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A bst r a ct

We d e v el o p a n d st u d y F P G A i m pl e m e nt ati o ns of al g orit h ms f or c h ar g e d p arti cl e
tr a c ki n g b as e d o n gr a p h n e ur al n et w or ks. T h e t w o c o m pl e m e nt ar y F P G A d esi g ns
ar e b as e d o n O p e n C L, a fr a m e w or k f or writi n g pr o gr a ms t h at e x e c ut e a cr oss
h et er o g e n e o us pl atf or ms, a n d h l s 4 m l , a hi g h-l e v el-s y nt h esis- b as e d c o m pil er f or
n e ur al n et w or k t o fir m w ar e c o n v ersi o n. We e v al u at e a n d c o m p ar e t h e r es o ur c e
us a g e, l at e n c y, a n d tr a c ki n g p erf or m a n c e of o ur i m pl e m e nt ati o ns b as e d o n a
b e n c h m ar k d at as et. We fi n d a c o nsi d er a bl e s p e e d u p o v er C P U- b as e d e x e c uti o n
is p ossi bl e, p ot e nti all y e n a bli n g s u c h al g orit h ms t o b e us e d eff e cti v el y i n f ut ur e
c o m p uti n g w or k fl o ws a n d t h e F P G A- b as e d L e v el- 1 tri g g er at t h e C E R N L ar g e
H a dr o n C olli d er.

∗ T h es e t w o a ut h ors c o ntri b ut e d e q u all y.
† Als o at I nstit ut e of P h ysi cs B el gr a d e, B el gr a d, S er bi a.

T hir d W or ks h o p o n M a c hi n e L e ar ni n g a n d t h e P h ysi c al S ci e n c es ( N e urI P S 2 0 2 0), Va n c o u v er, C a n a d a.
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1 I nt r o d u cti o n

I n hi g h e n er g y p h ysi cs ( H E P), c h ar g e d p arti cl e tr a c ki n g [1 , 2 ] is a cr u ci al t as k n e c ess ar y f or t h e
a c c ur at e d et er mi n ati o n of t h e ki n e m ati cs of t h e p arti cl es pr o d u c e d i n a c ollisi o n e v e nt. T h e o bj e cti v e
of tr a c ki n g al g orit h ms is t o i d e ntif y t h e tr aj e ct ori es of c h ar g e d p arti cl es cr e at e d i n t h e c ollisi o ns t h at
b e n d i n a m a g n eti c fi el d a n d i o ni z e t h e m at eri al of d et e ct ors, pr o vi di n g p ositi o n m e as ur e m e nts al o n g
t h e tr aj e ct or y of e a c h p arti cl e. C urr e nt tr a c ki n g al g orit h ms [3 – 8 ] s c al e w ors e t h a n q u a dr ati c all y i n t h e
n u m b er of hits, w hi c h ar e e x p e ct e d t o i n cr e as e dr a m ati c all y at hi g h er b e a m i nt e nsiti es. T his m oti v at es
t h e st u d y of alt er n ati v e al g orit h ms wit h diff er e nt c o m p ut ati o n al s c ali n g. A n ot h er i m p ort a nt c o nsi d-
er ati o n is t h e a bilit y t o a c c el er at e t h es e al g orit h ms usi n g hi g hl y- p ar all el h et er o g e n e o us c o m p uti n g
r es o ur c es li k e gr a p hi cs pr o c essi n g u nits ( G P Us) a n d fi el d- pr o gr a m m a bl e g at e arr a ys ( F P G As) as
f urt h er i m pr o v e m e nts i n si n gl e- c or e C P U p erf or m a n c e m a y b e li mit e d [9 , 1 0 ]. R e c e nt eff orts [1 1 , 1 2 ]
h a v e d e m o nstr at e d t h e eff e cti v e n ess of gr a p h n e ur al n et w or ks ( G N Ns) t o c orr e ctl y cl assif y “s e g m e nts ”
b el o n gi n g t o tr a c ks. Gr a p h- b as e d a p pr o a c h es ar e w ell s uit e d t o t his t as k b e c a us e tr a c ki n g d at a c a n b e
n at ur all y e n c o d e d as a gr a p h str u ct ur e [ 1 3 ] a n d G N Ns c o nsi d er l o c al i nf or m ati o n b et w e e n p airs of
hits t o l e ar n r el ati o ns hi ps b et w e e n t h e m i n or d er t o “ c o n n e ct t h e d ots ” t o i nf er tr a c ks.

I n t his p a p er, w e a c c el er at e a G N N [1 2 ] f or s e g m e nt cl assi fi c ati o n, b as e d o n t h e i nt er a cti o n n et w or k
(I N) ar c hit e ct ur e [1 4 , 1 5 ], wit h F P G A i m pl e m e nt ati o ns. S u c h i m pl e m e nt ati o ns e n a bl e ef fi ci e nt
pr o c essi n g, i n b ot h s p e e d a n d e n er g y c o ns u m pti o n f or l ar g e H E P d at as ets. T h e y m a y als o e n a bl e
t h e us e of G N Ns i n t h e hi g h-t hr o u g h p ut, F P G A- b as e d d at a filt er s yst e m, k n o w n as t h e L e v el- 1 tri g-
g er [ 1 6 – 1 9 ], w hi c h h as stri ct s u b- mi cr os e c o n d l at e n c y r e q uir e m e nts t h at o nl y F P G As or a p pli c ati o n-
s p e ci fi c i nt e gr at e d cir c uits ( A SI Cs) c a n m e et. We d esi g n t w o c o m pl e m e nt ar y i m pl e m e nt ati o ns usi n g
O p e n C L [ 2 0 ] a n d h l s 4 m l [2 1 , 2 2 ], a s p e ci ali z e d c o m pil er f or c o n v erti n g m a c hi n e l e ar ni n g ( M L)
al g orit h ms i nt o F P G A fir m w ar e. We e v al u at e t h e r es o ur c e us a g e, l at e n c y, a n d tr a c ki n g p erf or m a n c e
of o ur i m pl e m e nt ati o ns b as e d o n t h e b e n c h m ar k Tr a c k M L d at as et [ 1 ].

2 Tr a c k M L D at a a n d I nt e r a cti o n N et w o r k M o d els

T o b e n c h m ar k t h e al g orit h ms, w e us e t h e Tr a c k M L d at as et [ 1 ], w hi c h c o nsists of si m ul at e d 3 D
m e as ur e m e nts of p arti cl es c o mi n g fr o m i n d e p e n d e nt c ollisi o n e v e nts at t h e L H C. F or o ur a p pli c ati o n,
t h e d at a is e m b e d d e d as a gr a p h b y c o nsi d eri n g t h e hits as n o d es a n d p airs of hits o n a dj a c e nt l a y ers as
e d g es. T h e e d g es c orr es p o n di n g t o tr u e tr a c k s e g m e nts ar e l a b el e d as o n e a n d all ot h ers ar e l a b el e d as
z er o. T h e g o al of t h e s e g m e nt cl assi fi er al g orit h m is t o c orr e ctl y cl assif y t h e e d g es as tr u e or s p uri o us.

We f o c us t h e s c o p e of t h e t as k b y c o nsi d eri n g t h e i n n er m ost l a y ers of t h e d et e ct or, w hi c h us u all y
c orr es p o n d t o t h e “ pi x el ” d et e ct or of a m o d er n H E P d et e ct or. We c o nsi d er t w o s u b d et e ct or r e gi o ns i n
t h e e n d c a ps, c o nsisti n g of 7 l a y ers e a c h, a n d o n e i n t h e b arr el of t h e Tr a c k M L d et e ct or, c o nsisti n g
of 4 l a y ers. E d g es ar e c o nstr u ct e d fr o m hit p airs o n a dj a c e nt l a y ers s atisf yi n g ∆ z < 1 5 c m a n d
∆ φ / ∆ r < 2 .6 2 × 1 0 − 4 . P arti cl es wit h tr a ns v ers e m o m e nt u m (p T ) gr e at er t h a n a gi v e n t hr es h ol d
ar e us e d t o d e fi n e t h e hits ( n o d es) a n d tr u e e d g es. F or t h e h l s 4 m l m o d el, w e c o nsi d er gr a p hs
c orr es p o n di n g t o p arti cl e p T > 2 G e V, w hil e f or t h e O p e n C L i m pl e m e nt ati o n w e st u d y t h e s c ali n g
as a f u n cti o n of p T fr o m 1 t o 5 G e V. A c h ar a ct eristi c gr a p h f or a si n gl e e v e nt is s h o w n i n Fi g. 1 f or
p T > 2 G e V. T h e gr a p h si z e d e p e n ds str o n gl y o n t h e mi ni m u m p T . F or p T > 1 G e V ( 2 G e V), t h e
e v e nt gr a p h c o nt ai ns a p pr o xi m at el y 5, 3 0 0 ( 1, 1 0 0) n o d es a n d 1 6, 6 0 0 ( 1, 5 0 0) e d g es o n a v er a g e.

F oll o wi n g t h e a p pr o a c h of R ef. [ 1 1 , 1 2 ], w e d e fi n e a “s e g m e nt cl assi fi er ” usi n g a n I N m o d el [1 4 , 1 5 ]
t o l e ar n w hi c h e d g es c o n n e ct hits b el o n gi n g t o t h e s a m e tr a c k. R el ati v e t o R ef. [1 2 ], t h e m o d el
ar c hit e ct ur e is si m pli fi e d f or t h e m or e li mit e d t as k a n d t h e F P G A i m pl e m e nt ati o ns. T o i m pl e m e nt it
wit h h l s 4 m l , t h e m o d el s h o w n i n Fi g ur e 1 (l o w er l eft) is us e d. T h e s a m e t y p e of m o d el is us e d f or t h e
O p e n C L i m pl e m e nt ati o n, as s h o w n i n Fi g ur e 1 (l o w er ri g ht), wit h o ut e n c o d er a n d d e c o d er n et w or ks
a n d a diff er e nt I N str u ct ur e. I n a d diti o n, w hil e b ot h m o d els c o nsi d er t h e 3 i n p ut n o d e f e at ur es (r, φ, z ),
t h e h l s 4 m l m o d el c o nsi d ers 4 i n p ut e d g e f e at ur es ( ∆r, ∆ φ, ∆ z, ∆ R ), w hil e t h e O p e n C L m o d el d o es
n ot c o nsi d er a n y. I nst e a d, i n t his m o d el, t h e i n p ut e d g e f e at ur es ar e z er o v e ct ors e k = 0 , w hi c h c a n
b e t h o u g ht of as t h e “i niti al g u ess ” of t h e e d g e w ei g hts, i. e. all e d g es ar e i niti all y ass u m e d t o b e f a k e.
T h o u g h w e s h o w r es ults s e p ar at el y f or t h es e s p e ci fi c v ersi o ns of t h e m o d els, t h e h l s 4 m l a n d O p e n C L
i m pl e m e nt ati o ns w e d e v el o p e d ar e m o d ul ar a n d fl e xi bl e e n o u g h t o a c c o m m o d at e b ot h m o d els as
w ell as ot h er p er m ut ati o ns. A p p e n di x A d e m o nstr at es t his b y i m pl e m e nti n g a s m all er v ersi o n of
t h e s e c o n d m o d el i n h l s 4 m l . B e n c h m ar ki n g t h e s a m e m o d el i m pl e m e nt e d i n b ot h fr a m e w or ks is
pl a n n e d f or f ut ur e w or k.
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(v i, e k )

N o d e 
bl o c k

E d g e 
bl o c k

E n c o d er D e c o d er

(v ′ ′ i , e ′ ′ k )

e ′ k = ϕ e
1 (e k )

v ′ i = ϕ v
1 (v i)

e ′ ′ k = ϕ e
2 (e ′ k , v ′ rk

, v ′ sk
)

ē ′ ′ i = ρ e → v (E ′ i)
v ′ ′ i = ϕ v

2 (ē ′ ′ i , v ′ i)

(v ′ i, e ′ k ) (e ′ ′ ′ k )

e ′ ′ ′ k = ϕ e
3 (e ′ ′ k )

ϕ e
1 :N N ( 4, 8,R e L U , 8,R e L U )

ϕ v
1 :N N ( 3, 8,R e L U , 8,R e L U )

ϕ e
2 :N N ( 2 4, 8,R e L U , 8,R e L U )

ϕ v
2 :N N ( 1 6, 8,R e L U , 8,R e L U )

ϕ e
3 :N N ( 8, 8,R e L U , 8,R e L U , 8,R e L U , 1,si g m oi d )

I nt er a cti o n n et w or k

e ′ k = ϕ e
2 (e k , v rk

, v sk
)

ē ′ i = ρ e → v (E i)

(v i, e k )

E d g e 
bl o c k

N o d e 
bl o c k

v ′ i = ϕ v
2 (ē ′ i, v i)

(e ′ ′ k )
I nt er a cti o n n et w or k

E d g e 
bl o c k

e ′ ′ k = ϕ e
2 (e ′ k , v ′ rk

, v ′ sk
)

(v ′ i, e ′ k )

Fi g ur e 1: A c h ar a ct eristi c gr a p h of p arti cl es wit h p T > 2 G e V f or o n e e v e nt i n x – y vi e w ( u p p er l eft)
a n d r – z vi e w ( u p p er ri g ht). T h e bl a c k e d g es c orr es p o n d t o tr u e tr a c k s e g m e nts, w hil e t h e bl u e e d g es
ar e s p uri o us. G N N ar c hit e ct ur es us e d f or t h e h l s 4 m l ( mi d dl e) a n d O p e n C L (l o w er) i m pl e m e nt ati o ns.

F or t h e h l s 4 m l m o d el, a n e n c o d er c o m p os e d of t w o n e ur al n et w or ks, φ e
1 a n d φ v

1 , tr a nsf or ms i n p ut
n o d e a n d e d g e f e at ur es i nt o hi d d e n r e pr es e nt ati o ns. B ot h φ e

1 a n d φ v
1 h a v e t w o l a y ers wit h 8 n e ur o ns

e a c h a n d r e cti fi e d li n e ar u nit ( R e L U) [ 2 3 , 2 4 ] a cti v ati o n f u n cti o ns. T h e I N is di vi d e d i nt o t w o p arts:
a n e d g e bl o c k ( or r el ati o n al m o d el ) a n d a n o d e bl o c k ( or o bj e ct m o d el ). T h e e d g e bl o c k n et w or k
φ e

2 t a k es as i n p ut a p air of n o d e f e at ur es wit h t h e c orr es p o n di n g e d g e f e at ur es a n d h as l a y ers of
si z es ( 8, 8) wit h R e L U a cti v ati o n. T h e o ut p uts of t h e φ e

2 ar e u p d at e d e d g e f e at ur es, w hi c h c a n b e
c o nsi d er e d “ m ess a g es ” s e nt b et w e e n t h e n o d es a n d a g gr e g at e d at e a c h n o d e. T h e n o d e bl o c k n et w or k
φ v

2 t a k es as i n p ut t h e a g gr e g at e d m ess a g es a n d t h e u p d at e d n o d e f e at ur es a n d c o nsists of l a y ers of
si z es ( 8, 8) wit h R e L U a cti v ati o n. Fi n all y, t h e d e c o d er n et w or k φ v

3 tr a nsf or ms e d g e f e at ur es i nt o a n
e d g e w ei g ht cl assi fi er (t h e pr o b a bilit y f or a gi v e n e d g e t o b e a tr u e tr a c k s e g m e nt), a n d h as l a y ers of
si z es ( 8, 8 , 8 , 1) wit h R e L U a cti v ati o n o n all b ut t h e fi n al l a y er t h at h as a si g m oi d a cti v ati o n.

F or t h e m o d el us e d i n t h e O p e n C L i m pl e m e nt ati o n, t h e I N b e gi ns wit h a n e d g e bl o c k w h er e φ e
2

h as l a y ers of si z es ( 2 5 0 , 2 5 0 , 2 5 0 , 1) wit h R e L U a cti v ati o ns e x c e pt f or t h e fi n al l a y er, w hi c h h as a
si g m oi d a cti v ati o n. T his is f oll o w e d b y a n o d e bl o c k w h er e φ v

2 h as l a y ers of si z es ( 2 0 0 , 2 0 0 , 3) wit h
R e L U a cti v ati o ns e x c e pt f or t h e fi n al l a y er. S u bs e q u e ntl y, t h e s a m e e d g e bl o c k is r e p e at e d t o c al c ul at e
t h e e d g e w ei g hts. T h e n u m b er of fl o ati n g p oi nt o p er ati o ns ( F L O Ps) f or b ot h of t h es e m o d els s c al es
wit h t h e n u m b er of n o d es, n u m b er of e d g es, a n d si z e of t h e n e ur al n et w or ks.

3 I m pl e m e nt ati o ns

O p e n C L is a n o p e n-s o ur c e C- b as e d i nt erf a c e f or p ar all el c o m p uti n g o n v ari o us h ar d w ar e pl atf or ms,
i n cl u di n g C P Us, G P Us, di git al si g n al pr o c ess ors ( D S Ps), a n d F P G As, usi n g t as k a n d d at a- b as e d
p ar all elis m [ 2 0 ]. T h e O p e n C L i m pl e m e nt ati o n of t h e I N a d o pts a C P U- pl us- F P G A c o pr o c essi n g
a p pr o a c h w h er e t h e h ost pr o gr a m o n t h e C P U m a n a g es t h e a p pli c ati o n, a n d all c o m p ut ati o n al
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o p er ati o ns ar e a c c el er at e d usi n g d e di c at e d k er n els d e pl o y e d o n t h e F P G A t h at t a k e c a pit ali z e o n t h e
d e vi c e’s h ar d w ar e ar c hit e ct ur e t o p ar all eli z e o p er ati o ns. T h e m atri x m ulti pli c ati o n k er n el is r e p e at e dl y
e x e c ut e d d uri n g a f or w ar d p ass of t h e n et w or k a n d l e v er a g es t h e F P G A ar c hit e ct ur e f or a n ef fi ci e nt
d at a- p ar all el i m pl e m e nt ati o n. T his k er n el us es b ot h 2 D l o c al m e m or y tili n g a n d 2 D r e gist er bl o c ki n g
t o r e d u c e t h e r e d u n d a n c y a n d l at e n c y of r e a di n g fr o m gl o b all y s h ar e d off- c hi p m e m or y. B e c a us e
t h e i n p ut gr a p h si z es t o t h e n et w or k c h a n g es p er e v e nt, t h e m atri x m ulti pli c ati o n k er n els p a d e a c h
m atri x b ef or e c o m p uti n g t h e r es ult. T hr o u g h o ut t h e f or w ar d p ass, s e v er al o pti mi z ati o ns ar e m a d e t o
s p e e d u p c o m p ut ati o n. O n e e x a m pl e is t h e us e of d o u bl e b uff eri n g, w hi c h all o ws k er n els t o tr a nsf er
d at a a n d e x e c ut e i nstr u cti o ns c o n c urr e ntl y. All l o o ps it er ati o ns e x e c ut e d i n t h e O p e n C L k er n els ar e
“ u nr oll e d ” t o r u n i n p ar all el, w hi c h d e cr e as es t h e l at e n c y at t h e c ost of i n cr e as e d h ar d w ar e r es o ur c e
c o ns u m pti o n. T h e O p e n C L i m pl e m e nt ati o n is t est e d wit h a n I nt el Pr o gr a m m a bl e A c c el er at or C ar d
f e at uri n g a n Arri a 1 0 G X 1 1 5 0 F P G A.

h l s 4 m l [2 1 ] is a n o p e n-s o ur c e c o n v ert er of M L m o d els i nt o F P G A fir m w ar e utili zi n g Xili n x Vitis [2 5 ]
hi g h-l e v el s y nt h esis ( H L S) [ 2 6 ] f or b ot h p ur e F P G A h ar d w ar e a p pli c ati o ns a n d c o pr o c essi n g k er n els.
I n a d diti o n t o i m pl e m e nti n g a G N N usi n g a v ail a bl e h l s 4 m l t o ols, eff orts ar e i n pr o gr ess t o e xt e n d
t h e c o m pil er t o s u p p ort b asi c G N N b uil di n g bl o c ks. E a c h f or w ar d p ass of I N is pi p eli n e d s u c h t h at
m atri x m ulti pli c ati o ns ar e p erf or m e d i n p ar all el. Pi p eli ni n g is p erf or m e d at t h e l e v el of t h e I N e d g e
a n d n o d e bl o c ks a n d t h e a m o u nt of pi p eli ni n g is t u n a bl e t hr o u g h t h e r e us e f a ct or p ar a m et er w hi c h
c o ntr ols t h e i niti ati o n i nt er v al (II) of e a c h bl o c k. I n c o nj u n cti o n wit h bl o c k-l e v el pi p eli ni n g, all l o o ps
ar e f ull y u nr oll e d t o d e cr e as e l at e n c y. All G N N m o d el i n p uts ar e i m pl e m e nt e d wit h a str e a mi n g
i nt erf a c e, w hi c h cr e at es a FI F O t h at r e c y cl es its st or a g e of arr a y el e m e nts o v er e a c h p ass a g e of a
n e ur al n et w or k bl o c k. Str e a mi n g d e cr e as es r es o ur c e utili z ati o n b ut m a y i n cr e as e l at e n c y. T h e i n p ut
gr a p h si z e is tr u n c at e d t o 1 1 2 n o d es a n d 1 4 8 e d g es, w hi c h c orr es p o n ds t o t h e 9 5t h p er c e ntil e gr a p h
si z e f or t h e η a n d φ s e ct ors, a n d us es z er o- p a d di n g t o m a k e t h e i n p uts a u nif or m si z e. T o m a k e s c a ns
of r es o ur c es a n d ti mi n g m or e tr a ct a bl e, w e f urt h er s u b di vi d e t h es e gr a p hs i nt o q u art ers of u p t o 2 8
n o d es a n d 3 7 e d g es j ust f or t h e p ur p os es of pr es e nt ati o n. Tests of t h e h l s 4 m l i m pl e m e nt ati o n t ar g et
a Xili n x Ki nt e x Ultr a S c al e ( K U) 1 1 5 F P G A.

4 R es ults
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Fi g ur e 2: R es o ur c e s yst e m ar e a a n al ysis f or t h e O p e n C L i m pl e m e nt ati o n o n a n Arri a 1 0 G X 1 1 5 0
F P G A o v er m ulti pl e i n p ut d at a pr e cisi o n si z es (l eft). S c al a bilit y st u d y i n t er ms of l at e n c y v ers us
mi ni m u m p T ( c e nt er) a n d e v e nt si z e (ri g ht).

F or t h e O p e n C L i m pl e m e nt ati o n, Fi g. 2 (l eft) c o m p ar es t h e r es o ur c e us a g e f or i n p ut d at a r e pr es e nt e d
wit h 8-, 1 6-, a n d 3 2- bit fl o ati n g p oi nt pr e cisi o n. F or m ost c o m p o n e nts, o p er ati n g wit h l o w er pr e cisi o n
t y pi c all y l e a ds t o l o w er r es o ur c e us a g e, t h o u g h t h e s yst e m ar e a is d e p e n d e nt o n ot h er f a ct ors as
w ell. E x e c uti o n ti m es als o i n cr e as e wit h i n cr e asi n g pr e cisi o n fr o m 8 t o 3 2 bits, b ut n ot s u bst a nti all y,
es p e ci all y f or l o w er mi ni m u m p T . A d diti o n all y, l o w er pr e cisi o n l e a ds t o s m all er i n p ut d at a si z es,
e n a bli n g t h e i m pl e m e nt ati o n t o pr o c ess e v e nts at l o w er p T .

Fi g ur e 2 s h o ws h o w t h e O p e n C L i m pl e m e nt ati o n s c al es wit h mi ni m u m p T ( c e nt er) a n d i n p ut d at a si z e
(ri g ht). O ur i m pl e m e nt ati o n is a bl e t o pr o c ess gr a p hs wit h a mi ni m u m p T as l o w as 1 G e V, w hi c h is
li mit e d b y h ar d w ar e st or a g e, s u c h as h ost C P U R A M a n d o n- d e vi c e l o c al R A M. A n i n cr e as e i n i n p ut
d at a si z e i n cr e as es t h e e x e c uti o n ti m es. T h e l ar g est b ottl e n e c ks ar e m atri x m ulti pli c ati o n o p er ati o ns
a n d t h e o v er h e a d ti m e t h at a c c o m p a ni es t h e e n q u e u ei n g t h e k er n els. E v e n t h o u g h t his o v er h e a d
ti m e i n cr e as es as gr a p h i n p ut si z e i n cr e as es, e n q u e u ei n g b e c o m es m or e ef fi ci e nt. T his s c al a bilit y
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st u d y s h o ws t h at t h e c o pr o c essi n g a p pr o a c h i n O p e n C L is fl e xi bl e wit h r es p e ct t o d at a si z e a n d
c a n h a n dl e si g ni fi c a nt i n cr e as es i n d at a si z es. H o w e v er, w e n ot e t h at o ur C P U- F P G A c o pr o c essi n g
i m pl e m e nt ati o n is sl o w er b y a b o ut a f a ct or of 1 0 fr o m a p ur e C P U- b as e d a p pr o a c h. I n p arti c ul ar,
C P U- b as e d i nf er e n c e of t h e s a m e m o d el f or p T > 1 ( 5) G e V gr a p hs i n P Y T O R C H [2 7 ] is a b o ut
8 6 ( 2) ms.

F or t h e h l s 4 m l i m pl e m e nt ati o n, w e first s c a n t h e fi x e d p oi nt pr e cisi o n t ot al bit wi dt h t o d et er mi n e
its i m p a ct o n t h e p h ysi cs p erf or m a n c e of t h e al g orit h m as w ell as t h e l at e n c y a n d r es o ur c e us a g e o n
t h e F P G A. We e v al u at e t h e r e c ei v er o p er ati n g c h ar a ct eristi c ( R O C) c ur v e f or t h e s e g m e nt cl assi fi er,
a n d us e t h e ar e a u n d er t h e c ur v e ( A U C) as a p erf or m a n c e m etri c. Fi g ur e 3 (f ar l eft) s h o ws t h e A U C
as a f u n cti o n of t h e t ot al bit pr e cisi o n, w hil e t h e i nt e g er p art is fi x e d t o 6 bits. We s e e t h at wit h 1 2
t ot al bits, w e eff e cti v el y r e pr o d u c e t h e 3 2- bit fl o ati n g p oi nt m o d el. Fi g ur e 3 ( c e nt er l eft) als o s h o ws
t h e l at e n c y i n cl o c k c y cl es (f or a 5 ns cl o c k p eri o d) as a f u n cti o n of t h e t ot al bit pr e cisi o n, w hi c h
r a n g es fr o m a b o ut 6 5 0 ns t o 1 µ s. F or C P U- b as e d i nf er e n c e of t h e s a m e m o d el, t h e l at e n c y is a b o ut
2 7 ms f or t h e s a m e s e ct ori z e d p T > 2 G e V gr a p h i n t h e g r a p h _ n e t s fr a m e w or k [2 8 ] b as e d o n
T E N S O R F L O W [2 9 ]. We als o s c a n t h e r e us e f a ct or at c o nst a nt fi x e d p oi nt pr e cisi o n of 1 6 , 6 , t o
st u d y t h e r es o ur c es a n d ti mi n g as a f u n cti o n of d e cr e asi n g c o n c urr e n c y. Fi g ur e 3 s h o ws t h e l at e n c y
( c e nt er l eft) a n d r es o ur c e us a g e esti m at es (f ar ri g ht) v ers us r e us e f a ct or. B y c o nstr u cti o n, t h e II f or
t h e al g orit h m is e q u al t o t h e r e us e f a ct or. We n ot e t h at t h e H L S l o o k u p t a bl e ( L U T) us a g e t e n ds t o b e
o v er esti m at e d, w hil e t h e H L S D S P us a g e t e n ds t o b e a c c ur at e [ 2 1 , 3 0 , 3 1 ]. N o n et h el ess, t o m a k e t h e
al g orit h m fit o n a si n gl e F P G A, l ar g er r e us e f a ct ors or bi g g er F P G As m a y b e n e c ess ar y.

1 0 1 5 2 0

T ot al bit pr e ci si o n

0. 7

0. 8

0. 9

1. 0

A
U

C

   1 1 2 n o d e s, 1 4 8 e d g e s
hl s 4 ml

E x p e ct e d ( 0. 9 8 3)

1 0 1 5 2 0

T ot al bit pr e ci si o n

1 4 0

1 5 0

1 6 0

1 7 0

L
at

e
nc

y 
[c

yc
l
es

]

2 8 n o d e s, 3 7 e d g e s

5 1 0 1 5

R e u s e f a ct or

1 4 0

1 6 0

1 8 0

2 0 0
L
at

e
nc

y 
[c

yc
l
es

]
2 8 n o d e s, 3 7 e d g e s

5 1 0 1 5

R e u s e f a ct or

0

1 0 0

2 0 0

3 0 0

4 0 0

Us
a
g
e 
[

%]

2 8 n o d e s, 3 7 e d g e s
D S P

L U T

B R A M

F F

Fi g ur e 3: S e g m e nt cl assi fi er A U C v ers us fi x e d p oi nt pr e cisi o n t ot al bit wi dt h (f ar l eft) f or t h e h l s 4 m l
i m pl e m e nt ati o n. L at e n c y i n cl o c k c y cl es f or a 5 ns cl o c k p eri o d ( c e nt er l eft) as a f u n cti o n of t h e t ot al
bit wi dt h f or t h e h l s 4 m l i m pl e m e nt ati o n. T h e r e us e f a ct or ( a n d t h us II) is s et t o b e 8. L at e n c y ( c e nt er
ri g ht) a n d r es o ur c e us a g e esti m at es (f ar ri g ht) r el ati v e t o t h e a v ail a bl e r es o ur c es o n a Xili n x K U 1 1 5
F P G A v ers us r e us e f a ct or f or fi x e d t ot al bit pr e cisi o n of 1 6 , 6 .

5 S u m m a r y a n d O utl o o k

We d e v el o p a n d st u d y t w o c o m pl e m e nt ar y F P G A i m pl e m e nt ati o ns of al g orit h ms f or c h ar g e d p arti cl e
tr a c ki n g b as e d o n gr a p h n e ur al n et w or ks. T h e first, usi n g O p e n C L, t ar g ets C P U- F P G A c o pr o c essi n g
a p pli c ati o ns a n d a c hi e v es a l at e n c y of b et w e e n 1 0 ms – 1 s d e p e n di n g o n t h e mi ni m u m p T f or f ull
e v e nt gr a p hs, i n cl u di n g d at a tr a nsf er a n d I/ O, f or t h e m o d el u n d er c o nsi d er ati o n. T h e s e c o n d, usi n g
h l s 4 m l , t ar g ets b ot h c o pr o c essi n g a n d c ust o m tri g g er ( ultr a l o w l at e n c y) a p pli c ati o ns a n d h as a n
e x p e ct e d l at e n c y of 6 5 0 ns – 1 µ s, c o nsi d eri n g o nl y t h e e x e c uti o n ti m e o n t h e F P G A, f or s m all er,
s e ct ori z e d i n p ut gr a p hs a n d a m or e c o m p a ct m o d el, alt h o u g h m or e w or k is n e e d e d t o r e d u c e t h e
r es o ur c e c o ns u m pti o n. C o m p ar e d t o C P U- b as e d e x e c uti o n of t h e s a m e m o d els, t h e s p e e d u p f or t h e
h l s 4 m l i m pl e m e nt ati o n is c o nsi d er a bl e, b ut f urt h er o pti mi z ati o ns ar e n e e d e d t o i m pr o v e o n t h e C P U
l at e n c y f or t h e O p e n C L i m pl e m e nt ati o n. C o nti n u e d d e v el o p m e nt i n t his dir e cti o n m a y all o w s u c h
al g orit h ms t o b e us e d eff e cti v el y i n f ut ur e c o m p uti n g w or k fl o ws [ 3 2 ] a n d t h e L e v el- 1 tri g g er at t h e
L H C. I n f ut ur e w or k, w e pl a n t o st u d y d et ail e d c o m p aris o ns of t h e t w o i m pl e m e nt ati o ns b as e d o n
t h e s a m e m o d el, as w ell as c o m p ari n g t o G P U c o pr o c ess ors [3 3 ]. Ot h er o pti mi z ati o ns of t h e G N N
m o d el m a y als o b e p ossi bl e, s u c h as m or e ef fi ci e nt ar c hit e ct ur es [ 3 0 ] a n d us e of q u a nti z ati o n- a w ar e
tr ai ni n g [3 1 , 3 4 ] t o r e d u c e t h e n e c ess ar y pr e cisi o n.

B r o a d e r I m p a ct

T his w or k m a y b e us e d t o a c c el er at e p arti cl e tr a c ki n g a n d ot h er r e c o nstr u cti o n al g orit h ms i n hi g h
e n er g y p h ysi cs e x p eri m e nts. W hil e a c c el er at e d m a c hi n e l e ar ni n g o n F P G As h as m a n y p ot e nti al
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b e n e fits t o s ci e n c e a n d s o ci et y, i n cl u di n g hi g h- q u alit y, f ast d at a r e c o nstr u cti o n a n d s el e cti o n i n
e x p eri m e nts, a ut o m at e d d et e ct or c o ntr ol, or s m art er I o T d e vi c es, it m a y als o b e us e d f or n ef ari o us
p ur p os es, s u c h as s ur v eill a n c e or milit ar y u n m a n n e d a eri al v e hi cl es.

A c k n o wl e d g m e nts a n d Dis cl os u r e of F u n di n g

We a c k n o wl e d g e t h e F ast M a c hi n e L e ar ni n g c oll e cti v e as a n o p e n c o m m u nit y of m ulti- d o m ai n
e x p erts a n d c oll a b or at ors. T his c o m m u nit y w as i m p ort a nt f or t h e d e v el o p m e nt of t his pr oj e ct. T h e
si m ul ati o ns pr es e nt e d f or t h e O p e n C L i m pl e m e nt ati o n i n t his arti cl e w er e p erf or m e d o n c o m p ut a-
ti o n al r es o ur c es m a n a g e d a n d s u p p ort e d b y Pri n c et o n R es e ar c h C o m p uti n g, a c o ns orti u m of gr o u ps
i n cl u di n g t h e Pri n c et o n I nstit ut e f or C o m p ut ati o n al S ci e n c e a n d E n gi n e eri n g ( PI C S ci E) a n d t h e
Of fi c e of I nf or m ati o n Te c h n ol o g y’s Hi g h P erf or m a n c e C o m p uti n g C e nt er a n d Vis u ali z ati o n L a b-
or at or y at Pri n c et o n U ni v ersit y. W or k f or t h e h l s 4 m l i m pl e m e nt ati o n w as p arti all y p erf or m e d
o n t h e P a ci fi c R es e ar c h Pl atf or m N a util us H y p er Cl ust er s u p p ort e d b y N S F a w ar ds C N S- 1 7 3 0 1 5 8,
A CI- 1 5 4 0 1 1 2, A CI- 1 5 4 1 3 4 9, O A C- 1 8 2 6 9 6 7, t h e U ni v ersit y of C alif or ni a Of fi c e of t h e Pr esi d e nt, a n d
t h e U ni v ersit y of C alif or ni a S a n Di e g o’s C alif or ni a I nstit ut e f or Tel e c o m m u ni c ati o ns a n d I nf or m ati o n
Te c h n ol o g y/ Q u al c o m m I nstit ut e. T h a n ks t o C E NI C f or t h e 1 0 0 G p bs n et w or ks.

A. H., V. R., a n d S. T. ar e s u p p ort e d b y I RI S- H E P t hr o u g h t h e U. S. N ati o n al S ci e n c e F o u n d ati o n
( N S F) u n d er C o o p er ati v e A gr e e m e nt O A C- 1 8 3 6 6 5 0. J. D. is s u p p ort e d b y t h e U. S. D e p art m e nt of
E n er g y ( D O E), Of fi c e of S ci e n c e, Of fi c e of Hi g h E n er g y P h ysi cs E arl y C ar e er R es e ar c h pr o gr a m
u n d er A w ar d N o. D E- S C 0 0 2 1 1 8 7. T. A., V. L., M. P., a n d S. S. ar e s u p p ort e d b y t h e E ur o p e a n
R es e ar c h C o u n cil ( E R C) u n d er t h e E ur o p e a n U ni o n’s H ori z o n 2 0 2 0 r es e ar c h a n d i n n o v ati o n pr o gr a m
( Gr a nt A gr e e m e nt N o. 7 7 2 3 6 9). L. G., S. J., a n d N. T. ar e s u p p ort e d b y F er mi R es e ar c h Alli a n c e,
L L C u n d er C o ntr a ct N o. D E- A C 0 2- 0 7 C H 1 1 3 5 9 wit h t h e U. S. D e p art m e nt of E n er g y ( D O E), Of fi c e
of S ci e n c e, Of fi c e of Hi g h E n er g y P h ysi cs. P. H. is s u p p ort e d b y a M ass a c h us etts I nstit ut e of
Te c h n ol o g y U ni v ersit y gr a nt. Z. W. is s u p p ort e d b y t h e N ati o n al S ci e n c e F o u n d ati o n u n d er Gr a nts
N o. 1 6 0 6 3 2 1 a n d 1 1 5 1 6 4.

A Alt e r n ati v e G N N M o d el i n h l s 4 m l

I n a d diti o n t o t h e first m o d el s h o w n i n Fi g. 1 , w e als o i m pl e m e nt t h e s e c o n d m o d el i n h l s 4 m l . I n t his
m o d el, t h e s a m e ar c hit e ct ur e is us e d as t h e o n e i m pl e m e nt e d i n O p e n C L, e x c e pt t h e n e ur al n et w or k
si z es ar e r e d u c e d: t h e φ e

2 n et w or k h as l a y ers of si z es ( 8, 8 , 8 , 1) a n d φ v
2 h as l a y ers of si z es ( 8, 8 , 3) .

Fi g ur e 4 s h o ws t h e A U C (f ar l eft) a n d t h e l at e n c y i n cl o c k c y cl es f or a 5 ns cl o c k p eri o d ( c e nt er l eft)
as a f u n cti o n of t h e t ot al bit pr e cisi o n, w hil e t h e i nt e g er p art is fi x e d t o 6 bits. We s e e t h at a b o v e
1 6 t ot al bits, t h e q u a nti z e d m o d el eff e cti v el y r e pr o d u c es t h e 3 2- bit fl o ati n g p oi nt m o d el. Fi g ur e 4
als o s h o ws t h e l at e n c y ( c e nt er l eft) a n d r es o ur c e us a g e esti m at es (f ar ri g ht) v ers us r e us e f a ct or at a
c o nst a nt fi x e d p oi nt pr e cisi o n of 1 6 , 6 . T his s m all i m pl e m e nt e d m o d el r e as o n a bl y fits o n a si n gl e
F P G A wit h a l at e n c y l ess t h a n 1 µ s.

1 0 1 5 2 0

T ot al bit pr e ci si o n

0. 4

0. 6

0. 8

1. 0

A
U

C

1 1 2 n o d e s, 1 4 8 e d g e s
hl s 4 ml

E x p e ct e d ( 0. 9 5 5)

1 0 1 5 2 0

T ot al bit pr e ci si o n

1 5 0

1 6 0

1 7 0

1 8 0

1 9 0

2 0 0

L
at

e
nc

y 
[c

yc
l
es

]

2 8 n o d e s, 3 7 e d g e s

5 1 0 1 5

R e u s e f a ct or

1 5 0

1 6 0

1 7 0

1 8 0

1 9 0

2 0 0

L
at

e
nc

y 
[c

yc
l
es

]

2 8 n o d e s, 3 7 e d g e s

5 1 0 1 5

R e u s e f a ct or

0

1 0 0

2 0 0

3 0 0

4 0 0

Us
a
g
e 
[

%]

2 8 n o d e s, 3 7 e d g e s
D S P

L U T

B R A M

F F

Fi g ur e 4: Alt er n ati v e G N N s e g m e nt cl assi fi er m o d el i m pl e m e nt e d i n h l s 4 m l . A U C (f ar l eft) a n d
l at e n c y ( c e nt er l eft) i n cl o c k c y cl es f or a 5 ns cl o c k p eri o d as a f u n cti o n of t h e t ot al bit wi dt h. T h e
r e us e f a ct or ( a n d t h us II) is s et t o b e 8. L at e n c y ( c e nt er ri g ht) a n d r es o ur c e us a g e esti m at es (f ar ri g ht)
r el ati v e t o t h e a v ail a bl e r es o ur c es o n a Xili n x K U 1 1 5 F P G A v ers us r e us e f a ct or f or fi x e d t ot al bit
pr e cisi o n of 1 6 , 6 .

6



R ef e r e n c es

[ 1] S. A mr o u c h e et al., “ T h e tr a c ki n g m a c hi n e l e ar ni n g c h all e n g e: A c c ur a c y p h as e ”, i n T h e
N e urI P S ’ 1 8 C o m p etiti o n , S. Es c al er a a n d R. H er bri c h, e ds., p. 2 3 1. S pri n g er, C h a m,
S wit z erl a n d, 2 0 2 0. a r X i v : 1 9 0 4 . 0 6 7 7 8 . d o i : 1 0 . 1 0 0 7 / 9 7 8 - 3 - 0 3 0 - 2 9 1 3 5 - 8 _ 9 .

[ 2] A. Str a n dli e a n d R. Fr ü h wirt h, “ Tr a c k a n d v ert e x r e c o nstr u cti o n: Fr o m cl assi c al t o a d a pti v e
m et h o ds ”, R e v. M o d. P h ys. 8 2 ( 2 0 1 0) 1 4 1 9, d o i : 1 0 . 1 1 0 3 / R e v M o d P h y s . 8 2 . 1 4 1 9 .

[ 3] C M S C oll a b or ati o n, “ D es cri pti o n a n d p erf or m a n c e of tr a c k a n d pri m ar y- v ert e x r e c o nstr u cti o n
wit h t h e C M S tr a c k er ”, J. I nstr u m. ( 2 0 1 4) P 1 0 0 0 9,
d o i : 1 0 . 1 0 8 8 / 1 7 4 8 - 0 2 2 1 / 9 / 1 0 / P 1 0 0 0 9 , a r X i v : 1 4 0 5 . 6 5 6 9 .

[ 4] A T L A S C oll a b or ati o n, “ P erf or m a n c e of t h e A T L A S tr a c k r e c o nstr u cti o n al g orit h ms i n d e ns e
e n vir o n m e nts i n L H C R u n 2 ”, E ur. P h ys. J. C 7 7 ( 2 0 1 7) 6 7 3,
d o i : 1 0 . 1 1 4 0 / e p j c / s 1 0 0 5 2 - 0 1 7 - 5 2 2 5 - 7 , a r X i v : 1 7 0 4 . 0 7 9 8 3 .

[ 5] P. Bill oir, “ Pr o gr essi v e tr a c k r e c o g niti o n wit h a K al m a n-li k e fitti n g pr o c e d ur e ”, C o m p ut. P h ys.
C o m m. 5 7 ( 1 9 8 9) 3 9 0, d o i : 1 0 . 1 0 1 6 / 0 0 1 0 - 4 6 5 5 ( 8 9 ) 9 0 2 4 9 - X .

[ 6] P. Bill oir a n d S. Qi a n, “ Si m ult a n e o us p att er n r e c o g niti o n a n d tr a c k fitti n g b y t h e K al m a n
filt eri n g m et h o d ”, N u cl. I nstr u m. M et h o ds P h ys. R es. A 2 9 4 ( 1 9 9 0) 2 1 9,
d o i : 1 0 . 1 0 1 6 / 0 1 6 8 - 9 0 0 2 ( 9 0 ) 9 1 8 3 5 - Y .

[ 7] R. M a n k el, “ A c o n c urr e nt tr a c k e v ol uti o n al g orit h m f or p att er n r e c o g niti o n i n t h e h er a- b m ai n
tr a c ki n g s yst e m ”, N u cl. I nstr u m. M et h o ds P h ys. R es. A 3 9 5 ( 1 9 9 7) 1 6 9,
d o i : 1 0 . 1 0 1 6 / S 0 1 6 8 - 9 0 0 2 ( 9 7 ) 0 0 7 0 5 - 5 .

[ 8] R. Fr ü h wirt h, “ A p pli c ati o n of K al m a n filt eri n g t o tr a c k a n d v ert e x fitti n g ”, N u cl. I nstr u m.
M et h o ds P h ys. R es. A 2 6 2 ( 1 9 8 7) 4 4 4, d o i : 1 0 . 1 0 1 6 / 0 1 6 8 - 9 0 0 2 ( 8 7 ) 9 0 8 8 7 - 4 .

[ 9] H. Es m a eil z a d e h et al., “ D ar k sili c o n a n d t h e e n d of m ulti c or e s c ali n g ”, i n Pr o c e e di n gs of t h e
3 8t h A n n u al I nt er n ati o n al S y m p osi u m o n C o m p ut er Ar c hit e ct ur e , p. 3 6 5. A C M, N e w Yor k, N Y,
U S A, 2 0 1 1. d o i : 1 0 . 1 1 4 5 / 2 0 0 0 0 6 4 . 2 0 0 0 1 0 8 .

[ 1 0] R. H. D e n n ar d et al., “ D esi g n of i o n-i m pl a nt e d M O S F E T’s wit h v er y s m all p h ysi c al
di m e nsi o ns ”, I E E E J. S oli d- St at e Cir c uits 9 ( 1 9 7 4) 2 5 6,
d o i : 1 0 . 1 1 0 9 / J S S C . 1 9 7 4 . 1 0 5 0 5 1 1 .

[ 1 1] S. F arr ell et al., “ N o v el d e e p l e ar ni n g m et h o ds f or tr a c k r e c o nstr u cti o n ”, i n 4t h I nt er n ati o n al
W or ks h o p C o n n e cti n g T h e D ots 2 0 1 8 . 2 0 1 8. a r X i v : 1 8 1 0 . 0 6 1 1 1 .

[ 1 2] X. J u et al., “ Gr a p h n e ur al n et w or ks f or p arti cl e r e c o nstr u cti o n i n hi g h e n er g y p h ysi cs
d et e ct ors ”, i n M a c hi n e L e ar ni n g a n d t h e P h ysi c al S ci e n c es W or ks h o p at t h e 3 3r d A n n u al
C o nf er e n c e o n N e ur al I nf or m ati o n Pr o c essi n g S yst e ms . 2 0 1 9. a r X i v : 2 0 0 3 . 1 1 6 0 3 .

[ 1 3] J. S hl o mi, P. B att a gli a, a n d J.- R. Vli m a nt, “ Gr a p h n e ur al n et w or ks i n p arti cl e p h ysi cs ”,
d o i : 1 0 . 1 0 8 8 / 2 6 3 2 - 2 1 5 3 / a b b f 9 a , a r X i v : 2 0 0 7 . 1 3 6 8 1 . A c c e pt e d b y M a c h. L e ar n.: S ci.
Te c h.

[ 1 4] P. W. B att a gli a et al., “I nt er a cti o n n et w or ks f or l e ar ni n g a b o ut o bj e cts, r el ati o ns a n d p h ysi cs ”, i n
A d v a n c es i n N e ur al I nf or m ati o n Pr o c essi n g S yst e ms , v ol u m e 2 9, p. 4 5 0 2. 2 0 1 6.
a r X i v : 1 6 1 2 . 0 0 2 2 2 .

[ 1 5] P. W. B att a gli a et al., “ R el ati o n al i n d u cti v e bi as es, d e e p l e ar ni n g, a n d gr a p h n et w or ks ”,
a r X i v : 1 8 0 6 . 0 1 2 6 1 .

[ 1 6] A T L A S C oll a b or ati o n, “ O p er ati o n of t h e A T L A S tri g g er s yst e m i n R u n 2 ”, J. I nstr u m. 1 5
( 2 0 2 0) P 1 0 0 0 4, d o i : 1 0 . 1 0 8 8 / 1 7 4 8 - 0 2 2 1 / 1 5 / 1 0 / P 1 0 0 0 4 , a r X i v : 2 0 0 7 . 1 2 5 3 9 .

[ 1 7] A T L A S C oll a b or ati o n, “ Te c h ni c al D esi g n R e p ort f or t h e P h as e-II U p gr a d e of t h e A T L A S
T D A Q S yst e m ”, A T L A S Te c h ni c al D esi g n R e p ort C E R N- L H C C- 2 0 1 7- 0 2 0. A T L A S- T D R- 0 2 9,
2 0 1 7.

7

http://www.arXiv.org/abs/1904.06778
http://dx.doi.org/10.1007/978-3-030-29135-8_9
http://dx.doi.org/10.1103/RevModPhys.82.1419
http://dx.doi.org/10.1088/1748-0221/9/10/P10009
http://www.arXiv.org/abs/1405.6569
http://dx.doi.org/10.1140/epjc/s10052-017-5225-7
http://www.arXiv.org/abs/1704.07983
http://dx.doi.org/10.1016/0010-4655(89)90249-X
http://dx.doi.org/10.1016/0168-9002(90)91835-Y
http://dx.doi.org/10.1016/S0168-9002(97)00705-5
http://dx.doi.org/10.1016/0168-9002(87)90887-4
http://dx.doi.org/10.1145/2000064.2000108
http://dx.doi.org/10.1109/JSSC.1974.1050511
http://www.arXiv.org/abs/1810.06111
https://ml4physicalsciences.github.io/files/NeurIPS_ML4PS_2019_83.pdf
https://ml4physicalsciences.github.io/files/NeurIPS_ML4PS_2019_83.pdf
http://www.arXiv.org/abs/2003.11603
http://dx.doi.org/10.1088/2632-2153/abbf9a
http://www.arXiv.org/abs/2007.13681
http://www.arXiv.org/abs/1612.00222
http://www.arXiv.org/abs/1806.01261
http://dx.doi.org/10.1088/1748-0221/15/10/P10004
http://www.arXiv.org/abs/2007.12539
https://cds.cern.ch/record/2285584
https://cds.cern.ch/record/2285584


[ 1 8] C M S C oll a b or ati o n, “ P erf or m a n c e of t h e C M S L e v el- 1 tri g g er i n pr ot o n- pr ot o n c ollisi o ns at√
s = 1 3 Te V ”, J. I nstr u m. 1 5 ( 2 0 2 0) P 1 0 0 1 7, d o i : 1 0 . 1 0 8 8 / 1 7 4 8 - 0 2 2 1 / 1 5 / 1 0 / P 1 0 0 1 7 ,

a r X i v : 2 0 0 6 . 1 0 1 6 5 .

[ 1 9] C M S C oll a b or ati o n, “ T h e P h as e- 2 u p gr a d e of t h e C M S L e v el- 1 tri g g er ”, C M S Te c h ni c al
D esi g n R e p ort C E R N- L H C C- 2 0 2 0- 0 0 4. C M S- T D R- 0 2 1, 2 0 2 0.

[ 2 0] J. E. St o n e, D. G o h ar a, a n d G. S hi, “ O p e n C L: A p ar all el pr o gr a m mi n g st a n d ar d f or
h et er o g e n e o us c o m p uti n g s yst e ms ”, C o m p ut. S ci. E n g. 1 2 ( 2 0 1 0) 6 6,
d o i : 1 0 . 1 1 0 9 / M C S E . 2 0 1 0 . 6 9 .

[ 2 1] J. D u art e et al., “ F ast i nf er e n c e of d e e p n e ur al n et w or ks i n F P G As f or p arti cl e p h ysi cs ”, J.
I nstr u m. 1 3 ( 2 0 1 8) P 0 7 0 2 7, d o i : 1 0 . 1 0 8 8 / 1 7 4 8 - 0 2 2 1 / 1 3 / 0 7 / P 0 7 0 2 7 ,
a r X i v : 1 8 0 4 . 0 6 9 1 3 .

[ 2 2] V. L o n c ar et al., “f ast m a c hi n el e ar ni n g/h l s 4 m l : ast er ”, 1 0, 2 0 2 0.
d o i : 1 0 . 5 2 8 1 / z e n o d o . 4 1 6 1 5 5 0 ,
h t t p s : / / g i t h u b . c o m / f a s t m a c h i n e l e a r n i n g / h l s 4 m l .

[ 2 3] V. N air a n d G. E. Hi nt o n, “ R e cti fi e d li n e ar u nits i m pr o v e r estri ct e d B olt z m a n n m a c hi n es ”, i n
Pr o c e e di n gs of t h e 2 7t h I nt er n ati o n al C o nf er e n c e o n I nt er n ati o n al C o nf er e n c e o n M a c hi n e
L e ar ni n g , I C M L’ 1 0, p. 8 0 7. O m ni pr ess, M a dis o n, WI, U S A, 2 0 1 0.

[ 2 4] X. Gl or ot, A. B or d es, a n d Y. B e n gi o, “ D e e p s p ars e r e cti fi er n e ur al n et w or ks ”, i n Pr o c e e di n gs
of t h e 1 4t h I nt er n ati o n al C o nf er e n c e o n Arti fi ci al I nt elli g e n c e a n d St atisti cs , G. G or d o n,
D. D u ns o n, a n d M. D u dí k, e ds., v ol u m e 1 5 of Pr o c e e di n gs of M a c hi n e L e ar ni n g R es e ar c h ,
p. 3 1 5. J M L R, F ort L a u d er d al e, F L, U S A, 4, 2 0 1 1.

[ 2 5] Xili n x, I n c., “ Vi v a d o d esi g n s uit e us er g ui d e: Hi g h l e v el s y nt h esis ”, 2 0 2 0.
h t t p s : / / w w w . x i l i n x . c o m / s u p p o r t / d o c u m e n t a t i o n / s w _ m a n u a l s / x i l i n x 2 0 1 9 _ 2 /
u g 9 0 2 - v i v a d o - h i g h - l e v e l - s y n t h e s i s . p d f .

[ 2 6] D. O’ L o u g hli n et al., “ Xili n x vi v a d o hi g h l e v el s y nt h esis: C as e st u di es ”, i n Iris h Si g n als &
S yst e ms C o nf er e n c e 2 0 1 4 a n d 2 0 1 4 C hi n a-Ir el a n d I nt er n ati o n al C o nf er e n c e o n I nf or m ati o n
a n d C o m m u ni c ati o ns Te c h n ol o gi es (I S S C 2 0 1 4/ CII C T 2 0 1 4). 2 5t h I E T Ye ar , p. 3 5 2. 2 0 1 4.
d o i : 1 0 . 1 0 4 9 / c p . 2 0 1 4 . 0 7 1 3 .

[ 2 7] A. P as z k eet al., “ P y T or c h: A n i m p er ati v e st yl e, hi g h- p erf or m a n c e d e e p l e ar ni n g li br ar y ”, i n
A d v a n c es i n N e ur al I nf or m ati o n Pr o c essi n g S yst e ms , H. Wall a c h et al., e ds., v ol u m e 3 2,
p. 8 0 2 4. C urr a n Ass o ci at es, I n c., 2 0 1 9. a r X i v : 1 9 1 2 . 0 1 7 0 3 .

[ 2 8] D e e p Mi n d, “ gr a p h _ n ets ”, 2 0 1 9. h t t p s : / / g i t h u b . c o m / d e e p m i n d / g r a p h _ n e t s .

[ 2 9] M. A b a diet al., “ Te ns or Fl o w: L ar g e-s c al e m a c hi n e l e ar ni n g o n h et er o g e n e o us s yst e ms ”, 2 0 1 5.
h t t p s : / / w w w . t e n s o r f l o w . o r g .

[ 3 0] Y. Ii y a m a et al., “ Dist a n c e- w ei g ht e d gr a p h n e ur al n et w or ks o n F P G As f or r e al-ti m e p arti cl e
r e c o nstr u cti o n i n hi g h e n er g y p h ysi cs ”, d o i : 1 0 . 3 3 8 9 / f d a t a . 2 0 2 0 . 5 9 8 9 2 7 ,
a r X i v : 2 0 0 8 . 0 3 6 0 1 . A c c e pt e d b y Fr o nt. Bi g D at a .

[ 3 1] G. Di G u gli el m o et al., “ C o m pr essi n g d e e p n e ur al n et w or ks o n F P G As t o bi n ar y a n d t er n ar y
pr e cisi o n wit h h l s 4 m l ”, d o i : 1 0 . 1 0 8 8 / 2 6 3 2 - 2 1 5 3 / a b a 0 4 2 , a r X i v : 2 0 0 3 . 0 6 3 0 8 .
A c c e pt e d b y M a c h. L e ar n.: S ci. Te c h n ol.

[ 3 2] D. S. R a n ki n et al., “ F P G As- as- a-s er vi c e t o ol kit ( F a a S T) ”, i n 2 0 2 0 I E E E/ A C M I nt er n ati o n al
W or ks h o p o n H et er o g e n e o us Hi g h- p erf or m a n c e R e c o n fi g ur a bl e C o m p uti n g ( H 2 R C) . 2 0 2 0.
a r X i v : 2 0 1 0 . 0 8 5 5 6 .

[ 3 3] J. Kr u p a et al., “ G P U c o pr o c ess ors as a s er vi c e f or d e e p l e ar ni n g i nf er e n c e i n hi g h e n er g y
p h ysi cs ”, ( 2 0 2 0). a r X i v : 2 0 0 7 . 1 0 3 5 9 . S u b mitt e d t o M a c h. L e ar n.: S ci. Te c h n ol.

[ 3 4] C. N. C o el h o et al., “ A ut o m ati c d e e p h et er o g e n e o us q u a nti z ati o n of d e e p n e ur al n et w or ks f or
ultr a l o w- ar e a, l o w-l at e n c y i nf er e n c e o n t h e e d g e at p arti cl e c olli d ers ”, a r X i v : 2 0 0 6 . 1 0 1 5 9 .
S u b mitt e d t o N at. M a c h. I nt ell.

8

http://dx.doi.org/10.1088/1748-0221/15/10/P10017
http://www.arXiv.org/abs/2006.10165
https://cds.cern.ch/record/2714892
http://dx.doi.org/10.1109/MCSE.2010.69
http://dx.doi.org/10.1088/1748-0221/13/07/P07027
http://www.arXiv.org/abs/1804.06913
http://dx.doi.org/10.5281/zenodo.4161550
https://github.com/fastmachinelearning/hls4ml
https://icml.cc/Conferences/2010/papers/432.pdf
http://proceedings.mlr.press/v15/glorot11a.html
https://www.xilinx.com/support/documentation/sw_manuals/xilinx2019_2/ug902-vivado-high-level-synthesis.pdf
https://www.xilinx.com/support/documentation/sw_manuals/xilinx2019_2/ug902-vivado-high-level-synthesis.pdf
https://www.xilinx.com/support/documentation/sw_manuals/xilinx2019_2/ug902-vivado-high-level-synthesis.pdf
http://dx.doi.org/10.1049/cp.2014.0713
http://papers.neurips.cc/paper/9015-pytorch-an-imperative-style-high-performance-deep-learning-library.pdf
http://www.arXiv.org/abs/1912.01703
https://github.com/deepmind/graph_nets
https://github.com/deepmind/graph_nets
https://www.tensorflow.org
https://www.tensorflow.org
http://dx.doi.org/10.3389/fdata.2020.598927
http://www.arXiv.org/abs/2008.03601
http://dx.doi.org/10.1088/2632-2153/aba042
http://www.arXiv.org/abs/2003.06308
http://www.arXiv.org/abs/2010.08556
http://www.arXiv.org/abs/2007.10359
http://www.arXiv.org/abs/2006.10159

