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Abstract
Hrwre eg mu ue eyeve (LI) er
ewhe mg  puepee.Whe mg  pu
epee, eg hu ue eyeve (LS) 
ere r mxmum perrme. Hwever, eg m
my ue LI ere  egre wh exery geer
e LSmue–rm, e.g., IP geerr, hgheve yhe
, r m pefi guge. I every uy egre
eg, uh ue  LI repree pure overhead. Te h
ege  h geerr  rmy hge mg 
ere  he mue  mee perrme bjeve, 
LI ere    ueu design absracion  ebe
mg p.

We efie laency-absrac (LA) ere,  ew eg
br, whh prve he mg pby  LI 
ere  egme  he effie egr  LS 
ere. LA ere ue oupu parameers,  ve mpe
me mehm r h mue  reur vue pre
mue,  br  epue mg behvr  e
g me. Durg eg ebr, LA ere re m
pe  effie LS ere be  prmeer vue.

Whe  rve p, LA ere her he m
pexe  prmeerze hrwre eg: he uer mu
re hw prmeer fluee mg behvr  m
ue  eure h eg p  ere hge. 
re h hege  emre he uy  LA 
ere, we eg L,  prmeerze HDL h ue
 ype yem rk he fluee  prmeer  mg
behvr  rmy guree h every parameeriza-
ion   LA eg reu   ru whu ruur

∗Equ rbu.
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hzr. We emre L’ effiy by ug   m
peme prmeerze eg  egre eg geer
e rm exer . We hw h LA eg ue 26–
33% ewer hp reure  heve 6.8% beer mxmum
requee h mprbe LI mpeme.

CCSConceps: •Hardware→Hardware description lan-
guages and compilation.
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1 Introduction
Iere ree he u rmur eg: hey b
r wy mpeme er whe prvg uffi
e e  ebe mp  effie egr
. I hrwre eg, ere   bh sruc-
ural deails, uh  he bwh  pu  upu pr,
 emporal behaviors, uh  hw fe  mue  
ep ew pu.

Hrwre ere’ empr behvr bry  
w egre: ey eve (LS) r ey eve
(LI).1 Wh LI ere, hee er ke he rm 
exp r g, uh  valid  ready pr h
e whe  mue h prue  upu r  rey
 ep  pu. LS ere,  he her h, pe
y puepee mg behvr (“ urye mu
per h ep ew pu every her ye”)  re
effie beue mmug mue  mpy ue

1Tugh hee erm u  ey, hey re ue r ere h
pure boh ey   erv rm.
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he reyvbe k g r yhrz. LI 
ere me wh ume verhe  exr yhr
z g, bu hey re necessary r hg hrwre
u where ee re umey puepee.

Hrwre eger  ue LI ere  eupem
ue rm eh her, eve whe he mue hve pu
epee ey. Oe prury mpr ue e 
whe egrg generaed hrwre mue ug re
geerr [1, 6, 9], hgheve yhe [30, 36], r eer
r eg guge [8, 11, 12, 22, 27]. Eve whe  geer
e hrwre mue u ehy ue  LS ere,
 wu be wkwr  ue beue he mg behvr
epe  he geerr’ pu. Fr exmpe, hgg
he rhme pre   flgp re geerr
mgh hge he reug mue’ ey  ppee
eph; he eger wu he ee  muy pe
he ’ upu  reuy e he hge hrugh
u her eg. I h er, LI ere re  conve-
nien bu expensive eg br:  LS erewu
uffie, bu  wu requre reque  vve hge
wheever he geere mue hge.

Tere   erve: ug mpeme prmeerz
 ru  p  mue’ hgg mg behv
r   umy em he rre LS ere. We
efie  laency-absrac (LA) eg  he pprh h
ue prmeerze LS eg  br ver mg e
. Beue ere  LA eg re  mpeme
br, hey prve he be  bh wr: he effi
ey  LS ere  he flexby  LI ere.

Hwever, mrem HDL fe mke LA eg e
be r w re:

1. Prmeer  mrem HDL flow in he wrong di-
recion (Fgure 3). Tey mke  ey  p vue
rm pre mue  he h mue hey 
e: r exmpe, e h e  muper
mgh pey  umer pre   prmeer.
Bu whe ug hrwre geerr,   he gener-
aor h eerme mg behvr,  he mue
h ue he geerr. Tere   rghrwr
wy r he geere muper  p prmeer
purg mg behvr “upwr”   pre. De
veper herere rer  ad hoc  errrpre
wrkru uh  ug herrh prmeer 
gme [19] r exer figur fie [31].

2. Prmeerz  rey ffiu:  expree fam-
ilies of circuis, requrg eg r my prm
eerz  g fiee   rree. LA
ere rue prmeerepee mg be
hvr, mkg  eve mre uppeg  ue.

geher, hee m mke LA ere hegg
 ue  eve uer  mrem HDL wh  uer
be reff: py he    effie LI ere r
rk wrg bre prmeerz e.
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(a) LS FPU, fixe mg.
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Add

(b) LI FPU, flexbe mg.

Figure 1. Cru grm r ffere rhme u
(FPU) mpeme h  p  hgg mg
ere  muper  er.

We re he fir hege by rug oupu pa-
rameers,  ve, mpeme ru h ebe h
mue  reur prmeer vue  her pre. Ou
pu prmeer preey pure he k  vere flw
eee  expre he ere  geere mue. We
hw h LA ere wh upu prmeer  expre
geere mue ere rrey  ey (§6).

We re he e hege by egg L, 
prmeerze HDL h ue upu prmeer  ebe
mpeme reg  verfi  LA ru. L
prgrm  expy pure LA ere  egre
geere mue (§3). L ue  ve ype yem (§4)
be  mee ype [28]  eure h every possible pa-
rameerizaion   eg w rrey ere wh uh
mue  wer hem  effie ru erp
(§5). Fy, we emre h L  be ue  mpe
me effie LA eg whh hve uby wer re
ure uge  hgher k requee mpre  m
r LI eg (§7). Tee eure e L flexby expre
LA eg h ffer he mpy  rree
 LI ere whu her verhe.

2 Integrating Generated Hardware
We mve he ee r eybr ere by e
gg  flgp u (FPU) h egre hghquy
er muper mpeme geere by FPC [6],
 FPGAue flgp re geerr.T e
exme wh egrg uh geere mue k
ke whe ug LS, LI,  prmeerze eg wh ur
re HDL. We he hghgh he pe beefi  LA
eg  he hege  pe wh r HDL.

2.1 Latency-Sensitive Interfaces
FPC ep  pu whh mpu  mpe

me (,mupy)  perrme g (requey, FPGA
my)  rge;  upu  ppee, LS mpeme
 repr  ey. Aerg he perrme g
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1 module FPU(clk, a, b, op, out);
2 wire [31:0] add_o, mul_o, add_d[1:0]; wire [3:0] op_d;
3 Add(.clk, .a, .b, .out(add_o)) add;
4 Mul(.clk, .a, .b, .out(mul_o)) mul;
5 always @(posedge clk)
6 op_d <= { op, op_d[3:1] };
7 add_d[1] <= add_o; add_d[0] <= add_d[1];
8 assign out = op_d[0] ? add_d[0] : mul_o;
9 endmodule

Figure 2. FPUwh urye mupy  wye er.
Te mpeme ey he er’ upu  he op
g  be he ppee.

my hge he LS ere  he mue  uprebe
wy.

Our  FPU mpeme (Fgure 1) ue LS 
ere. We ru FPC wh pefi perrme hr
er  ue he ey rm  egre he
geere mue. Fgure 2 vervew he mpeme
e r  urye muper  wye er: he
mpeme rwr he pu rey  he m
ue  ee he upu be  he op g. Se he
muper ke w exr ye, he mpeme ey
he upu rm he er  he op g  be he
ppee (e 5–7).

Whe rghrwr, h mpeme h  g
 m: ryg  ew eg p requre hg
g he ppee bg g.T  beue FPC 
hge he mg behvr  he mpeme  ge
ere,  ur LS mpeme umey ree 
he pefi mg hrer  he er  mu
per. T  m perrme prby: hgg he
FPGA rge wu requre mu hge  he r
g e.

2.2 Latency-Insensitive Interfaces
Te ume prbem wh ur LS mpeme 
h  canno adap o changing iming behaviors. Ley
eve (LI) ere [5] br wy mg e
ug yhrz g. A mm LI ere ye
  ready–valid handshake h yhrze e pruer
 e umer. Te pruer ue  1b valid g 
e h  epre  g  megu; he 
umer ue  1b ready g  e he pruer h  
rey  ume he . Whe rey  v re bh
ere  he me k ye,  r ur.

We  eupe ur FPU’ r g rm he pe
fi mg behvr  he mpue mue by wrppg
hem wh  rey–v ere h prve  be 
ere. Wh h pprh, wheever FPC geere 
ew er r muper, we  y hge he LI wrp
per  geere he rre rey  v g; he FPU
r g  rem uhge. Fgure 1b vuze

Configuration LUs Registers Freq. (MHz)
LI (A=1, M=1) 614 824 134.5
LS (A=1, M=1) 441 205 163.0
LI (A=4, M=2) 662 1426 224.4
LS (A=4, M=2) 459 482 280.8

able 1. Reure uge  eyeve (LS) 
eyeve (LI) FPU mpeme. 𝐴  𝑀 re
he ee  he FPCgeere er muper.

h eg: he er  muper hve exr g h
rk her rey  v g whh re he ue by
he fie e mhe (FSM) wh he FPU  r he
flw  he . Te FPU  h  ue  FIFO queue 
h he op g    rrey mupex bewee he
er  muper upu. Te exr reure ue r
he r g  quky me he   
mer ru, mkg LI ere epey expeve
r fiegre egr.

Te LI wrpper prve eg mury, bu here 
 . We ee  rey  v g, FSM 
rhere hem,   FIFO r bkkeepg. Tee 
 mpe reu  bh re (hp reure) 
perrme verhe  ye  mre mpex eg
h  hrer  very. be 1 qufie he hrwre 
 LI ere by yhezg eg ug Vv 
mprg hem  LS mpeme. Te LI ere re
qure 3–4× mre reger, ue 29–31% mre LU, 
reue he mxmum requey by 21–25%. Fr he hgher
requey eg, he r ph r he LS mpeme
 rem wh he mpue u; r he LI eg, he
hhkg g e beme he r ph.

Fr eg wh umey puepee mg
behvr, uh   memry herrhy, LI ere re
mry  her   uvbe. Hwever, r ur
FPU eg, where eh pefi er r muper h 
eyeve ere, he   pure verhe. Te
egme beefi  ee  egr  rre re
g prve by  LI ere fl wh he ee
r he hghe perrmg mpeme.

2.3 Parameterized Design
A hr erve   mpeme  parameerized design.
Suh eg ue mpeme vue e prmeer, g
wh meprgrmmg ru uh  p  
,  geere ru. A HDL re evue
hee ru urg  elaboraion phe. I ur e,
h me h  we mpeme  FPU ug prmeer
r he ee  he er  he muper, we u
geere effie LS erewhu hrg y m
g e.
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(a) pw prmeerz. Aer ey  pumbe hrugh
he herrhy  prmeerze ppeebg hf reger.
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(b) Bmup prmeerz. Geere mue prue u
pu prmeer reug  e epu.

Figure 3. Fw  prmeer whe ug geerr.

 pe wh pbe mg mmhe bewee he
er  muper, ur prmeerze eg mu ge
ere  figurbe umber  ppee ge  be
he ee. Fr exmpe,  he er ke w ye bu
he muper ke ur, he upu rm he er ee
 be eye by w ye  eure h he FPU’ ey
 wy ur ye. Te FPU  ue  prmeerze hf
reger mue, Shift h ey  g by 𝑁 ye:
localparam Max = Add_L > Mul_L ? Add_L : Mul_L;
localparam Add_B = Max - Add_L;
localparam Mul_B = Max - Mul_L;
Shift#(.N(Add_B)) s_add(.in(sum), .out(sum_d));
Shift#(.N(Mul_B)) s_mul(.in(mul), .out(mul_d));
Shift#(.N(Max)) s_op(.in(op), .out(op_d));

T ey g uffie r y pr  ee r ur
FPCgeere er  muper, Add_L  Mul_L.
Bu mpemeg   urreHDL ke Verg  quky
beme wkwr.

Te fir hege  h ur FPU mu mehw kw
hee ey prmeer, Add_L  Mul_L,  geere h
ey g. HDL prmeer flw op down, rm pre
mue  h mue,  he y bvu u 
  hee prmeer  he FPU mue’ gure 
“pumb” hem w  he ey g (Fgure 3). Bu h
ve epu. Users  he FPU mue hu 
ee  kw bu he er’  muper’ ee;
FPC eerme he ey  he mue. Lgy,
we w hee prmeer  flw botom up, rm he er
 muper up  he FPU (Fgure 3b). Curre HDL 
 w h,  uer p vru h pprhe
uh  ug herrh reeree [19], pg hem u
g exer figur fie [23, 31], r ug mpex
prmeer eg rmewrk [7].

Te e hege  h h prmeerze pprh
mpy ee ump bu he mg behvr
 mue  he rehp bewee prmeer. Te
eger  he FPU mue wu ke  y re

Interface Design Compile Execute

Ley Seve (LS) � � �

Ley Abr (LA) 7 � �

Ley Ieve (LI) 7 7 �

able 2. Whe  ere’ mg behvr  kw.

bu he rehp bewee he prmeer Add_L 
Mul_L. Hwever,  exer uer  ey mke he m
ke  flppg he w prmeer whe hey re prve
 pu ug he FPU mue  geere rre b
g g.Te flexby meprgrmmg mke
 errrpre  pey mre ffiu  very.

2.4 Latency-Abstract Interfaces
Te u e  regzg h geerrprue e
g upy  uque p  he eg pe: her m
g behvr re prmeerze  egme bu ree
 mpeme (be 2). We me uh ere laency-
absrac (LA) ere  hey br wy mg e
 mue, bu   ug prmeer. Tey pure hw
 mue’ mg behvr re fluee by vru p
rmeer. Whe ug  eybr (LA) mue, 
mpeme mu e be prmeerze  p 
hge  he mg behvr  he LA mue. T 
mr  hw mue erg wh  LI mue mu
e pree  LI ere. Te mpex erepeee
 prmeer  mg behvr  exp he h
ege  veryg he rree  egr  uh
mue.

We re hee hege by egg L, he fir
HDL  pure LA ere  prve mpeme re
g r hem. L ue  ve ype yem be 
mee ype [28] whh  expre  y re
bu prmeer’ fluee   mue’ mg behvr
 rmy guree h here re  ruur hzr
r reure reue v  any prmeerz  he
eg.

3 Te Lilac Language
L’ eg mu ve w ree prbem: peyg
eybr (LA) ere  exery geerem
ue, wrg rre, prmeerze prgrm ug uh
ere. L exe mee ype [28]— ypeyem
 re bu LS eg— pure he effe  prm
eer  mg behvr  rue oupu parameers
 pure he mg behvr  geere mue. 
geher, hee eure ebe   pure ere rm 
vrey  geerr (§6)  prve mpeme re
g bu LA ere (§4).

We ue wh ur FPU exmpe  hw hw L
pure egme ukw mg behvr ug ey
br ere (§3.1), prpge upu prmeer 
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1 gen "flopoco" comp FPAdd[#W]<G:1>( // Fully-pipelined
2 val_i: interface[G] // Provide new input
3 l: [G, G+1] #W, r: [G, G+1] #W // Required in cycle 1
4 ) -> (o: [G+#L, G+#L+1] #W // Provided on cycle L
5 ) with { some #L where #L > 0; } // Output parameter

Figure 4. Leybr ere r FPC er.
Te ey  eerme  ebrme.

ebe mur eg (§3.2),  rrey p  hg
g mg behvr (§3.3).

3.1 Specifying Latency-Abstract Interfaces
Exer geerr ke FPC he he mg be

hvr mue be  pu prmeer, uh  bwh,
 we  pmz reve. Fgure 4 hw he L
ere r  FPCgeere er. Lke  r
prmeerze mue,  h  pu prmeer #W whh
r he bwh  he pr (e 1–4). Te L er
e  pure he mue’ mg behvr wh me
e ype.Temue efie  even 𝐺, prve by he 
pu v g val_i,  repree whe he mue r
exeug.Te delay  he eve (G:1) pure he umber
 ye eee bewee euve pu; e he e
y  e, he mue  ep pu every ye. Avail-
abiliy inervals mpe r  pu; he pu l
 r re requre  he fir k ye repreee by he
erv [𝐺, 𝐺 + 1).

Te ye  whh he upu  prue, .e., he ey
 he mue,  eerme by FPC. L rue
he oupu parameer #L  repree he ey, wh 
where ue  r   be  e e. Uke he 
pu prmeer #W, he upu prmeer  produced by he
FPAdd   be ee by he pre mue. T p
rmeer  absrac urg egme, .e.,  pre mue
ug he er  ume yhg bu  vue, ex
ep h    e e. Durg mp (§5), L’
mper exeue FPC  geere  er mpeme
  ubue  ree vue r #L.

3.2 Programming with Latency-Abstract Interfaces
Se 2.3 erbe he hege  rrey egr

g mue whe prmeer fluee mg behvr.
Ug LA ere r he er  he muper, we m
peme  FPU (Fgure 5)  rue L prgrm
mg ru. Hwever, h mpeme  erreu:
 e  be he ppee whe he ey  he
er  he muper re ffere  w y wrk
whe her ee mh. We emre hw L’
ypeyem, whh bu up mee ype [28], re
bu upu prmeer  eure h he eg bug 
ugh  mpeme.

Te mpeme e he er  muper
mue (e 5) wh he pu prmeer #W, whh wrk

1 comp FPU[#W]<G:1>(
2 op: [G, G+1] 1, l: [G, G+1] #W, r: [G, G+2] #W
3 ) -> (o: [G, G+1] #W) {
4 // Instantiate the modules
5 Add := new FPAdd[#W]; Mul := new FPMul[#W];
6 // Schedule execution when G occurs
7 add := Add<G>(l, r); mul := Mul<G>(l, r);
8 mx := new Mux[#W]<G>(op_s, add_s.out, mul_s.out);
9 out = mx.out; // produce output
10 }

(a) I, erreu mpeme.
1 comp FPU[#W]<G:1>(..) -> (o: [G+#L, G+#L+1] #W) with {
2 some #L; } { .. // Instantiate and use modules.
3 let #Max = Max[Add::#L, Mul::#L]::Out;
4 sa := new Shift[#W, #Add_B]<'G+Add::#L>(add.out);
5 sm := new Shift[#W, #Mul_B]<'G+Mul::#L>(mul.out);
6 so := new Shift[#1, #Max]<'G>(op.out);
7 mx := new Mux[#W]<G+#Max>(so.out, sa.out, sm.out);
8 #L := #Max; // Latency of this module
9 }

(b) Prmeerze e  be he ppee.

Figure 5. Leybr FPU mpeme  L.
Te erreu mpeme  rejee by L’ ype
yem wh  mpeme errr. Te rree mpeme
 be he ppee  e prve  ey
br ere.

ke prmeer  r HDL. O e 7,  invokes
he mue wh he pu whe he eve G ur. I
v (rm Fme [28]) e  prur ue 
 e wh whe  eve ur  ebe L’
ypeyem  re bu he k ye  whh  m
pu ur. Whe mpg h eg  RL, L
geere he wg errr:
mux := new Mux[#W]<G>(op, add.out, mul.out);

Signal available in [G+Add::#L, G+Add::#L+1]
but required in [G, G+1]

Te errr e h he upu pr  he er w hve 
v vue  ye Add::#L whe he mupexer, whh
 vke  he fir ye, emp  re  vue 
he fir ye.  fix he errr, he uer mu vke he
mupexer  he rre me. Hwever, here   
ree vue  me  whh he mpu w ur; 
epe up he ey  he er h FPC geer
e urg ebr.  rrey heue he mpu
, he uer mu ue he oupu parameer repreeg
he er’ ey:
mux := new Mux[#W]<G+Add::#L>(op, add.out, mul.out);

Te v  w heue ug he upu prmeer
Add::#L: he mper w ee he ex ye  whh
 exeue he mupexer fer ebr. Uruey,
h fix  uffie:
mux := new Mux[#W]<G+Add::#L>(op, add.out, mul.out);
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1 comp Shift[#N]<G:1>(
2 input: [G, G+1] 32) -> (
3 out: [G+#N, G+#N+1] 32) where #N > 0 {
4 bundle<#i> w[N+1]: [G+#i, G+#i w+1] 32;
5 w[0] = input; out = w[#N];
6 for #k in 0..#N {
7 R := new Reg[32]<G+#k>(w[#k]);
8 w[#k+1] = r.out;
9 }}

(a) Shf reger mpeme.

[G,G+1]

[G+1,G+2]

[G+#i,G+#i+1]

[G+#N,G+#N+1]

(b) mg.

Figure 6. A hf reger mpeme  L  
bk grm vuzg he mg  eh bue wre.

Signal available in [G+Mul::#L, G+Mul::#L+1]
but required in [G+Add::#L, G+Add::#L+1]

Whe he er’ upu  vbe  ye Add::#L, he
muper’ upu  ;   vbe  ye Mul::#L
 L  hw h hee re he me. A rre m
peme h  be he ppee ug he ey
 boh he er  he muper. Uke   r
HDL, h   mpeme errr rher h  e errr.

3.3 Parameterization in Lilac
 fix he ue, we ee  prmeerze hf reger 

ey he g. Fgure 6 mpeme  hf reger  L
 rue  meprgrmmg pbe.

Parameric signaures. Le 1–3  Fgure 6 efie
he gure  he Shiftmue. I h e, he eger,
  exer , r he ey by efig  
pu prmeer #N  eg he upu  pper  he𝑁h
ye. T me h, r exmpe, whe ug he upu
rm  Shift[4], we heue he wrem mpu
 wh G+4 e  ug  upu prmeer.

Bundles and loops. A L prgrm mgh ue prme
er  e  heuemue. Fr exmpe, Shift
e 𝑁 Reg mue  rwr he upu rm
reger 𝑖  reger 𝑖 + 1. Te vby erv r he
𝑖h reger depends up hw my reger me bere
 (Fgure 6b). L rue bundles,  mume
rry where he vby   vue   prur ex
epe  he ex e. Fr exmpe, he bue  e 4
h𝑁+1 eeme  e h he 𝑖h eeme’ vb
y erv  [𝐺+ 𝑖, 𝐺+ 𝑖+1). Te pu g  ge 
w[0]  he upu g  re rm w[N] (e 5) whh
hve vbe [𝐺, 𝐺 + 1),  [𝐺 + 𝑁, 𝐺 + 𝑁 + 1) repe
vey. Fy, we ue  mpeme r p (e 6–9) 
e reger  vke hem  he 𝑘h ye, ug
he vue rm he 𝑘h ex  he bue  he pu, 
gg he upu  he reger  he ex 𝑘 + 1.

Lke p, bue re  mpeme ru: fer
ebr (§5), ur hf reger w k ke he w
g e where he bue h bee mpeey eme
 he mpeme mpy rwr vue hrugh 
h  reger:
R1 := new Reg; r0 := R0<G>(input);
R1 := new Reg; r1 := R1<G+1>(r0.out); ...

Puting i ogeher. Te hf reger e u be ur
FPU’ ppee (Fgure 5b). Fr, we mpue he mxmum
 he w ee ug parameer access. Te L m
pe Max h  empy by  efie  ge upu
prmeer Out whh  re  he expre #A >
#B ? #A : #B;   y ue   u ver prme

er.Te mb  pu  upu prmeer w
L prgrm  ue mpe  pure u ver
prmeer  br wy rue mpu. Nex,
we mpue he mu  bg eee (#Add_B  #
Mul_B, ee),  ue h  ey eh mpue mue’
upu  we  he op g. Fy, beue he ey
 he FPU epe  he ey  he mpue mue,
we br  ey ug #L  prve  bg  he
by.

4 ype System
L’ ype yem yze eh mpe  he pr
grm  eure h  mhe  prve gure 
ue  ubmue rrey (be  her gure). 
ere h eh mpe  be ey ppee, L
ue  SM ver  ere h  prmeerze expre
 bey he requreme  mee ype [28].

4.1 Syntax
Fgure 7  he yx  he L HDL, whh bu up
Fme’ b ruur ru  mee ype y
em [28]. Fme e  uppr prmeer. I h hree
m ru:  ( e ubmue),
v ( heue mpu),  e (
e pr). L  prmeerz  mepr
grmmg ru.

Parameer expressions. L  prmeer expre
(P)  w hem  ur  every  where 
 re we  Fme (vby erv, eve
ey,  heug expre, e.). Prmeer re e
fie  hree : (1) gure (𝑠𝑖𝑔) ere pu
prmeer, (2) some bg (𝑏𝑖𝑛𝑑) efie upu prm
eer,  (3) let bg (𝑐𝑚𝑑) me prmeer expre
. Te bu rhme perr (𝑏𝑖𝑛𝑜𝑝) re rey
ee  SM quere, wg he ver  re
bu mpu.

Mre mpex mpu  be pefie  wwy.
Parameer access expressions w   ue 
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𝑥 ∈ 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒𝑠 𝑝 ∈ 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 𝐺 ∈ 𝑒𝑣𝑒𝑛𝑡𝑠
𝑏𝑜𝑝 ∈ {+, −, ×, ÷, %} 𝑢𝑛𝑜𝑝 ∈ {g2, exp2}
P ∶∶= ℕ ∣ 𝑝 ∣ 𝑏𝑜𝑝(𝑃1, 𝑃2) ∣ 𝑢𝑛𝑜𝑝(𝑃) ∣ 𝑥1[P*]::𝑥2
C ∶∶= 𝑃1 = 𝑃2 ∣ 𝑃1 ≤ 𝑃2 ∣ ¬𝐶 ∣ 𝐶 ∧ 𝐶 ∣ 𝐶 ∨ 𝐶
ival ∶∶= [𝐺1 + 𝑃1, 𝐺2 + 𝑃2] por ∶∶= 𝑥 ∶ 𝑖𝑣𝑎𝑙 𝑝
bind ∶∶= some 𝑝where c*
sig ∶∶= 𝑥[P*]⟨𝐺 ∶ 𝑃⟩(por*)with {bind*}whereC*
mod ∶∶= comp sig {cmd*} ∣ extern sig ∣ gen ool sig

acc ∶∶= 𝑥 ∣ 𝑥1.𝑥2 ∣ acc[𝑃1..𝑃2]
cmd ∶∶= 𝑐𝑚𝑑1; 𝑐𝑚𝑑2 ∣ acc1 = acc2 ∣ let 𝑝 = 𝑃 ∣ 𝑝 ∶= 𝑃

∣ 𝑥1 ∶= new 𝑥2[P*] ∣ 𝑥1 ∶= 𝑥2⟨𝐺 + 𝑃⟩(acc*)
∣ bundle⟨p*⟩ 𝑥[P*] ∶ ival* ∣ assume 𝐶 ∣ assert 𝐶
∣ if 𝐶 {m1} else {m2} ∣ for 𝑝 in 𝑃1..𝑃2{cmd }

(a) Lguge ru. Fme ru hghghe.

⟦𝑃⟧ ∶ 𝒬𝑣 × 2𝐶 ⟦𝑐𝑚𝑑, 2𝐶⟧ ∶ 𝒟 × 2𝐶 × 𝒬 pu(𝑥𝑐, 𝑥𝑜) ∶ 𝒬𝑣

ue(𝑥1, 𝑥2) ∶ 𝐶 prg(𝑥, P*) ∶ 𝐶 e(𝑥) ∶ 𝒟 × 𝒟

⟦𝑛⟧ = 𝑛, ∅ ⟦𝑝⟧ = 𝑝, ∅
𝑣1, 𝐶1 = ⟦𝑃1⟧ 𝑣2, 𝐶2 = ⟦𝑃2⟧

⟦(𝑏𝑜𝑝(𝑃1, 𝑃2)⟧ = bp 𝑣1 𝑣2, 𝐶1 ∪ 𝐶2

𝐶1 = ue(𝑥1, 𝑥𝑜) 𝐶2 = prg(𝑥1, P*) 𝑓 = pu(𝑥1, 𝑥𝑜)
⟦𝑥1[P*]::𝑥𝑜⟧ = 𝑓, 𝐶1 ∪ 𝐶2

Acc

𝑑𝑖, 𝑑𝑜 = e(𝑥2) 𝐶𝑜 = ⋃𝑥𝑜∈𝑑𝑜 ue(𝑥2, 𝑥𝑜)
𝐶𝑝 = prg(𝑥2, P*)

⟦𝑥1 ∶= new 𝑥2[P*], 𝑝𝑐⟧ = 𝑑𝑜, 𝑝𝑐 ∪ 𝐶𝑜, (assert 𝑝𝑐 ⇒ 𝐶𝑝)
Inst

𝑑𝑡, 𝑝𝑐𝑡, 𝑞𝑡 = ⟦𝑐𝑚𝑑1, 𝑝𝑐 ∧ 𝑐⟧ 𝑑𝑓, 𝑝𝑐𝑓, 𝑞𝑓 = ⟦𝑐𝑚𝑑2, 𝑝𝑐 ∧ ¬𝑐⟧
⟦if(𝑐) 𝑐𝑚𝑑1 else 𝑐𝑚𝑑2, 𝑝𝑐⟧ = ∅, 𝑝𝑐, (assert 𝑞𝑡 ∧ 𝑞𝑓)

Cond

(b) Seee eg rue r geerg SM r.

Figure 7. L guge  rue r eg ru  SM quere

mpe  ge her upu prmeer; r exmpe, Max
[#A, #B]::#Out e he Max mpe  ge
he upu prmeer repreeg he mx 𝐴  𝐵. L
 ere mm per uh  𝑙𝑜𝑔2  𝑒𝑥𝑝2  un-
inerpreed funcions wh  eg (§4.2)  prve
mm eque uh  𝑒𝑥𝑝2(𝑙𝑜𝑔2(𝑁)) = 𝑁; he ver
ree  hee equy  prve   requre he uer
 prve   ug assume eme  mre
mpex reg  requre.

Componen signaures. L gure (sig) pey he
eve, prmeer,  pr e wh  mue. A
gure ere upu prmeer ug with bg
  pey r  hem ug where ue.
Fy, gure  p  eher L mue (comp),
mue mpemee  Verg (extern), r mue ge
ere by   (gen). L’ mper ue he  k
 er  umy vke he geerr whe
ebrg he prgrm (§5).

Meaprogramming consrucs. L uppr bue
rp,  expre,  reurve mue 
 wh he r em. Bue prve
 wy  rk vby erv r geere g
 assert  assume w r mpeme reg
 .

4.2 Constraint Generation
Wh  ge mpe, here re w ure ruur
hzr: reg vuewhe hey re  emyme
gu,  mppg mupe logical mpu  he
me physical reure  he me k ye. Tee re

g bug: wh he eg, hey pper mkewh
he r g   ru whh mgh emp  ue
 vue   wre bere he rre mu  me h
epe, r ume h  mue h epe  pu be
re  rey e. Hwever, uh mke   ue 
bvu ru me ure; he egw keep exeugwh
rre vue ug e  rrup.

Fme [28] efie w prpere  eme ru
ur hzr: laency safey requre h vue  wre
re y re whe hey re emy megu, 
resource safey requre h, whe ug  pryppee
mue, pu re e wh pprpre ey bewee
hem.2 L ere hem by geerg r h
eure:

1. Valid reads: Cmpe y re rm pr urg
her vby erv, .e., whe her vue re
emy v.

2. Non-conflicing wries:Tere  y e g rver
  pr per k ye.

3. Appropriae delays: Cmpe repe he 
erv  her ubmpe:  d  he ubm
pe’ ey, he he mpe w  e d
ye bere vkg he ubmpe g.

Fr eh prpery, L’ ype yem geere  e 
r ver ymb prmeer  eure h, 
mer wh prmeerz   eg  eee urg
ebr,  w  hve uh e g bug.

2Fme  hee prpere well formedness  pipeline safey
repevey.
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Encoding funcion. Te ee u (Fgure 7b) 
yze prmeerze prgrm  geere r
r he SM ver. Te ee u rrm eh
guge ru  L   e  SM r.

⟦𝑐𝑚𝑑, 2𝐶⟧ ∶ 𝒟 × 2𝐶 × 𝒬
I ke he urre mm (cmd)   ph 
(2𝐶), whh repree he e   rue  he urre
brh  he prmer prgrm,  reur  e  SM
vrbe  efie (𝒟),  ew ph ,  he SM
query (𝒬). Te rue heper u  e he prme
er efie by mpe (e)  r  hem
(ue),  we  r ree by ubug 
ree expre r pu prmeer (prg).

Parameer expressions. Prmeer expre (⟦𝑃⟧) re
ee  geere SM vue (𝒬𝑣)—whh rrep 
mpu ver SM vrbe—  e  r.
Eg umber  prmeer vrbe reur her SM
repree; bry per reur he equve SM
u,  ury u reur he pp  u
erpree u  prmeer expre.

Encoding oupu parameers. Fr eh upu prme
er efie by  mpe, L ere  ew uer
pree u h epe   he pu prmeer
 he mpe. Fr exmpe, gve he wg mp
e:
comp Max[#A, #B]<G:1>(..) with { some #O }

L efie he wg uerpree u:
(declare-fun Max_O ((A Int) (B Int)) Int)

Wheever he pefi upu prmeer  ue  he pr
grm, L w repe  wh (Max_O A B); he Acc rue
hw  exmpe  h. T eg w L pr
grm  re hee pefi exmpe:
FAdd[16,8]::#L == FAdd[16,8]::#L // True
Max[#A,#B]::#O == Max[#X,#Y]::#O // if #A==#X and #B==#Y

Te  rue (Inst) requre h he pu ex
pre bey he r  pu prmeer, ere
upu prmeer efie  he gure  ew vrbe,
 w he ph   ume he whereue
er  hem.

Compile-ime language consrucs. L ymby
re bu mpeme ru uh  .
Te Cond hw hw he eg u  he if 
  he ph  whe hekg brhe. Rue
r pr e  r p ( hw) eure h
whe  g  re,   vbe rg   v
by erv,  h e re  reue mre fe
h he mpe’ ey w r.

Afer rug  r, he ype yem er
 eg  k  SM ver [26]  fi  y
g gme. I he ver fi uh  gme, h

me h he uer eg ve he r; we 
ue h gme  ru  uerexmpe em
rg  he uer h  e  ree prmeer vue
w ree  bug  he eg.

5 Elaboration
Te mper ebre weype L prgrm by exe
ug geerr  ge ree bg r upu prm
eer, evug mpeme ru,  g bu
e. Te mper he prue  v Fme prgrm
whh  be mpe w   Verg mpeme.
Te mper  wre  16k e  Ru e.

Top-down elaboraion. I HDL wh y pu prm
eer, he mper  premue pw, mpeey
preg  pre mue bere ebrg  ubm
ue. T  pbe beue  he prmeer eee 
ebre  mue re rey vbe  uy ree.
Suh  heme e  wrk r L prgrm.  uer
why, er he wg rgme rm Fgure 5b:
A := new FAdd[#W]; M := new FMul[#W]; // FloPoCo outputs
let #Max = Max[A::#L, M::#L]::#Out;
SA := new Shift[#W, #Max-A::#L];

I rer  e he Shiftmue, he ebrr ee
ree vue r he upu prmeer A::#L  M::#
L whh w  be vbe u FPC geere he
er  muper mue. Furhermre, upu prme
er  be ue  r p    reur
ve mue  w L  efie mpe
wh  efie rer  ebr.

Elaboraion algorihm. Te grhm  he m
ue r  h y ue prmeer expre
h  be uy evue;   uh  ex,
he here   ye  he  grph  he g
rhm erme wh  errr. Te grhm r w
hemue herrhy u  fi  mpeey ebrbe
mue whh y  reeree  uprmeerze
L mue, exer mue,  geerr e
gen mue. Eh geerr prve  figur fie
h efie he mue  prue  he mehm
 exr bg r upu prmeer r eh mue
(reg he mme upu, kg r  fie, e.).
Ug h rm, he ebrr exeue  p 
  e gen mue by vkg he
reev . Oe he geerr prue  mue, he
ebrr e he bg r he mue’ upu p
rmeer  ue ebrg he pre mue. T
ue u  he mue re mpeey ebre
 he bk geher. Afer h, he ebrr ru 
e p  e  re  wre rm bue 
ge  uy ruur Fme prgrm.
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Design Lines ime (ms)

RISC 3ge Be 480 160
Gu Bur Pyrm (§7) 595 205
FF (L y) 1207 403
FF (ug FPC) 1221 442
L’ r brry 1310 900
BLAS Leve 1 Kere 1346 1295

Figure 8. ype heker’ perrme.

5.1 Compiler Performance
Fgure 8 ummrze he perrme  L’ mper.
Cmp  me by he ype hekg ep whh
geere  hrge SM quere. M eg ke
e h  e  ypehek.

6 Latency-Abstract Interfaces in the Wild
We empry juy ur m h LA ere  be
ue  pure ere r mue geere by exg
.

6.1 Vivado IP Core Generators
Vv’ IP re geerr prve erype, pque m
peme pmze r pefi AMD FPGA [18]. 
uy L’ effiy  purg LA ere, we uy
hree IP re geerr prve by Vv.

Muliplier. Lke Shift (Fgure 6), hemuper re ge
err ke  exp pu prmeer  pey he u
pu ey. L’ LA ere pure h we:
comp Mult<G:1>[#W, #L](a: [G, G+1] #W,

b: [G, G+1] #W) -> (o: [G+#L, G+#L+1] #W)

Divider. Te ver geerr [16] prve ever p
rmeer  r he geere mue’ mg behvr
(Fgure 9). I w he uer  ee bewee mrrh
eure be  pre  perrme requreme:
LutMult (Fgure 9)  remmee r bwh e

h 12,  uy ppee,  h  eghye ey.
Radix-2 (Fgure 9b), remmee r bwh e h
16, h  pu prmeer (#II) whh r he ppe
g r he mue   be e  vue greer h
e  reue reure uge. Be  her pu prm
eer, uh  wheher  r v. eger remer 
requre,  ee  prur rmu  mpue he m
ue’ ey (pure wh upu prmeer #L). Se he
gure pefie he ex rmu ue, he pre m
ue  re bu he mpeme’ ree ey.
Fy, High-radix (Fgure 9) hu be ue r bwh
greer h 16. Te uer gue prve  be h gve
he mpeme’ ex ey be  he bwh

Generator Features

PpeeC [21] in-dep
FPC [6] in-dep, out-dep
XLS [10] in-dep, ii-gt-1
Spr FF [25] in-dep, out-dep, ii-gt-1
Aeherg [8] in-dep, out-dep, ii-gt-1, multi

able 3. Geerr egre wh L  eure
eee  pure her ere. in-dep: pu prme
er ffe mg behvr, out-dep: upu prmeer
ffe mg behvr, ii-gt-1: prmeerepee
ppeg,  multi: requre muye erv.

 he vr  he ve; here   e rm r
mu  mpue . Te LA ere mpy br he
ey ug  upu prmeer.

Te mpexy  he ver mpeme mke 
hegg  egre  exg eg. Oer ver
[14] y prve LS ere r egr bu mre re
e ver [16] hve e he by  wrp he ge
ere mue   LI AXI ere. T   rue ex
mpe  he convenience ue  LI ere: he ver’
mg behvr  exremey mpe  re bu
 herere ue  LI ere e.

Wh L, prgrmmer v h ueery verhe
by ug  LA ere. Fgure 9 emre h p
prh:  prve  wrpper mue h e 
ere ver mpeme be  he pu bwh
 e he pprpre upu prmeer vue. I 
  emrg h LA ere  prve  u
rm ere r he ffere ver mpeme, h
wrpper  epue he ume’ gue.

FFT generaor. Vv’ FF geerr [15], mr 
High-radix, efie  be h ue he FPGA rge 
pu prmeer vue  eerme he mue’ ey
 prve  p  geere  AXI wrpper. Te
LA ere  wrp h geerr wu k mr 
Fgure 9.

6.2 LA Interfaces for Generators
be 3 ummrze exg geerr  he L e
ure eee  pure her ere.

• Input parameter dependent timing (in-dep). Sm
r  Vv’ muper re geerr, PpeeC
w uer  pey he ex ey hey w u
g  pu prmeer.

• Output parameter dependent timing (out-dep).
FPC ue bh pu prmeer  hgheve
pmz g  ee he mg behvr  
mue. Smr  he High-Radix ver, uh m
ue ee L’ upu prmeer  pure her
egme br mg behvr.
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comp LutMult<G:1>[#W](
n: [G, G+1] #W,
d: [G, G+1] #W

) -> (
q: [G+8, G+9] #W

)

(a) LutMult rheure,
eyeve.

comp Rad2<G:II>[#W,#II,#Fr](
n: [G, G+1] #W, d: [G, G+1] #W

) -> (q: [G+#L, G+#L+1] #W) with {
some #L } where #II < 9, #II%2,
#Fr & #II > 1 ? L == #W+5

: #Fr & #II == 1 ? L == #W+4 ..

(b) Radix-2 rheure, pu prme
er epee mg.

comp HighRad<G:#L>[#W](
n: [G, G+1] #W,
d: [G, G+1] #W

) -> (
q: [G+L, G+L+1] #W

) with { some #L; }

(c) High-radix rhe
ure, eybr.

if #W<12 { D := new LutMult[..];
#L := 8; #II := 1 }

else if #W<16 { D := new Rad2[..];
#L := D::L; #II := D::II; }

else { D := new HighRad[..];
#L := D::L; #II := D::L; }}

(d) Seeg ver be  pu
bwh.

Figure 9. Iere r ver prue by Vv’ IP Cre. Te wrpper e prve  urm ee he mpeme
 be  pu bwh  prve  be ere  egre y ver.

• Parameter dependent pipelining (ii-gt-1). XLS
 geere mue h re pry ppee, .e.,
hve   erv  greer h e. Te
ppeg  epe  pu prmeer (mr 
Radix-2) r be mpeey br, requrg upu
prmeer  L’ pby  pure prmeer
epee eve ey.

• Multi-cycle interval (multi). Aeherg geere
mue where he uer mu h he pu g
be r mre h e ye. Cpurg uh er
e requre L’ by  erbe muye
vby erv.

L w egr  exer Verg mue by
efig exernal mpe whh prve  L g
ure  we   ph  he Verg fie h  he m
peme. Durg mp, he L mper k
 he mpeme  he mue wh he re  he
eg.

7 Gaussian Blur Pyramid
Gu bur pyrm  mue mge preg 
grhm mmy ue  k uh  bje ee.
We ue GBP  mpre LA  LI ere. We mpe
me w ver h ue vu mue geere
by Aeherg [8]: e ue L  LA ere; he e
 ue Verg  LI ere. We quvey evu
e bh ere r her by  effevey epue
he geere mue  repr  he reure  per
rme verhe urre by LI mpeme.

7.1 Implementation
Te grhm pree by repeey ppyg Gu
bur by vvg he mge wh  fier, wmpg
he reug mge,  repeg h  ru ffer
e levels. Oe  eve re ree, he grhm upm
pe he mge, bur hem  remve g r, 
be hem bewee eve𝑁−1  𝑁 by kg  weghe
verge bewee he w, ug u  h revere
he rg mge me. Our GBP mpeme
ur h flw grph  e mue  per
rm he burrg, beg,  up  wmpg.

comp AethConv[#W]<G:#II>( // 4x4 conv, gauss filter
valid_i: interface['G],
in[#N]: ['G, 'G+#H] #W // Num. inputs & hold time

) -> (out[#N]: ['G+#L, 'G+#L+1]) with {
some #H where #H > 0; // Num. cycles to hold inputs
some #N where 16 % #N == 0, #N > 0; // Chunk size
some #L, #II where #L > 0, #II >= #H }

(a) Leybr ere r vu  L.

module AethConv #(parameter W=32, N=16, L=6, II=1, H=1)(
input logic val_i, input logic rdy_i, // input intf
input logic [N-1:0][W-1:0] in,
output logic val_o, output logic rdy_o, // output intf
output logic [N-1:0][W-1:0] out);

(b) Leyeve ere r vu  Verg.

Figure 10. Iere r he Aeherggeere 4×4 
vu mue. Te prmeer 𝑁  ue by he mpeme
  erbe hwmy  he 16 requre pu  w
ep   ye  pry rem me upu.

Convoluion inerface. Weue Aeherg [8],  DSL r
geerg rem preg prgrm,  geere 4 × 4
vu mpeme  vry he umber  mu
per ue  expre re–perrme reff. We e
g  Lbe LA ere (Fgure 10)   Verg
be LI ere (Fgure 10b)  yze hw hey p
ure he mg behvr  he geere mue.

Number of inpus. Fr, up vryg he umber 
muper, Aeherg hge he ze  he pu pr 
ep 𝑁 eeme   me, where 𝑁   r  16. L
efie  upu prmeer  expre h epee
he. Oe he her h, he LI ere efie  
pu prmeer h mus be rrey hree hrugh he
herrhy;  he uer ge  wrg, he mpeme my
ey gre he pu.

Timing behaviors. Te LA ere efie hree u
pu prmeer  pure hemue’ mg behvr.Te
ey (#L)   erv (#II) hve rrep
g g  he LI ere, mey  upu v g
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1 comp Ser[#W, #N, #B, #C, #H]<G: #C*(#N-1)+#H>(
2 en: interface[G], in[N*B]: [G, G+#H] W
3 ) -> (o[#N][#B]: [G+#C*#i, G+#C*#i+#H] W) {
4 for #i in 0..#N { for #j in 0..#B {
5 let #CurIdx = #B*#i+#j;
6 d := new Reg[#W]<G, G+C*#i+#H>(in{#CurIdx});
7 o{i}{j} = d.out; }}}

Figure 11. Prmeerze, ppee erzer  L. Te
ere pefie hw  ke 𝑁 × 𝐵 eeme   rry
 huk hem   rem  𝑁 eeme bue 
 r gp bewee euve bue (𝐶)  he
umber  ye  bue  vbe (𝐻).

(val_o)   rey (rdy_i) g. Aeherg’ pry
ppee mue ue muper h perrm mpu
 ver mupe ye  requre he mue  h
he pu g be r mupe ye. Te hr prm
eer, #H, pure h. Te LI ere k  exp g
  pure h rm:  ume h  rer
ur whe rey  v re ere geher. Ie,
we pumb he #H prmeer hrugh he herrhy  ue
  h he pu vue r he requre umber  ye.

Parameer polluion. Te LI eg uffer rm param-
eer polluion: he peve GBP mue, whh ue hree
epre bur mue, mu p ur prmeer  eh,
reug  12 exr prmeer flwg hrugh he eg.
Fr rger GBP, h quky beme ebe.

LA blur implemenaion. Dffere eve  he GBP 
grhm ppy bur  ffere ze. Fr bh mpeme
, we prve  prmeerze bur mue h ke
 mge  ze 𝐼 × 𝐼  repeey  he Aeherg
geere vu mue  pre . Fr he LA m
peme, h  mphe ug  erzer mue
(Fgure 11) whh ke 𝐼2 eeme rm he mge  pr
ve 𝑁 pu  he vu mue (where 𝑁  he
upu prmeer prve by he Aeherg mue). Te
erzer ere (e 1–3) prve r ver whe
bue re prue,  here re gp bewee hem, 
hw g hey re v r. Hwever, he mue mpe
me (e 4–7) mpy e  reger r eh
eeme  rwr  upu; L’ ype yem eure
h he mpex reg bu prmeerepee bu
e vby  rrey he.

LI blur implemenaion. TeLI bur mpeme ue
w emhe (Fgure 12)  ebe ppee exeu
 he vu mue. Te send e mhe (e
1–5) repeey exr  e  𝑁ze huk  
 he Aeherg mue; he cv_rdy_i e whe he
vu  rey  ep he pu. Te recv e
mhe (e 6–10) w r he upu (cv_val_o) 
re   he rgh   he upu mge.

1 case (st) // send state machine
2 IDLE: if (val_i) nxt_st = PROC;
3 PROC: cv_val_i = 1; if (cv_rdy_i) nxt_idx = idx+1;
4 BLOCKED: if (rdy_o) nxt_st = IDLE;
5 assign conv_in = in[N*idx+:N];
6 case (st) // recv state machine
7 IDLE: if (val_i) nxt_st = PROC;
8 PROC: cv_rdy_o = 1; if (cv_val_o) nxt_idx = idx+1;
9 BLOCKED: if (rdy_o) nxt_st = IDLE;
10 assign out[N*idx+:N] = conv_out;

Figure 12. Se mhe r ppee exeu 
Aeherggeere vu  he LI mpeme.

Design (N) LUs Registers Freq. (MHz)

Lilac / RV (1) 1824 / 2093 2532 / 3254 258 / 236
Lilac / RV (2) 1762 / 2062 2464 / 3165 284 / 219
Lilac / RV (4) 1627 / 1983 2373 / 3129 270 / 306
Lilac / RV (8) 1227 / 2146 1733 / 3058 223 / 231
Lilac / RV (16) 1311 / 2099 1688 / 3244 211 / 183

Figure 13. Reure uge  mxmum requey  GBP
mpeme r ffere vu figur.

Pyramid implemenaion. Fr he LA mpeme,
he vru ue  he Bur mue requre ppee b
g. L’ ype yem eure h we rrey ey 
ue he g whe pg hem  ubeque ge:
Blur0 := new BlurAbs[8]; Blur0 := new Blur[4];
level0 := Blur0<'G>(input);
down := new Down<G+Blur0::#L>(level0.out);
level1 := Blur1<'G+#Blur0::#L>(down.out); ...
#L := Blur0::#L + Blur1::#L + BlurUp::#L + Blend::#L;
// II is dictated by slowest blur.
#II := Max[Blur0::#II, Blur1::#II, BlurUp::#II]::#Out;

TeLI mpeme ue  er emhe  exeue
eh bur mue hrugh  rey–v ere  e
prve  rey–v ere.

7.2 Cost of Latency Insensitivity
Fgure 13 ummrze ur reu:  geer, LI mpeme
  he GBP ke mre reure  heve he me
mxmum requee. We mpeme five eg p r
bh he L  he eyeve ere by y
hezg Aeherg mue wh ffere vue r p
rmeer 𝑁, whh ffe he ey  he hrughpu 
he eg. Eh eg  yheze ug Vv v2023.2
wh  rge k per  3  puupu ey 
0.1. Te repre requey  mpue by ubrg
he wr egve k rm he rge  we ke ge
mer me whe reprg ummry .

Performance analysis. O verge, he LI eg heve
6.8%wre requee,  ue 26.2%mre LU  33.0%
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mre reger mpre  he L mpeme. A ex
pee, he reure uge  he LI eg rem rughy
 r he vru eg p. Hwever, r he
LA mpeme, he reure uge goes down  we
ree he vue  𝑁: Lilac-1 ue 22.2% ewer reger
h RV-1 whe Lilac-16 ue 48% ewer reger. T 
beue he erz g   prmry   he LA m
peme ,  he vumue prve mre
prem,  ee e erz g.

Te re ure  mpr reff: LI ere
requre  rge upr reure   mpeme he h
hkg FSM; hwever, h  rem  regr
e  he er g  he mue. LA ere,  he
her h, mpe  prmeerepee  beue 
her ree  mpeme egeer. T p
  eg prgm where eger e mer m
pe ug LA ere , e hey hve  bg eugh
“”  LA mue, wrp hem ug  LI ere.3

Design analysis. Fr he LI eg, he e mhe
g wh he bur mue  he r ph; r he
L mpeme,   he erzer mpeme ue
 hgh u. Te reure verhe  he LI mue
me rm he exr e mhe  re mrze 
he ze  he mue ree mpyg h eger
hu preer ug LA ere  bu rge mpe
whh  be wrppe ug LI ere.

8 Related Work
Parameers in HDLs. r HDL, ke Verg 

VHDL, uppr prmeerzg eg ug pu prm
eer  meprgrmmg ru. Tey  prve
mehm uh  defparam  g prmeer vue
ywhere   eg’ herrhy; hwever, uh ru
brek epu  re urge rm ue ue 
pr  uppr [17, 19]. Oupu parameers pure 
vere prmeer flw, prve rg epu, 
wrk wh L’ ype yem  eure rre uge. Em
beeHDL [2, 3, 20, 23]   ue prmeer  he r
 ee: hey rey  he h fwre guge  
ru ru  mbe hem. Beue  h, eHDL
 ey mpeme upu prmeer. Hwever, uke
L, hey   pure he fluee  prmeer  m
g behvr  herere mke LA ere hegg
 ue rrey.

Safe HDLs. r HDL guree daaype safey:
hey eure h he b  every wre rrep  e
my megu . Se HDL prve rhg
guree bu hw ru eeme re ue. Ley
ug HDL [2, 13, 32, 33] rk he ee  g

3T mrrr he ep  gbyyhru, yyhru
eg where rge   yhruy ke mue re 
ee ug yhru km rg.

 eure h ppee re rrey be (laency safey)
bu  re bu pryppee mue. F
me [28] w eg  be pry ppee  re
 bu hw reure uh  wre, reger,  m
ue re reue ver me, eher expy r hrugh ppe
g,  y guree he bee  reure reue
bug (resource safey). By erg bh ey ey 
reure ey, Fme  he fir guge  eme 
ruur hzr  mpe me. Av [35]   he
be HDL h p Fme’ br  eve 
vby erv   uppr r LI ere u
g yhrz g. Hwever, Av e  up
pr exp reure reue, e  re he er
 bewee mpeme prmeer  ere behv
r,  e  m  expre LA ere. L  he
fir guge  y prve bh ey ey 
reure ey r prmeerze eg rey uppr
LA ere.

Pre-elaboraion parameer checking. Buepe [29] re
 bu prmeer vue  mpeme ug provisos,
whh re mr  L’ where ue. Hwever, Bue
pe e  pure mue’ mg behvr  hu
 re bu he mp prmeer hve  hem.

Verificaion sysems. Frm verfi  r hr
wre eg [4, 24, 34]  re bu geer empr
prpere bu geery requre whe prgrm pr 
 rey he prmeerze eg. L,  
r, ue  mp ype yem  guree he b
ee ruur hzr  reurereue v 
re ymby bu prmeerze eg.

Hardware generaors. Cre geerr [6, 18, 25], hgh
eve yhe [30, 36],  eerr eg guge [8,
10, 11, 22, 27] pere wh hghereve, mpu b
r    expe mg er  he uer. I
r, L   HDL h rey expree  re
bu mg behvr  weve ru erp.

9 Future Work
Leybr (LA) ere re  eg br h
prve he flexby  eyeve (LI) ere
 we  he effiey  eyeve ere. Tey
  repe LI ere:  mue wh puepee
mg behvr, uh   vrbeey ver, mu
ue  LI ere. Smry, here re e where eve
hugh LA ere u wrk,  LI ere mgh be
 beer he beue  he eg’ perrme bje
ve. Tee reff mpy he ee r ew HDL h
uy LI  LA br  w eger  em
ey mve bewee he w whh we ee   ruu re
r uure wrk.
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10 Conclusion
A mb  geerr, mpefi guge, 
HDL w mer hrwre eg  bemalleable 
p  hge  perrme g  mpeme
rege. Leybr ere, upe wh e b
r  L, w eger  bu uh mebe
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