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Where to find them? In your application...

. but then you will need some help to bring them to light.
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Where to find them? In your application...

. but then you will need some help to bring them to light.
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A generator of application-specific hardware arithmetic operators
@ written in C++, outputting VHDL

@ open and extensible
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Where to find them? In your application... |

. but then you will need some help to bring them to light.

29 Iogx

www.flopoco.org \@

A generator of application-specific hardware arithmetic operators
@ written in C++, outputting VHDL

@ open and extensible

A philosophy of computing just right
@ Interface: You ask for 17 bits, you get 17 correct bits.

o Inside: (try to) never compute bits that are not useful to the final result
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From the boring domestic animals ...

Vi gy 29 108 X

_ e,V Tx
operation name 4
P —_ i/>° 4 ﬁ»‘\%
input/output formats ————»|

—" .vhd|

Y

Functional specification FloPoCo

Everybody likes a single precision floating-point adder (here combinatorial)

./flopoco IEEEFPAdd wE=8 wF=23
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From the boring domestic animals ...
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Y

Functional specification FloPoCo

Everybody likes a single precision floating-point adder (here combinatorial)

‘ ./flopoco IEEEFPAdd wE=8 wF=23

... but it has many interesting little brothers...

\./flopoco FPAdd wE=6 wF=31
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From the boring domestic animals ...

Vg gy 29 ,I\ogx
. e X
operation name — | i//>° =
_ 5 h»
input/output formats ————»|

— .vhd|

Y

Functional specification FloPoCo

S

FPGA frequency

Performance specification

Everybody likes a single precision floating-point adder (here combinatorial)

‘ ./flopoco IEEEFPAdd wE=8 wF=23

... but it has many interesting little brothers...

‘ ./flopoco FPAdd wE=6 wF=31 frequency=300 dualpath=true
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. to fantastic arithmetic beasts

Suppose you need to evaluate some function
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say e on [0, 1)...
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. to fantastic arithmetic beasts

Suppose you need to evaluate some function

. with inputs and outputs on 24 bits.
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say e on [0, 1)...
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. to fantastic arithmetic beasts

Suppose you need to evaluate some function /
24 |,

say e on [0,1)... - X .

. with inputs and outputs on 24 bits. €

There are several ways of doing this in FloPoCo.
Here is one of them.

./flopoco FixFunctionByPiecewisePoly f="exp(x*x)" lsbIn=-24 1lsbOut=-24 d=3
P y y p

address Polynomial Coefficient Table

I

500

~<

L It works on the set of functions on which it works (TM)
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Another one from one of yesterday's talk

Computing Xmod 3329 for X a 24-bit integer:

./flopoco IntConstDiv wIn=24 d=3329 computeQuotient=false
computeRemainder=true arch=3

(Not as good as yesterday's paper, though.)

@ Danila Gorodecky and Leonel Sousa
Scalable architecture of constant division on FPGA.
ARITH, 2023.
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Florent is busy until retirement |

We'll see more fantastic beast in this talk.
Not all: there is already an infinite number of them in FloPoCo...
and a larger infinity still to be discovered.

Scope of FloPoCo

Hardware finite-precision implementations
of any computing kernel with a clear mathematical definition.

@ We have only scratched the surface of function —*’ — —re
approximation S rrTs

@ We'll see many variants of classical operations > e

o Coarser kernels such as Fast Fourier Transforms ]

@ From a frequency response to an IIR MR YVY VY

. = O—O—0) ;
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Agenda

Careless PhD students and their pets gone wrong

Fantastic but not evil: circuits computing just right

Fantastic arithmetic beasts escaped to vendor tools

Bit heaps: the mutant biology of arithmetic beasts

Why fantastic arithmetic beasts didn't take over the world (and how to address it)

Backup slides
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Careless PhD students
and their pets gone wrong

Careless PhD students and their pets gone wrong
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All my life, | have been afflicted with very good students

Very good students tend to write kilolines of code...
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All my life, | have been afflicted with very good students

Very good students tend to write kilolines of code...

Jérémie Detrey’s PhD, 2004-2007
e FPLibrary: open-source VHDL for floating-point +, —, X, /, va
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All my life, | have been afflicted with very good students

Very good students tend to write kilolines of code...

Jérémie Detrey’s PhD, 2004-2007
e FPLibrary: open-source VHDL for floating-point +, —, X, /, va

@ then parametric floating-point sin, cos, exp, log, ...
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All my life, | have been afflicted with very good students

Very good students tend to write kilolines of code...

Jérémie Detrey’s PhD, 2004-2007
e FPLibrary: open-source VHDL for floating-point +, —, X, /, Ve
@ then parametric floating-point sin, cos, exp, log, ...

@ using two novel generic techniques for hardware function approximation

o multipartite tables
o HOTBM (higher-order table method)
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Very good students tend to write kilolines of code...

Jérémie Detrey’s PhD, 2004-2007
e FPLibrary: open-source VHDL for floating-point +, —, X, /, Ve

@ then parametric floating-point sin, cos, exp, log, ...

@ using two novel generic techniques for hardware function approximation
o multipartite tables
o HOTBM (higher-order table method)

@ then LNS (Logarithm Number System) operators for good measure
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All my life, | have been afflicted with very good students

Very good students tend to write kilolines of code...

Jérémie Detrey’s PhD, 2004-2007
e FPLibrary: open-source VHDL for floating-point +, —, X, /, Ve

@ then parametric floating-point sin, cos, exp, log, ...

@ using two novel generic techniques for hardware function approximation
o multipartite tables
o HOTBM (higher-order table method)

@ then LNS (Logarithm Number System) operators for good measure

16 papers, thanks to a solid and well-tested agile development methodology

one paper, one random heap of quick-and-dirty code
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All my life, | have been afflicted with very good students

Very good students tend to write kilolines of code...

Jérémie Detrey’s PhD, 2004-2007
e FPLibrary: open-source VHDL for floating-point +, —, X, /, Ve

@ then parametric floating-point sin, cos, exp, log, ...

@ using two novel generic techniques for hardware function approximation
o multipartite tables
o HOTBM (higher-order table method)

@ then LNS (Logarithm Number System) operators for good measure

16 papers, thanks to a solid and well-tested agile development methodology
one paper, one random heap of quick-and-dirty code
@ All sorts of bits of Java/Python/C++ to generate some of the VHDL
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All my life, | have been afflicted with very good students

Very good students tend to write kilolines of code...

Jérémie Detrey’s PhD, 2004-2007
e FPLibrary: open-source VHDL for floating-point +, —, X, /, Ve

@ then parametric floating-point sin, cos, exp, log, ...

@ using two novel generic techniques for hardware function approximation
o multipartite tables
o HOTBM (higher-order table method)

@ then LNS (Logarithm Number System) operators for good measure

16 papers, thanks to a solid and well-tested agile development methodology
one paper, one random heap of quick-and-dirty code
@ All sorts of bits of Java/Python/C++ to generate some of the VHDL

@ Design-space exploration scripts, test-benches, etc
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Our scientific artifacts after Jérémie's PhD J

FPLibrary (VHDL available online)

stuff described in Jérémie's PhD

drawing from https://xkcd.com/2347/
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Our scientific artifacts after Jérémie's PhD J

FPLibrary (VHDL available online)

stuff described in Jérémie's PhD
(in French)

drawing from https://xkcd.com/2347/
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Our scientific artifacts after Jérémie's PhD J

FPLibrary (VHDL available online)

stuff described in Jérémie's PhD
(in French)

in other words:
work doomed to oblivion when the student leaves
(after his PhD, Jérémie defected to finite-field arithmetic)

drawing from https://xkcd.com/2347/
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Hence an Engineering Grand Plan
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Hence an Engineering Grand Plan |

Rewrite this from scratch,
and distribute it

and it shall be called FloPoCo:
Floating-Point Cores (but not only)
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Hence an Engineering Grand Plan

F. de Dinechin, B. Pasca

VHDL is generated,
no need to distribute it

Rewrite this from scratch,
and distribute it

and it shall be called FloPoCo:
Floating-Point Cores (but not only)
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Hence an Engineering Grand Plan |

VHDL is generated,
no need to distribute it

Rewrite this from scratch,
and distribute it

and it shall be called FloPoCo:
Floating-Point Cores (but not only)

OK, it doesn't really look like a winning move...
but wait a bit.
(and | need to hire a Really Good PhD student)
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Historical excuses for all the bad technical choices

@ It had to be C++ because Jérémie had written HOTBM in C++
(and the thing is, at the time, | didn’t understand half of it)
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Historical excuses for all the bad technical choices

@ It had to be C++ because Jérémie had written HOTBM in C++
(and the thing is, at the time, | didn't understand half of it)

o Generating VHDL because FPLibrary was written in VHDL
(and to be frank, quite a lot of it was magical to me)
First version of FloPoCo was a superset of FPLibrary... by printing out FPLibrary code
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Historical excuses for all the bad technical choices |

@ It had to be C++ because Jérémie had written HOTBM in C++
(and the thing is, at the time, | didn't understand half of it)

o Generating VHDL because FPLibrary was written in VHDL
(and to be frank, quite a lot of it was magical to me)
First version of FloPoCo was a superset of FPLibrary... by printing out FPLibrary code

A stupid primitive modest approach to hardware generation, but immediate benefits

@ better scaling, easier debugging than parametric VHDL
when you have many parameters
o instead of a VHDL generate if, a C++ if = only the true branch in the VHDL
o same for generate for loops
o (compared to Jérémie's parametric recursive VHDL for tree-like structures)
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Historical excuses for all the bad technical choices |

@ It had to be C++ because Jérémie had written HOTBM in C++
(and the thing is, at the time, | didn't understand half of it)

o Generating VHDL because FPLibrary was written in VHDL
(and to be frank, quite a lot of it was magical to me)
First version of FloPoCo was a superset of FPLibrary... by printing out FPLibrary code

A stupid primitive modest approach to hardware generation, but immediate benefits

@ better scaling, easier debugging than parametric VHDL
when you have many parameters

o instead of a VHDL generate if, a C++ if = only the true branch in the VHDL
o same for generate for loops
o (compared to Jérémie's parametric recursive VHDL for tree-like structures)
@ and very soon: automatic pipelining — because each submitted paper stated:
“the design will be pipelined in the final version”
and this is a perfect waste of good student’s time
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The engineering foundations to a Scientific Grand Plan

First written in this paper
When FPGAs are better at floating-point than microprocessors
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The engineering foundations to a Scientific Grand Plan

First written in this paper

When FPGAs are better at floating-point than microprocessors

@ When? As soon as the processor lacks hardware support:

Models Instruction Distribution

Add | Mult. | Div. | Sqrt. [ Exp. | Log
b3t 22 30 17 0 2
diode 7 5 4 0 1 2
hbt 112 57 51 0 23 18
jfet 13 31 2 0 2 0
mosl 24 36 7 1 0 0
vbic 36 43 18 1 10 4

SPICE Model-Evaluation,
cut from Kapre and DeHon (FPL 2009)

Dura Amdahl lex, sed lex.

@ but also fused operations such as \/x? + y2, and more...
@ In my humble opinion, this was a visionary paper: submitted to ISFPGA 2008

F. de Dinechin, B. Pasca
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The engineering foundations to a Scientific Grand Plan

First written in this paper When FPGASs are better at floating-point
than microprocessors
When FPGAs are better at floating-point than micro men i
@ When? As soon as the processor lacks hardware supp
Models Instruction Distribution
Add | Mult. | Div. | Sqrt. [ Exp. | Log

bjt 2% 30 17 0 2 0 SPICE

diode 7 5| 4 0 1| 2 cutfro

hbt 112 57 51 0 23 18

jfet 13 31 2 0 2 0

mos1 ] 3% 7] 1] o] o Dura’

vbic 36 43 18 1 10 4

@ but also fused operations such as y/x2 + y2, and mo

@ In my humble opinion, this was a visionary paper: sul

o Tepid reviews (“prove it", “lack of results")...

@ = poster
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Lack of results, prove it

As we all know, a reviewer is always right.
Therefore, we stubbornly wrote
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Lack of results, prove it

As we all know, a reviewer is always right.
Therefore, we stubbornly wrote

When FPGAS are better at floating-point
than microprocessors

o An FPL 2009 paper: —
Generating high-performance custom '
floating-point pipelines.
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Lack of results, prove it

As we all know, a reviewer is always right.
Therefore, we stubbornly wrote

e An FPL 2009 paper:
Generating high-performance custom
floating-point pipelines.

@ lIts journal version Designing custom arithmetic
data paths with FloPoCo.
IEEE Design & Test of Computers, 2011.
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Lack of results, prove it

As we all know, a reviewer is always right.
Therefore, we stubbornly wrote

@ An FPL 2009 paper:
Generating high-performance custom
floating-point pipelines.
@ lIts journal version Designing custom arithmetic
data paths with FloPoCo.
IEEE Design & Test of Computers, 2011.
o 400+ GScholar citations,
TCFPGA Hall of Fame this year
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Lack of results, prove it

As we all know, a reviewer is always right.
Therefore, we stubbornly wrote

@ An FPL 2009 paper:
Generating high-performance custom
floating-point pipelines.
@ lIts journal version Designing custom arithmetic
data paths with FloPoCo.
IEEE Design & Test of Computers, 2011.
o 400+ GScholar citations,
TCFPGA Hall of Fame this year
o How many people actually read it?
It is the “how to cite” paper for FloPoCo
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Lack of results, prove it |

As we all know, a reviewer is always right.
Therefore, we stubbornly wrote

When FPGAS are better at floating-point
than microprocessors

o An FPL 2009 paper:
Generating high-performance custom
floating—point pipe/ines. Florent de Dinechin

Martin Kumm

@ lIts journal version Designing custom arithmetic
data paths with FloPoCo.

IEEE Design & Test of Computers, 2011. Application-Specific
o 400+ GScholar citations, Arithmetic
TCFPGA Hall of Fame this year e
o How many people actually read it? At Bt Bl ol

It is the “how to cite” paper for FloPoCo

@ And finally, an 800-page book:
Application-Specific Arithmetic. Springer, 2024.

@ Springer
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Refinement of the Grand Plan

If the final title of your PhD is the same as it was when you started,
your research is probably boring.

When FPGAs are better at floating-point than microprocessors
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Not your neighbour’s FPU

FPGA-specific arithmetic (floating-point, but not only)
All the operators you will never see in a processor (and how to build them)

Save routing! Save power! Don’t move around useless bits!

Application-specific arithmetic (FPGA, but not only)
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Refinement of the Grand Plan J

If the final title of your PhD is the same as it was when you

Florent de Dinechin
Martin Kumm

When FPGAs are better at floating-point than microp

Not your neighbour’s FPU . .
Application-Specific

FPGA-specific arithmetic Arithmetic

q q Computing Just Right
All the operators you will never see in a processor (andiiise Reconfigurable Computer

and the Dark Silicon Era
Save routing! Save power! Don’t move around useless

Application-specific arithmetic

Circuits computing just right

@ Springer P
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Message to my younger self

F. de Dinechin, B. Pasca

If you believe in an idea, stick to it, whatever the reviews say.

(bad reviews just mean your good idea was badly explained...)

Fantastic arithmetic beasts and where to find them
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Fantastic but not evil:
circuits computing just right

Fantastic but not evil: circuits computing just right

F. de Dinechin, B. Pasca Fantastic arithmetic beasts and where to find them
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Computing just right? |

Bogdan said “great project, we need a logo'
and designed this:

7y logx- 137
R

o

It was initially OK, but... soon we were using
a delicate chisel more than a hammer.
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Computing just right?

So as soon as Bogdan left | designed this:
29 |ogx

@

(the proper term is probably allogory)

F. de Dinechin, B. Pasca Fantastic arithmetic beasts and where to find them

18



. . . ? X fip(we, we)
Computing just right? jk . ]

ufix(0, —wr)

Ex

p— |

So as soon as Bogdan left | designed this:
% 2y log x
% P Al

7

[Sat

I~k —1,—wr —g)

ix(—k — 1, —we + k — g)

Lfix(—2k — 1, —wr — g)

(the proper term is probably allogory)

F—8)
This is the kind of thing FloPoCo does —»
It is a floating-point exponential operator
where each wire, each component is )

tailored to its context with love and care.

. | normalize-round-pack |-—
(not a very good logo either) FloPoCo FPExp T
R

F. de Dinechin, B. Pasca Fantastic arithmetic beasts and where to find them 18



Save resources! Save power! Don't move useless bits around!

In software, as soon as your result is correct, it is probably wasteful

Gustafson: Does Angry birds really need single precision (8 decimal digits of accuracy)
considering that the trajectory was input using your fat fingers?

F. de Dinechin, B. Pasca Fantastic arithmetic beasts and where to find them
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Save resources! Save power! Don't move useless bits around!

In software, as soon as your result is correct, it is probably wasteful

Gustafson: Does Angry birds really need single precision (8 decimal digits of accuracy)
considering that the trajectory was input using your fat fingers?

Plain common sense
o If the lower bits carry useless noise, you don't want to compute them...
@ ... and you want even less to store them, transmit them, compute on them.

In FPGASs, we have this freedom.
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Save resources! Save power! Don’t move useless bits around! |

In software, as soon as your result is correct, it is probably wasteful

Gustafson: Does Angry birds really need single precision (8 decimal digits of accuracy)
considering that the trajectory was input using your fat fingers?

Plain common sense
o If the lower bits carry useless noise, you don't want to compute them...

@ ... and you want even less to store them, transmit them, compute on them.

In FPGASs, we have this freedom. )

With great freedom come great opportunities

@ In a circuit, we may choose, for each variable,
how many bits are computed/stored/transmitted! — the opportunities

@ Overwhelming freedom! Help! — the challenges
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Opportunity #1: Computing Just Right makes interfaces simpler

)

Output format (number of output bits) specifies operator accuracy

The output format defines a quantum of precision (u or ulp for “unit in the last place”)
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Opportunity #1: Computing Just Right makes interfaces simpler |

Output format (number of output bits) specifies operator accuracy

The output format defines a quantum of precision (u or ulp for “unit in the last place”)
@ No need to compute more accurately than u: we couldn’t output it

@ No sense in computing less accurately than u: we don’t want to output garbage bits
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Opportunity #1: Computing Just Right makes interfaces simpler |

Output format (number of output bits) specifies operator accuracy

The output format defines a quantum of precision (u or ulp for “unit in the last place”)
@ No need to compute more accurately than u: we couldn’t output it

@ No sense in computing less accurately than u: we don’t want to output garbage bits

<>

] ] ] I ] ] ] ] ] R

I I I | I I I I I

Inspired by IEEE-754

o define quantization(x) for x € R.

@ define operator(X) = quantization(operation(X))
Example: round to the nearest.
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Opportunity #1: Computing Just Right makes interfaces simpler |

Output format (number of output bits) specifies operator accuracy

The output format defines a quantum of precision (u or ulp for “unit in the last place”)
@ No need to compute more accurately than u: we couldn’t output it
@ No sense in computing less accurately than u: we don’t want to output garbage bits
I
1

R

Inspired by IEEE-754

o define quantization(x) for x € R.

@ define operator(X) = quantization(operation(X))
Example: round to the nearest.

If you add one bit to the output, you divide u by 2, hence double the accuracy.
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Computing just right <= over-parameterization

Xinpxm w)

FloPoCo FPExp fpwe. we)
R

F. de Dinechin, B. Pasca

Example:

Fantastic arithmetic beasts and where to find them
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Computing just right <= over-parameterization

Xinpxm w)

FloPoCo FPExp fpwe. we)
R

de Dinechin, B. Pasca

Example:

Fantastic arithmetic beasts and where to find them

21



8 =X . b X qpunx(VU, —wr) . .
= ‘t‘fomputl Ver-parameterization
S shift to fixed point
ol > p
@ i Example:
Treen / ' ufix(wg — 2, —V[l)/[: —g)
R = ufix(wg — 2, —4)

S o
o
o

x Jor
Hpt” shift to f

 log(

ufix(we, 0)

I X (—log(2)) nlegate

z sfix(—1, —wr — g)

sfix(—1, —wr — g) 7

quix(—k —1,—wr—g)
7.

F. de Dinechin, B. Pasca Fantastic arithmetic beasts and where to find them
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by X . utix\v, —wre) . i

= ‘t‘fomputl Ver-parameterization

S shift to fixed point

o

& i Example:
§ ik / : ufix(wg — 2, —.V[l)/[:. —g) .
L, %/ ufix(wg — 2, —4) Multipliers of all shapes and sizes

= «1/ log(2)

K[-L,o ) ufix(wg, 0)
y
i < ros) | s

z sfix(—1, —wr — g)

sfix(—1,-wr —g) 7

quix(—k —1,—wr—g)
7.
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- X Q unx(u,

Example:

ufix(wg — 2, —wr — g)

Multipliers of all shapes and sizes
In a double-precision exponential,
o wg =11, wp = 52,
o first multiplier 14-bits in, 12 bits out
r @ second multiplier 12-bits in, 56 bits out

nlégz ... and truncated left and right

\/er—parametlerization |

l&sfix(—l,—\ﬂ 56 | l/_V VL

sfix(—1, —wr — g)

+/

Not your neighbolur's multiplier.

isfix(—l, 7W)Jeryg§tragge arithmetic beasts.

(0]
§_ ‘(’fomputl
- 2
s
’EEX&—> Sh‘ﬂl(:x%u/
4 theg
\E |E]
]
[k
FloPoCo FPE}p Ri
Al
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Over-parameterization sounds a bit like over-engineering, doesn't it? )

© OK, there is a bit more work involved in designing a parametric operator

o To start with, it must be a hardware-generating program:
There is an infinite number of multipliers-by-a-constant.
You cannot chain them all in a library.
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o To start with, it must be a hardware-generating program:
There is an infinite number of multipliers-by-a-constant.
You cannot chain them all in a library.

@ Direct benefit to end-users: freedom of choice, application-specific, etc.
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© OK, there is a bit more work involved in designing a parametric operator

o To start with, it must be a hardware-generating program:
There is an infinite number of multipliers-by-a-constant.

You cannot chain them all in a library.
@ Direct benefit to end-users: freedom of choice, application-specific, etc.

@ More future-proof when the target hardware changes
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Over-parameterization sounds a bit like over-engineering, doesn't it? |

© OK, there is a bit more work involved in designing a parametric operator

o To start with, it must be a hardware-generating program:
There is an infinite number of multipliers-by-a-constant.

You cannot chain them all in a library.
@ Direct benefit to end-users: freedom of choice, application-specific, etc.

@ More future-proof when the target hardware changes

@ It actually simplifies the design of composite operators (e.g. the exponential)!
o You don’t know how many bits on this wire make sense? Keep it open as a parameter.
o Then experiment: estimate cost and accuracy as a function of the parameters

o Then program the choice of the best parameter values,
e.g. using ILP or common sense (whichever gives the best results)
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Opportunity #2: Operator specialization

Not really fantastic arithmetic beasts... just the usual ones with special disabilities.

e Multiplication by a constant
o multiplication by integers: 17X = (X < 4) + X ;
8721X = ((17X) < 9) + 17X
o but also by reals such as log(2) or sin(427/256)
o Two main techniques, tens of papers
o An FFT mostly consists of constant multiplications
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Not really fantastic arithmetic beasts... just the usual ones with special disabilities.

o Multiplication by a constant
o multiplication by integers: 17X = (X < 4)+ X ;
8721X = ((17X) < 9) + 17X
o but also by reals such as log(2) or sin(427/256)
o Two main techniques, tens of papers
o An FFT mostly consists of constant multiplications
e Division by 3 (for various values of 3)

o in floating point for Jacobi and other stencils
o integer (quotient and remainder) for addressing in 3 memory banks
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Not really fantastic arithmetic beasts... just the usual ones with special disabilities.

o Multiplication by a constant
o multiplication by integers: 17X = (X < 4) + X ;
8721X = ((17X) < 9) + 17X
o but also by reals such as log(2) or sin(427/256)
o Two main techniques, tens of papers
o An FFT mostly consists of constant multiplications

e Division by 3 (for various values of 3) 391
o in floating point for Jacobi and other stencils X 321
o integer (quotient and remainder) for addressing in 3 memory banks
@ A squarer is a multiplier specialization 632
x — 3| X — x2 63
103041
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Opportunity #2: Operator specialization |

Not really fantastic arithmetic beasts... just the usual ones with special disabilities.

Multiplication by a constant

o multiplication by integers: 17X = (X < 4) + X ;

8721X = ((17X) < 9) + 17X
o but also by reals such as log(2) or sin(427/256)
o Two main techniques, tens of papers
o An FFT mostly consists of constant multiplications

Division by 3 (for various values of 3)

o in floating point for Jacobi and other stencils X ggi
o integer (quotient and remainder) for addressing in 3 memory banks _
@ A squarer is a multiplier specialization 632
x — 3| X — x2 63
103041

@ Specialization of elementary functions to specific domains

F. de Dinechin, B. Pasca
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A FloPoCo-enabled success story J

@ Mario Garrido, Konrad Moller, and Martin Kumm.
World's Fastest FFT Architectures: Breaking the Barrier of 100 GS/s.
IEEE Transactions on Circuits and Systems [, 66(4):1507-1516, 2019.

@ Fully unrolled FFT (up to 256 points)

o i.e. inputting 256 complex values per cycle, at 500 MHz
o well above 10 TOp/s if you count all additions and multiplications

o 16-bit in/out, wider datapath inside N
@ Look, Ma: no multiplier !

o each multiplier expanded as an adder graph (and optimally so)
@ about 1/5th of LUT + registers of the target device (Virtex UltraScale 190)
o ... leaving the 1800 DSP blocks free for more interesting things.

A good start, in FPGA design, is not to imitate the processor solution.
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Division by 3 is simpler than exponential

TL;DR: multiplying X by 3 is computing 2X + X;
Dividing by 3 should not be much more complex.
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Division by 3 is simpler than exponential

TL;DR: multiplying X by 3 is computing 2X + X;
Dividing by 3 should not be much more complex.
Dividing an hexadecimal number by 3

F 2D 3
M—

0 5
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Division by 3 is simpler than exponential

TL;DR: multiplying X by 3 is computing 2X + X;
Dividing by 3 should not be much more complex.
Dividing an hexadecimal number by 3

F 2D 3
\

\
02 5
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Division by 3 is simpler than exponential

TL;DR: multiplying X by 3 is computing 2X + X;
Dividing by 3 should not be much more complex.
Dividing an hexadecimal number by 3

F 2D 3

P
02 50
\ I

2
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Division by 3 is simpler than exponential

TL;DR: multiplying X by 3 is computing 2X + X;
Dividing by 3 should not be much more complex.
Dividing an hexadecimal number by 3

F 2D 3

P
02 50
\ I

2D
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Division by 3 is simpler than exponential |

TL;DR: multiplying X by 3 is computing 2X + X;
Dividing by 3 should not be much more complex.
Dividing an hexadecimal number by 3

F 2D 3

P
02 50F
\ I 4

2D
\
0
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Getting inspiration from the vexations of childhood )

=
[\

o
\9)

S}
W,

F. de Dinechin, B. Pasca

w)

0

R3:0—)

—> Ry=R

Xo X1 Xo
L] 1] L] 1] L] 1]
4 4 4

2 2 . 2 :
DivBy3 DivBy3 DivBy3
R> R1

3 4 4
L1 1] L] LIT T[]
Q @1 Qo
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Getting inspiration from the vexations of childhood |

Xa Xi Xo
" H2p| 3 O e e O o o
— 4 4 4
50F , 2 [ > 2
- R3; = 0 —{ DivBy3 > DivBy3 DivBy3——> Ry =R
J R> R1
3 4 4
0 LTI LLTT] LIT T[]
@ @ Qo

OK, this looks like an architecture, but we still need to build this (smaller) DivBy3 box.
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Getting inspiration from the vexations of childhood |

Xa Xi Xo
" H2p| 3 O e e O o o
—_ 4 4 4
50F , 2 [ 2 [ 2
- R3; = 0 —{ DivBy3 > DivBy3 DivBy3——> Ry =R
J R> R
3 4 4
0 LTI LLTT] LIT T[]
@ @ Qo

OK, this looks like an architecture, but we still need to build this (smaller) DivBy3 box.

If you're too lazy to compute, then tabulate J

... here a table of 2° entries of 6 bits each.
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)(()pportunity #3: target-specific optimizations )

reg

=
~>{ DivBy3

clk

F. de Dinechin, B. Pasca

> R;
Generalizing hexadecimal to radix 2%
K . or, how over-parameterization allows for adaptation
Q; @ to various values of 3, like D =5, or 7, or 9
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)(()pportunity #3: target-specific optimizations |

Generalizing hexadecimal to radix 2%
. or, how over-parameterization allows for adaptation

@ to various values of 3, like D =5, or 7, or 9
@ to a given FPGA

Perfect match to modern FPGAs
Unit of area: the LUT, with « input bits (here o = 6) J
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Opportunity #3: target-specific optimizations

519 uondasxe

Tirunc

—

normalize-round-pack
|

Modern FPGAs also have

FloPoCo FPExp

F. de Dinechin, B. Pasca
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Opportunity #3: target-specific optimizations

T

to fixed point
[ Xiix|

519 uondasxe

Tirunc

normalize-round-pack
|

FloPoCo FPExp l
R

Modern FPGAs also have

@ small multipliers with pre-adders and post-adders
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Opportunity #3: target-specific optimizations

£
8
2
H
E4
@

Tirunc

—

normalize-round-pack
L

Modern FPGAs also have

@ small multipliers with pre-adders and post-adders

FloPoCo FPExp
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Opportunity #3: target-specific optimizations

normalize-round-pack

FloPoCo FPExp l
R

Modern FPGAs also have

@ small multipliers with pre-adders and post-adders

Single-precision accurate exponential on Xilinx
@ one block RAM (0.1% of the chip)
@ one DSP block (0.1%)
@ < 400 LUTs (0.1%, =~ one FP adder)

to compute one exponential per cycle at 500MHz
(~ one AVX512 core trashing on its 16 FP32 lanes)

F. de Dinechin, B. Pasca Fantastic arithmetic beasts and where to find them

28



Opportunity #3: target-specific optimizations |

Xiﬂp(wf wr)

Modern FPGAs also have

@ small multipliers with pre-adders and post-adders

Single-precision accurate exponential on Xilinx
@ one block RAM (0.1% of the chip)

""" e one DSP block (0.1%)

s @ < 400 LUTs (0.1%, ~ one FP adder)

-~} to compute one exponential per cycle at 500MHz
(~ one AVX512 core trashing on its 16 FP32 lanes)

For one specific value only of the architectural parameter k!
(over-parameterization is cool)

normalize-round-pack

FloPoCo FPExp iflp(wk. W)
R
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Opportunity #4: Tabulation |

T

to fixed point
[ Xiix|

519 uondasxe

Tirunc

normalize-round-pack
|

FloPoCo FPExp l
R

Being unable to trust my reasoning, | learnt by heart
the results of all the possible multiplications
(E. lonesco)

@ ... and all the possible exponentials
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Opportunity #4: Tabulation |

519 uondasxe

Tirunc

—

T

fixed point
ix|

Being unable to trust my reasoning, | learnt by heart
the results of all the possible multiplications

(E. lonesco)

@ ... and all the possible exponentials

@ ... and all the possible values of e — Z — 1

malize-round-pack

nor
L

FloPoCo FPExp

F. de Dinechin, B. Pasca

il

Fantastic arithmetic beasts and where to find them

29



Opportunity #4: Tabulation |

519 uondasxe

Tirunc

—

normalize-round-pack
|

Being unable to trust my reasoning, | learnt by heart
the results of all the possible multiplications
(E. lonesco)

@ ... and all the possible exponentials
@ ... and all the possible values of e — Z — 1

@ ... and indeed, all the possible multiplications

FloPoCo FPExp
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Opportunity #4: Tabulation |

519 uondasxe

T

fixed point
ix|

Being unable to trust my reasoning, | learnt by heart
the results of all the possible multiplications
(E. lonesco)
@ ... and all the possible exponentials
@ ... and all the possible values of e — Z — 1

@ ... and indeed, all the possible multiplications

Tirunc

L -
normalize-round-pack
|

FloPoCo FPExp l
R
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Opportunity #4: Tabulation |

T

to fixed point
[ Xiix|

519 uondasxe

Tirunc

normalize-round-pack
|

FloPoCo FPExp l
R

F. de Dinechin, B. Pasca

Being unable to trust my reasoning, | learnt by heart
the results of all the possible multiplications
(E. lonesco)

@ ... and all the possible exponentials
Z-1
@ ... and indeed, all the possible multiplications

@ ... and all the possible values of e —

Reading a tabulated value is very efficient
when the table is close to the consumer.

Fantastic arithmetic beasts and where to find them
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Opportunity #5: Generic approximators (when tabulation won't scale) |

fip(we, wr)

suq uondaxa

Polynomial Coefficient Table

A
G COl -
Wn 51 I “:L R
X X ’—’ X | | /S(Y) %’_
y Y =X

k—1,-wg —g)

1" The FloPoCo FixFunctionByPiecewisePoly operator

ifix(—2k — 1.

... has taken us so much time it is well worth a full part.
@ state-of-the-art polynomial approximation

- @ each multiplier tailored with love and care

—»m Also multipartite tables, filter approximators, and more to come.
FloPoCo FPExp Diﬂp(w: wE)

F. de Dinechin, B. Pasca Fantastic arithmetic beasts and where to find them

30



Opportunity #6: merged arithmetic in bit heaps

... has taken us so much time it is well worth a full part.

F. de Dinechin, B. Pasca Fantastic arithmetic beasts and where to find them
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Fantastic arithmetic beasts
escaped to vendor tools

Fantastic arithmetic beasts escaped to vendor tools
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First steps

F. de Dinechin, B. Pasca

FloPoCo, PhD and Altera
@ 2011 joined Altera European Technology Center

@ brought the FloPoCo spirit along
o grafted into the DSP Builder team

Fantastic arithmetic beasts and where to find them
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First steps

FloPoCo, PhD and Altera
@ 2011 joined Altera European Technology Center
@ brought the FloPoCo spirit along

o grafted into the DSP Builder team

o model-based design (Matlab Simulink frontend)
o powerful mapping backend (using WYSIWYG)
o floating-point support in its infancy

https://agwaycapecod.com/the-art-of-grafting-plants/

F. de Dinechin, B. Pasca
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PhD life v.s. Industry

@ PhD: highly efficient exponential implementation
o few months: approach analysis, design, implementation, test
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PhD life v.s. Industry

@ PhD: highly efficient exponential implementation
o few months: approach analysis, design, implementation, test

Floating-point exponential functions
for DSP-enabled FPGAs
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PhD life v.s. Industry

@ OpenCL - first real driver for math.h coverage

The OpenCL Specification

10

Khronos OpenCL Working Group.

Fditor: Aafiab Munshi

LR D 1069 Pt
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PhD life v.s. Industry

@ OpenCL - first real driver for math.h coverage

The OpenCL Specification

0

s

Khronos OpenCL Working Group.

Fditor: Aafiab Munshi

Prees
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@ OpenCL - first real driver for math.h coverage

The OpenCL Specification

0

s

Khronos OpenCL Working Group.

Fditor: Aafiab Munshi

Prees
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PhD life v.s. Industry

@ OpenCL - first real driver for math.h coverage

KH RON oS 65 Arevibution: This definition was taken with consent from Jean-Michel Muller with slight
122 831 gl ! i oo 5
[ : st
o %
= b Table 7.1"
“ ot sn
it saion o e s
o y 2 >
R ] Fanction | Mia Accuracy ~ULP values™
| Comesty runded
o8 x| Correctly rounded.
23 X%y
To Al Toup
6102 65 awos | <= 4ul
G103 g it =4ub
it o & e 1%

The OpenCL Specification o e

Version: 1.0 s

Document Revision: 45 113 Geomars ot

Khronos OpenCL Working Group.

Fditor: Aafiab Munshi

I 7. OPENCL LIANCE. ml

T T Vo

1

n

u

8, ma | Corecl rounded
8 o 1 fma | Cormety rounded

LR D 1069 Pt Lo Revision D 10519 e Lot Revison D 10519 =
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PhD life v.s. Industry

@ OpenCL - first real driver for math.h coverage

The OpenCL Specification

10

Khronos OpenCL Working Group.

Fditor: Aafiab Munshi

LR D 1069 Pt Lo Revision D 10519

Prees
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Pivotal tool for arithmetic function design

Plenty of previous works using hardware polynomial approximation
@ most of it hand-tuned for a given function (not generic)
@ not accessible (papers, not code)

@ heuristics used do not scale to precisions larger than 32 bits
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Pivotal tool for arithmetic function design

Plenty of previous works using hardware polynomial approximation
@ most of it hand-tuned for a given function (not generic)
@ not accessible (papers, not code)

@ heuristics used do not scale to precisions larger than 32 bits

Highlights
@ scales up to 64bits and more
@ state-of-the art polynomial approximations thanks to Sollya
o finer datapath optimization
o pipelined to a user-specified frequency

o fully automated and integrated in open-source FloPoCo

F. de Dinechin, B. Pasca Fantastic arithmetic beasts and where to find them
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How do we do it? J

Consider the function f(x), with x € [0,1) and IM(f(x)) € [0,1)
Approximate it with the polynomial p of degree d (given) such that:

Etotal = max|f — p| < 27Pt = 1ulp

Two fold process
f'

coeff tables

Datapath

Piny Pout .
Generation

degree (d)

Eapprox

Etotal = Eapprox + Eeval T 1/2u|p < lulp
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Polynomial approximation )

@ use modified Remez algorithm from Sollya (fpminimax)
N. Brisebarre and S. Chevillard, Efficient polynomial L°°- approximations
@ input:
o function f, degree d
o interval /
o list of coefficient size constraints

fpminimax

@ output:

o polynomial with precision-constrained coefficients (no
need to round them)

o max(|fi(y) — pi(¥)]) < €approx¥i € {0.2k — 1}

2x intervals

Advantages
@ usually best polynomials given the input specifications

@ might reduce by 1 polynomial degree for some intervals
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Polynomial Evaluation

f

Pins Pout
degree (d)

coeff tables

Datapath
Generation

Eapprox

Use Horner (trade latency for size)

pP(y)=a+yx(a+yx(at+yx(at+yx a)))

a2

3

73

4

o4
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The architecture for logx(1 + x), DP,d = 4

X

‘.010010001 1‘1011000101101 10001011011000101101100010111
42/1' y

101

L»{address Coefficient ROM

truncation on y and on 7;
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The architecture for logx(1 + x), DP,d = 4

X

‘.010010001 1‘1011000101101 10001011011000101101100010111

10 +

truncation on y and on 7;

o) st o1 o : oo % 3 : 34 T4 o4
a Jas Ja. [a a
L»{address Coefficient ROM
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The architecture for logx(1 + x), DP,d = 4 |

X

‘0100100011‘101100010110110001011011000101101100010111

42/1' y
10+

s x [

7d X E} E
® ®

Taz Ial EN

L address Coefficient ROM
truncation on y and on 7; )
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Where to find them? In Megawizard, DSP Builder, oneAPIl, OpenCL |

—

S a

oneAPI [ et

MegaWizard®
Plug-In

Same function, different VHDL:

@ pipelined to 300 MHz
| . /£lopoco frequency=300 FPAdd WE=6 wF=31 |

@ A larger but shorter-latency architectural variant:
| . /flopoco FPAdd wE=8 wF=23 dualpath=true |
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Where to find them? In Megawizard, DSP Builder, oneAPIl, OpenCL |

—

S a

oneAPI [ et

MegaWizard®
Plug-In

Same function, different VHDL:

@ pipelined to 300 MHz
| . /£lopoco frequency=300 FPAdd WE=6 wF=31 |

@ A larger but shorter-latency architectural variant:
| . /flopoco FPAdd wE=8 wF=23 dualpath=true |
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Where to find them? In Megawizard, DSP Builder, oneAPIl, OpenCL |

MegaWizard®
Plug-In

oneAPI [ %<t

Same function, different VHDL:

@ pipelined to 300 MHz
| . /cmdPolyEval ~frequency 300 FPAdd 6 31 |

o A larger but shorter-latency architectural variant:
| ./cmdPolyEval FPAddExpert 8 23 1 1 0 |
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Where to find them? In Megawizard, DSP Builder, oneAPIl, OpenCL )

| |
oneAPI

MegaWizard®
Plug-In

Same function, different VHDL:
@ pipelined to 300 MHz

OpenCL

‘./cmdPolyEval -frequency 300 FPAdd 6 31

@ A larger but shorter-latency architectural variant:

‘./CmdPolyEval FPAddExpert 8 23 1 1 0

o different function, another language (Verilog):

‘./cmdPolyEval -lang VERILOG FPArctan2 10 44

F. de Dinechin, B. Pasca Fantastic arithmetic beasts and where to find them
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Bit heaps:
the mutant biology of arithmetic beasts

Bit heaps: the mutant biology of arithmetic beasts

F. de Dinechin, B. Pasca Fantastic arithmetic beasts and where to find them
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So much VHDL to write, so few staves students to write it !

In theory, | know how to optimize by hand each operator for each target...

{Multiplier} (Complex productj '
Multi-adder EConstant multiplierj """
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So much VHDL to write, so few staves students to write it !

In theory, | know how to optimize by hand each operator for each target...

Multipartite

Pg

{Multiplier} (Complex product}

X

Multi-adder EConsta nt m uItipIierJ

>

b

) XX
f TN
N >,
AV
0««...»«.«..02
AN
‘41}

AL X
QSRS
AL

Stratix 10

Kintex-7

Zyng 7000

But | don’t have the resources.

43
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One data-structure to rule them all...

Adder [Multiplier} (Complex product} olvnomia

Multi-adder | | Constant multiplier| — ***°""

The sum of weighted bits as a first-class arithmetic object
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One data-structure to rule them all... J

Adder [Multiplier} (Complex product} olvnomia

(Multi-adder]  Constant muftplier] ™"
Algorithmic descriM l /,///

Z b;2%

The sum of weighted bits as a first-class arithmetic object

o Captures the true binary math of an operation
(with all sorts of bit-level optimization opportunities)
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One data-structure to rule them all...
and in the hardware to bind them

Adder [Multiplier} (Complex product}
Multi-adder ) [ Constant multiplier| —*"7*""
Algorithmic descrim l /,///

b;2"%i

Architecture generat%\‘\\’
B " ) gl DIER 1. .
m@ Kintee7 7<) (Stratix 10) ‘tmm

The sum of weighted bits as a first-class arithmetic object

@ Captures the true binary math of an operation
(with all sorts of bit-level optimization opportunities)

@ The corresponding compressor trees can be optimized for each target
. and optimally so for practical sizes, thanks to M. Kumm
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Sums of weighted bits?

@ Integers or real numbers represented in binary fixed-point

Imax

X = Z 2ix;

i:imin
e 2/ : “weight” = “X is a sum of weighted bits"

Representation as a dot diagrams

© ® 6 o8 6

Weight %7 %6 %5 %4 %3 %2 %1

Example: 17.42 written in binary

@ 0 © ©® 0.2 0 ® 0 ©®@ © @

weight %4 %3 %2 %1 %O 2‘—1 2‘—2 2‘—3 2‘—4 2‘—5 2‘—6 2‘—7
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The historical bit heap was invented for building multipliers

)

3 3
xy = (O 2x)x (O 2y)
i=0 j=0

= Z2i+jx,-yj

i
A multiplier is an architecture
that computes this sum.
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The historical bit heap was invented for building multipliers

)

XY = (23:2ix;)><(z3:2j)g)
S 59 6o
o, 560

Gees

A multiplier is an architecture

) weight o7 96 95 g4 93 o2 2'1 2'0
that computes this sum.
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The historical bit heap was invented for building multipliers |

XY = (23:2ix;)><(z3:2j)g)
S 59 6o
o, 560

Gees

A multiplier is an architecture
that computes this sum.

| |

T T

weight o7 96 95 o4 93 92 ol 0

Historical motivation for bit heaps:

ZQiJrjx;)/j expresses the bit-level parallelism of the problem
iJj
. exposing design freedom thanks to associativity and commutativity of the Z
(and a few other boolean tricks)
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The historical bit heap was invented for building multipliers |

Xy = (23:2ix;)><(z3:2j)g)
o
— Z2i+jxiyj @@@@
: 8000008

A multiplier is an architecture
that computes this sum.

weight o7 96 95 94 93 92 ol 0

Historical motivation for bit heaps:

ZQiJrjx;)/j expresses the bit-level parallelism of the problem
iJj
. exposing design freedom thanks to associativity and commutativity of the Z
(and a few other boolean tricks)
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Beyond product

)
SO

S Sosos
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Beyond product

&
@
OO
OO
@EOeOOEOEO®

A+ XY = Z2iai + Z2i+jx,-yj
i ij

90
OO

©)

©)

o)

©
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Beyond product

A+ XY = Zszw,,,
w,h

&
@
OO
OO
@EOeOOEOEO®

90
OO

©)

©)

o)

©
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Beyond product |

OO
@@

) ()
A+ XY = %2 bu.h @@ .
(9l
@E@EEEEEEEE)

When generating an architecture

consider only one big sum of weighted bits
@ get rid of artificial sequentiality (inside operators, and between operators)
@ focus on true timing information (e.g. critical path delay of each weighted bit)
@ A global optimization instead of several local ones (and solved by ILP)/
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Well beyond product

A bit heap is anything that can be developed as Z2wayh
w,h

@ the sum of two bit heaps is obviously a bit heap

@ the product of two bit heaps is also a bit heap
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Well beyond product

A bit heap is anything that can be developed as Z2wayh
w,h

@ the sum of two bit heaps is obviously a bit heap

@ the product of two bit heaps is also a bit heap

Any polynomial of multiple variables is a bit heap

. where each b, j, is the AND of a few input bits.
This includes sums of squares, FIR filters, etc
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Well beyond product )

A bit heap is anything that can be developed as Z2wayh
w,h

@ the sum of two bit heaps is obviously a bit heap

@ the product of two bit heaps is also a bit heap

Any polynomial of multiple variables is a bit heap

. where each b, j, is the AND of a few input bits.
This includes sums of squares, FIR filters, etc

And then more
@ A huge class of function may be approximated by polynomials
@ The b, , may be read from arbitrary look-up tables

@ An operator may include several bit heaps
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A good hammer transforms every problem into a nail

A sine/cosine architecture (HEART 2013)

‘s‘q‘o‘ A ‘ Yred

Sin/Cos table

sinPiA
cosPiA

/;

smAsmL cosAsinZ
sinAcosZ{ cosAcosZ

Swap/negate

@ EJ

sinPiX cosPiX
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A good hammer transforms every problem into a nail

A sine/cosine architecture (HEART 2013) mostly consists of 5 bit heaps

‘s‘q‘o‘ A ‘ Yred ‘

Sin/Cos table

sinPiA

Swap/negate

y y

sinPiX cosPiX
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A bit heap for Z — Z3/6 in the previous architecture

Full bit heap

0 o
o8 %
a8 ]
os0
%8
.
o
:
%o
a3
H
&%
%
%
®
o
%
%
%
%
%
3%
3 S
d898022285808000
0880205259025500059650500
008 3%
esedss 089595002009500
HH
w=16 bits
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Bit heaps for other operators and filters

0000000
ceeeeo0o00
0000000

9000000COCOO0OCe
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Computing the sum: bit heap compression

r®@®®

r®@e®
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Fan

L OOO®
@@
@

22 2!
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Computing the sum:

bit heap compression

@O @
1 @OO®
qrry

M"igg
2.
M"ig

o
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Computing the sum: bit heap compression

n U
S 0 U
J

sy U U
00 UU

o
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Computing the sum: bit heap compression

® X3Ylb
RN ois
U

___________________________________________________________________ en B0
C. 000U

A full adder (FA) inputs three bits of the same weight
and outputs their sum, written in binary on two bits.
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Computing the sum: bit heap compression

X0 Yo

. wn U0 00U

. @ _____ @ _____ @ _______ .- . .

¢ o o . U@QQ
JEX

FA FA|

Let us pave the bit heap with as many FA as possible. They work in parallel.
We obtain a new bit heap
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Computing the sum: bit heap compression

X0 Yo

. wn U0 00U

. B _____ @ _____ @ _______ .- . .

¢ o o . @@QQ
JEX

FA FA|

Some of the initial bits remain uncompressed.
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Computing the sum: bit heap compression

X0 Yo

. wn U0 00U

. @ _____ @ _____ @ _______ .- . .

R Sioks]|s
b

FA FA|

Some of the initial bits remain uncompressed.

They are simply transfered to the new bit heap.
Now let's compress this new bit heap.
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Computing the sum: bit heap compression

X0 Yo

. wn U 00U

. @ _____ @ _____ @ _______ . . _ J

____________ PriLt. o uuyp

GPCs33

On FPGAs, fancy compressors are possible.
This one costs 3 LUT5 working in parallel to compress 5 bits into 3.
All things considered, it is more efficient than using FAs.
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Computing the sum:

bit heap compression

B _____ @ _____ @ _______ .

.. and another full adder in parallel

F. de Dinechin, B. Pasca
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Computing the sum:

bit heap compression

B _____ @ _____ @ _______ .

.. and some bits untouched.

F. de Dinechin, B. Pasca
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Computing the sum: bit heap compression |

. wn U §
LB i?é?

JBrili. Gody)

e o °
[o ) ) ) ) o} ° | FA; |_| : |_I A |
S T I
Finally, a bit heap of height <2 = H7
can be compressed by an adder I o R
(a fast adder in VLSI, ’—{ + |
| | | | | |

using the fast carry chain on FPGAs)
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Was it the optimal solution?

Answer is of course: it depends!
@ on the target FPGA
@ on the cost function to optimize (latency, or area, or ...)

| used to write ad-hoc heuristics for bit heap compression.
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The first wave of an invasion of optimization techniques

[ Martin Kumm and Peter Zipf.
Pipelined Compressor Tree Optimization Using Integer Linear Programming
FPL, 2014.

1 Martin Kumm and Johannes Kappauf.
Advanced Compressor Tree Synthesis for FPGAs.
IEEE Transactions on Computers, 2018
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This 11-year-old operator has improved by magic... |

‘s‘q‘o‘ A ‘ Yred

Sin/Cos table

sinPiA|
[Multiplier Complex product] Polvnomial |
[Multi-adderj [Constant multiplierj """

Algorithmic description ————=——~\ | ~ ——

SmAsinZ ROuAsi 7
mA;q'mz WAEI;%J pow
Architecture generation \‘\\‘

Swap/negate

X 5 ------
sn?’\X (,(Sgix [Zynq 7000j . [Kmtex 7j Stratlx 10
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Why fantastic arithmetic beasts
didn’t take over the world
(and how to address it)

Why fantastic arithmetic beasts didn't take over the world (and how to address it)
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As a tool for real-world designers, FloPoCo is mostly useless

)

The project is in a double technological dead-end

@ on the input:
we cannot expect every designer to have read all our papers
(e.g. to know that there exists a floating-point divider-by-3.)

Example of bug report by a highly valued user

‘ ./flopoco FPConstMult wE=8 wF=23 constant=0.3333

Can you see what is wrong here?
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As a tool for real-world designers, FloPoCo is mostly useless |

The project is in a double technological dead-end

@ on the input:
we cannot expect every designer to have read all our papers
(e.g. to know that there exists a floating-point divider-by-3.)

Example of bug report by a highly valued user

‘ ./flopoco FPConstMult wE=8 wF=23 constant=0.3333
Can you see what is wrong here? ~1/3+£271* Argh! Not Computing Just Right!
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As a tool for real-world designers, FloPoCo is mostly useless

The project is in a double technological dead-end

@ on the input:
we cannot expect every designer to have read all our papers
(e.g. to know that there exists a floating-point divider-by-3.)

Example of bug report by a highly valued user

‘ ./flopoco FPConstMult wE=8 wF=23 constant=0.3333

Can you see what is wrong here? ~1/3+27* Argh! Not Comp

(all real-world designers should buy the book, though)

F. de Dinechin, B. Pasca
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As a tool for real-world designers, FloPoCo is mostly useless

)

The project is in a double technological dead-end

@ on the input:

we cannot expect every designer to have read all our papers
(e.g. to know that there exists a floating-point divider-by-3.)

Example of bug report by a highly valued user

‘ ./flopoco FPConstMult wE=8 wF=23 constant=0.3333

Can you see what is wrong here?

~1/3+£27% Argh! Not Comp

(all real-world designers should buy the book, though)

@ on the output: the future is HLS, but

flopoco-generated VHDL is incompatible with HLS

o a-posteriori interfacing is barely possible (and painful)
o but result will be inefficient anyway

F. de Dinechin, B. Pasca

as long as HLS doesn’t control the computation at the core of the loop nest

Fantastic arithmetic beasts and where to find them

Florent de Dinechin
Martin Kumm

Application-Specific
Arithmetic

Computing Just Right
forthe Reconfigurable Computer
and the Dark Silicon Era

57



Why should | care about real-world designers, | am an academic

)

Should these fantastic arithmetic beasts remain chained in an ivory tower?
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Why should | care about real-world designers, | am an academic

)

Should these fantastic arithmetic beasts remain chained in an ivory tower?

We need an HLS framework
An HLS framework where we can
o detect interesting operations (or compound operations)

@ to convert them to efficient application-specific operators
by invoking a FloPoCo-like tool automatically
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[t sounds like Another Grand Plan

Escaping the FloPoCo ivory tower:

F. de Dinechin, B. Pasca
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[t sounds like Another Grand Plan

Escaping the FloPoCo ivory tower:

o MLIR:
Multi-Level Intermediate
Representation

MLIR
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[t sounds like Another Grand Plan

Escaping the FloPoCo ivory tower:

o MLIR:
Multi-Level Intermediate
Representation
o helps defining domain-specific
Intermediate Representations
(“dialects”)
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It sounds like Another Grand Plan

Escaping the FloPoCo ivory tower:

o MLIR:
Multi-Level Intermediate
Representation
o helps defining domain-specific
Intermediate Representations
(“dialects”)
o ... and program transformation /
optimization passes
o ... from high-level languages to
assembly code, or... Verilog.

some DSL
C++ parser

Verilog output
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[t sounds like Another Grand Plan

Escaping the FloPoCo ivory tower:

o MLIR:
Multi-Level Intermediate
Representation
o helps defining domain-specific
Intermediate Representations
(“dialects”)
o ... and program transformation /
optimization passes
o ... from high-level languages to
assembly code, or... Verilog.

(it was a very simplified overview)
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It sounds like Another Grand Plan

Escaping the FloPoCo ivory tower:

o MLIR:
Multi-Level Intermediate
Representation
o helps defining domain-specific
Intermediate Representations
(“dialects”)
o ... and program transformation /
optimization passes
o ... from high-level languages to
assembly code, or... Verilog.

(it was a very simplified overview)

@ All we need is a few bridges

some DSL

C++ parser

Verilog output

[ 1
[ [ T

[

MLIR
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It sounds like Another Grand Plan

Escaping the FloPoCo ivory tower:

o MLIR:
Multi-Level Intermediate
Representation
o helps defining domain-specific
Intermediate Representations
(“dialects”)
o ... and program transformation /
optimization passes
o ... from high-level languages to
assembly code, or... Verilog.

(it was a very simplified overview)
@ All we need is a few bridges

@ ... and quite a lot of janitoring r

VHDL
-=- generation
High-level
arithmetic[ 5
3
o e
2| |4 3
(@) a a0
o L i)
= =
S\m O 3
1
[ 11 | | I I
MLIR
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It sounds like Another Grand Plan

Escaping the FloPoCo ivory tower:

o MLIR:
Multi-Level Intermediate
Representation
o helps defining domain-specific
Intermediate Representations
(“dialects”)
o ... and program transformation /
optimization passes
o ... from high-level languages to

Really HLS

assembly code, or... Verilog.

C++ parser

(it was a very simplified overview)

@ All we need is a few bridges

Verilog output

Si=

L

e 2 lot of anitor _ 11 [ [
° and quite a lot of janitoring r MLIR

|

@ ... then we can write endless
arithmetic optimization passes
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It sounds like Another Grand Plan

Escaping the FloPoCo ivory tower:

e MLIR:
Multi-Level Intermediate
Representation
o helps defining domain-specific
Intermediate Representations
(“dialects”)
o ... and program transformation /
optimization passes
o ... from high-level languages to
assembly code, or... Verilog.
(it was a very simplified overview)
@ All we need is a few bridges
@ ... and quite a lot of janitoring

@ ... then we can write endless
arithmetic optimization passes

> 5
. o
HRk 5
(Y] =
HRE A
O >
|
[ 1 [ [ 1] [] | |
MLIR ]
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Thanks for your attention

Save petrol! Save the planet! Don’t move useless metal! Ride a bicycle!
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Thanks for your attention |

Save petrol! Save the planet! Don’t move useless metal! Ride a bicycle!
Save routing! Save power! Don't move useless bits around! J

Thanks to all the FloPoCo contributors:

H.Abdoli, S. Banescu, L. Beseme, A. Bottcher, N. Bonfante,

N. Brunie, R. Bouarah, V. Capelle, M. Christ, C. Collange, ) |OgX
Q. Corradi, O. Desrentes, J. Detrey, A. Dudermel, P. Echeverria,
F. Ferrandi, N. Fiege, L. Forget, M. Grad, M. Hardieck, / S

V. Huguet, K. lllyes, M. Istoan, M. Joldes, J. Kappauf, C. Klein,
M. Kleinlein, K. Klug, M. Kumm, J. Kiihle, K. Kullmann,
L. Ledoux, J. Marchal, D. Mastrandrea, K. Moller, R. Murillo,
B. Pasca, B. Popa, X. Pujol, G. Sergent, V. Schmidt,
D. Thomas, R. Tudoran, A. Vasquez, A. Volkova. http.//flopoco. org/

and the authors of GMP, MPFR, Sollya, SCIP, nvc, IKTEX, TikZ,
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Don't trust us

FloPoCo can generate an infinite number of operators.
Obviously, | haven't tested them all.

Every operator comes with its specific test bench

./flopoco FixFunctionByPiecewisePoly f="exp(x*x)" lsbIn=-24 1lsbOut=-24 d=3
TestBench

@ based on operator(X) = quantization(operation(X))
@ emulate() method is a few lines of code

o based on trusted stuff such as MPFR and Sollya
o and we write it first, and it is easy to audit
o it should really be called specification()
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It would be too simple, people would complain |

Sometimes correct rounding is to expensive to implement, or just impossible to guarantee...
Faithful rounding: the next best thing
f(X) f(X)

Two equivalent specifications:

@ The output Y of the operator may be one of the two numbers surrounding f(X).
When f(X) is a machine number, then Y = f(X).

@ The difference between the output value Y and f(x) is strictly smaller than u.
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It would be too simple, people would complain |

Sometimes correct rounding is to expensive to implement, or just impossible to guarantee...
Faithful rounding: the next best thing
f(X) f(X)

Two equivalent specifications:

@ The output Y of the operator may be one of the two numbers surrounding f(X).
When f(X) is a machine number, then Y = f(X).

@ The difference between the output value Y and f(x) is strictly smaller than u.

Slightly less accurate than correct rounding, but still:
if you add one bit to the output, you divide u by 2, hence double the accuracy.
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Parenthesis: binary for theoretical physicists (and other signal people) |

o 210 ~ 103 (kBytes are actually 1024 bytes).
@ Another point of view : 10log;¢(2) ~ 3
@ In other words, 1 bit = 3 dB

| don't count signal/noise ratio in dB, | count accuracy in bits.
But it is the same thing.
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Performance through pipelining

A combinatorial operator, with registers that produce its inputs and consume its outputs

At _
-1k I

X ] Xo X X1 X X5

Y :X X YO X Y1
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Performance through pipelining

F. de Dinechin, B. Pasca

The same operator, pipelined into N = 4 stages: frequency can be multiplied by 4

At/N
alEilnly el 2

X X X X6 G X X X6 12X X Xs X X0 [ X10 [ X1
A A {AL A A3 {As [ As [As {Ar {As [As {Aw
B X B X B B2 \Bs | Ba \Bs | Bs N Br | Bs [ Bo
o B B B 1< <0 I=3 1<% {90 I<2 1<% <2 =)
Y T T e e Ve s 6 %

plinipipipininipinininipl

P
W

> t

At At/N
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A more realistic example

add/sub Xi Yin

| | |

unpack & exception handling,
exponent difference & swap

!

>>

./flopoco fpadd we=8 wf=23

LzC
+ shifter

rounding adder

exception handling & pack |<—

R
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A more realistic example

add/sub Xi Y,

| | |

unpack & exception handling,
exponent difference & swap

+ shifter

rounding adder

exception handling & pack |<—

R

pipeline
stage 0

pipeline
stage 1
pipeline
stage 2

pipeline
stage 3

./flopoco frequency=200 fpadd we=8 wf=23

Adds 3 synchronization barriers:
@ FloPoCo reports a pipeline depth of 3,
@ meaning that there are 4 pipeline stages
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Frequency-directed pipelining

The same FPAdder, pipelined for 300MHz:

./flopoco frequency=300 FPAdd wE=8 wF=23
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Frequency-directed pipelining

The same FPAdder, pipelined for 300MHz:

‘ ./flopoco frequency=300 FPAdd wE=8 wF=23

FloPoCo interface to pipeline construction
"“Please pipeline this operator to work at 200MHz"

F. de Dinechin, B. Pasca Fantastic arithmetic beasts and where to find them

68



Frequency-directed pipelining

The same FPAdder, pipelined for 300MHz:

./flopoco frequency=300 FPAdd wE=8 wF=23

FloPoCo interface to pipeline construction
“Please pipeline this operator to work at 200MHz"

Not the choice made by other core generators...
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Frequency-directed pipelining )

The same FPAdder, pipelined for 300MHz:
./flopoco frequency=300 FPAdd wE=8 wF=23 ‘

FloPoCo interface to pipeline construction
“Please pipeline this operator to work at 200MHz" J

Not the choice made by other core generators...

... but better because compositional

When you assemble components working at frequency f,
you obtain a component working at frequency f.
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Examples of pipeline

./flopoco frequency=400 FPAdd wE=8 wF=23

Final report:
|---Entity FPAdder_8_23_uid2_RightShifter
| Pipeline depth = 1
|-——Entity IntAdder_27_£400_uid7
| Pipeline depth = 1
|---Entity LZCShifter_28_to_28_counting_32_uid14
| Pipeline depth = 4
|---Entity IntAdder_34_f400_uid17
I Pipeline depth = 1
Entity FPAdder_8_23_uid2
Pipeline depth = 9

./flopoco frequency=200 FPAdd wE=8 wF=23

Final report:
...
Pipeline depth = 4
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Of course the frequency depends on the target FPGA |

./flopoco target=Zynq7000 frequency=200 FPAdd wE=8 wF=23 ‘

Final report:
...
Pipeline depth = 5

./flopoco target=VirtexUltrascalePlus frequency=200 FPAdd wE=8 wF=23

Final report:
¢...)
Pipeline depth =1

Altera and Xilinx targets supported in the stable branch (at various levels of accuracy, in
various versions): Spartan3, Zynq7000, Virtex4, Virtex5, Virtex6, Kintex7,
VirtexUltrascalePlus, Stratixll, StratixIll, StratixIV, StratixV, Cyclonell, Cyclonelll,
CyclonelV, CycloneV.
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Frequency-directed pipelining in practice

We do our best but we know it's hopeless

The actual frequency obtained will depend on the whole application (placement, routing
pressure etc)...

o best-effort philosophy,
@ aiming to be accurate to 10% for an operator synthesized alone

@ asking a higher frequency provides a deeper pipeline

F. de Dinechin, B. Pasca Fantastic arithmetic beasts and where to find them

71



Frequency-directed pipelining in practice

We do our best but we know it's hopeless

The actual frequency obtained will depend on the whole application (placement, routing
pressure etc)...

o best-effort philosophy,
@ aiming to be accurate to 10% for an operator synthesized alone

@ asking a higher frequency provides a deeper pipeline

And a big TODO: VLSI targets.
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And a few extras J

Options generateFigures and dependecyGraph produce figures...
| ./flopoco frequency=200 dependencygraph=full fpadd we=8 wf=23 |
creates a dot dot/ directory containing this:
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And a few extras

Options generateFigures and dependecyGraph produce figures...

|./flopoco frequency=200 dependencygraph=full fpadd we=8 wf=23

creates a dot dot/ directory containing this:

Helper functions for encoding/decoding FP format, if you want to check the testbench...

fp2bin 9 36 3.1415926

bin2fp 9 36 010100000000100100100001111110110100110100010011
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