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how do you react to this
feedback? can we sense
changes in your behavior?

you *\

sensmg feedback

how can we create sensors how do we present this
to sense and infer your data back to you? what
behaviors? medium and interface is

most effective?



how much energy does a load of
laundry use in the dryer?
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vehicle
activated
speed
signs
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vehicle
activated
speed
signs
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itemized energy feedback

S 34,50

1265KWn

ety 682 \/\/aﬁs

Lighting .

Bedroom TV @ 300W
Playstation 3 ® 455W
Cooking Range ® 1235W




100kHz i On 100kHz h On
] Off I Off
50kHz S0kHz
100 Hz | | k 100 Hz | I E
Time Time
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Low High Low High

At the flick of a switch: Detecting and Classifying Unique
Electrical Events on the Residential Power Line.

Shwetak N. Patel, Thomas Robertson, Julie A. Kientz, Matthew S. Reynolds, and Gregory D. Abowd
UbiComp 2007



how flick of a switch works
mechanical switches

100kHz |
50kHz |
100 Hz
N e 2 I
Low High

electrical noise transient




how flick of a switch works
mechanical switches

100kHz ]

On
S50kHz |
100 Hz |
. I .
Low High

electrical noise transient




each switch has a unique
transient signature

100kHz |

on based on:

1. switching
mechanisms

2. load characteristics

L 3. position on

N E— transmission line

\ J | }
| |

switch 1 I switch 2

off on

50kHz

100 Hz I




transient noise Is generated when a
physical switch Is turned on/off

key problem is signal depends on
both the device and switch

most modern consumer electronics
have a soft-switch



switched mode power supply



smps based appliances are becoming
Increasingly prevalent






efficient and small in size.

stores energy in inductors & switches it in and out
at high frequency.



switching operation generates high frequency
electro magnetic interference (emi)

Supply K Load

Inductor T




switching operation generates high frequency
electro magnetic interference (emi)

Supply K Load

Inductor T \ n
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what emi on power line looks like

Frequency (kHz)



Time (s)

what emi on power line looks like
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capture system

POWEr Line Digitizer

nterfac &

Frequency Transiorm

Any electrical
outlet



event processing




‘ event detection & segmentation

Movie Removed for Public Posting of Slides



@ event detection & segmentation

baseline emi




baseline emi




event detection & segmentation

baseline emi

difference vector




feature extraction

3 features

1. center frequency

2. bandwidth of signal
3. amplitude of signal

Frequency (kHz)



feature

gaussian curve fitting

Center: 52 Center: 104
Width: 2 Width: 1.5
Amplitude: 23 Amplitude: 16

k“,‘u_...” O i

features are extracted for each peak



a event classification

three
features from >
strongest peak

nearest neighbor
classifier




() are these features good enough for
accurate identification?



() do signatures remain stable over long
period of time?



(i) can training be minimized by applying
signature from one home to another?



experiments in / homes




apartments & houses

home sizes: 650 - 3000 sq. ft.
a total of 2576 electrical events
94 different devices




devices identified correctly
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average %: 91./5




confusion matrices
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% of devices identified correctly
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training on a single sample
for each event



minimal training performance

Average %: 89.25
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stablility of signals over time
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potentially minimizing training by
applying signatures across home



we collected data for four of our own
devices that we brought to each home



two of the three features remain consistent



average accuracy: 100%



can signatures from one device be applied
to another given they are similar models?



signature similar enough to yield an
accuracy of 100%
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water



Experiment 2: Let's Abuse a Battery!

- - Water level
Ly bl
+ fo R —
Voltage
(pressure) Amperage

(flow)

' >4/5\\

Resistance

Figure 1-33. Think of voltage as pressure,
and amperes as flow.

MAKE: Electronics: Learning Through Discovery , by Charles Platt



P A Y

RESISTANCE

Figure 1-34. Larger resistance results in

HUI
smaller flow—but if you increase the pres-
sure, it may overcome the resistance and

increase the flow.

MAKE: Electronics: Learning Through Discovery , by Charles Platt



what are the most consuming
water activities in your home?

average indoor household water usage per person/day (70 gpd)

Toilets
| | |

Clothes Washer
. | | |

Showers

Faucets

Leaks
Other Domestic

Baths

Dishwasher

)74 5% 10% 5% 20% 25% 30%
Vickers, 200/



hydrosense

single-point pressure-based
sensor of water usage

identifies water usage
activity down to its
source(e.q., toilet)

provides estimates of flow at
each fixture



b2 3 i X< y B 9

- typical water meters

- only provide aggregate
information on water usage

- require pipe modification for
installation



water tower

brief plumbing primer




water tower

brief plumbing primer

incoming cold
water from
supply line
—




water tower

water meters

incoming cold
water from
supply line
—

e O

utility water
meter




water tower

pressure regulator

incoming cold

water from
supply line
—
utility water pressure

meter regulator




water tower

incoming cold
water from
supply line
—

utility water
meter

=
-
pressure

regulator

pressure regulator




water tower

incoming cold
water from
supply line
—

o

utility water
meter

pressure
regulator

plumbing layout




water tower

closed pressure system
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water tower
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water tower
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"bathroom sink pressure signal
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bathroom sink pressure signal
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bathroom sink pressure signal

flow volume
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how It works

1. detect that a water event has occurred

2. classity event as “open” or “close”

3. determine source of event (e.g., toilet, shower).
e 4. provide flow estimate
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event detection
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even;c detection

43

raw pressure 46 -

()]
44 -
42 ] ] ] ] ] ] ] ] ]
0 5 10 15 20 25 30 35 40 45 time (s)
48 -
smoothed
pressure 40
()]
44 -
2 _
derivative
(psi/s)
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example open events

home 1

signature dependent on:
- fixture type
- valve type

toilet

- valve location in home

faucet

shower

0 2 4 6 8 10 12 14




matched filtering

similarity
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matched filtering
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fixture classification

unclassified open event open event library
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unclassified open event open event library
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unclassified open event open event library

49 - o =
derivative, , er 0
47 - o 3
S =
] \/\/'/
43 I I I I I I I 1 _l

O 2 4 6 8 10 12 14 16

derivative, ;.

nearest neighbor o

match U\/ |

- derllvatIveuncla:;sﬁled R

dishwasher

()

_ \—derivativekitchen faucet -Iq—’)
_ ) .
\ T~ 3 possible
T T T I.H-‘-‘-\""-\.\_\___:L'—
W c | events
. )
<
(@]
_ o+






ten test locations
« 8 houses / 1apt /1 cabin
e avg size: 2,300 sq ft
* 1920s — 2000s

installation points

e 8 outdoor hose bibs
e 1 water heater
e 1 utility faucet




experimental protocol

N

controlled experiments
« 2 researchers per site r

* 5 trials per valve -

,

experimental script
for each trial:

* valve opened full stop
e pause for ~5 seconds
* valve closed



example trial
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5 manually annotated bath trials

2r23r2010[2:3%:41 PM

]

- W W
hapy oS =

2232010 2:40:53 P

oy

2010 2:41:11PM

2 data sources
Display title 0:
Blue=Cold
Red=Hot

3 Mins




| i» | l | | i
data collection stats |§ |
%\\ WY Bl

B S ‘1\ ten test sites
" e 706 trials
155 flow trials
e 84 total fixtures tested




fixture classification results
by home

® Open Events  m Close Events
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fixture classification results
by home

® Open Events m Close Events
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fixture classification results
by home

® Open Events m Close Events
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fixture classification results
by fixture

® Open Events  m Close Events
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first to show: pressure can be used to
dissaggregate water usage

but....
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compound
events




how can we study naturalistic
uses of water?
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how can we collect
“ground truth labels”?






X10 buttons




how many times will
the and cold water
valves be opened and
closed while washing
these dishes?
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tracks the number of times
and cold are turned on/off
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custom direct sensors

— b 5N

-

design goals
* wireless
* low-power
 water resistant
* detect fixture opens/closes
» track hot only, cold only, mixed



challenge: fixture diversi

temperature

cold flow control

hot flow control = <«

//\~\\> / flow
& control
W7

single handle faucet dual handle faucet



)

custom ground truth data collection system l

omnidirectional
. owilCh ball switch
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reed switch
(hidden)

‘_ hothandle ~ ~— ~\\®
movement




parent sensor

board

accelerometer
& ball switch




magnet & ball
switch

pe

~ magnet &
reed switch ball switch

' (cold handle)

reed switch
(hot handle)




reed |
switch =

»

omni-directional
ball switch
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~ omni-directional
ball switch

( accelerometer




reed switch , < .
(hot handle) reed switch

o : . (tub/shower diverter)

reed switch
(cold handle)




wireless
ransmitter

i
ek

ST

4 . thermistor
< 7 N . cable for
7y [ R # drain pipe

Washing \ (in red)

machine plug

(connects to
kill-a-watt outlet)




five week deployment
2 apartments & 3 houses
103 water valves

a total of 14,960 water events




five week deployment
2 apartments & 3 houses
103 water valves

a total of 14,960 water events




T ha“ k YOlI ! http://ubicomplab.cs.washington.edu

jonfroehlich@gmail.com | http://dub.washington.edu/
twitter @jonfroehlich
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two pressure sensors per home

s Apartment 1
ﬁlpressure
sensor 2 Sensor 2

sensor 1
(cold point)

w ' ; (hot point) (cold point)
ressure W ’ : -
- Ay 1 ) «—

—»

pressure
sensor 1
(hot point)




water tower
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water scarcity

Water stress indicator (WSI) in major basins: < /
Slightly ~ Moderately ~ Heavily over-

exploited exEIo'rted exEIoited exilo'rted
‘ PHILIPPE REKACEWICZ

Sources: Smakhtin, Revenga and Déll, 2004. 0 0.3 0.5 0.7 1 and more FEBRUARY 2002
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