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ABSTRACT 
To detect sustainable practices, an application must have an 
indication of what a user is doing currently and where they 
are as well as the activities that are happening elsewhere. 
For instance, to detect that the user has left her lights on, an 
application must know that the user is not in the room and 
that the room lights are on. While current mobile sensors or 
static sensors independently fail to detect such an activity, 
the combination could detect it easily. We propose and 
implement such a combination sensor network. We first 
provide an open interface for adding new sensing and 
combining the sensors together in a database. We then show 
how mobile and other devices with Internet can access this 
data through a series of scripts that retrieve and analyze the 
data. These tools can be easily reused or extended for other 
new projects. Finally, we demonstrate the ability to detect 
sustainable actions using the combined data and scripts and 
display the information on the mobile device. We will both 
use this implementation for our own research in the future. 
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INTRODUCTION 
When recognizing and supporting sustainable practices, it is 
just as important to sense environments where the user is 
currently absent as the user’s current state. Sensor data on a 
mobile phone is an egocentric data collection technique that 
provides data about users but not about other activities in 
the space. Alternatively, sensor networks like Sensor 
Andrew [18] are exocentric and do not indicate  who is 
participating in an activity in the space. While each sensor 
has its benefits, sustainable practices need to be supported 

by both kinds of sensors. Additionally, an application 
would require a mobile interface to support and change 
behavior when it occurs. 

We believe that combining these data sources would allow 
new applications to take advantage of the user's own 
activity while also using location-specific data to augment 
the activity recognizer. For example, if a user does not 
remember if she turned her home lights off, she could use 
Sensor Andrew's light sensors to determine if lights are on. 
This information could be combined with the cost of 
electricity and her current location could be used to 
calculate how much it cost her to leave those lights off for 
the day. While mobile devices today can detect current 
location and Sensor Andrew’s light sensors could also 
indicate light in places where people might not be present, 
neither of these technologies could be used alone to do this 
simple task. Prior research shows that space heating, 
cooling, and lighting make up 45% of the total energy use 
and this combination of sensors could potentially be used 
for intelligent location-aware power management [8]. 
 
This project outlines the design and implementation of a 
mobile and static sensor network to support sustainable 
practices such as forgetting to turn the lights off. Our goals 
are to implement a system that will allow each of us to aid 
in the development of our future projects, and to 
demonstrate our infrastructure we built. The system is well 
documented and extendable for each of our projects. We 
placed sensors in offices in the Gates Center and Newell-
Simon Buildings. We first implement a server/database that 
is able to send and retrieve data to/from Sensor Andrew and 
the Google Android mobile device that the authors carried 
with them. This server collects and combines the data from 
any number of mobile Google Android sensors and from 
static Sensor Andrew nodes into a database and makes the 
data accessible to applications through a series of PHP 
scripts. These scripts could be anything from simple queries 
to the database to more complex machine learning. New 
scripts can be added easily to extend the functionality of 
current systems and/or add new applications with new 
functionality without affecting older scripts. 

Then we provide implementation details for two example 
applications that require the capabilities of this server. The 
first “Lights On” application can present reminders on the 
mobile device’s screen to turn off lights when leaving the 
office. Additionally, our implementation allows for existing 
technologies like Stepgreen (www.stepgreen.org), a website 
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that allows users to commit to sustainable actions and self-
report their activities, to use location data from the phone 
combined with light and microphone data from the Sensor 
Andrew network to automate the reporting process by 
updating the website with whether or not they turned the 
lights off after work.  

The contribution of this work is three-fold: 

1) The documentation of the integration of mobile and 
static sensors into a single database.  

2) The extendability of the services through new and reuse 
of PHP scripts.  

3) The implementation of applications, which take 
advantage of both 1 and 2. 

RELATED WORK 
We review literature related to sensing and sensing 
infrastructures, specifically as it relates to both mobile and 
static sensors.  We target opportunities to sense activities by 
leveraging the Google Android mobile platform and the 
Carnegie Mellon Sensor Andrew network.  Our work is 
unique in that it fuses mobile and static sensing to detect 
environmental sustainable activities.  

Environmentally Sustainable Mobile Applications 
There are very few mobile applications that encourage 
saving the environment by sensing activities and providing 
users with some type of feedback to raise their awareness.  
Most of the applications that exist emphasize sensing in the 
context of transportation related activities as users typically 
have a better sense that their cars can pollute, public 
transportation is better, and walking/biking is even better. 

Ubigreen 
The Ubigreen mobile application [6] leverages the Intel 
Mobile Sensing Platform (MSP) [1] to automatically detect 
sustainable transportation activities such as walking and 
biking. The application also uses the mobile phones' GSM 
cell signals (in conjunction with the MSP) to detect 
transportation related events such as taking public transit 
and driving alone. However, users must distinguish 
themselves via self-report and the impact of their 
sustainable action is not reported back to them. For 
instance, users are not informed of their overall monetary 
and/or CO2 savings.   This is called out as a shortcoming of 
the application and an opportunity for future work in [6].  In 
addition, this mobile application is currently only available 
for Windows mobile phones. 

Ecorio 
On the other hand, Ecorio is a mobile application that tracks 
users’ carbon footprint and their projected footprint as they 
travel by using the phone's GPS system.  The application 
also gives users suggestions for taking actions and allows 
them to offset their footprints by purchasing carbon offsets.  
The application is also social and allows users to share tips 
with others (ecorio.org). 

MobGeoSen 
MobGeoSen uses sensors on a cell phone (plus GPS) to 
track and visualize health and pollution levels in places 
where the user travels [10]. This data could be used to 
highlight the importance of taking sustainable actions for 
both the environmental and health reasons. The platform 
allows users to take a picture and geotag it to associate the 
picture with their pollution problems (e.g., traffic means 
more dense car emissions) and visualizes the data on a 
Google Earth map with sensor readings overlaid. The 
system was tested on school children for noise and 
chemical pollution. This work stores all the data on an 
external data logger that is paired via Bluetooth with the 
phone. The data is not put into a database externally and 
there are no static wireless sensors for “security” issues. 

StepGreen 
As people spend most of their time at home or work, our 
work focuses on indoor activities and the impacts 
participants can make in these spaces. Stepgreen.org is a 
website that allows users to commit to sustainable actions, 
self-report the activities they fulfill, and view information 
regarding how much carbon and money they have saved 
[19]. By explaining the monetary benefits of taking 
sustainable actions in their own environments, participants 
better understand the direct effects of the their actions and 
may be more likely to continue them. For example, the 
website highlights several different ways that users can save 
money by simply turning off their lights and other 
appliances when they are not using them. 

As the other applications have shown, it is possible to 
collect valuable sustainability information from mobile 
devices about transportation using GPS and accelerometer 
data. We aim to use similar location data to determine "use" 
of different appliances and lights in indoor environments. 
Additionally, several people use indoor environments and 
we can use location data to attribute actions (or inactions 
like forgetting to turn off lights) to a specific person. We 
will use this data to automatically populate the fields in the 
Stepgreen website and compare sustainable actions between 
different users of the same indoor spaces (i.e., different 
officemates in the same office) [19]. The data could also be 
used to trigger reminders to perform actions. 

However, one major difference between transportation 
sustainability data obtained via GPS or other mobile 
devices and our work in indoor spaces is that the space in 
question is often unoccupied. For example, without 
someone in an office with the mobile device or without fast 
sensing of actions like flicking a light switch with the 
mobile device, we cannot determine whether the lights are 
on or off. We propose to use a static sensor network in the 
indoor environments to supplement the sensing from the 
mobile device. 

Sensor Networks 
The Berkeley MICA motes are small devices designed for 
wireless low-power computing designed to be deployed in 



 

environments for periods of time without human 
intervention, and relay data back through the network for 
further analysis [9]. Different sensors can be added to the 
platform for use in many different environments. The motes 
have been deployed, for example, in outdoor island habitats 
for monitoring the health of wildlife populations [15] and 
indoor environments for health monitoring [16]. Because 
the sensors have wireless transmission, the data can be 
viewed anywhere at any time by anyone who needs it [16]. 

Sensor Andrew is a sensor network consisting of a wide 
range of sensors and actuators meant to support ubiquitous 
large-scale monitoring at Carnegie Mellon. Sample 
applications intended to utilize Sensor Andrew include 
building emergencies, building power monitoring and 
control, and social networking [18].  However, the building 
monitoring and control applications thus far have been 
limited to energy savings through electrical load monitoring 
in a building and user feedback [18]. For example, 
researchers are working to provide consumption of 
individual appliances via electrical load monitoring [1] 
outside of controlled environments.  

Sensor Andrew supports a wide range of sensors; however 
we only deployed Firefly sensor nodes, which collect and 
publish temperature, light, acceleration, and noise level to 
detect user activity. We used the Sensor Andrew nodes in 
our office workspaces to determine the state of the office.  
Further, one of our contributions help to aid in answering 
one of the research questions posed by the Sensor Andrew 
team (http://www.ices.cmu.edu/censcir/sensor-andrew/): 
What information needs to be measured about a system, and 
where and when should it be measured? Specifically, what 
information needs to be measured in order to detect actions 
related to using objects consuming energy such as lights 
(and in the future thermostats and various electronics) and 
where and when should it be measured for accuracy?  Prior 
research has investigated the placement of sensor locations 
for deploying sensor networks to monitor complex tasks 
[11]. We combined information about the state of the office 
with an occupant’s location information collected from 
mobile phone GPS. We can use this in the future to 
determine energy use to calculate the amount of wasted 
energy and money. 

Combining Mobile "Devices" with Sensor Networks 
Most of the previous work that combines mobile devices 
with sensor networks only uses the mobile device to view 
or access data from the network instead of taking advantage 
of the sensing on the device as well. 

Dyo’s middleware work to support large-scale sensor 
networks focuses on how to collect data from a distributed 
system [4]. Because communication is the most costly 
operation a node can do, his goal is to minimize this action 
by taking advantage of mobile devices in the area. If a robot 
or person moves by the sensors, they stream the data 
through the device to be collected, reducing the number of 
hops for data. This work, however, does not take advantage 

of the mobile device as another sensor platform. By 
combining the data from the mobile device and sensors, 
there may be more interesting data patterns in which to take 
advantage. 

LaMarca et. al deploy a sensor network around the plants in 
the building to detect when the plants are not getting 
enough light and when they need to be watered [12]. 
Instead of requiring that people do the watering as well as 
recalibrating sensors and charging the nodes when the 
batteries run out, the authors deploy a robot to perform the 
tasks. In this way, a robot equipped with the same sensors 
can compare and resynchronize the sensor readings, ensure 
the nodes are continually working properly, and benefit the 
office by watering the plants. This work, however, only is 
tested with the recalibration and it would be nice to use 
more sensors on the robot to possibly take more and 
different readings than the sensors could do alone. 

Estrin et. al address Weiser’s vision of a sensor-filled 
environment with a taxonomy of issues pertaining to 
creating such a sensor network and maintaining it [5]. Then 
they describe current technology that aims towards this goal 
including the small size of sensors today, low power 
consumption ideas, and the possibility to deploy the sensor 
network using small mobile robots. This could also be done 
using mobile phones today although the robots are easier to 
actuate to move into places that would not normally be 
covered by human populations. The authors cite network 
architectures as one major hurdle to making the technology 
work. We do not yet have a good system for 
communicating all of the data around the network in an 
energy efficient way, nor do we have the capabilities to 
combine and mine all of that data in reasonable ways. 

As we have identified, these applications have not required 
separate sensing abilities of the mobile device compared to 
the sensor network. Even the mobile robot that uses its 
sensors only uses them for calibration and not for collecting 
much additional data. Because we are interested in not only 
monitoring the environment but exactly who is acting in it, 
both the mobile and static sensors are equally important to 
this work. We believe that we could not accomplish the 
data collection we want without having both types of 
sensors. With only static sensors, it would be very difficult 
to detect exactly who is in the space. With only mobile 
sensors, we could not detect spaces other than the user's 
current location. 

Visualization 
Mittal focuses on the information visualization and 
extraction for sensor data in sensor networks [17]. The 
author allows users with a mobile device to see with a 
camera and overlay information where the sensors are in 
the buildings and what data they are collecting. 
Additionally, users can label the data with a particular 
activity and see how the data changes over time. This work 
does not use the mobile device for extra data collection, 
rather as a portal into the sensor network itself. 



 

The current Sensor Andrew networks also include an online 
portal to view the data collected from each sensor over time 
(for our sensors, saga9.wv.cc.cmu.edu and saga10). Each 
sensor is labeled, and clicking on it reveals the data it is 
collecting - light, audio, accelerometer, etc - and the 
calibrated values that the sensors takes on. Users can view 
the data by day, week, or can specify a particular time 
period. However, this visualization does not give meaning 
to the data, it only allows users to see it. It is still up to the 
participants to determine whether the light reading is from 
sunlight or light bulbs and then to determine if it was 
necessary to have had the light on. 

Li et. al showed that by allowing users to see their own 
exercise data, the users maintained their exercise level  over 
time while those who did not see their data decreased 
participation [13]. By showing users their energy use over 
time, we hope that this will encourage participants to 
maintain their sustainable actions over time. Grevet et. al  
found in a preliminary study that adding social information 
may lead to increased participation of the Stepgreen.org 
website [7].  While we recognize that unlike a home where 
we pay our own energy bills and we do not contribute to the 
cost of the energy in our offices, we still believe that an 
appropriate visualization (especially with comparison to 
other people who share the same environments) will 
encourage participants to maintain their actions over time. 

SAGA SYSTEM ARCHITECTURE 
Currently, sensors deployed in environments are only used 
by one person/group and for one purpose, and this should 
not be the case. The data that sensors collect could be used 
for a variety of purposes and the interfaces to those sensors 
should be easily extendable for that purpose. In this work, 
we present two scenarios - each with different goals and 
purposes - that use the same sensor nodes both on the phone 
and in the environment. Our work outlines the 
implementation of the server and sensor gathering 
techniques – called SAGA (Sensor Andrew Google 
Android) - as well as the design of multiple applications 
over the same interface. While work can be done to modify 
and change the visualizations of the data on the application 
side, the applications only depend on the data from the 
server, thus removing the burden of deploying sensors and 
deciding what to collect. 

Application Walk-through 

User forgets to turn his or her light off: 
A user is equipped with a Google Android phone running 
our SAGAClient application and the Reminder application.  
Their office has been fitted with a Sensor Andrew Firefly 
sensor to detect light, sound, acceleration, and temperature.  
The user leaves the room but forgets to turn the lights off.  
After the user has traveled a certain distance from his 
office, he receives a notification from his Google Android 
phone informing him that he forgot to turn the lights off.  
He returns to his office to turn the lights off.   

User turns his or light off: 
A user leaves his office and turns his light off. His phone is 
equipped with both the SAGAClient and the 
StepGreenClient. His StepgreenClient application informs 
him that he just completed a positive action and sends this 
data (via an HTTP post) to the website Stepgreen.org.  The 
StepgreenClient requests data regarding the impact of the 
action (i.e., how much CO2 was saved and how much 
money was saved).   

Next we describe the primary components that all of the 
applications are built on top of. Then, using those 
components, we describe the implementation of the 
applications that use them. 

Component Design Overview 
Our project combines sensor data such as light, 
temperature, noise, and acceleration from offices with 
localization data to determine different energy use patterns 
to office occupants. Our project will allow users to visualize 
their sensor data and compare their data with others to see 
how they are doing in relation to each other. Finally, 
detected sustainable actions will be automatically entered 
into Stepgreen.org to track the energy savings of each 
occupant.  In the remaining sections, we describe our 
project architecture and design rationale.  

Our proposed project application consists of three primary 
components: the Sensor Andrew Google Android (SAGA) 
client, the SAGA server (see Figure 1), and deployed 
Sensor Andrew sensors. The SAGA client is our mobile 
application with the job of sending location and other 
sensor information (e.g., altitude if applicable) to the SAGA 
server. Each user of our SAGAClient will be identified to 
their Android phone so that we can log who is at each 
location. However, the SAGAClient does not display any 
information for the user. It is up to each application to 
display relevant information. The Sensor Andrew nodes are 
deployed in the environment and labeled with their 
location. For example, these nodes detect the light levels 
and other information when the user is gone. The SAGA 
server contains a MySql database containing all of the data 
collected from the Sensor Andrew nodes and the SAGA 
client and PHP scripts that clients can use or design new for 
their applications to take advantage of the data. 

In order to easily extend this work, each client (visualized 
android application and connections to other servers) works 
in parallel to these primary components, interfacing with 
the PHP scripts for data. For this work, we hope to 
implement two applications 1) a simple reminder 
application, which determines whether you have forgotten 
to turn off the lights and 2) a more complicated Stepgreen 
client and proxy server to the Stepgreen server to track your 
energy savings through green practices. While the reminder 
application displays only simple information about 
forgetting to perform actions, the Stepgreen application 
encourages green behaviors by displaying visualizations 
and information about energy savings.  



 

Component Responsibilities 
Each component has distinct responsibilities in our model 
(System Overview Figure). Here we outline each 
responsibility, design decisions for them, and the strengths 
and weaknesses of each component. 

Figure 1 - System Overview 

 

Sensor 
Andrew  

Sensors 
Send detected data values to subscribed clients (currently 
only the Sensor Andrew Group and we subscribe to the 
messages). The sensors collect the following data: time, 
light, acceleration, temperature, audio, voltage, and sensor 
ID. Additionally, because these sensor values are placed in 
the environment statically, they have a longitude and 
latitude.  

Originally, we deployed 21 nodes around the offices and 
hallways on the 7th floor of the Gates center for 1 month to 
understand the data they collect. We found that the sensors 
are not powerful enough to detect for instance the ding of 
an elevator arriving. We decided instead to move the 
sensors only into offices in Gates and Newell Simon. The 
smaller spaces are easier to detect noise and light in and 
capture a single area better than in the hallway. 

Sensor Andrew nodes have a range of an access point 
(150m) so there must be many access points set up 
throughout the environment to catch them all. Additionally, 
it is time consuming to place them in the space properly to 
get good data. Additionally, the sensor calibration gets 
thrown off as the battery drains, we will need to 
compensate for this in whatever applications we build. 
However, once the nodes are deployed, they can remain 
untouched for months until the batteries die.  

SAGA App 
The SAGA App is implemented on the Google Android 
platform (currently using SDK 1.5) and has the following 
responsibilities: 

• Obtain user id from user 

• Obtain location data from GPS if available and/or 
the network via triangulation.   

• Post location data (latitude, longitude, date/time) to 
SAGAServer when location changes.  

Additionally, it has the ability to post any other data like 
light/acceleration that is collected by the phone. 

Each user is associated with one phone. It is assumed that 
users will not share mobile phones. To distinguish the data 
received from mobile phones versus a sensor, the SAGA 
Client will also post a device type (mobile) and a device id 
(same as user name). We can also assign a phone to 
belonging in a particular office/Sensor Andrew node when 
talking about sustainable actions and who is doing them. 

The SAGA App is only a background application that sends 
sensor data. It does not help the user and is an additional 
download for someone who wants to load any other 
application of ours. we develop separate clients, we all 
know that the same information is coming to the phone the 
same way. The application developer does not need to 
include code to send data to the phone and we eliminate 
duplicate entries from multiple applications sending the 
same data. 

SAGA Server 
The SAGA Server is implemented in PHP and resides on 
the kettle server.  The kettle server contains the a mySQL 
database called saga (sensors) that stores all sensor 
information.  The SAGA Server's responsibilities include: 

• Subscribe to Sensor Andrew sensors to acquire 
sensor data 

• Host PHP scripts for storing and retrieving data 
• Store location and sensor data listed below: 

 
Data Type Description 
Device ID:  
 

Unique identifier (user name in the case of 
the the mobile phone and the sensor ID in 
the case the data originated from the sensor) 

Device Type The source of the data being recorded 
(sensor or mobile) 

Time Date and time the data was obtained (2009-
10-20T15:03:46) 

Latitude Location x coordinate 
Longitude Location y coordinate 
Altitude Not used - but could by phone barometer 
Light The raw value representing light intensity 

from the Firefly sensor 
Acceleration The raw value representing the acceleration 

value from the Firefly sensor or phone 
Heading Not used - but would be from compass 
Temperature The raw temperature value from the Firefly 

sensor 
Audio The raw noise value from Firefly sensor 
Voltage The raw voltage from the Firefly sensor 
 



 

Our goals for the server were to have a simple and robust 
architecture that could be extended to support additional 
clients in the future.  By simplicity, we wanted to decrease 
the interaction between the client and external components. 
As a result, the client connects solely to the SAGAServer.  

The SAGAServer is the primary point of contact for all 
external components. Though this aids in simplicity, this 
also adds risk in case the SAGAServer fails.  To minimize 
this risk, we are running nightly backups of our server and 
plan to backup the location data by storing it on a file on the 
phone. In addition, each sensor node (1 node per floor) 
updates and performs data backups to a router containing an 
SD card. However, having the data stored and scripts for 
accessing it in one place allows us to limit the 
communication between different places and speed the 
processing. It is also less complicated to understand and 
thus easier to implement new applications. 

APPLICATION COMPONENTS 
Beyond the primary components, applications must make 
sense of the data and display it in a usable way. We split 
this information into the data analysis and the application-
specific components.     

Data Analysis 
While the data analysis happens in the server, we allow new 
applications to add new "widget" analysis tools for any one 
to use. As long as the PHP filter knows about the new 
analysis, an application can use it to query results. The PHP 
scripts currently include the following: 

• PHP Filter - applications interface with the script to 
get the different analyses 

• insert_table.php - inserts data into proper db 
column for associated user 

• test_table.php - gives back current db table 
• lightsOn.php - determines whether a particular 

user is in their particular office and whether 
the lights are on/off 

• audio - not implemented 
 
The data analysis components are widget based. If the 
number of widgets grows too large or they are too 
application specific, it is not worth implementing these 
shared analyses. Additionally, we do not expect to cache 
the data analyses between queries, which may lengthen the 
response time. However, if applications make new analyses 
that are reusable by other applications, we can share the 
work of the analysis and use the results in different ways 
for different applications. 

Reminder Client 
To test the initial infrastructure, we built a small application 
that changes background color depending on the presence 
of the user in their office and whether the lights are on or 
off. In this way, we tested the PHP filter and the 
lightsOn.php along with the primary infrastructure to log 
the cell phone and Sensor Andrew data. While this is a 

simple application, it demonstrates the rest of the 
components that were not easy to get working together. 
This is also a simple demo for the lab for example. 

Stepgreen Client 
While the reminder application successfully tests the 
implementation of the server and PHP scripts, we envision 
bigger goals for our system. The Stepgreen client resides on 
phone and communicates with Stepgreen via basic 
authentication, committing to corresponding actions if the 
user has not already committed, and fulfilling a detected 
action.  The Stepgreen client must communicate with the 
PHP filter in order to determine if lights have been turned 
off for a particular user.  If the light has been turned off, 
then this action is posted to Stepgreen.org.  If the lights 
have been left on, the client sends information to the user 
informing them of how much money is being lost for 
example.  The Stepgreen client also retrieves information 
such as monetary and CO2 savings from Stepgreen.org.  
Here is a list of Stepgreen Client responsibilities: 

• Obtain user Stepgreen ID and password 
information 

• Authenticate user to Stepgreen 
• Confirms successful connection to Stepgreen 
• Adheres to Stepgreen rules 

o Passes detected activity to Stepgreen by 
passing a request to fulfill the associated 
Stepgreen action 

o Identifies if a user is committed to an 
action prior fulfilling an action 

o Associates a detected action to a unique 
Stepgreen action which is assumed to be 
static 

• Receives impact of action 
• Communicates with the SAGA Server, specifically, 

the PHP filter to determine if actions have been 
detected 

o The SAGA Server must be able to detect 
if a user failed to turn off a light and 
identify the user that turned off the light 
based on location data 

• Visualizes savings and impact to the user 
 

One alternative design considered was to implement a 
Stepgreen proxy in the SAGA Server.  This proxy would 
have passed information from the Stepgreen Client to the 
Stepgreen.org website.  We decided instead to move this 
responsibility to the Stepgreen Client. 

The weakness of this design is that it adds complexity to the 
Stepgreen Client.  Previously, the client only needed to 
communicate to one entity, the SAGA Server.  Now, the 
SAGA Client must communicate to two entities, the 
Stepgreen.org website and the SAGA Server. However, 
there are two primary benefits to this design.  First, the 
user's user name and password will be sent directly from the 
phone to Stepgreen.org. This offers more privacy because 



 

the user’s data is not sent without her permission.  
Additionally, having the Stepgreen Client communicate to 
Stepgreen directly removes complexity from the SAGA 
Server and to anyone using the SAGA Server in the future. 

We have been working with the Stepgreen.org team to 
ensure the API provides us with the data we expect.  We 
will be one of the first official external clients to the 
Stepgreen API to be completed ASAP. 

Application Layer Flaws and Assumptions 
Due to the difficulty in correctly identifying a user to a 
detected action, we are forced to make certain assumptions.  
First, we will be primarily focusing on two offices that 
contain Firefly sensors.  We have noted the location 
coordinates for each room and therefore, each sensor in the 
room.  If a user's location exceeds a certain distance from 
the office/sensor and the status of the light is on, the user 
will be notified to turn his/her light off.  However, before 
determining if the user should be notified, we will analyze 
the audio to help us determine if another person is in the 
office.  If the office is empty, the user will be notified.  
Otherwise, the light on status is acceptable.  It may be 
difficult to detect if another person is in the room if they are 
not provided Google Android phones.  

We are assuming at a high level that a room has one switch.  
In the case of multiple light switches, or groups surrounded 
by one light switch, it may be more difficult to distinguish 
which user turned the light off.  For the future, we may 
remove this barrier by allowing teams.  For instance, if 
someone in room 4505 turns off a light, the group 4505 will 
be allocated the overall impact and CO2 savings and could 
be notified of the forgotten event.  

SYSTEM EVALUATION 
We have built the infrastructure and demo applications that 
use both static and mobile sensors. The system evaluation 
can include both tests to understand how extendable it can 
be and tests for the applications that use the sensors. In this 
section, we will detail the evaluation for Ubicomp 
researchers to use our work. Then we will show how we 
would evaluate various applications with both user studies 
and accuracy measures for understanding the machine 
learning techniques that the applications employ. We would 
like to show that the system itself is important for Ubicomp 
research because the applications that it allows can be 
richer than the current state of the art.  

Infrastructure evaluation 
In order to evaluate the effectiveness of our infrastructure, 
we propose to open it to the HCI community. We have 
already had requests for our code to use for other projects. 
We would give phones and sensors to other PhD students in 
NSH and Gates and we would test each other’s software. 
We would continue the study through the spring and 
beyond depending on how long it takes other students to 
write their own scripts and applications. At the end of the 
trial, we would ask participants to rate both how easy it was 

to write and deploy an application that used the sensors 
(ignoring the UI which is not our API). Then we would ask 
them to determine how reliable our input and SAGAApp 
are at continuing to log data. We would measure their 
ability to use our infrastructure compared to what would 
have been possible and how long it would have taken to 
implement without it. This would be a systems paper, 
evaluating a “toolkit” for new Ubicomp work.  

Application Evaluation 
To evaluate the applications there are two components. 
First we need to evaluate the accuracy of the activity 
detectors that the applications use. Second, we can evaluate 
the usability and effectiveness of the applications towards 
their purpose. In this evaluation, we will use the reminder 
application as an example.  

Accuracy 
In order to understand how the activity detector performs in 
the environments they are needed in, we would have to 
collect data needed for the detector and use experience 
sampling to collect the labels. Because the current sensors 
are deployed in Gates and NSH, we would give phones to 
many of the CS and HCI PhD students to collect data. If the 
sensors were deployed somewhere else, we could deploy 
phones to other participants.  

We would ask participants several times a day for labels of 
whatever we are trying to collect. For the lights reminder 
application, we would collect GPS, voltage and light sensor 
data and would ask participants to label both their location 
and whether the lights were on. We would compare the 
light and location predictions to the actual user labels to 
compute accuracy. This would show how well our sensors 
predict the user’s location and light. We could compare this 
result to only the location or only the light source to further 
show that our infrastructure is important to implement these 
types of applications.  

While the accuracy value is important, we do not 
understand how accurate such applications have to be. We 
will evaluate how the accuracy affects the usability of 
applications via user studies. Additionally, we want to 
evaluate the impact of the sustainability applications on the 
users.  

Accuracy User Studies 
One area that Stephanie thinks is missing from a lot of work 
that uses machine learning is the evaluation of how 
accuracy of predictions affects the usability of those 
applications. What if your phone reminded you to turn off 
the lights when they were already off? Or if you were still 
in your office? She would like to perform a study that 
evaluated the usability of a system with varying degrees of 
accuracy.  

One could use that information to determine how accurate 
the machine learning would have to be before it could be 
deployed. In order to do this, the application would have to 



 

be deployed in a way that the accuracy would not be 
important most of the time. However, when the application 
was certain of the correct label, it could buzz or notify the 
user of the opposite label. Then we would ask participants 
about their opinion of the application as we vary the 
“accuracy” or the number of times it gives the incorrect 
label. Based on the responses, we can gauge how important 
the accuracy of the application is. We think that a system 
that reminds you incorrectly about turning off the lights 
would be very ineffective and would be quickly deleted 
from the phone. Additionally, we’d like to take into account 
how the reminder application should react or figure out that 
a user will be right back instead of leaving for the day. An 
application that reminds you of the lights when you are 
leaving for 10 minutes is also ineffective.  

Impact User Studies 
Very few Ubicomp applications have been able to promote 
long-term behavior changes.  Further, few Ubicomp field 
studies have been run for longer than 3 months. We are in a 
position to conduct longer-term field studies and study 
long-term behavior change as a result of deploying Sensor 
Andrew sensors into office environments.  One interest is in 
understanding whether or not we can promote long-term 
sustainable behavior changes. Another interest is in 
understanding whether or not behaviors learned in the 
office environment transfer to the home.  A final interest is 
to understand what other types of sustainable activities can 
be detected in the office to automatically track sustainable 
behavior change. These behaviors can be automatically 
logged to Stepgreen and users can see the impact of their 
behaviors in terms of dollars and CO2 saved. 

In order to begin evaluating the impact of the Reminder 
application (to turn off lights) we would conduct a small 
study with two groups across six different offices.  Because 
sensors have already been deployed, some of the novelty 
effects associated with deployed sensors have most likely 
been eliminated, and data has been logged for about one 
month, which gives us baseline data. In the first study, both 
groups have sensor Andrew sensors deployed in their 
offices. One group would be given the Android phones with 
the Reminder application installed.  The other group would 
not be given the Reminder application.  Activity would be 
monitored for one month. After one month, the first group 
would return their phones; however, we would continue to 
monitor activity each month after a period of four or five 
months to determine if any change exists. 

Tawanna has been recently meeting with individuals from 
the Social and Decision Sciences Department to understand 
various techniques and “nudges” to promote behavior 
change.  For example, paying individuals to stop smoking 
and the effects of priming to induce behavior change.  We 
could easily evaluate the effects of these techniques 
alongside our technology.  For example, we could offer 
rewards to three of the six groups using the least amount of 
light after one or two months.  The other three groups 

would be given our application but not offered the reward 
for comparison.  After analyzing the light usage of both 
groups for one – three months, we could compare the 
impact of both interventions.  Similar interventions that 
could be compared against our application include placing 
stickers over light switches to turn off lights as “nudges” to 
one group of offices.  While these studies evaluate long-
term behavior change, there is also an interest in whether or 
not the behaviors learned in the office environment transfer 
to other environments such as the home. Though we are not 
in a position to evaluate behavior in the home, we envision 
this work as part of each of our future research.   

FUTURE WORK  
We envision user studies to understand how sustainable 
practice reminders in the workplace influence sustainable 
behavior in other places like at home. Much of the work we 
have already done would simply need to be done in the 
home. For example, we would need to deploy sensors in the 
home (perhaps actuators so we can allow users control over 
devices), subscribe to the new sensors and calibrate them.  
We would then be able to conduct similar studies to those 
mentioned earlier. 

There is still more to be done in terms of the sensors we use 
and the analysis we can apply to the data.  For example, 
since the sensors detect more than light intensity, there are 
opportunities to detect and promote other sustainable 
behaviors as well.  

Further, we will use the implementation to work out some 
of the sensor calibration and personalization weaknesses 
found during this implementation process.  

Using more sensors 
Currently our applications only use the light sensor in 
Sensor Andrew and the GPS on the Google Android 
platform. Other applications can use temperature, audio, 
and acceleration made available through Sensor Andrew 
and all of the other mobile sensors on Android. 
Additionally, we could use these other sensors to obtain a 
better indication of when the user is in their office. For 
example, we saw how one sensor’s temperature increases 
when its behind a laptop on because the laptop fan blows 
hot air on it. We could use this fact to personalize office 
sensing. Audio may also be a good measure of presence. 

Applying more complex analysis 
Currently the light reminder determination is made with 
only two thresholds. We would like to use the data to find 
more patterns. For example, if it appears that the lights are 
on but the user is never in their office at that time, then it 
might be sunlight instead. In addition, using more complex 
analysis of all sensors to determine location might help as 
we don’t have altitude data and are not able to determine if 
the user is on a different floor but the same location.  



 

Stepgreen 
Using the additional sensors and more complex analysis, 
there are many more activities that could be detected for 
Stepgreen. For example, Table 1 shows a list of Stepgreen 
actions that can potentially be detected in the home and/or 
in the office and which sensors could be use for detection.  
If we can manage detection of these activities, we could 
eliminate some of the problems found with the Stepgreen 
website including a lack of activity and self-report. 

The activities that may be detected rely on one type of 
Sensor Andrew sensor not deployed in our project.  The 
JigaWatt device collects the same data, as the Firefly 
sensors deployed in our project; however, the JigaWatt 
sensors allow users to turn devices on or off.  As a result, 
we have the opportunity to explore the impact of bypassing 
behavior change by turning devices on and off based on 
user location, or by notifying the user that devices have 
been left on and giving the user the option to turn the device 
off in order to promote changes in bad habits.  

In addition, the Stepgreen development team is currently 
updating their API and our project will serve as one of the 
first few clients to help evaluate and test the API. 

Asking for Calibration Help 
As we’ve used the sensors over the last few months, we 
notice a non-linear correlation between the voltage drop and 
recalibration of the sensors. For example, at 3.0 volts, the 
light sensor reads 29 when the lights are off. However, at 
2.1 volts, the light sensor reads 33. It is not clear what the 
decrease is, although we can detect when recalibration is 
needed because it occurs exactly when the voltage drops. 
Instead of guessing how the calibration changes, we can 
implement question asking. When the user is in their office, 
we can ask them to demonstrate turning off and on the 
lights. We could also ask just if the lights are on or off. This 
is one simple way to use question asking using the 
interface, although there are other activity based questions 
depending on a particular application. This work also 
demonstrates the need to ask for help only when the user is 
in the office, since they have no control over the lights 
when they are away.  

Collaboration and Competition 
Currently our example applications are all about a single 
user. A set of users in an office all have phones to be able to 
contribute a green practice to a specific person (the last 
person who leaves the office is the one who remembered to 
turn off the lights. However, the office environment could 
be a good test bed for collaborative and competitive 
applications. If officemates can see how each other are 
doing they might be more willing to change their behavior 
to compete for points or other rewards. Similarly, in a 
collaborative application, the officemates may encourage 
the user to do better because it affects the team score. While 
thus far, there have been few, if any, collaborative or 
competitive green applications, we can learn and draw from 
the physical activity domain (e.g., Fish n Steps and 

Houston) because they both aim to change behavior through 
social pressure.  

User Studies 
Besides changing the applications and sensors, we can also 
study the effect of such sustainable practice reminders and 
other applications. As described in the evaluation section, 
we can study the effect of the application on the users’ lives 
and how the users’ activities change based on our reminders 
or other visualizations like Stepgreen.  

Table 1 - Potential Stepgreen Actions to Detect 

CONCLUSION 
Static and mobile sensors are both needed to detect 
activities affecting a user’s sustainable practices. We have 
implemented a database that combines a static sensor 
network using Sensor Andrew and a mobile sensor network 
using Google Android phones. We have implemented 
several PHP scripts to retrieve data from the database for 
different applications to use. Finally, we have built a 
reminder demonstration application and started 
implementing the StepGreen application.  

Actions Location Sensors 
Turn off the lights when you 
exit the house in the morning 
for the day. 

Home Location/
Light 
Sensor 

Turn off the lights if you are 
leaving a room for more than 
10 minutes. 

Home 
Office 

Location/
Light 
Sensor/Ti
mer 

Turn off the lights and take 
advantage of sunlight. 

Home 
Office 

Location/
Light/Sen
sor 

Turn off the lights when you 
exit the office in the evening for 
the night. 

Office Location/
Light 
Sensor/Ti
me 

Turn off the lights when you go 
to lunch. 

Office Location/
Light 
Sensor/Ti
me 

Use task lighting instead of 
overhead lighting. 

Home 
Office 

Location/
Light 
Sensor 

Turn off window unit air 
conditioners when not in room 

Home Location/
Audio 
Sensor/Te
mperature 

Turn off the TV for an hour and 
do something unplugged 

Home Location/
Actuator 

Avoid using the oven during 
hot summer afternoons 

Home Location/
Temperat
ure/Actuat
or 

Turn off the music when you 
leave the room 

Home 
Office 

Location/
Audio/Act
uator 



 

This infrastructure will be integral in our research in the 
future. We have outlined both immediate evaluation of the 
robustness of the server as well as further evaluation of 
applications we build. We can use the interfaces to build 
extensions to StepGreen, to ask questions for calibration 
and learning and for increasing sustainable behavior 
through visualizations, competition, and collaboration.   
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