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Buildings
(40%)

Industry
(32%)

Transportation 
(28%)

What does energy use look like in the United States?

Most (95%) of building in the United States are residential and 
approximately a quarter (25%) of their energy consumption goes 
toward heating or cooling. 
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Common reasons for building inefficiencies include their design, 
materials, and age.

To address these issues, renovations and retrofits of existing 
building stock has become a pressing need.

The US Department of Energy (DOE), for example, has set a goal 
of reducing housing energy use by up to 70%.

Norberg-Bohm, V. and White, C. Building America Program Evaluation. 2004
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Thermal Cameras
• Thermal cameras (or infrared cameras)

detect electromagnetic radiation with
lower frequencies than visible light (i.e.,
infrared frequencies)

• All objects above absolute zero emit
infrared radiation, so thermal cameras
can ‘see’ in the dark without external
illumination.

• The amount of radiation emitted by an
object increases with temperature, so
thermal cameras can also measure heat.
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Common Thermographic Issues
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COST OF INFRARED SENSING TECHNOLOGY

Source: Larson et al., CHI2011, http://www.slideshare.net/ericcooperlarson/heatwave-chi2011 
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COST OF INFRARED SENSING TECHNOLOGY

Source: Larson et al., CHI2011, http://www.slideshare.net/ericcooperlarson/heatwave-chi2011 

Recent improvements in handheld sensor 
technology and falling costs, means auditors are 
increasingly using thermographic inspections 
and thermal cameras to detect thermal 
defects and air leakage.
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$249.99
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1 - 3% of residential buildings are audited each year.

Common recommendations include:
• Sealing air leaks
• Adding insulation
• Improving lighting
• Increasing efficiency of appliances

Including thermal imagery in reports increases the 
likelihood of implementing recommendations.

The Energy Efficiency 
Information Gap
Palmer et al. 2013
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Energy audits and 
thermographic surveying 

are time and labor intensive
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DISSERTATION OVERVIEW
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Formative studies to understand and characterize current thermography 
practices, benefits, and challenges among novice users.

DISSERTATION OVERVIEW
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DISSERTATION OVERVIEW
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Explorations into the role of thermography in professional energy auditing, 
the potential for automation, and pervasive thermographic scanning in the 
built environment



DISSERTATION OVERVIEW
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Advancing the state-of-the-art through the development of novel, 
interactive building thermography systems and deployment testing with 
both novice and professional energy auditors. 
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What activities do non-professional users of mobile and 
handheld thermal cameras engage in and why?

What level of understanding about the technology is 
demonstrated?

How might these observations inform the design of future 
thermographic technologies?3

1

2

YOUTUBE STUDY: RESEARCH QUESTIONS
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RELATED WORK: DIGITAL ETHNOGRAPHY VIA YOUTUBE

Specific Technology
Blythe & Cairns 2009

Specific Activities
Paay et al. 2012

Specific Populations
Anthony et al. 2013
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STUDY METHOD: TWO-PART STUDY

Part One:
Dataset Generation & 

Qualitative Coding

Part Two:
Online Survey of 
Content Creators
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Part One:
Dataset Generation & 

Qualitative Coding

Part Two:
Online Survey of 
Content Creators

STUDY METHOD: TWO-PART STUDY

25



STUDY METHOD: DATASET GENERATION
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Problem: 
A search for “Thermal Camera” in July of 2017 resulted in over 1 million videos 
since 2005 compared to the 169 videos that resulted from “Cooking Together” in 
November of 2010.  

STUDY METHOD: DATASET GENERATION
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Phase 1: Explore videos on YouTube and generate initial keyword list.

STUDY METHOD: DATASET GENERATION
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Phase 2: Perform searches. Then, apply Kullback-Leibler Divergence (KLD) and 
Word Co-Occurrence query expansion methods to generate new terms.

STUDY METHOD: DATASET GENERATION

29



Phase 3: Label a subset of data to train machine learning classifiers for filtering, 
then infer document labels on unseen videos.

STUDY METHOD: DATASET GENERATION
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Step Terms

Step 1: 
Initial Keywords

infrared, lepton, thermal, thermal camera, thermal image, thermal 
imaging, thermography

Step 2: 
Expanded Keywords

breast thermography, flir lepton, flir one, flir thermal, imaging 
camera, infrared camera, infrared thermography, night vision, seek 
thermal, thermal imager

Step 3: 
Iterated Codebook

everyday use, product review, news coverage, unboxing, professional 
demo, advertisement, off topic

Average IRR across codes in Step 3 was 0.69 (SD=0.09)

STUDY METHOD: DATASET GENERATION
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Topical Classifier: 
Everyday Use

STUDY METHOD: DATASET GENERATION
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Relevance Classifier: 
Thermography



Phase 4: Randomly sample from resulting dataset.

STUDY METHOD: DATASET GENERATION
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Topic Codes Sub-Topic Codes
Content Areas
(N=10)

Building and Urban Environments, Health and Wellness, 
Paranormal Investigations, Electronics and Software 
Projects, Recreational Outdoor Activities and Agriculture, 
Informal Exploration, Pollution Activism, Vehicles, 
Research, Security and Emergency Services

Misconceptions
(N=6)

See Through Objects, Measure Air Temperature, Measure 
Gases, Faux Filters, Faux Thermal Imagers, Camera Operation 
Issues

Comments Containing Q/A
(N=4)

Content Questions, Technical Specifications, Follow-up 
Request, Other

Average IRR of 0.75 (SD=0.27)

STUDY METHOD: DATASET GENERATION
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Categories
Dataset 
(N=675)

Average Duration 
(SD)

Median 
Views

Contains 
Misconceptions

Q&A in 
Comment

Informal Exploration 46.5%
(314)

2.28
(5.11) 507 9.8%

(31/314)
27.7%

(87/314)
Outdoor Recreation & 
Agriculture

16.1%
(109)

3.24
(7.50) 807 0.9%

(38/109)
34.8%

(38/109)

Electronic or Software Project 11.9% 
(80)

3.03
(4.70) 368 1.2%

(1/80)
28.7%
(23/80)

Buildings and Urban 
Observations

11.1% 
(75)

3.06
(4.11) 351 4.0%

(3/75)
24.0%
(18/75)

Vehicles 6.5% 
(44)

1.90
(2.48) 822 0.0%

(0/44)
27.2%
(12/44)

Paranormal Investigations 2.8% 
(19)

4.30
(4.25) 2327 10.5%

(2/19)
63.1%
(12/19)

Emergency Applications 2.1% 
(14)

1.09
(1.05) 637 7.14%

(1/14)
28.5%
(4/14)

Health and Wellness 1.8% 
(12)

5.19
(7.49) 2116 0.0%

(0/12)
0.3%
(4/12)

Research 0.9% 
(6)

1.02
(0.80) 385 0.0%

(0/6)
16.6
(1/6)

Pollution Activism 0.3% 
(2)

0.34
(0.03) 103 0.0%

(0/2)
0.0%
(0/2)

STUDY FINDINGS: QUALITATIVE CODING
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STUDY FINDINGS: QUALITATIVE CODING

38



STUDY FINDINGS: QUALITATIVE CODING
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“Can a Thermal Camera See Through water?”

“I’m going to dip my hand down into the
aquarium, right into the water, and let’s see
what happens. I’m going to calibrate the
camera first.

(Dips hand in aquarium.)

Yeah the surface of the water really reflects 
the heat away. But we can actually see my 
hand is heating the very surface of the water. 
[…] So yeah, the thermal camera doesn’t see 
through water very well, but it is sensitive 
enough that you can actually see my hand 
warming up the water. Pretty cool.”
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STUDY FINDINGS: QUALITATIVE CODING
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“DIY Home Energy Audit with an IR Camera”

“Now, something of great interest…and these are
the types of things that are really cool to discover
when you’re doing these types of audits.

Here in the ceiling, we can see areas that are
significantly warmer than the areas around them.
Sometimes this is bleed-through from the heat
coming from the windows.

(left corner)

This, however, indicates that the insulation
does not cover all the way to the corner of the
house. So, we’re missing some insulation here.”






Part One:
Dataset Generation & 

Qualitative Coding

Part Two:
Online Survey of 
Content Creators

STUDY METHOD: TWO-PART STUDY
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Part One:
Dataset Generation & 

Qualitative Coding

Part Two:
Online Survey of 
Content Creators

STUDY METHOD: TWO-PART STUDY

44



• Content creators with videos in 
our n=1000 random sample 
were sent requests to 
participate

• 79 content creators responded 
(7.7% response rate)

• 48 respondents identified as 
non-professionals (61%)

STUDY METHOD: ONLINE SURVEY
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72% 
(N=35) use thermal 
cameras to perform DIY 
Energy Audits

They report performing 
inspections of:
• Insulation
• Air Leakage
• Electrical
• Moisture
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86% 
Audit single-family 
residential homes

But, also report auditing 
other types:
• Multi-family
• Commercial
• School & Universities
• Government Offices
• Community Buildings
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86% 
Reported wanting to save 
on utility bills

17% 
(and/or) just being curious 
about the technology

6% 
(and/or) claims against 
landlords or contractors
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60% 
Reported investing in 
renovations or retrofits

Fewer (30%) engaged in 
new conservation behaviors.
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YOUTUBE STUDY: RESEARCH OUTCOMES

• Characterizations of common thermal camera use and adoption by novices 
users including building thermography

• Provides supporting evidence that suggests DIY, thermographic energy 
audits positively impact residential energy efficiency

• Provides 4 design recommendations including the importance of providing 
contextual relevant information and leveraging social supports to promote 
technical understanding and proper use.
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How might novice users of commercial thermal cameras assess 
the built environment?

What attributes of the built environment do they focus on, learn 
about, and what do they discover?

What challenges do they encounter and what benefits do they 
perceive?3

1

2

NOVICE SMARTPHONE FIELD STUDY: RESEARCH QUESTIONS
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STUDY DESIGN: RECRUITMENT

We recruited local participants using
listserv, community message boards,
and word-of-mouth.
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STUDY METHOD: PARTICIPANTS

10 Participants (5 Female)
Avg. Age: 37.7 Years
Avg. Green: 6.7 (7pt Likert)
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STUDY METHOD: FIELD STUDY PROCEDURE
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Pre-Study
Questionnaire

STUDY METHOD: FIELD STUDY PROCEDURE
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Pre-Study
Questionnaire

Introduction
Meeting

STUDY METHOD: FIELD STUDY PROCEDURE
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STUDY METHOD: TRAINING

Hardware/Software 
Overview

4-Page Thermographic 
Inspection Guide
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Pre-Study
Questionnaire

Introduction
Meeting

STUDY METHOD: FIELD STUDY PROCEDURE
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Pre-Study
Questionnaire

Thermography
“Mission”

Introduction
Meeting

STUDY METHOD: FIELD STUDY PROCEDURE
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STUDY DESIGN: MISSIONS

“Investigate your home with your thermal
camera for signs of energy inefficiencies;
collect at least 25 photos that highlight
aspects of your investigation.”
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STUDY METHOD: FIELD STUDY PROCEDURE
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STUDY METHOD: SURVEY
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STUDY METHOD: FIELD STUDY PROCEDURE

Thermography
“Mission”

Survey
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Pre-Study
Questionnaire

Thermography
“Mission”

Introduction
Meeting

Survey Semi-Structured
Interview

STUDY METHOD: FIELD STUDY PROCEDURE

69



STUDY METHOD: SEMI-STRUCTURED INTERVIEW

“It was pretty clear to me that the air
seals around this door were not doing
a very good job of preventing cold air
from leaking into this room.” -P3
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Pre-Study
Questionnaire

Thermography
“Mission”

Semi-Structured
Interview

Post-Study
Questionnaire

SurveyIntroduction
Meeting

STUDY METHOD: FIELD STUDY PROCEDURE

71



We qualitatively coded the survey, interview, and image data to 
uncover themes.

STUDY METHOD: DATA ANALYSIS
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STUDY FINDINGS

Semi-Structured
Interviews

Field
Activities
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STUDY FINDINGS
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STUDY FINDINGS: FIELD ACTIVITIES

Week

Home
Workplace
Commercial
Community
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STUDY FINDINGS: FIELD ACTIVITIES

Week Images

Home 572 (Avg=52)
Workplace 405 (Avg=14)
Commercial 415 (Avg =16)
Community 516 (Avg =13)

Total 1,991 (Avg=46)
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STUDY FINDINGS: FIELD ACTIVITIES

Week Images Time (mins)

Home 572 (Avg=52) 34 (SD=15)
Workplace 405 (Avg=14) 32 (SD=14)
Commercial 415 (Avg =16) 28 (SD=16)
Community 516 (Avg =13) 27 (SD=16)

Total 1,991 (Avg=46) 30
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STUDY FINDINGS: FIELD ACTIVITIES
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STUDY FINDINGS: FIELD ACTIVITIES
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STUDY FINDINGS: FIELD ACTIVITIES
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STUDY FINDINGS: FIELD ACTIVITIES
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STUDY FINDINGS: FIELD ACTIVITIES

Week Images Time (mins)

Home 572 (Avg=52) 34 (SD=15)
Workplace 405 (Avg=14) 32 (SD=14)
Commercial 415 (Avg =16) 28 (SD=16)
Community 516 (Avg =13) 27 (SD=16)

Total 1,991 (Avg=46) 30

83



STUDY FINDINGS: FIELD ACTIVITIES

Home Mission
During the home mission, participants:

• Collected 572 photos (AVG=57.2, SD=52.27).
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STUDY FINDINGS: FIELD ACTIVITIES

Home Mission
During the home mission, participants:

• Collected 572 photos (AVG=57.2, SD=52.27).

• Most (8) reported investigating pre-existing comfort issues.
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STUDY FINDINGS: FIELD ACTIVITIES

Home Mission
During the home mission, participants:

• Collected 572 photos (AVG=57.2, SD=52.27).

• Most (8) reported investigating pre-existing comfort issues.

• A few (3) reported investigating electrical issues due to safety concerns (e.g., fire).
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STUDY FINDINGS: FIELD ACTIVITIES

Week Images Time (mins)

Home 572 (Avg=52) 34 (SD=15)
Workplace 405 (Avg=14) 32 (SD=14)
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Community 516 (Avg =13) 27 (SD=16)

Total 1,991 (Avg=46) 30

89



STUDY FINDINGS: FIELD ACTIVITIES

Workplace Mission
During the workplace missions, participants:

• Collected 405 photos (AVG=40.5, SD=18.02).
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STUDY FINDINGS: FIELD ACTIVITIES

Workplace Mission
During the workplace missions, participants:

• Collected 405 photos (AVG=40.5, SD=18.02).

• All participants (10) reported looking for leaky windows, doors, and noted interesting heat 
signatures produced by electronic devices. Half (5) reported finding concerning issues.
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“I was stunned to realize that my monitor doesn't 
completely turn off when it goes to sleep. It was 
unused for the weekend but still appeared hot. So I 
turned it off when I went to lunch and when I came 
back it was indeed cooler.” –P4
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STUDY FINDINGS: FIELD ACTIVITIES

Workplace Mission
During the workplace missions, participants:

• Collected 405 photos (AVG=40.5, SD=18.02).

• All participants (10) reported looking for leaky windows, doors, and noted interesting heat 
signatures produced by electronic devices. Half (5) reported finding concerning issues.

• A few (2) explored comfort issues in shared office spaces.
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“Honestly, they should be removed in the 
fall and reinstalled in the spring since it 
is so hard to insulate them and they are 
only needed during the summer.” –P10



STUDY FINDINGS

Semi-Structured
Interviews

Field
Activities
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STUDY FINDINGS
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Field
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Knowledge Discovery

Current Practices

Potential Benefits

Locus of Control

STUDY FINDINGS: SEMI-STRUCTURE INTERVIEWS

Hardware Issues

Software Issues

Interpretative Issues

Design Ideas

99



Knowledge Discovery

Current Practices

Potential Benefits

Locus of Control

STUDY FINDINGS: SEMI-STRUCTURE INTERVIEWS

Hardware Issues

Software Issues

Interpretative Issues

Design Ideas

100



Knowledge Discovery
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STUDY FINDINGS: SEMI-STRUCTURED INTERVIEWS

Participants thought that the benefits of their application of thermography included:

• All participants (10) considered the thermal camera a valuable investigative tool.

Potential Benefits
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STUDY FINDINGS: SEMI-STRUCTURED INTERVIEWS

Participants thought that the benefits of their application of thermography included:

• All participants (10) considered the thermal camera a valuable investigative tool.

• Most (8) suggested that thermal imagery could provide supporting evidence for decisions 
makers with respect to making retrofit decisions.

Potential Benefits
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“I’ve been meaning to contact my landlord 
with these images and say, look, there 
seems to be a clear issue here that I think 
you should address.” -P7
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Hardware Issues

Software Issues

Interpretative Issues

Design Ideas

Knowledge Discovery

Current Practices

Potential Benefits

Locus of Control

STUDY FINDINGS: SEMI-STRUCTURED INTERVIEWS
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Participants frequently discussed challenges associated with their ability to interpret issues they 
discovered:

• All participants (10) described capturing imagery that they could comfortably interpret and 
imagery that they did not understand.

STUDY FINDINGS: SEMI-STRUCTURED INTERVIEWS

Interpretative Issues
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Participants frequently discussed challenges associated with their ability to interpret issues they 
discovered:

• All participants (10) described capturing imagery that they could comfortably interpret and 
imagery that they did not understand.

• Most (8) believed that their ability to interpret thermographic images was limited by 
confounding variables (e.g., heating elements, lack of materials knowledge).

STUDY FINDINGS: SEMI-STRUCTURED INTERVIEWS

Interpretative Issues
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Participants frequently discussed challenges associated with their ability to interpret issues they 
discovered:

• All participants (10) described capturing imagery that they could comfortably interpret and 
imagery that they did not understand.

• Most (8) believed that their ability to interpret thermographic images was limited by 
confounding variables (e.g., heating elements, lack of materials knowledge).

• More than half (6) found it difficult to determine the significance of an issue they discovered.

STUDY FINDINGS: SEMI-STRUCTURED INTERVIEWS

Interpretative Issues
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“I don't know how much this really affects the energy 
use of my apartment.” -P2



Knowledge Discovery

Current Practices

Potential Benefits

Locus of Control

STUDY FINDINGS: SEMI-STRUCTURED INTERVIEWS

Hardware Issues

Software Issues

Interpretative Issues

Design Ideas
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Participants frequently discussed challenges associated with their ability to effect change:

• 4 participants (who rented or lived in a housing cooperative) were concerned that if they 
found evidence of a problem they would not be in a position to make retrofit decisions.

STUDY FINDINGS: SEMI-STRUCTURED INTERVIEWS

Locus of Control

113





“If I took a picture that showed an 
issue, I don’t necessarily think the 
owner would get on top of fixing 
it.” -P5



NOVICE SMARTPHONE FIELD STUDY: RESEARCH OUTCOMES

• Further characterize novice use of thermal cameras for building 
energy auditing activities

• Highlights perceived benefits—such as having being able to 
investigate and collect supporting evidence about efficiency issues

• Outlines 4 primary barriers to novice building thermography 
including lack of knowledge of building practices and material 
properties.
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Novice thermography influences renovation and retrofits decisions 
leading to (self-described) impact on residential energy savings.

However, novice users may have difficulty determining:
• Whether or not problems exist
• Severity of problems found
• What actions to take

THREAD 1 TAKEAWAYS: NOVICE STUDIES
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How can we scale thermographic assessments?
Data Collection from Unmanned Aerial Vehicles (Laguela et. al, 2009)
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How can we scale thermographic assessments?
Energy Auditing Backpack (Oreifej et al. 2014)
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How can we scale thermographic assessments?
Car Mounted Thermographic Cameras (Essess Inc., 2013)
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How can we scale thermographic assessments?
High Fidelity Model Generation
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Previtali et al.,Applied Geomatics’14 Bormann et al., Adv. Eng. Informatics’14 Laguela et al., Q. Infrared Thermography’14 Laguela et al., Energy and Buidlings’14 Previtali et al., J. Mobile Multimedia’14

Hamet al., Adv. Eng. Informatics’13 Vidas et al., IEEE Sensors’14 Wang et al., J. Comp. Civil Engineering’13 Ham et al., J. Comp. Civil Engineering’14 Demisse et al., Intl. Conf. Adv. Robotics’13

NO HUMAN PERSPECTIVE IN AUTOMATED THERMOGRAPHY LITERATURE
Reviewed over 30 papers in ‘automated thermography.’ No user studies, no investigations of how human auditors 
may use or perceive emerging systems, no discussions of human-centered design, etc.
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How is thermography currently being used by professional 
energy auditors? 

What benefits and drawback do these auditors identify when 
envisioning the use of robotics for thermographic data 
collection? 

What are the implications for the design of these automated 
thermography tools? 

PROFESSIONAL THERMOGRAPHY STUDY: RESEARCH QUESTIONS

3

1

2
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STUDY DESIGN: RECRUITMENT

We recruited participants using listserv
and community message boards.
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10 Participants (1 Female)
Average Age: 44.8 Years
Average Exp.: 6.7 Years

STUDY METHOD: PARTICIPANTS
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Part 1: 
Semi-Structured Interviews

~50 Minutes

Part 2: 
Presentation of Design Probes

~40 Minutes

Study 1

Study 2

Observational Case Study:
Residential Energy Audit

~120 Minutes

STUDY METHOD: THREE-PARTS
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• Background 

• Practices and Procedures

• Challenges

• Thermography Data

• Strengths and Weakness

• Sustainability and Energy Efficiency

• The Future of Thermography

STUDY METHOD: SEMI-STRUCTURED INTERVIEWS
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Scenario 1
(Text)

Scenario 2
(Text)

Scenario 3
(Text)

STUDY METHOD: PRESENTATION OF DESIGN PROBES
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Scenario 1
(Text)

Scenario 2
(Text)

Scenario 3
(Text)

STUDY METHOD: PRESENTATION OF DESIGN PROBES

Scenario 4
(Video)
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Scenario 1
(Text)

Scenario 2
(Text)

Scenario 3
(Text)

STUDY METHOD: PRESENTATION OF DESIGN PROBES

Scenario 4
(Video)

Scenario 5
(Mid-Fi Prototype)
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Scenario 1
(Text)

Scenario 2
(Text)

Scenario 3
(Text)

STUDY METHOD: PRESENTATION OF DESIGN PROBES

Scenario 4
(Video)

Scenario 5
(Mid-Fi Prototype)

“You are responsible for a small fleet of thermography UAVs. The UAVs fly around semi-autonomously collecting

thermal data about each building on your campus. When abnormalities are detected, the UAVs are programmed to

more closely examine these areas and provide high resolution reports of potential problems. The UAVs reduce labor

costs compared with manual assessments, can investigate otherwise inaccessible areas of buildings (e.g., high

exterior floors), and enable historical reports showing thermal performance over time.”
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Scenario 1
(Text)

Scenario 2
(Text)

Scenario 3
(Text)

STUDY METHOD: PRESENTATION OF DESIGN PROBES

Scenario 4
(Video)

Scenario 5
(Mid-Fi Prototype)
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Scenario 5 (Mid-Fi Prototype)
3D Reconstruction, Anomaly Detection, Temporal Analysis
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STUDY METHOD: DATA ANALYSIS

We qualitatively coded the interview and design probe data to 
uncover themes.



Required Knowledge

Client Interactions

Challenges

STUDY FINDINGS: SEMI-STRUCTURED INTERVIEWS
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STUDY FINDINGS: SEMI-STRUCTURED INTERVIEWS

Required Knowledge

Client Interactions

Challenges
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REQUIRED KNOWLEDGE

STUDY FINDINGS: SEMI-STRUCTURED INTERVIEWS

Participants frequently discussed knowledge required to perform thermographic audits:

• 6 of 10 auditors felt that an understanding of building materials and construction were 
necessary for proper thermographic inspections.
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REQUIRED KNOWLEDGE

STUDY FINDINGS: SEMI-STRUCTURED INTERVIEWS

Participants frequently discussed knowledge required to perform thermographic audits:

• 6 of 10 auditors felt that an understanding of building materials and construction were 
necessary for proper thermographic inspections.

• 5 of 10 auditors expressed that a understanding of the physics behind heat transfer and 
airflow were crucial to interpreting results.
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“The thing that is most critical 
to understand is how heat 
behaves and interacts with 
different materials.” –P1
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Required Knowledge

Client Interactions

Challenges

STUDY FINDINGS: SEMI-STRUCTURED INTERVIEWS
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Required Knowledge

Client Interactions

Challenges

STUDY FINDINGS: SEMI-STRUCTURED INTERVIEWS
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CHALLENGES

STUDY FINDINGS: SEMI-STRUCTURED INTERVIEWS

All of our energy auditors brought up challenges related to the practice of thermography, 
especially related to:

• Weather
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CHALLENGES

STUDY FINDINGS: SEMI-STRUCTURED INTERVIEWS

All of our energy auditors brought up challenges related to the practice of thermography, 
especially related to:

• Weather

• Untrained or undereducated practitioners
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CHALLENGES

STUDY FINDINGS: SEMI-STRUCTURED INTERVIEWS

All of our energy auditors brought up challenges related to the practice of thermography, 
especially related to:

• Weather

• Untrained or undereducated practitioners

• Difficulty of interpreting results
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“The reality is that you can have three 
guys with the same camera, looking 
at the same thing, and have three 
totally different reports.” -P2
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Automation Benefits

Concerns

STUDY FINDINGS: DESIGN PROBES
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Automation Benefits

Concerns

STUDY FINDINGS: DESIGN PROBES
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150

STUDY FINDINGS: DESIGN PROBES, AUTOMATION BENEFITS

Saving time and money
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Saving time and money Assessing inaccessible areas

STUDY FINDINGS: DESIGN PROBES, AUTOMATION BENEFITS
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Saving time and money Assessing inaccessible areas Scaling up data collection

STUDY FINDINGS: DESIGN PROBES, AUTOMATION BENEFITS
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Saving time and money Assessing inaccessible areas Scaling up data collection

STUDY FINDINGS: DESIGN PROBES, AUTOMATION BENEFITS
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Saving time and money Assessing inaccessible areas Scaling up data collection

New types of analyses

STUDY FINDINGS: DESIGN PROBES, AUTOMATION BENEFITS



“If you could say, ‘Hey, for four 
months, we've had this [problem]. 
Let's look and see how it could be 
fixed.’ I like that idea.” -P7
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Saving time and money Assessing inaccessible areas Scaling up data collection

New types of analyses

STUDY FINDINGS: DESIGN PROBES, AUTOMATION BENEFITS
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Saving time and money Assessing inaccessible areas Scaling up data collection

Automatic anomaly detectionNew types of analyses

STUDY FINDINGS: DESIGN PROBES, AUTOMATION BENEFITS
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Saving time and money Assessing inaccessible areas Scaling up data collection

Automatic anomaly detection Model generationNew types of analyses

STUDY FINDINGS: DESIGN PROBES, AUTOMATION BENEFITS



Automation Benefits

Concerns

STUDY FINDINGS: DESIGN PROBES
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data quality: 
automated approaches lack 
control of environment 

161



data overload: 
how to manage orders of 
magnitude more data? 
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social process:
energy auditing is a 
socio-technical process
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Part 1: 
Semi-Structured Interviews

~50 Minutes

Part 2: 
Presentation of Design Probes

~40 Minutes

Study 1

Study 2

Observational Case Study:
Residential Energy Audit

~120 Minutes

STUDY METHOD: THREE-PARTS
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PROFESSIONAL THERMOGRAPY STUDY: RESEARCH OUTCOMES

• An assessment of professional energy auditing and 
thermography’s role therein.

• A critical examination of emerging automated thermographic 
solutions to data collection and analysis.

• A set of design recommendations for future energy auditing and 
thermographic tools intended for professional use.
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Thermography in energy auditing is serves as a subjective diagnostic 
and communication tool:

• Limited time for analysis

Potential benefits of automation include:
• Reducing laboriousness of data collection
• Integration of quantitative and temporal analysis

Major concerns about automation include:
• Data overload

THREAD 2 TAKEAWAYS: PROFESSIONAL THERMOGRAPHY STUDIES
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DISSERTATION OVERVIEW

YouTube 
Thermography

Study

Novice
Smartphone
Field Study

Professional
Thermography

Study

Temporal
Thermography

Study I

Temporal
Thermography

Study II

Conclusion &
Future Work
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DISSERTATION OVERVIEW

YouTube 
Thermography

Study

Novice
Smartphone
Field Study

Professional
Thermography

Study

Temporal
Thermography

Study I

Temporal
Thermography

Study II

Conclusion &
Future Work
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Fox et al., Energy and Buildings ‘14

RELATED WORK: TEMPORAL VISUALIZATIONS
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RELATED WORK: QUANTITATIVE MEASUREMENT

170

Direct Contact Methods:
Heat Flux Sensors and Thermocouples
(~72 Hour Measurement Time) Current Standard



RELATED WORK: QUANTITATIVE THERMOGRAPHY

Madding 2008



RELATED WORK: QUANTITATIVE TEMPORAL THERMOGRAPHY

Nardi et al., 2016Fokaides & Kalogirou, 2011 Dall’O et al., 2013 Albatici et al., 2015
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RELATED WORK: QUANTITATIVE TEMPORAL THERMOGRAPHY

Nardi et al., 2016Fokaides & Kalogirou, 2011 Dall’O et al., 2013 Albatici et al., 2015



RELATED WORK: TEMPORAL DATA COLLECTION
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PHYSIKIT
HOUBEN ET AL., 2016
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BuildAX Environmental Sensor Toolkit
Finnigan et al. 2017

PHYSIKIT
HOUBEN ET AL., 2016

178



BuildAX Environmental Sensor Toolkit
Finnigan et al. 2017

PHYSIKIT
HOUBEN ET AL., 2016

1

2

TEMPORAL THERMOGRAPHY STUDY I: RESEARCH QUESTIONS

What value and insights, if any, does temporal thermography 
provide energy auditors? 

How might temporal thermography be incorporated into 
residential building energy audits? 
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Thermal 
Camera

Motion 
Sensor

Pan
Unit

Humidity/Temperature 
Sensor

Raspberry 
Pi

Interchangeable 
Mounting Plate

GPS Unit & High 
Capacity Battery

EASY-TO-DEPLOY THERMOGRAPHIC
SENSOR SYSTEM
(V3.0)
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STUDY DESIGN: USABILITY STUDY METHODS

• An auditor working with the University’s Department 
of Facilities Management deployed our system to 
support an energy audit in Hornbake Library.

• Data collection sessions: winter and spring.

• The energy auditor used the system and provided 
feedback.

• Additionally, 4 graduate students provided feedback 
on the visualization tool using our collected datasets.
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“The data supports the conclusions I made 
based on my models and makes me more 
confident in the recommendations that I’ll 
make going forward.” -A1 
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“Using the tool is easy if I know 
what I want to look at.” –N2 
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TEMPORAL STUDY I: RESEARCH OUTCOMES

Temporal data may make identifying transient environmental 
conditions (e.g., solar loading) easier to identify—a potential 
confounding variable when analyzing thermal imagery.

Without first-hand knowledge of the data collection site or a model 
to compare against, it may be difficult to extract additional insights 
from temporal datasets.
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DISSERTATION OVERVIEW

YouTube 
Thermography
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FLIR One

Air Quality

Motion

Temp/Humidity
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DEVELOPMENT: EASY-TO-DEPLOY THERMOGRAPHIC SENSOR KIT (V4.0)



DEVELOPMENT: SYSTEM OVERVIEW
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DEVELOPMENT: SYSTEM OVERVIEW

Sensing

Processing / 
Visualization
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DEVELOPMENT: SYSTEM OVERVIEW

Sensing

Processing / 
Visualization
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192

DEVELOPMENT: REVISED VISUALIZATION
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DEVELOPMENT: VALIDATION EXPERIMENTS



Data Segment Notional THM (deviation) IRT (deviation) Average Temp. Delta

Overnight 1 R-6.50 R-7.54 (16.00%) R-7.67 (18.00%) 27.47°C

Overnight 2 R-6.50 R-6.67 (2.61%) R-6.29 (3.23%) 20.96°C

Full Campaign R-6.50 R-6.30 (3.07%) R-6.39 (1.69%) 22.85°C
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DEVELOPMENT: VALIDATION RESULTS
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STUDY METHOD: NOVICE AND PROFESSIONAL STUDIES

Part 1: 
Semi-Structured Interviews

Part 2: 
Presentation of Design Probes

Novice
Study

Professional 
Study

Semi-Structured InterviewsField Activities
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STUDY METHOD: NOVICE AND PROFESSIONAL STUDIES

Part 1: 
Semi-Structured Interviews

Part 2: 
Presentation of Design Probes

Novice
Study

Professional 
Study

Semi-Structured InterviewsField Activities



NOVICE STUDY METHOD: PARTICIPANTS

5 Participants (1 Female)
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Pre-Study
Questionnaire

Thermography
“Mission”

Semi-Structured
Interview

Post-Study
Questionnaire

SurveyIntroduction
Meeting

NOVICE STUDY METHOD: PREVIOUS FIELD STUDY PROCEDURE
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Pre-Study
Questionnaire

Thermal
Camera

“Mission”

Semi-Structured
Interview

Post-Study
Questionnaire

SurveyIntroduction
Meeting

NOVICE STUDY METHOD: UPDATED FIELD STUDY PROCEDURE

Survey

Sensor
System

“Mission”
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Pre-Study
Questionnaire

Thermal
Camera

“Mission”

Semi-Structured
Interview

Post-Study
Follow-up

(~45 days)

SurveyIntroduction
Meeting

NOVICE STUDY METHOD: UPDATED FIELD STUDY PROCEDURE

Sensor
System

“Mission”
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NOVICE STUDY FINDINGS: ACTIVITY 1, THERMAL CAMERA FINDINGS
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NOVICE STUDY FINDINGS: FIELD STUDY FINDINGS

“There are some very cold spots in the office, but it’s 
hard to tell if they are just because it's unheated or 
that there's some big gaps in the insulation.” –NS2 
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NOVICE STUDY FINDINGS: SENSOR SYSTEM FINDINGS

Participant ID Sensor Kit Aimed at Suspected Issue Issue was Found 
P1 No No
P2 Yes Yes

Less severe than anticipated
P3 Yes Yes
P4 No Yes
P5 Yes 

Based on intuition, not thermal camera mission
No
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NOVICE STUDY FINDINGS: SENSOR SYSTEM FINDINGS

Participant ID Sensor Kit Aimed at Suspected Issue Issue was Found 
P1 No No
P2 Yes Yes
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P3 Yes Yes
P4 No Yes
P5 Yes 

Based on intuition, not thermal camera mission
No
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NOVICE STUDY FINDINGS: SENSOR SYSTEM FINDINGS

Participant ID Sensor Kit Aimed at Suspected Issue Issue was Found 
P1 No No
P2 Yes Yes

Less severe than anticipated
P3 Yes Yes
P4 No Yes
P5 Yes 

Based on intuition, not thermal camera mission
No

“It kind of gave me a why. 
It's real cold here and it 
is below code. Here's 
some further information 
you can look at. That was 
super helpful, I can decide 
if I agree that this is a 
problem, and it’s telling 
me something I can do.” 
–NI2
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NOVICE STUDY FINDINGS: SENSOR SYSTEM FINDINGS

Participant ID Sensor Kit Aimed at Suspected Issue Issue was Found 
P1 No No
P2 Yes Yes

Less severe than anticipated
P3 Yes Yes
P4 No Yes
P5 Yes 

Based on intuition, not thermal camera mission
No
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NOVICE STUDY FINDINGS: FIELD STUDY FINDINGS

Participant ID Sensor Kit Aimed at Suspected Issue Issue was Found 
P1 No No
P2 Yes Yes

Less severe than anticipated
P3 Yes Yes
P4 No Yes
P5 Yes 

Based on intuition, not thermal camera mission
No
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NOVICE STUDY FINDINGS: SENSOR SYSTEM FINDINGS

Participant ID Sensor Kit Aimed at Suspected Issue Issue was Found 
P1 No No
P2 Yes Yes

Less severe than anticipated
P3 Yes Yes
P4 No Yes
P5 Yes 

Based on intuition, not thermal camera mission
No

“The R-value is lower than I would've thought, 
especially in the living room which was upgraded 
approximately 10 years ago.” –NI4 
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NOVICE STUDY FINDINGS: SENSOR SYSTEM FINDINGS

Participant ID Sensor Kit Aimed at Suspected Issue Issue was Found 
P1 No No
P2 Yes Yes

Less severe than anticipated
P3 Yes Yes
P4 No Yes
P5 Yes 

Based on intuition, not thermal camera mission
No

209



NOVICE STUDY FINDINGS: SENSOR SYSTEM FINDINGS

Participant ID Sensor Kit Aimed at Suspected Issue Issue was Found 
P1 No No
P2 Yes Yes

Less severe than anticipated
P3 Yes Yes
P4 No Yes
P5 Yes 

Based on intuition, not thermal camera mission
No
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NOVICE STUDY FINDINGS: SENSOR SYSTEM FINDINGS

Participant ID Sensor Kit Aimed at Suspected Issue Issue was Found 
P1 No No
P2 Yes Yes

Less severe than anticipated
P3 Yes Yes
P4 No Yes
P5 Yes 

Based on intuition, not thermal camera mission
No

“My reports were negative, I am not sure what else 
to glean from them.” –NS5 
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NOVICE STUDY FINDINGS: SEMI-STRUCTURED INTERVIEW FINDINGS

Interactive Reporting

Data Privacy

Personal Confidence

Post-Mission Attitudes
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Interactive Reporting

Data Privacy

Personal Confidence

Post-Mission Attitudes
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Interactive Reporting

NOVICE STUDY FINDINGS: SEMI-STRUCTURED INTERVIEWS

Participants described the interactive report in several ways:

• 4 of 5 were positive about receiving the easy-to-read, automatically generated report.
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Interactive Reporting

NOVICE STUDY FINDINGS: SEMI-STRUCTURED INTERVIEWS

Participants described the interactive report in several ways:

• 4 of 5 were positive about receiving the easy-to-read, automatically generated report.

• 4 of 5 liked having longitudinal data and the additional depth the report provided by 
comparison to thermograms alone.
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Interactive Reporting

NOVICE STUDY FINDINGS: SEMI-STRUCTURED INTERVIEWS

Participants described the interactive report in several ways:

• 4 of 5 were positive about receiving the easy-to-read, automatically generated report.

• 4 of 5 liked having longitudinal data and the additional depth the report provided by 
comparison to thermograms alone.

“I like the idea of having a report that I can refer to 
again afterward. You get that with pictures too, 
obviously. But the reporting aspect gives you 
more detail, […] the fact that you had the 
environmental and air quality readings also gave 
you something more to look at.” –NI3 
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Interactive Reporting

NOVICE STUDY FINDINGS: SEMI-STRUCTURED INTERVIEWS

Participants described the interactive report in several ways:

• 4 of 5 were positive about receiving the easy-to-read, automatically generated report.

• 4 of 5 liked having longitudinal data and the additional depth the report provided by 
comparison to thermograms alone.
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Interactive Reporting

NOVICE STUDY FINDINGS: SEMI-STRUCTURED INTERVIEWS

Participants described the interactive report in several ways:

• 4 of 5 were positive about receiving the easy-to-read, automatically generated report.

• 4 of 5 liked having longitudinal data and the additional depth the report provided by 
comparison to thermograms alone.

• 3 of 5 envisioned using this data as a tool to communicate with professionals
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Interactive Reporting

NOVICE STUDY FINDINGS: SEMI-STRUCTURED INTERVIEWS

Participants described the interactive report in several ways:

• 4 of 5 were positive about receiving the easy-to-read, automatically generated report.

• 4 of 5 liked having longitudinal data and the additional depth the report provided by 
comparison to thermograms alone.

• 3 of 5 envisioned using this data as a tool to communicate with professionals

“If there's a big problem, that's the thing I want to 
fix, but I don't trust that some guy is coming in 
and not trying to sell me.” –NI2 
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NOVICE STUDY FINDINGS: SEMI-STRUCTURED INTERVIEW FINDINGS

Interactive Reporting

Data Privacy

Personal Confidence

Post-Mission Attitudes
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Data Privacy

NOVICE STUDY FINDINGS: SEMI-STRUCTURED INTERVIEWS

Participants were largely homogenous when it came to the privacy of their data:

• 4 of 5 desired explicit control over all data collected about/in their home.
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Data Privacy

NOVICE STUDY FINDINGS: SEMI-STRUCTURED INTERVIEWS

Participants were largely homogenous when it came to the privacy of their data:

• 4 of 5 desired explicit control over all data collected about/in their home.

“If it were not an internet connected thing, if it 
were just a local network thing that I use in my 
house, that would be fine. If information is 
going out, then I have a big problem with 
technology like that.” –NI2 

222



Data Privacy

NOVICE STUDY FINDINGS: SEMI-STRUCTURED INTERVIEWS

Participants were largely homogenous when it came to the privacy of their data:

• 4 of 5 desired explicit control over all data collected about/in their home.

• 1 of 5 desired aggregated data about their neighbor and explicitly advocated that local 
policy makers should have access.
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NOVICE STUDY FINDINGS: FOLLOW-UP FINDINGS
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Follow-up Findings

NOVICE STUDY FINDINGS: FOLLOW-UP SURVEY

Participants were largely homogenous when it came to the privacy of their data:

• 5 of 5 reported thinking more about energy efficiency issues in their home since 
participation had ended.
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Follow-up Findings

STUDY FINDINGS: FOLLOW-UP SURVEY

Participants were largely homogenous when it came to the privacy of their data:

• 5 of 5 reported thinking more about energy efficiency issues in their home since 
participation had ended.

“It has made me generally more aware of where 
there might be issues and why.” –NS3 
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Follow-up Findings

NOVICE STUDY FINDINGS: FOLLOW-UP SURVEY

Participants were largely homogenous when it came to the privacy of their data:

• 5 of 5 reported thinking more about energy efficiency issues in their home since 
participation had ended.

• 2 of 5 reported making some repairs for air leakage issues; however, all reported that 
insulation issues required more savings and planning.
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Follow-up Findings

STUDY FINDINGS: FOLLOW-UP SURVEY

Participants were largely homogenous when it came to the privacy of their data:

• 5 of 5 reported thinking more about energy efficiency issues in their home since 
participation had ended.

• 2 of 5 reported making some repairs for air leakage issues; however, all reported that 
insulation issues required more savings and planning.

“I'd say it's kind of too late once you get [the 
data] for the homeowner, unless you're about 
to do a renovation.” –NI3 
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Study
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230

STUDY METHOD: NOVICE AND PROFESSIONAL STUDIES

Part 1: 
Semi-Structured Interviews

Part 2: 
Presentation of Design Probes

Novice
Study

Professional 
Study

Semi-Structured InterviewsField Activities



STUDY METHOD: PARTICIPANTS

5 Participants (All male)
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Scenario 1
(Text)

Scenario 3
(Text)

PROFESSIONAL STUDY METHOD: UPDATED PRESENTATION OF DESIGN PROBES

Interactive 
Demo
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Scenario 1
(Text)

Scenario 3
(Text)

PROFESSIONAL STUDY METHOD: UPDATED PRESENTATION OF DESIGN PROBES

Interactive 
Demo

Hardware & Procedure

Study Data & Reports
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Raising Awareness

Providing Reliable Data

Relationship Building

PROFESSIONAL STUDY FINDINGS: PRESENTATION OF DESIGN PROBES
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Coverage and Installation

Motivating Action

PROFESSIONAL STUDY FINDINGS: PRESENTATION OF DESIGN PROBES
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• Temporal/Quantitative analysis provides more specific insights in the 
case of insulation performance.

• Increasing homeowner agency opens new opportunities for 
professional auditor and homeowner relations.

• While we saw DIY solutions enacted, motivating larger-scale 
structural changes remains challenging.

THREAD TAKEAWAYS: TEMPORAL THERMOGRAPHY STUDIES
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YouTube Thermography Smartphone Thermography Professional Thermography Temporal Thermography I Temporal Thermography II

Video Coding Four-Week Field Study Semi-Structured Interviews Single Deployment
with Professional

One-Week Field Study
+ Debrief Interviews with 

Novices

International Survey Debrief Interview Presentation of Design Probes Usability Study
with Novices

Semi-Structured Interviews 
+ Presentation of Design 
Probes with Professionals

MobileHCI 2018 CHI 2017 CHI 2015 Ubicomp 2017 *

THREAD 1: 
Novice Studies

THREAD 2: 
Professional Studies

THREAD 3:
Temporal Thermography Studies

DISSERTATION SUMMARY: OVERVIEW
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DISSERTATION SUMMARYDISSERTATION SUMMARY: CONTRIBUTIONS

• Characterized novice and professional 
end-users of thermography

• Conducted human-centered 
explorations into the role of 
automation and the potential for 
pervasive thermographic scanning.

• Presented a novel, interactive 
temporal thermography system.
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Contributions of this dissertation include:

• Characterization of novice and professional the end-users of thermography.

• Design recommendations for future thermographic system to support their use.

• A critical examination of recently proposed automated thermographic solutions.

• Design recommendations for automated thermographic solutions.

• A novel, building thermography system that support residential use.

• A summary of key benefits of temporal thermography.

• Design recommendations for future, in-home temporal thermography systems.

DISSERTATION SUMMARY: CONTRIBUTIONS
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DISSERTATION SUMMARY: FUTURE WORK
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DISSERTATION SUMMARY: FUTURE WORK

Framing and delivering energy 
efficiency recommendations is 
also an active area of research.
(Sussman et al. July 7th 2018)
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DISSERTATION SUMMARY: FUTURE WORK

Multi-Sensor Deployments Standard for Temporal Thermography
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