Automated scale dependent views of hills and ranges via morphometric analysis
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1. Introduction
The breadth of cartographic techniques developed over the centuries for representing the earth’s morphology is testament to its importance (Imhof, 1982). The shape of the earth’s surface reflects a multitude of geomorphological processes interacting with the surficial geology.  Altitude, slope and aspect have a huge bearing on patterns of land use and habitation. Additionally the correct interpretation and ‘reading’ of the landscape is critical to navigational tasks and safe route planning and execution (Purves et al., 2002). 
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Figure 1: A variety of techniques used to convey extent and type of morphological feature (contours, pictorial symbology, hachuring, shading, or text).
In response, a variety of cartographic techniques have been developed to convey morphology. At the very fine scale we might use hachuring (Regnauld et al., 2002), hill shading and contouring (Mackaness & Stevens, 2006). At course scale we might use colour tints (Figure 1b) and at a synoptic level we can use text to convey highly generalised caricatures of components of the earth’s surface (Figure 1c).

Though we use a variety of different form of scale dependent symbology, they all point to the same underlying morphological features – hills, ranges and mountains chains. From an automated perspective the vision is of a single detailed database capable of supporting multiple scale dependent representations that would, in this case, enable representation of the earth’s morphology at various levels of detail, and thereby support ideas of intelligent zoom and meaningful query. Before we can offer solutions such as Figure 1c that simply show the word ‘Pyrenees’, we need to know the extent of a mountain region. And in anticipation of a user zooming in, we need to identify and label the regions and then the major peaks that constitute the mountain region that is the ‘Pyreness’. This paper presents a methodology by which this can be achieved. Here we present an approach for the automated identification of objects representing landscape features such as hills, mountains and ranges from a high resolution digital terrain model (DTM). The development of such an approach has important implications in terms of spatial analysis and semantic reference systems.
2. Methodology
Many attempts have been made to mathematically define (and thus automatically identify) different types of features in the landscape. What constitutes a hill, a mountain chain or region is a very scale dependent issue. The person asking the question may have a very vague prototypical view (Kuhn, 2001) and that view will alter depending on the context. There again someone may have a precise mathematical definition that, in the context of a spatial query returns a definitive answer. Many researchers have arrived at different definitions of what a mountain is (Bonsall, 1974; Campbell, 1992; Cohen, 1979; Purchase, 1997)  – the definitions often reflecting localised understandings of the landscape (ie that the notion of a mountain in Scotland is very different when viewed in a Himalayan context). One example of an attempt to define the mountains of Scotland is reflected in the ‘Munros’ of Scotland, named after Sir Munro who compiled and published in 1891 a list of all mountain over 3000ft in Scotland. The subjective definition of what constitutes a Munro is reflected in revision to the list in 1995 resulting in something that was defined as a ‘Murdo’ of which there are 444 (Dawson, 1995).

At its simplest we might use absolute height to define a hill or mountain. But caricature has much to do with observable difference and being able to differentiate between prototypical views of things. For example each of us has a conceptual understanding of plateau, delta or mountain and our labelling of these features reflects a shared agreement and understanding. Prominence (the amount by which a hill rises above the local area) clearly influences people’s perception of whether something deserves the epithet ‘hill’. Additionally its morphological variability as compared with its surroundings is also a critical factor (Fisher & Wood, 1998). The morphological variability can be measured in terms of the frequency of peaks, saddles and ridges, but also in terms of its pits, passes and troughs (Fisher et al., 2004). These descriptors are useful in modelling variability and can help characterise a region. The methodology proposed here reflects two essential ingredients prominence and morphology. These were derived from a generalised digital terrain model, and combined to create bounded regions defining both the extent of the peaks and the ‘parent child’ relationships between hills and ranges. The overall methodology is presented in Figure 3. In the following sections we will present different stages of the approach in more detail.
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Figure 2: The overall method by which hills are identified.

2.1 Relief/Prominence Calculation
In topography, prominence, is sometimes referred in literature as autonomous height, relative height or shoulder drop (in America) or prime factor (in Europe), or simply relief  (Press & Siever, 1982; Summerfield, 1991). Prominence is a concept used in the categorization of hills and mountains. It is a measure of the independent stature of a summit. It is the vertical distance between the highest and lowest points in the map area (Press & Siever, 1982). There are different methods of calculating prominence, on a contour map it is the elevation difference between the summit and the lowest contour that encircles that summit and no higher elevation. This lowest contour that encircles the summit and no higher summit is called the key contour of the summit. Once key contour for each summit has been identified prominence is then calculated as the elevation difference between the elevation of the key contour and the elevation of the summit.
In order to identify the prominence for each summit, in this research, the first step was to create contours from our source digital terrain model (DTM Ordnance Survey LandForm Profile). The contours created from the source DTM were not appropriate for processing since spikes were present around edges of some contours or contours were attached to other contours. To avoid these issues the input DTM was filtered by a smoothing algorithm (Wood, 1996b). The algorithm fits a quadratic polynomial using a kernel given size to approximate the elevation value. The kernel size was empirically determined and was set to 25. The resultant contours from the smooth DTM (contour interval 2m) are shown in Figure 3. Once the contours from the smooth DTM have been created, the resultant contours are then used to identify the summit points and their prominence. Within each highest contour (contour that contains no other contour) the maximum elevation cell is identified as the summit point (Figure 3). For each summit we can then identify the key contour and calculate its prominence as defined above (Figure 3).
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Figure 3 (a)Contours created from a smooth DTM . Summit points within each highest contour. Key contours for of summit A and Peak B are highlighted in bold. All summit points that are inside key contour ‘a’ of summit A are of lower elevation then summit A (232m). (b) Transect of  Figure 3a  showing the Prominence of summit A and B.
2.2 Morphological Bounds

It is possible that part of a surface may be quite plane between the peak and the key contour (Ben Nevis and the UK’s coast). Therefore in addition to prominence we also need to model the change in surface in terms of its morphology. Several methods exist for the identification of morphometric features (Evans, 1972; Maxwell, 1870; Peucker & Douglas, 1974; Tang, 1992). Here we have used a technique developed by (Wood, 1996a). The approach is based on the quadratic approximation of a local window in order to find the second derivative or curvature. The second derivative is a function of the rate of change of slope. The method developed by Wood uses a kernel of a predefined size to calculate the curvature, slope and convexity of each cell in the input DTM based on the neighbouring pixels in the kernel for it’s classification (Figure 4). It is important to point out here that each cell in the given DTM can be assigned to a morphometric class through the definition of  morphometric classes(Wood, 1996a). Due to the scale dependent nature of the phenomena there is a degree of fuzzniess or ambiguity in morphological classification (Fisher et al., 2004; Wood, 1996b). This means that a pixel classified as a peak at one scale may be a ridge at another scale, and a plane at some other scale. Thus there is a degree of fuzziness in the assignment of these classes to the location. In this research our objective is to create discrete objects representing hills or mountain ranges to support query within vector based systems and as a precursor to symbolisation. We have not modelled the fuzziness but the methodology can be extended to incorporate this. The kernel size, used for classification of cells, in this research was empirically determined and was set to 25 cell size. The output surface separating plane region from a non plane region are shown in Figure 4a.
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Figure 4: (a)Morphology classification into plane vs non plane area with kernal size of 25 (b) Boundary polygons using the algorithm overlaid on the non plane polygons

The surface created from morphometric classification (Figure 4a) is then converted into polygons. A simple boundary generation algorithm is applied to all those polygons that are classified as non plane region i.e. pit, channel, pass, ridge or peak. Each non plane polygon is expanded by 20m so that all the polygons that are in a local proximity can be treated as one region. As a result of expansion some of the polygons will overlap these are then aggregated. Polygons that are created as result of aggregation are called ‘morphological variability polygons’. These polygons represent areas where there is a change in morphology and are used for determining the extent of a hill or mountain. These polygons also reduce the processing time since the number of polygons is reduced by aggregating polygons that are in a close proximity. The morphological variability polygon for regions identified in Figure 4a are shown in Figure 4b.

2.3
Extents of Hills and Mountain Ranges

Once prominence, key contour and morphologically variable polygons have been identified, we can now combine these sets of information in order to identify the extent of each summit. For each summit we start with its key contour and asses how much of the landscape varies within that contour. This is done by finding the amount of overlap between the contour polygon and the morphological variable polygon. The overlap is calculated by intersection of contour polygon with morphological variable polygon. The area of intersection polygon is then compared with a minimum morphology change threshold. If the area of intersection is below this threshold this mean that the surface is not changing (i.e. most of the surface is flat) then the next higher contour is selected. This process is repeated until the area of intersection polygon is above or equal to a threshold. The contour polygon selected is assigned as the extent of the given peak. This sequence of events is illustrated in Figure 4. In Figure 5 a we start with the key contour for summit A  (Figure 3) and the amount of area intersection between the morphological variability polygon and the contour polygon is below the threshold. In Figure 5 (b) the next higher contour is selected and the same process is repeated again the area intersection is below the threshold. In Figure 5 (c) the next higher contour for summit A is selected and since the area intersection is greater than the threshold this contour polygon is assigned as the extent of summit A (Figure 5d). Figure 6a illustrates the extents of all summits identified in Figure 3.
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Figure 5: Determining the extent of a summit A. (a): Key contour A, and Morphologically variable polygon (b) next higher level contour is selected and (c) next higher level contour is selected (d) the resultant extent of summit A

In this research we are interested in identification of those summits that could be represented at 1:250,000 scale. Through an empirical analysis the lowest prominence value for a summit to be represented at 1:250,000 scale was determined and was set to 35m. Using this threshold all summit along with their extents that have prominence greater or equal to 35m are selected. The extents of summits having prominence less then 35m are either aggregated into the ‘parents’ (Bivouac.com, 2004; Maizlish, 2003) if a summit doesn’t have a parent it is simply deleted. This idea is illustrated in Figure 6b. In this way model generalisation can take place so higher order objects can be created from source objects. The next section presents a case study of a few regions on which this methodology was applied.
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Figure 6: Using a prominence threshold of 35m, peak B in Figure 3 has been aggregated into its parent (Peak A in Figure 3).

3. Case Study
This methodology was applied in the derivation of hills and mountain range extents at the small scale (1:250,000) directly from a large scale digital terrain model (OS LandForm Profile 10m). The platform selected for the implementation was Java, ArcGIS 9.0 and LandSerf. In this section we present a few outputs for two different areas selected from the source DTM. Figure 7 shows the source DTM around south of Edinburgh. On a small scale map such as 1:250,000 scale there are 10- 12 hills in this region as shown as text points selected from OS Strategi dataset (1:250,000). Figure 8 shows resultant hill extents that have a prominence of greater than 35m. 
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Figure 7: DTM (OS LandForm Profile) south of Edinburgh. Text points selected from OS Strategi (1:250,000)
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Figure 8: a. Resultant hills and range extents along with text points selected from OS Strategi dataset
4. Utility
One of the major utility of these resultant boundaries is in determination of partonomic relationships (Chaudhry & Mackaness, 2006a). Determination of these partonomic relationships will be useful in a number of ways. Firstly we can use the partonomic relationships in the process of aggregation. Here parts are aggregated into the whole they represent (Chaudhry & Mackaness, 2006b; Molenaar, 1998; van Smaalen, 2003). In other words higher order objects belonging to higher level of abstraction are created from source objects present at higher level of detail. Thus model generalisation takes place and database transformation can be achieved (Molenaar, 1996a). Another important utility of determining the partonomic relationships is for spatial analysis. For instance from the resultant enriched database we can find all the roads that link one mountain range with another or finding the shortest road network between a city and mountain range. These queries were not possible in the source database (OS MasterMap / OS Land FormProfile) since there was no concept or object representing a particular mountain range. These partonomic relationships are also useful in cartographic process. This is because an object’s relationship with respect to other objects changes, both in its behaviour (metric and topological structure) and its representational form. For instance a major road might be modelled in a different way if it is part of a city (servicing the daily commute) as compared to its role in a rural setting – in which the road more serves to connect cities. Knowledge of these different properties can inform the cartographic process in terms of design constraints and symbolisation.  The resultant extents can also be used to find the parent and child relationships between hills (Bivouac.com, 2004; Maizlish, 2003). This enables us to identify ranges from individual hills and mountains (Figure 8). 
It is important to mention there that the boundaries created from this approach are vague because of the fuzzy nature of the concept (Campari, 1996; Usery, 1996) thus there is a degree of uncertainty in the determination of these partonomic relationships. It’s difficult to create a discrete boundary with full precision of  a continues phenomena (Molenaar, 1996b) this is because the statement defining the continues phenomena will always have a certain level of indeterminacy. The statements about the real world or continuous phenomena need to be defined, understood and described within a certain context of observation (Molenaar, 1993). The context affects the determination of boundaries by ascribing to them shape, form , functions and location (Campari, 1996). A lot of research has been done on dealing with fuzziness in spatial objects, crisp and non crisp boundaries (Campari, 1996; Molenaar, 1993; Molenaar, 1996b; Reinke & Hunter, 2002; Winter & Thomas, 2002). Here we have presented an approach for creation of fiat boundary of a hills, ranges (Smith & Varzi, 2000) based on their morphological properties along with their prominence. In this paper we haven’t modelled the fuzziness in the boundary but we believe that proposed approach can be extended into modelling of fuzziness as suggested by several authors (Fisher et al., 2004; Pawlak, 1982; Worboys, 1998).
5. Conclusion

In this paper we have demonstrated an approach for finding the extents of continuous phenomena such as hills and mountain ranges so that objects representing these concepts can be created in the database. Research presented in this paper illustrates the possibility and utility of defining and extracting boundaries of continuous real world phenomena into database objects. Once these objects are generated they are useful not only cartographic generalisation in terms of symbol placement but also for model generalisation for aggregation of source objects and also for spatial analysis. The main problem that remains is to model fuzzy nature of the underlying phenomena which changes as the scale of the output database changes. Future extension will take model of fuzzy membership into account. Also we are planning to apply this approach on creation of settlement extents. Instead of DTM here we’ll use the density surface generated by our earlier algorithm (Chaudhry & Mackaness, 2007) and identify the extents using the approach presented here in this paper.
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