
 
 

Libraries and Learning Services 
 

University of Auckland Research 
Repository, ResearchSpace 
 

Copyright Statement 

The digital copy of this thesis is protected by the Copyright Act 1994 (New Zealand). 

This thesis may be consulted by you, provided you comply with the provisions of 
the Act and the following conditions of use: 

 

• Any use you make of these documents or images must be for research or 
private study purposes only, and you may not make them available to any 
other person. 

• Authors control the copyright of their thesis. You will recognize the 
author's right to be identified as the author of this thesis, and due 
acknowledgement will be made to the author where appropriate. 

• You will obtain the author's permission before publishing any material 
from their thesis. 

 

General copyright and disclaimer 
 

In addition to the above conditions, authors give their consent for the digital 
copy of their work to be used subject to the conditions specified on the Library 
Thesis Consent Form and Deposit Licence. 

 

 

http://www.library.auckland.ac.nz/sites/public/files/documents/thesisconsent.pdf
http://www.library.auckland.ac.nz/sites/public/files/documents/thesisconsent.pdf
http://researchspace.auckland.ac.nz/docs/uoa-docs/depositlicence.htm


DEVELOPMENTS IN 

PHOTOGRAMMETRIC REMOTE SENSING 

FOR GRAIN-SCALE FLUVIAL 

MORPHOLOGY STUDIES 
 

by 

Stéphane Bertin 

 

A thesis submitted in fulfilment of the requirements for the degree of 

Doctor of Philosophy in Civil and Environmental Engineering 

 

 

Supervised by 

Dr. Heide Friedrich 

and A/Prof Patrice Delmas 

 

Department of Civil and Environmental Engineering 

The Faculty of Engineering 

The University of Auckland 

February, 2016

 



 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

I 

 

ABSTRACT 

THE AIM OF THIS STUDY is two-fold. Firstly, it uses the latest advances in photogrammetric 

engineering and computer vision to develop a remote-sensing technique customised for grain-scale 

fluvial morphology research in both the laboratory and the field. Secondly, the recorded gravel-

bed elevation data are processed by means of geostatistical methods, providing new observations 

on fluvial microtopography, and its interaction with flows.  

Initially, a series of flume tests is presented, which allowed to test, develop and optimise a solution 

for measuring water-worked gravel beds using digital photogrammetry, a growing technique used 

in the Earth Sciences. The thesis presents in detail the use and evaluation of digital cameras and 

off-the-shelf calibration and stereo matching methods for non-proprietary close-range remote 

sensing applications. Substantial developments are made (i) to customise the camera arrangement 

to the measurement tasks, (ii) to improve the measurement of submerged topographies in flumes, 

(iii) to identify and quantify photogrammetric errors using purposely-designed 3D-printed ground 

truths, (iv) to design optimisation strategies to minimise calibration and stereo matching errors and 

their propagation to digital elevation models (DEMs), and finally (v) to allow merging of 

overlapping DEMs to optimise surface coverage and measurement resolution. This results in a 

photogrammetric technique that is capable of efficient and effective DEM collection in both the 

laboratory and the field, with sub-millimetre resolution and accuracy, needed for precise 

measurements of gravel beds and roughness properties.  

In the second part, the presented photogrammetric developments are then used to study riverbed 

armouring manifestations of water-worked gravel beds. A range of geostatical analysis methods 

are introduced to determine (i) bed-surface sediment size and preferential orientation, (ii) bed-

elevation distribution moments and spatial correlations, (iii) distribution of surface slope and 

aspect angles, and (iv) grain inclination and imbrication. Analytical results show that stable 

armour layers are replicable for similar formative flow and sediment and that armour layer 

formation and break-up involves a complete and consistent re-arrangement of the bed material, 

beyond the generally reported surface coarsening. For an initial field application, using the 

developed photogrammetric and geostatical analytical techniques, it is shown that 

sedimentological and geomorphic contrasts exist between gravel bars of the same river reach, and 

advances are made to relate these differences to the flow history.   
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CHAPTER 

1 

 

INTRODUCTION 
 

 

 

 

 

1.1. SCOPE OF THE RESEARCH 

The field of fluvial geomorphology has a long history of research and is of practical 

interest in many diverse applications. However, understanding rivers‟ form and behaviour 

continues to challenge scientists and engineers. This is made complex by interdependent 

flow-boundary processes (e.g., flow resistance, turbulence and sediment transport) at a 

range of spatial and temporal scales. Those processes control the river‟s morphology and 

adequate characterisation, such as the measurement of both exposed and submerged 

topographies, is made difficult by obtaining pertinent data for various flow conditions.  

For gravel-bed rivers, in-situ characterisation of grain-scale fluvial morphology and 

experiments at patch scales have received a fast-growing attention over the last two 

decades, and show a lot of promise to improve our understanding of fluvial processes. 
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However, progress in this field of research, and widespread application, is closely related 

to technical advances, necessary for the measurement and parameterisation of fluvial 

microtopography.  

For the present project, research was carried out to develop a remote-sensing technique 

customised for grain-scale fluvial morphology studies. It presents the development, 

evaluation and optimisation of digital photogrammetry to measure water-worked gravel-

beds in both flume (i.e. in the laboratory) and field environments. The recorded elevation 

data are then processed by means of geostatistical analyses, providing new observations 

on fluvial microtopography, and its adjustment whilst interacting with the flow forces. 

In this Chapter, the general scope of this research is presented. Three aspects are covered, 

namely (i) gravel-bed rivers and the links between river morphology and flow processes, 

(ii) grain-scale fluvial morphology studies with the random-field approach, and (iii) 

remote sensing for measuring gravel-bed microtopography. Finally, the research 

objectives and the content of this PhD thesis are outlined in detail. 

1.1.1. Flow resistance in gravel-bed rivers and the concept of roughness 

Coarse-grained channels (generally simply referred to as gravel-bed rivers) have been the 

focus of intensive research over the past 30-40 years, as illustrated by the „Gravel-bed 

rivers workshop‟ series starting in 1980 (Ashmore and Rennie, 2013). Reasons for this 

interest include the widespread occurrence of such rivers in nature, the dangers natural 

hazards such as fast flooding and debris flows represent (e.g., Rickenmann, 1999), and the 

wide variety of habitats that make gravel-bed rivers research relevant for fluvial ecology 

and fisheries. For instance, gravel-bed rivers are the spawning grounds for salmon and 

trout, and therefore require adequate management to maintain their functionality (e.g., 

Hauer et al., 2014). At the same time, gravel-bed rivers are difficult to characterise, and as 

such, their study and progress in research have been slower than for their sand-bedded 

counterparts (Robert, 1988; Robert, 1990). In particular, the broad ensemble of forms and 

shapes adopted by gravel-bed rivers - with very heterogeneous sediment size (from large 

boulders, sometimes spanning most of a stream width, down to small pebbles, granules 

and sand particles) and surface structure (e.g., the likely presence of clusters (Heays et al., 
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2014; Papanicolaou et al., 2012), „stone cells‟ (Church et al., 1998), and other grain 

arrangements of varied size and distribution), and distinct morphological units (e.g. step-

pool sequences on steep slopes) present at reach scales - have prevented a robust 

definition of flow resistance in these river systems. However, flow resistance is a 

fundamental control of flow hydraulics and bed adjustments in alluvial rivers. For a given 

channel width, flow resistance controls the amount of water a channel can convey through 

its influence on velocity and flow depth, and affects the bed shear stress, and therefore, 

bed and bank erosion (Powell, 2014; Robert, 2011). Hence, a thorough understanding of 

flow resistance is necessary for flood level forecasting, and for engineering studies of 

channel form and stability.  

To enable the prediction of flow resistance in open-channels, a large number of equations 

have been proposed, and result from either empirical approaches and/or semi-theoretical 

analyses that use simplifications (a steady and uniform river flow is generally assumed). 

Comprehensive reviews of flow resistance in gravel-bed rivers can be found in Powell 

(2014), Rickenmann and Recking (2011), Robert (2011) and Smart et al. (2002).  A brief 

overview of flow resistance equations is provided herewith, in order to highlight the 

challenges faced by traditional characterisation methods and then to present developing 

alternatives. Classic flow resistance equations, still largely in use today, are the ones of 

Manning, Darcy-Weisbach and Chézy. Additionally, the logarithmic resistance law 

(Keulegan, 1938) is widely accepted, derived using the boundary layer theory and the 

„law-of-the-wall‟. However, because velocity profiles in shallow flows can deviate 

considerably from a logarithmic law (Wiberg, 1991), the Keulegan equation is 

theoretically valid only in situations of high relative submergence (i.e. a large water depth 

compared to sediment size, H >> D). More recently, power-law types of flow resistance 

equations, based on the (dimensionless) hydraulic geometry equation, have been the focus 

of intensive testing, since a variation in the power exponents enables a unified model of 

flow resistance, applicable to both deep and shallow flows (e.g., Ferguson, 2007).  

The difficulty in using the flow resistance equations listed above essentially lie within the 

characterisation of the boundary (also called bed or hydraulic) roughness, and its adequate 

parameterisation (e.g., Powell, 2014). All resistance laws (at the exception of a few, e.g. 

López et al. (2007)) require a roughness coefficient or parameter to be accounted for in 



CHAPTER 1 INTRODUCTION 

 

4 

 

the equations, and previous applications have shown that estimating roughness is a 

principal source of flow resistance prediction errors (e.g., McCuen and Knight, 2006). A 

common, but limited, method to estimate channel roughness, for example Manning‟s n, 

requires the use of roughness coefficient tables for different channel types (e.g., Hicks and 

Mason, 1998 for New Zealand rivers), to „visually‟ determine the most appropriate 

roughness value for channels for which calibrated roughness coefficients are not available. 

Another method, a physical approach, relates the roughness to readily measurable channel 

properties, such as sediment size. Strickler related Manning‟s n to the 1/6 power of the 

grain size, represented by D50, the grain size for which 50% of the sediment mixture is 

finer by weight. Likewise, the effective roughness height kS in the Keulegan equation was 

shown to relate to some multiples of grain size (e.g., 3.5 D84, Clifford et al., 1992). D84 or 

D90 are generally chosen as grain-size representatives, to account for the disproportionate 

resistance generated by large grains. However, different studies resulted in different 

values of the roughness multiplier (see Lopez and Barragan (2008) for a review). This 

demonstrates the non-uniform nature of gravel beds (Heritage and Milan, 2009), and the 

fact that grain size is not the only important factor for bed roughness. Other factors such 

as sediment shape, grain packing, repartition and height of roughness protrusion (hence 

surface topography), are also important (Christodoulou, 2014; Gomez, 1993; Gomez, 

1994; Hodge et al., 2007; Qin and Ng, 2012). Additionally, roughness parameterisation 

using a characteristic grain size is problematic because of the difficulty of robustly 

measuring sediment size in the field (e.g., Bunte and Abt (2001) and Church et al. 

(1987)), and the likely presence of diverse bedforms, which affect roughness, but cannot 

be accounted for explicitly during grain-size sampling (Heritage and Milan, 2009; Nikora 

et al., 1998). Furthermore, sediment size is generally represented by the length of the 

intermediate grain-axis (assuming a grain has the shape of an ellipsoid), since it is usually 

easier to measure using standard sediment sampling techniques (Bunte and Abt, 2001). 

However, it is well known that sediment grains commonly protrude into the flow with 

their small axis, which is therefore responsible for the bulk of the resistance (e.g., de Jong, 

1995; Robert, 1990).  

Under these conditions, it is difficult to justify using surface grain size as a 

parameterisation for bed roughness, and several researchers have advocated the need to 
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re-evaluate roughness based on surface topography (e.g., Lane, 2005; Nikora et al., 1998). 

Re-evaluating roughness also provides an opportunity to address the need for more 

consistent definitions of roughness across the Earth Sciences (Smith, 2014).  

1.1.2. Grain-scale fluvial morphology and the random-field approach 

Facilitated by the advent of high-resolution topography remote sensing in the Earth 

Sciences (e.g., Tarolli, 2014) and the opportunity to obtain a very detailed „picture‟ of 

river morphology over a patch (Figure 1.1), the riverbed can be treated as a random field 

of surface elevations Z(x,y,t), where x and y are downstream and transverse coordinates, 

respectively, and t is time. Doing so, the riverbed surface can be represented with a digital 

elevation model (DEM), and used in computational fluid dynamic (CFD) simulation 

studies (e.g., Hardy et al., 2005; Lane et al., 2002).   

 
 

FIGURE 1.1 Gravel-bed DEM (left) and ortho-image (right) collected in the field (Whakatiwai, NZ) 

using digital photogrammetry.  

The „random-field approach‟ allows the direct quantification of the degree to which 

sediment grains protrude into the flow, and thus measures the actual roughness height 

responsible for the bulk resistance to the flow. Smart et al. (2002), Aberle and Smart 

(2003), and Yochum et al. (2012) presented promising results using the standard deviation 

of bed elevations (σZ) in flow resistance equations, as alternative options to roughness 

parameters based on a characteristic grain size.  

Complementing information on grain-size distribution and sediment shape, fine-scale 

DEMs and geostatistical analysis techniques also provide researchers with a new array of 
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sedimentary and geomorphic information, which can be used to further our understanding 

of fluvial microtopography and related flow-boundary processes. First-order bed-elevation 

distribution moments (e.g., skewness) were used to assess the general shape or form of 

gravel-bed surfaces and to study water-working (e.g., Coleman et al. (2011), Aberle and 

Nikora (2006), and Cooper and Tait (2009). Second-order structure functions of gravel-

bed elevations (equivalent to using semivariograms), enabled the identification of 

roughness signatures at different spatial scales (e.g., grain and small-scale bedform 

roughness, Butler et al., 2001; Robert, 1988). Riverbed roughness is scale dependent 

(Lane, 2005). However, this is generally omitted when using sediment size to represent 

roughness. Structure functions, and shape analysis in 2D, were also helpful to identify 

preferential grain alignment on the riverbed and to reveal the surface-forming flow 

history. In particular, the flume studies of Aberle and Nikora (2006) and Marion et al. 

(2003) identified surface-grain coarsening, the augmentation of geometric roughness (e.g., 

σZ), grain re-working to more stable positions (e.g., grains aligning their long axis parallel 

to the flow to minimise drag) and the development of small-scale sedimentary structures, 

which are associated with the armouring process in gravel-bed rivers. Attempts were 

made to relate the armour layer development to the decrease in sediment transport, which 

was observed in the tests (Marion et al., 2003).  

Other geostatistics calculated from gravel-bed DEMs include the inclination index 

(Millane et al., 2006; Smart et al., 2004), representing particle imbrication, the 

distribution of DEM cells‟ slope and aspect angles (Hodge et al., 2009a; Qin et al., 

2012b), and grain exposure to the flow (Hodge et al., 2013). Using these methods, the 

field studies by Hodge and co-workers (Hodge et al., 2009a; Hodge et al., 2013) showed 

how sedimentological/geomorphic contrasts between riffles and pools result in different 

sediment entrainment tendencies between the two sub-units during large flows, which 

may be sufficient for the formation and maintenance of riffle-pool sequences (Hodge et 

al., 2013). This knowledge is significant, as it provides insight on the links between 

gravel-bed surface structures at patch scales, sediment transport and morphological units 

(hence river reach-scale organisation).  

While ideally studies involving gravel-bed roughness characterisation and experiments on 

bed adjustments to flow (e.g., surface armouring, and the formation of distinct 
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morphological units, such as gravel bars, riffles and pools) should now incorporate the 

random-field approach, the restricted availability of high-resolution DEMs makes this 

difficult.  

The next Section provides a brief overview of remote sensing for in-situ measurement of 

fluvial microtopography and the impediments to an extensive application of the random-

field approach.  

1.1.3. High-resolution remote sensing to measure river microtopography 

Digital photogrammetry and terrestrial laser-scanning are presently the most commonly 

used remote-sensing techniques to measure gravel-bed topography with a sufficient 

amount of detail at the grain scale (spatial resolution ~mm). In Chapter 2, alternative 

methods (e.g., Coleman, 1997; de Jong, 1995; Nikora et al., 1998; Robert, 1988) are also 

presented.  

Terrestrial laser scanning (TLS) is a laser-ranging technique similar in principle to LiDAR 

(light detection and ranging). TLS is as an „active‟ technique, with the distance from the 

scanner to each point on a riverbed determined by either time-of-flight or the phase 

difference of the laser pulse, which can be of different wavelength, hence potentially 

restricting the measurement of submerged surfaces (Brasington et al., 2012). Laser 

ranging is a relatively new technology and cost remains high (e.g., ca. £70k for a Leica 

Scanstation, Hodge et al., 2009b). This is because of the high level of instrument 

sophistication (to allow laser pulses to be emitted in precisely defined angular directions 

controlled by a spinning mirror arrangement, (Brasington et al., 2012)) and the 

procurement of dedicated software to perform survey control on site, point cloud 

registration and basic filtering. The vertical accuracy achievable with TLS, generally 

stated as a manufacturer specified value, is very high (e.g., ±0.1 mm, (Aberle and Nikora, 

2006)). However, it can be affected by the size of the laser footprint (e.g., 4 mm, (Hodge 

et al., 2009b)), which therefore limits the recording of small spatial features. TLSs have 

been used in fluvial environments to record river morphology at both river-reach 

(Brasington et al., 2012; Entwistle and Fuller, 2009; Heritage and Hetherington, 2007; 

Heritage and Milan, 2009; Hodge et al., 2013; Rumsby et al., 2008) and patch scales 
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(Hodge et al., 2009b; Hodge et al., 2009a; Smith et al., 2012), with point resolutions of 

the order of 1 cm and 3 mm, respectively. In these situations, the instrument is generally 

deployed on a tripod and held stationary, while performing point-by-point measurement 

(at frequencies ranging from 1 to 1000 Hz over a 360° × 270° field of view, Brasington et 

al., 2012). Laser-scanning has also been used in experimental studies in flumes. In this 

case, a laser displacement meter is mounted on a carriage above the flume, which is 

moved to perform point-measurements over a surface (Aberle and Nikora, 2006; Cooper 

and Tait, 2009; Haynes et al., 2012; Mao et al., 2011; Marion et al., 2003; Measures and 

Tait, 2008; Ockelford and Haynes, 2013).  

In contrast, photogrammetry is the practice of passively obtaining 3D measurements from 

a surface. The captured surface must be visible at least binocularly (i.e. in two or more 

images). Virtually any source of imagery can be used, whether it comes from digital 

cameras or an earth-orbiting satellite, as long as the images are captured with a 

stereoscopic overlap. Recent advances in digital cameras and photogrammetric software 

have enabled the use of photogrammetry over a wide range of applications (e.g., at close-

range), with improved resolution and accuracy, while at the same time making the entire 

process more cost-effective and accessible to non-specialists (Lane et al., 2001; Matthews, 

2008).  

The principle of operation of digital photogrammetry is similar to binocular vision; depth 

information is only accessible at the image overlap. Assuming two digital images with a 

stereoscopic overlap and known camera positions (i.e. the classical case of stereo 

photogrammetry, used herewith), each point at the image overlap is (automatically) 

matched to its equivalent in the other image (using image properties, such as pixel 

intensity), providing two sets of 2D coordinates, which are used to triangulate (using the 

perspective projection equation) the distance to the point (e.g., Aber et al., 2010a). In the 

case a pixel has no conjugate in the other image because of occlusion (i.e. shadowing), 

regularisation is necessary, meaning the interpolation of the distance to the point is based 

on the assumption of a continuous surface (Gimel'farb, 2002). In practice, these 

procedures are complicated by the fact that a perfect perspective projection is rarely 

achieved (e.g., because of lens distortion, Lane et al., 2001), thus requiring calibration. 

When using conventional digital cameras as is done in this research (in contrast to using 
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pre-calibrated „metric‟ cameras), careful calibration is important to relate pixel 

coordinates in an image to real-world coordinates (in metric units). The cameras‟ position 

is either determined directly from imagery (in this case requiring ground controls and an 

independent surveying equipment, e.g., Chandler et al. (2002)) or during calibration and is 

needed for depth triangulation. The different calibration methods, their practical 

implementation and the introduction of calibration-borne errors in DEMs are discussed in 

detail in Chapters 4 and 5. The point resolution and depth accuracy achievable with 

photogrammetry are constrained by the camera resolution (i.e. the pixel size on the sensor 

plane), the camera distance, the baseline distance between cameras, and the precision of 

image matching, which set both the pixel size in the object plane and the minimum 

measurable depth at the distance of the object (equations are presented in Chapter 6). The 

commercialisation of consumer-grade digital cameras with increasingly fine resolution 

means photogrammetric performance is constantly improving and allows the same camera 

system (provided the camera arrangement is carefully designed, Lane et al., 2001) to 

perform measurements covering a range of spatial scales. In addition, the relatively low 

cost of the technique (especially when using non-proprietary calibration and stereo 

matching algorithms, e.g., Bouratsis et al., 2013), its small size and weight, its optional 

power supply and the possibility of very quick data collection, has made it a prominent 

technique in hydraulic engineering, with applications in both laboratory and field settings 

for studies of braided river processes (Lane et al., 2003; Westaway et al., 2003), river 

channel monitoring (Bird et al., 2010; Chandler et al., 2002; Lane et al., 1994), dynamic 

scouring at bridge piers (Bouratsis et al., 2013; Rapp et al., 2012) and surface roughness 

(Butler et al., 2001; Carbonneau et al., 2003).  

The measurement of submerged microtopographies at patch scales, important in order not 

to limit studies to drained laboratory surfaces or exposed gravel bars in the field at low 

flows, is possible with both TLS and digital photogrammetry for shallow water depth 

(generally a water depth less than 20 cm is suggested, e.g., Butler et al., 2002; Smith et 

al., 2012; Smith and Vericat, 2013), However, these same studies highlighted that 

through-water recording requires significant post-processing to correct for the effect of 

light refraction at the air-water interface. To avoid a correction procedure, cameras have 
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the advantage that they can be used directly underwater (Bouratsis et al., 2013; Bruno et 

al., 2011).  

However, current limitations to both TLS and digital photogrammetry reside in the 

difficulty of obtaining high-resolution and high-accuracy data, necessary for grain 

roughness characterisation, and the need to perform DEM quality assessment to ensure 

reliable properties can be extracted from the DEMs (James et al., 2007; Lane et al., 2005). 

In practice, this requires repeating scans (Hodge et al., 2009b; Hodge et al., 2009a), 

disposing ground controls on the riverbed, which need to be surveyed with independent 

surveying equipment (Butler et al., 2001; Hodge et al., 2009a), hence a long data 

collection time. In spite of significant methodological efforts, substantial error filtering 

and post-processing remain necessary (Hodge et al., 2009a). 

1.2. RESEARCH OBJECTIVES 

In light of the current limitations related to the efficient measurement of gravel-bed 

microtopography, and the effective parameterisation of high-resolution topographic data 

for future application in flow resistance calculations, a PhD proposal was composed, 

which aimed at addressing the following objectives: 

[1] To evaluate the current performance and potential of digital photogrammetry in 

measuring grain-scale gravel-bed topography, and compare photogrammetry with 

other common measurement techniques available in laboratories; 

[2] To develop a high-resolution and high-accuracy, non-proprietary, photogrammetric 

solution for microtopography measurement in a laboratory flume, using recent 

developments made by researchers from the Department of Computer Science at the 

University of Auckland;  

[3] To improve on the current means to assess the quality of high-resolution topographic 

data, enhancing handiness and representativeness of the evaluation;  

[4] To promote new strategies to allow accurate through-water measurement of 

submerged topographies, and extend the areal coverage of recorded data by merging 

overlapping DEMs without quality loss; 
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[5] To obtain comprehensive datasets of water-worked riverbed elevations in a laboratory 

flume, on which geostatistical analysis techniques are applied to model and 

parameterise gravel-bed microtopography; and 

[6] To deploy and assess the field performance of the developed measurement technique 

in a natural gravel-bed river, and use the data collected to characterise 

sedimentological contrasts at the river-reach scale. 

1.3. THESIS OUTLINE 

This doctoral thesis consists of nine Chapters, and is essentially a compilation of 

manuscripts, which at the time of writing have been published (four manuscripts), 

accepted for publication (one manuscript), or submitted (one manuscript) for journal 

publication. The thesis also includes one conference paper, which was peer-reviewed, 

presented orally at an international conference, and is available in the conference 

proceedings. All manuscript Chapters have been reproduced from the original 

manuscripts, modified only for formatting purposes or to update information where 

necessary. As a result of the inclusion of multiple manuscripts, and the need for „stand-

alone‟ papers, there is unavoidable repetition of some of the presented material.  

Each Chapter can be seen as an independent study, providing an introduction and 

literature review, a presentation and discussion of the methodology used, the results 

obtained and finally a conclusion. The complete bibliography is provided at the end of this 

thesis.  

The following gives a brief description of the contents of for each Chapter.  

Chapter 2 assesses the initial digital photogrammetry application with existing laser-

scanning and acoustic bed-profiler measuring methods, specifically studying the ability to 

measure water-worked gravel beds in a laboratory flume. The evaluation concentrates on 

the qualitative assessment of the DEMs, and the DEM suitability for statistical roughness 

analysis. 

Chapter 3 presents the implementation and evaluation of digital photogrammetry in 

performing through-water measurements of water-worked gravel-bed topography in a 
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laboratory flume. „Wet‟ DEMs are compared with „dry‟ DEMs to assess both the internal 

reliability of through-water recording and the external reliability of measured roughness 

data from the DEMs.  

Chapter 4 shows how recent advances in 3D-printing technology allow the production of 

a realistic water-worked gravel-bed ground truth. The ground truth is used for DEM 

quality assessment in application to digital photogrammetry. DEM accuracy and stereo 

matching consistency are quantified, as well as the effect of DEM sampling distance.  

Chapter 5 identifies and quantifies photogrammetric errors, and presents the optimisation 

of the photogrammetric technique to guarantee high resolution and high accuracy 

topographic data. Recommendations on the photogrammetric design, the calibration 

strategy and the selection of „good images‟ for stereo matching, are provided.   

Chapter 6 presents an efficient and effective method for merging overlapping DEMs, in 

order to improve surface coverage and measurement resolution. The effects of increasing 

the DEM coverage and resampling data (e.g., decimating the number of points) are 

evaluated in application to digital photogrammetry.  

Chapter 7 uses the technical advances made in the previous Chapters (i.e. optimised 

strategies for measuring gravel-beds both in air and through water, and DEM merging to 

increase the areal coverage), to study stable armour layers formed in a laboratory flume 

and evaluate the surface structure replicability. Armouring manifestations are 

characterised using information of surface grain size and prevailing orientation, bed 

topography and bedload transport rates. The effects of using different flow rates and 

different sediment mixtures on the armour layer properties are evaluated.  

Chapter 8 tests the deployment of the photogrammetric technique in a natural river 

environment. Recorded data on surface grain size and topography from three exposed 

gravel bars are used to evaluate the between-bar variations.  

Chapter 9 summarises the main contributions of this thesis and provides 

recommendations for future research. 
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CHAPTER 

2 

MEASUREMENT OF GRAVEL-BED 

TOPOGRAPHY: EVALUATION STUDY APPLYING 

STATISTICAL ROUGHNESS ANALYSIS 

Related journal paper: 

Bertin, S. and H. Friedrich (2014). Measurement of gravel-bed topography: evaluation study 

applying statistical roughness analysis. Journal of Hydraulic Engineering, 140(3): 269-279. 

 

 

 

2.1. INTRODUCTION 

2.1.1. Roughness characterisation 

With recent research advances and technology improvement, statistical analysis of bed 

elevations in gravel-bed rivers has become crucial to define roughness parameters, 

quantify armouring effects, and hence to understand the nature of the river flow. 

Traditionally, bed-scale roughness parameters used in bedload transport and flow 

resistance equations are described using percentiles of the grain size distribution (GSD) of 

the sediment constituting the bed. The intermediate particle axis is chosen as the base 

value for GSD, despite it is recognised that the short axis is the one protruding into the 

flow, and is therefore responsible for the bulk of the resistance to the flow (de Jong, 1995;
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Robert, 1990). An equivalent roughness parameter is commonly used, such as Nikuradse‟s 

kS set to 3.5 D84, where D84 is the length of the intermediate axis of the sediment particle 

in the GSD for which 84% of the particles are smaller (Clifford et al.2001). GSD 

characteristics can be determined with techniques such as sieve analysis, Wolman‟s 

(1954) or Fehr‟s (1987) line-by-number sampling procedures or similar methods, which 

require disturbance of the gravel-bed surface. Detailed discussions and comparisons of 

those methods can be found in the work of Bunte and Abt (2001). 2D image-based 

automated methods became more popular over the last years (Chang and Chung, 2012; 

Detert and Weitbrecht, 2012; Graham et al., 2010; Strom et al., 2010) and allow in-situ 

recording of GSD characteristics. However, overlapping and buried particles make the use 

of automated techniques, utilising photographs, challenging.  

The complex arrangements of the particles on the riverbed, such as varied orientations, 

packing and protrusions also highlight the limitations of using GSD characteristics as a 

parameter in bedload transport and flow resistance equations. Even the use of a full GSD 

is not sufficient to fully represent the surface morphology and its effect on the flow field 

(Butler et al., 2001; Robert, 1988; Robert, 1990). 

Alternatively, the riverbed surface can be considered as a random field of surface 

elevations Z(x,y,t), where Z is the surface height at coordinates x and y at time t. Thus, the 

bed can be represented as a digital elevation model (DEM). Recent research has shown 

that high-resolution DEMs, obtained using various topography measurement technologies, 

allowed the use of statistical tools such as probability distribution functions (PDFs) and 

second-order 2D structure functions, to understand the structure of water-worked sand-

dunes and gravel-beds and quantify roughness parameters (Aberle et al., 2010; Butler et 

al., 2001; Friedrich, 2010; Goring et al., 1999; Robert and Richards, 1988). The hydraulic 

roughness can be described as a scale-dependent set of three coefficients, the longitudinal, 

the transversal and the vertical roughness, with the vertical roughness represented by the 

standard deviation of bed elevation (Aberle and Nikora, 2006; Butler et al., 2001; Cooper 

and Tait, 2009; Smart et al., 2004). Appropriate measurement technologies are needed to 

obtain the random field of bed elevations, Z(x,y,t), and thus being able to define the 

various inherent scales of gravel-bed roughness. More attention has to be given to 

evaluate the measurement techniques that enable such detailed roughness characterisation. 
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2.1.2. Topography measurement techniques 

Mainly, three types of remote-sensing techniques have been used over the years to obtain 

DEMs of gravel beds: bed-profilers, laser scanners and stereo photogrammetry. 

Coleman‟s (1997) laboratory experiments with an acoustic bed-profiler proved that this 

instrument can be successfully employed to measure submerged topography in a large 

range of situations. Water depths ranging from 5 mm to 1000 mm were employed, as well 

as various downstream and transverse sampling distances and adjustable acoustic 

frequency for different vertical accuracies. The acoustic bed-profiler comprises a 

sounding probe, which generates ultrasonic waves that reflect off the sediment bed and are 

received by the probe. The time of passage of sound waves is measured electronically and 

allows determining the distance of the sediment bed from the probe. Unlike infrared bed-

profilers, as in Robert (1988), acoustic bed-profilers allow submerged topography 

measurement. Flowing water can be employed in some situations, and measurements are 

theoretically unaffected by suspended sediment of size of the order of the sound 

wavelength or smaller. Acoustic bed-profilers enable higher spatial resolution than the 

generally used 10 mm sampling distance with physical profilers (Butler et al., 2001; de 

Jong, 1995; Smart et al., 2004). However, regardless of the type of bed-profiler, a 

significant amount of time is required to obtain fine-scale DEMs over a larger area. 

A very high horizontal resolution and vertical accuracy can be achieved by using time-of-

flight terrestrial laser-scanners (TLSs), also called ground-based LiDAR (light detection 

and ranging) systems. These scanners find the distance of an object by measuring the 

round-trip time of a pulse of laser light. Aberle and Nikora (2006), Cooper and Tait 

(2009) and Goring et al. (1999) conducted bed-elevation measurements in drained 

laboratory flumes using TLSs. Manufacturer specified vertical accuracies vary from 0.5 

µm to 0.1 mm. Heritage and Hetherington (2007), Hodge et al. (2009a) and Smart et al. 

(2004) conducted surveys with TLSs over exposed gravel bars in natural streams. Laser 

scanning is the most precise wide-range topography measurement device at the moment. 

However, TLSs‟ data requires significant post-processing in the form of filtering to 

remove systematic errors (Hodge et al., 2009b). Also, despite the existence of a multitude 

of laser-scanners, the cost remains high. There is another disadvantage, as some of the 
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TLSs cannot be used for measuring submerged topographies, because of an infrared light 

pulse absorbed by water (Hodge et al., 2009b; Smart et al., 2004). 

Similarly to human vision, stereo photogrammetry makes use of two overlapping 2D 

images to obtain one depth image within the common field of view (CFoV) of the two 

images. Nowadays, commercially available software packages, such as OrthoMAX from 

Erdas Imagine®, allow high-resolution DEM recording with digital stereo 

photogrammetry, from either digital images or digitised film photographs. Those packages 

are often expensive and limited for specific use. Using OrthoMAX, laboratory-based 

experiments were carried out by Butler et al. (2001), Brasington and Smart (2003) and 

Chandler et al. (2001). DEMs of exposed, simulated beds, were plotted onto an adjustable 

grid, with a sampling distance as small as 1.5 mm. Using ground check points‟ 

coordinates, Brasington and Smart (2003) and Chandler et al. (2001) assessed surface 

precision, with standard errors in vertical measurement of 2 mm and 1.1 mm, respectively. 

Stereo photogrammetry has the advantage to be relatively easy to set up in both laboratory 

and field environments, with very quick data acquisition, yet it generally requires special 

calibration. Field-based applications were carried out by Butler et al. (1998) and 

Carbonneau et al. (2003), to measure the topography of exposed gravel bars. In addition, 

Butler et al. (2002) and Westaway et al. (2000; 2001), proved that stereo photogrammetry 

can handle through-water measurement, but a rigorous strategy must be employed to 

assess the quality of the DEMs. Whilst stereo photogrammetry is to date certainly the 

most promising technique to remotely sense the dynamic behaviour of gravel beds at the 

grain scale, the operational process to obtain DEMs is complex. This generally requires 

the development of a unique methodology to carefully assess the reliability of the 

measurements (Butler et al., 1998). Another disadvantage is oblique scanning from two 

different viewpoints, which causes shadowing behind protruding particles and results in 

erroneous data in those affected areas. 

2.1.3. Objective 

The study‟s objective is to compare bed-roughness data collected with the above 

described most commonly used three measurement methodologies (acoustic bed-profiler, 

laser scanner and stereo photogrammetry). The study is split in two parts, which build 
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upon each other. Initially, a screeded bed was water-worked and once fully developed, the 

bed was measured with the three measurement techniques. The water-worked data are 

used to study the suitability of the DEMs to undertake statistical analysis of the bed 

roughness and assess the differences in quantitative and qualitative roughness 

characteristics for the same roughness area, but different measurement methodology. The 

analysis focuses on the hydraulic roughness, represented by the standard deviation of bed 

elevations, and bed-elevation probability distribution functions (PDFs) and second-order 

structure functions (semivariograms) of the DEMs. Water-worked roughness 

characteristics are compared with the screeded-bed roughness characteristics, as recorded 

with the acoustic bed-profiler. 

The second part of the study presents the methodological improvements that were made 

for the stereo-photogrammetric setup, and how those improvements improve the quality of 

the highest-resolution stereo-photogrammetric DEM published so far. 

2.2. DATA COLLECTION 

2.2.1. The experimental setup 

Data collection was undertaken in the Fluid Mechanics Laboratory of The University of 

Auckland, using a 19 m long sediment-starved tilting flume, with 0.45 m width and 0.5 m 

depth. For the presented experiments, the slope of the flume bed was set to 0.45%. 

Measurements were obtained on a vertically adjustable test section, located 10 m 

downstream of the flume inlet, comprising of a fixed bed with a 950 mm long and 450 

mm wide recess. The recess was filled with graded, rounded and coloured gravel (each 

class of sediment, except the smallest one was painted with a different colour, using 

white, yellow, green, blue and red). The use of painted gravel particles was necessary for 

a parallel study on cluster formation and sediment tracking. The sediment had a median 

size of the intermediate particle axis D50 = 7 mm, a minimum sediment size of 0.7 mm, a 

maximum gravel size of 50 mm and a geometric standard deviation of the grain 

distribution (σ), calculated as 1684 DD , of 2.98. To enable topography measurement, the 

test section was equipped with a horizontal rack for the acoustic bed-profiler, as well as an 

overhead mounting bar for stereo photogrammetry equipment, on which two cameras 
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were mounted (Figure 2.1). The initial screeded bed was created by placing randomly 

mixed sediment into the base of the vertically adjustable survey area and the surface was 

flattened to a thickness of 100 mm, parallel to the flume bed. The topography of the initial 

manually screeded bed was measured with the acoustic bed-profiler. The gravel bed was 

then water-worked and naturally armoured over four hours, at a constant flow rate Q = 66 

L/s, monitored by a pre-calibrated pressure gauge. The water depth was kept constant at 

200 mm, and adjusted using a sharp-edged weir at the downstream end of the flume. A 

steady uniform flow was maintained throughout the experiment with a Froude number Fr 

= 0.58. 

The area used for direct comparison of the three measurement techniques was 0.35 m long 

and 0.3 m wide (Figure 2.2). As the laser scanner could not be used directly at the flume, a 

metallic tray was submerged into the initially screeded mixture, completely covered by 

the sediment layer, allowing the careful transportation of the 0.35 m long and 0.3 m wide 

water-worked gravel-bed sample to the location, where the laser is housed. Whilst water-

working, the upper sediment layer eroded downstream. The experiment was stopped just 

when the tray started to be exposed. Thereafter, the bed topography was measured with 

the acoustic bed-profiler. The flume was then drained to allow in-air stereo 

photogrammetry measurement. Finally, the metallic tray was carefully uncovered and 

moved to the location of the laser scanner, to undertake the laser-scanner data collection. 

2.2.2. Acoustic bed-profiler 

Measurements of the submerged gravel beds, at initial screeded and final water-worked 

stages, were undertaken with a reduced flow rate to avoid suspended sediment that could 

lead to erroneous data. The acoustic bed-profiler is comprised of a sounding probe, 

located 100 mm above the sediment bed, mounted on a rack above the flume, traversing 

the measurement section in cross-flow direction, and an optical potentiometer of 256 

increments per revolution, attached to the hub of a 200 mm diameter wheel, tracking the 

probe location in the downstream direction. With a sound wave of frequency f = 2 MHz it 

provided a theoretical vertical accuracy of 0.37 mm (see Table 2.1). 2D longitudinal bed-

elevation profiles were acquired and subsequently DEMs were obtained with a sampling 

distance of 2.45 mm downstream (based on the number of increments on the 
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potentiometer and wheel size) and 2.54 mm transverse (0.1 inch on the scale utilised), 

representing the physical grid over which the measurements were done.  

2.2.3. Laser scanner 

The topography of the final water-worked bed, restricted to the area bounded by the edges 

of the metallic tray, was measured with an Inition MVT CLS60 hand-held laser scanner, 

available in The University of Auckland Automated Systems Laboratory. Because of the 

short arm of the laser, it could not be used directly above the flume and required the 

transportation of the gravel-bed sample. Once transported, the sample was scanned 

vertically from a distance of 100 mm by making several overlapping stripes. The 

 
FIGURE 2.1 Flume setup. 

 
FIGURE 2.2 Gravel bed and measurement window. 
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theoretical vertical accuracy is quantified as 0.05 mm (manufacturer specified), and data is 

recorded on a non-uniform spatial grid. The merging of the overlapping stripes was 

operated automatically by the instrument‟s software, with the process repeated until 

successful merging was obtained. Finally, data was saved as an ASCII file and was 

directly read into Matlab®. The non-uniform data cloud was transformed to a uniform 

grid with 1.45 mm sampling distance (Table 2.1). The DEM grid matched the number of 

scanned points, which were restricted by the instrument‟s software capabilities. 

Measurements took place in non-submerged conditions. However, preliminary tests 

showed that wet conditions, e.g. with wet particle surfaces, have no detrimental effect on 

the laser's accuracy (see Table 2.2).  

2.2.4. Stereo photogrammetry 

Stereo-photogrammetric measurements of the exposed water-worked bed were carried out 

with two Nikon D90 digital consumer cameras, with an 18 mm lens and a 5.5 µm pixel 

pitch (12.3 megapixel). The two cameras were attached on a frame 1 m above the flume, 

mechanically aligned with a 280 mm baseline between the cameras, using a mounting bar. 

The settings for both cameras were manually adjusted to be identical (shutter speed of 1.3 

s, F/22 aperture, ISO 200) and manually focused on the gravel bed. The common field of 

view (CFoV) of the two cameras, chosen to be larger than the test section, defined the area 

over which depth information was extracted. Initially, stereo images of the calibration 

chequerboard were taken in various positions inside the hydraulic flume, covering all 

degrees of freedom and most of the cameras‟ CFoV (Zhang, 1998). Using Matlab® and 

Bouguet and Perona's (1998) camera calibration toolbox, the intrinsic parameters of the 

two cameras (focal length, principal point, skew among others), and the extrinsic 

parameters of the stereo setup (translation and rotation between the two cameras) were 

determined. Radial and tangential lens distortion of the two cameras was modelled using a 

6
th

 order polynomial. The calibration data enabled the photographs of the gravel bed to be 

rectified to epipolar geometry, where corresponding points between the left and right 

images are on the same scan lines, after distortion is removed. From the rectified images 

of the gravel bed and the calculated disparity search range, the symmetric dynamic 

programming stereo-photogrammetry (SDPS) algorithm allowed getting a map of the bed-
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surface elevations, also called disparity map, within the CFoV (Gimel'farb, 2002). A point 

cloud is extracted, with sampling distance between measured data points representing the 

pixel size on the gravel-bed images as taken with the Nikon D90s from a distance of 1 m. 

Finally, the data was transferred to a uniform grid with a sampling distance of 1 mm 

(Table 2.1). The best vertical accuracy achievable by the setup in these conditions was 

calculated as 1 mm.  

2.2.5. Improved stereo-photogrammetric setup 

After visual examination of the obtained DEM, and confirmation through the ortho-

imagery analysis of the SDPS, the results obtained with stereo photogrammetry in the first 

part of the study were not satisfactory, as shown in the „Results‟ Section 2.4. Thus, work 

was done to obtain better DEMs using photogrammetric means.  

The following improvements were made, which can be used as a checklist to obtain high-

quality DEMs. Firstly, the measurement section needs to be illuminated as evenly and as 

best as possible. In addition to placing light sources strategically, any reflection bouncing 

off the measured object can negatively influence the measurement process. Thus, as a first 

step, the light sources outside the flume were changed from initially four flood lights to 

two 1 m long neon lights, which were placed behind a dissipative sheet, resulting in a 

homogeneous illumination of the measurement area. Secondly, the painted gravels were 

replaced by natural gravel particles, eliminating any reflection bouncing off the gravel 

bed. The third change was to resize the CFoV, by reducing the distance from the cameras 

to the gravel bed. This change is not responsible on its own for the reduction of streaks 

and noise in the DEMs, but it led to an enhanced vertical accuracy of 0.34 mm (see Table 

2.1). In addition, the measurement resolution increased to approximately 30.8 million 

points/m
2
 (equivalent to 0.18 mm pixel size on the gravel-bed surface). Fourthly, a 

modified chequerboard was used. The chequerboard used previously was made of plastic, 

and was a cause of light reflection. It did not always allow correct corner recognition 

during the calibration process leading to inaccurate calibration parameters. Finally, the 

frame mounting bar holding the cameras was adjusted to allow a faster and more accurate 

calibration process. The cameras‟ mounting bar could be rotated at 90°, allowing 
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photographs of the chequerboard to be taken with the chequerboard mounted on a tripod 

outside the flume. 

A simple Matlab® program was developed to evaluate the accuracy of the calibration 

step, based on the reprojection error. Using the calibration results (summarised in the 

projection matrices of the two cameras), the estimated corners of the chequerboard, 

originally in 3D world coordinates, can be reprojected onto the 2D calibration images. 

The estimated corners are compared with the actual corners detected with the sub-pixel 

corner detection algorithm available with Matlab®. The reprojection error, in pixel, is 

defined as the difference between the actual corners and the estimated corners. A decrease 

in reprojection error shows that the calibration parameters (both intrinsic and extrinsic) are 

better estimated. In the absence of an external assessment of DEMs quality, an internal 

assessment of the calibration step was undertaken to contrast two DEMs obtained with 

stereo photogrammetry.  

2.2.6. Data post-processing 

The same data post-processing procedure was applied to all DEMs obtained in the first 

part of the study. The DEM obtained with the improved stereo-photogrammetric setup 

(Figure 2.5), forming the second part of the study, did not present surface spikes and the 

following data post-processing procedure was not needed. Data post-processing consisted 

of removing measurement spikes and interpolating gaps. Spikes, which were outside the 

minimum/maximum bed elevations, as found with the acoustic bed-profiler DEM ± 2 mm, 

were removed. The bed-profiler data, representing a surface topography without erroneous 

peaks, was used as the benchmark. Minor spikes, due to measurement imprecision and 

noise, were automatically detected as data points lying outside their four neighbours‟ 

elevation, allowing for a ± 3 mm threshold. The threshold of 3 mm is specific to the used 

sediment mixture and was obtained through manual testing. The gaps generated by the 

removal of spikes were automatically filled by the average elevation of the four 

neighbouring data points. 
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TABLE 2.1 Summary of the measurement specifications.  

Before analysing the DEMs statistically, a detrending algorithm was applied on each 

DEM. Surface detrending aims to remove larger scale trends than the grain scale, such as 

bed slopes, which could obscure DEMs properties and bias grain-roughness statistics. 

This also removes any deviation of the measurement instruments from a parallel 

positioning to the sediment bed. In accordance with Andreas and Trevino (1997), and 

Goring et al. (1999), a second-order biquadratic removing filter was applied, as this 

reduced the variance of the original data series the most. The difference in variance 

between the original and the detrended signals was significant, and exceeded the square of 

the measurement resolutions. Finally, all DEMs were normalized to have a mean bed 

elevation equal to zero, and rotated in order to align the DEMs with the flow direction. 

2.3. STATISTICAL ROUGHNESS ANALYSIS 

Statistical roughness analysis serves as the basis for the comparison of the employed 

measurement techniques and whether the obtained DEMs (Figure 2.4) warrant to be used 

for future studies on gravel-bed roughness characterisation. Initially, probability 

distribution functions (PDFs) were obtained, representing the distribution of surface 

elevations. Parameters like skewness, kurtosis and standard deviation of surface elevations 

were extracted from the detrended surfaces. Similar to previous work by Aberle and 

Nikora (2006), Cooper and Tait (2009) and Nikora et al. (1998), the vertical roughness 

height was estimated using the standard deviation of the bed elevation, σZ. 

 

Acoustic bed-

profiler 
Laser scanner 

Stereo-

photogrammetric 

setup (first part) 

Improved stereo-

photogrammetric 

setup (second part) 

[Downstream × 

transverse] DEM 

sampling distance 

(mm) 

2.45 × 2.54 1.45 × 1.45 1 × 1 0.18 × 0.18 

Theoretical vertical 

accuracy (mm) 
0.37 0.05 1 0.34 

Measurement 

specifications 

Measurement 

technique 
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In addition, generalised second-order 2D structure functions were used, defined by Nikora 

et al. (1998) in discrete form as: 
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where, Δx = nδx and Δy = mδy; δx and δy are the sampling intervals in the longitudinal 

and transverse directions respectively; n = 1,2,3,…N and m = 1,2,3,…M. N and M are the 

number of samples in the same two directions. The relationship in Equation (1) is used to 

represent the generalised 1D second-order structure functions, as well as isopleth maps 

(contour plots) of the 2D structure functions. To enable a direct comparison between the 

various measurement techniques, the structure functions were normalised with the 

„saturation level‟ 2σZ
2
 and the contours of DG2 were plotted as proportions of the 

saturation level. 

The irregular nature of gravel-bed profiles suits the use of generalised structure functions 

to investigate the fractal properties of the bed surface, which provides information about 

the inherent scales of roughness present on the gravel-bed surface. A gravel-bed elevation 

structure function has three regions: a scaling region with uniform slope at small lags, a 

saturation region at large lags, where the slope is zero, with a transition region in between, 

where the slope decreases (Butler et al., 2001; Goring et al., 1999; Nikora et al., 1998; 

Robert and Richards, 1988). 

At small spatial lags, the scaling region can be fitted by a power function of the form 

XH
xxD

2
Δ )(Δ  (Figure 2.7A) and YH

yyD
2

Δ )(Δ   (Figure 2.7B). Butler et al. (2001) 

and Robert (1988) showed that when plotted in log-log scale, the use of a power function 

allows the determination of the directional Hurst exponents HX and HY, representing a 

basic method to estimate the fractal dimension of series of data along the downstream and 

transverse directions, respectively. Gravel beds exhibit mixed fractal behaviour, when two 

linear bands are present, which are separated by transition zones in the 1D structure 

function. Larger Hurst exponents are associated with the roughness of individual particles, 

whilst smaller Hurst exponents are associated with bedform roughness and larger scales 

(Butler et al. 2001; Robert 1988). 
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2.4. RESULTS 

2.4.1. Digital elevation models (DEMs) 

Both, the initial screeded and final water-worked beds, were measured with the acoustic 

bed-profiler over the complete recess section (Figure 2.3). The manually screeded bed 

(Figure 2.3A) is composed of grains of different sizes with buried bigger particles. The 

surface is flat and uniform, with bed elevations between -12.3 mm and 7.2 mm, and 

sediment randomly distributed. In contrast, the water-worked bed (Figure 2.3B) presents a 

heterogeneous surface, with a larger range of bed elevations, of -24.4 mm to 29.7 mm. 

The surface, composed of coarse grains, with small particles filling the holes between 

them, presents the evidence of armouring. In Figure 2.3B, the edges of the metallic tray 

are clearly visible, defining the region over which the statistical analyses were conducted. 

  

FIGURE 2.3 Detrended DEMs obtained with the acoustic bed-profiler in submerged conditions, after 

despiking, for (A) the initial screeded bed; (B) the final water-worked bed. 

The DEMs of the water-worked bed vary notably, even after despiking (Figure 2.4). With 

the acoustic bed-profiler, the surface appears smooth with little noise (Figure 2.4A). Any 

visible errors are concentrated on the particles‟ edges, where major elevation changes 

occur rapidly. The laser-scanner's DEMs (Figure 2.4B) are similar to those obtained with 

the acoustic bed-profiler. Although, theoretically, the higher resolution of the laser 

scanner should enable the edges of the particles to be more representative, this is not 

observed, due to measurement noise. The DEM obtained with stereo photogrammetry 

(Figure 2.4C) is of least quality, despite the highest resolution. Not all of the major gravel 

particles are well captured. Detailed inspections also show major noise, even after 

despiking, thus prompting us to investigate the cause of the noise further, which resulted 
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CHAPTER 2 MEASUREMENT OF GRAVEL-BED TOPOGRAPHY: EVALUATION STUDY APPLYING STATISTICAL 

ROUGHNESS ANALYSIS 

 

26 

 

in the methodological changes made on the photogrammetric setup presented in Section 

2.2.5 „Improved stereo-photogrammetric setup‟. The changes led to a decreased 

reprojection error. The obtained DEM presented in Figure 2.5 used calibration results with 

a standard deviation in reprojection error of 0.2 pixels, compared to the reprojection error 

for the DEM of Figure 2.4C with a standard deviation of 1.15 pixels. The DEM contains 

all the dominant gravel-bed surface small-scale features and exhibits substantially reduced 

measurement noise. Consequently, the decreased reprojection error results in a visually 

appealing DEM (Figure 2.5), plotted on a very fine grid, with 0.18 mm sampling distance.  

  

 

FIGURE 2.4 Detrended DEMs of the water-worked bed, after despiking, focused on the region within 

the metallic tray, obtained with (A) the acoustic bed-profiler; (B) the laser scanner (dry condition); 

(C) stereo photogrammetry. 

2.4.2. Probability distribution functions (PDFs) 

PDFs were generated to allow a statistical comparison of texture parameters for the 

various measurement techniques, such as skewness, kurtosis, range of elevations, and the 

vertical roughness length. In addition, it is a useful tool for comparing initial screeded and 

A B 
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final water-worked beds and studying the influence of armouring. The initial screeded-bed 

surface was recorded by the acoustic bed-profiler only.  

In accordance with previous studies, e.g. Aberle and Nikora (2006) and Cooper and Tait 

(2009), the initial screeded bed is negatively skewed (Figure 2.6A), whereas the water-

worked beds are positively skewed (Figures 2.6B-C-D), for all three measurement 

techniques. The PDFs of Figure 2.6 also visualise the augmentation of geometrical 

roughness during the armour layer development, i.e. the augmentation of particles of 

higher elevations with respect to the mean bed level, which protrude into the flow. A 

larger range of bed elevations is observed for a water-worked bed (Figures 2.6B-C-D), 

compared with the narrower range for a screeded bed (Figure 2.6A). As Table 2 shows, 

after water-working the initially screeded gravel-bed, the skewness coefficient and the 

standard deviation of the bed elevation, σZ, increase, and characterise the coarsening of the 

gravel-bed surface. No significant change in the kurtosis value was observed.  

For laser-scanner DEMs, similar statistics for the dry and wet surfaces are obtained, 

indicating a good reproducibility of the results. Although, statistically, the DEM obtained 

with the initial stereo-photogrammetric setup, results in a reduced skewness and 

roughness length, the statistics do not vary to the extent, as the visible DEM shortcomings 

would suggest. The statistics of the DEM obtained with the improved stereo-

photogrammetric setup, as obtained in the second part of the study, are not presented, as 

the studied water-worked gravel bed is different. Figures 2.6B-C-D show that the range of 

bed elevations is similar for all three DEMs, but the distribution of bed elevations in the 

different ranges varies. The DEM obtained with the acoustic bed-profiler presents the 

lowest sorting in bed elevations, with the smallest fraction of bed elevations around the 

zero mean-bed level. Noise present in the DEMs obtained with the laser scanner and the 

initial stereo-photogrammetric setup causes more particles to be distributed around the 

zero-mean and less particles at low and high elevations.  
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FIGURE 2.5 DEM of a water-worked bed obtained with the improved stereo-photogrammetric setup. 

  

  

FIGURE 2.6 PDFs obtained with (A) the acoustic bed profiler over the screeded bed, and over the 

restricted water-worked bed with (B) the acoustic bed-profiler; (C) the laser scanner (dry condition); 

(D) stereo photogrammetry. 

A B 

C D 
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TABLE 2.2 Texture coefficients extracted from bed elevation PDFs and structure functions. 

Bed condition Screeded bed Water-worked bed 

Measurement 

technique 

Acoustic bed-

profiler 

Acoustic bed-

profiler 
Laser-Scanner 

Stereo-

Photogrammetry  

 
Submerged Submerged 

Dry 

surface 

Wet 

surface 
Dry surface 

Skewness (-) -0.5 0.81 0.79 0.86 0.5 

Kurtosis (-) 4.57 3.8 4.07 4.26 3.58 

σZ (mm) 1.33 5.76 5.32 5.32 5.0 

ΔX0 (mm) 6 7.2 9.7 10.1 6.9 

ΔY0 (mm) 6.8 8.5 8 8.1 9 

HX (-) 0.64 0.84 0.75 0.72 0.55 

HY (-) 0.6 0.77 0.7 0.69 0.85 

2.4.3. Second-order structure functions 

Previous research showed that the value of the Hurst exponent is inversely proportional to 

the degree of complexity and irregularity of the gravel-bed surface (Aberle and Nikora, 

2006; Cooper and Tait, 2009; Nikora et al., 1998). For our study, the screeded bed has a 

smaller Hurst exponent than the water-worked bed, which suggests that the screeded-bed 

surface, with numerous smaller bed elevations, is more complex and irregular than the 

water-worked bed, which comprises a larger range of bed elevations (Figure 2.7). This 

correlates well with previous experiments of Aberle and Nikora (2006), where Hurst 

exponents of the man-made screeded beds are smaller than those of water-worked beds, 

with Hurst exponents increasing with increasing discharge. Hurst exponent values 

obtained with the three recording techniques vary for the water-worked gravel-bed (Table 

2.2). For both the acoustic bed-profiler and laser-scanner DEMs, the Hurst components 

suggest that profiles in transverse direction are more irregular than profiles along the flow. 

Whereas for the stereo-photogrammetric DEM, a significantly larger HY value suggests 

that profiles along flow direction are more irregular than profiles across the flow. It is 

hypothesised that measurement noise encountered in the DEM reconstruction (Figure 

2.4C) is responsible for the difference. The stereo-photogrammetric measurement noise is 

characterised by erroneous streaks aligned in flow direction, which is inherent to a 

Bed 

condition 
Texture 

coefficients 
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scanline-based stereo matching algorithm like the SDPS (Gimel'farb, 2002). This results 

in increased irregularity for profiles along these streaks and thus in larger Hurst exponents 

across the flow direction.  

The scaling region of the structure function provides information about the horizontal 

roughness indices, which can be determined from the slope breakpoint, located at the 

intersection between the tangent to the scaling region slope and the saturation level 

asymptote, in both x and y direction. The horizontal roughness indices (ΔX0 and ΔY0) are 

larger for water-worked beds, than for screeded beds (Figure 2.7): the sediment particles 

on the bed surface coarsen during water-work.  

As presented by Aberle and Nikora (2006) and Friedrich (2010), the use of isopleth maps 

of 2D structure functions provides useful information on the surface-forming mechanisms 

during the armour layer development. Contour lines at small spatial lags are circular for 

the screeded bed (Figure 2.8A), indicating isotropy of the surface structure and a random 

organisation, whereas the contour lines of water-worked beds are characterised at 

relatively small spatial lags (Δx = Δy ≃ D50) by an elliptical shape (Figure 2.8B-D) This 

finding agrees with previous work by Aberle and Nikora (2006), Cooper and Tait (2009) 

and Goring et al. (1999). Geometrically, the elliptical shape of the contour lines reflects 

the general elliptical form of the dominant particles and an anisotropic surface structure of 

the bed. In this study, particles rotate to align their long axis across the flow direction 

(Figure 2.8B-C-D), as observed also by Goring et al. (1999).  

However, the structure function analysis shows that the laser-scanner DEM exhibits 

slightly different roughness characteristics than the other DEMs. The horizontal roughness 

indices for the laser-scanner DEM suggest that grain features are slightly longer in the 

flow direction, whereas the other DEMs are characterised by a slightly smaller ΔX0 than 

ΔY0 (Table 2.2). 

The isopleth map derived from the laser-scanner DEM also requires larger lags (Δx = Δy 

≥ 2D50) to clearly become elliptical. We assume those observations are caused by the 

inherent measurement noise of the laser technique, but do not have a clear understanding 

at this stage on how the intrinsic laser-scanner measurement procedures affect the 

roughness characteristics, as analysed with the structure function. 
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FIGURE 2.7 Generalised second-order structure functions plot in a log-log scale, for (A) Δy=0; (B) 

Δx=0. 

2.5. DISCUSSION 

The three measurement technologies employed in this study, theoretically allow grain-

scale elevation measurements of water-worked beds in a laboratory flume. In their work, 

Lane et al. (1994) estimated that between 4,000 and 10,000 points/m
2
 (equivalent to 10 

mm to 16 mm sampling distance) are necessary to survey the morphology of a braided 

proglacial stream at the grain scale. In the first part of our laboratory study, utilizing 

sediment with D50 = 7 mm, DEMs with resolutions between 160,000 and 1,000,000 

points/m
2 

(equivalent to 1 mm to 2.54 mm sampling distance) were obtained. For the 0.35 

m long and 0.3 m wide measurement window, this equates to approximately 16,771 data 

points for DEMs obtained with the acoustic bed-profiler. DEMs with around 49,646 and 

105,000 data points were obtained for the laser scanner and initial stereo-photogrammetric 

setup, respectively. Our statistical analysis showed that the measurement resolution is not 

the only key parameter when comparing the quality of the DEMs. The initial stereo-

photogrammetric setup had the highest measurement resolution, with statistics showing 

only a minor deviation from the other DEMs, but visual observation of the DEM showed 

substantial shortcomings (Figure 2.4C). Problems were encountered with the reflection of 

the painted gravel particles, causing inaccuracies in creating the map of the bed surface 

elevations, and thus resulting in spikes in the DEM. Compared to the other two 

measurement techniques, stereo photogrammetry requires a multi-stage recording process

A B 
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FIGURE 2.8 Contour lines of structure functions obtained with (A) the acoustic bed profiler over the 

screeded bed, and over the restricted water-worked bed with (B) the acoustic bed-profiler; (C) the 

laser scanner (dry condition); (D) stereo photogrammetry. 

(calibration of cameras, creating depth map, extracting point cloud), with errors of various 

stages accumulating. Calibration inaccuracies for the initial stereo-photogrammetric DEM 

(Figure 2.4C), prevented the correct rectification of the gravel-bed stereo pairs to epipolar 

geometry. With stereo photogrammetry, the recording time was the quickest of all 

techniques once the cameras were calibrated, which required 30 minutes (to obtain 

photographs of the chequerboard and extract the calibration parameters in Matlab®). 

Calibration results could then be utilised to rectify all images of the gravel bed acquired 

with the same setup, i.e. when no changes were made on the cameras parameters or the 

setup geometry. 

The laser scanner is theoretically the most accurate measurement instrument for this 

study, with a theoretical vertical accuracy of 0.05 mm. Laser scanning enabled a fast 

survey of the measurement window. However, the size of the latter was restricted by the 

laser arm. Laser scanning also required the transportation of the gravel-bed sample to the 
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location of the laser, and required merging of scanned areas, as the whole measurement 

window could not be scanned at once. Spikes were encountered during the merging 

process, which had to be removed automatically, but measurement noise remained, 

reducing the quality of the final DEM. The remaining measurement noise, specific to the 

laser-scanning technique employed in this study, is thought to be responsible for the 

observed differences in roughness characteristics, as obtained by structure function 

analysis. 

Finally, the acoustic bed-profiler measured the bed elevation with a theoretical vertical 

accuracy of 0.37 mm. It was the most straightforward measurement equipment to use and 

was the only technique in our study that enabled measurement of the submerged gravel-

bed. During water-working, sediment of sizes larger than 2 mm were transported in 

suspension, thus requiring to halt the experiment during measurements, to ensure no 

suspended sediment particles were picked up by the recording. The recording time was the 

longest of the three studied techniques, which can be a significant drawback when 

successive DEMs have to be obtained of evolving processes.  

Visually, DEMs obtained with the acoustic bed-profiler and the laser-scanner seemed well 

suited for statistical roughness analysis, whereas the DEM obtained with the initial stereo-

photogrammetric setup showed an obvious lack of topographical accuracy. Following the 

visual study of the DEMs, the DEMs underwent statistical roughness analysis. The 

vertical roughness length, as expressed with the standard deviation of bed elevations σZ, is 

similar for all DEMs (see Table 2.2). It was found σZ = 5.36 ± 0.4. As observed visually, 

the grains' edges were not represented accurately in the DEM obtained with the acoustic 

bed-profiler, resulting in flatter gravel tops and thus overestimate the standard deviation of 

bed elevation. The laser scanner allowed a good reproducibility of the results when tested 

over a dry and wet gravel-bed surface, as seen in Table 2.2.  

Statistical results of the PDFs and generalised second-order structure functions, as 

presented in Figures 2.6, 2.7 and 2.8, show a good agreement for the various DEMs. 

Observed statistical differences in second-order structure functions analysis are 

hypothesised to arise from the presence of remaining measurement noise in laser-scanning 

and stereo-photogrammetric DEMs.  
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Our evaluation study highlights that a detailed visual validation of the DEMs is crucial for 

gravel-bed studies, as the majority of measurement noise and erroneous DEM artefacts is 

detectable. Quantitative validation of DEMs quality can only be made through comparison 

of obtained bed elevations with a ground truth, which is often practically not feasible, as 

in our presented study. In our study, the laser scanner was theoretically the most accurate 

instrument, but noise in the DEM prevented using the laser-scanner data as a ground truth. 

Other studies evaluate the error rate of one measurement technique by comparing several 

records with each other, like it was done in studies employing stereo photogrammetry 

(Butler et al. 1998; Carbonneau et al.  2003; Chandler et al. 2001).  

The obtained initial stereo-photogrammetric DEM was of inferior quality (Figure 2.4C) 

and prompted additional testing to obtain high-quality DEMs, as the literature research 

showed that low-cost stereo-photogrammetric measurements of gravel-bed topographies 

will be useful for future studies. In previous hydraulic applications of stereo 

photogrammetry, semi-metric cameras were used (Butler et al., 1998; Butler et al., 2001; 

Butler et al., 2002), in addition to commercial photogrammetric software (Brasington et 

al., 2003; Butler et al. 1998; Chandler et al. 2001; Carbonneau et al. 2003; Rapp et al. 

2012; Westaway et al. 2001). The calibration technique relied on automatic block-bundle 

adjustment, or self-calibration technique. Targets were required, generally a large number, 

to be arranged on the surface to survey. The 3D locations of the targets are determined 

with Leica total stations, making for the duplicity of measurement instruments in the 

experiments and increasing the chance of errors propagating. In addition, targets glued on 

the riverbed surface disturb the experiment and are not complementary with an otherwise 

remotely-sensed topography.  

In our low-cost stereo-photogrammetric setup, we decided to use Zhang calibration 

technique (Zhang, 1998), which requires a planar calibration pattern (called chequerboard) 

to be photographed in several positions. Although it requires additional time to obtain 

these images, this calibration technique avoids using ground-control targets disposed on 

the riverbed. It is also considered that Zhang calibration will be more suitable for field 

work, where the areal coverage is larger than inside laboratory flumes, which would mean 

that more targets are required, compared to a laboratory study. Using ground-control 

targets, measured with total stations, has however the advantage that it provides 

information to assess externally the DEM‟s quality (i.e. check points). With our proposed 
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low-cost stereo-photogrammetric setup, a simple Matlab® program was prepared to 

evaluate the accuracy of the calibration step, which was identified as a source of error for 

the DEMs. The evaluation is based on the reprojection error. Following the checklist 

provided in Section 2.2.5 „Improved stereo-photogrammetric setup‟ results in a decreased 

reprojection error, which in turn enables a high-quality DEM to be obtained (Figure 2.5). 

Besides exhibiting the best accuracy qualitatively, the DEM obtained with the improved 

stereo-photogrammetric setup has a sampling distance of 0.18 mm on the gravel-bed 

surface, which corresponds to the highest spatial DEM resolution so far obtained for 

gravel-bed studies using stereo photogrammetry, compared to the previous 1 mm 

sampling distance obtained by Carbonneau et al. (2003). To the authors‟ knowledge, only 

Ockelford and Haynes (2013) obtained higher resolution DEMs with laser-scanning and a 

sampling distance of 0.1 mm. 

2.6. CONCLUSIONS 

A laboratory study to evaluate available measurement techniques to study the hydraulic 

roughness for gravel beds is presented. The use of an acoustic bed-profiler, a hand-held 

laser scanner and stereo photogrammetry allowed acquisition of DEMs. Analysis 

techniques, such as determination of the vertical roughness heights, PDFs and generalised 

second-order structure functions, are used to study the random field of bed elevations, as 

represented by the DEMs. The advantages and disadvantages of the three measurement 

techniques in use are discussed, as well as their suitability for obtaining DEMs for 

statistical roughness analysis.  

The results show that all three measurement techniques used for this study are capable of 

recording DEMs with sampling distances small enough to examine an evolving gravel bed 

at the grain scale in laboratory conditions, using a sediment mixture with D50 = 7 mm. 

Statistical analysis resulted in describing vertical as well as horizontal roughness 

characteristics. Although, visually, differences in the DEMs obtained with different 

measurement techniques are observed, the results of the chosen statistical analysis do not 

disclose the visual differences to the same extent. Improving DEM quality is not only 

critical for a realistic representation of a surface, but also for interpretation of surface 

scaling properties, such as obtained with structure function analysis. 
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The accuracy of the DEM obtained with stereo photogrammetry in the first part of this 

study is inferior to the DEMs obtained with the other techniques, which did not agree with 

what is theoretically achievable with a stereo-photogrammetric system. We thus presented 

changes made in the setup, resulting in the highest gravel-bed DEM resolution obtained 

with stereo photogrammetry, 30.8 million points/m
2
. The result warrants further research 

into setting up non-proprietary stereo-photogrammetric systems for sediment transport 

studies. Work is needed to prepare a gravel-bed ground truth to quantitatively validate the 

DEM‟s accuracy obtained with the non-proprietary stereo-photogrammetric system. The 

next step is to employ and validate the system underwater, and obtain DEMs to study the 

dynamic behaviour of gravel-beds at the grain-scale.  
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CHAPTER 

3 
ON THE USE OF CLOSE-RANGE DIGITAL 

STEREO PHOTOGRAMMETRY TO MEASURE 

GRAVEL-BED TOPOGRAPHY IN A LABORATORY 

ENVIRONMENT 

Related conference paper: 

Bertin, S., H. Friedrich, P. Delmas and E. Chan 2013. On the use of close-range digital stereo-

photogrammetry to measure gravel-bed topography in a laboratory environment, Proceedings of 

the 35th IAHR Congress, Chengdu, China, 12pp. 

 

 

 

3.1. INTRODUCTION 

Advances in Fluid Mechanics and Hydraulics are intimately connected to technological 

progress and the development of new methods (USNCTAM, 2006). Studies, such as 

turbulence and flow resistance research, have been made possible by the measure of fine 

quantities of velocity fields and their variations in space and time. In environmental flows, 

such as in alluvial rivers, the water flow pattern is strongly influenced by the flow 

boundaries. In response, water-worked surfaces generally present a complex arrangement 

with both a spatial and a temporal dependence (Mao et al., 2011; Nikora et al., 1998). 

Measuring topography in riverine environment has enabled numerous studies (roughness 

characterisation, river channel evolution, erosion and deposition, scouring process) and 

provided models to be used in numerical simulations of flow over rough surfaces.  
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Gravel-bed rivers represent a difficult environment for topography measurement. 

Generally, in-situ measurement, with as little disturbance as possible of the medium under 

investigation, is preferred. More specifically, there is a need for high-resolution 

topographical data, which enable sediment particle representation and interstices between 

them. This allows giving critical insights on mechanisms such as those responsible for the 

development of gravel-bed surfaces, but also for grain resistance to the flow and sediment 

entrainment (Hodge et al., 2009b; Mao et al., 2011).  

During the 1990s, available techniques, like physical profilers made of measuring rods, 

only enabled longitudinal profiles to be obtained, with coarse measurement density and 

long measuring time. Obtained results motivated the quest of more advanced techniques. 

The use of terrestrial laser-scanners (TLSs) and stereo cameras started on exposed gravel 

beds. High-resolution DEMs were obtained in the laboratory and in the field (Butler et al., 

2001; Hodge et al., 2009b; Smart et al., 2004). However, close-range measurement of 

submerged topography using TLSs and photogrammetric systems has been limited to very 

few studies (Butler et al., 2002; Smith et al., 2012). In general, TLS can generally be 

described as more precise, ready-to-use, but more expensive and less versatile. On the 

other hand, cameras have become important instruments in Fluid Mechanics and 

Hydraulics, with varied applications. Associated with computer vision and image 

processing techniques, 3D models can be extracted from stereo photographs. This served 

to measure riverine environment at different spatial scales. Westaway et al. (2001) utilised 

aerial photographs to measure the morphology of clear-water, shallow, gravel-bed rivers 

with areal coverage of the order of several hundred meters along the main axis and pixel 

size in the object space less than 0.1 m. Butler et al. (2002) measured through-water the 

organisation of gravel particles, both in the laboratory and in the field, with ground 

resolution DEMs of 3 mm. However, special cameras and commercial photogrammetric 

software were utilised, which imposed the type of calibration. The exterior orientation of 

the cameras, necessary for stereo reconstruction, was computed after the location of 

photo-controlled targets disposed on the riverbed was measured with total stations. This 

restrained the applicability of the technique. In Chandler et al. (2001) and Rapp et al. 

(2012), photogrammetric systems made of consumer-grade digital cameras were 

developed and applied to hydraulic measurements. In Bertin et al. (2011; 2012), Chan et 
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al. (2012) and Bouratsis et al. (2013), a different calibration method and non-commercial 

photogrammetric process steps were added to the digital cameras to produce new and low-

cost photogrammetric setups. However, since Butler et al. (2002), no high-resolution 

photogrammetric measurement of submerged gravel beds has been published. 

3.2. DESCRIPTION OF THE TEST 

Topographic data were obtained with stereo photogrammetry over the same armoured 

gravel bed, under varied conditions. Two measurement windows, 450 × 400 mm in the 

flow and transverse direction, respectively, and 850 × 400 mm, hereafter referred to as the 

small and the large measurement window, were utilised for in-air measurement. Through-

water measurement was undertaken over the small measurement window with four 

different water depths: 40 mm, 100 mm, 150 mm and 200 mm, covering the range of 

water depths generally used in laboratory experiments on gravel beds (i.e. flows with low 

relative submergence). At total, six datasets hereafter referred to as the six measurement 

scenarios were obtained on the same gravel bed. To clarify the name given to the 

measurement scenarios, through-water measurement hereafter refers to cameras placed 

above the water surface, viewing the gravel bed underwater (submerged), while in-air 

measurement refers to the traditional case of cameras in air viewing the gravel bed in air 

(exposed). 

Topography measurement was undertaken over a water-worked gravel bed (in contrast to 

a man-made screeded bed) to assess photogrammetric capabilities in measuring grains‟ 

arrangement on natural riverine surfaces. The simulated gravel bed was prepared in a 19 

m long sediment-starved tilting flume, with dimensions 0.45 m wide and 0.5 m deep. The 

slope of the flume bed was set to 0.5%. Photogrammetric measurements were obtained on 

a vertically adjustable test section, located 10 m downstream of the flume inlet, 

comprising of a fixed bed with a 950 mm long and 450 mm wide recess. The recess, 

surrounded by a fixed bed artificially roughened, was filled with graded and rounded 

natural riverine sediment. The properties of the prepared mixture are 0.7 mm < D < 50 

mm, a D50 of 7 mm, and a geometric standard deviation of the sediment distribution (σ), 

calculated as 1684 DD of 2.98 (Figure 3.1). Initially, a screeded bed was created by 
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placing the sediment into the base of the recess. The surface was flattened to a thickness 

of 100 mm, at the same height than the surrounding bed. The sediment bed was water-

worked for 44 hours at a constant flow rate Q = 62 L/s, monitored by a pre-calibrated 

orifice gauge in the flume‟s feeding pipe, and a freely adjusted water depth of 170 mm. A 

uniform flow was obtained along the length of the flume. A 200 mm long, full-width, 

shallow sediment trap, located 400 mm downstream of the test section, enabled the 

collection of the eroded sediment. The experiment was halted after two consecutive hours 

of no-sediment collected in the trap, whilst it was considered a static armour layer had 

formed on the gravel-bed surface. 

For each measurement scenario, data collection consisted in the acquisition of three sets of 

images, simultaneously with the two cameras: 30 calibration images, 10 „rectification-

check‟ images and five images of the gravel bed. This required a calibration above the 

armoured gravel bed. A flat plate, the size of the sediment recess, was placed a few 

centimetres above the fragile gravel bed to act as a cover during the calibration. This 

raised a problem in the case of 40 mm water depth. The distance between the gravel-bed 

cover and the water surface was too small to move the calibration pattern in between, and 

in-air calibration was performed instead of through-water. The water depths under 

investigation were adjusted by moving a sharp-edge weir at the end of the flume. A ruler, 

with zero-mark corresponding to the elevation of the initial screeded-bed surface, was 

utilised to check that the water depth was adequate. The water depths were maintained 

constant throughout the acquisition of the three sets of images constituting the 

photogrammetric data. The flow rate was reduced significantly to obtain good 

photographs through-water, until a nearly flat water surface was achieved. Flow rates of 

up to 7 L/s (i.e. mean velocities ~0.1 m/s) were found suitable for the water depths 

considered and obviated the need of a Perspex sheet to flatten the water surface. The 

flume was finally drained and dried to allow in-air photogrammetric measurement. After 

data were collected in the laboratory, data processing was undertaken in the office using 

an Alienware laptop with Intel core CPU @ 2.20GHz, 8GB memory, and Matlab® 

R2010b. 
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3.3. GRAVEL-BED MEASUREMENT WITH STEREO 

PHOTOGRAMMETRY 

3.3.1. A low-cost consumer-grade stereo-photogrammetric system 

The system developed for this study comprises two Nikon D90 digital consumer cameras, 

with a 20 mm lens and a 5.5 µm pixel pitch (12.3 megapixel). The two cameras are rigidly 

attached at the horizontal above the test section in canonical configuration (with parallel 

optical axis), on a frame sliding along the flume (Figure 3.1). The distance between the 

cameras and the gravel bed is adjustable within the range of 0.5 m to 1.5 m. The baseline 

(i.e. the horizontal distance between the cameras) can be adjusted from 200 mm to 400 

mm. Each camera is connected to a computer, enabling live view and remote control. The 

settings for both cameras are manually adjusted to be identical (F/22 aperture, ISO 200, 

5000K colour temperature) and manually focused on the gravel bed. A shutter speed of 

1/3 s was used for images of the gravel bed and 1/10 s for images of the calibration 

pattern. 

The lighting environment is set up with four 1 m neon lights positioned on the two 

transparent sides of the flume, with two neon lights on each side, one above the other. 

Thin white Plexiglas layers are applied against the flume‟s glass walls. They act as a light 

diffuser and allow obtaining a homogenous lighting of the gravel bed with little reflection 

on the stones. In a previous study, light reflection at the grains‟ surface was found 

detrimental on DEM quality (Bertin et al., 2011). 

 

 

FIGURE 3.1 The photogrammetric setup (left) and particle size distribution from size sieving (right). 
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3.3.2. The photogrammetric process steps 

This Section presents all important practical information on the photogrammetric process 

steps utilised in the study to reconstruct DEMs of the gravel bed from stereo photographs 

and make an internal evaluation of the performance. It was chosen to present each 

photogrammetric process step in a separate Table. Theoretical descriptions of the 

photogrammetric process steps can be found in the cited references.  

3.3.2.1. Design of optimum setup and definition of its capabilities 

Objective Set the height of the cameras above the mean level of the gravel bed to suit the 

experimental requirements and get the best measurement specifications. 

Inputs Cameras‟ parameters (focal length, sensor dimensions, pixel size), baseline, water 

depth (if any), margin dimension, range of bed elevations around zero-mean bed 

level and size of the measurement window. 

Method A compiled Matlab® program makes use of standard photogrammetric equations 

and the Snell-Descartes law of Optics to compute the minimum height of the 

cameras to cover the measurement window (ideal height) and the resulting 

photogrammetric parameters (Table 3.1). 

In practice - The baseline was set to 250 mm for the small measurement window and 300 mm 

for the large measurement window, to limit the risk of occlusions.  

- The range of disparity, associated with the extreme elevations of the gravel bed, 

was computed by pre-supposing a range of gravel-bed elevations of 50 mm 

centred on the mean-bed level. 

- Streaks are often present near the edges of the depth map (also seen in Butler et 

al. (2002)). A margin of 50 mm around the desired test section was accounted in 

the design and cropped before analysis. 

- Using a measuring rod and a tape ruler, the height of the cameras above the 

mean bed level and the baseline can be set with an expected precision of ±10 

mm and ±1 mm, respectively. As such, the actual photogrammetric parameters 

may differ slightly from the parameters determined for the ideal cameras‟ height. 

Because of this, all parameters calculated are rounded to the nearest value.  
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3.3.2.2. Mechanical alignment of the stereo rig 

Objective Minimise the necessary correction, called stereo rectification, applied to images 

before stereo matching. 

Method - The cameras are put above the gravel bed with the arrangement determined 

during the design.  

- A large chequerboard is placed above the gravel bed. Tights and shims help 

adjust the orientation of each camera until a good alignment (i.e. corners of the 

chequerboard situated on the „same scan line‟ in the left and in the right image) is 

verified by eye using computer live view. 

3.3.2.3. Calibration of the stereo-photogrammetric setup and image stereo 

rectification 

Objective Compute cameras‟ intrinsic and extrinsic parameters to allow image stereo 

rectification. 

Inputs 30 stereo images of the calibration pattern (called chequerboard) in different 

orientations (using all degrees of freedom), carefully covering the measurement 

window. 

Method Bouguet‟s calibration toolbox for Matlab®, freely available on Bouguet‟s webpage 

(http://www.vision.caltech.edu/bouguetj/calib_doc/), where Zhang (1998)‟s 

calibration and image stereo rectification using the technique of Fusiello et al. 

(2000) are implemented. 

In practice - Chequerboard orientated manually for in-air calibration; orientated using 

blocks and wedges underneath for through-water calibration. 

- A short shutter speed of 1/10 s reduced the risk of shaking/blur in the 

photographs 

- Interval timer shooting of 7 s was enough to orientate the chequerboard and 

freeze the position for in-air calibration. 

- Interval timer shooting of 40 s in case of through-water calibration so that the 

free surface waves, which formed when the chequerboard was moved from a 

position to another, were sufficiently diminished to obtain good photographs 

through-water (see Figure 3.2). 

- Calibration done in-situ, above the gravel bed, to avoid moving the setup and 

prevent changes in cameras‟ positioning. 
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- Independent calibration sets made the more similar possible to minimise the 

differences in results between the measurement scenarios due to different 

calibration images. 

- Chequerboard printed on A4 sheets, and matte laminating in the case of 

through-water calibration, glued on flat Perspex. 30 mm square size allowed 

good automatic corner recognition at the distances considered. 

- The presented test differs from a „standard experiment‟ where one arrangement 

of the cameras is generally utilised. For the latter, it is recommended that the 

calibration process is undertaken prior the experiment starts not to disturb any 

water-worked gravel bed and that the cameras are leaved untouched for the 

whole duration of the experiment. 

 

  

FIGURE 3.2 Left-camera image of the chequerboard obtained in air with setup 1 (left) and with 200 

mm water depth with setup 5 (right) with a zoom on the red-squared corner. In the background is the 

large chequerboard used for mechanical alignment, which also protected the gravel-bed during the 

calibration.  

3.3.2.4. Image rectification assessment 

Objective Evaluate the accuracy of the rectification process. 

Inputs An additional set of 10 images of the chequerboard under different positions. This 

set of images, called the „rectification-check‟, was obtained in the same conditions as 

the calibration images.  

Method The rectification-check images are stereo rectified using the calibration results. A 

compiled Matlab® program compares the vertical location of the four extreme 

corners of the chequerboard between the left and right rectified images (Table 3.2).  
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Remarks - Rather than gluing sharp objects on the gravel bed, which could disturb it, it is 

preferred to measure the rectification error through an independent set of 

calibration images. 

- In epipolar configuration, a point will ideally be found on the same scan line in 

the left and the right image constituting a stereo pair. 

- Bouguet‟s calibration toolbox gives clues on the accuracy of the calibration 

results via the uncertainties on the calibration parameters and the pixel error 

between estimated and measured corners of the chequerboard, called 

reprojection error (see Table 3.2). However, this does not indicate if the image 

stereo rectification is correctly executed. 

TABLE 3.1 Summary of the setups designed for the test. All values are given in millimetre, except the 

range of disparity (pixel), the overlap between the two images (%) and the number of pixels (-). 

 Setup 1 Setup 2 Setup 3 Setup 4 Setup 5 Setup 6 

Water depth 0 40 100 150 200 0 

Calibration In-air In-air 
Through-

water 

Through-

water 

Through-

water 
In-air 

Rounded ideal height 679 691 709 724 739 1060 

CFoV1 550 × 531 550 × 532 550 × 533 550 × 534 550 × 535 950 × 830 

Baseline 250 300 

Range of disparity [1292 1391] [1005 1054] 

Overlap 69 76 

Measurement 

spacing / resolution 

0.19 

29 pixel/mm2 

0.29  

12 pixel/mm2 

Depth accuracy 0.5 1.0 

Measurement 

window 
450 x 400 850 x 400 

Number of pixels in 

measurement 

window 

5,200,000 
4,000,000L 

2,100,000S 

1Size of common field of view (CFoV) between the two cameras, where 3D measurement is possible; 
LNumber of pixels over 850 × 400 mm; SNumber of pixels over 450 × 400 mm. 
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3.3.2.5. Stereo matching of corresponding pixels 

Objective Produce 3D images the size of the CFoV, called depth maps or disparity maps. 

Inputs - 5 red/green/blue (RGB) stereo images of the gravel bed after stereo rectification 

(Bouguet‟s function for stereo rectification was modified to obtain not only 

greyscale rectified images). 

- Disparity search range computed during the design of the stereo rig. 

Method The symmetric dynamic programming stereo (SDPS) algorithm, developed by 

researchers at the University of Auckland, matches corresponding pixels in the 5 

stereo images to produce 5 depth maps. 

Remarks - Stereo matching is governed by pixels‟ stereo correspondence, which is the 

similarity of optical signals between the left and the right image in a stereo pair 

(Gimel'farb, 2002). 

- Colour images, generally offering more variations in signal intensity than grey-

scale images, were used for stereo matching. 

- Various parameters can be adjusted in the SDPS, like the colour adaptation 

factor, the occlusion penalty weight and the visual smoothing of the depth map. 

For the presented test, all parameters were kept to the default values. 

3.3.2.6. Point cloud extraction 

Objective The 3D coordinates of all pixels contained in a depth map are extracted and saved in 

a text file. 

Inputs - 5 depth maps of the gravel bed. 

- Calibration results. 

Method A compiled program in C++ extracts the metrics behind the 5 depth maps to create 5 

point clouds. 

Remarks - The point clouds in our test contained the 3D coordinates of several million 

pixels (measured points) and were about 250 MB. 

- The measured points are non-regularly distributed inside a point cloud, because 

they are related to different depths, and pixel size is depth-dependent. 
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3.3.2.7. ANOVA test on stereo matching 

Objective 
Analysis of variance in the 5 point clouds available for each measurement scenario 

(Table 3.3). 

Method 

Differentiate the point clouds in Matlab® to compute repeat stereo-matching error 

values (RSEV) of bed elevations over the small and the large measurement window, 

with setup 1 to 5 and setup 6, respectively. 

Remarks 

- The 5 stereo pairs available for each measurement are obtained in a row and 

stereo rectified using the same calibration results. The rectification error is thus 

identical in all stereo pairs. Differences between the obtained point clouds are 

thought to result from the neon lights, which pulse stripes of lights non-

uniformly in time, creating varying stereo correspondence in the stereo pairs. 

- Correct synchronisation of the cameras is thus important, and was done with 

care, although manually. 

3.3.2.8. DEM reconstruction 

Objective Average 5 point clouds to produce one DEM. 

Method 

- The point clouds are directly opened with Matlab® and interpolated on a regular 

grid with 0.5 mm spacing, using the function „Gridfit‟, the triangle interpolation 

method and a smoothing setting of three. 

- The resulting matrices are merged to produce one matrix of bed elevations. 

- The final DEM is normalised to get a zero-mean bed level and rotated to get the 

x-axis orientated in the flow direction.  

Remarks 

After preliminary tests, it was found that a smoothing setting of 3 improved the 

shape of the particles, reducing the „staircase‟ aspect, which is present in point cloud 

data due to stereo-vision limitation of depth resolution (Figure 3.3). 

3.3.3 Analysis and comparison of surface elevations 

To obtain a comparison between the different measurement scenarios, all DEMs were 

detrended. In Smart et al. (2004), bed-elevation data, obtained with a laser-scanner and a 

physical profiler, were detrended with a surface trend created after bi-cubic spline 

interpolation of grid points elevation. In our study, a bi-quadratic filter was utilised, as this 

reduced the variance of the original data the most, similar to Goring et al. (1999). The 
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difference in variance between the original surface and the detrended surface is in the 

order of the square measurement accuracy.  

The DEM obtained with setup 6, over the large measurement window, was first reduced to 

the size of the small measurement window before being detrended (hence with a surface 

trend measured over the small measurement window, to be directly comparable with the 

other setups). 

Detrending prepares the data for subsequent work on roughness characterisation (Goring 

et al., 1999; Nikora et al., 1998; Smart et al., 2004), as it removes any difference in 

orientation between the setups. After detrending, the DEMs are identically aligned along 

the vertical. They can be differentiated and the extracted metrics from each DEM can be 

compared (see Table 3.4). 

 

 

FIGURE 3.3 Profile of detrended bed elevations along the transverse direction to the flow obtained 

with setup 1, downstream direction = 160 mm, as marked in Figure 3.4 (top). The „staircase‟ aspect is 

shown in detail for a top of a larger gravel particle, comparing point cloud data on non-uniform grid, 

with the DEM data on uniform grid (bottom). 
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3.4. RESULTS 

3.4.1. Effect of water depth on photogrammetric measurements 

Although the reprojection error (Table 3.2) tends to show that the accuracy of the 

calibration remains high for each setup, the rectification error (both mean and standard 

deviation) increases with increasing water depth. In Bertin et al. (2012), it was suggested 

that a sub-pixel rectification error is important to minimise the risk of mismatched pixels 

during stereo matching. As seen in Table 3.2, all setups verify this requirement except 

setup 5 (200 mm water depth).  

RSEV also increases in average with increasing water depth (Table 3.3). The minimum 

RSEV was obtained with setup 1 (450 × 400 mm in-air measurement). Setup 5 does not 

present any RSEV larger than 5 mm, despite the largest mean RSEV in absolute of 0.1799 

mm. The proportion of RSEV larger than 5 mm in setups 2, 3, 4 and 6 is very small, 

especially when compared with RSEV associated with repeated laser-scans over patches 

of exposed gravel-beds in the field (Hodge et al., 2009b), where RSEV larger than a 

threshold (ranging between 2 and 12 mm) represented more than 20% of the initial 

number of points. It means that stereo matching is robust and random errors are rare. 

TABLE 3.2 Summary of reprojection and rectification errors. 

 Setup 1 Setup 2 Setup 3 Setup 4 Setup 5 Setup 6 

Mean reprojection 

error in absolute 

(pixel) 

0.0156L,x 

0.0115L,y 

0.0208R,x 

0.0215R,y 

NA 

0.0143L,x 

0.0153L,y 

0.0257R,x 

0.0355R,y 

0.0147L,x 

0.0161L,y 

0.0186R,x 

0.0150R,y 

0.0186L,x 

0.0176L,y 

0.0193R,x 

0.0206R,y 

0.0124L,x 

0.0130L,y 

0.0219R,x 

0.0197R,y 

Rectification error 

(pixel) 

0.3959M 

0.1293S 

0.2840M 

0.1647S 

0.5626M 

0.2223S 

1.0851M 

0.4119S 

0.4276M 

0.0396S 

LLeft camera; RRight camera; xHorizontal direction in photograph; yVertical direction in photograph; NANot 

available since calibration and rectification-check images were obtained and processed in air, and are thus 

not representative of the real reprojection/rectification error underwater; MMean in absolute; SStandard 

deviation in absolute. 
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TABLE 3.3 Repeat Stereo-matching Error Values (RSEV). 

Setup 1 Setup 2 Setup 3 Setup 4 Setup 5 Setup 6 

0.0843M 

0.0027S 

0P 

0.1062M 

0.0292S 

0.0248P 

0.1434M 

0.0143S 

0.0046P 

0.1720M 

0.0120S 

0.0122P 

0.1799M 

0.0035S 

0P 

0.1537M 

0.0888S 

0.0098P 

MMean in absolute (mm); SStandard deviation in absolute (mm); PMaximum percentage of DEM points with 

RSEV > 5 mm (%). 

Figure 3.4 presents the detrended DEMs of bed-surface elevations obtained over the small 

and the large measurement window with setups 1 to 6. In-air measurement (setup 1) 

served as a ground truth for comparison, because additional errors generally result from 

through-water measurement (Butler et al., 2002; Smith et al., 2012). The DEMs show that 

all setups were able to measure the main features present on the gravel-bed surface. The 

only obvious measurement errors distinguishable on the DEMs are found in the top left 

corner of the DEM obtained with setup 2 (40 mm water depth) and at the same location 

but to a lesser extent with setups 4 and 5. DEMs provide an efficient way to visually 

check, but not to compare the obtained metrics. Statistics presented in Table 3.4 and PDFs 

presented in Figure 3.6 however enable that. The large range of bed elevations observed 

with setup 2 shows that obvious measurement errors happened when the gravel bed was 

measured with 40 mm water depth. These large errors are however located near the edges 

of the DEM. Setup 3 (100 mm of water depth) enabled the gravel bed to be measured in a 

very similar way as the exposed gravel bed. 

Overall, the ZMIN values (the lowest troughs on the gravel-bed surface) are reduced in 

absolute with increasing water depth (Table 3.4). It can be inferred that through-water 

measurement tends to prevent the correct characterisation of the troughs in the gravel bed, 

especially with a water depth of 200 mm. The ZMAX values (highest peaks) are increased 

with increasing water depth, which means that spikes tend to be more frequent. These 

spikes however represent a very small proportion of the ensemble of elevations, as seen 

with the PDFs. 
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Setup 1 

Exposed gravel bed (450 × 400 mm) 

 

 

Setup 2  

Water depth = 40 mm 
 

Setup 3  

Water depth = 100 mm 
 

Setup 4  

Water depth = 150 mm 
 

Setup 5 

Water depth = 200 mm 

 

 

 

 

 

 

 

Setup 6 

Exposed gravel bed (850 × 400 mm) 

 

FIGURE 3.4 Photograph of the small measurement window and detrended DEMs obtained with setups 

1 to 6. The same colour mapping was applied to all DEMs to facilitate the visual comparison. The red 

line in the DEM of setup 1 shows the location of the transverse profile as seen in Figure 3.3. 
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FIGURE 3.5 DEM of difference (DoD) and probability distribution function (PDF) of elevation 

difference, between the DEMs measured through-water (setups 2 to 5) and the reference DEM 

measured in air (setup 1), after horizontal alignment. For the DoDs, the elevation difference is in 

millimetre. The same colour mapping is applied to all DoDs to facilitate comparison.   
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The standard deviation of detrended bed elevations σZ has been shown to relate well with 

the vertical roughness length in flow resistance equations for rough beds (e.g., Smart et 

al., 2002). It is thus interesting to see what happens to this parameter when through-water 

measurement is undertaken (Table 3.4). The σZ obtained over the submerged beds with 

100 mm and 150 mm water depth are identical to the σZ value obtained over the exposed 

gravel bed. The standard deviation only reduces slightly with 200 mm water depth. When 

the gravel bed submerged with 40 mm of water was measured, the standard deviation in 

bed elevations was seriously reduced, which means that roughness statistics extracted 

from this model would not be representative. 

After detrending with a bi-quadratic filter and (manual) horizontal alignment of the 

DEMs, DEMs obtained with setups 2 to 6 were differentiated with the DEM obtained with 

setup 1. 3D plots and PDFs of the difference in surface elevations are presented in Figure 

3.5. These plots give more insights on where the errors happen in the case of through-

water measurement. It can be seen that most large errors are located near the edges of the 

measurement window. This stresses the importance of adding a margin around the desired 

test section to obtain good topographic data through-water. The same conclusion was 

drawn when RSEV were computed over the CFoV. Indeed, RSEV in the 50 mm margin 

around the measurement window are significantly larger (with a minimum of a two-fold 

increase) compared to RSEV inside the measurement window. 

TABLE 3.4 Summary of the metrics extracted from the detrended DEMs restricted to 450 × 400 mm. 

Only the values obtained with setup 1 are presented, the others are expressed as a                          

percentage of these values. 

 
Setup 1 

In air 

Setup 2 

H = 40 mm 

Setup 3 

H = 100 mm 

Setup 4 

H = 150 mm 

Setup 5 

H = 200 mm 

Setup 6 

In air 

ZMIN (mm) -11.06 241% 96% 94% 82% 97.5% 

ZMAX (mm) +11.69 148.5% 105.5% 134.5% 158.5% 112.5% 

 ΔZ (mm) 22.76 193.5% 101% 115% 121.5% 105% 

 σZ (mm) 3.06 74.5% 99% 100% 96.5% 104% 

 



CHAPTER 3 ON THE USE OF CLOSE-RANGE DIGITAL STEREO PHOTOGRAMMETRY TO MEASURE GRAVEL-BED 

TOPOGRAPHY IN A LABORATORY ENVIRONMENT 

54 

 

3.4.2. Effect of areal coverage 

When cameras were elevated higher away from the gravel bed, to cover the large 

measurement window, this was accompanied by a coarser measurement resolution (12 

pixel/mm
2 

instead of 29 pixel/mm
2
) and deteriorated accuracy (1.0 mm instead of 0.5 mm) 

(see Table 3.1). The PDF of bed surface elevations for setup 6 was calculated over the 

original large-scale DEM cropped to the size of the small measurement window to enable 

comparison with the other PDFs (Figure 3.6). The change in measurement resolution 

between setup 1 and setup 6 does not affect the representation of particles‟ shape and the 

interstices between them (Figure 3.4). What seems more of a problem is the accentuated 

plateauing at the tip of the particles. The staircase aspect (see Figure 3.3) is due to the 

integer value of disparity from which depth is evaluated. A 1.0 mm vertical accuracy does 

not give as much resources to accurately plot small grains vertical shape as would allow 

0.5 mm accuracy. The comparison of the PDFs (Figure 3.6) shows that there is little 

difference in the gravel-bed elevations as measured with setup 1 and setup 6. The ZMAX 

value is slightly increased with setup 6, maybe because the vertical accuracy is too large 

to accurately locate the tip of the grains and this tends to make an overestimate of the 

highest peak. Otherwise, the extracted metrics correspond well with those obtained with 

setup 1 (Table 3.4). 

 

FIGURE 3.6 Probability distribution functions (PDFs) of bed surface elevations over the small 

measurement window. 
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3.5. DISCUSSIONS 

Compared to previous close-range photogrammetric measurements of gravel beds, where 

a self-calibration technique is utilised in addition to ground control targets and total 

stations to determine the exterior orientation (Butler et al., 2002), a simplified yet accurate 

calibration method was employed in our work. When done in-situ, this calibration enables 

the refraction correction to be automatically accounted in the calibration parameters 

(Bruno et al., 2011). The small values of the rectification error observed in our test after 

through-water calibration of setups 3, 4 and 5 (Table 3.4) confirm that Zhang calibration 

is suitable for two-media photogrammetry.  

In practice, the acquisition of images of the chequerboard placed underwater was not 

without difficulties. A long interval (40 s) between two images was necessary to ensure 

free surface waves were sufficiently small and good photographs were obtained through-

water. Previous two-media photogrammetric studies used a Perspex skimmer device to 

flatten the water surface (Butler et al., 2002; Rapp et al., 2012) and take photographs 

through the Perspex sheet. It is supposed that calibration data can be obtained beneath the 

skimmer with little change to the presented method. 

In the case of 40 mm water depth, the refraction correction was not accounted because of 

in-air calibration. This resulted in the DEM with the biggest error rate. Errors were located 

near the DEM‟s edges, where the effect of refraction is accentuated, with the centre of the 

DEM presenting good results. This shows that in-air calibration enables to reconstruct 

submerged scenes, as long as the effect of refraction of optical rays is weak, i.e. when the 

measurement window (and the water depth) is small. 

Even with a thorough in-situ calibration, water depth inexorably tends to deteriorate 

photogrammetric data. Larger rectification errors and RSEV were obtained with through-

water photogrammetry (Table 3.2 and Table 3.3). This in turn results in accentuated 

chance of mismatched pixels and larger occurrence of errors in the DEMs (Figure 3.5). 

However, with water depths smaller than 200 mm, through-water measurement is very 

similar to in-air. 
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To date, most photogrammetric measurements have been done on exposed gravel beds. In 

the laboratory, this required the experiment to be halted and the flume drained. Refilling 

the flume to continue the experiment may create changes on the grains‟ arrangement at the 

bed surface (Bouratsis et al., 2013). In light of our results, the presented method for two-

media photogrammetry should enable to run complete experiments, without halts to 

undertake measurements, in future. Nevertheless, depending on the experimental flow rate 

and water depth, it might be necessary to adjust the water depth to a suitable. value 

(preferably less than 200 mm for the present scenario) and reduce the flow rate before 

measurement. This will not create any change on the gravel-bed surface, at least if the 

process of reducing/re-increasing the flow rate/water depth is done slowly.  

The possibility of large surface coverage, without increasing the measuring time, is clearly 

an advantage of stereo photogrammetry, especially when compared with „active 

techniques‟, such as TLS, where measurement is done point-by-point. In our test, the 850 

× 400 mm DEM raised the issue of accentuated plateauing at the tip of the particles 

because of a coarse vertical resolution. The horizontal measurement spacing was however 

still adequate to differentiate sediment particles lying at the gravel-bed surface. In the 

field, where sediment mixtures are generally coarser than in the laboratory, a 1 mm 

vertical accuracy may not be a problem. But in the laboratory, the survey of large test 

sections would best be executed by merging several DEMs of smaller size, as it was done 

in Chandler et al. (2001), or by employing very high-resolution cameras now becoming 

available.  

Finally, no data post-processing (except point clouds‟ transfer to DEMs) was used in this 

study to show the overall capabilities of photogrammetric means to measure fine gravel 

sediment in the laboratory. Decimating the number of points during point cloud to DEM 

transfer will smooth the data, similarly to interpolating initial data on a coarse grid. In 

Hodge et al. (2009b), a RSEV filter helped improve original laser-scanned DEMs. In our 

study, very small RSEVs suggest consistent stereo matching with little random error and 

that RSEV filters will have very little effect on DEM quality. Other filters must thus be 

envisaged for photogrammetric data. 
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3.6. CONCLUSIONS  

This study has presented the use of high-resolution consumer-grade cameras and non-

commercial photogrammetric software in hydraulic experiments measuring the 

morphology of gravel beds at the grain-scale. The chosen calibration technique differs 

from previous applications of stereo photogrammetry in hydraulic engineering and 

obviated the need to glue photo-controlled targets on the gravel-bed surface and measure 

their elevations with additional instruments. The employed calibration method, when done 

in-situ, will enable to directly account for the refraction of the light rays at the air-water 

interface, yet some practical difficulties are discussed. 

Different measurement scenarios were used to answer the experimental requirements and 

provide the best measurement specifications. The results show that stereo 

photogrammetry is able to measure through-water submerged topographies, with small 

water depth, without losing accuracy. For instance, data obtained with water depths of 100 

mm and 150 mm were statistically very similar to those obtained in air.  

Means to undertake the internal assessment of the photogrammetric process steps were 

proposed and focused on the stereo rectification and the stereo matching. It showed that 

through-water photogrammetry is more difficult than in-air because of deteriorated 

calibration results and stereo correspondence in images.  

Further research is required to test the effect of flow rate on DEM quality, as well as the 

effect of grid spacing and data smoothing on the metrics extracted from the DEMs.
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CHAPTER 

4 

DEM QUALITY ASSESSMENT WITH A 3D-

PRINTED GRAVEL BED APPLIED TO STEREO 

PHOTOGRAMMETRY 

Related journal paper: 

Bertin, S., H. Friedrich, P. Delmas, E. Chan and G. Gimel'farb 2014. DEM quality assessment 

with a 3D printed gravel bed applied to stereo photogrammetry. Photogrammetric Record, 

29(146): 241-264.  

4.1. INTRODUCTION 

There is a growing demand of high-resolution topographic data in hydraulic experiments, 

especially over natural water-worked gravel beds. Fine-scale representations of gravel 

beds with DEMs are becoming more and more important for characterising the range of 

structures associated with water-worked surfaces (Butler et al., 2001; Qin et al., 2012b), 

and the links between microtopography and interfacial hydraulics (Rice et al., 2013).  

Digital stereo photogrammetry is capable of obtaining dense topographic data, in both 

laboratory and field, and over dry and submerged riverbeds (Bertin et al., 2012; Butler et 

al., 1998; Butler et al., 2002; Carbonneau et al., 2003; Chandler et al., 2001; Chandler et 

al., 2003) with lower cost, greater versatility and higher speed of data acquisition, than



CHAPTER 4 DEM QUALITY ASSESSMENT WITH A 3D-PRINTED GRAVEL BED APPLIED TO STEREO 

PHOTOGRAMMETRY 

 

60 

 

alternative surveying techniques. However, as in all the latter, small magnitude errors 

likely propagate and significantly affect the quality of both the resulting DEM and 

extracted topographic parameters (Lane et al., 2005), especially with low relief surfaces 

(Hodge et al., 2009b).  

To ensure that recorded topographic models suit experimental requirements, it is 

important to evaluate the overall performance of the recording environment. To do so, the 

performance of the device and of the chosen methodological approach is represented in 

terms of DEM quality and can be characterised by a global measure of error (Lane et al., 

2005).  

Errors should also be investigated at each stage of the recording process, in order to define 

means of data collection improvement (Lane et al., 2005; Rieke-Zapp et al., 2009). This is 

a particular concern for digital stereo-photogrammetric automated DEM generation, as 

errors can arise from various parts of the process (Bertin et al., 2012; Carbonneau et al., 

2003; Lane et al., 2000). 

4.1.1. Related work on quality of topographic data 

The topographic data quality in engineering surveying is described in terms of accuracy, 

precision and reliability (Butler et al., 1998; Carbonneau et al., 2003; Cooper and Cross, 

1988; Hodge et al., 2009b; Lane et al., 2000). The accuracy is the most commonly 

employed descriptor (Lane et al., 2005), related to systematic errors in a DEM and 

generally represented by the mean error (ME) between observed metrics and true values. 

According to Cooper and Cross (1988), the inaccuracies occur in the measurements due to 

an incorrect functional model, e.g., the inadequate lens distortion model in the stereo 

photogrammetry. The measurement precision refers to inconsistencies (random errors) 

between repeated measurements under the same conditions. The errors cannot be 

eliminated by refining the functional model or applying corrections (Cooper and Cross, 

1988). Most importantly, global precision is traditionally computed with the standard 

deviation of error (SDE) or the root mean square error (RMSE), obtained through 

independent checks on the measured data (Brasington and Smart, 2003; Butler et al., 

2002; Carbonneau et al., 2003; Lane et al., 2000; Lane et al., 2003). It is common practice 
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to fuse the above accuracy and precision into a single measure of data quality, labelled 

also the accuracy (Butler et al., 1998; Chandler et al., 2003; Lane et al., 2005) and 

represented by the RMSE. Gross errors or blunders, which arise from an incorrect 

measuring process or malfunctioning equipment, determine the internal reliability of the 

DEM. This descriptor is assessed by comparing semi-independent metrics, such as DEMs 

obtained using different baselines (Butler et al., 1998), or extracted from different 

imagery (Brasington and Smart, 2003), or obtained through water and in air (Butler et al., 

2002; Smith et al., 2012). The external reliability is quantified by comparing a 

topographic parameter of interest, calculated from the DEM, with a theoretical reference. 

Such external parameters can be slopes of the measured surface for large-scale DEMs 

(Lane et al., 2000), or scaling properties of small-scale surfaces (Carbonneau et al., 2003). 

Whilst tests of the external reliability can be beneficial in investigating effects of changing 

DEM collection parameters, when accuracy statistics are insensitive, the difficulty resides 

in defining the reference values for the parameters of interest (Lane et al., 2000).  

In practice, the topographic data quality is quantified in both laboratory and field by 

comparing metrics contained in a DEM for a small number of check points (generally, 

less than 1% of all the DEM points), directly over the measured surface (Bouratsis et al., 

2013; Brasington and Smart, 2003; Butler et al., 1998; Butler et al., 2002; Carbonneau et 

al., 2003; Chandler et al., 2003; Gooch et al., 1999; Lane et al., 2000; Rieke-Zapp et al., 

2009; Smith et al., 2012). Total stations or alternative measuring devices are usually 

employed to locate and register the check points within the DEM. Limitations to this 

approach are positioning errors, low density and arbitrary distributions of the check points 

(Brasington and Smart, 2003; Butler et al., 1998; Carbonneau et al., 2003; Gooch et al., 

1999; Lane, 2000; Smith et al., 2012). Reliability of the data quality measured with this 

approach cannot be ascertained, especially over rough surfaces (Lane, 2000), possibly 

leading to wrong conclusions about the DEM quality (Butler et al., 2002; Lane et al., 

2000).  

To improve the check-point density, Chandler et al. (2001) measured a rough flume-bed 

surface dually with stereo photogrammetry and laser scanning and compared point-by-

point 5589 homogeneously distributed elevations. However, the laser-scanned and 

photogrammetric data were obtained over a different datum, and whilst data alignment 
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was said to be problematic (Lane, 2000), a detailed procedure was not presented. 

Additionally, whilst laser scanning over rough surfaces is very accurate in theory, it is not 

error-free in practice (Hodge et al., 2009b). Therefore, each assessment calls for both 

DEM reconstruction and error editing.  

The measurement of objects of known size is another traditional approach to evaluate the 

quality of topographic surveys (Bouratsis et al., 2013; Hodge et al., 2009b; Pollyea and 

Fairley, 2012). Wang et al. (2009) used a realistic 3D seafloor model of known elevations 

to evaluate laser-scanning and photogrammetric capabilities in measuring seabed 

roughness. The seafloor model built with a computer-assisted milling machine achieved 

the 1 mm sampling distance between the check points and 0.1 mm vertical accuracy. 

However, whilst the model mimicked the seafloor topography, its all-white surface had 

unnatural appearance and lacked texture, resulting in adverse photogrammetric measuring 

conditions. Additionally, Wang et al. (2009) had to align check points with observations, 

which hindered point-by-point comparisons and computation of accuracy. Instead, 

external reliability measures were evaluated, with the advantage that a reference value for 

an external parameter (roughness spectrum) could be calculated from the known 

elevations of the seafloor model.  

Whilst the above studies made significant progress on the DEM quality evaluation, 

additional work is still needed to ensure that derived data quality measures are sufficient 

to evaluate a DEM collection strategy and allow for optimising the recording process. At 

present, DEM evaluation strategy recommendations are two-fold: confidence in check 

points, their density and uniform distribution over the surface, and correct alignment of 

measured and true values. The evaluation does also need to be improved for use in 

different environments. 

4.1.2. Chapter overview 

We developed a novel methodology for assessing DEM quality and applied it to 

laboratory gravel-bed DEMs collected with digital stereo photogrammetry. Initially, a 3D-

printed model of known dimensions is produced, based on the experimental stereo-

photogrammetric pre-measuring of spatial topography and visual appearance of a water-
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worked gravel bed. The dense and uniformly distributed grid of check points from the 3D-

printed gravel-bed model is a ground truth for assessing the subsequent stereo-

photogrammetric measurement. Adaptive surface detrending and search means are 

implemented to align the measured and ground truth data and enable reliable point-by-

point comparisons. The 3D-printed model is then assessed in its ability to reveal variations 

in DEM collection parameters, based on the parametric „DEM sampling distance‟; and the 

representativeness of the accuracy statistics derived.  

4.2. METHODOLOGY 

4.2.1. Measurement environment and general DEM collection process 

The DEM acquisition environment and the photogrammetric workflow (Table 4.1) are 

identical to the earlier work by Bertin and Friedrich (2014) on monitoring gravel beds at 

the grain scale. A purpose-built hydraulic flume (19 m long, 0.5 m wide and 0.5 m deep, 

with a slope being set to 0.5%) has been used for measurements. A 950 mm long, full-

width sediment recess 14 m downstream from the inlet was used to prepare the water-

worked gravel bed. The evolving gravel-bed topography was recorded through air after 

the flume was drained.  

A gantry-mounting system, sliding on a rail, allows the cameras to be rigidly attached 

horizontally above the test section. The stereo photogrammetric setup comprises two 

Nikon D5100 cameras with 16.2 megapixel CMOS sensors (4928 × 3264 pixels), and 

Nikkor 20 mm fixed-focal lenses. The baseline between the two cameras and setup flying-

height are adjustable within the ranges [200 to 400 mm] and [400 to 1000 mm], 

respectively. To minimise effects of gravel protruding and shadowing the surrounding, the 

cameras pair is mounted in a canonical vertical photogrammetric configuration, assuming 

parallel optical axis directed vertically toward the centreline of the flume.  

The lighting consists of two pairs of one meter long neon lights (58W with carbon 

dioxide), placed horizontally on each side of the flume, one light above the other. White 

Plexiglas sheets at the transparent flume sidewalls diffuse the lighting, creating a more 

homogenous illumination. The gravel-bed test section is thus illuminated by a „cool 
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daylight‟ colour. Two additional neon lights, which hang above the flume, are used during 

the acquisition of the calibration images. To not cast shadows on the surface, these latter 

lights are turned off for image acquisition of the gravel bed. 

The general DEM collection process is presented in Table 4.1 and explained in detail 

below. 

TABLE 4.1 The workflow used for collecting, processing and assessing photogrammetric data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[I] The design of the stereo setup is the first step in a photogrammetric project. It 

constrains the theoretical accuracy achievable by the setup, and is thus critical in the 

success of the measurements (Lane et al., 2001; Lane, 2000). A Matlab® routine, where 

the standard perspective projection equations (pin-hole camera model) are implemented, 

forms a systematic approach to determine the optimum camera-to-object distance (i.e. the 

distance resulting in the best measurement resolution), which complies with the 

experimental requirements of measurement window size. Since DEM errors increase near 

the edges (Butler et al., 2002), a margin around the desired measurement window is 

commonly accounted for in the design and removed from the DEM during analysis. 
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[II] During image acquisition, each camera is connected to a computer, allowing 

remote-control and live view with Nikon Control Pro 2® software. It helps to manually 

focus on the object to measure and to mechanically align the cameras. After these steps, it 

is necessary to ensure no modification is made on the physical setup for the duration of 

the experiment.  

The adequate selection of the camera settings is important, as the crucial element to a 

successful close-range photogrammetric process is attaining “good photographs” 

(Matthews, 2008). According to the author, the term “good” refers to pictures that have 

uniform exposure, and are high-contrast, sharp images. Since the lighting environment 

will constrain the potential camera settings, it is important that both the lighting 

environment and exposure settings are optimised as a pair. To obtain the best quality 

photographs, cameras are operated in manual mode. With the Nikkor 20 mm lenses, a 

combination of an aperture of F/8 (sometimes increased to F/10 or F/11) with a generic 

sensitivity value like ISO 200, ensures a good depth of field, a reduced chance of 

vignetting and sharpness across the image. Once the aperture and ISO are set, these 

settings must remain constant throughout the acquisition of all images. The shutter speed 

can be changed, eventually to adapt to different lighting conditions.  

[III] Camera and setup calibration is performed using the camera calibration toolbox 

for Matlab®, developed by J.Y Bouguet and available on his webpage (Bouguet, 2010). 

This technique relies on Zhang (1998) calibration, where calibration parameters (both 

intrinsic and extrinsic) are computed from a series of photographs of a planar 

chequerboard in different orientations. Radial (up to the fourth-order) and tangential 

distortion is also modelled during calibration.  

Using the calibration results, all stereo pairs obtained with the setup in the calibrated 

configuration can be rectified to epipolar geometry, where corresponding pixels are on a 

same scan-line. Image rectification (Fusiello et al., 2000) is included in the calibration 

toolbox. We note that the toolbox transforms images to greyscale during rectification, but 

the code can easily be modified to obtain rectified images in red/green/blue (RGB) format. 

[IV] Stereo matching is performed on the rectified RGB images using the symmetric 

dynamic programming stereo (SDPS) algorithm (Gimel'farb, 2002), providing both the 
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grey-coded depth maps and ortho-images for a reconstructed DEM. The SDPS matches 

corresponding points by minimising pixel mismatches along each scan line in the stereo 

pairs. Compared with previous photogrammetric applications in hydraulic experiments 

(Bouratsis et al., 2013; Brasington and Smart, 2003; Butler et al., 1998; Butler et al., 

2001; Butler et al., 2002; Carbonneau et al., 2003; Chandler et al., 2001; Chandler et al., 

2003; Gooch et al., 1999; Lane, 2000; Lane et al., 2000; Lane et al., 2005; Lane et al., 

2003), the SDPS matching is not „area-based‟. Hence, the DEM smoothing will be less, 

and the sampling distance can be chosen, if necessary, as small as the pixel size at the 

object‟s distance. The SDPS search for the corresponding pixels is bounded by a disparity 

search range, calculated during the design by predetermining the surface elevation ranges. 

Post-processing by median filtering, a common practice in photogrammetric surveys 

(Carbonneau et al., 2003), is applied to eliminate blunders in the depth maps. Using the 

default filter, width of 3 pixels and height of 11 pixels, each given pixel elevation is 

replaced by the median value over a 3-by-11 neighbourhood around the corresponding 

pixel position in the input image. In terms of the matching precision, the SDPS is able to 

distinguish disparity layers up to one pixel, which will give the theoretical depth 

resolution achievable by the setup after the pixel size is determined in the object space 

(see Table 4.3). From the depth maps and the calibration results, point cloud text files, 

containing the 3D world coordinates of each pixel in the depth maps, are extracted. The 

points in these clouds are not regularly spaced, because they pertain to different disparity 

levels. Using the function „Gridfit‟ in Matlab®, the point clouds are interpolated (using the 

default triangle interpolation) into regular grids, with adjustable spacing, and represented 

as 2.5D DEMs with normalised elevations. 

4.2.2. Preparation of a realistic 3D-printed gravel-bed model 

To ensure that the 3D-printed model mimics the topography of gravel beds simulated in 

hydraulic laboratory experiments, a standard sediment mixture, with a median size of the 

intermediate axis D50 = 7 mm, a minimum size of 0.7 mm, a maximum size of 50 mm and 

a geometric standard deviation of the grain size distribution (GSD), calculated as 

1684 DD = 2.98, was used to create a screeded gravel bed in the hydraulic flume. The 

sediment was water-worked with a flow rate of 60 L/s and a constant water depth of 200 
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mm, until no sediment movement was observed. The water-worked surface presented 

evidence of armouring, with a general coarsening of the sediment. The GSD was re-

estimated using an ortho-image of the surface and the image-based method developed by 

Detert and Weitbrecht (2012), called Basegrain®. It was found to have a D50 of 13 mm, 

and 1684 DD = 3.25. 

Digital stereo photogrammetry was chosen for data collection, as it was the available 

technique to allow the best compromise between measurement resolution and theoretical 

depth accuracy (Bertin and Friedrich, 2014). For obtaining the ground truth, two Nikon 

D90 cameras with Nikkor 18-105 mm lenses were experimentally set up with a baseline 

and cameras‟ flying-height of 300 mm and 575 mm, respectively. The resulting pixel size 

on the gravel-bed surface, the overlap and the theoretical depth resolution were 0.18 mm, 

60% and 0.35 mm, respectively.  

Limitations due to the 3D printer restrained the size of the ground truth to 296 × 184 mm 

along the flow and transverse directions, respectively. However, surfaces of this size and 

smaller, have been shown suitable for characterising grain-scale surface properties of 

laboratory gravel beds (e.g., Marion et al., 2003; Ockelford and Haynes, 2013). 

Photogrammetric data were interpolated on a regular grid with 0.25 mm sampling 

distance, generating 873,345 points of known elevations (Table 4.2). To facilitate the 

assessment of future data using the 3D-printed model, the corners were made flat over 5 

mm squares, elevations were normalised to have a mean value of zero and stored in the 

ground truth elevation matrix (of data size 1185 × 737). Additionally, before sending it to 

the 3D printer, the DEM was rendered as a hollow object by replicating the surface 5 mm 

below and connecting the two with prolonged edges. The 3D DEM (Figure 4.1) was 

finally transformed in a stereo lithography (.stl) file and sent to the 3D printer.  

A ProJet® 3500 HDPlus from 3DSYSTEMS, available at The University of Auckland, 

was employed for the manufacturing. 3D printing is an additive process, where successive 

layers of material, VisiJet® Crystal (described as a transparent plastic), are laid down in 

different shapes. The gravel-bed model was built in approximately 15 hours, with a 

manufacturer specified accuracy range of [0.033-0.066 mm]. After manufacturing, the 

model was left to dry. During the drying process, the edges of the model experienced a 
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minimal upwards curvature due to material thermal contraction. The model was therefore 

mounted onto a flat Perspex plate, ensuring a straight 3D datum. 

TABLE 4.2 Characteristics of the realistic 3D gravel-bed model (ground truth). 

Size (mm) 296 × 184 

Sampling distance (mm) 0.25 

Number of points with known elevation (-) 873,345 

Standard deviation of surface elevation (mm) 5.5 

Surface elevation span (mm) 32.6 

 

FIGURE 4.1 DEM of a representative patch of gravel bed, of size 296 × 184 mm, and 0.25 mm sampling 

distance, selected for 3D printing. 
 

Preliminary tests showed that stereo matching on images of the 3D-printed model does 

not perform well because of the transparency of the material and weak texture, i.e. the 

lack of contrast and patterns on the surface (Figure 4.2A). The surface was subsequently 

finished (Figure 4.2B), maximising the chance of correctly matched pixels. This was an 

important step to allow the investigation of the joint effect of topography and DEM 

collection strategy on DEM quality, with minimal influence from surface-dependent 

stereo correspondence problems. Similarly, images of natural gravel beds contain fine 

texture for successful stereo matching (Bertin et al., 2012; Butler et al., 1998). 
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Surface finishing was done by painting the model in matte black to make the object 

opaque. Very fine sand (D50 < 0.2 mm) was spread on the freshly painted surface, so that 

due to the contact with the paint a single layer of sand attached to the surface. 

Theoretically, the addition of real texture altered the initial topography contained in the 

ground truth elevation matrix. However, the impact on the assessment of measured data 

was neglected, as (i) the addition of sand can be approximated by a uniform shift in bed 

elevation, which is suppressed when the measured DEM is vertically aligned with the 

ground truth DEM; (ii) the sand layer thickness is smaller than the minimum depth 

measurable by the photogrammetric setup developed for the laboratory experiments 

(Table 4.3). 

TABLE 4.3 Summary of the photogrammetric setup designed for the test. All values were theoretically 

determined using the design equations and the rounded camera-to-object distance. Actual values may 

deviate because of the difficulty in practice to accurately set the cameras „flying-height‟                     

and cameras baseline. 

Rounded camera-to-object distance (mm) 636 

CFoV (mm) 500 × 498 

Baseline (mm) 250 

Range of disparity for 50 mm elevation span (pixels) [1580; 1710] 

Overlap (%) 67 

Sampling distance (mm) / resolution (pixel/mm2) 0.15/ 43 

Theoretical vertical accuracy or minimum measurable depth (mm) 0.39 

Number of pixels in the 450 × 400 mm measurement window (-) ≃7,800,000 

 

  

FIGURE 4.2 Photographs of the raw (A) and the rendered (B) 3D-printed gravel-bed model.  

A B 



CHAPTER 4 DEM QUALITY ASSESSMENT WITH A 3D-PRINTED GRAVEL BED APPLIED TO STEREO 

PHOTOGRAMMETRY 

 

70 

 

4.3. EXPERIMENTS 

4.3.1. Implementation of the measurement technique 

This Section reports on the particular photogrammetric setup that was evaluated with the 

3D-printed gravel bed. The setup was designed to comply with a desired measurement 

window of size 450 mm in the flow direction and 400 mm transverse. The baseline 

between cameras was set experimentally as close as possible to 250 mm. This was 

confirmed after stereo calibration by a numerically estimated 3D distance between the two 

cameras of 250.3 mm. A 50 mm margin around the measurement window was accounted 

for and cropped before analysis. Table 4.3 summarises the resulting measurement 

specifications. JPEG (1:4) fine format was selected for the image recording. F/10 aperture 

and ISO 200, combined with 1/15 s exposure time, allowed good contrast and dynamic 

range, while manual focus ensured sharp images. Data acquisition consisted in obtaining: 

(i) 30 stereo pairs of a calibration chequerboard covering the whole cameras‟ common 

field of view (CFoV) and at distances close to the camera-to-object distance; (ii) 10 

additional calibration stereo pairs to evaluate the rectification error after calibration; (iii) 5 

stereo pairs of a gravel bed; and (iv) 5 stereo pairs of the 3D-printed model. The number 

of images for each case is independent. For camera and setup calibration, it has been 

shown that it is essential to have numerous control points (Carbonneau et al., 2003). 

Further tests, specific to the calibration method employed, revealed that the calibration 

error reaches a minimum with 20+ calibration images. The rectification error was spatially 

determined over the whole CFoV by using 10 additional calibration images. Finally, five 

stereo pair images of the measured surfaces (3D-printed model and gravel bed) allowed 

investigating the effect of different imagery (see Section 4.3.4 „Assessment of Stereo-

matching Reliability’ for information on images) on stereo-matching results. In addition, 

restricting the number of images to five allowed for a time-efficient process to collapse 

the individually extracted DEMs into one, with the aim to reduce stereo-correspondence 

gross errors. 
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4.3.2. Variation of DEM sampling distance 

The visual aspect and quality of a DEM is strongly impacted by the sampling distance 

with which the DEM is represented (Lane et al., 2000). Too coarse point spacing results in 

a loss of topographical information. At the same time, grid size directly impacts the size 

of numerical data that needs to be handled. Too fine point spacing will slow down 

calculations. Although, the stereo-photogrammetric system allowed sampling distances as 

low as 0.15 mm (Table 4.3), the default value for grid spacing was set to 0.25 mm, the 

same sampling distance used for the 3D-printed model. 

The sensitivity of DEM quality to changes in the collection parameters was evaluated by 

re-collecting the DEMs using different values for the parameter (sampling distance of 0.5 

mm, 0.75 mm, 1 mm, 1.5 mm and 3 mm). 

4.3.3. Quantitative assessment of DEM quality using the 3D-printed gravel 

bed 

For assessing the measurement quality, the measured DEM of the 3D-printed gravel bed 

needs to be aligned with the ground truth DEM. Data alignment has to be performed 

separately of the DEM reconstruction process, since no means was used to register 

measured DEMs within a common coordinate system with the ground truth. The data was 

aligned as follows: (i) the 3D-printed model is placed at the horizontal in the hydraulic 

flume at the location where the gravel bed is normally recorded, with its long axis parallel 

to the cameras‟ horizontal axis; (ii) horizontal alignment is performed with a search 

algorithm to find the region where the 3D-printed model is represented in the measured 

DEM; (iii) vertical alignment makes use of surface detrending algorithms to remove any 

tilt between measured and ground truth DEMs. In case the sampling distance of the 

measured DEM is not 0.25 mm, elevations are interpolated onto a 0.25 mm grid to allow 

comparison with all check points contained in the 3D-printed model. Finally, measured 

DEMs of the 3D-printed model are quantitatively assessed after point-by-point elevation 

differentiation with the ground truth DEM, providing measures of DEM quality. 

Any vertical misalignment of the cameras, with the baseline not set parallel to the mean 

surface of the 3D-printed model and/or when the cameras‟ optical axes are not 
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perpendicular to it, results in systematic comparison errors. This translates to a DEM of 

difference (DoD) between measured and ground truth elevation maps that exhibits a linear 

trend when cameras are tilting along one horizontal axis and a bilinear trend when they 

are tilting along both axes (see Figure 4.3, left). The trend corresponding to the deviation 

from a correct positioning is estimated by fitting a bilinear surface to the DoD in a least-

square method (see Figure 4.3, right). This surface is then removed from the measured 

DEM to perform the vertical alignment. The scale in Figure 4.3 (right) indicates that the 

vertical misalignment is responsible for systematic elevation discrepancies up to several 

millimetres. It is thus fundamental to remove the misalignment before a realistic 

assessment of the measured DEM can be undertaken.  

The reliability of the vertical alignment process was assessed by comparing the trends 

extracted from DEMs collected with 0.25 mm (Figure 4.3) and 3 mm sampling distance, 

respectively. The latter is the coarsest grid used in this study and thus it was expected that 

differences between the two trends are maximised for this case. The vertical alignment 

was reliable, as even for the coarsest grid, the mean unsigned difference between the two 

estimated trends was 24 µm, the standard deviation 29 µm and the maximum unsigned 

difference 88 µm. 

Another trend was observed in the DoDs, after alignment and differentiation of the 

measured DEMs with the ground truth DEM (Figure 4.4). The trend is comparable to the 

material thermal contraction caused curvature bend observed during the drying process for 

the 3D-printed model. The deviation of the final 3D-printed model from its initial 

topography was measured with high precision by fitting a biquadratic surface to the DoDs 

in a least-square sense. The magnitude of the deviation was found consistent throughout 

the various usages of the 3D-printed model, shown by a mean unsigned difference 

between two estimated trends (obtained using different setup geometry) of 0.02 mm, a 

standard deviation of 0.03 mm and a maximum unsigned difference of 0.24 mm, 

suggesting that the curvature originated during manufacturing and remained constant 

afterwards. The shape (Figure 4.4, right), inherent to the 3D-printed model, was obtained 

by averaging two estimated trends and was incorporated in the ground truth elevation 

matrix. The ground truth DEM represents now the actual 3D-printed model. 
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FIGURE 4.3 DoD before vertical alignment of the measured DEM collected with 0.25 mm sampling 

distance with the ground truth DEM (left); and fitted bilinear trend representing the vertical 

misalignment of the stereo setup. Elevations are displayed as gradient of greys and values are in 

millimetre. 

  

FIGURE 4.4 DoD before removal of the manufacturing-induced trend (left); and fitted manufacturing-

induced curvature that could not be eliminated by fixing the 3D-printed model to a flat Perspex plate 

(right). Elevations are displayed as gradient of greys and values are in millimetre. 

To confirm that the curvature trend observed in the DoDs does not originate from the 

measurements, but is indeed inherent to the 3D-printed model, a stereo pair of the flat 

calibration chequerboard was matched with the SDPS. After alignment of the 

chequerboard‟s surface with the cameras‟ image plane, using bi-linear detrending, a range 

of elevations of 0.4 mm (which is exactly the theoretical accuracy of the setup and about 

15% of the range of elevations found in Figure 4.4) characterised the chequerboard 

surface and no clear trend was observed. 

4.3.4. Assessment of stereo matching reliability 

Quantitative evaluation and comparison of matching errors in DEMs of the 3D-printed 

model and DEMs of the gravel bed was performed using the five DEMs that were 
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collected for each case. It is important to note that the gravel-bed surface differs from the 

3D-printed model, although they share some common properties (same sediment mixture, 

same armouring process). The motivation of this test is to examine whether the 3D-printed 

model is suitable as a real gravel-bed substitute in terms of stereo-matching. 

The five DEMs are the result of matching stereo pairs taken continuously (Figure 4.5), 

and rectified with the same calibration results. Matching performance between stereo pairs 

will thus only differ because of differences in the images themselves. Figure 4.5 (right) 

reveals that image data acquired with 2 s interval timer shooting differ, although 

variations are small (standard deviation in overall (averaged over the image) pixel 

intensity between five images of the order of 0.01). However, intensity variations between 

repeat photographs at some pixel locations are larger than one, and influenced stereo 

matching. Pixel intensity is defined as the maximum tonal value between the red, green 

and blue channels expressed on a 0-255 scale. The neon lights are identified as the cause 

of difference, as they consist of periodic light stripes. Because the left-hand images are 

different (idem with right-hand images), the similarity in intensity (area-based) between 

the left and the right images may change between stereo pairs (Table 4.4). 

The five DEMs were differentiated one-by-one to provide a measure of the repeat stereo-

matching error value (RSEV) over the investigated surface. This procedure is similar to 

the use of the „repeat scan error value‟ by Hodge et al. (2009b). Here, RSEV is a matrix, 

the same size as the measured data, containing the mean absolute height discrepancies at 

the grid nodes between all repeated measurements. In the case of five repeated 

measurements, this leads to 10 independent comparisons (Figure 4.5). RSEV was 

calculated as: 
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where )(x,yzi  is the elevation at grid node with coordinates (x, y) in scan i. Both the mean 

RSEV (after averaging the height differences over the grid) and the maximum RSEV were 

calculated over the 3D-printed model and the gravel bed for various DEM sampling 
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distances (from 0.25 to 3 mm), providing an estimate of stereo-matching reliability over 

the two surfaces. 

TABLE 4.4 Area-based differences in pixel intensity between the two images forming a stereo pair,     

for the five stereo pairs taken in a row, with evaluation limited to the                                       

zones of interest shown in Figure 4.5. 

Difference in the mean pixel intensity  Difference in the median pixel intensity 

3D printed model  Gravel bed  3D printed model  Gravel bed 

0.45  0.80  0  0 

0.44  0.79  1  0 

0.45  0.77  0  0 

0.44  0.79  1  0 

0.45  0.80  1  0 

 

  

  

FIGURE 4.5 Example of photographs (left), and image histograms (middle) in the red, green and blue 

channels, for the five left-hand images, reduced to the zones of interest shown in the photographs, of 

(top) the 3D model and (bottom) the gravel bed. The zoom inserts on the right show the small 

differences between images. 
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4.4. RESULTS 

4.4.1. Qualitative evaluation of DEM generation using default sampling 

distance 

Figure 4.6 presents DEMs obtained from recorded data of the 3D-printed model and 

gravel bed, collected with 0.25 mm sampling distance. The associated probability 

distribution functions (PDFs) of surface elevations are shown. Visually, both DEMs 

correctly represent the surface investigated. However, the enriched texture and greater 

colour range in images of the gravel bed are thought to contribute to a „sharper‟ graphical 

representation of the gravel-bed DEM.  

Figure 4.6 also shows that the recorded surface of the 3D-printed model has a larger range 

of elevations with narrower distribution around zero-mean than the measured surface of 

the „real‟ gravel bed. This infers that the effect of water-working was stronger on the 

surface replicated by 3D printing, which agrees well with the visual observation of coarser 

exposed particles and thus deeper troughs between particles, compared to the „real‟ gravel 

bed. 

4.4.2. Quantitative assessment of DEM quality  

Figure 4.7 shows the DoD (absolute differences are represented for clarity) obtained from 

the differentiation of the measured DEM (top left), after horizontal and vertical alignment, 

with the ground truth DEM (top right), over the full dimensions of the 3D-printed model. 

Visually, the two DEMs do not display obvious differences and analysis of the DoD is 

required. The DoD shows that surface errors are located at the grains‟ edges and gaps 

between grains. This observation relates well with findings obtained by Chandler et al. 

(2001), where stereo-matching outliers were found near deep crevices between grains at 

the surface of a gravel bed. The reason is that occluded regions in the imagery, where 

pixels are replaced by values interpolated from neighbouring data, based on the 

assumption of a continuous surface, are smoothed in the DEMs and introduce surface 

errors. 
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    3D-PRINTED MODEL 

  

    GRAVEL BED  

  

FIGURE 4.6 2.5D DEMs collected with 0.25 mm sampling distance of (top) the 3D-printed model; and 

(bottom) the gravel bed. Elevations are in millimetres, and are represented with gradient of greys. On 

the right are the associated PDFs of DEM elevations. 

Table 4.5 shows statistics on the surface error, obtained from the comparison of the 

elevations contained in the DEM collected with default parameters with the ground truth 

elevations, over all check points (n = 873,345). There is little systematic error in the 

measured surface, witnessed by a mean error (ME) close to zero. In this study, 

computations of the mean height discrepancies between measurements and ground truth 

confirm that the vertical alignment was correctly performed. In the case of DEMs 

registered with an outside coordinate system, such as by using total stations, evaluation of 

the mean error can bring information on the presence of systematic shift in the recorded 

elevations (Butler et al., 1998; Butler et al., 2002; Carbonneau et al., 2003; Lane et al., 

2000). 
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           MEASUREMENT            GROUND TRUTH 

  

 

       DEM OF ABSOLUTE DIFFERENCE 

 

FIGURE 4.7 (top left) Measured DEM of the 3D-printed model collected with 0.25 mm sampling 

distance, horizontally and vertically aligned with the ground truth; (top right) ground truth DEM; 

(bottom) DoD over the full dimensions of the 3D-printed model. The same colour representation, with 

elevations in millimetre, is used to represent the measured and ground truth DEMs. 

TABLE 4.5 Quantitative assessment of the DEM collected with 0.25-mm sampling distance. 

ME (mm) 0.04 

MUE (mm) 0.43 

SDE (mm) 0.62 

Maximum absolute error (mm) 8.16 

DEM points within ±0.5 mm with check points (%) 71.4 

DEM points within ±1 mm with check points (%) 90.6 

DEM points within ±3 mm with check points (%) 99.5 

0-1 mm 

1-3 mm 

> 3 mm 
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The evaluation of the average surface error, represented by a mean unsigned, or absolute, 

error (MUE) of 0.43 mm, is needed to characterise the DEM accuracy. The global surface 

precision is characterised by SDE of 0.62 mm (≃5% of surface D50). Most DEM points 

(90%) are within ±1 mm of check points, and 0.5% of DEM points exhibit errors above 3 

mm (Figure 4.7 bottom). 

The quality of the „default‟ DEM is encouraging, as the actual accuracy of measurements, 

represented by a MUE of 0.43 mm, is not severely degraded compared with the theoretical 

vertical accuracy, 0.39 mm, constrained by the image resolution. Figure 4.7 confirms 

again that the loss in accuracy is associated with occlusions in the imagery, suggesting 

that the process steps undertaken to reconstruct the DEM were correctly executed, with 

minimal error propagation.  

The quality of the DEM obtained in this study improves on previous photogrammetric 

measurements of gravel beds. However, any comparison is rather ambiguous, since the 

success rate of a photogrammetric survey essentially depends on the photogrammetric 

design and on the surface investigated, which differ between studies. In Carbonneau et al. 

(2003), mean errors from -1.5 to 3.6 mm, with surface precisions (SDE) ranging from 2.1 

mm to 8.5 mm, were associated with the measurement of a dry natural gravel bed in the 

field, with a camera-to-object distance of 1.1 m. The surveyed surfaces were made of 

larger grains, with a D50 ranging from 18 mm to 61 mm, compared with a D50 of 13 mm in 

our study. In the laboratory, a RMSE of 1.7 mm was obtained with a camera flying height 

of 2 m by Chandler et al. (2001).  

4.4.3. Effect of DEM grid size on DEM quality 

Figure 4.8 presents the PDFs of surface error for various grid spacing. No difference is 

visible when the sampling distance is increased from 0.25 mm to 0.5 mm. Beyond 0.5 

mm, there is a consistent increase in vertical error with increasing sampling distance 

(Figure 4.8). Thus, increasing DEM grid size significantly affects DEM quality.  

Figure 4.9 shows the effect of DEM grid spacing on statistical quality measures of DEMs 

obtained from a single stereo pair and DEMs obtained from averaging five stereo pairs. It 

is seen that surface errors do not vary with DEM averaging. Figure 4.9 agrees well with 
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Figure 4.8 in regards to the observation that changing the sampling distance from 0.25 

mm to 0.5 mm does not vary the DEM quality. When the sampling distance is increased 

beyond 0.5 mm, DEM quality is reduced. In addition, the flattening of the graphs, with 

decreasing grid spacing, suggests that no improvement will result from reducing the 

sampling distance below 0.25 mm. This cannot be verified, since check points for this 

study are sampled every 0.25 mm, and a denser grid of check points is needed to confirm 

this statement.  

There is a direct correlation between the different statistical parameters and DEM grid 

size. A very small change is quantified when grid size is increased from 0.25 mm to 0.5 

mm, with an improvement/deterioration of the parameters less than 1%. An average 

deterioration of 9% is associated with an increase of the grid size from 0.25 mm to 0.75 

mm (the deterioration is 10.6% for MUE and 7.7% for the percentage of DEM points 

within ± 0.5 mm with ground truth elevations). Following, the deterioration is on average 

34%, 102% and 308% (with a standard deviation between parameters of 4.3%, 13.4% and 

33.8%), when the grid size is increased to 1 mm, 1.5 mm and 3 mm, respectively. 

 

FIGURE 4.8 PDFs of vertical error for different grid spacing. Surface error is normally distributed, 

resulting in mean error close to zero. 
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FIGURE 4.9 Effects of DEM grid spacing and averaging DEMs collected from different imagery on 

statistical measures of DEM quality. Single refers to a single DEM whereas average corresponds to 

the gridded elevations of the five DEMs averaged to produce one DEM. 

4.4.4. Internal reliability of stereo matching  

Figure 4.10 presents the repeat stereo-matching error values (RSEVs), both mean and 

maximum, for DEMs of the 3D-printed model and DEMs of the gravel bed, for different 

sampling distances. Overall, similar trends are observed, with reduced RSEVs for 

increased grid size. This is caused by smoothing DEM matching errors, due to more point 

cloud data being used for interpolating elevations at grid nodes. 

Figure 4.10, Figure 4.11 and Table 4.6 confirm that stereo matching is more consistent for 

data of the 3D model, compared to data of the gravel bed, with a mean RSEV reduced by 

35%. Similarly, the maximum RSEV is larger for the gravel bed (4.59 mm) than for the 

3D model (2.57 mm).  

Finishing the surface of the 3D-printed gravel-bed model maximised stereo-matching 

performance, which is exemplified by a mean RSEV of 0.09 mm. However, the 

assessment of gravel-bed DEM quality using the 3D-printed gravel-bed model results in 
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FIGURE 4.10 Mean (left) and maximum (right) repeat stereo-matching error value (RSEV) computed 

with 10 independent DEM comparisons for the 3D-printed model and the gravel bed. 

accuracy statistics that may be understated (which means that DEM quality of a natural 

gravel bed is to be revised downwards), since errors due to stereo matching are globally 

less in DEMs of the 3D-printed model.  

The ratio of the mean RSEV (0.09 mm) and the MUE (0.43 mm) is approximately 1:5 for 

DEMs of the 3D-printed model. This confirms observations made in previous studies 

(Butler et al., 1998), which suggested that image quality is an essential parameter in 

determining the success of photogrammetric surveys. However, image quality is often 

reduced to the texture contained in the imagery. Results of the present study, where DEMs 

are collected from different imagery of same quality, however suggest that intensity 

similarity between the two images forming a stereo pair, on which stereo correspondence 

establishment relies, does affect DEM quality. 

Whilst RSEVs cannot be ignored, especially at small sampling distances, averaging 

several DEMs collected from different imagery to mitigate stereo-matching gross errors 

proved to be of negligible interest in terms of measurement quality (Figure 4.9). As an 

alternative, a filter, which removes and interpolates points in the average DEM, where 

RSEVs superior to 1 mm were detected, was tested on the DEM collected with default 

parameters. No significant change was observed. This is explained by the fact that stereo-

matching errors are essentially located in occluded regions of the DEM (Figure 4.11), 

where elevations are already interpolated during stereo-matching. Hence, means to 

mitigate stereo-matching errors in occluded regions of the DEMs has yet to be found. 
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TABLE 4.6 Summary of RSEV for DEMs of 3D-printed model and gravel bed collected with 0.25 mm 

sampling distance. 

  3D printed model  Gravel bed 

Mean (mm)  0.09  0.14 

Maximum (mm)  2.57  4.59 

DEM points with RSEV ≤ 0.5 mm (%)  96.1  89.08 

DEM points with RSEV ≤ 2 mm (%)  >99.99  99.93 

DEM points with RSEV > 2 mm (%)  <0.01  0.07 

 

FIGURE 4.11 Representation of the RSEV, which is the absolute difference between DEM points 

collected using different imagery, averaged with all ten independent comparisons (five repeat DEMs), 

for (top) the 3D-printed model and (bottom) the gravel bed. The sampling distance is 0.25 mm. 

3D-PRINTED MODEL  

 

 

GRAVEL BED 

 

0- 0.5 mm 

0.5-2 mm 

> 2 mm 
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4.5. DISCUSSION 

Methods for assessing DEM quality, using independent check points, can easily result in 

misleading statistics, when the net of check points employed for the assessment is of low 

density and/or poor repartition (Lane, 2000). Moreover, accuracy statistics might be 

insensitive to changes in DEM collection parameters. Another potential issue relates to the 

confidence with which check points are estimated and registered within the DEM. When 

measuring devices, such as total stations and laser scanners, are employed, errors can 

propagate so that the actual survey precision of check points is decreased and generally 

not known.  

The use of a 3D-printed model to assess DEM quality improves greatly on previous 

approaches. Previous studies are characterised by the need of an additional instrument to 

locate and register check points within the DEM. Additionally, previously the preparation 

of ground truth data is repeated for each assessment and requires DEM reconstruction and 

error editing, which is time consuming. This is replaced by the preparation of a reliable 

and practical 3D-printed model. Thus, future studies are not restricted by common 

characteristics of check point measuring devices, such as bulkiness and long recording 

times, which not only limits field applications, but also the ability to record underwater 

check points. In future, a 3D-printed model provides a dense and accurate set of check 

data, where resolution is only limited by the 3D-printer capabilities. In our study, the 3D 

printer would have allowed check points to be spaced with distances as small as 0.07 mm. 

This is beyond what is achievable with measurement techniques currently used in 

hydraulic applications. Producing and handling such high-resolution data would still be 

difficult at present. In addition, the depth accuracy with which the 3D model was printed, 

between 0.033 and 0.066 mm, and no error slip, ensured increased confidence in check 

point location. The size of the 3D-printed model, 296 × 184 mm, which is the maximum 

size that the 3D printer available for the study allowed, might not be suitable for all 

applications. DEM quality assessment solutions over larger measurement windows are (i) 

to move the ground truth to determine the spatial distribution of DEM errors, or (ii) to 

produce several ground truth models that can be merged. However, the relative small size 

of the model allows it to be used easily at various locations in future, for both laboratory 

and field setups. 
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The main uncertainties in the assessment using a 3D-printed model result from the 

alignment procedure necessary to superpose measurements with the ground truth. These 

uncertainties were present when metrics obtained with stereo photogrammetry were 

compared with laser-scanned data (Chandler et al., 2001; Lane, 2000). In our study, the 

alignment was performed using search and surface detrending algorithms. The reliability 

of the procedure was assessed semi-independently by comparing the setup vertical 

misalignment trends with different sampling distances. This demonstrated that the 

alignment procedure is able to align data with great precision, characterised in Table 4.5 

by a ME of 0.04 mm.  

The present work also highlights the challenges larger rigid 3D-printed models might 

face, due to material thermal contraction. There is limited information available on how a 

ground truth should be prepared to ensure minimal thermal contraction during the printing 

and drying phase. Observed deformation is largely dependent on the 3D printer and 

material used, and care needs to be taken to design a suitable model. In this study, the 

small warping effect the 3D print endured was corrected by mounting it on a flat and rigid 

Perspex sheet. The remaining trend of deformation was recorded by the setup, and was 

confirmed by multiple recordings and corrected during post-processing. 

The inherent difficulty related to the use of a 3D-printed model to assess surface error is 

the need to produce a realistic model of the surface to survey, since a global measure of 

error can be unreliable if it is based upon test sites that have little resemblance with the 

site of interest (Lane et al., 2005; Wang et al., 2009). Topography has an essential impact 

on measurement quality, especially with photogrammetric surveys, with occluded regions 

accounting for most of the errors detected on the surface (Chandler et al., 2001). A 

realistic topography was acquired by measuring a patch of gravel bed, representative of 

simulated riverbeds in laboratory flumes. However, because the ground truth was acquired 

with imagery, the interstices between particles are not always represented accurately. A 

technique, which allows vertical recording, such as laser scanning, if available, may 

theoretically improve the details at the interstices between particles of the ground truth. To 

obtain a natural look for the transparent 3D-printer material, the gravel-bed model was 

painted and sand was spread on the wet paint to ensure reliable stereo matching on images 

of the 3D-printed model (mean and maximum RSEV of 0.09 mm and 2.57 mm, 
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respectively). The difference in stereo-matching performance between images of the 3D-

printed model and images of a laboratory gravel bed was quantified in terms of repeat 

stereo-matching error value (RSEV). This is proposed as an internal reliability test, 

addressing the stereo-matching procedure. Larger RSEVs were obtained over the gravel 

bed (characterised by a 35% increase in mean RSEV), suggesting that stereo matching 

performs globally better over images of the 3D-printed model. Hence, it is expected that 

DEM quality evaluated using the 3D-printed gravel-bed model overestimates the DEM 

quality of natural gravel beds. For the 3D-printed gravel-bed model, a ratio of 1 on 5 was 

obtained between the mean RSEV and the MUE. Assuming this ratio is valid for DEMs of 

natural gravel beds, this corresponds to an increase of the MUE of 0.43 mm for the 3D-

printed model to a MUE of 0.7 mm for the natural gravel bed.  

4.6. CONCLUSIONS 

A 3D-printed gravel-bed model was produced and subsequently used to evaluate the 

overall performance of a stereo-photogrammetric setup developed for hydraulic 

experiments. The versatility and ease-of-use of the assessment method make it suitable to 

a large range of research areas, where small-scale and accurate topographic models are 

needed. The key advantages over traditional DEM evaluation methods can be summarised 

as follows: 

(i) High density and uniform repartition of check points, which makes the DEM 

assessment more realistic and allows a better quantification of errors due to 

changes in DEM collection parameters, and as such allows optimisations to be 

performed on the photogrammetric workflow 

(ii) Strong (and measurable) confidence in check points location and registration with 

the measured DEM  

(iii) Easier implementation of the assessment routine in a DEM acquisition campaign, 

with significant improvement in time efficiency, and a larger range of situations 

where assessment can be performed 

Our results will be useful for setting up the optimum strategy for gravel-bed DEM 

collection, both in air and through water. Experiments in this Chapter confirm that the grid 
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spacing should be chosen with care, in order to ensure correct surface representation. In 

particular, a sampling distance larger than 0.5 mm resulted in a significant loss of 

geometric information and degraded DEM quality. Furthermore, it is shown that the 

ground truth needs to be representative of the surface under consideration, in order to 

obtain the most realistic assessment. 3D printing is suitable and at present the most 

advanced method, for obtaining a realistic ground truth for known surfaces, although 

printed models can be affected by material thermal contraction. The acquisition of the 

ground truth with imagery affects the surface details at interstices between particles. 

The assessment of using off-the-shelf processing and consumer-grade digital cameras for 

a stereo-photogrammetric setup showed that high accuracy and precision, in terms of sub-

millimetre MUE and SDE, can be obtained with the presented default DEM collection 

parameters. Finally, our research confirmed the common expectation that most of the 

errors are caused by occluded regions in the imagery, a recurring stereo-photogrammetric 

measurement problem on rough surfaces. This suggests that new means for capturing 

occlusion, beyond traditional uniform surface smoothing, must be envisaged. The ultimate 

goal is to obtain measurements with local vertical accuracy as close as possible to the 

optimal accuracy allowable by the setup. 
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CHAPTER 

5 
DIGITAL STEREO PHOTOGRAMMETRY FOR 

GRAIN-SCALE MONITORING OF FLUVIAL 

SURFACES: ERROR EVALUATION AND 

WORKFLOW OPTIMISATION 

Related journal paper: 

Bertin, S., H. Friedrich, P. Delmas, E. Chan and G. Gimel‟farb 2015. Digital stereo 

photogrammetry for grain-scale monitoring of fluvial surfaces: Error evaluation and workflow 

optimisation. ISPRS Journal of Photogrammetry and Remote Sensing, 101(0): 193-208. 

 

 

5.1. INTRODUCTION 

5.1.1. Fluvial morphology remote sensing 

In situ characterisation of grain-scale fluvial morphology is challenging for hydraulic 

engineers and fluvial geomorphologists. In a riverine environment, the interactions 

between the sediment surface (characterised by the grain size distribution, the particle 

shapes and the arrangement of the particles) and the water flow significantly control the 

riverbed. Hence, an understanding of the river system dynamics, and associated habitats, 

relies on the ability to accurately describe the riverbed morphology.  

Using 2.5D digital elevation models (DEMs) is increasingly becoming more common to 

represent the grain-scale surface morphology for gravel-bed rivers. This is enabled by the
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advent of new measurement techniques and improved PC performances. DEM analysis 

reveals the flow history (Mao et al., 2011; Ockelford and Haynes, 2013) and allows the 

parameterisation of the surface roughness for flow resistance equations (Aberle and 

Smart, 2003; Qin and Ng, 2012; Smart et al., 2002; Smith et al., 2011). DEMs are also 

essential for detailed computational fluid dynamics (CFD) simulations (Hardy, 2008; 

Hardy et al., 2009; Lane et al., 2002). In future, field collection of DEMs will help 

improve flood modelling by reducing the need to calibrate the surface roughness, a key 

parameter in flow simulations over rough surfaces.  

Whilst both digital stereo photogrammetry and terrestrial laser scanning (TLS) support 

high-resolution data acquisition, measurement errors, which can affect data reliability and 

subsequent findings (Hodge et al., 2009b; Lane et al., 2005), remain a major issue. For 

this reason, the majority of previously surveyed close-range fluvial environments are 

exposed riverbeds in a controlled environment, such as the laboratory. At present, it is 

thus important to identify, quantify and reduce measurement error sources to improve the 

quality of grain-scale DEMs and allow using the techniques in more sophisticated 

experiments in future. For TLS applications, previous users scanned fluvial surfaces 

repeatedly to average out the errors (Hodge et al., 2009b; Smith et al., 2012). However, 

there is still the need of significant post-processing in the form of filtering to obtain 

accurate metrics from exposed gravel beds in the field. Practical applications have shown 

that data post-processing should be avoided as it can introduce other errors (Hodge et al., 

2009b).  

The most viable approach to minimise measurement errors is the optimisation of the data 

collection process. Workflow optimisation is of particular concern to stereo-

photogrammetric users, as the DEM collection workflow is long, complex, and the source 

of various error types (Bouratsis et al., 2013; Carbonneau et al., 2003; Lane et al., 2000). 

However, improving data collection is generally limited by the use of commercial 

photogrammetric software.  

To put the introduced workflow in context, we provide a review of previous hydraulic 

stereo-photogrammetric applications in the next Section. Attention is focused on the DEM 

collection workflow, the error sources and the solutions previously adopted. 
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5.1.2. Stereo photogrammetry for hydraulic experiments 

Stereo photogrammetry of fluvial environments covers a wide range of scales. DEM 

scales vary from several kilometres for the study of large braided rivers (Westaway et al., 

2003), to several metres for mountainous streams (Bird et al., 2010) and to a mere metre 

for gravel-bed roughness characterisation (Bertin and Friedrich, 2014; Butler et al., 2001). 

The variety of stereo-photogrammetric applications is also reflected in the hardware and 

software/workflow selection for DEM reconstruction.  

The advent of high-resolution digital cameras has led to the replacement of metric film 

cameras, allowing low-cost and versatile surveys (Chandler et al., 2001; Lane et al., 

2001). Metric film cameras are provided with a calibration certificate that includes the 

parameters of the interior orientation (also called intrinsic parameters), although regular 

re-calibrations are recommended to ensure optimal accuracy (Cooper and Robson, 2001). 

Off-the-shelf digital cameras, as used in our experiments, require detailed calibration (see 

Section 5.3.4), if accurate metrics are to be extracted from imagery. In contrast, automatic 

stereo matching is now easier, which ensures an efficient DEM collection process and 

high data resolution. However, where a human operator previously ensured correct 

matching, automatic stereo matching now relies on image quality, and a lack thereof can 

result in additional errors (Lane, 2000). Very recently, multi-view stereo (MVS) and 

structure-from-motion (SfM) photogrammetry started to be implemented in medium to 

large scale experiments (Javernick et al., 2014; Westoby et al., 2012). Even though these 

novel methods have the potential to better capture occlusions, they are not discussed here, 

as the workflow departs substantially from the more conventional binocular stereo (also 

called two-view) photogrammetry. 

To date, most environmental and fluvial applications of stereo photogrammetry have 

relied on proprietary photogrammetric products. OrthoMAX module of Erdas Imagine® 

(later Leica photogrammetry suite, LPS, now IMAGINE Photogrammetry) is the most 

used commercial software, with AICON 3D Systems® a more recent product 

(Schmocker, 2011). Other commercial software, such as Trimble Inpho®, Intergraph 

ImageStation® and BAE Systems SOCET SET®, enable DEM reconstruction from stereo 

images, and have been tested for civil engineering and geomorphic purposes (González-



CHAPTER 5 DIGITAL STEREO PHOTOGRAMMETRY FOR GRAIN-SCALE MONITORING OF FLUVIAL SURFACES: 

ERROR EVALUATION AND WORKFLOW OPTIMISATION 

 

92 

 

Díez et al., 2014; Murillo-García et al., 2014; Stoter et al., 2015). As noted by Chandler et 

al. (2001), the use of proprietary software constrains the photogrammetric design. 

OrthoMAX requires conventional photogrammetric control targets to be placed in the 

region of interest. The control targets‟ 3D coordinates are recorded separately, using an 

independent device, and registered within the stereo model by bundle adjustment. This 

was shown to be a potential source of errors (Carbonneau et al., 2003). The tangential 

distortion is ignored in OrthoMAX for the calibration, which may be tolerable for high 

quality lenses and medium accuracy work (Chandler et al., 2001; Fraser, 1997). 

Furthermore, OrthoMAX‟s DEM reconstruction algorithm is limited, with substantial 

surface smoothing and poor results over rough surfaces and in occlusions (Carbonneau et 

al., 2003; Chandler et al., 2001), as it relies on area-based stereo matching. Substantial 

post-processing is needed when using those proprietary stereo-photogrammetric products 

for fluvial roughness studies (Carbonneau et al., 2003).  

Attempts to optimise the DEM reconstruction process in OrthoMAX were first made by 

varying the DEM collection parameters, such as the minimum threshold of normalised 

cross-correlation and the template size for area-based stereo matching (Butler et al., 1998; 

Gooch et al., 1999). Butler et al. (1998; 2002) also changed the camera settings to obtain 

optimal exposures with maximum contrast; however, the image quality effect on stereo 

matching was not evaluated. As outlined by Aber et al. (2010b), low image noise is 

expected to increase the DEM accuracy, which has been tested in specific application 

areas, such as stereomicroscopy. In Chandler et al. (2001), two different methods to 

obtain the calibration parameters were tried: (i) an in situ self-calibration with GAP 

software and (ii) an „on-the-job‟ calibration with a 3D test field consisting of 70 retro-

reflective targets, both resulting in similar DEM accuracy. Chandler et al. (2001) 

concluded that self-calibration is perhaps the preferable method, since it only requires the 

measurement of imagery used for the DEM extraction. However, the number and spatial 

arrangement of calibration control targets was found critical, with a need to have 

numerous (minimum of 15) and well-surveyed control targets evenly distributed 

throughout the x, y and z volume of the study site, which enables the recovery of reliable 

lens parameters (Carbonneau et al., 2003; Chandler et al., 2001). 
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More recently, stereo-photogrammetric solutions using non-proprietary algorithms are 

implemented in hydraulic experiments (e.g, Bouratsis et al. (2013) for the laboratory 

study of bridge pier scouring). The calibration parameters (including the tangential 

distortion) were obtained by using the freely accessible camera calibration toolbox for 

Matlab® developed by Bouguet (2010). The stereo matching was performed on rectified 

images with a self-programmed correlation-based algorithm, using a window size of 35 × 

35 pixels. Although a smooth surface was investigated, three geometrical filters were 

needed to process the data and remove blunders in a satisfactory manner. DEM errors 

were associated with the inadequate stereo setup design (baseline and the flying-height of 

cameras), which did result in substantial occlusions and thus stereo matching errors. 

Bouratsis et al. (2013) stressed the importance of image quality for stereo matching and 

suggested a structured light approach (whereby patterns are projected on the surface) to 

improve on the initially poor stereo-matching results based on the riverbed texture only.  

5.1.3. Chapter overview 

This Chapter presents in detail a non-proprietary stereo-photogrammetric workflow 

developed for the grain-scale measurement of fluvial surfaces. The workflow is described 

and evaluated. Imagery acquired with two consumer-grade DSLRs and processed with 

non-proprietary algorithms form the basis of the DEM reconstruction. Details of the „on-

the-job‟ Matlab® calibration toolbox are presented and discussed. Dense scanline-based 

stereo matching is implemented and it is shown that it improves on the traditional area-

based methods in terms of resolution and occlusion suitability. The presented stereo-

photogrammetric technique was successfully applied to monitor the morphological 

changes of water-worked gravel beds, both in air and through-water (Bertin et al., 2013), 

with sub-millimetre sampling distances and vertical accuracies. 

In this study, DEM errors resulting from a combination of calibration errors, inaccurate 

image rectifications and stereo-mismatches are identified by purposely-designed tests. A 

framework to evaluate the calibration and the image rectification accuracy is presented. 

Relevant objects of known geometry, ground truths, were designed, produced and tested 

for the quantitative DEM quality assessment, enabling the identification of the error 

propagation. For this Chapter, we concentrate on presenting the evaluation of the 
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technique for in-air measurement, with the presented concepts being valid also for 

through-water measurements.  

This evaluation study will be useful to other researchers using non-proprietary digital 

stereo photogrammetry and optimisation for their projects, and for the development of 

camera calibration and image matching techniques. 

5.2. MEASUREMENT ENVIRONMENT AND INSTRUMENTATION 

The workflow is designed for experiments in a hydraulic flume (Bertin and Friedrich, 

2014). The flume in use is 19 m long, 0.45 m wide and 0.5 m deep, with a slope of 0.5%. 

For hydraulic experiments, a gravel bed is prepared over a 950 mm long full-width 

sediment recess (called the „test section‟), located 14 m downstream from the inlet (Figure 

5.1). During the experiments, the sediment is water-worked, and the evolving topography 

is recorded either through-water, or in air after the flume is drained. The data used for this 

Chapter are from in-air tests. 

Two Nikon D5100 cameras with 16.2 megapixel complementary metal oxide 

semiconductor (CMOS) sensors (4928 × 3264 pixels) and Nikkor 20 mm fixed-focus 

lenses are used for stereo-photogrammetric measurements. The cameras are rigidly 

attached above the test section, using a gantry-mounting system sliding on a rail (Figure 

5.1). Baseline and height can be adjusted depending on the design needs. Even lighting 

conditions are ensured (Bertin et al., 2014). An Alienware laptop with Intel core CPU @ 

2.20GHz, 8GB memory and Matlab® 2013b allows on-the-spot processing. 

5.3. DEM RECONSTRUCTION WORKFLOW WITH STEREO 

PHOTOGRAMMETRY 

5.3.1. Stereo-photogrammetric design 

The stereo-photogrammetric design is the first step in a stereo-photogrammetric project. It 

defines the theoretical accuracy achievable by the setup, and is thus critical to the 

measuring performance (Lane et al., 2001). In this step, the camera placement is
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FIGURE 5.1 Hydraulic flume with stereo photogrammetry installed for gravel-bed monitoring (main). 

The inserts on the right show how cameras are mounted onto the bar using cordons to secure the 

camera position (top), and the chequerboard with alternating black and white 30 mm squares used 

for the calibration and the evaluation of image rectification (bottom). 

optimised for the application. Three parameters are adjusted: (i) the baseline between the 

two cameras, (ii) the orientation of the cameras, and (iii) the distance between the cameras 

and the gravel-bed. Additionally, a margin can be accounted for around the measurement 

window and removed from the DEM during analysis, as it is well known that DEM errors 

increase near the edges (Bertin et al., 2014; Butler et al., 2002). Compromises often have 

to be made when finalising the stereo-photogrammetric design. For example, increasing 

the baseline for a fixed flying height improves the theoretical depth resolution, but also 

increases the risk of occlusions. Similarly, increasing the flying height to account for a 

margin reduces the theoretical resolution. 

To simplify image rectification and uniformly account for partial occlusions by gravel 

particles protruding and shadowing the surroundings, the camera pair in our experiments 

is mounted in canonical configuration, where the two optical axes are parallel with each 

other and perpendicular to the baseline (Figure 5.1). The standard central perspective 

projection equations (pin-hole camera model) are used to determine the optimal flying 

height for the targeted measurement window size. Experimental heuristics are used to 

Carriage 

2 x Cameras 

2 × 1 m long neon 

lights (58 W) with 

white acrylic sheet to 

diffuse the light 
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determine the optimal baseline. Not knowing the exact morphology of the studied area, 

such as encountered when recording a gravel bed, it is not possible to design the baseline 

in the same way as if one would know the occlusion structure. 

The setup evaluated in this study was designed for a measurement window of size 450 × 

450 mm, which is suited to study gravel-bed roughness (Bertin and Friedrich, 2014; Mao 

et al., 2011; Ockelford and Haynes, 2013). No margin was accounted for in this 

evaluation study, to enable the identification of the spatial distribution of stereo-

photogrammetric errors. The baseline was set experimentally to 200 mm, requiring a 

distance between the cameras and the gravel-bed of 575 mm to cover the measurement 

window. The resulting common field of view (CFoV) between the two cameras, where 3D 

information can be extracted, is 478 × 450 mm in the object space, which results in a 

theoretical sampling distance of approximately 0.14 mm, which equals 1 pixel in the 

image domain. A theoretical depth resolution (distance between two disparity layers) of 

0.39 mm can be achieved (Table 5.1).  

TABLE 5.1 Summary of the stereo-photogrammetric setup used (desired measurement window of size 

450 × 450 mm). Computed values were determined using the pin-hole camera model and the rounded 

flying height.  

Rounded flying height (mm) 575 

Baseline (mm) 200 

CFoV (mm) 478 × 450 

Range of disparity for 50 mm elevation range (pixels) [1396-1523] 

Overlap (%) 70 

Pixel size (mm) / resolution (pixel/mm2) 0.14 / 53 

Sampling distance in DEM (mm) 0.25 

Theoretical depth resolution or minimum measurable depth (mm) 0.39 

Number of pixels in the 450 x 450 mm measurement window (-) ≃ 10,300,000 

5.3.2. Setup preparation  

The cameras are connected to a computer, allowing remote control and live view using 

Nikon‟s Camera Control Pro 2 software, which is helpful to manually focus on the 

measured surface and to mechanically align the cameras. The latter is important to 

minimise the effect of image warping during image rectification to epipolar geometry. 

Easily identifiable feature points (e.g. chequerboard corners) are used to adjust the 
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alignment until the corresponding points are approximately on the same scanline. Once 

cameras are correctly focused and mechanically aligned, it is necessary to ensure no 

modification is made to the physical setup for the duration of the experiment. 

5.3.3. Image acquisition 

Adequate selection of the camera settings for the application is important, as the crucial 

element to a successful close-range stereo-photogrammetric process is attaining “good 

photographs” (Matthews, 2008), where the term “good” refers to sharp images that have 

uniform exposure with high contrast. Since the lighting environment constrains the 

cameras‟ settings, it is important that both the lighting environment and the exposure 

settings are optimised interdependently. To obtain the best quality images, the cameras are 

operated in manual mode. We found that for our environment, using Nikkor 20 mm 

lenses, a combination of F/8 aperture (increased to F/10 or F/11 for selected tests) with a 

generic sensitivity value such as ISO 200, ensures a good depth of field, a reduced 

vignette effect and uniform sharpness across the image. Once the aperture and ISO are set, 

these settings should remain constant throughout the acquisition of all images. For 

evaluation purposes we changed the shutter speed, as presented later.  

5.3.4. Calibration and image rectification 

The calibration method of Zhang (1998), implemented in the calibration toolbox for 

Matlab® (Bouguet, 2010), is used to compute the camera calibration and pose parameters 

(also called intrinsic and extrinsic parameters, respectively) from a series of stereo images 

(called the „calibration images‟) of a planar chequerboard in different orientations (Figure 

5.2). Radial distortion (up to the fourth-order) and tangential distortion are also modelled 

during calibration for each camera. For simplicity, „calibration parameters‟ hereafter refer 

to the ensemble of the camera calibration parameters, the pose parameters and the 

distortion coefficients. The chequerboard used in this study consists in alternating black 

and white 30 mm squares, prepared on a flat and rigid perspex plate (Figure 5.1), 

providing 40 (8 × 5) control points (i.e. the chequerboard corners) per calibration image. 

A sufficiently accurate chequerboard can be produced from off-the-shelf printers and 

other materials (Zhang, 1998).   
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Assuming a standard central perspective projection by the cameras, the calibration toolbox 

extracts the chequerboard‟s corners, with distances between corners precisely known, to 

compute a closed form solution for the calibration parameters and provide separately the 

intrinsic and the extrinsic parameters of each camera, not including any lens distortion. 

The closed-form estimation of intrinsic parameters explicitly uses a constraint based on 

the orthogonality of vanishing points (Bouguet, 2010). Lens distortion is accounted for 

during the non-linear optimisation step, which minimises the total re-projection error (in 

the least squares sense) over all other calibration parameters, and solved with the 

Levenberg-Marquardt algorithm. The re-projection error (residuals between image 

measurements) is the difference in (x,y) pixel coordinates between the re-projected corners 

of the chequerboard, using the calibration results, and their measured locations with sub-

pixel accurate corner detection. (x,y) represent the horizontal and vertical directions in an 

image, respectively. 

A common procedure to refine the calibration data for each camera separately is to re-

compute the chequerboard corners until a minimum re-projection error is attained 

(Bouguet, 2010; Bouratsis et al., 2013). This can be done manually for images where 

corner detection is initially poor, or automatically on all images. For the automatic re-

computation, used thereafter, the toolbox re-computes the positions of every corner by 

using the re-projected grid as the initial guess locations for the corners. 

  

FIGURE 5.2 Independent sets of (left) 40 „calibration images‟, the „parent‟ set in this research; and 

(right) 15 „rectification-check‟ images. The chequerboard corners are alternatively used as control 

points in calibration images, and as check points for image rectification in rectification-check images. 
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Ultimately, during the stereo calibration step, all calibration parameters are re-evaluated 

based on the calibration image presenting the minimum re-projection error on both 

cameras to provide a single set of extrinsic parameters for the stereo setup (Bradley and 

Heidrich, 2010). 

Once the calibration parameters are known, all stereo images obtained with the setup in 

the calibrated configuration can be rectified to epipolar geometry to minimise y-parallax 

in the rectified images. This way, the 2D search of corresponding pixels is reduced to 1D, 

which assists stereo-matching efficiency. Image rectification (Fusiello et al., 2000) is 

included in the calibration toolbox. It should be noted that the toolbox transforms images 

to greyscale equivalents during rectification. The code is herewith modified to obtain 

rectified images in red/green/blue (RGB) format. 

5.3.5. Stereo matching and DEM reconstruction  

Stereo matching is performed on rectified images using the conventional and well-

established computer stereovision algorithm called symmetric dynamic programming 

stereo (SDPS) (Gimel'farb, 2002), providing both dense disparity maps and ortho-images 

of the region covered by the CFoV. The disparity map is then transformed into the depth 

map using projective geometry and the calibration parameters (the so-called depth 

triangulation).  

For each conjugate pair of epipolar lines across a stereo pair, the SDPS algorithm exhausts 

all continuous epipolar profiles of a single continuous surface to find the profile 

minimising the total mismatch between both the lines. Individual mismatches between the 

corresponding pixels, which represent binocularly visible surface points, are measured by 

the total absolute or squared difference between the pixel intensities. The pixel intensity is 

defined as the maximum tonal value between the red, green and blue channels, expressed 

on an 8-bit (0-255) scale. Individual partial occlusions, such that the surface points are 

observed only in a single image, are taken into account by a special additive penalty. In 

other words, if a pixel has no counterpart in the other image because of partial occlusion, 

the latter is penalised in order to regularise the overall matching score, the depth at this 

point being computed based on the assumption of a single continuous surface.  
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The total line-to-line mismatch is a linear combination of the total intensity mismatch 

between the corresponding points and a weighted total occlusion penalty for the 

binocularly observed and partially occluded surface points along the profile, respectively. 

Compared with previous stereo-photogrammetric applications in hydraulic experiments 

(see Section 5.1.2), the SDPS performs pixel-to-pixel signal matching, rather than a 

„feature-based‟ or „area-based‟ one. Hence, the obtained DEM is dense, contrary to the 

feature-based matching; the DEM‟s smoothing will be lesser than in the area-based 

matching, and the sampling distance can be chosen, if necessary, as small as the pixel size 

at the object‟s distance.  

In application to a gravel surface, the more conventional feature-based stereo matchers 

cannot produce a dense depth map and also may be inaccurate due to the absence of easily 

detectable and discriminable visual features. The gravel surfaces are highly textured with 

relatively small occluded areas at borders, ensuring a sufficiently high accuracy of the 

dense SDPS matcher. However, the employed line-to-line stereo matching needs the more 

accurate image rectification, as otherwise true correspondences between the pixels may 

not be found.  

Post-processing by median filtering, a common practice in stereo-photogrammetric 

surveys (Carbonneau et al., 2003), is implemented in the SDPS algorithm and is 

automatically applied to eliminate blunders in the depth maps. Using the default filter 

width of 3 pixels and height of 11 pixels, each given pixel elevation is replaced by the 

median value over a 3 × 11 neighbourhood around the corresponding pixel position in the 

input image. The filter size is such that it is able to smooth the horizontal streaks of 

disparity error that may result from scanline-based stereo matching. It should be noted that 

one can opt for this post-processing filter to be skipped and thus true pixel size resolution 

depth information can be obtained.  

In terms of matching accuracy, the SDPS algorithm is able to distinguish disparity layers 

up to 1 pixel. Since the disparity at a distance Z from the cameras is equal to Zpbf  the 

setup‟s theoretical depth resolution dz in metric units (also called minimum measurable 

depth; Table 5.1) can be expressed using the following formula (only valid in case of 

canonical configuration): 
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Zpbf

pZ
dz




2

                                                            [5.1] 

where (b, f, p and Z) are the baseline, focal length, pixel size in the sensor plane and 

camera-to-object distance (in mm), respectively.  

To reconstruct the DEM, all pixels in a depth map are triangulated using projective 

geometry and the calibration results. A point cloud, containing the (x,y,z) coordinates of 

all points in metric units, is obtained. The points in the point cloud are not regularly 

spaced, as they are assigned to different disparity levels. Using the function „Gridfit‟ in 

Matlab®, the point cloud is finally interpolated (using the default triangle interpolation 

method) onto regular grids with adjustable sampling distance, and represented as 2.5D 

DEMs. Previous tests showed that the interpolation scheme to transform a point cloud into 

a regular DEM has very little impact on the data accuracy and that the selection of the 

sampling distance is critical (Bertin et al., 2014). DEM quality is best preserved when the 

raw point cloud is interpolated onto a grid with spacing close to the sampling distance of 

the point cloud (Bertin et al., 2014; Hodge et al., 2009b). In this study, raw point clouds 

were interpolated onto orthogonal grids with 0.25 mm sampling distance (Table 5.1). Our 

available computer performance for subsequent analysis was the limiting factor for 

choosing this resolution. 

5.4. ERRORS IN DIGITAL STEREO PHOTOGRAMMETRY 

5.4.1. Identification and quantification  

An overview of error causes is provided in Table 5.2. The Chapter focuses on errors that 

arise from the stereo-photogrammetric processing steps, i.e. the calibration, the image 

rectification and the stereo matching. Table 5.2 also summarises the identification 

methods and the implemented solutions to reduce or even eliminate the errors. The error 

sources and the identification methods are discussed in detail below.  
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5.4.1.1. Calibration error  

The calibration toolbox allows evaluating the quality of the calibration based on the 

numerical uncertainties of the estimated parameters and the re-projection error for each 

camera. The numerical uncertainties are approximately three times the standard deviation 

of the parameters after optimisation and are thus equivalent to the precisions of the 

parameters from the calibration. The toolbox provides the standard deviation of estimated 

re-projection error over all calibration images along the x and y directions, for both the left 

and right cameras (four parameters).  

5.4.1.2. Rectification error 

For image rectification, the essential parameters to consider are the relative translation and 

rotation between the two cameras, as well as the calibrated principal distances and the 

positions of the principal points for each camera. Any calibration error on the above 

parameters will prevent a correct image rectification and will result in residual y-parallax 

in the rectified images, called rectification error. Although the two steps should be 

regarded as separate, the removal of image distortion is performed simultaneously with 

the image rectification.  

To compute the rectification error, an independent set of calibration images, called the 

„rectification check‟ images (Figure 5.2), is recorded, providing check points (i.e. the 

chequerboard corners, 40 per images) covering the whole CFoV. Per definition, the 

rectification error is the absolute difference in vertical (y) pixel coordinates between the 

measured check points of the left-hand and right-hand rectification-check images after 

image rectification. For the quantitative evaluation of the calibration quality in this study, 

the mean (unsigned) rectification error and the maximum (unsigned) rectification error 

were computed as the average and the maximum of the rectification errors over all check 

points in all rectification check images (i.e. 600 check points covering the CFoV), 

respectively. The maximum rectification error at the 99.7% level was computed as the 

sum of the mean error and three times the standard deviation of error.  
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5.4.1.3. DEM quality 

Ground truths were essential to DEM evaluation to understand the links between 

calibration, image rectification, stereo matching and thus the resulting DEM error. The 

latter is evaluated by measuring a ground truth and comparing measured and „truth‟ 

elevations on a point-by-point basis, after mutual alignment. The mean unsigned error 

(MUE), the standard deviation of error (SDE), and the maximum unsigned error were 

used for the evaluation in this study. At several occasions, the maximum error at the 

99.7% level was computed as the sum of the MUE and three times the SDE. 

Two different ground truths were used (Figures 5.3 and 5.4). Both of them lacked initially 

the texture and contrast of a real gravel-bed (Bertin et al., 2014). To compensate for this, 

the ground truth surfaces were finished with a light layer of paint, and the addition of 

differently coloured fine sand (diameter less than 0.2 mm, which is smaller than the 0.39 

mm theoretical depth resolution achievable by the setup). For the assessment of the 

measured DEMs, manufacturing imprecisions and the effect of the surface finishing were 

neglected.  

The first ground truth, hereafter referred to as the „gravel-bed model‟, was prepared with a 

3D printer based on the DEM of a water-worked gravel bed as measured during a 

previous experiment. The ground truth elevations are produced with the manufacturer‟s 

specified accuracy range of 0.033 to 0.066 mm every 0.25 mm in both directions over a 

surface of size 296 × 184 mm (Figure 5.3). The preparation of the realistic ground truth 

and the method to automatically align measured and „truth‟ data before elevation 

differences can be computed on a point-by-point basis at more than 800,000 known 

locations is described in Bertin et al. (2014). 

A second ground truth, called the „hemisphere model‟ (Figure 5.4), the same size as our 

measurement window (450 × 450 mm), was prepared to evaluate the full spatial 

distribution of DEM errors. A digital model was prepared with Matlab®, taking the form 

of a „truth‟ DEM, with elevations known at every 0.25 mm (Figure 5.4). To produce the 

actual model, an aluminium sheet (450 × 450 mm) was machined with a DOOSAN DNM 

650 milling machine, 30 mm thick and perfectly flat. 121 adjoining cylinders (40 mm in 

diameter, 20 mm deep) were drilled onto the plate to allow ping pong balls (40 mm 
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diameter) to be fitted half-way through. When reversed and laid down on a surface plate 

(flatness guaranteed with accuracy of 250 nm), no rocking due to uneven ping pong balls‟ 

protrusions was observed, satisfying the criteria of a precise ground truth. 

 

 

FIGURE 5.3 „Truth‟ DEM of the gravel-bed model (left); greyscale ortho-image of the model after the 

surface was finished to maximise the stereo matching performance (right). Elevations are known at 

every 0.25 mm over 296 × 184 mm. DEM quality is evaluated by measuring the ground truth and 

comparing measured and „truth‟ elevations, after mutual alignment, at over 800,000 locations. 

 

 

FIGURE 5.4 „Truth‟ DEM of the hemisphere model (left); greyscale ortho-image of the model after the 

surface was finished to maximise the stereo matching performance (right). Elevations are known at 

every 0.25 mm over 450 × 450 mm. DEM quality is evaluated by measuring the ground truth and 

comparing measured and „truth‟ elevations, after mutual alignment, at over 3,200,000 locations. 
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5.4.1.4. Dome effect 

The presence of systematic errors in DEMs obtained with stereo photogrammetry, taking 

the form of a cubic surface centred on the photo base, called a dome, was noticed in 

previous studies and explained by the incorrect removal of the radial distortion (Chandler 

et al., 2005; Wackrow and Chandler, 2011). To detect the presence of domes in our data, a 

flat surface (450 × 450 mm, 250 nm specified flatness) is measured with the setup. After 

alignment of the obtained DEM with the photo base, the dome effect is estimated by 

fitting a bi-quadratic surface to the detrended DEM by least-squares. 

5.4.2. Workflow optimisation methodology  

Using the identification/quantification methods presented in Table 5.2, we evaluated each 

DEM reconstruction step and quantified errors for each step and configuration. In test 1, 

the effect of the number of calibration images and the effect of automatically re-

computing the corners to refine the calibration data were evaluated. The influence of the 

3D spatial distribution (both horizontal and vertical) of the control points was evaluated in 

test 2. Test 3 was designed to provide a better understanding of what is image quality and 

how it influences stereo matching.  

Unless otherwise mentioned, chequerboard calibration images were obtained inside the 

illuminated hydraulic flume, using manual focus, F/8 aperture setting, 1/50 s shutter 

speed, ISO 200 and JPEG (1:4) fine image format for both cameras. The chequerboard 

was held in position by supports underneath, to avoid any movement. Stereo images of the 

gravel-bed and hemisphere models were recorded in JPEG (1:4), using 1/20 s shutter 

speed, and transformed with Retinex. Detailed information on Retinex is given in Section 

5.4.2.3. 

5.4.2.1. Test 1: Calibration quantity and automatic corner re-computation 

40 stereo images of the chequerboard were recorded, with the chequerboard in different 

positions and orientations, with care being taken to have control points (chequerboard 

corners) distributed throughout the CFoV (Figure 5.2). A maximum of 40 was chosen to 

verify the statement that 20 to 30 views are required (Bradley and Heidrich, 2010). 
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Furthermore, performing a calibration using 40 calibration images still allows for a time-

efficient process, which is tolerable for applications in both the laboratory and the field. 

Smaller subsets containing 10, 20 and 30 calibration images were created by randomly 

selecting images from the „parent‟ set of 40 calibration images. The chosen subsets 

ensured a decent CFoV chequerboard coverage. The calibration toolbox algorithms were 

successively applied for all calibration image sets individually, with and without 

automatic corner re-computation, resulting in eight different sets of calibration 

parameters, for which the stereo-photogrammetric errors were computed.  

5.4.2.2. Test 2: Calibration spatial distribution 

Two subsets, both containing 15 calibration images but covering different CFoV areas, 

were created from the „parent‟ set of 40 calibration images to enable the evaluation of the 

effect of the control points‟ planar distribution during calibration. The first subset 

comprised images presenting control points on one half of the CFoV only (Figure 5.9). 

The obtained calibration data is hereafter referred to as the „partial‟ calibration. The 

second subset, called the „complete‟ calibration, presented control points distributed 

throughout the CFoV (Figure 5.9). Stereo-photogrammetric errors were computed for both 

calibration subsets. Based on the results of test 1, corner re-computation during calibration 

was not used in this test. 

To investigate on the importance of the calibration distance (i.e. the distance between the 

cameras and the control points), the rectification error was measured at distances that 

encompass the calibration distance (Figure 5.12). Calibration was completed using control 

points distributed throughout the CFoV at distances from the cameras between 510 mm 

and 630 mm. The rectification error was measured at distances from the cameras between 

430 mm and 700 mm. To avoid any bias due to different horizontal arrangements of the 

check points at the various distances, only check points in the central region of the CFoV 

were utilised. To enable this test, the image acquisition settings were changed to F/20 

aperture and 1/20 s shutter speed.  
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5.4.2.3. Test 3: Image quality 

Stereo images of the gravel-bed model were recorded with five different shutter speeds 

(1/5 s, 1/10 s, 1/20 s, 1/40 s and 1/60 s) in both RAW and JPEG (1:4) image formats. The 

other camera settings (F/8, ISO 200) remained identical to those used for the acquisition 

of the calibration images. We purposely obtained images with varied histograms (Figure 

5.13). Before the stereo matching, RAW images were exported to JPEG using the default 

encoding parameters and the two lowest compression rates applicable (JPEG (1:2.6) and 

JPEG (1:15) for „highest quality‟ and „high quality‟ JPEG compressions, respectively). 

The stereo images directly recorded in JPEG (1:4) were subject to transformations, such 

as greyscale and Retinex. Retinex is a popular human-perception-based image processing 

technique, increasing the sharpness and compressing the dynamic range of images by 

reducing flares and enlightening shadows. The Retinex theory (Land, 1986) postulates 

that a given image can be decomposed into two different images, a reflectance image and 

an illumination image, on which transformations (e.g., normalising illumination and 

increasing the local contrast in the dark zones) can be operated to mimic direct scene 

viewing. Following the emergence of the Retinex theory, different Retinex algorithms 

were developed; the most widely used being the multi-scale Retinex with colour 

restoration (MSRCR) algorithm that combines dynamic range compression and tonal 

rendition (Jobson et al., 1997). Retinex methods have common advantages that they do 

not require training images and have low computational complexity. A possible defect is 

the colour greying of images, either globally or in regions where the grey-world 

assumption is violated (Rahman and Woodell, 2004). Retinex was used for medical image 

enhancement (Meng et al., 2012), shadow detection and removal (Sun et al., 2008), 

illumination-invariant face recognition (Park and Kim, 2008) and point selection in 3D 

shape registration (Liu et al., 2014). To the best of our knowledge, Retinex was never 

employed to improve image quality before stereo matching. Using GIMP® 

(http://www.gimp.org/), the MSRCR algorithm was uniformly applied with the following 

parameters: 240 (scale), 3 (scale division) and 4 (dynamic). These parameters were chosen 

to provide the best DEM accuracy based on preliminary tests. 
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To enable a realistic comparison between obtained DEMs of the gravel-bed model, where 

image quality is the only difference, the same calibration data was used to rectify all 

images and to triangulate all depth information, leading to DEM reconstruction. 

5.5. RESULTS AND DISCUSSION 

5.5.1. Test 1: Calibration quantity and corner re-computation 

Figure 5.5A shows the numerical uncertainties on the baseline after calibration with 

different numbers of calibration images, with and without automatic corner re-

computation. The uncertainty/precision on the camera baseline was calculated as the 

square root of the sum of the squared (x,y,z) uncertainties given by the toolbox. Other 

parameters, such as the focal length (or principal distance), the principal point and the 

distortion coefficients are not shown, but presented a similar shape of uncertainties. The 

precisions of the calibrated parameters are reduced with increasing number of calibration 

images, with a substantial jump between 10 and 20 images (Figure 5.5A). Corner re-

computation also reduced the uncertainties, resulting in around 20% improvement for all 

data sets.  

The re-projection error presented in Figure 5.5B is the average of the re-projection errors 

given by the toolbox in the horizontal (x) and vertical (y) directions in an image, averaged 

between the left and the right camera. It represents the overall precision with which the 

calibration is able to re-project the chequerboard corners on the calibration images. Figure 

5.5B shows that the re-projection error is significantly reduced (about three-fold) by 

automatically re-computing the corners during calibration.  

The rectification error (Figure 5.5C) is reduced with increasing calibration images. A 

minimum rectification error was obtained with 30 images, after which the rectification 

error slightly increased again. Although re-computing the corners during calibration 

improved the precisions of the calibration parameters (Figure 5.5A), it did not improve 

image rectification. This suggests that the automatic corner re-computation had minimal 

effect on the calibration parameters, and thus on image rectification. For all calibrations, 

the mean and the standard deviation of rectification error are small (about 0.2 pixel and
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FIGURE 5.5 Influence of the automatic corner re-computation and the number of calibration images 

on (A) the numerical uncertainties on the calibrated baseline; (B) the re-projection error; and (C) the 

rectification error. Calibrations with corner re-computation (grey), calibrations without corner re-

computation (black). 

smaller), indicating that most conjugate points are on the same scanline after image 

rectification, ensuring minimal systematic matching error throughout the CFoV. 

Figure 5.6 presents the DEMs of the gravel-bed and hemisphere models obtained with the 

„parent‟ calibration (40 images) and their associated DEMs of difference (DoDs) after 

comparison of the DEMs with the „truth‟ elevations. Figure 5.6 shows clearly that most 

DEM errors occur at the edges and troughs, due to occlusions. Edges and troughs also 

cause poor image correspondences because of shadows and uniform colouring of the 

surface (i.e. low-textured areas). For occlusions, the at-a-point elevation is based on the 

assumption of a continuous surface, generally resulting in over-smoothed deep holes. The 

DoD of the hemisphere model shows that DEM errors increase both in frequency and 

magnitude with the radial distance from the centre of the CFoV because of occlusions, 

since oblique rays are less able to reach areas shadowed by higher grounds. This is not 

observed in the DEM of the gravel-bed model, which can partly be attributed to its smaller 
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GRAVEL BED HEMISPHERES 

  

  

FIGURE 5.6 (Top) measured DEMs, aligned with the truth DEMs; and (bottom) associated DoDs 

(absolute differences are shown for clarity). Calibration was performed with the „parent‟ set of 

images without corner re-computation; stereo matching was done on JPEG (1:4) images obtained 

with 1/20 s and transformed with Retinex.  

size. Additionally, the decision to set the baseline parallel to the downstream direction 

resulted in errors preferentially aligned with the transverse direction. When recording 

surfaces similar to the hemisphere model, increasing the setup flying-height would likely 

reduce the occlusions and improve the DEM quality. A poorer resolution would result as a 

consequence, as mentioned previously. 

Figure 5.7 shows the quantitative evaluation of the DEM quality, computed over the 

gravel-bed and hemisphere models, for the eight calibrations tested. All gravel-bed model 

DEMs have optimal accuracy with MUE equal to 0.51 ± 0.03 mm and a maximum 

absolute error of 8.90 ± 0.7 mm. In Bertin et al. (2014), a MUE of 0.43 mm and a 

maximum absolute error of 8.16 mm was obtained with a baseline distance of 250 mm 

and a flying-height of 636 mm, suggesting that the DEM errors can be reduced by 
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changing the stereo-photogrammetric design. As Figure 5.6 suggested, the DEMs of the 

hemisphere model are of lesser quality than the DEMs of the gravel-bed model, with an 

overall three-fold increase in the MUE and two-fold increase in the maximum absolute 

error. Figure 5.7 shows that the MUE and the maximum error at the 99.7% level tend to 

decrease with the number of calibration images for all DEMs. This may be explained by 

the joint reduction of the uncertainties on the calibration parameters and the rectification 

error with the number of calibration images, which was observed in Figure 5.5A and 

Figure 5.5C. Similarly to previous observations (Figure 5.5C), the effect of the corner re-

computation on the DEM quality is small, and no clear trend is observable. We 

nevertheless believe that corner re-computation is useful when chequerboard image 

quality prevents accurate corner detection, e.g. in the case of through-water 

photogrammetry. 

A small dome (elevation span of 0.64 mm ± 0.08; mean absolute elevation when centred 

on zero of 0.12 mm ± 0.02) was noticed in the DEM of a flat surface (450 × 450 mm) for 

all calibrations (Figure 5.8A). Increasing the number of calibration images and re-

computing the corners during the calibration did not reduce the dome effect.  

Wackrow and Chandler (2011) showed that the mildly convergent imagery provides 

means to reduce the dome effect. Similarly to the optimisation of the baseline distance, 

deciding between a convergent and a vertical image configuration is difficult and is 

surface-dependent.   

A counter measure to minimise the dome effect in DEMs is the application of a margin 

during the design to limit the DEM analysis to a more central region where the dome is 

smaller. But again, to be effective, the minimisation of the dome effect by accounting a 

margin has to be balanced against a deteriorated depth resolution when the camera-to-

object distance is increased. 
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GRAVEL BED HEMISPHERES 

  

 
FIGURE 5.7 Influence of the automatic corner re-computation and the number of calibration images 

on the DEM quality. Calibrations with corner re-computation (grey), calibrations without corner re-

computation (black). 

  

FIGURE 5.8 Dome observed in the DEM of a flat surface (450 x 450 mm). (A) The dome effect was 

similar for all calibrations tried in test 1. (B) Dome in the case of the „partial‟ calibration (test 2). The 

dome was measured by fitting a bi-quadratic surface to the DEM by least-squares, after the DEM was 

aligned with the photo base. 

5.5.2. Test 2: Calibration spatial distribution 

Figure 5.9 and Table 5.3 show that both the rectification error and the DEM error are 

increased in the regions where control points were missing during calibration. This is 

valid for the „partial‟ calibration, but is also visible for the „complete‟ calibration. For the 

„partial‟ calibration, rectification error statistics are severely increased (about 10 times) 

between regions with control points (called the „calibration region‟) and regions without 

control points (Table 5.3). This in turn results in a two-fold increase in the DEM error
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FIGURE 5.9 Plan-view of control points location in calibration images (A); associated rectification 

error (B); and associated DEM error over the hemisphere model (C).  The top row corresponds to the 

„partial‟ calibration. The bottom row corresponds to the „complete‟ calibration. In order to emphasise 

the effect of a „partial‟ calibration, the internal reliability of the DEMs was evaluated by doing a 

comparison with the DEM obtained with the „parent‟ calibration, not the „truth‟ DEM. 

between the two regions (Table 5.3). The degradation of the DEM quality is less than the 

difference in rectification error would suggest. Firstly, only large rectification errors (> 

0.5 pixel) have an impact on the stereo matching, and thus on the DEM quality, since 

SDPS stereo matching is performed along lines of 1 pixel width. Secondly, point cloud to 

DEM transformation, during which the DEM errors due to solitary large rectification 

errors are smoothed by interpolation, reduces the final DEM error. And thirdly, DEM 

errors are bounded by the relief of the hemisphere model. 

A closer look at Figure 5.9 and Table 5.3 shows that the „partial‟ calibration not only 

affected the point measurements outside the „calibration region‟, but to a lesser extent has 

a global effect over the whole measurement window. Indeed, the DEM error inside the 

„calibration region‟ in the case of the „partial‟ calibration (MUE of 0.66 mm and SDE of 

1 pixel ≤ Rectification error 

0.5 pixel < Rectification error < 1 pixel 

0.1 pixel < Rectification error ≤ 0.5 pixel 

Rectification error ≤ 0.1 pixel 

A B C 
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0.90 mm) is larger than the overall (over the whole CFoV) DEM error in the case of the 

„complete‟ calibration (MUE of 0.30 mm and SDE of 0.42 mm). Since the rectification 

error was only increased outside the „calibration region‟ for the „partial‟ calibration, we 

conclude that there must be other DEM error sources in addition to those from inaccurate 

image rectification. 

Figure 5.10 presents the complete distortion model, the intrinsic parameters and the re-

projection errors for the „partial‟ and the „complete‟ calibrations. Observations for both 

cameras were identical; therefore only results for the left camera are presented. Firstly, the 

re-projection errors are smaller for the „partial‟ calibration, which disagrees with the 

rectification error and the DEM error observations (Table 5.3). This suggests that the re-

projection error is not adequate to characterise the calibration effect onto the stereo 

matching. Other studies showed that the rectification error is more suitable than the re-

projection error to evaluate the quality of a calibration for binocular systems (Bertin et al., 

2012; Bradley and Heidrich, 2010). Secondly, the shape of the distortion model is 

modified for the „partial‟ calibration, with a lateral displacement and a change in 

curvature. The computed distortion coefficients and the profiles of radial and tangential 

distortion confirm this change, showing an increase in distortion for the „partial‟ 

calibration (Figure 5.10). 

TABLE 5.3 Rectification error and DEM error (using the hemisphere model) in the case of the „partial‟ 

and the „complete‟ calibrations. In order to emphasise the effect of a „partial‟ calibration, the internal 

reliability of the DEMs was evaluated by doing a comparison with the DEM obtained with the 

„parent‟ calibration, not the „truth‟ DEM. 

 

Spatial distribution of 

control points 
Partial coverage of CFOV 

Complete coverage 

of CFoV 

Region where errors 

are calculated 

Inside 

calibration 

region 

Outside 

calibration 

region 

Whole 

CFoV 
Whole CFoV 

Rectification 

error (pixel) 

Mean 0.13 1.18 0.60 0.14 

Standard deviation 0.12 1.25 0.99 0.08 

Maximum 0.76 10.11 10.11 0.78 

DEM error 

(mm) 

MUE 0.66 1.09 0.88 0.30 

SDE 0.90 1.51 1.25 0.42 

Maximum (unsigned) 5.60 11.34 11.34 4.21 
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FIGURE 5.10 (Top row) Complete distortion model, intrinsic parameters and re-projection errors 

obtained during calibration of the left camera for (left) the „partial‟ calibration; and (right) the 

„complete‟ calibration. (Bottom row) Profiles of radial (left) and tangential (right) distortion of the left 

camera. Similar observations were made with the right camera. 

Resulting from the inaccurate distortion model obtained with the „partial‟ calibration, a 

large dome (elevation span of 3.71 mm and mean absolute elevation when centred on zero 

of 0.47 mm; compared with 0.64 mm and 0.12 mm, respectively, for a „complete‟ 

calibration) was observed in the DEM of a flat surface (Figure 5.8B), explaining why 

DEM errors not only increased outside the „calibration region‟, but globally over the 

CFoV.  

Figure 5.11 presents the results obtained with the „parent‟ calibration. We recall the 

„parent‟ calibration was completed using 40 calibration images, which was the largest 

image set in this study. As shown, it is difficult to place the chequerboard (and thus 

obtaining control points) to cover the whole CFoV (Figure 5.11). Rectification errors
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FIGURE 5.11 Plan-view of control points location in the case of the „parent‟ calibration: 40 calibration 

images (left); and associated rectification error (middle). The lines delimit the regions after a margin 

of size 10, 20 and 30% the size of the CFoV, respectively, has been applied. The graph on the right 

shows the rectification error as a function of the margin size.  

larger than 0.5 pixel are found in the two corners of the measurement window where only 

one control point was available for calibration. Hence, to enable correct stereo matching 

throughout the measurement window, it is essential to obtain sufficient control points (our 

results suggest at least two). 

Accounting for a margin around the CFoV, where the rectification error is not counted, 

can be helpful to remove marginal pixels with large rectification errors (Figure 5.11), thus 

reducing the risk to have large DEM errors at these same locations. Median filtering 

during the stereo matching may also smooth the effects of solitary large rectification 

errors. 

With no loss in accuracy, image rectification to epipolar geometry can be performed for 

points with a camera distance outside the range of control points (Figure 5.12). As 

previously found, control points should be evenly distributed throughout the 3D volume 

covered by the object of interest (Carbonneau et al., 2003; Chandler et al., 2001). Figures 

5.9 and 5.12 show that in our case control points only need to cover the 2D area of 

interest. For hydraulic experiments this implies that calibration images can be obtained 

above the gravel-bed surface, without increasing the rectification error at the distance of 

the gravel bed. Subsequent stereo matching performance will not be decreased. This is a 

major advantage, as the setup does not need to be moved for the calibration, which 

minimises the risk to alter the validity of the calibration over time. Our results support and 

extend the early findings of Weng et al. (1992), who showed that calibrated cameras are 

able to measure points at distances beyond the range of control points with minimal 
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(1.3%) loss in accuracy. However, caution needs to be taken when generalising these 

results to a much larger range of camera distances, as only a narrow distance strip was 

tested. 

 

FIGURE 5.12 Rectification error, determined at each corner of the chequerboard in 65 rectification-

check images (i.e. at 2600 check points), versus the distance from the cameras. The grey markers on 

the horizontal axis and the box delimit the range of control points‟ distances during calibration.  

5.5.3. Test 3: Image quality  

Figure 5.13 presents the original images of the gravel-bed model, directly recorded in 

JPEG (1:4) using various shutter speeds (other camera settings remained constant), and 

their Retinex equivalents, all cropped to the size of the model (296 × 184 mm), with their 

respective luminosity histograms. Pixel luminosity corresponds to the sum of 0.299, 

0.587, and 0.114 times the intensity in the red, green and blue tones, respectively. As 

evidenced in Figure 5.13, the MSRCR algorithm implemented in GIMP® is able to re-

centre the distribution of pixel luminosity for all images tested. Whilst original images 

look very different, the images transformed with Retinex are very similar visually. As 

observed in previous works, a colour greying happened during the Retinex 

transformations (Jobson et al., 1997; Rahman and Woodell, 2004).  

 

Mean = 0.106 

STD = 0.018 

Mean = 0.096 

STD = 0.017 

Mean = 0.089 

STD = 0.022 
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Shutter 

speed  
1/5 s 1/10 s 1/20 s 1/40 s 1/60 s 

Original 

images 
     

Luminosity 

histograms 
     

Images 

transformed 

with retinex      

Luminosity 

histograms 
     

FIGURE 5.13 Left-hand images of the gravel-bed model, cropped to the size of the ground truth (296 × 

184 mm), and their associated luminosity histograms. Only the shutter speed was changed, other 

settings (ISO, aperture) remained constant. The original images, recorded in JPEG (1:4), and their 

Retinex transformations are presented.  

Table 5.4 presents the MUE computed after differentiation of the DEMs reconstructed 

with the images obtained for the test and the „truth‟ DEM of the gravel-bed model. We 

recall that the same calibration data was used throughout the test to ensure a consistent 

comparison between the DEMs, where image quality is the only difference. HHQ and HQ 

correspond to images recorded in RAW exported to „highest quality‟ (1:2.6 compression 

ratio) and „high quality‟ (1:15 compression ratio) JPEG, respectively. 

Image transformations (greyscale and Retinex) have a considerable impact on the stereo 

matching and thus on the DEM accuracy (Table 5.4). The most accurate DEMs were those 

obtained with images transformed with Retinex, with an average 40% reduction of the 

MUE compared with the DEMs reconstructed using the original images. This finding is 

significant as to the authors‟ knowledge it is the first time the MSRCR algorithm is 

implemented to facilitate the stereo matching. In contrast, the stereo matching performed 

on the greyscale equivalent images provided the worst results. We therefore recommend 



CHAPTER 5 DIGITAL STEREO PHOTOGRAMMETRY FOR GRAIN-SCALE MONITORING OF FLUVIAL SURFACES: 

ERROR EVALUATION AND WORKFLOW OPTIMISATION 

 

120 

 

other users of the calibration toolbox to modify the code to obtain rectified images in 

RGB format to enable superior stereo matching results.  

Table 5.4 shows that RAW to JPEG transformation reduced the DEM quality in terms of 

the MUE (about 5% for HHQ, 10% for HQ), compared to DEMs collected using images 

directly recorded in JPEG (1:4). It suggests that the in-camera and the camera software 

JPEG encodings are different. Here, the in-camera JPEG compression provided better 

quality images for the stereo matching. We still believe RAW imagery will be useful for 

other studies, where there is no a-priori knowledge of the optimum stereo matching 

camera settings, since exposure changes can be made on RAW images.  

The tested shutter speed camera setting impacted the stereo matching performance and the 

DEM quality substantially (Table 5.4). All other camera settings were unchanged in this 

test. The stereo pair recorded with 1/20 s shutter speed always provided the best DEMs in 

terms of the MUE. It is important to note that this finding is specific to this study, as the 

shutter speed selection depends on various parameters, such as the lighting environment 

and the shininess of the surface. For all images except the Retinex equivalents, the correct 

selection of the shutter speed was essential, since a change of the shutter speed from 1/20s 

to 1/60 s resulted in DEMs with a large difference in MUE (about 60% change). For

TABLE 5.4 Mean unsigned error (MUE) in millimetre measured on the DEMs of the gravel-bed model, 

reconstructed using images recorded with various shutter speeds (other camera settings constant) in 

both JPEG(1:4) and RAW format. Images recorded in RAW were converted to HHQ and HQ JPEG 

(JPEG (1:2.6) and JPEG (1:15), respectively) before the stereo matching. Original images directly 

recorded in JPEG (1:4) were transformed with Retinex and greyscale. To allow a realistic comparison 

between DEMs, where the differences are only due to the image quality, the image rectification prior 

to the stereo matching and the depth triangulation were performed using the same calibration data. 

Image file size is indicated, and was determined on the left-hand images recorded                             

with 1/20 s shutter speed. 

Shutter speed (s) 

Transformation       
1/5 1/10 1/20 1/40 1/60 

Retinex (7.8Mb) 0.54  0.51  0.49  0.49  0.51  

Original (6.6 Mb) 0.96  0.69  0.62  1.08  1.64  

HHQ (9.1 Mb) 1.02 0.72 0.64 1.12 1.59 

HQ (1.8 Mb) 1.09 0.73 0.66 1.13 1.57 

Greyscale (4.7 Mb) 1.43 1.16 0.98 2.01 2.57 
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images transformed with Retinex, the representation of the MUE for various shutter 

speeds is less widely spread (Table 5.4), suggesting that a larger range of shutter speeds 

has a lesser effect on stereo matching. Still, a 9% difference in MUE is observed between 

two DEMs collected using Retinex imagery (DEMs reconstructed with 1/5 s and 1/20 s, 

respectively). Therefore, whilst image transformation techniques like Retinex have the 

potential to facilitate the stereo matching, the careful selection of the camera settings must 

still be regarded as a key element in a stereo-photogrammetric project. According to the 

results obtained in this test, a good image for stereo matching is represented by a 

luminosity histogram with a pronounced central peak before any transformation. 

Figure 5.14 presents a summary of the MUE for 62 gravel-bed model DEMs. The 

horizontal axis shows the difference in mean pixel intensity between the two images, 

calculated over the size of the gravel-bed model (296 × 184 mm). Even in a controlled 

environment such as the laboratory, exposure difference between the left and right images 

forming a stereo pair may be observed, often due to the lighting source. Neon lights 

(Figure 5.1), which were used for the study, have the advantage of producing an even 

illumination of the test section. The known disadvantage is that they cause a „flicker 

effect‟ with light pulsed at twice the supply frequency. Figure 5.14 shows clearly that the 

difference in mean pixel intensity between the two images forming a stereo pair is reduced 

when transformed with Retinex.  

Furthermore, the results show that the MUE and the difference in mean pixel intensity are 

correlated, with a distinct relationship for each image type (i.e. with or without Retinex). 

For both original images and their Retinex equivalents, the MUE increases with an 

increased difference in mean pixel intensity between the two images used for the stereo 

matching. To evaluate image quality, the difference in mean pixel intensity between the 

two images forming a stereo pair, needs to be an important parameter to judge the pair‟s 

suitability for stereo matching. 
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FIGURE 5.14 Effect of the image quality (here described in terms of the difference in mean pixel 

intensity between the two images forming a stereo pair) on the DEM accuracy, represented by the 

MUE. The results obtained on 62 DEMs of the gravel-bed model (37 Retinex and 25 original images) 

are summarised in this graph.   

5.6. CONCLUSIONS 

This Chapter presented a digital stereo-photogrammetric workflow for close-range 

measurement, in application to grain-scale fluvial surfaces. Processing steps (calibration, 

image rectification and stereo matching) were introduced and discussed. A controlled 

laboratory evaluation was carried out to identify the cause of processing errors and to find 

means to reduce their impact on DEM quality. 

The introduced workflow can be described as user-friendly, low-cost and versatile. 

Imagery was acquired with two consumer-grade DSLRs and processed using non-

proprietary algorithms. Compared with previous fluvial applications, „on-the-job‟ 

calibration using stereo images of a 2D chequerboard does not require the placement of 

fixed control targets on the riverbed surveyed with an independent device, and enables 

both radial and tangential distortion coefficients to be recovered. Scanline-based stereo 

matching resulted in dense DEMs with the possibility to have sampling distances as small 

as the pixel size at the object‟s distance, which improves substantially on traditional area-

based methods. Limited post-processing was applied and prevented the introduction of 

new errors. 
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Consequently, our DEMs have high point densities (0.25 mm sampling distance) and high 

vertical accuracies (MUE close to 0.5 mm), which are required to realistically represent 

water-worked riverbed roughness. To the authors‟ knowledge this represents one of the 

most precise and accurate topography measurement solution for hydraulic research, which 

rivals results obtained with laser-scanning (Hodge et al., 2009b).  

Using the presented evaluation strategy, it is shown that errors are systematically 

introduced to the workflow, starting with the calibration. Evenly distributed control points 

throughout the measurement window improve DEM quality, by ensuring a smaller than 

0.5 pixel homogeneous rectification error and removing most of the optical imagery 

distortion. In general terms, an increasing number of calibration images improved DEM 

quality, whilst re-computing corners had no observable effect outside the re-projection 

error reduction. Following on previous works, our studies confirm that the calibration 

quality for binocular systems is best expressed in terms of the rectification error, rather 

than the more commonly used re-projection error (Bertin et al., 2012; Bradley and 

Heidrich, 2010). Image quality, a function of the dynamic range in the imagery, as well as 

the similarity between the two images forming a stereo pair, was shown critical to stereo-

matching success. We presented how image transformation techniques, such as Retinex, 

provide means to heighten the similarity between the images forming a stereo pair and 

thus to improve stereo matching. Given suitable calibration parameters, image 

enhancement and stereo matching were the steps where optimisation resulted in the most 

significant DEM accuracy improvement in our study. We therefore recommend 

considering these steps carefully to achieve optimal accuracy. 

Ongoing work is required on how best to address the existence of occlusions, which are 

still a major source of photogrammetric errors. Recent studies use multi-view stereo 

(MVS) and structure-from-motion (SfM) photogrammetry techniques for medium to large 

scale experiments (Javernick et al., 2014; Westoby et al., 2012), but not for the very small 

scales. Those techniques are potentially more suited to capture occlusions. In the present 

study, occlusion errors could not be removed completely, although calibration and image 

quality optimisation improved stereo-matching results. Occlusions are the direct 

consequence of the photogrammetric design. The use of realistic ground truths, such as 

the ones presented in this study, is shown to be useful for the experimental determination 
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of the optimum stereo-photogrammetric design. The next step is acquiring multiple depth 

maps of the same scene from different viewpoints, which can then be fused to improve 

data quality. 
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CHAPTER 

6 

A MERGING SOLUTION FOR CLOSE-RANGE 

DEMS TO OPTIMISE SURFACE COVERAGE AND 

MEASUREMENT RESOLUTION 

Related journal paper: 

Bertin, S., H. Friedrich and P. Delmas 2016. A merging solution for close-range DEMs to 

optimise surface coverage and measurement resolution. Photogrammetric Engineering and 

Remote Sensing (PE&RS), 82(1): 31-40. 

 

6.1. INTRODUCTION 

6.1.1. Problem statement 

Regularly gridded digital elevation models (DEMs) to survey areas of interest in both the 

laboratory and the field are commonly used in fluvial hydraulics and the Earth Sciences. 

Often, a compromise has to be found between surface coverage and measurement 

resolution. This is particularly true when DEMs are obtained by photogrammetric means 

due to the finite sensor size, and this also holds for other common measurement 

techniques.  

The trade-off between surface coverage and measurement resolution in the 

photogrammetry application can be demonstrated using the standard projective formulae,
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also commonly known as the pin-hole camera model. For a vertical stereo-

photogrammetric configuration between two identical cameras, the optical axes are 

parallel to each other and perpendicular to the baseline. For such an arrangement, the 

common field of view (CFoV) between the two images forming a stereo pair is enlarged, 

whereby 3D information is extracted by increasing the camera-to-object distance, Z:  

      
  

 
                                          [6.1] 

      
  

 
                                           [6.2] 

where f is the camera focal length in pixel, b is the constant baseline distance, w and h are 

the width and the height of the cameras‟ sensor in pixel, respectively, whilst the indices W 

and H represent the directions parallel and perpendicular to the baseline. Values are in 

metric units unless specifically stated. The pixel size in the object space, Sp, which is the 

minimum usable DEM grid size, and the theoretical depth resolution, δZ, also called the 

minimum measurable depth, are related to the camera-to-object distance as following: 

   
  

 
                                                                [6.3] 

   
   

     
                                                             [6.4]

   
 

where p is the camera pixel size. One can see that by increasing Z, both the horizontal (i.e. 

pixel size in the object space) and the depth resolution will deteriorate.  

Increasingly, studies‟ regions of interest often exceed the minimal measurement resolution 

required to record the surface with solely one DEM. To address this issue, smaller DEMs 

(thus of higher measurement resolution) can be recorded and merged together to produce 

a DEM that has both, acceptable surface coverage and measurement resolution. In the 

literature, DEM merging is also generally referred to as DEM mosaicking, DEM stitching, 

and more generally data fusion. Examples of applications in the Earth Sciences can be 

found in the work of Stojic et al. (1998), Butler et al. (2001), Chandler et al. (2002; 2001), 

Wackrow (2008) and Marzahn et al. (2012). 
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6.1.2. The challenges 

[I] Visible seams can affect merged DEMs, degrading the measurement accuracy and 

potentially impacting parameters extracted from the DEMs (James et al., 2007). Those 

seams are caused by horizontal and/or vertical shifts between individual DEMs, where co-

registration was insufficient.  

[II] The integration of the merging approach into the DEM collection workflow 

requires two new parameters: 1) the number of DEMs used for the merging and 2) the 

overlap between the DEMs. The two parameters are inter-dependent and their 

optimisation is critical to the global DEM quality and process efficiency.  

[III] Data handling can be challenging after merging (Barazzetti et al., 2013). A fit-

for-purpose analysis has to be undertaken before data recording to ensure the chosen 

measurement resolution suits the tasks ahead. This pre-analysis is becoming more critical, 

as it reduces the computing and data storage demands, whilst it also ensures appropriate 

data recording. Correct resampling might allow for more efficient data handling, without 

losing critical information. 

6.1.3. State of the art 

Specialist photogrammetric and GIS software packages, such as IMAGINE 

Photogrammetry® (previously LPS/OrthoMAX) by Leica Geosystems, ENVI®, and 

Esri‟s ArcGIS®, comprise a built-in DEM merging function. Techniques commonly 

referred to as „feathering‟ are used. Weighted-averaging is generally used to overlap data. 

By smoothing („feathering‟) the overlap region, any inconsistencies at the boundaries are 

reduced. However, it is important to note that this process does not remove the systematic 

errors that caused the discontinuities in the first place (Costantini et al., 2006).  

Gallant and Austin (2009) used Esri‟s „mosaic‟ function to merge land and bathymetric 

datasets obtained in South Australia. They showed that merging could be automated, but 

only by relying on the DEMs overlap. Otherwise, the process was described as “manually 

intensive, requiring a great deal of intervention, judgement, analysis and editing”. Stojic et 

al. (1998), Chandler et al. (2002; 2001) and Wackrow (2008) used OrthoMAX/LPS to 
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merge overlapping DEMs obtained with close-range stereo photogrammetry. Wackrow 

(2008) reportedly used an overlap of 60% the size of the input DEMs, which was the same 

overlap distance between two images forming a stereo pair. Despite such a high data 

redundancy, discontinuities were still clearly visible after DEM merging (Stojic et al., 

1998; Wackrow, 2008). Reasons for the failure were not discussed. Registration errors 

were pointed out as being responsible for elevation discontinuities after merging land and 

bathymetric raster DEMs of Tampa Bay, Florida (Medeiros et al., 2011). Post-processing 

with ArcGIS® was necessary to reduce the significance of the seam. Marzahn et al. 

(2012) used LPS for the measurement of soil surface roughness, but preferred a self-

programmed merging technique to increase the surface coverage in their study. The 

technique was simply described as “a post-processing step using image matching 

techniques”, requiring a 30% overlap between successive DEMs to merge. Unfortunately, 

the merging technique, results and evaluation were not presented.  

With the recent availability of free-to-use wide-area (also called global) DEMs, such as 

those obtained using Advanced Spaceborne Thermal Emission and Reflection Radiometer 

(ASTER) and Shuttle Radar Topographic Mission (SRTM), data fusion is receiving 

growing attention in the scientific community. In those cases, DEMs were generally 

collected using different techniques, and subsequent data fusion aims to use redundant 

information to obtain a more accurate surface estimation (Papasaika et al., 2011). 

Although the motivations for data fusion are not the same as for data merging, some data 

fusion strategies can be transferred to DEM merging. Costantini et al. (2006) proposed a 

data fusion algorithm to merge large-scale DEMs of a test site in central Italy, originating 

from various data sources. Similarly to other data fusion techniques (Papasaika et al., 

2011; Papasaika et al., 2008; Schindler et al., 2011; Tran et al., 2014), their method 

exploits the redundant information contained in the area of overlap between different 

DEMs in order to reduce the horizontal and vertical systematic errors. This resembles a 

3D co-registration of the individual DEMs, an essential step for creating a seamless, 

merged product (Gesch and Wilson, 2002). After alignment of the individual DEMs, 

redundant elevation data are processed by means of averaging. Weighted-averaging is the 

favoured method when various data sources are used. Weights can be determined based 
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on the theoretical or measured accuracy of the input DEMs, as well as characteristics of 

the surface, such as slope and roughness.  

Novel structure-from-motion (SfM) and multi-view stereo (MVS) allow for DEM 

reconstruction from more than two images, and therefore would be a viable solution to the 

problem investigated in this study (Dowling et al., 2009; Fonstad et al., 2013; James and 

Robson, 2014; Javernick et al., 2014; Ouédraogo et al., 2014; Stumpf et al., 2015; 

Westoby et al., 2012). However, SfM/MVS currently lack the capability of traditional 

close-range stereo photogrammetry in recording high-quality small-scale DEMs, as is 

necessary for grain-scale fluvial roughness characterisation. Furthermore, it has been 

shown that DEMs collected with these techniques may suffer from large non-linear 

distortions (the so-called „dome effect‟) due to inadequate lens distortion calibration 

(Fonstad et al., 2013; Ouédraogo et al., 2014), a drawback that has been resolved in 

traditional stereo photogrammetry (Bertin et al., 2015; Wackrow, 2008).   

6.1.4. Motivations and aims 

The use of non-proprietary close-range digital photogrammetry is increasingly becoming 

more common for studies in fluvial hydraulics and the Earth Sciences (Bertin and 

Friedrich, 2014; Bertin et al., 2014; Bouratsis et al., 2013; Musumeci et al., 2013). We 

previously reported on our development of a non-proprietary stereo-photogrammetric 

setup capable of recording fluvial surfaces at the grain scale, characterised by DEMs with 

0.25 mm sampling distance and sub-millimetre accuracy (see Bertin et al. (2014; 2015) 

for a detailed evaluation of the technique). We also showed that the same setup can be 

used for through-water recordings, with water depths up to 200 mm (Bertin et al., 2013). 

The present Chapter unveils an efficient and effective seamless DEM merging method, 

which supports our high-resolution stereo-photogrammetric application, and allows us to 

increase the surface coverage, and therefore the range of potential applications, without 

reducing DEM quality. Our proposed merging method is computationally efficient and 

can be adapted to any DEM, independent on the measurement recording technique. The 

only prerequisite is the existence of DEMs‟ overlap and regular grid arrangement, both 

easily satisfied in practice.  
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Our DEM merging solution is applied to the study of laboratory water-worked gravel-

beds. Previous studies on the fluvial microtopography and grain-scale roughness, using 

either close-range digital photogrammetry or terrestrial laser scanning (TLS), were limited 

to small surfaces (0·25 m
2 

and less), in order to guarantee efficient recording and sub-

millimetre resolution. The present Chapter shows that DEM merging enables the 

recording and subsequent analysis of large-scale microtopographic information. This new 

process we present herewith will now allow researchers to advance our fundamental 

fluvial knowledge by fusing grain-scale and bedform roughness in both laboratory and 

field studies. 

6.2. MEASUREMENT ENVIRONMENT AND INSTRUMENTATION 

A hydraulic flume (19 m long, 0.45 m wide and 0.5 m deep) is used for our gravel-bed 

studies. The setup is described previously (Bertin and Friedrich, 2014; Bertin et al., 2014; 

Heays et al., 2014). A gravel bed (0.70 mm < D < 35 mm, where D is the intermediate 

axis of the sediment particles) was prepared in a 950 mm long full-width test section, 

located 14 m from the flume inlet. The gravel bed was water-worked at a constant flow 

rate (84 L/s) until the sediment surface was in static equilibrium. During water-work, fine 

sediment at the surface was transported downstream, uncovering coarser particles, which 

then formed the so-called „armour layer‟. After water-work, particles of less than 5 mm in 

size were scarcely represented on the gravel-bed surface.  

Two Nikon D5100 cameras in stereo, with 16.2 megapixel complementary metal oxide 

semiconductor (CMOS) sensors (4928 × 3264 pixels) and Nikkor 20 mm fixed-focus 

lenses, were used for the image acquisition of the dry gravel bed. The setup was installed 

on a carriage, which can move along the hydraulic flume and allowed for continuous 

acquisition of overlapping stereo-pair sequences. To minimise the presence of occlusions 

(also known as „dead ground‟), a recurrent problem on rough surfaces (Bertin et al., 2014; 

Chandler et al., 2002; Chandler et al., 2001), and simplify image rectification, a standard 

vertical stereo-photogrammetric configuration was used: optical axes parallel to each 

other and perpendicular to the baseline. Even lighting of the test section was ensured 

(Bertin et al., 2014). 
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Data processing was performed on an Alienware laptop with Intel core CPU @ 2·20GHz, 

8GB memory and Matlab® 2013b.  

6.3. GENERAL DEM COLLECTION WORKFLOW 

Figure 6.1 summarises the general workflow developed and evaluated in Bertin et al. 

(2014; 2015) and used in this study to reconstruct a 2·5D DEM from a stereo pair. The 

region of interest is restricted by the CFoV formed by the two images. Before presenting 

our new integrated DEM merging strategy, we briefly summarise the main steps of our 

previous general DEM collection workflow, to allow for a comparison later on.  

 

FIGURE 6.1 The complete DEM collection workflow, including DEM merging, adapted  

 from Bertin et al. (2014). 

The design of the setup is the first step of the workflow. The aim is to find the minimum 

camera-to-object distance that is needed to ensure the CFoV covers the region of interest 

(equations 6.1 and 6.2). The measurement resolution is dependent on the region of interest 

and the cameras‟ sensor size (equations 6.3 and 6.4). To measure a gravel bed (950 × 400 

mm) with one DEM (i.e. without merging) and a 5% margin all around, the cameras were 

installed at a vertical distance of 1100 mm above the test section. A baseline of 250 mm 

was used, based on experimental heuristics. This results in a pixel size and a theoretical 
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depth resolution, at the distance of the gravel bed, of 0.26 mm and 1.15 mm, respectively 

(Table 6.1).  

After careful preparation of the setup, several stereo photographs of a flat chequerboard, 

necessary for accurate camera calibration and pose determination, and one stereo pair of 

the gravel-bed, were recorded. The cameras were operated in manual mode, using a 

combination of F/8 aperture, ISO 200 and 1/20 s shutter speed. Data processing consisted 

in (i) determining the camera calibration (e.g. principal distance, principal point, and five-

coefficient lens distortion) and pose (3D rotation and translation between the two camera) 

parameters using the calibration images and Bouguet‟s camera calibration toolbox for 

Matlab® (Bouguet, 2010; Bouratsis et al., 2013; Bruno et al., 2011); (ii) rectifying the 

gravel-bed stereo pair to epipolar geometry (Fusiello et al., 2000), corresponding pixels 

being ideally on a same scanline; (iii) scanline-based pixel-to-pixel stereo matching on the 

rectified Red/Green/Blue (RGB) stereo pair of the gravel bed using the symmetric 

dynamic programming stereo (SDPS) algorithm (Gimel'farb, 2002), whereby occluded 

points are interpolated based on the assumption of a continuous surface, leaving no voids 

in the DEM (see Bertin et al. (2015) for more details on the calibration and stereo 

matching engine); (iv) point cloud extraction using projective geometry and the 

calibration data; and (v) interpolation of the point cloud onto an orthogonal grid using 

Matlab®. The gravel bed DEM (950 × 400 mm) was interpolated onto a grid with 0.26 

mm spacing (Table 6.1), consistent with the theoretical sampling distance achievable for 

this setup.  

6.4. INTEGRATED DEM MERGING STRATEGY 

6.4.1. Adapted stereo-photogrammetric design 

In contrast to merging methods used in commercial software as standalone tools, an 

integrated DEM merging strategy requires the identification of the number of DEMs 

needed for merging and the overlap between individual DEMs. Those two parameters 

need to be accounted for in the stereo-photogrammetric design for optimum results. 

Assuming the same area has to be covered, with a need to improve the theoretical depth
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TABLE 6.1 Summary of the stereo-photogrammetric setups designed to measure the test section (950 × 

400 mm). All values were theoretically determined using projective geometry and the rounded 

camera-to-object distance. Actual values may deviate minimally because of the difficulty in practice to 

accurately set the cameras „flying-height‟ and cameras baseline. 

 Without merging With merging 

Baseline (mm) 250 250 

Number of DEMs to cover test section (-) 1 3 

Overlap between adjacent DEMs (% of DEM size) N.A 30 

Translation to apply to setup (mm) N.A 277 

Rounded camera-to-object distance (mm) 1098 581 

Margin around DEM (% of DEM size) 5 5 

CFoVW × CFoVH (mm) 1045 × 860 435 × 455 

Overlap between two images forming a stereo pair (%) 81 63 

Pixel size on the surface (mm) 0.26 0.14 

Theoretical depth resolution (mm) 1.15 0.32 

N.A stands for non-applicable 

resolution from 1.15 mm to less than 0.5 mm to guarantee reliable roughness measures, 

the baseline can be kept constant, whilst merging three individual DEMs (Table 6.1). 

The quality of the merged DEM and the process efficiency are directly affected by the 

number of individual DEMs and the overlap between them. The existence of an overlap 

was already previously shown to be critical to DEM merging (Gallant and Austin, 2009; 

Streutker et al., 2011). Marzahn et al. (2012) used an overlap of 30% of the size of an 

individual DEM and our preliminary experiments resulted in choosing the same value for 

the present study. We could not find any other overlap threshold information in the 

literature. We found that 30% allows for accurate co-registration of DEMs and minimises 

the number of DEMs to cover the test section, assuming both requirements are equally 

important.  

Table 6.1 summarises the characteristics of the setup designed to obtain one merged DEM 

of the gravel bed (950 × 400 mm), using three overlapping individual DEMs, each with a 

5% margin. The width of the flume meant that only one row of DEMs was acquired, but 

the process we present can be extended to merge DEMs in both axes. Based on the design 

formulae (equations 6.1 and 6.2), the cameras were placed approximately 581 mm above 
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the test section. The pixel size on the gravel bed and the theoretical depth resolution were 

0.14 and 0.32 mm, respectively (Table 6.1). Data collection and processing were similar 

to the general DEM collection workflow, with the exception that three stereo pairs of the 

gravel bed were recorded and processed. After the acquisition of one stereo pair, the setup 

was translated by 277 mm to allow a 30% overlap with the next stereo pair (Figure 6.2). 

The individual DEMs can then be interpolated onto a regular grid with 0.14 mm spacing.  

6.4.2. 3D co-registration and merging 

Given two reconstructed overlapping DEMs, herewith referred to as DEM 1 and DEM 2, 

the horizontal and vertical shifts between them are numerically estimated using a self-

programmed Matlab® function. The outcome of the computation is the line‟s coordinates 

in DEM 2 where stitching is to occur (i.e. at the front of the overlap area), and the bi-

linear surface, which represents the vertical shift between the two DEMs.  

To perform the horizontal registration or alignment between DEM 1 and DEM 2, DEM 2 

is moved horizontally with increments equal to the grid size by means of translations until 

best match. Hence, one can see that the horizontal registration precision depends on the 

DEM resolution. To determine the best match iteratively and together perform the vertical 

registration, the information at the overlap between DEM 1 and DEM 2 (i.e. the residual 

map) is utilised to compute by least-squares the bi-linear surface that represents best the 

vertical shift between DEM 1 and DEM 2. Such a trend can be caused by a change in 

orientation of the setup between the acquisitions of the two DEMs (hence a bi-linear 

surface).  

Depending on how the residual map is produced, the calculated trend is then either 

removed or added to DEM 2. We propose to use the smallest mean unsigned (or absolute) 

error (MUE) between the two DEMs, after vertical alignment, as the criterion for best 

match.  

Finally, the areas of DEM overlap are averaged. If individual DEMs are obtained from the 

same survey, as is the case for the present study, we show that standard averaging can be 

used. 
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FIGURE 6.2 Description of the setup, specifically designed to obtain a merged DEM of size 950 × 400 

mm from three individual DEMs overlapping at 30%. The dashed lines indicate                          

 the margin, at least 5%.  

6.5. RESULTS  

Figure 6.3 shows three individual DEMs, altogether covering the test section. One can see 

the overlap between two adjacent DEMs, approximately 30% the DEM size. Using a 

small camera-to-object distance during image acquisition (~581 mm) ensures that 

individual DEMs accurately represent the gravel-bed surface. Individual particles are 

clearly defined, which is necessary to undertake grain-scale roughness analyses, such as 

monitoring changes in the particles‟ slope and orientation with water-work.  

Large data files for individual DEMs will make merging of those DEMs computationally 

expensive, and often not feasible (Barazzetti et al., 2013). Therefore we studied the effect 

resampling has on the merged DEM. Here, DEM resampling interpolates a DEM on a less 

dense grid system. In Bertin et al. (2014) we showed the effect of raw point cloud 

interpolation onto regular grids with different spacing using a ground truth. The 

benchmark grid size we tested was 0.25 mm for that study. We found that raw point 

clouds should be interpolated onto grids with spacing closely matching the original point 

data spacing in order to reduce smoothing artefacts. In order to be able to compare the 

present results with previously studied benchmarks, we also restrict the minimal grid size 

to 0.25 mm for this study, although the individual DEMs would allow us to go as low as
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DEM 3 DEM 2 DEM 1 

   

 

FIGURE 6.3 Individual DEMs (395 × 415 mm) after margin removal, altogether covering the entire 

region of interest. The sampling distance is 0.25 mm and the theoretical depth resolution is 0.32 mm. 

0.14 mm (i.e. a DEM grid spacing matching the pixel size at the distance of the gravel 

bed). Figure 6.4 shows the results of resampling for an individual DEM onto coarser 

grids. The middle DEM (DEM 2) is taken as an example. Four tests were performed: 

resampling the original DEM characterised by a 0.25 mm sampling distance, onto grids 

with spacing 0.5 mm, 0.75 mm, 1 mm and 1.5 mm, respectively. The internal reliability of 

the resampled DEMs is assessed to decide if DEM resampling before merging is suitable 

(Figure 6.4). The point-wise mean unsigned error (MUE) and standard deviation of error 

(SDE) were computed after differentiation of the resampled DEMs with the original 

DEM: 
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where ri = resampled elevations; oi = original elevations; and n = number of DEM points. 
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Figure 6.4 shows that DEM resampling impacted small features, particles‟ edges and gaps 

especially. In this application, resampling was considered to have a minor effect up to a 1 

mm grid, after which SDE passed the 0.1 mm mark. Individual DEMs were therefore 

resampled onto a grid with 1 mm spacing before merging. It ensured a computationally 

efficient merging and handling of the resulting DEM, with minimum impact on the 

recorded topography.  

 

 

 

FIGURE 6.4 Internal reliability of DEM resampling, i.e. point-wise comparison between DEMs after 

resampling and original DEM, characterized by 0.25 mm sampling distance. Comparison was 

performed on the original grid, i.e. 0.25 mm. (Left) DEM of absolute difference between the DEM 

resampled onto a grid with 1 mm spacing and the original DEM. (Right) Internal reliability statistics. 

Figure 6.5 shows the composite DEM after seamless merging. It is clearly seen that 

standard averaging of the overlap between adjacent DEMs does not blur the recorded 

topography because of the consistent DEM quality and precise alignment. Co-registration 

prior to merging is essential. If not applied, vertical shifts at the intersection between 

individual DEMs can cause elevation disparities of up to 1 mm, and changes in slope of 

up to 1.6%, as observed over the length of one DEM (Figure 6.6). 

As merging is performed to capture information that cannot be obtained by a single 

measurement, it is often not feasible to have a suitable ground truth to evaluate the 

merging success. For our stereo-photogrammetric application, the accuracy and precision 

of an individual DEM was evaluated previously, by measuring a 3D-printed ground truth 
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FIGURE 6.5 Final DEM after merging. The sampling distance is 1 mm and the theoretical depth 

resolution is 0.32 mm. 

MISALIGNMENT DEM 2 & 3 MISALIGNMENT DEM 1 & 2 

  

FIGURE 6.6 Trends in mm removed during vertical registration of overlapping DEMs. A linear 

surface is fitted to the residual maps (118 × 415 mm) using the least-squares method, which is then 

interpolated over the size of the DEM (395 × 415 mm). The sampling distance is 1 mm. 

resembling a water-worked gravel bed (Bertin et al., 2014). In the latter study, comparison 

of measured and „truth‟ data resulted in a distribution of DEM errors characterised by a 

statistical accuracy and precision of 0.43 mm (MUE) and 0.62 mm (SDE), respectively. 

The co-registration of individual DEMs can be assessed without a ground truth. Figure 6.7 

shows the two residual maps after co-registration of DEM 1 and DEM 2, and DEM 2 and 

DEM 3, respectively. Both residual maps are characterised by a zero mean error (ME) and 

no blur, suggesting the horizontal registration precision of 1 mm (i.e. the DEM grid size) 

was suitable for effective merging. Furthermore, no significant trend is observed after co-

registration, which concludes that any DEM misalignment prior to merging was correctly
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“DEM 2 - DEM 3” “DEM 1 - DEM 2” 

  

FIGURE 6.7 Residual maps, i.e. elevation difference in mm between adjacent DEMs after co-

registration. The sampling distance is 1 mm. 

 

FIGURE 6.8 Longitudinal elevation profile, showing the area of overlap between DEM 1 and DEM 2, 

after co-registration.  

removed during co-registration. We also recommend manual checking of the combined 

longitudinal elevation profile (Figure 6.8), which can be used as indication of accurate 3D 

co-registration between individual DEMs. 

As comparison, the non-merged DEM, obtained using a single stereo pair, is presented in 

Figure 6.9. The effect of increased theoretical depth resolution (from 0.32 mm to 1.15 

mm) and pixel size (from 0.14 mm to 0.26 mm), caused by a larger camera-to-object 

distance (from 581 mm to 1098 mm) during image acquisition, is clearly visible. The non-

merged DEM (Figure 6.9) loses sharpness and lacks detailed information compared to the 

merged DEM (Figure 6.5). Small gravel particles are hardly distinguishable in the non-
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merged DEM. It is suited for general bed-roughness analysis, but analysis on the 

relationship between detailed grain roughness and bed roughness is not possible with the 

non-merged DEM. Visually, no differences are distinguishable between merged DEMs 

resampled at 0.25 mm and 1 mm, respectively, which agrees well with our analysis as 

presented in Figure 6.4. 

The non-merged DEM was compared with the composite DEM obtained via merging. No 

particular trend was observed in the DEM of Difference (DoD), outside from a reduced 

sharpness of the non-merged DEM at the edges and gaps between gravel particles. For 

this reason, we solely report the results of the quantitative evaluation. The difference 

between the two DEMs was characterised by a MUE of 1.30 mm and a SDE of 1.68 mm 

globally over the test section. This represents the internal reliability of the non-merged 

DEM. One can see that DEM quality is considerably degraded compared with the 

composite DEM obtained from the merging of three individual DEMs of better quality. 

 

   
FIGURE 6.9 (Top) DEM of the full test section obtained at once (no merging), represented on a grid 

with 1 mm spacing; the theoretical depth resolution is 1.15 mm. (Bottom) Close-ups on bed structure 

without DEM merging (left); with DEM merging and resampled to 1 mm sampling distance (middle); 

with DEM merging and 0.25 mm sampling distance (right). 
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The last step in our evaluation of the merging method examined the effect of scale 

variation, to simulate the merging of coarser data with higher uncertainties (e.g. data 

collected from aerial platforms). For the tests, the DEMs‟ sampling distance was degraded 

by a factor 2 and 4, resulting in new DEM grid sizes of 2 mm and 4 mm, respectively. 

Degraded DEMs were registered and merged the same way as the original DEMs, which 

were characterised by a 1 mm sampling distance. The fundamental difference being that 

the precision of the horizontal alignment was changed from 1 mm to 2 mm and 4 mm for 

the two cases studied, respectively, since the horizontal registration precision equals the 

DEM grid size (see the Section 6.4.2 „3D Co-Registration and Merging‟). Figure 6.10 

shows the residual maps after co-registration of DEM 1 and DEM 2, for the two new 

DEM grid sizes. One can see the large systematic errors resulting from the change in 

horizontal registration precision, especially for the 4 mm case. This is because the position 

of the stitching line was offset by 1 mm and 3 mm compared with the optimum position 

detected using the 1 mm resolution DEMs, for the 2 mm and 4 mm cases respectively. 

Resulting from the inaccurate horizontal alignment, seamless merging failed and the 

residual maps were characterised by a MUE = 1.04 mm (SDE = 1.47 mm) and MUE = 

1.88 mm (SDE = 2.47 mm), for the 2 mm and 4 mm cases respectively, compared with 

MUE = 0.67 mm (SDE = 1.02 mm) obtained using the original resolution of 1 mm 

(Figure 6.7).  

It is clear that the decision on which DEM grid size to choose (hence on the horizontal 

alignment precision) is critical for effective merging. Coarse DEM merging can be 

improved by resampling the DEMs onto finer grids, hence improving the horizontal 

alignment precision, before co-registration. After merging, the unnecessary high-

resolution DEM can be transformed back to its original sampling distance. When there is 

no a-priori knowledge of the optimum registration resolution, this can be determined by 

error and trial, until effective seamless merging is achieved. Here, the degraded DEMs 

characterised by grid spacing of 2 mm and 4 mm, respectively, were resampled onto the 

original 1 mm grid, before merging. This enabled detection of the optimum stitching line, 

and thus satisfied the condition of seamless merging (Figure 6.10).  
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FIGURE 6.10 Residual maps, i.e. elevation difference in mm between DEM 1 and DEM 2 after co-

registration, for (A, B) a DEM sampling distance of 2 mm; and (C, D) a DEM sampling distance of 4 

mm. (A, C) The horizontal alignment precision equalled the DEM sampling distance. (B, D) The 

horizontal alignment precision was 1 mm to improve DEM co-registration. Below is the final DEM 

after merging. The sampling distance is 4 mm, whilst the horizontal alignment was performed with 

DEMs resampled on 1 mm grids prior to merging. 

6.6. DISCUSSION AND CONCLUSION 

The results presented herewith indicate that the natural trade-off between measurement 

resolution and surface coverage encountered with digital photogrammetry and other 

remote sensing techniques can be overcome by merging overlapping DEMs. The 

presented merging approach can easily be integrated in our stereo-photogrammetric DEM 

collection workflow (Bertin et al., 2015). We present how future merging must be 

considered during the design stage, by identifying the measurement resolution needed for 

future grain-scale analysis, and then calculating the number of DEMs needed to cover the 

A C B D 
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region of interest. During the design stage, the size of the overlap between adjacent DEMs 

needs to be considered. It is clear that the choice of overlap affects the merging potential, 

although only limited detailed past research on overlap dimensions is available. Our 

preliminary tests suggested 30% to be a good compromise between data redundancy and 

data handling, a value which was also reported in previous studies (e.g., Marzahn et al., 

2012). We provide information on a best-fit approach to accurately undertake 3D co-

registration of individual DEMs, using the least-squares method and standard averaging of 

overlapping elevations, to ensure seamless merging.  

Our merging methodology can be adapted to DEMs collected using any measurement 

technique, as long as a DEM overlap is accounted for and measured elevations are 

arranged on a regular grid (unlike non-gridded point cloud data). The former was already 

identified as a natural pre-requisite for effective DEM merging (see State of the Art), 

whilst the latter is custom practice in the Earth Sciences (Bouratsis et al., 2013; Chandler 

et al., 2002; Chandler et al., 2001; Hodge et al., 2009b; Stojic et al., 1998; Tarolli, 2014). 

A feature of interest, which is not investigated herewith, is the extent to which the co-

registration process is able to align DEMs collected from very different viewpoints (e.g. 

when the setup is rotated substantially between the acquisitions of successive DEMs). For 

the present study it is not deemed applicable due to the vertical nature of the used 

measurements. 

Previous studies (Bertin et al., 2014; Hodge et al., 2009b) interpolated raw point clouds 

onto grids with spacing closely matching the original point data spacing, in order to 

reduce smoothing artefacts. Here, we show that the computational expense during 

merging is reduced dramatically by resampling individual DEMs onto coarser grids before 

merging. Only minimal information will be lost. In our case, we compared 1 mm spacing 

for both merged and non-merged DEMs with 0·25 mm spacing of an individual DEM. In 

future, effective DEM resampling will become more important for fit-for-purpose analysis 

in order not to burden processing units with increasingly detailed data.  

Our merging methodology was tested on DEMs of various geometric resolutions, in order 

to examine the effect of scale variation, since research in a variety of fields now use 

DEMs covering a range of spatial scales. The DEM sampling distance was shown to exert 
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significant control on the DEM co-registration, and thus merging performance. Merging 

coarse DEMs improved by resampling DEMs onto finer grids, hence improving the DEM 

alignment precision, prior to DEM co-registration. If done appropriately, it is shown that 

the merging method presented is able to handle a range of spatial scales.  

Although we only presented merging of DEMs along one axis, our technique can be 

applied for DEM merging in both the lateral and longitudinal directions. In field 

applications, where the measurement area is generally larger than in the laboratory, we 

expect DEM merging to soon become a common application, allowing analysing fluvial 

surfaces at different scales, from the grain scale to larger bedforms and channel shape. 

The merging process will not differ from the laboratory application presented herewith. 

However, extra difficulty resides in ensuring adequate overlap and consistent viewing 

geometry throughout the acquisition of the successive stereo pairs. In the laboratory, this 

was achieved by moving the setup along a straight rail over a distance set by the overlap 

and camera-height (see Figure 6.2). For in-situ deployment, DEM co-registration shall be 

improved by accounting for any roll of the setup around the vertical axis. This can be 

efficiently performed with Matlab® by applying a solid rotation to the DEMs prior to 

merging. The overlap distance can be noted directly on the ground by using fixed markers. 

We currently further develop our stereo-photogrammetric solution by identifying the 

minimum area of DEM overlap, allowing for accurate co-registration, and a more detailed 

evaluation of suitable averaging methods. Residual maps between overlapping DEMs 

show differences in the occluded regions, the particles‟ edges and gaps (Figure 6.7), and 

we expect that merged DEMs with weighted-averaging, for example with weights 

depending on the DEM cells‟ aspect angle, can improve the DEM quality in those 

occluded region, beyond the quality of individual DEMs. 
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CHAPTER 

7 

STABLE FLUVIAL ARMOURS AND SURFACE 

STRUCTURE REPLICABILITY 

Related journal paper: 

Bertin, S. and H. Friedrich 2015. Stable fluvial armors and surface structure replicability. Water 

Resources Research. Paper submitted in July 2015. 

 

 

7.1. INTRODUCTION 

Stable fluvial armours commonly occur in poorly sorted gravel-bed rivers under the 

condition of partial sediment transport, when the imposed boundary shear stress is less 

than the critical boundary shear stress required to initiate motion of all particles on the bed 

surface (Chin et al., 1994; Gomez, 1994; Proffitt, 1980; Vericat et al., 2006). Stable 

armours are also referred in the literature to as static armours or pavement, in comparison 

to mobile armours (Mao et al., 2011; Parker and Sutherland, 1990). The inherent stability-

seeking mechanism for the formation of a stable fluvial armour is the selective 

entrainment (winnowing) of fine mobile particles, uncovering coarse immobile particles 

forming a layer typically one grain diameter thick, which isolates the underlying bed 

material from the flow to prevent bed degradation.  
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In nature, full mobilisation of fluvial surface grains is not a frequent event, requiring for 

example a flood with a 7-year return period in the gravel-bed channel of Carnation Creek 

in Vancouver Island, Canada (Haschenburger and Wilcock, 2003). Thus, large portions of 

a gravel riverbed typically remain in the state of partial transport over long periods of 

time, allowing stable armours to develop. This supports the assumption that a correct 

description of bed material transport in most gravel-bed rivers is that of low rates of bed 

material influx over an already structured bed (Church et al., 1998; Hassan and Church, 

2000). Hence, it is important to understand the temporal and spatial scales at which 

armour layers relate to the imposed flow strengths, and to define measurable and robust 

bed-surface properties that can be used in sediment transport and flow resistance 

calculations.  

Using a surface-based transport model in an inverse prediction of surface grain size from 

transport rates observed in the field, Wilcock and De Temple (2005) found that the 

predicted surface grain size during flood flows matches that observed at low flows, and 

concluded that low-flow armour layers persist at large flows, a conclusion also supported 

by Parker and Klingeman (1982). As stated by the authors, a persistent armour layer 

considerably simplifies the prediction of sediment transport, hydraulic roughness 

(especially when associated with a characteristic sediment size, e.g. Clifford et al. (1992)), 

and habitat disturbance during floods. However, data collected in the lower Ebro river in 

Spain, involving measurement of surface, subsurface and bedload grain size distribution 

(GSD), proved that armour layers break up with subsequent riverbed incision during large 

floods, and re-establish during lesser magnitudes flows (Vericat et al., 2006). A changing 

surface composition was observed over floods. Likewise, the degree of riverbed 

armouring, defined as the ratio of surface to subsurface median grain size (D50), was 

controlled by the flow magnitude. The findings of Vericat et al. (2006) agree with other 

studies, whereby stable armours are persistent during typical floods of a lesser magnitude 

than the formative flow, although they can be disturbed by higher flows (Chin et al., 1994; 

Gomez, 1983; Laronne and Carson, 1976; Proffitt, 1980).  

Surface grain coarsening and the hiding of fines by bigger particles that protrude into the 

flow are primary manifestations of stream-bed armouring early in the armouring process 

(Church et al., 1998; Garde et al., 2006; Heays, 2012). Hence, other mechanisms must be 
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responsible for the observed asymptotic decrease in transport rate over time. It is 

hypothesised that the development of a stable fluvial armour involves the slow complete 

rearrangement of the bed-surface material (Gomez, 1994). This rearrangement may 

manifest through the formation and break-up of clusters of particles (Chin et al., 1994; 

Heays et al., 2014), which in turn enhance bed stability. Likewise, particle imbrication 

and interlocking can explain the large disparities between expected and observed critical 

Shields stress (for sediment entrainment) in nature (Brayshaw, 1985; Laronne and Carson, 

1976). Field and flume observations also revealed that „reticulated stone cells‟ structures 

develop simultaneously with the armour layer, reducing sediment transport by orders of 

magnitude (Church et al., 1998; Hassan and Church, 2000).  

Recently, developments in remote-sensing techniques, now enabling the collection and 

processing of alluvial bed-elevation data at high spatial and temporal resolutions 

(Coleman et al., 2011), have considerably grown the options to monitor fluvial-bed 

structures and their adjustments to various flows. Analysis of gravel-bed topography, now 

commonly represented as 2.5D digital elevation models (DEMs), can provide useful 

information on grain packing, orientation and imbrication, as well as on the horizontal and 

vertical roughness scales on a gravel riverbed (see for example the works of Aberle and 

Nikora (2006), Bertin and Friedrich (2014), Cooper and Tait (2009), Mao et al. (2011), 

Millane et al. (2006), Nikora et al., (1998), Ockelford and Haynes (2013), Qin et al. 

(2012a; 2012b)). This proved pivotal in understanding the changes in sediment mobility 

due to the armour layer when traditional surface sampling methods failed (Hodge et al., 

2009a; Hodge et al., 2013; Mao et al., 2011; Marion et al., 2003).  

The purpose of this Chapter is to document stable fluvial armour manifestations, through 

the analysis of six replicated experimental runs performed under the condition of sediment 

starvation (i.e. no sediment feed), during which an initially screeded flat and poorly-sorted 

gravel bed, prepared in a laboratory flume, was water-worked successively with two 

varying discharges. Grain-scale DEMs of the evolving gravel bed, as well as bed-surface 

and eroded sediment (bedload) compositions, were used to interpret the changes due to 

armouring and to assess the surface structure replicability. Numerous studies investigated 

stable armour properties under different flow and sediment conditions (Aberle and Nikora, 

2006; Chin et al., 1994; Church et al., 1998; Cooper and Tait, 2009; Garde et al., 2006; 
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Gomez, 1993; Gomez, 1994; Mao et al., 2011; Ockelford and Haynes, 2013). Other works 

studied the changes during the armouring process itself (Hassan and Church, 2000; Heays 

et al., 2014; Marion et al., 2003). Here we examined the extent to which fluvial surfaces 

are replicable under identical flow and sediment conditions (in other words, is there a 

unique relationship between the armour layer properties and the flow and sediment 

forming them?); something we believe requires attention for improving roughness 

parameterisation based on topography. To the degree possible, we related the measured 

bed properties to the flow and sediment conditions. We also assessed the bed properties 

that characterise the armouring manifestations best.   

7.2. EXPERIMENTAL METHODOLOGY 

The armoured beds examined in this study were formed in a laboratory flume using 

sediments mixed from natural river-worn sands and gravels. No sediment was fed, as the 

objective was to produce stable fluvial armours under conditions of parallel degradation, 

the reduced sediment transport rate being a result of the changes in bed-surface 

composition and structure rather than a shear stress reduction due to decreasing bed slope 

(i.e. rotational degradation). This Section describes in detail the flume, the two 

experimental sediment mixtures used, the set up and the running of an experimental run, 

as well as the sampling methods for determination of the hydraulic conditions, bedload 

and bed-surface compositions and bed-surface topography. To assess the reproducibility 

of our experiments, the procedure was repeated three times for each sediment mixture. 

This required setting up each experimental run identically and keeping flow conditions as 

constant as possible within and between runs. Water temperature, discharge, shear 

velocity, and bed levels were therefore monitored throughout each run, with adjustments 

made when necessary. 

7.2.1. Experimental environment 

The experiments were conducted in a non-recirculating tilting flume with glass side-walls, 

19 m long, 0.45 m wide and 0.5 m deep, shown in Figure 7.1. The flume was initially built 

for the seminal work on stream-bed armouring presented by Chin et al. (1994). The slope 

was set at 0.5%, providing as uniform flow conditions as possible for the discharges and 
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water depths used. A 0.95 m long, 0.45 m wide and 0.13 m deep sediment recess (called 

the test section), with a vertically adjustable table that supported the movable sediment 

bed, was installed in the flume 11 m from the inlet, a length sufficient for development of 

a fully turbulent boundary layer (Chin et al., 1994). To homogenise hydraulic conditions, 

the approach bed was roughened by an attached single-particle-thick layer of sediment 

simulating the roughness of an armoured bed. The flume bed downstream of the test 

section was coated with an exact replicate (plastic mould) of a stable armour obtained at 

the Leichtweiss-Institute for Hydraulic Engineering in Braunschweig, Germany (Spiller et 

al., 2012), whose surface structure resembled the stable armours formed in our 

experiments.    

 

FIGURE 7.1 Experimental setup.  

A 0.2 m long full-width sediment trap, with a 0.2 mm mesh, was installed 0.5 m 

downstream of the test section and allowed collection of all eroded sediment. The length 

between the test section and the trap was filled with pieces of the plastic mould. This 

meant that the first transported grains (< 100 g) in each run were retained in shelters 

formed by excavations in the artificial armour layer. This potentially underestimated the 

initial transport rate, but this arrangement was nevertheless preferred to having the 

sediment trap directly downstream of the test section, which would affect flow conditions 

adversely. Notwithstanding this initial sediment bedload, sediment eroded from the test 

section was caught in the trap with efficiency near 100% (no overpassing was observed). 
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During the runs, the flume was operated in an open-circuit manner using the laboratory 

water supply, with the flow being delivered through a 0.25 m diameter pipe from the 

constant head reservoir, giving a maximum discharge of 100 L/s. Water entered the flume 

through a flow straightener, and the water level was controlled by an adjustable sharp-

crested weir at the downstream end of the flume. After passing through the flume, the 

water returned through floor channels and a calibrated pit to a sump for reuse. The flow 

rate was measured using an orifice plate and a differential manometer. The calibration of 

the orifice plate was checked in situ using the laboratory calibrated pit that enables flow 

measurement to better than 1% accuracy. 

7.2.2. Sediment composition 

Two coarse sediment mixtures, called sediment 1 and sediment 2, were prepared 

fromdistinct river-worn sands and gravels, with size ranging from 0.7 to 35 mm, and used 

as movable bed materials for the development of stable armours in the sediment recess. 

The sediment grading curves shown in Figure 7.2 were obtained by sieving large samples 

(21.5 Kg and 17 Kg for sediment 1 and 2, respectively), and accounting for the square-

hole sieves utilised through a correction procedure (Church et al., 1987). The latter was 

determined by measuring the three axes of at least 100 grains for each sediment mixture 

with a digital calliper (accuracy of ±0.5 mm). We found D/b = 0.83 ± 0.1 (i.e. mean ± 1 

standard deviation), where D is the sieve opening through which a grain passes and b is 

the „true‟ grain intermediate axis length, consistent with D/b ≃ 0.8 suggested by Graham 

et al. (2010). Sediment shape and specific gravity were also determined (see Table 7.1). 

Both sediment mixtures were described as disc-shaped according to Zingg‟s classification. 

Sediment 1 was more spherical and compact, hence potentially easier to entrain at similar 

values of D50 and flow strength than sediment 2 (Bunte and Abt, 2001; Gomez, 1994).  
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FIGURE 7.2 Grain size distribution (GSD) of the two sediment mixtures, obtained after sieving and 

accounting for the square-hole sieves using the correction procedure.  

TABLE 7.1 Experimental sediment mixtures made from natural river-worn sands and gravels. 

  Sediment 1  Sediment 2 

D16 (mm)  2.1  3.0 

D50 (mm)  8.4  9.2 

D84 (mm)  19.3  20.7 

σ = 1684 DD   3.0  2.6 

SGI  2.45 ± 0.02  2.56 ± 0.02 

b/a  0.73 ± 0.12  0.71 ± 0.13 

c/b  0.64 ± 0.14  0.62 ± 0.14 

Compactness = c/a  0.47 ± 0.11  0.44 ± 0.10 

Sphericity 
1/32)( abc   0.69 ± 0.08  0.67 ± 0.08 

Form Factor )()( caba    0.50 ± 0.21  0.49 ± 0.22 

Corey Shape Factor abc   0.55 ± 0.12  0.52 ± 0.11 

RoundnessII  0.8  0.6 

a, b, c represent a sediment grain‟s long axis, intermediate axis and short axis, respectively.  

When applicable, values are presented as the mean ± 1 standard deviation.  
ISpecific Gravity (SG) was determined using five samples (dry sample weight = 4 Kg).  
IIParticle roundness was estimated visually according to Krumbein (1941) classification. 
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7.2.3. Experimental procedure 

At the beginning of a run, the well-mixed sediment was placed in the test section, 

screeded flat to a thickness of 0.13 m, parallel to the flume bed, and levelled with the 

surrounding fixed beds. The flume was slowly filled with water, to avoid scouring at the 

leading edge of the recess and to allow the air trapped in the gravel to escape.  

The surface was then allowed to armour at a constant discharge F1= 67 L/s (mean flow 

velocity U = 0.75 m/s and shear velocity u* = 0.072 m/s) over 100 hours (see Table 7.2). 

The flume tail gate was adjusted to provide a water depth (H) of about 0.195 m and 

uniform flow conditions. After a stable armour had formed (conditions are explained 

below) a constant flow rate F2 = 84 L/s (U = 0.82 m/s, u* = 0.077 m/s and H = 0.225 m) 

was applied over 300 hours on the previously formed stable armour layer generated under 

discharge F1. The specific discharges F1 and F2 were selected to allow the study of the 

extent to which fluvial surfaces adapt to moderately changing flows. To maintain the 

movable bed in level with the surrounding sections, the sediment-recess table was 

manually adjusted upwards with screw jacks according to the rate of erosion in the test

TABLE 7.2 Flow conditions for the formation of the two successive stable armour layers. 

 H (m) U  (m/s) Re u* (m/s) τ* Re* Duration (hrs) 

F1 = 67 L/s 0.195 0.75 79,300 0.0722I 
0.0441 

0.0402 
513II 100 

F2 = 84 L/s 0.225 0.82 92,800 0.0774I 
0.0501 

0.0462 
526II 300 

H is flow depth; U is flow depth-averaged velocity; Re = U Rh/ν, where Rh is the hydraulic radius; τ* is 

Shields number calculated as u*2/(SG-1)gD50; and Re* = u*kS/ν is the grain Reynolds number.  
1,2is for the two different sediment mixtures (Table 7.1). Low transport rates characterised the study.  
IThe shear velocity u* and the equivalent roughness height kS were estimated from the law-of-the-wall and a 

velocity profile measured on the centreline of the flume over the fixed roughness bed upstream of the test 

section, using a Vectrino+ acoustic velocimeter (Nortek®), with 200 Hz sampling rate and 120 s sampling 

time. 15 measurement points along the lower 75% of the water column were recorded. WinADV® was used 

to remove spikes (using the phase-space threshold despiking method) and data with low correlation 

(minimum COR < 70) and/or low signal-to-noise ratio (minimum SNR > 15). Typically, most of the 

velocity profile, with the exception of the region very close to the bed (lowest 10 mm), exhibited a semi-

logarithmic velocity distribution. 
IIValues of Re* indicate fully-rough turbulent flows.  
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section, throughout an experiment. The vertically adjustable table had important 

advantages over a conventional setup: the boundary shear stress remained constant despite 

bed degradation (Chin et al., 1994; Heays et al., 2014), which was critical in setting up 

this study. 

The stopping criterion for F1 and F2 was selected based on a compromise between 

allowing a run to continue for as long as possible to get the greatest possible reduction in 

sediment transport rate and the need to complete the experimental program in a reasonable 

time. The armouring process was stopped when the sediment transport rate dropped to less 

than 1% of the initial rate, the same criterion used by Proffitt (1980) and Mao et al. 

(2011). 

The application of the stopping criterion was not easy in practice, since this required 

drying and weighing the bedload material before deciding if the run had to be stopped. For 

this reason, the stopping time for F1 and F2 was evaluated on a preliminary test, assuming 

this would hold for replicated tests (Church et al., 1998). Analysis of the bedload transport 

rates for all replicated runs (Figure 7.3) proved this assumption was justified. 

7.2.4. Bedload measurement 

The material collected in the sediment trap was sampled regularly. Keeping the sampling 

interval constant was often not feasible due to time and personnel availability constrains. 

When possible, it was preferred waiting until a „significant‟ quantity (aim was bedload 

material ≥ 0.5 Kg) was trapped, enabling more robust calculation of the eroded sediment 

composition at different times (Figure 7.4). After removal from the trap, the sediment was 

dried and the same sampling and analysis procedure (i.e. sieving and square-hole sieve 

correction) as the initial sediment mixtures was followed, enabling comparison between 

the bedload and the subsurface composition. 

7.2.5. Armour layer composition  

The armour layer composition (Figure 7.5) and gravel orientation (Figure 7.6) were 

determined using the image-analysis tool Basegrain®, which allows for grain separation 

in digital images of gravel beds and applies the Fehr (1987)‟s line-sampling method for 
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the results‟ analysis (Detert and Weitbrecht, 2012). Basegrain® was designed for the 

measurement of the subsurface composition from images of the armour layer. In this 

study, adjustments in the results‟ analysis were necessary to determine the armour layer 

composition (Rüther et al., 2013), as presented below.  

Digital photographs of the armour layers were obtained with a Nikon D5100 (16.2 

megapixel, 23.6 × 15.6 mm
2 

sensor size) and a Nikkor 20 mm lens. Installed 

approximately 0.65 m vertically above the sediment bed, this resulted in a pixel size on 

the gravel bed of about 0.15 mm, allowing accurate measurement of sediment at least 4 

mm in size (Graham et al., 2010). The exact image scale was checked each time using 

known distances in the photographs, such as the distance between the flume walls. A 

gravel-bed patch of size 650 × 350 mm
2
 was used for the processing; this represented 

about 230 times the area of the largest gravel on the surface, producing errors in 

percentiles less than 5% (Graham et al., 2010). Photographs were always sharp and well-

exposed, allowing precise automatic grain delineation. In case of wrong delineation, 

manual post-processing enabled by Basegrain® was undertaken. The armour layers after 

water-working with F1 were photographed through-water, with a water depth of 0.13 m, to 

avoid draining and re-filling the flume. To record clear images through-water, the flow 

rate was reduced substantially, effectively removing surface waves. At the end of the runs, 

the armour layers formed with F2 were photographed both through-water and in air; 

comparison of the results showed a very good agreement, with a maximum relative 

difference in terms of D50 of 1.4% (in mm), which also affirmed the intrinsic robustness of 

the methodology.  

During the results‟ analysis, the percentage of non-detected fines at 10 mm was changed 

from 25% (the default value suggested by Fehr (1987) to determine the subsurface 

composition) to 10%, as in Rüther et al. (2013), to determine the armour layer 

composition. Assuming all fines were detected in the armour layer photographs had a 

small effect on the bed-surface composition, shifting up the armour layer D50 by less than 

5%. Of increased significance, the ratio of image-detected b-axis (written b‟) and true b-

axis, contained in the parameter „di2b‟, was adjusted to allow comparison between the 

image-based results and the results obtained with size-sieving. b‟ generally differs from b 

due to particle burial, foreshortening and overlapping, resulting in the underestimation of 
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the relevant gravel size (Graham et al., 2010). b/b‟ was calibrated by measuring gravels 

found along a line on the armour layer with a digital calliper, and comparing the results 

with those obtained by Basegrain®. Calibration resulted in b/b‟ = 1.19, a value confirmed 

by applying the same procedure to a different armour layer.  

In addition to the armour layer composition, Basegrain® reported the detected grains‟ a-

axis orientation, which was determined by fitting an ellipse whose areal normalized 

second-central moment equals that of the grain and computing the angle formed between 

the ellipse long axis and the flow-orientated image long axis.  

7.2.6. Bed-surface topography 

High-resolution digital elevation models (DEMs) of the gravel-bed surface at the different 

stages (i.e. screeded, armoured with F1 and armoured with F2) were obtained with digital 

stereo photogrammetry. The method to reconstruct a DEM from a stereo pair (i.e. two 

overlapping photographs) is presented and evaluated in detail elsewhere (Bertin et al., 

2014; Bertin et al., 2015). A brief overview, presenting solely the necessary information, 

is provided herewith. 

Two consumer-grade Nikon D5100s with Nikkor 20 mm lenses, placed 0.3 m apart using 

a mounting bar, were rigidly gantry-mounted approximately 0.65 m vertically above the 

test section (Figure 7.1). The setup was designed to measure a 450 × 475 mm
2
 gravel 

patch (3D information can only be retrieved within the common field of view (CFoV) 

between the two images), hence covering the total flume width with the possibility to 

remove a 5% margin before analysis. According to the standard photogrammetric 

formulae, the cameras‟ arrangement enabled DEM collection with a theoretical resolution 

of 0.15 mm and 0.35 mm along the horizontal and vertical, respectively. For each surface 

studied, three stereo pairs with 30% overlap between them were recorded by moving the 

setup along the flume. After merging individual DEMs, the full test section (0.95 × 0.45 

m
2
) was represented as one DEM, without quality loss (Bertin et al., accepted for 

publication). 

In-situ camera calibration was performed at the beginning of a test, before the recess was 

loaded with sediment, using a flat chequerboard. The same calibration was used 
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throughout two experimental runs (equivalent to a 1.5-month period), at the end of which 

cameras were detached for charging. Following recommendations by Bertin et al. (2015), 

30 stereo photographs of the chequerboard were recorded, assuring a good coverage of the 

CFoV with calibration data. The cameras were operated in manual mode, using a 

combination of F/8 aperture, ISO 200 and 1/20 s shutter speed. Focusing on the gravel bed 

was operated manually. Two calibrations were performed, for the measurement of the 

gravel-bed topography in air (i.e. exposed and dried gravel bed at screeded and F2 stages, 

but not F1) and through water (at all stages). For the latter, it was critical to keep the water 

depth constant (we chose 0.13 m) for all image acquisition (Bertin et al., 2013). The flow 

rate was reduced substantially, effectively removing surface waves. Through-water 

recording after armouring with F1 avoided draining the flume and drying the bed surface 

before image acquisition, and re-filling the flume to continue the experiment, as is 

commonly done in similar type of studies, which potentially disturbs the bed surface 

(Ockelford and Haynes, 2013).  

Data processing consisted in (i) determining the camera calibration (e.g. principal 

distance, principal point, and five-coefficient image distortion, for each camera) and pose 

(3D rotation and translation between the two cameras) parameters using the calibration 

images and Bouguet (2010)‟s camera calibration toolbox for Matlab®; (ii) rectifying the 

gravel-bed stereo pairs to epipolar geometry, corresponding pixels being ideally on a same 

scanline; (iii) scanline-based pixel-to-pixel stereo matching on the rectified 

Red/Green/Blue (RGB) stereo pairs of the gravel bed using the symmetric dynamic 

programming stereo (SDPS) algorithm (Gimel'farb, 2002), whereby occluded points are 

interpolated based on the assumption of a continuous surface, leaving no voids in the 

DEMs; (iv) point cloud extraction using projective geometry and the calibration data; and 

(v) point cloud transformation into a regularly gridded DEM using Matlab®. The gravel-

bed DEMs (~ 425 × 450 mm
2
 after margin removal) were interpolated onto grids with 

0.25 mm spacing, consistent with the 0.15 mm theoretical sampling distance achievable. 

Local discontinuities in the DEMs were identified and filtered using the mean elevation 

difference parameter (Hodge et al., 2009b) and the 3-sigma rule. Filtered points typically 

represented less than 1% of the initial data, and the voids created were filled using bi-

cubic spline interpolation. Individual DEMs were then resampled onto a 1 mm grid, with 
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minimal surface smoothing (mean unsigned error (MUE) ~ 0.04 mm, standard deviation 

of error (SDE) ~ 0.06 mm), before efficient and effective merging, producing one DEM 

covering the full test section. Thorough data validation was performed throughout the 

experimental program to assure representative DEM properties. Among other tests, a 

consistent DEM quality was ascertained by comparing the full DEMs of the armour layers 

formed with F2 measured in air with those measured through water, resulting in MUE = 

0.66 ± 0.11 mm and SDE = 1.01 ± 0.10 mm (i.e. mean ± 1 standard deviation computed 

over the six replicated experimental runs). 

Before analysis, the DEMs were resized to 800 × 300 mm
2
 to minimize flume wall 

influence. The bi-linear trend, representing the combined effect of flume-bed slope and 

setup misalignment (when the cameras are not perfectly set parallel to the flume bed, 

causing a tilt in the DEMs), was removed from the data using a least-squares fit 

procedure. Any large scale distortion in the gravel-bed surface, larger than particle 

clusters, was also removed in a second step, through the application of a moving filter of 

radius 1.25 D90 (Smart et al., 2002). The significance of the detrending was confirmed 

each time by comparing the scale of the detrending surfaces with the relief of the DEMs 

(Andreas and Trevino, 1997). The detrending procedure allowed analysis of grain-scale 

structures, without the influence of larger bed undulations. DEMs were finally normalized 

and rotated to have a zero-mean bed elevation and increasing x-values with the flow 

direction (Figure 7.7).  

7.3. EXPERIMENTAL OBSERVATIONS 

7.3.1. Bedload transport rate and composition 

At the flow rate of F1 = 67 L/s on an initially screeded flat (unworked) gravel-bed, fine 

material (< 3 mm) was fully mobilised and either was transported downstream or sank 

into the bed. Coarse particles accumulated on the surface and formed a layer one grain 

diameter thick. Soon thereafter, the transport rate dropped to near asymptotic value and 

remained very low throughout (Figure 7.3A). Typically, about 60% of the sediment 

transported during F1 water-working, was removed from the bed in the first hour. At the 
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FIGURE 7.3 Sediment transport at the sediment trap during (A) armouring with F1 on the initially 

screeded flat (unworked) gravel-beds; and (B) armouring with F2 on the beds previously armoured 

with F1. Stable armour layers were completed in 100 hours (approx. 5 days) and 300 hours (approx. 

13 days), for F1 and F2 respectively. Due to time and personnel availability constrains, the bedload 

sampling time varied between replicated runs.   

flow rate of F2 = 84 L/s, on a bed previously armoured with F1, the initial transport rate 

was less than 1/10
th

 the value observed during F1 water-working (Figure 7.3B). The 

reduction in transport was slow, only 30% of the total bedload charge was removed during 

the first 20 hours, with irregular transport up to 100 hours of armouring time. Coarse 

particles composing the surface were entrained erratically due to bursts in near-bed 

turbulence, leaving fines unprotected from the flow, which were transported in turn. 

Figure 7.3 confirms the good replicability of the bedload decrease between the six runs, 

hence justifying the stopping criterion used (see Section 7.2.3.). 

A Shields number calculation using D50 of the bed material is commonly used for analysis 

of flow competence (Church et al., 1998; Heays et al., 2014; Parker and Klingeman, 

1982; Whitaker and Potts, 2007). We estimated the critical Shields (τc) for entrainment of 

particles of size D50 as 0.045g(SG - 1)D50, in which the values of SG and D50 (Table 7.1) 

appropriate for the calculation are used. The threshold for initial motion of a grain of 

particular size (i) was calculated using the empirical equation derived by Petit (1994): τci = 

τc (Di / D50)
-0.7

. Comparison of the Shields number observed in our experiments (τ*, see 

Table 7.2) with the calculated critical Shields showed that F1 was capable of moving 

particles of size up to D50 and D30 of the initial sediment mixtures, for sediment 1 and 

sediment 2, respectively. F2 was theoretically able of mobilizing particles close to the size 

of D84 for sediment 1, for up to D50 for sediment 2. Because of the distinct subsurface 

compositions (Table 7.1), differences in bedload and armour layer composition (Figures 

7.4 and 7.5) between the two sediment mixtures were observed. 

A B 
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FIGURE 7.4 Bedload composition throughout the development of the two successive armour layers for 

the six replicated tests (three for each sediment mixture). The elapsed run time was normalised by the 

time required for static armour completion, with both F1 and F2 (100 hours and 300 hours, 

respectively). Continuous lines are for the bedload material D84, lines with large dash for D50, and 

lines with small dash for D16. Horizontal lines show the D16, D50 and D84 of the subsurface (Table 7.1). 

Due to time and personnel availability constrains, the bedload sampling time varied between 

replicated runs. 

The evolution of the bedload composition (Figure 7.4) replicated well between runs but 

differed between the two sediment mixtures. For sediment 1, the size of gravel transported 

as bedload slowly increased with the elapsed armouring time, until a maximum was 

reached, generally corresponding to the time of armour layer completion with F1 or soon 

after the flow rate was changed to F2. Bedload composition remained relatively constant 

during armouring with F2. At the beginning of a run, the bedload composition was finer 

than the subsurface composition. As the surface coarsened, the lower part of the bedload 

GSD (herewith represented by D16 and D50) approached and sometimes equalled the 

subsurface characteristics. This observation resembles the equalising mechanism 

described by Parker and Klingeman (1982) and Parker and Sutherland (1990), whereby 

stable armours act to nearly equalise sediment mobility, by exposing proportionally more 

coarse grains to the flow. For sediment 2, a relatively steady bedload composition was 

observed throughout the formation of the two stable armour layers; the only notable 

exception being that the maximum grain size transported (here represented by D84) was 

larger during F2 water-working, due to the increased discharge compared to F1. Compared 

with sediment 1, the bedload composition matched more closely the subsurface 

composition, especially in terms of D50. Hence, the necessary surface coarsening to form 

the armour layers that protect from the imposed flow rates was expected to be less in the 

case of sediment 2, since near equal mobility (except for the largest clasts‟ size) was 

observed shortly after the beginning of a run.   
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7.3.2. Armour layer composition and grain orientation 

The evolution of the sediment bed-surface composition replicated well between runs 

(Figure 7.5), showing a marked change after armouring with F1, with an increase for all 

percentiles (i.e. D16, D50 and D84). Water-working with F2 on the armour layers formed 

with F1 visually only impacted the higher end of the GSD, such as a minor increase in the 

D84, whilst the D16 and D50 remained close to the values obtained after armouring with F1. 

The amount of change in surface composition varied remarkably between sediment 1 and 

sediment 2, with sediment 1 allowing the surface to armour more than sediment 2. The 

armouring ratio, defined as the ratio of surface to subsurface D50 (i.e. D50A/D50S), was 

about 2.2 and 1.8 after water-working with F1 for sediment 1 and sediment 2, respectively. 

This is in the range of the armouring ratios measured by Vericat et al. (2006) and other 

colleagues on the lower Ebro river in Northern Spain after flood flows. The armouring 

ratio was less for sediment 2 since it was better-sorted than sediment 1, and therefore was 

not able to coarsen much during the armour layer formation, which is consistent with 

observations in Proffitt (1980). The armouring ratios were virtually unchanged after the 

application of F2 (paired t-test, significant at α = 0.01), which would suggest that the 

stable armours formed during F1 water-working persisted during F2 (in terms of bed-

surface composition). 

During water-working with F1, the bed material preferentially aligned it‟s a- (i.e. long) 

axis with the flow direction (Figure 7.6). This preferential alignment of the grains was 

   

FIGURE 7.5 Sediment bed-surface composition, in terms of D16, D50 and D84, for the different bed 

states. The armour layer sediment size obtained with Basegrain® (associated with the subscript “A”) 

was normalised by the subsurface characteristics found in Table 7.1 (associated with the subscript 

“S”). The lines represent the average trend for each sediment mixture (continuous black line for 

sediment 1; dashed grey line for sediment 2). The variability of coarse particle size in the initial 

sediment mixtures impacted the armour layer D84, which varied greatly between replicated runs.  
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reported previously (Aberle and Nikora, 2006; Butler et al., 2001), and is consistent with 

an in-situ reworking of grains in condition below threshold for entrainment. A trend was 

observed between the bed-material size and the a-axis orientation. Sediment particles 

whose a-axis reposed perpendicular to the flow direction were (in average) coarser than 

the grains at rest with the a-axis parallel to the flow. This may be explained by the 

transport of coarse particles at low flows predominantly by rolling and sliding (along the 

a-axis), until the grains come to rest in the same position (Hodge et al., 2009a; Millane et 

al., 2006; Robert, 1991). Analysis of flow competence (see Section 7.3.1) showed that 

only the flow discharge F2 was capable of moving the coarse fraction of bed material in 

our experiments, hence justifying the increased proportion of grains with the a-axis 

perpendicular to the flow direction after application of F2, whilst F1 was essentially able 

to rotate large grains into more stable positions, which minimize drag (i.e. a-axis parallel 

to the flow). Furthermore, F2 had a more notable impact on sediment 1, moving particles 

up to the size of D84, compared to D50 for sediment 2. This explains the tendency for 

sediment 1 to have coarser particles aligned transverse to the flow, and in a greater

  

  
FIGURE 7.6 Frequency distribution of bed-surface material (left) and normalised median sediment size 

(right) for different a-axis (i.e. long axis) orientations, after armouring with F1 (top) and F2 (bottom). 

The trend for each sediment mixture is presented (continuous line for sediment 1; dashed line for 

sediment 2), which was obtained by averaging the results over the three repeated experimental runs. 

The error bars on the right have a length equal to two times the standard deviations, centred on the 

mean value.  

Flow  
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number, than sediment 2 (Figure 7.6). As noted by some authors (Hodge et al., 2009a; 

Laronne and Carson, 1976), a grain orientation with the a-axis transverse to the flow 

provides the suitable framework for particle imbrication, since rolling and sliding gravels 

generally come to rest after contact with other particles with a dipping angle sloping 

upstream. More generally, our experimental results emphasise that grain orientation 

cannot be used as an unambiguous indicator of flow direction (Hodge et al., 2009a). 

7.4. BED-SURFACE TOPOGRAPHY ANALYSES 

Figure 7.7 shows examples of the sediment bed-surface topography at the screeded stage 

and after stable armour formation, for both sediments 1 and 2, obtained for this study with 

digital photogrammetry. Visually, the DEMs correctly represent the sediment beds 

observed in our experimental runs. Gravel particles can be clearly distinguished down to a 

size of 5 mm. The surface coarsening and roughening due to water-work is also easily 

evidenced.  

The screeded beds were easier to prepare with sediment 1, due to the larger amount of 

fines in the sediment mixture and the accentuated compactness and sphericity of the 

grains (Table 7.1). The increased angularity of sediment 2 can be seen after armouring, 

which brought the gravel particles out. Visually, the two experimental sediment mixtures 

responded differently to the imposed flows. Sediment 1 arranged itself in more 

identifiable structures, such as reticulated stone cells described by Church et al. (1998) 

and Hassan and Church (2000), particle clusters (Heays et al., 2014) and transverse ribs. 

These sediment structures formed essentially during armouring with F2, when F1 

produced more homogenous surfaces, with lesser particle grouping. Likewise, sediment 2 

formed rough surfaces of lesser spatial coherence. Large roughness elements were 

associated with coarse particles protruding high into the flow, which sometimes formed 

clusters of particles, but no elongated structures similar to sediment 1 were observed.  

Large-scale undulations in the gravel-bed surface formed with water-working and 

increased in magnitude with the flow strength (Figure 7.7). Hollows in the bed were the 

result of local scouring before the bed could stabilise. 
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FIGURE 7.7 Digital elevation models (DEMs) of the sediment bed surface (800 × 300 mm
2
 with 1 mm 

sampling distance, bi-linearly detrended to remove the combined effect of flume-bed slope and setup 

misalignment) and associated trend surfaces representing the large-scale bed undulations, at the 

screeded stage (top), after armouring with F1 (middle), and after armouring with F2 (bottom). Only a 

single run for each sediment mixture is presented, (left) SED1_T1; (Right) SED2_T1. A good 

replicability of the DEMs between runs was observed visually. The vertical scale is in millimetre, and 

is common for all gravel-bed DEMs made of the same sediment mixture. Flow direction is from right 

to left. 
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7.4.1. Bed-elevation distributions 

DEM analysis first concentrated on the distribution of detrended bed elevations. First-

order moments of gravel-bed elevations, contained in probability distribution functions 

(PDFs), are useful to quantify the augmentation of geometrical roughness with the armour 

layer development, indicated by an increasing elevation span (ΔZ) and bed-elevation 

standard deviation (σZ). Following development of the „random-field approach‟ for 

roughness characterization, ΔZ and σZ are increasingly used as integral measures of bed-

roughness height, replacing roughness indices based on a single percentile of the sediment 

GSD (Aberle and Nikora, 2006; Aberle et al., 2010; Aberle and Smart, 2003; Bergeron, 

1996; Coleman et al., 2011; de Jong, 1995; Furbish, 1987; Gomez, 1993; Nikora et al., 

1998; Smart et al., 2002). Analysis of the shape of the PDFs with the distribution 

skewness also provides meaningful information on the amount of water-working a gravel 

bed undertook (Aberle and Nikora, 2006; Cooper and Tait, 2009; Nikora et al., 1998). 

However, no trend was identified using the distribution kurtosis, which was therefore not 

used.  

To assess the replicability in surface structure in our experiments, the distribution of 

detrended bed elevations was analysed for all experimental runs in terms of skewness 

(SK), range (ΔZ) and standard deviation (σZ), as presented in Figure 7.8. This analysis 

reveals that the two sediment mixtures reacted identically to the imposed flow rates in 

terms of distribution skewness, but evidences significant differences for the bed-elevation 

range and standard deviation (statistically significant at α = 0.05). First, both sediment 1 

and sediment 2, when screeded flat, were characterized by a negative skewness. After 

armouring, the skewness became positive. This supports previous findings that screeded 

beds are negatively skewed and contrast with positively-skewed water-worked beds 

(Aberle and Nikora, 2006; Cooper and Tait, 2009; Nikora et al., 1998). Changing the flow 

forming discharge from F1 to F2 did not significantly (α = 0.05) impact SK values. Linked 

to this is the observation that the variance between replicated runs also increased with the 

flow discharge. We assume this is due to the variability in coarse particle size found on 

the surface after armouring, as was observed in Figure 7.5. Second, sediment 2 formed
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FIGURE 7.8 First-order moments of detrended bed elevations for all replicated runs, represented by 

the distribution skewness (SK), range (ΔZ) and standard deviation (σZ). The trend for each sediment 

mixture is presented, which was obtained by averaging the results over the three repeated 

experimental runs. The error bars have a length equal to two times the standard deviations, centred 

on the mean value. 

significantly rougher surfaces for the two armouring flow rates, indicated by a larger ΔZ 

and σZ compared with sediment 1 (significant at α = 0.05). The fact that sediment 2 

comprised more coarse gravel than sediment 1 (Figure 7.2), partially explains this 

observation, hence suggesting a (non-trivial) relationship exists between the σZ and the 

composition (e.g. D50) of an armour layer (Aberle and Nikora, 2006; Smart et al., 2004). 

Sediment shape, whereby sediment 2 was more angular than sediment 1, provided the 

opportunity for particles to imbricate and interlock more (Gomez, 1994), occasionally 

with gravel reposing vertically on the sediment bed surface (see Figure 7.7), and therefore 

may also be responsible for a greater geometrical roughness of the beds made with 

sediment 2 (Hodge et al., 2009a). In terms of flow rate change detection, σZ changed 

significantly between F1 and F2 water-working (significant at α = 0.05), for both sediment 

mixtures, when no significant difference was observed for SK and ΔZ. 

7.4.2. Second-order structure function 

The second step of our investigation of surface structure was the evaluation of the 

generalised two-dimensional structure function of detrended bed elevations, which is 

similar to the semivariogram used in previous studies (Bergeron, 1996; Butler et al., 2001; 

Marion et al., 2003; Robert, 1988; Robert and Richards, 1988), and defined by Nikora et 

al. (1998) in discrete form as: 
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where, Δx = nδx and Δy = mδy; δx and δy are the sampling intervals (both 1 mm) in the 

longitudinal and transverse directions respectively; n=1,2,3,…N and m=1,2,3,…M. N and 

M are the number of samples (801 and 301, respectively) in the same two directions. As is 

common practice, the structure functions were normalised with the saturation level 2σZ
2
. 

The maximum spatial lag in both x and y directions was chosen as ± 100 mm, being larger 

than the maximum particle size of 35 mm, and sufficient to reach the saturation region. A 

gravel-bed elevation structure function has three regions: a scaling region with uniform 

slope at small lags, a saturation region at large lags, where the slope is zero, with a 

transition region in between, where the slope decreases. To determine the directional 

Hurst exponents HX and HY, representing a basic method to estimate the fractal dimension 

of bed elevations along the downstream and transverse directions, respectively, the scaling 

region is fitted by a power function of the form XH
xxD

2
Δ)(Δ  and YH

yyD
2

Δ)(Δ  .  

Previous research showed that the value of the Hurst exponent is inversely proportional to 

the degree of complexity/irregularity of the gravel-bed surface (Aberle and Nikora, 2006; 

Bergeron, 1996; Cooper and Tait, 2009; Nikora et al., 1998). The scaling region of the 

structure function also provides information about the horizontal grain-scale roughness 

indices ΔX0 and ΔY0, which are determined from the slope breakpoint, located at the 

intersection between the tangent to the scaling region slope and the saturation level 

asymptote, in both x and y directions (Nikora et al., 1998). 

Figure 7.9 shows that despite difficulties in preparing the screeded beds identically at the 

beginning of each experimental run (large variance at the screeded stage was explained by 

the presence/absence of coarse particles at the surface after preparation of the bed), the 

armour layers formed with F1 and F2 replicated well in terms of surface structure. The 

variance was generally less after armouring. Sediment 1 and sediment 2 formed armour 

layers with identical complexities along the downstream direction (i.e. identical HX 

values, statistically significant at α = 0.01). Furthermore, scaling was isotropic for 

sediment 1 with HX = HY. Armoured beds formed with sediment 2 were more 

complex/irregular along the transverse direction, characterized by smaller HY values. 
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FIGURE 7.9 Second-order moments of bed elevations for all replicated runs, represented by the Hurst 

exponents (HX, HY) and horizontal grain-scale roughness indices (ΔX0, ΔY0), determined from the 

structure functions along the downstream (x) and transverse (y) directions. The trend for each 

sediment mixture is presented, which was obtained by averaging the results over the three repeated 

experimental runs. The error bars have a length equal to two times the standard deviations, centred 

on the mean value. 

Linked to this is the observation that sediment 1 formed transverse structures (Figure 7.7), 

which increased the spatial coherence (and therefore the regularity) between elevations of 

points along a same transect. Results presented in Figure 7.9 confirm that Hurst exponents 

are smaller for screeded beds, and increase with the flow forming discharge, as was 

observed in previous studies (e.g., Aberle and Nikora (2006) and Mao et al. (2011)). This 

is because surfaces made of large individual particles (i.e. armoured surfaces) create a less 

complex topography than a large number of smaller particles, which is typical for 

screeded beds. The Hurst exponents observed in our experiments often surpassed the 

values in other research, which range from 0.25 to 0.88 (Bergeron, 1996; Nikora et al., 

1998; Ockelford and Haynes, 2013). This suggests a dependence of the Hurst exponent 

values on grain size and geometry (Aberle and Nikora, 2006; Bergeron, 1996; Cooper and 

Tait, 2009; Hodge et al., 2009a; Robert, 1988). 

Also observed on Figure 7.9, sediment 1 and sediment 2 formed armour layers with 

identical grain-scale horizontal roughness indices (significant at α = 0.01), in both the 
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downstream and transverse directions. Grain-scale roughness indices in the direction of 

the flow were in average longer than cross-flow indices, and both indices increased with 

the flow forming discharge, observations which are consistent with previous studies 

(Nikora et al., 1998; Ockelford and Haynes, 2013). It was found ΔX0 = 7.2 ± 0.3 mm and 

ΔY0 = 6.5 ± 0.2 mm after application of F1 and ΔX0 = 7.8 ± 0.2 mm and ΔY0 = 7.2 ± 0.3 

mm after application of F2. The increase in horizontal roughness length with armouring is 

explained by the surface coarsening (Figure 7.5) and particle grouping, when typical 

sediment grain deposition after collision with the upstream front of a stable grain explains 

why ΔX0 is larger than ΔY0. 

7.4.3. Surface slope and aspect 

The analysis of surface structure continued with the evaluation of the slope and aspect 

angles of each of the 1 mm
2
 DEM grid cells, following the method presented in Hodge et 

al. (2009a). Cell slope and aspect are calculated using a 3-by-3 moving window, in which 

the gradients of the centre cell (with elevation Zxy) in the x-direction and y-direction are 

calculated as: 
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where Zx-1y-1 through to Zx+1y+1 are the elevations of the eight perimeter cells and c is the 

cell width (i.e. 1 mm). The cell slope (S) is calculated from: 
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and the cell aspect (A) from: 
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with A = A+ 180° in the case that dz/dx < 0. A was further re-arranged to have cells with a 

zero aspect angle facing upstream. 

The distribution of DEM cell slope (Figure 7.10) again shows that the screeded beds made 

of sediment 1 and sediment 2 differed substantially. For sediment 2, grains were often not 

embedded in a matrix of sand and small pebbles and were thus visible on the screeded 

surface (Figure 7.7), resulting in a larger range and more distributed cell slopes compared 

with sediment 1. Despite differences at the screeded stage, water-working re-arranged 

sediment grains in a consistent manner. Armoured surfaces were characterized by a larger 

range of slope angles than the screeded surfaces. Increasing the flow forming discharge 

resulted in a distribution of slope angles skewed further to the right. Hence, more particles 

were deposited and reposed on the bed with a large dipping angle (up to 80°), sign of an 

accentuated interlocking and packing of the grains on the armour layers formed with F2. 

An augmented grain packing with an increasing flow forming discharge was also 

evidenced by an increasing σZ (Figure 7.8) for constant values of D50 (Figure 7.5), and is 

consistent with other studies (e.g., Mao et al., 2011). Sediment 2, which was less spherical 

and compact than sediment 1 (Table 7.1), produced stable armours with more inclined and 

thus interlocked and packed particles than sediment 1, in line with the visual observations 

made on the DEMs (Figure 7.7).  

Figure 7.11 shows that both sediment mixtures formed armoured surfaces with an 

increasing proportion of DEM cells with upstream aspects (i.e. aspect angles around 0°) 

with increasing flow strength. As observed previously (e.g. on Figures 7.7 to 7.10), the 

screeded beds prepared with either sediment 1 or sediment 2 differed substantially.  

Analysis of the surface structure using the combined distribution of DEM cell slope and 

aspect shows that stable armours also differed depending on the bulk sediment mixture 

used. Sediment 1 formed armoured surfaces with a greater number of grains slopping 

upstream, which indicates particle imbrication (Hodge et al., 2009a; Millane et al., 2006), 

further accentuated after F2 water-working. From the dominant slope angles in Figure 

7.11, the angle of imbrication is estimated at between 25° and 50°. After application of F1, 

sediment 2 formed surfaces with grains dipping mainly in a direction transverse to the 

flow. Sediment 2 started to imbricate in a direction parallel to the flow after F2 water-
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working, indicated by the increasing proportion of cells with upstream aspects. However, 

it is observed that that for sediment 2 particle imbrication was not as significant as for 

sediment 1. 

   

FIGURE 7.10 Distribution of DEM cell slope angles for (left) the screeded beds; (middle) the beds after 

armouring with F1; and (right) the beds after armouring with F2. 

SCREEDED BEDS BEDS ARMOURED WITH F1 BEDS ARMOURED WITH F2 

 
  

   

FIGURE 7.11 Polar plots of all 1 mm
2
 DEM grid cells aspect and slope angles. Only a single run for 

each sediment mixture is presented, (top) SED1_T1; (bottom) SED2_T1. A good replicability between 

runs was observed visually. Aspect angle is from 0 to 360° and slope angle is from 0 to 90°; plots are 

shaded by point density (high density in black, zero density in white).                                                 

Flow direction is from 0° to 180°. 

Flow 
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7.4.4. Inclination index 

The last step in our investigation of bed topography and surface structure was the 

evaluation of the inclination index (I) by analysing the signs of elevation changes between 

successive pairs of DEM points at different lags, in different directions (Millane et al., 

2006): 

   
 d,θN

d,θnd,θn
θdI  

),(
                                              

[7.6] 

where n+ and n- are the number of positive and negative slopes, respectively, and N is the 

total number of slopes, all functions of the separation or lag d between pairs of DEM 

points and the angle θ formed with the flow direction. A positive inclination index reflects 

the dominance of positive slopes, whereas a negative inclination index reflects the 

dominance of negative slopes. A positive inclination index reflects particle imbrication, 

which should be maximum in the flow direction, minimum in the direction opposite to the 

flow, and approximately zero in a direction transverse to the flow (Millane et al., 2006). 

Figure 7.12A shows examples of the directional inclination indices collected during this 

study with sediment 1. The inclination indices were computed using a separation distance 

between pairs of points of 1 mm, which is the DEM sampling distance, the lag for which 

imbrication was the most perceptible. One can see that the initial screeded bed was 

without particle imbrication. The bed armoured with F1 showed weak imbrication over a 

range of directions ranging from -100° to 50° with respect to the flow direction. Only the 

bed armoured with F2 was characterized by an imbrication of particles along the flow 

direction. Figure 7.12A therefore reassures that plotting the directional inclination index is 

useful to determine the flow direction at the condition that imbrication is present.  

All screeded beds measured in our experiments were characterized by a negative or near 

zero inclination index along the flow direction (Figure 7.12B), which means that sediment 

grains were not imbricated in a direction parallel to the flow. After armouring with F1, 

only the beds made of sediment 1 started to imbricate in a direction parallel to the flow, a 

conclusion also supported by the analysis of the combined distributions of DEM cell slope 

and aspect angles (Figure 7.11). However, the small inclination index values (≃0.0175) 

suggest that imbrication was weak and limited to small regions of the bed, where coarse 
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particles had been transported and come to rest with the long axis transverse to the flow. 

F2 was competent enough to imbricate particles in a direction parallel to the flow for both 

sediment mixtures. Imbrication was nevertheless more pronounced for sediment 1 (I(0°) 

equals 0.06 and 0.05 for sediments 1 and 2, respectively). This follows the observations 

shown in Figures 7.6 and 7.11, whereby F2 was more capable of moving sediment 1‟s 

coarse grains; hence a greater number of gravel could be transported by rolling/sliding and 

deposited with the long axis transverse to the flow, increasing the chance for imbrication. 

 

 

FIGURE 7.12 (A) Directional inclination indices for the run SED1_T1 (DEMs are presented in Figure 

7.7). Inclination was calculated for all angles between -180° and 180° at a two-degree interval. (B) 

Inclination index along the flow direction (θ=0°), representing particle imbrication in a direction 

parallel to the flow, for all DEMs analysed. The trend for each sediment mixture is presented, which 

was obtained by averaging the results over the three repeated experimental runs. The error bars have 

a length equal to two times the standard deviations, centred on the mean value.  

A 

B 
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7.5. DISCUSSION 

7.5.1. Surface structure replicability 

Stable fluvial armours formed in a laboratory flume under the condition of zero sediment 

feed have been analysed using a range of accepted statistical methods in order to study (i) 

if the surface structure is replicable under identical flow and sediment conditions and (ii) 

the bed properties that represent the armouring manifestations well. Analysis of the 

armour layer composition and topography identified differences between the two sediment 

mixtures used in the tests and showed that armour layers formed using the same sediment 

mixture reacted „similarly‟ to water-working. In order to study the hypothesis that fluvial 

surface structure is replicable under identical flow and sediment conditions, the variability 

between replicated runs, analysed previously, was compared with the spatial variability 

within DEMs (inner variability). This was made possible by the large areal coverage of 

the DEMs recorded for the study (800 × 300 mm
2
). Previous studies generally restrained 

DEM analysis to smaller surfaces, for example ranging from 117 × 100 mm
2
 to 300 × 250 

mm
2
 due to measurement limitations when elevation is measured point-by-point or per 

transects, such as when using a laser displacement meter (Cooper and Tait, 2009; Mao et 

al., 2011; Marion et al., 2003; Ockelford and Haynes, 2013). In order to accurately 

capture the grain-scale surface structuring, Ockelford and Haynes (2013) recommended a 

DEM extent at least 21 times the size of the subsurface D50 in both the cross-stream and 

downstream direction. With a maximum D50 of 9.2 mm in our tests, this required DEMs 

with area of at least 200 × 200 mm
2
. For this study, all detrended DEMs analysed 

previously (initially of size 800 × 300 mm
2
) were divided in three parcels of size 266 × 

300 mm
2
 and each DEM subset was analysed independently using the bed-elevation 

distributions, second-order structure functions and inclination indices. Therefore, it was 

possible to estimate the spatial variability within each 800 × 300 mm
2 

DEM in terms of (i) 

bed-elevation distribution skewness SK, (ii) bed-elevation standard deviation σZ, (iii) Hurst 

exponents HX and HY, (iv) horizontal roughness lengths ΔX0 and ΔY0 and (v) inclination 

index along the flow direction I(0°). The coefficient of variation (CV) was calculated for 

each DEM as the standard deviation of the DEM property divided by the mean, and 

reported as a percentage, using the three DEM subsets, for all DEM properties (i to v), 
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providing there were only positive values. Each DEM of the same sediment and surface 

type (i.e. whether it represents the gravel-bed surface at the screeded stage, or after 

armouring) was found to be characterised by same inner variability in terms of the 

statistics computed in this Section. Hence, the CVs were averaged over all nine DEM 

subsets of the same surface type and sediment. It was thus possible to compare the 

variability between replicated runs using the same sediment mixture (which was presented 

using the errors bars in Sections 7.3 and 7.4) and the average spatial variability within 

these same DEMs, as presented in Table 7.3. 

Table 7.3 first demonstrates that water-working forms (armoured) surfaces that are more 

consistent both spatially and between replicated runs, than the screeded surfaces prepared 

manually, as seen by smaller CVs. As observed previously, water-working re-arranges the 

initially random sediment organisation into more pronounced patterns, such as grain 

packing and grouping, interlocking and imbrication, which all contribute to an augmented 

surface consistency. Second, whereas Aberle and Nikora (2006) identified differences in 

the stable armour layer DEM properties (using the bed-elevation SK, σZ, Kurtosis, and HX) 

after replicating one of their flume test, which they attributed to the screeded bed-surface 

preparation, we observed in our experimental runs that despite differences at the screeded 

stage, stable armours replicated well. The difference in variability between replicated runs 

and within DEMs was small, even suggesting a larger variability within DEMs than 

between replicated runs. This supports our statement of good replicability in surface 

structure with armouring under identical flow and sediment conditions, something which 

had been assumed previously (e.g. Aberle and Nikora (2006)) but not proven. Our 

experimental results therefore suggest that a unique relationship exists between a stable 

armour and the flow and sediment forming it, providing the armour layer was fully 

developed and the armour layer properties were measured at a suitable scale. 

When monitoring the changes in bed-surface topography for different flow and sediment 

conditions, our results indicate the need to analyse “sufficiently large” gravel-bed patches, 

in order to ensure the differences observed are representative of the flow and sediment 

conditions, independent on the inherent spatial variability. This recommendation is 

supported even further by the analysis of bed topography and surface structure with bed 

elevation distribution skewness and inclination index. It is shown that those DEM 
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properties vary largely in space (i.e. large CVs within DEMs, see Table 7.3), as they 

depend (i) on the number and protrusion of coarse particles at rest on the surface and (ii) 

on the proportion of imbricated particles. The latter in turn depends on the presence of 

particles at rest with the a-axis perpendicular to the flow direction, which can vary 

between patches. As said above, Ockelford and Haynes (2013) recommended measuring 

DEMs at least 21 times the size of the subsurface D50, but did not provide a theoretical 

evidence of this result. In future, sensitivity testing will be critical to define the minimum 

measurable DEM area assuring DEM properties representative of the armour layer as a 

whole. In this study, increasing the flow forming discharge from F1 to F2 reduced the 

spatial variability of the inclination index along the flow direction (at least for sediment 

1), confirming previous observations that F2 transported more coarse particles by rolling 

and sliding, therefore providing more chance for imbrication over the DEM surface. 

TABLE 7.3 Variability (using the percent coefficient of variation CV) between and                          

within replicated surfaces. 

   SK σZ HX HY ΔX0 ΔY0 I(0°) 

S 

E 

D 

I 

M 

E 

N 

T 

 

1 

Averaged CV 

within DEMs 

Screeded N.A 12.7 2.0 1.5 3.5 2.5 N.A 

After F1 47.1 6.1 0.3 0.6 4.0 3.1 70.6 

After F2 32.8 5.1 0.8 0.7 1.4 1.9 31.5 

CV between 

DEMs 

Screeded N.A 16.1 2.9 0.6 12.1 8.8 N.A 

After F1 15.5 2.6 1.0 1.4 4.0 2.9 19.7 

After F2 38.8 4.0 0.6 0.4 1.3 4.1 19.8 

S 

E 

D 

I 

M 

E 

N 

T 

 

2 

Averaged CV 

within DEMs 

Screeded N.A 16.1 1.9 2.1 6.0 5.0 N.A 

After F1 87.6 5.2 0.4 0.6 2.6 4.1 N.A 

After F2 16.6 6.7 0.5 0.6 2.5 4.1 71.3 

CV between 

DEMs 

Screeded N.A 13.1 1.6 1.6 4.3 4.3 N.A 

After F1 38.8 12.3 0.9 0.7 4.2 1.1 N.A 

After F2 13.6 1.2 0.4 0.9 2.9 4.8 15.0 

N.A stands for non-applicable, because of the existence of negative values, preventing the use of the coefficient of 

variation. 
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7.5.2. Armouring manifestations 

Surface coarsening is the most documented armouring manifestation. Being able to 

predict the armour layer composition, given the subsurface composition and the flow 

characteristics, is relevant for roughness characterisation based on sediment size (Clifford 

et al., 1992), and parameterisation in flow resistance and sediment transport calculations. 

Hence, several researchers attempted to predict the armour layer composition (e.g., Chin 

et al., 1994; Garde et al., 2006; Gessler, 1967; Odgaard, 1984), resulting in various 

experimentally-derived formulae. Using and assessing these formulae was out of the 

scope of this Chapter. However, surface coarsening may not always be perceptible, 

especially when the sampling tools are not sensitive enough or when the geometric 

standard deviation (σ) of the bulk sediment is small. Based on our experimental data, it 

was shown that fluvial surfaces do react to moderately changing flow strengths through a 

variety of processes. Analysis of the armour layer grain orientation and bed-surface 

topography and structure (Figures 7.6 to 7.12) revealed differences between the armour 

layers formed with F1 and F2. However, if the analysis relied solely on the bed-material 

D50 (Figure 7.5), it would lead to the erroneous conclusion that the armour layer formed 

with F1 persisted at F2. Our experimental results therefore support the past statement of 

Gomez (1994) that armour layer formation involves the complete rearrangement of the 

bed-surface material, which goes beyond the commonly observed surface coarsening. 

Likewise, armour layer break-up must not be interpreted in terms of surface composition 

change only, but should also incorporate the bed-surface topography and structure, which 

is more responsive to changes in flow strength than the bed-surface material size. 

Of the analyses undertaken, the inclination index along the flow direction (Figure 7.12), 

representing particle imbrication, has shown the largest differences between the armour 

layers formed with F1 and F2. This could be anticipated using the combined distributions 

of DEM cell slope and aspect angles (Figure 7.11), but it is difficult to parameterise. Bed-

surface material size (Figure 7.5), not restrained to the D50, was found to exert control 

upon the first and second-order moments of bed elevations (Figures 7.8 and 7.9). Material 

shape had a less dominant effect upon bed topography, but providing the formative flow 

was competent enough to deposit particles with large dipping angles (Figure 7.10), it 

contributed to differences in σZ and ΔZ (Figure 7.8). Material shape did not help to explain 
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the differences in imbrication between the armour layers formed using the two sediment 

mixtures, as was shown in Hodge et al. (2009a), with the flatter grains being more prone 

to imbrication than spherical grains. Coarse grain orientation at the bed surface (Figure 

7.6), being essentially the result of the transport mode and hence flow competence, was 

found to be the dominant control upon particle imbrication. F2, the highest discharge, was 

able to transport coarse particles by rolling and sliding, providing the conditions for 

particle imbrication. Increasing the flow strength beyond F2 may lead to adverse 

conditions, as the transport mode of those coarse grains may not be by rolling anymore, 

but for example by saltation. Overall, this suggests that armour layer manifestations can 

be parameterised beyond a simple percentile of bed material GSD, and the bed properties 

shall be linked to the formative flow and sediment. Given further work on armour layer 

manifestation parameterisation is undertaken, covering a range of sediment size, shape 

and flow forming discharges, the results will be useful for monitoring ecological 

processes in the field, since fluvial surface structure has important implications for the 

distribution of in-stream habitats (e.g. Rice et al. (2012)). Finally, this work contributes 

towards a better definition of the hydraulic roughness based on topography (Lane, 2005), 

which shows great promise for improved calculations of sediment transport and flow 

resistance (Powell, 2014). 

7.6. CONCLUSIONS 

The use of photogrammetric techniques enabled a detailed characterisation of gravel-bed 

surfaces and their adjustments to competent flows in replicated laboratory runs performed 

under the condition of sediment starvation, with the aim of determining if the surface 

structure of stable armour layers is unique under identical formative flow and sediment 

conditions and the bed properties that characterise the armouring manifestations. 

Information on gravel-bed surface composition and 3D structure was collected using two 

consumer-grade digital cameras and off-the-shelf algorithms. For the first time for gravel-

bed topography research at the grain scale, measurements were performed without halting 

the experiment and draining the flume, only by reducing the flow rate to remove surface-

water waves. Previous research attempted through-water measurements using either 

photogrammetry or laser-scanning but did not reach the same level of accuracy (Butler et 
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al., 2002; Smith et al., 2012). In this study, sub-millimetre resolution and accuracy 

elevation data were collected over the entire test section, interpolated at a grid spacing of 

1 mm to construct 2.5D DEMs, using the methodology presented in Bertin et al. (2013; 

2015). The photographs and DEMs of the gravel-beds were analysed using a range of 

accepted methods that provided information on (i) surface grain size and orientation; (ii) 

the distribution of gravel-bed elevations; (iii) the spatial coherence of the elevations at the 

grain-scale; (iv) surface slope and aspect; and (v) grain imbrication.  

The analyses identified discrepancies between stable armours formed under identical flow 

conditions but different sediment mixtures. Change detection in the armour layer 

properties, when the flow forming discharge was increased moderately, was also possible. 

It is shown that armour layer break-up must not be interpreted in terms of surface 

composition change only, since it is largely constrained by the sediment sorting and flow 

competence, and thus may not be perceptible. We found that bed-surface topography 

(structure) was more responsive to changes in flow strength and displayed more degrees 

of adaptability than bed material size alone. Hence, when assessing armour layer break-up 

during large flow events, surface structure must be considered. Our experimental results 

show the replicability in stable armour layer properties under identical flow and sediment 

conditions, despite differences after manual preparation of the screeded beds. This 

suggests there is a unique relationship between a fully-developed stable armour and the 

flow and sediment forming it, even though the inherent mechanisms for the armour layer 

formation are stochastic. The formation of a stable armour layer involves the slow 

complete rearrangement of the bed material, beyond the generally reported surface 

coarsening. Bed-material size and shape both exerted control on the distribution of surface 

elevations. Coarse grain alignment, a consequence of the transport mode, was found to be 

the dominant factor for particle imbrication. Particle imbrication is ubiquitous in natural 

gravel-bed rivers and can be used to verify the flow direction when grain orientation 

results were ambiguous.  

Analysis of fluvial surface structure using high-quality DEMs shows great promise for 

progress on roughness characterisation based on topography and effective 

parameterisation in sediment transport and flow resistance equations. Further work is 

necessary to determine the temporal scales at which fluvial surfaces relate to the forming 
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flow rate. In this study, stable armours were given the time to develop extensively, 

although this process varies in nature. Finally, a continuous effort towards obtaining a 

comprehensive dataset of fluvial surface properties for different flow and sediment 

conditions is needed to parameterise bed roughness and link it to flow processes. 
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CHAPTER 

8 
FIELD APPLICATION OF CLOSE-RANGE 

DIGITAL PHOTOGRAMMETRY (CRDP) FOR 

GRAIN-SCALE FLUVIAL MORPHOLOGY 

STUDIES 

Related journal paper: 

Bertin, S. and H. Friedrich 2016. Field application of close-range digital photogrammetry (CRDP) 

for grain-scale fluvial morphology studies. Earth Surface Processes and Landforms (ESP&L), 

accepted for publication. 

 

8.1. INTRODUCTION 

Studies on the geomorphology of gravel-bed rivers at the grain scale have seen a growing 

interest over the last decades, due to progress in high-resolution remote sensing. Digital 

elevation models (DEMs), analysed using the standard deviation of bed elevations, can 

potentially replace tedious sediment sampling in the field and improve grain-roughness 

parameterisation needed for hydraulic and sediment transport calculations (Aberle and 

Smart, 2003; Entwistle and Fuller, 2009; Heritage and Milan, 2009; Nikora et al., 1998). 

Likewise, collection of high-resolution DEMs from distinct hydraulic biotopes (e.g. riffles 

and pools, exposed at the time of measurement) was critical in characterising the links 

between morphological units, sediment transport and surface structure (Hodge et al., 

2009a; Hodge et al., 2013). With only traditional field sampling of surface composition,
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crucial information on particle exposure, imbrication and surface roughness cannot be 

derived. Measuring microtopographic relief is also important as it provides means to 

assess aquatic habitats and the effect of species on the geomorphology (Du Preez and 

Tunnicliffe, 2012; Hannam and Moskal, 2015; Rice et al., 2012). 

Close-range digital photogrammetry (CRDP), i.e. the combination of using one or more 

digital cameras and subsequent image matching to obtain surface elevations at the image 

overlap, and „time-of-flight‟ terrestrial laser-scanning (TLS), are presently the most 

commonly used remote-sensing techniques, able to measure gravel-bed topography with a 

sufficient amount of detail at the grain scale (spatial resolution ~mm). Both techniques 

have been used in both laboratory and field settings, and have been shown capable of 

measuring shallow riverbed microtopography (Bertin et al., 2013; Butler et al., 2002; 

Smith et al., 2012; Smith and Vericat, 2013). However, the latter is seldom used, mainly 

due to degraded DEM quality compared to conventional in-air measurement. In addition, 

this application comes with substantial experimental difficulties. Generally, studied 

surfaces are exposed gravel bars at low flow or in drained laboratory flumes. When it 

comes to field applications, various methodological attributes may be considered to decide 

which technique to adopt. The most important aspect is the need to obtain fit-for-purpose 

topography data, which are suitable for the intended analysis. In other words, what is a 

sufficient measurement accuracy and precision to improve our knowledge of fluvial 

microtopography? For measuring fluvial surfaces at the grain scale, both CRDP and TLS 

methodologies require the greatest care to mitigate errors in elevation data (Bertin et al., 

2015; Hodge et al., 2009b), errors which otherwise may affect findings (James et al., 

2007; Lane et al., 2005). Repeating scans, in addition to applying erroneous points 

filtering techniques (Hodge et al., 2009b), is currently the best option to reduce errors and 

improve accuracy for TLS applications, with the measuring precision otherwise being 

dependent on the used instrument and software. The challenge with CRDP is the 

development of a stable workflow from image acquisition to surface structure data 

(Chandler et al., 2005; Lane, 2000; Lane et al., 2000; Wackrow et al., 2007). Presently, a 

variety of DEM reconstruction techniques are available, from the now conventional digital 

stereo (i.e. two-camera) photogrammetry, using either commercial (Bird et al., 2010; 

Butler et al., 2002; Chandler et al., 2005; Lane, 2000; Lane et al., 2000) or non-
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proprietary (Bertin et al., 2013; Bertin et al., 2014; Bertin et al., 2015; Bouratsis et al., 

2013) calibration and stereo-matching engines, to novel structure-from-motion (SfM) or 

multi-view stereo (MVS) photogrammetry (Fonstad et al., 2013; Javernick et al., 2014), 

which does not need calibration but is currently limited to medium to large scales 

(smallest sampling distance ~25 mm, (Dowling et al., 2009)). Recent progress was made 

in the laboratory, showing that the use of non-proprietary digital stereo photogrammetry 

allows optimising the workflow to the tasks ahead, which when done appropriately, can 

result in sub-millimetre accurate gravel-bed DEMs (Bertin et al., 2015) - a development 

that is yet to be tested in a natural river environment. Compared to applying CRDP in the 

laboratory, the ease with which data is collected in the field is also becoming more 

important, in addition to the quality of obtained data. A well-developed CRDP system has 

the advantage of being easily deployed in the field due to its reduced cost, its small size 

and weight, its optional power supply and the possibility of very quick data collection 

(Bird et al., 2010; Javernick et al., 2014; Lane, 2000; Rieke-Zapp et al., 2009).  

Despite the wealth of available photogrammetric solutions, and the possibility to provide a 

lightweight and very accurate surveying equipment customised for use by earth scientists, 

“potential photogrammetric users continue to have reservations about its potential and 

often consider its field use to be too complicated” (Rieke-Zapp et al., 2009). In response, 

this Chapter presents how CRDP can be used in the field, efficiently and effectively 

collecting information on fluvial microtopography. We tested a recently developed non-

proprietary CRDP technique (Bertin et al., 2015), for which the imaging system relies on 

two consumer-grade digital cameras, in a field environment, measuring exposed gravel 

bars at the grain scale. A small meandering gravel-bed river in New Zealand was the 

location for the tests. Imagery data was collected at three distinct gravel bars, allowing 

variations in sediment size and surface structure. A ground-truth object was used on site to 

assess the accurate measurement of obtained elevation data, generally performed in other 

studies using an independent measuring device. For the presented tests, CRDP readily 

produced sub-millimetre resolution and accuracy DEMs, without the need to dispose 

control targets on the riverbed for calibration, as was the need in previous studies using 

photogrammetry. Using CRDP has the advantage that calibration of the cameras can be 

carried out in the laboratory before going to the field. We show that by doing so, DEM 
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collection is not affected negatively with test undertaken on the field site. Information 

derived from the CRDP data was adequate to monitor surface roughness, grain size and 

3D arrangement. For this specific data this then allowed to examine the sedimentological 

contrasts between bars at the reach scale, which we present herewith and discuss.    

8.2. METHODOLOGY 

8.2.1. Study site: the Whakatiwai river 

Field data was collected from the Whakatiwai river (Figure 8.1A), located in the North 

Island of New Zealand (37° 05‟ S, 175° 18‟ E), a small gravel-bed river flowing over 

greywacke material and draining a watershed of ~12 km
2
. The Whakatiwai is fed by 

numerous small streams originating from the steep East-facing slopes of the Hunua 

Ranges, and flows to sea in a very short distance, roughly ten kilometres from its source to 

the river mouth in the Firth of Thames. On the valley floor, the Whakatiwai is a 

meandering river, with rapid alluvium bank erosion during flood flows, which essentially 

transports cobbles (5-25 cm) and pebbles (1-5 cm), with occasional patches of sand/silt 

and small boulders found along its bed. Because of its short span, there is no gravel-sand 

transition; the riverbed remains gravelly all the way through to the river mouth. In terms 

of hydrologic regime, the Whakatiwai is governed by flashy hydrographs and competent 

flows during the autumn-spring season, with mostly low flows over the summer months, 

during which gravel bars become vegetated.  

For the tests a ~200 m long study reach was chosen, situated only hundred meters 

upstream of the river mouth and comprising numerous well-defined gravel bars adjacent 

to the eroding banks. Three exposed and vegetation-free gravel bars were selected, 

covering a range of sediment size and surface structures. They were labelled bar #1 to #3, 

with numbers increasing upstream. Within each bar, a small area of exposed gravel (~0.5 

m
2
), termed „patch‟, was chosen at the bar head close to the water edge, for consistency in 

the measurements, also ensuring the surfaces studied are regularly water-worked.  
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8.2.2. CRDP deployment and field DEM collection 

Imagery data was collected from the three patches in August 2014, after an extended 

period of dry weather, following a methodology developed in the laboratory and presented 

in Bertin et al. (2015). The two cameras used in stereo (side-by-side, separated by a 250 

mm baseline distance between the two optical centres) were Nikon D5100s (16.2 

megapixel complementary metal oxide semiconductor (CMOS) sensors) with Nikkor 20 

mm lenses. The cameras, fully charged, were rigidly attached on a 1.2 m long mounting 

bar that could be hanged horizontally above the riverbed using two tripods (Figure 8.1B). 

The setup (cameras, tripods and mounting bar) weighed approximately 8 Kg.  

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 8.1 Whakatiwai catchment in the North Island of New Zealand, (A) site location; and (B) 

image of CRDP deployment on Bar #2, looking upstream. Note the alignment of the setup with the 

apparent flow direction.  

A 

B 
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Prior the transport to the field, the cameras‟ arrangement was carefully calibrated in the 

laboratory by recording stereo photographs (also called stereoscopic images) of a flat 

chequerboard, and using Bouguet (2010)‟s Matlab® toolbox to determine the calibration 

parameters (readers should refer to Bertin et al. (2015) for a complete description of the 

calibration process). The aperture was set to F/20, ensuring a large depth of field, and 

focus was set at a distance of 0.8 m, based on the expected field requirements. After 

calibration, care was taken to ensure that the cameras‟ arrangement was not disturbed. 

Subsequent testing in the field, after transport, allowed to confirm if minimal disturbance 

was achieved. 

Whilst in the field, we attempted to orientate the mounting bar parallel to the antecedent 

flow direction (Figure 8.1B), determined by eye from channel shape, producing 

photographs and DEMs with x-axis values increasing downstream (e.g. Figure 8.3). Stereo 

photographs of the exposed patches were recorded vertically, reducing occlusions (i.e. 

shadowed areas that cannot be seen in one or the two images) on the surface compared 

with oblique measurements, from a height of approximately 0.8 m, resulting in point data 

spacing (i.e. pixel size) ~0.2 mm and a theoretical depth resolution ~0.6 mm. Cameras 

were operated in manual mode, with the possibility to vary the shutter speed to have well-

illuminated and contrasted photographs necessary for successful stereo matching (Bertin 

et al., 2015). Remote control was possible by connecting the cameras to a laptop.  

Data processing consisted in rectifying the stereo photographs to epipolar geometry using 

the calibration parameters, and transforming the images with the multi-scale Retinex 

algorithm, before pixel-to-pixel stereo matching using Gimel'farb (2002)‟s SDPS, 

providing point cloud data and ortho-images. Because the SDPS algorithm matches 

corresponding points along lines of 1 pixel width, accurate image rectification (hence 

accurate calibration) is essential to produce stereo photographs whose corresponding 

pixels are ideally on the same scanline (also called epipolar lines, i.e. same vertical 

position in a photograph). Doing so minimises the systematic matching errors due to 

calibration. Image transformation with Retinex heightens the similarity between the two 

images forming a stereo photograph and improves stereo-matching performance (Bertin et 

al., 2015), which is specifically important in the field application, due to having no direct 

control over the illumination. From the point cloud data, DEMs were interpolated onto 



CHAPTER 8 FIELD APPLICATION OF CLOSE-RANGE DIGITAL PHOTOGRAMMETRY (CRDP) FOR GRAIN-SCALE 

FLUVIAL MORPHOLOGY STUDIES 

 

 187 

regular grids with 1 mm spacing, first by interpolating onto 0.25 mm grids, consistent 

with the best resolution achievable, to minimise the loss of topographic information 

(Bertin et al., 2014; Hodge et al., 2009b), then resampling onto the final grids to expedite 

calculations with minimal surface smoothing (mean unsigned (absolute) error, MUE 

~0.025 mm and standard deviation of error, SDE ~0.035 mm between initial and 

resampled surfaces). Before resampling onto a 1 mm grid, outliers were identified using 

the mean elevation difference parameter (Hodge et al., 2009b), and replaced in the DEMs 

using bi-cubic spline interpolation. Because the MUE between original and filtered DEMs 

accounted for less than 0.01 mm, filtering was considered optional and its application was 

not stringent.  

8.2.3. CRDP validation and field DEM accuracy 

CRDP data quality assessment was done in two ways, by (i) checking on site the validity 

of the calibration performed in the laboratory prior to moving to the field; and (ii) 

measuring a ground-truth object, to realistically determine the accuracy of the field 

DEMs.  

To ascertain the validity of the calibration performed in the laboratory, after having 

transported the CRDP setup to the field, a small chequerboard (0.3 × 0.2 m, ~0.2 Kg, 

made of alternating black and white squares) was placed on the riverbed and 

photographed in different positions, altogether covering the common field of view (CFoV) 

between both cameras. The stereo photographs were rectified using the calibration data 

obtained in the laboratory, and the rectification error, which is the absolute scanline 

difference between corresponding pixels (Bertin et al., 2015; Bradley and Heidrich, 

2010), was measured for every square‟s corners in all rectified stereo photographs of the 

chequerboard (i.e. at about 200 locations throughout the measurement area). The mean, 

standard deviation, and maximum rectification error were computed, and compared with 

values obtained before moving to the field. 

Final DEM quality was assessed by measuring a 3D-printed gravel bed, specifically 

transported to the field, following the method of Bertin et al. (2014). The use of this 

realistic ground-truth object of a water-worked gravel bed improves on previous DEM 
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assessment methods, traditionally requiring check points to be disposed on the riverbed 

and surveyed with a total station, to be able to compare with the measurements after co-

registration of the two (Bouratsis et al., 2013; Butler et al., 1998; Lane, 2000; Lane et al., 

2000), in terms of density/repartition of the check points and registration errors, hence 

reliability of the assessment. We show herewith that the field use of the 3D-printed gravel 

bed ground truth sped up and made DEM quality assessment easier. For the assessment, 

the 3D-printed gravel bed model (296 × 184 mm, ~1.5 Kg, shown in Figure 8.4) was 

imaged with CRDP besides gravel-bar microtopography (same camera distance of 0.8 m). 

After DEM reconstruction, measured elevations were aligned with the „truth‟ elevations 

and compared at more than 800,000 points, located every 0.25 mm on an orthogonal grid, 

to realistically determine the field performance of CRDP in this work.   

8.2.4. DEM analysis and information on gravel-bar surface structure 

Before the DEMs were analysed, it was necessary to remove the combined effect of the 

local bed slope and setup misalignment from the riverbed (i.e. non-parallelism), which 

could obscure smaller grain-scale properties. In the absence of bedforms, linear trend 

surfaces were removed from the DEMs using a least-squares fit procedure (Aberle and 

Nikora, 2006; Cooper and Tait, 2009; Hodge et al., 2009a), and DEMs were normalised to 

have a mean elevation equal to zero.  

Analysis of gravel-bar topography and surface structure started with the calculation of 

first-order moments of detrended bed elevations: the range (ΔZ), standard deviation (σZ) 

and skewness (Sk) were evaluated. The first two parameters are surrogates of grain 

roughness parameters based on sediment size (Aberle and Smart, 2003; Entwistle and 

Fuller, 2009; Heritage and Milan, 2009; Nikora et al., 1998). The bed elevation skewness 

is useful to determine if a gravel bed is water-worked, in this case displaying positive 

values, contrasting with the negatively skewed man-made screeded gravel beds (Aberle 

and Nikora, 2006). Generalised 2D second-order structure functions (Nikora et al., 1998), 

similar to using semivariograms, were used to estimate the correlations between detrended 

elevations at different lags and in different directions. DEM analysis continued with the 

evaluation of the slope and aspect angles of each of the 1 mm
2
 DEM grid cells (Hodge et 

al., 2009a), providing information on grains‟ arrangement at the riverbed surface. The last 
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step in our investigation of DEM properties was the evaluation of the inclination index, 

representing particle imbrication, which should be maximal in the direction of the flow 

(Laronne and Carson, 1976), by analysing the signs of elevation changes between 

successive pairs of DEM points at different lags and in different directions, following the 

method presented in Millane et al. (2006). Information on how to use these different 

statistical analysis methods applied to the DEMs is introduced in detail in the references 

provided, and thus is not repeated herewith.  

8.2.5. Image analysis and information on bed-surface grain size and 

orientation 

To complement information derived from the DEMs, grain-size distributions (GSDs) 

based on the sediment grains‟ intermediate (written the b-) axis, and the grains‟ long 

(written the a-) axis orientation, were determined using the image-analysis tool 

Basegrain®, which allows for automatic grain separation in digital pictures of gravel beds 

and applies Fehr (1987)‟s line-sampling method for the results‟ analysis (Detert and 

Weitbrecht, 2012). For each patch, a single photograph collected with CRDP was 

necessary. 

In order to determine the bed-surface composition (and not the subsurface composition, as 

per default), the percentage of non-detected fines at 10 mm was changed from 25% to 

10% during the results‟ analysis, as in Rüther et al. (2013). Moreover, the ratio of image-

detected b-axis (written b’) and true b-axis, which generally differs from unity due to 

particle burial, foreshortening and overlapping (Graham et al., 2010), was adjusted to 

obtain GSDs comparable with GSDs obtained by manual size-sieving. b/b’ was calibrated 

by measuring gravels picked up along a line on the riverbed with a digital calliper, and 

comparing the results with those obtained by Basegrain®. The best match was obtained 

using b/b’ = 1.19, a value also reported from armour layers formed in a laboratory flume 

(Bertin and Friedrich, Submitted). Grain orientation was automatically determined by 

fitting an ellipse, whose areal normalised second-central moment equals that of the grain, 

and by computing the angle formed between the ellipse long axis and the flow-orientated 

image long axis. 
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8.3. FIELD OBSERVATIONS AND ANALYSIS 

8.3.1. Bed-surface grain size and orientation 

The three examined gravel bars present large differences in sediment size at the bed 

surface (Figures 8.2A and 8.3). The median sediment size (D50) varied between 18 and 47 

mm; D16 between 7 and 18 mm; and D90 between 27 and 104 mm. The patch in bar #1 

was the better sorted of the three patches, with a geometric standard deviation σ = 

1684 DD = 1.4, compared with 2.2 and 2.4 for bar #2 and bar #3, respectively. Grain-

size variability between gravel bars in the same river reach was witnessed in the past (e.g. 

Hauer et al. (2014) and Verdú et al. (2005)). Grain-size variability within bars was also 

recognised, with coarser material found at the bar head compared to the bar tail (D50 

increased by 30% in average, Rice and Church (2010)). Despite that consistent patch 

selection at the bar head was not easily achieved in practice, the between-bar grain-size 

differences observed in Figure 8.2A largely exceed the in-bar variability observed by Rice 

and Church (2010), indicating a neat grain-size difference between bars in the Whakatiwai 

that is not the result of downstream fining only. It is assumed that this difference arises 

from a combination of factors, such as the elevation of the patch with respect to the mean 

water-surface level, the planform position of the gravel bar, consistent with competence 

considerations (Rice and Church, 2010), and the chute of sediment from the eroding 

banks.  

  

FIGURE 8.2 (A) Bed-surface grain-size distributions for the three Whakatiwai patches; and (B) 

frequency-distribution of grains‟ a-axis (i.e. long axis) orientation with respect to the flow direction 

determined by eye in the field (from 0° to 180°).  

A B 
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Grain orientation at the bed surface also differed between patches (Figure 8.2B). For bar 

#1, the bed material preferentially aligned its long axis parallel to the flow direction. This 

preferential alignment of the grains with water-working, linked to an in-situ reworking of 

grains in below entrainment threshold conditions, was observed previously (Aberle and 

Nikora, 2006; Butler et al., 2001). For bar #2, the same preferential alignment of the 

grains was observed, but this time, the proportion of grains forming a 30° angle to the 

flow with their a-axis was as large as the proportion of grains aligned parallel to the flow. 

This may suggest that the actual surface-forming flow direction was somewhere between 

0° and 30° with respect to the image orientation. The latter analysis should be taken with 

caution however, as previous research showed that prevailing grain orientation is also 

influenced by the sediment transport mode, hence is an ambiguous descriptor of flow 

direction (Hodge et al., 2009a). For instance, coarse grains transported by rolling or 

sliding often come to rest with their a-axis perpendicular to the flow direction (Laronne 

and Carson, 1976). Bar #3 presents the largest proportion of grains aligned perpendicular 

to the (assumed) flow direction. There are two possibilities to explain this tendency: the 

flow direction was not correctly determined; or, more coarse grains were transported by 

rolling or sliding during the last competent event(s) compared to the other patches.  

8.3.2. Grain-scale DEMs and ortho-images 

CRDP naturally produces 2D (i.e. ortho-images) and 2.5D (i.e. DEMs) maps of the 

surfaces studied (Figure 8.3). In previous studies, visualisation of the ortho-images, and 

comparison with the DEMs, was considered an effective way of controlling 

photogrammetric performance qualitatively (Butler et al., 1998; Lane, 2000). Since visual 

inspection of the ortho-images obtained during this work show high quality (Figure 8.3), 

without apparent mixed pixels and/or distortions, we can assume that stereo matching 

performed well for the entire measurement area. 

Field studies using TLS also require imagery data to be collected, whether it is for 

documenting (Heritage and Milan, 2009) and/or for grain-size analysis (Hodge et al., 

2009a). As CRDP data are obtained from imagery, both the DEMs and the ortho-images 

are automatically referenced within the same coordinate system (Figure 8.3), which saves 

from the need to align the two. 
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FIGURE 8.3 Final DEMs and ortho-images from the Whakatiwai patches (bar #1 to #3 from left to 

right). Elevation is represented as gradient of greys, and is in millimetres. Flow direction, determined 

visually in the field, is from right to left. Arrows show the most probable flow direction (Figure 8.8). 

8.3.3. CRDP validation and DEM accuracy 

The rectification error just after calibration (i.e. in the laboratory) was represented by a 

mean of 0.09 pixel, a standard deviation of 0.08 pixel and a maximum of 0.37 pixel, 

ensuring minimal systematic error during stereo matching. After moving the CRDP setup 

to the field, the rectification error increased (mean = 0.29 pixel, standard deviation = 0.23 

pixel and maximum = 0.91 pixel), certainly caused by the transport (and shaking that 

occurred) in the car. It is noted that no particular measure was taken to transport the setup; 

other than it being placed flat in the boot, surrounded by soft material to protect the 

equipment and hinder any movement. Despite the increased rectification error, which 

naturally will affect stereo-matching performance, the rectification error remained below 

1 pixel throughout the imaging area, the threshold above which stereo-matching errors 

become inevitable, since the SDPS stereo matching is performed along lines of 1 pixel 

width. In the case of significantly impacted camera arrangement, which would have 

prevented accurate image rectification, it would have been possible to re-calibrate on-site 

using the chequerboard (taking approximately 30 minutes), and/or upon return to the 

laboratory, provided sufficient camera battery life.     
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Figure 8.4A shows the 3D-printed gravel-bed model used for in-situ DEM quality 

assessment. The chequerboard was used to ensure that the 3D model was placed as 

horizontal on the ground as possible, facilitating the numerical co-registration of measured 

and truth data (Bertin et al., 2014). Figure 8.4C shows the DEM of difference (DoD), 

obtained by differentiating the measured DEM of the 3D-printed model (Figure 8.4B) 

with the truth DEM, after alignment of the two. Comparison was done on a grid with 0.25 

mm spacing; hence at more than 800,000 locations. Visually, large errors (> 10 mm) are 

rare and are essentially visible at the grains‟ edges and the troughs of the surface. The 

measurement of occlusions is a well-known difficulty for both CRDP and TLS (Bertin et 

al., 2015; Bouratsis et al., 2013; Chandler et al., 2005; Hodge et al., 2009b). 

Consequently, a general reduction in pore depth and DEM properties such as σZ is 

expected. Quantitatively, most of the measured DEM points (98%) were within ± 3 mm 

from the truth data, 82% were within ± 1 mm, and 58% were within ± 0.5 mm. σZ 

measured from the DEM was 99.8% of the truth value, showing that surface roughness is 

reliably measured. From the DoD, a MUE of 0.67 mm between measured and truth values 

was estimated, with a SDE of 1.16 mm and a maximum unsigned error of 17.1 mm. This 

is not as good as what can be achieved with CRDP in a laboratory setting (MUE = 0.43 

mm, SDE = 0.62 mm and maximum unsigned error of 8.16 mm), with a measuring 

distance of 640 mm and a 250 mm baseline between the cameras (Bertin et al., 2014). We 

assume that the deterioration in field DEM quality compared with the laboratory is 

essentially the result of the increased camera-to-object distance used for image recording, 

hence degraded horizontal and depth measurement resolutions, and the increased 

rectification error due to transport. However, this evaluation shows that CRDP can 

measure exposed fluvial surfaces in the field with sub-millimetre resolution and vertical 

accuracy (based on MUE), and guarantees reliable grain-scale roughness information 

from the DEMs. CRDP can even outperform TLS, for which a rigorous past application 

was constrained by the 4 mm laser footprint and resulted in a minimum SDE of ~1.3 mm, 

after averaging three repeat scans of a plane surface in the laboratory (Hodge et al., 

2009b). 
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FIGURE 8.4 (A) Close-up presentation of on-site quantitative evaluation of CRDP performance using a 

3D-printed gravel-bed model; (B) measured DEM of the 3D-printed model; and (C) DEM of 

difference (DoD) between measured and truth data (0.25 mm sampling distance). 

8.3.4. DEM analysis 

Figure 8.5A shows the distribution of (detrended) bed elevations for the three patches. All 

distributions are positively skewed (SK = 0.71, 0.53 and 0.52, for bar #1 to #3, 

respectively), indicating water-worked gravel surfaces (Aberle and Nikora, 2006). 

Analysis of the bed-elevation distributions shows that the three patches are different 

however, and certainly echoes the grain-size differences identified earlier (Figures 8.2 and 

8.3). Previous studies observed relationships between σZ and grain size, generally 

expressed as D50 (Aberle and Nikora, 2006; Hodge et al., 2009a; Smart et al., 2004). 

Here, bar #1 had the smallest D50 and the smallest σZ, whilst bar #2 had both the largest 

D50 and σZ (Figure 8.5B). However, the ratio of σZ to D50 (0.32 to 0.46) varied between 

patches, suggesting that D50 is not the only factor determining σZ, and other factors such as 

sediment sorting are also responsible (Figure 8.5C). We found that the ratio D50/σZ 

decreases with the sediment sorting (σ). This suggests that for similar values of D50, 

poorly-sorted sediments can create more irregular and rougher surfaces, with accentuated 

grain packing, than well-sorted sediments, which agrees with observations made by 

Hodge et al. (2009a). 

A B 

C 
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FIGURE 8.5 (A) Distributions of surface elevations for the three patches. Relationships between (B) the 

standard deviation of bed elevations (σZ) and the bed-surface D50; and (C) D50/σZ and the sediment 

geometric sorting (σ). 

Generalised second-order structure functions of (detrended) bed elevations were 

calculated for all patches for lags up to ±150 mm (corresponding to 3 to 8 D50, depending 

on the patch), being always larger than the maximum grain size and enough to reach the 

saturation region, normalised by the saturation level 2σZ
2
, and plotted as 2D isopleth maps 

(Figure 8.6). Similar to previous works (e.g. Aberle and Nikora (2006)), we found that at 

small lags (up to 1 D50), the surface structure of the gravel bars is isotropic, as shown by 

the circular contours in the centre of the isopleth maps. The high correlation between pairs 

of points at small lags is because the elevation pairs used to calculate the structure 

functions belong likely to the same grain, and this suggests that small grains have no 

prevailing orientation. As the lag increases, the contours generally become elliptical and 

supposedly reflect the dominant grain orientation, with the long axis of the ellipse 

representing the a-axis alignment (Hodge et al., 2009a; Nikora et al., 1998), until at large 

lags, equal to 2 to 5 D50 depending on the patch, the contours become very irregular. Bar 

#1 and bar #2 both show a dominant grain orientation with the a-axis parallel to the flow 

A B 

C 
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direction. For both patches, the streamwise correlations are stronger than the cross-flow 

correlations, and remain strong over scales extending over the streamwise size of the 

plots. This indicates gravelly structures longitudinal to the flow, a common occurrence for 

water-worked gravel beds in both the laboratory and the field (Aberle and Nikora, 2006; 

Butler et al., 2001; Cooper and Tait, 2009; Hodge et al., 2009a; Mao et al., 2011). This 

observation can be attributed to sediment deposition after contact with the upstream front 

of a stable grain and particle imbrication. Bar #3 presents a different shape of structure 

function for lags up to 2 to 3 D50. This may reflect diamond-shape clusters (Aberle and 

Nikora, 2006; Mao et al., 2011), whose extensive presence can be noticed on the ortho-

image (Figure 8.3), unlike other patches.   

   
FIGURE 8.6 2D isopleth maps of the generalised second-order structure functions for the three patches 

(bar #1 to #3 from left to right). The assumed flow direction is along the horizontal axis. Arrows show 

the most probable flow direction, based on Figure 8.8. 

The combined distributions of DEM cell slope and aspect angles (Figure 8.7) show that all 

three patches have a dominance of DEM cells with upstream aspects (i.e. aspect angle 

around 0°). The latter is known to represent particle imbrication (Hodge et al., 2009a), 

which naturally occurs in a direction parallel to the flow (Laronne and Carson, 1976; 

Millane et al., 2006). Hence, bar #2 certainly presented the highest rate of surface 

imbricated grains. From the dominant slope angles in Figure 8.7, the angle of imbrication 

is estimated at between 25° and 50° for all patches. The three patches however present 

different grain arrangements at the bed surface. Bar #1 is characterised by DEM cell 

slopes rarely exceeding 70° and particle imbrication not as pronounced as on bar #2. Bars 

#2 and #3 have DEM cells with slope angles sometimes reaching 80-90°, indicating more 

packed particles and rougher surfaces, verifying previously presented observations (Figure 
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8.5). Bar #3 shows imbrications over a range of directions, from 0° to 90° with respect to 

the assumed flow direction. Since imbrication is not centred on zero, which means that 

surface grains predominantly imbricated in directions different from the flow direction, it 

suggests that the flow direction was incorrectly determined in the field. Concurrently, 

imbricated particles covering a range of directions might say that the flow direction 

changed over the duration of the last competent event, for example varied with flow 

depth, or that different flows (with different directions) imbricated particles in different 

ways over time, something which was observed in the past (Millane et al., 2006).  

Figure 8.8 shows the directional inclination indices calculated from the DEMs. Bar #2 

shows the largest inclination index; hence, more of the patch area was covered by 

imbricated particles than on the other patches. This corroborates observations made on the 

combined distributions of DEM cell slope and aspect angles (Figure 8.7). For bar #2, the 

inclination index clearly peaks in the direction of the flow, suggesting the flow direction 

was correctly determined in the field (Millane et al., 2006). Bar #3 has an inclination 

index that plateaued for angles between approximately 0° and 90°, which again follows 

observations made previously on Figure 8.7. The maximum inclination index for bar #3 is 

attained for a DEM direction forming a 30° angle with the flow, suggesting that the 

assumed flow direction was erroneous by 30° (Millane et al., 2006). If this really is the 

case, the distribution of DEM cell slope and aspect angles (Figure 8.7) for bar #3, which 

initially differed from the other two patches, would have a more natural look and would 

exhibit a dominance of DEM cells with upstream aspects, hence particle imbrication in the 

direction of the flow. Likewise, this would affect the measured frequency-distribution of 

grains‟ a-axis orientation (Figure 8.2B), which would then peak for angles perpendicular 

to the flow direction, indicating a dominance of particles reposing across the flow; and the 

shape of the 2D structure function (Figure 8.6), which would also show a dominant ellipse 

orientation transverse to the flow direction at medium lags. The latter two observations 

demonstrate that more particles were aligned transverse to the flow on bar #3 than on the 

other patches, which can be associated to a bedload transport mode by rolling and sliding 

motion (Laronne and Carson, 1976). Bar #1 shows a smoother distribution of inclination 

indices, skewed to the left of the plot, which might say that the actual surface-forming 
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flow direction is slightly offset from the assumed flow direction. Whilst this is not as clear 

as on bar #3, this corroborates observations made on Figures 8.6 and 8.7. 

 
  

FIGURE 8.7 Polar plots of all 1mm
2
 DEM grid cells aspect and slope angles for the three patches (bar 

#1 to #3 from left to right). Aspect angle is from 0° to 360° and slope angle is from 0° to 90°; plots are 

shaded by point density (high density in black, zero density in white). The assumed flow direction is 

from 0° to 180°. Arrows show the most probable flow direction, based on Figure 8.8. 

 
FIGURE 8.8 Directional inclination indices for the three patches. Inclination was calculated for all 

angles between -180° and 180° at a five-degree interval, using a separation distance between pairs of 

points of 1 mm, which is the DEM sampling distance, the lag for which imbrication was the most 

perceptible. 
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8.4. DISCUSSION 

We previously reported on our development of a non-proprietary CRDP technique, 

making use of consumer-grade digital cameras and off-the-shelf calibration and stereo 

matching engines, capable of recording gravel beds, water-worked in a laboratory flume, 

at the grain scale, characterised by sub-millimetre DEM resolution and accuracy (Bertin et 

al., 2015). We also showed that the same CRDP technique can be used for through-water 

recording (Bertin et al., 2013). Here, we tested the possibility to deploy the setup and 

adapt the methodology for measurements in a natural river environment in the field. 

8.4.1. CRDP measurement workflow and field potential 

Compared with previous fluvial applications of digital photogrammetry, calibration was 

performed in one go with a chequerboard, and did not require the placement of fixed 

control targets on each patch, which it turn would require surveys with a total station (or 

another independent device) for bundle adjustment. In addition to speeding up data 

collection and limiting the resources needed on site, calibration with a chequerboard 

prevents the introduction of additional errors due to the total station, which adversely 

affects calibration, and hence DEM quality (Carbonneau et al., 2003). It is noted, 

however, that having fixed control targets of known coordinates (e.g. using a GPS tracker) 

gives the possibility to place measured DEMs within a global coordinate system, 

something which was deemed unnecessary for our obtained small-scale DEMs. For this 

field work, the application of photogrammetry was rendered even more effective by doing 

the calibration in „ideal‟ conditions in the laboratory, providing optimum calibration 

parameters, prior to moving to the field. There are drawbacks to this method however. 

The cameras‟ arrangement, after calibration, needs to remain as unmodified as possible 

until the gravel-bed images are collected, to guarantee representative calibration 

parameters. Using a chequerboard allowed efficient and effective testing of the calibration 

validity after transport to the field, which was confirmed in this study. Moreover, a 

laboratory calibration requires pre-supposition of the camera-to-riverbed and baseline 

distances used in the field, both controlling the measurement performance, and therefore 

limiting the applicability of the calibrated setup to a range of tasks (microtopographic 

measurements herewith). With the large body of work on the subject, it is well known that 
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digital cameras are versatile instruments, able to perform 3D measurements over a range 

of spatial scales, from microtopography to channel shape and over (Butler et al., 2001; 

Javernick et al., 2014; Lane, 2000; Lane et al., 2003). Scale-depending, different options 

may be envisaged, in the case other 3D data was to be collected on the Whakatiwai on that 

day, outside gravel-bar microtopography: (i) several overlapping small-scale DEMs can 

be merged together, producing a larger DEM that shares the measurement quality of the 

original DEMs (Bertin et al., 2016); (ii) the CRDP setup can be adjusted and re-calibrated 

on site to suit larger-scale measurements better (e.g. by increasing the baseline and camera 

distance); (iii) more than one pre-calibrated setup can be transported to the field, each 

attributed a specific task; and (iv) a camera can be detached to collect imagery from which 

larger-scale DEMs are reconstructed using other methods than herewith presented (e.g., 

SfM, (Javernick et al., 2014)). 

In conjunction with accurate calibration, scanline-based pixel-to-pixel stereo matching 

resulted in dense DEMs, with the possibility to have a DEM grid size as small as the pixel 

size at the riverbed‟s plane. This fact limited surface smoothing and improved on 

traditional area-based methods, whereby the smallest DEM grid size is chosen to be five 

times the pixel size on the surface (Lane et al., 2000). Limited post-processing was 

applied on the DEMs, which was deemed optional and prevented the introduction of new 

errors. For TLS applications, measurement resolution can also be a limiting factor for 

DEM quality. Hodge et al. (2009a; 2009b) reported using a laser-scanning system with a 4 

mm footprint in a field study measuring grain-scale fluvial morphology. A rigorous 

methodology was necessary to maximise point coverage and density and to minimise the 

effect of the oblique scan angles, by collecting data from two or three scanner positions 

around each patch, registered together by simultaneously scanning a network of fixed 

targets, and taking three repeat scans from each scanner position to minimise errors in the 

data. The reported turn-round time was approximately 25-30 minutes per scan. However, 

there was still the need of significant post-processing in the form of three filters to obtain 

accurate metrics (Hodge et al., 2009a; Hodge et al., 2009b; Smith et al., 2012).  

A potential advantage of TLS over CRDP is its direct „time-of-flight‟ measurement, 

compared with measurements relying on image quality and texture (Hodge et al., 2009b). 

This certainly helped promoting the advent of range (also called time-of-flight) cameras 
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and usage in the Earth Sciences (Mankoff and Russo, 2013; Nitsche et al., 2013). 

However, a number of difficulties, including the need to collect data in low-light 

conditions, currently limit the applicability of this recent technology in the field and 

prevent accurate grain-scale data collection. Moreover, surface reflectivity can introduce 

systematic time-of-flight measurement errors (Hodge et al., 2009b; Nitsche et al., 2013), 

for which the only remedies are repeat scan processing and filtering. In contrast, digital 

photogrammetry provides the opportunity to optimise image collection (e.g. by varying 

the shutter speed), and use image transformation techniques, such as Retinex, to improve 

stereo matching. This proved to be a source of significant DEM accuracy improvement in 

the laboratory (Bertin et al., 2015), and we expect this will become even more important 

in the field, where lighting conditions are variable. 

During this field work, we also tested the possibility to assess DEM quality without 

ground check points and a total station. Data quality assessment, an important component 

to every topographic survey (Lane et al., 2005), was performed using a ground-truth 

object produced by 3D printing (Bertin et al., 2014). Due to the small size of the 3D-

printed model, we believe this assessment suits small-scale DEMs well, but would not be 

adequate for larger DEMs. In addition to saving time on site, the use of a realistic ground 

truth provided a precise and reliable quantification of DEM errors. This way, we showed 

that CRDP is capable of measuring complex surfaces in the field with good vertical 

accuracy.     

8.4.2. Riverbed morphology and between-bar variations 

A range of methods was used to analyse the gravel-bed DEMs, some of which are by now 

well-known to the Earth Science community (e.g., probability distribution functions and 

generalised structure functions), and have been used extensively in studies on the 

geomorphology of gravel-bed rivers over the past decades (e.g., Robert (1991); Butler et 

al. (2001); Aberle and Nikora (2006)). Other methods however, such as the combined 

distribution of DEM cells‟ slope and aspect angles and the directional inclination index, 

have only been used in a handful of studies on gravel-bed rivers so far (Hodge et al., 

2009a; Millane et al., 2006; Qin et al., 2012b). Analysis of surface elevations (Figure 8.5) 

identified differences between the three patches, and showed that both the median grain 
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size (D50) and sediment sorting (σ) exert control on the surface irregularity and geometric 

roughness after water-work, with the geometric roughness represented by the standard 

deviation of bed elevations (σZ). The bed-elevation distribution skewness (SK), positive for 

all bars, confirmed that the patches comprised water-worked gravels (Aberle and Nikora, 

2006). Information derived from the 2D structure functions was useful to identify 

variations on the size, orientation and type of gravel structures found on the gravel bars. 

Bars #1 and #2 had longitudinal gravel structures, extending over lengths several times the 

surface D50. Diamond-shaped clusters were observed on bar #3, which was evidenced in 

the 2D isopleth maps (Figure 8.6). There was a good agreement between the prevailing 

grain orientation determined using either the structure functions or grain delineation in the 

photographs (Figure 8.2B). However, this failed at being conclusive on the surface-

forming flow direction (Hodge et al., 2009a). The latter is notoriously difficult to 

determine accurately from visual observations in the field (e.g. Smart et al. (2004)). Using 

DEMs has improved means to determine the antecedent flow direction from 

measurements of exposed gravel surfaces, especially when relying on surface inclinations 

(Aberle and Nikora, 2006; Millane et al., 2006; Smart et al., 2004). In this study, analyses 

of the directional inclination index (Figure 8.8) and the combined distribution of DEM 

cell slope and aspect angle (Figure 8.7) reached the same conclusion on particle 

imbrication, hence surface-forming flow direction(s). Bar #2 was the patch with most of 

its surface covered with imbricated particles (Figure 8.8). The neat imbrication in a single 

direction confirmed the flow direction determined in the field. Bars #1 and #3 presented 

imbricated particles over a range of directions, suggesting flow direction changed over the 

last flow event(s) and imbricated particles in different ways. Plotting the directional 

inclination index has the advantage of clearly showing the angle(s) for which imbrication 

is the most significant (Millane et al., 2006), hence the surface-forming flow direction(s). 

Surface slope and aspect is hardly parameterisable, but provides information on the angles 

with which sediment particles repose at the surface. 

As Rice and Church (2010) pointed out, focus in past research has been on bed-material 

grain size variation in gravel-bed rivers at reach and river-length scales, and has sought to 

explain the principal features, including downstream fining and the gravel-sand transition. 

Relatively little information is currently available on the variations in surface structure 
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and geometric roughness, despite that we know that these factors influence flow resistance 

and sediment transport (Church et al., 1998; Komar and Li, 1986; Laronne and Carson, 

1976), and may be used to explain the processes responsible for the formation and 

evolution of sedimentary units, such as riffles and pools (Hodge et al., 2013). As shown in 

the presented study, field deployment of remote-sensing techniques, such as CRDP, is 

becoming easier, and statistical analysis of the DEMs has the potential to provide 

important information on the variations in surface structure.  

8.5. CONCLUSION 

Collecting information on gravel-bed rivers at the grain scale in both the laboratory and 

the field, although technically and methodologically challenging, is important for 

applications such as roughness studies, sediment transport and the interactions between 

animals and the geomorphology, topics relevant to many river practitioners. Sediment size 

and 3D arrangement at the riverbed surface are all useful information to collect; these 

factors control physical processes such as the resistance to the flow, the ability of the flow 

to entrain sediment and create sediment structures, which in turn can explain the existence 

of distinct sedimentary units within a river reach, and the large-scale evolution of river 

basins. 

Along with TLS, CRDP is a mature remote-sensing technique, theoretically able of high-

spatial point density and accuracy, necessary for measuring gravel-bed microtopography. 

Despite extensive applications in the Earth Sciences, both techniques suffer from a tedious 

measuring workflow when it comes to measure fluvial sediment at the grain scale, which 

currently hinders the general applicability of these techniques in the field, and in spite of 

the best of methodological efforts, may not always guarantee reliable findings based on 

the measured DEMs.  

This study presented how CRDP can be efficiently deployed in the field to collect high-

resolution and high-accuracy DEMs from exposed gravel bars. The only resources needed 

were two digital cameras mounted on a rigid bar, two tripods and a laptop. Field data 

collection was greatly simplified by undertaking the necessary calibration in the 

laboratory, prior to moving to the field. This removed the need to dispose ground-control 
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targets, distributed on each measured surface, and required to be surveyed with an 

independent measuring technique, as was done in previous research for bundle 

adjustment. Dense stereo matching and image optimisation helped the collection of DEMs 

without being impacted by variable lighting conditions, which challenge applications of 

TLS and range imaging. A light-weight 3D-printed model, resembling a water-worked 

gravel bed, was used on site as a ground-truth object to assess the accurate measurement 

of elevation data. In this work, DEMs were collected at a 1 mm sampling distance, which 

could go as low as the pixel size at the riverbed‟s plane (i.e. around 0.25 mm), with a 

measured accuracy of 0.67 mm (based on MUE), which guaranteed reliable grain 

roughness properties from the DEMs.  

A variety of statistical methods was applied to the DEMs and identified between-bar 

sedimentological contrasts. Analysis of the distribution of surface elevations confirmed 

that the surfaces were water-worked (positive distribution skewness) and allowed to rank 

the patches by their geometrical roughness (σZ). It showed how σZ is influenced by both 

the median grain size (D50) and sediment sorting (σ). Information derived from the 2D 

structure functions helped identify variations in size, orientation and type of gravel 

structures found on the gravel bars. Bars #1 and #2 both had longitudinal gravel 

structures, which contrasted with the diamond-shaped clusters found on bar #3. The 

prevailing grain orientation determined from automatically delineated grains in the 

photographs supported observations from the 2D structure functions, but failed at being 

conclusive on the surface-forming flow direction. For the latter, analyses of the directional 

inclination index and the combined distribution of DEM cell slope and aspect angle were 

the most helpful, showing the direction(s) of particle imbrication, hence the surface-

forming flow direction(s).   

Continuous progress in topography remote sensing is important to extend our fluvial 

knowledge, for example by allowing the study of flow-channel processes at different 

scales, in both space and time. Better characterisation of these processes in situ, with the 

efficient and effective measurement of submerged surfaces, is a critical task that needs to 

be tackled in future, ultimately to develop a technique customised for use by fluvial 

geomorphologists in the field. 
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CHAPTER 

9 

 
SUMMARY AND CONCLUDING REMARKS 
 

 

 

 

 

Remote sensing of the fluvial environment is becoming more important in a range of 

disciplines, with diverse applications (e.g., hydraulics, hydrology, geomorphology, 

ecology). This study contributes to developments in digital photogrammetry, applied to 

researching gravel-bed morphology at small spatial scales, in both the laboratory and the 

field.  

In the following, the main contributions and findings of the present research study are 

summarised, and recommendations for future research and concluding remarks are 

presented.  



CHAPTER 9 SUMMARY AND CONCLUDING REMARKS 

206  

9.1. DEVELOPMENTS IN PHOTOGRAMMETRIC REMOTE SENSING 

9.1.1. Contributions 

A review of the latest photogrammetric and computer-vision solutions for close-range 

measurement of 3D shapes using standard digital imagery has resulted in a selection of 

non-proprietary algorithms to develop a low-cost (< $5k equipment cost), and high- 

resolution/accuracy (i.e. sub-millimetre) system, customised for the measurement of 

water-worked gravel-bed topography, in both the laboratory and the field. The ability to 

measure submerged surfaces in flumes, and to merge overlapping DEMs to extend the 

surface coverage without losing measurement quality, was improved substantially. As a 

result, limited post processing is needed, and repeating measurements is not required. 

Progress was also made on the evaluation of small-scale DEMs using ground-truth 

objects. 

The technique developed during this research is „non-proprietary‟. Therefore, unlike 

previous fluvial microtopography photogrammetric and laser-scanning applications, 

commercial software restrictions do not limit data collection improvement. A pair of 

identical consumer-grade digital cameras assembled in stereo (i.e. separated by a baseline 

to produce images with a stereoscopic overlap) makes up the image acquisition system. 

Two different cameras were used during the project: Nikon D90s and Nikon D5100s. The 

D5100s have an improved sensor resolution (16.2 megapixel, compared with 12.3 

megapixel for the D90s). The DEM reconstruction technique relies on off-the-shelf and 

readily accessible calibration and stereo matching engines, implemented in Matlab® and 

C++, respectively. The rest of the photogrammetric workflow, necessary to design the 

camera system, to transform point clouds to DEMs and to process DEM data for future 

analyses, uses self-coded Matlab® programs.  

Using photogrammetry has the advantage that the measuring instrument is adjustable, 

which in turn also provides challenges. In particular, the cameras‟ arrangement must be 

correctly designed for the tasks ahead, in order to guarantee the best measurement 

resolution possible for the desired surface coverage. Using the standard photogrammetric 

formulae, the camera setup is designed and the optimum camera height to measure 

surfaces of different sizes is determined, with the possibility to account for a margin 
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and/or several DEMs that are merged together. The design was adapted for through-water 

recording, with the introduction of Snell‟s law of Optics in the photogrammetric 

equations.  

Zhang (1998) calibration, implemented in Bouguet (2010)‟s Matlab® toolbox, avoids the 

need to place control targets on the riverbed (or flume bed), which would need to be 

surveyed with an independent instrument (e.g., a total station), as was the case in previous 

fluvial microtopography photogrammetric applications. The used calibration method is 

more sophisticated than standard calibrations implemented in commercial 

photogrammetric software, as it allows estimation of the tangential distortion, important 

for high-accuracy projections. Through-water calibration accounts for the light refraction 

at the air-water interface through adjustments in the calibration parameters (e.g., focal lens 

and distortion coefficients). Hence, post-processing to correct for refraction is not 

necessary, unlike needed for previous TLS and photogrammetric applications. 

Optimisation strategies resulted in using at least 30 stereo images of the calibration 

chequerboard in different positions, altogether covering the whole measurement window, 

to allow accurate image rectification to below 1 pixel (thus no calibration-borne 

systematic DEM errors after stereo matching) and minimal dome effect (mean unsigned 

error, MUE = 0.64 mm, measured from a 450 × 450 mm flat surface). The validity of the 

calibration was verified over long time periods (approx. 1.5 month), and always exceeded 

the camera-battery life. There are inconveniences to using this calibration method, 

however. The process of obtaining chequerboard stereo images covering the whole 

measurement window can be tedious, especially when done underwater, which requires a 

long time interval (40 s) between two images, to minimise the presence of free-surface 

waves. A further disadvantage (however shared with other photogrammetric techniques) 

is that a calibrated camera setup requires both, fixed camera parameters (e.g., focusing 

point and aperture setting, which control the internal camera geometry) and fixed setup 

geometries (i.e. fixed camera height and baseline distance). Therefore, a change in the 

camera setup design (voluntary or not) requires a new calibration. 

Stereo matching, using the symmetric dynamic stereo programming (SDPS) algorithm 

(Gimel'farb, 2002), is done pixel-by-pixel, hence allowing a DEM grid size as small as the 

pixel size on the riverbed. This prevents any unnecessary smoothing compared with 
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traditional area-based matching methods, important for the measurement of rough 

surfaces like gravel beds. Optimisation consisted of selecting the best-suited images for 

stereo matching. Colour (i.e. RGB) images always provided better DEM accuracies (in 

terms of mean unsigned error, MUE, measured on a ground truth) than greyscale images 

(35% improvement in average). The effect of image luminosity (herewith function of the 

shutter speed) was also quantified. Means to improve image quality and to minimise the 

effect of variable lighting conditions observed in the field are presented.  

In this study, ground truth objects (i.e. of known geometries), 3D printed and 

manufactured, were used for the evaluation of DEM quality (i.e. accuracy, precision and 

reliability). Thus, the density of check points scales with the number of measured points in 

DEMs, improving on traditional methods that use a small number of check points 

disposed on the riverbed, which need to be surveyed with an independent measuring 

device. Using ground truth objects enabled efficient DEM evaluation in both the 

laboratory and the field. The effect of changing the DEM grid size was tested. It 

confirmed the importance to first interpolate point clouds onto grids closely matching the 

original point spacing to limit surface smoothing. DEMs can then be resampled onto 

coarser grids with lesser smoothing.  

9.1.2. Future research and novel application 

The limited applied research available on the optimisation of image quality requires 

further testing, to find the most effective image collection and processing strategies for 

both laboratory and field applications. 

After workflow optimisation, occlusions (called the „dead-ground effect‟ in some other 

studies) were identified as the main limitation to DEM accuracy. This is a recurrent 

problem in the measurement of rough surfaces with both photogrammetry and TLS. 

Further research is necessary to understand how the photogrammetric design (setting 

camera height and baseline distance especially) may improve the measurement of rough 

surfaces. With the readily availability of high-tech cameras, methodologies to fuse DEMs 

obtained from different viewpoints, with weighted-averaging of the elevations (for 
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example based on the measured DEM cell aspect angle), is another area that requires more 

research.  

Currently, measurement of submerged topography requires reducing the flow rate until 

surface waves are minimised. Preliminary tests showed how the use of a Perspex 

flattening layer on top of the water surface may lessen this requirement. It will thus be 

interesting to see the effect of varying flow velocities on DEM quality. Ideally, this will 

permit measurement of gravel-bed topography evolution without „halting‟ the experiment.  

The field application of photogrammetry was limited to the study of small patches of 

exposed gravel beds. Future field surveys will attempt to merge small-scale DEMs to 

cover gravel bars more extensively. A change in the design, on site, and re-calibration, 

would for example allow the measurement of channel shape and thus place small-scale 

DEMs in a larger topographical context.  

At this stage of development, the photogrammetric pipeline is basically a combination of 

algorithms, which are used one after the other (photogrammetric design, calibration, 

image rectification, stereo matching, point cloud and DEM reconstruction). The 

integration into a global toolbox, for example coded in Matlab® or in C++, would allow a 

more efficient process accessible to others.  

Provided a certain level of automation is achieved, it will be interesting to use this 

photogrammetric technique in conjunction with smaller camera formats to study dynamic 

processes in flumes (e.g., the 3D monitoring of scouring and earth dam and dike erosion), 

for which the use of photogrammetry appears promising (e.g., Bouratsis et al., 2013; Rapp 

et al., 2012; Schmocker, 2011). 

9.2. GRAIN-SCALE FLUVIAL MORPHOLOGY STUDIES 

9.2.1. Contributions 

The experimental programme described in Chapter 7, replicated flume tests on stream-bed 

armouring under conditions of sediment starvation. Two different mixtures from natural 

river-worn sand and gravel, were used for the tests, during which mobile sediment beds 
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were armoured successively with two different flow rates. Bedload transport was 

monitored throughout the tests using a sediment trap. Furthermore, photogrammetric 

monitoring of stable armour layers‟ properties was carried out to obtain information on 

surface grain-size distribution and preferential grain orientation (from the 2D imagery), 

and bed topography (from DEMs). DEMs were analysed using a range of geostatistical 

methods, some of which have been used extensively since the advent of the random-field 

approach (e.g., bed-elevation distribution moments and second-order 2D structure 

functions), whilst others have only been used so far in selected hydraulic research studies 

(e.g., distribution of DEM cells‟ slope and aspect angle and the directional inclination 

index).  

The results show that the formation of a stable armour layer involves a complete and 

consistent re-arrangement of the bed material, beyond the generally reported surface 

coarsening process. Depending on the flow competence, this re-arrangement of the bed 

material was characterised by the re-working of large grains that cannot be entrained by 

bedload to more stable positions that minimise drag, the entrainment of grains by rolling 

and sliding until deposition with the long axis transverse to the flow, resulting in the 

formation of imbricated structures with grains dipping upstream, accentuated grain 

packing, surface roughening (i.e. increased range and standard deviation of bed 

elevations, increase in the angle of grain repose) and the formation of sedimentary 

structures such as clusters and stone cells. It was observed that a moderate increase in 

flow competence on an already structured bed results in surface changes. However, 

surface coarsening may not be perceptible, since it is largely constrained by sediment 

sorting and flow competence, and may lead to the erroneous conclusion that the armour 

layer sustained a change in flow discharge. Bed topography (hence structure) was more 

responsive to changes in flow strength and displayed more degrees of adaptability than 

bed material size alone. Therefore, it suggests that armour layer break-up must not be 

interpreted in terms of surface composition change only, as is commonly done, but should 

also incorporate changes in surface structure. Changing the sediment mixture in the flume 

impacted on the armour layer properties. Sediment grain-size distribution and shape were 

found to be the controlling factors, with the coarser and more angular sediment particles 

producing rougher surfaces after water-working. Coarse grain orientation, being 
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essentially the result of flow competence, was found to be dominant upon grain 

structuring and imbrication, with coarse particles aligned transverse to the flow, providing 

the right conditions for particle imbrication. The topographic variability within water-

worked surfaces was compared with the variability between tests. This showed the 

replicablity of armour layers formed using the same sediment and flow discharge. Overall, 

this suggested that armour layer manifestations can be parameterised beyond a simple 

percentile of bed material GSD, and that bed properties should be linked to the formative 

flow and sediment.  

In the field, the photogrammetric equipment was deployed on three gravel bars, at the bar 

head close to the water edge, this way minimising the in-bar variability observed in 

previous studies. The same statistical analysis of the DEMs as the one performed for the 

laboratory experiments on stable armouring was applied to the field DEMs. The analysis 

identified between-bar sedimentological (i.e. sediment grain-size distribution) and 

topographic contrasts. Sediment size at the bed surface (represented by D50) was found to 

vary largely (more than two-fold) from one bar to the other, as was the sediment 

geometric sorting and preferential grain (long-axis) orientation (observed to be either 

aligned parallel or transverse to the surface-forming flow direction). Surface geometric 

roughness (represented by the standard deviation of bed elevation, σZ) was found to be 

influenced both by the bed-material size and sorting. Coarser sediment formed rougher 

surfaces, however, for a same median grain size, the surface with poorly-sorted sediment 

was rougher than the surface comprising better-sorted bed material. The use of second-

order 2D structure functions enabled the identification of scale variations, orientation and 

type of gravel structures found on the gravel bars. Observed gravel structures were 

predominantly longitudinal to the flow, except for one patch of gravel, which presented 

diamond-shaped clusters of particles. However, structure functions failed at being 

conclusive on the surface-forming flow direction. The latter was better determined using 

the inclination index, which identified imbricated grains on all studied patches. Knowing 

that particles naturally imbricate in a direction parallel to the surface-forming flow 

allowed to determine the surface-forming flow direction. 
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9.2.2. Future research 

Linking armour layer properties to the formative flow and sediment is relevant for 

monitoring hydraulic and ecological processes in gravel-bed rivers. The experimental 

programme carried out during this study suggests that there is a unique relationship 

between a fully-developed stable armour and the flow and sediment forming it. To 

confirm this observation, more tests with different flow discharges and sediment sizes are 

necessary.   

Analysis of armour layer properties should extend to other statistics extracted from the 

DEMs. The calculation of grain exposures to the flow and surface porosity are possible 

from DEMs, and should be considered in future studies.  

This study identified spatial heterogeneities both in armour layer properties at patch 

scales, and gravel bar morphologies along a river-reach. For armour layer properties it 

will be important to define the minimum measurable DEM area that conserves DEM 

properties representative of the armour layer as a whole. This study suggests sediment size 

and flow competence play a role in the spatial contrasts and therefore should be 

considered when deciding on the DEM extent required for the statistical analysis. For 

gravel bars, future work will examine the variability within bars, as this was limited to 

bed-material size in previous research, and comparison will be done with the between-bar 

contrasts identified in this research.  

Further work will be necessary to better understand the spatial variability of near-bed 

turbulent velocity fields and their relationships to the local topography of water-worked 

gravel beds. This has been attempted in the field (e.g., Lamarre and Roy, 2005; Legleiter 

et al., 2007), however, measuring topography and near-bed flow properties remains 

extremely complex. In the laboratory, the application of recent technological advances in 

the measurement of flow (e.g., particle image velocimetry (PIV) and acoustic Doppler 

velocimetry (ADV), Aberle, 2006; Buffin-Bélanger et al., 2006; Cooper et al., 2013; Rice 

et al., 2014) combined with surface topography, as measured in this study, may prove 

pivotal in this regard. 
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