ensures a realistic yet analytically manageable
representation of production-scale system conditions.

The proposed framework is evaluated along two complementary dimensions: (a) the
scheduling strategy, which determines the order in which applications are executed, and
(b) the management strategy, which governs bitstream selection and FPGA patrtitioning
through PR. At the scheduling level, the proposed scheduler is compared against a con-
ventional FIFO scheduler that serves applications strictly in their order of arrival without
accounting for workload characteristics or system state. This baseline provides a simple
yet informative reference point for assessing the bene ts of the proposed policy under
dynamic and heterogeneous workloads. At the management level, four con gurations are
examined to capture the e ects of Pareto-awareness and FPGA patrtitioning. The rst
con guration (M1) represents a Pareto-agnostic manager without access to the Pareto
frontier. It consistently selects a xed bitstream that, on average across applications, is
30% slower and utilizes 24% more resources than the MID design, emulating the behav-
ior of a non-expert user choosing a suboptimal con guration. The FPGA operates as a
single monolithic region in this setup. The second con guration (M2) introduces Pareto-
awareness, enabling the manager to select implementations from the Pareto frontier while
still using a single FPGA region. The third con guration (M3) combines Pareto-awareness
with PR by dividing the FPGA into two recon gurable regions, allowing concurrent exe-
cution of multiple Pareto-optimal designs. The fourth con guration (M4) further extends
this concept by partitioning the FPGA into four PR regions, enhancing parallelism and
exibility. The number of PR regions is limited to four, as further partitioning would ex-
cessively constrain the available hardware area, preventing many bitstreams from tting
within smaller regions and reducing the system's practical usability. The performance of
each con guration is evaluated using four key metrics: (a) total number of QoS violations,
(b) average waiting time, representing the duration an application remains in the queue
before execution, (c) end-to-end execution time, which includes waiting time, execution
time, and scheduling overhead, and (d) average excess time, de ned as the mean duration
by which a job exceeds its QoS target. For jobs meeting their QoS constraints, the excess
time is clipped to zero.
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7.4.2. Detailed Analysis of Proposed Framework versus De ned Baselines

We analyze the system behavior under two workload scenarios. The rst corresponds
to a homogeneous case, where a single application, in this case KNN, is scaled across
multiple executions, while the second represents a heterogeneous case, where multiple
distinct applications are executed concurrently.

Homogeneous Workload Evaluation

Figure 7.2 presents the results of the homogeneous workload experiment. Focusing on
manager M1, which represents the Pareto-agnostic con guration where the FPGA oper-
ates as a single region, we can observe the baseline impact of the proposed scheduling
policy. The proposed scheduler results in 22 QoS violations compared to 27 under FIFO.
In terms of end-to-end execution time, it achieves a distribution ranging from 31 sec-
onds to 13.3 minutes, with an average of 7.1 minutes. The waiting time exhibits a range
from 2 milliseconds to 12.7 minutes, averaging 6.6 minutes. Overall, the proposed sched-
uler achieves about a 1% reduction in both end-to-end execution and waiting times,
with a modest 2% increase in average excess time. These results demonstrate that even
at the scheduling level alone, prioritizing jobs with tighter deadlines e ectively reduces
violations and improves timing e ciency. When examining manager M2, the bene ts

of Pareto-awareness become more pronounced. Under this con guration, the proposed
scheduler records 18 QoS violations, improving upon its performance in M1. The end-to-
end execution time distribution ranges from 23 seconds to 8.9 minutes, with an average of
4.9 minutes, while waiting times span from 2.7 milliseconds to 8.6 minutes, averaging 4.5
minutes. This corresponds to a 1:45 reduction in both end-to-end and waiting times,
accompanied by a 1.6 decrease in average excess time. These improvements under-
score the value of Pareto-awareness, as M2 leverages latency-optimized designs from the
Pareto frontier, resulting in more e cient execution and a substantial reduction in QoS
violations.

Next, we evaluate the performance of the M3 and M4 managers, which leverage PR to
divide the FPGA into multiple independent regions. As expected, increasing the number

of PR regions reduces the number of QoS violations, since more requests can be executed
concurrently. In the proposed approach, M3 results in 13 violations, whereas M4 further
decreases this number to only 3, demonstrating the clear advantages of ner-grained re-
con guration. For M3, the end-to-end execution time ranges from 24.8 seconds to 4.4
minutes, with an average of 2.6 minutes, while the waiting time spans from 2 millisec-
onds to 4 minutes, averaging 2.2 minutes. In the case of M4, the end-to-end time varies
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Figure 7.2.: Evaluation of the proposed approach under homogeneous workloads, showing (Left)
the number of QoS violations, (Middle Left) the distribution of end-to-end execution
time, (Middle Right) the distribution of waiting time, and (Right) the average excess
time

between 25 seconds and 2.8 minutes, averaging 1.5 minutes, and the waiting time ranges
from 2 milliseconds to 2.4 minutes, with an average of 43 seconds. When compared to M2,
M3 achieves a 1:9 improvement in end-to-end execution time, while M4 achieves a 4:3
improvement. Similarly, the waiting time is reduced by 2:1 with M3 and by 6:4 with

M4. The average excess time, which quanti es how long jobs exceed their QoS targets,
also decreases signi cantly by 2:7 for M3 and 18:5 for M4 compared to M2. These re-
sults demonstrate that increasing the number of PR regions consistently enhances overall
system performance. They further highlight the e ectiveness of the proposed scheduling
framework in exploiting PR to achieve high resource utilization and strong QoS com-
pliance. An additional observation is that the proposed scheduler shows an 8% higher
average excess time, even though it achieves fewer QoS violations. This behavior is at-
tributed to the QoS Violation Detection Mechanism, which de-prioritizes jobs predicted

to miss their deadlines. Consequently, while this strategy helps reduce the number of QoS
violations, it also increases the waiting time for certain jobs, slightly raising the average
excess time.

Ablation Study. In this section, we conduct an ablation study based on Figure 7.2 (Left)

to examine how each mechanism introduced in the proposed framework contributes to
reducing QoS violations. The FIFO scheduler paired with the M1 manager serves as the
baseline for this analysis. Introducing the proposed scheduler, which prioritizes appli-
cations that are close to violating their QoS constraints and de-prioritizes those that
have already missed them, leads to a 19% reduction in violations compared to the base-
line. Adding Pareto-awareness, which enables the manager to identify and select latency-
e cient con gurations from the Pareto frontier, provides a further 20% decrease in vio-
lations. The most substantial improvement is achieved with the M4 con guration, which
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Figure 7.3.: Evaluation of the proposed approach under heterogeneous workloads, showing (Left)
the number of QoS violations, (Middle Left) the distribution of end-to-end execution
time, (Middle Right) the distribution of waiting time, and (Right) the average excess
time

incorporates both Pareto-awareness and PR by dividing the FPGA into four independent
regions. This setup results in a total reduction of 77% in violations, demonstrating the
combined bene ts of adaptive scheduling, Pareto-aware management, and ne-grained
FPGA partitioning. As expected, exploiting the full potential of partial recon guration
delivers the greatest performance gains by enabling concurrent execution and improving
resource utilization.

Heterogeneous Workload Evaluation

For the heterogeneous workload, we evaluate a diverse set of applications, each generating
requests with distinct execution completion requirements, providing a more realistic rep-
resentation of deployment scenarios. Figure 7.3 presents the results of this experiment.
The observed results align with the trends seen in the homogeneous workload, where the
proposed scheduler combined with the M4 manager achieves the fewest QoS violations.
Speci cally, it results in only 2 violations. The end-to-end execution time distribution
ranges from 30 seconds to 3.4 minutes, with an average of 1.5 minutes, while the waiting
time varies between 2.7 seconds and 2.9 minutes, averaging 57.3 seconds. The average
excess time is measured at 9.8 seconds. In terms of violations, this con guration achieves
substantial improvements, showing 13:5, 8:5, and 5 fewer violations compared to the
FIFO scheduler with M1 and the proposed scheduler with M2 and M3, respectively. It also
outperforms the same baselines in terms of average end-to-end execution time, achiev-
ing improvements of 10:6, 3:6, and 1:8, respectively. In terms of waiting time, it
demonstrates reductions of 14:9 and 2:3 compared to the corresponding con gurations.
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Furthermore, the average excess time shows an order-of-magnitude reduction relative to
the FIFO scheduler with M1 and M2, and it remains 7:6 lower than that of M3. These
ndings indicate that the proposed scheduler, when combined with Pareto-awareness and
full utilization of four PR regions, consistently surpasses all baseline approaches, even
under realistic heterogeneous workload conditions.

7.5. Conclusion

This work presented a novel framework designed to enhance the e ciency and exi-
bility of multi-tenant FPGA utilization across the edge-to-cloud continuum. By inte-
grating Pareto-optimal design approximation and intelligent runtime orchestration, the
proposed approach e ectively balances performance and resource usage while minimiz-
ing QoS violations. Unlike conventional static or monolithic deployment strategies, our
framework dynamically adapts to workload and resource variability, leveraging partial
recon guration to ensure e cient sharing of FPGA resources among concurrent appli-
cations. Experimental evaluation shows an average 8:1 reduction in QoS violations
across diverse workloads and baseline mechanisms, con rming the e ectiveness of the
proposed framework in satisfying user requirements under dynamic operating condi-
tions.
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Chapter 8.
Conclusions

In this chapter, we present the concluding remarks of this Ph.D. thesis. We summarize the
key contributions and highlight how the proposed frameworks advance the current State-
of-the-Art, while also outlining potential directions for future research and extensions of

this work.

8.1. Thesis Summary

FPGAs have gained substantial attention for their ability to generate hardware tailored

to specic applications, o ering a balance of high performance and energy e ciency
while still supporting post-deployment updates. Traditionally, programming FPGAs at
the RTL level has been challenging because developers must explicitly manage hardware
resources, timing, and parallelism, all of which require deep knowledge of digital logic and
device architecture. Debugging further adds to the di culty, as many issues only surface
during slow simulations or after full synthesis, making errors costly and time-consuming
to identify and x. High-Level Synthesis addresses many of these barriers by allowing
developers to describe hardware behavior in high-level languages, while the compiler
automatically extracts parallelism and generates the corresponding RTL. This higher
level of abstraction simpli es development, accelerates design exploration, and reduces the
burden of traditional HDL work ows, enabling e cient FPGA implementations without
requiring designers to manage every low-level detail. However, HLS introduces its own
challenges. Developers must still understand how high-level constructs map to hardware,
requiring careful reasoning about parallelism, pipelining, and memory behavior, which
di ers signi cantly from conventional programming. In addition, the manual selection

of compiler directives and the slow, synthesis-based feedback cycle create a large and
complex design space, making it di cult to consistently achieve optimal results even for
experienced practitioners.
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In this thesis, we examined High-Level Synthesis Design Space Exploration from three
complementary viewpoints that correspond to key layers of the HLS-driven DSE prob-

lem. At the data level, we constructed a large-scale and application-diverse HLS de-
sign corpus that provides the foundation needed for training and benchmarking modern
learning-driven optimization strategies. At the modeling level, we developed language-
level performance and resource prediction methods that allow e cient, early-stage rea-

soning about the e ects of HLS optimizations, reducing reliance on slow synthesis runs.
Finally, at the optimization level, we introduced a fast, knowledge-based directive selec-
tion framework that exploits historical design behavior to guide exploration and produce

e ective optimization strategies for previously unseen applications. Collectively, these

layers form a coherent approach to advancing HLS DSE, improving scalability, accuracy,
and practicality across the complete optimization stack. Henceforth, we present a brief
summary of our work and how the proposed frameworks tackle open-problems in the
eld.

GN SIS. It represents the largest open-source HLS dataset available, capturing an ex-
tensive range of design points sourced from well-established benchmark suites as well
as real-world applications collected from public repositories. In addition, we provide a
exible and fully automated framework for generating new design points, enabling con-
tinuous dataset expansion as tools, devices, and applications evolve. Through GN SIS,
our goal is to improve accessibility to high-quality design data and to establish a robust
foundation for advancing research in HLS-driven DSE [90].

Language-level QoR Modeling for HLS. A language-level modeling approach is in-
troduced to predict the performance and resource utilization of HLS designs directly from
their source code under various directive con gurations. The objective is to equip devel-
opers with early, directive-aware estimates that signi cantly accelerate the identi cation
of promising optimization strategies without relying on repeated synthesis. With this
work, we address the current lack of models that can accurately estimate performance
and resource usage from directive-annotated code, lling a critical gap in the HLS design
space exploration process [26].

CollectiveHLS. It provides an ultra-fast, data-driven solution for optimizing HLS de-
signs by automatically identifying and applying directive con gurations directly from the
original source code. The method focuses on minimizing design latency while ensuring
synthesizability and o ers a framework for directive-level tuning. With this work, we
address the lack of rapid methodologies capable of e ciently generating valid and near-
optimal directive con gurations for previously unseen designs [1,36,94].

Linking HLS with FPGA Runtime Orchestration. It proposes a QoS-aware FP-
GAaaS framework that connects HLS-based design optimization with runtime orches-
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tration in multi-tenant FPGA systems. It generates multiple Pareto-optimal hardware
variants per application using a lightweight modeling approach with minimal hardware
generations. At runtime, an orchestrator dynamically selects the most suitable vari-
ant based on available partial recon guration resources to satisfy QoS constraints and
reduce violations. With this work, we address the lack of a uni ed method for map-
ping optimized HLS designs to dynamic FPGA resources while meeting QoS require-
ments [95].

8.2. Future Extensions

This work introduces a range of methodologies designed to support both novice and expe-
rienced developers in addressing the challenges inherent to HLS directives DSE. Despite
the substantial progress achieved, the eld continues to evolve at a rapid pace, driven by
sustained advances in both academia and industry. This ongoing evolution introduces
additional challenges and new requirements that current methodologies do not yet fully
address. As a result, several research questions remain open, highlighting opportunities
for further exploration. This section outlines three promising future directions that, based
on current trends and the insights gained throughout this thesis, have the potential to
signi cantly advance the SotA in HLS directives DSE.

8.2.1. Enhancing GN SIS with Post-Implementation Data

Most existing HLS directive DSE methodologies are built upon pre-implementation data,
primarily due to the relative ease of data collection and the availability of large-scale
datasets at higher levels of abstraction [95]. While such data has been instrumental in
advancing HLS optimization research, it inherently re ects estimated rather than actual
implementation outcomes. Consequently, many existing approaches fail to fully cap-
ture the complex e ects introduced during the FPGA implementation ow, resulting in
discrepancies between predicted and realized performance. These discrepancies are par-
ticularly evident in timing, resource utilization, and QoS-related metrics, limiting the
accuracy of predictive models and constraining the practical applicability of optimization
methodologies in real deployment environments [51].

To address this limitation, a promising research direction is the enrichment of the GN SIS
dataset with post-implementation information. By extending the framework to generate
and analyze actual FPGA bitstreams, it becomes possible to capture implementation-
level phenomena, including placement, routing, congestion, and timing closure e ects,
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that are otherwise invisible at the pre-implementation stage. Although the generation
of post-implementation data incurs signi cant computational and time overheads, the
resulting dataset would provide a substantially more accurate representation of the true
design landscape. Such a foundation would enable the development of more reliable
HLS optimization strategies and predictive models, ultimately bridging the gap between
research prototypes and deployable FPGA solutions. In turn, this post-implementation-
aware perspective would facilitate the creation of optimization methodologies that are
not only e ective in theory but also robust, scalable, and directly applicable to real-world
FPGA deployment scenarios.

8.2.2. LLM-Assisted Design Space Exploration for High-Level Synthesis

The rapid advancement and widespread adoption of Large Language Models (LLMs) have
transformed numerous domains, establishing them as powerful tools for reasoning, code
generation, optimization, and decision support. Their ability to generalize across tasks,
leverage extensive prior knowledge, and adapt through in-context learning has positioned
them at the core of modern Al-driven work ows. This trend is increasingly re ected

in hardware design and electronic design automation, where recent studies highlight the
emergence of LLM-based methodologies for automating design tasks and improving pro-
ductivity [96]. Researchers have explored both prompt-based use of pre-trained mod-
els [97,98] and lightweight ne-tuning approaches such as LoRA [99], demonstrating the
potential of LLMs to support or even replace traditional heuristic-driven optimization pro-
cesses. As these models continue to mature, their role in accelerating and simplifying com-
plex engineering work ows is expected to grow even further.

Within the context of HLS directives DSE, LLMs o er compelling opportunities to en-
hance automation, reduce exploration cost, and improve overall optimization quality.
Leveraging datasets such as GN SIS, LLMs could be guided to infer optimization strate-
gies for unseen designs based on learned patterns from Pareto-optimal con gurations
across applications, FPGA platforms, and synthesis settings. For example, rich direc-
tive QoR relationships in GN SIS can help LLMs recommend pragma con gurations,
while ne-tuned models could learn to predict performance or resource utilization di-
rectly from source code annotated with HLS directives [97 100]. Such capabilities would
enable LLMs to act as intelligent front-ends for HLS tools, providing fast, data-driven
insights that complement or accelerate traditional DSE methodologies. As a result, LLM-
integrated HLS work ows represent a promising direction for future research, with the
potential to signi cantly advance the e ciency and accessibility of FPGA accelerator
design.

136



8.2. Future Extensions

8.2.3. Enabling FPGA-as-a-Service Across the Edge to Cloud Continuum

A promising future direction is the integration of HLS optimization into the broader edge-
to-cloud continuum, where the adoption of FPGAs is accelerating rapidly. Their increas-
ing presence in cloud infrastructures, illustrated by systems such as Microsoft's Project
Brainwave [83] and commercial o erings like Amazon's FPGA instances [86], demon-
strates their growing role as high-performance, recon gurable accelerators for modern Al
and data-intensive workloads. At the same time, the emergence of the FPGA-as-a-Service
(FPGAaaS) paradigm [85] highlights the trend toward making programmable HW acces-
sible on demand, enabling users to deploy custom accelerators without managing the un-
derlying infrastructure. Despite this momentum, signi cant challenges persist, including
programmability barriers [17], the risk of under-optimized accelerators performing worse
than CPUs [32], and the slow, resource-intensive nature of design-space exploration [21].
Multi-tenancy introduces further complexity, as multiple workloads must share limited
FPGA resources while still meeting strict QoS requirements [85]. Approaches based on
Partial Recon guration [87] o er a promising path for FPGA virtualization, yet they
require HW designs that are su ciently optimized, modular, and resource-aware to be
deployable under real-world constraints.

Positioning HLS-driven modeling and directive exploration within the growing edge-to-
cloud FPGA ecosystem opens an important and timely research direction. As FPGAs
increasingly support heterogeneous, multi-tenant environments, there is a pressing need
for automated HLS ows that generate designs which are resource-aware, portable, and
deployment-ready. Extending this thesis toward such deployment-conscious frameworks
would enable accelerators that adapt to device variability, partial recon guration con-
straints, and uctuating resource availability across edge nodes and cloud datacenters.
This direction would alleviate key challenges in FPGAaasS, including the di culty of
producing well-optimized designs, ine ciencies from resource under-utilization, and the
high expertise required for manual tuning. More broadly, it would pave the way for in-
telligent compilation systems capable of producing accelerators that remain e cient and
scalable across diverse platforms, ultimately supporting the next generation of exible
and high-performance distributed computing systems.
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Appendix A.

IRIS: Interference and Resource Aware
Predictive Orchestration for ML Inference
Serving

Over the last years, the ever-growing number of Machine Learning(ML) and Arti cial
Intelligence(Al) applications deployed in the Cloud has led to high demands on the com-
puting resources required for e cient processing. Multiple users deploy multiple applica-
tions on the same server node to maximize Quality of Service(QoS); however, this leads
to increased interference. In addition, Cloud providers aim to minimize their operating
costs by e ciently utilizing the available resources. These con icting optimization goals
form a complex paradigm where e cient scheduling is required. In this work, we present
IRIS, an interference- and resource-aware predictive inference scheduling framework for
ML inference serving in the cloud. We target the multi-objective problem of QoS maxi-
mization with e ective CPU utilization based on Queries per Second(QPS) predictions by
proposing a model-less ML-based solution and integrating it into the Kubernetes platform.
Our approach is evaluated over real hardware infrastructure and a set of ML applica-
tions. Our experimental analysis shows that under various QoS constraints, the model-
speci ¢ interference-aware scheduler violates QoS constraints less frequently by achieving
1.8 fewer violations, on average, compared to over-provisioning and 3:1 fewer vio-
lations compared to under-provisioning, through e cient exploitation of available CPU
resources. The model-less feature is able to cause, on average, 1.5 fewer violations com-
pared to the model-speci ¢ scheduler, while further reducing the average CPU utilization
by 30%.
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A.1. Introduction

Today, the number of applications that utilize Arti cial Intelligence (Al) is increasing in
high pace. Deep Learning (DL) [151] models that provide inference over huge datasets
appear over several alternative domains, with healthcare [152], nance [153] and trans-
portation [154] being just a few representative examples. The rise of such applications,
in addition to the ever-increasing complexity of the deployed models, has led to increased
demands in terms of computation, memory and storage resources. Especially for modern
deep learning models, the required resources may skyrocket, thus making it prohibitive
for the end-users to support inference. For example, the ResNet-50 architecture [155] has
over 25 million parameters, while the latest popular models, such as GPT-3 [5], require
more than 175 billion parameters.

Cloud comes to alleviate this resource wall challenge, by taking a signi cant amount of
the computational burden, providing scalable, exible and cost-e ective solutions. As

a matter of fact, inference accounts for more than 90% of total infrastructure costs
within AWS [156], while Facebook runs online inference tasks tens-of trillions of times per
day [157]. To ease the deployment of inference workloads, Cloud providers o er Machine
Learning solutions as Services (MLaaS) over their infrastructure, with typical examples
including IBM Watson [158], Google's Vertex Al [159], Amazon SageMaker [160] and
Azure Machine Learning [161]. In the MLaaS paradigm, end-users are able to upload
their pre-trained models and expose them as web-services through speci c APIs. Typi-
cally, these models are accompanied by throughput- or latency-oriented Quality of Service
(QoS) requirements (e.g., model must serve at least 60 requests per second") or bound
by Service Level Objectives (SLOs) (e.g., at least 99% of the requests must be com-
pleted within 500ms) [157,162,163]. To achieve these requirements, providers tend to
be conservative and over-provision resources allocated for such services [162], in order to
keep up with the highly uctuating load over the day, which, however, leads to resource
under-utilization and increased operational costs [164,165].

As such, a key challenge for Cloud providers becomes to guarantee the aforementioned re-
guirements, while also maximizing the resource e ciency of their infrastructure. However,
this co-optimization objective is extremely challenging, due to: i) Resource Interference:
Providers tend to co-locate applications on the same physical servers to increase the
resource utilization of their infrastructures [164, 166, 167]. However, this leads to inter-
ference in the shared resources of the systems, which in turn is translated to high perfor-
mance variability [165]. Especially for latency-critical applications, even small amounts of
interference can lead to signi cant QoS violations [168, 169]; ii) Incoming Requests Vari-
ability: Incoming requests can vary in their timing, frequency, and workload characteris-
tics, making it challenging to provide consistent and predictable performance [170, 171];
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iii) Diverse QoSs/SLAs: While applications from di erent domains apparently use the
same models for their tasks (e.g., ResNet for image classi cation), they can introduce
di erent QoS requirements. For example, automotive applications require millisecond-
scale inference serving [172], while agricultural ones can be more tolerant to performance
variability [173]. iv) Model Variants: There exist a vast amount of di erent DNN archi-
tectures (e.g., ResNet, MobileNet), or di erent versions of the same architecture (e.g.,
gquantized MobileNet), available for performing the same task (e.g., image classi cation).
The abundance of di erent frameworks such as TensorFlow, PyTorch, ONNX Runtime,
etc. represents another degree of freedom, as the exact model can be implemented on
di erent backends. These variants trade performance for resource requirements and/or
accuracy and vice-versa.

Aiming to overcome these challenges, e cient scheduling of ML inference serving systems
deployed on the Cloud is required. However, su cient scheduling is a quite challenging
process, as a deep understanding of the application architecture, workload patterns, and
Cloud infrastructure capabilities should be taken into account [174]. Cloud application
scheduling has already been addressed and various solutions have been proposed [175].
Model-less approaches [176], i.e., scheduling frameworks that do not rely on pre-de ned
models, are becoming more and more famous in dynamic and unpredictable environ-
ments, where non-linear behavior is observed. Model-less scheduling usually relies on
ML technigues, as they can rapidly adapt to varying conditions and real-time decision
making, based on the current state and input workload.

In this work, we present IRIS, an interference and resource-aware, predictive schedul-
ing framework for ML inference serving engines. The optimization objective of IRIS
is to maximize QoS requirements, under e cient CPU utilization. IRIS supports both
model-speci ¢ and model-less approaches, where the former allows end-users to directly
specify the architecture of their ML serving system and the latter receives higher-level de-
scriptions (e.g., image classi cation) and automatically determines the optimal inference
serving solution. IRIS employs ML techniques predict the Queries per Second (QPS),
based on the current load and resource state, and dynamically re-provisions CPU allo-
cations to minimize resource utilization of the underlying system while also satisfying
user-de ned QoS requirements. The novel contributions of this work are the follow-

ing:

" We propose a novel interference and resource-aware, predictive scheduling frame-
work for ML inference engines, solving the multi-objective problem of QoS maxi-
mization with e ective CPU utilization based on QPS prediction.

~ We integrate a model-less approach into our scheduling framework which navigates
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the trade-o space of diverse ML model-variants for a speci c inference task.

" We integrate and evaluate our solution with Kubernetes framework, showing that
our scheduler is able to cause, on average, 1:5 fewer violations compared to a
model-speci c interference-aware scheduler, while further reducing the average CPU
utilization 30%, on average.

A.2. Related Work

Inference Serving: One of the rst approaches for inference serving was TensorFlow
Serving [177], a exible, high-performance serving system for machine learning models
designed for production environments. From an industrial standpoint, Nvidia's Al plat-
form o ers the Triton Inference Server [178], which uses GPU inference serving while
supporting CPU models, although requiring static con guration of the model instance.
Towards this direction, several works with di erent approaches have been conducted, aim-
ing to address the problem of e cient resource orchestration and optimization for ML
inference serving systems. Adaptive and pre-de ned batching techniques [179 182] have
been introduced aiming to support ML inference, while auto-scaling approaches are also
considered [181,183 185]. Furthermore, aiming to support e cient ML inference, server-
less approaches have been considered [182,186], while ML-based and predictive solutions
for load request and resource utilization have been widely utilized [162, 163, 187 193],
such as reinforcement learning-based solutions [192]. Aiming to provide lightweight deci-
sion making, the approach of model-less decision making has also been considered as an
alternative [176,194].

Interference-aware Scheduling: A major ability of a Cloud serving system is to operate

e ciently under various interference levels. Several existing works aim to manage the
complications caused by interference. Authors of [195] investigate the optimization of re-
source utilization through the awareness of the scheduler, based on past decision making.
Moreover, a contention-aware scheduling approach to mitigate con icts over shared re-
sources has also been considered [196]. In [197], interference and QoS degradation models
are utilized, by identifying the co-location of pre-characterized workloads, to improve data
center utilization over interference. Resource partitioning techniques that aim to satisfy
the QoS requirements have been examined [198], while in [166, 199], interference-aware
scheduling on CPU servers, based on load predicting, is proposed. Finally, the authors
of [200] consider a modular framework, aiming to balance incoming workload, based on
low-level metrics monitoring.
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Although various approaches to inference serving and interference-aware scheduling have
been investigated in research, to the best of our knowledge, no study has yet com-
bined the model-less approach with the interference- and resource-aware feature. Our
inference serving system uses di erent model-variants as well as vertical and horizon-
tal scaling to counteract the e ects of destructive interference, caused by other ap-
plications in the inference system. Through this approach, our methodology is able
to meet user-de ned QoS requirements and e ciently utilize the available CPU re-
sources.

A.3. Characterizing Inference Serving

In this section, rst, we provide a detailed presentation of our hardware and software
setup, and also describe the inference serving benchmarks used in this paper. Then,
we analyze the impact of resource availability on the performance of di erent popular
deep learning models, commonly used for image processing tasks, while, on the same
time, we unveil important insights concerning the sensitivity of the di erent models, as
well as the di erent backend libraries, with respect to these two aspects, and we identify
certain bottlenecks that relate to each case. The characterization process follows a Q&A
approach, where the purpose of each question is to highlight important insights regarding
di erent performance-related aspects.

Table A.1.: Supported MLPerf inference engines, model variant and corresponding accuracy

Task Representation Model Variant Accuracy
ONNX Resr'1et50 76.4%
Mobilenet 71.6%
Image Classi cation Resnet50 76.4%
Tensor ow (TF) Mobilenet 71.6%
Mobinet Quantized(Q) 70.6%

ONNX SSD-Mobilenet mAP 0.23

SSD-Mobilenet mAP 0.23

SSD-Mobilenet Quantized | mAP 0.23594
Fine-Tuned (QFT)
SSD-Mobilenet Sym-| mAP 0.234
metrically Quantized
Fine-Tuned (SQFT)

Object Detection

Tensor ow (TF)
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A.3.1. Inference Serving Testbed

Hardware & Software Infrastructure: Our experiments were performed on a dual-
socket Intel® Xeon® Gold 6138 (@2.0GHz) high-end server, equipped with 126 GB of
DRAM memory. On the physical machine, we set up two virtual machines to serve as
the master (4 vCPUs, 8 GB RAM) and worker (8 vCPUs, 16 GB RAM) nodes of our
cluster, using KVM as the hypervisor. On top of the VMs, we deploy the Kubernetes
container orchestrator (v1.23) in combination with Docker (v20.10), which is the most
common method for deploying Cloud clusters at scale.

Inference Engine Workloads: For the purposes of this work, we use the object de-
tection and image classi cation tasks derived from the MLPerf Inference benchmark
suite [201]. Table A.1 illustrates the MLPerf inference engines and model variant ex-
amined, with their corresponding accuracy. Each MLPerf inference container instance
consists of two main components, a) the inference engine and b) the load generator. The
Inference Engine component is responsible for performing the detection and classi ca-
tion tasks. It receives as input the pre-trained DNN model used during inference (e.g.
ResNet, Mobilenet, etc.) and the corresponding backend framework (e.g. ONNX Run-
time, Tensor ow, etc.). The load generator module is responsible for generating tra c on
the inference engine and measuring its performance. It receives as input the validation
dataset, (e.g., Imagenet, Coco), as well as the scenario and the number of inference queries
to be performed. In our case, the load generator sends 8 samples per query once the pre-
vious query is completed. With the above inputs, the load generator performs streaming
gueries to the inference engine and waits for the results.

Synthetic Interference Generation: To quantify the impact caused by co-locating
applications on an inference server, we spawn di erent amounts of interfering micro-
benchmarks, each of which stresses a di erent resource on the underlying system. Specif-
ically, we utilize the CPU, L2 and L3 cache and memory bandwidth/capacity stress
micro-benchmarks, derived from the iBench suite [202]. The duration of each container
is set to 1 hour to ensure that the impact of each micro-benchmark on a shared re-
source increases slowly, to account for the fact that each job generates a small amount of
constant intensity interference during our experiments. Consequently, we control the in-
tensity by adjusting the number of concurrent iBench workloads that stress each resource
accordingly.
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A.3.2. MLPerf performance characterization

To gain deeper insights into the execution speci cs of the various inference engines listed
in Table A.1, we quantify the impact of di erent knobs on their performance. Speci cally,
we pro le the various engines, aiming to pinpoint how the i) di erent model representa-
tion backends, ii) vertical and horizontal resource scaling and iii) resource interference
a ect the performance (QPS) of each of the examined engines. Regarding the di erent
backends, we examine the ONNX [203] and Tensor ow [204] model representations, pro-
vided directly by MLPerf. Vertical up and down scaling is achieved by altering the envi-
ronmental variables OMP_NUM_THREADS and INTRA_OP_PARALLELISM_THREADS for ONNX and
Tensor ow backends respectively, which de ne the number of available thread pools used
for parallel executions. These parameters enable operation-level parallelism, e.g., internal
parallelization of Tensor ow's matrix multiplication operation (tf.matmul()). Moreover,

for horizontal scaling, we further examine the impact of MLPerf's #workers con gu-
ration, which controls the number of parallel worker threads, i.e., the amount of worker
threads that can serve inference requests simultaneously. Worker threads are instantiated
using Python's threading library [205] and run as background daemons that serve requests
from a task queue in a rst-come rst-serve manner.

Isolated Execution: First, we investigate the in uence of vertical and horizontal scaling

on the performance of di erent model variants of the investigated ML tasks, i.e., image
classi cation and object detection, without interference. We examine di erent numbers

of workers and threads, ranging from 1 up to 8, where the latter corresponds to fully
utilizing our worker VM (8 vCPUSs). Figure A.1 shows the results of the experiment

performed.

? Q: How do dierent model variants for the same task behave in terms of
performance?

Figure A.1 shows that di erent model variants can achieve di erent QPS values for the
same task. Focusing on single worker/thread performance, we see that, in the image
classi cation task, TF-Mobilenet has the highest QPS, serving 1:26 more queries per
second than ONNX-Mobilenet and 4:64 more than TF-Resnet50. Performance di er-
ences are also observed in the object detection task, where TF-SSD-Mobilenet has a
QPS 1:11 higher than the Quantized Finetuned version of the same model. Moreover,
while di erent model representations (i.e., ONNX, TF) do have an impact on perfor-
mance, there is no clear dominance of one over the other. For example, in the case
of resnet50 model (image classi cation task), ONNX clearly outperforms TF, providing
1:5 higher throughput, while for mobilenet, TF stands out, with  1:3 more QPS.
Lastly, for the object detection model variants we observe that di erent model repre-
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(a) Image Classi cation

(b) Object Detection

Figure A.1.: Impact of #Workers and #Threads on the achieved QPS of the examined inference
engines

sentations do not a ect performance dramatically. From the above, it is evident that
determining the most suitable DNN architecture and model representation backend is
not a trivial process.

? Q: How does vertical scaling (i.e., #Threads) of resources a ect perfor-
mance?

In terms of the vertical scaling parameters, i.e., the paremeter OMP_NUM_THREADS for
ONNX Runtime and INTRA_OP_PARALLELISM_THREADS for Tensor ow (#threads), we nd
that the inference engine performance increases as we increase the parameter value.
Speci cally, a parameter value of 8 results in 2:8 higher QPS for the ONNX Run-
time and 3:8 higher QPS for Tensor ow. We also note that the bene ts of vertical
scaling are di erent for di erent model variants and representations. While all the mod-

els present high linear correlation between the number of threads and QPS achieved,
the nal performance improvements are not equally proportional. For example, in the
image classi cation task, a #threads value of 8 for ONNX-Resnet50 results in 5:3 more
gueries being served per second, as opposed to only 1:5 more queries being served for
ONNX-Mobilenet.
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? Q: How does horizontal scaling (i.e., #Workers) of resources a ect perfor-
mance?

The e ects of the #workers parameter di er depending on the corresponding back-
end, i.e. Tensor ow and ONNX Runtime. Figure A.1 shows that for TF, increasing
the number of workers does not provide any improvement in throughput. This happens
due to CPython's Global Interpreter Lock a.k.a GIL [206]. The GIL ensures that only
one thread is running in the interpreter at a time and is designed this way to simplify
low-level details such as synchronization or memory management of concurrent threads.
While this leads to high single-threaded performance, it limits parallel or multi-threaded
execution of Python code [207]. On the other hand, ONNX is negatively a ected when
scaling the number of available workers. Speci cally, in the case of single thread and
multiple workers we observe an average of 14% QPS drop among all examined inference
engines. What is of great interest is that, when scaling both the amount of available
workers and threads per worker, performance drops dramatically, leading to up to 2
less throughput. This happens because the total amount of threads from all workers
(#workers #threads) exceed the number of available CPU resources of the system,
leading to continuous context switching in the OS, and thus generating resource interfer-
ence on the CPU.

Execution under Interference: Next, we further examine the performance of the

di erent inference engines under the presence of interference. To illustrate the e ects of
resource contention, we perform a series of experiments in which we measure the QPS
that each model achieves while the server is stressed at a particular shared resource at
a time, as well as the variance of the QPS value when these resources are stressed at
di erent intensities (1 to 16 iBench containers).

? Q: How does resource interference a ect the performance of the inference
engines?

Figure A.2 shows the e ects of various sources of interference on the studied MLPerf in-
ference engines. We observe that, for the general case, the higher the number of parallel
iBench jobs, the greater the QPS degradation. However, performance degradation due
to the increasing number of co-located micro-benchmarks is not uniform across all the
levels of resource interference. Speci cally, for the inference engines examined, memory
bandwidth and CPU stress have the greatest in uence on the QPS achieved, while last-
level cache and memory capacity follow. In the image classi cation task, using 16 parallel
iBench jobs results in an average 10:65 lower QPS compared to using one iBench job
when the CPU and 6:66 when stressing the last-level cache. For the object detection
task, inducing the same interference results in an average 11:71 lower QPS when stress-
ing the CPU, and 8 when stressing the last-level cache.
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(a) Image Classi cation

(b) Object Detection

Figure A.2.: Impact of di erent sources and levels of interference on the studied MLPerf infer-
ence engines
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A.3. Characterizing Inference Serving

An interesting observation regarding the TF-Resnet50 inference engine is that memory
capacity stress has no impact on throughput, showing that the impact of interference also
depends on application characteristics.

? Q: Do dierent backends (i.e., ONNX, TF) reveal dierent performance
sensitivy w.r.t. resource interference?

Figure A.2 also shows the impact of the backend used, i.e., ONNX Runtime and Ten-
sor ow, on the QPS achieved. It can be seen that the Resnet50 implementation in the
ONNX Runtime environment is able to achieve higher QPS than the Tensor ow imple-
mentation for the same level of interference. For example, when the CPU is stressed from
one iBench job, ONNX-Resnet50 performs 1:5 more queries per second compared to
TF-Resnet50. The picture changes for the corresponding implementations of Mobilenet
and SSD-Mobilenet, where the Tensor ow implementations outperform the ONNX Run-
time in terms of QPS. In particular, for the interference scenario mentioned above, the
TF-Mobilent and TF-SSD-Mobilent achieve 2:7 and 2:5 higher QPS, respectively, com-
pared to the corresponding ONNX Runtime model variants.

? Q: How do dierent resource allocations a ect the performance of the in-
ference engines under the presence of interference?

Aiming to highlight the e ects of vertical and horizontal scaling in the presence of inter-
ference, we also perform experiments in which we change the tuning parameters. For the
ONNX backend, we maintain one of the two tuning parameters constant, and change the
value of the other, to see how the freely varying variable a ects the QPS value and its
variance under interference. Thus, we conduct experiments by varying only one of the
variables, respectively. For the Tenso ow backend, we only consider the tuning parameter
#threads, since the number of workers did not provide any performance variability in
the isolated characterization process.

Figure A.3 shows the results for the ONNX backend. Focusing on the left subplot,
where the environment variable OMP_NUM_THREADS is held constant, we see that we get
higher QPS when the #workers parameter is equal to 1, indicated by the darkest box
(#workers = 1), than when we use a higher value. In the subplot where the #workers
option is held constant, the best performance is observed for #threads values of 2 and
4, while a QPS drop appears to occur for a #threads value of 8. In addition, Figure A.4
illustrates the results for the corresponding tensor ow backend. Initially, we observe a
similar upward trend in performance, for all MLPerf Inference engines with the Tensor ow
backend, as the value of #threads increases. The highest QPS values are generally
found when the number of threads exceeds 5, where the median QPS value goes up
to 90. The lowest performance variability is observed when the Tensor ow threads are
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Figure A.3.: Impact of #OMP and #MLPerf threads on ONNX Mobilenet under interference

Figure A.4.: Impact of #Tensor ow threads on Tensor ow Mobilenet Quantized under interfer-
ence

equal to 1, for all dierent sources of interference. Moreover, as the stress intensity
in memory capacity varies, the performance of the models remains quite robust and
deviates only slightly from the median value of the achieved QPS, compared to the high
performance variability observed with the varying degrees of pressure on the other shared
resources.

A.4. IRIS Design

Based on the insights gained from the characterization process, we design IRIS. Its main
goal is to meet the QoS requirements of the deployed inference engines while minimizing
the allocated CPU resources of the system. IRIS identi es interference e ects by exploit-

ing low-level performance events, and leverages these metrics to provide accurate predic-
tions regarding the performance of the deployed inference engines in the future. Based on
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Figure A.5.: Overview of the o ine and online scheduling phase of IRIS

these predictions, it automatically assigns resources and dynamically applies horizontal
and vertical scaling policies to the deployed inference engines. Our design approach con-
sists of two distinct phases: a) the o ine phase and b) the online phase, as shown in Figure
A.5, which we explain in detail in the following sections.

A.4.1. Oine Phase

The purpose of the oine phase is twofold. The rst stage is the training data prepa-
ration life-cycle for building the ML models used by IRIS. This includes the generation
of di erent co-location scenarios, data extraction, cleanup, aggregation and feature en-
gineering. Overall, training data should include representative scenarios that also exist
under realistic deployments and cover a su cient spectrum of application behaviors, so as
to avoid co-variate shift between training and run-time (testing) data distributions [208].
The second phase includes the identi cation of the most e cient ML approach for model-
ing the performance, in terms of QPS prediction accuracy, per inference engine. Deciding
the most appropriate ML algorithm is not a straightforward matter, as it highly depends
on the quality of the gathered data, the inherent characteristics and complexity of the
problem, as well as the level of accuracy and interpretability required [209]. Thus, IRIS
performs a Design Space Exploration (DSE) over a pool of di erent ML solutions to iden-
tify the most appropriate ML modeling approach, as well as the hyperparameters that
are used during the learning process.

Scenario Generation: This step concerns the generation of representative co-location
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scenarios, which cover both low- and high-intensity interference across di erent layers of
the system. We use asymmetric interference load generation on the server, by co-locating
MLPerf inference engines along with iBench [202] interference micro-benchmarks. Specif-
ically, each scenario consists of initially deploying a random number of iBench containers,
each of which occupies a randomly selected specic shared resource of the cluster, i.e.,
CPU, L2 cache, L3 cache, memory bandwidth, and memory capacity, for the duration
of the scenario. The total number of iBench containers used varies between 1 and 16.
After setting the interference conditions, we randomly select one of the available infer-
ence engines, either for image classi cation or for object detection, and deploy it on the
worker server. Moreover, we randomly set the horizontal and vertical degree of paral-
lelism, whose values range from 1 up to 8. As mentioned in section A.3, each inference
engine uses the Multiple Stream scenario, with duration limited to 60 seconds. These
parameters fully describe the execution scenari@. In total, we have run more than
5500 di erent deployment scenarios, with each scenario di ering by the above parame-
ters.

Performance Monitoring: The monitoring mechanisms of IRIS are driven by two main
principles. First, the resource orchestration component should be able to assess the state
of the underlying system, in terms of existing interference, prior and during the execution
of the inference engines. As shown in Section A.3, underlying interference highly a ects
the performance of inference serving and this interference state" can be used as input
to the ML prediction models. To capture interference e ects, we exploit low-level system
performance events (e.g., IPC, Cache misses, etc.) as well as higher-level metrics (e.g.,
CPU/Memory utilization and others) @ which, as shown in prior research, provide
deep insights regarding resource contention and highly correlate with the performance of
applications [174,210]. Second, IRIS should be able to forecast the future QPS of the
inference engines under dynamically altered interference e ects. These predictions can
be used to pro-actively alter allocated resources per inference engine, minimizing QoS vi-
olations. Thus, IRIS also continuously monitors application-related performance metrics
(i.e., QPS @). While MLPerf provides application-related performance metrics adver-
tisement, we assume that, in general, this operation is handled by application developers,
who should build and propagate the respective APIs to be consumed by IRIS. We set the
monitoring interval to 1 second, both for the system and the inference engine monitoring
components. Although more frequent monitoring intervals could provide faster detection
of QoS violations, they can also introduce noisy and unstable results, leading to false
alarms regarding potential violations [169].

Training Dataset Formation: For building the training dataset, IRIS collects the dif-
ferent system metrics for each MLPerf inference engine under di erent interference scenar-
ios. The random scenario execution data is accumulated to form the training datase@®.
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Table A.2.: Score of 10-fold cross-validation comparison of the XGBoost Regression before and
after hyper-parameter optimization

Model Variant Default Tuned
Resnet50 0.843 0.877 (+3.8%)
Onnx Mobilenet 0.914 0.924 (+1.08%)
Ssd-Mobilenet 0.941 0.943 (+0.21%)
Resnet50 0.962 0.964 (+0.20%)
Mobilenet 0.962 0.97 (+0.82%)
Tensor ow Mobilenet-Q 0.956 0.966 (+1.03%)
Ssd-Mobilenet 0.965 0.971 (+0.61%)
Ssd-Mobilenet-QFT 0.956 0.964 (+0.82%)
Ssd-Mobilenet-SQFT 0.961 0.966 (+0.51%)

Each row of the dataset contains i) the name of the selected inference engine, ii) the back-

end framework, i.e., Tensor ow or ONNX, iii) the system metrics collected at the begin-

ning of each training scenario, iv) the assigned values of the INTRA_OP_PARALLELISM_THREADS
for the Tensor ow backend and the OMP_NUM_THREADS and threads options for the ONNX
backend (#threads), and v) the QPS achieved.

Performance Modeling DSE: The purpose of this step is to identify the most e cient

ML model, per inference engine, for predicting the QPS achieved under interference.
From the training dataset @ we isolate each time the rows pertaining to a single en-
gine and train a number of di erent regression models@, each with its default training

hyperparameters@. Finally, we compare the accuracy of their prediction of QPS us-
ing the result of a 10-fold cross-validation of the scikit-learn Python library [211] to
identify the best model @ The most accurate ML regression models in predicting the
performance of the MLPerf inference benchmarks are Random Forest Regression and
XGBoost Regression. This is true for both the image classi cation task and the object
detection task. It can also be seen that the XGBoost regression in particular has the
best overall score for almost all inference engines. Since the Random Forest regression
outperforms the XGBoost regression in only 2 of the total 9 predictions, and that only
slightly, we will use the XGBoost regressor for predicting QPS for all MLPerf inference
benchmarks.

Model's hyperparameter tuning: To further increase the score by cross-validation
obtained with the XGBoost regressor in the default con guration, we perform a hy-
perparameter optimization process@) to select a set of hyperparameters for our re-
gressor, tailored to the performance of each MLPerf inference benchmark it needs to
predict. We perform a randomized search for the hyperparameters of the XGboost re-
gressor, for each MLPerf Inference benchmark, using the RandomizedSearchCV function
of the scikit-learn Python library. Table A.2 summarizes the default and tuned accuracy
achieved. Adjusting the model parameters leads to an average increase in accuracy of
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1.5%.

A.4.2. Online Phase

In the online phase IRIS continuously evaluates the levels of interference on the underlying
system, by monitoring the hardware-related monitors described in Section A.4.1. Based
on these monitors, it performs QPS predictions for newly deployed inference engines, as
well as running ones, and dynamically re-con gures their allocated resources, in order to
minimize CPU utilization while satisfying a user-de ned target QPS value. IRIS supports
two di erent inference serving approaches: i) the model-speci ¢ one, where the specic
inference engine that the end-user wants to use, serves as input along with the required
QoS, and ii) the model-less approach, where only the task, i.e., image classi cation or
object detection, serves as input and it is decided which model is best to use to satisfy
the required QoS.

Model-specic: In the online phase of the model-specic approach, as mentioned
earlier, our scheduler takes the target inference engine with the target QoS as input
and attempts to determine the degree of parallelism that will allow the system to be
as resource-constrained as possible, while still satisfying the required QoS constraint.
Through continuous monitoring, our mechanism gains insight into the current level of
disruption using various system metrics such as CPU and cluster memory usage, which
are collected over a prede ned interval@, and the average values per metric are calcu-
lated.

Depending on which backend, i.e. Tensor ow or ONNX, the inference engine uses, it sets
the values for the corresponding inference engine tuning knobs. To achieve this, our sched-
uler relies on the pre-trained XGBoost model. Speci cally, given the interference con-
ditions indicated by the collected system metrics@ and all the di erent parallelization
Ievels@, the regression model predicts the QP@ that the benchmark would achieve.
After collecting the predicted QPS scores for the di erent parallelization levels @ we
perform a sort, based on the CPU utilization @ and select the tuning knob value that
minimizes the CPU utilization and satis es the QoS @).

Model-less: In the online phase of the modeless approach, the end user speci es only
the task he wants to perform, i.e., image classi cation or object detection, and the target
QoS. The modeless scheduler then selects the best inference engine with the appropri-
ate degree of parallelism from a task-speci ¢ pool of registered, trained inference models
to complete the task in the least resource-intensive manner, while satisfying the QoS
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constraint under the current interference conditions in the system. The main di erence
is that during the QPS prediction phase, the model-less scheduler not only tries di er-
ent levels of parallelism, but also di erent models for the given task. Apart from this
additional degree of freedom, the other steps are identical.

A.5. Evaluation

To evaluate our schedulers, we perform a series of tests on both the model-specic and
model-less approaches. Each scheduling system is evaluated against di erent baselines,
di erent levels of interference, and di erent QoS requirements.

A.5.1. Model-speci c Inference Engine Scheduler Evaluation

Experiment Description: To quantify the impact of di erent levels of interference on
scheduling decisions, we create 3 di erent interference scenarios. In each scenario, iBench
batches are deployed on our cluster, pressuring various shared resources for a speci ed
time interval ranging from 70 to 220 seconds. When an iBench batch is nished, the next
one is started after a random time interval between 10 and 30 seconds. After the interfer-
ence level is determined, the inference engines presented in section A.3 are used to provide
a speci ¢ QoS constraint. Each engine is deployed 10 times for a duration of 30 seconds.
We also consider 3 di erent QoS constraints i) Low, ii) Medium, and iii) High for each
inference engine, based on the QPS values it can achieve. Finally, we compare our model-
speci ¢ scheduler to two di erent schedulers: i) a scheduler that provides a minimum of
CPU resources (Min CPU Usage), and ii) a scheduler that provides full-provisioning and
thus maximizes the utilization of CPU (Max CPU Usage).

Figure A.6 (top) shows the violations of the speci ed QoS constraint for 3 representative
inference engines i) the TF-Mobilenet, ii) the TF-Mobilenet-Q, and iii) the ONNX-SSD-
Mobilenet. X axis shows di erent QoS constraint levels, while Y axis depicts the number

of QoS violations. Our interference-aware scheduler manages to keep the number of QoS
violations signi cantly lower than Min CPU Usage in all cases with medium or high QoS
constraints, and performs better or equal to Min CPU Usage in almost all cases with low
QoS constraints. IRIS (Interference-Aware) achieves 67:53% less QoS violations com-
pared to Min CPU Usage, on average. Furthermore, our scheduler manages to perform
remarkably better than the Max CPU Usage in the ONNX SSD-Mobilenet inference en-
gine. More speci cally, we achieve, on average, 43:97% less QoS violations compared to
the Max CPU Usage approach. This is because the ONNX benchmarks perform best at
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Figure A.6.: Model-speci c inference serving evaluation of the number of QoS violations (top)
and average CPU utilization (bottom) over di erent QoS constraint levels.

moderate parallelism, while they show a performance drop at high parallelism. In the
Tensor ow benchmarks, the number of QoS violations of our custom scheduler is simi-
lar to that of the Max CPU Usage, although our scheduler achieves this without using the
cluster's resources at maximum capacity all the time.

Figure A.6 (bottom) depicts the average CPU utilization of the studied scheduling ap-
proaches for di erent QoS constraint levels. Our interference-aware scheduler achieves
36:78% CPU utilization, on average which is between the CPU utilization of the Min
CPU Usage (15:38%) and the Max CPU Usage (all threads occupied - 84:27%). This means
that our custom scheduler is able to meet or exceed the QoS constraint for most in-
ference engines by utilizing 56:4% less CPU resources compared to Max CPU Usage, and
avoiding the resource under-utilization and high QoS violations, compared to Min CPU
Usage.

To gain further insight into the behaviour of the examined scheduling approaches, we
examine the QPS distributions obtained for i) the TF-Mobilenet-Q and ii) the ONNX-
SSD-Mobilenet Inference Engines, respectively, for 3 di erent QoS targets and 3 di erent
interference scenarios. As Figure A.7 shows, our interference-sensitive scheduler exhibits
26% less QPS compared to Max CPU Usage for TF-Mobilenet-Q. However, this comes
with the cost of resource over-utilization. For ONNX-SSD-Mobilenet in gure A.8, our
scheduler achieves 44% more QPS, on average, thus we con rm that maximizing resource
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Figure A.7.: QPS Distributions for TensorFlow Mobilenet Quantized over di erent QoS con-
straints ans interference scenarios

Figure A.8.: QPS Distributions for ONNX Runtime SSD-Mobilent over di erent QoS constraints
ans interference scenarios

utilization does not necessarily lead to high QPS due to context switching and congestion.
Moreover, we see a performance distribution with the highest probability of QPS values
above the target QoS for all QoS constraints. Therefore, our scheduler provides more QoS
guarantees compared to Min CPU Usage, by achieving 59.2% and 16.6% higher QPS, on
average, for TF-Mobilenet-Q and ONNX-SSD-Mobilenet, respectively. Thus, IRIS can
guarantee high QPS, while avoiding resource congestion.

A.5.2. Model-less Inference Engine Scheduler Evaluation

Experiment Description: When evaluating the model-less scheduler, we only specify

the desired task, i.e., image classi cation or object detection, and the scheduler selects the
appropriate inference engine and the values of the tuning knobs. We consider 20 requests,
the duration of each inference engine being 30 seconds. Finally, our model-less scheduler
is compared to all di erent interference-aware model-speci ¢ schedulers for the given task
e.g., for the object detection task, a baseline is the interference-aware model-speci ¢ sched-
uler using only the TF-SSD-Mobilenet inference engine.
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Figure A.9.: Model-less Inference Serving Evaluation for QoS violations (top), average CPU
utilization (middle) and QPS (bottom) for Image Classi cation Task.

Figure A.9 indicates the QoS violations (top) and average CPU utilization (middle) for
the image classi cation task. For low (20) and medium (35) target QoS constraint, the
model-less scheduler mostly uses the ONNX-Mobilenet benchmark, which never violates
the constraint. With the high QoS constraint (50), most of the time the TF-Mobilenet
benchmark is used, which has a higher QPS capability with a lower CPU utilization.
As a result, the model-less scheduler achieves, on average, 57.63% less QoS violations
compared to the others, where a single model variant is utilized. Furthermore, as we
observe in Figure A.9 (middle) the model-less approach achieves low QoS violations,
while keeping the average CPU utilization down to 21:34%, on average, across all QoS
constraints. Moreover, as it can be seen from the QPS distributions in Figure A.9, the
model-less scheduler exhibits similar performance variability to the benchmark it uses
most often for each QoS objective. More speci cally, it manages to keep the mean QPS
value above the QoS constraints, while it achieves 2, 1:22 and 1:56 higher QPS for
low, medium and high QoS constraint, on average.

In a similar experiment for object detection tasks, Figure A.10 highlights the QoS viola-
tions (top), the average CPU utilization (middle) and the QPS (bottom), respectively. In
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Figure A.10.: Model-less Inference Serving Evaluation for QoS violations (top), average CPU
utilization (middle) and QPS (bottom) for Object Detection Task.

particular, our model-less scheduler mainly uses the ONNX-SSD-Mobilenet benchmark
with a low QoS constraint, by achieving up to 23:89% less QoS violations, on average, for
all the QoS constraints (Fig. A.10 top). For the medium and high QoS requirements, the
model-less scheduler applies the TF-SSD-Mobilenet benchmark for most deployments, so
that, on average, 8 QoS violations occur, as with the model-speci ¢ scheduler serving
TF-SSD-Mobilenet. However, it performs signi cantly better than the scheduler with
the ONNX-SSD-Mobilenet benchmark in these QoS conditions, by achieving 42:36% less
QoS violations, on average. Furthermore, the average CPU utilization is maintained at
a minimum for all QoS conditions, by consuming down to 34:19% of the total amount
of the CPU (Fig. A.10 middle). The performance variability shown in Figure A.10 is
similar to the performance variability it mostly selects, resulting in a mean QPS score
above the QoS constraints (Fig. A.10 bottom).
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A.6. Conclusion

In this work, we present an interference- and resource-aware predictive scheduling frame-
work for ML inference engines that aims to guarantee application-speci ¢ QoS constraints,
while minimizing resource utilization. Our framework is based on a model-less approach
and is integrated with the Kubernetes system. Under various QoS constraints, the model-
speci ¢ interference-aware scheduler violates QoS constraints less frequently by achieving
1:8 fewer violations, on average, compared to over-provisioning and 3:1 fewer vio-
lations compared to under-provisioning, through e cient exploitation of available CPU
resources. The model-less feature is able to cause, on average, 1:5 fewer violations com-

pared to the model-speci ¢ scheduler, while further reducing the average CPU utilization
by 30%.
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Appendix B.

SynergAl. Edge-to-Cloud Synergy for
Architecture-Driven High-Performance
Orchestration for Al Inference

The rapid evolution of Arti cial Intelligence (Al) and Machine Learning
(ML) has signi cantly heightened computational demands, particularly for
inference-serving workloads. While traditional cloud-based deployments
o er scalability, they face challenges such as network congestion, high
energy consumption, and privacy concerns. In contrast, edge comput-
ing provides low-latency and sustainable alternatives but is constrained
by limited computational resources. In this work, we introduce SynergAl,

a novel framework designed for performance- and architecture-aware in-
ference serving across heterogeneous edge-to-cloud infrastructures. Built
upon a comprehensive performance characterization of modern inference
engines, SynergAl integrates a combination of o ine and online decision-
making policies to deliver intelligent, lightweight, and architecture-aware
scheduling. By dynamically allocating workloads across diverse hardware
architectures, it e ectively minimizes Quality of Service (QoS) violations.
We implement SynergAl within a Kubernetes-based ecosystem and eval-
uate its e ciency. Our results demonstrate that architecture-driven in-
ference serving enables optimized and architecture-aware deployments on
emerging hardware platforms, achieving an average reduction of 2:4 in
QoS violations compared to a State-of-the-Art (SotA) solution.
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B.1. Introduction

In recent years, the rapid advancement of Al and ML applications and their widespread
integration into daily life has brought the new era of intelligent computing. Technolo-
gies such as Deep Learning (DL) [151] and Dynamic ML [212] are being widely used
for inference across diverse domains, including healthcare [213], computer vision [214],
and nance [215]. Modern ML inference is characterized by the convergence of increas-
ingly complex models, rapid adaptation to specialized domains, and growing end-user
demands. This combination results in signi cantly higher computing, memory, and stor-
age requirements. For example, widely used SotA DL models like YOLOv8m [216] have
over 25 million parameters. Newer architectures, such as ViT-G/14 [217], are even more
demanding, reaching nearly 2 billion parameters. As a result, these models place heavy
demands on system resources and can lead to signi cant performance bottlenecks during
deployment.

Traditionally, these models are governed by throughput- and latency-oriented QoS [218]
requirements, as well as Service Level Objectives (SLOs) or Service Level Agreements
(SLAs) [219]. To meet these QoS demands and achieve SLO targets, such models are
typically deployed on high-performance Cloud computing platforms, which help miti-
gate performance bottlenecks while o ering scalable, exible, and cost-e ective solutions.
Modern Cloud systems enhance ML/DL workloads by utilizing distributed computing,
specialized hardware accelerators (e.g., GPUs, TPUs) [220], and optimized networking.
Many vendors provide Machine Learning as a Service (MLaaS), o ering comprehen-
sive solutions for model training, deployment, and inference. Notable platforms include
Google Cloud Vertex Al [159], AWS SageMaker [160], Microsoft Azure ML [161], IBM
Watson ML [221], and Nvidia Al Enterprise [222]. However, as service demands con-
tinue to surge, Cloud congestion becomes an increasing challenge, leading to limitations
in scalability and reliability. Additionally, Cloud servers and data centers are typically
centralized and located far from end-user devices. As a result, latency-sensitive applica-
tions often su er from long round-trip delays, network congestion, and degraded service
quality [223]. Furthermore, in data-sensitive sectors such as healthcare, storing sensi-
tive information on third-party infrastructure raises critical privacy and con dentiality
concerns [224].

To overcome the limitations of Cloud infrastructures, some of the computational workload

is shifted to the Edge, bringing processing closer to where the data is generated. Special-
ized Al hardware, such as Nvidia Jetson, Google Edge TPU, and Intel Movidius [225],
along with optimized ML frameworks like ONNX Runtime, TensorFlow, and TensorFlow
Lite [177,226,227], enable e cient Al inference directly on Edge devices. Additionally, a
signi cant amount of modern Edge devices lack dedicated GPUs because of limitations
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in cost, power consumption, heat dissipation, or physical size. As a result, inference must
often be carried out on the CPU, e.g. in mid-range smartphones, wearables, smart home
devices and automations. This advancement allows for low-power, high-performance Al
applications, reducing the need for constant Cloud connectivity and shaping the modern
paradigm of Edge Al [228]. Additionally, Edge processing improves power e ciency by re-
ducing reliance on energy-intensive Cloud data centers, lowering data transmission costs,
and utilizing specialized Al accelerators [229]. However, Edge computing operates with
more limited computational and storage resources compared to Cloud-based processing.
As a result, achieving e ective Edge-to-Cloud synergy is crucial for enabling scalable and
e cient Al inference across the computing continuum.

A major challenge in achieving seamless Edge-to-Cloud synergy is integrating the QoS
guarantees of the Cloud with the e ciency, low overhead, and advantages of the Edge
while mitigating the inherent limitations of each processing layer. This requires address-
ing several key challenges: i) Edge-to-Cloud Scheduling & Heterogeneity: E ec-

tive collaboration between Edge and Cloud depends on intelligent scheduling of inference
workloads while accounting for the diverse architectures of modern processors, such as
ARM, RISC-V, and x86. ii) Architecture-Aware Inference Deployment. Many

Edge platforms o er con gurable power and performance modes (e.g., power modes,
turbo boost) that introduce trade-o s between energy e ciency and inference speed. Op-
timal deployment requires dynamic tuning of execution settings to align with workload
demands. Furthermore, the growing diversity in CPU architectures including di er-
ences in core counts, instruction sets (e.g., ARM, x86), and power-performance trade-o s
further complicates optimized inference scheduling and resource allocation. iii) Diverse
QoS and SLA Requirements: Dierent application domains impose varying QoS
constraints. For example, healthcare and automotive applications require millisecond-
level inference latency, whereas nance and agriculture can tolerate higher variability,
enabling exible resource allocation across the Edge-to-Cloud continuum. iv) Infer-
ence Engine Variability: The broad range of inference-serving frameworks, such as
TensorFlow [177], ONNX Runtime [226], and PyTorch [230], introduces complexity in
selecting the optimal model and backend for deployment across di erent hardware nodes.
The aforementioned challenges form a multidimensional problem for the e cient de-
ployment of inference-serving workloads within a heterogeneous Edge-to-Cloud contin-
uum.

E cient inference serving remains a challenging task, as it requires a deep understand-
ing of application architecture, workload characteristics, and the processing capabilities
of both Edge and Cloud infrastructures [218]. To address these challenges, prior re-
search has explored inference serving and orchestration solutions speci cally tailored
for the Edge [231 234], the Cloud [166, 199, 218], and the broader Edge-to-Cloud con-
tinuum [235 238]. SotA research o ers e ective inference-serving strategies, primarily
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focusing on QoS-driven performance optimizations [239], which serve as the core opti-
mization objective of this work. However, existing approaches lack architecture-aware
scheduling frameworks that dynamically optimize inference serving by adapting to the
diverse operating capabilities of heterogeneous Edge and Cloud nodes. Additionally, while
various scheduling techniques have been proposed for individual layers (Edge or Cloud)
and across the continuum, they often fail to fully exploit dynamic resource adaptation and
architecture-driven execution modes. As a result, these limitations restrict the optimiza-
tion and customization potential of existing solutions, preventing them from maximizing

e ciency under varying workload demands.

In this work, we introduce SynergAl [240 243], a novel framework designed for architecture-
tuned, performance-e cient inference serving across heterogeneous Edge-to-Cloud nodes.
The primary optimization goal of SynergAl is to minimize QoS violations for inference
engines deployed across the continuum by ensuring e cient, architecture-driven engine
placement. Our solution is based on comprehensive performance and architecture-driven
characterization and analysis of discrete inference engines across di erent Edge/Cloud
nodes and operating modes. Specically, we focus on the performance and resource
trade-o capabilities of Edge nodes, enabling the development of optimized deployment
strategies tailored to each node's unique attributes. The outcome of this analysis provides
the crucial tuning parameters for our proposed Edge-to-Cloud orchestrator. SynergAl
utilizes a QoS-aware, architecture-driven scheduling framework that dynamically adjusts
the placement of inference jobs based on real-time assessment of QoS violation risks.
We further evaluate the overhead introduced by our approach and demonstrate that

it remains minimal. In addition, we analyze energy consumption, highlighting consis-
tent energy savings across platforms and we present a representative use case that pro-
vides an in-depth visualization of SynergAl's behavior and decision-making process in
a real deployment scenario. To summarize, the key contributions of this work are as
follows:

" We conduct an extensive characterization and analysis for performance and
architecture-driven tuning and deployment of discrete ML inference engines and
models across the Edge-Cloud continuum.

" We present SynergAl, a novel Edge-to-Cloud scheduling framework for
solving the problem of QoS violations minimization. We incorporate a combination
of oine and online mechanisms into our proposed solution, which leverages the
characterization and analysis process to perform dynamic task scheduling based on
real-time assessments of QoS violation risks.

~ We integrate and evaluate our solution with the Kubernetes framework,
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demonstrating that SynergAl's architecture-driven inference serving enables opti-
mized and architecture-aware deployments on emerging hardware platforms, achiev-
ing an average reduction of 2:4 in QoS violations compared to a SotA solution.

B.2. Related Work

In recent years, numerous studies have focused on inference serving and scheduling. Sys-
tems like TensorFlow Serving [177], TensorFlow Lite [227], and ONNX Runtime [226]
are notable examples of exible and high-performance serving platforms for ML mod-
els, tailored for production environments on both Edge and Cloud infrastructures. From
an industrial perspective, Nvidia's Al platform o ers the Triton Inference Server [178],
which facilitates GPU-based inference while also supporting CPU models, though it re-
quires static con guration for model instances. Regardless of the setup, e ective in-
ference serving relies heavily on e cient scheduling and orchestration. In this section,
we present related work, categorized based on the target optimization layer within the
Edge-to-Cloud continuum. Speci cally, we group the examined research into three main
categories: (i) Inference Serving & Scheduling on the Edge, (ii) Inference Serving &
Scheduling on the Cloud, and (iii) Inference Serving & Scheduling across the Edge-Cloud
Continuum.

Inference serving & Scheduling on the Edge: Several studies have focused on
optimizing inference serving at the Edge. In [231], the authors propose a DNN parti-
tioning and splitting approach tailored for Edge computing systems. Similarly, in [233],
a framework is presented that utilizes Edge computing for collaborative DNN inference
through device-edge synergy. In [234], a mathematical model is introduced for adap-
tive DNN model partitioning and inference o oading at the Edge. Additionally, [244]
proposes a multi-agent reinforcement learning-based, energy-e cient collaborative infer-
ence scheme for Mobile Edge Computing (MEC). Lastly, in [232], a resource-e cient
DNN inference method with latency-awareness is proposed, while [245] explores the
trade-o s between energy consumption and latency for CNN inference on Edge accel-
erators.

Inference Serving & Scheduling on the Cloud: Several studies have investigated
inference serving, scheduling, and orchestration at the Cloud layer. In [218], the authors
introduce an interference- and resource-aware predictive orchestrator for ML inference
serving. In [166,199], a scheduling approach for CPU servers is presented, which utilizes
load prediction to reduce interference. Furthermore, [200] proposes a modular framework
that balances incoming workloads based on low-level metrics monitoring. Resource parti-
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tioning strategies designed to optimize QoS requirements have also been explored in [198].
Finally, in [246], workload-speci ¢ scheduling techniques are discussed, where di erent
workload classes are handled by distinct schedulers.

Inference Serving & Scheduling across the Edge-Cloud Continuum: To leverage

the advantages of both Edge and Cloud computing, humerous studies have focused on op-
timizing inference serving and scheduling across the Edge-Cloud continuum. In [235], the
authors propose an active inference-based approach for o oading LLM inference tasks
and managing resource allocation in cloud-edge environments. The study in [247] intro-
duces an Edge-Cloud collaborative architecture for DNN inference, while [236] presents
a preemptive scheduling solution for distributed ML jobs in Edge-Cloud networks. Ad-
ditionally, [248] employs LLMs to dynamically adjust the placement of application tasks
across Edge and Cloud layers in response to workload uctuations. Furthermore, the
authors of [237] and [238] propose Edge Cloud collaborative o oading strategies that
rely on DNN partitioning, requiring detailed inter- and intra-layer analyses to determine
the optimal placement of model layers across heterogeneous Edge and Cloud resources.
Speci cally, EosDNN [237] employs genetic algorithms to guide layer distribution, whereas
DDPQN [238] leverages a deep reinforcement learning based approach to optimize DNN
o oading across Edge Cloud environments.

Reference Edge Cloud CPU GPU Performance Power
Li et al. [233] X X X X X X
Shi et al. [234] X X X X X X
Xiao et al. [244] X X X X X X
Guo et al. [232] X X X X X X
Archet et al. [245] X X X X X X
IRIS [218] X X X X X X
Paragon [166] X X X X X X
Quasar [199] X X X X X X
Tzenetopoulos et al. [200] X X X X X X
Patel et al. [198] X X X X X X
Garefalakis et al. [246] X X X X X X
He et al. [235] X X X X X X
Li et al. [247] X X X X X X
Wang et al. [236] X X X X X X
Rao et al. [248] X X X X X X
EosDNN [237] X X X X X X
DDPQN [238] X X X X X X
SynergAl X X X X X X

Table B.1.: Qualitative Comparison of SotA Literature Schedulers

While several approaches to inference serving and scheduling across the Edge, Cloud,
and Edge-Cloud continuum have been explored in existing research, to the best of our
knowledge, no study has proposed an architecture-driven scheduling framework that dy-
namically adapts to the heterogeneous capabilities of Edge and Cloud nodes to optimize
inference serving. Our system takes advantage of the architecture-driven performance fea-
tures and operating modes of modern Edge/Cloud infrastructures, leveraging their con g-
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urable modes to enhance e ciency and minimize QoS violations. We investigate the im-
pact of our approach across CPU/GPU heterogeneous architectures. Table B.1 provides
a qualitative comparison across the discrete SotA works that focus on inference schedul-
ing on the Edge, Cloud and Edge/Cloud continuum. Through extensive architecture-
driven characterization and analysis, our end-to-end orchestrator intelligently allocates
ML workloads across the continuum, o ering a lightweight and performance-optimized
solution.

B.3. Proling, Characterization & Analysis

B.3.1. Inference Serving Testbed

Hardware & Software Infrastructure: We conduct our experiments on a high-end
dual-socket Intel® Xeon® Gold 5218R (@2.1 GHz) server, equipped with 128 GB of DRAM
memory. On top of this setup, we con gure two virtual machines to function as the
master (4 vCPUs, 8 GB RAM) and worker (16 vCPUs, 16 GB RAM) nodes of our
cluster, respectively, utilizing the KVM hypervisor. Additionally, we integrate two more
worker nodes on the Edge, which include an Nvidia Jetson AGX (8 CPUs, 32 GB RAM)
and an Nvidia Jetson Xavier NX (6 CPUs, 8 GB RAM). For cluster deployment and
orchestration, we leverage Kubernetes [249] (v1.28.10) in combination with Containerd
(v1.7.2) as the container runtime.

Inference Engine Workloads: For the purposes of this paper, we use the object de-
tection and image classi cation tasks from the MLPerf Inference benchmark suite [250].
Table B.2 provides details on the MLPerf inference engines used, including the represen-
tation, the model variant, the validation dataset, and the model accuracy. The accuracy
values are solely determined by the model and dataset, and therefore remain consistent
across all platforms. Each inference engine container instance comprises two components:
(i) the Inference Engine and (ii) the Load Generator. The Inference Engine processes a
pre-trained DNN model (e.g., ResNet) using a speci ed backend framework (e.g., Tensor-
Flow) to perform the designated task. Meanwhile, the Load Generator simulates tra c
for the Inference Engine and monitors its performance. It takes as input the validation
dataset (e.g., ImageNet), the scenario, and the total number of queries to execute. In our
experiments, we employed the Single Stream scenario, where the Load Generator sends
one sample per query and waits for execution to complete before dispatching the next one.
Throughout the characterization, we maintain a consistent number of queries in MLPerf
across all inference engines to evaluate their performance under the same workload and
uncover their internal characteristics. This value is the default used in the Single Stream
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scenario. To eliminate variability caused by network latency, bandwidth limitations, or
cloud congestion, all validation datasets used in the experiments are pre-loaded into each
target device before execution, respectively.

Analysis of Operating Modes in AGX and NX Boards: The Nvidia AGX and

NX boards provide various operating modes to optimize performance, energy e ciency,
and thermal management. These modes enable the system to switch between peak per-
formance for demanding workloads and lower power consumption for enhanced e ciency
in energy-constrained environments. Table B.3 presents a detailed overview of the modes
analyzed in our research, as derived from the manufacturer's speci cations. It is impor-
tant to note that both the AGX and NX boards o er additional modes, but enabling
them requires a reboot. Since this work focuses on run-time decision making, we avoid
using these modes as they introduce overheads which can a ect the scheduling system we
are developing. Focusing on the Nvidia Jetson AGX, we observe six available operating
modes. The CPU frequency ranges from 1200 MHz to 2266 MHz, with the number of
active CPUs varying from 2 to 8. Additionally, the power budget ranges from 15 Watts

to MAXN, generally indicating no xed upper limit on power consumption. This enables
the system to operate at peak performance while dynamically adjusting power usage ac-
cording to workload demands and thermal constraints. On the other side, the Nvidia
Jetson Xavier NX o ers nine available power modes. The CPU frequency here ranges
from 1200 MHz to 1900 MHz, with 2 to 6 CPUs active, and the power budget ranges
from 10 Watts to 20 Watts.

B.3.2. Characterizing Inference Serving

To gain deeper insights into the execution characteristics of the various inference en-
gines listed in Table B.2, we evaluate the impact of dierent factors on their perfor-
mance. Speci cally, we pro le the engines to assess how i) x86 and ARM-based work-
ers, ii) vertical resource scaling, and iii) operating modes on ARM-based workers in-
uence their performance. At the end of this analysis, we highlight the key insights
from our study to determine the optimal modes for implementation in our scheduling
system.

Performance-aware Characterization

In this section, we pro le the inference engines listed in Table B.2 to analyze their perfor-
mance across all workers in our cluster. Figure B.1 presents the characterization of the
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Table B.2.: Supported MLPerf Inference Engines, Model Variant, Dataset and Corresponding

Accuracy
Task Representation Model Variant Dataset Accuracy
ResNet50 ImageNet 76.456%
Tensor ow (TF) [177] MobileNet ImageNet 71.676%
MobileNet Quantized (Q) ImageNet 70.694%
i 0,
o TELite (TFL) [227] MobeeNet . ImageNet 71.676%
Image Classi cation MobileNet Quantized ImageNet 70.762%
ResNet50 opset-8 (OP8) ImageNet 76.456%
- 0,
ONNX Runtime [226] ResNetSO opset-11 (OP11) ImageNet 76.456%
MobileNet opset-8 ImageNet 71.676%
MobileNet opset-11 ImageNet 71.676%
TensorFlow [177] SSDMobileNet Coco 300 mAP 0.234
Object Detection i -
] ONNX Runtime [226] SSDMobeeNet opset-8 Coco 300 mAP 0.23
SSDMobileNet opset-11 Coco 300 mAP 0.23

Figure B.1.: Characterization of the Evaluated Inference Engines Across All Available Workers:
QPS (Top), pre-processing time (Upper-middle), inference engine time (Lower-
middle) and total execution time (Bottom) in log. scale.

evaluated inference engines across all available workers. It illustrates (a) the QPS (Top),
(b) the pre-processing time, which includes backend initialization, DNN model loading,
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and validation data preparation (Upper-middle), (c) the inference engine execution time,
which refers to the actual computation (Lower-middle), and (d) the total execution time,
as recorded by the Load Generator for each MLPerf Inference Engine, which represents
the overall pre-processing and inference engine execution time (Bottom). All metrics are
depicted in logarithmic scale. For the x86 worker, QPS values range from 16.5 for Ten-
sorFlow ResNet to 259 for ONNX Runtime MobileNet with opset-11, resulting in an
average QPS of 52.3. For total execution time, we observe a distribution ranging from a
minimum of 27.8 seconds for ONNX Runtime MobileNet with opset-11 to a maximum

of 4.3 minutes for ONNX Runtime SSDMobileNet with opset-8. The average execution
time is 2.4 minutes. An interesting observation is that, despite all inference engines pro-
cessing the same number of queries, the ONNX ResNet engine with the lowest QPS is not
the one with the longest execution time. Instead, the shortest execution time is recorded
for ONNX Runtime MobileNet with opset-11, which has a QPS of 259. This behavior

is attributed to the preprocessing time, which includes the overhead of initializing the
selected backend, setting up the pre-trained DNN model on this backend, and loading
the MLPerf validation dataset. Indeed, TensorFlow ResNet completes this process in just
1.4 seconds, whereas ONNX Runtime MobileNet with opset-11 requires 19 longer time
for preprocessing. This signi cantly impacts performance, ultimately counteracting the
advantage of its higher QPS.

For the AGX worker, QPS ranges from 5.7 for TensorFlow ResNet to 39.3 for ONNX
Runtime MobileNet with opset-11, with an average of QPS of 19. The total execution
time spans from a minimum of 1.8 minutes for ONNX Runtime MobileNet with opset-11

to a maximum of 11.5 minutes for TensorFlow ResNet, averaging 4.6 minutes. Similarly,
for the NX worker, QPS varies between 5.6 for TensorFlow ResNet and 22 for TensorFlow
MobileNet, with an average of 12.5. The total execution time ranges from a minimum
of 3.1 minutes for TensorFlow MobileNet to a maximum of 11.6 minutes for TensorFlow
ResNet, with an average of 6.8 minutes. For both AGX and NX workers, the inference
engine with the highest QPS results in the shortest execution time, while the one with
the lowest QPS has the longest execution time, unlike the x86 worker. This occurs
because preprocessing time increases only slightly, by 10% on AGX and 1:76 on NX
compared to x86. Preprocessing tasks like image resizing and normalization rely more
on memory bandwidth and I/O rather than CPU power, causing minimal slowdown on
weaker hardware. In contrast, inference is far more computationally intensive, making the
increase in preprocessing time negligible compared to the much larger rise in execution
time.

? Q1: How does the performance of inference engines vary when executed on
di erent workers?

The x86 worker outperforms AGX and NX, achieving 2:8 and 4:2 higher QPS, re-
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spectively, while also being 2 and 2:8 faster in execution time, respectively. This is
expected, as x86 o ers the most powerful CPU and the largest available RAM, followed
by AGX and then NX. TensorFlow ResNet consistently exhibits the lowest performance
across all devices due to its high computational complexity [251], which becomes even
more evident on resource-constrained platforms like AGX and NX. ONNX MobileNet
opset-11 is the fastest inference engine on both x86 and AGX, bene ting from ONNX
Runtime's optimizations for e cient parallel execution and low-latency inference. How-
ever, on NX, TensorFlow MobileNet achieves the best performance. This analysis high-
lights the signi cance of architecture-aware inference deployment, as performance can
vary substantially across hardware platforms, even within the same device family, due to
the interplay between system architecture, framework optimizations, and the character-
istics of the inference model.

? Key Outcome 1: Optimal inference engine and model selection varies signi cantly
across di erent hardware architectures. Inference e ciency is driven by the engine, mod-
els and intra-architecture characteristics.

Architecture-Driven Tuning Characterization

In this section, we examine the impact of various optimizations on the performance
of the analyzed inference engines. Our approach is divided into two parts: a) for the
x86 worker, we evaluate how the number of threads in uences performance, and b) for
the AGX and NX workers, we investigate how di erent operating modes a ect perfor-
mance.

? Q2: How does vertical scaling (i.e., #Threads) impact performance on x86-
based workers?

In this part of our analysis, we examine the behavior of various inference engines when
executed on an x86 worker with di erent thread counts. We focus on thread scaling, as

it represents one of the most e ective approaches for enhancing parallelism and through-

put. Speci cally, for inference engines using ONNX Runtime as the backend, we mod-

ify the INTRA_OP_NUM_THREADS parameter, and for TensorFlow engines, we adjust the
INTRA_OP_PARALLELISM_THREADS setting, which are the most in uential parameters, as
outlined in prior research [218]. Finally, for TensorFlow Lite, we explore the NUM_THREADS
parameter. Figure B.2 illustrates the QPS (Top) and execution time (Bottom) across all

the inference engines examined (X-axis) for ranging number of threads. As shown in
Figure B.2, increasing the number of available threads results in higher QPS and reduced
total execution time. Using 2, 4, 8, and 16 threads yields average QPS improvements
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of 1:6, 2:5, 3:8, and 4:5 respectively, compared to single-threaded execution. In
terms of total execution time 2, 4, 8, and 16 threads lead to average execution speedups of
1:6, 2:3, 2.9, and 3 compared to single-threaded execution, respectively. To quan-

tify the relationship between thread count and performance, we compute the Pearson
correlation coe cient [139] between execution time and the number of threads. Values
closer to 1 indicate a stronger linear correlation. On average, the correlation is 0.83,
suggesting a strong, although not perfectly linear, relationship between thread count and
performance. This observation implies that performance improvements from increasing
the number of threads tend to diminish beyond a certain point. For example, scaling from

1 to 8 threads yields a speedup of 2:9, while further increasing to 16 threads results in
only a marginal improvement to 3. These diminishing returns are attributed to factors
such as increased synchronization overhead, contention for shared resources (e.g., cache
and memory bandwidth), and ine ciencies in parallel execution. Finally, preprocessing
time shows limited responsiveness to increases in thread count, resulting in a total exe-
cution time reduction of only 21% at 16 threads compared to single-threaded execution.
This modest improvement is expected, as we previously mentioned that preprocessing
tasks are more dependent on memory bandwidth and I/O operations than on CPU par-
allelism. As a result, fully utilizing all available threads does not guarantee proportional
performance gains, indicating that near-optimal performance is often achievable with a
reduced number of threads.

This e ect becomes more noticeable in inference engines with relatively short total ex-
ecution times. As the number of threads increases and the inference engine becomes
faster, the preprocessing stage emerges as the primary bottleneck. For instance, in the
ONNX Runtime implementation of SSD MobileNet with opset-8, increasing the thread
count beyond 4 causes preprocessing to dominate the overall execution time, thereby
reducing the bene t of additional threads. In addition, the scalability of performance is
signi cantly in uenced by the choice of backend and quantization strategy. In the case of
TensorFlow Lite's quantized MobileNet model, performance improves as expected when
scaling from 1 to 8 threads. However, at 16 threads, both Queries per Second (QPS) and
execution time remain nearly unchanged compared to single-threaded execution. This
behavior is primarily driven by two factors. First, TensorFlow Lite's threading model

is optimized for embedded devices and is designed to prioritize low-latency execution
rather than high degrees of parallelism. As a result, it does not e ectively distribute
workloads across a large number of threads on x86 CPUs, which are not its primary
target architecture. Consequently, performance improvements tend to plateau beyond
8 threads. Second, quantization itself plays a crucial role in determining threading e -
ciency. int8 operations are typically faster than oating-point operations due to their
lower computational complexity and reduced memory bandwidth requirements [?, 252].
However, because these operations are inherently lightweight and complete rapidly, the
overhead associated with coordinating a larger number of threads can negate the expected
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Figure B.2.: Impact of Thread Scaling on MLPerf Inference Engines in x86 Worker

(a) AGX (b) NX
Figure B.3.: Impact of Operating Modes on the QPS (Top) and execution time (Bottom) for
the MLPerf Inference Engines for AGX and NX

performance gains. In some cases, excessive threading may even degrade performance due
to increased synchronization overhead.

? Key Outcome 2: Increasing the number of threads on x86-based workers enhances
inference performance, but the improvements taper o beyond a certain point. This sug-
gests that near-optimal performance can be achieved without fully utilizing all available
threads, allowing for more e cient resource usage.

? Q3: How do operating modes a ect ARM-based workers?

In this part of our analysis, we assess the impact of operating modes on ARM-based
workers. Rather than directly analyzing thread scaling as done on the x86 worker, we
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Table B.3.: Power Mode Con gurations for Nvidia Jetson AGX and Xavier NX Boards

Board Mode Max CPU Frequency Online CPUs Power  Budget
(MHz) (W)

Mode 1 1200 8 30
Mode 2 1450 6 30

Nvidia Jetson AGX Mode 3 1780 4 30
Mode 4 2100 2 30
Mode 5 2188 4 15
Mode 6 2266 8 MAXN
Mode 1 1200 4 10
Mode 2 1400 4 15
Mode 3 1400 4 20

Nvidia Jetson NX Mode 4 1400 6 15
Mode 5 1400 6 20
Mode 6 1500 2 10
Mode 7 1900 2 15
Mode 8 1900 2 20
Mode 9 1900 4 10

evaluate its e ect through operating modes, which simultaneously modify parameters
such as CPU frequency, core availability, and power allocation, all of which in uence
performance. Figure B.3 illustrates the distributions of QPS and total execution time for
the AGX and NX boards across the available operating modes, as outlined in Table B.3.
Focusing on the AGX worker, we observe that Mode 6 stands out with the highest QPS
and, consequently, the lowest execution time. The QPS distribution ranges from 4.8 to
39.8, averaging at 18.4, while execution time ranges from 1.8 to 13.6 minutes, with an
average of 5.1 minutes. Speci cally, Mode 6 delivers a QPS that is 1:3 higher than
Mode 5, 1:4 higher than Mode 4, 1:8 higher than Mode 3, 2 higher than Mode 2,
and 2:2 higher than Mode 1. In contrast, the slowest mode, Mode 1, shows a QPS
distribution from 4.8 to 17.3, averaging 8.2, with execution times ranging from 4.1 to
28.5 minutes, averaging 11.4 minutes. Mode 6 is expected to perform the best due to
its highest maximum operating frequency, utilization of all available CPUs, and lack
of power budget limitations. On the other hand, although Mode 1 o ers more online
CPUs and a higher power budget, its lower frequency results in it being the slowest
option.

For the NX worker, Mode 9 achieves the highest QPS. The QPS distribution ranges from
5.6 to 23.3, averaging 14.3, while execution time varies between 2.9 and 11.6 minutes,
with an average of 5.8 minutes. Speci cally, Mode 9 delivers a QPS that is 1.2 higher
than Modes 7 and 8, 1:3 higher than Modes 2, 3, 4, and 5, 1.5 higher than Mode

6, and 2:5 higher than Mode 1. The lowest-performing mode is Mode 1, with a QPS
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Figure B.4.. Impact of Frequency, #CPUs and Power Budget on Performance for AGX Worker

Figure B.5.: Impact of Frequency, #CPUs and Power Budget on Performance for NX Worker

distribution ranging from 1.8 to 8.1, averaging 5.5, and execution times between 8.4
and 36 minutes, with an average of 16.9 minutes. Mode 9 achieves high performance
by utilizing the highest CPU frequency while using only four threads and operating at
the lowest power budget. In contrast, Mode 1, which has the lowest maximum CPU
frequency of 1200 MHz, along with the same number of CPUs and power budget, results
in the slowest execution.

? Key Outcome 3. Operating modes signi cantly impact performance on ARM-based
workers, with higher CPU frequencies leading to better QPS and lower execution times.

? Q4: Which parameters (e.g., #CPUs, frequency) have the greatest impact
on performance?

To gain a deeper understanding of why the aforementioned operating modes are signif-
icant, we analyze how the performance of the inference engines is a ected by the key
aspects of each operating mode for both the AGX and NX workers. Figures B.4 and B.5
show the distributions of QPS across di erent maximum operating clock frequencies
(Left), the number of online CPUs (Center), and the available power budget (Right).
As observed for both AGX and NX workers, increasing the maximum CPU frequency re-
sults in higher performance. For the AGX worker, raising the CPU frequency from 1200
MHz to 1450 MHz leads to an average 2:5% increase in QPS. Increasing to 1780 MHz
results in a 1:35 boost, to 2100 MHz a 1:7 increase, to 2188 MHz a 1:8 increase, and
to 2266 MHz a 2:3 improvement on average. A similar behavior is observed for the NX
worker, where moving from the same initial CPU frequency to the next available frequency
results in a 1:7, 2, and 2:3 higher QPS on average.
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Regarding the number of available online CPUs, we observe a counterintuitive trend. For
the AGX worker, increasing the number of online CPUs generally leads to a decrease
in QPS on average. Specically, utilizing 4 online CPUs results in an 8% decrease in
QPS, while having 6 online CPUs leads to a 1.7 lower QPS compared to using 2 online
CPUs. With 8 online CPUs, QPS remains nearly the same as with 2 CPUs, showing
only a slight 1% drop on average. For the NX worker, QPS remains relatively stable. We
observe a slight 2% decrease on average with 4 CPUs, followed by a 4% increase when
using 6 CPUs compared to the 2-CPU con guration. To understand this behavior, we
focus on the 2-CPU operating modes. On the AGX worker, the 2-CPU con guration
corresponds to Mode 4, which operates at a high frequency of 2100 MHz. In contrast,
the 6-CPU con guration, where we observe the largest QPS drop, only includes Mode
2, which has a lower frequency of 1450 MHz. Even with 8 online CPUs, which include
the best-performing Mode 6, the presence of Mode 1 operating at a lower frequency of
1200 MHz causes a decline in the QPS distribution. Similar observations hold for the NX
worker. This suggests that operating frequency is a more critical factor than the number
of online CPUs. If performance is the primary objective, it is often preferable to choose
an operating mode with fewer CPUs but a higher frequency, rather than increasing the
number of CPUs at the cost of reduced frequency.

As for the available power budget of the operating modes for the AGX worker, the
MAXN power budget stands out with an average QPS of 18.4. The next best power
budget is 15 Watts, which results in a 1:3 decrease, followed by 30 Watts, which leads
to a 2 decrease compared to MAXN. Although one might expect that the 30-Watt
mode would perform better than the 15-Watt mode, a deeper analysis of the operating
modes reveals that the 15-Watt power budget is exclusively associated with Mode 6,
which has the second-highest operating frequency. In contrast, the 30-Watt power budget
includes multiple modes with signi cantly lower frequencies, leading to a lower average
QPS. For the NX worker, the behavior follows expectations, with the lowest QPS values
observed at 10 Watts, averaging 9.7 QPS. At 15 Watts and 20 Watts, the QPS values are
similar, averaging 11.3. The similarity in performance between 15 Watts and 20 Watts
is attributed to the wider range of operating frequencies available within these power
budgets, preventing any single mode from standing out.

? Key Outcome 4: CPU frequency has the greatest impact on performance, outweighing
the number of online CPUs, while power budget in uences performance indirectly based
on the frequency and modes it enables.

To summarize, our evaluation shows that optimal inference performance is closely tied to
the hardware characteristics of the target architecture. The selection of inference engine
and model signi cantly impacts performance and varies across architectures due to engine-
speci ¢ optimizations and architectural di erences. On x86-based workers, increasing
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the number of threads improves performance, but bene ts diminish beyond 8 threads,
making it a practical choice for balancing e ciency and resource usage. In contrast,

ARM-based workers are highly sensitive to operating modes, with CPU frequency being
the dominant factor driving throughput and execution time. Other parameters, such as

core count and power budget, have a more indirect and comparatively minor in uence
on performance.

B.4. SynergAl Scheduling Framework

Based on the insights derived by the characterization and analysis presented in Sec-
tion B.3.2, we design SynergAl. Its main goal is to satisfy the QoS requirements of the
deployed inference engines by reducing the number of QoS violations. SynergAl is il-
lustrated in Figure B.6 and aims to provide a synergetic Edge-to-Cloud solution and
consists of two discrete phases, i.e. i) Architecture-driven Performance Analysis & Char-
acterization (O ine) detailed in Sec. B.4.1 and ii) QoS-aware Run-time Scheduling &
Deployment (Online), analyzed in Sec. B.4.2.

B.4.1. Oine Phase: Architecture-driven Performance Analysis &
Characterization

The oine phase aims to evaluate how each inference engine performs under various
architecture-speci ¢ optimizations, driven by the characterization and analysis presented
in Sec. B.3.2. As input we provide the target inference engines intended for deploy-
ment within the proposed inference serving system, as well as the target Edge/Cloud
nodes. More speci cally, the inference engine consists of the backend (e.g., TensorFlow,
ONNX Runtime), the pre-trained DNN model (e.g., ResNet), and the validation dataset
(e.g., ImageNet), while the target nodes are characterized by their underlying architec-
ture of workers (e.g., x86, ARM) and their operating modes. The result of the oine
phase is the creation of a con guration dictionary for the discrete inference engines,
which encapsulates the data to be used later for job scheduling during the Online phase
(Sec. B.4.2).

Initially, the Performance-aware Con guration Generator @ examines the available
levels of parallelism for each architectural con guration, optimizing execution e ciency
accordingly. This process involves con guring the degree of vertical scaling for each
backend within the inference engine on each worker node, as highlighted in prior research
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in [218]. By systematically exploring parallelism options, the system ensures that in-
ference workloads are optimally distributed across computational resources, maximizing
throughput and minimizing latency. In addition to parallelism optimization, SynergAl
integrates the Architecture-aware Con guration Generator @ designed to enhance e -
ciency in architectures where operating mode tuning is feasible. This module integrates
the discrete operating modes available on speci ¢ hardware platforms, such as the AGX
and NX boards, to assess their impact on performance within discrete power budgets. By
dynamically selecting the most e cient operating mode con guration, SynergAl ensures
that inference workloads are executed with an optimal balance between computational
speed, threading, and e ciency, leading to architecture-tuned deployments. This dual op-
timization strategy leveraging both parallelism exploration and architecture-aware tun-

ing enables SynergAl to adaptively con gure heterogeneous Edge and Cloud nodes, op-
timizing resource utilization while meeting QoS constraints.

Once all potential con gurations for an inference engine across the available workers are
collected, a thorough Design Space Exploration & Analysis@ is performed. This step
involves systematically evaluating each con guration to identify the most e cient and
high-performing settings for di erent workers, considering the speci ¢ operating modes.
By carefully exploring these con gurations, we gain valuable insights into the trade-o s
between speed and e ciency, ultimately resulting in a well-balanced and optimized de-
ployment strategy. During this exploration, we gather detailed performance metrics,
such as the achieved QPS, total execution time, pre-processing time, actual computa-
tion time, threading, and more. These metrics provide a comprehensive view of the
inference engine's performance under varying con gurations. Following an in-depth anal-
ysis of the collected data, we identify the Architecture-driven Optimal Deployments

for each inference engine, selecting the best-performing con gurations from all avail-
able architectures. This data is then stored in a structured database, ensuring easy
access and retrieval when required. The nal dataset forms the Con guration Dictio-
nary @ which serves as a reference for the SynergAl orchestrator. This dictionary
includes crucial elements for optimal inference serving, such as the model, backend,
operating mode, and other system con gurations. It acts as the foundation for job
scheduling in the Online Phase (Sec. B.4.2), enabling the orchestrator to make intel-
ligent, architecture-tuned decisions that maximize the e ciency of the entire Edge-Cloud
system.
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Figure B.6.: Overview of the O ine and Online Phases of the SynergAl Framework
B.4.2. Online Phase: QoS-aware Run-time Scheduling & Deployment

During the Online Phase, SynergAl continuously manages incoming inference workloads
while maintaining compliance with the target QoS objectives. The scheduling policy con-
structs a Job Queue@, where each job corresponds to an inference engine with de ned
execution requirements, including the total number of queries to process and its speci-
ed QoS constraint. For each job, SynergAl tracks the user-de ned execution deadline
and the time elapsed since the job entered the queue. It then computes the remaining
allowable time before a QoS violation as the di erence between the speci ed QoS target
and the accumulated waiting time. As the waiting time increases, the remaining time
decreases, indicating higher urgency for scheduling. This parameter is continuously up-
dated and used to guide job prioritization and reduce the likelihood of QoS violations.
Once computed, queued jobs are processed by the Execution Time Estimat@, which
enables adaptive scheduling by dynamically determining the optimal execution job order.
Through the Con guration Dictionary @ SynergAl selects, for each worker, the con g-
uration that maximizes QPS for a given inference engine. Based on this selection, the total
execution time for each job worker pair is estimated as the sum of the job's pre-processing
delay and the time required to execute all queries at the QPS of the chosen con guration.
This information is then utilized by the QoS Violation Detection Mechanism @ which
identi es jobs at risk of exceeding their QoS limits and determines the most suitable
worker for deployment. SynergAl evaluates the di erence between the remaining time
before a QoS violation and the estimated execution time across all available workers. As
this di erence approaches zero, the job is considered increasingly urgent, while a negative
value signi es that a QoS violation cannot be avoided.

SynergAl then determines the set of acceptable workers for each job, de ned as those
capable of completing the job within its remaining time budget . From this set, workers
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are sorted by their estimated execution time, and the optimal worker is selected as the
one expected to complete the job the fastest. This approach ensures that each job is as-
signed to the most e cient available node while maintaining QoS compliance. To handle
cases where the optimal worker is currently occupied, SynergAl maintains a prioritized
list of suitable workers, allowing immediate assignment to the next best available node
and thus minimizing idle time. Once urgency scores for all job and worker assignments
are determined, the queue is reordered so that the most urgent jobs are processed rst,

forming the Ordered Job Queue@. If no worker can complete a given job within its QoS
limit, the job is temporarily de-prioritized and placed at the end of the queue, allowing
feasible jobs to be processed rst . A periodic update mechanism re-evaluates all jobs,
updating their waiting times and reassigning them to the most suitable workers as the
system state evolves. When a job is ready for execution, the Optimal Worker Availability
Exploration @ iterates through the ordered list of acceptable workers, starting from
the optimal one, until an available worker is found. Once identi ed, the corresponding
con guration is retrieved from the con guration dictionary. The scheduler then performs
the nal Job-to-Node Mapping @ generating the Final Deployment Plan @ which
is deployed through Kubernetes. This iterative process continues until all jobs in the
qgueue are successfully executed across the Edge/Cloud cluster, ensuring e cient utiliza-
tion of resources and strict adherence to QoS requirements. Finally, SynergAl adopts
a distributed storage model natively supported by the Kubernetes infrastructure. Data
persistence and sharing across the Edge/Cloud continuum are managed through Kuber-
netes volumes, which operate in a distributed manner across the nodes of the cluster. This
design decouples storage resources from individual nodes, enabling seamless data access
and container portability, while providing a robust, scalable, and fault-tolerant solution
with minimal additional complexity. The architectural decision to pre-distribute data
limits network overhead to small Kubernetes control messages. This design minimizes
the impact of network variability, as the latency of these messages is negligible compared
to compute-intensive inference tasks.

Incorporating new devices and inference engines: The proposed Online methodol-

ogy operates based on pre-characterized inference engines and worker nodes. The method-
ology is also capable of accommodating newly added devices or inference engines. In
such cases, we leverage the insights from Section B.3.2 to guide their deployment, even
in the absence of a complete con guration prole. For new workers, if multiple fre-
guency settings are available, we choose the con guration with the highest frequency, as
it generally provides the best performance. Among con gurations with similar frequen-
cies, we prioritize those with the second-highest humber of CPU cores, since increasing
core counts beyond a certain point o ers diminishing returns. This con guration is ap-
plied during real-time execution. For new inference engines deployed on already-known
devices, we use the con guration that has shown the best performance across the ma-
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jority of pre-characterized engines. For example, when deploying a new engine, we use
operating Mode 6 on the AGX node, Mode 9 on the NX node, and 8 threads on the
x86 worker. An O ine characterization phase can later be performed to comprehen-
sively evaluate the new device or inference engine. The resulting data is then used to
enhance the con guration dictionary, improving future scheduling and deployment deci-
sions.

B.5. Experimental Evaluation

In this section, we present the experimental evaluation of SynergAl. First, we explain the
experimental setup and the mechanisms used for comparison. Finally, we present and ana-
lyze the results of our experiments and the impact of SynergAll.

B.5.1. Experiment Overview and Baselines Description

We assess the SynergAl scheduler through multiple experiments to evaluate its e ciency.
Each experiment consists of a set of 24 inference engines to be served. Each inference en-
gine speci es a required number of queries to be executed along with its QoS constraints,
meaning it expects to complete these queries within a speci ed time limit. Queries are
processed sequentially, with each new query issued only after the previous one has nished,
following the Single Stream scenario de ned in MLPerf. Aiming to evaluate experiments
that clearly re ect the behavior of the scheduler, all jobs scheduled and executed in strict
isolation on their designated nodes, ensuring zero interference and resource contention.
To determine the demands, we aggregated execution times across all con gurations and
workers for each inference engine. From this distribution, we extracted the median values
to de ne a demand-low-intensity (DL) demand set and the 25%-ile values to represent
a demand-high-intensity workload (DH). Regarding the arrival of inference requests at
SynergAl's scheduler, we follow a Poisson distribution, as done in prior research [3], since
it e ectively models request arrivals by capturing independent events, following an ex-
ponential inter-arrival time, re ecting real-world variability, and o ering mathematical
simplicity for analysis. The parameter of the distribution is derived from the data gath-
ered during characterization. Speci cally, we aggregate execution times for all inference
engines across all con gurations and workers, extracting the median and 25%-ile values
from the distribution to de ne a low request frequency (FL) and a high request frequency
(FH). In total, we create three distinct experiments: DL-FL, DL-FH, and DH-FH, each with
increasing di culty to evaluate our scheduling system.
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We compare the SynergAl scheduler with various other scheduling methods, ranging
from standard approaches to SotA scheduling systems. Besides our scheduling approach,
we implement ve additional scheduling systems: i) Round Robin (RR), which allocates
inference engines to workers in a circular sequence, regardless of worker capabilities or
job demands, ensuring a fair distribution of workload across the system; ii) Strict Round
Robin (SRR), a variation of RR, where each job is strictly assigned to the next worker and
walits for its availability, aiming for perfect distribution but risking increased waiting times

and demand violations; iii) Least Recently Used (LRU), which assigns jobs to the worker
that has been idle the longest to prevent starvation and promote an even workload dis-
tribution; iv) Most Recently Used (MRU), which allocates jobs to the most recently active
node that is available, although it risks node starvation, as some nodes may remain un-
derutilized; v) Best E ort (BE), which follows a greedy policy, iterating from the strongest
worker to the weakest until an available is found, and then assigns the job to that worker
for execution. Additionally, we implement from scratch and compare against a SotA
scheduling solution derived by [3]. We focus on the proposed solution without model slic-
ing, namely SLO Minimum-Average-Expected-Latency (SLO-MAEL), since our work does
not focus on the model slicing techniques. SLO-MAEL aims to reduce QoS violations and
the decision-making relies on evaluating all possible mappings of inference engines to
workers using a scoring system. The performance of each scheduling system is evaluated
using the following metrics: a) total number of violations, b) waiting time, which refers

to the duration the inference engine spends in the queue, c) end-to-end execution time,
encompassing waiting time, execution time, and the scheduling overhead introduced by
SynergAl, and d) average excess time, which measures the average time a job exceeds its
desired execution time. This is calculated as the di erence between the actual and desired
times, with excess time clipped to zero for jobs that do not violate the QoS. It is impor-
tant to note that all jobs are executed isolated, with no concurrent inference workloads
on the same node, aiming to avoid interference phenomena.

B.5.2. Detailed Analysis of SynergAl versus De ned Baselines

Figure B.7 presents the results of the DL-FL experiment. Analyzing the number of vi-
olations, the SRR scheduler records the highest count at 18, followed by LRU with 14
and RR with 11. The MRU scheduler incurs 5 violations, while BE reports 3. SynergAl
achieves the fewest violations, with only 2 recorded. Beyond violation counts, SynergAl
also demonstrates superior performance in end-to-end execution time. Its execution time
distribution ranges from a minimum of 7.4 seconds to a maximum of 4.3 minutes, with
an average of 1.24 minutes and a tail latency of 4.3 minutes. The tail latency metric (i.e.
the 99%-ile of the distribution) is particularly important, as it captures the worst-case
execution time for the slowest 1% of jobs, ensuring system reliability under peak loads.
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Figure B.7.: Comparison of SynergAl with other Scheduling Systems in the DL/FL Experiment

SynergAl consistently outperforms all other schedulers, with its tail latency execution
time being lower by factors of 2:1, 2:3, 2.4, 2:4, and 3.6 compared to BE, MRU,

RR, LRU, and SRR, respectively. The average waiting time provides further insights into
scheduling e ciency. As expected, the SRR scheduler exhibits the longest waiting time

at 3.6 minutes due to its strict job rotation policy, which evenly distributes workloads

but increases delays and violation risks. The LRU and RR schedulers show shorter waiting
times of 18.8 seconds and 11.5 seconds, respectively. Notably, both MRU and BE, along
with SynergAl, experience no waiting time. SynergAl's advantage comes from its abil-

ity to identify the optimal con guration for each inference engine across worker nodes.
This underscores the importance of the O ine Phase, as other schedulers rely on pre-

de ned con gurations, typically selecting the worker with the highest CPU resources.

By leveraging its learned knowledge, SynergAl surpasses these conventional approaches.
Moreover, due to its adaptive con guration strategy, even for the two jobs that exceeded
their QoS targets, the average excess time remains exceptionally low at just 2.3 seconds.
This is signi cantly lower compared to the excess times recorded by other schedulers:
13.4 seconds for BE, 20.7 seconds for MRU, 39.9 seconds for RR, 46.7 seconds for LRU, and
4.3 minutes for SRR.

In the DL-FH experiment, we increase the arrival rate of inference engines to evaluate how
the scheduling schemes perform under higher workload conditions. Figure B.8 presents
the results of this experiment. Among the schedulers, SRR exhibits the highest number
of violations, with 21 violations, meaning only three jobs met their constraints. The LRU
scheduler follows with 15 violations, while RR, MRU, and BE each record 16 violations,
indicating a performance decline under heavier load. In contrast, SynergAl achieves
the best performance, recording the fewest violations at just 6. For the execution time
distribution, SynergAl performs remarkably well, with a range from a minimum of 9.5
seconds to a maximum of 12 minutes, an average of 2.3 minutes, and a tail latency of
10.4 minutes. Regarding waiting time, SRR has the highest at 13.3 minutes, while LRU
and RR exhibit shorter waiting times of 1.36 minutes and 1.56 minutes, respectively. Both
MRU and BE display waiting times of 1.41 minutes and 1.42 minutes, explaining the higher
number of violations for these schedulers. On the other hand, SynergAl has the smallest
average waiting time at just 49.2 seconds. Finally, regarding excess time, SynergAl
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Figure B.8.: Comparison of SynergAl with other Scheduling Systems in the DL/FH Experiment

Figure B.9.: Comparison of SynergAl with other Scheduling Systems in the DH/FH Experiment

maintains an average excess time of 37.7 seconds for the jobs that led to violations. This

is signi cantly lower compared to the excess times recorded by other schedulers: 1.4
minutes for BE, 1.3 minutes for MRU, 1.4 minutes for RR, 1.3 minutes for LRU, and 13.7
minutes for SRR.

Finally, in the DH-FH experiment, we not only increase the arrival rate of inference en-
gines but also raise the QoS demands for each engine, making this the most challenging
experiment in terms of load for all the schedulers. Figure B.9 presents the results of this
experiment. Once again, SRR records the highest number of violations, totaling 21. The
other schedulers show a slight increase in violations compared to the previous experiment,
with LRU, RR, MRU, and BE recording 17, 17, 18, and 16 violations, respectively. In con-
trast, SynergAl delivers the best performance even in this demanding scenario, achieving
the fewest violations with only 11. The execution time distribution of SynergAl ranges
from a minimum of 9.3 seconds to a maximum of 11.8 minutes, with an average of 2.75
minutes and a tail latency of 11.6 minutes. When comparing the tail latency, SynergAl
outperforms the other schedulers, with a value 1:3 lower on average, showcasing its
superior e ciency. As for waiting times, SynergAl has the lowest average waiting time

of approximately 1 minute. The next slowest schedulers are BE at 1.1 minutes, followed
by LRU at 1.2 minutes, RR at 1.4 minutes, MRU at 1.8 minutes, and SRR at 12.9 minutes.
Regarding excess time, SynergAl maintains an average excess time of 1.1 minutes for
the jobs that resulted in violations, which is signi cantly lower than the excess times
recorded by the other schedulers: 1.4 minutes for BE, 2.35 minutes for MRU, 1.9 minutes
for RR, 1.8 minutes for LRU, and 14.2 minutes for SRR. Summarizing all the experiments,
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SynergAl achieves an average reduction of 7:1 in QoS violations and 5:3 in excess
time, respectively.

B.5.3. Comparison with SotA Scheduling System

We also compare SynergAl with the SotA scheduling system proposed by [3] (SLO-MAEL).
We once again compare SynergAl with SLO-MAEL across the three distinct experiments we
previously analyzed: DL-FL, DL-FH, and DH-FH, each representing scenarios with escalat-
ing di culty and load. For this evaluation, we utilize the same metrics as in our previous
analysis to ensure consistency. Figure B.10 presents the results from all conducted ex-
periments. In the DL-FL experiment, SLO-MAEL results in 5 violations. The end-to-end
execution time varies signi cantly, ranging from a minimum of 10.7 seconds to a maxi-
mum of 4.4 minutes, with an average of 1.8 minutes and a tail latency of 4.2 minutes.

In contrast, as previously shown, SynergAl leads to only 2 violations while achieving a
1.5 reduction in average execution time. This performance gap can be primarily at-
tributed to the waiting time experienced by tasks. SLO-MAEL exhibits an average waiting
time of 31.5 seconds, whereas SynergAl completely eliminates pending time, allowing for
more e cient scheduling and execution. Although SLO-MAEL utilizes a scoring system to
optimize task-to-worker placement based on current queue conditions, it lacks adaptive
rescheduling capabilities and fails to account for the optimal resource con gurations of
each worker. Consequently, this leads to a higher number of violations and longer wait-
ing times. The drawbacks of SLO-MAEL are also evident in the average excess execution
time, which measures how much longer tasks take beyond their expected duration. Here,
SLO-MAEL records an average excess time of 7.1 seconds, which is 3:1 higher than that
of our approach. This further highlights the ine ciencies in its scheduling decisions com-
pared to SynergAl, which optimally balances task assignments to minimize delays and
violations.

For the DL-FH and DH-FH experiments, which present increasingly complex and challeng-
ing scenarios, we observe a consistent pattern. SLO-MAEL results in 13 violations for DL-FH
and 17 for DH-FH, which are 2:2 and 1:6 higher, respectively, compared to the number
of violations seen with SynergAl. Execution times are also noticeably higher for SLO-MAEL,
with average times that are 1:5 longer for DL-FH and 1:3 longer for DH-FH. Similarly,
waiting times for SLO-MAEL are signi cantly greater, standing at 1:9 and 1:5 higher
than those observed with SynergAl in these experiments. Furthermore, the average ex-
cess execution time further emphasizes the ine ciencies of SLO-MAEL, showing 2:2 higher
values in DL-FH and 1:85 higher in DH-FH compared to SynergAl. These results clearly
demonstrate that SynergAl outperforms SLO-MAEL in terms of scheduling e ciency by
reducing violations, execution times, waiting times, and excess execution, positioning it
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Figure B.10.: Comparison of SynergAl with SLO Minimum-Average-Expected-Latency (SLO-
MAEL) [3] for all Experiments

as a more e ective solution for inference scheduling.

B.5.4. Overhead, Energy Consumption Analysis & Use-Case Demonstration

Overhead & Tail Latency Analysis: A successful Edge-Cloud scheduler scheme
should also be able to perform decision-making with minimal overhead. Therefore, we
evaluate the scheduling overhead of each policy in the DH-FH experiment (i.e. the most
tight experiment) as shown in Figure B.11, in order to observe the di erences in assign-
ment e ciency among the evaluated schedulers. The scheduling overhead represents the
time interval from when a job is dequeued from the waiting queue until it is successfully
assigned to a worker. Note that SLO-MAEL is excluded from the overhead analysis, as its
scheduling policy primarily performs decision-making as a pre-processing step for schedul-
ing exploration, thus prior to the actual scheduling decision. Consequently, it does not
incur overhead during scheduling, which is the focus of our analysis. Although SLO-MAEL
evaluates multiple scheduling scenarios, these computations are not carried out during job
execution. Therefore, it is not comparable under our overhead de nition, which considers
only run-time computational e ort. SynergAl demonstrates superior performance with
the lowest average scheduling overhead of 12.54 seconds, which is approximately 2:5
faster than MRU, 3:2 faster than LRU, 3:5 faster than RR, 4:1 faster than BE, and

8:9 faster than SRR. The median values further highlight SynergAl's consistency, with

a negligible median scheduling overhead, indicating that the majority of jobs are assigned
almost instantaneously.

While SRR also exhibits negligible median scheduling overhead, this metric is misleading
and masks its notably poor overall performance. SRR demonstrates an average scheduling
overhead of 1.86 minutes -nearly 9 higher than SynergAl- with a maximum scheduling
overhead of 11.42 minutes and tail latency of 11.21 minutes, indicating severe e ciency
degradation. The deceptive minimal median overhead for SRR can be explained by its
strict rotation policy: when the designated worker in the rotation is immediately avail-
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Figure B.11.: Scheduling Overhead of all the Scheduling Systems in the DH/FH Experiment

Figure B.12.: Tail Latency of all Scheduling Systems in the DH/FH Experiment

able, assignment occurs instantly, but when that speci ¢ worker is busy, the scheduler
waits inde nitely until it becomes available rather than proceeding to the next worker
in rotation. This creates a polarized distribution with either immediate assignments or
signi cant delays, making the median an unreliable indicator of SRR's true performance.
SynergAl's superiority can be attributed to its intelligent multi-layered approach. By
computing the best- tting worker for each job and maintaining a sorted list of workers
from fastest to slowest for each specic job, it minimizes assignment overhead through
pre-computation and optimization. Additionally, by consistently selecting the fastest
available worker for each job, SynergAl ensures rapid job execution, which in turn makes
workers available more quickly for subsequent assignments. This creates a positive feed-
back loop that maintains low scheduling overhead throughout the system's operation.
To summarize, SynergAl achieves an average reduction of 4:44 in scheduling overhead
across all schedulers.

To gain a deeper understanding of worst-case scheduling behavior, we further analyze talil
latency, an essential metric in edge-to-cloud inference pipelines. Tail latency represents
the high-percentile response time (e.g., the 95%-ile) and re ects delays observed by the
slowest fraction of requests, rather than the average case. This metric is particularly
important in real-time systems, where responsiveness must be maintained not only under
normal operation but also during periods of bursty arrivals or resource contention. Even
when mean latency is low, elevated tail latency can signi cantly degrade user experi-
ence and threaten QoS guarantees. To evaluate the robustness of SynergAl under heavy
load, we report tail-latency performance for the most demanding workload con guration
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Figure B.13.: Normalized energy consumption on the Edge nodes (Left) and average job assign-
ment across the Edge-Cloud nodes (Right).

(DH FH), comparing against all baseline schedulers. Figure B.12 presents the 95%-ile
execution time for each policy. SynergAl achieves the lowest tail latency, improving
over SRR by 6:5, over LRU and RR by 1:8, over MRU by 1:65, and over BE and
SLO-MAEL by 1:41 . These results show that SynergAl not only reduces average execu-
tion time, but also provides strong worst-case latency guarantees. By consistently limiting
tail latency even under extreme system stress, SynergAl ensures reliable inference perfor-
mance across diverse workload conditions. To summarize, SynergAl achieves an average
reduction of 2:43 in tail latency across all schedulers.

Energy Consumption Analysis: Computational energy represents the primary opti-
mization target in our architecture-driven approach, as CPU/GPU power consumption
clearly out-scales that of network components. Network energy measurement remains out-
side our scope as it requires dedicated power sensors not integrated in our experimental
setup. Figure B.13 presents the normalized average energy consumption on Edge nodes
(Left), i.e., the Nvidia AGX and NX boards, and the average job assignment across Edge-
Cloud nodes (Right), including the x86 VM. These results cover all the schedulers and
experiments discussed in Section B.5.1. The Thermal Design Power (TDP) indicates the
average power (in Watts) that a processor dissipates when operating at its base frequency
with all cores active. Our Intel Xeon server has a TDP of 105W per socket, as reported
in the manufacturer's datasheet [253], an order of magnitude higher than the Edge de-
vices, which operate between 10W and 30 W. Consequently, assigning tasks to the x86
worker signi cantly increases energy consumption. Furthermore, since tasks are deployed
on Virtual Machines (VMs) in the Cloud, accurately attributing energy consumption to a
speci ¢ VM is not feasible. Thus, this data is omitted from Figure B.13 (Left). We observe
that SynergAl outperforms the baseline approaches (SRR, LRU, RR, MRU, BE), achieving a
39.08% reduction in energy consumption on the AGX platform and a 43.42% reduction
on the NX platform, on average. When comparing SLO-MAEL to SynergAl, the former
appears to consume less energy, as shown in Figure B.13 (Left). However, Figure B.13
(Right) reveals that SLO-MAEL o oads 14.89% more jobs on average than SynergAl.
Our experiments also demonstrate that jobs o oaded by SLO-MAEL utilize the x86 node
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Figure B.14.: Use Case lllustration for the DH-FH Scenario

for 77.8% longer than those managed by SynergAl, ultimately leading to higher overall
energy consumption across the Edge-Cloud continuum.

Use-case Scenario Breakdown: We conduct a use case scenario and examine the plots
presented in Figure B.14, in order to demonstrate how SynergAl performs compared to
other scheduling approaches. More speci cally, we present a frame-by-frame scenario of
our scheduler's behavior under challenging conditions. All the plots are presented over a
shared x axis, illustrating the time. The top plot displays the arrival pattern of inference
jobs over time, with each job annotated with its speci cations: Job ID (JX), number

of queries (q), and target QoS (os). We follow the arrival pattern of the DH-FH ex-
periment, as described in Section B.5.1, thus focusing on the most intense experiment
with dense arrival regions. The subsequent plots show how di erent scheduling policies
assign the arriving jobs to the available workers over time. Each discrete marker cor-
responds to the the di erent nodes examined (i.e. x86, AGX, NX). On the secondary
axes, we illustrate the number of violations through time. Each scheduler demonstrates a
distinct assignment pattern. The baseline schedulers (SRR, LRU, RR, MRU, BE) assign jobs
in their arrival order and jobs are processed sequentially as they arrive, with minimal
consideration of job characteristics or system optimization. Similarly, the SoA scheduler,
SLO-MAEL, shows some consideration in job placement by evaluating possible mappings,
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