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A framework for developing an FPGA based coprocessor for accelerating
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ARTICLE INFORMATION ABSTRACT

In recent years, capability of FPGA hardware for accelerating the solution of differential equations has
attracted wide attention. However, complexities associated with the implementation and development of
these equations on FPGA has precluded the wider application of this hardware among the users in the
field of CFD. In this research, a software framework has been developed, which enables users to
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develop an FPGA based coprocessor for solving implicit PDE equations, quickly and with minimum

Keywords: . - . N . . .
So%,tware framework complexity. Using this framework, the user defines the solution network and the algebraic equations,
Coprocessor and the framework manages other operations such as construction of the solver IP, interface between the
Partial differential equation CPU and the coprocessor, memory layers and links among various parts. The framework consists of
FPGA

different sections for defining the architecture of the coprocessor using HLS and VIVADO software,
and the links with CPU consisting of operating system drivers and operational functions for adjusting
initial and boundary conditions and receiving the results through the PCle port. Simplicity of the
developed framework has been demonstrated by the construction of a coprocessor for solving two-
dimensional Laplace equation. Comparison of speed of solution on CPU with the FPGA based
coprocessor shows a 22-fold increase in the speed of solution of Laplace equation, and if fixed point
operation is used in the construction of the coprocessor, the speed will even increase 65-fold.
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Fig. 1 Structure and configuration of different parts of the proposed
framework
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50055 et g T ige b e lans JS 5 15 9550 wzlz 0l )
ile go (Bl s e 0a33le 5 S I581 Corw (5 lens 4k

oi1o 1 K I3l -2-3
S8 ) eoliul b s Sppods Volee S ly )5 a5z 0
oles 550 9 adsl llpd g oSl bl wslz 2l n S onilo
03l Tyl (o wiile s92 50 ol 5l (Sl esliul L g )l s
ool b o 5,5 (sl 1po,S Dbl s 95 o iy poi ilie b
i S 0gdoe o3l Gl 2l @ Bl s vz
LT 5l G 5 el ool alidl 1) Sledlbl il 5 (o (oo o550
ooliinl 9590 Loygiaws (1 JS2) wiS (oo Jlo)l Jiu8 4 L) o5 8 )b
g oo ) 9, lee Jold Sledbl Jlasl sl

Giye lph yyui jgtes e

adl bl l Gy pai jgiws @

J> Eord sgs e
» el s S cwload (b ol 85 4 okt oozl
Sl s o5 Gk 5l 055 jsb a5 ead Cud (2ey5 slashd
ol Glr 2 2 o U aboe JUT Senals (Lol il 4 S
S cplple all analy gwpmes Oldbl ) 4 o bl

3C#

61

»rd_en

FIFO Generator

85:&1;3“;1
dout_1[63:0]
0l 3 oS (5 lons pl Sl Sski2 S

"USE" s 4 aisfolen S e sk el 51wl Sl clles
0z ST 6T o o bl b S LLS1 gl el oa ool ol
0pd oo aF Conl 0ad dnnd (5 I3l (gleme 31 40 Vgind sae
b o 3 00 iz i 3o ol el oyl bl o SleMb] iga
o] 5L g s LS o Sledbl 0l ools ygiws g4 & dzg
szl G)llos Gisu sl pl,She Sk M2 USE" 0sd e (25T
ST 5 5399 Sleely0 s oo Gl ) 9oy JliBle s o oad (b
ol Gkl e ;o 5 0ad Jog by oxjly 4 plShs Sk ol
2 S g IS gtz gy ST sl o o b b
Joloo > gd oo pas ol Sl JlBles 0 955 IB 508 lisle
Wl o plore Sbles oS Conl gl (e 502 Ll 5 oo )S coles
olyen & Soblh 4l e 3 ol wAbiee lojl Sl s
ol o as ol I ) BsSlE 0S o JiS Giye s old e
odds aseie oply o L2 S 0 4T WS pl eads hLalS g,5
SaS sl plShe Ssb I3 0% @l S Syge 4wl
§ it b5 o 6] ol el 55 ble el o eols S5 esijlay
s b slosl Jonl s dslae g5 4 diny oS ool Al dnngs 05zl

oslizal 45 cggms el iggige ol i e i ol ! gl 4sS I oS

* First Input First output (FIFO)
2Intellectual Property (IP)

10 opleits 17 095 1396 s (w30 Suilso i



B3 95 3l (gl o JLES] I Gy e

G313 g8 9 Liledibs Vlo )y Kxi gl

633 Ja 03 s i)l cd Sl 8l 2 Fe 033)13 53 S Al shie oSle s el

C++ code
generator for
stencil mesh

C++ code

C++ template
code
In HLS

Generate IP

Block design
In Vivado

bitstream

Make
coprocessor
In FPGA

Fig 3 Development of FPGA based coprocessor using the proposed
framework

Lgol.e(......‘.u u?)b » LSIL;"gs‘dl 2 (s a..\j)'loﬁ SaS esle Ng, 3 JS.:M

o
B.C
I.C

FPGA based PDE
solver Coprocessor

FPGA

Fig.4 The process flow of software section of the PDE solver
oy Joil s S¥oles Sl (615l i Slibes ais] 5 4SS

Cozsle 3 ooliil b WY ol 0uiilsy oS b5

B drwgd
el ln GRS amlr rl GRS g pols lis jslaie 4
033l S S sloyl Sl s OVolas ges Jo 0aijle y SS
Woles b 425l woz e ol 5l oalitel b sam 95 LadbY dolee >

5 2B oo )5 aS wil oo Ll 5 seim £o5 5l Aol S LY

95 LY doles oaias lid (1) akayly o)l &l > Jlal g @Yl 039>
DSl oo o

’u 9?2

guL v _y @

dx?  dy?

oS wilge ) aly Oypo a4 (1) daly Ses Jo Sgoe Joly S5

Cowd 4 dlios sl S L3 Lolie ke 65 je wyos laie ol o

ner Wy Uy Uy U o) @)

ij = 2

alayly (gam g0 LY Aolas o ouijle y SaS Sl jalaie 4 dalol o

u

Szl ja 69, 2 lo)S 20x20 4l )3 57 ge 0,5 400 sl )
G ool p3¥ 0,8 400 ol gwd g Slojen Jo slp 0l (s3leosly

9 o lesis 99 05939999 (133,558 (e SilSe wiie

sl o0 Gy 5 (o o d slel o Waosls JEl sl Tpee (5 i
slagledl b g oS 2 Sledol JUl (sl 5550 Lulpd Gy pad jgimws
oot parass slp Jol 45 ogbice sl Tskes 5o Jels (5550
ol oas 48,5 515 50 o] polie (arass ln 6,500 5 6550 sloe S
S350 ol polin (ol & g5 b IS Lasgs 55y sloe S o0 ke
Ailgi oo Ll jo oad 0,33 sloo,S polie (Yolas o5 4 azgi b
iy pes g Cpl by il Ce g b g Los lad e SleceaS Jols

Dgdos Dy pj Syge b (5)pe Lulpd
LoadBoundary (nodes[nodel,node2,..],values[valuel,value2,..])
adgl byl s ,e8 gl cenl Gl Wokas g0 Juld a5 jgiws paego
O Slp (65500 9 oS ojlad i ymi (sl wsles (gl 09b se Jlos!
aiiled 5 IS g ool eoliwd JouS a4 polie ool el o] polie
i ged 5 Sk sleioo (o83)lae | oS onl (S jgtus g,
120 oo lis 1y adgl byl ys
LoadInitial (nodes[nodel,node2,..],values[valuel,value2,..])
S > szl gard s5es (s g gl alpd (s lade plesl 1 e
S5 sl ! gies wWales gd o jolo Wil o Woles o bt
Fom slez@dl Jolo K> g 005 s |y At > (sl o5V
oad i LSS slasd elelp 1) Slesle szl gtws opl <l

il ) Sygots Jo Szl g9 b jgs S (o0 89,0
RUN (iterates)

4295 b g oo, lyo ]y el y S5 (29 @S (9 o Suled o
WS o (6 S e S aailB b g dalol pgaz jo o o ,sSl

Ooxoly i ool b owiile g oS sl U ol 94
Wl dxwgd
o Jo slp Glered g e ediby Ko cale anl
"3 USE" o al anwgs gl 5l eslanel b slo,b Jumdl s SY¥olae
15 Gy SYolao 5 oo 5 St Il ¢ pslite ol (gl e 00 o0ls s
2 S9zge S ey ool Ll g s ©js0 4 ol Sl gl oS
ool Jhgl o8 )0 L aSl apad (i g 0gdi oo glwosly szl
FLal 5l o ol Sl ! 05 alol )3 098 00 0300 13 gzl 50 99290
5902 3%l 53 29z se plShs Ssky U5 0 g T S 20w pad
aled o agdie Sl Sl g0 dszse g T sl 5 end ol
503,5 ool 1y #1514 Sl ol T sl S il sle g0lsa 58l
ML Szl @y anbn S g)lPles gileesly ln
Dy

2ol S5 gleare ilwosly g b 5l G Glie Ceoms 5
Sleaislony SeS L bLs,l sl )5 bawss slasl s cslisr ) 5o 59,
O o oals &1l e jerws Sl eslaiwl b ey ST (1 o o o8y 3k
@ bgye Sldbl GlBley ol g ade oozly )l
5 Gl Sl g sk ) ks (5550 9 adsl Ll pd (om0 lade
5ol Cdlye mls waly jo vsed Jloyl Gl el 4 sud ou
JS8) 398 il 5 s 90 B o Gl D90y Wl s sl 2
@

* operand
Zpitstream

62



G313 g8 9 Liledibs Vlo )y Kxi gl

633 Ja 03 s i)l cd Sl 8l 2 Fe 033)13 53 S Al shie oSle s el

30 ey A die g0 ol o mls cwl oals a3 F L 0100 il
ol 0 s0ls Lz "6 45 sla S

Jsl ey e o o 5l 0l Cwods slacilsz g llgz ol anslie (o
b Slwle 51 aS ol o asgi b oS Conl 009107 a5 10 40 laoslg> LS
GYL Sl Cds snmolis el ouls oolainl Jgene (gliel cds
sl e 0ils g SaS ol slaly>

5 @ calize Pluw J> glp onile oS 5l saze solatwl Sl
Glooaisle,y SoS walizne OYolee Jo sl U amo oo 1) coblB oyl
Slezasd! b 1) bl 51 (Sl e 5l ply 5 el ks
Sooasly el SeS S LkS & Ol alale il S L
2 it Vsl o (gl onijlen S5 paiz b 1Bl acgene

29 (Zhb slez ol 6 lEles e aly

9 (&t o 9 ouh aisluw 0di 0y oS b Jo e g duy o -2-5
b aslio o oud alo oaijls S Slosloee Sobll (o2 polaie @
o 89 J2e Szl 255 55 2 9lns ol Rl WS e (o (o
5o oolaiwl 0590 5 @ o M08 (ilwosly WSl oS s el 709
ol wilgn 5S4 S5 Gl B b il S5 5 ey ol
oNjlay SeS 5 2 (@ o Sy 2 Y sum g Aol o anglie
el oads LI Jgam p0 188 sae 1000 ¢lp sl ol p S
oads aizlu oasls 5y SaS 5l oolawl b doles ol Jo e puo (]380 50
il 0l 45 el 8 UL 0Bl se 2522 Ssum g gy (o Ay S
4 35,086 125 oI5 uilS 3 o wads aisle oaijlyy SaS lp Sy
e Jo a1 50 (65,5 y5eS G pan odidd lis a5 el sdwl Cews

SOb oo LY (gax g0 Aole
S cSbe Il @l ang wszily el Gl K (S
e «DYslao (o > sl sl @) IS i 50 0nisle
B S ogzs Jdods 51 gy (oo 0 bl Tl Sres Slikos plovl
seboles (Jlie 10 0,005 Suje Coll jaew Slles 5l oolaiwl ()glds jaas
30 ol jees Sldes 3l oolatwl cewl oal ools lis 2 Jgaz yo oS

Spise Slhslore c g (ial53l 5 ailie B a2l el ol > g3l

1000 (sl (Jgone yled ron <8 b WY Ao Jo (Slonlne 4o 1 Jouzr
BUS RN

Table 1 Computational cost for solving Laplace equation using single
point floating operation for 1000 iteration
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Fig 5 Results of computation for solution of Laplace equations with
temperature boundary condition at lower and upper surfaces of 100 °C
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Fig 6 Results of computation for solution of Laplace equations with
temperature boundary condition at lower surface of 100 °C
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Table 3 Computational cost for solving Laplace equation using fixed
point operation for 1000 iteration
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