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Abstract

This paper addresses some issues on the geometric transformations in digital map generalization.  It makes a systematic classification of operations required for the geometric transformations and identified 32 operations.  It also provides review of algorithms available for each of the operations.
1 Introduction

A national mapping agency may have maps at scales from 1:1,000 to 1:1,000,000 scale and even smaller.  One critical issue faced by national mapping agencies is to update maps at so many scales frequently.  The ideal approach is to update maps at the largest scale frequently and to derive maps at smaller scale on demand only.  This can be achieved by digital map generalization.  


As a map contains (geo)metric information (related to position, size and shape), thematic information (related to the types and importance of features) and relational information (about spatial relationship between neighbouring features), there must be three types of transformations involved in digital map generalization, geometric, thematic and relational.  

The geometric transformations are achieved by some operations.  The issues related to geometric transformations are 

· What operations are essential?

· What operations are currently available? and
· What algorithms are available for each of these essential operations?

This paper aims to discuss the geometric transformations in digital map generalization.  More precisely, it intends to make a systematic classification of operations required for the geometric transformations and a review of algorithms available for each of the operations.

2 Essential Operations for Digital Map Generalization 

In classic textbook, only very few operations are identified, e.g. “classification, induction, simplification and symbolization” by Robinson et al (1984) and “aggregation, combination, simplification, displacement and selective omission” by Keates (1989).  However, these operations are too general to be computerized.  That is to say, more concrete operations need to be identified.  

From the late 1980s, researchers try to identify more concrete operations.   For example, Beard and Mackaness (1991) identified 8 operations.  McMaster and Shaea (1992) have identified a list of 12 operations.  This is the most comprehensive list so far, including aggregation, amalgamation, classification, collapse, displacement, enhancement, exaggeration, merge, refinement, simplification, smoothing and typification.  A summary of currently available operations is given in Table 1.
Table 1  Existing operations for digital map generalization (Modified from Su 1997)
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Figure 1  Different meanings for typification in different situations

However, these operations are still general too general to be computerized.  Indeed, it may mean different things by the operation (see Figure 1).  For example, “typification” is often referred to the re-arrangement of buildings, e.g. from 4(4 (rows(columns) to 2(2).  However, this term is also applicable to individual roads (Plazanet et al., 2005), e.g. from 6 bends to 3 bends.  Another example is the collapse operation.  Therefore, a new classification is needed so as to result in a set of very specific algorithms which can be easily computerized.
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Figure 2  Classification of generalization operations based on the dimension of features (Li, 2007a)

Various criteria could be used for such a classification. However, if the emphasis is on the implementation of algorithms, the dimension of geometric features (see Figure 1) can be used as a criterion. Li (2007a) has made such a classification to have identified a list of 32 operations.


A systematic classification should be complete (i.e. exhaustive), non-overlapping and objective.  It is very difficult to have an exhaustive list because no consensus has been made regarding the criteria to be used for the assessment of digital map generalization.  Therefore, Li (2007a) termed the list of 32 operations as essential operations.  That is, one may add more operations to the list gradually.  

The operations for individual point features are defined as follows:

· Elimination:  to eliminate an individual point feature, as it will be too small to represent;
· Magnification: to make the size of a point feature become large enough to be represented, although it appears too small to be represented;

· Displacement: to move a point away from a feature or features because the distance between the point and other feature(s) are too small to be separated.

The operations for a set of point features are defined as follows: 

· Aggregation: to group a number of points into a single point features;
· Regionalization: to outline the boundary of the region covered by points so as to make this region an area feature;

· Selective omission: to select those more important point feature to be retained and to omit less important ones, if space is not enough;

· Simplification:  to reduce the complexity of the structure of point cluster by removing some point with the original structure retained;

· Typification: to keep the typical pattern of the point feature while removing some points.

The operations for individual line features are defined as follows:

· Displacement: to move the line towards a given direction;

· Elimination:  to eliminate an individual line feature, as it will be too narrow to represent;

·  (Scale-driven) generalization:  to produce a new line in which the main structure is retained by small details are removed. This operation is dependent on the scales of input and output representations;

· Partial modification:  to modify the shape of a segment within a line;

· Point reduction:  to reduce the number of points for representation by removing those less important points from a line so that only those so-called critical points are retained;

· Smoothing: to make the appear to be smoother;

· Typification: to keep the typical pattern of the line bends while removing some.

The operations for a class of line features are defined as follows: 

· Collapse: to make the dimension changed.  Two types are identified, i.e. ring-to-point and double-to-single-line.

· Displacement:  to move one away from the other or both lines away from each other;

· Enhancement: to make the characteristics still clear;

· Merging:  to combine to two or more close lines together;

· Selective Omission:  to select those more important ones to be retained.

The operations for individual area features are defined as follows:

· Collapse:  to make the feature represented by a symbol with lower dimension,  

· Displacement:  to move the area to a slightly different position, normally to solve the conflict problem; 

· Elimination:  to eliminate those small and unimportant areas;

· Exaggeration:  to make a area with small size still represented at a smaller scale maps, on which it should be too small to be represented; 

· Simplification:  to make the shape simpler;

· Split: to split an area features into two because the connection between them is too narrow.

The operations for a class of area features are defined as follows: 

· Agglomeration: to make area features bounded by thin area features into adjacent area features by collapsing the thin area boundaries into lines;

· Aggregation:  to combine area features (e.g. buildings) separated by open space;

· Amalgamation:  to combine area features (e.g. buildings) separated by another feature (e.g. roads);

· Dissolving:  to split a small area into pieces (according to adjacent areas) and to merge these pieces into their corresponding adjacent areas;

· Merging:  to combine two adjacent areas into one;

· Relocation:  to move more than one features around normally to solve the conflict problem;

· Structural simplification:  to retain the structure of area patches by selecting important ones and omitting less important ones;

· Typification:  to retain the typical pattern, e.g. a group of area features (e.g. buildings) aligned in rows and columns.

The term point-reduction is not widely used.  In some literature, it is referred to as line simplification, as some kind of simplification effect might be created. Indeed, it has been argued by many (e.g. Li, 1993) that point reduction shouldn’t be regarded as a generalization operation because traditional generalization has nothing to do with point reduction.  In fact, point-reduction algorithms try to make best approximation of the original line with a minimum number of points, thus they are also called curve approximation algorithms.  More appropriately, such an operation should be termed as weeding.  It must be emphasized here that no scale change is involved in such an operation.  The output is still for the representation of the original line at the original scale. The smoothing (including curve-fitting and filtering) also has no direct association with scales. Scale-driven generalization is a specific type of smoothing.  In scale-driven generalization, the smoothing effect is computed based on the scale of input data and the scale of the output data.  In the end of such a process, the main trend of the line is retained and small variations are removed.  In practice, point-reduction should also be applied to lines as a preprocessing or post-processing of scale-driven generalization because the points on a line will appear to be too dense after a scale reduction.
3 Algorithms for Generalization Operations

After the operations for digital map generalization have been identified, one or more algorithms need to be developed for each of them.  All algorithms for these operations together form a mathematical foundation for digital map generalization.  These algorithms can be stored as subroutines, like the conformal and affine transformation models, and can be employed whenever there is a need.  To call these algorithms, one may need to formalize some rules (or constraints).  


The development of algorithms has been the major topic since the 1960s.  A comprehensive coverage of such algorithms has been produced by Li (2007a).  It can be noticed that the first attempts are for individual line features.  Perkal (1966) proposed an (-circle rolling algorithm, which produces objective generalization of lines.  However, his solution is not complete.  An attempt has also been made by Christensen (1999, 2000) to make Perkal algorithm more complete.  Since the late 1960s, a lot of effort has been spent on point-reduction for line features (e.g. Lang 1969, Douglas and Peucker 1973, Li 1988, Wang and Muller 1993, Visvalingham and Whyatt 1993, De Berg et al 1995, Saalfeld 1999)

Another group of line algorithms is for smoothing a line.  Various techniques have been employed such as Gaussian convolution, Fourier transform (e.g. Boutoura 1989, Plazanet, et al. 1995), wavelet transform (e.g. Balboa and Lopez 2000), snakes (Burghardt and Meier 1997, Steiniger and Meier 2004, Burghardt 2005), empirical mode decomposition (EMD) (Li et al. 2004a), fractals (Muller 1986, Buttenfield 1989). 


However, the parameters used in these smoothing algorithms are not directly related to map scales.  That is, one still needs to calibrate these parameters and such a calibration is a difficult task.  On the other hand, Li and Openshaw (1992) developed a scale-driven line generalization algorithm based on the natural principle (Li and Openshaw 1993).  This is an algorithm for objective generalization.  The parameters used in this algorithm are the source scale, target scale and the SVS.  Li-Openshaw algorithm, as pointed out by Weibel (1996), “by virtue of its raster structure, implicitly (but not explicitly) avoids self-overlaps”.  

Many line algorithms have also been developed for other operations, e.g. partial modification of lines (e.g. Li and Su 1996, Bader and Barrault 2000), typification of road bends (e.g. Plazanet et al. 1995), collapse of road junctions (e.g. Mackaness and Mackechnie 1999), generalization of contours (e.g. Li and Su 2000, Ai 2004a, Gokgoz 2005), generalization of transportation network (e.g. Thomson and Richardson 1995, Thomson and Richardson 1999), collapse of double lines to single line (e.g. Nickerson 1988), and generalization of river network (e.g. Rusak Mazur and Caster 1990).

Since the early 1980s, researchers started to pay more attention to the development of algorithms for area features.  Monmonior (1983) developed a set of raster operators and used this set of operators for aggregation, split and erosion.  Li and his collaborators (Li 1994, Li and Su 1997) employed mathematical morphology to develop a set of raster algorithms for various operations, such as selective omission (Su et al., 1997a), area aggregation (Su et al. 1997b), shape simplification (Su et al. 1997b), displacement (Li and Su, 1996), collapse and partial collapse (Su et al., 1998) and structural simplification of area patches (Su and Li 1995).  

In vector mode, triangulation, Voronoi diagram and skeletonization have been widely used for area-to-line collapse and aggregation of area features (e.g. Delucia and Black 1987, Jones et al. 1995, Li et al. 2004b).  Algorithms for structural simplification of area patches (Muller and Wang 1992), for agglomeration (Li 2007a), for merging (Li 2007a), for dissolve (Li 2007a), as well as for shape simplification (Freeman and Shapira 1975, Graham 1972), for building typification (Regnauld 2001, Basaraner and Selcuk 2004, Li et al. 2004b) are also available. Various techniques have been explored for the the relocation (displacement) of area features (Ruas 1998), such as displacement field (Ai 2004b), finite element method (Hojholt 2000), finite elements methods with ductile truss (Bader et al. 2005), and least squares adjustment (Harrie 1999, Sarjakoski and Kilpelainen 1999, Sester, 1999).  

The generalization of point cluster is a topic not well addressed.  Algorithms have also been developed by researchers for most of these operations e.g. K-means clustering (MacQueen 1967) and Iterative Self-Organising Data Analysis Technique Algorithm (ISODATA) (Tou and Gonzalez 1974) for aggregation, settlement-spacing ratio algorithm (Langran and Poiker 1986) and circle-growth algorithm (van Kreveld et al 1995) for selective omission, Voronoi-based algorithm for structural simplification (Ai and Liu 2002, Yan and Li 2004), and triangulation-based algorithm for regionalization (DeLucia and Black 1987).
4 Concluding Remarks
In this paper, a review of essential operations for the generalization of digital maps has been made.  These operations are specific enough for computerized implementation.  Algorithms for each of these operations are also examined, if available.  With this set of algorithms, it is now possible to build a comprehensive semi-automated system.  

Acknowledgements

This paper is supported by a grant from the National Natural Foundation of China (40329001).

References

Ai, T., and Liu, Y., 2002. A method of point cluster simplification with spatial distribution properties preserved.  Acta Geodaetica et Cartograpgica Sinica. 25(1):35-41. (in Chinese).

Ai, T.H., 2004a.  A generalization of contour line based on the extraction and analysis of drainage system.  International Archive of Photogrammetry and Remote Sensing, XXXV(IV/3) (CR-Rom).

Ai, T.H., 2004b.  A displacement of building cluster based on field analysis.  ACTA GEODAETICA ET CARTOGRAPHICA SINICA, 33(1): 89-94. 

Bader, M. and Barrault, M., 2000. Improving Snakes for linear feature displacement in cartographic generalization.  GeoComputation 2000.  http://www.geocomputation.org/2000/GC034/Gc034.htm. (last accessed on 12 Sept. 2005). 

Bader, M., Barrault, M. and Weibel, R., 2005. Building displacement over a ductile truss.  International Journal of Geographical Information Science, 19(8-9): 915-936.

Balboa, J. L. G. and Lopez, F. J. A., 2000.  Frequency filtering of linear elements by means of wavelets – A method and example.  The Cartographic Journal, 37(1): 39-50.

Basaraner, M. and Selcuk, M., 2004.  An attempt to automated generalization of buildings and settlement areas in topographic maps.  International Archives of Photogrammetry and Remote Sensing, (Proceedings of XXth International Congress for Photogrammetry and Remote Sensing, Istanbul), XXXV(Part B4). (CD-Rom).

Beard, M. K. and Mackaness, W. 1991. Generalization operators and supporting structures. Proceedings Auto Carto 10, 29-45.

Boutoura, C., 1989.  Line generalization using spectral techniques.  Cartographica, 26(3&4): 33-48.

Burghardt, D., 2005.  Controlled line smoothing by Snakes.  GeoInformatica, 9(3): 237-252.

Burghardt, D. and Meier, S., 1997.  Cartographic displacement using the snakes concept. In: Foerstner W. and Pluemer, L. (eds): Semantic Modeling for the Acquisition of Topographic Information from Images and Maps. Birkhaeuser-Verlag, Basel, Switzerland.  59-71.

Buttenfield, B. P., 1989. Scale dependency and self-similarity of cartographic lines.  Cartographica, 26(1): 79-100.

Christensen, A. H., 1999.  Cartographic line generalization with waterlines and medial-axes. Cartography and Geographic Information Science, 26(1): 19-32.

Christensen, A. H., 2000.  Line generalization by waterline and medial-axis transformation: Success and Issues in an implementation of Perkel’s proposal. The Cartographic Journal, 26(1): 19-32.

de Berg, M., van Kreveld, M. and Schirra, S., 1995.  A new approach to subdivision simplification.  Auto-Carto 12, 19-88.

DeLucia, A. A. and Black, R. B., 1987. A comprehensive approach to automatic feature generalisation, Proceedings of 13th International Cartographic Conference, Morelia, Mexico, October 1987, 4: 169–192.

Douglas, D. H. and Peucker, T. K., 1973.  Algorithms for the reduction of the number of points required to represent a digitized line or its caricature.  The Canadian Cartographer, 10(2): 112-122.

Freeman, H. and Shapira, R., 1975.  Determining the minimum-area enclosing rectangle for arbitrary closed curve.  Communication of ACM, 18: 409-413.
Gokgoz, T., 2005.  Generalization of contours using deviation angles and error bands.  The Cartographic Journal, 42(2): 145-156.

Graham, R.L. (1972). An efficient algorithm for determining the convex hull of a finite planar set. Information Processing Letter, 7: 175-180. 

Harrie, L.E., 1999.  The constraint method for solving spatial conflicts in cartographic generalization.  Cartography and Geographic Information Systems, 26(1): 55-69.

Hojholt, P., 2000. Solving space conflicts in a map generalization: Using a finite emelent method.  Cartography and Geographic Information Science, 27(1): 65-73.

Jones, C. B., Bundy, G.L. and Ware, J. M., 1995.  Map generalization with a triangulated data structure.  Cartography and Geographic Information Systems, 22(4): 317-331.

Keates, J., 1989.  Cartographic Design and Production.  Second Edition.  Longman Scientific, England.

Lang, T., 1969.  Rules for robot draughtsmen.  Geographic Magazine, 42(1): 50-51.

Langran, C.E. and Poiker, T.K., 1986. Integration of name selection and name placement.  Proceedings of 2nd International Symposium on Spatial Data Handling, 50-64.

Li, Z.L., 1988.  An algorithm for compressing digital contour data.  The Cartographic Journal, 25(2):  143-146.

Li, Z.L., 1993.  Some observations on the issue of line generalisation.  The Cartographic Journal, 30(1): 68-71.

Li, Z.L., 1994.  Mathematical morphology in digital generalization of raster map data.  Cartography, 23(1): 1-10.
Li, Z.L., 2007a.  Algorithmic Foundation of Multi-scale Spatial Representation.  CRC Press (Taylor & Francis Group), Bacon Raton.  275pp.

Li, Z.L., 1997b.  Digital map generalization at the age of enlightenment: A review of the first forty years.  The Cartographic Journal, 44(1): 80-93.
Li, Z.L. and Choi, YH., 2002. Topographic map generalisation:  Association of road elimination with thematic attributes. The Cartographic Journal, 39(2): 153-166.

Li, Z.L. and Openshaw, S., 1992.  Algorithms for automated line generalisation based on a natural principle of objective generalisation. International Journal of Geographic Information Systems, 6(5): 373-389.

Li, Z.L. and Openshaw, S., 1993.  A natural principle for objective generalisation of digital map data. Cartography and Geographic Information System, 20(1): 19-29.

Li, Z.L. and Su, B., 1995.  From phenomena to essence:  Envisioning the nature of digital map generalisation. The cartographic Journal, 32(1): 45-47.

Li, Z.L. and Su, B., 1996. Algebraic models for feature displacement in the generalization of digital map data using morphological techniques. Cartographica, 32(3): 39-56.

Li, Z.L. and Su, B., 1997.  Some basic mathematical models for feature displacement in digital map Generalization  Proceedings of ICC’97  1: 452-459.

Li, Z.L. and Sui, H.G., 2000. An integrated technique for automated generalisation of contour maps.  The Cartographic Journal, 37(1): 29-37.

Li, Z.L., Khoshelham, K., Ding, X. and Zheng, D., 2004a.  Empirical mode decomposition (EMD) transform for spatial analysis. In:  Li, Z., Zhou, Q and Kainz, W. (eds.), Advances in Spatial Analysis and Decision Making, Lisse: A.A. Balkema.  19-30.  

Li, Z.L., Yan, H., Ai, T. and Chen, J., 2004b. Automated Building Generalization Based on Urban Morphology and Gestalt Theory. Journal of Geographical Information Science, 18(5): 513-534.

Machaness, W. and Mackechnie, G. A., 1999. Automating the detection and simplification of junctions in road networks.  GeoInformatica, 3(2): 185-200.

MacQueen, J. B., 1967. Some methods for classification and analysis of multivariate observations. Proceedings of 5-th Berkeley Symposium on Mathematical Statistics and Probability, Berkeley, University of California Press, 1:281-297.

McMaster, R. and Monmonior, M., 1989. A conceptual framework for quantitative and qualitative raster-mode generalisation.  Proceedings of GIS/LIS’89, Orlando, Florida, 390-403.

McMaster, R. B. and Shea, K. S., 1992, Generalization in Digital Cartography, Association of American Geographers, Washington DC. 134pp.

Monmonier, M., 1983.  Raster-mode area generalisation for land use and land cover maps.  Cartographica, 20(4):  65-91. 

Muller, J.-C., 1986. Fractal dimension and inconsistencies in cartographic line representation.  The Cartographic Journal, 23: 123-130.

Muller, J.-C. and Wang, Z., 1992.  Area-patch generalization: A competitive approach.  The Cartographic Journal, 29(2): 137-144.

Nickerson, B., 1988.  Automated cartographic generalization for line features.  Cartographica, 25(3): 15-66.

Perkal, J.D., 1966.  An attempt at objective generalisation.  (Translated by W. Jackowshi from Proba obiektywnej generalizacji, Geodezia I Kartografia, Tom VII, Zeszyt 2, 1958. 130-142).  Michigan Inter-University Community of Mathematical Geographers Discussion Paper No. 10, Dept. of Geography, University of Michigan, Michigan, USA.

Plazanet, C.; Affholder, J. G.; Fritsch, E. (1995). The importance of geometric modeling in linear feature generalization. Cartography and Geographic Information Systems, 22(4): 291-305.

Regnauld, N., 2001. Context Building Typification in Automated Map Generalization. Algorithmica, 30:  312~333.

Robinson, A.H., Sale, R., Morrison, J.L. and Muehrcke, P.C., 1984.  Elements of Cartography. (5th Edition),  New York: Wiley.

Ruas, A., 1998.  A Method for Building Displacement in Automated Map Generalisation. International Journal of Geographical Information Science, 12(8): 789-803.

Rusak Mazur, E. and Caster, H. W., 1990.  Horton ordering scheme and the generalisation of river networks.  The Cartographic Journal, 27(2): 104-112.
Saalfeld, A., 1999. Topologically consistent line simplification with the Douglas-Peucker algorithm.  Cartography and Geographic Information Science, 26(1): 7-18.

Sarjakoski, T. and Kilpelainen, T., 1999.  Holistic cartographic generalization by least squares adjustment for large data sets.  Proceedings of 19th International Cartographic Conference, 16-20 August 1999, Ottawa, Canada, 1091-1098.

Sester, M., 1999.  Generalization based on least squares adjustment.  Proceedings of the International Cartographic Conference, ICA, Ottawa. (CD-Rom).

Su, B., 1997.  Morphological Transformations for Generalization of Spatial Data in Raster Format.  PhD Thesis, Curtin University of Technology, Australia.  236pp.

Su, B. and Li, Z.L., 1995.  An algebraic basis for digital generalisation of area-patches based on morphological techniques. The Cartographic Journal, 32(2): 148-153. 

Su, B., Li, Z.L. and Lodwick, G., 1997a.  Morphological transformation for the elimination of area features in digital map generalization.  Cartography, 26(2):  23-30. 

Su, B., Li, Z.L. and Lodwick, G., 1998.  Algebraic models for collapse operation in digital map generalization using morphological operators.  Geoinformatica, 2(4): 359-382. 

Su, B., Li, Z.L., Lodwick, G. and Müller, J. C., 1997b. Algebraic Models for the Aggregation of Area Features Based upon Morphological Operators. International Journal of Geographical Information Science,  11(3): 233-246. 

Thomson, R. C. and Richardson, D. E., 1995.  A graph theory to road generalization.  Proceedings 17th International Cartographic Conference, 1871-1880.

Thomson, R. C. and Richardson, D.E., 1999.  The ‘good continuation’ principle of perceptual organization applied to the generalization of road network.  Proceedings of ICC’01, August 2001, Ottawa. CD-Rom. ( also in http://ccrs.nrcan.gc.ca/radar/map/genrn_e.php, last accessed on 20 January 2006).

Tou, J.T. and González, R.C., 1974. Pattern recognition principles, Addison-Wesley Publishing Company, Reading, Massachussets. 

van Kreveld, M., van Oostrum, R., and Snoeyink, J., 1995. Efficient settlement selection for interactive display.  Proceedings of Auto Carto 12, Bethesda, MD. 287-296.

Visvalingham, M. and Whyatt, J., 1993.  Line generalization by repeated elimination of points.  The Cartographic Journal, 30(1): 46-51.
Weibel, R., 1996.  A typology of constraints to line simplification.  Proceedings of 7th International Symposium on Spatial Data Handling (SDH'96), 9A.1-9A.14.

Yan, H.W and Li, Z.L., 2004.  A Voronoi-based algorithm for point cluster generalization.  Proceedings of 11th International Conference on Geometry and Graphics, August 2004, Guangzhou.  (CD-ROM).








































An individual line typified





An individual line at reduced scale (5x)





An individual line with bends





(b) Typification for an individual line





Buildings typified





A group of buildings at reduced scale (5x)





A group of buildings





(a) Typification for a group of buildings








_1196621885.unknown

