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ABSTRACT

Hydraulic engineers and fluvial geomorphologists need to understand how moving water flows over stream beds, and
results in sediment transport. One critical aspect that is becoming increasingly important is gaining knowledge about the
exact shape and morphology of water worked sediments. This paper demonstrates how automated terrain model
extraction software combined with images acquired using a Kodak DC$460 digital camera have been effective in
generating digital elevation models (DEMS) to represent such complex bed morphology and derive estimates of bed
roughness.

The automated extraction of DEMs to represent sedimentary forms created in a flume requires careful photogrammetric
design. In addition to the normal constraints imposed by scale and photo-configuration, the estimation and stability of
camera inner orientation are critical. The approaches adopted and recommended are illustrated by recent research
projects carried out on large flumes at Loughborough University and Hydraulics Research, Wallingford, both in the UK.
The methodology has also been developed and applied to area and large braided river channel system in the Canadian
Rockies, using oblique imagery acquired with the DCS460. These three applications show the efficacy of the approach
and demonstrate that morphological data has been collected at significantly higher spatial and temporal densities than is
possible using other methods available.

Automated digital photogrammetry now provides hydraulic engineers and fluvial geomorphologists with an ability to
measure at the bedform scale and partly at the grainscale. Manipulation of these base morphological descriptors and
data derived from them, is becoming increasingly necessary for understanding fully, fluvial flow and sediment transport
mechanisms.

1 INTRODUCTION

Riverbed morphology devel ops from the action of water flow and sediment movement, which are, in turn, influenced by
the bed morphology. This link between bed form and hydraulics functions at a variety of scales, from individual grains,
through to bedforms and to the stream channel itself. Clearly these scales are linked, with collections of particles
creating the bedform and the spatial distribution of bedforms creating channel-scale topography. These different scales
of bed topography influence fluvial processesin avariety of ways. For example, particle erosion and deposition depend
upon grain size (Shields, 1936) and grain packing and bedform geometry (Kirchner et al., 1990).

Despite the significance of riverbed topography at these different scales, measurement of other parameters such as flow
velocity and turbulence has dominated fluvial research, whilst bed topography is often reduced to simple statistical or
descriptive values. One of the main reasons for this emphasis has been the difficulty involved with measuring bed
morphology, particularly over the range of spatial scales. In the few studies that have involved bedform measurement,
the difficulties have forced researchers to measure profiles, typically across the river channel (e.g. Robert, 1998; Nikora
et al., 1998). Traditional measurement procedures (i.e. level and staff) result in slow rates of data acquisition, which can
compromise studies in two mutually exclusive ways. Cross-sections may be spaced too widely, so that whilst change
across the channel is monitored effectively, it is difficult to quantify downstream change. If however, an appropriate
density of cross-sections is maintained, then frequency of survey is inevitably reduced such that data maybe sampled at
afrequency that is lower than the time scale of change. If understanding is desired at the smaller grainscale, then these
issues are compounded further because of the need for a far denser sampling strategy than conventional surveying
methods can allow. Even if the study is transferred to the flume environment where many of the practical problems
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asciated with carying out fieldwork are eaed, topagraphy is traditionally measured using manual point gauges,
which again leals to dfficulties in achieving appropriate data densities.

Tedhnologicd advances have enabled faster and hence higher resolution data aquisition methods to be used and
developed. The recent computerization and automation of point gauges (Wallingford, 1999) has enabled individual
cross edions to be measured more efficiently in a flume. The time required for ead measurement point is gill high
and so measuring reped parall el profiles to provide adigital elevation model (DEM) is an exceptionally slow process
Laser based instrumentation has offered paentia for flume work also, with gantry mounted laser profilers being
cgpable of deriving very dense DEMs. However, the time required for such measurement remains long also and
problems of defining a stable reference plane suggest that this approach is only pradicable within small areas (< 0.1m?).
For natural field channels, developments in conventional surveying equipment are significant, particularly the
motorized prism tradking Total Station. This technology has enabled the number of points that can be measured per day
to be doubled (approximately 2-3000 pants), and on seaure sites provides a 50% reduction in personnel. The Total
Station can certainly provide data & the dhannel scde and in al diredions, but the density of pointsis only just able to
provide information at the bed scde and is certainly incapable of providing anything at the more dusive grain scde.

2 APHOTOGRAMM ETRIC SOLUTION

A photogrammetric method d deriving appropriate data for fluvial research would appea to dffer potential, and indeed
photogrammetric methods have been used in ealier studies. Lo and Wong (1973 used 35mm cameras to examine the
development of rills and gullies on a small sedion of weahered granite in Hong Kong. Collins and Moon (1979
measured stream bank erosion photogrammetricdly and this was developed by Welch and Jordan (1983) where norn-
metric 35mm imagery was used to measure aoss dional profiles and 3D terrain models to represent change occurring
in a dynamic meander bed. More recantly, Lane et al. (1994) combined analyticd photogrammetry with tacheometric
methods to quantify change occurring in arapidly evolving braided pro-gladal channel in the Alps. A Wild P32 camera
was used to aqyuire highly-oblique terrestrial images and this fudy demonstrated just how improved topagraphic
monitoring could asdst fluvial reseach, (Lane et al., 1996).

These studies were dependent upon traditional photogrammetric methods, required access to expensive
analogue/analyticd plotters and relied upon manual measurement methods. Developments in digital photogrammetry
have provided fresh impetus to the use of photogrammetry in fluvia reseach. There ae many major advantages with a
purely digital solution, particularly if a high-resolution digital camera is included. The equipment necessary for image
measurement is beaming progressively less expensive, particularly with increasing use of PC platforms. The asts of
high-resolution digital cameras remain high, but are deaeasing (Ahmad and Chandler, 199) and the spatial acarracy
achievable is impressive, (Fraser, 1997 Shortis et al., 1998). Competition in the photogrammetric software market is
intense dso, with prices reducing and capabiliti es increasing. Of significanceto fluvial reseachersis the trend towards
software which demystifies photogrammetry, encouraging ron-photogrammetrists to apply the techniques, (Chandler,
199). Most significantly, the software is capable of extrading very dense digital elevation models automaticdly and at
very high rates. This means that DEMs can be derived at spatial and temporal frequencies that are far more gpropriate
to understanding the fluvial process eff ecting change.

Water worked surfaces are ided for automated photogrammetric measurement. The ladk of vegetation and natural
texture ensures that the surfacemeasured coincides with the desired surface unlike automatic terrain measurement for
conventional urban mapping where vegetation and buildings creae undesirable atifacts. The DEM aqquisition
procedure itself is also enhanced by obtaining imagery using a digital camera, which has a higher dynamic range and
improved contrast when compared to an analogue image and scanning solution, (Graham, 1998. Image ontrast is also
maximized through the short camera to oljed distances used, which minimizes image degradation due to atmospheric
haze Finally, the digital camera provides the obvious advantage of instant appraisal of exposures and of course removes
the time consuming and expensive film processng and scanning phases.

These cmbined advantages, reinforced by work in related fields (e.g. Helming et al., 1992 Gruen, 1994 Brunsden and
Chandler, 1996 convinced the authors that a stream bed measurement system based upon digital photogrammetry and a
high-resolution digital camera was an appropriate technology to invest in and develop. Reseach grant funding enabled
the purchase of a Kodak DCS460 and DCS420 and purchase and maintenance of the Erdas Imagine/OrthoMAX and
OrthoBASE software padkages. This combination has subsequently been used upon a diverse range of fluvia projeds,
both in terms of scde, location and desired outcomes.
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3 CASE STUDIES
3.1 Tilting flume

The first projed was carried out on the 1.2m wide "Tilting Flume" located at Hydraulics Research, Walli ngford, an
important center for fluvial reseach in the UK. The significance of the tilting flume projea was the aility to dredly
compare DEMs generated by digital photogrammetry and an independent laser profiling system. A small areaof the
existing flume bed (0.25 x 0.25m) was being measured using a Keyence (LC2450 laser displacement sensor, mounted
upon a horizontal motorized dsplacement frame, at a resolution of 0.5mm. Each experiment lasted for three weeks,
with the bed surfacemeasured at the end of ead day, normally with a shallow depth of water (<0.10 m) and negligible
flow rate. The disadvantage with the laser-based approach was the six hours required to measure the DEM combined
with its limited spatial coverage. Digital imagery of the bed was cgptured using the DCS460, the DCS460 and DC420
synchronized and a Hasselblad semi-metric camera, in order to asessthe acuracy achievable using cameras of varying
type and inner geometry. The cameras were mounted on a frame 1.9m above the flume bed and 10 conventional control
points were placal on the flume edge and co-ordinated using theoddite intersedion methods. The sensors were
cdibrated using both in-situ and test-field self-cdibration methods, both methods being appropriate for establishing
camerainner orientation, (Chandler et al., in pres§. DEMs were generated automatically at a resolution of 3mm over an
areaof 1.1 x 0.8m using OrthoMAX . Point elevations within the 0.25 x 0.25m areameasured by the laser profiler were
then downgraded to a resolution of 3mm and these 6889 points were compared with the photogrammetric estimates to
obtain the r.m.s.e. accuracy assesamnents presented in Table 1. The results show that there is littl e variation with sensor

type, but that accurades were not high when compared with the

Sensor type r.m.se. (mm) low camera/objed distance of 1.9m. Detailed examination of the
DCS460 +1.9mm surfaces derived showed that the major discrepancies occurred

— between large particles in small regions of "dead ground" and so
5;%;%?’32(35420 f;gmm the size of the bed material in relation to the pixel scde is a

dominant control (Sedion 4.0). However, the acaracy achieved is
acceptable for fluvial reseach and of greaer significance was the
incressed ared coverage (1.1 x 0.8m) and marked reduction in time required to oltain the imagery (only 10 minutes),
which all ows experimental work to continue.

Table 1. Accurades of sensor type

Additional elements of reseach involved developing and assessing the potential of two-media photogrammetry and
deriving estimates of bed roughness from the digital elevation models. The two-media photogrammetry has all owed
imagery to be obtained through a shall ow depth of water, withou draining the flume and is reported upon more fully in
Butler et al., in presg. Bed roughness has been quantified using a diverse range of methods, including texture extradion
using the Hurst operator, Fast Fourier Transforms and generation of semi-variograms and semi-variance surfaces. Semi-
variance surfaces have proved most valuable, becaise these have demonstrated that roughness can be parameterized at
different scdes and can therefore be used to define boundary conditions for numericd flow models (Butler at al., 1998;
Butler et al, in press.

3.2 TheFlood Channel Facility
A second projed carried out at Hydrauli cs Research Walli ngford required generating DEMss of bed forms creaed in the

Flood Channel Fadlity (FCF). This comprised a large meandering sinusoidal channel with a wavelength of 15m and
channel width of 1.6m. The meandering pattern covered an areal5 x 8m making efficient stereo-coverage difficult to

Photogrammetry

-300 + a Pointprofiler (with sampling points)

Figure 1, Accuracy of digital photogrammetry applied to the Flood Channel Fadlity (Camera Height = 4.2m)
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aquire & large-scde. The DCS460 was mounted using a simple scaffold plank with a 60mm diameter hole drill ed for
the camera lens, positioned on a moving overhead gantry 4.2m above the flume. The DCS460 was equipped with a
28mm lens © that the footprint of each frame was 4.1 x 2.8m. The difficult channel shape suggested that stereo
coverage should be obtained in the form of discrete stereo-pairs rather than more mnventional overlapping strips and 10
overlapping pairs were sufficient at the diosen photo-scde (1:150). Fifty conventional control targets were placal on
the flooddain and channel sides and these points were ggain co-ordinated using theoddite intersecion methods. The
camera was cdibrated using in-situ self-cdibration methods (Chandler et al., in pres§ and DEMs subsequently aaquired
(Chandler, et al., 1998).

In order to quantify the acaracy of the generated DEMSs, elevations were compared with those measured diredly using
a motorized profiling device (Wallingford, 199) aong several cross dions, (Figure 1). This figure suggests that
correspondence is excdlent, confirmed by summation of al discrepancies, which reved that a r.m.s.e. accuracy of
—1.9mm was achieved.

3.3 Loughborough Flume

The work on the large Flood Channel Fadlity (FCF) was replicaed at one-quarter scde on a smaller flume based at
Loughborough University, allowing geaer variation of those fluvial parameters that influence process One particular
variable studied has been the impaa of different depths of inundation (height above flooddain), with bedforms
measured following each experiment (Figure 2). The importance of this work to the photogrammetric community is that
the whole process has beaome aroutine operation, completed in less than five hours. This includes image aquisition

—

L._ L._
g1_1, height above floodplain: -0.004m g1_3, height above floodplain: 0.014m

-

[ -
g1_5, height above floodplain: 0.025m g1_7, height above floodplain: 0.040m
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Scale
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Figure 2, Flume bed surfaces derived by digital photogrammetry, Loughborough flume
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throughto DEM creaion and mosaicing and significantly, isbeing carried out by a mmpetent fluvial researcher without
any formal photogrammetric qualification or training. The system certainly demonstrates the value of a fluvia bed
measurement system based upon digital photogrammetry and has become just another todl used by fluvia reseachers.

3.4 Sunwapta River, Canadian Rockies

The projeds reported upon above have dl involved simulated river channel flumes, short camera-objed distances (<
4.2m) and imagery aoquired in the traditional verticd perspedive. These ae dl situations where the photogrammetry
can be planned, controlled and success would perhaps be expeded. The final projed was far more dallenging,
primarily because it involved measuring the changes occurring on ared river and required the use of oblique imagery at
an approximate distance of 235m from the riverbed.

The Sunwapta River is a large and adively braiding, gravel-bed, pro-gladgal river in the Rocky Mountains of Alberta,
Canada, between Jasper and Lake Louise. Theriver is fed by the Athabasca Glader and, due to the daily fluctuation in
air temperatures, experiences low flows in the ealy morning, building to pe& flows in the ealy evening. These
variations are & a maximum during the summer meltwater period, when pe&k flows cause significant transport of bed
sediment, causing substantial and rapid (daily) change in the streambed topagraphy. Quantification of such changes can
provide etimates of sediment transport rates (Lane et al., 1995 Ashmore and Church, 1998. Automated DEM
aquisition has been acomplished in flume studies for this purpose (Stojic et al., 1998), but not in the field using
oblique imagery. The low flows and exposed bed forms in the morning provide ar oppatunity to determine
morphologicd change and to measure bedform by photogrammetric methods. It was accepted that traditiona field
survey methods would still be required to provide surfacedata beneah the low water surface but it was hoped that the
photogrammetry could reducefield survey time significantly and provide DEMs at high spatial and temporal densities.

Another unique &tradion of the field site was the presence of a high cliff overlooking the read, from which oblique
and digital overlapping photographs could be obtained. This viewpoint had been used previoudly to oltain sequences of
35mm photography, to identify change by qualitative means (Goff and Ashmore, 1994). Images were obtained from 3
camera stations 45m apart; ead was locaed 125m above and 235 from the center channel of the river. The Kodak
DCS460 camera equipped with an 85mm lens was used, and combined coverage of two overlapping areas excealed an
areaof the read that was 1251long and 80m wide. Photo-scde varied, but in the ceitre of the read was 1:2,750, with
ead pixel providing ground coverage of approximately 0.055x 0.025m. Fifteen photo-control targets were placel upon
prominent channel bars. These cmnsisted of bladk and white painted baards with dimensions 0.3 x 0.3m, constructed
locdly and secured using sted reinforcing bars hammered into the stream bed. Their coordinates were derived by
theoddit e intersedion methods using measurements obtained from three ontrol stations. Average predsion following a
least squares variation of coordinates estimation was —5mm.

Digital photographs were obtained over
a 13-day period in July/August 1999
initially at 9.00am in the morning but
aso a 7pm in the evening for the last
four days of the monitoring phase.
Images were downloaded, examined to
asesymodify exposure settings and
badked up on a portable PC ead day.
Additional bed monitoring was being | o0
caried out on a repea daily basis by
more ®@nventional field surveying
methods. This consisted of measuring 16
crossstream profiles, ead between 85m
and 140m in length and 10m apart. The
sampling strategy involved measuring
points a intervals of one meter, with
additiona  points  introduced  at
significant bress of dope and between
these profile lines, and so approximately
3,000 points needed to be measured eat
day. Even with access to one motorized
Total Station (Leica TCA1800 and four
survey teams using levels and staffs, this
occupied 4-5 hours of ead field day,

850 900 950

1050

1000

followed by 1-2hrs of data entry and
processng each evening. In contrast, the

850 900 950

Figure 3, Slope shaded representation of DEM, Sunwapta- 30-07-99
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time required to aayuire imagery was just 13 hours, mostly taken by the time required to climb up to the amera
stations.

Photogrammetric data processng was carried out bad in the UK, using OrthoMAX to produce DEMs and OrthoBASE
for orthophoto production. It is not possble for OrthoMAX to generate DEMs automatically from obli que imagery and
using standard, documented procedures. However, previous reseach work (Pyle et al., 1997 Chandler, 1999 has
shown that if the aontrol is rotated so that the average vedor between the two camera axes is nea verticd, then it is
possble to use the automated DEM extradion tools successfully. This grategy was adopted, and a reverse rotation
applied to transform the automaticdly derived data badk into the original coordinate system. DEMs were aeded at a
resolution of 0.20m, for those days where change was experienced (Figure 3). Examination of the DEM, which consists
of 250,000 points, reveds that the distinctive acuate patterns within the bedforms are represented. These ae mnsistent
with the sequence of erosion and sediment depasition seen in flume experiments. It isalso clea that small topographica
feaures are represented, including minor bar-tops and channels. There ae aea where inacarate data has been
generated, but these wincide with those regions inundated by flowing water at the time of photo-aayuisition.
Comparison of DEM elevations with heights extracted from the profiles measured by field survey reved that the DEM
acaracy is —0.044m, a satisfadory result considering that median grainsize was 0.04m and that ground coverage of
ead pixel was 0.025m or greaer. Orthophotos (Figure 4) could be produced using the OrthoBASE product without
recourse to rotating the control coordinates.

4 DISCUSSON

The pradicd work cited in sedion 3.0
demonstrates that digital photogrammetry
can usefully be used to derive
morphologicd data necessary to describe
water worked surfaces. There ae various 1050
controls upon the quality of such data.

1050

The scde ad configuration of the
photographs acquired has adired and highly
predictable impad upon the predsion of
DEMs generated. One of the unique and
well-known advantages of photogrammetry 1000
is the postive relationship between
predsion and photo-scde and this has again
been illustrated during this study.
Applicaion of the methods for the Flood
Channel  Fadlity utilized a canera
configuration that can be more dficient than
the mnventional 60% overlap and verticd 950
imagery. The difficult sinusoidal wave
shape of the FCF demanded a radicd

approach, with the most effedive means of Figure 4, Orthophoto of braided system, Sunwapta- 30-07-99
obtaining stereo-coverage being to oktain

1000

950

discrete overlapping stereo-pairs. Moreover,
by orientating the axes of each camera dightly inwards, a 90-95% overlap can be adieved, again improving efficiency
and ease of obtaining appropriate stereo coverage of complex objeds.

Accurate camera cdibration is clealy criticd for deriving acarrate DEMs, athough the aiticdity of parameter groups
used to model the inner geometry of the amera varies (Chandler et al., in press. It has been found that it is particularly
important to acairately model Iens distortion, which arises from using the chegoer classof digital cameras designed for
professonal photography, rather than photogrammetry. Other parameters are less $gnificant. Focd length and principal
point offset, which can be important for convergent high predsion networks used for deformation monitoring, were
found to be insensitive to acairacy tests. It is suggested that for vertica imagery used to extrad DEMs of surfaces
which display minimal relief variation in relation to camera/objed distance, that these two sets of parameters need to be
estimated approximately only, (Chandler et al., in press.

It is pertinent to compare the acurades achieved in the three caes, but particularly between the FCF and the Tilting
flume, where acarrades are similar but the @amera devation was over twice & low. This paradox can be explained by
considering the extent and likelihood d poar matching due to dead ground in regions between particles. The likelihood
of dead ground is dependent upon the comparative size of the particles (median grain size) with the ground coverage of
pixels comprising the images. In the FCF the median grainsize was 0.9mm and ead pixel covered an areaof 1.4mm,
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individual particles being difficult to discern. For the Tilting Flume, the median grain size was much larger (24mm)
with each pixel occupying an areaof just 0.6mm so that individual particles were dealy defined. The mnseguence of
this variation is that for the Tilting flume, a large propartion of pixels lie in regions between particles and height
estimates in these aeas are unreliable becaise of the obstruction of light rays by adjacent particles. For the FCF study,
median grainsize and pixel sizeis comparable and areas between particles are simply not represented in the imagery. It
is important that careful attention must be given to the structure of the surfacebeing studied and the relative size of
pixel and particle size Comparing the two studies has own that acarades are not diredly dependent upon photo-
scde. Reducing the amera devation can increase the dead ground problem, which deaeases surface acuracy.

One superficia conclusion from these studies would be that the surface aquired for the FCF is more acurate and
therefore of greder value than the Tilting Flume DEM. In some respeds this gatement would be valid but this is a
simplificaion. It would be more predse to state that the FCF surfaceis more acarrate, provided that the desired surface
is required to represent just the bedforms, (i.e. acarrate a the bedform-scde). If the fluvial study required information
regarding the composition and inter-relationships between the grains (i.e. information at the grain-scale) then the FCF
surfacemust be mnsidered inadequate. The Tilting flume DEM may be dightly inaccurate for those points between
particles but it certainly contains information at the grainscde. The important conclusion is that the DEM must be
generated at a resolution that is appropriate for the phenomena that are being investigated. It is interesting to note that
this point is dated clealy by the Nyquist theorem (Graham, 1998 and although it's usage is well established amongst
photogrammetrists for image aquisition, it is rarely used for considering generated data, such asa DEM.

In the cae of the Sunwapta projed, the image pixel size was similar to the median grainsize of the particles and the
resolution of the extraded DEM was 0.20m. As the projed desired spatial data & the bedform scde, both the pixel size
and DEM resolution was appropriate for this de of enquiry.

5 CONCLUSION

It has been shown that a measurement system based upon automated digital photogrammetry and a digital camera can
be usefully used to measure the morphology of fluvially worked surfaces, both in a flume and in a red river. As
expeded, acarades were found to be dependent upon normal photogrammetric ocontrols such as sde, camera
cdibration and oHiquity of view, but only partly. It has been shown aso that the relative relationship between the size
of the particles which congtitute the bed and pixel dimensions on the objed are aiticd. If the pixel sizeis larger than
individual particles then the surfacemay be acarrate & the bedform scae but will be inacarrate & the grainscale. The
concept of different scales of representation is of grea importance to the quality of any landform representation, it
being essential for DEMsto be generated at a scde that is appropriate for the purposes intended.
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