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Hardware (FPGA, ASIC)

Libraries |P Cores

C/C++/Fortran Verilog/VHDL

Compilation Synthesis

Performance Area/Performance
Example:

Discrete Fourier transform (DFT), size 64

performance

N

best Pareto-optimal

6.12 Gigasamples/second designs

> dread



Problem: For a given function, how to efficiently
obtain the Pareto-optimal designs?

Solution: IP core generator to enumerate
design space

DSL to represent algorithms
Rewriting on DSL for architectural decisions

Compiler: DSL to RTL Verilog
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Current IP Core Generators (www.spiral.net)
DFT, other transforms, sorting

parameter value range

explanation

Problem specification

transform size B4 E| 4-32768
direction forward |Z|
data type fixed point  [=]

16 bits 4-32 bits

unscaled E|

Farameters controlling implementation

architecture fully streaming |E|

radix 2 2,4,8, 158,
B 32, 64

streaming width 2 E| 2-64

data ordering natural in / natural out [+

BRAM budget 1000

Number of samples (7]
forward or inverse DFT (7]
fixed or floating point (7}
fixed point precision (2}

scaling mode (2)

iterative or fully streaming (73

size of DFT basic block (7]

number of complex words per cycle ()
natural or digit-reversed data order (7]

maximum # of BRAMs to utilize (-1 for no

limit) (71

Generate Verilog l ’




© Markus Piischel ETH

COMPULET SCIENCE i ecerm st of easotoms umeh

Current IP Core Generators (www.spiral.net)
DFT, other transforms, sorting

Result

Selected parameters:

DFT Size = 64

direction = forward

data type = 16 bit fixed point, unscaled
architecture = fully streaming

radix = 2

streaming width = 2

data ordering = natural input / natural output
BRAM budget = 1000

Output:

Download Verilog

Performance information:

Inputfoutput stream: 2 complex words per cycle
Throughput: one transform every 32 cycles
Latency: 145 cycles

Resources required:

= 20 multipliers (16 x 16 bit)

= 34 adders (16 x 16 bit)

= 2 RAMs (8 words, 32 bits per word)
= 2 RAMs (16 words, 32 bits per word)
= & RAMs (64 words, 32 bits per word)
= 2 RAMs (32 words, 32 bits per word)
= 2 ROMs (16 words, 16 bits per word)
= 2 ROMs (8 words, 16 bits per word)
= 2 ROMs (32 words, 16 bits per word)
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DFT and FFT: Example n = 4

DFT: Fast Fourier transform (FFT):
1 1 1 1 1 - 1 -7 - - QM@ - -7 - -
1 i -1 —i|, |- 1 - 1|-1 - || -1 - || - 1.
1 -1 1 -1|¥ 71 -1 . AR T B DU R I P T
1 —i -1 .1 - =1 - -4 - 1 -1]]- - -1
FFT data flow graph

Yo — DFT, xQ

Y1 — DFT, —— DCCC:L

Y2 — —— o

DFT,
Yys — L3

Description with matrix algebra (SPL)
DFT, = (DFT,®1)T3(I, ® DFT,) L3
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Algorithm

t—1
DFT,: — (H L" - (I--x ® DFT,) - Cg‘) ‘R
£=0
t—1

DFT,« — L" (H (I,t-» ® DFT),) (Irf ® (E;j” .Q;*‘f))) R

£=0
DFT, g — L' - (I @ DFT,0) - LT - T - (I @ DFTy.) - LTy *

gl Fach one describes a data flow graph

R ond thus could be directly mapped to

RDFT,, hardware.
RDFT,,

Ry But how to obtain a design space?

log; m
rDFToym (0) — Vi2Em ( [] (T ®¢ rDFTas(51,4(0,0, fk,m(i,f)))ngm) Likm
1=0

q ] '
rDF Ty, (0) — V2T (H (Im i ® Wf"“”‘“) (I, ®¢ YtDF T (85,4—4(0, 0, Lﬁ/kq)))) . [2hm
1=0

0
[ 2 s
DCT—QQk — 2—.1'.’: N ng N ( H Séi)(IQkfsfl ® L%;—l)) P;;{

s=k—1
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Design Space: Example 8 Point FFT

CS  I;®DFT, 5y ¢ L®DFT, L[§ €8 ILt®DFT, IL§

i

All 8 inputs
in parallel . .
Parallelism allows folding
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Design Space: Example 8 Point FFT

Two inputs in parallel,
streamed over four cycles

*é"' \)&i"\@*c\

Repeated stages allow folding
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Design Space: Example 8 Point FFT

\C \@
e L | o

| ‘ | ‘ ] —> DFTs Perm >
Perm [ 4@?* — —

Lookup

m Vertical and horizontal folding:
Tradeoff between area cost and performance

= How to do formally and systematically?



Parallelism: 1, ® A4,

structurally parallel

I, ® A, @ros |

(n{

streaming: full reuse

"

-
»“54

-~ -

I & A, Qe {B- 11 -1 -

m cycles

streaming: partial reuse

prenon) O

¥

"

IjW
M -

H_/
m/k cycles
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Repeated stages: || A,

cascade
m—1 »m» ces »m»
1] 4~ \ ,
(=0

@)Iocks

iterative: full reuse
- i.»m+
1r
An v
=0 @ock
eused m times

iterative: partial reuse

et }m. +w.

1T eHA \ @

0o —0 locks
2 eused m/k times
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Previous Example

RS CS  I;®DFT, 5y ¢ L®DFT, L[§ €8 ILt®DFT, IL§
All 8 inputs
in parallel . .
Parallelism allows for streaming reuse (sr)
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Vertical Folding By Rewriting

o Fae % c\"'

P

DFTgy —
N——

stream(2)

Repeated stages allow for iterative reuse (ir)
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Vertical & Horizontal Folding By Rewriting

A
RS d° L, | -
] —> DFT, Perm >
Perm [* 4%9* — —
Lookup
D FTS —

——
stream(2), depth(1)

N /

How to build streaming permutations?
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?
P'—\};

stream(2)
Parallel permutation Streaming permutation
Example: 8 points Example: 8 points, 2 points per cycle
® .
% 1 5
\C AC A\
S M M
S —] |
S
S Perm
S — =
‘~§ 2 words per cycle
g 4 cycles
0
- L

m Just wires
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P
~—

stream(2)

Streaming permutation
Example: 8 points, 2 points per cycle

% 1 A
A\C A\C AL A\¢
o Mo M Ml

Perm

2 words per cycle
/%)

NI0MISU UOIOIUUOD

—>
—>

w parallel RAMs

m Data stream must be buffered (using
multiple banks of RAMs)

m Need to route data carefully to prevent
port conflicts

[J. of the ACM 2009; DATE 2009]
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IP Core Generator (Sketch) rrooaes 2012; pac 200s;

Problem Hardware DFETy7
specification directives stream( 4)” depth(1)

Algorithm Generation

(H L% . (Is4 ® DFT,) - ng8> . R3S

-

e

stream(4), depth(1)

Algorithm Rewriting

H“‘ L128 (Is2 (I  DFT5)) 02128 R;zs
N—— ——

stream(4) stream(4) stream(4)

RTL Generation

Synthesizable Verilog
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FPGA: Area vs. Throughput

DFT 1024 (16 bit fixed point) on Xilinx Virtex-6 FPGA
throughput [billion samples per second]
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performance [Gop/s]

12 600
or=2,d=1 . .
or=4, d=1 Full iterative
reuse
®r=32,d=1
10 —_— - 500
Ar=2,d=2 |Ppartial iterative
Ar=2, d=5 reuse P t t. I
B areto optima
8 oOr=4,d=5 - 400
or=8, d=3 No iterative
reuse
Br=16, d=2
6 Br=32, d=2 300
4 200
2 ¢ 100
0 Y r Y T r x 0
0 2,000 4,000 6,000 8,000 10,000 12,000

area [slices]
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FPGA: Area vs. Throughput

DFT 1024 (16 bit fixed point) on Xilinx Virtex-6 FPGA

throughput [billion samples per second] performance [Gop/s]
12 600
10 500

Similar results for

i other DFT sizes incl. non-two-power h
real DFT

6 300
2D DFT
DCT

4 200

2 100

./ Xilinx LogiCore
0 Y r T T Y 0
0 2,000 4,000 6,000 8,000 10,000 12,000

area [slices]



parameter value

Problem specification

transform size 64 |z|

direction forward |z|

data type fixed point [~
16 bits
unscaled |Z|

Parameters controlling implementation

streaming E|

2 ]

streaming width 2 E
data ordering natural in / natural out

BRAM budget 1000

Generate Verilog ‘ | Reset ‘

Full iterative
reuse

Partial iterative

reuse

No iterative
reuse

[]

explanation

DFT,r
———
stream(4), depth(1)

@ DFT

~128 28
") - (--"1_5] h) 'R-'.]_i' i

Number of sample

forward or inv

fixed or floating point (2} 6

fixed point precision (2] (H L;jh o
£=0

scaling mode (7]

stream(4), depth(1)

iterative or fully streaming (2} ‘

ize of DFT basic i
\12 s DET 9 ]l ('}
number of complex words per cycle (2) c

stream(4) stream(4)

natural or digi ita order (2]

maximum # of BRAMSs t
limit) (23

Not shown:

* IP Generator for sorters

* Finding Pareto points without
exhaustive design space
enumeration

www.spiral.net

» ASIC results, power/perf tradeoff



