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Abstract

Sensing and Feedback of Everyday Activities to Promote Environmental Behaviors

Jon EdwardFroehlich

CoChairs of the Supervisory Committee:
Professor James A. Landay
Computer Science and Engineering

AssistantProfessor Shwetak Patel
Computer Sciencand Engineering

With population increases, global economic growth, and shifts in climate, the world is facing an
unprecedented demand for resources that are becomingly increasingly scaltt®ugh often
overlooked, our everydagctivitiessuch as comming to work, showering, and clothes washing can
have significant impact on the environmerithe central problem addressed in this dissertation is
not that humans negatively impact the environmenndeed, some amount of impact is
unavoidable but rather thatwe have insufficient means to monit@nd understand this impact
andto help change our behavidf we so desire. This dissertation focuses on creatienqy types of
sensors to monitor and infer everyday human actisitgh as driving to work or taking haser and
taking this sensed information arféeding it backo the userin novel, engaging, and informative
wayswith the goal of increasing awareness and promoting environmentally responsible behavior
We refer to these sensing and feedback systemeaadeedback technologyOur research takes
advantage of a number of technology trends including the increasingly low cost of fast computation,
advances in machine learning, and the prevalence and affordability of new types of display mediums

(e.g.,mobile hones) to design systems never before possible.

This dissertation provides a theoretical perspective with which to guide the design of new eco
feedback systems as well apecificformative and technical contributions for edeedback in the

domains of pesonal transportation and water usageey contributions include the invention of new






low-cost sensing systems for monitoring and inferring transit routines and disaggregated water
usage in the home along with edeedback visualizations that take advantage of this
unprecedented dataThe approaches, empirical findings and a design space fefleedback should

be of interest to researchers working on efedback in HCI, Ubicomp and environmental
psychology, as well as to practitioseand designers tasked with constructing new types of eco
feedback systems and/or utility bills. More broadly, this dissertation also has implications for the
construction of sensing and feedback technology in general, including domains such as persuasive

technology, personal informatics, and health behavior change.
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Chapter 1
Introduction
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and commercial consumption account for a large portion of tisis, individual behavior also plays a
significant role. Home energy use and personal traeehprise28% of US energy consumption and

41% of US CO2 emissions (Shui and Dowlatabadi, 2005). The residential sector alone accounts for
21% of US energy consungot. Individual behavior also plays a significant role in water usage:
residential water use accounts for 80% of public water supply systemusd 22% of total use in the

US (Vickers, 2001Kennyet al, 200). According to US government estimates, 36tss will face

serious water shortages within the next decadieegius, 200

So, although often overlooked, our everyday consumption behaviors such as commuting to work,
showering, and clothes washing can have a significant impact on the environmenteftral
problem addressed in this dissertation is not that humans negatively impact the environment
indeed, some amount of impact is unavoidableut rather that we have insufficient means to
monitor and understand this impactand to change if we so desireMy dissertation research
focuses specifically on creatimgw types of sensors to monitor and infer everyday human activity
such as driving to work or taking a shower and then taking this sensed informatiofeaaidg it
backto the userin novel, engaging, and informative waygh the goal of increasing awareness and

promoting environmentally responsible behavior

! This figure excludes water use from the thermoelectric industry because most of thisarsedasumptivésee USGS,
2005). Thermoelectric power plants, which are typically coal, gas, or nuclearaesd lrely on water to condense steam.
This process withdraws large volumes of water but returns nearly all of it back souteewith little consumptiveuse
(albeit with some environmental consequenees, thermal pollution). We return to this distition in the Water section of
the Related Work chapter (Chapter 2).



To date, the primary methods applied to reducing consumption have largely been technological and
economic (Armel, 2008)Forexample, the production of hybrid vehicles has been emphasized as a
major solution to C@reduction and oil dependence. However, there is growing evidence that a
humancentered, behavioralapproach should also be pursued to educate, inform, and motivate
environmentally sustainable human behaviors. Indeed, it has been consistently found that energy
use can differ bytwo to three times in identical homes, occupied by people with similar
demographics (Socolow, 1978; Winettal, 1979). For example, in a syl evaluating the energy
consumption of 10 identical Habitat for Humanity-alictric homes outfittedwith the same
appliances and equipment, homes exhibited a large range in energy consumption, with the most
energy intensive home consumirg6 timesmore energy than the least (Socolow, 1978). Similarly,
with a change in occupancy, the energy usage by the new occupants could not be predicted based
on the usage of the former occupants (Sonderegger, 1978). Such findings reveal how differences in
human behawr can significantly affect resource consumption and suggest that intervention
strategies to promote sustainable behaviors could result in significant reductions of energy and

water usagdand perhaps in other environmentally relevant areas as well)

A keyproblem is that most people are unaware of how their daily activities affect the environment
and have few resources to find out. For example, a majority of people have no means of judging
their resource consumption other than monthly (or-rhbnthly) electicity, water and gas bills
which, even then, only provide aggregate details on consumption and nothing related to
environmental impact. Kempton and Layne (1994) draw the analogy that this would be like shopping
at a grocery store where the goods are noanked with individual prices and the only feedback
received about purchasing is through a monthly bill that provides one aggregate, totaleagst (

G, 2dz 42%yi627P2 2 R dzy A G &eeRigyre1!1d.JXeK, this is precisely the level of
feedback that we receivabout consumptionactivitiesin the home, which makes it difficult to
economize and judge the relative merits of individual conservation practigesnfs, 1990)New
emerging sensing and feedback systems, such as the ones reported in this dissertation, promise to

transform how residents think about and understand consumption in the home.

For transportation, the availability of feedback is even mgrarse and varied. Although odometers,
fuel gauges, and even number of trips to the gas station provide us with some indication of our

driving behavior and routines, there are no forms of feedback that integrate all of our transit
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SAVE MORE AT SAFEWAY
Month: April 2006

Total Food Units: 1527

d:h"__-, -
Figure 1.1: (a) Imagine if prices were not marked on goods at the grocery store and instead of paying and
receiving an itemized bill at checkout, you had to wait until the end of the month where you simply receiveddl
with total aggregate cost. This is theanalogy drawn by Kempton and Layne (1994) to depict the amounbf
information available currently for many of the other resources we consume in our lives. (b) Water, gas, and
electrical meters are not meant to beead and understood by the consumer but rather by trained utility personnel
for bill tracking purposes. Most people receive feedback through their monthly or bmonthly bill, which only
provides one number temporally disconnected from the consumption itdemaking it difficult to assess what
activities comprise the most significant usage.
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walking, bicycling, bus riding and moréto a single display. Perhaps partly as a consequence, few
of us think about or understand opportunities for greener transit wilegy exist even if they are
availablealong our typical driving pathsAn integrated display that senses and feeds back all
manifestations of human movement could reveal cost savings for different modes of transit, suggest
ecofriendly alternatives whenhey exist, and, at the very least, provide a breakdown of the
different amounts in which we walk, bike, drive or engage in other forms of transit to better
understand our personal impact on the environment. Even ifwagee interested in this information
currently, it would be very difficult to derivand take careful diligence and efforThere is an

opportunity here for sensing and feedback systems.

Although historically a variety of methods have been used to promote proenvironmental behaviors
ranging fom informational media campaignt® monetary incentivegsee Katzev and Johnson,
1987), feedback has been shown to be one of the most effective strategies in overcoming the
disconnect between activity and environmental impé&eeller, 1982)For exampleover 30 years of
investigations into the effect of feedback on electricity consumption reveals typical reductions
between 5 and 20% depending on the frequency, duration, specificity, and type of feediesck (
Chapters 3 and }4 These are significant redtions. For example, a 15% reduction in electricity
across US households represents nearly 200 billion kWh of electricity par ggaivalent to the

power output of 16 nuclear power plants for a ye8milarly, a 15% reduction in water usage across



US households would save an estimated 2.7 billion gafienslayand more than $2 billion per year

(American Water Works Associati@)01).

While a majority of research into the effects of feedback on environmentally relevant behavior has
focused on energy consumption, our goal was to investigate if and howeedbackcould be
applied to other areas such as transportation and water usagedtition, we were particularly
interested in exploring the link betweesensingsystems andeedbackvisualizations. How can we
sense human activity at a more granular level than has traditionally been poasitbldhen use this

data to create novel formof engaging and actionable feedback? What form should this feedback
taket how should it be designed? The goal here is not to replicate existing sensing or metering
technologies and say, simply focus on making thisnformation more accessible but rather to
explore new levels of feedback never before possible, enabledfubgamentally new types of

sensing systems.

What impact can sensing &
feedback have on behavior?

N
< feedback

AN

[ What behaviors should we How / Where / When should J

sense and how? the sensed data be presented?

Figure 1.2: The sensing and feedback loop for human behavior including core underlying researajuestions.A
sensing systensenses human behaviowhich is input into the feedback systerand visualizedin order to engage,
inform and potentially change behaviorChanges in behavior (or the lack thereof) are then sensed by the
underlying sensing systenand the loop continues.

1.1 SENSING ANDFEEDBACK

Human behavior is complexso much so that it is a fundamental topic of inquiry in such diverse
fields of research as philosophy, economics, sociology, psychology and, my own discipline, human
computer interacion (to name a few). As computing shifts off the desktop and integrates itself into
the various forms of human lif@NVeiser,1991), there is an increasing role for computing to not be
just a productivity tool but to actually fundamentally improve livdsy making us more fit, more

informed, and more aware of ourselves and the world around3ensing and feedback systems for



physical activity to improve personal health, for example, have received a tremendous amount of
attention in the last decadée.g., As®©gba and Donath 200Bravataet al. 2007, Consolvo, 2004
Consolvo2008 Intille 2004 Maitland et al. 2006 TudorLockeet al.2004).

1.1.1 Potential of Sensing and Feedback

Sensing and feedback has the potential to be an external, objective eye on ouindrehaway of
acquiring insights into ourselves that were previously not posgfilgurel1.2). When highlighting

the potential of sensing and feedback systelinseften use the analogy ad mirror. Imagine living
during the invention of themirrort for the first time in history, outside of our shadows or
reflections in water, we could see ourselves as othefs Haink of howthis must have changed self
perception and selfdentity. But even the mirror plays tricks ontuthough most of us rely on this

old form of technology daily, its effect becomes limited with time. We look in the mirror and often
focus on whatwe want to see We present ourselves in the best ligiat ourselves we prepare
before looking in the mirror by sucking in our gut or forming a certain desirable expression on our
FILO0Saod Ly GKAa ¢glex 6S R2y Qi Ftglea asSS | NBFf A2
Thus, the mirro analogy stops short of highlighting the full potential of sensing and feedback
systemg not just because it focuses on the external image of who we are but also because we
prepare ourselves for it. A mirror rarely catches us off guard. One can turn teveamtbre modern
technology, the camera, for a potentially more adept analogy. Like the mirror, the camera provides
an external view of ourselves. And although we might pose and prepare for a picture, the
spontaneous and perhaps furtive shots are the orfest tan shock usthat can reveal the gut that

we may haveunconsciously hid from ourselves or that a style of clothes or haircut were not so
befitting after all. This is only but a small window into the potential of sensing and feedback systems

of the future.

Of course, unlike a mirror or a camera, these systems are not focusethahwe look likebut
rather on how we behaveln this way, sensing and feedback isnaror for behavior a way of
reflecting on and understanding ourselves from a differentspective.In the future, hese systems

will not only provide objective measures and timelines of behavior but the more sophisticat=d

2 Human kind has long been interested in viewing its own image. The earliest crafted mirrors were pieces of polished stone

or obsidian followed later by copper and bronze. Archeologate found mirrors dating back to 6,000 BC though they did

not come into widespread production until thé" X@ntury (where they remained a costly luxury until th& ¢&ntury).

Throughout history, mirrors have inspired tales of myths and magic, stichylsyehological inquiry and analysis, and even

provoked new tests of intelligendé he abil ity to recognize onebds own reflec
intelligence. For more background on mirrors, see MeleBamnet and Jewett, 2001.



will actively learn and adapt models to most effectively motivate and coach us to become

healthier/fitter/better.

1.1.2 Types of Feedback

So, how does feedback work and why? As far back as 1927, feedback has been shown to be an
important means of modifyingpehavior Thorndike, 192). Feedback provides a basic mechanism
with which to monitor and compare behavior and allows iadividual to better evaluate their
performance. Becker (1978) provides an example of how, during target practice, knowledge about
where each round hits a target helps the shooter improve his or her aimlolisvel feedbackan
provide explicit detailabout how to change or improve specific behavior. In addition, feedback
about how many targets have been hit after 10 rounds allows the shooter to determine whether his
or her personal goals have been met. Shajhlevel feedbackcan help improve perforance by
motivating a person to try harder or persist longer at a task (Kluger and DeNisi, 1996; Locke and
Latham, 2002. Feedback appears to work because it has both informational and motivational
properties: it can provide a basis for assessment aribm@nd enable progress towards a goal

(Aitkenet al,, 1994). As a result, feedback can be an effective means to alter human behavior.
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(EPA fuel economy estimate. Our sources of feedback are an odometer and a fuel gauge, which

provide us with information on miles traveled and fuel amount; however, these two sources of

information must be carlly tracked by hand and combined to calculate gas mileage. Thus,

although the fuel mileage information is latent within the two information sources provided, it is not

visualized in an eadp-use manner. Newer cars, however, provide this informatiomeiaktime

right in the dashboard making it much easier to see if our gas mileage is better or worse than

government estimates.

The Toyota Prius hybrid goes even furthéis dashboard shows not just the average fuel mileage
but the currentin-the-moment fud mileage as well aikiel mileage inthe last 30 minutes (in five
minute intervals through a scrolling bar graph). This simple addition in information has allowed
drivers to drive more efficiently, some reaching average fuel economies far beyond the EPA

edimates €.9., Woodyard, 2008 see also Chapter)2With the emergence of cheap radamther



forms of feedback on driving have emergedhe last decade or savhich are not even located in
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available in the vehicle: namely, your current speed; however, studies have shown that they reduce

driver speed by an average of-16% (Goet2011)°. Some cities have taken these signs and added

a persuasive component forther encourage speed reductions.§.,Figurel.3d). | introduce these

examples to make a key poitihat we explore in this dissertatiorthere is a difference between

information and the way that information is presente@dnd these differences can greatly impact
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Figure 1.3: Different ways of presenting feedback about driving behavior: (a) the traditional dashboard, (b) the
Toyota Prius dashboard, (c) a vehicle activated sign that displaysensed speeds of oncoming traffic, and (d) a
clever variation on (c) that changes theurrently sensed speed into a persuasive message. Each presentation can
have a different impact on behavior.

1.1.3 Eco-Feedback: Sensing and Feedback for Environmentally Impactful Behaviors

This dissertation focuses on developing new types of sensing and fgdedlpatems for everyday

human behaviorghat impact the environment around usThese sensing and feedback systems,

which we callecofeedback technologysense and providdeedback on individual or group
behaviors with a goal dhcreasing awareness and/oeducingthe negative environmental impact

(adapted fromHolmes 2007McCalley and Midden, 199& cofeedback technology is based on the

working hypothesis that most people lack awareness and understanding about how their everyday
behaviors such as drivg to work or showering affect the environment; technology may bridge this
GSYDANRBYYSy il € f AGSNI O& 3 Lk 08 | dzi2YIFGAOKT &

3 Admittedly, there are actually a number of differences between the dashboard speedometer and the vehicle activated

signd differences, which could very well account for the reduced driver speeds in these areas. But this does not undermine

my point, only enhances. iFirst, the signs themselves always show the speed limit along with the currently senséd speed

this allows the driver to easily compare his/her own speed to the limit and adapt as necessary. As we Gisapts i,

comparisoncan bevery effectiveasa complemento straight feedback. Second, the signs themselves often provoke a
feeling of surdeinmnyganas bDheyiwaoegpl aced by 1| ocal |l aw enf o
induce a feeling of fear further encouraging a reductioepieed. Finally, unlike your dcar dashboard, the sensed speed

displayed on the sign igublically visible Consequently, there armrmativeor social pressures to conform to the legal

speed.



information back through computerized means.d., mobile phones, ambient displays, or o

visualizations).

With the advent of lowcost sensing technologies, fast computation, and advances in machine

learning, we now have the potential to provide new types of feedback, waiehpersonalized,

interactive, increasingly motivatingand, perh@s most importantly, tied to specific activities.g.,

driving to work, taking a shower, watching TWloreover, the next generation of resource
YSIadaNBYSyd aeaidsSvya o02FGSy NBEFSNNBRtmé @rneai aaYl NI
reattime) dataon electricity, gas, and water usage in homes and businesses. This will produce
tremendous amounts of data that can be analyzed and fed back to the user, creating even more

opportunities for ecefeedback technology research.

In addition, advances and ireased accessibility tnew display mediumoffers a wide range of
ways to feedback consumption informatior.g., mobile phones, internet, home automation
centers). Such advancesboth sensingand feedbackprovide a rich space of opportunities for new
types of ecefeedback that could not be considered in the pasttmanComputer Interaction (HCI)
and Ubiquitous Computing (Ubicompysearchers are well positioned to apply their expertise in

sensing and interface design to create a new generati@cofeedback technology

Indeed, thus farHCI andJbicompresearcherdiavebuilt ecofeedbacktechnologies fola variety of
domains including energy consumptig@ustafsson and Gyllenéwd, 2005; Petersen, 2009; Yun,
2009, water usageArroyo et al,, 2005; Kuznetsoand Paulos, 20)0air quality(Kim, 2009; Kim,
2010; Kuznetsov, 20)tonsumer retail purchasgdomlinson,2008) and waste disposal practices
(Holstius, 2004; Paulos adé&nkins, 208); seeFigurel.4. In this dissertation we focus specifically

on the link betweersensingand feedback the ways in which they interac@nd how this enables

Usage This Month
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Figure 1.4: Examples of ecefeedback technology from the HCI and Ubicomp research communities for (a) retail
purchases (Tomlinson, 2008), (b) energy usageetersen, 2009), (c) waste disposal (Holstius, 2004), and (d) wat
usage (Kuznetsov, 2011).



new types of ecdeedback particularly for personal transportation and residential water usage. In
addition, as ecdeedback is still an emerging area of research, particularly in HQUlaisdmp we

explore design guidelines to eatde construction of these systems and provide a theoretical basis.

1.2 RESEARCHAPPROACH
We have followed aiiterative design approach, beginning with formative studies of both personal

transportation and household water usage that then informed the desigh development of our
sensing and feedback technology. For sensing, our evaluations began in the lab with controlled
experiments followed by controlled experiments in the field and finally real world deployments. For
the feedback interfaces, our evaluatiorange from large scale online survey studies to smaller scale
ethnographically inspired interviews to actual field deployments. Of the high level research
guestions presented in the edeedback diagram ifigurel.2, thisdissertationfocuses primarily on
designing and evaluating sensing and feedback with a smaller emphasis on how this changes
behavior. As noted i€hapter 3pour goal here and that we argue of any HObicompresearcher
involved in eceeedback researahis to provide a strong foundation with which companies and/or
environmental psychologists can take our ideas/findings and evaluate them in -Eugley,
randomized control trialsThis can, of course,ebaccomplished through collaboration as well;

however, sich experiments were beyal the scope of thisesearch

The results in this dissertation should benefit researchers working in the area dtedtioack
including researchers from HOBicomp environnental and social psychology, as well as water
resource management scientists and field worke@aur findings fromChapters 6 and %ave
implications not just for the design of computerized deedback but also for oldermore

traditional forms of ecefeedback such as bills and online websites.

1.3 THESIS GOALS ANBCONTRIBUTIONS
At a high level, the goal of thissertationhas been to design, develop, and evaluate sensing and

feedback technologies to promote proenvironmental behaland decision making. Oapproach
was fourfold: (1) to draw upon behavioral science, environmental psychology, information

visualization and past Sustainable HCI research to create a series of guidelines and dimensions to

“ It is not always clear what exact | y, constitutes fAproenvironment al behav
defineenvironmental behavicas any behavior that changes the availability of materials or energy from the environment or

alter the structure and dynamics of ectsys or the biosphere apdoenvironmental behaviaas behavior that harms the

environment as little as possible. In this thesis, we use environmental behavior and proenvironmental behavior
interchangeably to fit the latter definitioessentiallybehavio that reduces harm to the environment.
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help both the design and evaluation of ecofeedback systems; (2) to study environmentally
impactful human behaviors around transit and water usage to uncover insights into how eco
feedback may play a role; (3) to create and evaluate new types of sensing systems to enable eco
feedback systems that were preusly not possible; (4) and to design, develop and evaluate novel
ecofeedback interfaces and systems themselves. Below, we trace out the underlying research
guestions within each of these areas and the approach we took to address these questions. Note
that although we examine and study both transportation and water usage, the primary emphasis in

this dissertation is on water (which is the main focus in four of the eight content chapters).

1.3.1 Defining the Role of HCI in Eco -Feedback Research

The first goal ofhis dissertation is to examine the role of HCI in the design and evaluation of eco
feedback technology. While themphasisof ecofeedback technology is to provide feedback on
individual or group behaviors teeduce environmental impacfew HCI ecdeedback studies have
even attempted to measure behavior changedAalthough ecdeedback is often seen as an
extension of persuasive technolog§Fogg, 200), particularly amongst the H@lbicompresearch
community, ecefeedback actually extends back more th40 yearsn fields such as environmental
psychology and applied social psycholoyis gives rise to two interrelated questions: (1) What can
HCI learn from environmental psychologyd related disciplinesand (2) what should be the role of

the HCI comnunity in contributing to ecdeedback research?

In Chapter 3we reflect on the current state of eel@edback technology through a comparative
survey of 44 papers studying efeedback technology in the HObicompliterature and 12 papers
within the envronmental psychology literaturéNe show that although HQJbicompresearchers

tend not to evaluate ecdeedback systems in longitudinal behavioral intervention trials common in
environmental psychology, there is a strong role for HB8i¢comp research Ervironmental
psychologists have not traditionally been concerned with the design and advancement of the
intervention artifact that they are testing, rather its effect on behavior. In contrast, Bisitbmp
researchers in ecteedback research have focused oew sensing methods, novel information
visualization strategies, and new types of interfaces and interactions. These are core areas of

HClUbicompexpertise. We argue that given the shared pursuits of the two fields, a key outcome

5 The distinction between what qualifies ageasuasive technologiersus arecofeedback technology not always clear. |

tend to use the word fipersuasiveo wi t keceonaotagonshwihcfeelingsef i n ¢ o mmo
Aimani pul ati ond and A c o e r-feadlmack.h@s a persuasive leldmera o thet & hapdisatial toa | | eco
persuadebut there are clearly some efaedback designs where the méigal point is tonform rather thanpersuade We

return to this discussion and the rolérdbrmationversuspersuasiorin Chapter 4.
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should be that the two $ciplines work more closely together to design and evaluatefeedback

systems and interfaces

1.3.2 Transportation and Residential Water Usage Attitudes, Behaviors, and Routines

Before designing ecfeedback systems for a particular environmental domainmuest understand

the decisions, constraints, attitudes and behaviors within the domain itself. example, what
reasons do people have for preferring car driving over bus transit? And, how much water do people
think an average shower use§he second goabdf this thesis then, was to quantitatively and
gualitatively assess attitudes, perceptions, behaviors and routines around transportation and water
usage Although past work has explored some of théssiege.g.,Chettyet al,, 2008; Woodruffet

al.,, 2008 Strengerset al,, 2008, our focus here was particularly on uncovering opportunities for
ecofeedback. In addition, many of the past formative investigations in HCI have been conducted
around energy usage(g.,Chettyet al., 2007), with much lesgtantion towardstransportation and

water.

1.3.2.1 Transit

For transit, we performedwo formative studies to examine motives, attitudes and behaviors
around driving and alternative trangiChapters). These studies included: (1) an online survey of 63
respondents to explore how people make transportation decisions, their willingness to engage in
green travel, and their reactions to our application design concepts; (2) averk experience
sampling (ESM) study with seven participants that explorethéamoment reasoning about

transportation choices

hdzZNJ NBadzZ 6a aK2g¢g GKFG | ydzyYoSNI 2F FIF OG2NR dzy RS
time, flexibility and cost. Interestingly, only a small subset of our respondents (19%) considered the
environmental impact of transit as one of their top three priorities when making transit decisions;
however, far more were interested in trying to travel in more dgendly ways. Additional

motivations cited included opportunities for exercise, relaxatiorg #re ability to accomplish other

tasks. These findings can be incorporated in trabaged ecedeedback, as we do i@hapters.

1.3.2.2 Water
To inform the design of water usage feedback, we conducted an online survey of 656 respondents
(Chapter6). The surveexplored questions such as: How well do people understand water usage

amounts of common everyday activities like showering and toilet usage? What factors influence
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water consumption? How do people think about water as a resource? What are their primary

motivators for conservation?

We found ample evidence to support the need for different sorts of water feedback than is currently
available in most homes. A rather large number of our respondents (33%) received no monitoring or
feedback about their consumptiowhatsoever. Our findings also suggest that most people have an
inaccurate conception of what fixtures and appliances typically the most wé&ier.example,
approximately a quarter of respondents ranked dishwasher and bath among the top three water
consuners in the homgdishwashers tend to be the least water consuming fixture/appliance in the
home). We also found that ouespondents tended to grossiynderestimatethe amount of water

use various common activities consumggch asshowering and lawn watérg. Combined, these
findings point to the potential of water eefeedback systems for increasing consumption

knowledge and water literacy.

1.3.3 Building and Evaluating Sensing Systems for Transportation and Water Usage

The third goal of this dissertation was treate highly granular sensing technologies for transit and
water usage behaviors to enable new types of -fmedback applications. These systems target
sensing opportunities identified in the aforementioned formative studis. example, how could

we huild a sensing system that is capable of informing residents about how much water they use at

each fixture and appliance in their home?

1.3.3.1 Transit

To build ecefeedback systems for personal transportation, wantedto be able to sense a range

of transit modes from bicycling and walking to taking the bus and driving a car. Although previous
research has examined using wearable sen¢Gfwudhury et al, 2008, cell tower infrastructure
(Sohnet al, 2006), or selfreport (Froehlichet al., 200§ to track human transit patterns, our
research is the first to combine these three methods into a single working sySieisenabled a

new type of transit feedback system: UbiGreen (coverea snbsequensubsectionbelow on novel

ecofeedback interfaces).

1.3.3.2 Water
Our formative water survey showed a profound lack of knowledge and understanding about the
consumption of common water usage activities in the home. Current sthtke-art water

monitoring systems only provide wateisage data at aggregate levetsd., smart meters).These
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water sensors allow the water supplier to sample consumption information down tmihbte

intervals but the focus is still on bill tracking and not on feeding this information back to the
consume. In addition, these solutions only focus on aggregate usage amowms number for the

whole homa making it difficult to ascertain exactiwhere and for what activity water use is

occurring. Finally, as these monitoring solutions are utility driven, thexyuire professional
AyaualrttlraArzy yR GKS RIFEGF Aa y2i a26ySRéE o068 GUKS

To address these shortcoming, we developed HydroSense, -imealvater usage sensing system

that could be installed by the homeownerim or herself and providesdisaggregaté water
consumption information down to individual fixture®.g., the upstairs bathroom toilet or the

downstairs bathroom faucet). HydroSense represents a significant advance over prior research in
several regards: (1)ydroSense can beasily installed & Fye& | 00SaaAroftsS 20 (A
existing water infrastructure without the need for a plumber (which greatly impacts the overall cost

of the device); (2) HydroSense ugwessure changeto both identify theindividual fixture(or

fixtures) in which water is being used as weltagrovide flow estimates (3) and, given sufficient

calibration, HydroSense can discriminate between hot and cold water usage.

TovalidateHydroSense, we performdao evaluations(1) a controlled experimental evaluation in
10 homes of staged water usage events §2rh longitudinal fiveweek evaluation in five homes of
realworld water usage. In the controlled experimerur algorithms successfully identified
individual fixtureswith 97.%6 aggregate accuracy. We alsbow that an appropriately located and
calibrated system can estimate water usage with error ra@sparable toempirical studies of
traditional utility-supplied water metersin the second evaluation, we extezdiand adaped our
initial inference algorithm to shift from being a strict template@atching approach to one that is
based on a Bayesian modéhspired by algorithms in speech recognition, our noBalesian
approach incorporates template matching,languagemodel, grammar, and prior probabilities.
Here, we show that with a single pressure sensor, our probabilistic algorithm can classify
segmented realorld water usage at the fixture level with 90% accuracy and at the fixbategory

level with 96% accacy. With two pressure sensors, these accuracies increase to 94% and 98%

5 Aggregateand disaggregateare the two commonly used terms in the resource sensing and utility communities to
distinguish betweenoverall corsumption measurementéaggregate) andper-fixture/perappliance measurements
(disaggregate). In the case of water, HydroSense tracks consumption at the disaggregateskevielg that it senses water
use at individual fixtures and appliances (and it d@efram a single sensing point). Although beyond the scope of this
dissertation, energy disaggregation sensing is a very hot topiesefrch at the moment. Please see our paper
Disaggregated EndUse Energy Sensing for the Smart God more information Eroehlichet al, 2011).
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respectively Our evaluations demonstrate the effectiveness of our algorithms but also highlight the

importance of conducting reatorld field trials of sensing technology.

1.3.4 Design, Develop, and Evaluate Novel Eco-Feedback Interfaces

Based on the sensing systems described above, our fourth and final goal was to create new types of
ecofeedback systems and interfaces around this data to inform and motivate proenvironmental
behavias. Our high level objective was to rethink the ways in which we could feed back behavioral
data to the user based on these new types of sensing systems. To accomplish this goal, we propose
a design space for edeedback technology, as well as design avdluate ecefeedback displays

for transportation and for water.

1.3.4.1 An Eco-feedback Design Space

We provide an ecéeedback design space to allow designers and practitioners to approach the eco
feedback design process with a tangible structure that expossamgstions underlying various eco
feedback techniques and provides a means to reliably compare the strengths and weaknesses of
different approaches. By reviewing current feedback desigres,isolate and identifyeight eco
feedback dimensionswith which to build and analyze edeedback systems. These design
dimensiongand subdimensions)nclude, for example, the spatial proximity between feedback and
behavior, how the data is grouped or clustered in the display, and the comparison mechanism
used. The design space is useful both as a lens to analyze and understand the effectiveness (and
ineffectiveness) of existing edeedback technology as well as a foundation to help build and

evaluate new systems.

1.3.4.2 Transit

Because transportation is inhemtly a mobile activity, mobile devices are well suited to sense and
provide feedback about these activities. We designed, developed, and evaluated a mobile phone
application, called UbiGreen, that semitomatically senses and feeds back information about
transportation behaviors by changing the wallpapg®ackground display2 y (1 KS dza SN a
device.We created two feedback designs in particulatrese desigrthat growsleaves, flowers, and

fruit and anarctic ecesystemthat usesan ice floe and anials to represent green transit uséhe

goal here was not to explore the impact that UbiGreen hadtransit behaviors particularly a

three week field study with no baseline data is insufficient forttHisit rather to explore how

glanceable, abstract,nal ambient visualizationsould be used and the reactions it provokate

Y2 C
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evaluated UbiGreen through a threeeek, 12 person field study across two American cities: Seattle,
WA andPittsburgh, R. Ourfindings include recommendations about the use of icors. numeric
representations of informationthe usefulness of wallpaper as a glanceable medium, the use of
narrative to build anticipation and curiosity, and suggestions for future trdvesed ecdeedback
systems.As this was our first eefeedback iterface evaluation, we also used these findings to
inform and iterate upon our ecteedback design space. It also influenced our water feedback

designs.

1.3.4.3 Water

Although much past work has explored visualizing home resource consumption, far fewer, if any,
have explored interfaces twisualizedisaggregeed consumption dataThe goal here was to explore
possible ecdeedback interfaces for the disaggregated water usage data provided by HydroSense.
Questions included:igen a rich set of data, what is the masftective way to present it back to the
user and with what time and data granularity? In addition, given that thesefemdback systems

are meant for the homehow canthese visualizationsincorporate and respond tdousehold

dynamics and social contexich as privacy oranpetition among family members?

Our approach was to create and evaluate a series offeedback displays for household water
consumption that were explicitly designed to explore the above questions. Some of these displays,
called design probes, were intentionally created to explore {zoin the design space that may not
even be possible with current technology, such as a display that prop@esccupantconsumption
datain the household We evaluated the displays through both an online survey of 651 respondents
andin-homeinterviewswith 10 householdsThe fndings show that simple feedback is good, privacy

is a concern but it dependspon how the information is presented.ofhe issues were polarizing,
such as the competition within the household or individual accountability, and Soteefaces
induced notions of guilt. Because this is one of the first studies of its kind, the findings should be
valuable not only tdhe design ofvater ecofeedback displays but al$n the design obther forms

of disaggregated feedback.

1.4 SUMMARY OFCONTRIBUTIONS
The contributions of this dissertation can be organized around three-lkigi areasfoundational

contributions, sensingcontributions, andfeedbackcontributions. Although these areas are not
perfectly independent from one anotherindeed,feedback systems are fundamentally dependent

on the type and resolution of data from sensors in enabling or constraining the presentation of
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informatiort these divisions are useful for clearly articulating the primary contributions of this

dissertation resarch

1.4.1 Foundational Contributions
The foundational contributions involve motivating the need and potential for sensing and feedback
systems for environmentally relevant behaviors and in identifying the role ofu#CBdmpwithin

this area of research:

1. Assesing the role oHCIin the design and evaluation of eéeedback systems

2. Formative studies of personal transportation attitudes, behaviors and routines to inform the
design of ecdeedback systems for transit.

3. Formative studies of residential water usaaftitudes, behaviors and routines to inform the

design of ecdeedback systems for water.

1.4.2 Sensing Contributions

The sensing contributions involve the design, development and evaluation of novel sensing methods
to track environmentally impactful behaviofer personal transportation habits andater usage

The primary sensing contributiona this dissertation are for water. Sensitrgnsit activitiesare a

secondary contribution

4. A method for tracking transit behaviors using automated sensing andegift.
5. Design and evaluation of sensorfor automatically determinindixture-level water usage
eventsfrom a single, lowcost sensor. This contribution is thréad:
a. A method for identifying and classifying water use through a pressure sensor
installed inan arbitrary location on the home plumbing system
b. Amethod for calculating redime flow estimates for disaggregated events

c. Amethod for disaggregating overlapping or compound water events

1.4.3 Feedback Contributions
The feedback contributions involve thegign and evaluation of novel eéeedback interfaces for

water usage and personal transportation as enabled by the new sensing systems outlined above.

6. An ecofeedback design space to guide the development and evaluation ofeectback

systems.
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7. The design development andevaluation of UbiGreen, an edeedback application to
promote green transportation habits.

8. The design and evaluation of water usage feedback displays, studying specific dimensions of
feedback €.g.,level of data granularity) as well ascialand householdontext €.g.,issues

of privacy).

1.44 Summary

In summary, this dissertation contributes new knowledge around the construction and evaluation of
ecofeedback systems. It provides both a theoretical and formative perspective with whiphide

the design of new ecfeedback systems as well as new methods and applicatiorgarticular for
ecofeedback in the domains of personal transportation and water usddgee key technical
contributions are the invention of new lowost sensing systes for monitoring and inferring transit
routines and disaggregated water usage in the home along withfemdback systems that take
advantage of this unprecedented data. This dissertation should be of interest to those working in
Sustainable HCI and eteedback technology including researchers in HCI, Ubicomp and
environmental psychologgs well agpractitioners and designers tasked with constructing new types
of ecofeedback systems and/or utility bills. More broadly, this dissertation has implicatiwribéd
construction of sensing and feedback technology in the domains of persuasive technology, personal

informatics, and health behavior changed.,mobile health)

1.5 DISSERTATION ORGANIXTION
This dissertation ibroken down into two parts: the first patChapters 2, 3 and €xplores, reflects

on, and describes the design and evaluation of-femalback systemsn general the role of
HCI/Ubicomp in this endeavor, and strategies for going forwahe second pafChapters 5, 6, 7, 8,
and 9)describes the design and evaluationafr own ecofeedback systemswhich werecreated,

in part, based on the uraftakings and findings from the preceding chapters.

Part | begins witfChapter 2 by presenting background andyous work related to sensing and
feedback systems for personal transportation and water usage. Chapter 2 also contextualizes and
positions ecefeedback as a research discipline within HCI/Ubicomp and draws links to the field of
information visualization.Chapter 3 offers a survey of the efamedback research across both
environmental psychology and HCI/Ubicomp, which wetasgompare and contrast the design and

evaluation approaches takearcross the two fieldand to identify areas in which HCIl/Ubicomgnc
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make the strongest contribution. Chapter 4 continues this interdisciplioatiook and integrates
findings from environmental psychology and the behavioral sciences to uncover and synthesize
models of proenvironmental behavior and motivation techniqukat could be utilized to more
effectively design ecteedback systems. Chaptercbncludesby integrating these findings (and
those from Chapters 2 and 3) into ano-feedbackdesignspace which serves both as a critical lens

to evaluate existing ecteedback systems as well as a guide to help design new ones.

Chapter 5 offers a transition point to the secomart of the dissertation, which is focused
specifically on personal transportatiand water usage. Chapter 5 presents our first-tsmdback
systen: UbiGreen, a mobile phone application that semtomatically senses and feeds back
information about personal transportation routines to encourage green transit choices. Chapters 6,
7, 8, and 9 are focused on sensing and feedback systems for resideat&al usage. Chapter 6
provides a formative inquiry into common attitudes, beliefs, and knowledge about water usage in
the home with the goal of informinthe design ofvater sensing andeedback systems. Chapters 7
and 8 presentthe design and evaluatioof HydroSensea water sensing system that provides
unprecedented levels of sensing granularity (down to the individual fixture) from a single installation
point. Inspired by HydroSense and informed by our formative work in Chapter 6 as well as the eco
feedback design work in Chapters 3 and 4, Chapter 9 presents two sets of noviekdback
displays for water as well as a survey and interMimsed evaluations. Finally, Chapter 10 concludes
the dissertation by highlighting limitations in the precedingyters and open areas for future work.
Following this chapter, several appendices provide the study materials used in our studies including

survey questions, interview scripts, and findings from our pilot studies.

Most of the work presented in this dissertation has been previously published. Chapters 3 and 4 are
based on our ACM CHI2010 paper (Froehdiclal., 2010) and on our HCIC2009 workshop paper
(Froehlich, 2009). Chapter 5 is based on our ACM CHI2009 papehlighet al., 2009). Chapter 7

is based on bottour UbiComp2009 paper (Froehlieh al, 200%) and our Personal and Mobile
Computing journal paper (Larsagt al, 2010). Chapter 8 is based on our Pervasive2011 paper
(Froehlichet al,, 2011). Large p&s of Chapter 9 are currently in submission.
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Chapter 2
Background and Related Work

Ecofeedback researclspans multiple fields including environmental psychology, HCI/Ubicomp,
economics and the behavioral sciences. Although only recently a target of inqutingn w
HCI/Ubicomp, ecéeedback research has a long history, extending back to the 1970s in other
disciplinesThis chapter and the next two attempt to synthesthés related literature, articulate the

role of HCI/Ubicomp within ecfeedback researcfChater 3), and integrate particularly promising

findings into an ecdeedback design spa¢€hapter 4)

In this chapter, we begin by situating efaedback research within HCI/Ubicomp (Section 2.1) and
drawing alink to the field of nformationvisualizatio (Section 2.2). We then review related work on
the two environmental domains addressed in this dissertation: personal transportation and water
usage. Sectior2.3 provides work related to transportation sensing and feedback systems while
Section2.4 focuses onsensing and feedback systems for residential water usage. As noted in
Chapter 1, a large portion of this dissertation is devoted to water (Chapters 6 through 9).
Consequently, SectioR.4 begins with a broad review and background of water supply and usage
including an argument for why residential water usage deserves attention and different

strategies/approaches used by water utilities to control demand.

2.1 SUSTAINABLEHCI
The goals of this section are to help define and illuminate a still emerging area of research within

HumanComputer hteraction (HCI)of which this dissertation is a pa®@l t t SR & { dd&éi | Ay I ©
Broadly speaking, Sustainable H@olvesapplying HCI methods, perspectives, and techniques to

issues of environmental health and sustainabilg. a still emerging area, there is debate about
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what constitutes Sustainable HCI and the research therein. To help contextualize and scope the
research presnted in this dissertation, | begin with a brief historical look at Sustainable HCI and

summarize the state of the field.

Moa Gt F GUNROGdzI S (deBi ISAYWS NEEXSS/ OIS/ L2EEINSSE SH ND @0 RS {9 A2 T
landmark CHI 2007 paperSustainabldnteraction Design: Invention, Disposal, Renewal & Waste

Although other papers hadgreviously considered the role of technology and environmental

sustainability ¢.g.,Jainand Wuller; 20®; Arroyo et al., 200; Friedmanet al, 2009 . f SGA A Q 62 NJ
served as a catalyst to organize and formulptaticular research agendasound environmental

topics InBleviQ & LJ- adfudkKEhasuSainabilityisinherent toHCland claimghat it should be a

central focus of interaction design

The focudof this paper]is primarily on environmental sustainability and the link between
interactive technologies and the use of resources, both from the point of view of how
interactive technologies can be used to promote more sustainable behaviorswaitd
more emphasis herefrom the pointof view of how sustainability can be applied as a critical
lens to the design of interactive systems themselves.

. S @apedconsiderssustainability as core to interaction desigh Y RSSR>X KS RSTFAySa RS:
act of choosing among or informinghoices of future ways of beidg O H ENB YD . f SOAAQ
perspective,a designer is centrally placed and perhaps ethically compelled to consider the
environmental consequences of their design decisibasause those decisiorshape behaviar

Although Blevis points to the role of interactive technologies in promoting sustainable behaviors

(which is largely the focus of thiissertation) his primary focuss in discussing how sustainability

can be applied to the design dimteractive systems themselves. For examgie, argues that

designers should addreghe current movement towardsreating technologyfor obsolescence,

whichcreates a cycle of manufacturing and disposal thdtarmful for the environmentrather than

specifically using technology to persuade individuals to act more proenvironmentally.

{ Ay O0S .t S@JA BastaihdbleIBNBasd bécomeronerobthe fasgestving areas of research
in the HCland Ubicompresearchcommunities Thesubfield involvesa variety of environmatally
related topics includinginderstanding home resource use and half@hettyet al, 2008; Chettyet

al., 2009; Pierceet al, 2010; Woodroofet al, 2008), the design and evaluation of new resource
consumption sensing technolodiatelet al, 2007; Guptaet al,, 2010, Cohnet al, 2010; Krumm

Pervasive, 2011gndthe exploration of tooldo inform consumes about the environmental impact
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of their decisiongTomlinson 2008, to name a fewSuch an upsurge in interest refledtsth recent
commensurate societal interest in environmental sustainability as well a movement within the
research communitytself to address higtvalue sociatopics through the lens of HG3.§.,aging in
place applicationsnd healthy living applicatios). Dourish (2010) summarizes this movement in the

introduction to his DIS 2010 paper, which serves as aalritiquiry into 8stainable HCI:

Environmental sustainability has been one of the fastest growing areas of activity in HCI
research in recent yes In part, this reflects the observation that pervasive information
technologies provides a platform for reflection and intervention that may have positive social
benefits. This observation has driven research in the use of information technology to
promote personal health and wellness.g.,Consolveet al., 2008; Liret al,, 2009, aswell,
more broadly, as what some haveN@& SR & LJS NE& dzI aéi Bb8g, 0BGy 2 2 I3A S &
research on sustainability is founded on the premise that global or environnieaish and
wellness might also be a site ®milar technological interventions.
The infancy of theSustainable HCI fields well as its rapid growth has given rise to a number of
paper€ f A1 S 5 2 dzNR atkaQadtem[pt dastépSbRck and 2rigthl Feflect on where the
field is going and where it has alrealigen In the firstSecial Interest Group (SIG meetingon
Sustainable HGIt the ACM Conference on Human Factors in Computing Syskéamkoff et al.
(2007a) uncoveed two emergent categories of sustainability research in: ld@tainabilityin design
(i.e., mitigating the material effects of software/hardware) and sustainabilityough design ie.,
influencing sustainable lifestyles or decision makifidis dissertaon largely focuses on the latter
category: achieving sustainability by creating awareness, infayndecisions, and promoting

proenvironmental behavior.

In a more comprehensive analysistioé Sustainable Hditerature, Goodman (2009¥ound that the

vast majorityof researchiitsdzy RS NJ . f S @ A sushainable tkergchon delighlovdeFer, she
also identifiedtwo other research trajectories(1) re-visioning consumptionyhich uses probes or
critical artinstallations to examine how humans peiee their relationship with the worlde(g.,
Bohlen, 2004; Paulos and Jenkins, 20@iérceand Paulos, 20tKuznetsowt al, 2011); and (2)
citizen sensingwhich attempts to open and democratize science by allowing contributions through
the use of mobile phones, sensors, and other emerging pervasive technolage$faulos and his
Living Environmentsabat Carnegie Mellon University has been one of the more outspoken and

prolific researchers in this area (see Pawdbal., 200& for an overview.
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tFNIAFEE& AYALANBR 0@ eba.2R10) alf@conductediadrevigv@ i) = 5 A { | f
sustaindility researclhA y I G 0 SYLIG G2 aOFGFf23 GKS | LILINRF OKS& |
FYR G2 YIFL 2dzi 0KS RATFTFSNRAY A Ayl SErontadtérdard O2 YYA U
review of 83 Sustainable HCI related papéhe authors identifiedfive emergent nonmutually

exclusve genres which are listed iTable2.1. Of particular relevance here is the fact that DiSadto

al. rescope the definition o$ustainable interaction desigo more accurately reflect the definition

that has emerged in the HCIXor dzy A (1 @ & %ngiBeb 2007pafed HeieQ DiSalvet al. use

adzad Ayl otS AYyGiSNI OGA2y RSaAady (2 YSIy aLJ LISNBR 2N
G2 NBOKAY]l GKS NRfS IyR 2dz2i02YSa 2 fterefleatdtiey dé ¢ KA &
F20dza 2F . fS@OAEAQ 2NAIAYLFE LI LISNI oFlyR (K2aS GKI
G2 20KSNJ adzadl Ayl oAt AGe NBaS linndDdefinitionIpdrsaasi@NRA y | NA €
technology(45% of papersand ambient awarenes25% of papers)rhis distinction is of particular

relevance to this dissertatiohecause it more finely categorizesir own Sustainable HCI research

pursuits whichfall underfour of the five genrespersuasive technology (Chapse8, 4, 5and 9,

ambient awareness (Chaptérand 9, formative user studies (Chaptér 6, and 9, and pervasive

and participatory sensing (Chapter 5, 7 and 8

Approximate
Genre Percentage o Description and Example Papers
Corpus (N=83
Persuasive Persua_sive Fechnology is technology that is designed tq persuade users to behave if
technology 45% way using eitherong persuas{erg.Banget al. 2006) grassive persuaseog.Sustagsnand
Gyllenswgra0055yllenswagt af. 2006).
Ambient awareness systems draw @psrohatlm compufivgised,99)and ambient displ
Ambient (I\/_Ian_kofbt al200) to_mak_g users aware of their behavior or qualities o_f the environm_e
awareness 25% with issues of sustainability. The forms of these systems include: devictfaatsd(physiq
) Gustatenand Gyllenswi2055yllensward006y,isualizatnsg(e.g.Holmes, 2007), instrumg
environment8dnnani, 2004nd intelligent ageAtSahmud, 2007).
Sustainablq Describes papers oriented around usin
interaction 10% role and outcomes of design; these works have often emerged from ldesidgurecsedrai
design frequently philosophically and critically arigiémb(ley, 2003; Blevis, 2007, Ri6fje
Formative Co'nsi sts of st udi' es to under st a_r_1d use
user studie 15% design. Methods include-tmale quantitatstadies (Hanksa/2008)jualitativmterviews
(Huangt a/.2009) and ethnography (@het2008; Woodraffa/. 2008).
Work that involves sensors to monitor and report on environmental conditions with th
Pervasivé& using the data collected to change these conditions. Examples itchadeisysteats
participaton 22% perishability in distribution netlargsa/. 200p systems to monitopaiilution in hom@&m
sensing and Paulos, 2@® citizen science oriented warkother al. 200&Raulogt a/. 2008 Paulos
et a/2008).

Table 2.1: A summary of DiSalvoetald6 s (2010) genre anal ysThewokipresentedinai nabl e HCI
this dissertation encompasses four of thefive genres including persuasive technology, ambient awareness,

formative user studies and pervasive and participatory sensing.

While the definitions and various categorizations of Sustainable HCI research offered by Blevis,

Goodman and DiSalvet al. allow us think about and reflect on past, present, and future research
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agendas involving the environment and HCI, this is an evolving discourse of which my own work has
played a role. ChapteB contributes specifically in terms of thele of HCI in the design and
evaluation of ecdeedback technology.Before describing sensing and feedback work that
specifically relates to the two core areas of this dissertation (transportation and water), the next
subsection discusses how efaedback partially intersects with (and extends from) work in

information visualization.

2.2 RELATING EC&FEEDBACK TO INFORMADN VISUALIZATION
Ecofeedback systems argisualizationsystems. They visualize information about behavior that is

otherwise latent or inacasible.Cardet al.6 Mmpp 0 RSFAYS @GAradzZ t AT EGAZY |
adzLIL2 NI SRE AYGSNI OGAGSsET @Aradzadt NBLINBaSyidalridiiazya
even ecefeedback systems that are text only (such as theAdWatt) are still vigalization systems

though they may not perfectly fit the Caead al. definition.

|l AaG2NROFHftfes @AradzadftAlldAzya KFI@S o6SSy aLXAd A
GAYF2NYIGA2Y @GAadzZ fATFOA2YE 0O AipicforedithesedvotrkaS OF (1 S+
is largely based on whether the application area is scientific orsegantific, whether the data is

physically based or abstract, or whether the spatializdtioithe data is intrinsic or applied (Tory,

2004). Given this defition, ecofeedback systems would fall somewhere in the middle; the
application area is primarily nescientific in that the intended audience are everyday people

without, necessarily, a technical background and yet the data is both physically basedsasaoite

underlying spatial component (making efmedback a candidate for scientific visualization).
Recognizing the emergence of new types of visualizations such deeatliack that do not fall

directly under either preexisting category, Pousmaet al. (2007) defined a new subdomain of

infovis called: Casual Information Visualization (or Casual Infovis).

[ adzZf LYyFT20A&8 Aad RSTAYSR da adKS dzasS 2F 02 YLz
information in visual ways that support everyday usémsboth everyday work and nework

aAdldzl GA2yad al,02007)dzalefd, yhe purpose of infovis shifts beyond expert user
populations and complicated interactive visualizations to everygsgs and user populations. In

particular, Pousmaet al. note four differences between traditional infovis and casual infovis:

7 Spatialization refers to thepatial layout of data. Some data has an inherent spatial dimension such as that from
Geographic Information System (GIS) or thdimensional medical images. Other, more abstract dam, fext
doauments) is not related spatially; however, spatializatog. [graph layouts) can still be used to cluster and organize data.
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9 User Population The user population is enlarged to include a broad spectrum of users from
novices to experts. Users are not necessarily experts in analytic thinking or in reading
visualizations.

1 Usage Patternssage extends past work to encompass all parts of life. The visualizations
can be designed for momentary and repeatable usage (over weeks, months or years) or
contemplative (long, thoughtful interactions).

91 Data TypeThe dat is typically personally important and relevant as opposed to work
related ¢ KA OK YSIya GKIFIG | dzAaASNRAa NBfFOGA2YyaKALl gA

9 Insight: Cardet al. (1999) define infovis as visualizations that intend to amplify cognitiwh a
provide insight. Pousmaet al. (2007) argue that casual infovis systems provide insights that
are different in kind and purpose from traditional systems. These insights include analytic
insight, awareness insight, social insight, and reflective insiggath of these insights are
possible with ecdeedback systems.

Casual Infovis is useful to the design of Emedback because it, first, links efeedback to the
discipline of information visualization and, as such, provides a useful vocabulary araichese
history with which to draw upon and, second, because it helps provide a design framework with
which to approach the ecteedback design processWe examine the ecfeedback design and
evaluation process in more detail in Chapters 3 and 4, both afwdiiso refer to work conducted in

information visualization.

We now turn towards examining related work specific to the areas of sensing and feedback for
personal transportation and for water usage. As water takes on a larger role in this dissertation,
these sections reflect this emphasis proportionally. We also note that a more general review of eco

feedback in HCI and in environmental psychology can be found in Chapters 3 and 4.

2.3 TRANSIT SENSING ANOD-EEDBACK
We now transition to describing the related vkofor the sensing and feedback artifacts we created

and present in Chapters 5, 7, 8 andThe work describedn this sectionis directly relevant to
UbiGreen, the sensing and feedback system for personal transit routines presented in Chapter 6.

The nextsection (Section 2.4) describes work relevant to water usage sensing and feedback systems.

2.3.1 Transit Sensing

Sensing and inferring human context such as activity, location and movement has long been a goal

of Ubicomp research. Sensing and inferring transgaosh modes intersects with all three of these

in that locationand movementt N 2 F (0 Sy dzASR {2 aRigitNIGCZES thdt S dza SNIDa

dissertation is not offering transportation sensing as a primary contribution, this related work
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section willbe brief in comparison to the water sensing section. In addition, although algorithmically

2dzNJ F LIINR F OK (G2 AYFTSNNAY3I | dzaSNDa GNFXryaixid Y2RES
work is the way in which we integrate multiple sources of datanfia wearable sensor, cell towers,

and user selfeport. Our focus here, then, is predominantly on sensing methods for inferring

transportation modes rather than a deep review of the classification algorithms used to do so.

There have been two primary ajgation drivers for sensing and inferring transportation modes:

physical activity monitoringe.g.,Consolvo, 2008) anecofeedback system&.g.,Mun et al., 2009.

As Reddyet al. (2010) note, both of these areas require high accuracy from the undgrtyamsit

mode classification system. For example, in an application such as UbiFit, designed to track and
encourage fithess activities (Consogtoal., 2008), automatically classifying a run as a bicycle ride or
motorized transport could significantly fatt caloric expenditure estimates and undermine user
confidence in the application. Similarly, for eeedback applications, offering €@mission

estimates and recommending appropriate alternative transit is contingent on the underlying sensing

and infeence system being able to track vehicle usage versus alternative, more environmentally
FNASYRf&@ F2N¥a 2F (NX @St o 5STAYAYyd aKAIK | OOdzNI
RSLISYRSYy(lG 2y I aLISOA T AeDal. RID)tsipuldte that yb@er fonytleB RE ®@  w S
Personal Environmental Impact Report (PEIR) system to perform appropriately, transit mode
classification accuracy has to be above 48n et al., 2009. For UbiGreen, we did not empirically

test and validate theccuracy of our hybrid sensing approach (though our techniques were primarily

based on vetted algorithms from Lestet al, 2006 and Sohnet al, 2009. Instead, we simply

allowed the user to selfeport transit activities to compensate for inaccuratelwravailable transit

inference.

C2dzNJ aSyairay3a G§SOKyAldzSa | NE O2node ()fbeacodms&R (2 A&
sensing (LaMarca&t al, 2005) (i) GP%ased sensindZhenget al, 2008; (iii) bodyworn or

Go Sl NI of SParkkdeSay, 2086) 3r a (iv) hybrid approach that incorporates more than one

of the previous liree techniques simultaneously dsteret al, 2008) Each of these approaches

varies in complexity, power requirements, and user burdeg.(wearable sensors require that¢h

user remembers to wear the sensor and that s/he is able to properly place it on his/her body).

' 9ADNBSY SyLifz2&8a | Ke@oNAR | LILINERI OK {i2ude Bl O1 Ay 3
wearable sensing systertie Intel MobileSensing Platform (MSPe€@teret al, 2005; Choudhurgt

al., 2008) for inferring physical activities such as walking, running, and bicycling as well as-beacon
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based sensing and user sedport to track vehicle driving, bus riding, and train riding. It is important

to note that UbiGreen was developed and evaluated in 2007 and 2008. At the time, there were few

LJdzo f AAKSR ¢g2NJa 2y ldzi2YFrGAOlIffe ARSYyOGAFe&Ay3d | yR
then, most of this research was evaluated on a relatively sswle In addition, although the

mobile phone has long been touted as the ideal platform for sensing and inferring physical human

activity, only recently have mobile phones begun to integrate sensors such as accelerometers, GPS,

and gyroscopes, which are importatat activity inference systems. In 2007, these sensors were not

available within the mobile phone itself and thus required an external wearable sensing platform.

Below, we review the transit sensing and inference literature organized around the three

approaches: (i) beacotrased sensing; (i) GB&sed sensing; (iii) wearable sensing.

2.3.1.1 Beacon-Based Sensing

Beaconrbased location sensing systems relyfimgerprintingt Yo A Sy & NI} RA2 aA3aylfa G2
location (Bahl and Padmanabhan, 2000; Kruretral. 2003; LaMarceet al, 2005 Varshavsket al,

2007). Unlike GP®ased sensing, which provides geographic coordinateg.,(latitude and
f2y3AGdzRS0 (2 20 (Hdsed serdigSpeiras mui dsd aigkiding fookapS I O2 v
GrotS G2 GNryatlidS GKS aSyaSR NI Rms. Foheayhpld, & O0aTFAY
in Placelab (LaMarca, 200%)iFi Serge Set Identifier (SSID) codes along with signal strengths are

used by clients to lookup the location of these beacons in a locally cached map and estimate their

own position. This process, of course, requires firaerprints for thesebeacons exist inhie lookup

GrotS FTyYyR GKFIdG GKS 0SHO0O2yaQ LKeaAOFrfszr IS23IANILKAO
y20 SEA&AG T2NI K248 FTAYIASNLINAYGA Ay (GKS f221dz2l GF
past, these lookup tables were constructec® GRINANIS NBR ¢ 6 K2 g2dzZ R RNA DS I NP
receivers and upload the coordinates of the radio fingerprints. Now, with the widespread availability

of GPS in phones and other devices, these lookup tables are often built automatically and

dynamially over time.

Before largescale adoption of GPS in mobile phone devices, behesed sensing was cast as the
cheapest and easiest way to determihe dz&p&shidd LaMarcat al, 2005) However, even in

modern smartphones, beacdvased sensing idik used because of its ability to work indoors, in
urban canyons, and because it can use less power than@Ranies such as Skyhook Wiréless

provide commercial APIs for translating sensed WiFi beacons (SSID codes and signal strengths) and

8 http://www.skyhookwireless.com/
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cell towerbeacons g GSM cell idnd signal strengths) into location data. These sorts of services are
used in Apple iPhone and Google Android devices to provide a layered, hierarchical location system
that relies on a combination of GPS, WiFi, and cell tower ksignaachieve the greatest location

accuracy depending on signal availability.

In addition, depending on what type of human activity/location inference is required, geographic
coordinates can be unnecessary. For example, beacons can be used to tragidithinsa location

or to recognize when a user arrives at a location that s/he has been at b@fagatoweret al,

2005. Note thatdlocatiore here does notmeangeographidocation but rather a unique radio signal
fingerprint locationo | & @A Nindih thet physiéalOntonl)Along similar lines, beacdrased
sensing has alsobeeza SR (12 Ay TSN | dzd Sahdeden tvaBspoktdby mode¥ NJHzY Y
(Sohn 2006) UbiGreen builds off work by Sobhal.(2006)by utilizing cell tower radio infornen

G2 Ay TSN ( knddedandnewiheréabl$Soteahrélied solely on cell tower signals, we

also incorporated data from a wearable sensor (the MSP) and userepeltt. In addition,
algorithmically, Sohret al. utilized cell tower ids ad differences in signal strengths to classify
motion into four discrete categories: stationary, walking, fast walking and vehicle transit. In our
case, because the MSP provided activity classification estimates for stationary, walking, running and
bicyclng, we relied on the cell tower signals to distinguish veHielged transit i(e., fast motion)

from these slower modes of movement. In addition, rather than focusing simply on the differences
in cell tower strengths over time, we also specifically inooaped the rateof-change of the seven
visible cell towers seen by the phone into our classification algorithm. A similar approach was taken
by Mun et al. (2008) but they monitored the ratef-change of only a single connected cell and

complemented this wh WiFi beacon data.

2.3.1.2 GPSBased Sensing

With the increasing prevalence of GPS in mobile phones and consumer electronidsas8éS

activity recognition has received considerable research attention including using GPS streams to
SEGNY Ol I YR A R Ssigiifitaftdplaes §.g., theirfhan@ At avorkipAshbrook and

Starner, 2003Liaoet al, 2009, to predictl LIS NA 2 y Q &r d¥sangtidri(Pageisonet al,

2003; Krumm, 2006 Froehlich and Krumm, 20p&nd to modeland inferl  dza SN a G NJ y &Lk
mode (Pattersonet al., 2003;Liaoet al, 2004; Zheng, 2008For examplePattersonet al. (2003

usedDt { @GN} O1a (2 Oflaarfe | dzaSNDRa Y2RS 2F (NI ya
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predict his or her most likely routédowever, GPS was not available as an embedéador within

mobile phones at the time we created UbiGreen and thus not used by our system.

2.3.1.3 Wearable Sensors

In contrast to beacoibased or GRBased sensing approaches which are often mediated through a

mobile device such as a phone, wearable sensdjsdzgt NB G KIF G GKS dzaSNJ a6 S| NE

to infer human activity. Although potentially burdensome to the user, the benefit is often higher
classification accuracies and more fine grain sensing than the previous two approaches. In UbiGreen,
users wae the MSPon their waist. The MSP is a pagized device that combines an Intel XScale
processor with an accelerometer, barometric pressure sensor, light sensors, humidity sensors, and
microphone &udio wasnot used in UbiGreen) to infer a set of trainedman activities such as
walking, stair climbing, or runningn laboratory studies, théASP was capable of classifying sitting,
walking and jogging and riding a bicyelerates ofabove 90% when trained on a total of ten
activities (Lesteet al, 2005) For UbiGreen, we trained the MSP to recognize stationary, walking,
running and bicycling activities. In addition to UbiGreen, the MSP has also been used in projects
tracking andsupporting health and wellnes€¢nsolveet al, 2004;Consolvcet al., 2008 Denninget

al., 2009 and to categorize how hman activities relate to spacédsteret al., 2008.

Otherrelevant wearable sensing work for determining human transit activities includes Farringdon
et al. (1999) and Randell and Mulle2Q00, who have reated systems that use a single
accelerometer to infer stationary, walking, and running activities. Researchers have also looked at
using multiple sensors placed at different positiarsthe body to improve recognition accuracies
(e.g., Bao and Intille, 2004 Saponaset al, 2008. Recently, specialized commercial devices are
emerging for sports and fitness tracking. The FitBitd Phillips DigitalLit® sensors incorporate
multi-axis accelerometers to provide a convenient (orientation agnostic) method to infer eoarse

grained activity levelse(g., sedentary, active, vigorous). Although these commercial offerings are

cheap and convenient, they donotaffd lJi (G2 AY FTSNJ I dza SN& LI NI A Odzf  NJ

2.3.2 Transit Feedback
Although there has been considerable research attention applied to activity recognition and transit
mode inference, much less work exists around building actual applications on top of these inference

systems. This both speaks to the remaining challengesaiching high classification accuracy levels

° http://www.fitbit.com/
10 http:/iwvww.directlife.philips.com/
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to enable these applications (as noted by Redtwl, 2010) as well as the difficulty in building and
evaluating these applications in the field. More than 2.5 years have passed since the publication of
UbiGeen (Chapter 5) and, to our knowledge, no other systems have emerged that track and
FSSRoO I O1 Ay T2 N lvaridustignsit- raugndstromlwalldzg ® MRidldased transit
However, UbiGreen is just one of a long line of information technodogigit to support alternative

transit decision making/Ve review these tools below.

OneBusAwayHerris 2010)is a web and phonebased transit tool that provides reéime arrival

information for bus riders. Ferrigt al. showed that OneBusAway users wanore satisfied with

public transit, experienced decreased waiting times, and had increased feelings of safety while
gFrAGAY3 FT2N) GKS odzad 2Ff1{02N8 Aa I gSoairids
neighborhoods based on proximity to amenitiasine different categories including grocery stores,
restaurants, parks, schools, cafes, dibdaries Whereas OneBusAway is meant to provide-tizaé

bus transit information to city residents in order to inform their transit choiesity WalkSore is

meant as a planning tool to help people decide where to live and for city planners and governments

to make improvements on land use. Tools like OneBusAway and WalkScore are complementary to
UbiGreen; UbiGreen could be improved, for example, by lgabietter decision supporto help

LJIS2LX S YIS 3INBSYSNI OK2AO0Sad ! 0ADNBSYy O2dz R NB
commute route and explain the costs/benefits of taking the bus versus driving in terms of time,

money, and the environment.

While the tools above are useful to inform and support greener transit decisions, they are not
particularly useful once the user has already decided to drive or is already in the car. A large body of
NBEaSINOK SEA&adGA | NRdzy R T S&iRo/ma@At is, dyvidSthalF ik @8 a (2 2
aggressive, smooth, and avoids rapid acceleration. Past work has shown that drivers could reduce
fuel consumption by ~15% without increasing trip tisimply by reducing acceleratiolevels and

driving more gentlyEvansl979; Watersand Laker, 1980Van derVoortet al. (2001) applied these
findings to create one of the first systems tlmitomaticallymeasured driver behavior and fed back
information and suggestions to encourage more fuel efficient driving. Since theomdber of
researchers in HCI and transportation research have investigatedrimlashboard displays to
change driving behavior in oed to increase fuel efficiencyA¢lell 2008;Gravinget al, 2010;Kim

2011; Larsson 2009) Many elements of these systems are now in modern vehicles such as the

Toyota Prius, Ford Smart Gauge, and Mercedgimsz BlueEfficiency fuel economy display. For a full
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review, see these two reports by the Department of Transportatiurel Economy Drivénterfaces:
Design Range and Driver Opinidns Jennes®t al. (2009 and Fuel Economy Driver Interfaces:
Develop Interface RecommendatidnsManseret al. (2010. A slightly different approach was taken

by Gantiet al. (2010, who created a system calleGreenGPS that recommended the most fuel
efficient routes to a particular destination (based on user contributed onboard diagnostiellOBD
data). GreenGPS and the interfaces focused on influencing more fuel efficient driving behaviors

could work in tandem

In summaryto our knowledge no tools existhat sense and feedback information about transit
routines in order to promote greener decisions. However, the other tools covered in this section
could be integrated into future UbiGreen desigesg., by integrating personalized suggestions

about alternative transit opportunities based on sensed routjnes

2.4 WATER
We transition now fromwork related to sensing and feedback fogrsonal transportation to water.

Before we discuss specifielevant water sensing ad feedback technique particular we first
provide background on water as a resource, the hydrologic cycle and existing approaches to water
demand management. Although such work falls outside the scogeaditional HCI and Ubicomp
research, it is dectly relevant to the design of watdrased ecdeedback systemsasit provides
motivation, scope, andontext As we have argued previously (Froehltral.,2010), i is critically
important for ecefeedback designers/researchers to educate themselwe the environmental

domain related to theirdrget behaviors.

2.4.1 Water Consumption Background

Water is the most common substance on earttwo-i KA NR& 2F GKS SIF NIKQA& & dzNJA
water. Less than one percent of this, however, is drinkatdaghly 96.5% is ocean water, 1.7% is

frozen in polar ice, and 1% is too brackish to drink, which leaves 0.8% in lakes, rivers, wetlands, in

the ground and in the atmospherglennon, 2009 Although these percentages can change, the

total amount of waer on earth is fixed neither growing nor shrinkingGleick, 209). As Glennon

y2(i8as 6428 INB RNAY]lAY3 ((2069. Thé armBuntdfwitérvd eartoisi RA Y 2 &
not changing, but its location, quality and amount per pergxehangirg. As populations grow, per

OFLAGL 61 GOSN I @ AfloAfAGE Ada RSOfAYyAy3Id ! yRI | &

patterns, glacial and ice snowpack, and the availability of surface water, which will greatly impact
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traditional water supply surces and further increase the cost of finding new of@kick, 209).

Moreover, while water scarcity is a global problem, it is felt most acutely on the regional level. This

is because water, unlike energy, is difficult to transport. Thus, thosesditat are experiencing

rapid population influxes and growth in industries are often struggling to meet new water demand.
l'YRY gKFEiQa ¢2NESI Ylye 2F (GKS&aS ySgte (GKNRDAY:
freshwater: cities like Las Vegasy nd Beijing, China

2411 Water as a Resource

Before discussing where water comes from, where it goes, and the role that residential consumption

plays in this hydrologic cycle, it is worth delineating the ways in which water is a unique resource.
This differemiation is useful both to emphasize its value to us as humans as well as to highlight

particular characteristics not found in other home resources such as electricity and gas, which have
largely been the focus of much past eemdback research (as we noia Chapter 3 more

specifically).

Water is a unique natural resource with a combination of characteristics that differentiate it from

any other good. (1Water isessential Water is a fundamental ingredient of lifavithout water,

there is no environmet, there is no life. As Saven{g002y 2 1 Sa>X GUKSNB A& y2 Kdz
R2Sa y2i0 RSLISyWate? yas molsiibStiNddst or iepladementsnlike the energy

supplied to our homes, which can be derived from multiple soureeg.,(solar, nuatar, coal,
hydroelectric), there is only one water. (@Jater cannot be produced or manufacturedurrently,

there are no economically viable methods to produce watessdlination which is often cited as a

gr& G2 aYl ydzZFl OGdzNS¢ gwaleSoNtFathe 2ddnerts sdlt ivatdr N BeRidzOS vy S
However, desalination iextremely energy intensive and expensied currentlyconstitutes less

than three onethousandths of the USvater supply(Glennon, 2009 (4) Water is difficult to

transport and congy making it expensive to geographically shift large quantitjgsWater moves

unlike other resources, water flows and is unequally spread in space and time, making water
plentiful in some regions and scarce in others. In addition, this movement makies aiHicult to

divide for equitable use as it flows across gmmiitical boundaries Clarke, 1991)Finally, (6) unlike

other resources such as electricity and gas, the water supplied to buildings is not consjusied
transformed and contaminated, whialequires its own infrastructure to move away from buildings

and treat. The preceding list was largely compiled from Grim{d899, Savenije(2002 and

Blanksby2006) (exceptions noted with particular citations).
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2.4.1.2 Consumptive versus Non -Consumptive Use

An additional difference not noted above, which deserves its own subsection both because of its
complexity as well as its relation to residential consumption, is thatiewis, rather remarkably,
020K | aNBy S aNBoytSSHl olf SR ANBZ1y2 dedidvater whiels weRige ity U
simply change its character and its locati@lennon, 2009 When farmers water their fields, the
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emit water into the atmosphere viganspiration, and some percolates into the ground eventually

reaching aquifers(Glennon, 2008p ! & Df Sy y 2y Thisuhydralpgic cicle [lbég§ ars &
important question: if our water supply is fixed and we can neither make nor destroy water, how

canwe runout of it2 ¢ KS | yaA6SNI t ASa Ay 6KIG oFGSNI aOASy (A
Gy yadzyYLIiA @S¢ dzaSo

A consumptive use of a resource is one that expends or transforms a resource such that it can no
longer be used. Practically every use ofrpkeum, for example, is consumptive; once the energy is
extracted and consumed, it is no longer usafiieick, 201D Water is different. Consumptive uses

of water make water unavailable for immediate or shtetm reusa for example, within the same
watershed. Consumptive uses of water include that which has been evaporated, transpired,
incorporated into products or crops, heavily polluted, or consumed by humans or ani@Glaisk,

2010. In the domestic sector, outdoor water usage is largely comdive as is the water used for
drinking and cookin¢Gleicket al.,, 2008 Vickers, 200l In all, about 100 billion gallons of water are

usedconsumptivelyy irrigation, industry, andesidentialsectors each dafGleick, 2004).

There are also manyon-consumptive uses of water. The water used for cooling in the
thermoelectric power industry, for example, is mostly amsnsumptive. In the domestic sector,
water that flows down the drain e.g.,water used for washing or flushings norconsumptive bt

only if the sewage water is properly collected and treaf€deick, 201D In addition, depending on

the source and location of the water supply, even fmmmsumptive uses of water can become
consumptive. Glennof2009 provides the example of municiptdis near coastal areas that pump
groundwater, deliver it to residents, treat the resulting sewage, and dump the treated water into
the ocean This once potable freshwater then becomes unavailable for use until it evaporates off the
ocean, infiltrateghe ground, and percolates into an aquifer, where it can be pumped back into the
water supply by the municipality (this process may tdi@m years to centuries (Winteet al,

1998). Thus, water scarcity is often a function of timing and location, wiscbompounded by
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growing population andlemographic shift¢Glennon, 2009)Given this distinction, where does our
water come from, where does it go, why is it abundant in some places and scarce in others, and

what role does residential water consumptiplay?

2.4.1.3 Where Does Our Water Come From and Where Does it Go?

In the United States, freshwater makes up 85% of all water withdrawthks remaining 15% is
saline water mostly used to cool thermoelectric power plantsS(Geological Survey011). Of all

the freshwater in the world, 68.7% is locked up in glaciers and icecaps, 30.1% is ground water and
just 0.3% is from surface water such as lakes and rile. Geological Survey, 201Most of the

water we drinkcomes from these surface water sourteshich can be overdrawn or polluted

leading to water scarcity.

On average, about 410 billion gallons of water per day (Bgal/d) are withdrawn for use in the United
States. As shown iRigure2.1, the top three water use categories comprise 91% of this daily
average: thermoelectric power (49%), irrigation (31%) and public supp#)( However, water use

by thermoelectric power plants is for cooling and is largeiy-consumptive since nearly all of the
large volumes of water withdrawn are returned to the source (albeit with some environmental
conseqguencese.g.,thermal pollution). Agriculture comprises 31% of water withdrawals in the US

(behind thermoelectric), it it is the number one consumer of water worldwi@@leick, 200M).
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US Water Withdrawals by Category (USGS, 2005)
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Figure 2.1: Water withdrawals by category in the United States. The US Public Supply accounts for 11% of total
use, 56% of this is domest. Selfsupplied domestic i.e., well water) is its own category and accounts for 1% of
total water withdrawals. Altogether, domestic water accounts for the third highest use in America (~7%).

The focus of this dissertation is largely on domestic ordesgial use, which falls under two
categories: public and sedupplieddomestic(e.g., well water) Approximately 258 million people

rely on public water supply for their household use (86% of the US population); the remaining 14%
(42.9 million peoplepsupply their own water €.g., via wells) (Kennyet al., 20®). The domestic
sector is not the only user of public supply water, but it is the largest user (56%). These percentages
vary from state to state based on local economies and population dembigsm For example,
L2266l Q4 R2YSaGA O only3@diat publitally Supplistl (water §r Milnimum amount
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sector, the industrial, public uSeand commercial sectors comprise 12%, 15%, 17% resplctf

total public supply useDverall, public supply water represents about 13 percent of total freshwater
withdrawalsin the USand 21 percent of all withdrawals not including thermoelecpawver (Kenny

et al, 20().

1 public useshould not to be confused withublic supply Public use is a type of public supply use, which encompasses
water use from pools, pges, and municipal buildings as well as water used in wastewater treatment.
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The above data is heavily focused on water use patterns in the US. Water use is highly regionalized
and depends on socioeconomics factors, population densities, amount of available arable land, local
industry and countless ber factors(see Chapter 6)Jn Europe, for example, the residential sector
accounts for a significant portion of freshwater withdrawals from surface and ground water sources.
Domestic water use accounts for an average of 25.3% of freshwater withdrawtals/aviation

ranging from 3% in Bulgaria to 78% in Lithugi@&eicket al., 2008. In Nigeria, residential water

consumption accounts for 883% of total water consumptiof@effreyand Geary20069.

According to the USGERdnnyet al., 2009, overall water usagean the UShas actually declined from

peak levels in the late 1970s and early 1980s. Most of this decline has come from thermoelectric
power and irrigation, the two largest uses of water, which have largely stabilized or decreased since
1980. Thereduction in thermoelectric and irrigation use is likely due to increased costs of water,
reduced water availability, and changes in technology, which have improved wéteiency
However, withdrawals for publisupply and domestic uses have stendilcreasedsince the USGS

started collecting data in 1950.

2.4.2 Why Residential Water Use?
Although domestic water consumption is a relatively small portion of overall water use in the US

(Kennyet al., 20(), water research scientists argue that it warrants close attention. Peter Gleick,

2y8 2F (GKS 62NIRQA LINBSYAYSy(d a40ASydAada 62N]AY:

award winner, is also the author af respected biennial report on wateakted¢ KS 2 2 NI RQ&
(Gleicket al, 2006;Gleick,et al., 2008. In the 20062008 edition, Gleiclet al. (2006) note that
municipal water supplies are critically important because they are traditionally the primary drivers
for new water acquisitions ahrequire significant capital expenditures to build and maintain water
infrastructure. Gleiclet al. also note that in the western United States, where water is scarce and
largely allocated, new sources of water can be difficult to obtain for domestiang¢hose that can

be obtained have high costsboth economically and environmentally. Consequently, he
recommends, municipalities need to identify ways of using existing water resources more effectively
rather than finding new supplie&igure 2.2 shows the variations in domestic per capita water use
by stater note the wide variation in use from Nevada (190 gallons) to Maine (54 gallons) and the

concentrations of high @sin the western and southern parts of the United States.

2|.
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With overall increases in population and more homes being built, the demand for domestic water
across the world isncreasing (Strang, 2004G&lobal population will reach 7 billiosometime in

2011, just 12 years after reaching 6 billiohoday's world population is double the population in
1967 (Population Reference Bureau, 201A)thoughthe overallpopulationgrowth rate hasecently
slowed, the population is stijrowing, and growth rates in some countries show little if any decline

(Population Reference Bureau, 2011

Increased water demand from growing population is not the only problem; the concentration of
populations in urban areas exacerbating the issud~or example, between 1950 and 1990 the
number of cities with populations of more than 1 million increased from 78 to 290 and this is
expected to exceed 600 by 202Serageldin, 1995 This population growth in cities is not simply
due to lower mortality rates or higher birth rates. Instead, much of it is due to migration of the rural
population to urban centersin 2006, for the first time in history, the number of people living in
cities surpassed the number of people living in rural areas (Ba#86®i). And, unfortunately, many
people are migrating from where there is watexd.,the Midwestern United States) to where there

A & \&.Q.jine Bouthwestern United Statefplennon,2009).

The southwestern region is of particular concern in the United States. The growth rates are so high

in many southwestern cities that projections indicate some areas will see demand exceed supply by
2025(Campbelkt al,, 2004).Between 1920 and 2000, for example, populatgrowth in the seven

states that share the Colorado River grew nearly 800%; today, the Colorado River basin is home to

50 million people, 92% of which live in urban areas. This is expected to grow to @8 peltiple by

Hnon OD20SNJ FYR YAN] 622RI HamMnLu®d 2KFGIQa ¢2NRARSI (F
their arid climates cannot support lawns and gardens from precipitation alone. Many regions across

the world are facing similar scenarios.



37

Domestic Water Use per Capita by State
Gallons per Day
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Figure 2.2: Total domestic per capita water use in gallons per day by state (includes both salfipplied and public
supply). Data from Kenny et al. (2009).

/| KAYLFEE F2NJ SEIF YLX S A a &popufition But hasyust LOPesdr of the 2 F
g 2 NIwRe @ ippertand Efstathioy2009. Last year, the government in Beijing, a city long faced
with water shortages, began melting snow with higbwered heaters to provide potable water to

its populaticn of nearly 20 million andgrowing (PhysOrg 2009. Such drastic government
involvement is not just common in developing countries. In 2008, Barcelona, Spain and its
metropolitan region suffered one of the worst water crises of the last 50 years. Lovaltam2007

had caused a dramatic decrease in the water stored in the local reservoir syBemefe and

0 K
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Sauri, 200b Consequently, the local government began importing water by tanker ship at a cost of
$35 million per month to meet domestic water demarfathich represents over 65% of total

consumption in the areg)Corbellaand Pujol 2009; Crawford, 2008

The United States is not immune to such water shortages dithigrty-five of the lower fortyeight

states are embroiled in water disput€Glennon, 209). Las Vegas, one of the fastest growing cities

Ay GKS '{X A& odAfd Ay GKS YARRES 2F | RSaSNI o [I
estimated to drop below intake pipes in the next five yeuippert and Efstatlou, 2009. The water

authority in Las Vegas is going to unprecedented lengths to promote water conservatimaing

paying people to replace their lawns with deséiendly landscapei.g.,xeriscaping) up to $300,000

per year(City of North Las Vegas, 201And, althoughthe Southwestern US is the most water

stressed region, other parts have suffered from water shortages. In 2007, the town of Orme,

Tennesee ran out of water due to droughiGlennon, 2009; Associated Press, 200he city of

Orme began trucking its freshkater in from Alabama. The town was supplied with water between 6

and 9 every evening.

G, 2dz YSHSNI 3S0 dza SR (-peardldivhd hasilivedl in towrkai B t 9 O ya x> |
fATS® a2 KSy @2dzQNB dzaSR (2 KI gAGHAYy @ik (88 I yR2 dz2 dz
K2g Ylye GAYSa LQ@OS (Gdz2NYySR 2y GKS ¥FI dzOSG 06SF2NB
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Thus, it is of critical importece that domestic water be used efficiently. Unfortunately, this is not
often the case people are typically unaware of their consumption patterns and the affects this
consumption has on the environment. The followingrexde provided by HadhaZ008) illustrates

this rather well: In 2007, Atlanta was suffering from one of its worst droughts in a century; a large
home owned by a wealthy businessmannsumed 440,00@allons of water in one month alone.
After public outcry (including newspaper stories iogllhim out directly), the property reduced its
monthly usage to 12,000 gallons a monthbout what an average US family of four consumes
during the same period. Although admittedly this is an extreme case, it demonstrates first that there
is a lack of awaness about water usage and that water usage can be reduced with some form of

interventionsuch as ecéeedback systems
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2.4.3 Water Management Programs and Strategies

Historically, water management policies have focused on meeting demand through increased
suppl: build largescale, government subsidized infrastructure to provide water to growing
populations (Gleick, 201p These policies were seen as necessary to support and encourage
population expansion and economic growth, yet they tended to encourage iniiiate with
excess supply and quality for many routine uses, such as tioighing and garden wateringéffrey

and Geary 2006. Vairavamoorthy(2006) and others €.g., Gleick, 201 cite this supply oriented
approach as a reason why there has hisw@hicbeen limited innovations in demand management
and water conservation. Attempts to restrain or qualify water use either through fiscal, legislative,
or technological means, have usually only played a role in times of dragnts (Jeffreyand

Geary 2006. However, as many of the most accessible water sources in cities have already been
developed, the cost of developing new sources or expanding existing ones is increasing
(Vairavmoorthy, 2006 This has resulted in large scale efforts tew suppliers and governments

to introduceDemand Side Manageme(lDSM) campaigns to curb excessive use and create a more
efficient water delivery infrastructure. These campaigns usually involve a combination of
approaches including economic incentivesdadisincentives, regulatory policies, education and

voluntary actionlnmanand Jefery, 2006 Gleicket al., 2008 p1086.

Before reviewing these approaches in more dettik useful to provide some background water

usagerates in North Americamouseholds For example2 ¢ KI 1 Qa I+ NBFaz2ylofS |
usageper capitaand whatsort oftarget should water suppliers set for their efficiency goals? As we

saw in the previous subsection, water usage is highly regionalized and dependemtuonbar of
socioeconomic and culturdhctors (these are reviewed imore detail inChapter6). However,

setting these dependencies aside, scientists have attempted to calculate the minimum water usage
requirements for humans including drinking, cooking, bathind sanitation Maude Barlow, the

author of Blue GoldMarlow and Clarke, 2002nd Blue CovenanfBarlow 2007)and a staunch
FR@201IGS 2F 6l GSNI A | LREAGAOFE FyR a20AFf NA3

Gleick(1998)argues that it takes a minimum of 13 gallons of water per day per person.

To place these numbers in context, Las Vegas, NV uses 165 gallons per capita per day, Atlanta, GA,
91 gallons, and Seattle, WA, 63 gallorigre2.3). The national average is 101 (Vickers, 2008.
are notadvocating that ecdeedback or other conservation management strategies should aspire to

the minimum usagerages €.9.,6.5 gallons per gata per day), butthese numbers do serve to
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highlight the disparity between necessity and comfartd, perhapsthe differences that are due
both to context €.g.,local climate) andehavior Vickers (200)Loffers a more reasonable goal of

43-45 gallonger capita per day for a water efficient household.

Domestic P€rapita Water Use Per Day by City
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Figure 2.3: Domestic per capita water use in gallons per day by city. Data for Las Vegas, Los Angeles/San Diego,

Tucson, and Al buquerque from Cooley (2007); data for Seattle
Gleick et al.(2008); the rest of the data is from Glennon (2009, pages 174 and 230).

With these estimates providing a targfr efficient use, we now turn towards our brief review of

DSM programs. These programs are split betwaenpricing and pricing strategies.Eco-feedback

would traditionally fall under the former category; however, it could also be used to provide

residents with information on tim@f-use pricing and other cost information, which intersects with

the latter category. We discuss both strategiesuim.

2.4.3.1 Non-Pricing Strategies

Due to political opposition, equity concerns, legal limitations and a host of other reasons, water
utilities are frequently reluctant to rely completely on price to control for demand (Kemeyt,
2008). Thus, the followingtrategies are often implemented in conjunction to produce both
temporary €.g.,droughtmotivated) and permanent reductions in consumption. These strategies
are generally grouped into three categories: educational, legislative, and technotobmakver,

all three interact together in some way.

Educational
Research into educational programs and informational campaigns has found that they can be
modestly successful, particularly in the shtwtm (Michelseret al, 1999; Symet al., 2000). These

educatioral programs tend to be implemented via flyer inserts in bills, radio or television spots
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(particularly during droughts), school visits, residential audits, or the use of other medja (
billboards) (Michelen et al, 1999). In a literature review of theffects of informational campaigns

to promote household water conservation, Syrae al. (2000 note that there are fewformal
evaluations of such campaigns on water use and most that do exist, aretsharevaluations used
during drought situations. lboth of theirliterature reviews, Michelsert al. (1999)and Symeet al.
(2000 show that educational/informational campaigns can be successful but that it is difficult to

tease out statistical significance attributable to these campaigns because otucdliig factors.

As we note in Chapter 3 and 4, ele®dback in general, can educate the consumer by providing
active feedback for usage amounts and patterns that are otherwise latent and inaccessible-An eco
FSSRol O1 aeadSy O2 darBdudatiordl thatekiglsOrdraldxiidity i Be display,LJa £

O\

which could be personalized to the consumption habits sensed in the Hemgea A G aSSya
though you regularly water the lawn during rday, it would be much more efficient if you watered
intheY2 Ny Ay 3 2 Nh GapfeyIiwedidcéiss how one emergent theme in reactions to our
ecofeedback displays was oriented around their educational potential, particularly for children to

learn about resources in the home and concepts around consenati

Legislative

Legislation can be used to reduce water use through mandatory or voluntary restrictions, to
mandate new plumbing codes, and to mandate new fixture/appliance efficiency measures. The
literature is consistent in showing significant (sometin®0% or more) savings from mandatory
restrictions €.g.,outdoor lawn watering programs); however, findings from voluntary restrictions

are much more variable. See Kenney, 2008 for a review.

In the United Statesthe Energy Policy Act of 199R.R.7761992) mandated improved water use

efficiencies for fixtures such as toilets, faucets and showerheads. More recently, the US EPA has
sponsored the WaterSense progrégnwhich is not aregulatory program but rather a voluntary

program for manufacturers to ne some thresholdf water efficient performance. Manufacturers

that meet these requirementsire able to use the WaterSense label on their product (this is similar

G2 GKS 9t! Qa 9ySNH& { i NJ LINP)IuEhprogfathdNhave th&® i N2 vy A

greatly successful in reducing usenasdescribean the Technological Measures subsection next.

2 hitp://www.epa.gov/WaterSense/
13 http://www.energystar.qgov/
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Although ecdfeedback has traditionallgot been mentioned in legislation oriented around resource
efficiency laws, this is beginning to chandfroposals inEnglish legislatignfor example,have
recently discussedhe link between smart meters, occupant behavior, and feedback in reducing
electricity demand (Darby2008. Depending on the success of geedback systems,ne could
imagine that consumeoriented water, electricity and gas edeedback be a mandatory part of

future building codes just as certain feedback displays are for veh&ctesodometers).

Technological Measures

Technological (hardware) measures, or retrofit programs, have gpetgntial in achieving long

term water savings because they only require a-time action and require no further &frt to
maintain water savingsVfckers,2001). A lowflow toilet (1.6 gallons per flush), for example,
installed to replace a traditiona8.5 gpf model could save around 71,000 gallons of water during its
average 20 year lifespan (based on the North American average of 5.1 toilet flushes per day per
person in the home as listed Mickers, 2001). Glei¢R006)estimates that by replacinglleexisting

toilets with lowflow versions in California, the state could save 130 billion gallons of water per year.
By replacing washing machines with more efficient models, California could save an additional 33
billion gallons a year. This is approxteia enough water for the annual needs of 3 million
Californians (Glennon, 2009, p 177). Renwick and Archibald (1998) found that installing low flow
toilets reduced consumption by 10% per kbaw toilet, low-flow showerheads by 10%, and water
efficient irigation technology by 11%. According to Vickers (2004¢esthe early 1990s, NYC has
saved more than 250 million gallons per day in water and sewer flows through a conservation
program that included an aggressive loolume toilet rebate program involRg more than 1

million fixture replacements.

One challenge with technological measures, however, is that they require time, effort and
investment on the part of the homeownerthough certainly legislation such as the Energy Policy
Act of 1992 accelerates ¢hadoption of such technologies, particularly for neéames. For old
homes,Saracet al. (2002 notethat public response to retrofit programs are typically positive if (a)
the equipment is offered for free and (b) if the program is RHigbfile and aggessively managed by

the water district. However, such retrofit programs may also be rejected on aesthetic grounds or
due to lack of knowledge or skill in installing a {fdew fixture. In addition, even if households are
interested in adopting lovilow fixtures, external constraints such as the availability or price of the

product may prevent them from following througlieffreyand Geary 2006. As such, many water
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suppliers will offer rebates for loWow toilets, smart controllers for irrigation, lofow
showerheads and appliances, and pool covers. In some cases, water utilities will give aflaw low

fixtures, such as toilets, particularly to mefiimily properties such as apartments or condominiums.

Ecofeedback systems for water could analyze watesage patterns and offer personalized
recommendations to home occupants about water efficiency upgrades that would require the least
effort for the most water savings. In addition, efaedback could also be used to identify and locate
leaks in the homee(g.,a leaky flapper valve on a toiled)Ve revisit this potential, in particular, in
Chapter 9.

2.4.3.2 Water Pricing

In contrast to the strategies above, water pricing focuses specifically on using market instruments to
control demand. Setting the price of watehowever, involves issues of monopolies, basic human
rights, equity issues, and, as such, is a research area entirely within litsedf, we only briefly

review how water pricing has been used to affect water use.

In general, water rates are designealrheet multiple objectives and must strike a balance between

the economic efficiency of a region and the revenue and stability of the water sufighdly 2009.

Overall, the cost of water in the US is increasing and will continue to increase as wategssou
become increasingly scarce. In the 1980s, water rates increased by about 7% per year, which is

double the rate of inflatiorfJordan, 199).

With that said, water remains surprisingly cheap given its essential value to humans. In 2002, the
average American family spent $474 on wated sewage chargdEPA, 208), which accounts for
about 1.1% of the madn household income in the &fSNationwide, Americans pay an average of
$2.50 per 1,00 gallons ($0.0025 per gallon) (Glennon, 2009, p2Z#)s is less than all other
developed countries except for Canada where water resesirare abundant in comparison
(Glennon,2009. Water is actually cheger than these numbers indicate. In fact, many of us do not
actually pay for water itself but rather the costs of delivering the water. That is, the water is free
(Glennon, 2009)

Interestingly, ecdeedback would only make these lewates more visible,which could,

paradoxically, serve to encourageore use rather than less. However, as water rates continue to

14 Calculated based on a madihousehold income of $42,409 in 2002, as quoted.By Census BureaRetrieved 2009
02-28 from http://www.census.gov/hhes/www/income/histinc/hO6AR.html
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increase and suppliers increasingly rely on price to control for demand, this point will largely be

mitigated. Below, we review the use and effeeness of pricing water for conservation.

Pricing Water for Conservation

Charging for water on a per unit basithat is, with payment tied to volumetric useis generally
accepted as one of the most effective rhetls to encourage conservatioAr{osoroff, 1999). For
example, Glennon (2009) reports on the largest study ever undertaken of how water rates affect
singlefamily residential water use in America, which found that water use decreased with water
price increases A consistent point of focus in ¢hliterature is the attempt to quantify the price
elasticity of water demand that is, the economic measure of how demand for water shift
response to price changekdénneyet al., 2008) Although estimates of price elasticity vary, a review
by Brookshie et al, (2002) suggesta typical value 0f0.5, which means that a 10% increase in

water price leads to a 5% decrease in consumption.

While there are many common rate structures used to charge for water, some rate structures have
been developed specifically to target conservation. Inclining block rates (also referred to as inverted
block rates or tiered pricing) increase cost with watensumption. Excess use rates, which are an
extreme form ofinclining block rates G NA IISNI Iy al 6dzaA @S dzaSé NI GS GK
the custoner to discourage excessive udédkers, 2001l Seasonal ratesas the name suggests, vary
during different periods of the year and are typically higher in the summer to discourage inefficient
outdooruse. Finallymarginal cost pricindpas been a primary topic of research in rg&ting theory

and water resource nteagement over the last 25 yeafdmericanWater Works Associatior2000).

In contrast to average cosif-service rates, which charge for the treatment, storage, and delivery of
water, marginal cost rates incorporate tlaelded cosbf producing or acquiringew water supply or
capacity.These costs are typically higher than the average embedded costs of water and therefore

often deter excessive waterse

Despite multiple options for conservation pricing, however, a survey in the year 2000 of water and
waste water services of more than 2,200 utilities in the US and Canada found that most utilities used
rate structures that arenot conservation pricing scheme: 36% had a uniform pricing structure, 35%
had a declining block structure where water actually gdtsaper with more use, and only 29% had

an inclining block structurg¢Raftelis Environmental Consulting Group, Inc., 2000gre are two

main challenges with using price and rate structures to control demand: (1) many individuals lack a

clear understandig of their rate structure and water bill raising difficult questions about which price
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signals customers actually respond &g, seeBillings and gthe, 1980; Shin, 1985; Jord&if99

and (2) few customers, if any, receive rale feedback about thie current level of consumption

and the current rate charged at that level (if on a block rate scheBwth of these challenges serve

to further motivate the need for more granular water sensing and feedback systems in the home

that provide better informéion on water usage and water cost to the consumer.

One rate structure not mentioned above, which is particularly dependenpraviding reattime
feedbackto customersjs time-of-use pricingAlthough gasonal rate structures are a type of time
of-use picing, the termd 0 Ao¥d@a S LINIMOst oftenéused to refer to pricing that changes
hourly (or more) to reflect changing supply/demand curves at the utiMuch research exists
around thebenefits of timeof-use pricing for electricitye(g., Sextonet al,, 1987; Borenstein, 2005;
Newsham and Bowker, 201Byt there are no publications, to our knowledge, that study the effect
of time-of-use pricing on water usag&he Australian governmefitis currently funding a number of
projects investigatig time-of-use pricing for waterd.g., Turner, 2010). Although both energy and
water have predictable spikes of usage during the dayg.(peak water usage in residential areas
occurs in the early mornings), the problem of peak use for energy has traalitiobeen more
severe because utilities must import additional capacity (often at a much higher cost) or switch on
peak capacity generatorg.g., backup coal power plants). More research is necessary to examine
time-of-use pricing on water but, as Turn€010) note, such a pricing scheme is contingent on

feedback systems in the home that can inform occupants about current rates.

Water Metering

In order to implementany of therate structures presented aboveyater use must beaneasured
Without metering,water suppliers cannot charge based on consumption. In addition to enabling
pay-per-use, water metering provides both the consumer and the water utilith feedbackabout
consumption. Consumers are able to track their usage over time and potentialljfydareas of

overuse and utilities can identify leaks and profligate users.

There is much evidence to support the impact that water metering has on driving down consumer
gL GSNI RSYIFYyRT K26SOSNE 0SO0OldzaS YSi Sk Bolatled Ay SE

the role of feedback vs. the role of charging for use in effecting demaraireview of the effect of

15 Australia is the driest inhabited continent in the world and has experienced a 25% growththatéagt two decades
alone (Gregory and Leo, 2003). As sutte Australian government and water researchers therein have been particularly
aggressive in exploring experimental behadased techniques in reducing water demand.
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household metering on water consumption in Europe and North Amehicaan and Jeffrey2006

found savings between-86% (the mean regrted savings from US programs w&®0). In the UK,

water metering is far less prevalent than in thetU8 1997, only 10% of homes and 80% of
businesses were metered. Thames Water, which supplies potable water to Londoners, had 23% of
its customer basemetered (Thames WaterUtilities Limited 2007. A massive government
sponsored four year trial of water meters in the early 1990s found that UK households installed with
meters used 11% less water than those without. This difference was particularly marked on peak
demand (30% reductions during peakasons and peak times of daypfvat, 1999; Jeffreyand

Geary 2009.

Although metering is common for singfiemily households in the US, this is not the case for multi
family dwelling units such as condominiums and apartments. Because individual unit®tare
metered, the building owner pays the water and sewage services directly and a flat fee is
incorporated into the rent (or building managemefges). Mayeret al. (2004) found that sub

metering (.e.,metering at individual units) led to a 15.6% redaoatin per capita demand.

The Complexities of Charging for Water

Given the effectiveness of metering and charging for use, international organizations such as the
OECD and the European Union have championed the application of market instautmeftidgently
manage demandorbella, 2009 The problem, however, is that many people do not think that
water should be treated as a pure economic good. In a telephone survey of 2,179 Australian
households investigating attitudes to conservation and water comgion, Randolph and Troy
(2008) found that although respondents supported differential pricing based on water consumption,

a majority (60%) did not think that water prices should be increased to lower water use.

One issue is that higher water bills, whican curb usage, are less affordable to households that

have lower incomes. Furthermore, lowgrcome households may have less ability to reduce
consumption because of higher household density, lack of capital to purchase and instal water

efficiency devies, and less discretionary use.d., lower outdoor consumption) Reecheret al,

2000 a{2YS 2F (KS KAIKSAG 4 GSNJ dZASNBR FNB @&2dzy3 °
LIS2LIX S 6AGK OKNBYAO YSRAOFKE O2yRAileli2 g codverse{ G NI y3IZ
relationship between levels of use and the ability to pay higher bills. Other concerns involve issues

of competing motivations on behalf of the water supplier to raise pricdesother words, the

tension between profit and demand managenée.g.,see Dukeet al,, 2002).
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In her book,The Meanings of WaterStrang (2004) interviews UK residents and water managers
about the growing moement to meter households. Shguotes a Wessex Water executive who

states:

Metering is a very emotive issue,y R LIS2LX S R2y QG fA1S (2 GKAY]
A2YSUOKAY3 6KAOK A& F FNBES NBaz2dz2NOS: gKAOK FIff
in their tap through umpteen kilometers of pipe work and treatment plants in a condition
which is not hanful to public health.

Given this reaction, the Water Industry Act of 1999 in the UK prohibits compulsory metering of

households except in new homes, in water stressed areas, or during a change in occupancy

(Howarth, 2006.

As Michelsonet al., 1999 notethat although consumers respond to price, the price increases
necessary to obtain significant reductions are in debate. In addition, associated increases in revenue
are problematic for water suppliers because of regulatory constraints o+fianeirofit organizations

earning excess revenue.

2.4.4 Water Sensing

Automatic identification of home water usage events has largely been pursued by two non
overlapping efforts: (i) utilities and water resource management scientists and (ii) computing
researchersseeTable2.2 for a summary. Utilitieand water resource management scientists have
investigated disaggregation to inform government policy (Mageral, 2003) plumbing codes
(Navigant Consulting, 2010), and to study the effectiveness of conservation programs (Mead and
Aravinthan, 2009) and loflow fixtures (Mayeret al, 2002; Mayeret al, 2003). In contrast,
computing researchers have focused on human #gtinference €.g.,Fogartyet al, 2006; Tapiat

al., 2004) and sustainability applicatioresd.,Kimet al., 2008) or both€.g.,Chapters 7 and 8 in this
dissertatior). We draw upon literature across both fields with a focus on four-legal areasil)
sensing and inferring human activity in the home, (2) sensing water flow, (3) automatically
identifying water usage events, and (4) disaggregating between hot and cold water usage. We

address each of these related areas in turn.
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Study Flow Hot/Cold Class. Classification .
(year) Grezl Measuremeni  Disaggregation Method Level SEET)
Inline flow meters
Ladd and Harrisq Study residential end u| Hot water onl} Yes, sulmetered aff  Direct (at washé&hot water
P . Hot valves on
(1985) of hot water inline water heater sensing tank)

Elec. current sensor

Inline flow meter

Weihl and Kempt| Study residential end u| Hot water onlj Yes, sulmetered aff  Direct Hot valves on (at hot wateank)

(1985) of hot water inline water heater sensing
Temperature sensol
Aggregate consumpti
Pa_lrllamemty Study of residential er] . . measured $000 home
Office of Scienc| Inline meterg Direct Hot and cold plus every
uses of water. Lead t : Unclear h ) h
and Technolog)| at every fixtur sensing valves appliance/fixture

SodCon report.

(2000) monitored via inline
sensors in 100 home
Lower_lstem el Study residential end u Hot water onl| Yes, sulmetered af Flowtrace Inline flowneter at hot
Hiller fh inli h Ivsi Hot valves on K
(1996) of hot water inline water heater analysis water tan
Maver. et. al Study residential end u| Flowtrace Inline flow meter with
yer, et. al. of waterLead to REUW  Yes, inline No .| Fixture catego| magnometer to digitiZ
(2999) analysis .
report. signal

Dual inline flow metg

DeOreo and May| Study residengal uses Fixture catego| (whole home meter p

Vs, il Yes, suimetered aff Flowtrace

(2000) of hot and cold water| water heater analysis hot water tank meter
L . Acoustic sensors o
Fogartyer al. Activity |nfereneeg_(f0r No No Mach_lne Fixture catego| intake pipes and dral
(2006) elder campplications) learning pipes
Kimet al. Ecefeedback Yes, infine Yes, direct Dlre_ct Untested Inline meter |
(2008) sensing | (lab study only accelerometers on pi
Activity Inference | Yes, calibrate Machine .
Chapter 7 | Ecdeedback from pressurg Yes learning Valve Single pressure sens
Tested single pressu
. . . sensor, dualessure
Chapter 8 A/nggéggg;iﬂce ;ﬁ?ﬁ C?gg;itﬁ Yes :\g:ﬁ:‘i:‘e Valve sensor and used custf]
p 9 ground truth collectio
system for evaluatio
Cheret al. Yes, 15 min Machine | _. Inline smart meter (1
(2011) Ecdeedback resolution No learning Fixture catego min interval data)

Table 2.2: A history of residential water sensing for disaggregation purposesorted by year.

2.4.4.1 Sensing Human Activity in the Home

Prior work has demonstrated at least three approaches to the fundamental challenge of sensing
human activity in the physical world: mobile and wearable sensing, distributed direct environmental
sensing, and infrastructurmediated environmental sensing. dPnising mobile and wearable
activity sensingnethods include accelerometdrased activity recognitioriBao andIntille, 2004,
Lester,et al, 2005 and the detection of interaction with tagged objects via a wearable RFID reader
(Philiposeet al., 2009. Trere are many compelling applications of mobile and wearable methods,

but they share a common need for a person to be willing to wear or carry the necessary device.

Environmental sensing systems take a complementary perspective, instrumenting an envitonmen
to detect activity within it. In the home, distributed direct sensing can be based on computer vision
(Brunnit et al,, 2000, microphones within the living environme(thenet al, 2005, many simple

sensors throughout the homez(g., reed switches orcabinet doors, accelerometdrased object
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manipulation sensors, infrarechotion and brealbeam sensorsTapiaet al, 2004; Tapiaet al.,
2006;Wilson and Atkeson, 20Q50r asmaller number of targeted direct sensoesd.,strain sensors
under floorboards at strategimcations Rowan and Mynatt, 20Q5Direct sensing provides valuable
insight into home activities, but comes with practical costs. Installation and maintenance can be
costprohibitive, direct sensing can creatprivacy concerns and a feeling of stigmatization
(especially with cameras or microphones), and a littering of sensors throughout a home can be

problematic with childrerand pets(Beckmanret al., 2005; Hirsctet al., 2000.

Infrastructuremediated sensig has therefore evolved to help address many practical obstacles to
everyday deployment of home activity sensing, but is inherently limited by what information can be

LN} OGAOFfte |yR NBftAlLofte SEGNIOGSR FNRiMg | K2Y
approaches are especially salient for water. Fogattyal. used microphones pressed against the
SEGSNR2NI 2F | K2YSQa YI22N) 6FGSNJ LIALISE 6002t R ¢
demonstrate recognition based ommporal patterns of wateruse €.g.,the series of fill cycles

associated with a dishwashdfogartyet al., 2009. However, Fogartet al. (2006)found they could

not reliably differentiate among multiple instances of similar fixtureg( multiple sinks or toilets

within a honre), could not reliably identify concurrent activitiessd.,a toilet flush while a person is
showering), and did not attempt to estimate the volume of water being used. They also reported
difficulties with ambient noise and audlmased sensorse(g., an ar conditioning unit in close
LINPEAYAGE (2 + &aSya2N) LXIFOSR 2y | K2Y$SQa K24 ¢

HydroSense significantly advances the swifti¢he-art for watermediated home activity sensing.

2.4.4.2 Sensing Water Flow

There are two bsic approaches for measuring water flowtine directflow measurement anghon
intrusive flow estimation. Inline systems typically use either positive displacement or velocity
measurements to calculate flow. Positive displacement relies on water to jiflysitisplace the
measuring elemente.g.,an oscillating piston orotating disc) in proportion to water flow volume.
Most residential meters use positive displacement because it is generally accurtte latv to

moderate flow ratesdund in theresidertial sector(Satterfield and Bhardwai, 20D4

Meters that do not require physical contact with water flow are caled-intrusive These methods
are attractive because they do not require pipe modification for installation, which can be costly and
requires the expertise of a plumber. Namtrusive flow estimation techniques use either active or

passive sensing approaches. Many a&ctensing systems use a niotrusive actuation probe that is
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distorted by water flow and perceived by @ssociatedsensor. For example, Ultrasonic Doppler
Velocimetry (UDV) uses the sound transit time and Doppler shift from pulsating ultrasonic waves
emitted into the fluid flow to determinevelocity (Takeda, 1995)Similar methods have been
developed using lasers.g., Laser Doppler VelocimetryForemanet al, 1965. A more recent
technique, called Particle Image Velocimetry, uses computer vision twd¢be position of tracer
particles injected into the stream over tim@drian, 2004) Although each of these techniques are
often extremely accurate and can be used to measure flow of dangerous liguiglshpt metallic
melts), they are intended for dustrial applications €.g., manufacturing plants or largscale
irrigation systems) and thus are prohibitively expensive for typical residential users (with units

rangingin pricefrom $2,00@8,000).

Lowekcost nonintrusive techniques have been proposadd investigated that uspassivesensing.
Evanset al. showed in a laboratory environment that accelerometers mounted on the exterior of
water pipes have a strong deterministic relationship to water flow (&@eanset al., 2004) but this

is highly sensive to pipe diameter, material, and configuration. Kémal. demonstrated the use of

an aggregate water flow meter together with a network of accelerometers on pipes to infer flow
rates throughout a homé¢Kimet al., 2008) Both of these approaches regaiplacement of multiple
sensors along water pipe pathways that are uniquely associated with each fixture of infexgst (

they are distributed direct sensing methods).

¢KS ySEG 3ISYySNIidAzy 2F NBaz2dz2NOS YSIF&adzNBYSy @dAaeadl:
soon provide reatime (or near reatime) data on electricity, gas, and water usage in homes and

businesses. It is unclear, however, if this data will be open or closedp(oprietary) and what

temporal resolution will be available (most srhaneters advertise fifteen minute interval data). For

those water meters not yet upgraded to their smart meter counterparts, a popular anetdsiv

non-intrusive retrofit has emerged using magnetic sensors. Most residential meters use magnetic

coupling totransfer data between the rotating disc, which spins proportional to flow rate, and the

counter unit, which converts this spin rate to flow. Magnetic sensors, such as a hall effect sensor,

can be placed at the top or bottom of a residential water metese¢nmse this spinning magnetic field

and convert the spin rate to flone(g.,Cheung, 2009Mayeret al, 1999. AquaCraff has used this

18 Aquacraft Corporatiorhttp://www.aquacraft.comWhile AquaCraft uses the Metdtaster Model 100EL flow recorder by
the F.S. Brainard Company to record flow traces on meters,
Cheung lve created Hall effect based flow trace units for sub $100 (Cheung, 2009).
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approach since 1996 to digitize traditional inline water meters and perform-ttaee analysis, a

technique used t@utomatically identify water usage events.

2.4.4.3 ldentifying Water Usage Events

The goal of automatically identifying water usage events in the home has been pursued by utilities
and water resource management scientists to better understand residential endofisester. Only
recently, with advances in technology and reductions in cost, has the ability to measure water at
disaggregatedevel from asingle installationpoint been possible. In 1992, Dziegielewski,al.
(1992)proposed what is now the standardater usage event identification technique the water
research industncalledflow-trace analysis Flowtrace analysis works by analyzing the aggregate
flow trace patterns off of an inline water meter to determine the source of the water usage event.
Flow-trace analysis relies on the fact that most residential water uses exhibit highly consistent
behavior over timei(e.,a specific toilet will flush with the same volume and flow; similarly a specific

dishwasher will exhibit the same series ol pattems each time it is run, Mayet al., 1999.

Flowtrace analysis has since been used in a number of governraadtutility- sponsored studies

of residential end uses of wat€éDeOreoet al, 1994;DeOreoet al, 1996a;Lowenstein and Hiller,
1996; Mayer,1995; see alsoTable2.2). The most popular of which is a study conducted by the

L' YSNRAOIFY 2FGSNI 22Ny & !3a20AF0A2y wSasSINIBw C2dzyR
trace analysis toolkit calle@irace Vizardto study residential end uses of water in 1,188 households
across 12 study sites in America and Car{dizyeret al, 1999) The water data was collected using

the aforementioned magnetic sensing retrofitigtion. The data collection took place in the winter
and the summer months from 1996 to 1998 and resulted in 1.9 million water usage events. A total
of four weeks of water data per home was collected in separateviwek intervals. This study
provided thecanonical dataset upon which most US government statistics of residential end uses of
water are basedVickers, 2001)That said, as far as we are aware, the accuracy of-tfiave
analysis has not been comprehensively studied. In the AWWARF study, twesaspeculate that

their system is 90 percent accurate in correctlyntiiying water usage events 43 inMayeret al,

1999; however, they were not able to offer concrete accuracy statistics as they did not collect

ground truth data.

In the only knownempirical investigation, Wilkest al. conducted staged experiments of water
usage over a five day period in one home. Ftoagce analysis correctly categorized 83% of the

isolatedwater usage events at the fixture category level. When water usage overlappedavhiat
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we term compound even)s performance dropped dramatically to 24% when two water fixtures
were used in compound and 0% when three or more were ((8éitkeset al, 2005) Moreover, it is
important to note thatalthough flowtrace analysis is capable of classifying at the fixture category
level, it cannot be used to determine the specific fixture or valve that was uigedt (Can sense that

a toilet was flushed, bunot whichtoilet was flushed). In contrast, HydroSense can identify water

usage events at the valve level.

Finally, in its current form, flowi NI OS |yl f e@aAa Aa y20 O2YLIX SGSte | d
Trace Wizard, for example, is a mugitep, itemtive process. The program uses the following set of

statistics to help classify water usage events: start time, stop time, duration, volume (¢3llons

peak flow rate in gallons per minute (g the most common flow rate (gpm), and how often this

most @mmon flow rate occurs during the duration of the event. Events are classified according to

their similarity with a predefined set of manually entered and tuned gesme parameters. For

example, a toilet may be defined as using between 3.25 and 3.75galler flush, the peak fll

flow rate as between 4.2 and 4.6 gpm, the duration of the flush event between 30 and 50 seconds,

and the mode flow rate between 4 and 4.5 ggMayeret al., 1999) AquaCraft estimates that it

takes their trained analysts apgpximately one hour per week of data from a home to complete a

flow trace analysis; less time after the parameter file has been properly t(Magleret al., 1999)

2.4.4.4 Disambiguating Hot Water vs. Cold Water Usage

The lack of precise measurements about the mjiiees of hot water used in residences has been an
obstacle in the design of hot water systenesg(, measuringhow much hot watethomes require at

peak use:DeOreoet al, 2000; Hiller, 1998and in the analysis of conservation programesy(,
measurng hot water savings from dow-flow shower headDziegielewski, 1992Hot water usage

also highlights the strong interconnection between energy and water conservation efforts in the
home. According to the US Department of Energy, hot water heating is the fourth most energy
consuming activity in the home behind air conaliing, refrigeration, and space heatir{yy.S.
Department of Energy, 2001)however, what hot water usage activities contribute to this

consumpton are much less understood (Hereteal., 2002)

The measurement and analysis of domestic hot water consumsiaypically accomplished using

one of two methods: a temperaturbased inference method or a fletvace analysis method

17 Us gallo

n 4 3.785 L
81 gpm & 0.063 |

iters | sec
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(where the inline meters are installed at tht water heater intake lineAguilaret al, 2009. In

1985, Weihl and Kempton conducté¢he first quantitative study of hot water usage using automatic
means(Weihl and Kempton, 1985 hey installed an inline flow meter and a temperature probe at
the hot water tank as well as temperature probes at the hot water pipes leading to eachefixtur
Flow rate and temperature were recorded to a computerized data logger once per minute. From
this data, the authors were able to deduce which fixtures were using water, how much hot water
was being used, and also calculate pipe heat loss. Ladd andddaused a similar distributed
sensing approach; instead of temperature probes, however, they used power consumption monitors
on the dishwasher and clothes washer, an inline flow meter installed at the clothes washer, and an

inline flow meter at the hot wadr tank(Ladd and Harrison, 1985)

Lowenstein and Hiller (1996) simplified the above approaches by eliminating the need for multiple
sensors. They collected flow trace data at 15 second intervals at an inline meter installed at the hot
water tank feed line The volume of flow and the average flow rate for each hot water draw were
used to classify the hot water usage events into their endaategory, a technique they referred to

Fa aoAy Fylftearazeé odzi -tace amlysi hithdserlparamBtog@.S R T 2 NJv
without time of day, event duration). Although this technique was used successfully in4oggar
study of seventeen sites (and repeated by DeCrad Mayer (2000 a study of 14 Seattleomeg,

it was noted by the authors in a folv-up paper(Lowensteinet al, 1998)to have two major
limitations: (1) they were not able to discriminate between end uses when multiple hot water
activities occurred at the same time and (2) hot water draws for differentwseds can have the
same flowrate and total flow volume, making it difficult to unambiguously associate specific end
uses. Thus, in their followp study, they attached thermocouples3linche$’ downstream from
where the hot water line branched, up to three thermocouples per homepédeing on its

plumbing layout) to mitigate these limitations.

The water sensing system in this dissertatiblydroSens€Chapters 7 and 8presents a unigue
opportunity for discriminating between hot and cold water usage because it is much easietalb ins
than the above approaches. Pressure waves are shaped not just by the valve type but also by their
propagation pathway through the pipe system, allowing HydroSense to disambiguate hot water
events from cold water events (even though the hot and coldewsalves are right next to each

other at a faucet, their pipe pathway through the home is quite different).

1 inch & 2.54 cm
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2.4.45 Summary of Water Sensing

Although past research has explored disaggregation approaches using only one or a few sensors, no
work exists on automatally identifying water usage down to the individual fixture or valve.
Similarly, although a number of researchers have explored sensing techniques for hot water
consumption in the home, no current method exists for disambiguating hot vs. cold waterouse fr

a single sensor. In this dissertation (Chapters 7 and 8 specifically), we explore the use of pressure

based sensing to do both.

2.45 Water Feedback

Similar to the water sensing research above, the water feedback work has largely been pursued by
three fairly disparate communities: (i) utilities and water resource management scientists; (ii)
HCIl/Ubicompresearchers (iii) environmental psychologists. In this section, we review the water
feedback literature with a focus on both théesignand the evaluation of the water feedback
system. We note that our literature search was unable to find any past or current work that focuses
on disaggregatedwater usage data, which is the focus of ChapterTBus, the related work
presented below is exclusively focusedaither pointof-consumption water sensing and feedback
systems (e.g., Kuznetsov and Paulos, 2010f systems that present aggregate water usage

information (e.g.,Naphade, 2011)

2.45.1 The Design of Eco-Feedback Systems for Water

In terms of the water feedbacllesigns, we can use the etmedback design spagaesented in
Chapter4 to help structure our discussianThe more primitive desigdimensionsinclude: data
granularity, update frequency, display mediymand thelocation of feedbackThese are tightly
bound together, particularly for the HCI water feedback systems because mospaing-of-
consumptionsensing and feedback systemm other words, they measure water usage directly at
the faucet (or showerhead) and provide immediate feedback about that uségen ambient
display This is likely aeflection of thedifficulty in building ecefieedback systemfor water where

the sensor is independent (physically disjoint) from the feedback syském limitation should be
alleviated in some fashion by thliecentintroduction and proliferatiorof water-based smart meters
(although these are still far less common than for electricity). Even still, as previously mentioned,
these systems only provide aggregate consumption information at intervals less frequently than
reaHtime. In addition, it isunclear if smart meter data will even be open and accessible to

researchers or hobbyists to build their own feedback systems.
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Kuznetsovand Paulog2010) for example, createdJpStream a customdesigned orb displathat
lights up in green, orange, anddeolors depending on the length of time a faucet or shower is
used; an LED graph atopanies this display to relat®tal usage at that fixture so far for the day
(Figure2.4j and K. Similarly, theshowme display by Kappel an@rechenig(2009) uses a string of
LED lights, which illuminate in a progrdéss like fashion as water flows from a showerhgaajure
2.4i). The design community has also predominantly explopnt-of-consumptionfeedback
(Figure2.4a through §, even though their prototype sketches are not bound by the same pragmatic
constraints as the HCI researchers vimpically implement and evaluate their systenitsis unclear,

in these cases, why pohaff-consumption feedback has received so much attamti

Although pointof-consumption feedback can potentially reduce usage at the installed fixture (Willis
et al, 2010; Staaket al, 2011), it is limited in its ability to convey broader patterns of use or to
easilycompareusageacross fixtures. Thesestgms have also disproportionately focused on faucet
and shower usage, which account for only 22% of water use in the average North American home
(Vickers, 2001)Also, because these systems require installation at each fixiuee they use a

direct sersing approach), there are pragmatic issues around adoption that are rarely addressed such
as increased maintenance, power requirements at each water outlet, and a change in the aesthetic
of the fixure. This latter point is already an issue affecting @moption of lowflow fixtures Jeffrey

and Geary 2006. In contrast, our displays are designed for sensing systems that need not be
collocated with a fixture and can therefore support a wider range of visualiza@gsdomparison

of all fixtures usagewithin one display).
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Figure 2.4: Thus far, most water-based eceeedback systems have been designed to sense and feedback water
usage at thepoint-of-consumption The top two rows are design sketches/cormm#ons created by industrial
designers while the bottom two rows are actual systems built and evaluated by HCI researchers. Starting from the
top-left: (a) Squirt by Meghana Vaidyanathan (Lockton, 2007)s aimed at children aged 3 to 6 (b) In-Formed by
Nadeen Haidary redirects a small portion of water to a glass chamber, which acts as a bar graph tracking current
usage. (c)insight/Inmind by Adam Kereliuk (Morell, 2007) uses a backlit LCD display to show how much water
usage a faucet/shower has used lolay, week or month; the next three designs are similar: (djapMeterby Henry
Ellis-Paul, (e)Domestic Water Meteby Viktor Legin, (f) iSaveby Yu Guogun (Morell, 2007). (g)HeatSink (Arroyo

et al, 2005) illuminates water according to temperature whilg¢h) WaterBot(Arroyo et al, 2005) offers continuous
feedback via visual and auditory cues. (i) TheShowMe shower display by Kappel and Grechenig (2009)
illuminates a string of LEDs according to usage. (j) and (k) show variouslpStreamprototypes for faucets and
showers by Kuznetsov and Paulos (2010). (I) Ti#hower Calendaby Laschkeet al(2011) uses a projected display
on a shower curtain to show shower usage amounts over time (colors represent people; larger dots miess
water usage during that shaver).
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2.4.5.2 Evaluating Water-Based EcoFeedback Systems

The environmental psychologiséed water resource management scientisiave largely focused

on largescale studies with simple feedback technology some cases handwritten notecard$o
study how and irwhat ways feedback on water usage may change behawigr,Gelleret al,, 1983;
Aitkenet al,, 1994; Williet al,, 2010). In contrast, the HClI community has focused on creating novel
water feedback prototypes and evaluating these via informal user etudin this case, the
visualization systemits understandability, its interactivity, its aesthetiés typically the focus of
the research rather than the effect of the system on behavior. Although a few HCI studies do
attempt to deploy and run interventiobased studies of their technologye.¢., Kappel and
Grechenig 2009; Kuznetsov, 2010; Laschieal, 2011); these are smabcale and not always
methodologically rigorous. Indeed, they are often meant to point to the potential of the feedback
system ratker than to prove or scientifically demonstrate its effectiveness. This methodological

difference between the two disciplines is explored furtheCimapter 3

A review of the various water feedback artifacts and their evaluations is presenfebla2.3. Four

of the studies reviewed provide feedback on aggregate water consumption, which refersttwdahe

water usage in a building rather than at the peoftconsumption for a particular fixture or

appliance (as previously noted no studies exist investigating the effect of disaggregated water usage

data on consumption behaviors). In the two environmentalgi®logy studies (Gelleat al,, 1983

and Aitkenet al., 1994),handdelivered notecardd JN2 @A RSR FSSRol O1 2y GKS LJ
etal> Mdy o0 2 NletwnS PYMwateusagelitd hBuseholds. The Aitkeal. study ran for

nine weekswith a threeweek baseline data collection period, a thraeek intervention period, and

a threeweek postintervention period. The researchers found that the higinsuming households

receiving feedback plus a cognitive dissonance treatmsighificantly reduced their water
consumption. In the Gellest al. study, feedback was not found to affect consumption. The authors
FNHdzS GKFG GKS tAYAGSR STFSOGAGBGSySaa 2FieFSSRol O
water prices) and the lack of 2 YA O Ay OSy (A @Sa FT2NJ NBRdzOAy3 02y
GKFG aAy LINBGA2dza SySNHE& NBaSINOK:I FSSRol Ol &aiN
relatively inexpensive had much less of an impact than did feedback interventions appliezhdn ar

where electricity was expensive (Geller al> MMy HT 2 Ay 1t SNWinkler{1889)SG 0> m
reported that where water prices are low behavioral interventions can be expected to have minimal

or noinfluence
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Authors Publication| Year Feedback Description Motivation Feedbacl Feedback] Implemented Feedback Study Feedback Results
Venue Technique(s) | Granularit Freq.
Gelleret al. Journal of | 1983Hanedelivered postcards were delivered |Feedback, Aggregate |Daily Yes Total househslN=129; Feedback group resulted in no significant reg
Population feedback resi dences |Comparison, Rew{(building Feedback intervengimup |over baseline group.
and amount in gallons, % increase / decrease fro|Penalties level) N=66; Four weeks of basel
Environment postcard, and % increase / decrease from| data collection; interventior
Smiley/frowning faces were guofad each of period lasted for fiveksee
percentages included.
Aitkenetal.  |Journal of | 1994Hanedelivered postcards with a commitment s|Feedback, Aggregate | Weekly Yes Total households N=286)@8| Feedbadnly group did not result in significan|
Applied Soci feedback amount from past week, and compdCommitment, Socj(building conditions; Feedback reductions over control. Feedback+cognitive
Psychology householdef same size made artificially |Comparison level) Intervention group N=107; |dissonance group resulted in 4.3% reduction
0Oincrease potential t Baseline3 weeks; across highest consumers.
Intervention=3 weeks: post
intervention period=3 week|
Arroyoetal. |CHI 2004 Waterbot is a point of consumption sensor an|Feedback, RewardPoirvof Reatime |Yes, prototypd Two informal pilot Not a behavioral st@lyalitative findings includ
display for water consumption. Two LED bar4Social Comparisorlconsumptid studiegN=10, N=I&gnductedbar gr aphs, t emp eirnatt
current use and ave .| at faucet in laboratory focused on  |messages were intuitively understood.
auditory cues are usdg understandability and aest
positive reinforcers for tumihd wat er . of system.
Peterset al. |Journal of | 200 Website (and some kiosks) accessible by s|Feedback, Secial |Aggregate |[Reatime |Yes, now Two dormitoriesy8ek 32% reduction in electricity usage and a 3%
Sustainability campus providédrmlevel feedback of electricifComparison, (building conmercial |baseline periodygek in water usage.
in Higher water consumption Competition level) product via |competition periody@elpost
Education Lucid Design.|competition period
Kappel & Persuasive | 2009Water shower monitor and ambient feedba|Feedback Poiniof Reatime |Yes, prototypdPilot study: N=4 household|Paper says oOmean wat
Grechenig that uses a vertical row of LEDs that lig| consumptid baseline data; intervention|l i t er s . 6 Urallod peshower.iAlso,
proportion to the amoohtwater used (like a at shower period=3 weeks control group or baseline data so unclear ho
graph). number was calculated.
Ravandiet al. |HCI 2009Display system for shower using fishtank gFeedback, S&If |Poinof Reatime |No, design on|None No evaluation.
International design elements. Users login when they show|SociaComparison |consumptid
Penalties, Reward]at shower
Kuznetsov & |CHI 201(Lowcost point of consumption displays for fayFeedback, Penalti{Poirof Reatime |Yes, prototypd3pilot studies; one of fauce|Mixed results. Public faucet despldgd in
Paulos showers. Two styles of displays were cr/Comparison consumptid display artdsoof showerstl [increased usage (perhaps because of novelt|
showers: (i) a numeric display with current at shower /27 study: -B days®study: 4| participants were driven to use water more t
usage and (ii) an ambient visualization orb, wi and faucet 7 days display would change). Private displays redu
grow green, orangeed depending onwhplengt} Study durations prob. too short to generalize
Laschkest al. |CHI Exteed | 201 Shower design prototype that displays water|Feedback, S&lf  |Poinof Reatime |Yes, prototypgPilot study: 2 households fgMixed results. Study primarily focused on qu
Abstracts individual users (users login when they take a|SociaComparison,|consumptid month reactions. Very small study; again difficult to
at shower quantitative results.
Williset al. Journal of | 201qUsed Waitek shower monitors, which rpedtiide Feedback, Penalti{Pointof Reatime |Yes, commerdTotal households N=151; [27% reduction in mean shower event volumg
Resources, usage on showering. Plays auditory alert wh|Comparison consumptid product Feedback intervention N=4|feedback group compared to control.
Conservatiol time passes 5 min threshold. at shower week baseliwinter 2008; 2
& Recycling week intervention winter 20
Naphadet a/. |IBM Tech 2011 Online web portal showing aggregate water Feedback, S&lf |Aggregate |0 N e a-r |Yes, pilot Total households N=303; |Average overall water savings of 6.6% per h
Report time and weekly printed repttseholds could |SociaComparison,|(building |t i me 6 [commercial |Feedback intervention N=1}In addition, 8% reported leaks compared to (
receive leak alerts, compare their usage to Rewards, level) product Control=152ygeek across rest of city. Active participation rate o
participate in competitions/contests. Competition, Alert
Staaketal.  |ETH Zurich | 201]|Pointof-consumption feedback system for |Feedback, other [Pointof Reatime |Yes, pilot com}200 households sent devic{Average shower water consumption reduced
Tech Report Report is sparse on design details. strategies unclear [consumptid Product installed device. 5 mo. Stud(compared to first 9 showers after device ins
period w/ baseline collectio|no feedback given).
Table 2.3: A review of water feedback displays in the HClenvironmental psychology and water resource managemeritterature sorted by year.
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In a more recent study conducted by IBMesRarch, Naphade et al. (2011) designed and
implemented a pilot feedback program using smart water meters in Dubuque, IA. Their study
involved a9-week behavioral study of 303 households (151 in experimental group, 152 in control
group) studying effects of an online web port&ligure2.5) and printed weekly reports of water
usage data. These interventions not only presented water usage patterns and trends but also
automatically detected and reportk leaks.They found an average overall savings of 6.6% per
household compared to control group. In addition, pilot participants reported leaks at a rate of 8%
compared to 0.98% citywide (the authors estimate that 30% of households in the city had leaks).
These findings point to the potential of new, emerging sensing and feedback systems in reducing

water usage consumption.

Finally,although not just about feedback, the effect of metering on water usage behavior is also
relevant.a S (i S NA y 3 QérpodelisitoyalloMdBvater supplieto charge based omsage Asa
consequence monthly or bimonthly billsare provided toconsumers with information on their
aggregate water consumption for the billing period (these are also available online with iedreas
frequency). Because metering is inextricably tied to billitegeffect on behavior is as much about
economics and perceptions of coss it isabout feedback.In a review of the effect of household
metering on water consumption in Europe and North Aitee Inman and Jeffrey (2006) found
savings between -86% (the mean reported savings from US programs was 2884previously
noted, however, charging for water via household metering isoatentious and emoative issue
involving debates around water equitand water as a social good vs. a commodityus, other

strategies for feedback may deserve increased attention.

2.4.5.3 Summary of Water Feedback

A large portion of the water feedback related work has focused on mdisbnsumption feedback.
Although recentlythis type of feedback has been evaluated in large behavioral studies and shown
to be effective €.g., Willis et al, 2010; Staakeet al, 2011), these systems have also
disproportionately focused on faucet and shower usage, which account for only aportah of

water use in the average North American home (Vickers, 2001). Inspired by our formative work in
Chapter 6 and our sensing work in Chapters 7 and 8, we explore a rangefekdback designs of

disaggregatedisage data, which have not been ewatled before.
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Figure 2.5: Three commercial ecefeedback systems for water: (a) The&Shower Monitorby Waitek starts with a
full fPhrao @r ¢ haat decreases according to sensed flow
water has been used, a beeper alarm sounds (see Wilisal, 2010). (b) The startup company Amphiro has
recently pilot tested their miniaturized smart meters with wirelessly connected displays; however, little
information exists on the design of their system (see Staake al, 2011). (c) The IBM Smarter City Water Pilot
(Naphadeet al, 2011) is an online website fosmart meter water data that was deployed to 151 households over a
9-week period. These three designs were also evaluated in behavioral studies,Tsdge 2.3.

2.5 CHAPTERSUMMARY
In this chapterwe first traced the short history of Sustainable HCI researchpmsitioned eco-

rate

feedback research within the broader HCI/Ubicomp research communities. We also connected eco

feedback research to the HCI and computer graphicsdistiplineof information vsualization. In

particular, we noted how ecteedback could be seen as a relatively new, emerging area of infovis

called Casual Informatiovisualization. This link is useful becauspravidesan existing vocabulary

and
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with which b think about, discuss and critigue efeedback designs as well as to draw upon infovis

findings in the design of edeedback systems.

We then transitioned to literatureon sensing and feedback for personal transportation and water
usage. Here, we notethat new mobile phone models released since our UbiGreen tool was
developed (Chapter 5) may eliminate the need for a wearable sensor for activity inference. Perhaps
more interestingly, however, we found that although new transit transportation mode infaren
techniques have emerged since our UbiGreen work was conducted, no nevieesttzack

applications have been published that take advantaginoe systems.

For work related toecofeedback for water usageave first providedbackground on wateusage in
generalto better contextualize our contributions. We included a short description of the hydrologic
cycle, argued for the importance of conservati@miated research around residential water usage,
and reviewed water management programs and saes, delineating nepricing and pricing
techniques to curb water use. Finallye reviewedwork related to sensing and feedback systems
for water, including disaggregation methods, water flow sensing techniques, and hot vs. cold
disambiguation. The watefeedback literature demonstrated the promise of eemdback in
reducing water usage as well as open opportunities. Namely, no past work has presented an
automated sensing system for disaggregating water usage at the indiiigtwuak level nor does

anypast work exisbn how such granularities of data may be visualitethe uset

Review and synthesis of related work continues in the next two chapfdrapter 3 compares e€o
feedback work in HCI/Ubicomp to that in other disciplineile Chapter 4 preents motivational
theories and techniques useful for efeedback research, as well as a design space that

incorporates much of the discussion in Chapters 2 and 3.
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Chapter 3
Investigating the Role of HCI in the Design

and Evaluation of Eco-Feedback Technology

Given the rapid rise of ecteedback related researcim HC) as highlighted bysection 2.1 irthe
previous chapterit is critical for the HCI community teflect uponand define an approach and
theoretical foundation for the design and evaluation of deedback technologyThis chapter and

the next (Chapter 4) contribute specifically to this area offssmlback research.

While the stated goal of eefeedback technology is to provide feedback on individual or group
behaviors to reduce environmental imgaadapted from McCalley and Midden, 1998{olmes,
2007) few HCI ecdeedback studies have even attempted to measure behasfiange. Although
ecofeedback may be seen as an extension of research in persuasive techiitugy, 2002,
studies ofecofeedback actuallyextend back more than 40 years in fields such as environmental
psychology and applied social psycholojyis gies rise to two interrelated questions: (1) What can
HCI learn from environmental psychologyd (2) what should be the @ of the HCI community in

contributing to ecefeedback research?

Although some researchers in HCl abidbicomp have applied findings from environmental
psychology €.g9., Pierceet al., 2008 and Woodrufet al, 2009, all too often these findings have
been ignored. As far back as the 1970s, studies have shown th&eedback technology can affect
consumption behaviors. For example, in 1974 Kohlenksrgl. found that a light bulb, which

illuminated when households were within 90% of their peak energglée changed energy usage
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behaviors(study published irKohlenberget al, 1976) At that time, environmental psychology was
an emerging discipline that had grown out of the realization that environmental conservation was a

twofold problem: partly technial and partly human.

The gap between eefeedback research in HCI and in environmental psychology is unfortunate
because it can lead to redundant effodsd, at worst, ineffective designs. This oversight not only
affects researchers of edeedback technlogy but also practitioners, as commercial deedback
systemsecome morewidely deployedand governments begin institutirthe use othome resource

feedback systems(g.,see Darby, 2008)

In this chapter, we bridge the gap between findings from emuinental psychology and the design

and evaluation of ecfeedback systems in HGNe conducta comparative survey of 44 papers
studying ecefeedback technology in the HGCIbicomp literature and 12 papers within the
environmental psychology literature. Wesel this survey to contrast the design and evaluation
approaches taken in these disciplines and to identify areas in which HCI can make the strongest
contribution. Finally, we close with a discussion of issues that warrant further attention in the HCI
community including approaches to evaluaticand the lifecycle of usefulnessf ecofeedback
systems The next chapter (Chapter 4) provides a complementary perspective and shifts from
comparing ecdeedback designs and evaluation methodologies between the twelds to
integrating findings from environmental psychology (and other disciplines) intefesmtback

designs. We begin this chapter with a review of-émedback studies in environmental psychology.

3.1 REVIEW OF EC@GEEDBACK STUDIES IN ENVIRONMENTAL

PSYCHOLOGY
Research on the effects of feedback on consumption behaviors spans four decades and two

important eras: the energy crisis of the 1970s and 80s and the cliotege era beginning in 1995
(EhrhardtMartinezet al, 2010Q. Most of this researchas focused on the effect of energy feedback
on either electricity or natural gas consumption behaviors rather than the two topics explored in
this dissertation: transportation and water. The major literature reviews offeedback studies are

by Katzev,1987; Darby, 2000; Abrahams al. 2005; Fischer, 2008; EPRI, 2009; and Ehrhardt
Martinez et al, 2010. The research reviewed in these papers is conducted by applied or

environmental psychologists, governments or utility companies, and only two of therpdBPRI,

2009; EhrhardMartinez et al, 2010) cite HCI literature: Chettgt alQad oHnny 0 FASE R¢

understanding resource consumption in the home publishedUaiComp 2008This is both a
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reflection of disciplinary boundaries and the recency withich HCI has engaged with ele@dback

research but also, perhaps, the ways in which these other fields perceive the relevahCynairk.

Abrahamseet al. (2005) provided the first review of intervention studies aimed at reducing
household energy consymion of the modern era. The authors investigated thieight studies
performed within the field of social and environmental psychology and categorized their results
using Katzeand Johnsof @L987)taxonomy of techniques for promoting energy conservati(see
Chapter 4 for a detailed discussi@in antecedent strategiesi.é., commitment, goal setting,
information) or consequence strategidse(, feedback, rewards, penalties). Abrahaneteal. (2005)
specifically explored: (1) to what extent did the intention result in behavioral changes and/or
reductions in energy usage; (2) what were the underlying behavioral determinants exareiged (
knowledge, attitudes); (3) to what extent could effects be attributed to the interventions; (4) and
were the effect maintained over long periods of time. The authors found that most studies focused
2y @2fdzyil NBE O0SKF@A2NI OKFy3dS gAGK YSGK2Ra GKIFQ
and/or perceptions rather than by changing their surrounding contextual factogs jpay rate
structures for energy). In terms of the interventions themselves, Abrahaetsal. found that
reward-based and feedback interventions effectively encouraged energy conservation (with varying
degrees of success). Important findings includat timformation alone was sufficient in increasing
knowledge levels but not necessarily in inducing behavior change (or energy savings). Results of
studies using feedback suggest that increasing the frequency of feedback and combining feedback
with goal seting were most successful; no conclusive results were found when comparing feedback
in terms of monetary rather than environmental costs or in providing comparative feedieagk (

comparing to social groups).

Fischer (2008) reviewed approximately twentydies and five compilation publications from 1987
onward exploring the effects of feedback on electricity consumption and on consumer reactions,
attitudes, and wishes concerning such feedback. She found that typical energy savings were
between 5 and 12%Hough the absolute range was betweerg 20%). In a similar review of thirty

eight feedback studies carried out over a period of 25 years, Darby (2006), found typical energy
savings of 145%. Darby introduces a distinction betwedirect and indirect feedback; direct
provides immediate information on an activity in ramhe while indirect provides feedback
sometime after the consumption occurs.§.,like utility bills). Both Fischer and Darby point out the

difficulty in synthesizing, comparing, andtegorizing these studies as they range in sample size
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(from 3 to 2,000), housing type, and feedback methedg( frequency of update, historical
duration, visual design). Also, in some studies, other interventions such as financial incentives and
goalsdting were used in addition to feedback, making direct comparisons across studies difficult.
Despite such disclaimers, as Fischer argues, the sheer number of studies that reported savings is a

good indicator for the general effectiveness of using feedtadhange consumption behaviors.

In 2009, the Electric Power Research Institute (EERD) released a comprehensive follayw to

the above literature reviews with a specific focus on synthesizing feedback results, comparing two
theoretical perspectiveson how consumers make consumption decisions and the role of
information in informing these decisions, and highlighting outstanding research quesTioa€<PRI

NELEZ NI SELI YyRSR 5FNbéQa y2iA2y -Gaffgodey RafMB®i | v R
are indirect: (1) standard billing, (2) enhanced billing, (3) estimated feedback, and (4) daily/weekly
feedback while the other two are direct: (5) raahe feedback and (6) rediime plus feedback.

These are described in modetail inFigure3.1.

Indirect Feedback Direct Feedback
| |

2 3 4 5 6

Enhanced | Estimated Daily/Wkly = Real-time  Real-time
Billing Feedback  Feedback | Feedback Plus

(e.g., household | (e.g., web-based (e.g., daily or (e.g., real-time (e.g., real-time
specific audits with weekly feedback aggregate disaggregated
information ongoing updated  on consumption consumption feedback at
/fadvice) information) by mail or display information) appliance level)
monitor)

< information availability
< cost to implement

v

low

, high

Figure 3.1: The EPRI feedback delivery spectrum (adapted from EPRI, 2009).

Finally, in the largest literature survey of residential feedback studies to date, Ehiartihez et
al. (2010) systematically reviewed 57 studies spanning two eras (1€at0s80s and contemporary
research) and nine countries. They synthesized pasearh findings using the feedback
categorization schema developed by Darby (2000; 2006) and EPRI (2009) but specifically highlighted
energy savings within each categody.subset of theiresults (for studies run between 1995 and

2010)are shown inFigure3.2.
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Avg Household Electricity Savings (4-12%) by Feedback Type

“Indirect” Feedback "Direct” Feedback
15% - (provided after consurnption occurs) (provided in real-time)
12.0%

9.5%

10% -

3% -

Annual Percentage Savings

0% -
Enhanced Estimated Daily/Weekly Real-Time Real-Time Plus
Billing Feedback Feedback Feedback Feedback

Figure 3.2: The average household electricity savings categorized by feedback type according to Ehrhardt
Martinez et al.(2010)based on a eview of 36 feedback studies implemented between 1995 and 2010.

In pulling together the findings from the above summary studies (Darby, 2000; Abratetnade

2005; Fischer, 2008; EPRI, 2009; Ehrhistaitinez et al, 2010), we can begin to observe exffive

(and not so effective) feedback designs. In those cases where no savings were found, the feedback
occurred too infrequentlyd.g.,in the form of a semannual bill update), was too unobtrusive, or

the homes themselves were already low consumerssi@es that performed best provided
computerized feedback (rather than, say, augmented paper bills) with multiple feedback options
(e.g., consumption over various time periods, comparisons, additional information like
environmental impact or energy savingpg), were updated frequently (daily or more), were
interactive €.9.,0 KS RSGOAOS LINPJARSR O2yFTAIRAIYA2¥Y 22I0RR § B
were clearly and simply presented, and/or were capable of providing detailed, appliance specific
breakdavn of energy usage. Interestingly, providing direct financial incentives for consumers to
drive energy reduction had little lasting effect: consumption reverted to its previous levels once the
incentive was removed. This phenomenon highlights one of thmdgeficiencies in the current
literaturet few have studied the underlying cause of behavior change influenced by feedback

technology nor its longitudinampact

Though feedback has great potential, simply revealing behavioral data, however, does not
guarantee positive change or uniformly improperformance As Latham and Locke (1991) state,
GFSSRoI O] Ad 2yfte& AYTF2NXVIGA2YS GKIF G Asled BGGRS NIY R

factors such as age, the cost of energy, home ownership, income level, and family size may affect
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energy is proportionally low with respect to mme (Gelleet al.,, 1982).

3.2 COMPARING APPROACHEBCROSS DISCIPLINES
We now focus more explicitly on studies of deedback technology across the two primary

disciplines involved in this research: environmental psychology andUBICdmp We review
literature in both fields to uncover differences in their approaches, treatments, and evaluations. The
goals are to: (1) tease out what environmental psychology can offer tp(B)detter understand

the theories and methodologies employed in studies of-Bamlback technology in both disciplines;

and (3) uncover open areas of investigation that HCI and environmental psychology may be able to
collaboratively pursue. Note that this research was conducted in the spring/summer of 2009;

consequently, newer publicains in either field are not represented.

From HCMWbicomp we draw upon papers primarily from the CHlpicomp and Persuasive
conferences and related workshops. We found 139 papers related to both HCI and the
GSYBANRYYSYyGé 2N & asdmciided 58-workshop (papers, 36hfulzpapets? 321.Jdz
papers found in extended abstracts.g., demos, workdn-progress, alt.chi), and 13 short papers,
journal or magazine articles. Roughly 44% of these papers were published in 2009 and 92% were
published inthe last three years. Of the 139 papers, 56 were related tofeedback technology

44 of these provide a unique edeedback artifact, while the rest are essays. If an artifact was

published more than once, we removed redundancies in favor of full papers.

Our environmental psychology survey draws primarily from journals in psychology and sociology,
such as thelournal of Environmental Psycholpdgurnal of Consumer Researdburnal of Social
Issuesand Journal of Applied Social Psychologfe also looke at the papers mentioned in three
well-known surveys of energy feedback studiBsirby, 2000; Abrahams al,, 2005; Fischer, 2008).

We found 82 papers related to the effects of feedback on environmental behaviors including
recycling, transportation antiome resource consumptiore(g., gas, water, and electricity). Given
the long history in environmental psychology of exploring-smalback many of these studies were
conducted before technology was seen as a practical feedback tool. Thus, most ofttiiies did

not use ecefeedbacktechnologyin particular but rather other forms of feedback such as bill
designs, media campaigns, pamphlets, and home aublitech of this work is used in the next
chapter to inform our discussion of the behavioral modet&l anotivations techniques used in

environmental psychology to encourage proenvironmental behaWere, though, we focus solely
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on the 12 studies in environmental psychology that did usefeedbackiechnology(often referred

G2 a4 a02YLIzé SANWT SRABSSERAISAY G dzNB O @

In the next few sections we compare the 44 HCI deedback papers with those from
environmental psychologyAn overviewofthose papers that include aavaluationof their eco
feedback technology is shown Trable3.1. A full list of the publications used in tliemparative

literature review is available in Appendix A.

Environmental Psycholo HCI
Field studies/Total studies 10/12 8/27
Average number of participants in field studie 210 11
Average number of field study conditions 3.6 1.8
Average field study lefigtiuding baseline) 15.5 mos 2.5 wks
Average field study length (excluding baseling 7.15 mos 2.5 wks
Field Studie Number dfeld studies that collected baseline ( 9 (90%) 0 (0%)
Average difference in consumption after feed| -18% -10 liters ikappel and
introduced in field studies Grechenig (2009) 6 ma
increasebod
Holstiugt a/(2004).
Number dield studies that reported gualitative 6 (60%) 6 (75%)
All Studies | Number of studies that includddestimack interfe 6 (50%) 23 (85%)
Reviewed | screenshot

Table 3.1: A summary of the ecefeedback studies found in the environmental psychology literature vs. the HCI
literature. See AppendixA.

3.2.1 Treatment of the Eco -Feedback Technology

The most striking contrast between the HCI and the environmental psychology literatuhe
emphasis (or lack of emphasis) on the visual design of thefemttback interface itself. Although

both disciplines are ostensibly interested in understanding the role of feedback technology in
changing behavior, environmental psychology has larfmtysed on the effect of the feedback
intervention itself while HCI has concentrated on the production of thefeedback artifact and

rarely on conducting field studies to actually study behavior change. This discrepancy largely reflects

core orientations of the two fields.

Indeed, only half of the environmental psychology papers even provide a graphic of their eco
feedback interface. In several cases, the descriptions of the interfaces were only a few sentences
long and no visuals were provided in thapers €.g.,Sextonet al, 1987; van Houelingen andvan

Raaij, 1989)Figure3.3 shows the two most commonly reported designs: (1) a simple LCD display,
and (2) a bar or line chart showing a breakdown of usage on a PC, with some amount of historical

data available for secomparison. Almost all (10/12) of the devices used were getaractive, but
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interactions were often limited, for example, to pressing a button that would cycle through statistics
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Figure 3.3: Some examples of displays uselly environmental psychologists (and related disciplinesin the
longitudinal behavioral trials. (a) A simple LCD display from Keirstead, 2007. (b) A more sophisticated LCD
display used in Mountain, 2006. (c) The disaggregated electricity tirrgeries display used in Uenet al, 2006.
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Figure 3.4: Example HCI ecofeedback systems: (a) JetSam: uses a camera and a projection system to project the
inside of a trashcan outwards (Paulos and Jenkins, 2006). (b) Thefotropism display uses sensors and living
plants to provide feedback about recycling and waste disposal (Holstiwst al, 2004). (c) PowetAware-Cord:
ambient energy usage display Gustafssonand Gyllenswérd, 2005). (d) WattBot: mobile phone home energy
feedback (Peterseret al, 2009). (e) ThePowerHouse: resource efeedback in a virtual game environment (Bang

et al, 2006). (f) Stepgreen: proenvironmental behavior tracking social website (Mankoéft al, 2007b). (§ Imprint:
environmental impact of printing ambient public display (Pousmaret al, 2008).

In contrast, the ecdeedback designs in the HCI papers were much more diverse and fully explained.

Of the 27 HCI papers that provide some sort of study of theirfeedback technology, only four
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papersdo not disclose a screenshot of the interface. In addition, the studies employed a range of
presentation mediums for their feedback including: ambient displayg.,(Arroyo et al, 2005;
Gustafssorand Gyllensward 2005; Paulos and Jenkins, 2006; Poussetaal.,, 200§, mobile phone
applications €.g., Chapter % Petersenet al., 2009, desktop gamese(g., Banget al, 2007, and
social websitesMankoffet al, 200)t seeFigure3.4.

Unfortunately,many of the ecdeedback designs in HCI do not link back to work in environmental
or behavioral psychology. In our survey, less than half of the H&keedback papers referenced
behavioral psychology literature ansl8% rderenced environmental psychology literatureEven
more dramatically, no study in environmental psychology referred back to THW3lrepresentsa
profound gap between disciplines. Interestingly, anghor McCalley(e.g.,McCalley and Midden,
2002) hagublished in botffieldst having publishe@t both the Persuasive conference and journals
in psychology and energyerhaps a future goal for HCI should be to initiate collaborations with

environmental psychologists.

3.2.1.1 Discussion of Treatment

The primary madwvation of ecefeedback technologies in both disciplines is to promote
proenvironmental behaviors. Despite the relatively simple interfaces and lack of focus on design, the
environmental psychology studies have achieved impressive results, a findingshibidd be cause

for reflection by eceeedback researchers in HCI. HCI researdberstioners shouldground their
desigrs in the basic principles uncovered by environmental psycholdggycan then applythe
unique methodologies and approaches found i€IHe.g., user centered design) to further the

design of ecdeedback technology.

Although the environmental psychology studies show that-fsemlback can reduce consumption,

they do not clarify the extent to which this impact is based on specific desigments. Considering

only the designs that appeared in the environmental psychology studies, we can see guestions that
HCI researchers are wallited to study: How important is it that edeedback be even minimally
interactive? What types of informatioand presentation mediums are most effectived.,graphs

vs. abstract ambient representations)? To what degree does the physical placement and access to
the device impact its overall effectiveness? Answering these questions should allow us to identify

how environmental psychologists may improve on the advances they have already made.
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3.2.2 Consumption Targets of Eco -Feedback Technology

Ecofeedback technologies have been developed to target many types of consumption. The most
common target is residential eleatity usage: 41% of the papers in HCI and 92% of the papers in
environmental psychology. This emphasis is both a reflection of the impact that electricity usage
behaviors have on the environment as well as the ease with which energy usage can be

automaticdly sensed.

As a field partially composed of computer scientists and designers, HCI researchers often have the
resources to construct both their own novel sensing systems as well as their own feedback
interfaces. HCI has also developed techniques to test ierate on prototypes for exploring
interactions and interfaces independent of the current state of technologyg.(Wizardof-Oz
evaluations). As such, HCI has exploredfeedback technologies for a larger set of behaviors than
have been studied irenvironmental psychology. We found 20 HCI papers onfeedback for
electricity, four on water, four on transportation,four on carbon trackingthree on garbage and
recycling behaviorghree on the environmental impact of product purchasésp on paperusage

andoneon eccfeedback for a virtual game world.

3.2.2.1 Discussion of Consumption Targets

The HCI studies have shown that people are open to new types efeedback for behaviors
outside of energy usage. One role for HCI is then to challenge the londgabf current ece
feedback technologies by envisioning and exploring novel consumption targets for environmental

behavior change.

3.2.3 Study Methodology

Another important distinction between the two disciplines is in stuaigthodology Table3.1). HCI
researchers have largely focused on laboratory studies or qualitative field studies -fdesttiack
technology. Although behavior change is often reportedtlas primary motivation for these
projects, the emphasis tends to be on the artifact itself rather than its effect on behavior. This is not
to say that the designs are not evaluated. Of the 44-eemlback technology papers from HCI, only
17 of them do notprovide some sort of user evaluation of their designs (and 9 of these were

workshop papers).

The HCI laboratory studies tend to be informal in nature, seeking feedback about understandability,

aesthetic, and perceived usefulnessd., Arroyo et al,, 2005;Gustafssorand Gyllensward 2009.
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For example, a Wizamdf-Oz lab study comparing three visualizations of the Petweare cord

(Figure3.4c) found that 13/15participants understood the feedback without explanation, but that

there was atension between two different deghs (pleasing vs. informativelsstafssonand

Gyllensward 2005% ! & G KS | dzi K2 NEAt thi§ stafeS the\ Bowekwirs Cordlid JS NE &
mSFEyad G2 o6S | O02yOSLIidzrtf RSaAdly adlraSYSyidzr yvzalift
0K2dZAKGA |+ NRPdzy R G KS | NEstis axd@mm8nyafpraHch taker iy éndzgindgi A 2 y ® €
areas of HCI. It is also consistent with the principled HCI traditfoiterative design, since the

laboratory offers a rather loweost means of receiving feedback about a design idea or preliminary

prototype.

With respect to field studies, we found 8 papers in the HCI literature that conducted field studies of
their ecofeedback technology, lasting between 1 to 4 weeks with an average of 11 participants. Of
these studies, 4eported behavior change daté¢lstiuset al., 2004; Kirret al., 2009; Kappett al,,

2009; Yun, 2009However, none of the studies included a cahigroup that was not exposed to a
feedback itervention, and only one studyHplstiuset al,, 2009 collected any baseline data (of 1
week). In this respect, the study designs were better suited for collecting preliminary user feedback
and conducting iterative design of the prototypes. The studfHimistiuset al., 2009 was the most
similar of the 8to those found inour review of environmental psychology, although it was much
shorter and did not include a control group that was not exposed to the intervention. The study
evaluated the effect of an ambient plant displdsigure3.4b) on garbage and recycling behaviors
over a 2week deployment in a university cafeteria. The researchmiad no change in the amount

of trash and a marginal increase tine amount of recycling; they also conducted interviews to
uncover reactions to the design. Again, however, the focus was much less about quantitative

experimentation but rather about subjective reactions to the feedback artifact.

In comparison to the HGQksearch, the studies in the environmental psychology literature were
almost exclusively field studies (10/12), with one survey and one lab study. All of the studies looked
at the effect of feedback on home resource consumption (either water, gas, orieiggt The field
studies here included a much larger number of participants than did the HCI studies, ranging from 3
to 784 householdsaiyg=210). The study with 3 households is the first known study offeedback
technology that we could find in outdrature review: the Kohlenbergt al. (1976)light bulb study
referencedat the start of this chapterThe largest studiesayg=14 households) were conducted in

partnership with utility companies, which allowed researchers access to a large pool oEudaty.
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study included a control group that did not receive an intervention, and all but one of the field
studies collected baseline dat&ew papers discussedhe actual design process of their eco

feedback interface.

Only one of the environmental psychglp studes was a controlled lab study (McCalley and Midden,
2002) but it offers a contrast to the HCI literature because it included a much larger sample size
(N=100) and tested several different feedback conditions on behavior. A more typical study desig
from the environmental psychology literature was conductedviayn Houwéingen and van Raaij
(1989)and examined the impact of multiple intervention conditions on natural gas consumption.
Interventions included electronic feedback, less frequent extefaatiback, setmonitoring, and
information only. The study lasted three years, with one year each of baseline data collection,
intervention, and posintervention data collection. Results showed that all intervention conditions
reduced consumption, with # electronic feedback condition being the most effective (a 12.5%
reduction). Perhaps most interesting was that this reduction in natural gas usage did not last for the
one year posintervention period in fact, there was no significant difference betwedne
experimental and control groups after the interventions were removed. Thus, the feedback seemed

to only have an effect during the period it was given. No long term habit formations were found.

3.2.3.1 Discussion of Methodological Findings

Researchers in HCI gaenvironmental psychology have approached the design and evaluation of

ecofeedback technology differently. The environmental psychology papers establish rough

guidelines about how much baseline and intervention data studies need to collect in order to

measure behavior change. In contrast, HCI offers techniques for iterating on feedback designs,
particularly with respect to understandability, usability, and aesthetic. The styles of evaluation used
in HCI are particularly important to employ before time ambney are invested in extended

behavioral change evaluations.

Both evaluation approaches are valuable, but the disciplines can also learn from each other. For HCI
researchers, if our goal is to study behavior change, the environmental psychology ligeratur
demonstrates the importance of rigorous comparative controls, whether this is through improved
collection of baseline data or the inclusion of control groups who are not exposed to an
intervention. HCI does not, as yet, have a culture of longitudinalav@r studies at least for ece

feedback technology.
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This prompts the question: what incentives do HCI researchers have to conduct these sorts of
studies andshouldit even be a goal? If not, then what is our goal in evaluatingfeedback
technology? Ist enough to demonstrate that a technology is usable and engaging, at which point
we hand it off to psychologists or companiesg(, utilities) to conduct larger and more formal
behavioral studies? Based on our survey,-fmmback researchers in HCI hayet to reach a

definitive consensus on these issues.

3.2.4 Summary of Comparison

This comparative survey has exposed differences in HCI and environmental psychology in terms of
both goals and methodologies. Despite the long history of research in environnpasytaiology, we

have identified areas that HCI is particularly veelited to explore, and we expand on this

opportunity in the next section.

3.3 DISCUSSION
We have helped uncover findings in environmental psychology that may be relevant to HCI and, at

the sametime, suggest where HCI offers the strongest contributions to the area cfesttback
technology. Perhaps most importantly, we have started a conversation that may help bridge
researchers in both fields. The most prevalent behavioral models and motivatibniques used in
environmental psychology present a rich design space that can ground HCI research. Here we

discuss some implications for future efaedback research and design.

3.3.1 Design Implications

Our analysis has highlighted some of the meadient design factors that need more exploration.

These include the frequency with which a feedback system updates, the measurement units or

other representation of consumption that are most appropriate to present, the level of granularity

of the data €.g., do users see data from each appliance or the whole house), the accessibility and

medium of the information€.g.,push vs. pull, or an ambient display vs. a webpage), and the ability

G2 YF1S O2YLI NRA2Ya 6SAGKSNI ¢ isifotharsy. Srese varibusi &G 0 SK I ¢
design attributes have yet to be fully investigated in either HCI orremviental psychology,

althoughEgan (1999 andFitzpatrickand Smith 2009 offer a good start. We pursue this further in

Chapter4.
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3.3.2 System Development and Evaluation

In HCI it is rare to see field deployments on the scale of those conducted in the environmental
psychology community. Although behavior change may be the ultimate goal efeedback
technology, it is clearly one that requires large amountstiofe and resources to properly
investigate. While this may be seen as a limitation of the HCI evaluation methodologies, we offer
that this is not a detriment, but simply a difference. HCI has developed tools that allow us to explore
aspects of ecdeedbadk technology that are not yet feasible for lotgrm deployments. Rapid
prototyping, lowto-medium fidelity prototyping, and Wizarof-Oz can be used to envision and
study novel ecdeedback designs that circumvent technological limitations. Indeed, weasede

for HCI in providing ecteedback designs that have been evaluated on merits such as evocativeness,
engagement, understandability and usability. Even thi@éour week pilot studies are important in
demonstrating potential. Those designs that sepanticularly effective may then be handed off or

evaluated collaboratively with environmental psychologists.

For testing ideas, the laboratory offers a context to evaluate understandability, aesthetics, and
feelings towards the design. For higher fidelirototypes, field deployments are more appropriate.
Although the information presented in edeedback technology is intrinsically tied to the data
provided by the underlying sensing system, in some cases these limitations aaretoemeby
careful stugy design €.g., manual meter reading to update interfaces). This allows the HCI
researcher to focus on the edeedback artifact itself rather than implementing a durable sensing

system.

3.3.3 Targeting Feedback Behaviors

What specific behaviors should ef®edback technology be attempting to impact? Gardner and
Stern (2008) draw a useful distinction between two types of consumption behaviorsffigi¢ncy
behaviors which are ondime actions that provide a lasting impact, such as buying adffieient
vehicle, and (2kurtailment behaviorswhich involvgforming new routines to reduce environmental
impact, such as taking the bus to wofkee Figure 3.5). A large majorg of the ecefeedback
technologies we reviewed in both HCI and environmental psychology have focused on the latter, yet
it may be worth focusing on both. Gardner and Stern contend that the energy saving potential of
efficiency behavior&r outweigts the potential of invoking curtailment behaviors. For example, the
installation of compact fluorescent lighting (CFL) could be much more effective than remembering

to turn off the lights. It is thus critically important that designers understand the enmismntal
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behaviors that they are trying to motivate and to design around those behaviors. Afeedback
technology for water need not simply visualize daily water usage but could also make specific
recommendations about efficiency behavior®r example, gantifying the amount of money that

could be saved by installing a ldlew showerhead.

That said, installing more efficient appliances (or driving a more efficient car) makes them
susceptible to the rebound effect (Berkhaeital., 2000) where something iused more often simply

because it is more efficient thereby offsetting its positive impact on the environment. With the
NEo2dzyR STFSOU aGldKS AYLRNILI Y O&el 8., teéhKoBgical y i SNLI |
innovations) and micrdéevel factors €.g.,knowledge of efficient use of technological innovations)
0S02YSa | LILJ NEBgtiak 2005). @dJeveh With fficiency behaviors, feedback is

important as it can convey how the usage of a new technology affectertiieonment. For more

information an rebound effects, see Berkhoet al., (2000 or, more recently, for a discussion on

Sustainable HGesearch and rebound effects, skaufmanand Silberman2011).
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Figure 3.5 An example of cost/effort tadeoffs with respect to environmentally responsible behaviors.
Curtailment behaviors tend to be low cost, but take relatively high effort to make routine. Efficiency behaviors

range in cost and effort but can have similar, if not more, positive environmeally effects compared to their
curtailment counterparts.

Pierceet al.(2010) extend the above categorization of energy conserving actions by integrating their
own qualitative fieldwork examining home energy practices and prefereficsde3.2). Here, their
focus is particularly on defining a common vocabulary of enreompserving interactions for HCI

applications and interaction designers.



Cutting Powering offputting in an extremelydower state.g.powering off the television or
putting it in a standby state)

Trimming Using a ol owero or mor e e(@®gloweyngthd f/ ¢
thermostat setting, or washing clotheset d 6 r at her t han o0h

Switching Using a more enegfficient product in place of a product with similar but different
(e.g.using a ceiling fan instead of an air conditioner)

Upgrading Acquiring a more eneriigient product to replace a product of the emgepiecing
an older refrigerator with a more -efgsigyt model).

Shifting Shifting use to a different time or place without necessarily reducing thesotaéen:
by that proddet g.washing clothes at night duripgalfhours of energy demand)

Table 3.2: Pierceetalds (2010) categorization of actions

opportunities.
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and

strate

Finally, it should be noted that encouraging the purchase and installation of more efficient

appliances and fixtures is not so simplkecause of the environmental impact of the disposal of the

old good as well as the environmental impacttieé manufacturing and delivery of the new good.

Here, again,however ecefeedback can take lifecycle assessment into account when making

recommendations and even suggest the most green manufactured product.

3.3.4 Learning and Feedback

Ecofeedback technology malave a lifecycle of usefulnesgan Houwelingenvan Houvelingen

and van Raaij, 198®mphasizes the role of learning in feedback: subjects learn the connection

between the amount of resources they use and the consuming behdYarby (2000argues that

the effects of feedback are largely rooted in educational thet@gdback is an essential component

in learning. Often, feedback provides information that individuals did not have beffidearningis
one of the key benefits of ecfeedback, thenhow 3 R2Sa Al &dzAGF Ay NBf SOOIy

a proenvironmental behavior is achieved, does the-smxiback begin to lose its importance?

3.3.5 Large-scale Commercial Deployments

With the emergence and largscale introduce of smart metersecofeedbacktiechnology may well

become part of a common technological landscape. Millions of households will be able to view their

home resource consumption data on their mobile phones and web browsers. This will provide great

opportunities for the behavioral analgsof ecefeedback technology through massive AB testing.

This uptake in the commercial sector also raises issues of privacy and trust, sirfesdizack

technologies can collect vast amounts of information on personal habits.

3.4 CHAPTERSUMMARY
We have inestigated the ways in which HCI and environmental psychology approadeestimack

technology research. Our goal was to explore: (1) what HCI can learn from environmental
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psychology and (2) what the role of the HCI community should be in contributingotteedback
research. We believe that edeedback technologys a particularly ripeareafor HCl andJbicomp
research because it often requires sensor building, information visualizationhewel interfaces

and interactions. These are key areas of our expertise. HCI also offers a set of methodologies
founded on rapid prototyping, user involvement, and iterative design that allows for design
feedback early and often. As a community, howeveZ| Has yet to define how these methodologies
should be used to evaluate the potential strengths of an-femmback design with respect to its
ability to change behaviokVe believe ecdeedbacktechnologywill soon play a major role in the

ways in which wehink about and act in the world. The HCI community should ensure that it is

integral in helping shapehe role of ecefeedback in the future.

The next chapter, Chapter 4, continues the interdisciplinary perspective introduced in this chapter
but with a gecific focus on how findings from environmental psychology and the behavioral
sciences may be used to design more effective-feealback systems. Chapter 4 concludes by
integrating these findings (and dlse from this chapter) into an edeedback designpace, which
serves both as a critical lens to evaluate existingfeedback systems as well as a guide to help
design new oneslNe also draw upon findings from this chapter to inform the design and evaluation

of our ecafeedback designs presented in Cheqgt5 and 9.
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Chapter 4
The Design of Eco-Feedback Technology

In this chapter, we present an efeedback design space rooted in literature from multiple
disciplines, including HGhformation visualization(InfoVig, environmentalpsychology anépplied

social psghology We first introduceprevailing theories in psychology and sociology about what
motivates action and behaviorWe then enumerate a series of techniques that have been
successfully applied in the behavioral science and environmental psgghliterature with afocus

on how these technigquesnay applyto ecofeedback technologyBuilding on these discussions and
incorporating bothour own experience as well d@ndings from theHC|] Ubicomp and InfoVis
literature, we present alesign spacéor ecofeedback. This design spaiceludeseight dimensions

and serves two main purposes: (1) to helpdnalyzing ancritiquing existingdesigns and (2) to
provide a process and foundation with which to approach building new designs, by understanding

the tradeoffs of different points in thdesignspace.

4.1 MODELS OF PROENVIROMENTAL BEHAVIOR
Understanding why people engage in environmentally responsible behavior is a complex topic

spanning many disciplines including education, economics, sociglegghology, and philosophy.

For example, researchers have explored how certain psychological variables correlate with
environmental behavior such as: proenvironmental attitudes and bel@istZet al, 1998 Dunlap

and Van Liere, 1978; Scadind Willits, 1994 and personality traits Pettus & Gilles, 1987; Schultz
and Stone, 1994 Others have looked at contextual factors such as the convenience of thavioeh
(Gamba and Oskamp, 1994nA Y R A Jabiittiex: (Kaftélaet al, 1983, and normaive contexts.
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Finally, others have looked at demographic variables such as age, gender, educational level, and

income (CorraVerdugq 2002).

Although numerous theoretical models of proenvironmental behaviors have been developed and
studied, no definitiveexplanation has yet been founddllmusand Agyeman, 2002 Still, these
models offer insights into why people do act environmentally and thus they diaget implications

for the design of ecefeedback technologyBven if it is not explicitly recogréd, designers approach

a problem wih some model of human behavior, which affects the various design choices that imbue
their design. Here, we highlight a few of the most commonly used models, which extend from three
views of proenvironmental behavior. Tfiest, attitude modelsconsider the influence of knowledge
and attitudes on behavior; the secondationaleconomic modelsiew environmental behavior
primarily as driven by seifterest and cosbenefit analyses; and the thircorm-activation models
emphasize social norms and psocial motives as nsb important in influencing prenvironmental

behavior.

4.1.1 Attitude Models

Perhaps the most common approach to modeling and predicting environmentally sustainable
behaviors is through attitudéehavior modelgKurz, 2002 Attitude modelsassume that favorable

attitudes trarslate into favorable behaviorShipworth, 2002 These models suggest that informing

and educating people about environmental issues leads to proenvironmental behavior (which is

also, perhap, an implicit assumption amongst many deedback designers). As such, the key
AdaadzsSa 0S02YS Kz2g G2 OKIFIy3aS LIS2LX SQa | GdAaiddzRSa

understand the conditions under which such attitudes can be changed.

The two most ppular attitudebehavior models are both by psychologists Ajzen and Fishbein:

theory of reasonedaction (Fishbein and Ajzerl975) and its extension théheory of planned

behavior (Ajzen and Fishbeir980). The theory of reasoned action assumes that anivicldial

considers consequences of a behavior before taking action. Thus, the rdlgeation is an

important factor in determining behavior. The theory of planned behavior extends the theory of

reasoned action by emphasizing factors external to the iddal €.g.,situational factors that may
AYFEdzSyOS Iy AYRADARAdcdrddg to SEgNRESVIEK RADY), tigedry 002 y (i NB f 0 «
planned behavior has been successful in explaining various environmental bebdnoar travel

mode choice and hoehold recycling to waste composting and the purchasing of ergaging
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light bulbs. In both models, Ajzen and Fishbein maintain that people are essentially rational making
GacaldSYFrGAO dzaS 2F AYTF2NNIGAZ2Y | Ol AN DAEES YR MEKSS3
(as quoted by Kollmus and Ageyman, 2002).

A key issue with these models, however, is that any number of other factors may also influence
behavior, so there is not always a strong relationship between attitudes and subsequent actions
(Costanpetals mMapycuv®d® ahyS 2F (GKS LI NR2ESa 2F (GKS L@@
generally hold preservation attitudes but routinely engage in environmentally unfriendly actions,
such as driving to work insteadf using public transportatich (Eagly andKulesa, 1997 For
example, researchers have found that people who cite conservation as the single most important
strategy for averting an energy crisis are no more likely than others to engage in @o&ggrving
behaviors (Costanzet al., 1986). Gardner and Stern (1996, chapter 3) note that countries such as
China and India, where lorgganding religious traditions include strong proenvironmental beliefs do
not have strong records of proenvironmental action. Despite these limitations, bathhiory of
reasonedaction and thetheory ofplannedbehavior are considered influential behavior models in
social psychology because of their clarity, simplicity, and ease with which they can be applied and

studied empirically (Kollmus and Ageyman, 2002)

A more recent model, called theodel of responsible environmental behayiattempts to account
F2NJ FRRAGAZ2YIE FFEOG2NR y20 2NARAIAYyLFfte& FRRNBaasSR
(Hineset al,, 19861987). Through a metanalysis of 128 proenvironmental research studidisies

and colleagues proposed this model to emphasize the intention to act as well as situational factors
that are conducive to such actiore.g., economic constraintor socid pressures).This model
emphasized thasituational contextsand both the knowledge of issuesd of appropriate action

were important factors in whether attitudes actually predicted behavior (Fransson and Garling,
1999).According to Stern (1999), a nuetbof literature reviews of attituddased behavior theories

have shown that theredictive value of attitudinal variables for proenvironmental behavior largely
depends orcontextand the amount of effort, expems and inconvenience required to change the
target behavior. Still, attitude remains a popular factor in most environmental psychology research
and models. Kaisest al. (1999) estimate that almost twthirds of all environmental psychology

publications incorporate attitude in one form anotherso it is clearly worth attending to
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4.1.2 Rational-Economic Models

Rationaleconomic models assume that human behavior and decision making is regulated by a
systematic process of evaluating expected utility other words, people act to maximize rewards
and ninimize costs. With respect to the environment, this model is often simplified to suggest that
people will adopt environmentally responsible behaviors that are economically advantageous
(though cost need not always be financial). Indeed, there is stromdeeee that price plays an
important role in stimulating conservation behavior. For example, the US government has found
that an increase in gasoline prices corresponds to a drop in total freeway trips and a rise in demand
for fuel efficient cars (Congressal Budget Office, 2008price is also used as a demand side
management tool by utilitiegs high price signals have been shown to curb dem@vidnon and
Butler, 2009.

The rationaleconomic model, however, is predicated on the assumption that peoptienstand
whether a behavior or a device is cost effective, which is not alwaysabe Other environmental
psychologistsg.g.,Gonzale%t al., 1988) have argued that tying proenvironmerib@havior directly

to economic parameters is not sufficient. One must also convince individuals that these benefits
exist, are viable, and that they warraaction or changes in behavior. In additjothe rational
economic model tends to discount the effeaf noneconomic factors such as personal comfort,
convenience, habit, and social norms (Yaied Aronson1983).Finally in some cases, price simply
cannot be significantly manipulated to change behavior. For example, dramatically increasing the

cost d water quickly becomes an ethical issagenotedin Chapter2.

4.1.3 Norm-Activation Models

Unlike the models above, which assume that behavior is regulated by reasoned and rational
thinking, norm-activation modelsare based on the premise that moral or persbnarms are direct
determinants of presocial behavior. Proenvironmental actions are often consideredspuial
because they involve collective or community goods and the recognition that personal behaviors can
affect others as well as future generations. potential contradiction, then, in a rational choice
model is that an optimal choice for the sélfy t SNBS &G0 SR aNF GA2Yy I | OG2NE
O2ft t SOU A @ Snorm-dctdtientmiddell (Qnivartz, 1977suggests that proenvironmental
behaviorcan be stimulated if a person is aware of the negative consequences of his/her behavior on
others and ascribes some amount of responsibility for taking ameliorative action. Thus; norm

activation models differ from rationadhoice models in two important wa: (1) they recognize that

ax:
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behavior may be rooted in altruistic values and (2) that personal norm activagi@n, (noral
obligations) may trump subjective perceptions of utiliBtgatset al, 2000 & { OKg | NI T Qa
activation model and derivatives haveeen successfully applied to a variety of environmental
behaviors including recyclingff-road vehicle use, and willingness to pay for-&@endly products
(Viningand Ebrep2002 Stern, 20008).

Sternet al. (1999)extend{ OK ¢ | NJi fadivationfrbdeélMvith the valuebelietnorm theory of
environmentalismwhich applies a similar valdgased logic to a range of values such as curiosity,
personal achievement, and feelings for wildlife. In this way, behaviors are activated not just in
regard to other pesons (who would suffer from environmental damage) but also in regard to the

self and norFhuman species.

4.1.4 Synthesizing Models

Given the omplexity of human behavior, isilikely that each of the odels above have some
relevancy and that a multitude dhctors should be considered when designing ao-feedback
system.In What Psychology Knows about Energy ConservaBitarn (1992) argues that psychology
research generally supports a multistate causal model to determine environmentally relevant
behavior(Table 4.1)In Table 4.1 each variable acts as a possible influence on the variables listed
below. Note the two feedback loops, which flow in the reverse direction: (1) learningoeben
outcomes such as energyllb affect specific attitudes and beliefs about energy savings, which could
then subsequently change behavior and (2) processes such apissifation or dissonance
reduction (seeg.g., Katzev and Johnson 1983 and 1984) can also feedback into hégteds of
causality (in this case, s4lfstification is linked to changing general attitudes and beliefs). Stern also
argues that this model helps explain the typical failures in finding relationships from one variable to
another in past work; the issus that there is often distance between the two variableg(,from
general attitudes to energy use) and that the intervening variables are usually left unmeasured.
{GSNYyQa Y2RSt A& dzaSTdzZ 0SOldzAS A4 RNJI dgsio dzLRy
provide some organizational hierarchy around how these determinants interact.

4.1.5 Models of Behavior Change

Psychologists have attempted to model not just determinants of a particular behavicalbohow

a person moves though stages of change to make that behavior routiMany of the most

Y
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Self-justification

Level of
Causality

Type of Variable

Examples

8

Background factors

Income, education, number of household members, religion,
race, local temperature conditions

Structural factors

Size of dwelling unit, appliance ownership

Learning

Table 4.1: A high-level causal model of environmentally relevant behavior from Stern (1992) and Stern (2000a).
Note that variables at each level of causality have the potential for direct influence on variables at each lower

numbered level.

prominent behavior change theories have emerged from health psychotogydddiction studies)
0 NI yTaN)KfSheheBai A O f
change Prochaska and Velicef,l997 Prochaska and DiClement2005) is, perhaps, the most

rather than environmental psychology. N2 OK Il & {1 | Q&

dominant model in the health behavior change literatufehe TTMmodels change as a process

7 Institutional factors Owner/renter status, direct or indirect payment for energy,
rate structure
6 Recent events Difﬁcul_ty paying for energy bills, experience with shortages,
fuel price increases
: General attitudes Concern for national energy situation
General beliefs Belief that households can help with energy problem
Specific attitudes Sense of personal obligation to use energy efficiently
4 Specific beliefs Belief that using less heat threatens family health
Specific knowledge Knowledge that water heater is major energy user
3 Behavioral commitment Commitment to cut household energy use by 15%
Behavior intention Intention to install a solar heating system
5 Resource-using behavior Length of time air conditioner is kept on
Resource-saving behavior Insulating attic, lowering winter thermostat setting
1 Resource use Kilowatt-hours per month
0 Observable effects Lower energy costs, elimination of drafts, family quarrels over

thermostat

involving progress through a series of stages including: precontemplation, contemplation,

preparation, action, andmaintenance/relapse/recyclingg N2 OKI &1 Qa Y2 RSt

A a

identifies and emphasizes different stagegshe behavior change process and underscores the steps

necessary to move from one stage to another. AlthoiigiMhas largely been applied in the health

behavior change literature, some recent work has looked at its application to proenvironmental

behavior(Heet al.,, 2010).

It is not clear if behavior change models from the health literature can be wholly applied to

proenvironmental behaviors. For example, does a person move through the same stages of behavior
change in the Transtheoretical Model (Prodkesand DiClemente, 1986) when trying to quit

smoking a behavior that is clearly in their best saiferest to stogp compared to an

environmental behavior, such as trying to eliminate wasteful energy usage? Regardless of these

contextual differences, the lmavior change literature offers a rich corpus of both behavior change

techniques and behavior change theories, which should be investigated further.

Y 2

dza S
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4.1.6 Relating Models to Eco -Feedback Technology

The discussion above highlights some of the predominant thearf proenvironmental behavior in
environmental psychology. It is not meant to be a skggstep guide on which to base efeedback
designs but rather an attempt to highlight the complexities and nuances underlying environmental
behavior. Ecdeedback @signers, whether conscious of it or not, imbue their designs with some
theory of human behavior. F@axample, an implicit assumption often underlying the design of eco
feedback technology is that the presentation of information, particularly at a timecaafl decision
making, is enough to provoke environmentally responsible behaviors. Howemsegthe technology
presents this information is fundamentally based on how the designer believes humans behave and
react. It is important, then, to begin questiogirand exposing the theories used in deedback

designs in our research and, when possible, to relate them back to work in environmental

psychology.

Subscribing to one model versus another could result in strikingly different choices about the type
and pesentation of information. A design based on the neantivation model should be value
centric: for example, feedback combining water usage data with updates about wildlife in a local
watershed may invoke an altruistic response. In contrast, a design lmséte rational economic
model may stress the cost savings of a -ftmsw showerhead. The models are also useful in
uncovering behavioral variables for efmedback technology to explore. That is, environmental
psychologists have spent much effort examintifferent predictors of environmental behavior and
building models around such predictors.q., see: Stern 200(b; Yates and Aronson, 1983; and

Kollmus and Agyeman, 2002). These factors are worth attending to ifeedback designs.

Finally, some mods, suchas N2 OKI &1 Q& ¢¢a I NB dzaS¥dxZ Ay dzy RSN
of behavior change but the process necessary to fully adopt a new behavior (or change an existing
one).In this way, future ecdeedback technologies could attempt to adapeetr visualizations and

messages to support different stages of the behavior change process.

4.2 MOTIVATORSAND INHIBITORS TO CHANGE

4.2.1 Intrinsic and Extrinsic Motivation
People are motivated to act for a variety of reasons; these reasons may be ineadiigaging in
an activity because it is enjoyable or out of a personal commitment to excel) or exterpah¢ting

one way because of a bribe or the fear of being surveilled) (Ryan and Deci, 2000). These two
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categories of motivation, internal and externake referred to agtrinsicand extrinsicmotivation in
psychology. In a range of studies exploring the two, Ryan and colleagues found that people who
were intrinsically motivated had more interest, excitement and confidence relative to those that
were externally controlled for an action. This was the case even when both groups had similar
perceived levels of competence and sefficacy. Furthermore, behaviors that were externally
motivated €.g.,by the use of financial incentives) often cease sooardfie reinforcement ends

thus, rewards or feelings of guilt do not help create the type of high quality (internalized) motivation

that lead people to take responsibility for their behavior (Osbaldistott Sheldon2003).

Selfdetermination theory (Decirad Ryan, 1985) posits a process with which extrinsic motivational
factors become internalized. De Young (2000) also argimat people may engage in
environmentally responsible behaviors out of selerest €.g.,because it is personally satisfying to
engage in those behaviors) and not for environmentadly socialcentric reasons. De Young offers
three forms of intrinsic satisfaction derived from environmentally sustainable behaviors: (1)
satisfaction derived from competence (feeling good about knowitgt to do and doing it); (2)
satisfaction from frugal, thoughtful consumption (not feeling wasteful); and (3) satisfaction from

participation in a community (feeling part of a larger effort).

4.2.2 Sense of Control

A person is more likely to engage in enviromta behavior if they believe that they can bring

about change through their own behaviorHineset al, 19861987) Psychologists refer to this

O2yOSLIJi Fta GKS af20dza 2F O2y GNRf ®¢ #HohRimgastRdzl £ & K
are corsidered to have arexternal locus of contrgthey believethat actions of powerful others

(e.g.,God, government) create change (Shipworth, 2002). These individuals are less likely to engage

in proenvironmental behaviors than those who believe that theitians can have an impact (those

with aninternal locus of contrjl

4.2.3 The Role of Dissonance

Cognitive dissonance theosyatesthat when a person holds two beliefs or items of knowledge that
are inconsistent, the person will experience cognitive dissoaand be motivated to reduce this
dissonant state (Festinger, 195%Yhen an individugberforms a behaviothat is inconsistent with
his/her beliefs, the usual method of dissonance reduction is an attitude change in the direction of

the seeminglydiscrefant behavior €.g.,an attitude change can justify the action) (Sherman and
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Gorkin, 1980). Aronson (1969) showed that dissonance theory is most prominent when a person

does something that violates their s&lbncepts. For example, engaging in a behaviat 18 in
O2yFEtA00 HAGK | LISNA2YQa dzy RSNRGFYRAY3I (KF{d &kK
dissonance that s/he will seek to resolvBtudies have shown that cognitive dissonance can

promote changes in attitudes as well as behavimg( Aronson, 1969). Cognitive dissonance has

also been used successfully in a number of applied situations from weight loss (Axsom and Cooper,

1981) to resource consumptiaeduction(Dickersoret al,, 1992).

4.2.4 Other Motivations

Emotions such as fear, sadnessfpaanger, guilt and regret can be effective motivators. For
example, here is a large amount of research on the persuasive use of vivid imagery and fear appeals

to motivate behavior gee,e.g., Finckenauer, 1982 or Weinsteat al, 1986). However, Padtern

(200), a noted environmental psychologist, notes that using fear to motivate can be complicated

and suggests that fear may either persuade people to take constructive action or to simpig

the problem. These reactions depend on a wide raofjpersonal and situational factors including:

I LISNB2yQa o0StAST Ay OGKSANI @dzZ ySNFroAftAGE G2 GKS
what positive actions to take in response, and the belief that they can actually take such actions
without undue cost. A review of media campaigns targeted at energy conservation found that scare

tactics were much less effective than specific, useful information (Shipworth, 2000).

In addition,Reissand Havercam§1998) identified sixteen basic desirthat guide nearly all human
behavior includingacceptancethe need for approvakuriosity the need to learnsaving the need

to collect, status: the need for social standing/importance, atdnquility: the need to feel safe.
Each of these desires uld be leveraged in ecteedback displays to encourage proenvironmental

behavior.

4.3 TECHNIQUES TO MOTIVAE PROENVIRONMENTABEHAVIOR
While models of proenvironmental behavior provide us with a philosophical and/or theoretical basis

with which to design ecfeedback systems, they do not offer specific strategies for changing
behavior.In this subsection, & cover some of the most popularotivation/intervention techniques
used in behavioral psychology.g.,see Gelleet al, 1990), and offer examples that show how they

have been applied to environmental behaviors. We review feedback as a strategy, as well as other
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popular techniques thiamay be used in conjunction with feedback, such as providing information or

incentives.

In a seminal book calld@romoting Energy Conservation: An Analysis of Behavioral Reskatzbv

and Johnson (1987) provide a thrpeong taxonomy of techniques fopromoting energy
conservation(Table4.2): (1) the use ofintecedents such as informational materials, prompt and
persuasive campaigns; (2) the usecofisequencesvhere energy conserving actions are followed

by feedback or rewards/penalties; (3) and the usesacial influencesuch as group contingencies,
modeing and commitment techniques. Gellerral. (1990) extendedhese threeapproachesnto 24
subcategoris distilled from the behavioral science literature.Table4.3 below, we have extracted
0KS GSOKyAljdzSa Yz2ad NBtSOIyd G2 TNIBROUARY (STOKyiRé
describes a person (or persons) who promote the desired behavior among other individuals, here
we can think about the intervention agent being a computing system.,@ smartphone, ambient
display). For example, a goal need not be assigne a person but rather could be automatically

assigned by the feedback system to activate some desired performance in behavior.

Information Campaigns to promote conservation via infergnptiaiphlets, letters, books)
Antecedent | Prompts Cueslesigned to elicit conservation by means of signs, posters, flyers
Persuasion Appeals to conserve by means of writtentmseddiarsuasive campaigns
Feedback Response contingent presentation of energy conservingédgioiaizlien (
Consequence| Incentives Response contingent monetary rewards, rebates, or other tokens for con
Disincentives Response contingent costs, inconveniences and penalties for failing to cc
Social Group§ Presentations of cons_eqm@gent on group pgrformance :
Influences Modell_ng Exposure .to peopleT (live or videotaped) performing energy conserving be
Commitment Using social compliance procedures such as commitimé&mt dodoot

Table 4.2 Katzev and Johnsonds (1987) taxonomy of techniques for
Geller notes that the impact of an intervention is a direct function of: (i) the amount of participant
involvement elicited by the interveidn; (ii) the degree of social support available to the participant;

(i) the amount of specific response information transmitted to the participant; (iv) the degree of
SEGNAY&aAO O2yiNRt SESNISR o6& (GKS AgraBoNdhgeii A2y T 0¢
seltcontrol regarding the behavior change procedurbsaddition, some of these techniques are

focused oncatalyzing extrinsic motivation.€., motivation that comes from outside the individual)

rather than intrinsic motivationife., motivation that is driven by an interest and enjoyment in a

behavior itself). For example, the threat of punishmandthe promise of a reward are commonly

cited as extrinsic motivatorahile curiosity and the inherent drive to seek out new challenges are

cited as intrinsic motivatorsResearchers hypothesize that extrinsic motivation can become

internalized under certain conditions (Deci and Ryan, 19B%. effect of these techniques will be
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moderated by how they are delivered by the deedback systenand perceived by individuals

(which will likely vary from individual to individual).

Commitment A written or oral pledge or promise by a subject to behave in a specific w
. . Bidirectional communication between agents belpgeioptCommunication
Discussion . - . .

focuses on generating consensus regarding the behavior change technic
Written / A written or oral communication that attempts to prompt or activate desir
Oral Activator performance or behavior.
Individual / Agoal is set to reach a certain behavior by a certain time. This gaakigagc
Antecedent | GroupXoal or set by an intervention agent.
Competition An intervention which promotes competition between individuals or grouf
P person or group will accontiptistesired performance level first (or best).
Incentive An announcement to an individual or group in written or oral form of the ¢
reward that is dependent upon the occurrence of a desired behavior by tl
L. . Anoral or written announcement to an individual or group specifying the
Disincentive N . : ]
receiving a penalty contingent upon the occurrence of a particular undesi
Feedback Presentation of either oral or written information to an individual or group
level of performance regarding desindésired behavior.
Presentation of a Opleasantd ite
Reward thewi t hdr awal of an Ounpl easantd i
Consequence :
behavior.
Presentation of an 6éunpleasantd
Penalty behavior, or the wit hdindwdaalforenhiting
undesired behavior.

Table 4.3: A subset of Gelleretal6 s (1990) 24 different approaches to c
feedback technology. Note that soci al influences from Katzev a
individual antecedent and consequence strategies. Gellert  appr@ashes also further differentiate between
incentives/disincentives from rewards/penalties in thatfor example, an incentive is a promise of a reward while

the reward is the actual presentation of a pleasant item or event.

4.3.1 Information

The most widely used means to promote provironmental behavior change is information (Staats

et al, 2004). Media camaigns, pamphlets, or websites are all examples of this approach. The
assumption ighat with better information people will act in more environmentally beneficial ways.
However, various studies of informational programs have shown that simply presentpdepeith

information on the benefits of proenvironmental behaviors typically results in only a marginal effect
OYFGT SO YR W2Kyazys mMpytTod ¢2 YFEAYAT S Ay¥F2NXYI
understand, trusted, presented in a way thdtracts attention and is remembered, and delivered as

close as possibtein time and place to the relevant choice (Brewer and Stern, 2005).

Many conservation programs use hitgvel written or verbal messages, called prompts, to promote
conservation .9, ! 4aS 9y SNH& 2AaSftfefdouod Ly@gSadAalrdarazya A
shown that prompting has limited influence on behavior but can be made more effective by
improving specificity, timing, and placement (Geller, 1982). For example, W&hedd. (1978)

showed that placing signs next to doorways with specific information about when and who should

turn out the lights €.9.,the last person leaving the room) resulted in a 60% reduction in the number
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of days when the lights were left on compared to sigimst were placed above light switches and
contained only general messages about saving energy. This is a particularly rich opportunity for eco
feedback technology, which could provide feedback proximal in location and time to the target
behavior. That sdi deciding orhow and where to present ecefeedback is a research question
within itself and will likely need to balance attentiveness, cognitive load, user motivation,
information relevancy, and cost. Highly localized displays may perform best with respect to behavior
change €.g.,placed directly on water fixtures or electric appliances), yet the cost of deployment and

aesthetically fitting into homes are major barriers.

4.3.2 Goal-setting

Another wellstudied source of motivation is gesétting, which operates through a comparison of

the present and a desirable future situation (van Helimgen and van Raaij, 1989hdividuals,
groups, and external agents.§.,a coach) can all set goalscke and Latharf2002) summarized 35
years of empirical research on gestting and found thagoals affect behavior primarily through

four mechanisms: first, goals serve a directive funatidimey direct attention and effort toward
goalrelevant activities; second, goals have an energizing function and, in particular, high goals often
lead to greate effort than low goals; third, goals affect persistence; and finally, goals affect behavior
indirectly as individuals use, apply, and/or learn strategies or knowledge to best accomplish the goal

at hand.

According to Locke and Latham, the gpatformane relationship is strongest when people are
committed to their goals. Two key factors affect goammitment: (1) the importance placed on
attaining the goal and (2) belief that the goal can be attained -&féifacy). The concept of self
efficacy is impdant in goalsetting theory and relates tantrinsic motivation. Locke and Latham
refer to studies that show that people with high sefficacy set higher goals than people with lower
seltefficacy. And when goals are assigned (rather thansst)f thase with high selefficacy are
more committed, find and use better task strategies to attain the goals and respond more positively
to negative feedback than people with low sefficacy. Finally, Locke and Latham describe

feedback as essential to gesgtting as it allows one to track progress towards completing a goal.

Goalsetting has been successfully applied in some technology aimed at behavior cleagge (
UbiFit: Consolveet al, 2008) but it has not been significantly explored in environmental H@le

is evidence, however, that goesétting is a valuable technique to stimulate environmentally
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responsible behavior, particularly when combined with feedback. For example, in a study of
electricity use, Becker (1978) found that households that recei@edifficult goal and feedback
about their performance conserved the most (15.1%) compared to a control group. Similarly, van
Houwelingen and van Raaij (1989) found that egmting in conjunction with daily feedback about
consumption reduced natural gasage by 12.3%Questions remain, however, abotiow goals
should be set anavhat goal targets should be used in additionttee role of goals once initial goal

targets have been met.

4.3.3 Comparison

A comparison between individuals or groups can be usefalativating action, particularly when
combined with feedback about performance. Even feedback that provides information comparing
2yS0Qa OdzNNBYy G o0SKFE@GA2NI (2 LI adilieqgssliconParisoN)) TKe & 06 S S
effectiveness ofocialcomparisons in environmental psychology, however, has been mixed. &iero

al. (1996) conducted a study of energy consumption behavior at two units in a metallurgical
company and found that the unit exposed to comparative feedback saved more energy than the
unit who received feedback only about their own performance. However, studies by Haakaha
(1997) and Egan (1999) show that while people are often interested in comparisons, they do not
necessarily have an impact on their behavior. One complexityas dtientually a performance
plateau is reached, beyond which point emphasizing improvement over historical performance or
the performance of others may not be effective. addition, convergence effects may exist where
both efficient and inefficient indiduals change their behavior to more closely match average
performance. In this way, a net gain in reduction is only possible if those inefficient individuals

reduce more than the efficient individuals increase.

Still, comparison can be a powerful toBIFower”, a greentech startup company based in Arlington,

VA., provides analysis tools and novel graphics to utility companies to improve the information and
presentation on paper bills. For example, bills contain a bar graph that compares the current
consumd ad f | & G rgyyudage vidttkeir Bejgidbors ardficientneighbors In its first trial in
{FONYYSyi(2s /13 K2YSa 6A0K ht2sSNRE Y2RAFASR

(@]

homes thatcontinued to receive regularly formatted bifsaMonica2009. OPower has continued

to show 24% reductions in aggregate energy use amoilgrecipients across cities (Laskey and

20 http://www.opower.com



http://www.opower.com/

92

Kavazovic201]). One way they deal with convergence effects is to use an injunctive message, in
this case a smiley face, is enoughdiminish the number of households whicreaseusage after

observing that they use less than average.

Moving forward, ecial media, such as Facebook or Twitteray be used to mediate realtime
sharing and comparisons. Thifsa relatively new topic ofesearch €.g., Mankoff et al, 200h),
however,and is also perhaps one of the most underexplored aspects of motivating behavior change.
Social networking sites have the potential to provide accountability and normative pressure to
engage in proenvironnrgal behavior €.g., Goldsteinet al, 2008) including the incorporation of
O2YLISGAGA2Z2yas a20Alf O2YLINRaz2yas |yR Llzof Ao

interested in this sort of social media use and how it might be implemented.

4.3.4 Commitment

A commitment isa pledge or promise to behave in a specific way or attain a certain goal. A person
that expresses commitment increases the probability that s/he will pursue that beh@vmrales

et al, 1988; Katzev and Johnson, 198F#dr example, Wanet al. (1990) found that a signed pledge

to recycle led to a 47% increase in recycling compared to baseline data. Similarly, Pallak and
Cummings (1976) used public commitment to promote gas and electricity conservation among
households the group committed to publicizing their results used 15% less natural gas and 20%
less electricity than other conditions. The type of commitment a person makes, the person or group
to whom the commitment is made, and whether the commitment is public avgbe are three
factors that impact behavior.Questions remain about how edeedback may incorporate
commitment tactics including how the interface itself queries for a commitment, how long this

commitment is meant to last, and who the commitment can &ed should be) shared with.

4.3.5 Incentive / Disincentives and Rewards / Penalties

Although sometimes used interchangeably, incentives and disincentives are distinct from rewards
and penalties. Incentives and disincentives are antecedent motivation techriighey come
before a behavior Geller et al, 1990. Rewards and penalties are consequence motivation
techniques they comeafter a behavior Incentives have been used effectively to motivate a range

of proenvironmental consumer behaviors from investmenth@me insulation to rebates for new
energyefficient home appliances. Incentives need not always be monetary; those incentives

associated with status or convenience may also have important effects on proenvironmental
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behavior. For example, specially resvparking spots for rideshanesershave been shown to
increase carpooling, and curbside pickup of recyclable materials has significantly increaseagrecycl
efforts (Stern, 1993

Research into the effects of rewards have found that people respondwards even if they are
nominal in nature €.g.,an acknowledgement of positive behavior) and that the reward should be
linked as closely with the taeyy behavior as possiblevValente and Schuster 2002. Previous
research in persuasive health technologgs shown that even providing an asterisk after the
completion of a behavior is enougdb elicit a positive respons€pnsolveet al, 2009. OPower bills

Gl 61 NRa¢ avYatSe 7TlsGmtareleficiedt KahsurBers Klaskay Sufd2Kavazovic,
2011). Ecofeedback designs may not be able to offer financial incentives unless paired with a utility
company, but most certainly can rely on gaiile reward elementsd.g., points, levels, etc.) to

promote behaviorsd.g.,seeelements of Chapter 5, @dang, B07).

A challenge in applying incentives/rewards is knowivttat and how muchto offer for a given
behavior. Stern (200 y2GS&a GKS RAFTFAOdA & Ay RSOGSNX¥YAYyAy3
and industrial manufacturing plants to reduce air pdthamt and that institutional constraints or
YAAUNYzAG Ay AYF2NNIGAZ2Y Oly YAGAILGS GKS STFSOG
other tangible incentives are very importatools for behavio© K |y St8rh £00&).

4.3.6 Feedback

Many of theabove motivation techniques require some sortfeédbackto be effective €.9.,goal
setting requires feedback about performance towards a goal). One of theelstablished findings

in psychology is the positive effect thaefdback can have on performea Becker, 1978 Feedback
comes in two formstow-level feedbackan provide explicit detail about how to change or improve
specific behaviorg.g.,the particular problems marked wrong on a math teslips identifytrouble
areas for students high-levd feedbackis summative and can help improve performance towards a
goal or in comparison to other®.g.,obtaining a¥.Qb A y Y IméyinotiGate Ithé &tudent to
48S1 Ly wiQ ySEG aSYSaisSNg

A majority of research into the effect of feedback proenvironmental behaviors has focused on
home resource consumption. Fischer (2008) reviewed approximately twenty studies and five
compilation publications from 1987 onward exploring the effects of feedback on electricity

consumption and on consumer reamtis, attitudes, and wishes concerning such feedback. She
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found that feedback resulted in typical energy savings of between 5 and 12% (though the absolute
range was 0 to 20%). In emswhere no savings were fourttie feedback occurred too infrequently
(eg., in the form of a semannual bill update), was too disconnected from the consumption

behavior, or the homes themselves were already low consumers.

Although only 3 of the 20 studies reviewed by Fischer used computerized feedback (in contrast, for
exampe, to redesigned bills), those studies resulted in the greatest change in energy consumption.

In particular, she found that the most effective feedback interfaces contained multiple feedback

options €.g., consumption over various time periods, comparisoasiditional information like

energy saving tips), were updated frequently, were interactevg.(i K S dzd S NJIR@Ddffé R AQGRINR  f
data), and/or were capable of providing detailed, appliance specific breakdown of energy usage.

More work is needed to detenine if these results translate to other forms of consumption or
environmentally impactful behavior; however, these findings highlight the pidént ecefeedback

technology. The effect of feedback on proenvironmental behavior is reviewed in Chapten&eé

detail.

4.3.6.1 Framing Feedback to Influence Choice and Decision Making

Although feedback itself has been shown to be effective in changing behavior, the way this feedback

is framed can impact behavior differently. For example, the way in which a chdieemisd can

influence the decision outcome. Tversagd Kahnemar{1981) showed how individuals are more

sensitive to losses than they are to gains even if the underlying proposition is the $hateis,

individuals are more likely to take action to avoidminimize a loss than they are tocsge a gain of

the same quantityTverskyand Kahnema@ & & (G dzZRé FNI YSR | jdzSadAaz2y G2 LI
ways, one as a choice between losses and another as a choice between gains. Participant responses
revered depending on the phrasing of the question even though the outcomes were the same.

Further empirical work has fourtthiat losses are weighted about twice as stronggygains that is,

the disutility of losing $100 is roughly twice the utility of gainid@® (Thaleet al., 1997).

Commonly,feedback interface revealhow much energy is being used contextualized within a

historical frame €.g., 1 GAYS aSNASa fAyS 3ANI LK @GAadzftAl Ay3
information). Given that humans are generadlyerse to losses, perhaps a better rendering of the

data is how much energy (or money) is being logtnot taking action(e.g., by installing more

efficient appliances). Indeed, research by Yadesl Aronson(1983) indicates that persuasive

appeals can & made more effective by encouraging consumers to consider losses that result from
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the failure to adopt energgonserving technologiedlodern feedback technology has the ability to

calculate these losses extremely accurately and to render them in antaxeozanner.

In manydecisionrmakingsituations, people make estimates by starting from an initial value that is

then adjusted to yield the final answer (Tvergkyd Kahnemanl1974). For example, estimating the

amount of time it may take to get home by paling versus taking the bus involves taking into

account past experiences with each transit mode (an initial value) and then extrapolating given the
current context€.9..6 St G KSNE RAaGFYyOS (G2 o0dza ai2L) GNI FFAOL
life, this is a rather complex calculation. When making a decision, individuals tend to fixate on
OSNIFAY G(GéeLiSa 2F AYTF2NXYIGA2Yy o064l YyOK2NI LRAY (&0 |
all relevant information Tverskyand Kahnemanl974. Thishas direct implications for the design of

feedback interfaces depending on how information is presented, decisions can be biased towards

the initial anchor point.These biases can be significant: in Tvershgt Kahnema@d SELISNRA YSy i
participant responsetd quantitative questions would vary by 20% depending on an initial, random

value that they were giverindeed, in more realistic scenaridse(, outside the laboratory), it has

been found that when faced with uncertainty, the status quo or defaptton of a decision tends to

be favored Armel, 2008.

4.3.7 Relating Motivation Techniques to Eco -Feedback

The above section summarizes key motivation techniques that environmental psychology and the
behavioral sciences at large have used to influence behafs is apparent from our summary,
these techniques have a varying degree of effectiveness. When designifigeetack technology

it is important to consider not just which motivation techniques to employ but what behaviors, in

particular, a design isoping to motivate.

Each behavior has its own set of contexts and constr#iatisimpact behavior change. An individual
considering bicycle commuting, for example, must have access to a bicycle, hetdéack; live
within a reasonable distance of hier workplace; plan an appropriate bicgaebute; have access to
a changingoom and showerand so onOnemust also think abouivhy the individual is considering
bicycle commuting is it for the exercise, for the reduction in €@missions, for the imagé#

presents to ceworkers or is bicycling just an opportunity to be outside?

Thus, ecdeedback designers must thimeeplyabout and study the particular behaviors they hope

to change and/or motivate before building their prototypes. Ethnography is iceyt@ne valuable
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approach here, surveying is another; both have been effegtigpplied in environmental HG3.§.,
the formative studies inChaptes 5 and § and ethnographic studies:iVoodruffet al,, 2008 Chetty
et al, 2009. It is also critical to turio environmental psychologio see which types of behaviors

have been explored and what motivation techniques have been (sede did in Chapter 3)

4.4 AN ECOFEEDBACK DESIGN SPAC
Previous efforts have looked at articulatiagset of design concerns for eteedback technology

with a particular focus on residential energy consumption (Wood and Newborough, 2007; &ierce
al., 2008, Fitzpatrick and Smith, 2009; Rodgers and Bartram, 2010; Sundramebdhy2011 as

well as ny own work: Froehlich, 2009). The recency and popularity of such work demonstrates an
identified need for structuring the eefeedback design process, defining clear vocabulary, and
framing and focusing future research into effective deedback designgur design space builds

on this past work but broadens it to include design factors relevant to afemback technology

(not just that for the home). In addition, it integrates findings from a variety of fields including
information visualization, théehavioral sciences, H@hd environmental psychology (as described

in this chapter as well as in Chapters 2 and 3).

To create our ecdeedback design space, we reviewed and synthesized the above sources to create
a large list of design attributes relateto ecoefeedback technology. Two researchers then
independently organized these attributes into higher level categories and subcategories via affinity
diagraming. These categorizations were then discussed and merged into a singlhesdinal
designspace, shown ifrigure4.1, is broken down into eight higlevel design dimensions, each of
which has a series of sutimensions. The dimensions include how the -&®edback data is
manifested and visualize®isplay Mediunand Data Representation how the data is accessed and
interacted with (nformation Accessand Interactivity), how actionable the presented data is
(Actionability/Utility), and motivational factoréSocial Aspect€omparisonMotivational/Persuasive
Strategie$. These dimensions are not entirely orthogonal; indeed, many intersect. However, the key
is in how they help to structure the design process dad analyzing and comparing existing

instancedo aid in the development of new systems.
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Figure 4.1: The eight dimensions of theecofeedback designspace(along with sub-dimensions)
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This design space serves three goals: (1) to allow designers to approach tfemdicack design
process with a tangible structure that exposes assumptions underlying varioufeertimack
techniques and provides a means to reliably compare the strengtbswaeaknesses of different
design decisions; (2) to uncover underserved opportunities foffeedback and provide a structure
for exploration of design possibilities; (3) to provideanmon vocabularwith which to discuss and
analyze ecdeedbackdesigns Below, we briefly describe each of tléght dimensions andheir

sub-dimensions.

4.4.1 Information Access
Information Access refers toowthe ecefeedback information is accessed, how often it is updated,
FYR GKS aeadisSyQa RSYFIYyRa 2y FdGSydAazyo

Update Frguency:refers to how often the display is updatefiom reattime to monthly (oreven

less frequently). Thdesign spacalsoincludesa nonexclusive discrete option for user pollingd.,

visiting a webpage). As previously mentioned, the frequency with which a feedback system updates
FLIJSEFNB G2 AYLNROGS GKS tAy]l 0SGsSSy |OGA2Y | yR
O2yalOAz2dzaySaa | o2dzi GKSA NI ) Severistyides ha@2gmrstiades y OS a
the benefit of frequently updated feedback to reduce consumptiBittle et al. (1979) placed

feedback cards that described the amount of kilowatts consumed the previous day into residential
mailboxes. The feedback gmwsed an average of-9% less electricity than the contrgroup,

which only received monthly billsnh a more recent study, homes that used a computerized
feedback display of redime electricity usage reduced electricity consumption by 12.9% (Dobson

and Griffin, 1992). The ideal frequency of feedback is unclear, but new types of computerized
feedback systems provide a level of flexibility in data presentation and access that was previously

unavailable.

Spatial Proximity to Behaviorrefers to the locatin of the display in orientation to the target
behavior. Displays that are spatially-lozcated and updated frequently have the most potential to
change behavior but at a cost of higher attentional demand. The location of the feedback may be
highly localied .g.,0n the appliance itself) or completely independeatd.,via an internet portal

or paper hill). A single display may be positioned in a highly trafficked part of the home, for example,
in the family room or kitchen. Feedback location is restdcby sensing capabilities and the cost of

installation. Currently, localized displays tend to either be built into the appliance or part of the

N
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sensing assembly unit. Two recent studies show that linking energy consumption and source
through localized digays is a promising direction. McCalley and Midden (2002) gave consumers
immediate feedback about washing machine energy usage via an attached control panel and found
a 21% reduction in energy use. Uegtal. (2005) installed sensors for each home appi@and also

monitored total electric power and gas consumption and found a 12% reduction in energy usage

after system installation.

Attentional Demand:refers to the glanceability of the display. This is related toAnhsbiencesub-
dimension inDisplay Meium but is different in that you can have a display with {attentional

demand that is not ambient.

Effort to Accessrefers to how much work the user must do to access the information. The ideal
display should try to minimize effort and yet balance usgtention requirements. UbiGreen
(Chapter 5), for example, visualizes transit usage information obabkgroundof a mobile phone.
Thus, the ecdeedback data is always available when the user is normally interacting with the
phone €.g.,to make a phoe call or to send a text message). Of course, the user can also choose to
specifically take out his/her phone to look at the deedback data explicitly. In contrast, to view
home energy information in Microsoft Hohm, the user must have a computer withsscto the
internet, needs to navigate to the Microsoft Hohm webpage, login and find an appropriate webpage

detailing usage (a much higher effort to access data).

4.4.2 Data Representation

Data Representation refers to the visual manifestation of the-feealback information including its

aesthetic, how the data is grouped, the type of measurement units displayed, and primary visual
encodings€.g.,ANJ LIKA OFf @&ad (SEldz t 0 dfedddadkitttRukeyfclienj 2 CA & (
very few studies have congtked the role of graphic design or the format of presentation on

behavior.

Aesthetic refers to the appearance of the display, its look and feel and the tradeoffs between
functionality and utility and art and beaut¥igure4.2). We heavily borrow from Kosara (2007) here
who distinguishes between two aesthetic approaches: pragmatic visualizations vs. artistic
visualizations. Pragmatic visualizations analyze, synthesize and present information in a way that
allows a thorough undetanding of the data Kosara notes that Carelt al. (2010) describe this

process aknowledge crystallizatianVisual efficiency is a key attribute of pragmatism: produce
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visualizations that convey data as quickly and effortlessly as possible. In cotheagbal ofartistic
GradzZ t ATFGA2Y A& LINAYEFENREE adG2 O2YYdJdmOAPTheS |
data is transformed and conveyed in a more interesting, artistic fashion such that it may not be

immediately recognizable but still musé lbeadily understood.

Pragmatic visualizations are more common and provide concrete quantitative information;
however, they often require a rampp period to learni(e., visualizations are learned interfaces).

Artistic visualizations are more abstract bpature and can use visual representations that the

consumer may find evocative but often at a cost of explicitness. For example, in UbiGreen (Chapter

5), we found that although users appreciated artistic metaphors that represented their travel
activity, they also sought more precise information that would allow them, for example, to better
compare their current performance to previous performances. More research is necessary to know

when, where, and how pragmatic and artistic visual designs should be used.

a aubs ‘ = / < .
Figure 4.2: Different aesthetics: (a) The Blue Line Innovations PowerCost monitor is primarily text based and
displays reattime electricity use in terms of cost and kWh.(b) the Energy Aware Clock by (Bromst al, 2010)

02y

overlays energy usage onto a clock; (c) Holmg2007)i 7000 Oaks and Countingo visualizas

metaphor to communicate energy flows in a building(d) The Pinwheel design by Rodgers (2011) adds spinning
pinwheels based on amount of energy used.

Time Window refers to how much historic dats iavailable to view and the time window used to
calculate the data displayed by the efaedback system. For example, it is common practice now
for home energy bills to provide a bar graph depictingltst yearof usage broken down by month.

In our own sudies (Chapter 9), we have found that users particularly like being able to see temporal
patterns corresponding to season as well as to compare usage for the current month to the same

month last year. Areartime window allows for these sorts of investigms (Figure4.3a).
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Figure 4.3: Different time windows: (a) A Seattle Public Utility electricity bill shows a bar graph of electricity
usage over the past year (including the current month). (b) The Toyota Prius dashboard display shows mileage
and regeneration information for the last ¥ mi nut es . (c) Lucid Design Groupods |
electricity use, in this case, over the course of a day.
Temporal Groupingrefers to the temporal grouping of data&.g., by hour, by day, by week). In
Figure4.3athe time windowis one year but théemporal groupings by month while irfFigure4.3b

the time windowis 30 minutes but the temporal grouping is in fivénute intervals.

Data Granularity refers to the granularity of data displayed on the screen. For example, for
electricityecofeedback, the finest granularity would be device/outlet level while the coarsest would

be neighborhood (or larger) level; séégure4.4.

data «¢ . . . >
larity 2neighbor- house room  device device
granularity hood category

Figure 4.4: The data granularity design subdimension applied to home resource consumption.
Visual Complexity:refers to how busy the display seems. This aspect could also include the

approachability/immediate understandability die display.

Primary Visual Encodingefers to the primary visual elements used to feedback information from
textual to graphical. For example, the ¥Watt display is completely textual whereas UbiGreen is

completely graphical.

Measurement Unit:refers to the metrics used to measure and present usajee design space
includes the most common units: resouraad., watts, kWh), cost, environmental impact (e.g,,CO
emissions and how that affects the environment), activéyg(,number of times biked to work vs.
drove), time €.g.,length of a shower), metaphorical units.g.,the number of one gallon milk jugs
used in last shower).ike many of the design dimensions, the choice of measurement unit is not just
about understandaltity but also about identifying a presentation that the individealhousehold

may find particularly motivatinge(g., cost vs. environmental awarenessyee Figure 4.5 for

examples.
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Water Use and Conservation
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Figure 45: ( a) Gener al Electricés Ecomaginati on di spl ay uses ca
consumption values in terms of dollars, tons of C@and miles driven. (b) The Lucid Design Group Building

Dashboard display uses metaphors in terms of gallon jugs and toilet flushes to convey water usage. (c) The Energy

Detective (TED) can be set to display electricity usage in terms of cost or kWh; here the displsy showing

cost/hour.

Primary View:refers to the primary view used by the visualization, including temporal, spatial or
categorical For example, in Chapter 9, we present a variety of water usagéeedback designs
including a timeseries visualizath (temporal), a blueprinbased visualization (spatial), and a bar

graph visualization ofvater usage by fixture (categorical).

Data Grouping:refers to how data is grouped. For example, an-gsback display for electricity
or water may group the dathy consumption categorye(g.,different types of electricity devices or

faucets vs. toilets, etc.) and by spaeay(,which rooms use the most energy or water).

4.4.3 Interactivity
Interactivity refers to the degree with which the user can interact with andt@mize the ece

feedback display.

Degree of Interactivityrefers to the degree with which the display supports usderaction from

noneto high.

Interface Customizabilityrefers to the degree with which the display can be customized fnome

to high.

User Additions refers to the support for different types of user additions such as annotations or

corrections of incorrectly sensed usage daay(,for probabilistic sensing systems).

4.4.4 Social Aspects
Social Aspects intersects witflotivational/Persuasig Strategiesand Comparisonand yet Social

Aspects deserves its own dimension because of the importance of social influences on behavior
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(e.g.,see social influences in Katzev and Johnson, 1987) as well as because it allows us to emphasize

social contextgrivate/public) and individual vs. social targets.

Target refers to the intended target or targets of the efemedback display. Most past work has
focused on feedback for individuaks.g.,UbiGreen in Chapter 5), but feedback could also shape and

inform group behaviors at the household level and beyond.

Private/Public refers to whether the ecdeedback display was intended for private or public
viewing. Private here need not simply mean designed for only a single individual viewer as there are

different layers to privacy (hence, the spectrum).

Data Sharingrefers towhat information is shared with others angho that information is shared

with in the case that the ecteedback display is not private to a single user.

SocialComparison:refers to who and/or what groupsare comparison targets. Note that this

dimension $ included here for comprehensibility but belongs in @@mparisorsubspace.

4.45 Display Medium

Display Medium refers to the physical form, size, and ambience of the display.

Manifestation: refers to the physical manifestation of the display. UbiGreen (Chap}e for
example, is a mobile phone application for feedback on personal transit activities. In contrast,
Chapter 9 explores water usage feedback displays that are meant to hang on a wall, fridge or other

location in the home.

Ambience:referstotheamd A Sy G ljdzr t AGe 2F (GKS RAaLIXF&8d ! YOASY
RAALIX Feéa 2F AYTF2NNIOGA2Y G6KAOK &AG 2eyal,2009. LIS NR LJ
Oftentimes, ambient displays trade reduced user interaction for increased aes#mfibasis (Skog

et al, 2003). For example, the Ambient Orb by Ambient Detteraps incoming data into the color

of a glowing orb€.g.,if mapped to a particular stock, the orb glows green when the stock is rising

and red when the stock is falling). Im21 T~ { 2dzi KSNY /I f AF2NYAl 9RA&Z2Y
ability to affect peak energy use behaviors by installing 120 orbs that would glow green when the

grid was underusedi.€., when electricity was cheaper) and red during peak hours. They found a

2! hitp://www.ambientdevices.com/products/energyorb.html
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40% drop in pealperiod energy usage (Thompson, 2007); however, it is unclear if this change

persisted.

Size:refers to the size of the display medium and the data displayed therein. Size affects ambience,
ability to discern at a distance, as well as how the display fits into different types of spaces and

contexts.

4.4.6 Actionability/Utility
Actionability/Utility refas to how directly users can translate the data on the display into an action
that appropriately reduces environmental impact. Like many of the dimensions from other

subspaces, the dimensions here are subject to interpretation by the user.

Degree of Actioability: refers to how easy it is to view the efmedback display and knowhat to

do, if anything,to reduce environmental impact. Degree of actionability can interact with other
aspects of the design. For example, informing the user that they takel@mpwers than average is
more actionable than simply telling them their overall household water use is higher than average.
Note that degree of actionability may also be highly subjective; for example, if an Ambient Orb
display glows red, household resitts may have learned that this is because energy on the grid as

at peak use, while a visitor may not have the contextual frame to make this inference.

Decision Supportrrefers to suggesting particular actions and purchase decisions to reduce
consumptionor address specific usage issueg(,water leaks). Ideally, the decision support should

be highly personalized and based on the deffort actions on behalf of the resident. Few systems, if
any, that we are aware of offer advanced decision suppBesearch suggests, however, that
humans tend to assign disproportionate weight to information that is highly concrete and
personalized(Borgida andNisbett, 1977).Computerized feedback may be able to offer highly
personalized recommendations tailored to pattiar sensed actions. For example, the system may
be able to detect a malfunctioning water heater which is consuming excessive amounts of energy. In
those cases, the system could, for example, provide links to more efficient water heaters that would
be more economical in the lonterm (with specific cost/benefit analyse$his is an important

future direction and relates to shifting the cognitive effort from the user to the system.

Personalization:refers to the degree with which the display is personalized to individuals or

individual households. This could include both the degree with which the decision support system is
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personalized as well as the adaptation of the visualizations to supportetiffstages of use over

time.

Information Intent: refers to the number of actions that the display is meant to inform. For
example, the Toyota Prius display is meant to inform a few drgétaded behaviors €.g.,
acceleration and braking behavior) whitke disaggregated water usage displays presented in

Chapter 9 are meant to inform a large number of behaviors around water usage.

Automation/Control: refers to whether the ecdeedback system offers or works in conjunction with
a control system that caripr example, manipulate various buildinglated parameters to increase

efficiency €.g.,temperature, windows, shades).

4.4.7 Comparison

As notedearlier in this chaptercomparison is perhaps the most important part of any feedback
display.Both the conparison target and the way the comparison is visualized is impor@mte the
first subdimension listed here, comparison target, is set, the remaining fourdémlensions can be

explored as applicable.

ComparisonrTarget: refers to who or what is used asa comparison. Targets can include self

comparisoncomparison to others, and comparison to usage goals

Comparison by Timeefers to what temporal data is used to make the comparison, such as the past

week, month or same time last year. The comparisaiggéa may also be based on projected data

N} GKSNI 0KFY KAAG2NARO REFEGES F2NJ SEFYLX SY GAT &2d
F2N) GKS Y2y iGK gAfft 0S mm: Y2NB GKIFy dzadz t o¢

SocialComparison Target:socialcomparison targets are essentially dmnawirom one of three

categories: geographically proximal groups, demographically similar groups, or selected individuals

from a social networkCarefully choosingasoci@2 Y LI NA &2y GF NBSG Aa AYLRNID
feedback review, none of the twet studies that incorporated social normative comparisons could
RSY2yadNIrGS +ty STFFSOUG® {KS 2FFSNBR (KIFIGZ GaoKALES
conserve, it suggests low users that things are going not so bad and they may upgradeTdétee.
STFFSOG&A LINRPolofeéd GSYyR (2 OFyOSt 2dzi SIOK 20KSN
For example, Goldsteiet al. (2008) found that hotel guests who were exposed to descriptive norms

about towel reuse activity were 33% more likelyréuse their towels than a comparison group who
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were not. As previously mentioned, OPower has also been successful withcamodrisons and
normative messages (Laskey and Kavazovic, 2011). More research is needed to understand how

normative comparisonsan be effectively integrated into feedbaskstems

GoalSetting Strategyrefers to the strategy used to set the goal target, which could either be self

set, systernset, or externallyset €.g.,by a government or resource supplier).

Difficulty to Reath Comparison TargetThe perceived difficulty in reaching the comparison target
Oy AyFidzSyOS | dzaSNRa Y2aAQFidAaz2y (2 O2yaSNBS 2NJ

4.4.8 Motivational/Persuasive Strategies

Ly GKA& RAYSyaArzys GFOGAOa 2NJ GLISNEdZ aA@dS RSarady
action. The focus here shifts from eteedback that is capable of relaying types of information to a

person or household about their behavior how to most dfectivelyrelay that information to affect

behavior. Aspects of other dimensions fall under this category as well such as Comparison, Social

Aspects, and Actionability.

This dimension includes techniques described in Section 4.3 includingejtad, conmitment,
rewards/punishments, competition, loss/ersion and more. However, there are far more
techniques that exist than we have room to describe in this dissertation and we refer the reader to
findings fromfields such as persuasive designg(, Lockta et al, 2010), persuasive technology
(e.g., Fogg, 2002fFo0gg and Eckles, 200 behavioral science/economice.§., Pink, 2A1; Ariely,
2008; Thaler, @08; Kahneman and Tversky, 137@nvironmental psychologye ., Ehrhardt
Martinez, 2010), game deside.g., Deterdinget al, 2011, Bogost, 2007), social marketing.d.,
Cialdini, 200}, and health behavior change.., Prochaska and Velicet997. SeeFigure4.6 for

two examples.

This dimension, perhaps more than any other, is the most underexplored and may have the most
potential. However, this dimension is also potentially susceptible to abuse and most certainly

involves ethical issues on behalf of the desigradrout the ways in which persuasion is encoded in

the display. At worst, these tactics may shift from persuasion to coercion and propaganda. That is, a
designer may feel justified in making small distortions or manipulations in the data displayed in an
eo-FSSRol O1 aeadasSy (2 LINRBY2(3S LINRPSYOGANBy.YSYyGlrt oS

providing a sociatomparison target that does not exist but is portrayed as fact) but this is a slippery
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slope and without system transparency, a difficult one to det&o our knowledge, a discussion of

ethical frameworks within the persuasive technology space has been limited.
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Figure 4.6: (a) Users of Efficiency 2.8 who reduce their electricity usage earn reward points that can be
redeemed for discounts on groceries, electronics and apparel though one has to wonder if this technique simply
shifts consumption €.g.,to product purchases) rather than actually reducingoverall environmental impact (see
Berkhout et al, 2000). (b) OPower uses social normative messages on their bills with sec@inparison graphs to
encourage conservation (Laskey and Kavazovic, 2011). The OPower bill also includes an injunctive message to
indicate social approval for good behavior€.g.,smiley face).

4.4.9 Other Design Considerations
Although this design space contains what we consider to be the most important design elements for

ecofeedback technology, additionabnsiderationgexist, inclding

9 The role of educationDesigns could incorporate educational theory.

1 The role of information vs. persuasiorAlthough we touched on this point, more work is
needed to fully tease out these roles.

9 Usability factors As with any interface, basic design elemestgh as button sizeand
placementg A f £ AYLI OG G(KS dzaSND&a SELISNASYyOS

1 The role of ethicsThere are opportunities for manipulation or abugéth any technology
aimed at modifying behavior

1 Underlying system suport for loggingdata useful for evaluation(e.g., number of times
display interacted withyisualizationmost frequently selected, measurement units most
frequently selected, logging of all sensed behaviors).etc

1 Visualization and interface support foprobabilistic sensing systemésuch as the ones
presented in Chapters 5, 7 and 8).

1 User trust in the information This can be undermined if, for example, the sensing system
malfunctions or the display presents information that the user knows to be untrue.

1 Attentional requirements In general, ecdeedback is not sexy and not significantly
engaging to most people. Consequently, users will not invest much time in trying to
understand a display. Design efs@edback systems for minutes of attention a week éss).

22 hitp://efficiency20.com/
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1 Longterm changes in useFitzpatrickand Smith (2009) point out three different stages of
adoption and engagemenin home resource ecteedback technology the baseline
exploration stagevhere users are experimenting with the display and figuring itsuuse;
the awareness stag&here users assimilate to the display and use it to inform action; and
the querying and diagnosirgfage where users need more detailed analyses for one reason
or another é.g.,they receive a high bill) and are motivated rtwore deeply explore the
system(Figure4.7). The key here is to think about longitudinal use of the system and how to
persistent positive change.

Awareness Stage Querying and Diagnosing Stage

Baseline Exploration Stage The need to conduct more detailed a

Initial period of use entails playful
exploration witte feedback system
learning how to interpret it with actu
usage.

After initial exploration period, users b
more aware of their behaviors and rou
The displayds act

becomes more importanbeslty wanes.

at ad hoc times, which may be trigge
bills, for example, as users try to detq
what caused spikes in usage.

Figure 4.7: Three different stages of ecdeedback use once system has been deployed (adapted from
Fitzpatrick and Smith, 2009).

1 Interplay between the feedback system and the sensing systdbme crucial aspect in
guiding/constraining th design of an ecteedback display is the underlying sensing
systent they are intrinsically tiede(.g.,the sensing data granularity, frequency with which
it is updated, and sensing location can all have significant impacts on the way the feedback
system an be built).The information quality of any eefeedback system largely rests on
three components: the visual design, the underlying analytics/recommendation engine (if
one exists), and the underlying sensing systhiat provides the former two components
with data. Given this interplaythe sensing systermay be considered an extension to the
ecofeedback design spade.g.,Figure4.8).

SENSING SYSTEM

ol
«

»
>

data

source fully automated self-report
data <« >
granularity low high
sampling < >
frequency >1Hz monthly

Figure 4.8: Example addition to the ecefeedback design space: the underlying sensing system.

4.4.10 Summary of Eco-Feedback Design Space

We creatd an eceeedback design space to help tease out different ways of visualizing information
related to behavior and the environmenin particular, our ecdeedback design space has eight
dimensions based orfindings from fields including information visd&ation, the behavioral
sciences, HCand environmental psychologgde Sections 4.4 4.3 in this chapter and as well as
Chapters 2 and)3The eceafeedback design space is also uséfuincoveing underserved areas of

ecofeedback design and providy a structure to explore different design possibilities. Finally, but
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no less importantly, the ecteedback design space introduces aabulary, partly borrowed from
information visualization, that allows us to have a common language when we discussegraaiy

evaluate eceeedback designs.

4.5 CHAPTERSUMMARY
This chapter made three contributions: first, we surveyed and synthesized theoretical models of

proenvironmental behavior and drew out implications for the design offeedback. In particular,

we argied that althoughno definitive model of proenvironmental behavior exists, it is critically
important for ecofeedback designers to think about and reflect upon how they are imbuing models
of behavior into their designs. Even if it is not explicitly recoeph all designers approach a problem
with some model of human behavior. This inevitably affects the design choices that are used to

create the ecdeedback system/visualizations.

While models of proenvironmental behavior provide us with a philosophicdlor theoretical basis
with which to design ecfeedback systems, they do not offer specific strategies for changing
behavior. Thus, our second contribution explored some of the most popular motivaitiaoh
intervention techniques used in behavioral psychologiyrveyedhow these techniqueshave been

applied in ecefeedback thus far, and discussed implications for future-feealback systems.

Finally, our third contribution synthesized the findings and redateork from the above two
sections as well as Chapters 2 and 3, and encoded them into afeedioack design space. As with

any emerging discipline, frameworks help to map and crystalizeesearch to datandemphasize
possible directions for future wk. Our design space serves both as a critical lens with which to
analyze existing eefeedback systems as well as a guide to develop new ones. The design space is
useful not just in the design process but in the evaluation process as seelChapter 9for an

application to both processés

The end of this chapter serves as a pivot point. Chapters 5, 7, 8 and 9 describe specific sensing and
feedback systems that were, in part, inspired by work from Chapters 2 through 4. In the next
chapter we present Ubi@en, a sensing and feedback system to encourage green transit activities.
We directly apply many of the findingom Chapters 3 and 4 and include an analysigmfGreen

using the design space from this chapter.



110

Chapter 5
UbiGreen: Sensing and Feedback of Transit

Activities to Support Green Transportation

. v” | : ‘ -

Figure 5.1: The UbiGreen Transportation Display semiautomatically sensesroutine travel behavior such as
wal ki ng, bicycling, and taking the bus and visual
mobile phone in order to promote awareness and support green transportation habits.

In the past few chapters, wieave reviewed and synthesized work from a variety of disciplines that
can inform the design and evaluation of eieedback technology. This chapter and the next four are
focused specifically on integrating these findings into our ownfeedback designsThis chapter
focuses on ecdeedback for personal transportatioffrigure5.1) while the next four are focused on

water.

Researchers have identified three areas resgble for a majority of energy consumptiom

American householdshome heating and coolingshopping and eating (and the associated
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transportation ofgoods);and commuting, flying and other daily transportatiactivities (Bin and
Dowlatabadj 2005;Webea and Matthews, 2008)In this chapter, we focuson the latter (personal
transportatior), the greatest individual contributor ofGg emissions (26%) in the average American
household (Weber and Matthews, 2008).

Given the growing prevalence of mobile phonesgth sensing capabilitiesone compelling
opportunity to potentially impact human behavior is toffer immediate feedbackabout how
currently sensed behaviors affect the environment. In thapter, we explore the use of personal
ambient displays on molei phones to give users feedback about their sensed aneregadirted

transportation behaviorsKigure5.1).

There is extensive literature in the areas of environmental sociology, ppblicy, and more
recently, conservation psychology that discuss the promotion of environmentally responsible
behavior(Abrahamseet al,, 2005;Ampt, 2003;Maibach 2003; Vining, 2003Past work has shown

that motivators such as public commitment, frequent feedback, and personalizatiopasitively
impact environmentally responsible behavi@ee Chapters 3 and)). Since the 1990s, information
campaigns and other programs have attempted to engage individuals in voluntary greening of
transportation behavior(Ampt, 2003) Programs and studies hawxplored issues from social
marketing(Maibach, 2003jo communitylevel interventions(Ampt, 2003) There is also literature

to support the connection between increased personal awareness of everyday activity and behavior
change. For example, in a review of over twenty studies exploring the effects of feedback on
electridty consumption patterns in the home, the typical energy savings found were between 5 and
12%(Fischer, 2008see Chapter 3 for a more detailed revjeW is unclear, however, if feedback

technology focused on transportation choices will translate inis tavel of reduction.

Computing technologies have begun to play a more substantial role in supporting green behaviors.
Alife Tre€ INRga 2y GKS 61 O13aANRdzyR 27T , derfic@s inzthé N &
environment;however, this isnot tied to personal actionsTheRideNow projectisesa website and

email to help coordinate carpoolinggVashet al, 2005) Professor Tanda uses a mobile phone to
teach about @vironmental impact in context (Chamberlagh al, 2007) Other mobile applicabins

support green transportation behaviors.(., Carbon Dierff and Ecori&), but little research has

% http://www.nyu.edu/projects/xdesign/onetrees/description/index.html
2 http://www.carbondiem.com
% http//www.ecorio.org/



112

been conductedabout how to successfully encouraggeen transportation choicessing mobile

devices.

Our work focuses on using technology to encourageegrtransportation habits among individuals
who have a preexisting interest in taking action to lessen their impact on the environment. Here,
green transportation refers to any eddendly transit alternative to driving alone. We have built an
applicatin prototype for mobile phones, called the UbiGreen Transportation Displiayne5.1),
which supports awareness of personal transportation activities, reminds o$additional reasons

for being greend.g.,financial savings), and reinforces their commitment to-&endly behavior.

We first report on two studies we performed to better understand current transportation behaviors:

an online survey and anxperience sampling (ESM) stud@sikszentmihalyand Larson, 1987;

Froehlichet al,, 2007) Both studies focused on how we might engage individuals in green behavior.

.FaSR 2y LINIAOALIYyGAQ NBalLRyasSa G2 SI Nmté RSaAdy
green behavior on a mobile device would be of value and that an iconic representation of green

behavior could be engaging.

The results of these formative studies inform the design of our UbiGreen Transportation Pasplay

activity-based ecedeedback system for encouraging sustainabléransportation behavior. This

prototype uses sensors and sedfport to monitor transportation activities and provides feedback

2y GKS o0FO13INRdzyR 2F (KS dzaSNDa LK2ySed 238 RSaONROG
week, 13 persorfield study. Our results help to illustrate the value of our designs. The primary

contributions of thisChapterare:

1. A working system for tracking transportation behaviors and providing feedback on a mobile
ambient display;

2. A design caable of engagingusers (as demonstrated by our study) with the goal of
increasing their green transportation, based on a series of formative studies exploring the
value of different design dimensions; and

3. A qualitative analysis of a\Beek deployment of ousystem, resulting in new ideas for
increased social interaction, engagement and motivation.

5.1 FORMATIVE STUDIES OFRANSPORTATION HABI®
We conducted two formative studies, an online survey and an experience sampling study, that

investigated among otherli KAy 3a > (i K SwilliNgBesdJ® Sty imar® eciendly

transportation their motivations for drivingand reactiors to different visual representations of
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transportation behavior The experience sampling data was gathered using a combination of
complementary techniques: sigraebntingent sampling, diary reports and phot¢€arter and
Mankoff, 20®; Consolvoet al, 2007; Froehlicket al, 2007) The studies supported the user
centered design process in developing UbiGreen by giving us eadigafge on our visual design
concepts and on the user experience of wearing and interacting with our system for tracking
transportation behavior. In addition, data from the experience sampling study helped refine our

transportation inference algorithms andswualization design.

5.1.1 Online Survey
¢KS 3J2Ff 2F GKS 2yfAyS adaNBSe gl a G2
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and get feedback on early visual design concepts.

Surveyparticipantswere recruited througha popular online classifiedds listing service in Seattle.
Respondents received a $10 gift certificate for completing the survey. Our recruitment materials
aGrKGSR GKIFIG 6S 6SNB AyuSNBAaGSR Ay G0Nl yaLRNII GA
GKAA& alddzRe & (eéhnolBgy foihéep/people Bake iB a riiore environmentéigndly

gl e de hdzNJ 321 € gl a (G2 NBIOK AYRAQGARdIzZ ta AyiSNBa

would be representative of the potential users of the tool we planned to build.

A total o 63 respondents (78% female) completed the online survey in July and August 2008.
Respondents represented a wide range of occupations and included a flight instructor, school bus
driver, students, managers, scientists, and stay at home parents. 42%jpohdeEnts lived in large

cities {.e.,cities of more than 500,000 people); the rest lived in towns and smaller communities.

The online surveywas divided into two parts. The first section askes$pondentsabout their
transportation habits, including the frequency with which different modes of transportation were
used and what influencetheir choices.The second section, which could not be viewed until the
first section was complete, exploredesign conceps for a moble tool to encourage green
transportation choicesThis section explored a variety of design dimensions such as comparative

versus personal data andonic versus numeric representations
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5.1.2 Online Survey Results
The online survey helped us understand howole make transportation decisions, their willingness
to engage in green travel, and their reactions to our application design concepts. We discuss each of

these areas in turn.

Why respondents drivéSimilar to past researcfiFranket al, 2007) we founda number of factors

dzy RSNI @Ay3 | LISNE2yQa OK2A0S F2NJ GNIYALRNIIFGAZ2Y ®
when selecting transport, 77% of respondents selected time to destination, 67% selected flexibility,

and 47% selected cost. Combining travethwéxercise was mentioned by 13% of respondents.

When asked about reasons for driving by car, 45% of respondents reported that not driving would

take too much time, 51%espondedthat public transportation was unavailable or impractical, and

57% said thathey needed the car to carry things. Our results suggest that if obstachest tiriving

could be overcome, motivations other than efreendliness could be used to motivate green travel.

Willingness to engage in edoendly travel While only 19% of r@®ndents reported that being
environmentallyfriendly was one of their top three priorities when making transportati@ecisions

72% said theywould be willing to set goals for themselves to travel in a morefédeadly way.
Fewer than half of the respmlents (45%) thought that they were doing everything they reasonably
could to travel in an ecfriendly manner. Furthermore, 61% had takanleast one actiomwith the
direct goal of making their transportation more efreendly. Popular actions includediding only
when necessary, combining multiple errands into one trip, driving a hybrid or afiigent car,
trying to walk more and making better use of public transportation. Of this group of respondents,

63% claimed to have maintained these ddendly travel choices over time.

Reactions to application design concepttalf (52%) of respondents were interested in having
feedback about ecdriendly travel on their phone, including how they did in relation to others in

their city (71%). However, 54%ewre unwilling to share this data with others (familiar or strangers).

With regards tovisual feedback preferences, respondemisre almost equally divided between
iconic (50%)and numeric(47%)representations. Iconic representations used an abstract in@ge
metaphor to indicate green behavior in some way. Numeric representations used text or a bar
graph. Anabstract imageprovides less information but may add othpotential benefits such as

evocativeness or aestheticdepending on its desigi€onsolveet al., 2008) See also Chapter 4.
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These results indicate that our respondents were receptive to change and would be willing to use a

system like the one that we propose in tioisapter.

5.1.3 Experience Sampling Study

After the online survey, we ran an experience sampling study using mobile phones to see whether
LJS 2 LJh-®eéndoment reasoning about their transportation choices were consistent with the
results from the online survey, and to get feedback on the earlsigihs of the transportation
sensing and visual design components of our mobile application. We also used this data to help

calculate how many green transportation actions people took in a week.

G . &3 . s . : )
* cingular * cingular * cingular * cingular

SurveyPanek:1 (s’ﬁ[

It looks like you have recently
changed your location. Is that
correct?

SurveyPanel:2 {a’ Yl
Where did you just go?
1. Ohome

SurveyPanel:3
| How did you get there?

1. Ocar (drove alone)
2. Ocarpool (rode with

SurveyPanel:4 @Y

How did you spend your time
while you were on the bus?

1. Oread

Please take a picture of
something that illustrates how
you are experiencing your travel
today.

1. ® Ves, take the travel survey

2. ONo, I didn’t move

2. Oworked

3. Oslept

5. Oplayed games
6. Otalked to friends
7. Oother

3. Ogrocery store someone else)
4. Oshopping center
5. Orestaurant

6. Oout of town

7. Oother

4. Owalk
5. Obike
6. Oferry
7. Otrain

8_Oother -
BACK | NEXT

BACK ] NEXT
=

BACK | NEXT

Figure 5.2: The MyExperience Tool (Froehlichet al, 2007) was used to colleéh situ data on transit decisions,
attitudes and behaviors via contextaware experience sampling(Intille et al, 2003) on the mobile phone.
MyExperience would trigger a small survey likethe one shown above whenever the participant was inferred tc
have traveled to a new location.

Sevenpeople (five female) from the Seattle area volunteered to participate in thevoaek study.
Participants were recruited from among our acquaintances tharte interested in green travel and
were willing to work with an early prototype; six were graduate students and one was a software
developer. Participants were loaned a Cingular 2125 Windows Mobile phone running the
MyExperience softwardFroehlichet al, 2007)and also carried their personal mobile phones.
MyExperience automatically triggered short s&lport questionnaires on the mobile phone based
2y  GKS LI NI A OA(ed.,ywheR da trig sh&liScoBpleied, seigure 5.2). These
guestionnaires asked about current location, the method used for transport, and, depending on the
response, a series of questions about that particular transportation method. Formeaih the
participant had just driven somewhere alone, we asked aboutfgeadly alternatives and the
circumstances under which the participant would be likely to use these alternatives. We ended with

exit interviews where we demonstrated our desigmcept and got user feedback.
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Automatic trip detection was done by looking for significant changes in the visible GSM towers on
the phone, which allowed us to detect trips of about half a mile or longer. Participants were asked
to manually trigger a questimaire in cases where the automatic trip detection failed and to take
cameraphone pictures of anything that illustrated the experience of their daily travel (average of 14
photos per participant). This approach allowed us to test our trip detection ahdigeated data

early in our design process with a minimum of development time, which is difficult to do in

ubiquitous computing researdiCarteret al., 2008; Consolvet al.,, 2007.

5.1.4 Experience Sampling Study Results

Participants reported an average o8 rips for the week (min: 11, max: 24). The majority of trips
taken by our mobile participants were green, with walking being the most favored green
transportation method. 34% of the trips were taken on foot, 26% using a bicycle, and 15% using
public trarsportation (buses or ferry). When the participants did drive, their reasoning was similar to
the reasoning provided by the survey respondents. Out of the 34 car trips total for all seven
participants, they claimed that it would have taken too long not tiwelfor 13 of the trips (38%) and

that they needed the car to carry things for 11 of the trips (32%). Also similar to our survey results,

for 73% of all car trips, greener transportation options existed.

This study also helped reveal the hidden complegitbehind the perception and selection of a
transportation mode. One participant noted in the exit interview that when biking for
transportation, he did not think of it as exercise. Reframing short trips as an opportunity for exercise
could potentially mak a difference in selecting vehicular travel vs. healthier (and more
environmentally friendly) options. If a participant indicated in an ESM survey that s/he drove, we
asked if bicycling or walking were viable alternatives. In those cases when bicyaliatkiog were
indeed viable options, our participants reported 52% of the time that they would have been more
likely to select bicycling or walking had they thought of health beneditg. (caloric expenditure)

when making the travel decision.

Finally, tke participants were shown an early version of our design concept for a mobile phone
applicatiorr an icorbased design representing green activity with a growing tree (similar to the
tree design inFigure5.3). All were able to understand the interface elements without prompting

and were positive about having such a representation of their transportation activities on their

mobile phones.
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5.1.5 Design Implications of Online Survey and ESM Study

Our formative studies suggested that users could benefit from a mobile application that provides
awareness of transportation routines and that they would be interested in such an application.
Given the range of consideratisrthat impact transportation choice, a design need not focus solely
on emphasizing green behavior and may incorporate auxiliary benefits such as cost and health.
Other factors such as stress, ability to do other things while traveérgy, (eading) may o be
relevant.Prior work(Franket al,, 2007)also underscores the many factors that affect transportation
choica not all of which are environmentally related. We highlight these secondary benefits in our

design.

Although initially we were interested irmbuilding a sociainobile application around green
OGN YALRNIOFGAZ2Y O0SKFE@GA2NBI 2dzNJ LI NGHAOALIYGAQ YO

on a singleuser application. We plan to explore muliger applications in future research.

As users did ot express a preference between the iconic representatiorss numeric
representations of transportation behaviors in our online survey data,de€ided touse iconic
representationsfor our mobile application. Priditerature enumerates a few of the adwtages of
iconic visual display$1) they may be more aesthetically pleasing in a peripheral viewing situation
(Staskoet al,, 2005);(2) once learned, they can easily and quickly convey glanceable information
(Matthews, 2007)and(3) they may evoke othieresponses such as emotional attachmébillahunt

et al, 2008; Donath, 2004However, iconic representations often do not offer the same level of

detail as their numeric counterparts.

5.2 UBIGREEN MOBILE APRCATION
Based orthe results of our formative wix, we createdthe UbiGreen Transportation Display, a

mobile phonebased application that provides personal awareness abogteen transportation

behavios through iconic feedbackSmall graphical rewardsare S N}y SR o6& (GF 1Ay 3
transportationsuch agiding the busor train, walking biking,or carpooling Although each of these

activities has different CQemissions, we counted them equally, as each is preferable to driving
Ft2yS8d hyOs | aINBSYy G(NIyard FOGAGAGE AAd a48yasR:
dzLIRI G SR | OO02NRAy3IAf&d | LIK2YSQa o f { IJladiSsdeNS LINS & ¢
nearly every time the device is picked up and used. In this way, the wallpaper functions as a type of

personal ambient displa§Consolveet al., 2008; Matthews, 2007).
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Figure 5.3: (a) The tree and polar bear storyboard progressions. (b) One of the tree and polar bear storyboard
shown in context on the background of the mobile phone. In both cases, the current activity is carpoolin
indicated by a car indsbield. Sincetcarpodlityesaveés 2noneyi, the pigdaak ican is also
highlighted in the secondary value icon bar.

Our designs are partly based on a finding from social psychology that cognitive representations of
different concepts become linked if thosercepts are repeatedly encountered togeth@tiggins,

1996) We take advantage of this fact by jointly presenting a representation offrendly
transportation and representations of other goalsuch as saving money, getting exercise,tetc.

that the usermay care about. The interface emphasizes thesegadls automatically when green

transportation is taken.

We were also influenced by research éonservation psychology thathowed how caringor

animalshelps humans connect with naturgMyers and Saunders, 200Dillahunt et al. (2008)

I RFLWGSR GKA& y2iA2y YR SELX 2NBR K2g 4GOANIdZ f L
behaviors. They found that emotional attachment to a virtual polar bear could translate into

concern for the envonment and a tendency towards taking green action. This research paired with

the results of our own formative work lead us to create tdifferent iconic representations to

reward geen behaviorFigure5.3).

5.2.1 Visual Designs

In one interface, a tree is used to indicate green transportation activity. At the start of each week,
the tree is almost bare. Leaves, blossoms, and eventually applesagessively added to the tree

after each green transportation event. In the other interface, a polar bear is sltmwa small
iceberg. Over the week, the iceberg grows as gr&amsportation actions are taken and the
surrounding ecosystem also imprové&smr example, new food sources such as fish and sgplsar
(Image #12 irFigure5.3). Both designs follow a linear sequence of images. The last image in the
sequenceprovides a small, but engaging final reward. In the tree design, the flowers give way to
fruit and in the polar bear design, the sun sets and the Aurora Borealis (Northern Lights) appears.

The images never return to a previous state due to inactivity, dtuhe start of each week, the
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interface is reset to the first image in the sequent®e entire background area of the screén
filled althoughsmall parts of the images are obstructed by menus and (eght-side images in
Figure5.3). Due to technical limitations on Windows Mobile devices, the image transitions were not

animated.

In both designs an icon representing the most recently sensed green transportation actigity

shown (e.g., in the right two designs oFigure5.3X G KS Y2aid NBOSy& oBmOLNOA
addition, & the bottom of the interface four iconsare shownrepresenting other potential benefits

of this activity a piggy bank represents money savings, a person meditating represents relaxation, a
weightlifter represents exercise and a bookpresents the opportuity to read or do work, for
example(see alsoFigure5.6). These four icons were chosen based on the results of our online

survey, which indicated that financial savings, exercise, opportunity to do other things while

0N @St Ay3Is | yiere deasbng $or takidg gie&nitidrisgortation. Although one could

reward users differently depending on the carbon footprint of their current transit activity we chose

not to do so for simplicityq.g., walking produces zero carbon vs. carpooling, whose gagson

carbon footprint is dependent on the car type, number of passengers, distance traveled, etc.).

5.2.1.1 Analyzing the UbiGreen Visual Design through the Eco -Feedback Design Space Lens
We can use the ecfeedback design space presented in Chapter 4 toyaeatitical elements of the

design; sed-igure5.4.

Information Access:Perhaps most importantlythe accessibility of the informatiois extremely
hight by using the background of the mobile phone (a device that most of us carry everywhere), the
transit feedback data is nearly always present at hand and the effort to access the feedback is low.

UbiGreen updates in reséime and offers fedback cdocated with the target behavior (transit).

Data Representation:Second, in terms oflata representation UbiGreen is more artistic than
pragmatic but uses iconography in a way that allows the user to track protressghout the
week. The primgy visual encoding is graphical (there was no text), relatively simple visual
complexity; however, the as an artistic display, the information was not immediately
understandable without explanation or direct use. The measurement unit was number of green

transit activities instead of, for example, amount of carbon emissions or miles traveled.

Interactivity: Ideally, the system would have required no direct user interaction other than a glance

at the data; however, due to transit sensing and inference litioites, we relied on the user to self
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Applying the Eco-Feedback Design Space to UbiGreen
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Figure 5.4: Applying the ecafeedback design gace from Chapter 4 to the design of UbiGreen.
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report certain transit activities (such as driving in a car alone vs. oangd. The interface was not

customizabled.g.,users could not choose their own storyboards).

Display medium:!! & LINB@A2dzat e y20SRY (GKS ! 6ADNBSY RAA&LIXI
mobile phone on a 240x320 pixel screen. The interface was dekitmebe ambient and
glanceable in the sense that the user could see the information as a-sftkert of pulling out and

using their phone.

Actionability/Utility: UbiGreen had a low degree of actionability in that it does not explicitly
provide informationto the user orhowthey can best change their behaviors to reduce their carbon
emissions or even suggestions for alternative transit based on sensed travel routines. The
information intent was to inform multiple actionsi.e., different types of transit modes and

routines.

Social AspectsJbiGreen was designed for individuals and did not support data sharing (though, as
you will see in our results, many participants physically showed off their display to others). In
addition, & an ecefeedback display running on the mobile phone, it was designed for personal

rather than public use.

Comparison: UbiGreen did not explicitly support comparison of any sort (not,ssdicial, or goal
comparisons). As the display reset on each @ynthe user would have to remember the green

transit feedback stage reached from the previously week to compare ¥eeeleek performance.

Motivational/Persuasive StrategiesMany of our design elements were influenced from the
motivation techniques seaih of Chapter 4 as well as the game design literature. For example, the

visual adaptations that would occur after green transit was sensed could be perceived as rewards.

The storyboards themselves were gafneh { S Yy I NNI 6§A @S&a 6 KSN&warl& S dza SN
affected how the story progressed. Both the tree design and the polar bear design portrayed a sense

2F aqaldl3Sa¢ yR adzyt 201 Ay3 FSEHGdz2NB&aé¢ o6& | RRAy3
once a number of green trips were completexd.,the tree stages went from bear tree, to leaves,

to flowers, and finally, the last stage, fruit).

In summary, the eceedback design space is useful to better understand how a feedback system is
designed but also to uncover open areas for improvementhils ¢ase, the limited actionability and

comparison aspects of the display could be improved in future designs.
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5.2.2 Implementation

The UbiGreen prototype was built in C# using .NET CF along with two open source tools:
MyExperiencé€Froehlichet al., 2007)and ActivityDesigne(Li and Landay, 2008)biGreen relied on

three sources for transportation data: a Mobile Sensing Platform (NM3#®udhuryet al.,, 2008) the

LIK2ySQa 2¢y D{a OStft &aadayl {TAeMSP geRspslidd® inFiglireNIi A OA LI y
5.1, is a small device about the size of a pedometer worn around the belt and contains ten sensors

including a 3axis accelerometer, a barometer, and infrared light Enffs onboard algorithms are

able to accurately differentiatesitting, standingwalking, running and cyclingctivities To avoid

recording erroneously detected activities, participants did not receive credit for automatically

sensed transit activitieghat were six minutes or less in duration.

We used GSM cell tower information similar to Sahral. (2006) b infer when a participant was
traveling by vehicle (car, bus, or traidp particular, we used a sliding window algorithm to
continuously calculate the ratef-change between the strongest visible seven cell towdfscould

not automatically distinguish between these transit modes. Consequently, in these cases, UbiGreen
would trigger a two question sellB L2 NIi [ dzSadA2yylFANB ol &GN} @St ad
asking about the exact form of traved.g., bus, drove alone, or carpooledeeFigure5.5¢). This
guestionnaire was only triggered after we inferred that the transportation had ceased to avoid the
possibility of creating driving distractions. If the automated sensing methods failed to detect a trip,
the participants could still get credit for a green transportation activity by invoking a transit survey
themselves. To avoid redundancies in the data, both the manually triggered and the motion
triggered seHreport surveys were prefaced by a dialog informthg user about their most recently

recorded transportation activityRigure5.5b).

UbiGreenwas built, in part, using ActivityDesigner which allows designers to rapidly create

applications that react to data about human activiti&s and Landay, 2008)ctivityDesigner uses a

combination of storyboarding and demonstration to create application behaviors. UbiGreen

reported transportationactivities over the Internet to ActivityDesigner, which would then calculate

the next image to be displayed and send that image back to the phaatvityDesigner also

provides an interface to playback collected field data. This allowed us to replaysesaritfrom our

LI NGAOALF yiaQ LK2ySa RdNAY3I (KS eaflyiBikidds af thelzRe @ ¢ KA
LINPG20G@1LIS a ¢Sttt a KSTtLAYy3a (2 Y2y A HGQNS7ZE dZNI LI NI A
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¢KS ! 6ADNBSY LINRG2GeLIS faz AyOfdRSR |y aAYT2NY
reaktime activity inference, the status of the Bluetooth connection to the MSP, afaination

Fo2dzi GKS dza SNR& Y 2HKgure5$a). IDyfringSielfirStiweeld & yuy el §tadg y 0
(see below), participants had expressed d@aiptment when the sensing technology did not sense

all of their trip activity or did not sense it accurately enough to earn credit. We quickly added the

new information screen, which allowed participants to more easily detect whether their hardware

was waking and whether their current transit activity was automatically being sensed.

wal Survey B | Surve .
Manual Survey What type of trip did you take?

) ) 1. &1 did not take a trip
It looks like your last trip was made )
‘walking.' It was recorded 2. Ol drove in a car alone

.5 mins-ago

wallpaper set: 1.1 mins &go

automatically and lasted for

3. ®I carpooled
approximately 11.5 mins ending at GRS €I

nnected (2.9 hrs) 03/31/08 6:56:34 PM. If you've 5. Ol took a train/trolley

traveled since then, please press OK
to fill out a survey. 6. OTwalked

‘15 mins 7. O1T biked
e 8. Olran

ng (102 mins)

: NEXT
Figure 55: Non-wal | paper Ubi Green screens: (a) Ubi Greend@oes applica
launch a selfreport survey and see status information from the sensing and inference system. (b) The manual

survey screen. Note that it explains to the user about the last recorded activity to ensure that duplicate activities
were notrecorded. () Te f i rst survey screen asks AWhat type of trip d

5.3 UBIGREEN-IELDSTUDY
We used a combination of rapid iteration and field testing toigeditudata on the use oftJbiGreen

Our goal was to compare the twasualdesigns and to explore issueschuas social uséhe most
engagingaspects of our desigrandresponses to the changirigonicprogressrepresentatiors. We
were also interested in exploring the viability of using samtomatic sensing for recording transit

activities.

Before we give the details of our study and results, it is important to comment on our methodology
and the resulting timeline. The ability to getsitudata at early stages of application development is
an acknowledged problem in the literatu(€arteret al., 2008; Consolvet al., 2007) and many
researcherdave engaged in tool and technique development to address these i§Sae®ret al.,

2007; Froehliclet al, 2007; Li and Landay, 200Because this was a design exploration, we heavily

leveraged rapid development tools such ad$lyExperience (Froehlich et al, 2007) and



124

ActivityDesigne(Li and Landay, 2008)at allowed us to tesbur applicationin situwithin only a

few monthsof the start of our software development process.
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Figure 5.6: When walking is sensed, the UbiGreen background display would change to look like it does in this
figure. Note how the secondary valwue icon bar highlights the
reinforce the benefits of walking.
That said, UbiGreen is a sophisticated technological artifact relying on external hardware sensors,
mobile phone Internet connectivity, reéime inference algorithms, and backend server calculations
to produce the desiredpplication behavior. As a result of this complexity, the technology did not
always function optimally during the course of the study. Some participants, for example, had
trouble maintaining a stable Bluetooth connection between their mobile phone andMB&®.
Others found the MSP cumbersome to wear (particularly women who did not always have a belt or

belt loop for attachment). Next, we provide more details about our participants and method.

5.3.1 Participants and Method

Participants were recruited from twmajor metropolitancities, Seattle and Pittsburgh, to increase

the diversity of perspectives in our resulting d&2aS S @ f dzr G SR LI NIHAOA LI yidaQ f &
02y OSNY dza A @2a0) sseffe of 12dBzyOdr ®idtsburgh participantaere significarly less

concerned about the environmentM=2.95, SD=0.)9than our Seattle participantsM=3.72
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SD=0.22, /7.0, p<.0% Recruitment was done by posting to the Pittsburgh and Seattle Craigslists

FYR dzaAy3 | /[ al Qa 2\KASY SI RNIS CANHEA TSRS v il K 1406 N#@3 O 8 S NJ
Y20AfS LIK2ySa O02dZ R 0S dzaSR (2 SyO2dzN»y3S adzail
participants who had AT&T orMobile mobile phone service planss UbiGreen required GSM cell

network operators forts motion inference Participants were paid $1@8300 depending on the

length of their participation in the study.

Participant ID| Location | Condition| Days Occupation
P1 Pittsburgh Tree 27 Sales Clerk
*P2 Pittsburgh Tree N/A Attorney
P3 Pittsburgh Tree 21 Law Enforcement
P4 Pittsburgh Tree 9 Student
P5 Pittsburgh | Polar Bear] 20 | Technical/Engineering
P6 Pittsburgh | Polar Bear] 12 Student
P7 Pittsburgh | Polar Bear| 16 Student
P8 Seattle | Polar Bear] 6 Student
P9 Seattle Tree 42 Office Admin
P10 Seattle Tree 19 Consultant
P11 Seattle Tree 25 Program Manager
P13 Seattle | Polar Bear| 37 Programmer
P14 Seattle | Polar Bear| 30 Consultant
P15 Seattle | Polar Bear] 6 Student

Table 5.1: Participants involved in UbiGreen field study. Of the 14 participants, 7 saw the tree graphics and 7 saw
the polar bear graphics. Duration ranged from 1 week to 4 week$P2 dropped out of the study. Her data is not
included in our analysis
Out of the 14 participants, &ere fromSeattle and were from Pittsburgi{Table5.1). The majority
of participants were drawn from the working populations of both cities, althduglere students (1
undergraduate) Half were male and half femaldne average age was 28, and the study included

two couples Participation lasted from to 4 weeks(average of 21 days, median=20).

At the beginning of the study, participants were supplied with a Cingular 2125 phone running the
UbiGreen prototype, which was intended to repladeit current mobile phone (we moved their
SIM card for them). They also received a pegieed MSP sensor. One participant (P2) found that
the Cingular 2125 phone was incompatible with her work and thus had to drop out of the study. The
participants were tyen an explanation of the UbiGreen prototype and training on their new phone.
We also provide@ 24 page manuaand three onepage quick reference guides documenting how to

use the Cingular 2125 mobile phone, the MSP, and the UbiGreen application
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We randmly assigned seveparticipants the polar bear visuals aisgvenparticipantsthe tree
visuals, balanced across conditiodg the start and end of the study, participants were asked to
complete a questionnaire that included relevant questions from outieatransportation study
demographics and environmental attitudes. We also interviewed participants about their experience

with the application at the end of the study.

During the field deployment number of strategies were used to ensure that thé®ieen sensing

and feedback system was functioning properly. Fit#hjGreen would automatically notify the
participant if the MSP des was malfunctioning or if it seemed that the participant forgot to wear

the device. Secondhe research team could vie | a4 SOdz2NE ¢6S0aAiAidsS 2F S| OK
UbiGreen background displalyigure5.7). Finally,UbiGreen also sent text messages to the research

teamwhen certain irregularities were detected..,system crashes or phone restarts).

a. current ubigreen phone images current ubigreen phone images
N N march 2008 field stu - march 2008 tiaid st
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Figure 5.7: The research team could view the above websne to track the status of our part|C|pants in re@he.
This website was not publically accessible and not available to the participants themselves. Note the differences in
different stages achieved in the storyboards between the Monday viea) @nd the Saturday view b).

5.4 RESULT®F THE UBIGREEN FIBLSTUDY
The goal of earbgtagein situdeployment is to show that an application concept is feasible and to

learn how it may be used and how this differs from the expectations of the researdNeranalyze

our interview and transit dta with respect to four issues that relate to feasibility and use: (1) the
viability of using automatic sensing to detect transportation patterns; (2) qualities of our two visual
designs; (3) opportunities for engagement withe issue of sustainable traportatiory (4) and

finally, the potential to influence behavior change.
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5.4.1 An Overview of the Data

Our exit interview used an opeended, semistructured format andasked participants to describe

their experiences using UbiGredDur transit data was loggeda automatic sensing and se#port.

We collected an average of 21 days of data per participant (16 days in Pittsburgh and 27 in Seattle).
I GRIF& 2F LINIHAOALI GA2yé¢ gl a 2yfte O2dzydiSR | a

QX
o

day. This was tensure that our daily averages were not underreported. A total of over 8.4 million
sensor events were logged during the study. Sensor events included GSM cell information, device

usage (SMS, Internet browsing activity, phone call activity), and UbiGrizé¢adactivity data.

Transit Activity Of the 8.4 million logged sensor events, 1,129 were travel events, 872 (77%) of

which were green. This is 4.2 transportation events per day on average across participants (3.2 of
which were green). The average trimégh was 18 minutes (23 minutes for green trips). The number

of total trips per day is in line with previous research on daily transportation beh@tioehlich and

Krumm, 2008; Hu and Reuscher, 20@4jch provides evidence that we were accurately re@ogd
transportation behaviorsi-igure5.8 presents the statistical breakdown of observed transit activities

in our dataset. Like in our ESM study, the most popula¥for2 ¥ G NJF YALRZ NI GA2y 23S\
accounting for 31% of the recorded trips (average length 13 minutes). The second most popular
F2NY 2F GNI @St 461 a GRNAGAY3A [ f2ySE O6HH:Y Mo YAY
G 6 dza NJA R Snairiutesd. i ddjttsburgh, rearpooling (31%) and walking (31%) were the top two

most popular forms of green transportation, whereas in Seattle walking (32%) and riding the bus

(20%) were the two most popular.

Trip Count by Transit Composition of Transit Activity By (
500+ 40%
W Pittsburghd Seattle
31% 31082%
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Q@\?\ C"& Bike Bus Carpool Drive Run Train Walk
a N b. c. Alone

Figure 5.8: (a) The raw number of trips broken down by transit mode. (b) The percentage composition of all
recorded transit activities. (c) The percentage breakdown of transit activities by city.

Data Acquisition Transit data came fronthree sources: the MSP, GSMsed motion inference

(which triggered a survey asking what type of vehicle the user was in), and the participant
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him/herself. The MSP accounted for 24% of the recorded thjgu(e5.9). GSMriggered surveys
accounted for 35% of our data and manually invoked surveys accounted for the rest (41%). In all,

856 surveys were completed with a median completion time of 18 seconds.

Transit Activitata Sources DataSource By City

mEManual BGSM oMSP BEManual BGSM @BOMSP

100%- 100%

45.2%

34.7%
31.6%
50%- .

47.5%

39.8%

0% -

Train CarpoolWalking Runs Bus Biking Driving total % Overall % Pittsburgh % Seattle
a. Alone b.

Figure 5.9: The source of UbiGreentransit activity data broken down by (a) transit activity and (b) city.

5.4.2 Viability of Automatically Sensing Transit Activities

l'a 2yS LI NIOAOALN Y 2niaSestd Sparkits abditk D ol aficaly sehstzf f  LJ2

0 NI yaLJ2 NI I i véyshing |- sBoillld Beh autbrpatica@lly detected o0t TO @ | f G K2dzZa3K
technically challenging, our early prototype performed quite well at automatically sensing walking

and bicyting and our GSM motion algorithms accounted for a majority of bus and carpool events.

Still, we were hoping that the number of manually invoked surveys would be lower. One reason that

they were not, we believe, is because our vehicle trip detection hddlay between the end of a

trip andinferring 0 K & G KS G NX L) KdidRyet rardk Subvéys afigf RtBAR the ldus.

Sometimes it took way too lonthough and | would trigger the survey’ @ St Fé¢ 6t Mmo0O O ® C
interviews, most participants found K & G KS &aSyaiy3 g2N]J SR [dzAdS 4S¢tf
322R® 2A0KAY ™M 2NJH YAydziSa I FOGSNI PRS | OGA@QAGE 4t

WS dZANRY I 2dzNJ LI NODAOALI yGa (G2 6SENI Yy Illgis&A GA2Yy I f
the biggest annoyance for me was just having an extra piece of gear téweat MmO @ 2 S KI @
recently developed activity inference algorithms for the Apple iPhone using the-ifuilt
accelerometerand Nike+iPod piezoelectric shoe sensapable of detecting wailkg, running, and

bicycling in a lab@tory setting with 98% accuracy (Sapoeasal., 2008).

In summary, sensing was viable but could be further automated. In addition to our iPhone inference

work, we have also investigated ho@PS signals can be useddiscriminate between train, bus,
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and driving activitiegmuch work has been published in this area as well since our UbiGreen work

was performed; see Chapter.2)

5.4.3 Visual Design Qualities

Participants commented that the presence of the visual display onbdekground screen of the

phone increased personal awareness and stimulated reflection about their transportation activities.

aLG NBFffe SyO2dz2Ny 3Sa @& 2 dz(P8)2As bbfankdin Beviéug stoigs2 6y L
(Consolvoet al, 2008),the walbaper is frequently visible to participants as they go about their

normal phone usage. Ongarticipant said A & Q2 Yy A LIRS P&t€ipants also seemed to

F LILINBOALFGS GKFEG GKSANI aaNBSyé¢ (GNFyaLR2NIntheAzy €S
LK 2 Yy S & (kétRh® tfedbecause it wasto my mind a pretty progress &r. There was enough

of a cleadistance between each state that I cowldSf f (G(KS RAFTFFSNBYyOS | d | 3Af

Some participants wanted more variety in the visual rewar ®he @irst couple of timesvere
interesting[when the background changeXl] o0 dzi GKSy A@L{abk MbDR NIB INS IA DA
YR tvMm 020K U(HRERAKTESHSY O2d2 RNXK&a SOSNE 4SS X
FLILJZ ¢ otyo II2ZYIRKSNBIZG O2%F R2MIISYSNI S GKSANI GKSYS
Future designs could also follow rdinear storytelling patterns where users follow certain thematic

arcs based on their performance (similar to a chegser-own adventure style book, oplthe

branching through the story is chosen automatically based on transportation behavior).

Iconic vs. Numeric Representatiofarticipant feedback indicated an interest in knowiactual

carbon emissions in addition to seeing the iconic progressiokK@&t I NO G A O I wouRliked &3 G SY ®

more information about carbon emission saviigs 6t Mmp 0 ® ¢ NI} Ol Ay3 OFNb2y al

OKFfftSy3aay3a gAldK OdzNNE fyibu tiacked ali/carbod andisdieror gallonsmm Y 2
saved it would be based on what kind of byeu rode inand what kind of carpeople drove, it

g2d2 R 3ISG NBFHffeé O2YLIX AOI SRdPé 5SaLIAGS GKSasS OK

impact that gives participants a sense of progress. Weewpllore this in our future work.

Secondary Iconddost participants noticed the secondary icons at the bottom of the interface but

FS6 6SNBE AYLI OGSR o0& GKSY® aL RARYyQG F¥SSt fA1S
good form of exercise 6t MMO ® | Y2GKSNI LI NIAOALN yi LRAYISR 2
Y2NB AyiSNBadAy3d AT aGKS OANDESa FA{fSR dzLJ I a @&

believe that highlighting secondary benefits for green transportation isastfiromising area for
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future work, particularly when those benefits are highly personalized and highlighted in the moment
(e.g., by informing them that a bus route is actually faster than driving or that bicycling to work

would save X dollars over the month

Negative Imagery:Some participants were keen to mention using both positive and negative
AYF3ISNE RSLISY RA Y Bthing yegaliyd NFRfardeMentywdBdalsaibe good. | think

maybe myLJ2 £ F NJ 6 S| NJ A K2 dzf R R NP ésiticibafit whs evelY modelmiddabred t mn 0 @ |
'S adldSR GKIFd AT &2dz 6SNBE NBIffe -dlIJREY Givk ® 06 LBW
(P15). It may be worth pursuing future designs that include both positive and negative
reinforcement leaves falling fromhe tree, for example, when a user drives excessively. These

options could then be evaluated more systematically for impact.

In summary, our visual design was effective gnésent but participants asked us to show more
detailed information (such as moraed stories; actual carbon savings; tracking secondary benefits

numerically; and so on).

5.4.4 Opportunities for Engagement

Although in a field study of this length, novelty likely plays a strong role in application usage levels, it
is still interesting to higlight aspects of our design that participants specifically mentioned as
motivating. Two unexpected themes arasene was the idea of the application as a rlif@ game

and the other was the anticipation and curiosity inherent in moving through the segueic

images.

UbiGreen as a redife game:Although we did not describe UbiGreen as a game to our participants,

many perceived it as one. In interviews and in our freeform jststly survey data, participants

would use gamdike metaphors when describinghe application. For example, participants
YSYGA2ySR GKIG Sy3alr3aay3a Ay INBSYy GNryard oSKIGA2N
gra GKS aFAylt tS@Stodé hyS LINIGAOALI YOG S@Sy O2YLIX
NBEO2 NRSR>t &iLSFIS 61 a 6SAy3a OKSFGSR 2dzi 2F Y& LRAY(:

Because so many participants conceptualized UbiGreen as a game, they considered opportunities to
GOKSIG¢ GKS aeadSy G2 o0S LINBofSyYyad hyS LI NIAOALJN
L2 AY (G a&SyHhal fLizal dord likes iBcRMTivesdforgetting points artificially by taking

dzy y SOS & a I NE ingto\deat Jioutowh scdreSy takim$ two mord NA LJA 2dzad G2 S Ny
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(P11). This participant was worried that UbiGreen might encourage aopakemoretrips simply

to earn more points (some green trips could lead to more emissions than no trip at all).

Future designs that incorporate a more overt gaming model could mitigate these effects by
NBgF NRAY I &Y 2 NBarbadrips/siiaas bicyctingJand $alkihg. The application could
also reward the user for taking fewer trips from week to week. Finally, although carbon tracking is
still an active form of researcfWeber and Matthews, 20083 progress bar (or some other visual

indicator) could be used to reveal total carbon emissions for the week.

Anticipation and Curiositt: S RAR y20 RA&A0t2aS GKS AYlF3IS aSljdsSy
I KSFR 2F GAYS® ¢KAa ONBIFIGISR | aSyadlkadthatwe/ G A OA LI
didn@ know what it was going to do. Like when your phone turned from leaves into flowers and

then applest  { A YA f | NIL& IBsuenftheréiviad aRything elgafter the Northern Lights]

so |l keptgoing. ! & LINB QDA 2 dzat ers coubdyfake alwarldge of tRiSky bffenyhg new

weekly themes or themes that continue progressing through a story over time.

Social Sharing of Transportation Activiythough aur design was not inherently sotiaearly all of

our participants commentedi KI & G KS 3INILIKAOa 2y GKSAN LK2YySQ
conversation starters at work and at home. More interestingly, however, somgotkers seemed

G2 GFr1S Iy AyidSNEa (Someypeopld andiotk @riewtbuy theipdlar badPaddNS a4 & &
every day they asked me aldai A G® W5AR @&2dz IS4G | &Skt G2RI&@KQ¢
GKFG LIFNGAOALNI GSR Ay GKS &dddzRé RS@OSt2LISR | aSya:
fA1S L YSYGA2ySRT KS g2dd RO &gl RE kil AORNASRKREl |
GKIFGdG L gla ftgléda 2yS RI& O0SKAYR KSNE O0twmpOd 2 S
competition can be used to influence transportation behaviors is a rich, open area of future research

(Petersen, 2005)

Real Time Recommendations:the UbiGreen field studgxit survey, we asked participants what
could help them to make more green trips. The top two things they selected were reliable
transportation (79%) and financial incentives (71%). However, more/lkdge about alternatives
(56%) also received a high rating. Specifically, P13 mentioned that one improvement to UbiGreen
could be a recommendation system that suggests alternative forms of transportation based on your
personal trip history. In cities likBeattle, where the public transit system publishes real time data

about bus locations using GPS, these recommendations could be very specific. Such a system could
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even incorporate shared commute data by other UbiGreen asérsi 1’ 2 F (G KS LIS2LX S 6K

@2dzNJ YSAIKOZ2NK22R FYyR 62N)] Ay [/ FLAG2t 1 Af€ GF{1S

In summary, users encouraged us to do more with the ghkeeproperties of UbiGreen and to

factor in real time data about friends and/or transportation options, time, cost angsa@ngs. This

would also address the issues of convenience raised in our online survey. In some cases, it may be
that a green form of transit is actually faster than driviegg(,buses can circumvent traffic by using

the highoccupancy vehicle lanes).

5.4.5 Potential for Behavior Change

Our formative work showed that participants would value feedback about their transportation
choices and identified forms of feedback that might help to support and sustain green
transpottation choices. Our field study cleadgmonstrated the viability of our concept, to which
participants responded positively on many fronts described above. In fact, 7 of the 13 participants
continued using the software beyond the planned end of the study. Participants talked about
gaming angoints, and expressed concern about cheating, all indications that they were engaged by
the system. While an earlstage study like this cannot reasonably be expectectdafirm that
behavior change occurred, our qualitative results indicate that partitipavere engaged in the

application (a prerequisite for behavior change) and did start new behaviors.

At the end of the study we asked whether participants felt that UbiGreen had encouraged them to

travel in a more ecdriendly way and what they did thiweek to be more green. In open ended

responses on our exit questionnaire, three participants gave specific answers about changes they

KFER YI RS ® vebeenchifdli®y todwork and walking to my familys [sic] houses because

they are close enough toodso, though beforé[sic]g 2 dzf R dza dzl f f @ 2 dz®ditried2 LI Ay Y@
G2 OFN1R2f Y2NB (2 32 (2 OKd2NOK 6L 3IF2 (2 OKdIZNOK
G2 NARS I 0AO080tS Y2NB O2yTARSy(f deméparticigagts 2T (G KSA
AYy@2t SR Ay 2dzNJ 4ddzReéd az2ad 20KSNJ LI NLAOALN yida G2
ecoF NASyRf & glte& |yR (GKS addzRé RAR y2i OKIFy3aS GKI (¢
participants were already vemgreenand had lifestyles amenable to not driving (such as living and

working in an urban area or living next to a bus stédpfommon request amongst our participants

gl & GKS loAfAaAdGe G2 O2YLI NB GKSAN OdzNNBipliess SS1 Qa L

an interest in understanding how their own behavior changes over time.
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Still, some participants felt that the visual feedback was not enough to change their transportation
KIoAdGad C2NJ SEL Y LIt 8efinitalyckeeps §oliimbra gindui it [ir&nhbportation
habits]every single day. You use your phone every single day so yoXknawdziiot dur@ i¥'beiyig

aware of it changes your habid$s. hyt & | 2y 3ISNJ yR Y2NBE O2yiNRf f

guestion.

5.5 CHAPTERSUMMARY
In this chapter, we presented results from a set of formative studies exploring individual

transportation, which led to the development of the UbiGreen Transportation Display, a mobile
application prototype that sermutomatically senses and reveals information abtyansportation
behavior. We described the results of av@ek field study of the use of our prototype in two distinct

U.S. cities. Our contributionfom this researchare a system that sem@utomatically tracks
transportation behaviorsa visual desigicapable of engaging users in the goal of increasing green
transportation, and implicationdor the design of future green applicatian§he results and
experiences derived from this field deployment factored directly into the refinement of the eco
feedbak design space in Chapter 4. They also helped inform our water usagkeeeltmck
explorations, which are described in detail in Chapter 9. The next chapter serves as a transition point

from personal transportation to the water portion of the dissertation.
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Chapter 6
Investigating Water Use in the Home

G2 KSy GKS 4Sff A& RNBX ¢S
T BenjaminFranklin 1746

In this chapter, we transition from personal transportation to water use. As motivated by Chapters 1
and 2, nany cities around thewvorld are facing an escalating demand for potable water due to
increasing poplations and a shift in population density from rural to urban areas (Willa., 2010;
Barlow 2007. Toreduce residential water consumption, the water industry has lgrdecused on
regulatory and financial incentives. Howeviltese approaches often do not address a fundamental
problem: most home occupants have litie-no knowledge about water usage in the horard

limited means to find out

This lack of awareness éninderstanding about water leads to inefficient practices such as irrigating
during midday or using the fulload cycle on a laundry machine when washing only a few clothes
And, because so few people have a strong understanding of water usage amoheyshave
difficulty determining anomalous or excessive usage on their water bills (unless these excesses reach
extraordinary amounts)ln addition, st studies have shown that tHéth most water consuming
sourcein the home is actually fronfeaks accounting forl3.76 of residential usgMayer et al,

19991 much of this is from leaky toilet&£PA, 2008 Yet, a/en these cases of unnecessary waste

are difficult to identify and solve with current water sensing and feedback systems.

1yz.
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Although energy usge has received a great deal of attention in HCI reseashdiscussed in
Chapters 2), the needs, concerns, misconceptions and motivations surrounding water use may be
different and therefore may require different forms of et®edback. For example, like electricity
where heavyenergy usdendsto be from automated sourcesg(g.,central air conditioning systems,
refrigerators, and electric heating), heavy water wsfeen involves some sort of manual human
behavior €.g., showering, toilet flushingdoing the laundry,and lawn and garden watering). In
addition, in contrast toelectricity where there are a number of commercial products that motivated
customers can purchase to get feedback on their electricity usagge, The Energy Detective
(TED¥, Bleline InnovationsPower CostMonitor®’z 2 NJ tAdavar®), watert Has no such
LINP RdzOGdad ¢Kdzax GKS oAff Yz2ad 2F0Sy NBYlIAyaA
consumption.Finally, the cost of water is often much cheaper than the cost of eldagtrisihich

gives rise to questions about motives for conservation.

To inform the design of eefeedback displays for water consumptione conducted a formative
study examining perspectives of water and water usage practices in the Honmarticular, we
performedan online survewf 656 respondents from around the United States and Canémtaused

on exploring knowledge of water consumption for everyday activities like showering and toilet
usage, knowledge of water cost, desire to consewater, concerns around water supply and
sewage, and motivations for conserving waterg(, environmental vs. financial). Several findings
provide direct implications for the design of efmedback displays for water consumption. For
example, most respwents were relatively unaware of their water consumption habits and had
misconceptions about where water comes from, where it goes, and how much is used for daily
activities. We used the data, in part, to inform the design of our own novel water usagbdele

displays, which are presented and evaluate@€hapter9.

In this chapter, we first discuske factors influencing water consumption from the environmental
psychology, sociology and water research fields. We then present the survey method ans, resul

and discuss implications for the design of éeedback displays for water.

26 hitp://www.theenergydetective.com/
27 http://www.bluelineinnovations.com/
28 http://www.p3international.com/products/special/P4400/P4aB8html
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6.1 BACKGROUND: FACTORBNFLUENCING RESIDENAL WATER USE
Although a number of HCI researchers have desigand, in one form or anothegvaluated ece

feedback displays for watefsee Chapter R few studies have looked at or incorporated past
research into water attitudes, practices and history. Such background is relevant because it provides
additional perspectives with which to shape and focus the-feealback water research agda.
Indeed, it expands water edeedback to consider not just individual cha@round consumption

but the larger infrastructural, cultural and social components under which those choices are made.

Water research scientists and managers have identiiedumber of factorghat correlate with
water usage. These can be broken down roughly into six groupba®ground demographic
variablessuch as family income, educatidavel, retirement status, number of people in the
household, number of children, mber of people with fulltime jobs, and socioeconomic status; (2)
house variablesuch as house age, house value, number of wasémg appliances, number of
bathrooms; (3)attitudes, beliefs, and motivationsoncerning water usage and the need for
conservdion; (4) understanding and awareness of specific water usatgategiesintended to
reduce water use including installing watsaving fixtures and appliances, curtailing outdoor water
use, and changing behavior to reduce indoor usetdBjporal contextsuch as season and time of
day; and (6)regional and nationalregulatory structures and management efforts. This Iist
synthesized from Hamilto(i1983), Cooleyet al. (2007), Menon and Butler 2006), Vickers(2001),
Jeffreyand GearyZ006), Foxet al,, (2009 and Kennet al., (2008).

Whereas the Background and Related Work chapter (Chapter 2) explored some of thesa factors
particularly the effect of regulatory structures adémandmanagement efforts on water usethis
section focuses ornndividual and household variableshat affect use In addition, our review

includes past work exploring motives for water conservation.

6.1.1 Personal and Household Demographics

In the water research communitythere is much interest in assessing the impact of various
demographic variables on water usage. Howewgth a small number of exceptions.{., Mayeret

al., 1999),researchers rarely have datasets that allow them to match houselokl consumption
data with rich demographic data about a honeed.,number oflow flow-toilets, number of water
using appliances/fixtures) and the people within it (Keneél, 2008) In comparison, obtaining

data on weather, price, and local legislation to compare with household usage is relatively
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straightforward. Taking into acount the effect ofdemographic variableon usageis often
challenging not just because of the difficulty in obtaining the data but also in isolating the effect of
any particular variableAs Hamilton (1983) notes, any of the variablesare correlated wh one

another €.g.,personal income and house size) and have a complex network of interconnections

Two of the mosthighly cited variables correlated with water consumption are household income
and property type(e.g., singlefamily home vs. apartment)(Jeffrey and Geary 2006. Higher
incomes allow for more discretiona use €.g., hot tubs, pools) andaffluence is correlated with
larger homes, which may have yards and gardensréngire water to maintain Stephensor(2003
presents a table of water age according to standard of housi(m 170), which shows thdtigh
quality housing areas used anywhere from 1.25x to 2.5x the amount of water comfmaretan
residential areas and lowost housingln addition,Russact al. (1991) found that water deand

was highest in homes vs. apartments/condominiums, which was attributed to low per capita
outdoor watering in apartments and greater space for water consuming appliances in homes.
Finally,Jeffreyand Geary(2006) cite a number of studies showing a positive correlation between

water usage consumpin amountsproperty valueand personal income

Age and family type has also been correlated with consumption. In Resszlc(1991), retired
people in singldamily homes consumed 52 gallons per day on average compared with 37 gallons
per day by an adult living in a similar residence. The difference is likely because retired people are
often in their homes for Inger periods during the day (Mewn and Butler 2009. In addition, age
related diseases such as diabetes and prostate issues can increageghency of urinatiorand
therefore flushing (Green, 2003). Some of the highest indoor water usage comes from young
families with a large number of children aioin chronic medical conditiona€cording toStrang,

2004). Similarly,Mayer et al. (1999) also found that the presence of teenagers in a household

tended to increase water usage.

It is not just the type of people living in a household that affects consiamgpbut also the number
living in the homeAlthough an increase in the number of occupaliigg in a homencreasegotal
water consumption, multiple studies have found thaér capita consumptiomctually decreases
(Butler, 1991; Edwards and MartinQg5; Mayer, 1999) seeFigure6.1. For example, in the REUWS
study (Mayeret al., 1999) a single person household usgd times as muctvater on average than
a two-person household antvice as much per capitdhan a fourperson householdFigure6.1a).

This has implications for the prediction of future water demaas much of the projected growth in
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the number of households over the coming decades in developed economies is expeceetidmb
singleperson households (Memn and Butler 2006; Thames Wateltilities Limited 2007).
According to UK government projections, for example, the number of new homes is expected to
increase by 3.3 million between 1996 and 2016 and the trend poowsatds smaller household
sizes (EA, 200Figure6.1b and ¢. Thus, water demands are expected to rise disproportionately

higher than they would otherwise if just ammting for the total influx of population.
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Figure 6.1: Although the overall amount of water used in a household goes up with increased levels of occupancy,

the per-capita usage goes down. This pattern has been found in (a) North American homes and in (b) the UK.

Some studies cite this trend along with obsertimns that household occupancy levels are going down in some

western cities such as London (c), which would lead to additional overall water use.

CAylLtftes az2vysS LI ad 62N KFa AYRAOFGSR GKFG d&aoSKE
water savingsThat is, providing individuals with specific skills and knowledge about how to save

water leads to a reduction in use (Corkédrdugo, 2002 and Middlestadt al., 2001).

6.1.2 Time and Water Use

In this section, we moviom discussing household and personahdegraphics to temporal effects.
Depending on climate, seasonal variations affect water usage denactange thats generally
linked to oudoor usage (Memn and Butler 2006). For example, in the UK, garden watering took
place every six days on averagaridg the summerusing between 2620 gallons per waterin
session(Herrington, 1996)In Seattle, water use can jump 5§% in the summerShridar, 1998 In

the more arid Southwest, outdoor water demand aatount for more than 90% of total use during

the summer monthgGleicket al.,, 2008).

At a more micrdevel, different times of day correspond to higher and lower levels of water use.
There are five distinct periods of water use: three peaks and two periods of lowerTit@isharpest

peak is in themorning around 8AM followed by two smaller peaks corresponding to dinner time
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(around PM) and bedtime (1RM). The two lulls occur during the workday (10AM and 5:30PM) and
while most people are sleepingAM and 6ANL As notedin Chapter 2time-of-usepricing has been
successfully employed to shift electricity usage peaks to periods during the day of lower demand,
but no such strategy has been employed yet for wat&@me governments however, are

investigating its potentiallurneret al.,, 2010).

A few researchers have also explored tempouslagepatterns of water at a disaggregated level
(e.g.,Butler, 1993 Mayeret al, 1999).When broken down by fixture category, showers tend to
peak in the early morning with a midorning peak for washing machisie The other fixture
categories €.g9.,faucets, dishwashers, toilets) have a two peak pattern with a spike in the morning
and one in the evenind-his overall domestic usage pattern is consistent in th¢Biiler, 1993 as

well as North AmericéMayeret al., 1999).SeeFigure6.2.
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Figure 6.2: Indoor residential usage patterns in the (a) UK and (b) North America. Figure (a) is adapted from
Butler (1993 while figure (b) is adapted from Mayeret al.(2009).

6.1.3 Gender, Culture and Religion

Although gender, ethnic background and religion havereotived as much attention as the above
factors (perhaps because their inclusion in research can be contentods the variables
themselves are difficult to obtajnthere is evidence that these factors can also play a role in water
usage. In Mexico, foexample, Corral/erdugo (2002) found that women consumed significantly
more water than men. This was not a reflection of differences in how waterpgaeseivedby the

two genders but rather that females had a higher level of involvement in chores thaitedquater

consumption €.g.,washing dishes, watering plants, cleaning).
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A set of studies by Smitlind Ali(2006) looked at water usage behaviors based on ethnicity and
religion. These studies are particularly good at illuminating the spiritual and Irjpuaperties of
water, an element that strongly differentiates water from other resources in the ho8maithand

Ali logged (15minute interval) water usage data along with census and interview data to explore
water usage patterns in ethnically and religiédly characterized London districts. They found
pronounced temporal patterns particularly amongst the Muslim and Jewish communities. For

example, in Jewish districts, there was a characteristic evening peak that varied throughout the year

with the time ofsunset Figure6.3a). The authors/ 2 1S (G KIF G GKAa&a LISF]1 A& OF dza St
(Saturday) whichstarts at sunset on Friday and no work may be done duringdénys As might be
expected, then, they also found that Saturday water use was much lower, on average, throughout
the year compared with Friday or Sund&ygure6.3b).
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Figure 6.3: (a) In Jewish households, Smittet al. (2006) found a characteristic evening water usage peak that
would shift with the time of sundown throughout the yearas households prepared for the&Sabbath( A Shabbat 0) ,
the day of rest (b) Water use was much lower on Saturdays than on Fridays or SundayBoth images from Smith
and Ali (2006).
6.1.4 Water Use as a Routine and a Culturally Embedded Practice
Finally, water cosumption has been examined from a sociolod@aihropologicalperspective.
Southertonet al. (2004) argue that most consumption in the homer@utine and not subject to the
forms of decisiormaking and reflection associated with the rational consurfvéith aligns certain
models of behavior described in Chapter Mleddand Shovg2005) highlight water consumption in
particular (over other forms of home resource consumption)y R O2y G4SyR GKFG | avl

domestic water use does not take place becaokdecisions made to consume water but rather as
I O2yasljdSyos 2F (KS NRdzZiAySa 2F SOSNERIE fAFSdE

For both Southertoret al.and Meddand Shoveand many other sociologists, consumption practices
in the home are not centered on the resources of electyiciwater, or gas but rather the routine

behaviors that draw from them. The resource itself is rarely the focus, only the enabler for
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behaviors. For water, these behavior&zashing up, taking a shower, doing the laundare often
coordinated around other piices such as chichre, getting ready for work, and preparing meals
(Meddand Shovg2005). Thus, when thinking about informing water usage, one must consider not
just water as a resource but also the larger set of interconnected activities and rotitiaesre
dependent on water in the homéndeed, connecting activities to consumption was a visualization

technique we attempted in Chapter.9)

Larger social trends also influence household water consumption. In an essay on the rise of
showering in the ¥, Southertoret al. (2004) consider the complex infrastructural, technological,
and social arrangements that have -ewolved to support cultural and social norms around
cleanliness. Only recently in the UK has the daily shower begun to surpass the dwibeice-
weekly bath.Indeed, Herrington (1996) observed that showering has risen steadily from 1976
through the 1990sSouthertonet al. (2004) cite key economic, technological, and infrastructural
developments to support this practicéor example, it vs not until the early 1930s that middle

class homes in the UK were equipped with hot and cold running water. These developments have
also informed and shaped norms around washing and cleanlilesise HCI community, Strengers
(2008) recently addressedtv smart metering systems may disrupt or otherwise impact comfort

and cleanliness habits in the home.

6.1.5 Motives for Conserving Water

While the above subsections looked at factors influencing water usage in general, this subsection
focuses specifically on thmotives that people cite foconservingwater. This has long been an

interest of water utilitiesIn 1896, for exampleS 9 ald [ 2y R2 Y condumddtgoR Of | A )
y2i GKS atA3aIKGSad AyadSNBad Ay GKS X inQdrdugH, dzf dza S
frosi > 2 NJ (0 KS 0 NXB [Tledtrgfuh ard TaylorK2805Réspiteythis énterést, much of the

research exploring motives for resource conservation has focused on recycling and electricity with

much less attention paid towards housetolvater consumption (Gregory and Leo, 2003; Cerral
Verdugoet al., 2003).

Most of the research exploring reasons for water conservation focus on economic or idealgstic (
environmental) motives. Hamilton (1983) for example found thal KS A G NRy 3ISald aAy 3t
indoor behavioral conservationwvas idealistic motives; economic motives were relatively less

important®¢ | F YAt G2y SELXIAya GKF{d K2dzaSK2fR&a 6AGK
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economic motives for conservation weresk likely to save waterexcept in those households of
lower income. Others have found a similar emphasis on environmental mokivagandom phone
polling survey of 916 UK adults, 51% stated that environmental concerns were more important than
personalfinancial concerngLogica CMG, 200&).is not always economic vs. idealistic motives,
however. CorraVerdugoet al. (2003) found that those with ecological water beliefs.d., that

water is a limited resource that needs to be conserved) used less Wetarthose with utilitarian
beliefs €.g.,those who considered water an unlimited resource that could be used in an arbitrary

way).

Finally, Kantolat al. (1983) note that motivating an individual to conserve water may not lead to
reduced consumptionfia number of criteria are not met including: (i) the person does not
possess the skiller knowledgeto conserve water (2) the household environmente(., the
influence of other household members) is not conducive to behavior chamyé3) conservig
water is more difficult than the person envisagéthus, as welescribedA y / KI LJGSNJ n =
concern or positive attitude is an important correlate to engaging in proenvironmental behavior but

is not necessarily enough to cause proenvironmentabacti

6.1.6 Summary of Background Factors

Overall, this review shows that water consumption is influenced by a large variety of factors
including affluence, culture, and temporal factors such as season ordirday. In particular, we
differentiated water usefrom other types of home resources by offering that it more strongly
notions of cleanliness, health and spirituality. We also presented factors, which influence

conservation, such as financial vs. idealistic motives.

While our study below touches on somé tbese factors, the focus is to complement this body of
work as well as the studies described in iNater Management Programs and Strategie<hapter

2. In particular, we aim to explore specific areas that will help motivate and guide the design of
water-based sensing and feedback systems. As such, we focus our attention on more directly
examining specific knowledge gaps that exist around common water activities, looking at
perceptions and practices around water bills, motivations that exist for ligitrater usage and the

type offeedbackthat people would like to see with regards to their water usage behaviors. All four

areas have direct implications on future sensing and feedback systems for water.

LIS
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6.2 STUDY METHOD AND PARICIPANT DEMOGRAPHIS
To betterunderstand water usage attitudes, knowledge, and practices in the home, we conducted a

formative study consisting of an online survey of 656 North American respondér@specific aims

of this Formative Water Surveyere to uncover conceptions and misconceptions of water usage in
the home, to determine the ways in which people think about and respond to various forms of
water conservation, and to explore opportunities for using HBicompto improve household
awareress around excess or profligate use.(implications for the design of watdrased ece

feedback technology).

6.2.1 Study Method

We recruited respondents via email lists, warimouth, and online postings to Craigslist, Twitter,

and Facebook. At the end dfd survey, respondents could choose to leave their email address to be
entered into a drawing for a single $50 Amazon gift certificate. There was also an optional checkbox
that asked if this email address could be used to email the respondent once andradyfor a
follow-up survey (theDisplay Evaluation Survesee ChapteB). The survey was created and hosted
using the online survey platform SurveyGiZiavhich allowed us to use branch logic and our own
custom HTML in the survey. Depending on branchihg survey asked between 3% questions.

When possible, question order and answer order were randomized.

To thwart misuse, only one survey completion was allowed per computer. This was controlled via
SurveyGizmo using cookies. Although abuse is eecorfor any online survey, our analysis detected

no overt forms of misuse or abuse. Given the number of epeted qualitative questions in the
survey, branching logic within the survey itself, the need to supply a unique email address to be
entered intothe drawing and the fact thaan additional completiorof the survey only earned the
respondentone additional chancat the gift certificate drawing, we were unsurprised that abuse

was not a problem.

Before launch, we pilot tested five iterations of thergey with seventeen participants. A majority of
these pilot tests involved a research assistant sitting beside or behind the participant while they
filled out the survey. The research assistant took notes on survey timing and comprehbuosion
only engagd with the participant if s/hewas struggling or had a clarifying question. From these

pilot tests, we shortened the survey by approximately 15%, enabled branches such that question

2 hitp://www.surveygizmo.com
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changed unclear wording.

At a high level, the survey was divided into four parts: the first part gathered information on
personal and household demographics such as gender, income level, education, and information on
house type (apartmeiicondo vs. house), number of bathrooms, number of residents, etc. The
aS02yR LI NI |a1SR ljdzSaidaz2ya Fo2dzi GKS NBalLRyRSyl
payment practices. The third part explored water usage attitudes, perceptions and behavio
including questions aboutvho they perceive to use the most water in their home and why and
guestions about water usage amounts for everyday water use behaviors. The fourth and final part of
0KS adzNwSe Ay@Sadaal dSR (KS romndertal JBuwldRlS yidudirg O2 y
questions on global climate change, the perceived-8ddh SY Rt AySaa 2F (GKS NB
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groups, and their concern about water and wh§ppendix B contains the full set of survey

guestions.

6.2.1.1 Data Analysis

Before analysis beqp, the survey data was processed to convert all volumetric responses to gallons

(the survey allowed for either litersr gallons) and to convert monetary units to US dollars.

Throughout the presentation of our results, we simplify fpaint Likertscaleresponses to three

LRAYG G2 YF{1S 2dzNJ FAIdzZNBa Y2NB S3A0fSd ¢Kdz&aAx | 6
FYR a{dNRpy3Ifte& ! INBS¢ aoOlfS 41 a NBRdAzZOSR G2 a5Aal 3
conducted on both the fivg@oint scales ad the threepoint scales and our textual discussion

includes both.

The bur openended surveyjuestions were coded based on the iterative coding method prescribed

by Hruschkaet al. (2004). Three researchers independently created initial sets of cadeb(ne

codebook per researcher per question) based on answers from a randowsasyle of 50 of the

656 respondents. The codebooks were then combined for each question and given to two new
O2RSNEZ ¢K2 AYRSLISYyRSyi(dteé O2RaRohanKISLIEN Qffer pyili B a LIz
reliability score was calculated on this data and the two coders met to discuss and modify
problematic codes in the codebooks. The two coders then coded the entire set ofenled

responses using the updated codebookEhe CohenY I LJLisite®rater reliability scores for these

guestions areTable 6.1. Finally, the coders met again to discuss discrepancies ande mak

corresponding modifications to create a final dataset.
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Cohe Lowest 3 Highest 3
Num | Kappa| Co hen 6Scordd Co h e n 6 Scordg
Question Num Respondents Codes| Score (Ascending) (Descending)
Why do you think this | 545 16 077 |6junkd6 (0|jdonly one
person uses the most oenvironm (0. 95), o
water iryour home? reasond6 (|[(0.93), o
reasono6 (| (0.90)

Why are you concerned 198 (only asked if 12 073 [0junkd6 (Ofdgrowing

about the water supply | respondents previously (0.57), oO|populod1,i o

your area? indicated that they were (0.71) odroughto
concerned with the water oquality
supply in their area) (0.90)

Other measures taken | 262 (previous question lis| 16 073 |[0junkd (Olotake sho

consere water in the strategies to conserve waj install at|lof bathso

home not listed above. | respondents could winitz oot herd (|more effi
response if they utilized (0.96), o
additional strategies not while doi
listed) (0.95)

Other reasons for savin| 88 (previous question list§ 16 062 |0junkdé (0|ldcost (se

water. reasons for saving water, dOenergybo doenvironm
respondents could vimite responsib
response if ooktheir oupbringi

reasons was not listed)

Table 6.1: Cohen Ka-meradiability saoree for the four subjective questions coded in the Formative
Water Survey. We followed the iterative coding process as prescribed by Hruschlket al. (2004). The scores
presented here are from just after our two cders coded the entire set of opeanded responses. Once these
statistics were computed, our coders met a final time to eliminate any discrepancies and provide a final coded
dataset with 100% agreement.

6.2.2 Participant Demographics

We limited the survey to Nolit American respondents because regional differences in water
availability, infrastructure and cultural norms and practices. Of the 711 total survey completions, 55
of these were from outside North America and thus were not analyzed fodibéertation Of the
remaining 656 respondents, 72 were Canadian (11%) and the rest were American (N=584). The
average age of our survey respondents was 36.7 (SD=13.6; Min=18; Max=81) and 62% were female

(N=407).

Given our recruitment method, we do not have a randsample of the North American population.

The reliance on wordf-mouth and social networking sites led to a skewed demographic that was,

AY LI NI NBTFESOGABS 2F GKS NBASENODK (GSHYQa 26y
profession). In additionthere is a selelection bias in our sample in that these are people who saw

the survey link and chose to click on it. The SurveyGizmo survey engine records HTTP referrer

information. From this, we can surmise that 36.1% of respondents came from Staagsl 13.9%
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from Facebook or Twitter; the remaining 50% had no referrer information recorded. Although we
received 711 survey completions, an additional 156 people started the survey but did not finish. This
resulted in a dropout rate of approximately 8%, which was lower than expected given the ease

with which a person online can simply close the browser window to stop taking a survey.

Of the 656 completed surveys from North American respondents, the top five reported professions
were: student (21%), ducation (11%), science/technology (10%), retired/homemaker (9%) and
research (8%). The education levels were similarly skewed towards an educated population: 37%
NEL2NISR o0F OKSf2NRa& RS3INBSE YR oc: NBLRNISR
was relatively evenly spread across different income categories, though again this is not reflective of
the general Canadian or US populatioBelavadValt et al., 2010) SeeFigure6.4. We note this

bias in our analysis and discuss this further in the Findings section as well as the Discussion section

of this chapter.

The Top 10 Most Reported Professions Education Level Household Income

Less than $25,0
$25,000 to $34,9
$35,000 to $49,9)
$50,000 to $74,9)
$75,000 to $99,9

$100,000 to $124,

15.5%
11.1%
12.2%
16.2%
11.4%
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B6%w i redé

8.0%
7.5% Associat
6Physical é
r32% on / é Bachelor"
2.9% $125,000 to $149,
28%enior é $150,000 or mo 13.3%

0%  10%  20%  30% 0% 25% 50% 0% 10%  20%

17.1%

36.9%

Manageme Graduat

36.0%

a % of Respondents (N=656 b, % of Respondents (N=t . % of Respondents (N=t
Figure 6.4: The demographic makeup of our survey respondents.

As noted inSection 6.1household demographics such as household income, number of children in
the household, housing type.@.,house vs. multfamily dwelling), anchumber of bathroomsre all

factors hat influence per capita consuniph and are important to consider when examining
perceptions and practices around water use. The average household size among our respondents
was 2.8 (SD=1.5); 17.2% of respondents reported that they live alone. Of thegsandents that
reported having children in their household (31.8%), the average number of children was 1.7 (a child
in this case was defined as anyone living in the home under 18 years old). The average number of
bedrooms and bathrooms: was 2.9 and 2.0pedively. In terms of housing type, 64.2% of our
respondents reported living in a house while 35.8% reported living in a-faalily dwelling €.9.,
apartment or condominium). Overall, 46.3% of respondents reported renting their prapénsy

rest own.

3 NI
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6.3 FINDINGS
The primary focus of the survey was to investigate water usage awareness and knowledge, water

conservation practices and motivations, and attitudes towards water andetigronment We
present the results here with an eye towards implicasofor design of ecfeedback interfaces.
These implications are relevant not just to ambient éeedback displays but also to utility websites

and bills.

6.3.1.1 Environmental and Water Conservation Attitudes and Beliefs

Given that our respondents were a seHected population who voluntarily opted into taking a
survey about water, it is not surprising that a large majority (88.4%) reported interest in conserving
water in their home Figure6.5a). This sekinterest in water conservation is an important factor to
consider when reading our analyses and we discuss its implications on our firflResggondents

also had a general interest in the environment and engaged indztio FNAS Yy Rt 8¢ | OG A OA
example, 80.5% reported concern about climate change and a large majority reported that they
actively recycle and use energy efficient light bulbs in their home (84.7% and 70.6% respectively, see
Figure6.5b). Although most are concerned about the environment and believe that climate change
will affect water supplies (84.3%), fewer are actually concerned with the impact of these @sues
their own lives. A minority (36.1%) voiced concern with the water supply in their local Roea.
those that were concerned with their local water supply, the top three reasons included a general
water shortage concern (34%), weatharch as drough(24.2%), andhe quality oftheir drinking

water (16%).

28 | fa42 SEIFIYAYSR LISNDSLIIAZ2y & $dial giobpsdiStifeyidea 8¢ | Y2
GKFIG GKAA YI @ FdzZNIKSNI NBFE SO0 2y NBaLRyRSyidiaQ LI
of envirormental interest among respondents, we were surprised that only 34.1% thought their
FNASYRA YR YySAIKO2NE 6SNBE aSYDANRYYSylOlftte FNA
1Y 2 R 2 ¥l@ tnuch to help theenvironmeng. This has interesting implications for data sharing

and sociaktomparisons in water usage feedback displays.

Finally, because our survey asked questions about behaviors and beliefs that had socially desirable
responses, we included two questions to helpalenate social desirability bias. Social desirability

orefers to a need for social approval and acceptance and the belief that this can be attained by
means of culturally acceptable and appropriate behaéobldarlowe and Crowng 1961. Past

research studyf 3 LINBSYPBANRYYSyYy Gl o0SKF@A2N) K& F2dzyR |
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Environmental and Water Conservation Outlook and Beliefs

s m Disagree = Neutral m Agree
0 0,
«”3 100%- 0.5%
Z 800 10.1% 35.4% 27.2%
7]
0]
2 60%:- 75.0% 77.6%
8_ 33.7% 38.7%
D 40%{ R 84.3% 80.5%
@
N 0/ i
© 20% 36.1% 13.1% 11.9%
X
° 11.9% .59
0%- () 10.5%
I am interested inbelieve that globdlam concernedVost people | knbam concerned withMost of my My personal welfakeryone has tr
conserving wateralimate change \afflout global climation't do much tdhe water supply inneighbors and isn't affected byright to use natur
my home. affect water change. help the my area. friends are environmental resources as mu
supplies. environment. environmentally  problems. as they want.
friendly.
a Frequency of "Henendly" Activities
© i i
e = Not Applicable Rarely/Nevar Sometime® Usually/Always
4 7.0%
~ 0, 0,
e 21.3% 25.9% 22.9% 27.8%
g 52.9%
o 23.0% 9
= 0 28.2% 69.7%
8 40.7%
o 84.7%
— 70.6%
o 0,
© 49.7%
© 29.6% 15.4%
5.6%
Recycle Use energy efficiddse my own bag when Purchase Buy organic. Buy bed linens madeTry to use yard
glass/newspaper/cans. light bulbs. shopping. environmentally out of 100% recycled products with
friendly detergents. organic fiber. Greensulgar-D.

b.
Figure 6.5: (a) Likert scale responses to various statements about the environment and water. (b) Likert scale
responsestostae ment s regarding the the freguendyyofapeirviorimesag Va
the visualization of these responses, thefoint Likert scales were condensed to-Boint scales.
knowledge of environmental issues and engagement in varioosfreendly activities €.9.,
Hamilton, 1985). Finding and mitigating desirability bias is challenging when no external means of
validation are available, such as in an online survey. Thus, we adopted a strategy empl&gzk by
et al, (1993 to include fictitious conservation activities and issues in one question of our survey.
Responses to these fictitious items provide insight into the general bias within the respondent pool
as well ago identify individualrespondents particularly prone to biaslowever, this approach is not
without limitationt the key one being that the fictitious item or items may not be properly

understood, prompting an incorrect response.

In our case, we included two fictitious itero§our own creatior2 y G KS F NB FdxySGRR{22E o S
FOGAGAGASE jdzSaiGA2yY a.d2 6SR tAySya YIRS 2dai 27

30 Berk et al.included seven fictitious items in their survey launched 811 Southern California. Interestingly, two of
their seven fictitious items could no longer be considered fictitious: recycling light bulbs and owning an energy saving
television set.
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products with GreensulgaP®® ¢ hyf & wmoy:z 2 F NB sidygbRy3hé tedycladl i | G SR

bed linens and 1.5%lways use Greensulgad (though 21% reported buying recycled bed linens
some of the time and 9.3% reported using Greensuljaome of the time)These percentages
indicate that there will be some inflation of positive responses due to social desirabiktyThieugh

we did not conduct this analysis below, future work could use these fictitious responses as

covariates to adjust downward the sefport data for questions with some social desirability.

Summary of Environmental and Water Conservation Attitudes and Beliefs

In summary,2 dzNJ NBaLRyRSyida O02dzZ R f k NBSHa® an inresRiS & ONJR 0 ¢

conserving water in their homes and many engaged infdeadly activities. In addition, we found a
slight positive bias in questions that asked aboutially desirable beliefs and behaviors. Both points
should be considered when interpreting our results. In terms of implications for watefeectback
systems, our respondents are a particularly motivated subset of the general population that would

likelycomprise the earhadoptersof such systems.

6.3.1.2 Water Literacy/ Knowledge

Past studies of electricity usage found that few people understand the units used to measure
electricity consumption, namely watts and kilowatts and even fewer understand-heaits or
kilowatt-hours (Anderson & White, 2009; Kemptand Montgomery 19824 however, no studies

that we are aware of have previously explored similar comprehensions of weltded units. This

has obviousimplications for the ways in which consumptignformation is presented in eco
feedback systems. In our survey, we asked respondents teres®df their own confidence in
understanding various measurements of water includiofume measuresgallons, liters and CCF
(100 cubic feet, a standard measuarent of water and natural gas among American utilities) and
flow-rate measuresgallons per minute (gpm) and liters per minute (JpiWe also asked about two

electricity related measures, watts and kilowditburs, to contextualize our wataelated results

¢CKS jdzSadAz2y ¢ feel doiidéht dtatR| uhdardtandddach of the following

v

measurements and could explain their quantity/definitonto afriemél ! & L2 Ay G SR 2 dzi

31 Whereas the first fictitious item was completely fabricated, the second fictitious item was based ehabe(k993):
Afuse of yard pDoa@ducts with Selgar

32 Watts are a unit of power while watburs are a unit of energy. A watt measures how marggaf work can be done in

one second while a watbur is the amount of energy that can be done with a one watt source of power for one hour. For
example, a 100 watt light bulb burning for one hour consumes 10thauaits of energy. To make this more cleane can

draw an analogy between water and energy measurement units. The flow rate ofewgtgalions per minute) is
equivalent to watts and volume consumedy( gallons) is equivalent to walttours. A one gpm fixture filling up a large
bucket forone hour will fill the bucket with 60 gallons of water.

S|
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GKS FTANRBG ljdzSadAizya Ay GKS ad2NBSe FalSR NBaLRyRSy
their most comfortable water measurement unit. To make the presentation of our results more
clear, we will break the responses down into two groups basedvhether the respondent had

LINEGA2dzat e aStSOGSR a3l ft2y4aét we eRmatheZ agaivecs’s 0 2 NJ 4

units. The results are present&uFigure6.6.

SelReported Confidence in SelReported Confidence in
Understanding Each Measurement Understanding Each Measurement |
(gallons group, N=542) (liters group, N=111)
Disagree ®Neutral ®mAgree Disagree mNeutral mAgree

§ 100%: < 100%;
0 -
1 1 0
Z  80%- Z  80%-
2 2
Q L7
o 60%- @ 60%
c
S 2
& 40%- o 40%:-
& (14
5 20%- B 20%-
8 ES

0% 0%
a, @}\é\ b.

Figure 6.6: Self-reported confidence in understanding various measurements common to home resource
consumption. The two graphs ) and (b) present the same information but broken downby two groups: a
figall ons groupo (N=542) that previously indicated that they
iliters groupd (N=111) that previously indicated more comfor
We expected that gallons and litersowld be more comprehensible than other unitsd.,gpm or
watts) because of their physical embodiments in the everyday experiengel{uying a one gallon
jug of milk at the store). In contrast, energy related metrics have no such easily identifingibléa
manifestations and therefore remain abstradts expected, & found that for both groups, the
YIGADBS @2fdz2YS YSIF&AdZNBYSyYy(d dzyAdGa 6SNB Y240 dzy RSNA
IANRdzL) a1 GSR (KIFIG (KSé dzy@SRA(Z2RRdzI A RYER I ¥ Rl ik
liters. However, when shifting from volume measures to flaie measures, there was
approximately a 20% drop off in s@érceived understanding. Although gallgmsr-minute and
liters-per-minute are labels used oiixfures and appliances, they are not as well understood as their
volume counterparts perhaps because they are less tangildey(,a bucket or gallon jug does not
represent flowrate well; the rate with which those containers fill does however). Finally, neither

group understood CCFs despite it being one of the standard units of measurement for billing among
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utility companies (many war meters are also in CCFs). For comparison, CCFs were understood

about as well as watts and kil@att hours.SeeFigure6.6 for details.

2SS AKATG y26 FTNRY daSaaiayd NBaLRyRSylaQ dzyzRSNE
understandings ofvhat contributes to water consumption in the homdégain, this inquiry has

direct implications for the design of edeedback systems as it cdrelp reveal areas that suffer

from the largest knowledge gaps that efaedback may want to targeRast studies of residential

SYR dzaSa 27F 41 GSNJ KIS F2dzyR GKI G 2dziR22NJ dzal 3¢
water usage 31.4%)(Mayeret al,, 1999; Vickers, 2001For indoor use, the most water consuming
fixtures/appliances are toilets, laundry machines, and showers accounting for 18.3%, 14.9%, and
MMOp:  NB & LIS Ol rolQubage (iackiding indod@ ¥l Quidqosee Vickers, 2001We

asked respondents to rank what they believed to be the top three most water consuming
fixtures/appliancesin the average North American homg@ncluding outdoor water usage). We

provided a list of twelve items to choose from. The resalisnpared with tke actual water use

estimate in the average North American hosre shown irFigure6.7.

The most frequently selected item, shower, was ranked within the top three 71% of thditirnd"

Ay A O]HoWEeR orly halfibfirespondents selected laundry machines aretsaib heavy

water users (55.9% and 50.8% respectively). Outdoor water usage, which should have been ranked
number one, was only within the top three 33.4% of the time though it was correctly selected as the
number one water user by 120 respondents (18.6%ishwashers, which are the least water
consuming fixture/appliance in the average North American home, were incorrectly ranked within

the top three more than a quarter of the time (26.6%).

These results suggest that most of our respondents had an ireecaonception of what fixtures

and appliances accounted for most of the water use in a typical North American home. A potential
limitation of this question, however, is that respondents may have answered based on their
personal experiences with water usai their own homeFor example, those who rent or live in a
multi-family dwelling may not perform any outdoor water usage activities, making that response an
unlikely choice. Despite this limitation, the resulég the very leastindicate that respondets had

difficulty thinking about general residential water usage patterns.
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Selected as Within Top Three Water Users in

Average North American Home Actual Water Use in Average North American Hom

71.0%

55.9%
Toilet 50.8%

0% 40% 80% 0 20 40
a. % of Responses (N=656) b. Gallons Per Capita Per Day (gpcd)

Figure 6.7: (a) The results from the question asking our respondents to rank the top three highest water users in

the average North American home. If) Actual water usage breakdown in the average North American home

according to Vickers(2003).

To dive deeper into the water knowledge of our respondents and to bypass the need to ask about

0KS 040N OG0 OBRZRABKII ! YENKOWENKAZESaés ¢S ONBIGSR
water knowledge that could be objectively evaluated. In particular, we asked respondents to

estimate the water usage amounts of nine common water activities in the home. For each activity,

an openended answer blank was supplied for the usage amount estimate along with apbnee

[ ATSNI aoOlftST alAy3a F2NI I O2yFARSYyOS YSIadaNB Ay
O2yFARSYGZé YR G/ 2yFARSY(G£0d C¢tHied for atcuracy.NBe KSNB O
results are presented ifable6.2, Table6.3, andFigure6.8. Given the wide variation iresponses
we found the median to be a better indicator of general estimate ti®than the meansgeTable

6.2).

In general, respondents tended tnderestimatewater usage activitiesFor example, the average
American bathtub holds 45 gallons wfater filled to the overflow valve (WECalc, 2001). Our
respondents estimated that the median bath used less than half of tAls gallons of water.
Similarly a 1@ninute shower with a standard 3 gpm showerhead uses approximately 30 gallons of
water (10 x 3gpm = 30). The median response in our survey was 20 galehich is an
underestimate of 33%A lowflow showerhead reduces this 30 gallon shower down to 25. However,
KSNBS LISNKIFLEA AyTfdByDdBRE 0B dzNUK BB HITAWRR S/tli2g LINR OA |
estimate: a median response of 10 gallo(@n underestimate of 60%)The most glaring
underestimate, however, was with regards to outdoor lawn watering. The question asked for
respondents to estimate the amount of water used by a standard oscillatingsgidkler for 1

hour. The median response was 20 gallons; however, the actual usége 24 timesas mucht

between 120 gallons for a 2 gpm ldlew sprinkler to 480 gallons for a high flow version (8 gpm).
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Minimal Outliers Removed 3xInterquartile Raa@utliers Removed

Mean Median SD % Remvd Mean Median SD % Remvd
Bath 29.3 20.0 37.1 0.5% 23.2 20.0 16.9 5.1%
10Min Standard Showel 28.2 20.0 39.2 0.2% 21.2 16.5 16.8 5.7%
10Min LoviFlow Shower 18.1 10.0 29.9 0.8% 13.7 10.0 11.7 4.3%
Dishwasher 16.1 8.0 38.5 2.2% 10.1 8.0 8.1 7.8%
Hand Washing Dishes 9.0 5.0 134 0.5% 7.0 5.0 6.3 4.0%
1-Min Bathroom Tap On 3.2 2.0 6.8 0.6% 1.9 1.3 1.5 7.1%
Standard Toilet Flush 5.5 3.0 22.5 0.2% 3.7 3.0 2.5 3.4%
LowFlow Toilet Flush 2.7 1.5 7.3 1.1% 1.8 1.5 1.3 5.9%
1-Hr Stand. Yard Sprinklf ~ 42.3 20.0 79.2 1.7% 29.8 15.9 33.1 5.6%

Table 6.2: The water usage estimates of nine common water usage activities. The left half of the table has a

minimum number of outliers removed: all zero responses and two grossly inaccurate estimates: a 1,000 gallon

estimate from hand washing dishes and a 222,222 gallons estimate from yard sprinkler. The right part of the

table removed data points eogutouitca dfepicted ntddQaniteeRargd @and fAupp
and Quartilesse, + 3 X Interquartile Range) according to theNIST e-Handbook of Statistical Methods (NIST, 2010)

Note that this drops the mean and standard deviations due to a few dramatic overestimat& the original dataset.

The medians, however, are not substantially affected.

Median
Estimate Accurate Low Estimate Accurate High Estimate
Bath 20 34 gal (45 gal tub filled 75%) 45 gal (45 gal tub filled to overflow val
10Min Standard Showd 20 30 gal (3 gpm showerhead) 50 gal (5 gpm showerhead)
10Min LowFlow Shower 10 20 gal (2 gpm uiaflow showerhead) 25 gal (2.5 gpm-itew showerhead)
Dishwasher 8 7 gal (199iresent) 1214 gal (198®95)

Hand Washing Disheg 5 Answer greatlgpendent on kitchen faucet flow rate and userehghdnetrdr a wash bin is 4
or faucet is on entire time dishes are washed as well as the number of ditbesaWweh(a
gpm), a reasonable low estimate mighgdie &nd hightimate 15 gals.

1-Min Bathroom Tap O 2 1.52.5 gal (2.5 gpm max allowed after 1 2.753 gal (2.75 gpm from 198094)
Standard Toilet Flush 3.0 3.5 gpf (toilets from 1DB04) 5.0 gpf (toilets from 195BO)
LowFlow Toilet Flush 1.5 1.0 gpfultralowflow toilets, not common), 1.6 gpf (1.6 gpf max allowed after 199
1-Hr StandYard Sprinklg 20 A single rotating lawn sprinkler, on the loy A single rotating lawn sprinkigre digh end
might use-2gpm resulting in 120 to 240 gg might use-8 gpm resulting in 300 to 480 g
water used. water used.

Table 6.3: Comparing median water usage estimates provided by respondents to actual usage estimates. Sources:
Mayer et al, 1999, Vickerset al, 2001 and WECalc, 2011. A US federal requirement for residential fixture flow

rates was instituted in Jan ¥, 1994 allowing a maximum of 2.5 gpm for faucets and showerheads and 1.6 gpf for
toilets installed after that date.

The mostaccurate responses were for estimating toilet flusheg(median lowflow estimate: 1.5

gpf vs actual: 1.6gpf) and for estimating the amount of water used-minlite by a common
bathroom faucet (median estimate was 2 gallons). Of course, thesgeatese estimatesind do not
account for how frequently each use occurs. As we saw figuare6.7, only 50% of respondents
selected toilets as heavy water users despiitem being the number one indoor water consumer in

the average home. So, although respondents were fairly accurate in assessing the amount of water
used per flush, this knowledge did not necessarily translate into understanding general usage

patterns in tke home. Interestingly, although dishwashers are often selected as heavy water users,
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Figure 6.8: (top) The confidence ranking supplied for each water usage amount estimate. (bottom) The water
usage estimates for nine different activities ranging from a flushing a loviow toilet to using the dishwasher.The
dotted red line indicatesan accurate respnse No such line is provided for
because these could vary greatly depending on faucet type and whether water flowed continuously or was turned
on and off. In general, respondents were not confident in their estimates anémded tounderestimateamounts.

fihand

W
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the actual water usage estimates for one load of dishes in the dishwasher were not far off. The
median was 8 gallons per load while an accurate response would be between 7 to 14 gallons

depending on the dishwasher model.

So, for the most part, respondents generally had a limited understanding of the amount of water
common water usage activities consume, particularly for showering, bathing, and lawn watering.
Examining the accompanying confidence ratings, we found that mesgtondents professed low

confidence in their estimates, indicating they were aware their estimates may be inaccurate. Of the
YAYS | OGAQGAGASAT 2yfe (o2 NBOSAOGSR I da/ 2y FARSY
standard toilet (14.1%) and flusig a lowflow toilet (12.1%). The lowest ranking activity was lawn
gFrGSNAY3IT gKAOK NBOSADBSR lresgohd2nST ARSY (i¢ NI y1 Ay 3

Finally, we asked our respondents to compare their water usage with other households, 31% felt
that they usedess than average, 58% stated that they used average amounts, and only 11% thought
that they used more than average. Although there is no way to evaluate the accuracy of these
claims, ecdeedback could be used to more explicitly inform people about hovehmwater they
use compared to othersg(g.,a social normative comparison such as that offered by OPdveskey

and Kavazovic, 2011

Summary of Water Literacy/Knowledge

Even with a highly educated and siiferested population, our findings suggest thasidential

water usage knowledge is relatively low. Our results show not only that respondents had difficulty
ranking the relative water usage amounts of common fixtures and appliances but also that they had
limited knowledge of how much water common &idties in the home usee(g., showering, lawn
watering). This lack of knowledge would make it difficult for home occupants to understand and
prioritize where they can conserve water in the hamiedeed, it may lead to poorly invested effort.
These resulthielp motivate the need for better water feedback systems in the hormeparticular,
systems that are capable of providing information at the fixture or fixture category level and making

recommendations about where to best save water.

6.3.1.3 Paying for Water
As nded in the introduction to this chapter,atpite a recent prevalence of commercial-tfé-shelf
devices that provide readl A YS FSSRol O 2Y adge ekg2THSEndrgy Hétedtidai NRA O A (i ¢

no such products exist for water. Thus, the water bill remaghe primarg and most often only
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means of receiving feedback on water consumption. We were interested in exploring
understandings of water cost, how water cost was perceived to influence consumption behaviors,

and practices surrounding the reading argkwof the water bill itself.

Of the 656 respondents, 439 reported that their household pays for water (67%). The primary
reasons supplied fonot paying for water were because the respondent lived in a nfaitiily
dwelling that does not receive a wateilll{24%) or because the respondent was on well water (3%).
Thus, a rather large number of our respondents (33%) received no monitoring or feedback about

their water consumption.

What do you think about the price Estimated Monthly Bill Estimated Cost of Water per Gallo
of water in your area?

S=$0 8 < $2 11.8% >=$0.0 & < $0.00910.7%

>=$0.0001 & < $0.0011.4%

>= $25 & < $5 23.9%
21.4% >=$0.001 & < $0.

>=$50 & < $7 14.8%
>=$0.01 & < $0 23.4%

>=$75 & < $10 10.3%

>=$100 & < $1 8.9% >=$1 &< $1 22.0%

>=$125 7.5% 0.5%

| don't kno 22.8% | Don't Kno! 3.8%
0% 25% 50% 0% 10%  20%  30% 0% 10% 20% 30% 40%
a. % of Responses (N=439) . % of Responses (N=439 .. % of Responses (N=39

Figure 6.9: All three questions in the above figures were asked of respondents who previously indicated that their

household pays for water.4) Per cepti ons of the price ofb)Thaeseémated n t he r esry
monthly bill. (c) The estimated cosbf water per gallon.

According to the US Environmental Protection Agency, the average US househol@4pérdn

their water bill in 2002 (Mehan, 2003 as cited in EPA, 2009), or about $40 per month. For
comparison, the average US household spent $10drbtheir electricity bill in 2000 $87.65 when
adjusted for inflation to 2002 levels (U.S. Energy Information Administration, 2011). Thus, electricity
is over two times as expensive for most households compared with waftéhe household even

pays for wate. For those 439 respondents that reported receiving a water bill, the average reported
water bill was $68 per month (median=$50) or about $815 a year. Without knowing the actual bill
amounts of our respondents, we cannot speculate about the accuracyeaf ¢istimates but the
average and median seem reasonable given inflation and higher water costs since 2002 and the
higherthan-average education and household income levels among our respondents compared to

the general US population (the latter of whichriedates with higher water use).
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In addition to estimating monthly water costs, we also asked those respondents who previously
reported receiving a water bill to estimate the price of wafssr gallon or liter in their hom&.

Although prices can vary depéing on region, the average American pays $2.50 per 1,000 gallons or
approximately $0.0025 per gallorfour gallons for a penny (Glennon, 2009). In our survey, we also

asked that the respondent not consult a bill, an online website or other outside sdorce
information because, we emphasized, we were interested in studiieig perception of water cost.

The question was opeBY RSR &2 | a y2G (42 oAla GKS NBaLkRyas

available for those who did not feel comfortable offeringestimate.

Figure6.9c shows the responses. Note that tlyeaxis is plotted on a logarithmic scale because of

the wide variation in estimates. After filtering the 24tbers above $10 per gallon, the average price

across the remaining responses was $0.79 per gallon (median=$0.20; min=$0.00001; max=$10).

Both the average and the mediame off by a factor of 106h comparison to the national average.

Only 14% oftherésl2 Yy RSy 1aQ SadAYlFiSa 6SNB m OSwWeéasdN f Saa
41 SR NBAaLRyRSyGa G2 adalxXe | O2yFARSYyOS NIylAy.
G{2YSoKIG /2y TFARSY (A largeNdajority SNEsporndenyer.3%) Segpdriied

ab2G 1G4 £t [/ 2yFARSY(G®é Ly GiSNBAaGAY Dffetedl sinlil&2 8 S (K
estimates to the other two confidence groupsThe cost estimates were also similar regardless of

whether respondents were the primaryllbpayer or not (69% and 72% respectively).

There is obviously a substantial difference between the estimated cost of a gallon of water supplied
by our respondents and the actual cost. There are likely multiple reasons for this difference.
Compare wateto gasoline for example: it would be highly surprising if estimates of gasoline cost
per gallon were off by an order of 100. Unlike gasoline, however, water is relatively tcheap
especially when considered in pgallon units which may not compel enough intest for a
household to pay attention. In addition, the cost per gallon may not be listed directly on a water bill
making the cost per gallon seem obscure. Finally, an accurate response to our question required

that people think of cost in terms of a framh of a cent, an uncommon conception of money.

Interestingly, however, there is some past precedence for our results, though not for studies of

water. Beckeret al. (1979) found similar results with the cost of electricity: in a study of 43-well

3As noted previously, branch logic in SurveyGi eqitersvas used
or gallons). Thus, questions were phrased according to gallons orditdrgrice amounts could be entered in the
respondent6s currency of choice. All data was converted to
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educatedhouseholds in Princeton, NJ, few households could accurately give the price of a kilowatt
hour of electricity. Answers ranged from $0.03 to $5.00, with a median of $0.31 (the correct answer
was $0.05 but only 16% guessed $0.10mader).

Summary of Paying for Water

Unlike in theWater Literacy/Knowledgesubsection where our respondentsderestimatedthe
amount of water used by common activities, here our respondents vagtyestimatecthe actual

cost of water. This has implications for the way in \Wwhitformation about water consumption is
presented. For example, if a resident is economically motivated to conserve, afeestimack
system for water that draws attention to its cheap cost may actually provoke an increase in
consumption. This is in contrst to common electricity displays, which often place cost as the

primary focus (perhaps because electricity is more expensive than water).

6.3.1.4 Looking at the Water Bill for Feedback

Modern water bills provide morenformation than just the total due In this section of the survey,

our questions investigated what information the bill payer looked at on the bill as well asotfeat
information they were aware ofFigure6.10). This analysis focuses the 256 respondents (40.4%)

who reported that they were therimary water bill payer in the home. A large majority (90.6%)
spend 5 minutes or less looking at the watertbBl.7% admitted to not even looking at itd., using
auto-pay). When the billvas read, the most common information looked at was the total due
(89.5%) followed by the overall water volume used during the pay period (62.3%). A minority of
respondents looked at the overall cost of water used (39.3%jr gewer charge (31.9%) or the rate
charge per unit of water (26.5%). This last result may partially account for why respondents were so

inaccurate in estimating the pegallon charge for water.

In addition, many bills provide information beyond cost®yY (i SEG dzl t AT S | K2dzaSK2f RC
For example, some bills include a bar graph that showsrmertth water use over the past year to

give occupants an idea of trends in their water usagg.(whether they are using more or less than

usual). Traditioally, the water industry has lagged behind the energy industry in implementing

these sorts of advanced billing strategies, which can be used in demand side management programs
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Advanced Info Avail. On Bill

(For those that pay water bill themselves, N=26¢

89.5y Water usage compare:
previous billing perio

I don't look at i 37.7%

Overall water volume u| 62.3%

Water usage compare:

same period last ye 33.6%

39.6%

Overall cost of water u 39.3%

Per-month water use

past year 24.9%

45.3%

Cost of sewa 31.9%
Local water reservolf’

supply levels

Rate charge per unit of 26.5%

Water Usage comparefl to, .,

Other neighbors
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a. % of Responses (N=265 b % of Responses (N=26 ¢ % of Responses (N=2

Figure 6.10: For those that indicated that they were the water bill payers in their household: (a) the time spent
looking at the hill; (b) the information looked at on the bill; and the advanced information available on the bill.

to decrease pecapitaconsumption(e.g.,h t 2 ¢ $eNdignedill exists for energy but not water

Laskey and Kavazovic, 201@ur results show that at least a third of bill payers received one or

more types of advanced information on their water bills. The most commonly reported elements
GSNBE GéF GSNJ dzal 3S O2YLI NBR (G2 (GKS LINSOA2dza oO0Af f
aFYS LISNA2R 1 ad -Ye250/0iNE g0l olioSINT 2dad S yYZROSINUSLBII & G & S+ NE
K26SOSNE 6SNBE AYyRAOFGAZ2Yya 2F GKS dafgamds drdaml § SNI N
comparing water usage to neighbors (2.3%9), the takaway here is that people are generally not

receiving much additional information on their water bills about their usage patterns. This is an

opportunity for ecefeedback systems.

Finally, we also explored what information, if any, our respondents wereeistied in seeing about

their water usage Kigure 6.11). Unlike the above questions in this subsection, we asked this
guestion of all 656 respondents. There was a gjrpreference towards seeing seldmparison data

and less interest in seeing soet@mparison data. The most popular response was providing
information on how water usage compared to the same period during the previous year (82.7%;
42.5% strongly agreeplfowed by water usage compared to the previous billing period (80.3%) and

a graph of per month water use over past year (79.7%). Fewer respondents were interested in
aSSAy3 GKSANI €20t 61 GSNI NBASNII2ANDRE ditalzhdindf &  f
neighbors (66%).

So
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| would like to see...

Pon)

(o]

Y Disagree mNeutral  ®Agree

% 100%-

£ 14.0% 14.0%

% 80%:- 24.4% 19.7%
7]

S 60%-

>

O 40%- 82.7% 79.7%

x 66.0% 66.0%
S 20%-

X

< 0%

how my water usage how my water usage my per month water usey local water reservoir'show my water usage
compares to the samecompares to the previous over the past year. supply levels.  compares to my neight
period during the previous billing period
year

Figure 6.11: Interest in seeing various water usage feedback: selbmparison was generally preferred over social
comparison.

Summary of Water Bill Findings

In summary, we foundhat only 67% of our respondents reported that they receive any type of
feedback on their water consumption. For those that do and consider themselves the primary bill
payers, we found that most (90.6%) spend five minutes or less looking at their watendifew
actually receive advanced information on their water bill that would allow them to compare their
usage to the past or others. This is in spite of our findings that a vast majority of our respondents are

interested in seeing just this type of data

6.3.1.5 Water Conservation Actions and Factors Influencing Consumption

As noted in the demographic section of this analysis, respondents were generally more
proenvironmental than not and had an interest in water conservation. Given this interest, how often
do people perceive themselves as trying to limit ithevater use? We found that 14.9% of
respondents reported that theglwaystry and limit their water usage and 84.4% do so at least half
the time. Only 3.8% of respondents stated that they never try to lihir water usage Kigure

6.12b).

To gather data on what concrete steps people take to limit usage, we presented a list of approaches

to limit water usage in the homand asked respondents to select the frequency with which they

employ these approaches via a figeint LikertNB a LJ2 Yy aS NI y{Ay3a FNBY abSOSNE
FRRAGAZ2YIFE dab2( FigulksilzaOThe mddtécomibBrarésBoysad Was waiting until

there is a full load of dishes or clothes before starting the dishwasher or laundry machine (88.3%).

The second and third most common techniques were turning theotaphile brushing teeth (77%),

and turning the tap off when washing dishes (57.3%). Our respondents were much less likely to

reduce the number of showers or baths that they take (28.1%).
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Frequency of Water Conservation Activities When you use water, do you try ar
m Not Applicable = Rarely/Never m Sometimes m Usually/Always limit how much you're using?

©
6 100%-
o 17.7%
£ 80%- 34.1%
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3 11.7%
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&-’ 40%- Time 26.8%
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© 20%- 42.7%
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Wait until Turn the Turn the Turn the Try to limit th&®educe the hoReduce the 14.9%
there's a full tap/faucet offtap/faucet offtap/faucet off amount of water number of " ! 1
load for  while brushingvhen washingvhen soapingvater | use inemperature imaths/showers 0% 250 50%
washing my teeth. dishes. up my my garden. my hot water  take. 0 0 0
clothes/dishes. face/hands. heater. % of Responses (N=656)
a. b.

Figure 6.12: (a) The reported frequency of various water conservation activitiesThe question was closedorm
with a five-point Likert-s cal e from ARarelyo to @Al wa jpeintscalewchmakelthiswas cond
graph more readable. b) The reported frequency of trying to limit the amount of water use in the home.
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Figure 6.13: The coded responses to the question AOther reasons
iFrequency of water conservation activitiesdo question.

Nearly half of our respondents (47.7%) stated that there were other water conservation measures
GKIFIG GKS@& 6SNB g NB 2F odzi GKIFIG 6SNB y2iG fAa0G¢
activitiS a ¢  |j d2Ssiib$et & yhase respondents (N=256) opted to wirtex response describing

the measures that they take to conserve water, which were coded according to the method
described in the Study Method section. The results are presenté&dgure6.13. The number one

OAGSR NBalLkRyasS ¢la aArayaldlftAiy3d Y2NB SFFAOASYOH ¥
OMPPP20 YR ANBRdzOS aK2¢SNJ f SyadKé omMmpdpz0 @

Forthose respondents who previously indicated that they try to limit their water use in some form
(N=624), we asked about what reasons they considered when limiting the{Figgee6.14a). The
number one factor cited was environmental concerns (77.7%) followed by current weather
conditions such as a drought (55.3%). A little less than half of respondents considered requests to

conserve by their water supplier (48%) or laws or city mand@t&%o). Far fewer thought about the
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cost of water (35.6%) or the cost of sewage (25.6%). For those respondents that reported being the
primary water bill payer in their household (N=265), 46.8% stated that the amount they spend on

their water bill influenes their water usage behaviofSigure6.14b).

Reasons Considered Important When Limiting Water U:  Amount Spent @il Influences Water Usagt

(For those that previously indicated that they try to limit their water use, N (For those that pay water bill themselves, N=265)
e~ = Unimportant m Moderately Importants Important )
% 100%- Strongly Disagr
11
< 28.9%
o} 52.0%
2]
S 60%
a 0 Neutral 22.6%
2
40%-
S 31.7%
X
S 20%-
Strongly Agre 15.1%
0% - } . :
Environmenta[:urre_r]tweatherRequests to Lawsorcity Cost of water Cost of sewage 0% 20% 40%
concerns  conditions (e.gonserve _by watemandates
. drought)  supplier b % of Responses (N=265)

Figure 6.14: (a) Reasons considered important when limihg water usage, which was asked only if the respondent
had previously stated that they try to limit their water usage at least some of the time (N=624p) (Graph showing
whether the amount of money spent on a water bill influences water usage behaviofis question was asked
only for those respondents who previously reported paying the water bill themselves (N=265).
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Figure6.15> The coded responses to fAWhat oweteear .reeasons do you hav
A subset of respondents (N=89) wratean additional reason for limiting their water usage, which
we coded using the method described in the Study Method section. The codes and their frequency

are listed inFigure6.15. A sense of frugality.¢., prudence in avoiding waste) was the number one
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Summary of Water Conservation and Factors Influencing Consumption

Although most of our respondents reported trying to limit their water usage, strategies to do so
varied. Most commonly, our respondents focused on small, physical curtailment behaviors such as
filling up the laundry machine or dishwasher before use onitg off the tap during an activity.
Changing showering/bathing practices was much less common as was installing new, more efficient
fixtures. In terms of motives for conserving water, a large majority of respondents cited
environmental concerrsfar more than those that cited cost. Although this may be a
NELINBaASYylllGdA2y 2F GKS 2@SNYrff a3aINBSyySaa¢ 27
(Hamilton, 1983; Logic&MG 2006) Thus, a watebased eceeedback system may want to

emphasize weatherptal watershed health, and reservoir levels over cost.

6.4 DISCUSSION
This chapter was concerned with investigating perspectives, understandings, and knowledge of

water usage in the home. It was meant both as a formative studpftoence thedesign of wasr
feedback systest for example, by gathering data on what sort of measurement units people are
familiar witht as well as to uncover new opportunities and potential for water -fmlback

systems in general.

We found ample evidence to support the need fdifetent sorts of water feedback than is currently
available in most homes. gubstantial portionof respondents (3%) received no monitoring or
feedback about their consumption whatsoeyeither because they live in a mufamily dwelling

such as an apament or condominium or because they are on well water. Interestingly, many -multi
FILYAfe RgStftAyada R2 y2i KIFI@S GKS YSOHOSNIkgya &S
because he cost of submetering hardware and installation is simply too highjustify its use

There is an opportunity here, then, for lesost sensing technology that a motivated resident can
install him/herself to receive water feedback. This system need not be controlled or monitored by
the water supplier/utility but insteaatould bea private device that is solely owned and maintained

by the homeowne(similar to The Energy Detective (TED) for electdiditie describe such a system

in Chapters 7 and 8.

Our findings also suggest that most people have an inaccurate concegitinnat fixtures and
appliances typically use the most watdfor example, approximately a quarter of respondents
ranked dishwasher and bath among the top three water consumers in the home, while these two

sourcestypically account for only gery small paion of water use per capitan the United States

2 d.
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(Vickers, 2001¢ K I ( Q& regpanddéntS ®nded tainderestimatethe amount of water common
activities consumegparticularly for showering, bathing, and lawn waterifigis disconnect between
knowledge ad actual consumption points to the potential of efeedback displays to hegducate,

inform and potentially promote more efficient water use.

In terms of the ways in which this feedback should be presented, our findings suggest that volume
measures suclas gallons or liters (as preferred by the respondent) were better understood than
flow rates €.g.,gallonsper-minute). Interestingly, CCFs, which is the unit commonly used in meters
and bills in the US was the least understood watdated unit. Howeve even though respondents
tended to report high confidence of understanding in the volume measures, they had great difficulty
applying this knowledge to water usage in the home. There is something much less tangible about
water flowing down the drain thathere is about water filling up a buckeecofeedback can play a

role in crystallizing use and making it seem more concrete.

Comparison is a wellnown and effective strategy in motiving behavior but seems underutilized in
the water industy. In our studywe found that 2% of respondentdhad some sort of comparison on
their water bills(e.g.,a permonth bar graph over past year, a comparison to last month, or a social
comparison to neighborsye also found that, in general, respondents werere interesed in self
comparisonghan socialcomparisonsFor example83% of respondents expressed interest in seeing
how their usage amounts compare to the same period during the previous year while only 66% were

interested in seeing how their water usage comphte their neighbors.

Among other reasonsyater isunigue from natural gas and electricity because of its low cost. This
distinction more than any other, may lead to different emphases in water feedback displays in
comparison to energy feedback displapsvast majority ofespondents overestimated the price of
watert both the average and the mediaare off by a factor of 100n comparison the national
average. Perhaps related, many more people cited environmental concerns as an important
motivator for corserving water (78%) compared with those who cited cost (36%). Even though our
respondent population was heavily biased towards positive attitudes and beliefs regarding the
environment, this finding is consistent witiast work(Hamilton, 1983; Logica CM@&)06) Future

work should explore how the differences in cost between water and electricity as well as the
different perspectives of these resources (water often evokes more environmentally charged

responses) should be leveraged in deedback designs.
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The greatest resource in a home is, perhaps, occupant attention. Most people lead extremely busy
lives filled with professional and domestic responsibilities. Water is but a small part of this. In our
survey, we found that a majority of primary bill pay€®9.6%) spend five minutes or less looking at
their water bills and almost half look at it for less than one minute or not at all. Thus, an eco
feedback system must be designed to be used and undersab@dglance For an ambient system

that is highly \gible in a homesd.g.,in the kitchen), one could probably expect a few glances a day

at the most (3660 seconds of attention/day). For water feedback viewed online, the frequency with
GKAOK (GKS AYyTFT2NXIFGA2Yy A& SEI YA ytSnon wil bef morR NB LJ
focused still, online feedback would probably be examined with similar amounts of time to the bill
(less than 5 minutes a month). The key is for the feedback sytatn the heavy lifting/cognitive

effort and make it easy to undersid where an occupant can conserve and why.

Finally,it is important to note that water usage is a socially and culturally embedded practice and, as
such, will have friction to change. In addition, not all water usage in the home igefsponal
usage some,such as laundry and dish washing, is for the benefit of the household. Thus, eco

feedback systems may need to take this issue into account.

6.4.1 Limitations

As noted in our study methods section, our recruitment approach led to a saofiplsspondents

who had a high proportion of graduate or postgraduate degrees, science and/or research
professions, and positive environmental leanings. At the very least, then, our findings are relevant to
highly educated, technical professionals with an interest in water aecehvironment. However, in
some ways, this makes our survey results even more surprising. Our respondent pool had an
admitted strong interest in water conservation and the environment but still had extremely limited
water knowledge most struggled to identy major water using fixtures in the home and could not
accurately estimate the amount of water used by common, everyday activities such as showering
and bathing. More research is necessary to explore these same ishesther populations andn

other cultures anccountries.

6.5 CHAPTERSUMMARY
In summary this chapter has shown a lack of knowledge and water literacy around common water

usage activities in the home, even among highly educated and environmentally concerned

individuals. This gap in knowledgeints to the potential of watebased eceeedback systems to
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inform, educate and potentially promote more watefficient usage behaviors in the home. To
create effectiveecofeedback systems for water, we first turn towards a new type of water sensing
system called HydroSense that can monitor water usage at the fixture (€heapters 7 and 8). In
Chapter 9, we combine findings from this chapter and the sensing results from Chapters 7 and 8 to

present a number of ecteedback visualization designs fasalggregated water usage data.
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Chapter 7
HydroSense: PressureBased Sensing to

|ldentify Water Usage Events in the Home

Thischapter presents HydroSense, a lamwst and easyo-install solution for sensing water usage

from a single installation point. HydroSerisébased on the continuous analysispoéssurewithin a

K2YSQa 61 GSNI AYTFNI aGNUzOGdzNBd 2 KSy | g+ G§SNI FAEIdz
pressure wave that propagates throughout the plumbing system. HydroSense observes these
pressure tansients and classifies them into fixture usage eveais. (the upstairs bathroom toilet

was just flushed). HydroSense also provides estimates o&iiaunt of water being usedt each

fixture based on the magnitude of the resultipgessure dropvithin the water infrastructure during

water usage events.

D
# ;{,t'/

Figure 7.1: HydroSense is a pressurdased sensing solution that disaggregates water usage at the fixture level

from a singleinstallation point. HydroSense uses a digital pressure sensor that can be installed ordpdn exterior

hose bibor (b) water heater drain valvein the same way that one would attach a garden hose. If these installation

points are not availabl e, HydroSense can also be installec
(c) kitchen sinks or (d) bathroom sinks. (e) An analog pressue gauge shown for comparison.
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Figure 7.2: An illustrative schematic of a basic plumbing layout in a twebathroom home. HydroSense can be
i n a dretore, dvith typicaltinetallations dt anaexterior

hose bib (shown above), a utility sink spigot, or a water heater drain valve. By continuously sensing wapeessure
at this single installation point, HydroSense can botldentify individual fixtures at which water is being used as

easily installed at any accessible o c at i on

well as estimate theamount of water being used

This work represents a significant advance over prior research in several regards:

First, HydraSense can beasily installed {

infrastructure. Typical installations will be at an exterior hose bib, utility sink spigot, or water heater

lyg | 00Saarots

f 2 Ohwdtex 2 y

drain valve(Figure7.1 and Figure7.2). If unavailable or not easily accessedy(,in an apartment

unit), HydroSense can also be installed at the water connection point for a dishwasher, clothes

washer, or toilet. All of thesare simple screvon installation points, with no need for a plumber.

{ SO2YRXZ | & RNR{ Jsesc@dpinvidés yite fuBicué. éapaldlily of sensing both the

individual fixtureat which water is currently being used as well as an estimate ofatheunt of

water being usedHydroSense is the first practical approach to enabling applications that require

gAlKA

both. Our sensing of pressure is also less susceptible to ambient noise, as has been encountered in

previous microphondased infrastructuranediated sysems.

Third, we evaluate HydroSense in ten very diverse homes, thus providing arobost evaluation

than any previous work on wateelated home activity sensing. We demonstrate reliable
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Figure 7.3: HydroSense identifies the unique pressure waves generated when fixtures are (a) opened or (b) closed.
These waves propagate throughout a homeds -goihtwsenbiigng i nfr a
approach. The two pressure waves shown in the figure are from kitchen sink open and closeeets. Our
algorithm identifies that an event is occurring, segmentshe event (indicated by thegreen highlight) and then

classifies the evenaccording to its shape.

segmentation of valve pressurevents from the surrounding sensor stream, show reliable
classification ofvalve openand valve closeevents, show the successful identificationinflividual
fixtureswith 96%aggregate accuracy, and show that an approphatecated and calibrated system

can estimate water usage with error ratesmparable toempirical studies of traditional utility
supplied water metersin addition, we present initial forwasdoking analyses of compound event
detection, a comparison oesising at different locations, and a first look at the temporal stability of
pressure event signatures. Our evaluation both validates the feasibility of our approach and

provides a basis for future analyses and improvements.

Figure7.2 illustrates a typical plumbing arrangement in a tivathroom home (discussed in greater
detail inthe nextsection).Figure7.3 shows an annotated signal captured by our sensor. The signal is
a kitchen faucet fixture being turned on, captured by our sensor at an exterior water bib. The
remainder of thischapter first discusses the theory behind our @pach, presents our sensor
implementation, and summarizes our-frome data collections. We then present our analyses of
individual fixture identification and water flow estimation, follow by a discussion of some important

directions for future work.

7.1 BACKG&ROUND AND THEORY OFOPERATION
In this section, we provide background on residential water supply systems dnmnia plumbing.

We also introduce the basic theory of operation that motivates our approach.

Households obtain water from one of two sources:ublc water supply or a private well. Public
water is distributed by localtilities, relying on gravity and pumping stations fmushwater through
major distribution pipesResidences are connected to a water mairatgmallerservice linewhere

the water meter is typically foundA backflow valve accompgimg the water meter prevents
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household water fronflowing back intdahe main Homeswith private welsuse a pump to draw the
water out of the ground and into a small tank within the hamdepressure bladder pushes water

from the tank when a valve in the home is opened. Private wells are typically unmetered.

Figure7.2 depicts a typical i#home plumbirmg system. Cold water enters through the service,line
typicallyat 50100 pounds per square incps’) dependingon such factors ashe elevation and
proximity to a reservoiror pumping station.Many homes have a pressure regulator that protects
the homefrom transients (or pressure spikes) from the maimd alsoreduces the incoming water

pressure taa levelsafefor household fixtures.

After the regulator, there are two basic layouts found in typical residential pigiedges plumbed

and branched Almast all multifixture homes have a combinatiolhe cold wateisupplybranches

to the individual water fixturese(g., toilets, sinks and showers) and into the water heater. A
traditional water heater heats water in an insulated tank using electric ooidgs. When hot water

is used, the pressure from the cold water supply line pushes hot water out of the tank and refills it
with cold water The cold water feed line stretches down to the bottom of the tank. Cold water
remains at the bottom until it is reted (as cold water is denser than hot water) and the hot water
line draws from the top of the tankEvery hot water tank has a pressure relief vadwel a drain

valve which is important for maintenance aster heaters should be drained at least oncesaryto

flush mineral deposits and increase operating efficiedagny homes also havathermal expansion

tank connected to the water heateproviding space to store excess water as it expands during
heating. Some homesinstead use tankless heaterswhich provide hot water on demand by
circulaing it through burners or electric coild8oth approaches connect cold and hot pipes of a
K2YSQ& L dzYoAy3a adeaidSyd ¢KS LINBaadaNBS gl 9Sa f
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connection, enabling the HydroSenseituto detect both hot and cold water activity with a single

Sensor.

In summary, he plumbing system forms a closed loop pressure systath,water held at a stable
pressurethroughout the pipingwhen no water is flowingHomes with a pressure regulatbave

stable pressure unless the supply pressure drops béldvS NXB I dzf | (2 NDwithod 8§ G L2 A Yy (i ¢
regulator may experience occasional minor changes in water pressure depending on neighborhood

water demand.

%1 psi & 68.95 mbar
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Figure 7.4: (a) The transmission lineequivalent network for a common bathroom fixture configuration. Only cold

water is shown. In this analogy, pressure is analogous to voltage, water flow to electrical current, and the water

valve and waer pipe as shownin (b).

For explanatory purposes, it, iperhapsuseful to draw an analogy between a household water pipe
network and its electrical equivalerfigure7.4). Water pressurés analogouso voltage water flow

to electrical current and water valves telectrical switcles withvariable resistance~or example,
water pressure regulated down to@nstant 45 psis analogous to a 45V DC voltaggply. Just as
water flow occurs in the direction of higher pressure to a lower pressure, so does current flow from
a higher voltage to a lower voltage: the greater the difference, the greater the Nghen an
electricalswitchis thrown,the value of theresistancecontrols the amount of current that escapes

to ground {.e.,the same way that the size and amount that a valve is open controls the amount of
water flow to a drail. In asimplified form, a wate pipe is analogous to an electrical transmission
line with an inductor and a capacitdfiure7.4b). In this way, the network of water pipes in a hem

can be modeled as a collection of electrical transmis$iimes {.e., a linear system with a transfer
function given by the interconnection and length of pipes). Although we continue to use some
electrical analogies throughout thehapter, they serve oly as an additional supplement to our

explanations and are not necessary to fully understand the principles upon which HydroSense

operates.

7.2 IDENTIFYINGAND ESTIMATING WATER WBEAT THE FIXTURE LEVEL
The instant avalve is opened or ased in awater fixture, a pressure change occurs angressure

wave is generated in the plumbing systerigure?7.3 and Figure7.10). Transient pressure wave
phenomenon results from the rapid change of water velocity in a pipekiwe example, when a
running faucet is turned off, the valve closure abruptigps the water flow. Flowing water in a pipe,
however, has momentum and is compressible. So, rather than stopping outright, the momentum

compresses a finite volume of water against the closed valve, which results in a buildup of pressure
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at the valve headOnce this buildup reaches a critical point, the pressure at the valve head starts to
decompress and the water flow is reversed until it reaches the backflow prevention valve of the
house, where the cycle repeats the electrical analogyhts is analogus to the cyclic oscillation of

chargeand flowbetweeninductors and capacitors in transmission lines

The water pressure wave phenomenonoiten referred to as asurgeor water hammerand can
create a loud hammeringoise as thewave travels through gies. The magnitude of the surge is
dependent upon the operating pressure of the home and the flow of water through the valve. The
water hammer transient can have a positive or negative rate of change depending on whether a
valve is being opened or closefippliances such as dishwashersctwthes washergontrol their
valves mechanically and thus often create thest pronouncedvater hammer. An abrupt change

in flow can create dangerously higiressure transientghat exceed safe operating limits for
resicential pipesAthermal expansion tanknd water hammer arrestersffer partial dampening of
these transientsWithout arrestors, the flow decreasesm quicklythat the resulting pressure wave
can burst the pipe (like the arc voltage produced by openisgitch near an inductor}{owever,

most valveopenings/closingsnanifest aswater hammertransientsthat are harmless but can be
detected by a pressure sensarstalled on the plumbing system. Water hamméypically lasts
several secondas the pressure wae oscillates back and forth through the pgp®/e can detecthis
water hammer effecanywherealong the plumbing infrasucture (even with dampeners installed),

thus enabling thesinglepoint sensingapproach

Theuniquetransient or water hammer signate that we sense for a particular fixture depends on
three factors: thevalve typefi KS  Adcdtiéh® Qre home pipe network, and, to a lesser
extent,the way in which the valve is opened or closed. Intuitively, you can think of each valve
exciting he plumbing system differently along different points in its infrastructure, much like
blowing a harmonica at different points produces different soufid® physical reasons why these
factors produce a unique transient, on the other hand, is best explairsing the electrical analogy.
Thevalve typecontrols the resistance of the analogous electrical switch. When the switch is closed,
a low resistance path to ground is created suddenly generatingmgulsewhich excites the
network. Valves with lower réstances allow more water flow and create impulses with greater
magnitude. Theralve locatiorchanges where the impulse is applied. When the same impulse is
applied in a different location, the path back to the sensor goes through a different set of

transmission lines, altering the transfer function from the valve to the sensor and, thus, changing
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the shape of the transient. Moreover, each transmission line has a unique resonance that is excited
by the impulse. For examplén Figure7.3 it is easy to see two resonant frequencies in each
transient, the lower frequency resonance results from a long length of pipe (which excites a larger
wavelength) and the high frequency resonance from a shorter pipe lefigib.point provides great
discrimhative power allowing us to distinguish between two fixtures of the exact same model such

as the same toilet located in two different bathrooms of a hdmeeausesach pressure wave
traverses a different path before reaching the sensor. We have even olos¢nat the pressure
transient generated between two cold sink valves located in the same bathroom (such as those
F2dzyR Ay | GaKA& YR KSNE o0FGKNR2Y aiyl &aSiadz

small additional length of pipe between them.

Finally, for manually operated valves, the way the valve is operated can affect the impulse applied to
the system in two ways: thgpeedat which the valve is opened affects the slope of
the excitatoryimpulse andhe flow ratethe valve opens to affecthe magnitude of the impulse. As

the speed of the valve opening becomes slower, the input excitation is not modeled well by an
impulse, and instead is better modeled by a ramp function. In practice, slowly opened valves are
rare occurrences, but openingvalveto different flow rates is quite commone(g., opening a
bathroom sink cold valve full stop to fill a cleaning bucket vs. opening the cold valve partially to wet
a toothbrush). As the magnitude of the impulse becomes smaller, the amplitude of thrareses
excited in each transmission line also becomes smaller, but the resonant frequency does not
change. The relationship between impulse magnitude and resonance amplitude -igm@anand
system dependenfTransmissiotines close to the switch arefatted less than lines farther away.

The algorithm outlined in thishapter does not address this issue directly, but we return to this

phenomenon in the discussion section.

Changes in pressui@nd the rate of transient onsedllow us to accurately dete@nd identify the
source of valve open and valve clasents They also allow u® estimateflow. Thisstems directly
from our electrical analogywhere knowing the resistance anthe change in voltagei.€., pressure)
allows one todetermine the current(i.e., flow). Unlike current, however, water flow comes in two

forms: laminar and turbulent, which affects the relationship between pressure and flow.

Laminar flow is characterized by the movement of fluid particles parallel to each other, with no
transvese movement or mixing. In contrast, turbulent flow is characterized by vigorous intermixing

within the flow field resulting in small, random fluctuations in flow. Physically, the two flow states
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are linked in that any laminar flow can become turbulent watlthange in fluid velocitythink of
the water flowing out of a typical bathroom faucet: when the faucet is opened partway, water flows
in a clear, solidooking stream and does not splash; however, when the faucet is opened all the way,

the water flow tuns more opaque, bubbly and chaotic.

The conditions under which liquids transition from laminar to turbulent flow are characterized by a
dimensionless vak known as the Reynolds numb@eynolds, 1883which is dependent othe
kinematic viscosity: of the fluid, thevolumetric flow rate ofthe fluid in a pipeQ, andthe radius of

the piper:

Y 6% (7.1)
It is generally accepted tha Reynolds number less than3P0 results in laminar flow and greater
than 4000 result in turbulent flowln between there is transition between boffReynolds, 1883)
Using the most common flow rates for residential water fixtures, it is possible to calculate the
Reynolds numbers for a typical honThe Reynolds numbers for water flow in a typical harein
the range ofL,000p n = nnn  F 2 NJ pip& segmeni® Jamd YnShe $aNde of 4@2,000 ingde
0KS mMé¢ RALY SinBithimaaded L fdw if & hdrBeican be laminar, turbulent, or a mix
of both. We will address the laminar flow condition firstosling that the relationship between
pressure drop and flow is linear. We then show that the nonlinearity induced by turbulent flow can

be sufficiently modeled as linear, with minimal loss of accuracy.

7.2.1 Laminar Flow
When laminar, water flow is directly propg@nal to the pressure drop sensed at the HydroSense

dzy Al ® t2A&SdAttSQa [¢ 2FFSNE | LINBOAAS RSFAYALGAZ
laminar,the volumetric flow rate of fluid in a pip® is dependent on the radius of the pipethe

length of the pipeL,the viscosity of the fluid> and the pressure dropP from the start and end of

the pipe length

YO i
g0
Note how increasing pipe length reduces flow (by creating more resistance) and increasing the pipe

0 (7.2

radius pipe increases flow. Pipe length has a linear relationship with flow; if you double the pipe

length, the flow is halved. If, instead, you halve thpepdiameter, flow is reduced by a factor of
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aAEGSSY ® lawéan BeSidplified 8 Gha fluid resistance formulation, which states that the

resistance of flow is proportional to the drop in pressure divided by the volumetric flow rate.

.1| <
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resulting in:

Yo

MY

(7.4)

¢KA& A& |yl f 232 dza Hjd®Sehs iMe@sured the gharge in presgirom the 0 @
pressure regulator to the sensdn order to computeQ, we must estimatehe remaining unknown

R . R is bounded bytwo factors: (1) watewiscosity whichcan easily be calculategiccording to
temperature and(2) the radius ofesidentialpipes whicht NB SA 1 KSNJ Mk n £ mMZNITR\Y £
supply lines in an apartment)rhis leave4, the length of the pipe, as the main unknownwill

change depending on the water fixture being used, as each path from intake to fixture is different.

7.2.2 Turbulent Flow
2 KSYy (GKS Ft2¢ 2F 6FGSN) 0KNRPdzZZK GKS LIALISa Aa dzN\

directly apply.Turbulent flow results in a nofinear relationship between pressueand flow. Instead

of pressure being proportional to flowhe relationship becomesuch thatPis proportional toQ"",

The mixing induced in turbulent flow dissipates the force from the head pressemejring that
more pressure be exerted to sustain the same flow of water. The relationship between presgure a

mean flow can be determined empirically, and is given by

v p L @eer
Ti Y
WKSNB © A& GKS RSy&AGe 2F (KS (BliudA®mndskaic A& 1

(7.9

for liquid flow with Reynolds numbers less than 100,000. The pressure and flow relationship given
by the Blasius formula is plotted Figure7.5 (blue) Also shown is the typical operating range for
flow in a household and the best fit linearizati@llack)of the Blasius formula in the most common
operating rangdtop left inset). If we assume laminar flow, the slope of the black line is proportional
to the estimatedR F N2 Y t 2 A & S dzA f tRS(peopoftidna tb thé iKstantdnédiisddbpie of

the blue line. Thavorst case approximation erraf R is 70%at a flow rate of 10 gpm. However,
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Figure75: The pressure versus fl ow i n aBlasiisfodnmula (bled) endthepi pe of | en

linearization of the equation (black) around the point of most common fixture usage. Also displayed are the most
common fixture flow rates. The (*) denotes a fixture built before the 1992 Energy Policy Act, requiring US
manufactured fixtures to use less water.

this only esults in an error ifkPof 0.11 psiBecause the pressure dropP, at the HydroSense unit

is the sum of the pressure drop at the valve (on the order-80%si) and the pressure drop along

the pipes (in this example, below 0.11 psi), the resulting en@ is between 0.82.2%. Of course,

as the pipe length increases, this error increases. Even still, with a pipe length of 50 ft., the error is
still less than 10%Tlhus,the linearmodel canbe appliedwith minimal loss of accuragven when

the water flow through the household is tbulent.

7.2.3 Characterizations
We note that hese equations are not comprehensive. They do not account for the smoothness of

the inner pipe surface, the number of bends, valves, or constrictions in pipespiparorientation
(eqg.,the forces of gravity and changes in barometric pressiile many of these factors can be
estimated using home size, type of plumbing (PVC, copper, etc.), and number of fixtarbave
found these effects can be treated as negligible fiome pipe networks. We simply estimat¥ for

each home by sampling flow rate at strategic locatifwagying distances from the supply inlet).

7.3 PROTOTYPE SENSOR DEIN
Our prototypeHydroSensesensor implementatiortonsists of a customized stainless steel pressure

sensor, aranalogto-digital converter ADG and microcontrollerand a Bluetooth wireless radisde
Figure7.6). We built two different HydroSengarototypes one with a pressure range of3D psi

and the other 6100 psi. The higher dynamic range is useful for homes with high supply pressure or
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without a pressure regulator. The pressure sensor is a P1600 series manufactured by Pace
Scientifiet @ cdmés standard with a builh ¥& NPT male connector, which we fitted with & %
brass adaptor and Teflon tap€&his allows us to easily install our sensoay ordinary water spigot

or outlet. The sensor has an operating temperature4d to 257°F and a pressuresponse time of

less than 0.5 millisecond$hetheoreticalmaximumsampling rate isherefore 2 kHz but we found

1 kHz more than sufficient.

Pressurg 20 MHz Class 1 Blueta
Sensor Microcontrolle Radio

3DPrinted Enclosure

e. R S RN N S RN RN S S S S

Figure 7.6: (a) An early HydroSense implementation. (b) HydroSense pressure sensor (foreground) with -3D
printedenclosure protecting electronics (background). (c)
screwed on tight, the water valve must be opened &dlow the sensor to sense the indoor plumbing pressure. (e) A

schematic of HydroSense including the Pace Scientific pressure sensor, ftéebit Texas Instruments ADS8344

ADC and AVR microcontroller, and the Class 1 Bluetooth radio.

¢ KS LINBaadz2NE aSyaz2NH VREmdydaditagd (Ehe ddpud VoladyeSsin KaioO (i 2
of the supply. The sensor is connected to a-Bi Texas Instruments ADS83#MDC and AVR

microcontroller,with a resolution of approximatel®.001 psi ér the 50 psi sensor an@l002 psi for
the 100 psi sensor. The microcontroller is connected @aas 1 Bluetooth radionplementingthe
serial port profile.lt canreliably sample and stream pressure data over the Bluetooth chakiviel.

use a 5V lowdrop power regulator and the entire unit operates on a single 9V battery.

The pressure sensor has a mechanical shock rating of over 100g, making it insensitive to pipe
vibration occasionally caused Bpmewater hammer eventsAlthough the pressure sensor come
calibrated and tested for linearity from the factory, we confirmed the output of our entire sensor
system using known pressure loads. Ten samples were taken with our sensor connected to a
pressureregulated water compressor. All measurements were wethiwithe pressure snsor's

tolerance of 0.25% at 25%5.The entire unit is weatherproof and can be installed in damp locations.
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Our current implementation does not offer a pabssough solution ie., allowing the installation

fixture to be used as normalput this modification is trivial.

7.4 PILOT TESTING
Before installing HydroSense into homes to collect data for our classification experiments, we

created a test harnesto test our HydroSense hardware addta loggersoftware as well as to

perform some preminary experimentsn a controlled fashioifFigure7.7). The test harnessicludes

I LINB&adzZNE NB3Idz F §2NE | DtL ¢a {SNAGGes oheyf AyS
detachable faucet outlet, and roughly 20 feet of pipe with a branch. The test harness is also

reconfigurable to experiment with different branching and pipe length setBju(e7.7a and b).

In our preliminary experiments using the test harness we validated the flow rate equations from the
previous section, fleshed out bugs with our hardware and data logger, and informally tested how

different pipe configurations shapetie resultingpressuretransients.

VEIES

pressure inline digital
regulator flow meter valve

| Lo

Mx'hﬁH_ﬂ—

hydrosense
3D-printed hydrosense

enclosure pressure :
sensor faucet

pressure
regulator

Figure 7.7: The HydroSense test harness created to empirically test our hardware and explore flow calculation
algorithms in a controlled fashion.(a) The full test harness. (b) A reconfigured (sort) version of test harness. (c)
Using the test harness for preliminary experiments.

St
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7.5 IN-HOME DATA COLLECTION
Once we had completed pilot testing HydroSense in a laboratory environment, the next step was to

collect data in real homes and test and iterada our classification algorithmdo validate our
general approach, our sensor implementation, and our algorithnescellectediabeled data in four
cities using terhomes of varyingstyle, age, and diversity of plumbing systems (3able7.1: ).

HomesH1-H9 used metered water from the public utility, whereas home H10 used a private well.

ID/ Style / Size / Exp. Tank/ Water Sensor
. Regulator / Heater /
Water Built / Floors / - lumbi Install
Supply Remodel Fixtures Recirc. P um ng/ Point
Pump Static PSI
. . 3200 sqft Yes Tank
Publli-tl:lu i S'”gg)‘;m"y 2 fIr + bas Yes PVC Hose Bib
y 12 fixture No 46 psi
. . 2160 sqft No Tankless
H2 MultiFamily .
LT 2 flr + bas No Copper Hose Bib
Public Utility 1909/96 5 fixtures No 46 psi
. . 4000 sqft Yes Tank
Publli-cl:su il Slngzgl(e)i(:)gmlly 2 flr + bas Yes Copper Hose Bib
y 6 fixtures No 41 psi
. . 1630 sqft No Tank
PuinHc4Uti|i Slngls;ialmlly 1 flr + bas No Galvan. Hose Bib
y 4fixtures No 43 psi
H5 Singléamily 2000 sqt No LS .
Public Utili 1913 2 flr + bas No Copper Hose Bib
ublic Utlity 5 fixtures No 55 psi
H6 Singlé=amily 3100 sqft Yes Tank _
public Utili 1974/85 2 flr Yes Galvan. Hose Bib
ublic Utlity 8 fixtures Yes 46 psi
H7 Apartment 716ﬂ?qﬁ \';l:s Cop;)r:rrlkc-:-alvan el
i ili H
Pl Gy 1927 5 fixtures No 33 psi eater
H8 Singld-amily 3650 sqft Yes Tank Utility
bli i 1922/ 2 flr + bas Yes Copper Sink
Public Utility 2006 3 fixtures Yes 75 psi Faucet
g Smlg:gjrlmly 21;?2 if;f; mg CTO%':)'; Hose Bib +
. - . W H
Pulalie LUl 95 est. 4 fixtures No 72 psi ater Heater
; 900 sqft No Tank
. H10 I Rizc;r(t)/ggbm 1flr No Galvan. Hose Bib
Private We 4 fixtures No 65 psi
Table71: A summary of the homes in which we collected

the home, how many fixtures we tested, characteristics of the plumbing system, and where we instatied sensor.

For each home, we first measured the baseline static water pressure and then installed the
appropriate HydroSensanit (0-50 or 0100 psi) on an available water hose bib, utility sink faucet
water heater drain valve. Each collection sessi@s conducted by a pair of researchers: one would

record thesensedpressure signatures to a laptop while the ottaativatedthe K 2 Y v&er valves

n
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5. HydroSense Logger : More Aware | Less Water Lo

Settings  View

2 Hydrosense Logger : More Anarc| Les Water e
Settings  View
Qus?
Ay

Dual Handle Faucet Open Position

Unknown Signal Hot Postion Cold Postion
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Bathroom Sink:

Shawer
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Bath/Shower Switch
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Figure 7.8: The HydroSense Logger tool was used to collect staged water usage event pressure stream data that
were manually annotated with ground truth labels. (a) Five bathroom sink on/off water usage events followed by
five bath on/off water usage events, and 3 itet flushing events. (b) Parts of the pressure stream could be selected
and annotated. The yellow timeseries highlights show the boundaries of labeled events (the icons at the top
correspond to the type of water usage event). The light blue highlight ahe far right is the pressure wave
currently selected for annotation in the modal dialog box.
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(Figure7.8 and Figure7.9). The pressure signatures were recorded using a graphical logging tool,
which also provided redime feedback of the pressure dataa a scrolling timeseries line graph.

We conducted fivertals per valve on each fixture.§.,five trials for hot water and five trials for
cold water seeFigure7.8). For each trial, a valve was opened completely fdeast five seconds

and then closedFor the toilet trials, the toilet flush and full fill cycle were logged. Note that for the
faucet experiments, we did not collect data on partially opened valves nor the speed with which

they were opened. We return to th issue in the discussion section.

In four of the ten houses (H1, H4, H5, and H7), we also collected flow rate information for the faucet
(kitchen and bathroom) and shower fixtures. In addition to logging sensed pressure, we measured
the amount of time ittook to fill a calibrated bucket to one gallon (a method preferred by water
utilities for accurately measuring flow). This was repeated for five trials for eachtvebed-igure

7.9c.

In total, our in-home data collection yielded 775 fixture trials and 155 flow rate trials across 76

valves and 51 fixtures.

a b. . c. ~<a

Figure 7.9: Collecting controlled experimental water usagerial data using the HydroSense logger tool visible in
(a) and (b).In (c), collecting flow rate data in addition to logging sensed pressure.

7.6 ALGORITHMS FORCLASSIFYING WATER W&sE EVENTS
Given our collected data, waow pursue a threestep approach to examine the feasibility of

identifying individual fixture and individual valve events according to the unique transient pressure
waves that propagate to our sensor. Recall that each valve event corresponds to a preasare
when a valve is either opened or closed. We first segment each individual valve event from the
stream, identifying its beginning and end to enable further analysis. We then classify each valve
event as either a valve open or a valve close event.lfFjnva¢ classify the valve event at two levels

of granularity: (1) according to the individual fixture that generatedeig ( bathroom sink vs.
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kitchen sink) and (2) according to the individual valve that generatedgt, kitchen sink cold water

vs. kichen sink hot water).

7.6.1 Transient Event Segmentation

Before analyzing the characteristics of a valve event, we first segmerg.jtiSolate it) from the
surrounding sensor stream. Segmentation must be effective for many different types of events, and
soit is important to consider only features that are likely to be most typical of all valve events. Our
approach is illustratedn Figure7.10. The raw signal is smoothed using two lpass linear phase
finite impulse response filters with different cutoff frequencies (1 Hz and 13 Hz, black and blue lines
in Figure7.10, respectively). Almost all the spectral energy is below 10 Hz. Thus the 13 Hz filter
captures a denoised version of the transient. Below 1 Hz the relatilexreaseor increasein
pressure is more apparent which aids in classifying the transient as a valve open or valve close
event. The derivative of the filter is also calculated using a windowed ideal differentiator filter with a
cutoff of 2 Hzi(e.,the optimal differentiator interms of squared error). The smoothed signal and its

derivative are then analyzed in a sliding window of 1000 samples (one second of sensed pressure).

The beginning of a valve event corresponds to one of two conditions. The most common is when the

derivative of the smoothed signal exceeds a specified threshold relative to static presslicating

a rapid change For H1 (static pressure of 45 psi), this value was found empirically to be
approximately 2 psi/sed~or generalizing to other homes, this valuasd O ft SR 068 GKS K2YSQ:z
static pressure. The less common second condition is when the difference between the maximum

and minimumpressurevalues in the sliding window exceeds a threshold relative to static pressure,

indicating a slow but substaati change (approximately 1 psi for a home with 45 psi static pressure,

scaled by the actual static pressure).

Each transient represents a damped sinusoid. Afterbeginning of a valve event is detected, the
next change in the sign of the derivative repents the time at which the extreme value of the
pressure transient occurs (which may be a maximum or a minimum). This extreme value is used to
assist in the calculation of the end of the transiefihe end of a segmented valve event is typically
detected as the first point at which an extreme of a fluctuation (a change in the sign of the
derivative, dP/dt) is less than 5% of the magnitude of the first extreme following the beginning of

the event. It is also possible for an event to be ended by a rapmase in the magnitude of
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fluctuation. This corresponds to the occurrence of a compound event, as we will discuss in greater

detail in a later section.

Open/Close Pressure Waves
70 4

Faucet Valve Faucet Valve
"i Open Event Close Event
e Stabilized
<4 '
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Figure 7.10: Several sensompressure streams from our in-home data collections. Each stream corresponds to a
water valve being opened, remaining open for some amount of time, and then closBdth raw pressure (shaded
blue lines) and filtered pressure (black) are showrWe separately segment the valve open and valve close events
from the sensor stream, as indicated by the highlighted regions of the streams. We estimate water flow to the valve
basedon the stabilized pressure drop while the valve remains open (the differee in pressure before the valve
opers versus after it).

Applying this method to our collected-lmome data yielded appropriate segmentations of 100% of
our valve events from their surrounding sensor stream. Additionally, this method was effective at
finding leaky flapper valves in toilets. After our initial data collection, we noticed that this method
segmented multiple valve closings when a particular toilet in H2 was flushed. Further inspection

revealed that the flapper valve of the toilet was loose, t&sg in two concurrent valve closings.

7.6.2 Classifying Transient Waveform as an Open or Close Event

After segmenting each valve event, we classify it as eitheal\ae operor avalve closeevent. We
apply a classifier that first considers the differencehia L Hz smoothed pressure at the beginning
and the end of the segmented event. If the magnitude of this difference exceeds a threshold
(approximately 2 psi for a home with 45 psi static pressure, sdaié¢ide actual static pressurgjhe

event can be immaiately classified (a pressure decrease corresponds t@mlee openand a
pressure increase toalve closp Otherwise, the event is classified according to the average value

of the derivative between its beginning and its first extreme/alve opercreates an initial pressure
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decrease (a negative averaderivative), whilevalve closevents create an initial pressure increase

(a positive average derivatiyd-igure7.3 andFigure7.10illustrate this observation.

Applying this method to the segmented valve events from our collectdtbine data jelds 100%
correct classification of valve open and valve close events. We note that this method and our event
segmentation method described above require only knowledge of the static pressure in the home,
which can be easily and automatically derived. tdgEnse can thus be used immediately and
without supervision to detect fixture openings and closings in a home. Fixtun@ valve level

classification, however, require a supervised calibration process.

7.6.3 Valve- and Fixture-Level Classification

The final g2p in our threestep approach is to identify the valve and fixture source of the segmented
open and close eventslere, we use a template matching approaBefore going into our analysis

in detail, it is worth discussing the ways in which water is ugethé home that can impact
classification. First, note that valves can be divided into two groups: automatically (or electro
mechanically) controlled valves such as those found in dishwashers, laundry machines, and ice
makers, and manually controlled (outman operated) valves such as those found in kitchen sink
faucets, bathroom sink faucets, showers, and tubs. Toilets are a hybrid between manually and
mechanically controlled valves. Manually operated valves can produce slightly different transients
dependng on the speed and flow rate at which they are operated, while mechanical valves produce
a more distinct transient at a single flow rate. Our database of events contains both mechanically
and manually operated fixtures, but our data collection did nailieitly control for different usages

of hand operated valves. We address this limitation further in the discussion section.

Our classification approach, template matching, assumes that the transienti{e template) for a
specific fixture or valve syg relatively constant between different trialsn Chapter 8 we instead

use aprobabilisticbased classification approachkvhich we found to be more robust to signal
distortion from compound events and differences in transients due to differences in the manual
operation of valves. We have also experimented with using Hidden Markov Models (see éfarson

al., 2010).

Note that our template classifier reliesolely on he pressure signal for inputAlthough
incorporating contextual factors such as time of day and fixture usage duration would likely boost

classification accuracies, these factors are irrelevant in our datasetubeaaur data was collected
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under controlled experimentatonditions. In Chapte8, we include such factors in our probabilistic

approach.

We returnnow to the detils of the template classifier. Nén supplied with an unknown open or
close event from the mceding step,we first filter potential templates according to four

complementary distance metrics:

The first distance metric we use isratchedfilter (North, 1963) Very common in signal detection
theory, the matched filter is the optimal detection nfeamism in the presence of additive white
noise. Its primary limitation is that the signals we want to differentiate are not orthogonal. It is
possible to make the signals orthogonald., using principal component analysis: Pearson, 1901
but we found his type of analysis to be unnecessary. Instead, we transform the idtamore

orthogonal spaces.

Our second distance metric igr@atched derivative filterWe include this because the derivatives of
our events always resemble exponentially decreasingssiids. It is therefore reasonable to believe
the derivatives are more orthogonal than the original pressure signals, and that this filter might

provide value distinct from the above filter.

The third distance metric is based on tteal Cepstrumwhich & the inverse Fourier transform of

GKS ylFGdz2Ny £ €23 2F GKS YIFI3IyAddzZRS 2F |y S@SyiQ:
approximate the original version of a signal that has been run through an unknown filter (the valve

event we are trying to cladgihas been transformed by propagation through an unknown path in a
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higher coefficients largely from the source (the original impulse at the vd®ppenheim and

Schafer, 2004)We are interested primarily in the transfer function (in part because it allows
differentiating among multiple instances of identiciktures in a home), so we truncate our

Cepstrum to the lower coefficients. The resulting space is highly orthogonalized (a common property

of the Cepstrum), yielding a third effective and complementary matched filter.

Finally, our fourth distance metris the simplemean squared errgrcomputed by truncating the

longer of two events.
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Similarity thresholds used to filter potential templates based on these distance metrics are learned
from training data (filtering templates whose similarity to the unknoewent are less than the
minimum withinclass similarity in the training data). If no template passes all four filters, the
unknown event is not classified (an application might ignore the event, prompt a person to label an
unrecognized fixture, or considére possibility that the new event indicates the presence of a leak).

If templates corresponding to multiple fixtures pass all filters, we choose among them using a
nearestneighbor classifier defined by the best performing distance metric, the matchedatige

filter.

7.7 EVALUATION
In this section, we examine the performance of ewater usage eventlassificationalgorithms as

well as our flow inference algorithmgVe investigate valve vs. fixtutevel classification accuracies,
classification performance on hot water events vs. cold water events, and flow calculations with

minimal and full calibration data.

7.7.1 Valve-Level and Fixture-Level Classification

We evaluatevalvelevel classification andixture-level classification using an experimental design
selected to demonstrate robustness of learned model parameters across the multiple homes in our
collected data. Specifically, we conduct a creakdation experiment that folds our data according

to the home inwhich it was collected.

For our template based classifier, there are ten trials in the evafidation, with each trial using
data from one home as the test data and data from the other nine homes as the training data. After
learning model parametersdm the test data (the four similarity filter thresholds), we classify each
event in the test home using a leavae-out method. Each test home event is classified using the

other events as templates together with the model parameters learned in training.

Table7.2 presens the reailts of this evaluationIn particular,the table showshe identification
percentages for classifying ea#hlve and fixture in a home. Thanain advantage ofalvelevel
identification is that hot and cold water usage can be disambiguaiddtchen faucet, for example,

is a single fixture that has two valves, one for hot water and one for ddld. tableshows the
accuracy of classificationrfopenand closeevents within each home (and thus each tést of the
crossvalidation), as well as the aggregatecuracy of classification. Accuracies for H9 are shown for

two different installation points of the sensor, hose bib (H9A) and hot waeater (HO9B)Because



187

of the fixture types within H1 and H3 (all single handle), we did not perform experiments on more
than one valve at any fixtures in these homes (thus the valve results and the fixture results are the

same).

Analysis of valve and fixtel classification reveals thdlhe template classifiers perfornwell on H1
through H8 and on H9A. Howevearerformance droppedn H10 and on H9B. The relatively poor
performance in identifying valvievel events in H10 was due to noise from the elevenratiat

share the same supply line at the resort. Because the cabin was not separately metered our sensor
was picking up water events from a portion of these cabins during data colle¢tben looking at
fixture-level performance for H10, the classificati accuracies increase markedly. This is an
indication that noise in a muHinit domain €.g.,a duplex, small apartment building) may have

more effect onvalvelevelidentification thanfixture-levelidentification

Valvelevel FixtureLevel
Classification Results Classification Results
Home Instal]ation Valves Valv.e. Op_en Valv.e. Clc_)se Fixtures Fixtuyg Open Fixturt_a Clpse
Point Tested Identification | Identification Tested Identification| Identification
H1 Hose Bib 12 100.0% 100.0% 12 100.0% 100.0%
H2 Hose Bib 8 96.4% 100.0% 5 96.4% 100.0%
H3 Hose Bib 6 100.0% 100.0% 6 100.0% 100.0%
H4 Hose Bib 5 100.0% 100.0% 3 100.0% 100.0%
H5 Hose Bib 9 100.0% 100.0% 4 100.0% 100.0%
H6 Hose Bib 8 100.0% 97.5% 5 100.0% 97.5%
H7 Hose Bib 8 100.0% 100.0% 5 100.0% 100.0%
H8 Utility Sink 6 100.0% 97.1% 3 100.0% 97.1%
H9A Hose bib 7 97.1% 97.1% 4 97.1% 97.1%
H9B Water Heatg 7 88.6% 71.4% 4 88.6% 74.3%
H10 Hose Bib 7 75.7% 43.8% 4 94.6% 75.0%
Aggregate 83 96.2% 91.8% 55 98.0% 94.7%
94.1% 963%

Table 7.2: In a crossvalidation test of the robustness of learned modeglacross multiple homesthe template
classifier resulted in accuracies above 94% for both valvievel and fixture-level classification granularty.

We note that the valveevel results presented here differ fromur UbiComp 2009ublication
(Froehlichet al. 200%), which presented similaanalysison the samedataset We report 75.7 and
43.8 percent accuracfor H10 whereas the previous reportingvas 97.1 and 77.1 for H10he
reason for this is twofold: firstly, the learned model parameters have changed in thevaldation
because a new home (H9B) was added. Secondly, Froehliti{2009) reported results for H10 at
the fixture-level, raher than valvdevel, a mistake which is remedied hdend corrected in Larson

et al, 2010) More work is needed to disambiguate signals in a singdéer multiunit domain, but
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these results indicate a single sensor may be sufficient to Sextsee-level detail across more than

one housing unit on a shared supply line, a somewhat different conclusion than that presented by

Froehlichet al.
Valve Level Confusability Matrix
Fixture Type | Accuracy Confusion
Faucet 95.3% 424 6 6 9
Toilet 99.3% 136 0 0 1
Clothes Washel 100.0% 15 0 0 0
Dishwasher 100.0% 6 0 0 0
Tub 100.0%| 36 0 0 0
Shower 82.4% 112 0 12 12
Confused for: o > T >0
o © o T =
= © 3 = | o
& |g2 | 8 | &
(@} o O
(] @D

Table 7.3: A different view of the results, showing accuracy of identification of individual valves by fixture type,
and confusability of different fixtures.

The poor performance on H9B is largely due to the installation point (on the water heater). Although
events are transmittedhrough the water heater, many events are significantly dampened. This
dampening suppresses some of the defining characteristidheotransients, making them more
similar to one anotherThis sort of dampening can occur during compound events as wéién

one fixture is actively flowing while another is opened or closed. The pressure transient from this
event is dampened due to thective water movement in the plumbing system. We explore this

effect in more detail irChapter8.

To investigate performance further, it is interesting to look at how different valves are confused in
each home.Table7.3 presents a different view on the same data, showing the accuracleé
levelclassification for different types of fixtures across homes. Also shown is the number of times a
valve is confused accordjrto three categories: (1) the valve is confused for a fixture of the same
type, (2) the valve is confused for the hot or cold valve from the same fixture, or (3) the valve is
confused for a different type of fixture altogethéMoticethat similar applianes are rarely confused

for one another €.g.,two different sinks or two different toilets). Instead, the source of confusion
comes from theproximity of two valves in a home. For instance, the main source of confusion in the
table comes from a sink andhewer in H9B that are consistently confused with each other. The
valves are positioned extremely close to each other and within 10 ft. of the water heater. The valves
already have similar characteristics because of their proximity, and the water heaselikaca large

low-pass filter, dampening out most of the characteristics that make the pressure waves
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identifiable. Other sources of confusion in tteble are largely due to classification errors in H10.
However, there is no pattern to valve confusionH@0, supporting the notion of noise from other

cabins being the main culprit.

ValvelLevel Classification
Split by Hot and Cold Water Activations
Home Installation Poi Valvle. qud Val\_/(_a H(.)t
Identification Identification

H2 Hose Bib 97.3% 100.0%
H4 Hose Bib 100.0% 100.0%
H5 Hose Bib 100.0% 100.0%
H6 Hose Bib 98.3% 100.0%
H7 Hose Bib 100.0% 100.0%
H8 Utility Sink 97.6% 100.0%
HOA Hose bib 100.0% 93.3%
H9B Water Heater 75.0% 86.7%
H10 Hose Bib 62.8% 57.7%
Aggregate 94.6% 92.9%

Table 7.4: A different view of valve-level classification separated for hot and cold valves in a home

Table7.4 shows theaccuracy for classification of hot water valves and cold water valves separately.
H1 and H3 are excluded because, as previously mentioned, we did not independentipttesid

cold water valves (both homes had only single handle faucets/shower making ptniicular
experiment challengingNo real pattern presents itself from the data. Both hot and cold valves can
be classified with similar accuracy. Despite these similarities, we remind the reader that our
experimental data collection did not control fthhe speed at which manually controlled valves were
opened, or when multiple valves are running in the household. More examination is needed to

investigatewhat effect, if any, hot vs. cold water mixture has on classification accuracy.

Our overallvalvelevel and fixture-level classification across all homes is above 90%, including a
number of cases where classification accuracy is 100%. All of these results are equal to or better
than prior results by Fogartgt al. with microphonebased sensor62006) Of particular note is our

ability to reliably distinguish among different sinks within a home, as Fogadl found that their
microphonebased sensors did not capture enough information to reliably make this distinction. Our
dataset contains only a fewstances of clothes washer or dishwater use, in part due to time
constraints during data collection and in part because Fogetrtgl. found these fixtures can be
easily recognized by their structured cycles of water usage (an approach that can be cowitlined
ours). However, we note that our approach is independent of the number of fill cycles (important if

a dishwasher is sometimes run with a piese cycle) and allows recognition as soon as these
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appliances first use water (gontrast to being able toecognize them only after their pattern of fill

cycles becomes apparent).

7.7.2 Evaluation of Flow Estimation

As previously discussed, the volumetric flow r&eés proportional to the change in pressugeP
divided by a resistance variabR (Q = A P/ R). We calculate the change in pressugP by
measuring the difference between the pressure at the onset of a detecabet opereventandthe
stabilized pressure at the end of the segmentedve operpressure wave impulse. The resistance
variableR cannot bedirectly measured, so we instead learn it empirically by capturing ground truth
flow rate information together with the corresponding change in pressure for each vahis.
section considers two scenarios with regard to learri®dn the first, we assume a single calibration
of flow for every valve of interest. In the second, we attempt to use information from the calibration
of some valves to estimatg at valves that have not been calibrated. In both scenarios, we assume

lamina fluid flow.

7.7.3 Estimating Flow at Individually Calibrated Valves

Home Avg Error| Stdev Errof Avg Error|  Stdev
(GPM) (GPM) (%) Error (%)
H1 (7 valves 0.17 0.13 7.3 6.7
H4 (6 valves 0.19 0.17 5.6 5.3
H5 (8 valves 0.13 0.11 45 5.5
H7 (8 valves 0.67 1.47 22.2 46.0

Table 7.5: The results of our flow estimation analysis in four homesin homes H1, H4, and H5, we arable to
estimate flow at individual fixtures throughout the home with error rates comparable to that found in empirical
studies of traditional utility -supplied water meters. In H7, placing the sensor on a hot water heater appears to
result in a confounding of supply water main pressure with gravitational pressure due tthe water in the tank.
It is not unreasonable to imagine théte process of installing a system like HydroSense might
include a single calibration of each fixture in a home. In such aasoereach valve in the home
would be labeled with a knowR: value which could be combined with the sensed pressure change

KX Pto estimatewater flow at those valves.

We examined the accuracy of the flow estimation that might be obtained in this scenario using a
crossvalidation experiment to analyze the five calibrated bucket trials collected for each of the
faucet and shower fixtures in H1, H4, H5, and H7 (as prdyialiscussed in our ihome data
collection section). Each trial in the cresdidation used a single calibrated bucket trial to infer a

resistance variabl& for the valve. The inferred value & was then used to estimate flow in the
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other four trialsaccording to the measured change in pressér®. We then noted the difference
between these estimated flow rates (based on the inferRdand their corresponding actual flow
rates (obtained through the calibrated bucket trials). The results of thisrerpat are shown in

Table7.5.

Three of four houses tested (H1, H4, H5) have error ragdsw 8%(or approximately 0.16 GPW),

comparable tothe 10% error ratefound in empiricalstudies of traditional utilitysupplied water

meters (Arreguiet al, 2003) The fourth house (H7), however, had an error rate above 20%. We
believe this is due to the installation location of the sensor. Whereas the first three homtes ha
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valve. This results in two confounding pressure sources (the supply water main and the gravitational
pressure of the water in the tank). As previously diseds our simple pressure model currently
assume a straight pipe. It is likely this situation requires a different moddRpand it seems that

the cold water valves in H7 were particulatlyF F SOG SR® LY RSSRX NBY2@Ay3 |71
from ouranalysis results in an dramatically improved average error of 0.15 GPM (SD=0.18), or 4.5%
(SD=3.8%). Because our dataset includes only one home with both hot water heater installation and
flow rate information, future work is needed to investigate the fibdgy of measuring cold water

flow using a sensor installed at the hot water heater drain.

7.7.4 Generalizing to Uncalibrated Valves
In a scenario where only some of the valves in a home have been calibrated, it is reasonable to

attempt to build a modebf fluid resistance for the entire home from that subset of valvese key
idea here is that, although the pathway to each valve in the home is unique, those paths also share a
fair amount of spatial overlap in the length and overall layout of the piping. ¥ample, the toilet

and sink in a particular bathroom share the same branch.

To examine this approach, we separated our calibrated bucket trials data into two datasets: a model
and a test. The model wanitially populated by a singleandomly selected tal which was then

used to infer a baseling value. We applied thiB value to calculate a flow estimate for each trial in

the test dataset, comparing each to the corresponding actual flow. We next added a second random
trial to the model (and removed from the test dataset)then usedthe model to create a linear
regressionQ=R * A P+ b). This regression was used to calculate flow estimates for the remaining
trials in the test set. This process was repeated until all trials had been sampled. iGoaavo

particularly fortunate or unfortunate random sampling, we repeated this process five times for each
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home and averaged the resultSigure7.11 presents the resu#t (note we exclude the cold water

valves from H7, consistent with our prior analysis).

2.5
——H1
——H4
—H7

1.5

1 10 19 28 37

Number of Samples

Average Error (GPM)

Figure 7.11: Because valves share a fair amount of spatial overlap in the length and overall layout of their piping,
it is possible to generalize calibrations across valves.

After sampling five trials, the average error dropped 74% to 0.27 GPM across the four homes and
within 0.11 GPM of the more comprehensiRedata from the previous analysighis initial result

indicates considerable potential for learning to generalize calibrations across valves in a home.

7.8 DISCUSSION
The initial results presentelere show significant promise for singpmint sensing of whokhome

water activity via continuous monitoring of water press. We have presented a reliable method
for segmenting valve pressure events from their surrounding sensor stream and for determining
whether a segmented event corresponds to a valve being opened or cldsewy data collected in

ten homes, we have shown90%aggregate accuracy for identifying tlspecific fixture and valve
assaiated with a transient usin@ templatebased classification approacinalyzing flow data
collected in fourof those homes, we have shown that an appropriately located and catiiar
system can estimate water usage with error rates comparablentpirical studies of traditional
utility-supplied water metersOur ability to identify activity at individual fixtures using a single
sensor is itself an important advance, and we are awgtire of prior work even attempting single
sensor estimation of the amount of water being used at individual valves throughout a home. A
particular contribution of HydroSense over other methods (fikes traceanalysis, see Chaptej B

the ability to dsaggregate hot and cold water events in a home. Previously, this type of
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disaggregation required the use of two water meters, one connected to the water supply line into

the home and another connected from the supply line of the water heater.

Although our analysis focused on identifying valve events occurring in isolation, it is clearly
important to consider the case where multiple events overlap, especially for-faatily homes and
apartment units with shared plumbingystems In Fogartyet alQa  MbdR \&itNJdnicrophone

based sensing, they note an inability to even detect this situgfimyartyet al., 2006) As an initial
investigation, we collected six compound events in H1 (two each of shower/sink, toilet/sink, and
shower/toilet/sink overlaps). Qu event segmentation algorithm correctly segments these
overlapping events (ending the ongoing event when it detects a rapid increase in the magnitude of
fluctuation corresponding to the beginning of another event). Preliminary experiments suggest that
the magnitude and shape of the events is indeed altered by the overlap. Some aspects of the
frequency domain signature remain constame( high energy harmonics) but we do not have
enough compound event data to convincingly evaluate the effectiveness ofassification
procedure. Furthermore, events that occur at tkgactsame instant cannot be distinguished as
separate events with our current segmentation algorithm. In any case, classification of compound

events is a highly important direction for buitdi upon our current results.

An additional limitation relates to how closely our controlled experiments represent naturalistic
usage of fixturese(.g.,how often do people partially open valves vs. open them full stop, how is the
signal affected by the sgd of valve opening or closure). These concerns primarily involve fixtures
with manually controlled valvese(g., bathtubs/showers/faucets) rather than mechanically
controlled valvesd.g., dishwashers/toilets/laundry machines). For mechanically contiolialves,

the transient is determined based on fixture typmd.,dishwasher vs. laundry machine) and on its
location in the home. For manually controlled valves, the way in which the valve is opened or closed
is also a factord(.g.,the speed with whiclihe valve is opened, how much the valve is opened). Our
test dataset contains both mechanically and manually operated valves, but our data collection did
not explicitly control for different usages of the manually operated valves. Thus, our classification
analysis is a first step towards determining the viability of using water pressure waves to classify

valves and fixtures in the home.

To address the above limitations, we haeenducted longitudinal deployments in multiple
households collecting labeledealworld water usage dataWe report on our findings in the next

chapter (Chapter 8)Furthermore, we note that the contextual behaviors of water usage are
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important but not explored in this chaptefFactors such as the time of dayd.,showersare more

likely in the morningsMayeret al, 1999, the duration of usages(g.,toilet refills last between 30
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dishwashers and laundry machines use repeated cycles tlale ndentification easier) provide a
rich knowledge about water usage and the context of human activity surrounding water usage.

Again, these areas are further explored in the next chapter.

In this chapter, w have found that reliable estimation of flow sensitive to calibration, and we
have noted that our segmentation and identification algorithms include threshold parameters that
worked well in the homes we studied but are not necessarily ideal. We are interested in developing
techniques for automaticht calibrating our methods over the course of extended usage. For
example, flow estimation could potentially be automatically calibrated through occasional
knowledge of wholehome aggregate water usage. Continuing deployments of wireless utility
meters male this an increasingly viable approach. We also have initial evidence that system
behavior is stable over time, based on a second dataset collected in H1 five weeks after our original
collection. We applied our fixture classification methods to this datasing templates from the
opposite dataset (classifying unknown events using templates collected 5 weeks apart), finding no
degradation in fixture identification performance. Another argument for stability comes from
preliminary analysis of our longitudihdataset (currently being collected). It shows that static water
pressure and outside temperature largely do not affect generated water transients. This preliminary
analysis suggests system behavior might be stable enough to apply a variety of maahiiggle

methods for autecalibration.

Our irhome data collection included installations at several different types of fixtures (hose bibs,
utility sink faucetsandwater heater drain valves) with generally good results except in houses H9B
and H10. Therare many examples ifable7.2 where our current approach differed in its ability to
identify the fixture associated with valve open and close events. To help iectieasaccuracies in

H9B and H10, a possible approach is to lookb@h open and close events together before
classification. Because events obviously come in a series of opening and closing, it seems natural to
pursue an approach that classifipairs of open/close transients rather than individual transients.

To investigate the implications of this pairing in H9B and H10, we looked at the number of times a
valve openand valve close event is classified incorrectly in the same stream (an upper bound on

how pairing might perform). Pairing before classification of v#dwvel events could increase
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accuracies in H9B to 83% and could increase accuracies in H10.tw/818%plore pairing in more
detail in Chapter 8Many other factors could be used to inceeaidentification and flow rate
accuracies. For example, we currently estimate flow independent of fixture identification, but the

two are clearly related and an improved method could consider them simultaneously.

7.9 CHAPTERSUMMARY
We have presented a new pmach to singlgoint infrastructuremediated sensing of wholbome

water activity. Our initial results fahe templatebased classifieboth validate the effectiveness of
our approach and provide a basis for future analyses and improvementspiEssue-based
sensing strategy shows significant promise as a practicalcdsty and unobtrusive approach to the
broad deployment of sensidgased ubiquitous computing applications in activity inference and
reaktime ecofeedback In particular, our approachalidates how a single sensor can be used for
disaggregated hot and cold water usage, enabling broader and malepith studies of the end use
of water.In the next chapter, we address many of the limitations enumerated above in-avoekl

longitudinal éployment of HydroSense.
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Chapter 8
A Longitudinal Evaluation of HydroSense
with Real-World Water Usage Events

In the previous chapter we introduced HydroSense, a pressbased sensing solution that
disaggregates water usage at the fixture level from a single installation point. HydroSense identifies

the unique pressure waves generated when fixtures are opened or closed. These wapyagape

throughoutt K2 YSQa&a LJ dzYoAy 3 Ay T NIinglépbitzE€easitztlEpproacHiK dza Sy | 6 f
this chapter, we move from evaluating HydroSense under controlled conditions in staged
experiments to evaluating HydroSense vieealworld deploymentsin three homes and two

apartments over a fiveveek period.

At each deployment site, we installed both pressure sensors and a distributed ground truth sensing
network directly wiredon individual fixtures throughout the homee.g., kitchen sink, toilet,
dishwasher}o provideground truthlabels on the pressure streartheground truth sens@were
designed to track both hoand cold water usage at their respective fixtures. This allowed us to
investigate not only whether the pressure signal could be useimhfer fixture-level water activity

but also whether it could be used to determine hot and/or cold water usage at each fixture. This is
an important capabilityas noted in Chapter s water heating alone is responsible for 12.5% of
residential energyonsumption (U.S. Department of Energy, 2001). To our knowledge, our ground
deployment represents one of the most comprehensive «galld studies of hot and cold water

usage in residatial homes and apartments ever performed.
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Figure 8.1: A pressure stream with ground truth labels from deployment site H2. The blue line is the cold water
pressure (sensed from a hose spigot) and the red line is the hot wapeessure (sensed from a water heater drain
valve). The pressure transients are also highlighted and colored according to fixture. Note how rapid increases
and decreases in pressure correspond to opens and closes and how transient waveforms are dampened thbg

occur in compound.

Over five weeks, we collected approximately 15,000 ground truth labels for the opening and closing
of fixture valves €.g., Figure8.1). Thescope and size of this dataset allows us to examine the
practical challenges in constructing watasage activity inference algorithms and to highlight
problems that anyindirect water sensing method must address. We show, for example, that
compound everdg (when two or more water fixtures are operating at the same time) constitute
37.1%of all bathroom sink activity and nearly 20% of overall water usage activity. Such prevalence
suggests that compound events should be specifically addressed and evaluatadybwater
disaggregation technique; however, this has rarely been the aage Fogartyet al., 2006; Kinet

al., 2008; Wilkest al., 2005) Thus, our ground truth data serves both as a resource to inform the

design of our classification algorithmsvasll as to evaluate their performance.

We use the ground truth labels along with the pressure stream data to design and evaluate a novel
pressurebased water usage inference algorithm. Although the template matching of pressure wave
transients used irthe previous chaptemworked well for controlled experiments, we show that a
template-matching approach alone is insufficient for the variety of signal distortions that occur
during reailworld water use. For example, the speed with which a faucet handle reduand
whether an event occurs in isolation or in compound can change the shape of the pressure transient
thereby rendering the naive template matching approach inadequate. Consequently, we extend and
adapt the original HydroSense algorithms to use a philistic model based in part on speech
recognition algorithms. We show how the addition of a language model and contextual grigrs (

fixture usage duration, and maximum flow rate) can boost classification accuracies by an average of
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6% with realworld water usage data. We also show that the introduction of a language model and
priors decreases the amount of training data relative to a templeieed approach alone. Our
current analysis provides piegmented pressure transients to our classificatiaggoathm, leaving

segmentation to future work. In this way, our classification results can be seen as an upper bound.

In summary, the contributions of thishapterare: (1) The most comprehensive dataset of labeled
realworld hot and cold water usage evengver collected in homes and apartments; (2) An analysis
of our new realworld dataset to uncover challenges that any indirect sensing water disaggregation
method must overcome; (3) A new probabilistic approach to water usage classification that is highly
extensible and incorporates a language model, grammar, and contextual priors; (4) An evaluation
showing that this new probabilistic approach performs significantly better than previous template

based methods.

8.1 DATA COLLECTION ANDDEPLOYMENT
To evaluate theperformance of a pressuseased approach usingealworld data, we deployed a

large ground truth water usage sensing network in three homes and two apartments. At each
deployment site, we installed two pressure sensors dindctly instrumentedall water fixtures and

appliances with custom wireless sensors that provided ground truth labels of water usage activity
for the pressure stream. Here, we describe the ground truth data collection system and the five

week study deployment.

8.1.1 Acquiring Ground Truth Lab els in a RealWorld Deployment

A key challenge in evaluating any new sensing technique is acquiring ground truth data. In the
original HydroSense woiChapter7), the teammanuallylabeled the pressure stream during their
staged experiments, which cleasyould not work for a realvorld evaluation. Thus, an automated
method for labeling must be derived. An ideal labeling system would accurately detect when
fixtures are turned on/off, be easy to install, work across a large variety of fixtures, and pigferab
provide flow and temperature information for each fixture valve. An accurate and direct approach
would be to install small, wireless flow meters at each hot and cold fixture ialgt, & sink would
require two flow meters). Unfortunately, inline flowneters could actually distort the very
phenomena we are interested in studying by impacting the presaaee signal itself. Instead, we
instrumented fixtures externally, such as on faucet and toilet handles, so that we did not disturb the

water stream.













































































































































































































































































































































































































































































































































