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ABSTRACT

DETERMINING TIDAL CHARACTERISTICS IN A RESTORED TIDAL WETLAND USING
UNMANNED AERIAL VEHICLES AND DERIVED DATA

By Victor L. Thornton

A Thesis submitted in partial fulfillment of the requirements for the degree of Master of Science,
Environmental Studies at Virginia Commonwealth University.

Virginia Commonwealth University, 2018

Major Professor: Edward Crawford, Ph.D.

Assistant Professor, Center for Environmental Studies

Unmanned aerial vehicle (UAV) technology was used to determine tidal extent in
Kimages Creek, a restored tidal wetland located in Charles City County, Virginia. A Sensefly
eBee Real-Time Kinematic UAV equipped with the Sensor Optimized for Drone Applications
(SODA) camera (20-megapixel RGB sensor) was flown during a single high and low tide event
in Summer 2017. Collectively, over 1,300 images were captured and processed using Pix4D.
Horizontal and vertical accuracy of models created using ground control points (GCP) ranged

from 0.176 m to 0.363 m. The high tide elevation model was subtracted from the low tide using



vii
the ArcMap 10.5.1 raster calculator. The positive difference was displayed to show the portion of
high tide that was above the low tide. These results show that UAVs offer numerous spatial and

temporal advantages, but further research is needed to determine the best method of GCP

placement in areas of similar forest structure.

Key words: UAV, tidal wetland, photogrammetry, Kimages Creek, RMSE, eBee RTK, ground
control, elevation



INTRODUCTION

Remote sensing techniques have often been used in ecological research to collect
information about remote locations. When applied to environmental phenomena, remote sensing
can be used to map sediment erosion, analyze spatial vulnerability, classify land cover, monitor
land use, and determine species composition (Jensen, 2007; Campbell and Wynne, 2011). Recent
advances in satellite sensor technology, imaging techniques, and algorithms have made remote
sensing an attractive platform to integrate into environmental response systems, such as wildfire
and oil spill mitigation (Garcia-Garrido, et al., 2016; Miller et al., 2016), and long-term
investigations of landscape change, specifically in areas sensitive to sea level rise along coastal
boundaries (Rahman et al., 2011; Ariana et al., 2017). A number of studies (Brooks et al., 2004;
Belal et al., 2014; Murray et al., 2017) have shown that the addition of remote sensing data can
improve environmental assessments and risk mitigation at multiple spatial scales and ecosystem
types. The products of these remote sensing programs have begun to integrate into regulatory
agencies and academic institutions to improve the overall understanding and conceptualization of
environmental issues in the 21% century; two well-known examples are the National Land Cover
Database (NLCD) by U.S. Geological Survey, and the National Wetland Inventory (NWI) by
U.S. Fish and Wildlife Service. Moreover, as the use of remote sensing platforms grows, the call
for active sensors capable of better resolutions has given rise to an increasing number of
environmental studies utilizing airborne and terrestrial Light Detection and Ranging (LiDAR)
(MacDonald, 2005; Slatton et al., 2008; Ussyshkin and Theriault, 2011; Zhang K., 2011,

Kulawardhana et al., 2017).

The overall expansion of remote sensing products in regulatory agencies and academic
institutions has increased at a remarkable rate, making it an attractive choice for geospatial
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research, and yet, remotely sensed data remains prohibitive for many researchers. For example,
the difficulties associated with collecting, processing, and analyzing airborne LiDAR is a
recurrent theme in ecological research (Gatziolis and Andersen, 2008; Hummel et al., 2011).
Costs involving equipment, personnel, fuel, and accuracy requirements are only a few
expenditures that come with LIDAR data acquisitions. Depending on the provider, additional
fees may also apply (e.g. classification groups, point density, resurvey cost, etc.). With regard to
satellite imagery, varying image collection periods and adverse weather conditions, such as cloud
cover, can hinder multi-temporal studies by reducing the amount of available data (Weng and
Weng, 2014). High spatial resolution imagery from satellites must also be purchased individually
or per area, which can become costly for large scale research (Klemas, 2011). Furthermore, the
expertise required to use LIDAR and satellite imagery is often a constraint that must be
addressed before undertaking a project of any substantial scale. Simply put, even today the
application of remote sensing can be limited by the operator’s skill, the various parameters and

calibrations present, and the budget at hand (Jensen, 2007).

To address some of these challenges, Unmanned Aerial Vehicles (UAV) and
photogrammetry have become a viable option for environmental remote sensing in recent years
(Klemas, 2015). UAV technology utilizes Structure from Motion (SfM), the geometric theory
used in the field of photogrammetry to estimate 3-D features from a collection of static images
(Ullman, 1979). To optimize SfM during the reconstruction process, the camera’s position and
calibration are defined for each image through a process known as the bundle adjustment.
Typically, most photogrammetric software use SfM in conjunction with Multiview algorithms to
improve the 3-D construction. Multiview algorithms detect homologous points within

overlapping images, often referred as tie points, to triangulate positional coordinates within the



dataset. A large number of overlapping features will increase the success of the combined
methodology and allow for a more accurate reconstruction (James and Robson, 2012; Riquelme
etal., 2017). The final products of SfM and Multiview algorithms can include, orthometric
mosaics (referred to as orthophotos moving forward), dense point clouds, and Digital Elevation

Models (DEMs) of the terrain.

UAYV technology offers flexibility through various frame types (fixed wing, multirotor,
etc.), and customization of onboard cameras, making it an attractive method for monitoring
dangerous, inaccessible, or difficult to access areas. The light weight of civilian UAVs (~1-150
kg) enables the user to conduct quick flight missions that can be repeated with minor preparation.
Additionally, low-flying UAVs have the benefit of producing high spatial resolution imagery
(<10 cm) (Lechner et al., 2012; Mesas-Carrascosa et al., 2016), which can be viewed
immediately after the flight. Lastly, the cost of using UAVs for data acquisition is typically less
expensive than conventional remote sensing techniques, given the associated costs of UAVSs are
generally a one-time expenditure and have potentially minor software and hardware upkeep

Ccosts.

Studies have shown that the characteristics of UAV technology are not only beneficial for
ecological assessments, but ideal in rapidly changing environments like coastal wetlands (Jensen
etal., 2011; Casella et al., 2016; Long et al., 2016). However, given the recent onset of
autonomous aircrafts in both public and private research (Floreano and Wood, 2015; Pajares,
2015), there are relatively few studies implementing UAV and photogrammetry to extract
horizontal and vertical coordinate data in coastal ecosystems. Therefore, the goal of this study
was to illustrate the practicality of using UAVs in place of LIDAR and traditional remote based

approaches in a rapidly changing environment. To accomplish this goal, the extent of tidal
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exchange in Kimages Creek, a restored tidal wetland in Charles City County, Virginia, was
investigated. The extent of tidal exchange in this region is of continued interest to the parties
involved with the creek’s restoration in 2010 (Virginia Commonwealth University (VCU)
community partners, National Oceanic and Atmospheric Administration (NOAA), American
Rivers, and The Nature Conservancy). In order to gauge the effectiveness of using UAV
technology in Kimages Creek, the objective of this research was twofold: (1) determine
positional accuracy of acquired data by comparing model outputs created with and without
ground control points (GCP), using check points (CP) to estimate accuracy; (2) quantify the

extent of a high and low tide in Kimages Creek using UAV derived data.



MATERIALS AND METHODS

Site Description

Kimages Creek is a tidal freshwater creek located in Charles City County, Virginia, at the
VCU Rice Rivers Center (Figure 1). The portion of the creek within the Rice Rivers Center
property is approximately 1800 m long and has confluence with the James River. In 1927, an
earthen dam was erected at the mouth of the creek, creating the impoundment Lake Charles. The
earthen dam eliminated tidal exchange between Kimages Creek and the James River,
subsequently disrupting normal ecological processes characteristic of tidal wetlands for nearly
eighty years. In 2006, excessive rainfall had caused the dam to breach, allowing for channelized
flow to be partially restored. In 2010, VCU community partners, NOAA, American Rivers, and
The Nature Conservancy removed part of the dam at the historical mouth of Kimages Creek in
order to re-establish naturalized tidal flow. The removal of the dam at Kimages Creek has been
considered a success, as researchers have recorded an increase in water fluxes two years

following the restoration (Bukaveckas and Wood, 2014).

Data Acquisition

The Sensefly (Cheseaux-Lausanne, Switzerland) eBee Real-Time Kinematic (RTK)
equipped with Sensor Optimized for Drone Applications (SODA) camera were selected for
image collection (Table 1). The SODA is a RGB camera with 2.9 cm/pixel ground resolution
when flown at 122 m, and a sensor size of 12.75 x 8.5 mm. The eBee RTK UAYV provides survey
grade accuracy with the use of a virtual or physical base station and is able to cover 12 km?in a

single flight. If used with a base station, the built in Global Navigation Satellite System (GNSS)



in the eBee RTK receives corrections from the base station and appends the geographic

information to each image for post-processing in eMotion, Sensefly’s flight planning software.

For this study, the base station Topcon HiPER V® (Livermore, CA) was used in
combination with a known position captured with a Trimble NetR9 GNSS Reference Receiver
(Sunnyvale, CA) over a six-hour logging period. The logging period resulted in a raw satellite
navigation file with a Root Mean Square Error (RMSE) of 0.013 m, which was submitted to
NOAA’s Online User Positioning Service (OPUS) to extract point location (NOAA, 2017). The
coordinates were then entered into the base station which was set on a 2 m tripod. This point was
then broadcasted to the eBee RTK for corrections via eMotion3. Pix4D® (Lausanne,
Switzerland) was used for model creation, and ground control processing. Lastly, ESRI’s

ArcMap 10.5.1 (Redlands, CA) was used for final dataset analysis.
Ground Control

The U.S. Army Corps of Engineers (USACE) Vertical Accuracy Standards recommend
that a study site < 500 km? in area have twenty static CP in order to properly assess the accuracy
of geometrically corrected aerial images (also known as orthophotos) and elevation datasets
created from LiDAR and stereo photogrammetry (U.S. Army Corps of Engineers, 2015). Given
the size of Kimages Creek (~0.214 km?), we decided that a total of eleven well distributed
control points would be sufficient for a collection of this size (Table 2 and Table 3). A
combination of artificial targets and photo identifiable structures (e.g. pavement tiles and corner
of buildings) were used as markers for all control points (Figure 2). The Trimble NetR9 GNSS
Reference Receiver logged the position of these markers to collect all control points throughout

the study area using the same base station coordinates procedure with an average logging time of



three hours. Six of the control points were used as GCPs to georeference the imagery, and five of
the control points were used as CPs to assess accuracy of the high and low tide datasets (Figures
3 and 4, respectively). The average RMSE of these points was 0.165 m. This averaged error is
omitting the following three points which had missing OPUS solutions: (1) the most northern
point used as GCP 6 in the low tide dataset, (2) the southern point near the mouth of Kimages

creek used as GCP 4, and (3) the southern point used as CP 4.

Image Collection

Intertidal zones along the east coast of North America experience semidiurnal tides, two
high and two low tides over one twenty-four-hour period. Image collection began when high and
low tide coincided with high sun angle, as standing trees in forested areas can reduce the amount
of available light in photographs. Without adequate illumination, images are prone to dark or
missing cells due to shadows (Mesas-Carrascosa et al., 2016). Ideally, high and low tide
collections would have been on the same day, however given logistical constraints, the flights
were separated between 6/7/2017 and 7/26/2017 (Figures 5 and 6). High tide on 6/7/2017 was at
approximately 14:51 hrs. (solar elevation 63.59°, solar azimuth at 243.34°) and flights began at
15:30 hrs. Low tide on 7/26/2017 was at approximately 12:47 hrs. (solar elevation 70.63°, solar
azimuth at 158.7°) and flights began at 13:00 hrs. (NOAA, 2017) (Table 4). Both days had

relatively low winds and cloud cover, proving adequate field conditions for flight.

Image Processing and Accuracy Assessment

Pix4D was used to process aerial imagery and conduct the accuracy assessment for all
datasets. Pix4D’s ray cloud editor was used to improve the construction of the GCP-incorporated

models by manually adding two and seven manual tie points to the high and low tide processing,



respectively. These additional manual tie points can reduce missing data and gaps within the
orthophotos by increasing the number of photographs included during processing. Manual tie
points are used by Pix4D in the same way as automatic tie points, the main difference being that
they are chosen by the user instead of the software. The process of choosing manual tie points
requires the user to look through overlapping calibrated photographs to find homologous points
(e.g. the corner of highly reflective material). Once these points are found the user must then
establish them as a manual tie point via the ray cloud editor. In Pix4D, each photograph is
required to have at least twenty tie points (can be any combination of manual/automatic tie

points) to be used in the reconstruction process.

Horizontal and vertical coordinates of all datasets were validated using a Root Mean
Square Error (RMSE) approach. In photogrammetry, this is often used to estimate error between
the observed map values within an orthophoto and the reference sample locations (Check Points)
within the dataset (Congalton and Green, 2009; Fischer et al., 2017, technical report submitted
for publication). Pix4D was used to generate the RMSE, mean error, and sigma (the standard
deviation of each CP). The following formulas are how Pix4D defines RMSE, mean error, and
sigma, where n is the total number of GCPs, and eiis the error of each point for the given

direction.

(1) RMSE = / (X(ei?)/n)

(2) Mean error = p = Y'(ei)/n

(3) Sigma = o =/ (X(ei — w)?/n)



Data Analysis

Images were geotagged in World Geodetic System 1984 (WGS 84) and later transformed
into the North American Datum 1983 (NAD 1983), and the North American Vertical Datum
1988 (NAVD 88) for analysis. Using ESRI’s ArcMap 10.5.1 spatial analysis toolbox, the
boundary of Kimages Creek was clipped from the final orthophotos with the HUC 8 Watershed

Boundary shapefile (USFWS, 2017).

In order to address uncertainty in the elevation models, the point clouds created from the
GCP-incorporated analysis went through geostatistical simulations using the ArcMap 10.5.1
spatial analysis and 3-D analysis toolboxes. The Pix4D point clouds for high and low tide were
first converted to a point shapefile containing the elevation values. The average point spacing for
each point cloud to shapefile conversion was based on the ground sampling distance reported by
the GCP-incorporated Pix4D output (0.0316 m and 0.0308 m for high and low tide,
respectively). A prediction surface type simple kriging layer was then created from those points
using a normal score transformation to maintain a normal distribution of points within the
Kimages Creek boundary. The resulting simple kriging layer was then used as the input for the
Gaussian Geostatistical Simulations (GGS) tool to create ten raster simulations. The conditional
error input for each simulation was based on the RMSE of the elevation, which was obtained
from the Pix4D CP analysis. The simulations were summarized as a single averaged elevation
raster (0.10 m pixel size) for both low and high tide. The floating-point elevation values for both

elevation rasters were then rounded up to the nearest 100" place.

Large elevation spikes and valleys found in the mid to lower regions within the water

channel. These abrupt elevation changes were mostly found in water-only sections of the data, as



the reconstruction process struggles with water inclusion. In order to deal with these unreliable
values, one continuous water surface elevation was given for the channel in both high and low
tide datasets. To accomplish this in ArcMap 10.5.1, seven hundred shapefile points were created
along the shoreline of the gaussian elevation rasters and then averaged to obtain a continuous
water surface elevation value of 0.885 m and 0.538 m for the high and low tide, respectively
(Figure 7). Using the extract by mask tool, all original cell values within the boundary of these
points were erased, and then replaced with the above elevation values via the raster calculator.
Lastly, the high and low tide gaussian elevation rasters were compared using the raster calculator
to quantify the difference in elevation between both datasets. The high tide was subtracted from
the low tide, and then all negative values in the resulting output were removed to show only the

elevation of the high tide that was above the low tide.
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RESULTS

The high and low tide acquisitions were processed with and without ground control
resulting in four datasets. The Pix4D quality reports indicated that for all datasets, 55% and 47%
of the total images were used for model creation from high and low tide flights, respectively.
Despite losing photos during the meshing process, the high and low tide orthophoto products
comprised all of Kimages Creek at high tide (Figure 8) and low tide (Figure 9). Visual
differences between the high and low tide orthophotos are displayed in sections (Figure 10). The
subtraction of the high tide elevation model from the low tide elevation model resulted in the
total difference in elevation from high tide (6/7/2017) to low tide (7/26/2017). The removal of all
negative values from the resulting output illustrates the amount and extent in which high tide was

above the low tide. (Figure 11).

The high tide dataset created with GCPs had a RMSE of 0.343 m (RMSEXx), 0.252 m
(RMSEYy), and 0.232 m (RMSEz) (Table 5). The high tide dataset created without GCPs had a
RMSE of 0.358 m (RMSEXx), 0.130 m (RMSEy), and 1.765 m (RMSEZz) (Table 6). The low tide
analysis produced similar results. The low tide dataset created with GCPs had a RMSE of
0.383 m (RMSEXx), 0.176 m (RMSEy), and 0.363 m (RMSEz) (Table 7). The low tide dataset
created without GCPs had a RMSE of 0.367 m (RMSEX), 0.370 m (RMSEy), and 0.480 m
(RMSEZz) (Table 8). These results indicate that using GCPs in the workflow enhanced the
accuracy of some positional coordinates, while having minimal affect in others. In addition, CP 3
is absent in the low tide analysis because this marker’s position was lost after it was driven over

by cars following the earlier high tide collection.
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DISCUSSION

This study employed emerging techniques to illustrate the practicality of using UAVSs to
evaluate change in tidal wetlands. The photo meshing process had very few issues aligning
photographs that comprised only Kimages Creek to create orthophotos. However, some errors
did occur while matching photos in the dense forest areas surrounding the creek margins, which
resulted in gaps and distorted sections in the final models. In addition, photos that comprised
mostly trees were dropped out of the orthophoto creation process. The generated 3-D point cloud
also suffered slightly from outliers and missing data in the dense forest areas and water sections
within the channel. Slight discrepancies were also found between high and low tide orthophotos
due to external factors such as cloud cover and sun angle. For example, the low tide collection
benefited from a higher sun elevation (~10° higher) during image acquisition, which resulted in a
brighter orthophoto. This improved visibility and overall representation of the study area during
low tide. The final high and low tide elevation comparison illuminates the extent of high tide that
is above the low tide. The results of this study have demonstrated the feasibility of using UAVs
in place of LIDAR and traditional remote based approaches to capture horizontal and vertical
coordinate data in rapidly changing environments. To understand the change found in the derived
data, seasonal variation, precipitation, UAV parameters, water inclusion, time lapses, and data

accuracy were further considered.

Seasonal Variation and Precipitation

Water movement in tidal wetlands is dependent on numerous factors such as, vegetation
abundance, available precipitation, and the position of the sun and moon (Fretwell et al., 1996).

Our two usable flights were collected on 6/7/2017 and 7/26/2017, and thus, variations in these
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factors were inconsistent between both datasets. For example, while both collection dates were
within the summer of 2017, the forty-nine-day difference between them presents a discrepancy in
the amount of time vegetation had opportunity to grow. Originally, this variation was to be
avoided by collecting each tide immediately after the other, but external forces (day light
availability, weather conditions, UAV malfunctions, etc.) made this unfeasible. In addition,
precipitation rates prior to the high tide flight (6/7/2017) were higher than the low tide flight
(7/26/2017). In Charles City County, VA, 6/5/2017 and 6/6/2017 experienced ~0.50-0.75 in of
total rainfall, while 7/24/2017 and 7/25/2017 had no rain, and 7/23/2017 had extremely light
showers (~0.10 in) throughout the day (NOAA, 2017). Lastly, the moon phase of the high tide
flight was waxing gibbous, two days before a full moon, while the moon phase of the low tide
flight was waxing crescent, three days after a new moon (NOAA, 2018). To varying degrees all

of these factors likely influenced the amount of visible water seen in both orthophotos.

Unmanned Aerial Vehicle Parameters

The parameter settings for the UAV were most notably influenced by the size of Kimages
Creek, the height of surrounding trees (~30-40 m), and the required spatial resolution. One of the
most challenging parameters to set was the UAV’s distance above ground level (AGL). Setting a
low AGL will produce images that have a high spatial resolution but increase the amount of
battery replacements and overall flight duration. Conversely, increasing the AGL will reduce the
flight time, insuring atmospheric properties remain relatively constant (i.e., sun angle, cloud
cover, wind speed), but at the risk of lowering spatial resolution. For this study, we decided that
122 m AGL was the best possible agreement between these factors. The Sensefly SODA (2.9
cm/pixel ground resolution) enabled us to fly the eBee RTK at 122 m AGL and receive images

with enough resolution to see fine details within our area of interest. Using a camera of high
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spatial resolution was beneficial to the second objective of this study, which was to quantify the

extent of tidal influence within the creek over one low and high tidal event.

The image reconstruction technique used in this study was hindered by the abundance of
trees surrounding Kimages Creek. Some studies have shown the limitation of the
photogrammetry process in complex forest environments due to factors such as, shadows,
canopy occlusion, and irregular tree crown shape (Jarnstedt et al., 2012; Wallace et al.,2016;
Mohan et al., 2017; White et al., 2018). While there are few trees within Kimages creek itself,
the surrounding forest included in our flight plan did reduce the number of photographs useable
during photo-reconstruction. The final models were created using only 55% and 47% of the total
images collected for high and low tide, respectively. The majority of the unused images in both
datasets comprised canopy-only features. In addition, we believe the elevation difference
between tree canopy and the wetland presented an issue with the bundle block adjustment during
autocorrelation. The camera in this study was set to auto-focus its lens depending on what was
directly below it. Since the difference in elevation between tree canopy and the wetland was in
many cases > 30 m, numerous photos became unusable, or ‘fell-out’ of processing. However, as
the resulting clipped orthophotos’ indicate, if only the wetland itself is flown the data comes out
with fewer gaps and stitching errors in the orthophotos. This is likely because the elevation of the
wetland has less drastic elevation changes compared to a collection that incorporates both the

wetland and the surrounding forest.

Water Inclusion and Time Lapse

In addition to the difficulties of capturing trees, the inclusion of water was another

variable that reduced data quality. The featureless, reflective, and constant motion of water in
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this study made model construction difficult during the photogrammetric process and required a
continuous water surface elevation to be calculated using elevation values averaged from the
shoreline. The orthophotos did turn out well enough to make visual comparisons, but because of
inconsistent sun angles between flights, there was a disproportionate amount of light reflection in
the water sections. This variation limited orthophoto comparisons to visual-only, as subtracting

the orthophotos would show us unwanted pixel difference between high and low tide.

While the orthophoto comparisons show discernable difference between the high and low
tide, it should be noted that the final products of these flights are stitched together photos taken at
different points in time. The peak high and peak low of the tides lasted only for a few minutes,
after which point the water level changed (Figures 5 and 6, respectively). In addition, there is a
lag time between the water level at the southern and northern regions of the creek. For this study,
we decided the best time to fly would be at the estimated peak of the respective high and low
tides. For other studies, the optimal time to fly would depend on what portion of the creek is
under investigation. By tailoring the UAV launch time in this way, the output would depict a

more holistic representation of the tidal event in the specific area of interest.

Accuracy Assessment

As shown from the results of this study, the datasets processed with ground control
turned out to be more accurate than datasets processed using only the onboard accuracy of the
eBee RTK. In general, the benefit of using the eBee RTK is that the built in GNSS receiver make
GCPs unnecessary. This feature can be attractive to researchers that do not have the time, budget,
or equipment to capture ground control over a large collection area. An accuracy assessment was

performed by Sensefly technicians to confirm the survey grade accuracy of the eBee RTK (Rose
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etal., 2017). (Rose et al., 2017) flew the eBee RTK over a 0.20 km? area in both optimal and
adverse weather conditions. The result from their assessment indicated that without GCP, the
eBee RTK was able to achieve accuracy within one to three times the ground sampling distance.
Additionally, (Rose et al., 2017) demonstrated that by manually editing 10% of their total images
with incorrect geotags, the eBee RTK was still able to produce between 0.028 m and 0.048 m

RMSE in horizontal and vertical coordinates, respectively.

Our results showed slightly higher RMSE using the eBee RTK in Kimages Creek, a study
site of similar size (~0.214 km?). Accuracy results indicate that without GCP, horizontal and
vertical coordinates RMSE ranged around 0.130 m to 1.765 m. Although the addition of GCP in
the photogrammetric process did improve this error in some cases, it is possible that many of the
images captured in our flights suffered from a large number of incorrect geotags (>10%).
Kimages Creek is a complex area of study because of its length and the abundance of standing
vegetation, and thus, we suspect that the distance the eBee RTK needed to travel combined with
the high standing vegetation, limited the data-link connection of the eBee RTK and base station.
This weakened connection possibly resulted in less image corrections during the flight and
reduced the accuracy of the geotagged images. In addition, the quality of our GCP and CP was
also likely a factor that reduced model accuracy. Opportunities for GCP placement were
extremely limited in this study area due to high standing vegetation and lack of solid ground
within the wetland. The GCP-incorporated quality reports from Pix4D indicated that for both
high and low tide, our GCP error was two times greater than the ground sampling distance which
caused degradation in the model accuracy detailed in the accuracy assessment. It is extremely
likely that the poor accuracy of some of our GCPs and CPs was due to their placement in

forested areas that had large amounts of obtrusive canopy. These result indicate other alternatives
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for control point placement in wetlands must be explored if positional error is to be reduced in
similar study areas. Overall, these factors made it necessary to address the uncertainty in our data

by using the GGS tool during data analysis.

Study Limitations

The most notable limitation of this study was processing a full image scene of Kimages
Creek. Open Drone Map was originally used for this study because the benefits of open-sourced
software—flexibility, low cost, community collaboration—are aspects not easily found in
commercial software. Unfortunately, due to the size of Kimages Creek, the surrounding forest
hindering the meshing process, and potentially other unexplored reasons, Open Drone Map was
unable to process a large portion of photos in the dense forested regions. Thus, many GCP and
CP around the edges of the flight area were lost. Pix4D was then employed for GCP processing
and model creation because of the included ray cloud editor. While it is unclear how well the
addition of manual tie points improved the image processing specifically, using Pix4D did allow
for all original GCP and CP to be implemented into the analysis. The only exception was CP 3 in
the low tide dataset, which was not visible in any photographs from the low tide collection and
thus omitted from analysis. Furthermore, the number of images collected, the time it took to
complete a flight, and even the amount of batteries available for the UAV, were all contingencies
that required constant attention. On multiple occasions, poor weather conditions (high winds,
low sun angle, cloud cover) made the decision to fly nebulous or otherwise impossible. Lastly,
the high spatial resolution of our data along with the size of Kimages Creek, required a
significant amount of computer resources and processing time. The amount of simulations run
and output cell size with the GGS tool, for example, were limited by the amount of available

computer resources (our work stations contained a NVIDA Quadro K5200 8 GB graphics card
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and 32 GB of RAM). Ten simulations with 0.10 m pixel size was the best combination of input
parameters our work stations could manage. If we added more simulations or reduced the output
pixel size, the process resulted in an “Out of Memory” error. Total processing time using Pix4D

and the GGS tool combined was around 50-60 hours for each dataset.

Implications of Research

Few studies implementing the above methodology to research vulnerable coastal
ecosystems. The information gathered from this study will provide researchers a new perspective
on the benefits of leveraging UAV technology in tidal wetlands. This study demonstrated that
high spatial resolution can be combined with flexible collection times to obtain usable horizontal
and vertical coordinate data in rapidly changing environments. Kimages Creek has significance
to VCU researchers, government agencies, and advocacy groups that have put priceless time and
effort into its restoration. This research builds upon a growing repository of information that will
be used for the betterment of not only Kimages Creek but threatened wetlands as a collective.
The next challenge that must be addressed is how to implement these high spatial resolution
datasets into infrastructures that have data which is much coarser in comparison. In addition,
further research is needed to determine best practices for ground control collection in non-urban
areas where placement is limited by tree canopy, and flight parameters, such as UAV altitude,

and the amount of necessary photo overlap for study areas of complex vegetation.
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Table 1. Equipment specifications for data acquisition, processing, and analysis.

System Weight........oooiiiii e 0.70 kg (~1.61 Ibs.)
WNESPAN. ..ttt 96 cm (38 in.)
Maximum Flight Time.............oooiiii e 40 min

YN 81 1S) 1 P 2.4 GHz radio link
Radio Range.........ooiiiiiiii e 3 km (~1.86 miles)
Max Wind Usage.......c.oviuiiriiiiii it e e 45 km/h (28 mph)
(721 14 1<) Sensefly SODA
Base Station.........o.viuiiiiii i Topcon Hyper V
Software planning............coooiiiiiiiii i e eMotion3

IMAZE PrOCESSING. ...t utentteet ettt et ettt et eeeaeans OpenDroneMap and Pix4D
Image analysiS.......c.oveiiiiiii i ArcMap 10.5.1
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Table 2. Control points used for high tide dataset.

POINT NAME | NAD83 EASTING (X) | NAD83 NORTHING (Y) | NAVD88 Height

GCP 1 304458.422 4134360.936 1.430
GCP 2 304246.674 4134327.039 1.094
GCP 3 304825.340 4133489.241 2.384
GCP 4 304655.170 4133404.547 2.492
GCP5 304395.058 4133945.225 13.661
GCP 6 304595.517 4133308.584 13.173
CP1 304560.153 4134541.891 1.246
CP?2 304350.311 4134361.169 0.668
CP 3 304076.897 4134420.440 14.299
CP 4 304558.912 4133292521 12.834
CP5 304572.911 4133284.003 12.880
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Table 3. Control points used for low tide dataset.

POINT NAME | NAD83 EASTING (X) | NAD83 NORTHING (Y) | NAVDS88 Height

GCP 1 304458.422 4134360.936 1.430
GCP 2 304570.650 4134713.411 4.039
GCP 3 304825.340 4133489.241 2.384
GCP 4 304655.170 4133404.547 2.492
GCP5 304395.058 4133945225 13.661
GCP 6 304595.517 4133308.584 13.173
CP1 304560.153 4134541.891 1.246
CP?2 304350.311 4134361.169 0.668
CP 3 304076.897 4134420.440 14.299
CP 4 304558.912 4133292.521 12.834
CP5 304572.911 4133284.003 12.880
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Table 4. Flight parameters for both high and low tide flights.

Date Estimated Solar Solar Side/Forward | Fstop | AGL | Image #
Flight Time | Elevation | Azimuth Overlap
6/7/2017 | 15:30-17:30 | 63.59° 243.34° 70%/70% F/28 | 122m 627
7/26/2017 | 13:00 —14:45 | 70.63° 158.7° 70%/70% F/28 | 122m 683
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Table 5. High tide accuracy assessment results with incorporated ground control (units are in
meters).

Point ID Error X ErrorY Error Z
Checkpoint 1 -0.541 -0.311 -0.329
Checkpoint 2 0.306 -0.049 0.297
Checkpoint 3 -0.410 -0.208 0.182
Checkpoint 4 0.072 -0.410 0.032
Checkpoint 5 0.172 -0.082 -0.198
Mean Error -0.080 -0.212 -0.003

Sigma 0.334 0.136 0.232
RMSE 0.343 0.252 0.232
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Table 6. High tide accuracy assessment results without ground control (units are in meters).

Point ID Error X ErrorY Error Z
Checkpoint 1 0.354 -0.101 1.606
Checkpoint 2 0.672 0.135 1.594
Checkpoint 3 -0.010 -0.085 1.944
Checkpoint 4 -0.119 -0.219 1.958
Checkpoint 5 0.219 -0.035 1.685
Mean Error 0.223 -0.061 1.757

Sigma 0.279 0.115 0.161
RMSE 0.358 0.130 1.765
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Table 7. Low tide accuracy assessment results with incorporated ground control (units are in
meters).

Point ID Error X ErrorY Error Z
Checkpoint 1 0.713 0.309 0.250
Checkpoint 2 -0.130 -0.117 0.334
Checkpoint 4 0.076 0.022 -0.338
Checkpoint 5 0.233 -0.117 -0.488
Mean Error 0.223 0.083 -0.060

Sigma 0.311 0.155 0.358
RMSE 0.383 0.176 0.363
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Table 8. Low tide accuracy assessment results without ground control (units are in meters).

Point ID Error X ErrorY Error Z
Checkpoint 1 0.383 0.096 0.633
Checkpoint 2 0.230 0.259 0.608
Checkpoint 4 0.330 -0.466 -0.216
Checkpoint 5 0.481 -0.504 -0.322
Mean Error 0.356 -0.154 0.176

Sigma 0.091 0.337 0.447
RMSE 0.367 0.370 0.480
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Legend

Study Area
Charles City County, VA

CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community

Figure 1. Study Area: Kimages Creek 37°19'36.8"N, 77°12'16.0"W.
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Figure 2. Examples of positioned targets and photo identifiable structures used for survey
coordinates of control points in Pix4D.
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Figure 3. Ground control points (Yellow) and check points (Blue) used for high tide dataset.
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Figure 4. Ground control points (Yellow) and check points (Blue) used for low tide dataset.
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Figure 5. High tide collection on 6/7/2017. Points in red indicate flight time. Water level was
collected in North American Vertical Datum 1988 feet every 15 minutes from VCU Rice Rivers
Center pier gauge station. For additional information, contact the Center at:
https://ricerivers.vcu.edu/
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Figure 6. Low tide collection on 7/26/2017. Points in red indicate flight time. Water level was
collected in North American Vertical Datum 1988 feet every 15 minutes from VCU Rice Rivers
Center pier gauge station. For additional information, contact the Center at:
https://ricerivers.vcu.edu/
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Legend
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Figure 7. Shoreline points used to create continuous water surface elevation, and mask showing
area of elevation model removed from high and low tide.
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KIMAGES CREEK AT HIGH TIDE "
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Figure 8. High tide orthophoto created with ground control points.
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'KIMAGES CREEK AT LOW TID
FLIGHT CONDUCTED ON 7/26/2017

Service Layer Credits: Source: Esri, DigitalGlobe, GeoEye, Eaﬁh-gtar Geographics,
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Figure 9. Low tide orthophoto created with ground control points.
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Figure 10. Inset views of high tide (left) and low tide (right).
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POSITIVE ELEVATION CHANGE OF KIMAGES CREEK
HIGH TIDE COLLECTED ON 6/7/2017
LOW TIDE COLLECTED ON 7/26/2017
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Figure 11. The extent of high tide elevation above the low tide elevation. The final output is
displayed above the low tide orthophoto to depict change.
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Image Processing

High tide report with incorporated GCPs.
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(" Gooreferending yes., 6 GCPs (8 3D). mean RMS error =094 m A
% Preview i ]

Fgure 1: Orhomosalc and the coresponding sparse Dighsl Surface Mode! (DEM) before denaification.
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Calibration Details

Mumber of Calibraled images 346 out o 62T
Murribist of Gatlonalad Iniages BT oull o 827

T Initial Image Positions

Figuuni 2 Tos wiorw of e iithal vuirg gl o, T gran lisst oliows tha pesifion of the imagas in me wliring frem e |age Bius ded

2! Computed Image/GCPaManual Tie Points Poeitions
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71 Absalute camera position and arientation uncertainties o

Xim] ¥im] Zim] Ormega [degres] Phi [dagres] Happa jdegres]
Mean oiaTr o188 0181 005 L8] 0080
Sigma nA1a LLE ] 0296 i L] 0118
&1 Overlap i ]

rraty B p::‘nnm inticae i e irlig of gedr smwm

pattiy risialts will D grnie rilies ik 1oy ik U ey o Mgl s e 5 W0 Sulicien e s aetas e Figas §

Bundle Block Adjustment Details o

Murniber of 200 Ketpaint Observalions for Bundie Block Adjusiment BZIT0E
Murnber of 30 Points for Burdls Block Adjustment 27582
Mean Reprojeciion Emor pixts] oisd

T internal Camera Parsme e rs
H 3.00.A_10.2_5472%3848 (RGB). Sensor Dimenslona: 13.132 [mm] x 8.755 [mm] o
EXOF I BuCuDLA,_ L2 SETIB4E

Focal Principal |Principal
Lengt Pirtx Pointy L R R L
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A3E0EMjpbe]] 2684442 [pbed] 1EaMpbel] 5404 peez | 02e2 0000 | 0002

8442 fren] 4365 [
ST T el | 1TTE.575 [pbel)
pphasiad Htirid 0120 0421 0380 0002 | 0000
1,882 fpiel) 1,652 fpibel]
0.005 e 0.004 g O3 002 | G046 | 0000 0000

W PR LY

“The nicibeee of Aulormalic Te Pints (ATPS) per piel, averaged over all images: of he camena modsl,
5 color coded bstween black and white, Wiile indicaies Bt on serage, more than 16 ATPS Fine
been enractesd al lhe pive locatian, Black indicales lhat, on average, 0 ATPs have been edracted &
e el Icsation. Click o s e s e S s neeips directon anl magnitude of e re-
prejieciion emoe for each pibes, Mol Sl the vsders ans scaled for beter vsualizaban, The scale bar
vfites the magniLde of | pise erter.

Hurmiber of 20 Keypainis per image Humiber of Meiched 20 Keypoinks per image

i
i
g

3! 30 Points from 2D Keypoint Matches i ]

E
:
i

In2 images
In 3 Ireages:
In4 Irsages
In5 Images
In Imsapes:
In T Irsages
In & Images
I8 Imsapes:
In 10 Images
In 11 Images
Ini 12 images
In 13 Images

“erivaigEyys

%1 2D Keypoint Matches L7 ]
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Xrm] imi Zim] Orfiega [degres]

Mean osT 0,843 0.584 0314
Sgma oE 0558 0345 02ra

T Manual Tle Palnts

MTP Mame Projection Emor [phel]
mipi2 1376

mipi3 1513

Phi [dagres] Kappea jdegres]

.28 014

08 LR 0]
visrifiecdarked

L1
12/13

mmuwuﬂnuumuwm‘.ﬁuumn pednt has by dnsheni clly waribad v e, sanually

Geolocation Details
%} Ground Control Points
GOP Hame Aeoucacyd¥Zjm] | EmorXjm]  Ewor¥jm] | EmorZim]  Projecion Eworjpbed] | VedBedMarked
Mer_jsland (30 0200020 0.056 0004 0038 0772 107140
Belore._lsiand (30} U020/ 0080 0042 0182 LT TIME 10/10
Braach? (30) 0020/ 0020 -1.378 1348 4782 23,068 414
Before_Breach (30} 00200020 0061 0113 187 3182 GBI
Shed1 (30} U020/ 0.0E0 et 0,035 0011 1360 111
Fronl_MsinBullding(30)  0020/0.020 noe (il 0044 (%, 12712
Mean [m] PPEZIE | 0PEEE  OTEITIE
Sigma [ 0596527 0512882 1700858
NS Brror ] 0564608 0555458 184812
LET L. SF - e T T
Check Point Mame AcoscyX¥Zfm] | EwcrXjm] Eworym] | EmorZim]  Projecion Bworfpbel] | VerSecMarked
Top_fam D510 013 Rk ] 02778 88
el 0:3061 DME1 02T 10458 8110
Poweriine 04009 02082 1E1E 08032 516
Sides_MainBuildling [ilip ] 4080 [Tl 05708 404
Bishire]_MairiBLilding AT 00816 1878 02460 B8
Wean [m] Q0B 0211001 0003213
Siga [ 0333800 0136082  OZEIED
RMES: Brror ] 0343780 0251915 0232206
L ¥ par GCF Iniu:h-t: “ ‘,uidﬂﬂ:: =l einariti B Ausnlses of Calibratd irnges wisn i OCP s
% Absolute Geolocation Varlance
Wi Ervor ] Mt Ermest mi] Gaolocation Emor X% Gaolocation Eror Y% Gaolocion Emor Z )
- 0,08 naz 0.00 1521
.08 .06 03z 0.00 268
006 0,05 085 0.00 488
005 003 237 258 4
003 02 680 680 84T
002 0.00 3528 4207 1812
000 0oz 46,60 3048 1100
(1] 003 84T T2 1]
[ 1] 006 087 194 28
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o5 006 000 000 485
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ouoE - 032 L] 008

Mhesars [ ] 0810830 0751327 =36.TOMET

Sigrma [m] 0015588 0013323 0185580

RS Brror ] 0810829 075445 BELTO3E30

Wi Ervor il M Ermir sugrasint guolcals ala b 'Jnuuumwnlmmm:vrzmn

- - mummwﬁrrhwg‘::nh-'n Inbarvid 30 peints. -
(Geolocalion Bias x Y z
Teanskadion [m] 0510482 OTE608 ~38. 705800
B Bkt g Inilal and sk GBlocabon @i n sulpul cosninle syalim

iZ Relative Geolocation Variance o

Rstalive Geolocalon Emor Images X[%] Imnaaggess: ] Images Z[%]

[+1.00, 1.00 02 TTET WET

[2.00, 2000 256 320 E049

[-3.00, 3.00) ara 1 | 440

Mean of Gaolocation Accuracy ] 0.0440T0 0.014070 eliey

Sigma of Geolocation Accuracy [m] 0.00teE1 0.00ieE1 DoCE3E

imgs X, ¥, I reprasanl e precantegs of images w il & selalve gaclecaiion emer in X, ¥, L

Geolocalion Orisntafional Viranos IRME [egres]

Orreisga 5.1m

Phi T8

Kappa BT

D csieaaliors FME areor of e orsnilaiin Ggias g s y e S8 nce Betwean he indal o il (it ool otsbon angles.

Initial Processing Details i}
System Information o

ﬁmmmmunm

GPLE MWD Cuaadirg KE200 (Debver: 21.21.13.8038), ROPDD Chained DD (Driver: unknown), RDP Enooder Mimor Driver (Drver:
urknwn], ROP Reacior Display Detver (Driver, unknoan)

Cperatng
S ” | Windows 7 Entepriss, 84-5t

Harchasre:

Coordinate Systems i}

Image Coordirsie Syt WEEE4
Ground Contral Poirt (GCF) Coordinaie System INADED J LT e 188
Cuiput Cocrdinate Syslem INADES [ LT zone: 18N

Processing Options: L7 ]
Delacied Temgilais H a0 Maps
Fasypainis Image Scale Fudl, image Scale: 1

Achvanced: Malching Imesge Pairs Aerial Grid or Comidor
Achvanced: Malcting Stealegy Usis GeormeticallyVertied Malching: no
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Sehainead: Kanptint Exracion Tiarggikist Mo o Kingpisinds: Auteriafic

T Inlerrial Pararmeters Opimizsion: Al

Point Cloud Densification details

Processing Options
Irrags Sie mruliscale, 172 (Half image sims, et
Poirt Deresity Oyptirnal
Mnirmum Mumber of Malkches 3
D Tisouresd M Gosrssrafion W
Risoluticr: Madium Resolulion [dekndl
B Tosousreac] Wity Sy Color Biendng 10
LoD Geaneraled: no
Ichanced: 30 Teotured Mesh Salirgs Samphs Denaity Dinidar: 1
Achanced: Imags Groups proup
Achanced: Uss Proosssing Area s
Achmnond: Uss Srnotaions W
Timne for Point Clowd Densificaiion Forrcits
Time for Point Cloud Classiicalion P&
Tirne for 30 Tesdunsd Mish Gansrafion 10me2s
Results
Murmibsar of Generatsd Tikes 1
Murribar of 30 Densified Poinis 2TR6TH
Putris Deresity [par ) 38

DSM, Orthomosaic and Index Details

Processing Options

DiSMand Crbwmasae Rescidon 1 30GED0 (316 fernksbel])
Moina

RN ammmmrm’. yos, Type: Sharm
Garerated: yos

Fasiir CISM Wisthosd: Fruarese Distoinen Wisighing
Wl Tl yos
Garrated

VA ;%.thmuwm
Gonghs Mapss Taess and KM no

Tirne for CESM Gacmrabion [

Tirne for Crbormos s Censration S

Tirne for DM Ganaraticn (™

Tirne for Cantour Lirees Generation 00

Tirne for Fsfictiris Msp Gersration (™

Tirmes for IncexMap Garwrsion 00s
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High tide report without incorporated GCPs.

Quality Report B

Gonemtod wih PeiDmapper Pro vamion £.122

(T)  important: Click on the differenticons for:

 uip to sty the resuts in the Qusity Report
© pastionst information sbout e secions

'3::' Click hans for addifional Sps 1 analyes he Quality Report

Summary o
Project High_§denoGCPS
Processed 201801-23 11:3021
Camera Model Name(s) SODA_10.2_5472:0848 (RGB)
Averege Ground Sarmgiing Distance (GSD) 315cm/124in
Arva Covered 0.763 ke / 78.2680 ha / 029 sq. mil. / 1885599 acres
Time for Inifal Processsing (without report) 20m:48s
Quality Check i ]
5 images madian of 75102 keypoints per image 5]
(Z) Dataset 345 out of 627 images calibrated (55%), all images erabled, 5 blocks A
) Camera Opsimization 0.01% redasive differsnon batween initisl and optimind imeenal camesa perametan 9
(Z) Matching mesdian of 1193.3 matches per adibratad imsge 2
@M yes, ro 3D GCP aH
7 Preview (]
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Calibration Details

Mumiber of Calibraied nages 345 out of 62T
Murriber of Gealoaied Images 827 ouk of 627

T Initial Image Positions

Flgere 2: Ton vlew of the bolthal i goaltion T grann i follows e s Bon of the Imagas b B slaiing from the large bius dot

@ Computed Image/GCPs/Manual Tie Points Positions
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71 Absolute camera position and arentation uncertainties o

X[ Yimi Zm] Ornega Hegres] Prhi [dagres] Fappa degrea]
Musn 0oig 0023 0023 o018 [T (]
Sigma 0033 0062 0033 et 0025 0020
1 Overiap i ]

N
Mumiber of elapping images: 1 2 3 4

Figira 4 Wumber of o ariapping images compued fr such plxel of he crthomosaic.
! i p el i A e L ey iy e e e

Bundle Block Adjustment Details o
Murriber of 20 Keypaint (hs erafions for Burdie Block Adjusiment 518102
Murribar of 30 Poinbs for Burdis Block Adjustmsnt R
Mbaan Reprojeciion Brmor fjpisis] 0142

I internal Camera Paramelers

H 5.0.0.A_10.2 54723645 (RGE). Sensor Dimensions: 13.132 [mm] x 6.755 [mmi i ]

EOF Ik B00UA 103 S4Tr8es

Focal Brinciped Princinal
L # Poinitx Painly R1 R2 R3 T T2
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PRB AL

i 20 Keypoints Table i ]
Hurriter of 20 Keygoils pit Imaga Hurriber of Mriched 20 Kiypeinis per Fnage

Wiz T2 1183

Min 26003 a3

W a7RT a0

Maan Ti463 1456

[Z! 30 Points from 20 Keypoint Matches o
Murriber of 30 Pririss Obs srved

In 2 Images 185113

I 5 images 25440

I ragis TI57

I Images 3352

Ir i riagss: 1635

In T Images ate

I images as1

Ir 0 Iraags: 0

Ir 10 I 01

I 11 Images 38

Ir 12 I 14

I 13 Images 3

Ir 16 Ingpes 1

1 2D Keypoint Matches i ]

28 442 [pi 1818911
M[ml]h. mmw Q1 DA 022 D000 0002

4360016 pel] | ZFASSMZ[pbe] | 1TTSTERIES]  nap 04 0382 0002 | 0001

1,590 o] 4261 ]
gﬁm mm 0000 0002 0003 0000 0000

Thea cowreslafion babvwessn came i nlemal
determired by e bund s afuskmen. Whits irdicaies a ful
comataion between the parameters, . any change in ons can

b Fully cormperesatid by the other. Sack indicais that Fis
perimalst is trnpletely indepandent, ard is rot aficisd by
olher parariskers.

Thas rumber of Autorraic Tie Points (ATPs) per pixel, sveraged o all images of the camen modl,
i color coded batwessn black ard whits, VWhils indicstes fal, on svenege, mons fan 16 ATPs heee
businry eeiraacienc] il the pisasil location. Black irdicaies thal, on average, O ATPs Funs besn eiracked ol
T il Icstion. Click o s irage io e see e serags dreciion and magniuds of e -
progechion emor for each phel. Mok fhat e wdons an scaled for balier wsualisdion The scale bar

i castens: e rrasgnitude of 1 pie] e,
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Uricertainity ellipaes 100 magnified

25 222 444 666 BBE 1111 1333 1555 1777 2000

Murmiber of rmsches

Flgers 8. Gomzased image posl Borm with dnis ba e st Thee dariras of the linis indic stes the numier of matcted 20 keypol s bets sen Ba
Images. Beight Enks irdicale wasi [k and el meousl e polnts o soee imaged. Dk gress ol s indeais the reledve camam postion urcaralngy of the
brurelie bivch e catemet mault.

! Relative camera position and orie ntation uncertainties o
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X[ ¥imi Zjm] Ornega [dagres] Phi [degrea] Fappa [degrea]

Msan 0208 0226 020 o113 o112 s

Sigma 0235 [ ] 0.186 il (i} o113 0LDES
Geolocation Details o
1 Ground Control Points i ]

0 it of § chich polrts hiva been libsled as Inaccuniie.

Chisch Proink Marmis MoowrsyXZ]  EmorXfm]  EvorYn]  EeorZ[m]  Projcion Emorfeed]  VeriSedMarked
Teg frn 0354 0401 1506 0319 5I5

Jasherd 0ET2 0.135 1504 0o a4

Powerling 0D 085 1084 0353 313
Side_MainBuikiing 0118 0218 1958 444 313
Betired_MainBuilding 0218 035 1535 07 a4

Wean [m] 0223008  QDB0T4E 1757V

Sigena [rri] 0ITEATT 0115224 016WEE

FMS Erroe [m] O357ES0 0130258 1784800

L lmat ¥ par GCP aed in 2w thies A nate dlswzt Tha | L counts B fumber of callbrabed images whets B S0P bas

bt 1 musesrratizaly varified v manusl by marked.

T Absolute Geolocation Varlancs o
Win Errer ] W Error ] Gaclocafion Erar X[5) Gadocalion Erory 5 Gacloeafon Emor 2
- 008 0.00 000 14,89
008 006 am 0.00 243
06 05 0851 oM 243
005 003 122 0 817
003 Y] 54T 385 A8
D02 00 4256 46,20 1458
000 00 4225 134 16.11
T 00 4596 608 a5
(ifi%) 005 122 0 456
005 008 030 0.00 122
008 008 000 000 and
008 - 030 000 AT
Mean [m] D003TE Q00017 Q00737
Sigrma [ 0015168 00M1EE5 (182603
RS Error [m] 0015172 O00IEET 018277
IhE!IH.HIhEMH ; _: otk e '." "."‘ -Jmtsuuwmmnmw:¥z?u

ersitinem. Mot that B kege geolesallon arrors do ot cormapoed b ﬂﬂﬂi‘ﬂyﬂﬂmﬂlﬂm

%1 Relative Geolocalion Varlance i ]
Reslafws Gescd ooation Ermor images X[ Inages Y]] images Z %]
[1.00, 1.00] oo BE.02 4185
(200, 2.00] oage 9514 5471
[F.00, 2.00] 96,66 9848 B5.05
Mlesan of Gealocation Accuracy fmi] 004103 004103 QUO2ABESE
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Sigrma of Geolocation Accuracy [mi 0001206 0001908 0008168

Irmgas X, ¥, I regresent the peroentages of images w it a selalve geclocation emer In X, ¥, 2

Gaolocalion Orientaional \anancs RNE [degres]
Crnega 5068
Phi T.302
Kappa 0.088
Gl ator RS o of e ockeriaon srgies vmn by S dflerence & the il el 4 rmage wileodat un anghe.
Initial Processing Details o
System Infarmation i ]

CPLE Inbsl () Mison{F) CPU E5-9620 o8 (@ A.50GH:

Futik I3CH

GPLE MDA Cusadro K200 (Deiver: 21.21.13,8800), RDPDO Chasirsd DD (Driver: unibkiown), RDP Encoder Meror Driver (D
urirran, ROP Reflacior Dis play Driver (Driver: unkrcown)

Opersing vyt 7 Ererprise, Ba-bit

Hardhwars

Syatern
Coordinale Systems o
g Conrrzse Syestern WEEad
Ouput Cocrdinats Sysiem VWGE B4/ LITMzne 16M
Processing Options o
Delcied Targiais H 30 maps
Kinypirits Imaags Scatle Fusl, g Saler: 1
Achasncesd: Msching nzsge Pairs ezl Grid or Conidar
Achamncad: Msirhing Stabgy Lk Gesorntrically Vrifisd Makching: no
Achaancesd: Henpsoint Exracion Targeted Moenbese of Kenooinks: futorraic
Cidlibraafion Msthed: Stanciard
Irniesraal Paramsers rrizicn: A
At Ao Dserad Fh'mﬂ"lcf';h‘ﬂn‘cll
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Low tide report with incorporated GCPs.

Quality Report B

Gonecmind Wih PLADmagper F1o vomon 4122

(T)  \mportant: Click on the diferenticons for:

@ ip o ansiym the resuits in the Quaity Report
© pasionsl inormation sbout e secions

6]

Click b for addifonal Sps  snalyms e Quality Report

Summary o
Project Lowddat
Procussed 2018-01-08 11:02:12
Camera Model Name(s) SODA_102_ 54720848 (RGE)
Average Ground Samgiing Distance (GSD) 308am/121in
Area Coversd 0.831 k? /83.0861 ha / 0.32 8. mi. / 206.4168 scres
Quality Check L7 ]
() images median of T8172 kenpaints per image o
D) Dataset 207 out of 633 images calibrated (47%), all images ersbled, 5 blodks A
(%) Camera Optimization  0.13% relisive cifferencs between iniial and optimizsd irfernal carmers perametans o
(Z) Matching median of 791,533 mesiches per calbrated image A
7" Gooreferencing yess, 6 GCP (B 3D). mesan RME error = 1.419m A
2 Preview i ]

Fige 1 and the aparse Digltal Surface Mode! (DEM) befors denalfication.
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Xl | Vel Zj] Crnega Hegres]

64

Phi [dogroe]

Dk sgrenss ablpaas nelcain the al ks pesitien unca ity of the bunde bloek oo i rend st

Kappa [degree]



Mean 00s4 0960 0.081 5B 806 2657 851 3506 BT
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NN .
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Bundle Block Adjustment Details o

Murniber of 20 Feypoint Ohservalions for Bundie Block Adjusiment

426425
Murniber of 30 Poinis for Burdis Blodk Adjusiment ERET2
Mean Raprojediion Emor jphels] LR ]-]
7 Internal Camera Parame bers
H SOD.A_10.2 54723845 (RGE). Sensor Dimensions: 13.132 [me] x 8.755 [mm] i )
[Focal Principal |Principal
Lengh Poirt Puinly i R R L R
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Uncertainges (Sigma) gﬁm gﬁm ﬁm 0001 | 0003 0005 0000 0000

Thas corrlafion batween carese inlsmal pansrmsises
dbrrrirad by e Bunde adfjusirent White indicibe & ful
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e fually conperes ated by the offwr. Black indicates that fe
parameiaris complatelyindepandent, and i nol alsced by
other paramelers,

JuBpuR depL

TR ET 1
i it Thaa rumber of Autoraic Tie Poinks (ATPs) per piel, sveraged ower all images of B camena modal,
; 1 is color coded) bebsvesan black ard whils. Whils indicstes thal, on evenege, mons than 16 ATPs ke
1 bisenry evadraacienc] rl the pibesl loacastioon, [Black irndicales: that, on average, 0 ATPS b been siracied ai
T pisel location. Click on the image o fhe ses the merage direciion and magniude of e e-
projeciion emor fior each pbel. Mol that the wedons ans scaled for batier visualiztion. The scale bar

J indi s the magniiude of 1 pbel emor.

%! 2D Keypoints Tabie L7 ]

Hurriber of 20 Kengoinis per imags Humber of Maiched 20 Keypeiris per image
Wiz a2 T2
Min 38524 =
W o282 10803
Mhan a2 1304

i 3D Points from 2D Keypoint Malches o

Murmber of 30 Prirss Obs srved
I 2 Images
I3 rages
Ind Images
I 5 riagis:
I Images
In 7 Images
I riagis
IO irages
Ir 10 I
I 11 Images
I 12 Images
I 13 Images
I 14 Irages
In 15 Images
Ir 16 I

[P A B

1 2D Keypoint Matches i ]
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T Relative camera position and orie ntation uncertaintes

X[m] Yim] ZJm] Ornega Hegres]
Wsan 0357 0358 0280 01885
Sigrma 0461 533 0358 0244
[T Manual Tie Points

TP Marne Prejascdicn Emor [rim]
iz 1,088

13 1189

k14 1251

15 203

16 1271

17 0483

1B 1782

PHi [ogres] Kappa [degree]
o1ed (18 irg
[ ] oS
o
‘i dariosd

44
55
BlE
T
44
3z
44

Geolocation Details
&1 Ground Control Points
GCPHame PoowsyWNE[r]  EreeXfn] | ErecYfn] | EvorZfn] | Pojecion Evorfioel]  VeredMarked
M lsland (30) QLAY 0020 0018 0048 0086 858 TIT
Brsach (30) QLR 0020 013 0116 10835 1808 33
Befire_Braach (30) CLEAY 0020 LUET 62 0201 1261 7T
Shad (301 QLAY 0020 0% 0055 0001 078 16116
Front_MuinBuiding(30)  Q0P0/0L.020 0.098 0087 PR 0638 TIT
Rics_Ervrance (30} CLEAY 0020 M0 0.044 0002 3664 5/5
Mean [mi] 0001559 | 00CK3B0 1774741
Sigema [m] 0090308 008527 = AO79T43
RMS Error [m] 0096322 | 00BBZID 4440046
B et ol 4 cheechi polads Bures bean labeled oo laosurate.
Chisck Point Mame foourscy¥YZfr] | EmorXjm] | EmoeYjm] | EmorZfm]  Projecion Ermorfioel] | VerfisdMrked
Top_fem 07134 03083 07500 LITS 5I5
sl 0131 Q1171 081 QL5560 a/9
Side_MuinBuilding 00758 00218 03380 T T
Batired_MsnBuilding 02332 £4166 A ABB0 07404 &6
Mean [mi] 0223081 | 00B2960  -D0G0453
Sigema [m] 0310881 | 0154886 OASTTIA
M Error [mi] 0383734 | OATSEAT  (L3G2TEE
L lmaati ¥ par GCP aed I B e el ntw dirwct, Tha | dL counts B fumber of callbrated images whems B S0P bas
w1 musaticaly varifed o manual by marked.

71 Absolute Geolocation Varlancs

M Ervor jm]

013

e Errer ] Geclocation Emar X% Goclocation Emar Y %] Gaoloeafion Brmor Z[3
013 0.00 0.00 1180
040 .00 0.00 273
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o3 oS 102 238 BET
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008 L% 1] 0 DU 1.02

R[] 013 000 000 25

13 - 000 000 B.B0

Mlesan [ =0.144930 0943150 =35.0r1505

Slgrna [ DD0o5S 003447 Q1S

RS Error [mi] 0145258 0943245 AL

Ml Ervesr e Mice Ervoe Sepe— I s b -Jmisuum oo all the Images. Colusns X, ¥, F show e
! o of kmagms e h gmoceatl ezt e predal = arree b fha dMiuranca Bt fha irial s ard cmeutad —egm

ﬂlﬂ.hﬂﬂwwmmum umuumuwm
Gaolocafon Bas x b Z
Traresksfion ] =0 144662 08909 =34 RETE0
B b imags InHal and smd gesdcration ghven In oug codlnale system

71 Relative Geolocalion Varlance o

Rasbifw Geol ocbion Ermr imapes X e Y] Irreages 7 [5)]

[-1.00, 1.00] 80,08 alsr 47.78

[=2.00, 2.00] a7 azE3 G485

[+.00, 3.00] 0.3 96.91 743

Mlesan of Gealocation Accuracy fmi] o118 ooie1a Q2As15

Sigrma of Gedlocation Sccuracy [m] Du24ES 0002459 Q007287

Irmgas X, ¥, I represant the peroentage of images w i & selafve geclocation emer InX, 1. 2

Caoloion CristaSoral Varas R [y

Crmega 12717

Phi Suan

Kappa 7.340

Gaulosdun AME aroe of te ocent e gies gves by e d8rencs & e Il ¢ s il et angle.

Initial Processing Details 3]
System Information o

CPLE kel ) Hisa{FE) P E5- 162018 (@ 3.500Hz
Rt 32C8

Lrikricran], RDP Resflacior Displisy Driver (Driver: uriknawn]
Opersing  yyeiowes T Erieprisn, BS-tit

Coordinabes Systems

Image Coondinate Systen
Grewnd Corfral Peird (G0F) Coordinals Sysiam
Cuput Coordinats Sysism
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Processing Options i ]
Dl Tarrpas O am Maps
Kirpirits Inages Sl Full, s Scaler: 1
Achasncesd: Msching nzsge Pairs el Grid or Conidar
Achamncad: Msirhing Stabgy Lk Gesorntrically Vrifisd Makching: no
Achanee: Kenpoint Exrarion Taargstiel Mrnbese of Kengooinks: fuormasic
Cdibrarfon Metherd: Stanciad
nksrresl Prarayrestess Cpimison:
AN Calmon Dserad Fh‘mﬂ‘iq’q:ﬁﬁﬂ' o Al
Rermalch: ful, re
Point Cloud Densification details i )
Processing Options o
Image Seain rrulfiscasie, 172 (Halfimage sim, Deakadl)
Prirt Density Optimal
Mirirnien Number of Makhes a
30 Tessusresd e Germration yos
Resol tior: Medium Resolution
S0 Tuotured Mesh Satings: s fetun
LoD Generadsd: no
Achanced: A0 Tentred Nish Satings Sarmphs Dersity Cinidar 1
Achanced: Imags Groups group
Aehamnom: L Processsing fr yos
Achamnend: Use ferottions yos
Tirne for Print Cloud Densificsion Fherelfis
Tirnes for Prsint Cloud Classification A
Tirnes for 30 Tauduresd Mish Ganeration [M9reilis
Results L3
hlurriser of Genersisd Ties 1
Murrier of 30 Clansified Points 24RGTE03
Pueragn Dersity per ) a4
DSM, Orthomosaic and Index Details o
Processing Options o
DiSMand Criomossic Resoidon 1 30/GEED (3,08 fermubibel])

Rasisr DSM

Tirne for DEM Gersrafion

Tirne for Orfomosal c Gersralion
Tirms for DT Ganaraiion

Tirne for Conilour Lins Gereralion
Tirne for Refdactarcs Map Gersrabion
Tirne for Index Map Canarsion



Low tide report without incorporated GCPs.

Quality Report B

—_ —
wih Poedl Povesion 4122

(T)  importart: Click on the differenticons for:

® tp to anstym the resuts in the Qusity Report
B psstionsl information about e secicns

Clickbam for sddifonal Sps o analys e Quaity Report

Summary o
Project lowbide_noGCP3
Processed 201801-23 105325
Camera Model Name(s) SODA_10.2_ 54723848 (RGB)
Average Ground Sarmgiing Distance (GSD) 307am/121in
Arsa Coversd 0.806 ki /80,4504 ha / 0.31 8. mil. / 198.9224 acres
Time for Inifa Processsing (wiout report) 48m24s
Quality Check i}
' images median of 76525 keypoints perimage 5]
(Z) Dataset X33 out of 683 images calibrated (48%), all images ersbled, 11 blodks A
'It)e-nm 0.11% refarive difference babween iniial and optimized intenal camesa peramelans. ]
%) Georeferencing yes, o 3D GCP H
@ Preview (i ]

Figure 1: and the 10 aparme Digltal Surface Mode! (DEM) before densification.
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Calibration Details

Figuaria - o oliow of s il ] bsiieg psaltions, B ord i [1ea ol 0o U (oot of W I b s iliring T D | Bluis e
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T Absalute camara position and arientalion uncertainties
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X)) ¥imi Zjm] Ornega [degres] PPhi [degres] Fappa [degres]
Mean 0055 L] 0.0&1 0054 uoGn 0041
Sigma 0264 0804 0.188 0282 038 oimE
i ovarlap

Fad and yalow ackcats one e o i poos Festn Sy B Ghsareiad. Greun oros indical i vl of oear § far Do
H;ulupm:u?wnurﬁuwmuumu;—pgnw

Bundle Block Adjustment Details o

Murnber of 20 Keypoint Observalions for Bundie Block Adjusiment

AETI4E
Murnber of 30 Poinis for Bumdls Blodk Adjusirmant 153225
Mean Raprojaciion Emor [pisels] LR ]]
T Internal Camera Parame bers
N S0D.A_10.2_5472x3645 (RGB). Seneor Dimensions: 13.132 [m] x 8.755 fmm] o
E0F I BLOULA,_ML2_SETRCIAE
Lengm Pointx Pointy M |R|P "M =
4383530 jpbed] 2884442 [pibed] 1E18.811 [phel]
Inifial Vislues 10,520 jramj 8,442 o] 4.365 ] LI Q2 0262 0000 0002
Opfimized Values A3TETED jpbed] 2745418 [phel] TTTT.074 [jpbel]

$0.508 frere] £.588 ] 4:85 jram] 0120 043 0380 QD02 0,000
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LS R

The Ak of Aulsratic The Prinis (ATPs) per plel, averaged over all mages of the camera madel,
5 color coded betwean black and white, While: nclicates thal, on sverage, more than 16 ATPS o
been eniracted at ihe pisel localian. Black indicaiss thal, on sverage, 0| ATPs have been sdracied ol
e jpbel localion. Clidk on the image io the see the serags drecion and magniiude of he ne-
projection emorfor aach pibel. Nole st the vedions ane scaled for beter vsusltmbon. The scale bar
indicates the magnitde of 1 phl eecr,

¥ 30 Paints from 20 Keypoint Malches o

MNumber of 30 Poirds: Observed

In3 Images
In4 Images:
In5 Images
InG Images
InT Images
In8 Images
In'8 Images
In 10 Images
In 11 Images
In 12 Images
In 13 Images
In 14 Images
In 15 Images
In 18 Images

LR P EEERT

1 20 Keypoint Matches i ]
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[Tl Relative camera position and orlentation uncertainties o
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Msan 0221 0218 0134 0.109 0.100 0.065

Sigma 0283 0220 0.156 o116 0.106 0.062
Geolocation Details o
@ Ground Control Points o

0 cut of 4 check points have been labeled as Insccurnie.
Chedk Point Name AorsyXOZ[m]  EmoeXm] EvorYpn] EmorZ[m]  ProjecfonEmorfpbel]  VerdSedMarked

Top_Am 0383 006 0633 0308 474
sl 0230 0250 0508 020 44
Side_MuinBuikling 0330 0488 0216 0162 414
Betind_MsnBuildng 0481 0504 032 0309 313

Mean [m] 0356003 0153887  0.175808

Sigma [m] 0090504 0336679 0446553

RMS Error [m] 0387327 0370181 0479947

Lecalisation sccuracy par GCP and In Se hree The last col courts e sumber of callbrated images where Be OCF has

bean automatically verified va. manually marked.

@) Absolute Geolocation Variance i ]
Mn Error ] Mex Error fn] Geclocasion Ermor X[ Geclocaion Eor YT4] Geclocafion Emor Z[)
> 013 000 000 a7
013 010 000 000 000
010 008 000 000 162
008 005 000 129 129
005 003 128 250 518
003 000 51.13 4337 3495
000 003 4658 5081 68
003 005 085 182 518
005 008 000 000 097
008 010 000 032 227
010 013 000 000 032
013 : 000 000 4585
Mean [m] 0.000367 0.000603 0018730
Sigrma [m] 0007168 0012485 0120324
RMS Error [m] 0007177 0012500 0121773
Mis Ervor and Macx Ersor sepe Intarvals b 1.5 and 1.5 times the maximum accuracy of all the Images. Columns X, Y, Z show the
oo of Images with & wiin the predefired ecrcr Intecvals. The gecioc st i e dflererce e Initial and d imarze
poaliora. Note that P kmege do not cor reep #m accuracy of the cbmarved 3D poires.
() Relative Geolocation Variance o
Relafve Gealocation Error Images XP Images YR images Z[%]
[1.00, 1.00] 256 8932 7055
[-200,200) 9871 24 8091
[3.00, 3.00) 100.00 9676 B252
Mean of Gealocation Accuracy [m] 0012743 0012743 0027908
Sigma of Gediocation Accuracy [m] 0002500 0002500 0007439
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Ievgis X, ¥, 2 reprisnl the precantage of images wil o selalve geclscation erer in X ¥, 2

Geolocation Crientalional Varanoe RN [degres]
Ormega 5353
Phi 43m
Kappa 5155

i isboalbirs RS areor of e sk lion Gogias gy s by e dlara s Batwsan S il al ans i imige oele ko angles.
Initial Processing Details o
System Information i ]

R KM ) GPU E5-1620 W Q3 e
Hardare: o 1 NADUACLisdio KE200 [Deiver: 21.21.13,6008), ROPDD Chained DD (Driver: Lnknown], RDP Encoder Mirce Difver (Drher:

urknown), FIDP Reflecior Display Dever (Driver:
Cpuratig
S © | Windows T Enerpiss, B4
Coordinale Systems o
Imiges Cordinate Sgstern waE
Ot Cocedinls Sys s WEE B4 J UTMzne 18N
Processing Options i ]
Delecied Temglals H 30 Maps
Kisypainits Image Scale Full, Image Scae: 1
et Maiching Image Pairs hesial Grid or Cortidor
Advanced: Maiching Sraiegy U GeaometieallyVeetfisd Melcbing: ric
Mebvanced: Hengeoinl Exracion Targeted hurnber af Keypoints: Ak
Ikl Purameiens Dpimizison: A1
ettt L ey — o ——
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