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ABSTRACT
This paper explores UAV-based sensing techniques to flexibly provide up-close, actionable data
before, during and after extreme events, enabling rapid and enhanced situation awareness. An
integrative methodology for hazard data collection, management and analysis in the context of
UAV-based dynamic sensing platforms is presented with focus on data-driven damage assessment,
based on the construction of a digital surrogate of the structure. Small, lightweight, multi-rotor,
UAVs were deployed during full-scale earthquake and fire tests, to first carry out a complete, semiautonomous site survey, followed by simultaneous localization and mapping and structure from
motion (SfM) computation. The resulting 3D reference model of the target site, captures its
geometry and setting in respect to the surrounding environment, creating the as-built, pre-event
version of its digital surrogate. UAV-based imaging was subsequently repeated during and after
simulated earthquake motions providing both dynamic and static data records. For subsequent fire
tests, UAV utility for autonomously capturing fire induced damage, was explored. The presented
perishable data collection, required the development of control and data synthesis strategies,
augmenting the digital surrogate with other sensor records. In parallel, traditional terrestrial
imaging and surveying techniques, including light detection and ranging (LIDAR), stereo
photography and thermography were used for spot surveys, to create a trusted reference model that
the UAV collected data can be compared and calibrated against. UAV-based imaging followed the
entire test program providing extensive data records, which are discussed in the context of different
damage detection and classification strategies for a structure experiencing multiple extreme events.
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ABSTRACT
This paper explores UAV-based sensing techniques to flexibly provide up-close, actionable data
before, during and after extreme events, enabling rapid and enhanced situation awareness. An
integrative methodology for hazard data collection, management and analysis in the context of
UAV-based dynamic sensing platforms is presented with focus on data-driven damage assessment,
based on the construction of a digital surrogate of the structure. Small, lightweight, multi-rotor,
UAVs were deployed during full-scale earthquake and fire tests, to first carry out a complete, semiautonomous site survey, followed by simultaneous localization and mapping and structure from
motion (SfM) computation. The resulting 3D reference model of the target site, captures its
geometry and setting in respect to the surrounding environment, creating the as-built, pre-event
version of its digital surrogate. UAV-based imaging was subsequently repeated during and after
simulated earthquake motions providing both dynamic and static data records. For subsequent fire
tests, UAV utility for autonomously capturing fire induced damage, was explored. The presented
perishable data collection, required the development of control and data synthesis strategies,
augmenting the digital surrogate with other sensor records. In parallel, traditional terrestrial imaging
and surveying techniques, including light detection and ranging (LIDAR), stereo photography and
thermography were used for spot surveys, to create a trusted reference model that the UAV collected
data can be compared and calibrated against. UAV-based imaging followed the entire test program
providing extensive data records, which are discussed in the context of different damage detection
and classification strategies for a structure experiencing multiple extreme events.

Introduction
Unmanned aerial vehicles (UAVs), often referred to as drones, have become an option for a broad
range of application scenarios. Relatively inexpensive, lightweight and easily deployable, UAVs
provide a viable alternative to traditional airborne sensor platforms, such as full-scale aircraft and
helicopters. They typically resemble one of several common design variants, including fixed-wing,
foldable-wing, rotary-wing, and multi-rotor systems. Modern integrated and embedded devices
have scaled UAVs to very small sizes, allowing for a reasonable balance between cost, operational
complexity, and payload capacity, making them a powerful tool for disaster and post-disaster
reconnaissance. Rather than deploying these systems only when extreme events such as
earthquakes and secondary events occur or grow out of control, this paper explores deploying
UAVs swiftly, systematically and reliably to inspect and document structures before, during and
after extreme events. It is then possible to capture site-specific data from a broad range of
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perspectives, stream it to a remote repository where it is processed into a digital surrogate, a 3D or
4D model of the site, that can be immediately analyzed and shared with stakeholders.
Approach
Small, lightweight, multi-rotor, UAVs were deployed
during full-scale earthquake and fire tests, to first carry out a
complete, semi-autonomous site survey, followed by
simultaneous localization and mapping and structure from
motion (SfM) computation. The resulting 3D reference model
of the target site, captures its geometry and setting in respect to
the surrounding environment, creating the as-built, pre-event
version of its digital surrogate. UAV-based imaging was
subsequently repeated during and after simulated earthquake
motions providing both dynamic and static data records. For
subsequent fire tests, UAV utility for autonomously capturing
fire induced damage, was explored. The presented perishable
data collection, required the development of control and data
synthesis strategies, augmenting the digital surrogate with other
sensor records. In parallel, traditional terrestrial imaging and
surveying techniques, including light detection and ranging
(LIDAR), stereo photography and thermography were used for spot surveys, to create a trusted
reference model that the UAV collected data can be compared and calibrated against. UAV-based
imaging followed the
entire
test
program
providing extensive data
records,
which
are
discussed in the context
of different damage
detection
and
classification strategies
for
a
structure
experiencing
multiple
extreme events. Figure 1,
shows the integrative
diagnostic
imaging
methodology that was
studied for this project,
moving towards a datadriven approach that
seamlessly connects data
Figure 1: Integrative Diagnostics Methodology
acquisition,
curation,
analysis and dissemination

From UAV to UAS to Reconfigurable Sensor Network
Readily available UAV platforms are ideal for the rapid deployment of user controlled remote
sensing capabilities, yet fail to provide a usable instrument for earthquake and fire damage
assessment. To achieve field readiness, reliability, and usefulness, an integrated unmanned aerial
system (UAS) was created, combining command, control, sensing, communications and
computing techniques for multiple UAVs. Our integrated UAS, merges a diverse set of task
specific sensors (visible, near-infrared, thermal, etc.) with an onboard inertial navigation system
(INS) and real time kinematic global positioning system (RTK-GPS) to deliver the accurate
position estimates needed for the creation of a digital surrogate of the target environment. For
control and data delivery, wireless communication is essential. The UAS uses a 900MHz serial
data link to guarantee long range communication to the UAVs, and incorporates LTE modems, to
leverage existing cell infrastructure, or in isolated environments a custom LTE base station, to
deliver high-bandwidth data backhaul capabilities. Figure 2 shows the overall UAS configuration.

Figure 2: UAV System Integration.
With this UAS approach, it was possible to entirely transform the data processing workflow
(Figure 3), making it time and resource efficient, and as a result, allowing image data to be swiftly
turned into 3D models of the target structure. While it commonly takes days to compute centimeter
resolution models of complex environments, the newly developed approach achieves the same
result in hours and can be accelerated even more through cloud computing techniques, creating a
path towards near real-time delivery of actionable data.

Figure 3: Data Pipeline
Case Study
Construction of a six-story cold-formed steel structure and subsequent seismic and fire testing
were used as the case study environment for the development and testing of the reconfigurable
UAV-based sensor network.
Building Construction
Throughout construction UAS’ were used to document day-to-day progress, the final “as-build”
structure all the way to the fully instrumented structure, followed by imaging surveys during and
following the simulated earthquake and fire events. For the latter, two imaging surveys were
conducted, one directly after the event and a second following traditional inspection and damage
annotation (e.g. labeling of cracks and other damage states) by the structural engineering team. A
total of 27 comprehensive imaging surveys were conducted, with each survey consisting of close
to one-thousand individual images, taken from a broad range of different perspectives, in order to
capture a complete visual record of the building. These images were then used to compute a 3D
model of the building, using a Structure from Motion (SfM) technique. This approach allows for
the comprehensive documentation of a structure’s geometry in a matter of minutes. The generated
geometric data assets can subsequently be used for change detection, damage characterization and
assessment.
Post Event Assessment
A total of seventeen UAV-based surveys were conducted following earthquake and fire tests, using
a quad-rotor UAV, with each of the seventeen full-scale surveys contributing between 600–1,500
images towards the computation of 3D models capturing the “as-is” state of the structure. A

mentioned earlier, for selected instances, two consecutive surveys were flown to capture data
directly after the event and again after thorough inspection and annotation of damage patterns on
the physical structure by domain experts. The latter is providing a reference record allowing for
future comparison of human as well as computer-based damage assessment and classification.
Light Detection and Ranging (LIDAR) for Ground Truth Creation
For this project, a complete LIDAR scanning campaign was conducted to document the structures
“as-build” condition as well as its state after earthquake and fire testing was completed. Light
detection and ranging (LiDAR) is a surveying technique that can be used to capture high-resolution
and trusted point-cloud data of a given target. LiDAR scanners reflect a distance laser off of a
rotating mirror to capture distance measurements at a specified resolution that can be on the order
of one millimeter between measurement points. The scanners can either use a time of flight
measurement technique that calculates distance based on the time it takes for the laser to return
from a reflecting surface or a phase shift method that compares the emitted and received phases of
the laser. LiDAR is a line-of-sight technique, which means that the device only records
measurements from surfaces that are visible from the scanner’s position and nothing beyond that.
For 3D environments, multiple imaging positions are therefore required in order to realize a
complete digital 3D representation. Beyond providing an accurate three-dimensional model of a
target environment, a LiDAR point cloud can serve as the geometric scaffold for other types of
data that are acquired. High-resolution and even thermal images can be layered onto this scaffold
in order to provide additional information to the professionals that are to analyze the data. Most
importantly though, it can serve as a ground-truth record to assess the quality of other imaging
techniques such as the SfM approach that was used to compute 3D models form UAV image data.
Videography – Capturing Dynamic Behavior
UAVs were also utilized to capture multi-view aerial videos during selected earthquake tests. The
aerial videography presents a unique perspective of the simulated disaster and also enables the
acquisition of data that would be too dangerous to capture any other way. Video was captured for
seven different ground motions, with an average resolution of 3,840x2,160 pixels and framerate
of 30fps, providing views of the different building sides, the roof, as well as selected close-ups of
structural and non-structural components.
Data Processing and Synthesis & Creation of Derivative Data
A broad range of data assets were acquired
throughout the test program, including (i) during
construction, (ii) post-construction, (iii) during
earthquake tests, (iv) during fire tests and (v) directly
following tests, which were further augmented by
derivative data product. The acquired information
creates a proverbial data avalanche that poses unique
challenges when working under tight time constraints
and possibly dangerous disaster conditions.
Stakeholders may need real-time access to the available data and the tools to translate this data
into decisions. The unique challenge is that disaster environments are often highly dynamic,

resulting in rapidly evolving, spatio-temporal data assets. In combination with UAV-based
imaging, visualization techniques and interfaces are required that allow us to quickly assess the
“big-picture” and to literally step into the data when needed, seamlessly operating at different
scales, to increase situational awareness and enable rapid decision making. Rather than flying the
UAV and viewing acquired data through a video feed, providing a very narrow field of view and
limited situational awareness, imagine stepping into the equivalent of the “Holodeck,” an
immersive visualization environment, taking a bird’s-eye perspective and circumnavigating the
target site to assess its overall layout and identify initial damage hotspots detected by the UAV
sensor payload, providing context. Step into a target space, unconstrained by physical limitations,
and with the ability to explore it at any appropriate scale, and see the most current state, while
being able to step back and forward in time, while identifying and exploring damage locations and
spots. To accomplish this, a digital surrogate of the target environment was created, using a pointbased visualization methodology. This approach enables progressive and adaptive aggregation and
visualization of data as it becomes available, allowing us to literally start with an empty slate and
grow the visual representation of the digital surrogate environment from UAV data feeds. The first
step towards this goal is the creation of the digital surrogate, i.e. a detailed point-based reference
model of the target structure, as well as other derivative data assets such as high-resolution orthomosaics. Figure 4 provides a high-level overview of the processing pipeline that turns UAVcaptured image data into records suitable for analysis.

Figure 4. Multi-Modal Processing Pipelines.
Structure from Motion (SfM) Extraction
Structure from Motion (SfM) is a photogrammetric technique that processes input 2D images and
generates an 3D point cloud describing the imaged environment. SfM matches mutual features in
overlapping images taken from different points-of-view and triangulates the features in 3D space,

yielding points, or coordinates, in space. Leveraging the hundreds to thousands of images captured,
datasets with billions of individual coordinates can be generated. Photogrammetry is particularly
powerful since it can be applied across different scales enabling the creation of multi-resolution
datasets that can provide overall context as well as millimeter details of target features. SfM
extraction commonly requires multiple processing stages, including sparse point cloud generation,
dense point cloud reconstruction, meshing, and texturing. For geometrically accurate
visualization, this project focused on dense point clouds that are visualized with an in-house point
cloud visual analytics engine. For compatibility with other community tools, the data is also
converted into meshed, digital elevation models (DEMs) and textured photorealistic ortho-photos.
Each of the required processing stages is subject to different computational requirements. The
feature detection and matching in the sparse point cloud generation parallelize well across CPU
and GPU cores, making it advantageous to use cloud computing strategies. To prepare imagery
for processing, it must first be divided into individual chunks which can be run efficiently. With
commodity hardware, we have found that chunks of around 1000 images work well. Each chunk
should include all the images of one region, but also have images that overlap with neighboring
regions, to ensure that chunks can align well. Having geotagged images of a survey area can help
in determining how to segment the image set. In this context, cloud services such as Amazon’s
AWS present an attractive alternative for the processing of large sensor records. By creating a
number of EC2 instances with virtualized dual Xeon setups, such as the c3.8xlarge instances,
multiple chunks can be run efficiently to generate sparse point clouds in less than a day. The EC2
instances can then be terminated, and the individual chunks combined on local hardware.
The algorithm’s parameters can be manipulated to produce different quality products depending
on the allotted time and desired output resolution. This enables quick processing of large datasets
to gain an overall understanding of a post-disaster scenario, while maintaining the ability, with
enough processing power and time, to generate extremely high-quality data assets that can be used
for close inspection and analysis. The other strength of image based modeling is that the hardware
cost to acquire data is very low since any camera can be used. High resolution cameras can be
utilized on the ground to document fine details observed in person and combined with hundreds
of images taken from UAVs flown throughout the site.
Model Synthesis
The data acquired over the course of construction and subsequent test program were imported into
a custom-developed interactive visualization environment for inspection and analysis. The
collected LiDAR scans and photo-based 3D reconstructions, comprising 30 time steps recording
the state of the structure, with over 1.2 billion data points in total, were brought into a single
coordinate space using a combination of hands-on and automated tools, including an operatorguided variant of iterative-closest-point alignment. Sharing a common four-dimensional space, the
individual snapshots can be compared directly against each other, allowing structural changes to
be tracked. Complementary to global co-registration, per-facade alignment (by least-squares
plane-fitting) was also performed to generate scaled facade ortho-photos. These ortho-photos
permit local measurements and comparisons between facade states to be made independent of
overall structural displacements.

Visual Analytics
A visual analytics system was developed to integrate the various data assets described above into
a layered, spatio-temporal digital representation of the evolving state of the structure. This
integrated representation allows the collected data, derived products as well as raw photographs,
to be explored within a virtual environment, navigating interactively through both space and time.
The entirety of the collected data is made accessible for hands-on inspection, analysis,
transformation, and annotation, as well as for programmatic manipulation through a scripting
framework. To meet the performance and flexibility requirements of this workflow, the system
was designed to follow a feedback-driven out-of-core paradigm, where data are loaded on-demand
as needed, based on what is actually being rendered. This paradigm allows data elements to be
interactively added, removed, moved around, rescaled, marked up, and otherwise transformed,
while maintaining interactive performance regardless of dataset size. Such flexible access to
massive point clouds permits the construction of various models and approximations, such as
meshes, plans, sections, and other derived products, to be performed in the manner most
appropriate to the task at hand.
Results
The UAV-based sensor network enabled the creation of detailed spatio-temporal records. Figure
5 shows a 3D model, computed from UAV image data, capturing the day-to-day progression of
building construction and Figure 6 shows the building elevations for each of the four facades.

Figure 5: Building construction sequence.

Figure 6: SfM-based building elevations.
Observed Surface Damage
The level of detail captured by the digital surrogate, creates the opportunity to detect changes
between imaging runs, useful for the identification of different damage states. Figure 7, shows the
progression of fire damage on the south-facade of the structure. It should be noted that the digital
surrogate shown below is composed of over a billion 3D data points, allowing the user to freely
measure point positions, distances, angles, surfaces and volumes and most of all, digitally annotate
the model.

Figure 7: Models of south facade showing progression of fire tests
Residual Building Displacement
A preliminary visual comparison of pre- and post-event building geometry with focus on residual
building displacement and rotation is shown in Figure 8.

Figure 8: Visualization of residual building displacement, with initial-state edges outlined in blue.
Conclusions
This paper explores the creation of a UAV-based reconfigurable sensor network to flexibly provide
up-close, actionable data before, during and after extreme events, enabling rapid and enhanced
situation awareness. An integrative methodology for hazard data collection, management and

analysis in the context of UAV-based dynamic sensing is presented in the context of a large-scale
case study experiment.
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