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loT Hierarchical Processing (Compute Continuum)
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MAC/Byte

80 1

JleNet v1

Incepti .
DenseNet-
DenseNet-16 ResNe
75 4 ¢ eNet-121

ResNet-34

Inception-_
Xception

ResNet-101 ResNet-152

VGG-16 VGG-19

High Computational
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%"" ResNet-18 Massive Parallelism,
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- ShuffleNet
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BN-AlexNet
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160 Operations [G-Ops]
140 Table 5: Batch-normalized Inception top-1 validation accuracy % and
120 —e—VGG-D compute cost as precision of activations (A) and weights (W) varies.
100 ~o—ResNet-50 Width Precision Top-1 Acc. %  Compute cost
80 —a—Inception-v4 Ix wide 32b A,32bW  71.64 1%
60 2x wide 4b A . 4bW 71.63 0.50x
. — ——t—— 4bA2DW 7161 038« 4
2b A, 2bW 70.75 0.25x
20 IbA, 1bW 65.02 0.13x
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Courtesy of J Pineda,
High performance MCUs NXP + Updates

o

- . ~

(@) * ¢ L
= 1000 | . ¢
2 o ¢
s E o3 S g
= @ $ o
c ¢
§- 100 2 ¢

»
= o
g
2 10
Ll
1pJ/OP=1TOPS/W
1 InceptionV4 @1fps in 10mW
0,1 1 10 100

Performance [MOPS]

dSPULP Cool... But, HOW?? o



2013: Parallel Ultra Low Power > PULP!

Source: Vivek De, INTEL — Date 2013
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Near-Threshold Computing (NTC):

1. Don’t waste energy pushing devices in strong inversion
2. Recover performance with parallel execution

3.
SPULP
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Near-Threshold Multiprocessing

Shallow Pipeline
3 stages+1for LD/ST

-
———

DMA + HW SYNCH

®

Shared L1 DataMem + Atomic Variables

Tightly Coupled DMA
And Hardware Sychronizer

Need Strong ISA, Need full access to “deep” core interfaces, need to tune pipeline!
OPEN ISA: RISC-V RV32IMC + New, Open Microarchitecture -> RI5CY!

dPULP

D. Rossi et al., "Energy-Efficient Near-Threshold Parallel

Computing: The PULPv2 Cluster,"” in IEEE Micro, Sep./Oct. 2017.




Amdahl’s Limit
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(urppseq ADSNY) dn

paddg

Number of cores

B CNN Layer (32-bit)
©15x5 Conv (16-bit)
# 5x5 Conv (8-bit)
MatMul (16-bit)

DWT

& 5x5 Conv (32-bit)

= MatMul (8-bit)
FFT
= MatMul (32-bit)

B SVM

= CNN Layer (16-bit)

= BNN

& CNN Layer (8-bit)
FIR
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Bespoke ISA needed! Enter Xpulp extensions

<32-bit precision - SIMD2/4 - x2.,4 efficiency & memory

size

V1 Baseline RISC-V RV32IMC
HW loops

Mac

Risc-V ISA is extensible by construction (great!)

V2 Post modified Load/Store -
RISC-V =2 V1

V3

«» Py

SIMD 2/4 + DotProduct + Shuffling
Bit manipulation unit
Lightweight fixed point (EML centric)

V2

V3

25KG > 40KG (1.6x)

M. Gautschi et al., "Near-Threshold RISC-V Core With DSP Extensions
for Scalable l1oT Endpoint Devices," in IEEE TVLSI, Oct. 2017.




RISCY - are xPULP ISA Extensions (1.6x) worthwhile?

for (i = 0; 1 < 100; 1i++)
dlfi] = a[i] + b[i];

10x on 2d
convolutions

Baseline ...YES!
mv x5, 0
mv x4, 100
Lstart: Auto-ine
1b x2, 0( mv x5, 0
1b X3, 00 mv x4, 100
addi x10,x1 Lstart: HW Loop.
addi x11,x1 1b x2, o‘lp.setupi 100, Lend
add x2, x3  1p x3 o0( L x2, o(xi0!) Pa IMD
addi x4, x4 add x2, x3 add x2, x3, x2 1w x2, 0(x10!)

0(x1 1w x3, 0(x11!)
pv.add.b x2, x3, x2

Lend: sw x2, 0(x12!)

addi x12,x1 sb x2, O‘Lend: sb x2,
x4, X3 pne x5, Lstart

es/output
| |

11 cycles/output 8 cycles/output 5 cycles/output
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The Evolution of the ‘Species’

PULPvi |  PULPv2 _ PULPv3 ‘—
# of cores - 4 ’l

L2 memory ‘ ; - e 3. 128 kB life.augmented
TCDM = i RE 32kB SRAM
- heiew I - | | 16kB SCM

DVFS ‘E Il =l yes
1$ i il : B SCM shared
DSP Extension s | yes
HW Synchroni: 5 | ves

= _ | PULPv3
Status : h : e ] pos aut
Technology oif LA e o ' D-j 2_6pj/op

: : , " nv

Voltage range b il . S s 0.5V - 0.7V
BB range . T S 2 S f t1.8V - 0.9V
Max freq. ' | ba 200 MHz
Max per. L O GOP 4 GOP 8 GOF

Peak en. eff. 60 GPS/W 135 GOPS/W 385 GOPS/W

% PLJ|_P Ultra-simplified Open HW release: 1-core PULPINO 10




More efficiency: Heterogeneous PULP Cluster

Timers

EXT2PER
ENC2EXT

Memory Bank #2
Memory Bank #3

Shared
Tightly-Coupled
Data Memory
(TCDM)

Memory Bank #30

=1 | Memory Bank #0

I=1 | Memory Bank #1

[ 1

| ==

=1 | Memory Bank #31

Logarithmic Interconnect

DMA
= Channel
#0

DMA
1 Channel
#1

Global Interconnect Interface

I
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Two independent clock and voltage domains, from 0-133MHz/1V up to 0-250MHz/1.2V

— FC clock & voltage domain =—yp——— Cluster clock & voltage domain = MCU Function
Extended RISC-V core
Cluster Shared L1 Memory Extensive 1/O set ,
DMA Micro DMA \
Embedded DC/DC cr
g Logarithmic Interconnect Secured execution,
SPI B p
(o]
o Computation engine
=3 SeendeaRs. <
CPI Fully programmable
Efficient parallelization
Shared instruction cache
Multi channel DMA
: HW synchronization
PMU RTC | Debu Debu Shared Instruction Cache
| PMURTC| |_ROM _ e

40nm Dual Issue MCU 99.1 21400000

16 X ‘
GAP8 @1.0V 15.4 99.1 | 11X 1500000 3.7 t GREENWAVES ( ”
GAP8 @1.2V 175 8.7 1500 000 70 A
GAP8 @1.0V w HWCE 4.7 99.1 460 000 0.8

4x More efficiency at less than 10% area cost

0$ PULP | |12



Back to the Cloud

1 PFLOPS, top 20 in GREEN500'17

E4

COMPUTFR

L 4

Total number (racks) 3
Total number of nodes 45 (compute) + 2 (service & login nodes)
Compute node form factor 20U
SoC 2xPOWERS NVlink
GPU 4xNVIDIA Tesla P100 HSMX2
Network 2xIB EDR, 2x 1GbE
Cooling SoC and GPU with direct hot water
Heat exchanger Liquid-liquid, redundant pumps
Max performance (per node) 22 TFLOPs (double precision), 44 TFLOPs single precision ’ ‘
Storage 1xSSD SATA e
Power DC power distribution
2KW/node 300W+ per GPU
:GREEN "
500 50Q
) OpenPOWER

SPULP ol e » - A



Addressing GPUs Weaknesses

Peak compute reaches 15 Tflop/s these days

210 @ Shared
. . 190 E Memory
Only 5% of that power estimated to be spent in the FPUs [1]: S 170 @ Const_SM

[1] reports 2.9%, but their kernels don’t reach TDP/max perf. % 155 ::""t“ Cacc“eh
In dubio pro Invidia: We scale power to assume modern GPUs do not 5 130 @ DS
exceed TDP at max perf. (making them more efficient) g 110 mALU
Key point: GPU RF is SRAM (remember FMUL32 4pJ, SRAM 20pJ) 90 N
m SFU
70 B REG

(SA A(‘) B FP
(40
M Idlepower
Graph extracted and cropped from [1].

m Volta Assembly

256 kB RF LDS R2, [RO] 2 mem. acc. (“[...]")

128 kB LO LDS R3, [R1] 8 reg. acc. Into RF

Cache FFMA R4, R2, R3, R2 SRAM

32-2048 threads =10 SRAM R/W total

[11 S. Hong and H. Kim, “An integrated gpu power and performance model,” in ACM SIGARCH Computer Architecture News, 2010.
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Network Training Accelerator (NTX)

Processor configures Reg IF and manages DMA double-buffering in L1 memory
Controller issues AGU, HWL, and FPU micro-commands based on configuration
enerate address streams for data access

ata via 2 memory pdrts (2 operand and 1 wrgback streams)

X

RAddro
(also used for Init)

RA ST Addr

— S
i Q FMAC artial carry-save (PCS) 5
8_ ﬁ arﬁ‘hmetic wi)t/h 2 segments > ©
= AGUO AGUT AGU2 @ > Sl
ﬁ Base, Strides[0..4] Base, Strides[0..4] Base, Strides[0..4] - +/ - e & ©“ § 3 5 5 Z
2 ~ ] Y35 P o 2 “
o Q O Q \’ ] b=t
S| W[76bcnt| [T6bcnt| [T6bCnt| [T6bCnt] [T6bCnt] || &N L, - Z = sl c
§ En Done (| En Done (| En Done [P En Done [ En Done . SIIS| = =
Q Lo L1 L2 L3 14 4 eS| | o
= - (@] N m
Qs N \’ E ~ Q
E AGUs & HwLoops Loop Done Signals |7 S c— S |= %
) @ g 5151 1S ()
E Reg IF Loop Bounds L0-4, Controller _ s = S|z E o
. Address Bases, Strides A 2(ls
g C/S/IRQ Y g - HINEE —
RiscV % - - —’I Init/LD/ST/Done Trigger Ffo |_ Comp S 3= 5 % —
core = Cmd £ = o ; v t IS
<> | Staging = equencer > Datapath 16b Index =
1 for 8 A S Ctrl Counter 0 g Sl
rea —»  OpCode LUT x4 S
@750MHz Opcode, Loop Nest Config FPU L i =

Again: specialized “deep interfaces” + Instruction extensions
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NTX Power Breakdown & GPU SM Comparison

NTX dissipates significant fraction of power inits & & e
FPU (more is better): il Nl A
31% of cluster *!——- N L::W
14% of entire HMC iE % 2@ = & o
Recall: GPU is just around 5% [1]
Compared to NVIDIA Volta GPU [2]:
Register file in GPU holds registers and thread-local data
Each register read/write is an SRAM access
Register and data accesses compete for SRAM
Volta Assembly i NTX Pseudocode
tgﬁ Eij %E?% 'FMAC accu, [AGU®], [AGU1]
64 FPUs 64 FPUs FFMA R4, R2, R3, R2
LoMERE ST gg([]) """" gg([]) """"""
Cache | (+ addr. calc for free)
32-2048 threads 8 threads = 10 SRAM hits total =2 SRAM hits total

«SPULP T




Low Precision Formats for Training

mantissa

TP PITETETPITITELT 1EEE binary32
L 23 J

100 Reduced Precision
8-bit Training ASICs,
N.Wang et al, N
16-bit Training
Training
1 L 4-bit Inference ASICs,
8-bitInference PRSIE L1 Inference
2-bit Inference ASICs
hitps://arxiv.org/abs/1809 J.Choi et al, submi
to SysML 2019

2012 2015
GPU Era for Al: 1x

| Specialized ASICs for Al: > 10x

|| In-Memory Compute for Al: >> 100x

2018 2021 2024

Flexible (cycle by cycle) precision modulation (FP)
Save precious DRAM bandwidth

Custom number formats

Use float8, float16, float16alt
Transprecision FPU (~pJ/FLOP @1GHz)

0.4pJ FP8, 0.9pJ FP16, 2.4pJ FP32, 6.2pj FP64

SPULP

[.I.]:l - same dynamic range as binary16
- less precision than binary16

1 L5 121

- same dynamic range as binary32 .
- much less precision than binary32 custom bmary1 Balt

- less dynamic range than binary32
- less precision than binary32

IEEE binary16

1S e e 10 e

custom binary8

Th T N
e.g. CONV

Distribution / Format Selection / Silencing Block

(T NTh X 6.
Operation Group Block T T T e.g. ADDMUL Operation
Group
7 R

sh 64 6o 6a
FPe4 | |FP32| | FP16| | FP16 Muiti-Format
alt
Slice Slice Slice Slice Slice
Result Arbitration
LA T N1
FP16 Slice ADDMUL  Multiformat Slice CONV

Scalar / Vectorial Selection

J
g
A

N

b, 16 }.Ei

FMA| [FM FMA
Lane 0 | [ Lane Lane 2 | | Lane 3
iu-s 1645 1645

16
\___ NaN-Boxing / Vector Packing /'

‘fﬂus

/ Scalar / Vectorial Selection \
32

A

\\laN-Boxing / Vector Packing & Insemon/

17



NTX->European Processor Initiative
European W © o == ALOS (linen @5

Processor

Initiative JULICH Eemidynamic® ([ I =2 Fraunhofer
S5 o
» oo - UNTVF;Z%;I Pisa F:E.'; E Pﬁ $1308 @
m% p HGENCI yJ EXToLL.
. "\‘ iri 3 Elektrobi ‘1{‘
Europe Needs its own Processors a1 @ em .
Processors now control almost every aspect High Performance General Purpose
of our lives Processor for HPC
Security (back doors efc) High-performance RISC-V based

accelerator (NTX)
Computing platform for autonomous cars
Will also target the Al, Big Data and other

Possible future restrictions on exports to
EU due to increasing protectionism

A competitive EU supply chain for HPC markets in order to be economically
technologies will create jobs and growth in sustainable
Europe

Sovereignty (data, economical, embargo)

SPLULP |
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Putting it all together: The Open PULP platform

| OSHW
Solderpad0.5

Single Core @ Multi-core
 PULPino * Fulmine Multi-cluster
PULPissimo Mr. Wolf Hero, Open Piton

- ) SeeF.
Accelerators Gurkaynak

HWCE Neurostream HWCrypt PULPO Talk later
(convolution) & NTX (crypto) (1st order opt) Tod ay
But this is way too much for a university (or two)!

“% PULP | |19




lowRISC
Communit
y Interest
Company

source silicon
through
collaborative
engineering
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LowRISC is up and... hiring

GO gle UNIVERSITY OF Jiiric
CAMBRIDGE ETHzurich

rich woogle  ETHzirich %, Google  ETHZUMCN e I

lle Eﬂl‘zunch B Google ETHzirich 2. Google ETHzirich 2. Google ETHzrict

! Goodle  ETHzirich 2, Google  ETH zime de ETHzirich 2. Google
rich &u - 7 " -

jle  ETHziirich
Google B

2.

FBoogie

El‘qurlcl

Alex Bradbury, Dr Gavin Ferris, Dr Robert Mullins
Prof. Luca Benini, Ron Minnich, Dominic Rizzo

IBEX: see P. Wagner talk @ WOSH
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Instruction Mem

Debug Interface

wdata_o

addr o

rdata_i

OpA MULT 255
opB DIV
-AddR /\

L Sop :
o (‘:,\SR RD%

EX Block

—

Data Mem
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Will just one NFP Company be Enough?

Alibaba Grou /‘
uﬁl@ee»im g bluespec cMmC

ecosw® ETHZUNh  [mDeras
GREENX\C/Hﬁ\OYOEIESSs” = metrics MYTHIC

SILICON LABS Oﬂe.SDiﬂ THALES

Jv

g GROUP

gy, 4 O pE N H W

IIIIII
lllllllllll

PROVEN PROCESS0R IP

‘II
IIIIIIIII
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OpenHW Group Charter

OpenHW Group is a not-for-profit, global organization driven by its members and
individual contributors where hardware and software designers collaborate in the
development of open-source cores, related IP, tools and software such as the CORE-V
Family of cores. OpenHW provides an infrastructure for hosting high quality open-
source HW developments in line with industry best practices.

wdata o e
. M~ addr o 8 amm
addr o ] +—Lopa - [ rdata i o ~SEEEEE.
é rdata | e CSR rot> c “UNEEEA
o Controller FC Mo A V 2 aNE. IEEEEEA
i $ ) S LSU e MEEEnAdEEEEEN
L nec| | ] serhgn ] I Lopn A b iNNEEEEEEEEEY
|Prefetchs = < ALU - |====!======r
[Buffer & ; iy e OV T @ o . SmEw
\ WAV, / ; 1 r JA) - A
= | 1< ] L WS
o AR 1 T EX < NEEEEE, ' /
o £ |IP|] o DCo— R WB ] “«!===.
) E DiA ebolex o
£ || L = CORE-\/"
o X Debug Unit | M S
3 -’ 1
= Al |l i Al

see R. O’Connor (OpenHW CEO) talk
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The fun is just beginning...
DPULP
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