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ABSTRACT

In this study we evaluate the extent to which accurate topographic data can be
obtained by applying Structure from Motion (SfM) photogrammetric methods to
archival imagery. Whilst SfM has proven valuable in photogrammetric applications
using specially-acquired imagery (e.g. from unmanned aerial vehicles), it also has the
potential to improve the precision of topographic data and the ease with which can be
produced from historical imagery. We evaluate the application of SfM to a relatively
extreme case, one of low relative relief: a braided river-floodplain system. We
compared the bundle adjustments of SfM and classical photogrammetric methods,
applied to eight dates. The SfM approach resulted in data quality similar to the
classical approach, although the lens parameter values (e.g. focal length) recovered
in the SfM process were not necessarily the same as their calibrated equivalents.
Analysis showed that image texture and image overlap/configuration were critical
drivers in the tie-point generation which impacted bundle adjustment quality. Working
with archival imagery also illustrated the general need for the thorough understanding
and careful application of (commercial) SfM software packages. As with classical
methods, the propagation of (random) error in the estimation of lens and exterior
orientation parameters using SfM methods may lead to inherent systematic error in
the derived point clouds. We have shown that linear errors may be accounted for by
point cloud registration based on a reference dataset, which is vital for the further

application in quantitative morphological analyses when using archival imagery.

1. INTRODUCTION
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Earth Surface Processes and Landforms

Photogrammetry is a well-established technique that has been used to quantify
morphologic change for many decades (e.g. Chandler and Moore 1989; Lane et al.
1993; 2000). In river-floodplain systems it has been applied to the investigation and
monitoring of morphological change and sediment transport (Heritage et al. 1998;
Chandler et al. 2002; Brasington et al. 2003; Lane et al. 2010; Wheaton et al. 2010;
2013), river bank erosion (Barker et al. 1997; Pyle et al. 1997; De Rose and Basher
2011), flood risk assessment (Sanyal and Lu 2004; Saint-Geours et al. 2015), river
restoration and ecology (Gilvear et al. 1995; Kondolf and Larson 1995; Pasquale et
al. 2011; Dietrich 2016), and archaeology (Perez, 2013). For the investigation of
morphological change, particularly in braided river systems, a thorough theoretical
and practical basis has been developed, including the assessment of error and
uncertainties (Lane et al. 2003; Westaway et al. 2003; Lane et al. 2004; Wheaton et

al. 2010).

The application of archival photogrammetry for the investigation of historical river
evolution has been limited to a few studies, typically at the annual scale (Lane et al.
2010; Wheaton et al. 2010; 2013). Critical for such application is the scale and
frequency of available imagery which determine the potential for detecting and
quantifying morphological change (Gilvear and Bryant 2005). First, observed
changes in river-floodplain systems are typically of the order of decimetres to meters,
close to the limits of detection as predefined by image scale (Lane et al. 2010). This
makes error identification and correction particularly important (Lane et al. 2004) and
calls for cautious error propagation that is not overly conservative in terms of
rejecting small magnitude but spatially coherent changes (Wheaton et al. 2010).

Second, as the time between available surveys increases, so does the probability of

http://mc.manuscriptcentral.com/esp

Page 2 of 46



Page 3 of 46

©CoO~NOUTA,WNPE

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

Earth Surface Processes and Landforms

intervening erosion and deposition, which may significantly impact upon the

cumulative volumes of change detected (Lane et al. 1994).

Most recently, Structure from Motion (SfM) photogrammetry (Snavely 2008; Westoby
et al. 2012; Smith et al. 2015) has been advocated as allowing a more efficient
generation of precise and high-density point cloud data as shown for river bed
geomorphology (e.g. Fonstad et al. 2013; Javernick et al. 2014). SfM methods also
have appeal because they use computer vision techniques to assist with the interior
and exterior orientation of imagery: (a) substantially reducing the need for user
involvement, and so further automating the photogrammetric process; and (b) using
much more of the information contained within the imagery to aid the orientation
process so, in theory, improving the quality of the analysis. This approach may
therefore unlock large historical photogrammetric archives for morphologic analysis.
However, the algorithms upon which the SfM software is based are often
undisclosed, particularly in commercial packages, and vary in the ability of the user to
asses and control the estimation of exterior orientation parameters as compared with
classical methods (e.g. Smith et al. 2015; Eltner et al. 2016), particularly concerning
lens modelling (James and Robson 2014; Eltner and Schneider 2015). This is
particularly relevant because Lane et al. (2004) showed that random error in
estimated exterior orientation parameters can propagate into systematic error in a
DEM, which may be in the order of decimeters or more. Such errors become
apparent for the DEMs of Differences (DoDs) of river-floodplain systems where
detected changes are small and a tilt or banding effect may appear (e.g. Stojic et al.
1998; Westaway et al. 2003; Lane et al. 2004). Systematic errors may be even larger
when exterior orientation parameters are not reliably estimated due to poorly

distributed Ground Control Points (GCPs) (e.g. James and Robson 2012; Bertin et al.
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2015; Honkavaara et al. 2016). Thus, systematic errors resulting from
photogrammetric reconstruction may have substantial impacts upon estimates of

volume change and subsequent geomorphic interpretation.

The aim of this paper is to evaluate the application of SfM methods to archival
imagery, specifically for the quantification of morphological change at the decadal
scale in a river-floodplain system, so as to identify wider lessons for the application of
these methods in geomorphic studies in general. We do this in three ways. First, we
evaluate SfM bundle adjustment results and compared these with classical
photogrammetric and camera calibration data. Second, we identify the controls on
the (potential) quality of SfM results to assist in the identification of suitable archival
imagery. Third, we address systematic errors that are inherent to both the classical
and SfM photogrammetric approach and illustrate their potential impact on
morphological interpretation if they are not adequately treated. This work is
undertaken using a case-study: a braided river section of the Borgne d’Arolla in

south-west Switzerland.

2. METHODS

2.1 Overview

The methodological approach is based on the application of SfM photogrammetry to
archival river imagery and subsequent evaluation of the bundle adjustment
parameters through comparison with classical photogrammetry and available camera
calibration data. We used Pix4D, a commercially-available software package, for a
Ground Control Point (GCP) assisted bundle adjustment and georeferencing of

scanned historical images. This resulted in eight topographic data sets spanning the
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period 1959-2005. The focus of the subsequent analysis was threefold. First, we
evaluated the accuracy of the bundle adjustment and compared: (a) the SfM-
estimated exterior orientation parameters with values derived using a classical
photogrammetric approach; and (b) SfM-estimated lens parameters with the
parameter values in the associated camera calibration certificates. Second, we
assessed image acquisition properties (e.g. image texture, overlap) that impact on
the (potential) quality of the SfM bundle adjustment and the resulting point cloud
precision and accuracy. Third, we considered the extent and nature of residual
systematic errors in the photogrammetrically-generated point clouds and minimized

these by means of registering stable zones to a reference dataset.

2.2Case study: Borgne d’Arolla

The Borgne d’Arolla is a tributary of the Upper Rhéne draining the Pennine Alps in
south-west Switzerland. Under normal flow conditions, all water is abstracted by
intakes at the tributary headwaters for the generation of hydropower (Gurnell 1983;
Bezinge et al. 1989). This enables the application of photogrammetry on a more or
less dry riverbed in the upstream reaches, without requiring correction procedures
associated with under water topography (Westaway et al. 2001; Lane et al. 2010).
This study is motivated by the aim of using archival photogrammetry to study the
morphological evolution of four braided river reaches (Figure 1; for the purpose here,
we will refer to reaches C and D as the combined reach CD) since the onset of

hydropower exploitation in the early 1960s.

2.3 Archival aerial photographs

Historical aerial photographs were acquired from the Federal Office of Topography

(SwissTopo) for the period 1959-2005 (Table 1). The images are black and white with
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the exception of 1999 and 2005 which are in colour. The image scale is in the range
of 1:19000 - 1:27000 and they were scanned at a resolution of 14 or 21 ym by
SwissTopo (original images were not available for higher resolution scanning). The
images were acquired with large format photogrammetric cameras, came with
camera calibration certificates (available online: http://www.swisstopo.admin.ch) and
camera position data was available for images from 1983, 1995, 1999 and 2005. In
addition to these images, an aerial lidar-based 2 m resolution DEM (ALTI3D), filtered

for vegetation and buildings, was available from SwissTopo for the year 2010.

As archival imagery can be of variable quality and can be acquired using different
image configurations, we aimed to characterise these using two (derived) properties
(Table 1). First, we determined the texture of the resulting orthoimage using an

entropy measure:

I
e= Z p(i) log, p(¥) [1]
i=1

where [ is the number of intensity levels on an 8 bit grey-scale image; and p(i) is the
probability density function of the image intensity (Gonzalez et al. 2003). The
calculation of e was restricted to the river reaches and a 150 m buffer around them.
Second, we determined the extent of image overlap as the fraction of the stereo-
matched area (minimum of 2-3 overlapping images required) with respect to the total
available image area. We assess the effects of these image acquisition properties on

the bundle adjustment quality.
2.4Ground control

Ground Control Points (GCPs) of fixed objects, houses, boulders etc. were surveyed

with dGPS (see Micheletti et al. 2015) along the bottom and eastern side of the valley
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(Figure 1). Although they cover the region of interest, they are not ideally distributed
over the extent of the used photographs. Due to the difficulty in identifying stable
points over the studied time period, GCPs are scarce in steeper terrain that is either
heavily vegetated or unstable. As part of the methodology, additional zones were
sought that were likely to be stable during the study period, i.e. without vegetation
and human impacts (Figure 1). These were selected along the valley bottom and
manually digitized based on orthoimages, where an optimal trade-off was sought

between surface area, distribution and presumed stability.

2.5Photogrammetric analysis

Photogrammetric data analysis of the sets of historical images (Table 1) drew upon
two different sets of methods. As a starting point we use analyses conducted by
Regamey (2013) with the classical photogrammetric ERDAS Imagine Leica
Photogrammetry Suite (LPS) 2010. Classical airborne photogrammetry typically
proceeds by: (1) image delineation and reconstituting lens parameters, aided by
camera calibration certificates; (2) using initial estimates of (relative) camera position
and orientation, GCPs and automatically generated tie-points between overlapping
images to estimate the position and orientation of the camera during image
acquisition: the bundle adjustment; and (3) applying stereo-matching to extract 3D
point clouds. A detailed account on the application of this procedure in an Alpine
landscape, including applied triangulation parameters/constraints and Automatic
Terrain Extraction (ATE) correlation parameters, is given by Micheletti et al. 2015.
We compare the bundle adjustment results with the SfM-based photogrammetric

approach applied in this study.
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SfM has become a well-established method in geomorphology that refers to a wide
range of computer vision techniques, which have been applied to photogrammetry
(see Smith et al. 2015 for review). Here, we use the software Pix4D that has been
previously been applied in geomorphological studies by Castillo et al. (2014) and
Eltner et al. (2015). The basic difference with classical photogrammetry is that the
analysis commences with the application of automatic stereo-matching algorithms
using computer vision techniques to an unstructured set of images. This forms the
basis for bundle adjustment, hence (largely) automating steps 1 and 2 in the classical
photogrammetric approach described above. This process provides a large dataset
of tie-points and this redundance in theory eliminates the need and dependency on a
priori specified: (a) image extent, in the form of fiducial marks; and (b) lens
parameters, i.e. focal length, principle point of autocollimation and distortion (e.g.
Vallet et al. 2011; Aguilar et al. 2013); in the determination of (c) exterior orientation
parameters (e.g. King et al. 2011). SfM typically doesn’t require or even support the
input of GCPs, although they may be used to aid the determination of exterior
orientation parameters a priori, or to scale, to rotate and to translate the resulting
point clouds a posteriori (e.g. Javernick et al. 2014; Nebiker et al. 2014). Whilst early
geomorphological application of SfM was hailed as freeing the user from the required
expertise and time associated with classical photogrammetry (e.g. Fonstad et al.
2013), subsequent research indicates that most if not all of the well-established
photogrammetric controls on data quality remain. Amongst others, Wackrow et al.
(2007), Wackrow and Chandler (2008) and James and Robson (2014) showed that
non-linear systematic errors may occur where self-calibration algorithms, on which
SfM applications rely, are limited in resolving lens distortion, particularly for near-

nadir acquired imagery typical in archival photogrammetry. This may be minimized
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through the use of GCPs in the bundle adjustment (Eltner and Schneider 2015),

which is possible in Pix4D and for which purpose we used all GCPs in this study.

We used the original scanned aerial photographs in Pix4D v2.0 with large-frame
extension. There was no need to downscale for processing time (e.g. Westoby et al.
2012; Caduff and Rieke-Zapp 2014) or to perform preliminary masking of the
instrument strip and edges (Gomez et al. 2015). Although Pix4D allows the a priori
specification of interior orientation parameters, we chose to specify only the initial
(calibrated) focal length and allowed the use of self-calibration for the optimization of
the bundle adjustment (note that in some SfM packages camera parameters may not
be specified and self-calibration is applied automatically). This reflects the often-
expressed rationale of SfM (e.g. Fonstad et al. 2013) that it facilitates the use of
uncalibrated cameras or ones where lens parameters are not known. Then, we
assessed the potential limitations of SfM-based camera self-calibration with archival
imagery by using the measured distortion in the calibration certificate and the
statistical fit from ERDAS that was based on this. Lens distortion is typically modelled
after Brown (1971):

(Ax) _ ((1 + K% 4+ Kpr* + K3r®)x + 2Pxy + Py (r? + 2x2)>
Ay)

2
(1 + K% + Kpr* + K3r®)y + 2P,xy + Py (r? + 2y?) (2]

where Ax, Ay are the deviations of coordinates x, y due to distortion, r? = x2 + y?,

K, K,, K5 and Py, P, are the radial and tangential lens distortion parameters
respectively. This forms the basis for both the ERDAS Imagine LPS and Pix4D
models, where in ERDAS a linear K, term is introduced (instead of the 1), which is
not required in numerical applications (e.g. Luhmann et al. 2014), and K; = 0
(ERDAS Imagine 2009). In Pix4D the distortion terms are presented in terms of R, T,

where R, = K, f?**1 (Pix4D 2016).
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During initial processing in Pix4D, a binary descriptor of the SIFT (Scale Invariant
Feature Transform) algorithm (Lowe 2004), similar to Strecha et al. (2012), is used to
extract and then to match features from photographs (Kiing et al. 2011). Based on
these and GCP data, Pix4D performs an iterative routine of camera self-calibration,
Automatic Aerial Triangulation (AAT) and Block Bundle Adjustment (BBA) to
determine and to optimize interior and exterior parameters. The exact sequence of
processes and the optimization approach, i.e. cost functions used to assess the
calculated reprojection errors (Triggs et al. 1999) are proprietary and not disclosed.
After initial processing, maximum point cloud densification is performed, based on
Multi-View Stereo (MVS) algorithms (Seitz et al. 2006), and orthoimages and DEMs
are generated. We visually verified whether the automatically generated DEM'’s
showed non-linear or dome-like systematic errors, using the 2010 ALTI3D as
reference, before we used the densified point cloud for registration and final DEM

generation.

We initially evaluate the bundle adjustment results using the typical performance
indicators, average reprojection error and root mean square error (RMSE), which are
based on the distance between the matched tie-point and/or marked GCP and its
modelled position on the image. In addition, we compare the estimated exterior
parameters, camera position X, Y, Z in the Swiss coordinate system CH1903, and
orientation yaw (K), pitch (©) and roll (®), with values derived from classical
photogrammetry (Regamey 2013) and camera position data (SwissTopo). To
facilitate comparison amongst the parameters, the values of the orientation
parameters were translated to a potential error they may induce in planform position
(in the case of K) and elevation (in the case of ©, ®) for a 1 km reach with a mean

error of zero. We also compared the SfM estimated radial distortion (based on
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equation 2) with camera calibration certificates and values derived using ERDAS

Imagine LPS.

2.6 Point cloud registration

As it has been shown that (random) error in exterior orientation parameters can
propagate into systematic linear error in DEM surfaces (Lane et al. 2004), we aimed
to correct and to assess this effect through registering the photogrammetrically
acquired point clouds to the 2010 Lidar-based ALTI3D reference grid (SwissTopo).
The potential of such an approach has already been demonstrated by Habib et al.
(2004) and applied to archival photogrammetry by Miller et al. (2008) and Lane et al.
(2016). Here, we used Riscan PRO software, which has its origin in the processing of
terrestrial laser scanner point clouds (e.g. Heritage and Hetherington 2007; Heritage
et al. 2009), and applied multi-station adjustment (e.g. Gabbud et al. 2015) to the

point cloud data from Pix4D and the reference grid.

The adjustment is based on so-called plane patches, which were derived from stable
zones within the point clouds (Figure 1). In a filter routine, the planes are defined
where a minimum of 3 points can be aligned within a 2 cm standard deviation (normal
distance between points and plane). This is done for successively smaller grids
ranging from 32.768 m to a minimum of 0.128 m (Riegl 2015). A least-squares point
matching algorithm (Zhang 1994), was then used to iteratively identify the translation
and rotation parameters (scaling was not applied) needed to minimize the error
between the stable patches for different years with respect to the reference grid. For
this a search radius of 2 meters was used, equal to the size of the reference grid. We

assessed the resulting reduction in (mean) error and compared the necessary
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adjustments amongst the reaches and with respect to the differences found in

exterior orientation parameters between the SfM and classical approach.

2.7DEM and DoD generation

To generate collocated 1 m resolution DEM grids, we applied a (default) linear point
kriging variogram (slope and anisotropy equal to 1) to the resulting point clouds using
Surfer 10 software (e.g. Heritage et al. 2009). DEMs of Differences (DoDs) were
determined for consecutive periods and clipped to the maximum extent of the active
river bed which was manually digitized from the orthoimages, excluding areas where
construction took place. This allowed us to assess the effect of the registration

adjustment and its potential impact on morphological interpretation.

3. RESULTS

3.1Quality of the SfM bundle adjustment

Table 2 shows the number of GCPs and the number of extracted and matched tie-
points used in bundle adjustment. The reprojection error of these points is within 10
cm and the resulting mean RMSE values between +0.20 and £0.45 m, both of which
are in the same order of magnitude as values derived using classical
photogrammetric methods (Regamey 2013). Table 3 relates the control point RMSE,
reflecting the attained precision of bundle adjustment, to the theoretical precision
which may be estimated by the object space pixel size derived from the image scale
and scanning resolution (Lane et al. 2003). In general, the RMSE values are
comparable, but when we resolve the mean and standard deviation of error in the

SfM derived data, residual errors are revealed. Mean error over the whole study area
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Page 13 of 46

©CoO~NOUTA,WNPE

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

Earth Surface Processes and Landforms

is generally within the order of 5 cm, but higher values of up to 20 cm are found
(Table 3). This suggests that there may be systematic error in the DEM surface,

indicating the importance of subsequent point cloud registration.

3.2Exterior orientation and lens parameter estimation

In addition to the assessment of bundle adjustment quality, we compared the
constituent exterior orientation parameters that were derived from SfM and classical
bundle adjustment (Table 4). In general, there is a good agreement in the planar
positioning of the images: with one exception these were all within 10 meters. A slight
systematic offset is detected in the X and to a lesser extent Y values. Larger
differences are found in flying altitude, in the case of 2005 more than 25 meters.
However, these differences are largely attributable to the focal length adjustment that
occurred during lens parameter optimization in SfM processing (significant relation in
Figure 2). We verified this by fixing the lens parameters for 2005, which resulted in a
marked reduction in altitude difference to about 6 meters (last row Table 4). The
resulting reprojection error and RMSE however increased to 0.20 and £0.73 m
respectively. Thus, there is evidence that the SfM approach, at least for a large part,
compensates between estimates of exterior orientation parameters and those of lens

parameters.

Regarding camera orientation, considerable differences in the yaw (K) are found,
which may be related to the distribution of GCPs and the limited number of tie-points
in the classical approach (Table 4). Pitch (©) and roll () values show a good
agreement with the values derived using classical photogrammetry provided that they
are not required to ‘accommodate’ larger deviations in lens parameters. Note the

decrease in difference when using a fixed focal length in 2005. The differences in
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orientation appear to compensate for the effects of the adjusted focal length, at least

partially, but potentially also the lens distortion.

Figure 3 illustrates the results of camera self-calibration in Pix4D compared to the
measured distortion from the camera calibration certificate and the statistical fit from
ERDAS based on these measured values. It is clear that the form of the polynomial
form is not recovered, something which we find for other years in the dataset.
However, the absolute lens distortion and the deviation from the calibrated distortion
curve is very small, a few um. The terrain displacement associated with this is less
than 0.10 m and therefore much smaller than the pixel resolution of 0.35 m on which
the self-calibration operates. For all years we found that the modelled absolute radial
and tangential distortion didn’t exceed the measured distortion which was maximally
8 um. Resulting differences will therefore have no major impact on the exterior

orientation parameters (Table 4) or the quality of the bundle adjustment (Table 2).

3.3Impacts of image acquisition parameters

Figure 4 shows the relationship between image acquisition properties and bundle
adjustment quality. It should be mentioned that the bundle adjustment quality defines
the best achievable or potential error, that is without additional errors associated with
stereo-matching. The ability of SfM to extract and match tie-points is clearly related to
entropy (the same may be expected for classical photogrammetric packages),
emphasizing the importance of image texture. The extent of image overlap also
appears to affect the ability to retrieve tie-points, but through a non-linear relation
which may reflect a minimum threshold that is required for the successful matching of
tie-points. The influences of image texture and overlap on the number of tie-points

works through in the reprojection error and RMSE values, although it is slightly
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modulated (Figure 4). The low number of tie-points in 1965 and to a lesser extent
2005, has limited repercussions on the reprojection error and RMSE. This may
indicate the importance of GCP’s which are used in the bundle adjustment and insure
a base level quality — although marking these also requires sufficient texture. The
number of applied images alone is not of critical importance, but more their
configuration and the resulting overlap. Whereas the overlap correlation values are
highest and most significant, entropy may be of even larger importance when the
1965 outlier is disregarded, which results in less scattered and markedly steeper
(linear) relations. Finally, we find that the scale, with which we assessed the
theoretical precision of the bundle adjustment, has no significant effect on the tie-
point generation or reprojection error, but shows a significant increasing trend with
the resulting RMSE (again 1965 is an outlier). It seems to limit the potential accuracy
and precision that may be obtained, but does not directly control the bundle
adjustment or is decisive for its quality, particularly in comparison with image texture

and overlap.

3.4 Systematic error minimization in SfM point clouds

Where the mean error may average out to be more or less negligible on the scale of
the entire study area, errors due to the incorrect DEM positioning or orientation may
be large at the smaller reach scale. This is illustrated in the clear bias shown in the
DoD in Figure 5b, where the 2005 DEM lies systematically below the reference 2010
Alti3D. Figure 5c¢c shows the same DoD where the DEM was registered based on the
surrounding stable area (Figure 5a). Through applying registration, the bias is nearly
completely removed, the absolute mean error decreases from 0.52 to 0.03 m and a
nearly symmetric distribution of residuals is obtained (Figure 6). In addition, the

standard deviation is slightly reduced from +0.66 m to +£0.56 m, which will also allow
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a better limit of detection when analyzing morphological change. Note that these
values are not reflected in the mean error (0.02 m) and standard deviation (+0.21 m)
of the entire study area as determined in the bundle adjustment (Table 3),
emphasizing that the latter is not a sufficient indicator of the quality of derived DEMs

which requires an independent reference dataset.

Table 5 summarizes the mean error per reach before and after registration. On the
whole, the decrease in absolute error is in the order of centimeters to tens of
centimeters. Where there are consecutive and opposite errors such as 1959 and
1965 in reach B this can lead to an increased DoD error, 0.86 m as opposed to 0.08
m after error minimization. However, the adjustment is not always as effective (e.g.
reaches B and CD in 1983) where the residual systematic error remains more or less
intact. The improvement due to registration can also vary significantly between
different reaches for the same year, e.g. 1959 and 1995 and between years, e.g.
reach CD in 1977 and 1983. These indicate that, despite visual inspection, residual
non-linear structural errors may still be present. However, with two exceptions all of

the residual mean error values are within =15 cm.

To gain insight into the nature of the registration we compare the reaches amongst
each other and relate them to the differences found between SfM and classical
photogrammetric bundle adjustment. The individual registration adjustments of the
different reaches show a general level of consistency but may also vary significantly
per year (Figure 7). The translational shifts in X and Y show a somewhat similar but
opposite pattern as the difference between SfM and classical photogrammetry and
could partially compensate for this. The changes in Z values are relatively consistent
between the reaches and smaller than the residual difference found for the bundle

adjustment, we corrected for height difference due to focal length using the relation in
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Figure 2, giving us confidence in the quality of the SfM derived altitudes. The required
adjustment in yaw (K) is small when compared to the bundle adjustment differences,
which is supported by the notion that the large number of image-covering tie-points in
SfM photogrammetry enable more accurate image alignment. Adjustments in roll (®)
are considerable and show a similar behavior as the differences in bundle
adjustment. Rather than diminishing these differences they appear to correct for a
common error. In this orientation, valley perpendicular, the bundle adjustment is not
well constrained by the GCPs, as opposed to the valley parallel orientation where
differences in pitch (©) adjustment are small. The magnitude of change in the exterior
orientation parameters (Figure 7) with respect to the resulting decrease in error
(Table 5) may give additional insight into the effectiveness of the registration and
quality of the results. A relatively large decrease in error was achieved in reach B and
CD in 2005 with a relatively limited adjustment in parameters; a shift in X and Z for
reach B, and adjustment in roll (®) and to a lesser extent Z for reach CD. This gives
confidence that a linear systematic error has been effectively corrected, moreover
because little error is expected from potential instability of presumed stable areas
with the reference year 2010. However, relatively large changes over a number of
orientation parameters do not necessarily lead to significantly better results, for
instance reaches B and CD in 1983, and these adjustments must be taken with
caution. This may indicate an attempt to fit the data to non-linear or random error,

potentially introducing (additional) systematic error.

Figure 8 shows the volumetric changes of the reaches through time, before and after
registration adjustment, the latter including a correction for residual stable-zone mean
error. Based on the available images and applied setting, we can conclude that

volume changes due to systematic errors are of the same order of magnitude as
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actual morphological changes. Failing to acknowledge systematic errors in
photogrammetric reconstruction can therefore lead to substantial errors in calculated
volume changes, and the misinterpretation as to whether sedimentation or erosion
has occurred (see also Figure 5). Additionally, the correct interpretation of temporal
trends in sedimentation is important for the understanding of sediment fluxes
between the reaches and potentially the forcing mechanisms of these fluxes. Note
that the responses of reaches A and CD largely coincide (the latter is slightly
damped) whereas without the registration adjustment a significant delay in the signal

between these reaches could have been identified.

4. DISCUSSION

4.1Bundle adjustment

Comparison of SfM and classical photogrammetric approaches to archival images of
braided river reaches showed that the two methods resulted in no clear preference
for either method in terms of the reprojection error or the mean control point RMSE
from the bundle adjustment (Table 2). Values obtained were comparable to the
theoretically-expected precision. When considering mean error, the residuals did
suggest the presence of systematic error (Table 3). Closer inspection of the exterior
orientation parameters showed that, in general, SfM and classical photogrammetric
values were comparable (Table 4). Differences were largely attributed to the
interaction between exterior orientation and lens parameter optimization during the
SfM photogrammetric process. The interaction was mainly revealed in
counterbalancing adjustments, where changes in estimated focal length were largely

compensated by changes in the estimated flying height (Figure 2). However, for this
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scaling relation to be completely valid the camera should be oriented vertically and
the terrain horizontal (e.g. Gardner 1939); whereas the former is more or less the

case in archival aerial photography, the latter is not the case in this study.

Closer assessment of the self-calibrated lens distortion using camera calibration
certificates revealed no indication of excessive distortion which may be introduced to
compensate for potential errors in the estimation of external orientation parameters.
Indeed, we did not find the dome-like errors which have been earlier found to result
from insufficiently modelled lens distortion in SfM photogrammetry using non-metric
cameras (e.g. Javernick et al. 2014, Eltner and Schneider 2015). The polynomial
form of the radial distortion could not be resolved, but this is not surprising for
archival imagery. First, the stereo geometry of archival imagery, based on near-nadir
corridor/grid mapping, was not designed for camera self-calibration which works
better with convergent/rotated image configurations (Remondino and Fraser 2006;
Wackrow and Chandler 2008; 2011; James and Robson 2014). Second, the metric
cameras used in archival imagery have very little distortion, in comparison with
consumer-grade close-range cameras that are often used with SfM, but also in
comparison with the pixel resolution on which the self-calibration operates. More
generally, self-calibration in SfM applications needs to be assessed with care where it
is subject to internal correlation between the K terms (Fraser 1997), allowing for
equifinal solutions (Carbonneau and Dietrich 2016), and may be subject to residual
systematic error and noise in the dataset. Lens parameters should be considered as
model-specific modelled and cannot be transferred to other applications or treated as

universal values (e.g. Luhmann et al. 2014).

Thus considering the combined bundle adjustment and camera self-calibration,

similar levels of optimization (e.g. RMSE) can be achieved with different
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combinations of exterior orientation and lens parameters, and that simultaneous
unsupervised self-calibration and bundle adjustment does not necessarily recover the
‘correct’ lens parameters and hence the correct exterior orientation. These findings
are relevant when using archival imagery, for which camera calibration certificates
may not always be available (e.g. Aguilar et al. 2013), but the question remains
whether it really matters for their application. Concerning focal length, others (e.g.
Caduff and Rieke-Zapp, 2014) have identified the need for self-calibration in order to
obtain a converged bundle adjustment. The fact that the changes in focal length and
flying height with the SfM photogrammetric approach scaled linearly on one another
(Figure 2) suggests that focal length optimization should not be a major concern
unless it is attempting to correct for non-linear inaccuracies which may result from
either measured (e.g. GCPs) or modelled parameters (e.g. lens distortion).
Concerning lens distortion, we found no evidence for interaction with exterior
parameters, although in this application with metric cameras there was also no real
‘incentive’ for such interaction. Fraser (1997) already established this coupling to be
low. Error resulting from lens distortion in this type of archival application is only of

secondary importance and of little influence on the overall error.

Bundle adjustment is a complex mathematical procedure, with a large number of
degrees of freedom and many potential parameter correlations complicating the
assessment of the influence of single parameters. In general, our findings emphasise
the need for SfM applications to pay close attention to the bundle adjustment results,
in relation to applied lens model optimization. They challenge the idea that SfM frees
the user from the traditional concerns in photogrammetry and emphasise the

importance of transparency in the algorithms used in SfM software packages (e.g.

http://mc.manuscriptcentral.com/esp



Page 21 of 46

©CoO~NOUTA,WNPE

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

Earth Surface Processes and Landforms

Smith et al. 2015), as argued before in relation to early applications of automated

digital photogrammetry (Chandler 1999; Lane et al. 2000).

4.2Image properties and data quality

There was clear evidence that the success of a SfM approach was related to the way
that image properties are exploited by computer vision techniques. The primary
advantage with respect to the classical approach is the use of a much greater
number of matched tie-points (Table 2) which are fully distributed over the images
(not limited to the zone of interest), so, at least partly, overcoming the dependency on
and limits imposed by GCP availability for archival purposes (e.g. James et al. 2006;
Walstra et al. 2011). The addition of large amounts of automatically generated tie-
points, where their accuracy is limited to simple outlier detection, to a small number
of accurate, user-specified GCP’s provides a good constraint for bundle adjustment.
Not only are SfM methods efficient in the unsupervised automatic aligning of the
photographs, we have also found that they lead to a more accurate alignment based

on the limited required registration adjustment in the yaw (K) orientation (Figure 7).

Image texture, which can be effectively quantified using a simple measure of spectral
entropy (Laliberte and Rango 2009), directly impacts the number of generated tie-
points in bundle adjustment and subsequent reprojection error and RMSE (Figure 4).
This is in line with the general notion that the texture is of critical importance for SfM
feature extraction (e.g. Westoby et al. 2012). Where the texture of archival images is
predefined, the entropy may be used for quality screening of photographs. This
however only indicates a potential, where spatial variability, in the form of surface
cover and general morphology, is also required for feature extraction. For the

successful matching of extracted features, high image overlap between photographs
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is also important (Figure 4; e.g. Westoby et al. 2012). This enables the redundance of
tie-points and prevents potential difficulties in feature matching, due to dissimilarities
between images that arise from perspective changes, which in turn allow for a
reduced error in bundle adjustment. Here, a possible constraint on the application of
SfM based archival photogrammetry arises where image acquisition in classical
photogrammetry is designed with relatively limited overlap. This is however with
reason, where from classical photogrammetry we know that the accuracy of elevation
change actually increases with increasing perspective changes due to the parallax
shift, which indicates a potential optimum in overlap/perspective change when
applying SfM photogrammetry. Another difference arises where SfM algorithms
extensively use tie-points and their automatic extraction and matching is scale
invariant (Figure 4). SfM algorithms are therefore less dependent on image scale as
compared to classical photogrammetry, which relies more strongly on GCP

identification which is scale dependent.

Limitations in available image quality (texture), image overlap and image
configuration (near-nadir imagery) in archival imagery, in combination with the
interaction between bundle adjustment and camera self-calibration demand the
utmost insight and control in SfM photogrammetry. Where photogrammetric
techniques will further develop and (hopefully) manifest themselves in SfM software,
image acquisition properties are predefined and may be assessed for their SfM
photogrammetric potential, just like the typically applied image scale. The ample use
of GCPs may constrain the bundle adjustment and suppress errors (e.g. Eltner and
Schneider 2015). In archival applications these are likely to be limited, but in any
case it is advisable to exploit these to the fullest in bundle adjustment control and

preferably not as check points where error may also be estimated through
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subsequent registration or GCP sensitivity analysis. Despite the limitations we
demonstrated that SfM methods do not only have the potential for the application in
archival photogrammetry (Gomez et al. 2015), they can be used for the accurate
quantification of river-floodplain morphology. This is enhanced by the dense-
matching/high resolution algorithms that these methods use which allow for higher
precision and (associated) lower local error through interpolation in comparison with

classical photogrammetry (e.g. Eltner et al. 2016).

4.3 Systematic error minimization

In all photogrammetric applications, regardless as to whether a SfM or classical
approach is used, residual systematic errors may be expected which need to be
independently verified both with other techniques or other data sets (Fonstad et al.
2013; Eltner et al. 2016). We have shown that this may not always be apparent from
bundle adjustment quality parameters (mean error, Table 2), but may be revealed
through registering the photogrammetrically derived point clouds to a lidar-based
reference grid (for example Figure 5). We found systematic errors on the reach scale
that were typically of the order of decimeters (Table 5). After registration adjustment
the residual error values were of the order of centimeters, and with two exceptions all
values were within 15 cm. The effectiveness of the adjustment, in the form of the

relative decrease in bias, varied somewhat amongst reaches and between years.

Closer inspection of the applied registration adjustment, orientation and magnitude,
revealed both consistencies amongst the reaches, giving confidence in the
adjustment to correct for systematic error, as well as considerable differences, which
may indicate that errors are complex/non-linear and potentially noise dominated

(Figure 7). The effectiveness of the registration also varied with the magnitude of the
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required change in orientation parameters, where it must be noted that the
adjustment may also, theoretically, introduce an additional error. The required
reduction in the (linear) systematic error was of the same order of magnitude or
smaller than the differences we found between SfM and classical approaches. From
this we can conclude that potential limitations associated with the application of SfM
algorithms in the form of linear error (e.g. through focal length modelling) may be
overcome through subsequent registration. Indeed, registration adjustments are
relevant for all photogrammetric applications, SfM or classical, where systematic
linear errors may originate from the propagation of random error in the external

orientation parameters (Westaway et al. 2003; Lane et al. 2004).

Failing to acknowledge systematic errors in photogrammetrically derived point clouds
will allow them to translate and potentially amplify when determining morphological
change. As we have shown in Figure 8, this may lead to the misinterpretation of the
occurrence of erosion/sedimentation, the absolute quantities of change and
morphologic variability in time (in our case the decadal scale) and space (in our case
between reaches). The application of archival photogrammetry in low relief
environments such as river-floodplain systems is particularly sensitive to such errors
(e.g. Heritage et al. 1998; Lane et al. 2010). Note that when no independent, high
resolution reference dataset is available, a photogrammetrically derived DEM
(typically the most recent) may be sufficient for the analysis of (relative)
morphological change. Registration not only provides a means for minimizing linear
structural errors, but also provides an uncertainty estimation for residual non-linear
structural and random error (this may be conservative where particularly on the
longer term zones may not be entirely stable due to e.g. slope processes, vegetation

growth) for the assessment of detection limits and error propagation in elevational
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and volumetric changes (Lane et al. 2004). Finally the registration procedure

provides general insight into the quality of the photogrammetric reconstruction.

5. CONCLUSIONS

In this study we applied computer vision based SfM methods to archival imagery for
the quantification of river and floodplain morphology. Besides the widely recognized
efficiency and precision, we found the resulting quality may be comparable to that
obtained with classical methods. We showed that this application requires the careful
consideration of photogrammetric principles to avoid and to mitigate structural error in
DEMs. These may heavily impact the interpretation of morphological change,
particularly for the application of archival photogrammetry in low relief river-floodplain
environments. The results from this study may be summarised along three phases of
the photogrammetric process, namely image acquisition, bundle adjustment and

point cloud registration:

The potential of the application of SfM photogrammetric methods to archival imagery
can be evaluated by reference to: (1) the temporal frequency and scale of images in
relation to the relief that is to be measured and the magnitude of expected changes;
in this sense SfM does not differ from the classical application; (2) image texture,
which can be quantified using entropy, controls the extent to which computer vision
techniques can detect and match tie-points (3) image overlap and configuration,
which enables the redundance of tie-points and enhances their accuracy (less
mismatching). These last two points specifically apply to SfM photogrammetry where
the tie-points largely control bundle adjustment precision, particularly with respect to

the alignment of images; 4) GCP’s are ideally included in bundle adjustment as a
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basis on which the SfM computer vision techniques can enhance the dataset on

which bundle adjustment is based and thereby it’s potential quality.

Despite non-ideal archival image acquisition, near-nadir and limited overlap which
affect camera self-calibration and bundle adjustment, the bundle adjustment quality
we acquired with SfM was similar to that which was acquired using classical
photogrammetry. In both cases the quality of the photogrammetric reconstruction
requires SfM software to provide insight and control over bundle adjustment
parameters. Interaction between lens modelling parameters and exterior orientation
parameters needs to be assessed in relation to one another. We found (linear)
interaction between focal length and flying altitude, but these largely compensated
each other. We did not find any indication that non-linear or dome-like errors were
introduced through camera self-calibration, neither in the DEMs nor in the modelled

distortion.

Registration adjustment provides a means for addressing linear systematic error in
point clouds that remains, even with reliable bundle adjustment results, through: (1)
systematic error detection which may be the result of (random) error propagation in
classical or SfM photogrammetry; (2) error minimization through registration, which
was able to compensate the potential (additional) error associated with the
application of SfM photogrammetry, preventing error propagation into volume
changes; and (3) quality assessment of the bundle adjustment and point cloud, which
was possible through quantifying the residual error and analyzing the required

rotation/translation.
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TABLES
Year Images Scale Resolution Texture Overlap
[1:x] [pm] (entropy) [%]
1959 10 23200 21 3.39 15%
1965 6 21200 21 2.52 13%
1977 8 19600 14 3.47 30%
1983 12 19600 14 3.52 22%
1988 9 20900 14 3.59 19%
1995 8 26800 14 3.42 21%
1999 6 27000 14 3.27 17%
2005 3 24700 14 3.21 12%

Table 1 Overview and characteristics of historical aerial photographs.
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Year Number of Tie-points Reprojection Mean RMSE
GCPs per image error [m] [m]

1959 15 (14) 8387 (9) 0.08 (0.11) +0.34 (+£0.39)
1965 19 (17) 4254 (15) 0.06 (0.02) +0.45 (£0.24)
1977 19 (41) 9563 (0) 0.04 (0.05) +0.20 (£0.30)
1983 23 (25) 9692 (21) 0.04 (0.02) +0.23 (£0.36)
1988 22 (18) 10505 (26) 0.04 (0.14) +0.21 (+0.37)
1995 25 8387 0.05 +0.32

1999 20 10261 0.06 +0.44

2005 21 (30) 6240 (21) 0.08 (0.02) +0.38 (£0.23)

888 Table 2 SfM block bundle adjustment results with classical photogrammetric reference values derived from
889 (Regamey 2013) shown in brackets.

Year Theoretical Mean RMSE [m] X [m] Y [m] Z[m]

precision [m] ME | STDEV ME | STDEV ME | STDEV
1959 +0.49 +0.34 (£0.39) 0.01 | 0.30 0.08 | 0.39 0.00 | 0.33
1965 +0.45 +0.45 (£0.24) | -0.06 | 0.41 | -0.10 | 0.57 | -0.04 | 0.37
1977 +0.27 +0.20 (£0.30) -0.01 | 0.18 -0.01 | 0.20 0.00 | 0.20
1983 +0.27 +0.23 (£0.36) 0.00 | 0.19 0.00 | 0.28 -0.01 ] 0.21
1988 +0.29 +0.21 (£0.37) -0.02 | 0.20 -0.01 | 0.22 -0.01 | 0.21
1995 +0.38 +0.32 0.01 033 | 001]041| 0.01]0.21
1999 +0.38 +0.44 0.01 | 0.37 -0.20 | 0.57 -0.12 | 0.33
2005 +0.35 +0.38 (£0.23) 0.01 | 0.40 -0.01 | 0.53 0.02 | 0.21

890 Table 3 Theoretical precision, mean RMSE and control point mean error (ME) and standard deviation of error
891 (STDEV) in X, Y and Z direction. The RMSE values in brackets are derived from (Regamey 2013) and determined
892 by the authors (1977) and are given as a reference.

Year Position Orientation
AX [m] AY [m] AZ [m] AK [°] A6 [°] D[]
(AXY [m]) (Az [m]) (AZ [m])

1959 -9.7 -0.9 -7.9 0.230 (2.01) 0.060 (0.52) -0.062 (0.54)
1965 -2.2 2.6 -3.2 0.127 (1.11) -0.005 (0.04) -0.011 (0.10)
1977 1.1 2.3 -9.0 -0.322 (2.81) -0.031 (0.27) -0.065 (0.57)
1983 -2.9* 1.3* -12.8 0.002 (0.02) 0.037 (0.32) 0.065 (0.57)
1988 -6.5 3.9 -0.3 -0.169 (1.47) -0.016 (0.14) 0.001 (0.01)
1995 -3.2* -1.6*

1999 -2.8% 11.9*

2005 -2.3* -4.0* 28.0 -0.015 (0.13) -0.373 (3.26) -0.194 (1.69)
2005 fix -3.5% -4.5% 6.4 -0.056 (0.49) 0.024 (0.21) -0.051 (0.45)

893 Table 4 Differences in exterior orientation parameters with respect to Regamey (2013) and Swisstopo*. The
894 maximum tilt adjustment (pitch or roll) has been translated to a potential error in meters. The 2005 fix row
895 describes the 2005 bundle adjustment with fixed lens parameters.

Year AZ Reach A [m] AZ Reach B [m] AZ Reach CD [m]
before | after (change) before | after (change) before | after (change)
1959 0.40 | 0.08 (0.32) 0.63 | 0.12 (0.51) 0.32 | 0.28 (0.04)
1965 0.05 | 0.04 (0.01) -0.23 | 0.04 (0.19) -0.06 | 0.05 (0.01)
1977 0.12 | 0.05 (0.07) 0.21 | 0.11 (0.10) 0.15 | 0.02 (0.13)
1983 -0.13 | 0.05 (0.08) 0.14 | 0.14 (0.00) 0.26 | 0.23 (0.03)
1988 0.24 | 0.04 (0.20) 0.12 | 0.08 (0.04) 0.32 | 0.14 (0.18)
1995 0.39 | 0.05 (0.34) 0.56 | 0.14 (0.42) -0.10 | 0.09 (0.01)
1999 0.45 |-0.01 (0.44) -0.01 | 0.04 (-0.03) 0.17 | 0.06 (0.11)
2005 0.02 |-0.01 (0.01) 0.53 | 0.09 (0.44) 0.52 | 0.03 (0.49)

896 Table 5 Stable-zone mean error (excluding outliers) values during multi-station adjustment. Improvements

897 larger than 0.20 m are marked in green.
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20 Figure 1 Orthoimage (2005) giving an overview of the sedimentation reaches in the Borgne d’Arolla River,
21 Switzerland. GCPs and stable zones used for referencing and registration are shown.
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from the calibration certificate. The Pix4D curve was derived through self-calibration based on the images.
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Figure 4 Scatter plots of image acquisition parameters, texture (entropy), images, image overlap and scale,
vs. bundle adjustment parameters, tie points, reprojection error and RMSE. Plots include p values for
Pearson’s R linear correlation. Theoretical precision as a function of scale is plotted based on a 14 um

resolution (1959 and 1965 have a 21 um resolution and therefore plot above the theoretical precision).
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Figure 5 a) 2005 Orthoimage of the main section of reach C and stable zones (non-stable river flood plain
and forested areas are shaded), b) 2005-2010 DoD before and c) after point cloud registration (blue is
erosion, red is deposition). Limit of detection (95% certainty) is ~1m.
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31 Figure 7 Adjustment of exterior parameters per reach with respect to deviation in bundle adjustment
32 between SfM and classical photogrammetry (when they plot outside the y axis range, values are given -
33 Table 4).*For AZ the values are corrected for focal length adjustment using the linear relation in Figure 2.
34 The second y-axis for the orientation parameters gives the potential error in meters in a 1000 m reach.
35 Figure 7
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Figure 8 Average annual volume change per reach for periods between the available aerial photographs
(specified on the x-axis). Change is displayed before registration adjustment (SfM) and after registration
adjustment, including correction for residual stable-zone mean error (Table 5).The shaded uncertainty area
for registration adjustment is based on a potential mean error in altitude values of £0.05 cm for reach A and
+£0.10 cm for reaches B and CD - these values were estimated based on Table 5.
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