European
Processor
Initiative
®
I I :EE;; .I:: 'E!I:'I

»

TRISTARN:‘
| N

VRP: a Variable extended

Precision Accelerator for
Scientific Computing
Applications

Andrea Bocco, A. Hoffmann, E. Guthmuller,

C Fuguet, Y. Durand, J. Fereyre, |. Tahir,
R. Alidori, T. Khandelwal, N. Perbost

RISC-V summit Munich 24-28 Juin 2024
28T UGA -

Université univers |té
| ‘ CEA LIST Grenoble Alpes PARIS-SACLAY




Why extended precision ?

m Radix-based floating point representation'

(Zblt X2 X2

p-bit mantissa

K-bit exponent

/
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Why extended precision ?

m Radix-based floating point representation

Zblt X 27" x 2°¢
™

p-bit mantissa

K-bit exponent

/

m VRP processor supports
m p=3 > 512 bits mantissa size
m k=2 - 18 bits exponent size
m Specified at runtime (no recompilation)
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Why extended precision ?

m Radix-based floating point representation k-bit exponent

v
(Z bit, x 27") x 2¢ So, why extending J
N

computing precision?

n €32

p-bit mantissa
m VRP processor supports

m p=3 > 512 bits mantissa size ° N

m k=2 - 18 bits exponent size
m Specified at runtime (no recompilation)

m “1-bit LLMs Could Solve Al’s Energy Demands” ([1], IEEE Spectrum,
2024/05/30)

[1] https://spectrum.ieee.org/1-bit-llm
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Motivation: Floating point issues

m Floating point arithmetic is done on fixed size hardware, which leads to rounding and
absorption errors

m Example: approximation during mantissa alignment in floating point additions

a=Mx2F -+ L =M x2E=50
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Motivation: Floating point issues

m Floating point arithmetic is done on fixed size hardware, which leads to rounding and

absorption errors

m Example: approximation during mantissa alignment in floating point additions

a=Mx2F -+ L =M x2E=50
M51 MSO M49 |v|48 M3 MZ I\/Il IVIO
.. M’Sl M’SO M’49 IVI’48 M’S M’Z M’l I\/l’O
Double precision |
Internal accumulator !
Ignored!
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Motivation: Floating point issues

m Floating point arithmetic is done on fixed size hardware, which leads to rounding and

absorption errors

m Example: approximation during mantissa alignment in floating point additions

— Floating point addition is not associative: (a + ) +y #a + (8 +7v)
— Problematic for intensive calculations, especially iterative methods applied on large problems
— Extended precision can alleviate these issues

@ Andrea BOCCO - VRP: a Variable Precision Accelerator for Scientific Computing Applications

a=Mx2F -+ L =M x2E=50
M51 MSO M49 |v|48 M3 MZ I\/Il IVIO
.. M’Sl M’SO M’49 IVI’48 M’S M’Z M’l I\/l’O
Double precision |
Internal accumulator !
Ignored!
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Application domain: extended precision for HPC

dvs Starting point:
e = P dy symbolic manipulation
| of a set of PDEs from
! Q) | CFD,
) (’3‘ convection/diffusion,
NERE' Electromagnetism,
NI :
)"‘)\. elcC.
AN
(’30) E.g. variational
formulation
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Application domain: extended precision for HPC

« Computational physics: Blend of physics and
chemistry, with applied mathematics, numerical

linear algebra, numerical optimization, and /",
dvs Starting point: parallel computing. (>
T = ¥’ Ay symbolic manipulation D /
| of a set of PDEs from \
'\d 3 CFD, - Climate models, weather prediction, celestial
" o) (’\‘ | convection/diffusion, physics, high energy physics, quantum
oh \\()9)‘ Etlectromagnetlsm, mechanics
)‘9@ . elcC.
f"\&] E.g. variational
formulation

» More industrial topics such as electromagnetic,
fluid dynamics. ,

« Some optimization algorithms
(e.g. IPM barrier)

p | -

B s R A N
shutterstock.com - 151337624 ] R LT s —F=

i AT T i i S
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Focus on linear solvers
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Focus on linear solvers
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Focus on linear solvers

Algebraic Algebraic

manipulation resolution
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Focus on linear solvers

E.g. linear solver,
Eigensolver,
EVD/SVD/ diagonalization

Algebraic Algebraic Block solvers

manipulation resolution V
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Focus on linear solvers

E.g. linear solver,
Eigensolver,
EVD/SVD/ diagonalization

Block solvers

Algebraic Algebraic
manipulation resolution

557
2
]]5{ 7

; 21 ;7 , TifL& .'-62 p > 80 % Of
5 ig 4 ' computing
L time

Roundoff errors delay or even prevent convergence (In el
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Focus on linear solvers

E.g. linear solver,
Eigensolver,
EVD/SVD/ diagonalization

Block solvers

Algebraic Algebraic
manipulation resolution

557

24
]]ﬂ
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> 80 % of

computing
time

K
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VRP: a Variable extended Precision Accelerator for
Scientific Computing Applications

ID Issue Commit
Motivation: Software emulation (e.g. MPFR) too slow | __ . recomEead
. . - 5 =i T e
Goal: be application-agnostic and limited by memory : _—, el | o
bandwidth instead of arithmetic - S N Wl B Y el : | £ [ rename mble
é % Compressed VPFPU > g : l,;g > update
— Variable extended Precision Floating Point Unit g gl o0 | HEREE _ AE [ verey
integration in modified RISC-V CVAG6 processor 5 ] |2 B | E | > envwite
< ol EREE: slir
= ecoder E n E . = > Mv/C CVWY... . VPFPU.
V| ] L L

Main CVA6 modifications [2]:

Initiative

m 32 |ogical/64 physical ~540-bit registers: 512b mantissa + 18b exponent + 1b sign + flags 532::;”
epl

m New high-perf L1 cache (open sourced)

m A custom VPFPU with different operators whose latency
depends on precision

—&— Load
-9 - Store

Instructions per cycle
et et ad
OFRLNWPAPUIOONOOOO

128 256 384 512
Memory footprint (bits) [2]

o

[2] E. Guthmuller et al., "Xvpfloat: RISC-V ISA Extension for Variable Extended Precision Floating Point Computation,”
in IEEE Transactions on Computers, doi: 10.1109/TC.2024.3383964
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Xvpfloat RISC-V ISA extension

T

[
.

TS

RISTAN

Q“)’

m Opensource ISA extension (TRISTAN project) for dynamically variable precision computation

— No recompilation when changing precision
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Mnemonic Operation
PGER rt, ea rt = ea
PSER et, ra et = ra
vpfloat<evpi> *tab = ra

PLE pt, evpi, ra{, #index }

pt = tablindex*stride]

PSE pb, evpi, ra{ #index}

vpfloat<evpi> *tab = ra

tablindex*stride] = pb
PMV.PP pt, pa pt = pa
PMV.Pfield X rt, pa rt = palfield]
PMV.X.Pfield pt, ra ptlfield] = ra
PCVT.PH rt, pa, efpi rt = (fleoatlé_t) pa
PCVTPEE rt, pa, efpi rt = (float32_t) pa
PCVTED rt, pa, efpi rt = (floatéd_t) pa
PCVT.H.P pt, ra pt = (floatlh_t) ra.H[O]
PCVTEP pt, ra pt = (float32_t) ra.wW[0]
PCVT.D.P pt, ra pt = (floatéd_t) ra
PADD pt, pa, pb, eci pt = patpb
PSUB pt, pa, pb, eci pt = pa-pb
PRND pt, pa, eci pt = pa+0.0
PMUL pt, pa, pb, eci pt = pa*pb
PCMP.EQ rt, pa, pb rt = pa==pb 2?21 :0
PCMP.NEQ rt, pa, pb rt = pa !=pb 21 :0
PCMP.GT rt, pa, pb rt = pa>pb 2?21 :0
PCMPLT rt, pa, pb rt = pa <pb 2?1 : 0
PCMP.GEC rt, pa, pb rt = pa>pb 2?21 :0
PCMP.LEQ rt, pa, pb rt = pa<=pb 2?1 :0

RISC-V Summit 24-28 June 2024 17




Xvpfloat RISC-V ISA extension S

|

TS

m Opensource ISA extension (TRISTAN project) for dynamically variable precision computation
— No recompilation when changing precision
m Instructions parametrized with in-memory and output precision

PMUL pt, pa, pb, eci

pt=pa*pb;  \

Env register includes:
- Output precision (in bits)
- Rounding mode

@ Andrea BOCCO - VRP: a Variable Precision Accelerator for Scientific Computing Applications

Mnemonic Operation

PGER rt, ea rt = ea

PSER et, ra et = ra

PLE pt, evpi, ra{, #index } valoat(e‘f?pD *tab.: ta
pt = tablindex*stride]

PSE pb, evpi, ra{ #index} val?at(:e"?pp . *tab = ra
tablindex*stride] = pb

PMV.PP pt, pa pt = pa

PMV.Pfield X rt, pa rt = palfield]

PMV.X.Pfield pt, ra ptlfield] = ra

PCVT.PH rt, pa, efpi rt = (fleoatlé_t) pa

PCVTPEE rt, pa, efpi rt = (float32_t) pa

PCVTED rt, pa, efpi rt = (floatéd_t) pa

PCVT.H.P pt, ra pt = (floatlh_t) ra.H[O]

PCVTEP pt, ra pt = (float32_t) ra.wW[0]

PADD pt, pa, pb, eci

PSUB pt, pa, pb, eci

PRND pt, pa, eci

PMUL pt, pa, pb, eci

PCMP.NEQ rt, pa, pb rt = pa !=pb ? 1 0
PCMP.GT rt, pa, pb rt = pa > pb 2 1 0
PCMPLT rt, pa, pb rt = pa < pb 7 1 0
PCMP.GEC rt, pa, pb rt = pa >= pb 7 1 0
PCMP.LEQ rt, pa, pb rt = pa <= pb 7 1 0
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imy
Xvpfloat RISC-V ISA extension (,,)3

m Opensource ISA extension (TRISTAN project) for dynamically variable precision computation
— No recompilation when changing precision
m Instructions parametrized with in-memory and output precision

PMUL pt, pa, pb, eci

Mnemonic

Operation

PGER rt, ea

rt = ea

pt=pa*pb;  \

m Indexed load/store instructions
PLE pt, evpi, ra{,#index}

Env register includes:
- Output precision (in bits)

PLE pt, evpi, ra{, #index }

vpfloat<evpi> *tab = ra
pt = tablindex*stride]

PSE pb, evpi, ra{ #index}

vpfloat<evpi> *tab = ra

tablindex*stride] = pb

vpfloat<evpi> *tab=ra; pt=tab[index];

N

= In-memory IEEE-754 2008

extendable format

- Rounding mode PMV._Ffield X tt, pa rt = palfield]
PMV.X.Pfield pt, ra ptlfield] = ra
PCVT.PH rt, pa, efpi rt = (fleoatlé_t) pa
PCVTPEE rt, pa, efpi rt = (float32_t) pa
: : PCVTED rt, pa, efpi rt = (floatéd_t) pa
Env register includes: PCVTH.P pt, ra Pt = (floatl6 t) ra.H[0]
- In_memory Size (in bits) PCVTFPpt, ra pt = (float32_t) ra.W[0]
. . . PCVT.D.P pt, ra pt = (floatéd_t) ra
- Exponent size (in bits) PADD pt, pa, pb, eci pt — patpb
_ Rounding mode PSUB pt, pa, pb,.eci pt = pa-pb
. PRND pt, pa, eci pt = pat0.0
- St”de PMUL pt, pa, pb, eci pt = pa*pb
PCMP.EQ rt, pa, pb rt = pa==pb 2?21 :0
PCMP.NEQ rt, pa, pb rt = pa !=pb 21 :0
PCMP.GT rt, pa, pb rt = pa>pb 2?21 :0
PCMPLT rt, pa, pb rt = pa <pb 2?1 : 0
PCMP.GEC rt, pa, pb rt = pa>pb 2?21 :0
PCMP.LEQ rt, pa, pb rt = pa<=pb 2?1 :0
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Xvpfloat RISC-V ISA extension S

1

|

N

m Opensource ISA extension (TRISTAN project) for dynamically variable precision computation
— No recompilation when changing precision
m Instructions parametrized with in-memory and output precision

PMUL pt, pa, pb, eci

Env register includes:

pt=pa*pb;  \

m Indexed load/store instructions

PLE pt, evpi, ra{,#index}

- Output precision (in bits)
- Rounding mode

vpfloat<evpi> *tab=ra; pt=tab[index];

N

= In-memory IEEE-754 2008
extendable format

Env register includes:

- In-memory size (in bits)
- Exponent size (in bits)
- Rounding mode

- Stride

m conversions, arithmetic (+,-,*), load/store, comparison

@ Andrea BOCCO - VRP: a Variable Precision Accelerator for Scientific Computing Applications

Mnemonic Operation
PGER rt, ea rt = ea
PSER et, ra et = ra

PLE pt, evpi, ra{, #index } vpfloat<evpi> «tab = ra
' pt = tablindex*stride]

| PMV.PP pt, pa

PSE pb, evpi, ra{,#index} vpfl?at<evpl> | +*tab = ra

Pa

PMV.Pfield X rt, pa palfield]

PCMP.EQ rt, pa, pb

PCMP.NEQ rt, pa, pb

PCMP.GT rt, pa, pb

PCMPLT rt, pa, pb

PCMP.GEC rt, pa, pb

PMV.X.Pfield pt, ra field] = ra
PCVT.PH rt, pa, efpi = (floatlé_t)
PCVTPEE rt, pa, efpi = (float32_t)
PCVTED rt, pa, efpi = (float6d_t)
PCVT.H.P pt, ra = (floatl6_t)
PCVTEP pt, ra = (float32_t)
PCVT.D.P pt, ra = (floathd_t)
PADD pt, pa, pb, eci pt = patpb

PSUB pt, pa, pb, eci pt = pa-pb

PRND pt, pa, eci pt = pa+0.0

PCMP.LEQ rt, pa, pb

RISC-V Summit 24-28 June 2024 20




TS

Xvpfloat RISC-V ISA extension vy

«

m Opensource ISA extension (TRISTAN project) for dynamically variable precision computation
— No recompilation when changing precision
m Instructions parametrized with in-memory and output precision

PMUL pt, pa, pb, eci
pt=pa*pb;  \

m Indexed load/store instructions

PLE pt, evpi, ra{,#index}

vpfloat<evpi> *tab=ra; pt=tab[index];

N

= In-memory IEEE-754 2008
extendable format

m conversions, arithmetic (+,-,*), load/store, comparison
m Compiler WIP (Binutils ready, prototype LLVM+Clang

with vpfloat C type)

Mnemonic Operation
PGER rt, ea rt = ea
PSER et, ra et = ra
PLE pt, evpi, ra{, #index } vpfleatcevpl> wtab = ra
. . . ' pt = tablindex*stride]
Env register includes: — vpEloat<evpi> +tab — ra
.. ) ) PSE pb, evpi, ra{ #index} . . B
- Output precision (in bits) fablindexrstride] = pb
. PMV.PP pt, pa pt = pa
- Rounding mode PMV._Ffield X tt, pa rt = palfield]
PMV.X.Pfield pt, ra ptlfield] = ra
PCVT.PH rt, pa, efpi rt = (fleoatlé_t) pa
PCVTPEE rt, pa, efpi rt = (float32_t) pa
: : PCVTED rt, pa, efpi rt = (floatéd_t) pa
Env register includes: PCVTH.P pt, ra Pt = (floatl6 t) ra.H[0]
- In_memory Slze (In bItS) PCVTFPPL ra pt = (float32_t) ra.W[0]
t . . bt PCVT.D.P pt, ra pt = (floatéd_t) ra
- Exponent size (in bits) PADD pt, pa, pb, eci pt = patph
i PSUB pt, pa, pb, eci t = pa-pb
- Rounding mode Pt pa, po, edl Pt = pa-p
. PRND pt, pa, eci pt = pa+0.0
- Stride PMUL pt, pa, pb, eci t = pasph
Pt pa, p P pa*p
PCMP.EQ rt, pa, pb rt = pa==1pb 21 : 0
PCMP.NEQ rt, pa, pb rt = pa !=pb ? 1 : 0
PCMP.GT rt, pa, pb rt =pa >pb 21 :0
PCMPLT rt, pa, pb rt = pa <pb ?1 :0
PCMP.GEC r1t, pa, pb rt = pa > pb 21 : 0
PCMP.LEQ rt, pa, pb rt = pa <=pb ? 1 : 0

@ Andrea BOCCO - VRP: a Variable Precision Accelerator for Scientific Computing Applications
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VPFPU: Variable extended Precision FPU

pADD
lat 1 1 '1-4' 1 11
. Umant align: El d4d normallzer md ecpt+pST
Main take away. |;lshamnt+shr u lzc UShlftﬂ add)ﬂ (mov)
m The VPFPU supports the FP operations defined by the xvpfloat @ @ @ OHOJ @ @
- par:2*512b  2*512b 128b 512b 512b 128b 512b
modified ISA.
pMUL
e :1_64?#3% 1I : 1rnc? Iecpt +pST
L, 'normalizer:
) ) ) ) : pLD u Xr) + |;|Izc +shift ﬂ(add)ﬂ (mov)
m Each multi-cycle pipeline stage corresponds to an iterative @ A @IL | @ 10} o)
operation on the floating-point mantissa. par: 7%512b 640 128b = 5Th  128b  5i2b
128p  PLSU
Load Ia|t 13/mem nolrmelallzler !
m 7 VPFPU functional units BIS respu izc Ush,ﬁUPST
m Working iteratively on 64/128b chunks MEHOHOND
P par 128> 5 O L.
m Performance depends on precision gore T T
LD: mant. norm: add stor resp/ ‘mem:
P |;|shamnt+shl (md) shlﬁﬂBIS buff | resp; P
= Some pipeline stages work on full width to minimize the ©: @ :® 6 6
Computatlon Iatency par: 512b  512b 128b 512b 128b unused
pCMP blts PSR LEGEND:
lat 1 l;l [;I full p-number
pLD sub : MOV (else mentioned)
9enerahon @ P () stage nunver
var T120' 2300 ooty PCVT |; ' fmebamer
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Hardwa re Prototypes - SPERL Jupiter HPC
| VRPcore(x2) I T I VRP core (X_?_)X’P o
i . i e, | o e R I T voTE LEVEL ChCHE
I g I T l pete —
' g | - - .......... T E v
| ~ v Mt |1 e ik
EPACTC 1.0 : Dual-core VRP tile : / EPACTC 1.5 : ) SIP.?:';\'/IE;IEA
VRP core GE22EDX : FPGA | VRP core GF22FDX | B
Q2 2021 Q3 2021 Q3 2022 o Q4 2024 g
features) Up to 512 bits of significand Same features as in EPACTC 1.5
Up to 256 bits of significand IEEE extendable memory format Two tiles with 4 VRP cores each
UNUM Type | memory 8 dynamic data formats Clock frequency: 1.1 GHz

format

_ Indexed load/store operations
2 dynamic data formats _ FPGA prototype

High-Throughput memory
Clock frequency : 1 GHz subsystem 2 VRP cores

Clock frequency: 83 MHz
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Software stack: solver example

[ Application J:VPFloatAr‘r‘ay X(EXP_SZ, FRAC_SZ, Ndiag);

(executed on hOSt or natively on the VRP) Nbiter = cg Vp(pr\eClSlon, Ndlag’ X A B tol),

@ RISC-V Summit 24-28 June 2024 24




Software stack: solver example

Application } VPFloatArray X(EXP_SZ, FRAC_SZ, Ndiag);
(executed on host or natively on the VRP) i Nbiter = cg vp(precision, Ndiag, X, A, B, tol);

@ ofﬂoading //A*x=b ..........................................................................

: int cg_vp(int precision, int Ndiag,
Solver VPFloatArray & x, double *A,
VPFloatArray b, double tolerance) {
(VPFloat software)

while (relerror < tolerance) {

VBLAS: :vgemv(precision, n, n, A, p_k, Ap k, ..)

.
- -
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Software stack: solver example

Application } VPFloatArray X(EXP_SZ, FRAC_SZ, Ndiag);
(executed on host or natively on the VRP) i Nbiter = cg vp(precision, Ndiag, X, A, B, tol); .

@ ofﬂoading //A*x=b ..........................................................................

: int cg_vp(int precision, int Ndiag,
Solver : VPFloatArray & x, double *A,
: VPFloatArray b, double tolerance) {
(VPFloat software)

while (relerror < tolerance) {

@ VBLAS: :vgemv(precision, n, n, A, p_k, Ap k, ..)

[ (V)BLAS routine ] ://y = A*x :
: void VBLAS::vgemv(int precision, ..){
(assembly) : pser_ec(precision, ECO); // compute precision
@ : pser_evp(X.es(), X.fs(), EVP1); // memory precision
: for (int 1 = 90; i < m; i++) {
. : pcvt_d_p(P24, 0); // acc = ©
Runtime for (int j = 0; j < n; j++) {

ple(P@, a ptr, 0, EVPO); // A(m)(n)
@ ple(P1, x _ptr, @, EVP1); // x(n)

pmul(Po, Po, P1, ECO); // A(m)(n)*x(n)
[ HW ] padd(P24, P24, PO, ECO); // acc += A(m)(n)*x(n)
(FPGA/ASIC) ) RISC-V Summit 24-28 June 2024 26




Software stack: solver example

pr— e S
(executed on host or natively on the VRP) : '

@ ofﬂoading //A*x=b ..........................................................................

: int cg_vp(int precision, int Ndiag,
Solver VPFloatArray & x, double *A,
: VPFloatArray b, double tolerance) {
(VPFloat software)

while (relerror < tolerance) {

@ VBLAS: :vgemv(precision, n, n, A, p_k, Ap k, ..)

(V)BLAS routine |i// y = A*x
(assembly) Evoid VBLAS: :vgemv(int precision, ..){
: pser_ec(precision, ECO); // compute precision :
@ :  pser_evp(X.es(), X.fs(), EVP1); // memory precision
—~—" ! for (int i = ©; i < m; i++) {
: pcvt_d_p(P24, 0); // acc = ©

P for (int j = @; 3 < n; j++) {
: ple(Po, a_ptr, @, EVPO); // A(m)(n)
Co~——— Q @ ple(P1, x_ptr, @, EVP1); // x(n)
- - : pmul(Po, Po, P1, ECO); // A(m)(n)*x(n)
SW Emulation ][ SW Emulation ] [ HW ] padd(P24, P24, P@, ECQ); // acc += A(m)(n)*x(n)
(MPFR) (Spike) (FPGA/ASIC) J*
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Case studies: CG, BiCG, Block-BiCG solvers

m Ultrasonic frequency-domain breast tomography (Block-BiCG) (SoA: time-domain) AX =B

0.100 . 7000 .
o 181k x 181k matrix ;
0.075 L620 . 6000 .
0.050 1600 Source #1 SOIUUOn 5000—3 \\ # Ultrasound sources
01 ] —— 4
0.025 1580 E i 4000 ': -V 6
E -1 003 E _)_ 8
0.000 1560 2 ' ] —— 16
k] ]
—0.025 1540 S | . (@) 2000 ] —o— 32
| ‘.\':_‘C.“:i;;_ £ 'A:::‘, 0 y 1
~0.050 1520 1000
1500 00 1
—0.075 oO+—————7—————1T
1480 64 128 256 384 512
—0.100 Vector precision in memory (bits)

—0.075-0.050-0.025 0000 0.025 0.050 0.075

Iterations

w
o
o
o

ylm]
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Case studies: CG, BiCG, Block-BiCG solvers

m Ultrasonic frequency-domain breast tomography (Block-BiCG) (SoA: time-domain) AX =B

ylm]

—0.075-0.050-0.025 0000 0.025 0.050 0.075

181k x 181k matrix
Source #1 solution

7000
6000 '

0.100
1640
0.075
1620
0.050 1600
0.025 1580 E
E
0.000 1560 2
o
=]
T
—-0.025 1540 > |
_0.050 1520
1500
-0.075
1480
-0.100
-0.1

x[m]

Iterations

5000 -
4000 -
3000
2000
1000
0 ]

# Ultrasound sources
\\ —— 4

-~ 6
—— 8
—— 16
—0— 32

64 128 256 384 512
Vector precision in memory (bits)

= SparseSwte matrlces (benchmarking) solved on hardware prototype (SoA: complex preconditioners)
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What’s next ? (R
Applications 5’ ! aChelix
m Eigensolvers => O(eigenvalues) for fewer operations | '

End

Actival
1 Segm

Software

m SDK based on Eigen+MPFR
m C compiler supporting vpfloat variable precision type

APE-motif

Hardware
m SiPearl Rhea tapeout with 8x VRP cores (Q4 2024)
m Design on the next VRP generation (VXP):

m O00 execution

m Better support for sparse matrices
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Open questions

Applications
= Impact of higher precision of result ?

= How to choose the right precision ?
m Granularity of variable precision ?

—Open to collaborations, working on
building a community of potential users
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Conclusion

m We proposed a hardware accelerator with a full
software stack based on RISC-V

m We demonstrated the benefits of extended precision
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m Optimized hardware based on RISC-V processor

m Can be used in any application
m Silicon-proven
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