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P. II. Computer simulations

Introduction

e Moore’s law ending
e Silicon becoming more precious
o Challenge conventional wisdom

e Most application memory-bound!?
e Unlikely to change

e Numerical representation candidate for optimization
e Reduce size (# bItS) in representation 35 YEARS OF MICROPROCESSOR TREND DATA
e Improve accuracy

e Smaller representation yields:
e Smaller functional units . =
. More OPs/mm? L, o et A
. More OPs/Watt e g
e More values per unit bandwidth i = o e s e

« A remedy for memory boundness??2

Co0gual Sats Cateind M ASRE Ly M 0w F | atante, & Snadian, KAk L HaTrsend wd G i
Cxid Woe eubagudancnn by C Mawe

1 “Double-precision FPUs in High-Performance Computing: an Embarrassment of Riches?”, IPDPS 2019
2 “FiNN: a Framework for Fast, Scalable Binarized Neural Network Inference”, FPGA 2017



Introduction (cont.)
e But can we use a smaller representation?

e - and where?
e Insight requires experimental testing
e Small use-cases -> Software emulation OK!
e Large use-cases -> Software emulation slow!
e Testing on large use-cases requires performance

e Option 1: Build an ASIC
Expensive (at least right now)

e Option 2: Use Reconfigurable Architectures
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Reconfigurable Architectures
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Reconfigurable Architectures

e Reconfigurable Architectures provide means to
(partially) counter the end of Moore

e Three types of Reconfigurable Archs: e e
: . : R RS,
e Fine-Grained architectures A
e.g. FPGAs
o Coarse-Grained Reconfigurable Architectures S e Vb
S AT ST SIS
e.g. ADRES, GARP ZE S =S

o Coarse-Grained Reconfigurable Processors

e.g. RAW, Xilinx Versile e e oy f
T Lt T
e Fine-Grained preferable for architecture g g
exploration P A e e

o Full control over flip-flops, wires, etc.
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Reconfigurable Architectures (cont.)

Field-Programmable Gate Arrays

History
e Created to help ASIC development

e Found use in: Military, consumer electr., automotive

e Today powerful compute devices

Capable of rivaling CPUs / GPUs

FPGA fabric consists of:

AT LS i
AL AT L i
A e
i A AT Z LA A

e Programmable Logic in the form of Look-Up Tables (LUTS)

e On-chip Block RAM (BRAM) for storage
e DSP units for fast multiplication

e A large reprogrammable interconnect

Can be re-programmed to implement exciting new formats

e Such as POSITs



ORIl computer simulations
n.,;;: R-CCS create the future

POSITs
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POSITs: History
Numbers in computers represented differently
Fixed-point, 2s complement, binary-coded decimal (remember these?)

1985: standardization on how real numbers are represented on computers (IEEE-754)

« 2015: “The End of Error”! published by prof John Gustafson
- Argues for a new floating-point representation called UNUM

Interval arithmetics — Complex to make hardware!

- Variable-length encoding — Complex to make hardware!

~2016: UNUM (version 2) incepted

- No-longer variable length
Based on look-up table transformations — Limited size allowed (LUTs occupy a lot of space)

« 2017: POSITs (Unum version 3) introduced? 1 “The End of Error: Unum Computing’, J.
Gustafson, 2015
- Slmpllfled—> Feasible to create hardware! 2 “Beating Floating Point at its own Game: Posit
Arithmetic”, J. Gustafson, |. Yonemoto
SuperFri.org, 2017

In-place replacement for IEEE-754
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POSITs: Difference to IEEE-754 R o

Regime is compressed.
Needs to be decoded on-line.

Sign ” Exponent || Mantissa | |Sign ” Regime ” Exponent || Mantissa

N S
&7 X

&) &
(_1)3* (229)R * 2E* 1 M

N o
& .
& *

(_1)8* 2(E-bias) *1.M

Pros Pros
- Simple, Mature - Different spread of accuracy
- Standardized - One zero and one NaR
representation
Cons Cons

- Parts of the format is encoded
(needs decoding)

- Many NaN and Zero representations
(16,777,216 NaN in single-precision)

Decimal accuracy

loga(x)

Figure from “Beating Floating Point at its own Game”, Gustafson et al.



POSITs: Benefits

Arithmetic functions (e.g. Addition)
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Mathematical problems
(e.g. Goldberg’s Thin Triangle)

h=w/2+ UL cmaf2eiULPs
| Krop:
g== +‘;-:: A= \/.~.(.~.' ~a)(s=b)(s-0)

Complex functions (e.g. Reciprocal)

Docieual
Tons

Flex osits
gnge L1 oo W | ST R erast gy gy

locanet SAT% NN U NN ey

Larger Real-life Problems

?

Figures from “Beating Floating Point at its own Game”, Gustafson et al.
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POSITs in Hardware



POSITs in Hardware

- II. Computer simulations
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e Hardware Description Languages describe FPGA execution

e e.g. VHDL or Verilog

e We created a prototype POSIT generator

e Generate arbitrary sized POSIT units
E.g. 16-bit, 32-bit, or even 51-bit POSIT units

e How does POSIT map to FPGAs?

--and what did we learn?

Domain specific languages for digital design

Focus on:

Addition/Subtraction
Multiplication

Comparisons

VHDL )

:_r1(6-1 downto 0)) when (real_in_r1(14 downto 14) ="0")

_ri(1: ;
0) <= posit_m2_r1(12 downto 0) & "0" when (12_r13(0 downto 0) = "1") else

it_m2_r1_r0(11 downto 0) & "00" when (12_r13(1 downto 1) = "1")
t_m2_r1_r1(9 downto 0) & "0000" when (I2_r13(2 downto 2) ="1")

t_m2_r1_r2(5 downto 0) & "00000000" when (12_r13(3 downto 3)

4-1 doy
Jse posit m2_ri_r2(14-1 downto 0)
else posit m2_r1_r( lownto 0);

1 )

product_r0(28-1 downto 0) <= pos_out_r0(14-1 downto 0)
* pos_out_r1(14-1 downto 0);

of_carry_r0(1-1 downto 0) <= product_r0(27 downto 27);
fregion_r0(8-1 downto 0) <= (region_r0(6 downto 6) &

jownt " fi
in _25_r0_r o
in _25
in _25 -1 downto 0);
in 25 1 -1 downto
E fown E -
¥ r
inal_posit_v3_25_r It
sl s| (1-
sh_in_r0(1-1 downto 0) & sh_in_r0(1-1 downto
(k_abs_r0(3 downto 3) else final_posit_v:

it_v3_25_r0(31-1 downto 0)

r0(1 1 downto 0)& sh.i 0(1 1 downto 0) &
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POSITs in Hardware: Multiplication
Opgrandl Operand,
Description POSIT 16-bit POSIT 32-bit T _L
- £}
Q Function Logic | DSPs | Logic | DSPs Decode Decode
Iy Logic Logic
E Multiplication | 206 1 486 2 g (R A —— W5
= ]
< : PGT T
Multiplier Logic

(Similar to IEEE-754)

Mew Region Product

Encode
Logic
1 [

| !

Product
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POSITs in Hardware: Multiplication
Operand, Operand,
Description POSIT 16-bit POSIT 32-bit T L
7} £
Q Function Logic | DSPs | Logic | DSPs Decode Decode
Y Logic
E Multiplication | 206 1 486 2 AT —— Vg
£
<

POSIT 16-BIT

POSIT 32-BIT

>

Multiplier Logic

(Similar to IEEE-754)

cw Reglo: Froduct |

Ehcode
Logic
L}

Product
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POSITs in Hardware: Addition/Subtraction W8 RCCS createthe uure
Operand, Operand,
Description POSIT 16-bit POSIT 32-bit 1 |

] -

&) Function Logic | DSPs | Logic | DSPs Decode Decode

= Logic C

E Multiplication | 206 1 486 2 Fage (o R — g

S| Addsub | 300 | - [ es7 | - L | i KT
Add/Sub Logic

(Similar to IEEE-754)
{ Froduct

Encod
Logic

Sum
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POSITs in Hardware: Addition/Subtraction W8 RCCS createthe uure
Operabnd1 Operand2
Description POSIT 16-bit POSIT 32-bit 1 |

= { 1

&) Function Logic | DSPs | Logic | DSPs Decode Decode

Y Logic Logic

E Multiplication | 206 1 486 2 L) g L

= Add/Sub 300 - 657 - J

POSIT 16-BIT

POSIT 32-BIT

& N /

Add/Sub Logic
(Similar to IEEE-754)
{ Froduct

Ena
Lorg_ic

Sum
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POSITs in Hardware: Comparison and Others o

Description POSIT 16-bit POSIT 32-bit
L Function Logic | DSPs | Logic | DSPs
§ Multiplication | 206 1 486 2
S| add/sub | 300 | - [ es7 | -
OP, == OP, 7 - 14 -
§ OP, !=0P, 7 - 14 - _ _ _ _
§~ OP, < OP, 12 - 32 - - < N N > N
S | op,>o0P, 12 i 33 .
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POSITs in Hardware: Comparison and Others o

Description POSIT 16-bit POSIT 32-bit
L Function Logic | DSPs | Logic | DSPs
§ Multiplication | 206 1 486 2
S| add/sub | 300 | - [ es7 | -
OP, == OP, 7 - 14 -
§ OP, !=0P, 7 - 14 - _ _ _ _
§~ OP, < OP, 12 - 32 - - < N N > N
S | op,>o0P, 12 i 33 .
S abs(OP,) 17 - 33 -
g max(0,0P,) 8 - 16 -




Frequency (MHz)

POSITs in Hardware: Isolated Performance
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Multiplication Addition and Subtraction

Unrestricted fmax Unrestricted fmax

>
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Width (in bits) Width (in bits)

References:
1 “Hardware Implementation of POSITs and Their Application in FPGAs”, Podobas et al., RAW-18



Using Custom Representations

e 1) Replace Floating-Point Unit (FPU)
in Soft-Core

e Pros: Access through ISA , Access to
software

e Cons: Change the compilation
infrastructure

e 2) Build a CGRA Overlay

e Pros: Can run very fast, Low
reconfiguration overhead

e Cons: Poor existing compilation
infrastructure

e 3) Use High-Level Synthesis

e Pros: Runs fast, Write C/C++ code

e Cons: Manually insert POSIT calls, Long
Compilation times

PC

External
Memory

Register
File

9 C/C++/OpenCL

__kernel

__global float *b,
__global float *c,
int n)
{
int id = get_global_id(0);
if (id <n)

G

clid] = a[id] + b[id];

void vVADD ( __global float *a,

L

is:ancoi
Logic |

POSIT
Fu

—

ALU }
L External
Memary
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Custom
Hardware




Using Custom Representations

POSIT
Generator

wine Lide “pasi_ T

_ h=mel
woid VACD | _ gobsi posithl "=,
_ gobsipositdd T,
__obsipositdd o,
int ~

{

intiz =g _gbbsl o[

Hid = _ posicd? sdd(z)2], 6

Pipelined
Register-Transfer Level
Code

!

OpenCL Library
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. :
L] (]
i Compiler (HLS FPGA Bi :
# ompiler (HLS) ‘ —> inary .
: : :
. :
[ [ ] 1
e e s e = = m e m o mmmmm m m m  m m m m m m E o m m m m m Eom m om momom m o

22
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Application Performance
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Experimental Setup 2 o

FPGAs used:
e Stratix V FPGA (2010)
e Arria 10 FPGA (2014)

e Intel OpenCL 18.0 H
Software Emulation Librar []
Y EEEEEEEE
e https://gitlab.com/cerlane/SoftPosit —
e Host CPU: i7-8700 @ 3.2 GHz w/ 12 threads n
e All examples parallelized using OpenMP
Applications:
e Vector-Addition (128 M elements) Compute [[] Adjacent [ ] 0n-Chip Oft-Chip
e Vector-Scalar product (?axpy, 128 M elements)
e Matrix Multiplication (?gemm, 2048x2048)
Based on Intel’s provided example References:
1 “Combined Spatial and Temporal Blocking for High-Performance Stencil Computation on
° Stencil computations (rad-4, 8192x256) FPGAs using OpenCL”, H.R. Zohouri, A. Podobas, S. Matsuoka, FPGA’18

2 “High-Performance High-Order Stencil Computation on FPGAs Using OpenCL”, H.R. Zohouri,
Shift-registers and Vectorization optimizations A. Podobas, S. Matsuoka, RAW’18


https://gitlab.com/cerlane/SoftPosit

nt.)
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Application Performance
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Application Performance (cont.)

Performance
70 =
60 - .
i m

Y 2507 P (
o) 40 - [ ] Sim-POSIT32
~ e (
LL 30+
O 20-

10+

0 R, — — ] 7
Vector-Addition AXPY Stencil

Stratix V: Up-to 160x performance over software emulation approaches.



Application Performance (cont.) [ I coroer st

Performance
250 -
200 - Sim-POSIT16
7)) ] POSIT16 (S-V)
% 150 - POSIT16 (A10)
| B Sim-POSIT32
w 100 - W POSIT32 (5-V)
D [ POsSIT32 (A10)
50 -
0 L : R ,
Vector-Addition AXPY GEMM Stencil

Arria 10: Nearly 500x performance over software emulation.
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Resouce Utilization B's RS croaisthe ure

Stratix V Arria 10

POSIT 16-bit (Stratix V) POSIT 16-bit (Arria 10)
300 190%2 O, 300
\_\\\
Qo -~ v N o —
o ;'E' o 6o% e ;'E'
] = a —— s
E =200 s S 60%- . =200 s
Y | 2
5 v 5 40%- u
Q 100 & 2 100 &
v @ ] @
x o o 20%+ =
0 0%+ - 0
Stencil Vector-Addition AXPY GEMM Stencil

POSIT 32-bit (Arria 10)

300 100% 300

U B80%- : N U B0%- i ~N
o e T o —— G T
g 60% B =200 g 3 60% [ . Loal 1 s - 200 g

- ogic >
g g ) B DsPs g
5 40%- v 5 40%- [0 BRAMs g
§ -100 g g —&— Frequency -100 g
@ 20%- & @ 20%- &

al I'H °H 0 : mm mm B 0

Vector-Addition AXPY GEMM Stencil Vector-Addition AXPY GEMM Stencil

Our designs occupy most of the Stratix V resources. Arria 10 under-utilized with more room for improvement!
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Conclusion

e Exciting times for architectural research
e Old wisdom challenged and (possibly) improved
e Reconfigurable Architecture can help exploring new concepts
e Exploring numerical representations ideal for FPGAs
Help understand what is needed before proceeding to ASIC
e Example shown with POSITs

Performance (MHz)
Area / Occupancy
e Demonstrated arguable high-performance
200+ GFLOP/s @ 16-bit POSITs
60+ GFLOP/s @32-bit POSITs

(Likely) even higher on modern Xilinx Ultrascale+ or Stratix 10 platforms

e Thank you for your attention!

L
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