The Today and Future of
Intermittent Computing for
Sustainable Sensing

Arm Research Summit 2020

Kasim Sinan Yildirnm

Assistant Professor

Department of Information Engineering and Computer Science,
University of Trento, Italy

UNIVERSITY
OF TRENTO - Italy




Acknowledgements & Credits

UNIVERSITY
OF TRENTO - Italy

Northwestern
University

Delft
e t University of
Technology




Transiently-Powered Computers

* Future sensing devices are tiny, sustainable and
run forever!

WISP [Buettner et al., ACM SenSys’08]
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Prospective Applications

* Deploy and forget

Camaroptera

(Remote Image Sensor)
[Nardello et al., ACM EnsSys’19]

WISPCam

[Naderiparizi et al., EnsSys’16]
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Tiny Batteryless Robot
[Yildirim et al., ACM SenSys’18]

Infrastructure Wearables
Pipelines, Clothing
Bridges Jewellery
Roads mplants
Buildings Wildlife Tracking
Occupancy Small animal
Energy Monitor Endangered

Extreme Locations
Deep Sea, High Altitude, Space



A Typical Batteryless Hardware Architecture
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Intermittent Operation

main()
_ while(1)
* Charge/Operate/Die cycle for(i=0..9)
* Progress of computation? Reboot
int sz=0; v
char buf[10]; main()
>A main() { while(1)
%ﬂ On threshol while(1) for(i=0..9)
UCJ_ /NN /\ / A\ s N for(i=0..9) Sz++
o) SZ++
g ~ ‘~ buf[sz]=a’ el
DM -t =g ¥ - b= e eboot
n Charging (OFF) Execution (ON) | OffthreShOIS ! sleep() v
Time main()
while(1)
for(i=0..9)
A \/olatile State is lost
Registers ;
Memory (SRAM, DRAM, ...) v

Timers, |I/O state...




Checkpoints

* Use NV memory to capture volatile state.

* e.g., MementOS [Ransford et al., ASPLOS 11]

* Ensures memory consistency/forward progress

1 1int sz=0;

2 char buf[10];

3 main() {

4 while(1l){

5 for(i=0..9){ Checkpoint
6

!

8

9

_—----—_—----___q

RAM

data + bss

stack

Previous FRAM
Checkpoint :
‘Q\\L\l data
0SS Current
: S'E:ack . Checkpoint
. registers |

data
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stack
registers




Task-based Programming Model

* e.g. Chain [Colin et al., OOPSLA 2016]

* |[dempotent Tasks

e Atomic execution

®* memory consistency

* Separate Inputs from outputs; e.q.

via non-volatile channels

* EXxplicit control flow

)

)

E TASK(classify){

Task-shared variables

é int data[N];
+ float mean;
: float avg;

E TASK(sample){

* Fitinto capacitor (forward progress)

)

for(i=0; i<N; i++){
data[i] = _read();

}

NEXT(transform)

E TASK(transform){

filter(data);
NEXT(featurize)

E TASK(featurize){

variance = var(data);
mean = avg(data);

NEXT(classify)

if(mean ==){

\ ‘e
NEXT(sample)

__________________________________________________

Energy Availability
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Task-based Intermittent Computing

* Existing task-based models are inherently non-reactive and static.

* Cruclal Problem: cannot change control-flow at run-time to respond to events.

Activity Recognition
(activity threshold) (periodic)
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iig;ﬁ —b( Features H Classify ]_’ Sample Temp
\ J - J

Communication
(high energy)



INK - Intermittent Kernel IACM SenSys 18]

* Reactive, timely, and event-driven
batteryless applications.

* Task-threads

* encapsulates successive tasks

* stack-less, single entry, unigue priority
* Static priority-based scheduling

* task-thread preemptive

Event Task Thread [FH1: Send)
1 @
energy (HIGH) Transmit State Sleep High
High energy available:

[ TH2: Activity |

S lgna'l. (ACCGI) 2 .
Sense Features Classify S|
Motion overthreshold. | eep

| TH3: Temperature |

: (5 ) 6 O
t.1 mer (5s) Sample EWMA Sleep Low
Timer elapsed. Temp

A Execution

Aoud

Sleep
Turn-off Thresholg

Voltage

Execution Time (s)



INK - Intermittent Kernel IACM SenSys 18]

* Tasks and ISRs can activate
and deactivate other task-

__shared (int data [10]; int 1i;);

th re adS ENlEI(iggje:Ajsalrzgle_acc();
__SET (data[_ GET(i)],read);
* change control flow } NEXT (Features);
dynamically.

TASK (Classify){

NEXT (...);
}

_interrupt(HIGH Energy){

[

Sense
Accel.

]—{ Features )—{Classify]

[THZ2]

Switch to [TH 1]

---------

?[Transmit . Sleep !

---------

Communication

~ Activate

event . data = dataptr ; HIGH_Energy
event . size = datasize ;

event . timestamp = getTime();
___SIGNAL_EVENT (TH1,& event);



TICS - Time Sensitive Intermittent Computing ASPL0S 20)

* The programmer burden of task-based
systems Is huge!

* |dentification of the tasks
* Control flow

* Data expiration
* Checkpoint systems

* Scalability iIssues (Pointers)

* Time Inconsistencies

Legacy Code (C)

NV accel[N];

NV res,ndx=0;

int main() {
for(;;) 4
while(ndx < N) {

accel[ndx++] =~
sample();-”~

}

transform(accel);-~

c1a551fy(acce1),\
res=stats(accel) ;.

send(res);

}

return 0O;

}

e

featurize(accel) ;- -

~
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TICS - Time Sensitive Intermittent Computing ASPL0S 20)

* Time consistency violations.

* Data expiration
* Time misalignment

* Timely branching

Timely Branching

tl = t1me()
if(tl < T)
do x()

PV P Va N
Reboot

tl1 = time()
if(t1 <T7) @

do_y() X,

Violation: both
branches are taken.

Time Misalignment

tl = time( )_Io

d = sense()
Reboot

NANA A

d = sense() 0
classify(ti,d)

Violation: timestamp
Is older than implicitly
associated data.

Data Expiration

t1 = time()
d = sense()

Reboot hours later

N AN/

rl =
classify(d)
send(r1) €3

Violation: data is
not useful hours

later yet compute
continues.




TICS - Time Sensitive Intermittent Computing ASPL0S 20)

C language support

Time consistency handling

°* Timely execution

No programmer burden

Time-annotated C source

p
aexpires_after=5 seconds

int temp;

temp @= read_sensor();
nexpires(temp){
if(temp>30)
blink leds();

}

-

~N

Segment *

size
I-»[ Instrumentati on]

11nt temp;

lint temp_timestamp;
|

:Checkpoint();
LOG(temp)= read_sensor();

1if(temp_timestamp-time()<5)

I if(temp>30)
| blink_leds();
ICheckpoint();

e e e e e e e e e e e e e -

Intermittently
Executable
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A

Target
Compiler

. Memory : : Timely
. Mgmt. : :Execution
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TICS - Time Sensitive Intermittent Computing ASPL0S 20)

Application
* C language support int temp: *
: id d(int *ptr){
* Memory management for pointers "iInt valeread sensor(); I
if(val>30) i Segment N
i i *ptr = val; N SRE———
* Constant worst-case checkpoint size I working | Segment -
| /4 \L\:)acras'l. stack :
o Stack segmentation Global vars, pointers ‘ :
............................................ AY
Memory 5 CP+Stack ! Segment ...
. Mgmt. TICS Runtime: . Segmentation | |
— 1‘ --------------------- S y | Segment 3
| ".______—_;_____—_______ _________ * ________ p "_4""; _______ Ql}"""l Segment 2
o Undo E Global egmen egister
i -’i Log | [ Data ] kCﬁe%kpoitntJ ChRecgkptoint Sseeg;z:;
| __—__;;_d_c;—'logg'ing checkpoint area array
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TICS - Time Sensitive Intermittent Computing ASPL0S 20)

* An Intermittent activity recognition application with timing constraints.

Sense() AR Application Execution Trace
Classify()

aexplres_after=200ms @ . ize () h
unsigned int accel[6]; LT activity = classify(f);
for(i=0;i<WINDOW<i++){ aexpires(accel)q atimely(200ms){
accel[i] @= read_acc(); f = features(accel); ALERT(activity);

} }

g

D & € 45 M6 2 35N c R Activity Change ALERT
Sensed Data Fresh Data Detection

000
(Processed) ! 200 ms! I y

| f _ T
100 2to \ 5!;0 1000 / - —

ime (ms)

Expired Data (Discarded) Timely Alert (Before 200 ms)

Time Consistency | Potential Count | Observed Violations
Violation | (during experiment) | w/o TICS | w/ TICS MSP430FR5969

Timely Branch 256 32X 0v
Time Misalignment 870 78 X 0v
Data Expiration 870 173 X 0v




Future Proposal: Energy Scaling Processor Architecture

* Today's batteryless sensors are based on conventional hardware
architectures

* the software can control the energy consumption only to some extent

TODAY'’s Architectures FUTURE
J 1 |_ Powerful Single CPU Tiny Controllable CPUs
Volatile N 1 1
mm Processor | J Volatile lh JNonvolattIeu J 1B li nonvolatile
Processor Processor b — shared
- m 0 . A= | — - memory
< "™ Nonvoatie i ’g:g::ﬂe - R - active core
3 Memory __Pipeiine__
) '\lll" RemuS “rrrr1 -
N::volatile Parallel operation
Ie molry Clockless,

Clocked Processors Non-Volatile Cores



Future Proposal: Energy Scaling Processor Architecture

* Tiny cores that are energy-input responsive

* Fine-grained control of energy consumption

[ [ .
H,gh Parallelism Fast Fourier Transform
Local FRAM | non-volatile
For Instructions | , Shared memory
‘ Tiny Cores A
NN i 3 [ | L
) S OFF (| OFF | OFF. i1 OFF ./
TK TS L { [ : | SN
x y @«— = @«— -} i A
Nonvolatile ~ Local FRAM -=p . -_OFF____i ! OFF
' L) o B DRt » parallel
Registers For Data = gl — g i L  compurtation

Sense Temperature



Future Proposal: Energy Scaling Processor Architecture

* Challenges

* Multi-core Design and Implementation

High Parallelism Fast Fourier Transform

* volatile/non-volatile _ Local FRAM | . ' non-volatile
or Instructions __ Shared memory

\ Tiny Cores ( : o~
¢ SynC h/ asynC ii‘i»\f}fD;‘é - OFF OFF OFF OFF
: : e i g g X
* Developing a Programming Model Nonvolatile - Local FRAM } S R —
egisters or Data g 0 S " computation

(Runtime)

Sense Temperature

* Language constructs

* Adaptation/Approximate Computing



Conclusions

* Our runtimes InK and TICS for intermittent computing

e |nK [Yildirim etal., SenSys™18]

* Reactive task-based execution

e TICS [Kortbeek et al., ASPLOS20]

* Removes cognitive burden and enables timely execution
* Future: Energy-responsive software and hardware

* Energy-responsive and dynamic adaptation at run-time via many cores



