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Abstract

The cartographic generalization of relief is one of the most important parts of the cartographic generalization. The automatic cartographic generalization of relief is one of the most important and complicated parts of the cartographic generalization which divided by feature type, it could provide the control information for the cartographic generalization of other type of feature. The contour and Regular Grid Digital Elevation Model(RGD) are two kinds of important model of relief, this paper studied the theory and algorithm of the cartographic generalization of relief, designed the method of cartographic generalization of relief based on Triangulated Irregular Network (TIN) and the method of cartographic generalization of relief based on RGD and carried out the generalization experiment with 1:250000 topographic map data, analyzed the generalization effect of the several kinds of algorithms for different geomorphic type, and put forward the improve method for farther study. The main works are as the following:  1. This paper designed the method of cartographic generalization of relief based on TIN for the geomorphological data which in the form of contour, first, construct the TIN model by contour, and then implement the generalization by simplify the TIN model. In order to insure the precision of the simplified TIN model, we added the control information of the terrain into the TIN model, such as triangulation point, elevation point and orographic character line. This paper studied the interrelated algorithms of the method of cartographic generalization of relief based on TIN which include the examine algorithm of graphical data of contour, the algorithm of extracting orographic character line, the algorithm of constructing and update of triangulation, the algorithm of simplification of TIN model and the algorithm of generate contour based on TIN model.  2. This paper designed the method of cartographic generalization of relief based on RGD for the geomorphological data which in the form of RGD, this paper study the algorithm of wavelet analysis and the algorithm of filter analysis which based on wavelet analysis, and implement the generalization by simplify the RGD model with these algorithm, and then generate contour data from RGD model.  3. Analysis of the effect of the algorithms. This paper implements the generalization through the two kinds of methods of cartographic generalization for relief with the real 1:250000 relief map data. Based on the two kinds of methods of cartographic generalization for relief, this paper carry out cartographic generalization of relief with different type of geomorphic data, and analyzed the generalization effect of the several kinds of algorithms for different geomorphic type with different parameter.  4. Improvement of the algorithms. From the analyses of this paper, we know that there are still some disadvantages on the efficiency of each algorithms and generalization effect of each algorithms.
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1．Introduction

Relief is one of the most important parts of topographic map and general geographic map, together with drainage, it compose the nature foundation of other feature and affect the geography layout of these feature. For example, different type of relief bring up different type of river system, geomorphic type affect the layout of drainage, it also affect the variety of climate, the vertical layout and horizontal layout of vegetation, the development and layout of habitation and road network. Relief not only plays an important role in economic development, but also plays an important role in operation, so, the cartographic generalization of relief is one of the most important parts of the cartographic generalization.

The automatic cartographic generalization of relief is one of the most important and complicated parts of the cartographic generalization which divided by feature type, it could provide the control information for the cartographic generalization of other type of feature. The contour and Regular Grid Digital Elevation Model are two kinds of important model of relief, this paper studied the theory and algorithm of the cartographic generalization of relief, designed the method of cartographic generalization of relief based on Triangulated Irregular Network (TIN) and the method of cartographic generalization of relief based on Regular Grid Digital Elevation Model and carried out the generalization experiment with 1:250000 topographic map data, analyzed the generalization effect of the several kinds of algorithms for different geomorphic type.

2．The Algorithms of Cartographic Generalization of Relief Based on Triangulated Irregular Network (TIN)

The object of cartographic generalization of relief based on TIN is the geomorphological data which in the form of contour, first, construct the TIN model by contour, and then implement the generalization by simplify the TIN model. In order to insure the precision of the simplified TIN model, we added the control information of the terrain into the TIN model, such as triangulation point, elevation point and orographic character line. This paper studied the interrelated algorithms of the method of cartographic generalization of relief based on TIN which include the examine algorithm of graphical data of contour, the algorithm of extracting orographic character line, the algorithm of constructing and update of triangulation, the algorithm of simplification of TIN model and the algorithm of generate contour based on TIN model.

2.1The Examine Algorithm of Contour

The contour is a chain of the elevation point which have the same elevation, we could get the contour by using a series of plane with given elevation to cut the ground surface, so the contour is a series of closed curve. In the computer, we use a closed chain of line to instead of the closed curve. Because of the method of data capturing, there are some problems of data quality in contour, it impact the precision of the analysis which based on the contour, or the result of the analysis may be wrong, even the analysis program could be breakdown because of these error of contour data. So we must check up the quality of the contour data and correct the errors of the contour we use the data. The check-up of the contour contain two parts: the check-up of attribute data and the check-up of graphic data. The check-up of the quality of graphic data is one of the key points of this paper, it contains four aspects: first, check up whether the contour is closed or joint with the boundary of the map, secondly, check up whether the contour intersect with each other, thirdly, check up whether there are two contour with the same coordinate, fourthly, check up whether there are graphic data with inanition. Aim at these type of error data, we design the method of check-up respectively, and improved the algorithm of judge whether the two line have intersection, and also study the algorithm to quickly assessing the intersection of large num of line segments, based on “plane sweep algorithm” this paper improved the algorithm of large num line segments problem, table 1 shows the efficiency of the original algorithm and the improved algorithm by large num of line segments.


	MapID
	line segments num
	Original Algorithm(s)
	Improved Algorithm (s)

	105109
	240718
	12602.609
	13.203

	105110               
	90544
	1665.36
	2.937

	105113              
	138290
	4093.469
	5.157

	105114
	16602
	38.39
	0.218


2.2The Retraction of Orographic Character Line

The orographic character line (the ridge line, the valley line etc.) is very important for the description of terrain; they constituted the terrain skeleton of terrain. The retraction algorithm of orographic character line can be divided into three kinds, that is the extraction algorithm based on geometry morphological analysis, stream morphological analysis and the combination of the two previous methods. This paper study these three algorithm, and chosen the retraction algorithm based on geometry morphological analysis to retracting the information of orographic character line from contour according to the application. This paper improved on the algorithm based on the known research. The algorithm can be divided into three steps. First, extract terrain feature point. Second, distinguish the valley point and ridge point. Third, tracing the terrain feature line(the ridge line and the valley line ).This paper added the judgment of the exceptive circumstance when distinguish the valley point and ridge point in the second step and converted the limitative condition of tracing the terrain feature line in the third step, making the realization of the algorithm simpler and lowering the calculation.

2.3The Construction of TIN Model
In terrain modeling, the TIN(triangulated irregular network) expresses the terrain surface by continuous triangle created through the point set that distributed irregularly. As to the expression of terrain information, the grid model describing the terrain with a same resolution, thus the expression of some districts is too amply, and the expression of some other districts is too roughly. The advantage of the model of TIN is describing the terrain with the data of the different detail degree in the different district, so there is no such problem. When constructing TIN model, we could regard for the terrain feature line, such as the ridge line, the valley line etc., so TIN model can express the complicated surface more accurately and more reasonably. In all of the probably triangle net, Delaunay Triangulation is generally accepted as the best triangle division, and that is outstanding in the terrain express, so Delaunay Triangulation is always used for creation of TIN model. When the terrain feature line or other restrict condition exist, it must consider Constraint Delaunay Triangulation. 

This paper construct the unconstrained Delaunay triangulation by" incremental insertion algorithm ", and based on the unconstrained Delaunay triangulation, embed the constrained line through" multiple diagonal exchanging algorithm " to construct constrained Delaunay triangulation. When construct the unconstrained Delaunay triangulation, we find out the key steps for raise the efficiency of algorithm, and adopt some methods to improve the efficiency of the algorithm. These methods include: first, organize the point set by constructing grid index; second, fast searching for the triangle that contain the given point ; third, recompose the insertion order of the points etc.. Table 2 shows the efficiency of the algorithm which just adopt the first method. Table 3 shows the efficiency of the algorithm which adopt the first and second method. Table 4 shows the efficiency of the algorithm which adopt all of the three kinds of methods. 

	MapID
	Point Num
	Triangle Num
	Construct  Time(s)
	Construct  speed(1/s)

	105001
	787704
	1575035
	1164
	1353

	105002
	204119
	408105
	167
	2443

	105005
	205539
	410850
	177
	2321

	094908
	153811
	307401
	123
	2499



	MapID
	Point Num
	Triangle Num
	Construct  Time(s)
	Construct  speed(1/s)

	105001
	787704
	1575035
	177
	8898

	105002
	204119
	408105
	41
	9953

	105005
	205539
	410850
	42
	9782

	094908
	153811
	307401
	28
	10978



	MapID
	Point Num
	Triangle Num
	Construct  Time(s)
	Construct  speed(1/s)

	105001
	787704
	1575035
	132
	11932

	105002
	204119
	408105
	33
	12366

	105005
	205539
	410850
	32
	12839

	094908
	153811
	307401
	23
	13365


When construct the constrained Delaunay triangulation, this paper first study various of embed algorithms of constrained line, then chosen the" multiple diagonal exchanging algorithm " and improve it to implement the constrained Delaunay triangulation creation algorithm. Fig 1 shows the effect of unconstrained Delaunay triangulation and fig 2 shows the effect of constrained Delaunay triangulation. The overstriking lines in these two figs is the original contour data. In fig 2, all of the contour lines are in the TIN model.
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2.4The Update and Simplification of TIN Model 
For carrying out the simplification of TIN model, this paper researched the update algorithm of the TIN model, which includes the add and delete of point, edge and the triangle, among them, the add and delete of the triangle can be break down into the operation of related point and edge, therefore, the modification of TIN model can be turn to the operation of triangle point and edge. Add a point into the TIN is simple. Because of constructing Delaunay triangulation by incremental insertion algorithm, so add a point is just one of the steps of constructing Delaunay triangulation --- discrete point inserting. Delete a point is a little complex. First judging whether the point is inside-point( inside the TIN model )or boundary-point (on the boundary of TIN model ),then delete the point, if the deleted point is inside-point, delete the point will form a polygon district, adopts the triangulation method that resects the optimal triangle from the polygon  each time and then optimizes the new triangles. If the deleted point is boundary-point, first exchanging the diagonal of the triangle that contain the point, insure that after the deletion of the point and the related edge and triangles, the remain TIN model is the still optimal. Delete a edge can be resolve into the deletion of point in TIN model; while add a edge into the TIN model can be resolve into two steps, the insert of point and embed of constrained edge. Based on the update algorithm of the TIN model, this paper adopt the distance of the point and the related plane to judge whether a point should be deleted to implement the simplification of TIN model.

2.5The Tracing Algorithm of Contour Based On TIN Model 
By generating contour data based on simplified TIN model, the whole flow of relief generalization method based on TIN could be finished. Generally, generating contour from TIN model includes two steps: calculating elevation points and tracing contours. If there are more than one point with the elevation of H in the triangle, it will leaded to multi-meaning when tracing contour. In order to simplify the tracing process, it could be added a tiny value 
[image: image3.wmf]e

 if the height of the point equal to H, which would avoid multi-meaning tracing. The relation of the contour 
[image: image4.wmf]H
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and the triangle include two kinds: there is no intersection on the triangle or the contour through two border of the triangle. In order to supply data for tracing contour, judging all triangles of the TIN model, if there is a contour through the triangle, gains the intersection and record the ID of triangle. First, tracing the contour from the border of TIN model until reach  another intersection on the border of TIN model, this contour what we traced was the contours intersecting with the borders; then finding a random intersection and set the intersection as the start point of tracing, until tracing to the start point, here what we had traced was the closed contours. Thus all contours were traced.

3．The Algorithms of Cartographic Generalization of Relief Based on Regular Grid Digital Elevation Model (RGD)
The object of cartographic generalization of relief based on RGD is the geomorphological data which in the form of RGD, this method adopt the wavelet analysis and the filter method based on the wavelet analysis for the simplification of RGD in order to implement the generalization by simplify the RGD. This paper studied the interrelated algorithms of the method of cartographic generalization of relief based on RGD which include the Mallat algorithm of 2D discrete wavelet transform, the filter algorithm based on the wavelet analysis, and the algorithm of generate contour based on RGD. In order to gain the experimental data, this paper studied the interpolation algorithm of RGD.

3.1The Obtain of RGD 
Most of the RGD is obtain from these three kinds of methods: first, gain the RGD data from direct observation, second, gain the RGD data from vector geomorphologic element and part of drainage feature by interpolation algorithm, third, gain the RGD data from aerial imagery by digital photogrammetry. When adopt the second method to obtain the RGD data, different interpolation algorithm lead to different data, the interpolation algorithm includes: the interpolation method of discrete points, the interpolation method based on the contour and the interpolation method based on TIN model which construct by contour. The paper realized the interpolation method of discrete points to generating RGD data.

3.2The Simplification of RGD Model 
The mostly methods for the simplification of RGD is digital image process, which includes the method of wavelet analysis, the method of mathematics morphologic, the method of filter and the method of informatics. This paper adopt the method of wavelet analysis and the method of filter based on wavelet transform to implement the generalization experiment.

This paper studies the Mallat algorithm of 2D discrete wavelet transform, and implements it with Daubechies wavelet, thus implement the simplification of RGD model.

Dimension eauation and wavelet eauation are as follow:
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Formula (1) is the decompose algorithm of Mallat algorithm of 2D discrete wavelet transform.
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 is the high frequency information，so
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is a kind of simplified signal of original signal. 

Filter analysis is an efficiency method of image enhance, when adopt low frequency filter, the high frequency information of the image is reduced, and also when adopt high frequency filter, the low frequency information of the image is reduced. The general filter treat the image as a whole, when adopt a filter, the information of the whole image is reduced, so the effect of generalization is not very good. The filter this paper studied is based on wavelet transform, it distinguish the low frequency information and high frequency information, so we could design different filter for different frequency information. 

The spatial layout of wavelet coefficient and original image is homologous, as show in fig 3:
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The LL frequency information is the low frequency information of the image, while HL, LH and HH frequency information is the detail information of the image, the HL frequency information is horizontal high frequency information, the LH frequency information is vertical high frequency information, and the HH frequency information is diagonal high frequency information. The LL frequency information could be divide into similar frequency information.

So there are different level of high frequency information, we could design different filter to deal with these information.

3.3The Tracing Algorithm of Contour Based On RGD Model
Being similar with the tracing algorithm of contour based on TIN Model, we could generate contour by the two steps of calculating elevation points and tracing contours based on RGD. The traced contours also included the contours intersecting with borderlines and the closed contours. The difference is that the tracing algorithm of contour based on TIN Model judge the relation of the contour and the triangle, while the tracing algorithm of contour based on RGD Model judge the relation of the contour and the rectangle grid and the latter is much complex.

4．The Instance of Cartographic Generalization of Relief and The Estimate of Generalization Effect

Based on the foregoing algorithm of cartographic generalization of relief based on TIN model and RGD model, this paper organize these interrelated algorithm by data stream, designed the flow of cartographic generalization of relief based on TIN and RGD. Fig 4 shows the flow of cartographic generalization of relief based on TIN and fig 5 shows the flow of cartographic generalization of relief based on RGD.




In order to validate the effect of the algorithm of cartographic generalization of relief based on TIN model and RGD model, this paper adopt four kinds of typical relief data to implement the generalization experiment, that is Alpine relief, medium mountain, loess relief and hilly terrain.
The follow figs are the effect of foregoing algorithm with loess relief, all of the figs is 0.91 times of actual figs. Fig 6 is the fig of original data.
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Fig 7 is the effect fig of the algorithm of cartographic generalization of relief based on TIN model(the critical distance is 12 meters).
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Fig 8 is the effect fig of the algorithm of cartographic generalization of relief based on TIN model(the critical distance is 3 meters).
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Fig 9 is the effect fig of the algorithm of cartographic generalization of relief based on RGD model (Daubechies Wavelet n= 2).
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Fig 10 is the effect fig of the algorithm of cartographic generalization of relief based on RGD model(Filter Analysis Based on Wavelet Transform).
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From the effect figs above, we could give the conclusion that when adopt the algorithm of cartographic generalization of relief based on TIN model to simplify loess relief, if the critical distance equal to 12 meters, the degree of simplification is a little large, the effect is not very good, if the critical distance equal to 3 meters, the result of simplification reserve the character of contour, the effect is quite good, when adopt the algorithm of cartographic generalization of relief based on RGD model, the degree of simplification is a little large, the character of contour is changed, the detail information of contour is reduced without measure.

When adopt the algorithm of cartographic generalization of relief based on TIN model and RGD model to simplify the other three kinds of relief, we could gain corresponding result, the effect of the algorithms for different type of relief is list in table 5. 


	
	the algorithm based on TIN model

（the critical distance equal to 12 meters）
	the algorithm based on TIN model

（the critical distance equal to 3 meters）
	the algorithm based on RGD model

(Daubechies Wavelet)
	the algorithm based on RGD model

(Filter Analysis)

	alpine relief
	Best
	No data
	Better
	Better

	medium mountain
	Best
	No data
	Better
	Worse

	loess relief
	Bad
	Best
	Worse
	Worst

	hilly terrain
	Better
	Best
	Bad
	Bad


From table 5 we could see that for alpine relief the effect of the four kinds of generalization algorithms is quite good, when the generalization object is medium mountain, the effect of the algorithm of cartographic generalization of relief based on RGD model(Filter Analysis) is a little bad, the effect of other adopted algorithm is quite good, for loess relief and hilly terrain, the effect of the algorithm of cartographic generalization of relief based on TIN model(the critical distance equal to 3 meters) is quite good, while the effect of other adopted algorithm is not good. 

From the analyse above, it could lead to the conclusion: the effect of the algorithm of cartographic generalization of relief based on TIN model is better than RGD model, when adopt the algorithm of cartographic generalization of relief based on TIN model, we should change the value of the critical distance, the effect of the algorithm of cartographic generalization of relief based on RGD model is just fit the alpine relief and medium mountain. 

5．Summary

The cartographic generalization of relief is one of the most important parts of the cartographic generalization. The automatic cartographic generalization of relief is one of the most important and complicated parts of the cartographic generalization which divided by feature type, it could provide the control information for the cartographic generalization of other type of feature. At present, a lot of scholar apply themselves to the study of cartographic generalization of relief, but the effect of generalization can not achieve the request of practicality. The contour and RGD are two kinds of important model of relief, this paper studied the theory and algorithm of the cartographic generalization of relief, designed the flow of cartographic generalization of relief based on TIN model and RGD and carried out the generalization experiment with four kinds of typical relief data, analyzed the generalization effect of the several kinds of algorithms for different geomorphic type and gave an qualitative estimate.
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Fig 5 The Flow of Cartographic Generalization of Relief Based On RGD
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Fig 3  frame of 2D wavelet transform








Fig 10 is the effect fig of the algorithm of cartographic generalization of relief based on RGD model(Filter Analysis Based on Wavelet Transform).








Fig 9 is the effect fig of the algorithm of cartographic generalization of relief based on RGD model(Daubechies Wavelet n= 2).





Fig 8 The Effect of The Algorithm of Cartographic Generalization of Relief Based On TIN model(the  is 3 meters )








Fig 7 The Effect of The Algorithm of Cartographic Generalization of Relief Based On TIN model(the  is 12 meters )





Fig 6 Original Data








Table 5  The Effect of The Algorithms For Different Type of Relief











Fig.1 unconstrained Delaunay triangulation











Fig.2  constrained Delaunay triangulation














Table 4  The Efficiency of The Algorithm Which Adopt All of The Three Kinds of Methods 





Table 3  The Efficiency of The Algorithm Which Adopt The First and The Second Method 





Table 1 Compare of Efficiency of The Original Algorithm and The Improved Algorithm











Table 2  The Efficiency of The Algorithm Which Adopt Just The First Method 
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