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= Many different purposes... And complexities (today more than 3000 products)

[Courtesy: C. Henz]

David Atienza (ESL-EPFL) 2



WekiraloleyANpplications: Big Market Expansion
Wearable ApplicationsBreakdown - 2012/2020
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Internet-of-Things (loT)

Big Data Analytics
Frameworks & Machine
Transpoutation : Learning Algorithms

Industris Connected Cities

He&lthcare

Connected Cars

l

Wearable

Continuous system
monitoring

[Source: Goldman Sachs Inv. Res.]
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Retentialtof Internet-of-Things (loT)

= |0oT long-term economic benefits [McKinsey]
= Remote healthcare: $11.1Trillion/year saved (1B people)
= Efficient energy use: 45TWh/year saved in EU (4M houses)
= Business-to-business services: 70% added value
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» Burden of disease shifted in recent years
= Disorders with behavioral causes are key

Wearable Systems in [©U [EE i RESE NN M g CE] [ gl 1¢:

= Expected to be 75% of GDP by 2030 [McKinsey] / behaviors,
personal
: el - : lifiome Tecor
= Two-fold paradigm shift in health delivery o i
Symptom-based =2 Preventive healthcare /

_ Determinants of health issues
Environment (source: Institute for the future, Center for
disease control and prevention, 2006)

Hospital-centered = Person-centered

= Cardiovascular monitoring is key today... .

Trainer/coach

e

ECG Holter data Iogger Resting Electrocardiogram

. . (ECG)
gcllnlcal practice)
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(P Statezof:the-Art Wearables Today

ECOLE POLYTECHMIQUE
FEDERALE DE LAUSANNE

Shimmer Heart Rate Monitoring Corventis’s PiiX
(shimmerresearch.com, 2014) (Massagram, 2010) (Corventis cardiac Toumaz’s Sensium Life
systems) (Wong,2012)
Zhang, 2012 IMEC cardiac patch post gentre Apple Watch
| (Yazicioglu,2009) file==c, 2014) (Apple Inc, 2015)
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State-of-the-art Wearable Node:

the Shimmer™ platform

= TI MSP430 microcontroller = CONSTRAINTS:
- 16-b|t, 8MHZ, 10KB RAM, 48KB Flash = No f|0a’[ing point Opera’[ion

= ADC converters, DMA, HW multiplier = No hardware division

= CC2420 I’adiC_) | = Limited memory
= 250 Kbps, ZigBee compliant = Limited computing power
= Sensors = Limited autonomy
= 3-channel ECG (rechargeable Li-polymer
= Accerelometers and gyroscopes battery of 250 mAh)
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Long-Liveed Wearable ECE MeniierS RN E o Ianl e[kl

Shimmer™ node
ECG

Under stringent processing and memory constraints... Power!

* This wireless 1-lead ECG streaming monitor lasts 134.6 h (2011)
= Current wearable technology it lasts 172.5 h (2016)

. Data processing Radio communication
Data processing
Radio communication /

y;

Sensing and
sampling
Sensing and [Rincon et al., DATE ‘08 and TITB ‘11]
sampling Energy consumption breakdown
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[elRenNlepiafitihe Wave... How Long?

= Diffusion of innovations: very high expectations since 2014
= But no real progress apparently (or very slow at least), too complex or just impossible?

______________
-
-

[Source: Gartner]
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loiMUinEfteiicalslelinhealthncaierWithi Current loT Approach

= Cheap and connected embedded systems [Courtesy: Ruch, IBM]
= Sensors: ~60 cents 1000x better than current
technology (1GOPS/mW

= Bandwidth and processing: 50x in last ten years
= Network: IPv6 (3.4x1038 devices)

* But no energy-efficient wearables syste
= Communication energy does not scale
= Poor energy efficiency vs. biological syste

= _et's see the main features of the brai
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Smart Wearable Systems for AUieneheUSYA Tl il lEN 1 llalifelslsle

Smart Embedded Node

ECG

—>

,A,—-> -> ->

>

Displays the received data and
relays to medical personnel
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RerseonalfArihythmia‘Smart Wearable Device

See video at: http://esl.epfl.ch/cms/lang/en/pid/46016

e D
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ResilitsyenktherShimmerastSmart Wearable System

» Real-time delineation demands limited requirements after careful algorithm
optimization (computational load and memory footprint)

Algorithm RAM usage Buffers length Execution time
Single-lead WT 6.8 kBytes 512 elements 5%

delineator
Multi-lead WT 5.5 kBytes 256 elements 30.5% total

delineator (23% filtering,
(morphological 2.5% multi-lead merging,
filter of baseline 5% delineation)

removal)

Small on-chip memory (10 kB) is the current limiting factor

Advanced on-chip processing gives real-time information about heart
health with no impact on node lifetime: more than 139 hours
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Compressed S@@@ﬁﬁg (©S)iNew’ Low-Complexity Sensing and
eipliessiontParadigmi for Sparse Signals

= Using CS it is sufficient to collect M (<<N) linear random measurements (samples)

Measurement/Sensing matrix Flectrocardiogram Recording
(Gaussian random matrix)
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= Then, @ can be recovered by solving the convex optimization problem:

mmH&Hl Subject to: HCD“P&— sz <o

aeRn
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CS-Based ECE Senser (@2 et =eeNe Ei-N (-T])

See video at: http://esl.epfl.ch/page-42817.html
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ESKGiVes23=FoldReduction in Execution Time,
Biut' Eimited Lifetime extension

Code execution time Node lifetime

147 h ~10%
134.6 h

30%

DWT CS DWT CS No
compression
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Energy Reducec Slightly, Anel BeileneeSniEe MRS iERMWEETEo (XS

= |nitial streaming design Data processing
= Sensing dominates (90%)

Shimmer™ node
ECG

Sensing and/ Energy consumption

Radio communication

= Smart WBSN M-1oT design

* Processing dominates (70%)
= Transmission still important (23%) -
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EIRAVEREowW-RPeower Core for Wearables

_ _ _ [Dogan et al., DATE 2011, DATE 2012]
= Lightweight architecture ( Y Frogram
i i . [ Instruction Fetch Jiﬁfd Aadress
= 3-stages pipeline, 16-bit Harvard RISC (PIC24) [Fetch\ ————— —__J
. . . Instruction
= 24-bit instruction size

branch
bypass

Port

= Appropriate for single word instructions | Adiross
= Optimized instruction execution Decode | . [.Re gister. |
= Mostly single word instructions = |peadData
= Mostly single cycle execution, low clock Lo Al i
Yy singie cy i
= Partial data bypass ALU
IADD,SUB,...H AND, OR, ... Hbitset/test‘ byte
. . . . [barrelshlfter |[ muttipier || divider m°d} |
= Specialized instructions (low clock) __i
= Multi-bit shift in one cycle Execute Firat)
= Single-cycle multiplication _
= Multiple-cycle division A
(umcL 130nm)
Firat (umcL 90nm)
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FIRATE Experimentel fESUlSHAA LG LR (o d={e{e)

Filtering 349K | 658 K 430 K
Compression | 114K | 800K 121 K

(*) 1-package compression (512 samples)

1000

Exploited voltage scaling: Up to
w0 f"‘ . 890x power saving with respect to

10 commercial PIC24 chip

0,1
0,01
«D=P|C24HJ12GP201  ewwsFirat
0,001
0 20 40 60

Number of Operations [MOps/s]

Dynamic Power Consumption [mW]
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Smart Wearable Sensors Valuable Feor Veeical e ntiniaassi el o N er: s

= Non-intrusive, light and can reduce visits of patients by 50-60% (4-week test)

Ein SMS
vom Herz

Lausanne - Diagnose: Herz-
infarkt. Der haufigsten Todes-
ursache der Welt wird der Kampf
angesagt. und zwar mit Schwei-
zer Technik. Forscher der ETH
Lausanne haben ein Gerat ent-
wickelt, das den Herzrhythmus
konstant Gberwachen kann. Falls
eine Rhythmusstorung auftritt.
sendet das Gerdt an Patient
und Arzt per SMS oder E-Mail
eine Warnung. «Das System
liefert sehr prazise Daten und
verfugt Uber einen leistungsfahi-
gen Akku mit einer Laufzeit von
drei bis vier Wochen», sagt For-
scher David Atienza.

Santé

Notre cceur sur écoute
[Ecole polytechnigue de Lau-
sanne { EPFL) a annoncé mardi la

mise au point dun appareil de
détection des anomalies cardia-
ques. Les informations seront
directement transmises par SMS
ou par e-mail au patient et au

personnel médical. (ATS)
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Using ESL-SmartCanrtlc IechneleeNaijgksiel Elg i oIV

= Monitoring pilots using a SmartPhone as “doctor in the cockpit”
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Smart Wearalole AreniiE Ui=E e @A EIEIE

= Memory occupies a large percentage of area... And consumes a lot of power
= Power gating not feasible in many wearable applications (retain bio-signal content)

=

Custom ECG embedded processor

Active power Leakage power

= Memory

m Logic
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But Memories Fail et Leow VI & SicniilceneEs RiiVianS DN etel il oliiilsle

= Tech. scaling (starting at 65nm):
= Power overhead for full error coverage: Power| Nr. errors?

o
* Inherit techniques from video/imuﬁe processing:
= Computations do not contribute equally to QoS
= Significance-driven: critical vs non-critical computations

O ¢
o ¢

1 Good case

'Xred
a1 ~N 0
o O\ o o

QoS deli
D
o

Bad case

0
= DN
o O
1 1 . "

o
o 4

10 20 30 40 50 60 70 80 90 100
% Correct Computations
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DWVIEBaSENEC G Selected Significance cases

s00

= Significant data: full protection
= |. 12.5% significant
= [I: 25% significant
= [1I: 37.5% significant
= [V: 50% significant

400
300

200

JH,

Coefficient value

—

= Significance sensitivity analysis -100
= Black box approach: output based -
. =300 ' ' ! L L
= |nject error (k) and observe faulty output (Y) CTTWDT R S0 40 S0 600
= Sensitivity metric: % root-mean square differences: | EEEH RN

— Iy -Yi], | 63%
Y1, I 3206
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Wihy Net Cleser (e ihe Erain: MulieGermEMA LG SN (SXeH DI (e [o 1))

= Exploit features of multi-lead ECG (~2x lifetime) Dicle Firat
= Specialized instructions for biosignals compression (umel. 180nm) (umcL 90nm)

PSoC) for biosignals
and special hardware synchronizers

Data
Memory

SYNCHRONIZER

DM O

— DM1

Firat O

M CROSSBAR

|

DM 15

[Braojos et al, DATE’14]

D
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Smart MPSeC Enable News Areess WiulidE el ddom Al f=] o 1=

= Multiple applications for smart MPSoC wearables, just a few:

= Accurate sleep apnea tests b T T T T

= Epilepsy prediction (non-invasive)
= Animal health (and stress) monitoring
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Revisiting Smart MPSeE ResieliieRvAec] L ilERULEIE=] o 15

= Current design strategy for smart low-power wearables
= HW: MPSoC designs + SW: advanced code synchronization
= Static voltage-frequency scaling (VES) selection

Processing _
(leakage) - = Power Consumption

75% e = Power =1 mW

sampling frequency
= Periodic bursts of computation

= Recurrent short idle periods
between samples (>90% of time)
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Technelogical Enalerss NenReleid R i lla A=l Rib

NON-VOLATILE MEMORY

1) Low-voltage Spin-Transfer Torque AR RRRAERE
RAM (STTRAI\/I) NVM SYNCHRONIZER

= New Memory Subsystem management
= Non-Volatile Memory (NVM)
= Tiny volatile page buffers (I-PB, D-
PB) acting as a cache for the NVM

= Memory Management Unit (MMU)
+ extended Synchronization Unit

PM CROSSBAR
DM CROSSBAR

2) 3D monolithic Integration
= Multi-tier MPSoC chip
= Bottom:
= Upper: NVM Tier

= Ultra-dense interconnect: Inter-Level
Vias (ILV): NVM < Page buffers ~

= 1-cycle page transfer
= Fast Save/Restore state

’——~
) Jp——

[Braojos et al., ESWEEK 2016]
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Power ancd Area Results:e [Fer S INAVA RS Ela R AL o] XS

. _ SOA M
= Power consumption M TaRGET a o
= 4 ECG processing apps swvp [, SO M Leakage
" 2 architectures s0A
= State of the art (SOA) RP-CLASS  TARGET
= 3D + NVM (TARGET) SOA

SLCS TARGET

= Up to 82% less Leakage

0 200 400 600 800

soa [ N = Cores = Area footprint
B \olatile Inst. Mem.
Volatile Data Mem. = \ery compact memory
et [N — DO subsystem (Inst. and data)
0 0.1 0.2 0.3 0.4

» 5x less Area Footprint
[Braojos et al., ESWEEK 2016]

Area Breakdown (mm2)
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Low Power Reconificurailia @n ShucidiVipAS e eRUEETE] o] (1

* Homogeneous MPSoC architecture
= Parallel execution
= Low clock frequency enabled
= But not optimized for intensive (repetitive) tasks

= Brain training: “HW specialization”
= Highly energy efficient
= Limited configurability (based on iterative training)
= Application dependent (per domain)

" Low-power heterogeneous MPSoC

reconfigurable architecture

= Based on a Coarse-Grained Reconfigurable
Array (CGRA)

= High energy efficiency
= High configurability / flexibility

[Duch et al., BioCAS 2016]
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Initial Results: Specializee MFSEEGHISHY N =Tt \A = iil 1]

= Complex smart wearable system
= Filtering (MF+RMS) [Sun et al., 2011],
= Delineation (MMD) [Rincon et al., 2013]
= Heartbeat Classifier (RP-CLASS) [Braojos et al., 2015]

considered applications

= Relevant kernels identifiable
in all phases of system

= CGRA energy compensated
by reduction in cores -,

= Unused RC cells power-gated

6.1 %

3
:

[Duch et al., BioCAS 2016]
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Conclusion

» \Wearable devices are getting everywhere... “loT Era” coming (in some domains
more than others...)

= Powerful multi-core architectures and connectivity available
= But not low power... To be re-designed with care!

= Smart MPSoC wearables needed for 10T
= Hardware and software equally important
= Let’s get inspiration from biological systems

= Luckily lots of research to reach
truly smart wearables, but thanks
Mr. Spock for initial ideal!

Tricorder: 1t Smart Wearable!
(Sense, compute and record)

david.atienza@epfl.ch
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