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Introduction

eChallenges in numerical solution of Partial
Differential Equations

eHigh performance Computational Fluid
Dynamics (CFD) accelerator

e Arithmetic unit generation and optimization
e Off-chip data access optimization
eResults

e Conclusions, future work
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Acceleration numerlcal solution of
Partial Differential Equations (PDE)

e\\Vide variety of physical phenomenon
esound, heat, elasticity, electrodynamics or fluid flow

e Computational fluid dynamics (CFD)

eDiscretization over fine mesh

¢5M mesh points - Air flow simulation around a car or
airplane

¢200M mesh points — jet engine acoustic modeling
e\Weeks of simulation time on clusters

eLow processor utilization ~10%
e\\Weak scalability over ~100 nodes
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Workflow

| Design startegies

ComerJ;ab’clsnrj]aclilgf:r:’ézn5|ve slow C-++ implementation VHDL Implementation
P on a mesh for validation

! Memory interface |

emory interface R

I____ __.|I<~)| Control |

' ‘ ‘ Mathematical expression
Cust bit code fgr FPGA Xilinx Synthesis and P&R tools A
ustomer an
(eg physicist) perfomance evaluation T

| Xilinx constraint file

‘ Xilinx IP Core library
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Inviscid, Adiabatic, Compressible flows

eEuler equations: eNotations:
op of: time
EJFV(/)V):O eV: Nabla operator
o(pv) A op: density
ot +V(pw+ | pj =0 ev(u, v): velocity
- vector field
—+V((E+p)v)=0 ep: pressure
, _ e|: identity matrix
oTc-)taI energy is defined k. ¢5iq) energy
as. ey ratio of specific
=P L louv heats

y—1 2



F|rst order iIf_ax Friedrichs
approximation

---------------------

....................
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Data-flow model

1. ... :

2. Prod<INSIZE,INSIZE,ouTSIZE> p1.p2.  *Mathematical

4. ..

> p;— >c§s§gna:g; Implemented in

. p2- >c(signal2); :

7. s1->a(signal1); SystemC is converted
e SUEERREEL); to a hypergraph.

.Nodes = arithmetic
units

«Hyperarcs =
connections
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Adjacency Matrix:198,006 nodes

« 107
0

WIS W RO W o g :
K ¥ R 7 4 time dependent variables

e 32 byte/cell, ~6MB

eNode degree: 3
o3 x 3byte adjacency list

o3 X 2 normal vector
coordinate

e57 byte/cell, ~10.7MB

o3 clk/cell

e 325MHz clock

ememory bandwidth 23.5GB/s

enonuniform memory access
pattern

nz = 1382570 4
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nz = 1382570
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% 10

eBandwidth: 580

1 eMemory requirements:

e1,160 cell
e 32 byte/cell: ~36.2kB

| eNode degree: 3

o3 x 2byte adjacency list
e3 X 2 normal vector

coordinate
e54 byte/cell, ~61.1kB
e 3 clk/cell
e 325MHz clock

ememory bandwidth 12.7GB/s
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Adjacency Matrix

Scramjet: 210,379 nodes
x 10° eBandwidth: 210,379

[ — : —_— co— —
eMemory:
o5 time dependent variables

0.2 K

L) ¢40 byte/cell, ~8MB
08 eNode degree: 4
0. o4 x 3byte adjacency list

1 e4 x 3 normal vector
- coordinate

¢ 108 byte/cell, ~21.6MB

14 o4 clk/cell
1.67 e 325MHz clock
18 ememory bandwidth 28.2GB/s

enonuniform memory access
pattern

0 0.5 1 1.5

nz = 2872415 « 107
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0

0.2+

0.4

b

0.8t

1F

1.2 F

1.4}

1.6 ¢

1.8}

JE

Renumbering

% 10

5

""""

R

I

0.5

1
nz = 2872415

1.5

% 10

eBandwidth: 10,317

| eMemory requirements:

020,634 cell
040 byte/cell: ~806kB

| eNode degree: 4

o4 x 2byte adjacency list

o4 x 3 normal vector
coordinate

¢ 104 byte/cell, ~2.04MB
o4 clk/cell
e 325MHz clock

ememory bandwidth
14.95GB/s
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System Architecture

nt" iteration

Processor

2nd jteration

FPGA

1st iteration

Processor

A

Processor

A

FIFO

DMA

A

FIFO

DMA

FIFO

FIFO

A

Y

FIFO

DMA

Memory
Interface
and
Arbitrer

A

\

\

Y

A

Y

Off-chip
memory
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T"E- N

Processor Architecture

Node AddressA Write Address
__/
| , Node data
AddrA DOA DIA
Connectivity | Local address Memory unit
descriptor generator
AddrB DOB
Node AddressB !
Neighborhood | Element
Current node data memory unit descriptor

Arithmetic unit

Updated node data
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Performance

06A|![1)ha-Data ADM-XRC- elntel Xeon E5620 2.4GHz

oFPGA: Xilinx .
eDSP: 525 (26%) "
oFF: 49,072 (12%) e 3
oLUT: 34,543 (8%) S 25
e 3 arithmetic units é 2
eClock frequency: 325MHz .
¢325 million triangle g
update/s T e
069.22GFLOPs . | | |
.763 t|meS Speedup 0 100000 200000 300000 400000

Number of triangles

—8— unordered —&— reordered
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Conclusions, future work

eSupersonic flow simulation
eHigh performance FPGA

e Automatic arithmetic unit generation, partitioning,
placement -> high clock frequency

eNode reordering -> Efficient unstructured mesh
handling

eNearly two orders (76.3 times) speedup

e uture work

eMesh partitioning
e Multi FPGA
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Example: 2D intersec
Scramjet engine (1.4M grid points)




