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1. 
Introduction


During construction and design of offshore pipeline laying, a thorough knowledge of the sea-bottom topography (bathymetry) is vital. Furthermore, pipeline laying operations consist of selection and survey of the most suitable track, survey of additional tracks on both sides of the main one, up to several hundred meters in width and finally evaluation of optimal pipe route corridor. In order to successfully implement the above procedure, pipe route corridor definition must be generated as quickly and accurately as possible. Bottom survey can include huge amount of bottom points. Since bottom survey is expensive, only narrow stripes of bottom data are available, which causes serious numerical difficulty during process of pipe course longitudinal cross section interpolation and bottom topography three-dimensional visualization. 
2.
Delaunay triangulation algorithm and pipe course extraction
2.1.
Delaunay triangulation

The triangulation was invented by Boris Delaunay [1]. In the general n-dimensional case it is stated as follows: For a set P of points in the (n-dimensional) Euclidean space, the Delaunay triangulation is the triangulation DT(P) such that no point in P is inside the circum hyper sphere of any simplex in DT(P). If P is a set in 2-dimensional Euclidean space, Delaunay triangulations maximize the minimum angle of all triangles in the triangulation, which means that the Delaunay triangulations tend to avoid "sliver" triangles.
2.2.
Delaunay triangulation implementation

Bottom survey data can consist either of structuredt regular or irregular mesh of bottom points, where almost regular mesh of bottom points denotes orthogonal almost equidistant points (survey is done in stripes parallel to x or y direction of the coordinate system). Irregular mesh is available mostly for shallow water areas and consist of small amount of data points, while bottom mapping in all other cases generate almost regular meshes which can consists of large amount of data points. 


The most straightforward way of computing the Delaunay triangulation is to form a large triangle that contains all points that need to be triangulated and then repeatedly add one vertex at a time, retriangulating the affected parts of the graph. When a vertex is added, a search is done for all triangles' circumcircles containing the vertex. Then, those triangles are removed and that part of the graph retriangulated. Done naively, this results in a running time of O(n2). 

A common way to speed up this method, wich was used in this work is to sort the vertices by one coordinate, and append them in that order. Then, one only needs to keep track of triangles whose circumcircles can contain points that will be added. The expected running time in two dimensions in this case is O(n3/2) although the worst case continues to be O(n2). 

During the triangulation process there are known numerical difficulties. The Delaunay algorithm is prone to numerical error when point coordinates are large numbers and if points' distribution takes the form of narrow stripes ([2], [3]), triangulation of large number of points can be very time and memory consuming.

Surveyed bottom topography most often gives large amount of data points in UTM coordinates that are surveyed in stripes parallel to x or y direction. Such points are the worst case scenario for this Delaunay triangulation algorithm.

The Delauney algorithm forms a temporary triangle list that is updated every time a new point is added to the triangulation. Triangle is moved to the finished triangle list if circumcircle of the triangle cannot contain incoming points inasmuch as their first coordinate is too big. When dealing with large regular meshes this algorithm forms a temporary triangle list that becomes too large so it consumes too much computer memory and CPU time. To fix these problems the domain was decomposed and triangulation algorithm was adapted for the regular meshes. Triangle is moved to the finished triangle list if its largest first coordinate is smaller then the first coordinate of the incoming new point. This adaptation works well on regular meshes but it shouldn’t be used in general.
3. Pipe line corridor

Pipe route corridor is defined by an arbitrary number of segments that form a smooth (at least C1) curve. Curve corridor segments must depend on as few as possible parameters in order to minimize the number of mathematical operations needed to intersect with edges of triangles in DT(P). Also, the above procedure is a preprocessor for the optimisation algorithm that needs to change pipe route corridor to minimize its cost. To satisfy those demands linear and arch segments were chosen. 

Linear segment is defined by its start 
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It is easy to prove that 
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Arch segment is defined by its start 
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It is easy to prove that 
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 belongs to a circle defined by its point A and center C  if 
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 also points 
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From equations above it is clear that it is very easy to find edges of DT(P) that have an  intersection with a linear or arch segment and to calculate this intersection a system of two equations has to be solved. Also, all calculations that have to be done are numerically safe. This choice of simple building blocks for the route corridor enabled simple formation of a smooth curve (Figure 1) and two–dimensional visualization of fast interpolation of its segments (Figure 2).
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Figure 1. Route corridor definition 
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Figure 2. Triangulated bottom survey data with interpolated pipe corridor points

3.
Pipeline course extraction

Route corridor is divided into arbitrary number of linear or arch segments, where the length of the particular segment depends on the density of the points describing the bottom topography and overall size of the mesh points. For each segment a list of nearby points is extracted from the survey data and then triangulated. This procedure decomposes the domain so one only needs to triangulate smaller portions of the survey data. This decomposition significantly accelerates triangulation of survey data points and reduces memory consumption, which is of prime interest.
Intersections of all the triangle edges with the assigned segments are stored and sorted by their distance from the beginning of each segment. The final result is the corridor longitudinal cross section as shown in Figures 3 and 4, that is used for the pipe line free span stress analysis.

The pipeline route optimisation can easily be done with optimisation algorithm, taking into an account specific requirements during offshore pipeline design and construction.
Finally, visualization of optimal pipeline route is presented in Figure 5.
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Figure 3. Pipeline route longitudinal cross section
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Figure 4. Terrain visualization
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Figure 5. Terrain visualization with optimal pipeline route
4.
Conclusion

Proposed algorithm has significantly accelerated calculation of pipeline corridor longitudinal cross section with reduced memory consumption. High precision and speed of numerical operations during pipeline route interpolation as well as the ease of implementation have been achieved by using described linear and arch segments as basic route building block elements. Applied domain decomposition has significantly lowered the memory consumption during the overall process. Also, described procedures are easily adapted for parallel computation if needed, which is the primary design requirement for the efficient optimisation processes of pipeline route extraction.
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