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INTRODUCTION

Many of today’s GIS provide functions that perform terrain analysis of some kind or other. These analytical functions make use of models of the Earth’s surface, termed digital terrain models (DTMs). The two most common types of DTM are the regularly sampled grid or digital elevation model (DEM), and the triangulated irregular network (TIN).

A popular application of terrain analysis is the calculation of the line-of-sight (LOS), or inter-visibility, between two points. There has been much previous work carried out in this area (Fisher 1991, 1992, DeFlorani and Magillo 1994), leading to a variety of LOS strategies and algorithms. A serious problem exists in that there is little or no consistency of results between the various algorithms or DTMs (Fisher 1993). This problem is made worse by the fact that most GIS users may be ignorant as to which algorithms are used in their particular system.

A key factor affecting the accuracy of LOS analysis is the quality of the DTM. The method by which the DTM was derived, and the quality of the original data used, has an obvious effect on its eventual performance. For example, in the case of DEMs, scale can be regarded as an indicator of its quality in that a large scale model will more accurately represent rapidly changing terrain than a smaller scale equivalent (albeit at the expense of increased storage requirements). Visibility analysis is one type of function in which its accuracy is not easily related to the accuracy of the elevations in the DTM itself, i.e. small elevation errors may propagate through to large application errors. Huss and Pumer (1997) state that an elevation error of just +0.5 metres at a local maximum 100 metres from the observer will obscure a 50 metre high object 10 kilometres away. Also, it is suggested here that the quality of a DTM in terms of LOS accuracy can be increased significantly by including within it digital representations of real-world features such as buildings and vegetation, since in reality such features can have a significant effect on the LOS.

This paper will provide details of recent work that seeks to quantify the effect of DTM quality on the accuracy of LOS analysis. Experiments have been developed to measure the effectiveness of a range of LOS strategies, including the choice of height interpolation algorithm. These experiments have been applied to DEMs and TINs. Variation in DTM quality is built into the experiments by using DEMs at two scales (1:10,000 and 1:50,000); a number of different techniques to construct the TINs (these are described in the paper); and by incorporating topographic features into the models (methods for achieving this for DEMs and TINs are detailed). Experimental results are compared both with each other, and with a series of manually verified line-of-sights.

FIELDWORK

The Taff Ely wind farm situated in South Wales (consisting of 20 wind turbines, each 53.5 metres in height), was used as a case study for the verification of the LOS results. Observer locations were identified and measured within a 10km radius of the wind farm, using a differential GPS to accurately record each X, Y and Z coordinate. Validation at a number of benchmarks suggested that the heights at these locations were accurate to within a few centimetres. The following data was recorded at each location:

1. The number of turbines visible and the visible proportion of each turbine, termed the visibility score. The former takes no account of the proportion of the turbine visible (i.e. it is counted as visible whether it is wholly visible or just the blade tips can be seen). The latter assigns a visibility score based on what proportion of the turbine is visible (Table 1). The sum of the visibility scores within the field-of-view is termed the visibility index. The visibility index ensures that, if for example, there are four turbines visible from two separate locations, the views (and possible visual impact) may be differentiated (Figure 1);

2. The type of obstruction if any, that blocks the lines-of-sight (i.e. man-made structures, land or vegetation).

This information allows for a detailed comparison to be made between experimental and actual visibility results. 

How much of the turbine is visible?
Score

The entire turbine is visible
4

The full blade sweep is visible 
3

Hub and above is visible
2

The tips of the rotor blades are visible
1

Table 1 Scoring system to quantify how much of a turbine is visible
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DATA

The Ordnance Survey (O.S.) provides complete coverage of digital contour data from surveyed scales of 1:50,000 (20 x 20 km tiles) and 1:10,000 (5 x 5 km tiles) at 10 metre and 5 metre contour intervals respectively, as well as other information such as spot heights, etc.  The O.S. derives DEMs from these products at resolutions of 50 metres and 10 metres respectively. For this study, both scales of DTM for the relevant area were used. In an attempt to represent the landscape more accurately, topographic features were added to the DTMs. These features were obtained from a number of sources, including O.S. 1:2,500 Land Line data sets and 1:25,000 Orthoview raster aerial photographs.

CREATING THE TINS

All the TINs were created from the contour data using a Delaunay triangulation algorithm. A common problem when creating TINs in this way is the possibility of forming flat regions in the DTM (i.e. flat triangles) that do not exist in the actual terrain. This often occurs along contours when the distance between points is less than the distance between separate contours (Figure 2). Removing flat triangles from a triangulation is a non-trivial task and yet is necessary in order to create a DTM that more accurately models the terrain on which it is based. A common approach to overcoming the problem of flat triangles is to remove points from the contour by line simplification or weeding. This seeks to eliminate superfluous points along the contour whilst still maintaining its fundamental shape. Douglas and Peucker’s (1973) line generalisation algorithm was implemented to quantify what effect generalising the contours at different levels had on the number of flat triangles produced, and also to determine its effect on the resulting TINs in terms of LOS accuracy.
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Although generalising contours reduces the number of flat triangles, it will not in general get rid of them completely. A number of algorithms have been proposed to automatically solve this problem. These algorithms typically involve the swapping of triangle edges and/or the insertion of points subsequent to the initial triangulation of the contour data. In the work presented here it was decided to use Ware’s (1997) flat triangle corrector algorithm as a means of removing all flat triangles from the various generalised triangulations.

DETERMINING LOS

There are a number of factors to consider when calculating the LOS, each of which can have a significant bearing on the visibility result (Fisher 1993). Fisher concluded after testing various line-of-sight methodologies that the inter-visibility of two points, as opposed to the cell visibility of the observer and target locations, gave possibly the best and most accurate results. Therefore, both simple and modified point to point routines were implemented to allow for the physical nature of the wind turbine, in particular the diameter of the turbine rotor blade (37 metres). The latter routine considers the worst case scenario, in which the wind turbines are “head-on” to the observer.

The interpolation interval (how often the LOS is sampled between the observer and the target) also plays an important part in visibility analysis. One would expect that the smaller the interpolation interval, the more likely that changes in the terrain are encountered  (which may or may not obstruct the LOS). There are three main strategies to consider, random, fixed number of steps, and a fixed step interval. The random process is rejected as being too unpredictable. The fixed number of steps involves a fixed number of interpolations along the LOS, regardless of its length. This method can be computationally expensive especially along the shorter lines-of-sight or in the case of a viewshed computation, and gives no control over the size of the step between interpolated points as it will vary depending on a particular LOS. The fixed step size strategy offers a much more consistent method since the space between interpolated points is constant and so is easier for analysis and comparison. 

INTERPOLATION ALGORITHMS 

The interpolation algorithm used to calculate the unknown elevations in the DTM may be critical to LOS analysis. For the DEMs, algorithms range from a simple stepped algorithm, where the entire grid cell is assigned to the elevation at its centre, to more complex polynomial surfaces which use the surrounding elevations of the individual grid cell and beyond to ensure both continuity and smoothness. For the purpose of this experiment, a number of different interpolation algorithms were implemented, each of varying complexity, in order to quantify any increase in performance. In the case of TINs, a number of interpolation algorithms, ranging from simple linear interpolation at triangle edges to more complex algorithms were used. These use surrounding triangle nodes to estimate the slopes or partial derivatives that are used to enforce smoothness. In all cases, the use of more complex algorithms incurs greater computational effort due to their increased complexity.

INCORPORATING TOPOGRAPHIC FEATURES

In the case of DEMs, topographic features were not explicitly incorporated into the model, but were stored separately in their vector format. Then, when interpolating heights for points along a LOS, a point-in-polygon test is used to determine whether or not a point falls within a feature. If it does, then a value equal to the approximated height of that feature is added to the interpolated height. Take Figure 3 as an example, in which LOS1 and LOS2 both have 5 increments along the LOS. LOS1 is unobscured, whilst LOS2 passes through a building. Points 1, 2, and 3 for both lines-of-sight are checked by a point-in-polygon routine when they fall on or within the minimum bounding rectangle enclosing the feature. The topographic feature height (e.g. for a building is typically 8 metres), is then added to the interpolated height at point 3 for LOS2 because it lies inside the feature polygon. All the geographical entities and their minimum bounding rectangles are indexed within a secondary grid to minimise the search time.
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Figure 3 LOS1 and LOS2 both pass through a minimum bounding rectangle of a feature: LOS1 is unobscured, LOS2 is obscured.

An often cited advantage of the TIN data model over the DEM, is its ability to model sudden changes in the terrain which can be used to incorporate topographic features. This is achieved by the inclusion of non-crossing breaklines and exclusion boundaries, thus forming a constrained Delaunay triangulation. To include a feature, two sets of constraints, one at ground elevation and the other with the height of the feature are incorporated into the triangulation. These constraints force the triangulation to create triangles that are near vertical, thus allowing objects such as buildings and hedgerows to be represented accurately (Figure 4). This can be extended further to model the roofs of buildings. In both DTMs there may well be other heights assigned to specific buildings and features e.g. churches, factories, schools, hedges, trees, etc. 
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Figure 4 Incorporation of a topographic feature into a TIN
EXPERIMENTAL PROCEDURE

Results were compared for each measured GPS observer location with those calculated by our software (with and without topographic features included) using the following criteria, and their effect on the LOS results noted:

· Different resolution DEMs (50 metre and 10 metre).*

· Different LOS strategies (point to point and modified point to point).*

· Different interpolation intervals along the LOS.*

· Different interpolation algorithms.

· The recorded GPS elevation against the interpolated elevation at the same location.

· Applying an error model from surveyed and sampled elevations to deduce probable line-of-sight.

· Incorporating GPS points into the terrain model itself (or correcting the DEM).

· The effect of generalisation of contour data.†
· The effect of constrained and unconstrained triangulations. †
· The removal of flat triangles. †
* Applicable to DEM only
† Applicable to TIN only
OBSERVATIONS AND CONCLUSIONS

The object of this experiment is to determine what combination of criteria gives the most accurate visibility results in terms of the calculated LOS’s matching those of the observed LOS’s. The aim is to achieve as close to 100% correlation as possible. Whilst we realise that total correlation is an impossibility, our aim is to quantify and assign confidence levels to the different methodologies and criteria used. This work is carried out as an iterative process that allows for the refinement of the data models due to their observed discrepancies. To aid this task, visualisation of the DTMs and the field-of-views is important. As such, the data models at each stage of development have been converted to a VRML representation (Figure 5).

Initial results suggest that using the larger scale DEM gives the best results, but the choice of interpolation algorithm at this stage appears to have little or no effect. This may be attributable to the way in which the DEM was derived from the original contour data. By including topographic features into both models, the results showed a marked improvement (which was to be expected). A complete table of results will be presented at the conference with the full paper.
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Visibility Index: 4 + 3 + 2 + 1 = 10		Visibility Index: 3 + 2 + 1 + 1 = 7





Figure � SEQ Figure \* ARABIC �1� Visibility index from two different viewpoints





Figure � SEQ Figure \* ARABIC �2� Creation of flat triangles when triangulating contour lines,  i.e. where 3 points from the same contour are used to define a triangle.
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Figure � SEQ Figure \* ARABIC �5� VRML representations of (a) a view from the wind farm and (b) the buildings themselves
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