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Recent advances in computer vision and image analysis have led to the development of a novel, fully automated
photogrammetric method to generate dense 3d point cloud data. This approach, termed Structure-from-Motion
or SfM, requires only limited ground-control and is ideally suited to imagery obtained from low-cost, non-metric
cameras acquired either at close-range or using aerial platforms. Terrainmodels generated using SfM have begun
to emerge recently and with a growing spectrum of software now available, there is an urgent need to provide a
robust quality assessment of the data products generated using standard field and computational workflows.
To address this demand, we present a detailed error analysis of sub-meter resolution terrainmodels of two con-
tiguous reaches (1.6 and 1.7 km long) of the braided Ahuriri River, New Zealand, generated using SfM. A six stage
methodology is described, involving: i) hand-held image acquisition from an aerial platform, ii) 3d point cloud
extraction modeling using Agisoft PhotoScan, iii) georeferencing on a redundant network of GPS-surveyed
ground-control points, iv) point cloud filtering to reduce computational demand as well as reduce vegetation
noise, v) optical bathymetric modeling of inundated areas; and vi) data fusion and surface modeling to generate
sub-meter raster terrain models. Bootstrapped geo-registration as well as extensive distributed GPS and sonar-
based bathymetric check-data were used to quantify the quality of the models generated after each processing
step.
The results obtained provide the first quantified analysis of SfM applied tomodel the complex terrain of a braided
river. Results indicate that geo-registration errors of 0.04 m (planar) and 0.10 m (elevation) and vertical surface
errors of 0.10m innon-vegetation areas can be achieved from adataset of photographs taken at 600mand 800m
above the ground level. These encouraging results suggest that this low-cost, logistically simple method can de-
liver high quality terrain datasets competitive with those obtained with significantly more expensive laser scan-
ning, and suitable for geomorphic change detection and hydrodynamic modeling.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

During the past decade, advances in survey and sensor technology
have created newopportunities to investigate the structure and dynam-
ics of fluvial systems through the development and differencing of high
quality digital terrain models for change detection (Wheaton et al.,
2010; Brasington et al., 2012) and hydrodynamic numerical model
boundary conditions (Williams et al., 2013a). These advances have
been delivered through the advent of digital ground-survey technolo-
gies, in particular the Global Positioning System (GPS) (Brasington
et al., 2000; Wheaton et al., 2013) and perhaps more fundamentally
through the emergence of remote survey methods, including softcopy
photogrammetry (Lane et al., 2000; Westaway et al., 2003), aerial
light detection and ranging (LiDAR) (Charlton et al., 2003; Hilldale
and Raff, 2008) and terrestrial laser scanning (TLS) (Brasington et al.,
2012; Williams et al., 2013b).
. Javernick).

ights reserved.
The adoption of these geomatic technologies has driven a profound
increase in the dimensionality of topographic datasets and used within
river science, and geomorphology more broadly. Traditional cross-
sectionmodels have been replaced by 2.5-dimensional (2.5d) digital el-
evation models (DEMs), andmore recently by fully 3d point clouds and
surface models (Kreylos et al., 2013). However, fluvial terrain modeling
remains challenging due to complex topography, partial inundation,
and high sediment mobility. These challenges are particularly true for
braided rivers and are compounded with large study sites. While the
revolutionary power of these geomatic advances has been utilized to
develop quality fluvial terrain models, the high hardware and facility
costs, and/or labor intensive and lengthy data acquisition limit the ex-
tent and frequency of surveys.

Advances in computer vision and image analysis have led to the de-
velopment of a novel photogrammetric approach called Structure-
from-Motion (SfM) that when coupled with Multi-View Stereo (MVS)
offers a fully automated method capable of producing high resolution
DEMs with low cost consumer grade cameras (Agisoft, 2010; Fonstad
et al., 2013). Traditional photogrammetric DEMs were typically less
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accurate and precise than airborne LiDAR (Baltsavias, 1999); however,
SfM–MVS has produced terrain models with centimeter precision and
point cloud resolutions that fall between LiDAR and TLS (Doneus et al.,
2011; Fonstad et al., 2013) andhas beenutilized to accuratelymodel ob-
jects on the centimeter to kilometer scale (James and Robson, 2012;
Westoby et al., 2012). Recent studies have highlighted the convenience
of SfM–MVS by utilizing unmanned or ultralight aircraft (James and
Robson, 2012; Dandois and Ellis, 2013) aswell as the potential time sav-
ings terrestrial image acquisition has over transporting heavy and bulky
TLS equipment (James and Robson, 2012).

This paper presents a workflow production combining SfM–MVS,
optical-bathymetric mapping, and point cloud filtering that produced
three fluvial terrain models of the braided Ahuriri River, New Zealand
with 0.5 m resolution and minimal vegetation noise. This workflow of-
fers non-experts a method to produce quality fluvial terrain models
with minimal data acquisition costs and moderate (initial surveys) to
minimal (repeat surveys) field labor. In contrast to previous studies,
this paper provides a rigorous quality assessment of the SfM–MVS per-
formance measured against extensive real time kinematic (RTK)-GPS
ground check-datasets for a 102 ha study-reach. To demonstrate the ca-
pabilities and limitations of suchmethods, these methodswere extend-
ed to evaluate i) a 104 ha contiguous river reach that was comprised of
limited quantity and quality geo-control and ii) a 206 ha river reach that
was comprised of the two contiguous river reaches' datasets.

1.1. Structure-from-Motion and Multi-View Stereo

Several SfM software packages are currently available. Many, like
Microsoft's PhotoSynth, are internet based and allow the user to load
images via the internet and process the data remotely without parame-
ter specification. PC based programs such as SFMToolkit and Agisoft's
PhotoScan allow the user to set numerous parameters.While it is recog-
nized that PhotoSynth and SFMToolkit are both capable of producing
quality DEMs (e.g. James and Robson, 2012; Westoby et al., 2012), this
research utilized PhotoScan (version 0.9.0) due to parameter control,
user-friendly graphical user interface, inclusive transformation ability,
and in part based on the exceptional results published in Doneus et al.
(2011).

SfM–MVS generated point clouds are produced in three stages. Dur-
ing the first stage, SfM utilizes supplied photographs and tracking algo-
rithms to identify,match, andmonitor themovement of unique features
(Verhoeven, 2011; AgiSoft, 2012). Many SfM packages use the Scale In-
variant Feature Transform (SIFT) object recognition system (Lowe,
2004) for this process; however, PhotoScan claims to achieve higher
alignment quality using custom algorithms that are similar to SIFT
(Semyonov, 2011). The second stage determines the camera's intrinsic
(focal length, principal point, and lens distortion) and extrinsic (projec-
tion center location and the six exterior orientation parameters that de-
fine the image) orientation parameters by determining the optimal
camera positions through greedy algorithms, and later improves their
positions with a bundle-adjustment algorithm (Robertson and Cipolla,
2009; Semyonov, 2011; Verhoeven et al., 2012). In contrast to tradition-
al photogrammetry, SfM does not require the 3d location and orienta-
tion of the camera at image capture, nor the 3d location of the control
points to be known prior to scene reconstruction (Verhoeven et al.,
2012; Westoby et al., 2012). Following the completion of the first two
stages, a sparse point cloud has been generated as well as the location
and position of every supplied image.

The third stage utilizes the previously determined intrinsic and ex-
trinsic camera locations, a dense multi-view stereo reconstruction
(DMVR), and every pixel of the provided images to produce a dense
point cloud and a dense surface reconstruction referred to as a mesh
(AgiSoft, 2012). The resulting dense point cloud is generated in an arbi-
trary coordinate system; however, PhotoScan can transform the model
into the absolute coordinate system provided that a minimum of three
ground control points (GCPs) or camera coordinates has been recorded.
Transformation through the use of GCPs can be accomplished in the
user-interface by manually identifying and marking the GCP object
within the imported photographs. Once GCP identification has been
completed and the corresponding xyz coordinates have been entered,
a linear similarity transformation using seven parameters (three trans-
lation, three rotation, and one scaling) is automatically performed. Fur-
ther, an optimization transformation method is also available which
utilizes the modeled point cloud and camera parameters to reduce the
difference between the model and supplied coordinates (AgiSoft,
2012). However, PhotoScan's transformation algorithms are not fully
disclosed and the final resulting point cloud may require user editing
due to vegetation and/or additional noise.

1.2. Optical bathymetric mapping

Consistent with other photogrammetric studies, fluvial terrain
models generated with SfM–MVS struggle to identify the inundated
river bed elevation and thus a significant portion of the terrain remains
undocumented. This is unacceptable for most fluvial terrainmodels due
to the river beds' highly active geomorphology (Williams et al., 2011).
However, many methods are available to acquire this bathymetric
data including remote sensing methods such as bathymetric LiDAR
and optical remote sensing (Westaway et al., 2003; Carbonneau et al.,
2006; Wedding et al., 2008) as well as field data collection methods
using radar, sonar, and RTK-GPS surveys (Brasington et al., 2003;
Fonstad and Marcus, 2005; Williams et al., 2011). However, LiDAR
methods are expensive and extensive field data collection can be an
overwhelming task for large river studies. Thus, optical bathymetric
mapping is a practical method to model the river bed elevation at sub-
meter resolution (Marcus and Fonstad, 2008; Williams et al., 2011).

Optical bathymetric mapping requires a correlation between the
water's depth and the water's color (Winterbottom and Gilvear, 1997)
and works well for shallow water depth and minimal turbidity. To de-
velop a river bed map of the inundated areas, three general steps are
taken. First, to develop a relationship between the water's depth and
the water's color, near-concurrent aerial photographs and water depth
data are assessed. Second, a model of the water surface must be gener-
ated. Third, the spatial depth data are subtracted from the correspond-
ing water surface elevation to develop the river bed elevation map.
Given that SfM–MVS and optical bathymetric mapping require similar
datasets, coupling the two methods to produce a fluvial terrain model
is a convenient workflow.

2. Methods

2.1. Workflow

The workflow presented in this paper utilized PhotoScan's SfM–

DMVR to generate the terrain surface for dry areas, the geospatial Topo-
graphic Point Cloud Analysis Toolkit (ToPCAT; Brasington et al., 2012) to
reduce the point cloud resolution to i) improve data handling, and ii) to
reduce vegetation noise, and finally optical–empirical bathymetric map-
ping to model the inundated terrain. The full production (Fig. 1) starts
with the acquired aerial photographs, which were utilized in two ways.
First, the photographs were uploaded into PhotoScan to produce a
georeferenced SfM–DMVRpoint cloud thatwas then: i) decimated to re-
duce the point cloud resolution to a computationally manageable size as
well as reduce vegetation noise, ii) utilized to model the dry surface ter-
rain, and iii) used to derive the water surface elevation of the inundated
areas. Secondly, PhotoScan utilized the upload photographs to produce
mosaicked orthophotos which were: i) utilized with bathymetric data
to develop an empirical–optical depth formula, ii) subtract the depth for-
mula from the modeled water surface to obtain a river bed elevation
model, and iii) discretize the model into a similar resolution as the SfM
point cloud. Finally, the dry and wet point clouds were fused into one
point cloud which was utilized to develop the digital elevation model.



Fig. 1.Workflow illustration for fluvial terrain model production.
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2.2. Study site

The braided Ahuriri River is located in the Southern Alps of the
South Island, New Zealand and offered a challenging study site to
test the terrain modeling workflow due to the complex floodplain
topography, partial inundation, high sediment mobility, and moder-
ate vegetation. With a drainage basin of 566 km2 and annual
precipitation of 1775 mm, the Ahuriri River flows 70 km before
draining into the artificial Lake Benmore (Hicks et al., 2011). Located
22 km upstream from Lake Benmore, the main study reach (Fig. 2)
comprises an area of 1.6 × 0.65 km and has an average gradient of
0.9%. Surface grain diameter's ranges between D25 = 14 mm and
D100 = 256 mm with D50 (median) = 30 mm, and subaqueous
grain diameter's ranging between D25 8 mm and D100 256 with a



Fig. 2. Location maps. A) study site location in New Zealand. B) Ahuriri catchment. C) Study reach extent. Grid in NZGD 2000, Lindis Peak Circuit 2000 with X-axis Easting (m) and Y-axis
Northing (m).
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median grain diameter of 28 mm. Additionally, high tectonic activity
occurs throughout the Southern Alps with present-day uplifting esti-
mated up to 5mmyear−1 (Beavan et al., 2010). Together, these geolog-
ical properties and moderate precipitation provide the Ahuriri River
with an abundant sediment supply of coarse schist and greywacke
(Land Information New Zealand, 2002). While sediment studies are
scarce for the Ahuriri River, it has been estimated to yield 43,000 tonnes
annually and modeled to yield 127,400 tonnes of suspended sediment
annually (Griffits, 1981; as cited by Pickrill and Irwin, 1986; Hicks
et al., 2011). Floodplain vegetation consists of both native and exotic
species; however, the greatest density within the study reach includes
herbaceous Russell lupins, matagouri and rosehip shrubs, and thickets
of young and mature willow trees. Flow data has been recorded 8 km
upstream of the study reach since 1963 and a hydrological assessment
determined the river's mean flow of 23.4 m3 s−1 and mean annual
flood of 222 m3 s−1.
2.3. Data collection

Field work was conducted during the austral winter of 2011 to en-
sure low river levels and sparse, dormant vegetation. While quality
SfM–DMVRpoint clouds can be generated using oblique terrestrial pho-
tographs, the large scale study reach would have required multi-day
data acquisition, and the moderate floodplain vegetation would have
caused significant point cloud noise. Therefore, it was determined that
near vertical aerial photographs would be acquired by hand from a
manned Robinson R22 helicopter. This method allowed for fast (sub-
hour) image capture covering the entire study reach and for a high
grade digital camera which would have been too heavy for most
UAVs. Flight planning determined the Canon 10.1megapixel digital sin-
gle lense reflex camera set at a 28mm focal length (adjustable focal lens
18–55 mm) would result in minimal image distortion (near 35 mm
equivalent) and would produce a target image object space resolution
of 0.12 m when captured at 600 m above the ground level (AGL). To
ensure adequate image overlap, flight speed was held at approximately
40 km h−1; pictures were taken at approximately three second
intervals; and flight paths were segmented into four overlapping strips
Fig. 3. Field data collection in the study reach. A) GCP distribution. B) All ground tru
parallel with the river's floodplain. This provided image side overlap of
≥60% and top-bottom overlap of ≥70%. This procedure was repeated
at 800 m AGL (0.16 m resolution) to ensure adequate image coverage.

Prior to taking aerial photographs, 95 GCPs were distributed
throughout the study reach in a 100m grid for georeferencing purposes
(Fig. 3A). Each GCPwasmade of black polythene squares approximately
1.3 × 1.3 mwith a superimposed cross made of yellow plastic strips 0.2
mwide; target centroids were surveyed using Trimble R8 GNSS system,
operating RTK mode. All points were acquired in WGS84 and trans-
formed into New Zealand national mapping coordinate system NZGD,
Lindis Peak Circuit 2000. Given the relatively coarse object-space pixel
resolution of the imagery, survey observations were acquired on a
handheld rod with a pointed tip, and solutions obtained after five
epochs with 3d point quality ranging between 2 and 5 cm in xyz
(Trimble, 2012). In order to assess the quality of the DEM generated,
10,622 distributed RTK-GPS ground truth points were collected with
the same methods and quality as previously stated (Fig. 3B). Similar to
traditional photogrammetry limitations discussed by Chandler (1999)
and Lane et al. (2000), SfM models produced from aerial images may
represent the vegetation tops rather than the desired ground surface.
Therefore, to fully evaluate the SfM performance, the ground truth
data were split into three sets: i) a dataset utilizing all terrestrial points
(except areas inundated with water), ii) a dataset edited to exclude
areas of tall vegetation, steep slopes, andwater, and iii) a dataset limited
to vegetated areas. These three datasets will be referred to as all ground
truth, bare ground truth, and vegetation ground truth, respectively.

Bathymetric surveyingwas conducted immediately following ae-
rial photography. To provide geo-located water surface and depth
measurements, a custom fabricated aluminum apparatus mounted
the Trimble RTK-GPS R8 receiver directly above a Tritech PA500 al-
timeter (echo-sounder). Further, the echo-sounder was connected
to the Trimble (TSC2) controller and recorded the sounder's Nation-
al Marine Electronics Association (NMEA) data string output with
the synchronized GPS coordinates at one hertz. In order to capture
a large dataset, the apparatus, GPS and echo-sounder were attached
to a small dinghy. Using a set of ropes, two individuals on opposite
river banks navigated the dinghy down the river in a zigzag pattern
(Fig. 3C). Due to the echo-sounder's requirement to sit 0.1 m below
th distribution. C) Example of echo-sounder data acquisition in main channel.

image of Fig.�3


Table 2
Residual errors for the linear transformed study reach model.

Data n ME
(m)

RMSE
(m)

MAE
(m)

SDE
(m)

GCPs x Utilized 65 0.04 0.19 0.14 0.19
Withheld 30 0.04 0.20 0.15 0.20

y Utilized 65 −0.06 0.17 0.14 0.17
Withheld 30 −0.04 0.19 0.16 0.19

z Utilized 65 0.40 2.00 1.52 1.97
Withheld 30 0.46 1.96 1.53 1.93

Ground truth z Bare 1985 0.42 2.27 1.75 2.23
Veg. 134 1.71 2.69 2.16 2.08
All 10,622 0.58 2.41 1.93 2.34
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the water surface, it was not possible to record the depths in shallow
water (b20 cm); thus, limiting the echo-sounder to the main river
channel. Therefore, additional manual GPS depth measurements
were collected in anabranches by recording the water surface eleva-
tion and wading into the river perpendicular to flow. In total, 6935
water depth points and 6931 water surface points were acquired.

2.4. Surface modeling and point cloud filtering

2.4.1. Surface modeling
Throughout this paper, the computer utilized consisted of: Intel

CORE i7 (2600 @ 3.4 GHz, single CPU), 16 GB ram, a Gigabyte GTX
560Ti graphics card, and a 120 GB Intel Solid-State drive 520 series uti-
lized to improve reading and writing speed. PhotoScan's point cloud
generation process offers users with little photogrammetry experience
amethod to develop quality terrain point clouds; however, there are nu-
merous parameter settings throughout the SfM, DMVR, and transforma-
tion stages (AgiSoft, 2012). In order to gain insight into the parameter
functions and sensitivity and to achieve the best possible performance,
multiple preliminary parameter tests were conducted on approximately
10% of the available data (aerial photographs, GCPs, and ground
truthing) and assessmentswere based on the corresponding residual er-
rors. The methods and results of these tests will not be discussed in-
depth, but the final parameter values determined were applied to all
models and are listed in Table 1. While sensitivity testing is not a re-
quirement, the authors of this paper recommend similar procedures
be conducted to ensure accurate model generation.

Using the parameters of Table 1, final linear and optimized trans-
formation models were generated using 147 photographs that
contained both 600 and 800 m AGL images and produced point
clouds of +23 million points and point spacing of 0.25 m were de-
termined using ArcGIS. Due to the unknown transformation process,
the authors of this paper felt that it was necessary to illustrate the in-
ternal camera calibration that takes place during the various trans-
formation stages. This was done by examining PhotoScan's camera
calibration window prior to linear transformation, post linear trans-
formation, and post optimization. To assess the quality of the SfM–

DMVR terrain model, two quality assessments were conducted. The
first assessed PhotoScan's transformation accuracy. This was per-
formed by utilizing approximately two-thirds of the GCPs with ran-
domly selected locations during the transformation stage, with the
remaining GCPs withheld to provide check data (Chandler, 1999).
The second quality assessment examined themodel's surface accura-
cy by comparing the SfM-generated surface and the +10,000 RTK-
GPS ground truth points. This was performed in ArcGIS by importing
the 2.5d point cloud and generating a surface by i) using a Delaunay
constrained triangular irregular network (TIN) and ii) converting the
TIN into a surface raster.
Table 1
PhotoScan final parameter settings.

SfM parameters: Setting
Quality High
Pair selection Disabled

DMVR parameters:
Reconstruction method Height field — sharp
Target quality High
Face count 30 million
Filter threshold 0
Hole threshold 0

Transformation parameters:
Optimization Selected
Camera Accuracy (m) 10
Marker accuracy (m) 0
Projection accuracy (pix) 0.001
Aspect Selected
Skew Selected
p1 & p2 Selected
2.4.2. Point cloud filtering
With the raw0.25m point spacing point clouds computationally de-

manding, ToPCAT was utilized to reduce the resolution (Brasington
et al., 2012; Rychkov et al., 2012). ToPCAT can achieve an intelligent dec-
imation by overlaying the point cloud with gridcells (at the user speci-
fied length and width) to sort and calculate statistics for the points
within each gridcell. Calculated statistics of the contained points include
the gridcell's maximum, minimum, and average elevation, as well as
first and higher order moments. Following the work of Brasington
et al. (2012), the minimum elevation was utilized to model the terrain
surface; as it has the greatest chance to represent the surface within
vegetated areas. In this project, ToPCAT was utilized to reduce the raw
resolution to 0.5 m, which greatly reduced the processing time yet pre-
served topographic detail. Throughout the remaining article, this model
will be referred to as SfM + ToPCAT.

Regardless of the initial ToPCAT resolution reduction, vegetation
noise prevailed in the SfM+ ToPCATmodel in areas of large vegetation
clusters. As discussed by Brasington et al. (2012), coarse resolution ter-
rain models can undesirably smooth river banks and bar-top chutes;
however, vegetated areas can also be affected. Therefore, to identify
and remove vegetation noise from the final DEM yet preserve as
much topographic detail as possible, ToPCAT and ArcGIS were utilized
to generate and difference various surface rasters (similar to
Westaway et al., 2003). This consisted of a five step process. First, the
original SfM–DMVR raw point cloud was filtered in ToPCAT to produce
decimated point clouds with 0.75, 1, 2, and 3 m point spacing. Second,
these coarse point clouds were generated into surface rasters in ArcGIS.
Third, the coarse surface rasters were individually differenced from the
SfM + ToPCAT (0.5 m resolution) surface raster to generate new sur-
face rasters that identified elevation differences. With greater topo-
graphic and vegetation details represented in the SfM + ToPCAT
raster, positive elevation differences regularly identified vegetated
areas. Therefore, areas with elevation differences ≥0.4 m were initially
identified in ArcGIS by raster differencing, and mapped with polygons.
The 0.4 m vegetation threshold was considered appropriate to identify
the study reach's vegetation that mainly consisted of ≥3 m willows,
≥1 m shrubs, and ≥0.5 m tall dormant Russell lupins. Fourth, aided
Table 3
Residual errors for the optimized study reach model.

Data n ME
(m)

RMSE
(m)

MAE
(m)

SDE
(m)

GCPs x Utilized 65 0.00 0.02 0.01 0.02
Withheld 30 0.00 0.05 0.03 0.05

y Utilized 65 0.00 0.02 0.01 0.02
Withheld 30 0.00 0.04 0.04 0.04

z Utilized 65 0.00 0.03 0.02 0.03
Withheld 30 0.04 0.22 0.13 0.22

Ground truth z Bare 1985 −0.07 0.17 0.14 0.16
Veg. 134 0.41 0.78 0.50 0.67
All 10,622 −0.03 0.23 0.16 0.23



Fig. 4. Linearly transformed model's spatial distribution and color-coordinated residual z-errors for A) GCPs and B) all ground truth.
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by aerial photographs, undesirably mapped areas such as river banks
and steep slopes were excluded through minimal manual post-
processing. Fifth, the remaining vegetated areas were removed from
the SfM + ToPCAT point cloud and replaced with the coarse 3 m
point cloud. Therefore, the final point cloud was a hybrid-resolution
and will hereafter be referred to as SfM–Veg. To assess the effectiveness
of ToPCAT vegetation removal, the three ground truth datasets (all,
bare, and vegetation) were utilized to compare the accuracy of the
SfM + ToPCAT model and the SfM–Veg model.

2.5. Bathymetric mapping

An optical–empirical bathymetric mapping method was utilized to
model the river's depth, andwas produced using the aerial photographs
and depth measurements taken during the field work. This method is
described by several previous studies (i.e. Brasington et al., 2003;
Williams et al., 2011, 2013b), and will not be discussed in great detail.

2.5.1. Water depth modeling
PhotoScan can produce orthophoto mosaicked images after model

generation and transformation have been achieved. This study utilized
thismethod to producemosaicked images of the study-site with default
pixel size and average blendingmode as it best produced a smooth tran-
sition between overlapping images and pixel brightness. This imagewas
exported in TIFF format, and imported into ArcGISwhere it was reduced
to a 0.5 m resolution, cropped to the water extent, and the RGB band
values were extracted to corresponding bathymetric data. Due to
sunny conditions during image capture, images facing north had mod-
erate sun glint. This caused poor results in original efforts to derive an
empirical depth formula from a single mosaicked image. Therefore,
the photographs were split into north- and south-facing sets, and sepa-
rate mosaics were produced. Separately, the north or south images did
not provide full coverage of the study reach's water extent; therefore,
separate bathymetric models were generated and fused into onemodel.

Using a randomly selected subset of data that consisted of approxi-
mately two-thirds of the geo-located bathymetric depth data and corre-
sponding RGB values, various band ratios were tested following the
approach of Williams et al. (2013b). Least squares regression was used
to determine the optimal empirical depth functions for both north and
south image sets individually. Using the remaining one-third of the
depth data the performance of the empirical depth formulas was
assessed.

image of Fig.�4


Fig. 5. Optimized transformed model's spatial distribution and color-coordinated residual z-errors for A) GCPs and B) all ground truth.

Table 4
PhotoScan calculated camera parameters during initial, linear, and optimization
transformation.

Parameter Initial Linear Optimized

Focal length
fx 4896.87 4823.81 4812.29
fy 4869.87 4823.81 4813.94

Principle point coordinates
cx 1944.00 1966.23 1966.57
cy 1296.00 1384.03 1390.76
Skew 0.00 0.00 11.05

Radial distortion
k1 0.00 −0.11 −0.09
k2 0.00 0.25 0.12
k3 0.00 −0.27 0.08

Tangential distortion
p1 0.00 0.00 −0.0002
p2 0.00 0.00 −0.0001
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2.5.2. Water surface modeling
In order to utilize the depth formula to model the river bed

elevation, the water surface elevation was required. Therefore,
the water surface was modeled by utilizing the SfM–Veg point
cloud along the water's edge, and interpolating a TIN surface
across the river channels (similar to the methods of Brasington
et al., 2003; Westaway et al., 2003; Williams et al., 2011).
Minor editing was performed in areas of river bends with steep
Table 5
Ground truth residual errors for the SfM–Veg model.

ME
(m)

RMSE
(m)

MAE
(m)

SDE
(m)

Study reach
Bare −0.07 0.17 0.14 0.16
Veg. 0.21 0.40 0.34 0.35
All −0.04 0.20 0.16 0.20
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Fig. 6. ToPCAT vegetation noise reduction. A) example area, B) vegetation identified using ≥0.4 m threshold, C) topographic detail of SfM+ ToPCAT raster, and D) topographic detail of
SfM–Veg raster.
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banks (natural levee), and final assessment was performed using
the water surface elevation recorded by the GPS equipped echo-
sounder data.
Fig. 7. Optical–empirical bathymetric results for: A) south-facing derived depth formula and re
mula and relationship, and D) north-facing model vs. measured results.
Thefinal river bedmodelwas generated in ArcGIS bydiscretizing the
water surface elevation raster into a 0.5 m resolution point cloud
(matching the SfM–Veg resolution) and appending the corresponding
lationship, B) south-facing model vs. measured results, C) north-facing derived depth for-
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Table 6
Bathymetric mapping residual errors.

n ME
(m)

RMSE
(m)

MAE
(m)

SDE
(m)

Relative
error (%)

Empirical depth MAE/mean
river depth

North facing 724 0.00 0.11 0.09 0.11 16.2
South facing 1376 −0.01 0.14 0.10 0.14 18.0

Water surface elevation MAE/2D90

Combined model 6391 −0.05 0.18 0.15 0.18 72.8
River bed elevation MAE/2D90

Combined model 6395 −0.06 0.31 0.27 0.31 131.1
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RGB band values. Using the depth formula and RGB values, depths were
calculated and subtracted from the water surface elevation; thus, pro-
viding the river bed elevation point cloud. Finally, the accuracy was
Fig. 8. Final A) detrended DEM, and B) bathymetr
assessed using the river bed elevation recorded from the GPS equipped
echo-sounder data.
2.6. DEM quality assessment

The final study reach DEM was produced by combining the SfM–

Veg and bathymetric point clouds in ArcGIS, resampling a Delaunay
TIN, and converted into a raster map. The quality assessments
were as follows: i) SfM–DMVR georeferencing assessed from
bootstrapping 30 GCPs for independent check data, ii) vertical to-
pography assessment for exposed, vegetated, and all ground truth
areas with dense GPS data, iii) bathymetric depth estimation by
bootstrapped depth measurements, and finally iv) river bed elevation
assessment following the incorporation of the water surface results. In
the context of this paper, bootstrapping refers to themethod of utilizing
ic modeled water depth for the study reach.
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Table 7
Fluvial terrain mapping error statistics for various geomatic technologies.

Survey technology ME (m) SDE (m) Reference

Dry surface: Photogrammetry 0.084 0.26 Westaway
et al. (2003)

Wet channel: Optical bathymetry 0.26 0.32
Dry surface: LiDAR 0.21 0.07 Legleiter

(2012)
Wet channel: Spectrally based
bathymetry

0.24 0.15

Dry surface: TLS −0.02 to−0.06 0.007 to 0.029 Williams
et al. (2013b)

Wet channel: Optical bathymetry 0.027 0.126
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approximately two-thirds of a dataset for model development, and
withholding the remaining one-third to provide check data. GCP quality
assessmentwas accomplished by utilizing PhotoScan's calculated resid-
ual errors which are produced by subtracting the models estimated
values (xyz) from the user supplied GPS coordinates. Ground truthing
was assessed by differencing the raster surface from the various sur-
veyed GPS data. In both assessments, positive errors indicate that the
model was above the surveyed surface. To evaluate the DEM quality,
the residual errors were calculated and include root mean squared
error (measure of surface quality, RMSE), the absolutemeanerror (mea-
sure of average non-directional height differences, MAE), the mean
error (as a measure of accuracy, ME), and the standard deviation (as a
measure of the precision, SDE) (Chandler, 1999; Lane et al., 2000).

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1

Esti−Obsið Þ2
n

s
ð1Þ

SDE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1

Esti−Obsið Þ− Estl−Obsl
� �� �2

vuut
ð2Þ

where Esti is the SfM–DMVR determined elevation and Obsi is the ob-
served RTK-GPS elevation. In addition to these error assessments, rela-
tive error percentages were calculated for the water depth, water
surface, and river bed elevations. Thewater depth relative errorwas cal-
culated by dividing MAE by the mean river depth (0.55 m), and the
water surface, and river bed elevation relative errors were calculated
by dividing MAE by the surface roughness value of 2D90 (0.206 m).
However, these assessments attempt to compare the modeled surface
to discrete GPS and echo-sounder data that has inherent uncertainty
(~0.02 m and 0.025% depth range, respectively) and additional sources
of errors such as incorrect antenna height, un-level data collection, and
blunders (Brasington et al., 2000, 2003). Nevertheless, the GPS and
echo-sounder data provide an indication of the model's performance.

3. Results and discussion

3.1. SfM–DMVR

3.1.1. Georeference accuracy
Accuracy assessments for the SfM+ ToPCAT-generated study reach

models (linear transformation in Table 2 and optimized in Table 3) re-
vealed that the optimized model had superior performance. The linear
model results show that the utilized and withheld GCPs have x- and y-
errors in the decimeter range; however, the z-errors were considerably
higher. Spatially presenting theseGCP z-errors (Fig. 4A) shows a distinct
pattern of positive z-errors at the upstream and downstream ends and
negative z-errors in the midsection. The optimized model's GCP errors
revealed similar performance within the specific dimensions and with
thewithheld GCPs producing higher errors. The x- and y-dimensions re-
sidual errors showedhigh accuracy andprecision; however, the z-errors
were considerably higher for the withheld GCPs. Spatially plotting the
optimized GCP z-errors (Fig. 5A) revealed a random error distribution
and suggests a successful transformation. Camera calibration parameter
results are shown in Table 4 and illustrate the internal camera calibra-
tion during the various transformation stages. As shown, the skew and
tangential distortion parameters are not adjusted from the initial to lin-
ear transformation, yet all parameters are slightly adjusted from the lin-
ear to optimized transformation stages.

3.1.2. Surface accuracy
Segmenting the GPS ground truth data into various categories

provided: i) 10,622 points for all ground truth and provided an overall
performance for the SfM in all areas, ii) 1985 points for the bare ground
truth and provided a performance check for areas that were expected to
perform well (i.e. bare areas without drastic vertical relief or vegeta-
tion), and iii) 134 points for the vegetation ground truth which were
expected to perform poorly. Comparing the ground truth results of the
linear (Table 2) and optimized (Table 3) models, the optimized trans-
formed model's surface accuracy outperformed the linear model. Sur-
face accuracy for the linear model showed consistent errors in the
meter range. Conversely, the optimizedmodels resultswere consistent-
ly in the decimeter range, including the less accurate vegetation ground
truth areas. Finally, assessing the ground truth spatially plotted z-errors
affirmed that the linearmodel (Fig. 4B) produced biased results and the
optimized model (Fig. 5B) had considerably less error patterns;
however, clusters of larger and smaller errors were present. While
some z-errors were influenced by the surrounding vegetation, these
areas consisted of only 134 points of the 10,622 plotted.

3.2. ToPCAT vegetation reduction

Applying the ToPCAT vegetation reductionmethod to the optimized
SfM + ToPCAT model, approximately 1% of the point cloud was re-
placed with the 3 m resolution point cloud. Comparing the residual er-
rors of the optimized SfM + ToPCAT model (Table 3) and optimized
SfM–Veg model (Table 5) revealed that the vegetation reduction con-
siderably improved the accuracy and precision of vegetated areas; how-
ever, the overall performance was still below the reach-wide SfM
accuracy. Further assessment showed that the bare areaswere unaffect-
ed, and all ground truth had a slight general improvement. A sample
area of this process is illustrated (Fig. 6), and reveals noticeable vegeta-
tion noise reduction.

3.3. Bathymetry

Testing revealed that the natural log of the green-over-red band
ratio achieved the strongest depth-band ratio relationship for both
north- and south-facing datasets. Using this relationship, the corre-
sponding empirical depth formulas were derived (Fig. 7a,c) and evalua-
tion produced results with high accuracy and decimeter precision
(Fig. 7b and d, and Table 6). The SfM–Veg derived water surface eleva-
tionmodel shows a slight negative biased accuracy and precision errors
in the decimeter range, which are conveyed into the performance of the
final river bed elevation model.

4. Discussion

4.1. Final DEM

The linear model results (Table 2) show a successful transformation
for the x- and y-dimensionswith errors in the decimeter range. Howev-
er, the z-errors were an order of magnitude higher and would not suit
the objectives ofmost fluvial terrainmodels. Further concernwas raised
with the spatial error curvature pattern shown in Fig. 4, which suggests
that PhotoScan's linear transformation produces a spatial bias.
Reviewing the camera calibration results of Table 4 and considering



Fig. 9. Extended reach (upstream of the study reach extent) and the identified GCPs.
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the superior results of the optimized model, it is questionable if image
distortion and lack of lens distortion calibration caused such inaccura-
cies in the linear transformation model.

The optimized model's GCPs and ground truth (excluding vegeta-
tion) produced consistent results with errors in the decimeter range.
Withheld and utilized GCP errors show that slight photocontrol
dependence exists for accurate transformation for the x- and y-
dimensions, and larger dependence for the z-dimension. Comparing
the GCP z-errors with the bare and all ground truth z-errors revealed a
similar performance. However, the ground truth mean errors became
negative. This was likely caused by the use of the ToPCAT z-minimum
data to represent the terrain. While a negative mean was undesirable,
the overall accuracy impact of ToPCAT appears to be minimal when
comparing the withheld GCP and ground truth residuals. Nevertheless,
the results of the optimized model's GCPs and ground truth suggest a
successful transformationwithminimal systematic errors in the surface
model. Reviewing the camera parameter values of Table 4, all parame-
ters including the skew and tangential distortion were adjusted during
the process from linear to optimized transformation which greatly im-
proved the model's accuracy.

As illustrated by the vegetation ground truth data (Table 3), vegetat-
ed areas produce large inaccuracies in the SfM+ ToPCAT model. How-
ever, the ToPCAT vegetation reduction method can drastically reduce
the vegetation noise and slightly improved the overall model
(Table 5). While the vegetation influence decreased by as much as
50%, the accuracy and precision of vegetated areas remained well
below the reach-wide SfM performance. This was likely influenced by
the utilized vegetation threshold value of 0.4 m. While identified vege-
tated areas were patched using the local z-minimum (3 × 3 m search
window), the resulting elevation could contain inaccuracies just below
this threshold. Further, it is possible that the point cloud failed to pene-
trate the vegetation's canopy, resulting in minimal noise reduction.
Table 8
Extended reach residual errors for SfM + ToPCAT model.

Data n ME
(m)

RMSE
(m)

MAE
(m)

SDE
(m)

Extended reach
GCPs x Utilized 47 0.01 0.10 0.08 0.10

Withheld 23 0.01 0.21 0.17 0.21
y Utilized 47 0.01 0.13 0.09 0.13

Withheld 23 −0.01 0.13 0.09 0.13
z Utilized 47 0.01 0.18 0.15 0.18

Withheld 23 0.13 0.36 0.28 0.34
Ground truth z Bare 1116 −0.03 0.29 0.23 0.29

Veg. 10 0.35 0.71 0.60 0.65
All 1233 0.05 0.27 0.24 0.27
Therefore, these resultsmay be improved by increasing the ToPCAT res-
olution reduction and/or lowering the vegetation threshold height.
However, both of these practices would reduce the automation of this
application by creating additional manual editing of non-vegetated
areas.

The optical–empirical bathymetric mapping method utilized in this
paper closely followed the methods utilized by Williams et al.
(2013b); with the exception of splitting the mosaics into north- and
south-facing images. As shown in Fig. 7, the south-facing mosaic
depth to band ratio developed a higher R2 than the north- (sun) facing
mosaic, which was expected due to the sun interference. Comparing
these results to Williams et al. (2013a) who achieved a depth to blue-
over-red band ratio of R2 = 0.806, the results presented in this paper
were slightly less, but comparable (R2 = 0.77 and 0.70). Considering
that the water depth of this study reach rarely exceeded 1.5 m, the rel-
ative error results demonstrate the limitations of thismethod; however,
theseME and SDE errors were comparable to the final SfM–Vegmodel's
accuracy and precision. Further assessment revealed that the utilizing
the SfM–Veg point cloud produced a water surface elevation model
with similar errors as the bare ground truth data and the relative error
below100% indicated that the errorswere less than that of the sediment
size influence. The final river bed elevation combined the depth and
water surface, and naturally the errors were conveyed to produce re-
sults with a negative mean error and residuals of +0.27 m. The relative
errors of the river bed elevation were calculated over 100% and thus in-
dicating that the errors are likely larger than the sediment grain size
influence.

The final DEM raster was generated by combining the SfM–Veg and
bathymetric point clouds. Linearly detrending this DEM to an origin of
the water surface elevation offered a final visual inspection (Fig. 8)
and revealed a smooth transition between the dry and wet areas, sug-
gesting a successful data fusion. Two elevation spikes were identified
(white circles), which were confirmed to be large vegetated areas
(+140m2) andwere not detected nor removed by the ToPCAT vegeta-
tion reduction method. This was expected since ToPCAT vegetation
smoothing resolution of 9m2would not detect such large areas. Howev-
er, given themoderate vegetationwithin this reach, results illustrate the
Table 9
Extended reach SfM–Veg ground truth residual errors.

ME
(m)

RMSE
(m)

MAE
(m)

SDE
(m)

Extended reach
Bare −0.01 0.29 0.23 0.29
Veg. 0.10 0.56 0.43 0.59
All 0.03 0.29 0.22 0.29
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potential and limitations of the SfM–Veg application. Finally, artifacts
such as elevation steps visible by illuminated straight lines were not ob-
served, suggesting that this model had adequate photograph overlap
and quality. This also highlights PhotoScan's ability to utilize photo-
graph datasets taken at varying elevations, which has been problematic
in past photogrammetric studies (e.g. Marzolff and Poesen, 2009). Final-
ly, to provide context for this study's results, Table 7 presents the results
of other fluvial terrainmodels producedwith various geomatic technol-
ogies. Comparing the results of Table 7 to the results of Tables 3 and 6
highlights the potential for SfM–MVS coupled with optical bathymetric
mapping comparable tomore expensive and labor intensive LiDAR- and
TLS-derived terrain models.

5. Method extension 1

Directly upstream of the study reach, a contiguous 1.7 × 0.6 km
extended reach was photographed and surveyed during the original
data collection (Fig. 9). However, the extended reach data and ground
control were not collected for SfM purposes; rather to provide the nec-
essary topographic ‘runin’ data for numerical modeling purposes of the
study reach. Data collection of the extended reach included aerial pho-
tographs captured at 600 m AGL and 10 survey transects that provided
1487 RTK-GPS points that were geo-coded to identify water extent.
Using 106 images, the extended reach SfM model generated a point
cloud of over 18 million points with an average point spacing of
0.21m. To provide the necessary photocontrol, 70 GCPswere retrofitted
using field and aerial photographs to identify the natural objects that
were recorded as part of the transect data. The remaining unused tran-
sect points taken in dry areas (1233) were utilized as ground truth data.
Bathymetric points included both manual collection within the tran-
sects (184 points), aswell as a small portion of the downstreamend col-
lected using the GPS equipped echo-sounder data (562 points).
Therefore, combined data sets provide 714 depth and river bed eleva-
tion points and 594 water surface points.

Applying the same workflow production of ToPCAT resolution re-
duction, ToPCAT vegetation noise reduction, and bathymetric mapping,
the SfM + ToPCAT model's quality is presented in Table 8, SfM–Veg
quality in Table 9, and bathymetric mapping in Table 10. However, it
should be recognized that the 10 transects do not provide an adequate
ground truth distribution. Therefore, a full evaluation of the extended
reach's true performance was not possible.

The SfM + ToPCAT GCP results (Table 8) show that the optimized
transformation performedwell in areas of photocontrol, but had less ac-
curacy in areas without, especially for the x- and z-dimensions. While
this result was expected for the z-dimension, the x-dimension inaccura-
cy suggested poor horizontal GCP retrofitting. The bare and all ground
truth errors showed that the model was relatively accurate with mean
errors near zero; however, the SDE shows that the model's precision
was less than the study reach. As expected from the study reach results,
the vegetation noise reduction results were effective (Table 9) and pro-
duce slightly improved results for all areas surveyed. Plotting the GCP
and all ground truth errors (Fig. 10) revealed that themidsection's tran-
sects start with negative errors on the southern bank and gradually in-
crease as they transverse the floodplain toward the northern bank.
Table 10
Extended reach bathymetric residual errors.

n ME
(m)

RMSE
(m)

MAE
(m)

SDE
(m)

Relative
error (%)

Empirical depth MAE/mean river depth
North facing 464 0.04 0.13 0.12 0.15 21.6
South facing 250 0.03 0.13 0.10 0.12 18.0

Water surface elevation MAE/2D90
Combined model 594 −0.03 0.28 0.23 0.28 111.7

River bed elevation MAE/2D90
Combined model 714 0.01 0.42 0.35 0.41 169.9
However, the errors at the reach ends show less discernible patterns.
With minimal bias transformation and surface model produced for the
study reach optimized model, it is likely that the higher z-errors and
midsection error pattern results of the extended reach were caused by
the less accurate retrofitted GCPs.

Since the aerial photographs of the study reach and extended reach
were captured at the same time, the previously derived optical bathy-
metric depth formulas (Fig. 7) were applied to the extended reach.
Using the depth data, the formulas produced relatively accurate depths
and precision in the decimeter range and low relative errors (Table 10).
The SfM-Veg-interpolated water surface elevation accuracy and preci-
sion was consistent with the SfM point cloud performance, which com-
binedwith the depth formulas produced river bed elevationmodelwith
considerably higher residual errors and relative errors than the study
reach.

The final extended reach detrended DEM and bathymetric mapping
are presented in Fig. 11. Visual observation revealed that the SfM-
bathymetric point cloud fusion produced a seamless transition of wet
and dry areas; however, a few artifacts were visible. First, two lines are
visible and outlined (black and white boxes). Investigated using
PhotoScan's 3d mesh, these lines were sudden steps in elevation ap-
proximately 1 m (black box) and 0.5 m in height (white box). Photo-
graphs utilized in the SfM generation of these areas were similar in
Fig. 10. Optimized transformed extended reach SfM + ToPCAT spatial distribution and
color-coordinated residual z-errors for A) GCPs, and B) all ground truth points.
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Fig. 11. Extended reach A) detrended DEM, and B) bathymetric modeled water depth.
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quality and resolution, and captured at 600 m AGL; however, minimal
overlapping photographswere available for these areas. The area identi-
fied in thewhite boxwas generated with three photographs, whichwas
considerably less than the average of six. The area identified with the
black boxwas generatedwith five photographs; however, image border
alignment occurred for two of the photographs directly over the eleva-
tion step. Therefore, it appeared that the artifacts were produced by lim-
ited image data as well as the unfortunate chance of image border
alignment. The second artifact identified was a visible spike in elevation
(black circle). Investigation revealed a 480 m2 (20 × 24 m) cluster of
small willow trees that was not detected nor removed by the ToPCAT
vegetation reduction due to the large area.
6. Method extension 2

Combining the study reach and extended reach photographs (224 im-
ages captured at 600 and 800m), a final optimizedmodel was generated
in PhotoScan that produced a point cloud of over 60 million points with
an average point spacing of 0.23 m. This model was produced to provide
a seamless DEMof the greater study site, andwill be referred to as the full
reach. Applying the terrain model workflow, the SfM + ToPCAT results
are presented in Table 11, the SfM–Veg results in Table 12, and the bathy-
metric model results in Table 13.
Table 11
Full reach SfM+ ToPCAT residual errors segmented into study reach and extended reach.

Data n ME
(m)

RMSE
(m)

MAE
(m)

SDE
(m)

Study reach
GCPs x Utilized 65 0.00 0.06 0.03 0.06

Withheld 30 0.00 0.05 0.03 0.05
y Utilized 65 0.00 0.05 0.03 0.05

Withheld 30 0.01 0.05 0.04 0.05
z Utilized 65 0.01 0.08 0.06 0.08

Withheld 30 0.03 0.13 0.10 0.13
Ground
truth

z Bare 1,985 −0.05 0.13 0.10 0.12
Veg. 134 0.41 0.69 0.52 0.53
All 10,622 −0.01 0.21 0.14 0.21

Extended reach
GCPs x Utilized 47 0.01 0.10 0.08 0.10

Withheld 23 0.01 0.21 0.17 0.21
y Utilized 47 0.01 0.13 0.09 0.13

Withheld 23 −0.01 0.13 0.09 0.13
z Utilized 47 0.01 0.18 0.15 0.18

Withheld 23 0.13 0.36 0.28 0.34
Ground
truth

z Bare 1116 −0.03 0.29 0.23 0.29
Veg. 10 0.37 0.72 0.61 0.66
All 1233 0.05 0.27 0.24 0.27
As expected from the previous results, the study reach outperformed
the extended reach in every category. However, the study reach perfor-
mance (Table 11) has significantly improved the GCP, bare ground
truth, and all ground truth z-errors when compared to the study reach
performance of Table 3. This was likely due to the added photocontrol
of the extended reach, albeit less accurate. Conversely, the extended
reach performance did not reciprocate this improvement. The vegeta-
tion reduction shows expected improvement in vegetated areas, with
the overall errors lower than the previous results; likely improved by
SfMmodel's accuracy. Spatially plotted GCP and all ground truth errors
(Fig. 11) revealed the same performance of the previously discussed
study reach and extended reach (Figs. 5 and 10).

The bathymetric model was produced using the same empirical
depth formula described, and had similar results to the study and ex-
tended reach (Tables 6 and 10). However, noticeable improvement in
the study reach'swater surface elevation and river bed elevation accura-
cy, precision, and relative error occurred. Since these results were de-
pendent on the SfM–Veg accuracy, the overall improvement was
expected. Finally, evaluating the final detrended full reach DEM
(Fig. 13) revealed that the previously identified elevation spikes and
steps still occurred; however, no additional artifacts were identified.
(See Fig. 12.)
7. Cost and convenience

Initial field data collection for the study reachwas conducted in nine
days. This included two days for GCP placement and geo-locating, one
day for GCP retrieval, one day for bathymetric data collection, one
hour flight time for aerial photograph collection, and five days for
ground truth data collection. However, the acquired +10,000 ground
truth points were excessive and could effectively be reduced to 4000.
If systematically acquired, 4000 ground truth points (approximately
15 m spacing) would still provide adequate surface uncertainty for
Table 12
Full reach SfM–Veg ground truth residual errors.

ME
(m)

RMSE
(m)

MAE
(m)

SDE
(m)

Study reach
Bare −0.05 0.13 0.10 0.12
Veg. 0.20 0.37 0.32 0.33
All −0.02 0.18 0.13 0.18

Extended reach
Bare −0.03 0.29 0.23 0.29
Veg. 0.12 0.52 0.41 0.57
All 0.04 0.26 0.23 0.26
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Table 13
Full reach bathymetric residual errors.

n ME
(m)

RMSE
(m)

MAE
(m)

SDE
(m)

Relative
error (%)

Study reach
Empirical depth MAE/mean river depth
North facing 853 0.01 0.12 0.09 0.12 16.2
South facing 1,282 0.00 0.14 0.10 0.14 18.0

Water surface elevation MAE/2D90

Combined model 6421 −0.03 0.12 0.09 0.11 43.7
River bed elevation MAE/2D90

Combined model 5977 −0.02 0.26 0.20 0.25 97.1

Extended reach
Empirical depth MAE/mean river depth
North facing 81 0.04 0.13 0.12 0.15 21.6
South facing 115 0.03 0.13 0.10 0.12 18.0

Water surface elevation MAE/2D90

Combined model 594 −0.02 0.29 0.23 0.28 111.7
River bed elevation MAE/2D90

Combined model 590 0.01 0.43 0.35 0.41 169.9
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propagated error DEM differencing (Wheaton et al., 2010; Wheaton,
2012). Therefore, to acquire the bathymetry data, field work could rea-
sonably be completed infive days by one individual and a sixth daywith
two individuals. While the total field work may take several days, SfM
coupledwith aerial platforms can provide rapid topography acquisition.
This is particularly convenient for areas of extreme weather variations,
high sedimentmobility, and or large study siteswheremulti-day terres-
trial surveys are vulnerable to capturing evolving topography rather
than snapshots (Williams et al., 2011).

Costs associated for the effectively reduced six day survey were esti-
mated at NZ$11,500 with operation costs estimated at: labor NZ
$900 day−1 per person, RTK-GPS (with base, receiver, and repeater)
NZ$550 day−1, camera NZ$50 day−1, flight NZ$1100, and initial
Fig. 12. Optimized transformed full reach spatial distribution and color-coo
PhotoScan purchase NZ$686 (with educational license, standard license
NZ$4400). However, once the study site was established, and if GCPs
were placed in long-term locations with low risk of disturbance, repeat
surveys could likely be completed in three days at a cost of NZ$6500.
Compared to a LiDAR (without bathymetric mapping) quote received
at NZ$28,000 for an initial survey, and NZ$26,000 for repeat surveys,
the presented SfM–DMVR, ToPCAT, optical bathymetric mapping
workflow was considerably less expensive yet the results presented
for the study reach illustrate that this workflow can produce DEMs
with comparable resolution, precision, and accuracy. Post-processing
costs were not included in the estimate of this workflow since alterna-
tive methods (i.e. LiDAR, RTK-GPS survey, or TLS) all have inherent
post-processing. Nevertheless, assuming the user has a general
rdinated residual z-errors for A) GCPs, and B) all ground truth points.
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Fig. 13. Full reach A) detrended DEM, and B) bathymetric mapping.
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understanding of PhotoScan and ArcGIS raster generation, post-
processing the study reach DEM could be completed within one week,
with bathymetric mapping requiring the majority of time.

8. Conclusion

A quality assessment of the workflow combination utilizing SfM,
ToPCAT point cloud filtering, and optical–empirical bathymetric map-
ping to produce large scale DEMs has been presented. Comparison be-
tween the study reach and extended reach models revealed the study
reach's superior performance. With overlapping images and ground
control quality of the significant difference in model production, these
results highlight the importance of extensive and accurate data acquisi-
tion. While the study reach highlights the capabilities of the described
workflow, the reasonable errors of the extended reach illustrate the po-
tential for thisworkflow to produce qualitatively convincingDEMs from
retrofitted data thus, significantly increasing the topographic detail and
research opportunities of pre-existing or limited datasets.

This workflow offers non-expert users the ability to effectively pro-
duce DEMs of moderately vegetated fluvial environments without
high data acquisition costs or exhaustive field labor; thus, increasing
the extent and frequency of surveys.With resolutions of 0.21m and av-
erage vertical surface errors as low as 0.10 m obtained, the achieved to-
pographic detail and quality are fit for the purpose of morphological
change detection and hydrodynamic modeling. While the results
presented do not compare to the accuracy, precision, or resolution
achieved fromTLS, other researches (Doneus et al., 2011) have achieved
similar performancewith SfM–MVS. Therefore, given that image resolu-
tion and program settings utilized in this paper could be improved, it is
likely that this workflow can create large scale DEMs at resolution and
accuracies that compare with TLS, provided a computer more capable
than the one utilized in this paper.

This study also showed that thisworkflowwas capable ofmodeling a
3.3 km river reach with surface accuracies dependent upon the local
photocontrol quality. Based on these results, it is assumed that this
workflow could be applied to larger scale studies given a capable com-
puter. Further, while this study focused on a braided river with moder-
ate floodplain vegetation during dormant conditions, it is reasonable
that this workflow could be applied to other river settings with various
vegetation conditions. However, as illustrated in this paper, vegetation
would be a primary concern with dense vegetation or wooded forests
likely causing the greatest challenges. While the study reach had areas
of dense willow thickets, the SfM + ToPCAT model and SfM–Veg
model were able to penetrate to the ground surface due to leafless can-
opies. Naturally, this ground penetration will reduce with increasing
canopy density during growing seasons as well as in coniferous forests,
and thus likely cause greater vegetation noise. Nevertheless, it is possi-
ble to penetrate dense vegetation given a high initial point cloud resolu-
tion and larger ToPCAT grid size. However, given these undesirable
conditions, itwould be beneficial to collect high-density ground truthing
data in such vegetated areas to provide adequate testing and/or manual
elevation calibration if necessary.
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