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Unmanned Aerial Systems (UAS – a.k.a. drones) have evolved over the past decade as both advanced military
technology and oﬀ-the-shelf consumer devices. There is a gradual shift towards public use of drones, which
presents opportunities for eﬀective remote procedures that can disrupt a variety of built environment disciplines.
UAS equipment with remote sensing gear present an opportunity for analysis and inspection of existing building
stocks, where architects, engineers, building energy auditors as well as owners can document building performance, visualize heat transfer using infrared imaging and create digital models using 3D photogrammetry. This
paper presents a comprehensive review of various literature that addresses this topic, followed by the identiﬁcation of a standard procedures for operating a UAS for energy audit missions. The presented framework is then
tested on the Syracuse University campus site based on the literature review to showcase: 1) pre-ﬂight inspection
procedure parameters and methodologies; 2) during-ﬂight visually identiﬁed areas of thermal anomalies using a
UAS equipped with Infrared (IR) cameras and; 3) 3D CAD modeling developed through data gathered using UAS.
A discussion of the ﬁndings suggests reﬁning procedure accuracy through further empirical experimentation, as
well as study replication, as a step towards standardizing the automation of building envelope inspection.

1. Introduction
Humans live in aging built environments. Maintaining the energy
eﬃciency of such infrastructure and building stock is integral in moving
towards an environmentally sensitive and sustainable future in the age
of climate change. 40% of U.S. homes were built before 1970 [1] and
the buildings sector accounts for 40% of CO2 emissions in the United
States [2]. Therefore, to address the ineﬃciency of older infrastructure,
building energy retroﬁtting practices typically identify, diagnose, and
design solutions that address issues of building usage, systems and
envelope [3]. In Metropolitan Boston, MA, for example, heat loss
through window surfaces, cracks, chimneys, and soﬃts were each
present in more than 70% of 135 houses surveyed with infrared technology. Heat transfer and air leaks through cracks and ducts were
identiﬁed as the reason behind about 40% of energy lost in a residential
building [4].
To identify problematic issues speciﬁc to the building envelope,
energy auditors typically use tools such as blower door tests to detect
inﬁltration/exﬁltration regions, as well as thermal bridges [3]. Technologically advanced tools such as infrared cameras and Unmanned
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Aerial Systems/Vehicles (UAS/UAV) enable professionals to analyze
such issues rapidly and accurately while reducing operational costs and
minimizing safety risks, and when paired with video recording, photography, or multi spectral imaging, drones can safely, economically,
and eﬃciently carry out a broad variety of surveying services [5]. UAS
provide experts across industries with a unique aerial perspective. This
viewpoint allows easy access to remote or inaccessible areas without
compromising the safety of the pilot [6], and this combination of
technology has and will continue to permeate a wide range of varying
ﬁelds as its applications, innovations, and capabilities are discovered
and improved upon [7].
The primary barrier to energy eﬃcient retroﬁtting is the uncertainty
over return on investment, an uncertainty that can be addressed when
focusing on the building envelope with relatively quick and cheap visualization of thermal anomalies [8,88]. Thermal patterns gathered
with infrared cameras attached to drones can be converted into automatically generated 3D CAD models using 3D photogrammetry software. These models, as well as the imagery gathered, are visual tools
that aid the professional assessment of energy production and conservation in buildings, as well as communication between parties
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established procedures are rarely applied outside of their original ﬁeld.
This literature review seeks to gather, compare, contrast, and assess
current and emerging practices.

involved [9]. Although the use of drones and thermal cameras for
surveying is an innovation that has beneﬁted a variety of unrelated
industries [5], a gap currently exists in the literature relevant to the
built environment. In the few investigations that have combined UASbased surveying with infrared imagery and 3D modeling to audit energy
use in buildings, the procedure and methodology used is typically not
described in a scientiﬁc approach that can be standardized. This paper's
goal is it to report on a comprehensive review of contemporary developments in UAS technologies speciﬁc to such building performance
inspection applications, and presents a novel proof-of-concept study for
thermography-based building auditing using UAS. The manuscript,
therefore, addresses this aim through the following objectives: 1) developing a timeline for military-speciﬁc and commercial applications of
drones, 2) reviewing literature focusing on site investigations, 3) examining building analysis techniques using UAS and 4) investigating
drone ﬂight planning procedures for building performance inspection.
The results speciﬁcally focus on applications of thermography and 3D
CAD model generation, and a case study is presented for the methods on
the Syracuse University campus in the United States. The paper concludes with a discussion that contextualizes past investigation directions, current research challenges, and a framework for future developments.

2.2. Thermography
People have been locating general anomalies by assessing temperature variance even before the ubiquitous use of electricity. Ancient
Egyptians documented a practice wherein they would move their hands
across the surface of a human body to scan and monitor changes in
temperature [93]. Historians have also wondered what would have
been the fate of the Titanic if the engineers had installed Bellingham's
thermopile and mirror system to detect icebergs by means of temperature variance aboard the ship [7]. Infrared energy is absorbed and
emitted by almost all materials and has a direct inﬂuence on the temperature of an object [60], and the eﬃcacy of infrared technology has
been steadily growing since World War II [7]. Aside from military applications, infrared technology has been adapted as a useful diagnostic
tool as well as a cost reducing monitoring system [61]. The main beneﬁt
of infrared visualization is the stark contrast and almost immediate
awareness of conditions that deviate from the norm [59,60]. The most
common indicator of depredation in any physical phenomenon is
temperature change, and thermal imaging tools can detect that through
depiction of radiance, temporal, and surface properties simultaneously
[7]. As technology advances, the resolutions of new sensors improve in
tandem [62,63], and as IR sensors became signiﬁcantly smaller in size
and lighter in weight, they were further integrated with drones for
surveying purposes, including building surveys.
UAS based surveying enables expedited auditing at minimal human
eﬀort and cost and is not limited by accessibility aside from drone
obstacles which, naturally, are not encountered as often as human accessibility obstacles [71]. The scales, accuracies, and scopes of building
energy audits are increased when the exterior façade is feasibly accessible with thermal cameras. Building audits conducted with thermal
imaging can be executed using two varying methodologies: 1) Active
Thermography, which begins with an external stimulus such as a rise in
heat in order to observe hidden defects made clear by a contrast between typical and extreme temperatures, and 2) Passive Thermography,
which observes thermal patterns in a built environments normal state
with no man-made stimuli. To use Active Thermography to its fullest
potential, it was recommended that auditors have preexisting knowledge of possible defects and focus on relatively smaller areas. Therefore, passive building thermography is more often utilized for audits of
entire buildings with little to no pre-existing knowledge of defects [66].

2. Historical background
2.1. Military origins and commercial developments
The genesis of drones dates back to Italy in 1849 during the ﬁrst
Italian war of Independence when the Austrian Empire devised a system
of unmanned hot air balloons that dropped bombs on Venice. Later,
during the American Civil war and the Spanish American war, hot air
balloons and kites were used to gather and telegraph reconnaissance
[10]. Military needs were the predominant driving force behind developing UAS technology until the 21st century. The only commercial
developments were iterations in radio-controlled toy technology [7].
Military practices, on the other hand, were quickly developing largely
due to innovations in manned aviation technology and practices.
As a response to the growing tensions between the U.S. and the
Soviet Union during the Cold War, the U.S. Government began a highlyclassiﬁed UAS research program which ran under the code name ‘Red
Wagon’. During the same year, the Defense Advanced Research Projects
Agency (DARPA) launched the ﬁrst global satellite navigation system in
the air which would later become the basis of all GPS technology developments [17].
In 2006, Frank Wang with the help of his friends, colleagues, and
teachers, established DJI Technology from his dorm room in the Hong
Kong University of Science and Technology. Since its inception, DJI has
steadily grown in inﬂuence around the world and is currently regarded
as a leading commercial drone company [19]. DJI's initiation marks the
start of the personal and commercial drone trend as it is the ﬁrst
company to produce drones that are easily accessible to the public. In
2012, US Congress passed the Federal Aviation Administration (FAA)
Modernization Act to require the FAA to integrate small drones into
airspace by 2015. The FAA missed this deadline which was expected
especially after Congress released a public statement acknowledging the
unlikeliness of the FAA's success in organizing this transition [20]. Soon
after, online retailer Amazon announced plans to deliver products with
a drone taskforce [21]. At this point in history, the term “drone” had
become a common household topic as the public gradually warmed to
this paciﬁed product of military progress.
Fig. 1 summarizes the previously detailed timeline. We conﬁrm the
observation that as experts in various ﬁelds come together to develop
this emerging practice, diﬀering processes and methodologies emerge
[5]. No one ﬁeld or industry has discussed a comprehensive review of
drone surveying techniques. In addition, since each industry has speciﬁc needs or goals when using this combination of technology,

3. Research methodology
The review initiated with a literature survey via multiple online
scholarly sources. The reviewed works comprise 92 sources, the majority of which were written by authors associated with higher education institutions. Literature was gathered via a keyword-based search.
The sources were selected based on their ability to detail the applications and current abilities of UAS and thermal infrared technology in
improving existing building audit practices. This necessitated scholarly
sources that detail the design of ﬂight paths in relation to buildings,
large expanses of landscape, and/or geoclusters. Additionally, sources
that detail methods of photogrammetry, infrared based thermal pattern
identiﬁcation, and 3D model generation from point clouds illustrate
rapidly expanding capabilities for infrared based surveying.
As the review speciﬁcally focuses on stages of an energy audit using
UAS equipped with thermal cameras, an experimental setup is proposed
as part of the work in each of the reviewed topics. For pre, during, and
post ﬂight analyses, investigation methods are developed, calibrated,
and tested on the campus of Syracuse University as part of the ﬁndings
for the literature review.
253
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Fig. 1. A historical timeline of UAS technology developments in the 19th, 20th and 21st century. [11–16,18,22–25,85,86]

4. Research ﬁndings

paper links building thermography methods with UAS by dissecting the
process of the audit itself. The methodology is split into three steps; preﬂight drone path planning, in-ﬂight infrared thermography, and postﬂight image processing, segmentation, and automatic 3D model generation. The main issues observed throughout the literature are drone
distances from surfaces and ﬂight paths, use of thermography to diagnose issues, photogrammetry, and generation of 3D models in order to
better inform both the development of a comprehensive methodology
as well as to create a review of current practices in UAS based infrared
building energy audits.

The search for sources began as a broad investigation to understand
the varied uses of thermography, beneﬁts of UAS, and general procedures for applications of both technologies. 29% of the sources were
mostly concerned with the process and reasoning behind building audits. 15% looked at current UAS trends. 13% presented historical
background and development of UAS technology. 10% focused on 3D
and Building Information Modeling (BIM), 9% investigated applications
towards engineering, and 4% explored historical preservation. 4% detailed photogrammetry methods and 3% looked at applications towards
agriculture. The remaining 9% or less, investigated multiple disciplines
including volcanology, cartography, computer science, construction,
hydrology, and sociology (Fig. 2).
Based on the compiled sources, Fig. 3 illustrates a decision tree
which categorizes the current workﬂow of documented UAS based infrared surveying practices. The workﬂow is divided into three main
categories; site acquisition, ﬂight path planning, and post-analysis. This

4.1. Drone ﬂight – path
One of the unavoidable questions encountered while designing a
UAS-based process is the ﬂight path or pattern. Planning a drone ﬂight
necessitates an awareness of multiple factors such as distance from
target, altitude, speed, overlap, and pattern [26]. The accuracy of the
drone ﬂight as well as avoidance of obstacles is heavily reliant on the
254
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relative industry standards, the wide range of recommended ﬂight
paths necessitates further conclusive research. Investigated literature
clariﬁes that UAS based auditing requires an established ﬂight plan that
either targets regions of interest or audits the building and its surfaces
in their entirety. Before addressing the building in question, it is necessary to note the surrounding natural environment and ensure that
landscaping elements will not interfere with drone ﬂight and that no
relevant façade details are obscured. Often more than one audit is necessary to accurately capture the entirety of a building and often ﬂight
planners must determine the next-best-view (NBV) based on preliminary scans or surveys [31]. Blaer & Allen developed a voxel-based
occupancy procedure for detecting areas of the building that were inadequately captured [32]. Corsi recommends auditing large surfaces to
ensure accurate mean value and detection of local anomalies [7]. Son
et al. propose determining regions of interest pre-ﬂight based on construction drawings and knowledge of thermal patterns. This method
minimizes the ﬂight time by targeting predetermined areas, but might
allow room for human error and missed thermal leaks [33]. Martinezde Dios et al. detail a ﬂight plan wherein the inspection of a building is
divided into three tasks: stabilization, detection, and tracking. In this
plan, the UAS hovers at predetermined inspection points and captures a
series of images. Commonly available ﬂight planning software has popularized the term ‘waypoints’ to refer to virtual reference points based
on GPS coordinates that enable the UAS to autonomously ﬂy and perform actions (record, photograph, hover, etc.) at each location. Collecting an abundance of images is useful in ﬁltering out false positives
and the distortions between consecutive images shows the translations
and rotations of the drone [34,35]. For example, Haala et al. mainly use
a system of waypoints which can be loaded before or during the ﬂight
[36]. Siebert & Teizer used an Extensible Markup Language (XML)
based ﬁle structure with a wireless data upload link from a ground
control station to input waypoints and create a ﬂight path with the aid
of external software [90].
Multiple researchers approach the issue of ﬂight planning mathematically, by taking into consideration the limitations of camera technology and battery life to create formulas that inform drone distance
from the target, speed of ﬂight, and path geometry [37,38]. Emelianov
et al. use mathematical principles to optimize the ﬂight path of the UAS
and scientiﬁc process to test the feasibility of auditing a geo cluster of
300 buildings with the use of a quadrotor. Their ﬁndings prove that
with produced algorithms the quadrotor could scan the facades of 300
buildings in approximately 6 h given an unlimited battery life, although
this hypothesis has only been tested at signiﬁcantly smaller scales [39].
Laguela et al. developed algorithms to correct radial distortion and
skewed scale. They achieved mixed results as neither method is optimal

Fig. 2. Investigated literature by discipline for 92 publications.

accuracy of the Global Positioning System (GPS) and Inertial Navigation System (INS) [27]. Tahar has tested the accuracy of GPS onboard in
combination with speciﬁc image registration algorithms versus ground
control points informed by Google Earth Pro. The results found that the
root mean square error was less for ﬂights that utilized the onboard GPS
than ﬂights that used ground control points although the diﬀerence is
equivalent to about ± 2 m [28]. Volkmann & Barnes also specify using
Google Earth to inform their ﬂight plan, although they point out that it
is only an acceptable tool for onsite reconnaissance and preﬂight surveying because the imagery is often not current enough and does not
depict drone speciﬁc obstacles [29]. Other common drone ﬂight obstacles include battery life, a limited resource, and legal regulations of
air space [29]. Fig. 4 combines recommended distances provided by
multiple sources across varying ﬁelds. While each has its beneﬁts, the
optimal distance relies heavily on industry speciﬁc needs. Throughout
the literature, it became clear that although each industry has found a
method that works for them, none have identiﬁed an ideal distance for
building energy audits.
Not all sources include the reasoning behind their ﬂight plans, and
although recently released software innovations have established

Fig. 3. Categorical decision tree for the workﬂow of UAS literature investigations.
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Fig. 4. Drone inspection distances as reported in the literature survey of façade and building inspection, energy performance inspection and Building Information
Modeling (BIM) and mapping.

four meters away from the target surface as prescribed by a Kinect
range sensor [50], two to ﬁve meters while assessing damage in postdisaster areas [52], ﬁve meters away [53] and less than 1 m while
looking for small scale cracks in concrete and masonry [54]. Others
might simply choose a set altitude of 70 m and do not describe deviating from that set distance [41], or a distance of 25 m from the
building and ﬁve meters in the air [55]. A full account of all distances is
represented in Fig. 4. Special topic research, such as the detection of
sinkholes by means of UAS based thermal camera, was simulated with
manmade sinkholes of varying depths and test ﬂights at 50 m above
ground. The UAS was successful in capturing thermal photos which
identiﬁed the sinkholes of all depths [56].
The timing of the ﬂight is important to note as well. Although the
combination of image-based modeling and UAS based image reduces
occlusion by shadow, daylight and solar radiation still aﬀect the
emissivity of materials which can create false positives or result in exaggerated readings [90]. Gonzalez-Aguilera et al. (2013) detail a unique process for acquiring thermal imagery where they choose to only
take images before sunrise and after sunset to avoid false positives due
to direct radiation [48]. Colantonio & McIntosh explain that exterior
inspections are best conducted at night to minimize solar heat gain
eﬀects on the building envelope cladding. Inspections that focus on
mechanical or electrical systems, on the other hand, should be conducted during the daytime while under maximum load [57]. Lizarazo
et al. conducted test ﬂights between 9:00 am and 11:00 am in order to
ensure a similar solar illumination throughout the data collected [41].
With the wide range of UAS applications possible, optimal ﬂight planning varies depending on the goal of the ﬂight. Flights geared towards
data and image collection for the purposes of photogrammetry or 3D
model generation often necessitate extra steps and considerations as
opposed to ﬂights meant for the sole purpose of auditing or visualizing
energy ﬂows. For the purpose of aiding existing photogrammetry or 3D
model generation software, some sources detail the use of Ground
Control Points (GCPs). They describe marked physical locations around
or on the surveyed area (such as colored markers in agricultural surveys
or targets taped on the surface of the roof for a roof audit) that act as
physical manifestations of the virtual tie-in points. Although their ﬂight
was limited to one façade and one pass around the building, Zulgalﬁ

in every axis, and both methods result in one axis being skewed or
inaccurate [40].
Although mathematical principles aid in the correction and optimization of UAS based auditing, various researchers choose to approach
the question of ﬂight path with a more geometric approach. The most
common solution has been to ﬂy the drone in either vertical or horizontal strips in a zig-zag pattern across the area of interest. This
method is frequently referred to as the strip method [27,40,41,43,45].
Eschmann & Wundsam elaborate further on the strip method by testing
the diﬀerences between utilizing vertical strips or horizontal strips.
Their study ﬁnds that vertical strips result in unfavorable movement of
the lens which decreases the clarity and quality of data gathered.
Horizontal strips are proven to be ideal especially when paired with a
low ﬂight speed [43]. In addition to being a proponent of the strip
method, Steﬀen & Forstner present research which advocates for the
use of archimedic spirals to optimize ﬂight plans [27]. Multiple researchers plan their ﬂights according to a grid overlaid on the predetermined site boundaries, so that the drone ﬂies to gather data of
each grid unit [44,46].
The strip method frequently involves speciﬁed overlaps to ensure
not only a robust and thorough collection of data, but also to ensure an
easy transition into photogrammetry, 3D model generation, and/or
analysis. To survey archaeological ruins, Stek recommends a > 35%
overlap [47]. However, there is a great range found that includes 60%
[28], > 70% [48]. 60–80% [49], 70% lateral and 80% forward [29]
and 90–95% [50] For surveys of large or urban areas, a height of
100–200 m allows for high (unspeciﬁed) overlap and high-resolution
data capturing [49]. Haala et al. further tested their methodology by
surveying an agricultural site at 300 m above ground in an overlapping
strip pattern with 90% forward overlap and 70% side overlap [36].
It is also critical to consider the altitude at which the UAS ﬂies, as
well as the distance it maintains from the target surface. Some researchers choose set distances such as 75 m above ground and 50 m
above the tops of buildings [29], or a ﬂight altitude of 50 m [45]. To
survey archaeological ruins, Stek selected an altitude of 30–75 m above
ground level to cover the full site [47]. Other distances vary dramatically, including a distance of 20 m away from target surface and an
altitude maintained by the barometric height control [51]. Three to
256
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inaccurate than any contact measurement method readily available due
to the fact that it does not aﬀect thermal equilibrium. By using airborne
infrared cameras, auditors are able to capture a large surface with
minimal eﬀort. This is thought to be the only way to achieve a correct
mean value and measure local anomalies [7]. To ensure accurate results, Borrmann et al. recommend a temperature diﬀerence of about 10
degrees Kelvin between the interior of the building and the exterior
ambient air temperature. The ideal conditions for infrared auditing
require stable weather conditions over a long period of time [83]. In
addition, extensive exposure to solar radiation is not ideal as it may
oversaturate and obscure smaller instances of leaks. For this reason,
ideal weather conditions are partly cloudy morning hours during the
winter months [31]. To insure an easy transition to the next step,
photogrammetry and 3D model generation, Ham & Golparvar-Fard
reinforce the necessity for captured thermal imager to be ordered, calibrated, and geo-tagged [74].

and Tahar are one such team that used ground control points with the
intention of aiding the photogrammetry software in identifying tie-in
points [55]. Other researchers specify ground control points so as to
easily place the location of the photo while auditing volcanoes [30,42],
or use ground control points to achieve spatial accuracy in their ﬂight
path (although current software capabilities address limitations in these
methods) [41,49]. Feifei et al. use a UAS with four attached cameras to
ensure high precision aerial triangulation for accurate results. The four
combined wide-angle cameras increase the base-height ratio as well as
expand the angle of view in lateral and longitudinal directions. This
system requires less ground control points than typically recommended
[58].
4.2. Drone ﬂight – thermography
Building thermography for the purpose of anomaly detection can be
carried out in a range of methods that include but are not limited to:
aerial surveys, automated ﬂy-past surveys, street pass-by surveys,
perimeter walk around surveys, walk through surveys, repeat surveys,
and time-lapse surveys [66]. Innovative approaches have been detailed
for many of these methods and include use of various combinations of
vehicles (whether unpiloted or robotic) paired with cameras of various
capabilities, including research on building energy audits conducted by
a terrestrial robot laden with infrared, photo and Light Detection and
Ranging (LiDAR) technology [31]. Research teams proposed various
methods, an example of which is by Hoegner & Stilla's use of vans as
surveying vehicles with infrared imaging equipment to document and
analyze thermal patterns in urban environments [67]. Lerma et al. use a
combination of four diﬀerent cameras to record data on World Heritage
Monuments including a reﬂector-less total station, a terrestrial laser
range scanning sensor, a digital photo camera, and a thermal camera
[68]. Lopez-Fernandez et al. have utilized a UAS with infrared camera
to analyze solar radiation on roofs in order to determine the optimal
placement of solar panels [69]. The use of UAS for identifying ideal
locations for solar and PV panels has been previously explored by
comparing the use of UAS and photogrammetry techniques versus
LiDAR imaging [8]. Utne, Brurok, & Rodseth used thermal imaging and
non-intrusive condition monitoring to maintain safe conditions of static
process equipment without necessitating human entry to machinery
vessels. This improves operational and occupational safety, as well as
reducing operational costs and reducing the need for maintenance [70].
Thermal cameras capture the infrared energy emitted by the surface
layer which is heavily inﬂuenced by the emissivity of the material as
well as environmental conditions, building orientation, and camera
settings [64,66,72]. This poses interpretation challenges to auditors
who are unfamiliar with the basics of thermal emissivity and according
to Fox et al. and Gonclaves et al., pose that this is typically the most
challenging aspect of working with thermal imaging. Proper camera
settings are also integral to the success of the operation, and informed
decisions must be made as to the appropriate thermal and spatial resolution as well as the temperature range [73]. Barreira & Freitas
conducted sensitivity studies to gauge how thermal cameras capture
data with varying emissivity conditions. The tests conclude that cameras set to the improper emissivity will capture unreliable data [64].
The nondestructive and non-contact nature of infrared thermography is especially of use to projects that deal with historical buildings
or works of art [62,64,65], or to areas that have experienced catastrophic disasters [42]. Grinzato details an instance where a historic
fresco, which seemingly survived an earthquake, was discovered to be
full of cracks and weak points when captured with infrared cameras.
This same approach can easily be adapted for the assessment of structural integrity in the built environment [62].
The use of infrared thermography in buildings is especially useful
for visualizing the thermal patterns within the building envelope as
well as the movement through and across various building materials
[62]. The non-contact nature of infrared visualization is less likely to be

4.3. Drone ﬂight - post processing (3D photogrammetry and CAD modeling)
Post processing is as integral to the operation as the drone ﬂight
itself to create a comprehensive and complete image of the audit results
[75]. In regards to this practice, current building energy modeling and
simulation tools face multiple barriers. Aside from accuracy issues, they
are time consuming and labor intensive due to the manual modeling
and calibration processes. Additionally, simulation software cannot
determine construction defects or degradation [74]. Post processing
begins with the awareness of ﬁve diﬀerent conditions; altitude, quality,
timing, spectrum, and overlap [76]. Photogrammetry techniques can
either utilize direct geo-referencing, ground control points, manual tiein points, or a combination thereof [63]. Geo-referencing is most easily
achieved with time-stamped GPS data recorded during ﬂight [91]. It is
typical to use photogrammetry techniques to create a large and complete image of a singular façade [75]. Speciﬁcally, in regards to
building energy inspection, the most common methodology for post
processing uses threshold techniques and software to segment or enhance image saturation to further emphasize the region of interest
[5,35]. Eschmann & Wundsam developed a technique centered around
the removal and immediate reapplication of a Gaussian blur to gathered
RGB images to highlight and emphasize cracks in the building envelope
[43]. Yahyanejad & Rinner designed a robust registration methodology
of visual and thermal images that begins with extraction of features in
the individual images followed by matching corresponding feature
points and identifying inliers between them. They use computer software and mathematical algorithms to compute the transformations for
aligning individual images [76]. Kung et al. begin their photogrammetry process with aerial triangulation algorithms based on binary
local key points whose output is a geo-referenced orthomosaic. This
method does not necessitate ground control points and mainly depends
on the on-board GPS and geotags provided by the UAS. They found that
eliminating the measurements of the ground control points results in
lower accuracy yet for diﬃcult terrains this sacriﬁce is often needed
[75].
3D modeling techniques can be organized into two sets of goals;
groups of buildings (geoclusters), or singular buildings [58]. Although
extensive research has been conducted, Borrmann et al. bring attention
to the fact that, to the best of their knowledge at the time of publication,
no truly autonomous system for 3D model generation of building geometry using thermal imaging has been recorded in a scholarly article
[31]. LiDAR is argued to be superior for this task [39,77]. Most literature focusing on photogrammetry experimented with point clouds
and have yielded commendable results though none with as much ﬁne
detail as with LiDAR technology. Lizarazo et al. use RGB photos to
create 3D geometry ﬁrst because the spatial resolution tends to be more
optimized than the infrared photos. In addition, they developed algorithms and applied Wallis ﬁlters to successfully improve the accuracy of
the ﬁnal product [41]. Multiple researchers tested a methodology
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more sensitive state-of-the-art IR cameras, and also may not be feasible
in regards to commercial year-round UAS applications. Appropriate
emissivity values should be inputted to the thermal camera before
ﬂight, calibrated during ﬂight when necessary, or modiﬁed post ﬂight
during analysis to ensure accurate readings. INS and GPS systems
should be correctly calibrated to accurately geo-tag the images. Fig. 6
demonstrates examples of compromises of an example building envelope, identiﬁed with thermal imaging.

where RGB photos were used to create an initial 3D model where the
infrared images would later be overlaid as they found that 3D model
generation software tends to be more successful with RGB photos
[55,69]. Volkmann & Barnes utilized a technique known as “multi-view
stereopsis” that uses speciﬁc software to align the photos and create a
sparse point cloud. The point cloud is then subject to linear transformation parameters and error analysis, which optimizes the sparse point
cloud to create a dense point cloud, which is translated into the ﬁnal
model [29]. And ﬁnally, Hackel et al. developed a systematic process
for detecting contours in large-scale outdoor point clouds. It is divided
into a two-step process, ﬁrst a contour score for each individual point is
extracted using a binary classiﬁer, then next step automatically selects
the optimal set of contours from the candidates. According to the authors, this method out-performs the canny-style edge detection technique. The innovation in this method is detecting contours before surface reconstruction so that they drive the segmentation and ﬁll in
patches in the generated surface [78].

5.3. Results: post-ﬂight 3D modeling
Photos taken during our test drone ﬂight were used in the program
Pix4D to generate a 3D point cloud from the 2D images. Multiple
models may be recommended based on the number of photos taken.
Based on empirical trials and observations, approximately 1000–1300
photos are recommended as a suitable number of photos for one simulation, due to current software limitations that may be resolved in
the future. Multiple models may be merged upon completion, and this
allows the operator to eliminate photos that may not calibrate properly.
The program extracts pixels from 2D images by triangulation and locates individual pixels from photos within a 3D point cloud model.
During this process, images of inferior quality and images that did not
capture the subject will be rejected by the program. Upon generation of
the model, we observed that the façade that produced the most detailed
model is consistently located on the southern face of the inspected
building. Using Pix4D modeler, the program runs a 15-point process
that results in a report output noting the eﬃciency of the photos used in
generating the model, image overlap, location, among other variables.
This output notes weaknesses of the image retrieval process and should
inﬂuence future ﬂights. The model can be processed in other 3D
modeling and CAD software such as Rhino3D. When opened in a .FBX
ﬁle format, the 3D model will maintain render and texture capabilities.
The model is compatible and is able to be used in rendering and 3D
printing (Fig. 7).
The data collected in the inspection ﬂight was used to compare
three software platforms: Pix4D, DroneDeploy and Agisoft Photoscan.
The comparison reveals that there are variations in terms of the processing workﬂow, model production time and the quality of the output.
Table 1 details parameters pertaining to model production, where if a
low quality and faster model is needed, Agisoft Photoscan may be
useful, while Pix4D produced better quality model with the most
quality control comparably, but it needs the most time as well. There is
a reliance on cloud computing in DroneDeploy, with a limited number
of images, which makes the production of 3D models limited when
geometric accuracy is needed. However, at the time of writing this
paper, DroneDeploy produced the highest quality model in terms of
mesh smoothness and accuracy as compared to the thermal images used
as inputs. Pix4D produced a more reliable model in terms of building
angles, because it combined both RGB and IR images, yet, thermal
anomalies detected through IR imaging, such as water puddling, were
more evident on the roof of the DroneDeploy model. Fig. 8 showcases
diﬀerences in the quality of the produced model for the case study.

5. Case study
Reviewed literature varies and sometimes overlaps in recommended
inspection methodologies. A case study was therefore developed as an
application that combines and tests reviewed literature outcomes. The
case study is investigated through the paper's objectives, by detailing
pre-ﬂight path design, during-ﬂight data gathering and post-ﬂight
analysis. The inspected building was chosen as a generic residential
structure on the Syracuse University campus. All ﬂight parameters were
varied, including ﬂight path design, image capturing density, overlap
and distances from buildings and external environmental conditions for
surveys. The aim was to develop empirical setups for building inspection using UAS equipped with thermal cameras.
5.1. Pre-ﬂight path design
Field tests were conducted with a DJI Inspire 1 drone, paired with a
FLIR Zenmuse XT thermal camera. The accompanying DJI app was used
during ﬂight to monitor the thermal data. The ﬂight path was predetermined and automated using the Litchi and DroneDeploy app for
roof images. The images were processed and analyzed using the FLIR
Tools program. We empirically found that using both the strip pattern
and the archimedic spiral, as detailed earlier, have proven to be effective methods. The strip pattern with at least a 70% overlap is suitable
for gathering data to audit or visualize energy use in buildings. An elliptical ﬂight path with as much as 95% overlap is appropriate for
photogrammetry and 3D model generation. A distance of 12 m away
from the target surface with changing bay widths of 2–3 m is ﬁtting for
capturing images every one and a half meters along the path. For the
generation of 3D models, ﬂying multiple elliptical ﬂights at varying
altitudes can be ideal. The most eﬀective altitudes have been found to
be 18, 22, and 27 m, or twice the height of the building and twice the
size of the building footprint. The ﬂights should increase in altitude and
size by roughly 1.25× per ﬂight. The ellipses should overlap at least
70% and the frequency with which pictures are captured should result
in a 90–95% overlap in captured data. Although this seems redundant,
current 3D model generation software, like Pix4D, works best with a
repetitive surplus of images. Fig. 5 represents the empirical parameters
of ﬂight path planning.

6. Discussion
Drones have been adapted to improve upon traditionally manual
and human reliant tasks across industries. To assess the current professional opinion towards drones, Mauriello et al. conducted a study
wherein 10 professional building auditors were presented with scenarios where UASs and thermal imaging aided in the building inspection process. The test subjects were then asked to respond critically to
the scenarios based on their experience working in the ﬁeld of building
audit. The results were positive, as all auditors tested agreed that UASs
and thermal imaging provided beneﬁts and improved workﬂow.
Additionally, auditors believed thermal imaging would also prove to be
a valuable tool in communicating with clients [9]. Opfer & Shields

5.2. During-ﬂight data gathering
For thermography purposes using UAS, our experimentation conﬁrms that better conditions for thermal imaging are cloudy morning or
evening hours with stable temperatures and no precipitation. At the
time of writing this paper, a diﬀerence between indoor and outdoor
temperature of at least 10 degrees Kelvin is recommended when a FLIR
camera is being used [84]. This may not be necessarily the case for
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Fig. 5. Flight path parameters for building inspection.

data, distinguishing critical diﬀerences in direct and indirect readings,
as well as diﬀerences between qualitative and quantitative thermography [92].
The future of UAS-based applications for professional building surveying rests in experimentation-based research and subsequent standardization. While improving technology typically makes standardization and automation signiﬁcantly more feasible, the limitations,
considerations, and applications have the potential to change dramatically as well. In order to ensure accuracy and eﬃciency, more

conducted a similar study, where they informally surveyed 31 contractors who are already using UASs in their scope of work. Contractors
surveyed explained that traditionally acquired aerial photography is
expensive and typically not included in the project budget whereas UAS
aerial photography is cheaper and more suited for job progress photography [79]. However, if IR imaging is to be used in such processes,
developing thermography expertise is needed in order to correctly
analyze and make meaningful interpretations from such images. This
would include understanding environmental conditions of acquiring
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Fig. 6. Building envelope issues identiﬁed with a thermal camera.
a. Window pane and frame inﬁltration/exﬁltration potential.
b. Window frame side failure, creating inﬁltration/exﬁltration.
c. Door inﬁltration, with signiﬁcant change in ﬂoor temperature.
d. Thermal bridging by nails that compromise the roof.
e. Thermal leakage as a result of envelope installation malfunction.

building energy audits, yet within the last few years of technological
advances UAS have become better tools [91]. Incremental technological advances aimed at automation, cost reduction, weight reduction,
payload increases, stability enhancement, and connectivity assurance
cultivate an interest for UASs for professional building inspection use
[5]. Emerging technology like micro drones expand accessibility and
increase accuracy in an unexpected scale [87], while drones with increased payload capabilities and automated obstacle avoidance are
being deployed for package delivery [21]. These innovations are aimed
at increasing the independence, accuracy, and safety with which a UAS
navigates a ﬂight path which ultimately dictates the ease of use for the
pilot as well as the quality of the end product of an airborne building
inspection.
Greater GPS accuracy is still needed to expedite 3D model and ﬂight
path generation [27]. However, the miniaturization of technology necessary for UAS ﬂight such as GPS as well as the emergence of aﬀordable platforms is expected to vitalize the industry towards an improved
methodology [29,63]. As multi-spectral imaging capabilities are also
expanded upon, and quality of multi-spectral photography increases,
smaller details will be captured and analyzed with greater accuracy.
Within the scope of automated 3D model generation, the possibilities of
generating 4-dimensional energy performance models which factor
time into the 3D model are anticipated [74]. This volume of research
into applications and further innovations has resulted in a strong
community which is fully invested in the progression of a new ﬁeld
aﬀectionately dubbed ‘droneography’ [29].
Innovations in the technology continue to grow as both consumer
and military demand increases. Global expenditure on commercial
UASs in 2014 totaled over $700 million with DJI accounting for the
majority of sales. It is estimated that UAS sales will increase to $1
billion by 2018 [80]. This substantial increase links to how the technology will be growing in perception as well. Technoethics, an interdisciplinary approach to assessing technological impacts on societal
morals and ethics, have the potential to be the driving force behind the
integration of UAS into commercial and public airspace. To address
public safety and privacy issues, Luppicini & So gather and review

comprehensive methodology tests would be beneﬁcial to not just the
ﬁeld of building surveying, but any ﬁeld that utilizes UAS with thermal
imaging capabilities. Standardized procedures or equations can be
further developed for designing ﬂight paths for optimal distances from
the target surface, enhanced ﬂight speed for clarity, and geometry that
covers the entire target eﬃciently. Furthermore, post processing procedures would beneﬁt from similar research in order to further uncover
uses for thermal imaging in the inspection and design of buildings. As
more technology and software is released, more of the post processing
work will become automated, requiring less human input and participation and expectedly yielding more accurate results. More comparison
between various methods is necessary to scientiﬁcally justify resulting
standardizations. Flight procedures can then be designed for full automation, with minimum to no human interaction during building inspection activities. Global energy audit sectors could operate remotely,
by sending UAS remotely for complete, on the ﬂy, building energy inspection and modeling. This is estimated to cut audit time and increasing reporting accuracy, which would consequently result in reliable and unbiased recommendations for deep retroﬁt strategies. The
challenges to be addressed in a fully automated UAS-based building
inspection workﬂow include a) limitations in GPS positioning and relevant communication between drones and remote operating systems,
b) battery power limitations, with land and-charge potential, c) obstacle interference with UAS and possible crashing, d) required input
for drone navigation in unfamiliar or obstacle-heavy spaces, e) challenging to reach building components due to the size and navigation of
the UAS, f) UAS operation vibrations interfering with data acquisition
and g) signal acquisition risks as well as signal interpretation challenges.
Microsystem technologies used in both new markets and consolidated markets create a trend of technology transfer between commercial and military applications. Future trends for UAS and airborne
building inspections rely on emerging technologies of sensor fabrication
for mass production and the demand created by civil applications [7].
With the ﬁrst emergence of UAS in the commercial market the technology and ﬂight preparation tools were insuﬃcient to conduct
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Fig. 7. Infrared and RGB models generated using 3D photogrammetry using Pix4D and Rhino3D CAD modeling software.

either automated or expedited with the presence of UAS, and the social
stigma around unmanned ﬂight may continue to develop alongside
increased consumer awareness. The adaptation of this technology in
standard building audit companies and organizations will necessitate a
baseline understanding of thermography as well as a standardized
procedure. Necessary UAS regulations are currently under development
around the world so as to specify where, when, how and why drone
technology can be used and allow for more legally sound exploration of
potential uses [82].

literature that outlines the main technoethical stigmas surrounding
drone use which are safety, legality, privacy, air space use, informational integrity, and commercial concerns. The overarching issue is that
the signiﬁcance of drone use is greatly underrepresented in common
media and therefore the general public maintains its general distrust
towards UASs [81].
As the general public is more exposed to UAS technologies, and with
the progression of time, more research will explore UAS used across
industries and ﬁelds. More minute areas of life and work will become
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Table 1
Comparison between 3D photogrammetry software (case study is between brackets).

Standalone computing
Cloud-based computing
Maximum number of images
Merging RGB and IR images
Model quality (w/o merging RBG and IR)
Pixilation as compared to images
Geometric output as compared to images
Accuracy as compared to images
Interactive assessment of model
Time to process model
Control of output model quality

Agisoft Photoscan

Pix4D

DroneDeploy

X
–
Unlimited (1338 IR)
–
Low
High
Low
Low
Standalone (limited)
Low (4 Hrs)
Little to no control

X
X
Unlimited (1338 IR/139 RGB)
X
Mid
Mid
High
Mid
Cloud & standalone
High (18 Hrs)
High control

–
X
500 images
–
High
Low
Mid
High
Cloud-based
Mid (8 Hrs)
Some control

Limited opposition to this methodology should not be neglected.
Vavilov claims that the use of mathematical equations and existing heat
ﬂow patterns is more accurate than IR imaging, although the investigation concludes that the diﬀerence is between 1 and 3 degrees
Kelvin. The research argues that exterior surveying is insuﬃcient for
comprehensive analysis of building energy use and waste, interior inspections with handheld thermal cameras or traditional tests are described to be time proof and dependable [89]. Other researchers conﬁrm this remark due to the fact that areas of thermal leaks are more
clearly observed from the interior as opposed to the exterior [66].
7. Conclusion
This review detailed current procedures and methodologies of UASbased thermal imaging practices. An experiment was conducted to
empirically assess reviewed work, and a UAS-based building inspection
method was presented, tested, and results were stated. Currently aging
infrastructure and building stock necessitate energy retroﬁtting action
and advancements in the methods with which thermal issues are
identiﬁed will enable more action. In the age of climate change, the use
of UASs and infrared imaging has proven to be a signiﬁcant improvement on traditional auditing methods and techniques [7]. The increased
accessibility, eﬃciency, and safety present a unique opportunity to
expedite the improvement and retroﬁtting of aging and energy ineﬃcient building stock and infrastructure. Existing software and
mathematical concepts present a variety of options for post processing,
analysis, and visual representation with reduced manual workﬂow, as a
step closer towards fully automated building performance inspections
using drones. Future research should build on the presented workﬂows
to develop a standardized approach for building energy audits. This
should include references to existing technological capabilities and
further parameterization of the process to become more global through
replicated experiments that validate the presented work.
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