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Coastal change is a major issue in many regions of the world, and is often driven by geohazard 

processes such as landslides and rockfalls. Effective assessment of such phenomena is essential for 

successful management of coastal ecosystems, and is often reliant on GIS-based analysis. However, 

while it is crucial that multi-temporal datasets can be accurately registered to a common reference 

system, traditionally, the dynamic nature of the coastal environment has hampered this process. 

This paper presents a robust surface matching technique which overcomes the requirement for 

physical control points, and instead derives control directly from the DEM surfaces. Although 

surface matching procedures are well established, performance can be sub-optimal where the 

surfaces contain regions of difference, such as those associated with geohazard activity or 

vegetation effects. The crucial aspect of the least squares matching approach developed here, is the 

incorporation of a robust estimation function which allows the effects of surface discrepancies to be 

mitigated through outlier handling. Aerial photogrammetry is an established technique for coastal 

monitoring, and extensive archival collections exist. However, archival datasets are particularly 

affected by the difficulties associated with acquisition of ground control. Conversely, the maturing 

technique of airborne laser scanning is less influenced by such problems, and instead is capable of 

producing a high quality representation of coastal terrain. This paper describes the application of the 

robust surface matching technique to test sites located on the east coast of England. 

Photogrammetric DEMs are approximately oriented, before being matched to control surfaces 

derived from higher order datasets, including airborne laser scanning DEMs. The robust matching 

algorithm is shown to produce significantly improved results over ordinary surface matching. 

Analysis indicates the effectiveness of this technique for exploitation of archival datasets, revealing 

a signature of extensive geohazard activity over the twenty-five year study period. Robust matching 

of airborne laser scanning datasets has also enabled the quantification of short-term geohazard 

activity, demonstrating the flexibility of this strategy. 
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1. Introduction 

Coastal change presents a major concern in many regions of the world. With two-thirds of the 

world’s population occupying the coastal margins, and this figure projected to continue to increase 

in the future (World Bank, 1996), there is real concern as to the capacity of coastal ecosystems to 

adjust to the pressures imposed by increased levels of development. In this context, coastal 

geohazards represent a major driver for coastal evolution, and include processes such as landslides, 

mudflows and rockfalls, which often occur where the incidence of land and sea results in cliffed 

terrain. Despite the fact that individual events may be relatively insignificant, the cumulative effects 

can be dramatic (Lee et al., 2001). Parts of the east coast of England are particularly susceptible to 

recession, being composed of weak glacial tills and poorly-consolidated materials. One of the most 

spectacular and celebrated examples of recent times was the 1993 Holbeck Hall Hotel landslip on 

the North Yorkshire coast, where 60 m of cliff collapsed overnight, and a further 35 m was lost over 

the following days (Lee and Clark, 2002).  

Effective assessment of coastal geohazards is vital for successful coastal management, and 

contributes to wider analysis of coastal change. This process is also essential for furthering 

understanding of coastal geohazards, particularly in relation to the underlying mechanisms which 

drive their development. This includes a requirement for accurate datasets which can support 

quantitative analysis of change in a manner which is both temporally and spatially appropriate. GIS 

is commonly utilised in coastal management, enabling effective reconciliation of multiple datasets, 

and providing a platform for a range of analytical tasks. GIS also provides a means of evaluating 

how such processes interact with coastal ecosystems, impacting on vegetation communities and 

aspects of the physical environment. However, the quality of the derived results is highly dependant 

on the input datasets, and one of the most fundamental concerns relates to accurate registration. 

Registration errors have the potential to propagate into subsequent change analysis, including 

volumetric calculations, and cliff recessions rates. This issue is particularly important where 



datasets from a number of different sources and temporal epochs are be being analysed, and 

therefore, is of prime concern in geohazard assessment.  

The utilisation of up-to-date datasets is paramount in assessing coastal change, as these enable 

timely evaluation of existing and developing geohazards. However, it is also important that such 

information is placed in the appropriate historical context. While an over-reliance on the use of 

historical datasets should be avoided, such information often forms a necessary input for numerical 

modelling of future cliff evolution (Hall et al., 2002), and is necessary for the derivation of cliff 

recession rates. However, the coastal zone presents a dynamic and hostile environment, which has 

generally proven unreceptive to the application of monitoring techniques, both terrestrial and 

airborne. Tidal conditions exert significant restrictions on the length of available, continuous survey 

time, and can prove problematic for airborne monitoring approaches where acquisition at low tide is 

generally preferable. The flaws of traditional surveying approaches are often related to the fact that 

they tend to be rather crude and spatially restricted (Hapke and Richmond, 2000), for example, by 

utilising methods such as total station profile surveys. Such techniques are also labour intensive, 

and require prolonged, direct contact with potentially hazardous terrain.  

Airborne laser scanning (ALS), also referred to as lidar, offers fast, remote capture of mass point 

cloud data, and as noted by Ackermann (1999) enables the generation of digital terrain models in a 

highly automated manner. While photogrammetry may suffer from image correlation difficulties in 

areas such as beaches, or regions of deep shadow (Hapke and Richmond, 2000), as a direct sensing 

technique, ALS is not affected by such issues, and instead is capable of producing a rapid, reliable 

representation of coastal terrain (Würländer et al., 2004). Although ALS is still maturing as a 

technology, it facilitates effective acquisition over wide areas, and holds tremendous promise for 

coastal monitoring applications, as demonstrated through a number of investigations (e.g. Saye et 

al., 2005; Shrestha et al., 2005). However, as this technique has only become widely available 

relatively recently, it is unable to provide information on longer term landscape change. 



Aerial photography is an established technique which has been effectively utilised in assessment of 

coastal change for decades. Consequently, in many regions of the world, a rich archive of aerial 

imagery exists. This often represents the most accessible source for quantification of coastal change 

over the last fifty to sixty years. Brown and Arbogast (1999) investigated changes to sand dunes on 

the shores of Lake Michigan, USA, by comparing DEMs derived from stereo photography from 

1965 and 1987. While the quality of their results was limited by the use of paper prints, and low 

accuracy ground control points, their findings emphasised the potential of the archival 

photogrammetric technique for retrospective assessment of dynamic coastal terrain. Adams and 

Chandler (2002) provide an example which evaluates changes to a coastal mudslide on the south 

coast of the UK, through the use of aerial photography from 1976, and an ALS dataset acquired in 

1998, indicating the potential of this approach for assessment of coastal geohazard activity. 

However, one of the main barriers to successful photogrammetric exploitation of archival aerial 

imagery, is the difficulty associated with establishing suitable ground control (James et al., 2006). 

Although recent developments in on-board position and orientation systems for direct orientation of 

imagery may have reduced control requirements, this still remains a major issue for archival 

datasets, particularly in coastal environments, which can be relatively featureless in this regard.  

The aim of the research presented here is to develop an efficient strategy for coastal geohazard 

assessment, which is capable of effectively addressing the essential and often troublesome dataset 

registration task. Ultimately, this will facilitate improved understanding of coastal geohazard 

processes, enabling more effective coastal management. In order to fulfil this aim, this paper 

describes the development of a surface matching technique which is capable of integrating multi-

temporal datasets. This approach is based on an algorithm which performs least squares 

minimisation of vertical surface differences in order to determine the unknown transformation 

parameters required to align overlapping DEMs. The incorporation of robust functionality mitigates 

the contaminating effects of surface discrepancies introduced through geohazard activity, or 

vegetation change (particularly where vegetation effects have only been partially removed through 



filtering). In addition to solving the essential registration task, the software possesses an inherent 

capacity for difference detection, thus providing an elegant and cost-effective solution for coastal 

geohazard monitoring. The strategy is evaluated through application to two test sites located on the 

North Yorkshire coast of eastern England. 

 

2. Methodology 

2.1. Surface Matching 

2.1.1. Background 

Cooper (1998) notes that changes to coordinates over time arise not only because of changes to the 

terrain itself, but also as a result of measurement errors and datum differences, and that as only the 

first effect is of interest in monitoring applications, it is necessary to minimise the effects of the 

latter. Any registration error introduced at this early stage can propagate into subsequent analysis, 

with the potential to contaminate measures of volumetric change, cliff recession rates, the 

interpretation of geohazard behaviour, and any ensuing actions based on such information. In this 

research, a software-based solution has been adopted in order to address the vital registration issue. 

This approach is based upon least squares surface matching, a technique which enables a poorly-

controlled matching surface to be registered to a well-controlled reference surface. This can also be 

considered as a method for transforming a DEM from some arbitrary local coordinate system to a 

reference or global coordinate system. It is important to note that the reference surface is held fixed, 

while the matching surface (which can be considered as a ‘floating’ surface), is fitted to this. The 

solution is founded on the standard 3D conformal coordinate transformation, which defines the 

three rotations (ω, φ, κ), three translations (Tx, Ty, Tz) and scale factor (s) required to relate two sets 

of known points in separate coordinate systems (Wolf and Dewitt, 2000). However, for the reasons 

already discussed, it may prove difficult to identify suitable control points in the coastal context, 

and so surface matching can be applied to overcome this requirement for physical control points. 



Instead, each point on one surface effectively provides a control point in height (Ebner and Strunz, 

1988). In this manner, the algorithm utilises conjugate surface patches, by attempting to globally 

minimise the sum of the squares of the vertical differences between the points on the matching 

surface, and corresponding surface patches on the reference surface (Mills et al., 2003). As the 

problem is non-linear, good initial approximations are required for the unknown transformation 

parameters, and the solution is iterated until convergence. In the algorithm utilised here, the 

reference standard deviation and the parameter corrections (used to update the initial 

approximations for the unknown transformation parameters) are monitored from iteration to 

iteration, and convergence is achieved when these values change by an insignificant amount.  

In addition to addressing the registration issue, surface matching also provides two further 

important advantages. Firstly, it offers an inherent capacity for change detection, as the post-match 

surface residuals indicate areas of difference between the two surfaces, which may be due to terrain 

change. Secondly, the surface matching procedure provides an elegant means of identifying and 

eliminating systematic error which may exist in the matching surface, as demonstrated by Maas 

(2002) in relation to offsets between overlapping ALS strips. This paper utilises an algorithm which 

originated at the University of Newcastle, Australia (Mitchell, 1994), and which was later 

developed for application to irregular topographic datasets in the context of a coastal monitoring 

research project, as described by Mills et al. (2003, 2005). 

It is beyond the scope of this paper to elaborate on the mathematical formulation of least squares 

surface matching through vertical distance minimisation, which is well developed and documented, 

with minor variations, by Karras and Petsa (1993); Mitchell and Chadwick (1999) and Rosenholm 

and Torlegård (1988). While initial algorithms were designed for application to grid-based datasets, 

recent efforts have focussed on irregular topographic DEMs, including those derived from ALS and 

photogrammetry (e.g. Maas, 2002; Mills et al., 2003). Topographic surfaces such as these can 

generally be described as 2.5D, and as Mitchell and Chadwick (1999) observe, this is a scenario 

which is highly favourable for minimisation of vertical differences, and which does not warrant the 



implementation of more complex approaches such as the iterated closest point (ICP) algorithm 

(refer to Besl and McKay, 1992). It should be noted that the complexity of the ICP approach stems 

from the exhaustive search for 3D point correspondence, which enables determination of the 

optimum transformation aligning the surfaces in 3D space. Where surfaces contain strong vertical 

components (e.g. building facades), fully-3D matching algorithms are often implemented. In 

addition to the ICP, a number of other 3D approaches, many of which are based upon evaluating the 

Euclidean distances between the surfaces, have been developed. A review of these approaches is 

beyond the scope of this paper, but a comprehensive overview of these and other strategies can be 

found in Gruen and Akça (2005). In the context of this research, although the coastal cliffs present 

some vertical elements, a fully-3D solution is not required, as the matching surfaces are primarily 

composed of undulating cliff-top topography.  

However, the existing matching algorithm requires further optimisation for application to coastal 

geohazard datasets. The main complication relates to the fact that in the context presented here, the 

surfaces to be matched will never be identical. As Pilgrim (1996) observes, differences can arise for 

a number of reasons, including as a result of time-induced changes, or where the surfaces have been 

captured through different techniques. With reference to the former situation, geohazard activity, or 

vegetation change, has the potential to introduce significant discrepancies to the matching surfaces, 

while the latter situation is also of great relevance, as the techniques of ALS and photogrammetry 

are likely to return differing surface representations, particularly with regards to vegetation 

representation. This is true, even where vegetation has been removed through filtering algorithms, 

as there will always be residual effects due to the differing and inconsistent vegetation penetration 

properties of these two techniques. The introduction of local surface discrepancies will influence the 

estimation of the transformation parameters, and where the effects are significant, conventional 

least squares approaches may fail, or may converge to an erroneous solution (Li et al., 2001; 

Pilgrim, 1996). Although minor differences between the surfaces can be tolerated, the assumption 

that the surfaces are overwhelmingly similar is critical for attaining a successful solution. Karras 



and Petsa (1993) implemented the surface matching procedure for matching of close range 

photogrammetric surfaces for deformation detection in medical applications, and in recognition of 

the contaminating influence of outlier observations, applied a data snooping technique to eliminate 

gross errors. However, this approach is only capable of removing a single outlier at a time. Pilgrim 

(1996) has carried out investigations into overcoming outlier contamination through the 

development of a robust form of least squares surface matching. This incorporates a weighting 

function based on a modified maximum likelihood estimator (M-estimator), which identifies, and 

down-weights high-residual observations which can effectively be considered as outliers in the 

matching. This strategy was further investigated by Li et al. (2001). However, these studies were 

motivated by medical and industrial applications, and although they demonstrated the superior 

results which could be obtained through a robust approach, both studies were restricted to simulated 

datasets. The application presented in this paper provided an excellent opportunity to investigate the 

potential of robust surface matching for effective registration and difference detection in relation to 

topographic datasets, and the development of this algorithm is detailed in the following section. 

 

2.1.2. Robust Surface Matching Development 

The inclusion of a weight matrix is a standard extension to least squares, and is widely used in order 

to reduce the contribution of less reliable observations (Draper and Smith, 1998). This is a core 

aspect, as robust functions can be incorporated in the existing algorithm through the technique of 

iteratively reweighted least squares (IRLS). Robust matching draws from robust estimation theory, 

which is defined by Rousseeuw and Leroy (1987) as relating to regression techniques which are 

resistant to the contaminating effects of outlying observations. In essence, weights are derived from 

a weighting scheme, which is dependant on the choice of robust estimation function. This enables 

those observations which produce large residual values to be down-weighted accordingly (Draper 

and Smith, 1998). A comprehensive overview of the influence of outliers and robust regression 

theory can be found in a number of texts, including Draper and Smith (1998) and Rousseeuw and 



Leroy (1987). M-estimators are a popular family of robust estimators, offering flexible performance 

(Goodall, 1983), and permitting straightforward incorporation in least squares routines. Specifically, 

Tukey’s Biweight function has been utilised here. The Biweight is one of the most commonly-

utilised M-estimators, and as noted by Goodall (1983) is difficult to surpass in terms of delivering 

good overall performance in most situations. The weight function for the Biweight is defined as 

follows: 
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Where the weights, wb, ranging from 0 to 1, are calculated from u, the standardised least squares 

residuals, following each iteration of the software. As defined here, the weighting scheme is 

optimised for efficiency at the normal distribution. Although this may lead to a large portion of the 

observations being weighted out of the matching procedure, the DEMs contain a great deal of 

redundancy. Consequently greatest emphasis is placed on low-residual observations, which are 

most likely to correspond to stable regions (assuming that the surfaces are in good initial 

alignment). The weighting function is incorporated through IRLS, proceeding as follows (Wager et 

al., 2005): 

1. select a suitable robust weighting scheme (the Biweight in this case); 

2. obtain initial residuals from un-weighted least squares (first iteration); 

3. apply the M-estimator weight function to compute the robust weights, and place these on the 

diagonal of the least squares weight matrix; 

4. re-evaluate the least squares estimation (next iteration) using the new weights to compute 

updated residuals; 

5. repeat steps 3 and 4 until convergence. 

Robust least squares implemented through IRLS provides a mechanism for automated outlier 

handling, where weights are not held fixed, but alter from iteration to iteration in response to the 



changing residuals. The existing algorithm was further developed to incorporate this robust 

capacity, and initial testing was carried out using artificial datasets with simulated outlier effects. 

This testing verified the integrity of the algorithm, and demonstrated improved performance over 

the un-weighted version where concentrated regions of outliers were present. Details of this testing 

can be found in Miller et al. (2007).  

 

2.2.  Test Sites 

Test sites for this research are located on the North Yorkshire coast of eastern England (Figure 1), 

which provides an excellent arena for evaluation of the monitoring strategy, as it offers a range of 

active geohazard processes. The first test site is located at Filey Bay, which lies approximately 

eleven kilometres south of the resort town of Scarborough. Although erosion rates in this area are 

relatively low, locations prone to coastal landslips are eroding more rapidly (by up to 2 m per year), 

and in a more irregular manner (Capita Symonds, 1998). The ten kilometre-long bay is fronted by a 

broad, flat sandy beach, and is backed by moderately steep, soft glacial till cliffs which rise to 

between 30 m and 50 m in height, as illustrated in Figure 2a. The cliffs are variable in profile, and 

interspersed with vegetation, mainly in the form of rough grass. 

The second test site is located some 40 kilometres north, at Whitby Abbey Headland (Figure 2b), 

where near-vertical cliffs rise to around 60 m in height. The geology of weak rocks and glacial tills 

is prone to erosion, not only through wave attack, but also due to the effects of groundwater seepage 

from within the cliffs (Clark and Guest, 1991). Geohazard processes at this location pose a serious 

risk to important infrastructure, such as the coastguard station, located on the clifftop, and also 

threaten areas of the town itself. Furthermore, cliff erosion has impacted upon the nearby 7
th
 century 

Whitby Abbey site, where action has already been required in order to prevent valuable archaeology 

from being lost to the sea following a major cliff failure in 2000. As Figure 2b illustrates, the 

Whitby site is partly protected by a 4 metre high rock armour revetment, which was installed in 

2000 to combat the effects of marine erosion at the cliff toe (Rosser et al., 2005). Whereas the soft 



glacial tills of Filey Bay are characterised primarily by landslides, Whitby is affected by rockfalls of 

varying magnitudes. 

 

2.3. Data Acquisition and Pre-Processing 

The UK Natural Environment Research Council’s Airborne Research and Survey Facility (NERC 

ARSF) acquired ALS data for both test sites in April 2005, August 2005 and May 2006. The data 

were captured from a flying height of 1000 m, using an Optech ALTM 3033 instrument (first and 

last pulse return), mounted on a Dornier 228-101 research aircraft. This translated to a ground 

resolution of approximately 1 point/m
2
. The data were georeferenced by the ARSF prior to being 

delivered by flightline in ASCII xyz format. Terrasolid’s TerraScan software was used in order to 

refine the ALS point cloud prior to surface matching. The first pulse returns were discarded, and the 

last pulse return data were filtered using the TerraScan ground classification routine. This enabled 

the removal of vegetation and building points, thus ensuring that change analysis would be 

primarily focussed on terrain processes. The TerraScan ground classification routine has been 

reported to offer good performance over areas of steep slopes (Sithole and Vosselman, 2003), and 

visual inspection suggested that the resultant terrain models were of high quality. However, it is 

important to acknowledge that some vegetation effects will always remain, particularly in regions of 

dense vegetation, where the laser signal may have been unable to fully penetrate to the ground 

surface.  

As discussed in Section 1, aerial photography is commonly used for extracting quantitative change 

information in coastal studies. Archival aerial photographs dating back to 1980 were acquired for 

the study sites, with details as indicated in Table 1. With the exception of the 1994 photography, 

which had already been processed by English Heritage, the imagery was photogrammetrically 

scanned and then processed in a SocetSet digital photogrammetric workstation. Following relative 

orientation, an approximate absolute orientation was performed using control points derived from 

large scale mapping, and 1 m DEMs were then extracted for the study sites. Further processing was 



carried out in order to classify and remove non-ground points. Although TerraScan is designed for 

processing of laser scanning datasets, the photogrammetric DEM is not dissimilar to ALS data, and 

so, for consistency, TerraScan was again utilised for ground classification, as described previously. 

A number of check point datasets were available for evaluating the quality of the results. For the 

Filey Bay test site, 845 check points, acquired through kinematic GPS, were available for a hard-

surfaced, level road circuit. The standard deviation of the dataset was 0.018 m in height, and 

although no absolute measure of accuracy was available, this was anticipated to be in the region of 

0.01 m. Ten GPS ground control points (surveyed by static GPS) were also acquired for the area of 

Filey Bay covered by the archival aerial photography, so that a conventional absolute orientation 

could be performed for validation purposes. At the Whitby test site, a number of check points were 

available. These had been measured by static GPS for topographic surveys of the headland in 1994 

and 1999, and were located at permanent survey stations, well distributed across stable parts of the 

headland. 

 

3. Results 

3.1. Geohazard Assessment at Filey Bay 

The robust matching algorithm was applied to multi-temporal datasets at the Filey Bay test site in 

order to evaluate the monitoring strategy, and its ability to accurately determine geohazard change. 

A test area at the southern end of Filey Bay was selected for analysis. This site includes a relatively 

extensive landslide complex (Figure 3), which lies adjacent to a large caravan park. Visual 

inspection of the historical imagery indicated that the site was relatively active in terms of 

geohazard activity, and therefore, it was anticipated that this should provide a good opportunity for 

rigorous evaluation of the robust matching algorithm.  

The 1980 epoch of stereo aerial photography, which had been approximately oriented, was selected 

as the matching surface, and the April 2005 ALS dataset provided the fixed reference surface; for 



the purposes of this investigation, it was assumed that the ALS dataset would offer superior control, 

as this had been directly georeferenced through in-flight GPS/INS. The ALS data were compared to 

the GPS check data for the road circuit. This confirmed that the vertical accuracy was within the 

manufacturer’s specification of ± 0.15 m. The robust surface matching software was then used to 

match the 1980 photogrammetric DEM to the 2005 ALS control surface, and this procedure was 

repeated using the un-weighted matching algorithm. In both cases, the software was applied in full 

seven parameter mode (3D conformal coordinate transformation). Matching was carried out over 

the area covered by the 1980 DEM, which included an extensive area of cliff-top and the cliff face. 

Although the robust estimator is more tolerant to change than un-weighted least squares, it is 

important to ensure that the discrepancies do not overwhelm the surface area, and therefore 

inclusion of the relatively stable cliff top area was essential.  

Examination of the matching solutions indicated that slightly different transformations had been 

obtained by the two least squares matching algorithms. This was confirmed by plotting the post-

match residuals, which correspond to final surface differences between the 1980 and 2005 DEMs 

(Figure 4). From examination of these, it can be seen that slightly different patterns of change have 

emerged through the two approaches. The robust matching shows net erosion over most parts of the 

cliff-face, a trend which would fit with natural expectation, but which is not so obvious in the un-

weighted results. This is highlighted by the results at areas A and B (Figure 4), where 

predominantly negative change is apparent in the robust solution, but in contrast, largely positive 

change has occurred in the un-weighted results. It is likely that in standard least squares fashion, the 

un-weighted algorithm has adjusted the position of the 1980 DEM to best 'balance out' the 

differences between the two surfaces, irrespective of whether or not such discrepancies relate to 

actual terrain change. Consequently, in the un-weighted results, areas of positive and negative 

change have been more equally adjusted across the cliff-face than for the robust matching. Both 

matching solutions clearly highlight development of the landslide which is located at the extreme 

south-eastern end of the test area, and which is bisected by the northern end of profile 3 (Figure 4). 



This failure, also evident in Figure 3, appears to have widened over the twenty-five year period, as 

indicated by net erosion of the side scarps. The robust solution also suggests the presence of a subtle 

patchwork of change over the western portion of the cliff-top. At first glance this may seem 

anomalous, but in fact, it can be attributed to the caravans (mobile homes) which occupy this 

portion of the caravan park. Between 1980 and 2005, the distribution of these structures has altered, 

and although a ground classification was carried out on both DEMs prior to matching, it is likely 

that the photogrammetric DEM in particular would have returned a poor representation of the 

ground surface, given the tightly packed nature of these structures, and the 1 m TIN representation. 

Consequently, it is to be anticipated that a pattern of change such as this will arise. However, it is 

interesting to note that this is not so pronounced in the un-weighted matching residuals, a further 

example of the un-weighted algorithm balancing the differences between the surfaces. It should be 

noted that the large area of positive change which appears in the extreme western corner of both 

surfaces corresponds to the construction of the caravan park leisure complex.  

The next stage involved quantitative assessment of the quality of the matching results. The ten GPS 

ground control points (GCPs) located in the stereo overlap region, were used in photogrammetric 

processing to perform a rigorous absolute orientation of the 1980 stereomodel. Following this, it 

was possible to extract a validation DEM, which represented the conventional control point-based 

registration approach, and effectively provided a benchmark for evaluation of the matching results. 

The two post-match, transformed 1980 surfaces were then compared to the 1980 validation surface 

by analysing vertical surface separations along the profiles indicated in Figure 4. Figure 5 illustrates 

the root mean square error (RMSE) for each profile. These results highlight the superior registration 

of the robust matching solutions, which in general appears twice as accurate as the un-weighted 

matching. However, it is also important to acknowledge that there is still some discrepancy between 

the robust solution and the validation surface. The most likely reason for this is that the April 2005 

ALS surface was used as the reference in the matching. This will have resulted in the 1980 

matching DEMs being transformed to slightly different positions than that of the 1980 validation 



DEM. Furthermore, the largest RMSE values occur in profiles which include significant portions of 

the cliff face, where the effects of slope and vegetation are likely to exacerbate any discrepancies. 

 

3.2. Geohazard Assessment at Whitby Abbey Headland 

After establishing the integrity of the robust matching algorithm, this strategy was applied for multi-

temporal assessment at the Whitby test site. Initial analysis of the available datasets revealed that in 

this case, the 1994 photogrammetric DEM offered the highest accuracy. This 1 m grid-structured 

DEM was produced by the English Heritage Metric Survey Team for a 3D mapping project, and 

was derived from large scale aerial photography (1:1600) which had been rigorously controlled by 

GPS GCPs. Given the large scale of this photography and the professional nature of the product, it 

was anticipated that this would provide the most suitable control surface. The 1986 DEM 

(approximately oriented), and the ALS DEMs from April 2005, August 2005, and May 2006 were 

then individually matched to the 1994 reference surface in both robust and un-weighted modes. 

This process was slightly more challenging than the matching of the Filey datasets. The main 

difficulty related to the relatively flat terrain of the cliff-top, which in some cases lacked the surface 

gradients required to constrain the matching solution. However, when this particular difficulty was 

encountered, it was successfully overcome by retaining buildings in the DEMs.  

Upon completion of the surface matching, the quality of the solutions was analysed through 

comparison with the GPS check point dataset. For each match, both the pre-match and post-match 

(robust and un-weighted) matching surfaces were compared to the check points in order to 

determine the effectiveness of surface matching in improving absolute orientation. Furthermore, the 

quality of the reference surface, the 1994 DEM, was also assessed, as this provided a measure of the 

best possible accuracy which could be anticipated, post-match, in all cases. Results of the quality 

assessment are detailed in Table 2. These illustrate that in each case, the pre-match surface accuracy 

has been improved through application of surface matching. This is especially notable for the 1986 

surface, which was initially only approximately oriented using points acquired from large scale 



mapping. In this case, application of robust surface matching has seen an improvement from an 

initial RMSE of 3.875 m to a post-match value of 0.150 m. This figure is approaching the 0.130 m 

RMSE of the 1994 reference surface. While it is important to acknowledge that for the 1986 

surface, the results were derived from only a small number of check points (due to the restricted 

coverage of the 1986 DEM), these values still give a valuable indication of the quality of the 

absolute orientation solution achievable through robust matching. A further key outcome, which 

supports the findings presented in Section 3.1, is that in each case, robust matching returned a 

superior solution to un-weighted matching. In the most extreme example of this, the un-weighted 

algorithm failed to achieve a solution for the August 2005 dataset, whereas the robust software 

returned satisfactory results. Although un-weighted matching has produced lower mean values in 

nearly every case, analysis of the raw residuals for the check points indicates that this is a numerical 

anomaly; the RMSE values confirm the superiority of the robust solution in all cases. 

Following confirmation of the quality of the solutions achieved through robust surface matching, 

change was analysed for these results in the direction normal to the cliff face. Due to the vertical 

nature of the cliffs at Whitby, the prime component of retreat is in this direction. Consequently, it 

was possible to evaluate change across the cliff face in a continuous manner, revealing the extent 

and nature of geohazard activity over the twenty year period, 1986 to 2006. The surfaces were 

compared sequentially in time, in the manner 1986 – 1994, 1994 – April 2005 and so on. Figure 6 

illustrates the change to the position of the cliff-top over this time frame. Area A indicates the 

location of the major cliff failure, referred to in Section 2.2, which occurred in October 2000. It is 

apparent that intermittent retreat on a lesser scale has also been occurring in the vicinity of the 

coastguard station and radio mast, both of which represent crucial infrastructure for the town of 

Whitby. Area B highlights the site of a cliff failure adjacent to the abandoned quarry workings, 

which affected the upper portion of the cliff face and occurred some time between the August 2005 

and May 2006 ALS acquisitions, resulting in a retreat of around 5 m of the cliff edge. This is 

illustrated in greater detail in Figure 7, which depicts changes across the cliff face between August 



2005 and May 2006. The failure and associated debris accumulation zone are highlighted on the 

left, and were confirmed through a subsequent field visit. Volumetric analysis of this failure 

revealed that 6198 m
3
 of material had been lost from the cliff face, and 2645 m

3
 deposited, resulting 

in a net loss of 3553 m
3
. This suggests that some material may have been removed through wave 

action, which is certainly likely, as this is a major mechanism for erosion at Whitby. 

 

4. Discussion 

Validation of the surface matching results at Whitby returned particularly good results, no doubt 

influenced in part by the level nature of the terrain here. However, this has demonstrated the quality 

of the solutions achievable through surface matching. In general, the vertical accuracies of the 

robust matching solutions were close to the absolute accuracy of the 1994 reference surface, only 

differing by a few centimetres. The August 2005 ALS surface displayed the greatest disparity, and 

failed to converge through un-weighted matching. However, inspection indicated that this surface 

was particularly noisy, which is the most likely reason for the increased robust RMSE, and un-

weighted matching failure. The successful matching of the 1986 DEM was particularly 

encouraging, given that the initial orientation was much poorer than that of the ALS datasets. 

The process of validating the Filey Bay matching results reaffirmed the difficulties associated with 

acquiring suitable ground control points for archival imagery. Despite the fact that the 1980 

imagery is of a relatively large scale (1:7800), the majority of the stereo overlap region contained 

no suitable hard detail features. Eventually a number of control points were selected in and around 

the caravan park, but the process of identifying these proved to be extremely time consuming and 

challenging. The investigations at the Filey Bay site have illustrated the wealth of historical change 

information often contained in archival datasets, which can be overlooked due to difficulties 

associated with acquiring suitable ground control. Significant changes were evident over the 

twenty-five year period, and these were clearly concentrated in a manner consistent with geohazard 



activity. This illustrates the value of robust surface matching for levering the potential of archival 

datasets, thus facilitating extended monitoring of geohazard behaviour and evolution. 

The RMSE of the matching solutions at the Filey Bay test site, determined through comparison to 

the validation DEM, confirmed that the robust matching algorithm had returned a more accurate 

registration solution than the un-weighted version of the software. However, it is important to 

consider the accuracy of the matching solutions in relation to the anticipated magnitude of 

geohazard activity or more generic change. In this case, the RMSE of the robust solution (refer to 

Figure 5) is generally not significant in relation to the magnitude of geohazard activity occurring 

over the cliff-face between 1980 and 2005 (Figure 4). However, over shorter time periods, or in less 

active settings, the magnitude of detectable terrain change may be limited by the accuracy of the 

matching technique. Furthermore, although the robust matching algorithm is able to mitigate the 

effects of local surface differences and outliers, where these effects become too extensive, the 

performance of the algorithm is likely to become sub-optimal. Further testing and quality analysis 

are required to fully evaluate and quantify the limitations of the robust matching technique. 

This research has been primarily concerned with evaluating robust surface matching as a technique 

for coastal geohazard assessment, particularly in the context of archival datasets. Consequently, 

while the selection of a suitably robust function was an integral aspect of the research, this was not 

the primary focus, and it is important to highlight that alternative functions, even within the 

M-estimator family, may prove more suitable for other matching scenarios.  In this sense, it is 

important to consider the nature of the datasets, particularly in terms of the extent and nature of any 

outliers. On the whole, the surface matching approach has demonstrated a great deal of potential. 

However, in order to achieve a good solution, surface gradients are required (Karras and Petsa, 

1993; Mitchell and Chadwick, 1999), and therefore, the geometry of the matching surfaces must be 

evaluated. This is an intuitive consideration, as without strong surface geometry, the surfaces would 

be free to slide over each other in an unconstrained manner. This issue arose at the Whitby test site, 

where matching was carried out over the relatively flat cliff top area. Initial attempts at matching 



over this area failed, or returned weak solutions (large parameter standard deviations, or slow and 

unconvincing convergence). However, after re-introducing cliff top buildings to the DEMs, 

improved solutions were achieved, and verified. 

The technique of surface matching for absolute orientation of topographic datasets was first 

introduced to the geomatics community almost twenty years ago, by Ebner and Strunz (1988) and 

Rosenholm and Torlegård (1988). Although this approach has been revisited intermittently over the 

last two decades, perhaps wider consideration is now timely, especially given the increasing 

availability of DEMs of varying accuracies and spatial resolutions, from a range of sensor 

platforms. However, at present, interest in surface matching remains primarily restricted to 

terrestrial and close range applications. The research presented here has built upon the findings of 

Mills et al. (2003) in demonstrating that this approach is equally capable of handling topographic 

datasets acquired from airborne platforms. Furthermore, it has been shown that DEMs derived from 

ALS can be successfully utilised to provide control for other datasets. In many parts of the world, 

and certainly in the UK, ever-increasing swathes of countryside are being acquired through ALS. 

Although there are still issues associated with the cost of accessing such data, particularly outside of 

the academic sector, nevertheless, its existence has now become a reality, and as such, it is ripe for 

exploitation. The potential of ALS data for provision of control information has previously been 

demonstrated by Habib et al. (2004) and James et al. (2006). The latter extracted ground control 

points directly from ALS surfaces in order to control archival photogrammetric datasets. However 

the technique presented here takes this approach forward by utilising the surface geometry in an 

automated manner. Surface matching offers an elegant solution for dataset registration, with an in-

built capacity for change detection. This renders it suitable for a range of terrain monitoring 

scenarios, and particularly relevant to applications such as volcanology or glaciology where the 

acquisition of control points could otherwise prove hazardous and/or expensive. 

Importantly, this paper has highlighted the potential of robust surface matching as a technique for 

facilitating increased investigation of archival datasets for analysis of coastal change. The research 



presented here has demonstrated the success of this approach for assessment of geohazard activity 

over localised extents. However, this technique also holds tremendous potential for retrospective 

analysis over wider extents, enabling identification of large-scale processes influencing coastal 

change. Archival aerial imagery dating back over fifty years or more provides an accessible record 

of metric change information in many regions of the world, and coverage is often particularly 

extensive in coastal regions, as these represent natural borders, and are comprised of important 

ecosystems. Robust matching provides an efficient mechanism for rigorous exploitation of such 

datasets, and consequently offers excellent opportunities for retrospective assessment of large-scale 

processes. Furthermore, as part of a regular monitoring programme, incorporating techniques such 

as ALS, the approach presented in this paper would enable the development of a reliable and highly 

automated change detection strategy. Although the surface matching software already offers an 

automated solution to dataset registration, integration with GIS functionality would facilitate 

automated analysis and detection of critical change activity. Such an approach could be 

implemented over relatively large extents, thus offering a practical solution to change monitoring at 

the coastal management level. 

Robust surface matching is also being explored in this research for multi-sensor dataset fusion. This 

is focussing on the integration of airborne and terrestrial laser scanning datasets in order to 

investigate a multi-resolution approach to coastal geohazard assessment. The robust matching is 

able to overcome difficulties associated with the effects of noise in the surfaces, and complications 

caused by surface vegetation. A multi-temporal, multi-sensor approach is likely to provide the most 

effective strategy for flexible and efficient coastal monitoring, particularly over large extents, with 

the surface matching software central to robust reconciliation of the various datasets. 

In terms of future research, there are a number of avenues which are worthy of exploration. 

M-estimators (including the Biweight) generally incorporate one or more tuning constants, which 

influence the rejection properties of the weight function in order to control robustness to outliers. 

Given more time, it would be desirable to investigate this aspect in order to optimise robust 



functionality, and evaluate sensitivity to such parameters. Furthermore, it may be useful to explore 

alternative functions, such as the LMS-estimator (least median of squares), which is recommended 

by Li et al. (2001) for its excellent robustness qualities. However, the LMS function is not as 

straightforward to resolve as M-estimator functions, and incorporating this is likely to entail major 

modifications to the existing algorithm. As discussed above, there is significant potential for 

increasing the automation of the strategy through integration with GIS, and future research should 

also concentrate on this aspect. 

 

5. Conclusions 

In dynamic environments, monitoring, and associated change detection processes are often crucial. 

In order to facilitate successful GIS-based analysis and derive reliable results, successful dataset 

registration is essential. Yet the very nature of such regions often precludes this, as it can be 

difficult to establish the necessary ground control. This is a particular difficulty in coastal regions, 

where change is often driven by geohazard processes. This paper has developed a robust least 

squares surface matching technique which is capable of overcoming the requirement for physical 

control points, instead deriving control information from the surface geometry of DEMs. This 

utilises a robust function from the M-estimator family, which is incorporated through iteratively 

reweighted least squares. Crucially, the robust properties enable discrepancies between the 

matching surfaces to be handled as outlier observations, and their effects mitigated through down-

weighting. Such discrepancies may arise through the development of geohazard features or 

vegetation effects. Standard least squares surface matching performance may otherwise become 

sub-optimal, or may fail altogether if such anomalies are left unaddressed.  

In this research, robust surface matching has been investigated for coastal geohazard assessment 

through application to test sites located on the North Yorkshire coast of eastern England. This has 

focussed on multi-temporal analysis of DEMs derived from archival photogrammetry and airborne 

laser scanning. Testing has demonstrated that in the absence of ground control points, airborne laser 



scanning is capable of providing an alternative source of control, thus enabling successful 

registration of archival photogrammetric datasets. Furthermore, the robust algorithm has been 

shown to be capable of providing highly accurate dataset registration, and subsequently, the 

potential of this for quantitative assessment of coastal geohazard activity has been demonstrated. It 

should be highlighted that this technique is capable of performing the essential dataset registration 

process, while simultaneously delivering change information through the final matching residuals. 

Consequently, this strategy offers tremendous potential for a range of applications, including multi-

sensor dataset fusion, and multi-temporal change detection across a range of environments. 
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Figure 1. Location map 

 

 

 

 
Figure 2. Test sites at Filey Bay (a) and Whitby Abbey Headland (b) 

 

 

 

 
Figure 3. Test area (delineated) at southern end of Filey Bay, adjacent to caravan park 

 



 
Figure 4. Post-match surface residuals for robust and un-weighted matching at Filey Bay test area 

 

 



 
Figure 5. Profile accuracy statistics for robust and un-weighted matching solutions at Filey Bay test 

area 

 

 

 

 
Figure 6. Cliff-top change at Whitby test site, 1986 to 2006, visualised against 1994 orthophoto. 

Area A indicates the location of the major 2000 cliff failure, while Area B is the site of a smaller, 

more recent failure 

 



 
Figure 7. Changes across cliff face at Whitby test site between August 2005 and May 2006, with 

large failure area highlighted 

 

 

 

Test Site Year Scale Source 

Filey 1980 1:7 800 Ordnance Survey 

    1986 1:5 300 Ordnance Survey Whitby 

1994 1:1 600 English Heritage 

Table 1. Details of archival photography acquired for the test sites 

 

 

 

 

Surface RMSE (m) σσσσ (m) Mean (m) Min. (m) Max. (m) 
No. Check 

Points 

1994 Reference 0.130 0.132 0.023 -0.250 0.260 17 

        Pre-Match 3.875 2.072 -3.403 -5.141 -0.194 5 

Un-weighted 0.354 0.396 -0.009 -0.494 0.569 5 

1986 

Robust 0.150 0.165 -0.046 -0.194 0.099 4 

        Pre-Match 0.347 0.152 -0.314 -0.625 -0.098 18 

Un-weighted 0.173 0.178 0.004 -0.365 0.436 19 

Apr. 

2005 

Robust 0.156 0.159 -0.010 -0.365 0.386 20 

        Pre-Match 0.324 0.206 -0.255 -0.654 0.126 18 

Un-weighted No convergence 

Aug. 

2005 

Robust 0.205 0.211 -0.003 -0.394 0.399 18 

        Pre-Match 0.162 0.155 -0.060 -0.374 0.142 18 

Un-weighted 0.158 0.158 -0.037 -0.295 0.217 19 

May 

2006 

Robust 0.148 0.139 -0.060 -0.295 0.167 19 

Table 2. Summary of quality statistics for surface matching at Whitby test site 

 


