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Outline

towards storage-less and
power-centric systems

Energy-Harvesting Systems
Operating from harvested energy

Energy-Neutral Computing
Buffering energy for a battery-like supply

Transient Computing

Computation when power is available

Power-Neutral Computing

Adaptive computation when power is available
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Sources typically vary both
Spatially and Temporally




Energy harvesting
Irregular and unpredictable power generation

Autonomy
Irregular and unpredictable power consumption




enable computation to be sustained
despite an intermittent supply
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Buffering energy for a battery-like supply
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Energy-Neutral Computing

« Traditional embedded systems want to be run from a
battery-like power supply

Battery-Powered

e DURACELL

System/Application

Power/current (virtually) unlimited attime t

Limited amount of energy over lifetime T

Load

Battery
(Computation)
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Energy-Neutral Computing

« Traditional embedded systems want to be run from a
battery-like power supply

Battery-Powered

System/Application

Power/current limited (and varying/intermittent) at time t

(Virtually) unlimited amount of energy and lifetime T

Intermittent Load
Supply
(Harvester) (Computation)




Intermittent

Supply
(Mains)

Power
Conversion

Storage
(Battery)
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Energy-Neutral Computing
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Energy Neutrality is Achieved if: j P, (t)dt = j P.(t)dt

(assuming that V() > Vi, for all y (=1T (n-1)-T



Stamos M, Nicoleau C, Torah R, Tudor J, Harris N R, Niewiadomski A, Beeby S P Screen-Printed Piezoelectric Generator for Helicopter Health and Usage Monitoring Systems,
Proc. PowerMEMS, Sendai, Japan, 2008
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Englne Condition Monitoring
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Energy-Neutral Computing

If Batteries Followed Mobile Customer

Moore's Law Requirements?
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Energy Harvesting Systems

« Don’t try to make the energy harvester look like a battery...

Battery-Powered
Harvesting-Powered

System/Application

 ...but rethink the design of energy harvesting systems.

« How do we design energy harvesting:

computation?

communication?

electronics?

systems?

applications? 15



enable computation to be sustained
despite an intermittent supply...

...without the use of additional energy
storage (e.g. supercapacitors or batteries)



Outline

towards storage-less and
power-centric systems

Energy-Harvesting Systems
Operating from harvested energy

Energy-Neutral Computing
Buffering energy for a battery-like supply

Transient Computing

Computation when power is available




UNIVERSITY OF

Southampton
Transient Computing

Intermittent Load
Supply (Computation)
Vi
T VC, A Icﬂ
Adia
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Time (days) Time (days) Time (days)
Vh Vc '
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i
Source Ciore — |C'== puC
:
1
1

« How can computation accommodate this intermittent supply? 9
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Mementos

First/early works in this work
— Uses concept of check pointing (from fault tolerance)

— Design/compile-time approach

Checkpoint placement heuristics, e.g. start of loop/function
— Redundant checkpoints/snapshots (causing overheads in both t and E)

At a checkpoint, a snapshot is saved if V¢ < a threshold
— If Voo << threshold, may not be enough time to snapshot

After an interruption, restores if a valid snapshot was saved

— Code executed since the last checkpoint is lost (therefore is re-executed)

B. A. Ransford, J. M. Sorber and K. Fu, “Mementos: System Support for Long-Running Computation on RFID-Scale Devices”, ASPLOS’11, March 5-11, 2011, 1
Newport Beach, California, USA. 9
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Hibernus

e« The motivation for Hibernus is to decide when to save a
snapshot at run-time

— Removing overheads (efficiency)

— Ensuring that a single valid snapshot is always made (reliability)

8 Vmax
> Restore
Restore
—
O
—
o
=
=
5 Vi
o
e
Q
o p—
> oV | | |
OFF [ Active | OFF | Active |OFF[ Active |OFF| Act. |
Time

D. Balsamo, A.S. Weddell, G.V. Merrett, B.M. Al-Hashimi, D. Brunelli, and L. Benini, “Hibernus: Sustaining Computation during Intermittent Supply for Energy-
Harvesting Systems,” |IEEE Embedded Systems Letters, 2014
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Hibernus: Operation

J Restore _ _ _ _ _ ____ .
Normal Operation I Interrupt |
: Supply recovering? |
Hibernate I PP ~ I
T 2 - l I
I Interrupt : i i
: Supply failing? i : Snapshot :
(Vee = Vg) AV ?

: : Y saved OK* N |
! N — c— !
I Save snapshot to I I
P ] I Restore Restart | |

I non-volatile memory , | .
I T I state application | |

I

I ) l \I( \l( I
I Sleep : l . . l
C | i | Setup ‘hibernate’ mterrupt [

D. Balsamo, A.S. Weddell, G.V. Merrett, B.M. Al-Hashimi, D. Brunelli, and L. Benini, “Hibernus: Sustaining Computation during Intermittent Supply for Energy-
Harvesting Systems,” |IEEE Embedded Systems Letters, 2014
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Validation prceE.
e Implemented on a TI

MSP430-FR5739

microcontroller.

 Tested with

— Multiple workloads
(e.g. FFT)

— Controlled nputs (signal
generator with a range of
frequencies DC-20Hz) : “MSP430FR5739

— Real energy harvesters ' (o]
0023
Q.

D. Balsamo, A.S. Weddell, G.V. Merrett, B.M. Al-Hashimi, D. Brunelli, and L.
Benini, “Hibernus: Sustaining Computation during Intermittent Supply for

DIGITAL-ANALOG SIGNAL

Energy-Harvesting Systems,” IEEE Embedded Systems Letters, 2014 ANALYSER
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Validation

ST,

In-built
|__decoupling |

" capacitance |
XC |

(Generator

|
I
|
|
Signal S2/2 |
|
|
|
I

1 MSP430FRS739 Evaluation Board

D. Balsamo, A.S. Weddell, G.V. Merrett, B.M. Al-Hashimi, D. Brunelli, and L. Benini, “Hibernus: Sustaining Computation during Intermittent Supply for Energy- o
Harvesting Systems,” |IEEE Embedded Systems Letters, 2014 3
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Testbed: TTI MSP430FR Block Dlagram

PJAIXIN  PJ.5/XOUT DVCC DVSS VCORE AVCC AVSS
A P1.x] P2x P3x P4.x
| 1 4
v v [
A
5739, 572 1o Ports || 1o Ports
clock [ > ACLK ::}}(:B:: Power SYs ngz P3I:4
System | » SMCLK 4 KB Boot Management Watchdog REF 2x8 Os 11:3 IIII%S;
(5731, '5721) ROM
sVs Interrupt Interrupt
FRAM & Wakeup | | & Wakeup
MCLK oot PA PB
| Protection 1‘ i‘ IA IA 1x16 1/0s || 1x10 1/Os
CPUXV2 tf ¢T
ux = | oma
Working MDB 3 Channel
egister
L
EEM
(S: 3+1) \ 4 \ 4 \ 4 \ 4
TAO TBO euscl_ao:| |eusci_A1:|| abc1o_B
RST/NMIISBWTDIO —»[— T TA1 TB1 UART, UART, )
TEST/SBWTCK —» TB2 IrDA, SPI || 1rDA, SPI 10 Bit Comp_D
pJ.0mDO —p|, SBW MPY32 RTC_B CRC 200KSPS
pyAMDITCLK —| | Merface (2) Timer_A| |(3) Timer_B eUSC1_BO: 6 channels|
PJ2TMS > 3_CC 3_CC SPI, 12C na chann.els
PJ.3ITCK > Registers Registers 12 ext/2 int
name origin length used unused attr
[t —~—~ The total time needed to
ISFR 1 00000000 00000010 00000000 00000010 RUWIX .
:PERIPHERALS SBIT' 00000010  000000£0 00000000 000000f0 RWIX store all Core Reglsters,
1 I
(PERTPHERALS 16BITI 00000100 00000100 00000000 00000100 RUWIX a" RAM and a" General
RAM 0000100 00000400 O0O00DOOOO 00000400 RWIX R - t - I .I 3
FRAM 0000cz00 00003d80 0000067s 00003706 RUIX egls ers Is on y .OMS.
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Hibernation Threshold

« Energy consumed hibernating E, depends on the size of the
volatile memory and the energy for each byte.

EO- = TlaEa + nBE,B

« Given the total capacitance (3 C), the energy stored
Es between a given voltage Vy and V/,,,;,, 1s:

« To ensure stability, V is set to that E, < E, to enable
complete hibernation.

D. Balsamo, A.S. Weddell, G.V. Merrett, B.M. Al-Hashimi, D. Brunelli, and L. Benini, “Hibernus: Sustaining Computation during Intermittent Supply for Energy-
Harvesting Systems,” IEEE Embedded Systems Letters, 2014
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The Hibernus Library

* Hibernus functionality is contained within the hibernus.h library file;

« Application developers only need to include this library the
initialise(), hibernate() and restore() routine;

#include "hibernus.h"

int main (void) {
if (flag) restore(); //restore system state
else initialise(); //initialise hibernus
// application code goes here

__interrupt void COMP_D_ ISR (void) {
hibernate(); //save system state & sleep

}

D. Balsamo, A.S. Weddell, G.V. Merrett, B.M. Al-Hashimi, D. Brunelli, and L. Benini, “Hibernus: Sustaining Computation during Intermittent Supply for Energy- 26
Harvesting Systems,” |IEEE Embedded Systems Letters, 2014




Hibernus Results

FFT of tri-axial accelerometer data

Vee (V)

Hibermus
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D. Balsamo, A.S. Weddell, G.V. Merrett, B.M. Al-Hashimi, D. Brunelli, and L. Benini, “Hibernus: Sustaining Computation during Intermittent Supply for Energy-

Harvesting Systems,” |IEEE Embedded Systems Letters, 2014
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Automatic Calibration of Hibernus

« Hibernus required manual design-time calibration:

— Select hibernate (__Supply available )
threshold based on
th e worst case Supply Test Y System calibrated?
|
[Source Dependent] Interrupt N
N
— Select hibernate Self-Calibration
OK?
threshold based on Y N N T
[Platform Dependent] e y— : _
: : ave snaps OTTO
— Select restore threshold Stj:e apph\‘l’,a“‘m non-volatile memory
based on source dynamics Normal Operation | |_| |
[Source Dependent] until supply drops Sleep until supply recovers
T [nterrupt=———""
° ° L f
« Hibernus++ adds process for adaptive, o QY
( Supply fails )

run-time calibration and management

D. Balsamo, A.S. Weddell, A. Das, A. Rodriguez Arreola, D. Brunelli, B.M. Al-Hashimi, G.V. Merrett, L. Benini, (2016) Hibernus++: a self-calibrating and adaptive
system for transiently-powered embedded devices. IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems, 1-13.
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Hibernus++ Adaptive Hibernation

e Calibration Process

( Begin self-calibration )

D1d a previous
attempt fail?

Hibernate LY
Increase

calibration start V N
l 1

N
Sleep until supply =
calibration start V (V.,)
Interrupt
\IKUP

Short-circuit source
N
Save snapshot to
non-volatile memory

N
Check supply V (Vineas)
and remove short-circuit

N
( End self-calibration )

Time
Still pick the ‘worst case’ power loss (so that can always hibernate), put characterize the platform

D. Balsamo, A.S. Weddell, A. Das, A. Rodriguez Arreola, D. Brunelli, B.M. Al-Hashimi, G.V. Merrett, L. Benini, (2016) Hibernus++: a self-calibrating and adaptive
system for transiently-powered embedded devices. IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems, 1-13. 30



Hibernus++ Adaptive Restore

« Source Classification Process

( Begin supply test

~
/

Y. Did previous
\|; attempt fail?
Increase

test start V. (Vi) N
|

Sleep until supply V =
test start V (Vi)

UNIVERSITY OF
Southampton

High-power state

Interrupt

Check supply V (Vgeet)

N/

Execute test program

\[N @
Stable voltage %
tle..t.a".ﬁ on |

A /4

( End supply test

)

e —— = — -

____________ Vmin
Active
: N—
______ F----=-=--V

Test | LPM ; Active

Time

7

Characterize the source dynamics each time we want to restore, to select the best policy

D. Balsamo, A.S. Weddell, A. Das, A. Rodriguez Arreola, D. Brunelli, B.M. Al-Hashimi, G.V. Merrett, L. Benini, (2016) Hibernus++: a self-calibrating and adaptive
system for transiently-powered embedded devices. IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems, 1-13. 31
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Hibernus++ Results

o - W L4351 —S2
Hibernate |
Restore I
Calibrate :I
Classify | | | | | |
FFT
System ON
0 0.15 0.3 0.45

Time (s)

D. Balsamo, A.S. Weddell, A. Das, A. Rodriguez Arreola, D. Brunelli, B.M. Al-Hashimi, G.V. Merrett, L. Benini, (2016) Hibernus++: a self-calibrating and adaptive
system for transiently-powered embedded devices. IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems, 1-13. 32
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Hibernus++ Results

4

S

Calibrate

Hibernate

Restore

Calibrate ]

Classify

FFT
System ON

0 0.2 0.4 0.6 0.8
Time (s)
Also go to sleep after hibernating, until restore policy is met again

D. Balsamo, A.S. Weddell, A. Das, A. Rodriguez Arreola, D. Brunelli, B.M. Al-Hashimi, G.V. Merrett, L. Benini, (2016) Hibernus++: a self-calibrating and adaptive
system for transiently-powered embedded devices. IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems, 1-13.
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Comparison
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% Hibernate
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m I |m 1 FFT
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D. Balsamo, A.S. Weddell, A. Das, A. Rodriguez Arreola, D. Brunelli, B.M. Al-Hashimi, G.V. Merrett, L. Benini, (2016) Hibernus++: a self-calibrating and adaptive
system for transiently-powered embedded devices. IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems, 1-13.
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Comparison
Checkpoints Snapshots

40 40
T
230 A L
5 \/ D
N
E + 2 |
320 <20
S 5 e
= .
2 10 24 _—
=
X s ‘ X
0 x e 0 e | |
0 2 4 6 8 10 0 2 4 6 8 10
Supply Interruption Frequency (Hz) Supply Interruption Frequency (Hz)
-X-Hibernus —-+-Mementos(function) -X-Hibernus —-+-Mementos(function)

—= QuickRecall -&Mementos(loop) —= QuickRecall -+Mementos(loop)

« Hibernus: checkpoints (and snapshots) every time the voltage drops (i.e.
supply interrupted)

 Mementos: checkpoints depending on design-/compile-timeplacement
heuristics, and snapshots if a checkpoint occurs AND Vi -<V,,..

A. Rodriguez, D. Balsamo, A. Das, A.S. Weddell, D. Brunelli, B.M. Al-Hashimi, G.V. Merrett, (2015) Approaches to Transient Computing for Energy Harvesting
Systems: A Quantitative Evaluation. In, Int’l Workshop Energy Harvesting and Energy Neutral Sensing Systems (ENSsys) 2015,Korea, Republic of, 01 Nov 2015. 35
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QuickRecall

« Takes advantage of a unified memory system

— Data + program memory is always in NVM

Text
ROM UNIFIED
(FLASH) NONVOLATILE
Data > MEMORY
(FRAM, MRAM,
RAM erc.)
(SRAM) Stack

Conventional

. Proposed Mapping
Mapping

« Therefore, a snapshot only transfer registers to NVM

— Elegant solution (+ likewise with NVPs)
— Much quicker

— NVM typically consumes more power...

Hrishikesh Jayakumar, Arnab Raha, Woo Suk Lee, and Vijay Raghunathan. 2015. QuickRecall: A HW/SW Approach for Computing across Power Cycles in 6
Transiently Powered Computers. J. Emerg. Technol. Comput. Syst. 12, 1, Article 8 (August 2015), 19 pages. 3
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Hibernus++ vs Quickrecall

AN
O

—e—Hibemus ++

-o—QuickRecall

—

5 10 15 20
Supply Interruption Frequency (Hz)

-

Energy O/head (%)
S
’
¢ o

S

D. Balsamo, A.S. Weddell, A. Das, A. Rodriguez Arreola, D. Brunelli, B.M. Al-Hashimi, G.V. Merrett, L. Benini, (2016) Hibernus++: a self-calibrating and adaptive
system for transiently-powered embedded devices. IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems, 1-13. 37



Benefits of Hibernus++
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Decoupling Hibernus QuickRecall Hibernus++
capacitance
2.C (uF) N. N. Total N. N. Total N. N. Total Vit (V)
Restore Hibern. Time (ms)|Restore C'point Time (ms) Restore Hibern. Time (ms)

10 - - - - - - 2 2 395.2 2.03
20 2 2 376.3 2 2 370.1 2 2 389.4 1.97
30 2 2 376.1 2 2 370.0 1 1 243.7 1.93
40 2 2 376.0 2 2 369.9 1 1 238.9 1.91

Using a voltage input of 3V @ 6Hz

cystam Tor transiently.powered- embedded devices. [EEE Tramsactions on Computer-Auied Design of ntegrated Crcuts and Systoms, 113 e e 0aPive 38
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Transient Computing

« Hibernus (and other techniques) are on or off

— It I, <., the system hibernates
— If I, > I, the additional power is typically wasted

V.
1
! | | 1

c
A A
/\({k /\/\(\ /W\l ﬂ\ Vinin
i i I I >
1 2 3 4 1 2 3 4

Time (days) Time (days) Time (days)

Vi,

LI T

N
L~

(@}

Source C'== uC

-

« Use adaptive operation, like energy-neutral computing? 39



Outline

towards storage-less and
power-centric systems

Energy-Harvesting Systems
Operating from harvested energy

Energy-Neutral Computing
Buffering energy for a battery-like supply

Transient Computing

Computation when power is available

Power-Neutral Computing

Adaptive computation when power is available
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Power-Neutral Computing
. 4 ' ' — Input Voltage
« Energy Neutrality: ss} — Hibernus [9]
— Power neutral
3_
« Power Neutrality: 5,5
A % ol
! S 1.5}
r .
AM\ o5l Hibernate
. 5
Time (days) Vh ~
l/l T
VC' i A\
Source C'# nuC

lim B (8
c’'->o0 P.(t)

=1 or, as C’tends to zero, Py rpest ) = Pepnsume ()
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Dynamic Frequency Scaling (DFS)

« On an MSP430

1200
1000
800

600

Current (uA)

400

200

0 1 2 3 4 5
Frequency (MHz)

D. Balsamo, A. Das, A.S. Weddell, D. Brunelli, B.M. Al-Hashimi, G.V. Merrett, L. Benini, (2016) Graceful Performance
Computing Systems. IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems

= |
mFFT
e CRC
A RSA
6 7 8

Modulation for Power-Neutral Transient

42
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Hibernus with Graceful Degradation

1. Attempts to degrade performance to match source power

2. Ifit’s unable, the system hibernates as previous

/ Start \,
\_Supply /

Start
Low Power

’_> Mode

A

1y

v !

Y Wait until Wait until
* N supply = Viec supply = Vinee N
Set Max
Frequency Voltage Voltage

y interrupt interrupt ¢
Snapshot Saved ? Set Timer < > Set Timer
Y N

| |

Restore — vy interrupt interrupt
snapshot Application

Timer Timer

Decrease Increase
[ | Y Y

,,,,,,,,, Frequency Frequency

fStar‘t Application \ Stop Application )
. Execution Execution

) Y
=_/Start DFS
I |
> [ ! | Supply <V, Supply >V,
v N Set Max Save snapshot to LEL de iy =
Supply < V,? Interrupt End DFS > ) p
Frequency non-volatile memory

N

D. Balsamo, A. Das, A.S. Weddell, D. Brunelli, B.M. Al-Hashimi, G.V. Merrett, L. Benini, (2016) Graceful Performance Modulation for Power-Neutral Transient
Computing Systems. IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems
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Results (Response to Sine Wave)

Voltage (V)

+8MHz

3MHz 1MHz: 1MHz

......................

Time (s)

D. Balsamo, A. Das, A.S. Weddell, D. Brunelli, B.M. Al-Hashimi, G.V. Merrett, L. Benini, (2016) Graceful Performance Modulation for Power-Neutral Transient
Computing Systems. IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems
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Results (Response to Wind Turblne)

filfin

w
——

Frequency(MHz)
o B (0 0]

Voltage(V)
N

o

N
|

e e e e B e e B e S

D. Balsamo, A. Das, A.S. Weddell, D. Brunelli, B.M. Al-Hashimi, G.V. Merrett, L. Benini, (2016) Graceful Performance Modulation for Power-Neutral Transient
Computing Systems. IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems



Power Neutral Benetfits
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Total execution from different constant current sources

Existing System [19] | Power-Neutral System
Application|Current (tA)
# Hibernate | Time (ms) |# Hibernate | Time (ms)
200 18 1960 12 1551
400 13 940 0 608
FFT
600 9 306 0 286
800 5 202 0 197
200 5 407 1 338
CRC
400 2 206 0 175.2

D. Balsamo, A. Das, A.S. Weddell, D. Brunelli, B.M. Al-Hashimi, G.V. Merrett, L. Benini, (2016) Graceful Performance Modulation for Power-Neutral Transient
Computing Systems. IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems

46



Conclusions
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a paradigm shift?

Energy-Harvesting Systems
Operating from harvested energy

Energy-Neutral Computing

Buffering energy for a battery-like supply

Transient Computing

A lot of potential, particularly in
specific application domains

\| A lot of challenges still to overcome

\ Inherently different to battery

or mains powered systems

———-"I Great, for lots of scenarios

\l Increases size, volume, cost etc

Over-engineered [evolution not revolution]?

/ Re-thinking the way we design EH systems

But need to rethink the whole system

Computation when power is available | = Peripherals

Power-Neutral Computing

e Sensors
* Radio communications
« The application!

/I Complementary to transient computing

Adaptive computation when power is available \l Need to get better power-proportionality



Thank you!
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