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340

million gallons/day

2x Japan, China, Canada, Russia, Germany Combined

[Foreign Policy Magazine, Aug2007]



of average american CO, footpriht

[Weber & Matthews, Ecological Economics, 2008]



growing
demand

in 2010, water consumption rose
to 938 billion gallons in beijing

water supply = 576 billion gallons

[Guardian, Dec 2010]



‘china melting snow to meet

freshwater demand”

[Guardian, Dec 2010]




lake mead expected 10" gt

drop below intake Sz
pipes in next five years _ ..

[Bloomberg News, Feb 2009]
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eco-feedback

ses ng and visualizing behavior to reduce environmental | mpact
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sensing feedback

NS




wnat about
sensing.anc

feedback in the
nome?









traditional bill.  opower bill:

? Fllanga P‘;az\og%r7 g Light Company
OX. P
Miami, FL 33102 Home electricity report

FPL. £ 12345

Please request changes on the back. The amount enclosed includes the following donation: 5 goxe
Notes on the front will not be detected, EPL Care To Share 3 R v o ples 0 provide this personalized report to
— you as part of t program, The purpose of the
report is 1o
B 2,3,4,7,8 4118 6 o 8
you understand your he

#BWNDJNGQ #%# AUTO *#CO 4501 yinthe :‘.."ff‘..f‘uf,r.(f' "
#0148843BQLB58 18/ 116049 Z

- Make check payable to FPL in U.S. funds
DELRAY BEAGH FL 334!‘5 350" and mall alcr?g‘\rm(h this coupon to:

© FPL fo Idoas for sadng enwrgy and
mimminmAnammaam il GENERAL MAIL FACILITY . You can find more tips al
MIAMI FL 33188-0001 www.ComEd.com/energyreport

Last Month Neighbor Comparison | You used 48% more than your efficient nekghbors

Account number Tolal amount you owe. | .- New chardes due by . | Amount enclosed
Jul 16 2008

707 KWh* HOW YOU'RE DOING:

Your electric statement Account number:
For: May 27 2008 to Jun 25 2008 (29 days) » GOOD ©
Customer name: Statement date: Jun 25 2008
Service address: Next meter reading: Jul 25 2008

GREAT

MORE THAN AVERAGE

Amount Balance

of your Add|tional before | New = z ,
last bill Pay{[\lenla [“ff"g;l)f] new [cia]rgcs ch(a:_gfs it : £ WHO ARE YOUR
- “NEIGHBORS"?

|_ 328.10 328.10 CR 0.00 0.00 | 295.43 §295.43

Meter reading - Meter 7TC18171

Current reading Amount of your [ast bill 328.10
Previous reading Payment received - Thank you 328.10CR Last 12 Months Neighbor Comparison You used 45% more eiectiicity than your neighbors.
kwh used Baiance befors new charges = §0.00 This costs you about $1,029 extra per year

Energy usage

Last New charges (Rate: RS-1 RESIDENTIAL SERVICE)
—Year Electric service amount
p o 33;? Storm charge
eruice days Gross receipts tax
KAy per By 108 Franchise charge
=The electric service amount Utility tax
includes the following charges: Late payment charge

Custemer charge: §5.34 Total new charg . e 828543

Fuel: §135.46
(First 1000 kWh at $0.052270) Total amount you owe $295.43
{(Over 1000 kWh at 30.062270) e

Non-fugl: $11038 - " )
iy N —— - A late payment charge of 1.50% will apply if not paid by July 16, 2008, and your

(Qver 1000 kKWh & 30,051660) account may be subject 1o being billed an additional deposit.
- Would you like one less bill to think about & help the environment too? Enroil in
FPL Automatic Bill Pay & your bill is always paid on time. Save time, postage,
check writing & paper. Plus, cut fuel consumption of cars & trucks that transport
checks. Enroll at FPL.com or see authorization form in this biil Personalzed 0O Set your thermostat for [ Choose efficient light O Look for the ENERGY
Action Steps comfort and savings bulbs STAR® label




2.5%

energy savings
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plethora of display mediums

Environ



dvances in sensing ana

machine learning

philips directlife
activity sensor

PHILIPS



what impact does
(this feedback have

on your behavior?

Csensmg feedbackj

what belfxav:ors how should we
should we sense present this data
and how? back to you?
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power-aware cord

- cord light pulsates &
. varies in intensity
based on power draw

[Gustafsson and Gyllensward, CHI2005]
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% IBM Water Management - |
&~ C © www.ibm.com/smarterplanet/us/en/water_management/ideas w X

>»>

ns/L.. [ Gamification ("] Other bookmarks

y Search

rofile | News | Teamchat | Pilotchat | Change password

Water report for Usage Trend Your Rank Green Points

| Anonymous

m

Increase place points

Water usage by day in gallons | doilars | Ibs C

APRIL MAY JUNE JULY AUG SEPT ocCT

| WEDNESDAY

Hourly breakdown

This graph depicts your hour-by-hour water usage on
2010-05-05



N

———
—_—

toyota prius

power-aware cord

. Consumption . _e1F | \
- 50Wh Regenerated

~__ visualization allows
¥ pedestrians to view
| amount and type of
.~ garbage at-a-glance
S o

0mn 25 20015 10 5 o C\mnl “
“Energy ) 60.5Mr zomm@ ‘
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cord light pulsates &
varies in intensity
based on power draw

Y L&

microsoft hohm
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control4 dashboard

srrumoson $0.01 |/ 62° i
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Menu Thursday, January 6 - | ‘
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$0.00 >30pm 4
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light bulb? .

kitchen

[Kohlenberg et al., J. of Applied Behavior Analysis, 1976]



what makes an eco-feedback
design effective’

NOW can we better understand
the tradeoffs, constraints, and
motivational strategies of eco-
feedback designs?




literature survey
eco-feedback

150 papers in environmental HC|
82 papers in environmental psychology

also literature in: persuasive technology,
ambient displays, information visualization,
behavioral economics, health behavior
change, visual design




data
representation

information
access

display
medium

the ‘

eco-feedback

design space

behavioral

comparison
models P

actionability

motivational
strategies

[Froehlich et al., HCIC2009; CHI2010; PhDThesis2011]



the ‘

eco-feedback

design space



data
representation

information
access

display
medium

the ‘

eco-feedback

design space



the ‘
eco-feedback

design space

behavioral '
comparison

models

actionability

motivational
strategies




whny is the
OriusS
effective?



e Real-time

‘ Graphical » Spatially co-located
* Textua « Constrained environment
» Temporal it , :

dla information

representation « In-car display

access

 Real-time mpg ’—\

display
medium

MPG

—
~» Consump
&% =50Wh Regenerated

- 100 -
S

. 50 -

beha\/|ora| 30mm 25 20 15 10 5 0 )
models :-;'Bmgmg,jzmnnesC: comparison

* To self

e Educates
* Reason to care

actionability

motivational
strategies

* Informs only one action




data
representation

information
access

display
medium

comparison

actionability

behavioral B T IR
(“Energy ) 51.4wes_320mis

models

motivational
strategies



data
representation

information
access

display
medium

comparison

actionability

behavioral B T IR
(“Energy ) 51.4wes_320mis

models

motivational
strategies



comparison

-

Qﬂ\in = Average
saes

/ historic average last 30 mins \

to self &-————— ——————— -0
past projected
toothers o-—————————————— -0
past projected

to a goal <«

\\ easy chaIIengin>g/

[Effectiveness of Feedback on Performance: Becker, J. of Applied Psychology, 1978]
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ubigreen
eco-feedback

goals

increase awareness of
transit habits

attempt to motivate
green transit




ubifit
» fitness monitoring application i — S strength

% cardio

~ T

* automatically senses activity
e at-a-glance goal information

[Consolvo et al., CHI2008; Consolvo et al., UbiComp2008;



effectiveness of the ubifit
glanceable display

Linear Trend ===. Best Fit Linear Trend ===. Best Fit
400 — 400
g -
§,300— 300 -
-
9o T
E 1
% 200
(-
>
=
"> 100
e
- :
< . : :
Or—7T—7T—7T 7T T T T T T T T 1 o+—F—TTT T T T T T T T
0 1 23 456 7 8 9 10111213 01 23 456 7 8 9 10111213
Week in Study Week in Study
no glanceable display glanceable display

[Consolvo et al., CHI2008; Consolvo et al., UbiComp2008; 43



we want 1o sense

biking walking taking the bus  riding the train driving
: N T /4 : : s




ubigreen

transit sensing infrastructure

i ?
walk bike

\ }
|

1

mobile sensing platform




NOow should we
visualize this data
N an eco-Teedback
display?



Visualizations
Informed By:

»  Qur eco-feedback design space

= Qur experiences designing and evaluating UbiFit

=  We conducted two formative studies of transit usage
= Past work on feedback systems



ubigreen

personal ambient display

current | §
activity
7:27PM R
T-Mobile
value

icon bar

phone

Y4 4
J T k:—\
- o8
=
~
“\.

03/31/08

background
(wallpaper)

evolving

Image



ubigreen

personal ambient display

an: 12:00 AM
design: T-Mobile

everything

resets

oﬂ
£ on sunday
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current ublgreen phone images
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ubigreen
stady results

Vs

"I liked the tree because it was, to my
mind, a pretty progress bar. i could tell
the difference at a glance” P!l

A

"I liked how stories were used” [P8]

data
represent-
ation

information
access

display
medium

behavioral
models

the 4
eco-feedback
design space |comparison

actionabilit

motivationa
strategies

/
‘I want different stories
every week" [P8]

“I would like to see some
graph or raw data—a
breakdown of transit
activity by type for the
week” [P13]

‘it would be nice to see
your carbon footprint” P]

.

J




ubigreen

stady results

/”i liked that we didn't
know what the
background was going
to do’ Pl

"negative feedback
would also be good,;
maybe my polar bear

should drown if i don't
take green transit” P4l /

“i wanted to see the final
Kstage | could get to" P!

behavioral
models

data
represent-
ation

information
access

display
medium

the &
eco-feedback
design space |comparison

actionabilit

motivationa
strategies

/

“i don't like incentives for
getting points artificially
by taking unnecessary
green trips” P

- “if i didn't get a leaf or a

flower after, i felt like | was
getting cheated out of my

_points’ [p15]




ubigreen

contributions
first system to semi-automatically track and
feedback personal transit information

(““T A -
N2 e
7:27 PM ‘ 03/31/08
T-Mobile

empirical findings from field deployment have

implications for other eco-feedback systems:
» abstraction can make comparisons difficult
* users desire actionable feedback
* reward systems need to be carefully constructed
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what

are the most consuming
activities in the average North
American home?




top water usage activities

Outdoor Use
Toilets
Laundry Machine 14.9%
Showers 11.5%
10.8%

Faucets

Leaks 9.4%

Other 1.6%

Baths 1.2%

Dishwasher 1.0%

31.4%

0% 10% 20%
[Vickers, Handbook of Water Use and Conservation, 2001]

30%



we asked 656 people the same thing

select the top 3 most water consuming
activities in an average home



survey results

Selected in top 3 by only 33%

w 18.3%
Laundry Machine -14.9%
Showers

11.5%

31.4%

Selected in top 3
by ~50%
Faucets 10.8%
Leaks 9.4%
Other 1.6%

Baths 1.2%

T Selected in top 3 by 26%
‘:HMP 1.0%

0% 10% 20% 36%
[Vickers, Handbook of Water Use and Conservation, 2001]



how much water do people think
common activities actually use?



water usage estimates (N=050)

Histogram of 10-Min Standard Histogram of 10-Min Low-Flow Histogram of 1-Hr Standard Yard
Shower Usage Amount Estimates Shower Usage Amount Estimates Sprinkler Usage Amount Estimates

I 35gpm I 25gpm 3 gpm = 180 gal
I 35 gallons | 25 gallons 4 gpm = 240 ga
| 5 gpm = 300 gal
-_————

-
o
o
Frequency

Frequency

0 10 20 30 40 50 60 70 80 90 100 =100 0O 10 20 30 40 50 60 70 80 90 100 =100 0 10 20 30 40 50 60 70 80 90100110=110
Gallons Gallons Gallons

These were individuals greatly interested in water conservation!

88% interested in conserving water at home

84% try to limit their water usage
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what it you could
get the same
level of teedback
N the home?



today’s usage

frlgerator1 |
39a||ons

B

chen smIJ




toilet
78.4 gallons




today’s usage: raelle
"L;‘ j‘j- e L Uy v @l . ;thi‘q;"';'

~ bath
6.5 gallons
- N




Requires
cutting Into
pipe to install

Traditional water
meters measure
aggregate
consumption

N 4

W M DAYS METER READING USAGE HISTORY
Previous Present Last Month Last Year

Water 21911 319111 238400 Actual 238900 | 500 CF 3 400 CF 400 CF
Sewer 2/9/11 3/9/11 31 238400 Actual 238900 | 500 CF 400 CF 400 CF

SewerDeduct 29/11  3/9/11 31 95700 Actual 95700 0CF 0CF
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direct sensing

toilet
784 gallons

i ]




direct sensing

7I"Tr

o | ?H’u

- — “-‘. \_; ;
shower

I,
524 gallons

shower

, el Ml

62.4 gallons bathroom sink 1
3.2 gallons

\

bath
6.5 gaIIons 6’5 r

t0|Iet ‘
78.4 gallons

ba

A

08 gallons

throom sink 2'

24 gaIIons

ke




scalable
fixture-level sensing
easy-to-install
easy-to-maintain
low-cost



single, screw-on sensor

identifies fixture usage

estimates flow

’;’ I



brief plumbing primer




plumbing primer




water tower

plumbing primer

incoming cold
water from
supply line
—




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 pressure

meter regulator

plumbing layout




water tower

incoming cold
water from
supply line
R

utility water
meter

=
-
pressure
regulator

thermal
expansion
tank

- hot

water
F‘ heater |-

bathroom 1
e .
/f a\

kitchen

dishwasher

bathroom 2




& water tower

incoming cold
water from
supply line
—

S

utility water
meter

=

pressure
regulator

closed pressure system

]

thermal
expansion
tank

=

o

bathroom 1

—

kitchen

[ | [ooC=

dishwasher

S

bathroom 2




water tower

bathroom 1
Ij o
i A\
kitchen
(o] o]
incoming cold
water from .
supply line . dishwasher
|
=) i thermal . i
utility water pressure exiz:i'on E
meter regulator .

hot
water
F‘ heater |- m bathroom 2




incoming cold
water from
supply line
—

utility water
meter

=
-
pressure

regulator

thermal
expansion
tank

hot
water

?‘ heater

1.0,  bathroom 1

o
4

kitchen

oo

dishwasher

m bathroom 2




incoming cold
water from

supply line

—

utility water
meter

=
-
pressure

regulator

thermal
expansion
tank

- hot
water

?‘ heater

bathroom 1

kitchen

oo

dishwasher

bathroom 2




water tower

bathroom 1

kitchen

| | [ooC=

incoming cold

water from .
supply line dishwasher
[ |
| |
thermal .
utility water pressure exizrr‘]i'on E
meter regulator .
- hot
water
F‘ heater |- bathroom 2







psi

80

‘bathroom sink pressure signal

70 -

60 -

50 -

40 A

time (s)



psi

80 A

70 -

60 -

50 A

40 -

bathroom sink

oressure signal

flow rate related to
pressure via Poiseuille’s Law

l

flow volume

——Cold Line Pressure
(Hose Spigot)

time (s)







example open events

home 1
50 -
48
= 46 .
= ‘\f“‘/\"‘ signature dependent on:
sl S - fixture type
0 2 4 6 8 10 B \/a|\/e type
- | - valve location in home
8 46 —M»
f:U 44 !
e 42
40 \
0 2 4 6 8 10
52
S
O 46 [ W
a4
b 42

0 2 4 6 8 10 12 14



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

T —— |

s




event detection/segmentation

48 -

raw pressure 46 -
(psi)
44 -

42

time (s)



event detection/segmentation

48 -

raw pressure 46 -
(psi)

44 -
42 :
0 5 10 15 20 25 30 35 40 45
48 -
smoothed
pressure 46 -
(psi)
44 -
7 critical change in pressure
derivative
(psi/s) 0 - '
-2 - °®

time (s)



event detection/segmentation

48 -

raw pressure 46 -
(psi)

44 -
42 I
0 5 10 15 20 25 30 35 40 45

48 -

smoothed

pressure 46 —-'\/

(psi)

44

critical stabilization point
2 _
derivative ]
(psi/s) 0 -"-" B
2 1 [ ]

time (s)




event detection/segmentation

vaine@peaticaignt
48 - detected event

raw pressure 46 -
(psi)

44 -
42
0 5 10 15 20 25 30 35 40 45
48 -
smoothed | _
pressure 46 - I pressure decrease
(psi) and
44 | | | negative initial
5 derivative
derivative | = valve open event
(psis) 0 -"-"
2 1 [ ]

time (s)



event detection/segmentation

valve open event
48 -

raw pressure 46 -
(psi)

44 -
42 :
0 5 10 15 20 25 30 35 40 45
48 -
smoothed
pressure 46 ‘W
(psi)
44 | | |
2 - 0
derivative |
(psi/s) O W ..
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time (s)



event detection/segmentation

48

raw pressure 46
(psi)
44

42

48
smoothed

pressure 46
(psi)

positive initial derivative e

derivative
(psi/s) 0

valve open event

automatically
detected event

0 5 10 15 20 25 30 35 40 45

and

\

time (s)



event detection/segmentation

raw pressure 46 -

(psi)

smoothed

pressure 46 -

(psi)

derivative
(psi/s)

48 -

44 -

42

positive initial derivative e
O -

-2 -

valve open event

valve close event

0 5 10 15 20 25 30 35 40 45
48 -

pressure increaseI ———————————————

. = valve close event
and

\

time (s)



fixture classification

unclassitied open event open event library

49 - 48 - g

47 - o)
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v 16 W

43 r—1" 11T 1T 1T ‘1T 1 44 I I I I I
O 2 4 6 8 10 12 14 16 0 2 g 6 8 10

toilet

dishwasher
kitchen faucet
bath faucet
bath tub

v “ = v o 4 .
wr = - o L= L
wr (5 - r wr = i L
e T TR ¥ e
I

]

compare via matched
filtering across multiple signal
transformations




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

49
47
45
43

O 2 4 6 8 10 12 14 16

. detrendEdunclassified
: |i|-'ri"-'.-.__; T
: der-ivativeuncIa:;sified
P —
' ' e LT '
E CepStrumunclassiﬁed
: | o I

48

46

44

open event library

. L] L
derivative er v
g 3
0

e

(%)

-]
MJ
I
n
ca
S

48

46

44

~derivative
m

w

0O 2 4 6 8

dishwasher

[
-]

48

46

44

der'lvatlvekitchen faucet

O 2 4 6 8 10 12 14

kitchen faucet

()

possible
events

N




unclassitied open event
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Nydro study

goal

z z /| study feasibility of using pressure
to disaggregate water usage
approach

controlled experiments across
10 homes



 controlled experiments
7 researchers per site
« 5 trials per valve

Y experimental script
' ' - valve opened full stop  _

\ 1 e pause for ~5 seconds \
4 * valve closed

experimental protoco

&

- . .‘lilt oo




ubicomp2009 data collection



ground truth [abels

| [

These labels are going to help
train and validate our algorithm

"] kitchen sink kitchen sink bathroom sink .
cold cold hot hot cold cold
open close open close open close

0 "\(V_JVV uI\VW.

52



* 4 /10 homes
gathered flow data

* measure time to fill 1
gallonin a

calibrated bucket




data collection stats 1

» /06 trials
* 155 flow trials
~ * 84 total fixtures testead

3



classification experiments
10-fold cross validation

1. break data into 10 sets of size n/10

2. train on 9 datasets and test on 1

3. repeat for each combination of datasets
4. take mean accuracy



fixture classification results
by home

® Open Events  m Close Events

100%
80% -
60% -
40% -
20% -
0%
A\ A\ S\ A\ A\ A\ S\ A\ A\ S\
fL@“Q Q)ﬂ?}“e (0«5“?' Q)@“e \0)@“?’ @@Qe {b@@ (0@“?’ Q@“Q Q@@
SR SN S R D SN OO (R SN OO N N

10-fold cross validation



fixture classification results
by home

® Open Events m Close Events

100% -
80% -
60% -
40% -
20% -
0% -

) ) ) ) A 3 A 3 5 3

1@@ %@@ @Nﬁ @“NQS @*NQ (b@“e Qo@“e (0@“% Q@@ Q“NQ

ol NUASIEEC NSRS G O R SN \A N N O

10-fold cross validation



fixture classification results
by fixture

® Open Events  m Close Events

100%

80% -

60% -

40% -

20% -

0% -
Sinks IES Showers Bathtubs Clothes Dishwasher

callo b T ey 2=
& | O




flow inference results
by home

100%

50% -

flow inference accuracy

0% -

H1 H4 H5 H7
[Arregui, Evaluation of Domestic Water Meter Accuracy, 2003]



nydro study
R

S S LUC. SERSOT

first to show that pressure
could be used to disaggregate
water usage



1%

4
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O,

brushing teeth
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Iscrigho)
frniase
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shavingi %
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compound events—




nydro study
# 2 ?ﬁ?j'y TSGR

classity real world water usage

approach
5 week deployment in 5 homes



in the first study, pressure
waves were manually
annotated with “‘ground

il -
truth labels” describing: -
* the fixture used o

| » the water temperature






O\A/

can we (record real-
world water usage?



wireless buttons




o
how many times will

‘ *l' v

the and cold water | ..
valves be opened and

closed while washing £ /
these dishes?

‘.‘,’y"
qQ‘ —

.' .0
-
(o
- T_a'.
P —

tracks the number of times
and cold are turned on/off









- O TR T i
after many failed attempts

.




automated ground truth
[abeling method

hardware capabilities
1. wireless communication
2. low-power

3. water resistant

design goals —
sensing capabilities
1. work across fixtures/appliances

2. detect opens/closes
3. discriminate hot/cold/

S —



function across fixtures

"%
r\\
It
kitchen sink bathroom sink shower
;i'/

toilet laundry basin  washing machine  dishwasher



challenge: fixture diversity

temperature
control

cold flow control

9.4 %
"N
‘\?' o “)‘ ‘é
N 3

/7 control

single handle faucet dual handle faucet



custom ground truth data

collection system

wily ‘.“,!

FCC ID: OUR-XBEEPRO
10 IC ID: 4214A-XBEEPRO ' 11

| www.digi.com ®

&
®
-

€ ADXL335
-

ST
=)z
Y
X
SND
yjucc

i—
A
: ﬁ,

reed 3-axis unidirectional ball
switch accelerometer switch

omnidirectional
ball switch



custom ground truth data
collection system

"wake up’ sensors

2.0
11,22,.08 O
. o

4
| N
!

FCC |D: OUR-XBEEPRO
@  ICID: 4214A-XBEEPRO. 11

e, www.digi.com *

Rev. 2.

ADXL335

reed [
switch accelerometer

\&

unidirectional ball | omnidirectional
switch ball switch

J




custom ground truth data
collection system

fixture handle
pOsItion sensors

: ID: OUR-XBEEPRO
5: 4214A-XBEEPRO. 11

w.digi‘com ®

reless modem

reed 3-axis
switch accelerometer

Y,

unidirectional ball i} omnidirectional
switch ball switch




Accelerometer
& Ball Switch
Taped on

———




custom ground truth data

=

reed 3-axis unidirectional ball i} omnidirectional
switch accelerometer switch ball switch



deployment sites

1)

1)

1)

residents 2 2 4 2 2
size | 3000 sqft | 750 sgft | 1200 sqgft | 700 sgft | 750 sqft
floors 3 2 2 3 flr 6th flr
fixtures| 17 8 E 8 8
valves 28 E 21 E E
















ground truth [abels

e, manual ,\
e 7%

kitchen sink

automatic

cold cold
open close

kitchen sink bathroom sink

hot
open

hot cold
close open

hnon
.

cold
close




two pressure sensors per home

pressure
. sensor 1
| (cold point)

pressure
sensor 2
(hot point)




sure stream
e amileinTE .
blue = cold line . =

reed switches
- high = active
low = inactive

e
— -



hydrosense data logger
reed switches /

.-\\




hydro deployment infrastructure

custom ground truth data
collection system

pressure
3 . sensor1
(cold point)

pressure

sensor2

3 (hot point) 4
1 Y

on-site sensing infrastructu

—

re

python web backend

hydrovisualizer

ESEES 1 ‘.—..— a—"sh U -

hydroanalyzer

TlmSHOuSe“ 10, States:1 Mix:1

c# and matlab analysis tools



1)

1)

5-week dataset

1)

totals
days 33 33 30 27 33 156
events | 2374 3075 4754 2499 2578 14,960
events/day /19 93.2 158.5 92.6 /8. 95.9




avg num water events/day

180

>
o
)
)
c
>
S
= 90
QL
=
QL
(@)
=
o
0 -

homel

home?2

158.5

home3

apartmentl apartment?2

95.9

Overall



avg num water events/day

B cold

= hot

180
>
o
)
)
c
>
S
= 90
QL
=
QL
(@)
=
o

homel

home?2

158.5

home3

apartmentl apartment?2

95.9

Overall



fixture activity frequency

5494
5000 -

3934

2500 -

event frequency




compound events—




2%

of all water events were compound

41.8%

of all bathroom sink events were compound



compound event example

70 -

60 -

50

bathroom sink: ¢

4

open close
- J\N\ﬁ“‘»\/’\/\
o
0 2 ffll fli 8



compound event example

bathroom sink: ¢ S
open close
10 -
60 ] \,/ﬂ\
50 [ I I I
0 2 8 6 8
bathroom sink: ¢ ¢
open close
60 - ‘\I\
40 [ [ I I
0 2 4 b 8



compound event example

bathroom sink: ¢ ¢
open close

70 -

T e J ‘[ o

50 [ I I I

0 2 4 6 8

toilet: ¢ : >
bathroom sink: ¢ ¢
-~ 0pen open close

60 N V\A/
50 _ w
40 | | |

0 2 4 b 8



beyond template matching

relationship between | N
valve events duration of water activity

\ [ A |

. kitchen sink: & *
o
: ¢ damping

kitchen sink: &

toilet: ¢

bathroomsink: ¢
open pen close close  open close . close

= 65 - ratio
=
g |
g N\ pressure — {
S 50 -
3 drop .

35 | | | | | |

6:59:45 PM 7:00:00 PM 7:00:15PM 7:00:30 PM 7:00:45 PM 7:01:00 PM 7:01:15PM

time of day isolation or recency  number of

compound of use uses today



bayesian approach

V = pressure signature library
S = sequence of unknown pressure transients

most likely valve sequence

N P(S|V)P(V)

' =argmax P(V |S)=arg max
g (VI[S)=arg (S)



bayesian approach

V = pressure signature library

S = sequence of unknown pressure transients
conditional
probability term

s _ _ P(S|VIP(Y)
V =argmax P(V |S) = arg max P(S)

P(S[V)
rR—l ) ] ~
|1/, 1V.)
=0

N
(1) templates and
signal features

e.g., matched filtering and
stabilized pressure drop



bayesian approach

V = pressure signature library

S = sequence of unknown pressure transients
prior
probability term

V= argmax P(V |S) = arg max P V:‘P(V)

P(SV)
R-1 N4 |
I | Ji(sr |V:) I | P(Vn |v;?—1).
‘j‘:O v Ll” :0 A
' '
(1) templates and (11) bigram
signal features language model

e.g., transition probability for
toilet open->bathroom sink open



bayesian approach

V = pressure signature library

S = sequence of unknown pressure transients
prior
probability term

V= argmax P(V |S) = argmaxP(S‘V:‘P(V

P(S
P(S|\'
Hf<S v, )HP(n v, O[1/,00
L n= =0 ) 3&[5’
(1) templates and (i1) blgram (iii) g;;mmar
signal features language model

e.g., opening of valve v, must be
followed by closing of v,



bayesian approach

V = pressure signature library

S = sequence of unknown pressure transients
prior
probability term

V= argmax P(V |S) = argmaxP(S‘V:‘P(V

P(S)
P(S|\' P(V)
Hf(s |V)HP(VM|V” JHJ’(V)H [1 /:vem))
L n= 0 ) r& Jij k= a b E s
ompemd b G g ) pandvae

e.qg., water usage duration



three levels of granularity

&

(1) valve level

e.qg., upstairs bathroom faucet hot water activated

y (2) fixture level

e.qg., upstairs bathroom faucet activated

)
4%% (3) fixture category level

e.qg., faucet activated



hydrosense classification results

real-world water usage data

B one pressure sensor
100%

50% -

0% -
valve level



hydrosense classification results

real-world water usage data

B one pressure sensor
100%

50% -

0% -

valve level fixture level



hydrosense classification results

real-world water usage data

B one pressure sensor
100%

50% -

0% -

valve level fixture level fixture category level



hydrosense classification results

real-world water usage data

M one pressure sensor M two pressure Sensors
100%

50% -

0% -
valve level fixture level fixture category level



compound events results

real-world water usage data

Single Sensor Dual Sensor
¢ Isolated Compound -a-Collision

30 -
S
220 -
e
S

10 -

0 .

old intermediate new old intermediate new

algorithm algorithm algorithm algorithm algorithm algorithm



nyadro stuay

#

contributions
demonstrated hydrosense can
classity real-world water usage

collected one of the most
comprehensive datasets of
water usage in the world






reflect

water

eco-feedback

display

goals
explore large design
water feedback inter

evaluate designs bot

space for
‘aces

[

qualitatively and qua

ntitatively
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Two sets of designs:

1 Design Dimensions
Isolate eco-feedback design dimensions in the context of water usage

2 Design Probes

Meant to elicit reactions about how displays would fit within a household
and potentially affect family dynamics



By fixture
By fixture category

By activity
in-home touch
screen display

With temperature
information

data
represent-

information
access

display

behavioral ‘
medium

models

the ’

eco-feedback

strategies

To past performance

[
d esign o2 goa I ||...II
To nearby neighbors :.Z.”

d I m e n S l O n S To demographically similar I I]I.II
i ol

neighbors M. Mlksl
fes-iams




By fixture
By fixture category
By activity

in-home touch
screen display

With temperature
information

data
represent-

information
access

display

behavioral ‘
medium

models

the ’

eco-feedback

strategies

To past performance

]
d esign 102 goa I ||...II
To nearby neighbors :.Z.” 1
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esign probes

Time-Series Per-Occupant Spatial

Personal Usage Totals Friday June 15th | 9:30 PM

Water Usage in Gallons Today Friday June 15th | 9:30 PM Today's Water Usage in Gallons Friday June 15th | 930 PM
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er-occupant view

Personal Usage Totals Friday June 15th | 9:30 PM
Person Overall Usage So Far Today Showers So Far Today Last 30 Days
= overall m daily avg M showers M daily avg = daily total e daily avg
Son
Mom
Dad

Daughter



time-series year view

63° W Friday June 15th | 9:30 PM 352 | 440 gal

Water Usage in Gallons
This Year's Usage

15,000

gal/
month

)] Faucets
Appliances

Showers
& Baths

J;Efg Qutdoor

Jul Aug Sep (6]a: Nov Dec Jan Feb Mar Apr May Jun



time-series day view

63° Nk Friday June 15th | 9:30 PM 352 | 440 gal

Water Usage in Gallons
Today's Usage

10 5 When Water Used

Qutdoor

gal/min

Showers Shower

500 7 cumulative Water Used

gallons

12 am 6 am 12 pm 6 pm 12 am



time-series day view

Today’s Real-Time Water Usage Friday June 15th | 9:30 PM

Fixture Category View

Fixture Today's Usage Over Time Today's Total
12 am 6 am 12 pm 6 pm 12 am

(v
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spatial view

Today’s Water Usage in Gallons Friday June 15th | 9:30 PM

Room View

Bathroom Total 81.2 gal Kitchen Total: 25 gal
Today

Avg IS Avg I

o .

- ¥ O \) / # L
bathroom kitchen |

dining room

family room

bedroom

Lau ndry Total 40.6 gal

Today INEDR]
Avg ST

laundry rnorg




we also explored more ambient
displays that were less “data-centric”
and more fun and playful




aguatic eco-system




functional vs.

Bar Graph

Today’s Water Usage in Gallons
Fixture Category View

100 — 96

Friday June 15th | 9:30 PM

stylized

Rainflow Bar Graph
Miszzn " | @ 73°dear ]| 5:0]py

g

00 00



rainflow bar agraph




study method

@ Online survey of 656 respondents exploring water
usage attitudes, beliefs, knowledge

@ Online survey of 651 respondents evaluating
design dimensions and design probes

@ Interviews with 10 households examining a greater
set of designs and exploring social dynamics within
household



study findings

Overall preference
Privacy concerns
Comparison/competition

L ocation of display



overall preference

Today's Water Usage in Gallons
Fixture Category View

100 96
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Daughter

dining room

Friday June 15th | 9:30 PM

Kitchen Total: 25 gal

Today I
Avg N

-

by Laundry Total:

T Toctay IS
Avg IR

40.6 gal

Friday June 15th | 9:30 PM

Last 30 Days

1 daily total e daily avg




overall preference

04% 14%

12% 10%



data granularity preference

Today’s Water Usage in Gallons Friday June 15th | 9:30 PM

Individual Fixture View

2
(o (wmbteorwlosds
—< Shower Tolet  Snk  Shower Bathib okt ek Tolet Smk Sk Dshwshe Laudy Qudoo

Today’s Water Usage in Gallons Friday June 15th | 9:30 PM

Fixture Category View
= O
68

: s Fixture Category View

2

-wtbedla @ A

Showers  Bathubs  Todets  Bathroom  Kitchen Sink Dishwasher  laundry  Qutdoor
Sinks Machine

‘s Water Usage in Gallons Friday June 15th | 9:30 PM

Activity View

0
0
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activity preference

“It's more action oriented than

plumbing oriented”
R824

“It makes it so much easier to
visualize what actions | need to
take in order to reduce water

usage”
-R48

‘| wouldn't trust the activity view.
How do you know if | am
showering or cleaning the

shower?”
“R80

Today’s Water Usage in Gallons Friday June 15th | 9:30 PM

w- 96

80

19%

Activity View



spatial preference

04% 14%

12% 10%



spatial preference

“The breakdown between rooms
and appliances is clear and gives
an intuitive sense of where water

is being used”
-R182

“Not sure why I'd want a map of

my house here”
-R125

“We know the house layout... we

don't need to see it”
R34

———t

Today's Water Usage in Gallons
Room View

Bathroom Total:  81.2 gal

Friday June 15th | 9:30 PM

Kitchen Total: 25 gal

Laundry Total: 40.6 gal

Today
avg I



privacy concerns

It feels “creepy” (R5) or like “Big
Brother” (R826)

“This display comes across more
'big brotherish’ to me”

-R84
“It's incredibly invasive. And other
people's water consumption is not
my business”

-R25
"| feel this is an invasion of privacy
within my household. | wouldn't
want them to know how long | was
in the shower or how many trips to

the restroom | took”
“R68

Today's Water Usage in Gallons Friday June 15th | 9:30 PM
View

Room

Bathroom Total:  81.2 gal

Kitchen Total: 25 gal

\ | iy, LaundryTotal: 406 gal

>
a8 2

Personal Usage Totals Friday June 15th | 9:30 PM

Person Overall Usage So Far Today ~ Showers So Far Today Last 30 Days
overall m dail m showers m daily
@ o
[ =
w W F w w
e L2
s el
w w W F w
@ o=
s s
L w W F w w
0 —
) -
w W F w w



broad interest in comparison

91% : selt-comparison
68% : goal-comparison
68% : social-comparison




competition vs. cooperation

Comparing Within Home Comparing Outside Home

Personal Usage Totals Friday June 15th | 9:30 PM 63 = Friday June 15th | 9:30 PM 352|440 gal
Your Daily Water Use Compared to State ges in Gall =
Person Overall Usage SoFar Today | | Showers So Far Today Last 30 Days Per Capita Comparison Nevadas [0
m overall m daily avg m showers m daily avg w daily total e daily avg 185
Son
Mom
Dad
- _ 5 Today your water use

Daughter per capita so far is 88




competition vs. cooperation

"It pits the family members together rather than

encouraging collaboration’
-R485

“This display could set up a ‘competitive’
environment that we are trying not to create in

our household’
-R493

"You can compare usage to others, and create

friendly competition”
-R220
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display location preterences

kitchen Bt A&

near
thermostat [ :

high traffic |8
areas il

accessible
when needed




summary of water vis findings

@

®» @ ®

Information should be simple, glanceable, easy-to-
understand, actionable

Comparison is important but may upset family /
household dynamics

Balance between information transparency and
privacy of future eco-feedback displays is likely
going to affect adoption

Multiple representations of information may be
necessary to satisty different individuals in
household
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data as it's experienced.

MyExperience is a BSD-licensed open mobile data
mmmmmmmm)m lEf(rzand
Microsoft SQL Compact Edition. MyExperience s for free on SourceForge in
mmugwmhmmwmum

nm mwﬂ rwnnﬁd quantitative and
mb- human behaviors, attitudes and activities in the field. Using a

visualization and analysis tools
of open source software teams
[ICSE2004; GROUP2005]

mobile device (touch screen)
accessibility for impaired users
[ASSETS2007; TACCESS2011]

mobile tools to support field
studies human behavior
[MobiSys2007]

Average Weekday

analyzmg and predicting
individual travel patterns
[UbiComp2006; SAE2008]

-« Google~

o 18,2007 Bess 2wse O

urban informatics — sensing,
analyzing & visualizing cities
[UrbanSense2008; 1JCAI2008; ICDM2011]

sensing and feedback of health
and wellness behaviors
[CHI2008; UbiComp2008]
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new
urban

eco-feedback| . . hydrosense
informatics

QQQ applications




eco-feedback future work

1,

2.

exploring
deployment
ongitudi
tion study of water
tions

INterven
visualiza

Na

ightweight field

study designs
behavioral

3. applications of eco-feedback to
health behaviors
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sensing and
predicting the
movement of a
city via shared
picycling

Froehlich et al., UrbanSense2008 - 1JCAIZ009 ]



- Summer 2008:
- - 373 stations
- 6,000 bicycles 2
150,000 subscribers ==
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num checked-out bicycles across all stations
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what can we learn

T we combine data
from otherj
sources? §




Now should tnis
real-time
information-be
visualized and
accessed?



can we use tnis
data to
automatically
detect events in
the city?



urban

eco-feedback . .
informatics







epa estimates that
T trillion gallons of
water are lost due
to leaks in homes

every year



can nydrosense pe
Jsed to detect
certain leaks?



hydrosense a\gomthms
J |- 2w\

' [» 471. minimal training set

4 2. Cross-home training
3. unsupervised learning



behavioral patterns of
water usage

evening
morning  gone to kitchen bedtime
routine work activity routine
- - ) O
R E— J RRIIREEI R
home2 — ]E% +,-
night I " Ing
| < T 1 L1 A
home3 | - ' H Hl“' ’ ﬂ:ﬂ:“
: night %{ J ‘ ﬁ M evening
midnight bam noon 6pm

midnight

how predictable are home water usage patterns?



how can
hydrosense be

used to support| 4

aging in place
applications?
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assisted living applications
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Thursday, 5 August
BRNTE ©

It's 9AM and there has been no

bathroom or kitchen activity at
Grandma Edith’s.

" cancel

last active:
10:33PM

b EN

t active;
7:20AM
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US Energy Consumption US Public Water Use
by Sector by Sector

Thermoelectric
Power, 0.30%




