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IntroductionThe Ptolemaic paradoxIn 1472, the �rst printed version of `Geography' by the Alexandrian multi-scientist ClaudiusPtolemy, was published (see [Bro49]2 for details of Ptolemy3 and `Geography').The book was written in the second century A.D., and is a compilation of the contemporaryknowledge about the Earth, also including a treatise on cartography. Ptolemy describes howto design maps, for example how to make projections from the spherical surface. `Geography'also describes about 8000 places in the then known world. `Geography' is recognized asthe �rst atlas, and this special form of presenting geographic information has changed verylittle since the days of Ptolemy. The book, and the cartographic traditions it was based on,was forgotten in the Western civilization during the Middle Ages. In this period the Earthwas considered to be a circular (or even sometimes rectangular) disc, and most maps weremerely presenting legends, phantasy and religious views of the world. Fortunately, Arab andByzantine scholars and copyists kept the Ptolemiac tradition alive during the period from200 A.D to 1400 A.D.Before the turn of the �fteenth century, not less than seven folio editions of `Geogra-phy', also called `Cosmography', was published, expensively illustrated and in most casessupplemented with maps. After the rediscovery of these important writings, cartographyexperienced a revival after the 1200 years of standstill. The demand for better and morecomprehensive maps, mostly due to the discovery and the beginning exploitation of newterritories4, was matched by e�cient supply made possible by Gutenberg5 and the rise ofmass media. The combination of new application areas for the map and novel technologylead to quite a revolution in map making.Now, about half a millennium after the rediscovery of Ptolemy and the introduction2Regretfully, only references to Anglo-American and Norwegian literature are made throughout the thesis.This is indeed not indicating that relevant literature in other languages do not exist, but re
ects the fact thatthe author do not master other languages well enough to include such references.3Claudius Ptolemy is perhaps more known as the father of the astronomical system where the planetscircles around the �xed Earth. This is described in his `Megiste Syntaxis' (`The Great System'), also called`Amalgest'. He also wrote 3 volumes of music theory which represent our main knowledge of ancient westernmusic theory.4One of the important events in this context was the discovery of America in 1492. However, CristopherColumbus' expedition represented only the culmination of a series of remarkable discoveries made within thelast part of the �fteenth century.5Johann Gutenberg, Germany, 1397{1468, invented at about 1440 A.D. the art of printing books withmovable types.



x Introductionof the printing technology, we experience a similar revolution. As society has grown morecomplex and our exploitation of the Earth is reaching the limits where fatal and nonreversibledamage threatens, new demands have emerged calling for wider and more intensive andadvanced use of maps. The demands are, as during the map revival in the Renaissance, metby the introduction of a new technology. Now we encounter computer aided cartography, orCAC for short, in naval navigation, in production of limited editions of customized maps, inland resources assessment, in military missile guidance systems and in global environmentalsurveillance. The term `Geographical Information Systems', GIS for short, covers many ofthe applications utilizing a digital map.Still, as indicated by Burrough in [Bur92], and to some degree shown in section 3.3.3, it isthe same map model that is the foundation in computer aided cartography as it was in manualcartography in the Renaissance, which again was based on the ancient model described byPtolemy.One of the main problems in traditional cartography is how to project the spherical surfaceof Earth onto a planar medium6. All maps are essentially distorted representations, and oneof the consequences of this is that it is di�cult to compare information given in two di�erentprojections. For this reason, many cartographers have promoted large globes as the most idealmaps. Still, the majority of CAC applications operates in planar coordinates. Cartographershave �nally got access to a tool making it trivial to store, compute and analyze geographicinformation directly related to the spherical surface. For some reasons this opportunity hasnot yet been fully taken advantage of.This is an example on what will be called the Ptolemaic paradox in this thesis, that thecontemporary and quite sophisticated information technology is not being fully exploited incomputer aided cartography. Even though computers in several cases are able to handle newproblems or to o�er new solutions to existing problems, the main objective for the use ofinformation technology in contemporary cartography, has been to make existing cartographicmethods more e�cient and accurate.This mismatch between advanced available tools and the limited and quite simple modelof the world they are applied on, constitutes the main motivation for the thesis. As shownin Prologue, the Ptolemaic paradox is not only restricting the possibilities in CAC, but italso gives rise to anomalies that may cause malfunctioning. This is due to the fact thatthe traditional map is designed for manual treatment, and is certainly not prepared for thesemi-automatic procedures introduced in computer aided cartography.ScopeThe overall scope7 of the thesis is to identify and to some degree solve selected problems dueto the Ptolemaic paradox. Details of the scope are outlined as follows:The thesis should provide enhancements and additions to the traditional map concept.This augmented map concept is to be understood as a framework within which morerealistic models of spatiotemporal information may be developed and implemented.6The matter is even worse, the surface is as known not a sphere, but a complicated geometric object closeto an ellipsoid.7The scope of the thesis has gradually evolved during the work.MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



xiThe augmented map concept should provide e�cient support for cartographic general-ization, which is a central issue in cartography.In the augmented map model, spatial and non-spatial information should be treated inan integrated manner and as equally important aspects of the geographic entities.The emphasis will be on the spatial aspects of cartography. Still, selected issues con-cerning non-spatial information have to be discussed to ensure a certain degree of com-prehensiveness.A limited object-oriented implementation should be carried out to illustrate some of themain features of the concept.The thesis should, according to this scope, develop an augmented map concept that is con-ceptually comprehensive but fragmented with respect to detail, especially in the non-spatialdomain. The scope also implies the accomplishment of a complete process from a complexproblem to a computer program.OutlineThe thesis is organized as follows.Prologue is a brief presentation of a few problems caused by the Ptolemaic paradox.Some questions are asked that initiate the quest for an augmented map concept.Part I, CARTOGRAPHY AND GIS, gives a short introduction to some basic issuesin cartography, both traditional and computer aided. Cartographic generalization isintroduced as perhaps the most central aspect of cartography, and is brie
y discussed.The traditional map model is characterized and termed the Paper Map Model. Theidea of augmenting the map concept is introduced to facilitate the development of a newgeneration of systems designed for management of spatiotemporal information.In Part II, MULTIMODELS, we introduce and develop the Multimodel concept as a
exible mechanism designed to structure and to a certain degree solve some fundamentalaspects of the generalization problems identi�ed in Part I. The problems are associatedwith the management of the multitude of di�erent scales, moments or intervals in timeand editions. The Multimodel o�ers an homogeneous way to handle model variants, ifpossible, in a consistent and compact manner.Part III, METAMAP, is devoted to the elaboration of Metamap, our contribution tothe augmentation of the traditional map concept. Metamap is an object-oriented highlevel framework, o�ering a 
exible method for structuring spatiotemporal information.The Multimodel principle introduced in Part II is a key notion in Metamap. Metamapis initially presented at a conceptual level as a metamodel. A limited version of thismodel is re�ned into an object model called MINIMAP.Part IV, CONCLUSIONS AND IMPLEMENTATIONS, summarizes the thesis. Wegive some conclusions and make suggestions on further research on Multimodels andMetamap. A generic Multimodel customized for geographic information, called MUL-



xii IntroductionTIMOD, is implemented, giving examples of text, records and piecewise linear curvesand surfaces as Multimodels. A modest implementation of the Metamap model, calledMINIMAP, is carried through to demonstrate key aspects of an augmented map concept.We close the thesis with the Epilogue, by recalling the questions given in Prologue, andsuggesting some answers.Geographic information scienceThe increasing interest and activity around the use and development of geographic informationsystems converges, according to some researchers, for example Rhind, Goodchild and Maguire[RGM91], page 317, into a new discipline of its own. The new discipline will in the thesisbe referred to as Geographic Information Science. Recently, Canada has suggested that ISO(International Standardisation Organization) should include this �eld, termed `geomatics',in their standardization e�orts. GI8 science is now being studied at several universities andcolleges around the world as an independent subject, and not only as part of courses ingeography, geodesy, land resources assessment or computer science.One of the characteristics of GI science, is the interdisciplinary nature of the subject. Thisis re
ected in the thesis, as the di�erent parts are depending on di�erent disciplines:Part I, CARTOGRAPHY AND GIS, is dominated by traditional cartography and ap-plications of GI systems, but requires no special knowledge from the reader.However, Part II, MULTIMODELS, which is founded on computer aided geometricdesign and mathematical decomposition theory, and to a certain degree object-orientedanalysis and design, assumes that the reader has some basic understanding of the mainprinciples in these �elds.In Part III, METAMAP, knowledge from traditional cartography, object-oriented anal-ysis and design and GIS modeling are the main building blocks. Readers not trained inthese disciplines will hopefully still gain some insight in the area by reading the text.In Part IV, CONCLUSIONS AND IMPLEMENTATIONS, examples are given on thecraft of programming a computer in an object-oriented fashion. However, readers notpossessing this special vocational skill, will hopefully still enjoy the examples given onthe use of the application, especially after reading the previous sections, or parts ofthem.According to the interdisciplinary nature of GI science, the emphasis in the thesis is ratheron the framework, the augmented map concept, than on the speci�c problems solved withinit. 8Since `GIS' may be interpreted both as Geographic Information Systems and Geographic InformationScience, the terms `GI systems' and `GI science' will be used when the interpretation is not clear from thecontext. In the thesis GI systems is restricted to the physical computer based programs and systems ofprograms used in the management of spatiotemporal information.MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



xiiiGIS activities at SINTEF SIThe work on the thesis has been carried out during 1992 and 1993 at SINTEF SI, Division ofInformation Technology. The thesis is founded on the knowledge and traditions representedby this research environment. Department of Industrial Mathematics has a long-standinginternational reputation in geometric modeling in general and spline technology in particular.The Department of Cooperative Systems has been involved in many international researchprogrammes concerning object-oriented modeling and integration of system architectures.Both departments are part of the Division of Information Technology, and have been involvedin GI activities since the early 1980's.The two departments have since the middle of 1992 taken part in preparations of launchinga �ve year national research programme devoted to geographical information technology.During the preparations, some of the foundational issues treated in this thesis, have beenproposed as basis for parts of the technological developments in the programme. However, thethesis is to be considered as an independent contribution to the development of more sophis-ticated real world models for the use in GI systems. The �rst publication of the Multimodeland Metamap concepts, which are the authors terms, is found as a high level conceptualdescription in a preliminary technical report [MS93], published in June 1993.
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Chapter 1PrologueIn the autumn of 1991, dr. Erlend Arge and dr. Morten D�hlen at SINTEF-SI developed anenhanced version of the well known Douglas Peucker [DP73] algorithm, designed for simpli-�cation of piecewise linear curves. In short, an approximation, or `caricature' of the curve isgenerated, being represented with less points than the original. The new curve deviates fromthe original within a given tolerance. In this way, both a smoothing, or reduction of noise,and a data reduction are achieved. Arge and D�hlen also contributed with a new algorithm,called the `Intersecting Cones Algorithm' [AD91]. The development of the algorithms weremotivated by a project where some of the goals were to develop, evaluate and implementroutines for use in an ECDIS1.
Figure 1.1: Contour mapIn nautical navigation it is typical that it is necessary to view the same area in di�erent1ECDIS: Electronic Chart Display Information System, used for on-board route planning and navigationat sea.



2 Prologuescales, ranging from small scale ocean-crossing charts to large scale harbor charts. In anECDIS, there are constraints on how long it should take to refresh a digital display of a chart[Int90]. Much of the information in nautical charts, especially of coastal waters, is representedas curves, either coastal contours or depth contours.In this context, the importance of e�cient algorithms for reducing the amount of dataneeded to represent these curves becomes obvious. Even with extremely fast hardware, theECDIS will not meet the performance requirements if the contours are to be generated fromtoo large data sets.I had the pleasure of working with the evaluation of the new algorithms compared to someof the traditional algorithms [ADWM92]. The testing included reduction of height contoursin topographic maps, such as the one in �gure 1.1.During the testing, some side e�ects occurred due to the fact that each curve in the mapswhere treated separately, independent of the other curves in the data sets. The anomaliescould be classi�ed as violation of the topology of the maps. In this context topology isreferring to the geometric relations between the curves in the maps. A discussion of thenotion of topology is found in section 8.2 and 10.2.4.The mishaps were of two main categories, and motivated the formulation of the twoquestions below:
Figure 1.2: Crossing contours, 10 meter tolerance, corresponding to ca. 1 : 50:000Question 1 Crossing contours.Figure 1.2 shows the contour map in in �gure 1.1 after simpli�cation with the DouglasPeucker algorithm. The tolerance is set to 10 meters, which corresponds to the maximal errorallowed at a scale of approximately 1 : 50:000. Two of the contours are chosen and slightlyenlarged. In the circle we see that the contours are intersecting. This same phenomenon,MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



3
Figure 1.3: Crossing contours, 50 meter tolerance, corresponding to ca. 1 : 250:000but more exaggerated, may be observed in �gure 1.3. This is the same map reduced with atolerance of 50 meters, corresponding to a scale of around 1 : 250:000.In many GIS2 applications, height contours are stored as non-intersecting closed polygons(see for example [Bur90] chapter 2). The system will interpret the triangle formed by theintersection as a closed polygon, but will encounter serious trouble in deciding which heightto assign to the new contour. Such inconsistencies may lead to system crash or other seriousmalfunction.Is there any way to structure3 the map information that guarantees that contour topologywill be maintained during a simpli�cation process?Question 2 Dislocation.Figure 1.4 illustrates another violation of topology due to line simpli�cation. The maprepresents the shoreline of an island, in addition to a road. After data reduction of the map,the geometry of the island has degenerated to a linear feature, and the road is reduced to aline segment located o� the island4. Clearly, this is not a desirable result, and may lead tostrange e�ects when the system �nds an o�shore road.What kind of representation of geographic objects, such as roads and shorelines, could helppreventing dislocation during simpli�cation?A third problem was addressed in the ECDIS project mentioned earlier. The simpli�cationprocedures resulted in several variants of logically the same chart, each characterized by a2GIS: Geographic Information System, see chapter 3.3Indeed, not only structure is important when solving problems like this, the design and usage of algorithmsis equally important. Still, this thesis is based on the assumption that the structuring of a problem is the �rststep to take in problem solving processes.4This may be regarded as a pathological example, using extremely large tolerances. However, similar butless pronounced, anomalies are frequently encountered in simpli�cation of cartographic curves.
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Figure 1.4: Dislocation causing o�shore roadspeci�c tolerance corresponding to a given scale of the map. In an ECDIS, one of the functionsis the ability to zoom in and out of the current map. This is achieved by `jumping' from onescale to another according to a set of threshold tolerances, and gives rise to the followingproblem:Question 3 Multi scale structures.Given a set of cartographic contours, performing line simpli�cation according to a set ofgiven tolerances yields a collection of variants of logically the same map, di�ering only withrespect to scale. We may call it a multi scale map.Is there any e�cient way to represent this (and related) multi scale structures?The questions suggest that the representation of the digital maps is too primitive andinadequate for this special purpose, that is to produce variants of di�erent scales from oneoriginal map by the means of traditional line simpli�cation algorithms.With question 1, 2 and 3 in mind, some questions of more fundamental character arise,which are the main sources for the inspiration behind the results obtained in the thesis.Question 4 Augmentation of the map conceptIs the traditional map concept fully capable to be a foundation for digital systems ded-icated to the management of geographic information?If not, in what ways are the traditional maps inadequate?Is it possible to augment the map concept, such that it could withstand the impact ofthe wave of information technology?MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



5The questions 1, 2, 3 and 4 span a vast area of knowledge, experience and research. Theyhave been asked before, and answers have been given. P. A. Burrough states it this way[Bur92]:Now it is time that GIS-users (...) should ask if the data structures that currentcommercial GIS o�er are really what is needed, and if not, then please wouldsomeone pick up this interesting and complex challenge to provide somethingbetter.It is far beyond the scope of the thesis to meet such a challenge in its full extent. Still,this is an attempt to take a few �rst steps on a path through the interdisciplinary wildernessof GI science. Hopefully, the path will lead to an augmented map concept.The �rst thing to do, is to take a closer look at the traditional map.
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Part ICARTOGRAPHY AND GIS





OutlineThe overall purpose of the thesis is to identify and to a certain degree solve problems due tothe Ptolemaic paradox, i.e. that computer based geographic systems widely utilize a literallymedieval (and in fact, ancient) map concept (see the Introduction). Part I is therefore devotedto the science of maps, cartography, and to computer aided systems which rely heavily on themap model.In chapter 2, we take a closer look at traditional cartography. A general de�nition of mapsis given. The traditional map concept is analyzed and termed the Paper Map Model. It isshown to be, in many ways, limited compared to the general de�nition of the map.We then investigate the notion of cartographic generalization, which is claimed to be afundamental aspect in the management of geographic information. Generalization is basicallyreferring to the process of abstracting and representing real world phenomena in a cartographicsetting.Some details are given on generalization of both spatial and non-spatial information, andthree main classes of generalization are proposed, scale generalization, time generalization andedition generalization. A formal de�nition of generalization is given, based on considerationsof information theoretical nature.Chapter 3 gives a brief survey of the use of computers in handling geographic information.A few de�nitions of Geographic Information Systems are given, and some of the major researchtrends in computer aided cartography over the past thirty years are mentioned. A distinctionis made on generalization in traditional cartography, termed visual generalization, and inCAC, called analytic generalization.We then discuss the map models utilized by GI systems, both for representing topographicand thematic information, and comment the extensive vector/raster debate. We claim thatthe ancient Paper Map Model is the core in most GI systems. To support this assertion,we give some examples from a widely accepted and used GIS standard, the Vector ProductFormat (VPF).We close the part by listing some of the many challenges in GI science, and propose anaugmentation of the Paper Map Model as a step towards a better foundation for computeraided management of geographic information.
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Chapter 2CartographyIn `The Multilingual Dictionary of Technical Terms in Cartography' [McoCI73], we �nd thefollowing de�nition of cartography:De�nition 1 (Cartography) The art, science and technology of making maps, togetherwith their study as scienti�c documents and works of art. In this context maps may beregarded as including all types of maps, plans, charts, and sections, three-dimensional modelsand globes representing the Earth or any celestial body at any scale.This is a very 
exible and broad de�nition and extend the �eld of cartography beyond thecommon interpretation of the subject. In the development of the Metamap (Part III), the
exibility will be of great advantage.The statement is also an implicit de�nition of map, which in many senses is an invitationto augment the traditional map concept. By adding the aspect of time, we get the followingde�nition of a map, which this thesis can be said to be based upon:De�nition 2 (Map) A map is a model of the Earth or any celestial body (or part of it).It is any representation in 3 dimensions or any planar projection of a such at any scale,represented over a span of time.In the thesis only topics related to the scienti�c and technologically aspects will be treated.The artistic perspective of map making will also, hopefully, bene�t from the improvementssuggested in the sections to come. Before analyzing the traditional map concept, we will givesome examples in order to broaden the view of the map.2.1 Representing the EarthThe need to make representations of our physical surroundings, according to de�nition 2, onecan expect to be as old as mankind itself.There exist a wide variety of suchs representations, but they all share the following char-acteristics:They are supported by a physical medium, such as paper and magnetic tape.



12 CartographyThe representation is realized by the means of some sort of coding.The users must be able to decode the representation.The �gures 2.1, 2.2 and 2.3 illustrate the range of di�erent types of maps. They show thatmaps are dependent of what kind of world view the designers and users represent. Culturalbackground, physical needs, religious ideas and the purpose of the maps are all importantfactors contributing to the world view.
Figure 2.1: Primitive sea chartThe `chart' in �gure 2.1 was made by seagoing natives of the Marshall Islands some timein the 19th century. The chart consists of a framework of palm leaf �bers tied togetherwith leather ropes. Tiny shells are scattered over the framework, representing islands andcoral reefs. The branches have a function beyond supporting the shells, they indicate majorwavefronts and phenomena signi�cant to nautical navigation.This representation is far from our common understanding of a sea chart. First of all, themedium is quite di�erent from paper. Secondly it emphasizes topology, the relations betweenelements of the map, rather than topography, the geometric description.The Roman road map in �g 2.2, the so called Peutinger Table, originates from the 12thor 13th century. It is a copy of a map made in the �rst century AD. It is another example inwhich topology is the main objective. The Roman Empire is squeezed into a 21 by 7 inchespaper roll, totally ignoring the topographic distortions. All roads lead to Rome, and thismap is undoubtly well suited for a division of Roman soldiers returning from a mission in theoutskirts of the Empire. See [Rai38], Part One, for more information on the Peutinger Tableand the Marshall Island sea chart.MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



2.1 Representing the Earth 13

Figure 2.2: Roman road map
PART I: CARTOGRAPHY AND GIS
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Figure 2.3: TO-map
MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



2.2 The Paper Map Model 15The only familiar feature of the TO-map in �gure in 2.3 is the circular disc re
ecting thespherical nature of Earth. The name TO stems from the T-like shape inscribed in an O. Thevertical bar in the T represents the Mediterranian, the left part of the top bar is the watersystems originating from the river of Danube, and the right part is the Nile. The landmassesare divided into three segments, Asia on top, Africa to the right and Europe to the left. Thedouble outer ring is the river Ocean, and in the inner ring there is information on the directionof prevailing winds and observations of celestial bodies. In [RSM78], chapter `The History ofMapmaking', p. 18�, a thorough description is given of the TO-maps.The TO-map is an extreme abstraction of the then known world, and is a striking exampleof the process called cartographic generalization, which roughly speaking is how to simplifyand reduce the scale of a representation of a part of or the whole Earth. The topic is discussedin some detail in section 2.3.In spite of its infantile and almost ridiculous simplicity, the TO-map provided the Mediter-ranian sailor with signi�cant, and in some cases su�cient, information on how to navigate inthese waters. The TO-maps and related representations were commonly used as illustrationsin manuscripts from a few hundred years BC up to the Middle Ages. In fact, the �rst knownprinted map was such a map. It appears in a book dated 1472. The text is a copy of an`explanation of the world' by St. Isidoor of Seville, written in the 6th century [TB89].2.2 The Paper Map ModelThe general map concept covers a wide range of representations of the Earth, as illustratedby the examples given in section 2.1 and stated in de�nition 2. Still, traditional cartographyis mainly concerned with what will be called the Paper Map Model in the thesis1. This isessentially the real world (or part of it), represented on a planar medium (usually paper),with the help of graphic attributes such as lines, dots, text, color, pattern, etc.Burrough, in his `Principles of Geographic Information Systems for Land Resource As-sessment', [Bur90], chapter 2, takes on this limiting approach when he de�nes a map:A map is a set of points, lines and areas that are de�ned both by their location inspace with reference to a coordinate system and by their non-spatial attributes.Burroughs view of the map is clearly focused on a planar projection, even if he also adds:A map is usually represented in two dimensions but there is no reason to excludehigher dimensions except through the di�culty of portraying them on a 
at pieceof paper.To obtain a de�nition of the Paper Map Model, it is useful to start with some basicideas from traditional cartography. It is common to classify maps into two main categories,topographic maps and thematic maps, see [RSM78], p.8-12, [AS81], p.19-20, [Ass84], p. 17.Topographic maps represent the terrain and a limited number of visible, topographic fea-tures. Height contours and curves drawing for example shorelines are the most commonmodeling tools.1The Greek word for map (or chart) is `�����&', originally meaning `leaf of papyrus'.PART I: CARTOGRAPHY AND GIS



16 CartographyThematic maps focus on one or a few selected themes. The topography is classi�edaccording to the selected themes, typically resulting in a partitioning of the topographyinto curves or areas. Each theme is coded according to a legend2, for instance thatareas with the highest soil fertility is colored dark green. Maps of sewage and drainagesystems, soil fertility overviews, aerial and nautical navigation charts and visualizationof demographic variables in an urban region are examples of thematic maps.There is however no sharp distinction between the two classes. The classi�cation moti-vates a corresponding structuring of the information in a map, claiming that the informationmay be classi�ed either as topographic or thematic. This dichotomy is characteristic whenhandling geographic phenomena. The logically same `thing', or entity, may be described ge-ometrically according to its shape and appearance, or interpreted or classi�ed according tosome prede�ned criteria. This geographic duality will be further stressed during the develop-ment of Metamap in Part III.The topographic information describes essentially the shape or geometry of the world andthereby models the spherelike surface of the Earth. It is common to achieve this in one ofthree ways (or in a combination):Horizontal cross sections3 with constant height related to the sea level (height contours).Each contour is an open or closed curve, and has to be associated with the correspondingheight value in some way.Pro�les, or vertical sections, as generated by multibeam echo sounders in hydrographicsurveys.Points associated with height value. Single soundings in sea charts are examples ofpoints representing surfaces.The topography in traditional cartography is thereby modeled by points, and open orclosed curves in the plane. Height contours are often not closed, due to intersection with theborders of the map, or missing data, commonly encountered in sea charts. All the methodsmentioned above are kinds of sampling of a continuous surface, and the user generates thesurface by `mentally interpolation and extrapolation'. There may be additional information,such as di�erent color coding of the various height intervals, but they are essentially derivedfrom height contours and point samples. Such additional information may also be classi�edas thematic information.The thematic information is associated to parts (or the whole) of the planar projection ofthe topographic surface, and is located bypoints,2The legend is in traditional cartography an explanation of what the various graphical attributes, such aspatterns, symbols and color, are representing (in the thematic domain). The term arouse during the MiddleAges, where perhaps the most important part of a map was the elaborated and colorful illustrations of stories,myths and legends associated with the places on the map.3Strictly speaking, the height contours are generated by sectioning the terrain with spherical o�sets accord-ing to the geoid, the complex geometric description of the earth at constant zero height.MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



2.2 The Paper Map Model 17open or closed curves orregions (planar surfaces) represented as the interior of closed curves. The regions maybe complex, e.g. with `holes'.Burrough [Bur90] emphasizes the common and limited attitude towards geographic bystating:All geographic data can be reduced to three basic topological concepts - the point,the line, and the area.We observe that Ptolemy, in his `Geography' (see the Introduction), in fact demonstrated abroader approach, by at least including textual descriptions as an important part of geographicdata. `Geography', which has been the prototype of the atlas for 2000 years, contains forexample a description of about 8000 places in the then known habitable world.The information itself is with few exceptions represented with one of (or a combination of)graphic attributes such as text, color and pattern, according to some given legend or standard.How to choose the appropriate visual variables to represent the information graphically, isan important issue in traditional cartography. Interested readers should consult the richliterature in this �eld, such as [Ans88], [RSM78] and [Cur88].The themes may be regarded as classi�cations or interpretations of distinct, physical partsof the world. An area bounded by a closed polygon may be classi�ed as a national park. It isobvious that the same part of the world may have several di�erent thematic interpretations.A certain part of the national park may also be described as a primeval forest. This fact is themain motivation for the overlay concept. It is common practice among mapping authorities tosupply maps separated into a number of overlays (or foils). The overlays are then combinedin the most convenient way for the di�erent users and customers.Usually there is one overlay (perhaps several) representing the topography, most oftensupplying coastlines and height contours. The thematic foils represent waters systems, roads,county borders etc.The map is an attempt to model the reality. Still, it is indeed not a complete model, butan abstraction. The most obvious abstraction is that the map is a scale reduced version of thereality. In addition, it is a selection of the huge number of possible topographic elements andtheir still larger number of thematic interpretations. At last, the selected and scale reducedfeatures are presented in a customized version dependent of the purpose of the map. Thesame geographic area may look quit di�erent in a road map compared to a map designed forland resources assessment. Even if they are based upon the same selection of topographic andthematic features, the use of colors, texture and graphical symbols can make the appearanceof the maps quite di�erent.All these three processes, scale reduction, selection of topographic and thematic elements,and customization, are encompassed by the concept of cartographic generalization. In section2.3, some generalization methods will be brie
y discussed.Based on the discussion above, and the fact that paper maps are abstractions representinglimited parts of reality bounded by rectangles (not in reality, but a rectangle in the givenplanar projection), we propose the following characterization of the traditional paper mapmodel:PART I: CARTOGRAPHY AND GIS



18 CartographyDe�nition 3 (Paper Map Model, PMM) The Paper Map Model is a planar representa-tion of the real world (or part of it) with the following characteristics:Decomposition of the reality into cartographic elements, which represent topographicor thematic information.Utilization of points, curves and areas combined with graphic attributes to representthe reality.Each thematic element is located to a distinct part of the topography. A part of thetopography may have several thematic interpretations.Representation of the reality at a given scale or resolution, and at a given moment4.Representation of the reality in a speci�c edition, or generalized version.Tessellation of the reality into rectangles according to the projection used.Coding of the graphic attributes according to a legend, either provided by the map, orgiven as some sort of common understanding or agreement.The Paper Map Model will in this thesis some times be referred to as PMM. Note that themodel complies with de�nition 2 of a map, limited to a certain moment or interval in timeand being a 2D projection of the real world or part of it.In chapter 3.3.3, it is claimed that the traditional Paper Map Model is the core of most GIsystems today. It will also be noted that the PMM imposes severe limitations on the systems,especially with respect to the new generation GI systems. Still, we will show that the modelis well suited for additions and enhancements that may lead to an augmented map concept.In the next sections, some details will be given on a central topic in cartography, thegeneralization process.2.3 GeneralizationIn section 2.1 a map was de�ned essentially to be a representation of the Earth. Such arepresentation has inevitably to be proceeded by some sort of abstraction. It is this abstractionprocess that is commonly referred to as cartographic generalization5 . This is a sophisticateddiscipline, relying both on theoretical insight, vocational skills and sound understanding ofthe various uses of maps.A review of �ve di�erent generalization models is given in [McM91], indicating the multi-tude of approaches developed to describe the process formally. The following sections focuson the underlying structures of the generalization problem, and not on the process itself.Some selected issues in cartographic generalization is discussed, helping to sort out tractableproblems and possible methods for structuring geographic information in a way suitable forgeneralization.Before giving details on various generalization procedures, we present some formalismrelated to generalization as a tool in controlling and manipulating of cartographic information.4Some maps model variation over time, for instance a historical map showing the rise and fall of the RomanEmpire, as a phenomena represented at several distinct moments in time in the same map.5The term `generalization' in this context must not be mixed up with the same term used in data modelingmethods and programming languages.MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



2.3 Generalization 192.3.1 Cartographic informationCartography is essentially concerned with compilation, organization, storage and distributionof any types of locational information, i.e. information possible to associate to a distinctspatial description of the reality. The following decomposition of cartographic information is,slightly modi�ed, taken from [AS89].Denote information as I and using the subscripts tot(al), exp(licit), imp(licit), topo(graphic)and thema(tic) we have that Itot = Iexp + Iimp:The explicit information, Iexp, is further decomposed asIexp = Itopo + Ithema:Itopo is essentially derived from topographic descriptions, such as the shape of a coastalcontour or the area of a lake.Ithema is supplied by the coding of the graphic symbols used in the map, such as color,pattern and text fonts. Ithema can be considered as the part of the information that wouldbecome meaningless without a legend or some prerequisite knowledge of the graphic language.Iimp is a result of a synergy process between the various elements of the explicit informa-tion. If separate cartographic objects, all carrying distinct explicit information, together bysynthesis generate new information, not initially present, this kind of information is classi�edas implicit information.Needless to say, the concept of implicit information is closely related to the skills andexperience of the map reader. It is not a trivial task to analyze such information e.g. by themeans of computers.As stated above, one of the main purposes of maps is to transfer information. The receiveris traditionally the human user, but now (see chapter 3.2), the use of computers in transferringinformation is rapidly growing.In many contexts, it is important to perform the transfer as e�cient as possible, i. e. totransfer maximum information during a minimal span of time.A naive solution to the problem could be to represent as much information technicallypossible, limited by such factors as the resolution of the display medium. The amount oftransferred information will, however, in most cases not be proportional to the density ofthe displayed data. Figure 2.4 illustrates a possible scenario of the correlation between theinformation density of the map and the amount of absorbed information by the receiver(or user). The essence of the illustration is that if we increase the information density, thetransferred amount of information (that is, the fraction of the total information displayed thatthe user will absorb) will reach a maximum after a S-shaped development. In rare cases thegraph will converge to the maximum where absorbed data equals the displayed data. Usuallythe amount of absorbed information will start to decrease when increasing density beyondthe critical point. Too much information confuses the reader and obscures information atmore basic levels. Ultimately, at the point where the display or paper is completely �lledwith elements, there is not any transfer at all.PART I: CARTOGRAPHY AND GIS
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Figure 2.4: Transfer of informationAnother aspect to consider, is that not all the information may have the same relevance tothe user. Figure 2.4 illustrates that the amount of relevant absorbed information may behavedi�erent from the transfer of all information.In cartography, one of the fundamental goals is to optimize the information density, so thata maximum amount of relevant information will be absorbed by the user. This optimizationprocedure is hard to formalize, since the measurements of both information density andabsorbed information will always be of a heuristic nature. As a rule, it will be di�cult, if notimpossible, to �nd the optimal solution. Still, with the process of cartographic generalization,cartographers are constantly trying to solve this optimization problem.2.3.2 Generalizing topographic informationIn the thesis, a distinction between topographic and thematic generalization will be made.Topographic generalization deals with the geometric descriptions of physically recognizableelements of the map. Thematic generalization, on the other hand, is concerned with how thethematic information associated with the topography can be represented at di�erent scales,in various editions and at several moments or intervals in time.We will now give three examples of topographic generalization.Simpli�cation is a reduction of the complexity of linear features, also referred to assmoothing. Figure 2.5 shows a coastline in a given scale 1 : X . The two smaller mapsare of scale 1 : 4X . The map at left is generated by simply reducing the size of theoriginal, 1 : X . The coastline is unnecessary detailed. The map at right is producedby simpli�cation of the curve representing the coastline, yielding a presentation thatMULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



2.3 Generalization 21
1 : X

1 : 4X

1 : 4XFigure 2.5: Simpli�cationis `better' than the one to the left. Better in this context means aesthetically morepleasing and more e�ciently performed information transfer. As noted earlier, thiskind of measurements are of typical heuristic nature.
1 : X

1 : 4X

1 : 4X

Figure 2.6: CombinationCombination is the merging of two or more objects into a single one.Figure 2.6 presents three islands and a coastline, and two editions of a scaled downversion. An alternative could be to merge the three islands into a single new one, as itis done at the map to the right.Deformation is a arbitrary change of the original geometry of an object. Figure 2.7 showsPART I: CARTOGRAPHY AND GIS
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1 : X

1 : 1

1 : 4X

1 : 1

1 : 4XFigure 2.7: Deformationyet another variation over the sea chart theme. Here, to emphasize sailing channels onboth sides of the island, it is squeezed from two sides, yielding a relatively thinnerpresentation of the island.In these examples, the three generalization operators are associated with scaling downexisting maps. Still, the operators, especially combination and deformation, are also usedwhen di�erent editions are produced from the same map. The scale is then unchanged, butthe maps are manipulated, or edited, to �t the purpose of the map. A navigation chart anda map designed according to recreational activities may emphasize quite di�erent aspects ofthe same area. In addition, we might think that di�erent versions were produced in order tomodel variations over time, for example how the contours of the islands changed accordingto the tide.Other topographic generalization operators do indeed exist, such as selection which se-lects a subset of the cartographic objects in question, and displacement, which translates or(and) rotates an object. See [AS89], [Ans88], [RSM78] and [BM91] for further details ongeneralization operators.2.3.3 Generalizing thematic informationAs with the topographic information, thematic information is also subject to cartographicgeneralization. Throughout the thesis, the emphasize is on the topographic information ratherthan on thematic issues. Still, it is necessary for the development of both the Multimodel(Part II) and the Metamap (Part III) concepts to brie
y touch relevant aspects of thematicinformation.Thematic information may be of near say any kind. The only condition is that the in-formation has to be associated to a topographic element in some way. In traditional mapsthere is a limited number of possible representations for this kind of information. The mostMULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT
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Figure 2.8: Generalization of textcommon is plain textual information, such as names on cities, rivers and lakes. Other possi-bilities is the use of graphic attributes such as color and pattern, that are to seen as codingaccording to a legend or a given standard. In the traditional atlas, additional information isgiven in tables, illustrations and textual descriptions.Figure 2.8 shows an example of generalization of textual information. In the generalized1 : 4X edition at right, names of minor features are simply omitted to make a more readablemap. This procedure corresponds to the selection operator in the previous section.In �gure 2.9, a geographic area is classi�ed in an original map according to 4 levels of soilfertility. Plain scale reduction yields a confusing picture, at left, obscuring main trends6. Inthe right map, the information is aggregated to two levels, and this results in a map easier tocomprehend. This is essentially the same process that the combination operator performs ontopographic information.It is not hard to realize that the generalization operators for thematic information maydi�er substantially from those used in topographic generalization. Still, they share the com-mon purpose to optimize transfer of information. Thus, all later references to generalizationin the thesis include both topographic and thematic information, unless something else isexplicitly stated.2.3.4 Cartographic generalizationAs stated earlier, generalization is needed both as the scale of the map is changed, when themap is customized into a speci�c edition and in modeling temporal changes. Thus, we mayintroduce the following classi�cation of the various generalization processes. Given a map,6In fact, there is a topographic aspect in this kind of thematic generalization, since it includes merging ofareas into larger ones.PART I: CARTOGRAPHY AND GIS
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1 : X

1 : 4X

1 : 4X

Figure 2.9: Generalization of patternthere are essentially three main categories of generalization we may want to perform (and ofcourse combinations of them):Change the scale. This may also be considered as a change of resolution, or accuracy,of the map information.Customize it (within the same scale). The customized versions is to be considered asdi�erent editions or variants of essentially the same piece of information.Adjust it to represent a certain moment or interval in time.In fact, we will se later, in chapter 6, that the edition and time aspects of generalizationinvolve basically identical operations, even if the motivation and the process as such are quitedi�erent.International Cartographic Association (ICA), has made the following explanation of gen-eralization [?]:...the selection and simpli�ed representation of detail appropriate to scale and/orpurpose of the map.We observe that temporal changes is not considered part of the generalization process. Nev-ertheless, we take the liberty of claiming that temporal changes should be encompassed bythe generalization concept.With this description and the observations made during the last sections in mind, wemake a more precise statement on the nature of cartographic generalization:De�nition 4 (Generalization) Cartographic generalization is the process of optimizing theinformation density of maps (according to de�nition 2) under the constraints provided byscale (or resolution),MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



2.3 Generalization 25edition (de�ned by map purpose and skill/experience of the user) and aesthetic guidelines7andmoment (or interval) in time.Generalization may be performed on both topographic and thematic information.According to the three main aspects of generalization, the terms scale generalization, edi-tion generalization and time generalization will occasionally be used in the thesis when refer-ring speci�cally to one of the three aspects of the generalization process.The de�nition motivates key aspects of the development of the Multimodel structure inchapter 6. This structure aims to support certain stages in the generalization process, as itwill o�er a compact and consistent representation of a set of generalized maps.

7Occasionally in this thesis, in certain contexts, the term `generalization' will be used in a limited setting,referring only to the edition aspect and not scale or time.PART I: CARTOGRAPHY AND GIS
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Chapter 3Geographic Information SystemsComputerized handling of spatial data by the use of Geographic Information Systems, hasbecome an important decision support tool in a wide range of areas, such as environmentalsurveillance, route planning, land resources assessment and aerial and nautical navigation.As hardware and software technology during the last two decades has grown more mature,the demand for additional functionality, higher capacity and advanced user interfaces in GIShas grown accordingly.During the past few years, much attention has been paid both from advanced users andleading vendors to design and develop the new generation geographic information systems.In many ways, this thesis may be regarded as a contribution to this ongoing e�ort.In this chapter, we give some details on GIS in general and computer aided cartographyin particular.3.1 Managing Spatiotemporal InformationGeographic Information Systems, is the common term covering software capable of variousdegrees of managing spatiotemporal information. There are many explanations of the concept,and Maguire in [Mag91], page 10-11, lists some of them:A system for capturing, storing, checking, manipulating, analyzing and displaying datawhich are spatially referenced to the Earth.Any manual or computer based set of procedures used to store and manipulate geo-graphicly referenced data.An information technology which stores, analyzes and displays both spatial and non-spatial data.A powerful set of tools for collecting, storing, retrieving at will, transforming and dis-playing spatial data from the real world.A decision support system involving the integration of spatially referenced data in aproblem-solving environment.A system with advanced geo-modeling capabilities.The explanations illustrates the great variety of uses of GI systems and the di�erent expec-tations to how the systems should perform. Even though none of the de�nitions explicitly



28 Geographic Information Systemsmentions the aspect of time, it is obvious that much of the spatial referenced information willvary over time. Thus, no mistake will be made by suggesting a more general de�nition:De�nition 5 (GIS) A Geographical Information System handles spatiotemporal informa-tion in a structured manner, utilizing a model of the real world or of a part of it.Note that a GI system not necessarily is a digital system, a traditional map is clearly aGIS according to this de�nition. In particular one might characterize the traditional atlas asprobably the most common GI system today. However, in this thesis, the use of the term`GIS' will refer to a computer implemented system, unless something else is explicitly stated.GI systems di�er from other information systems by the fact that the information to behandled is of spatiotemporal character, i.e. that it is related to both space and time.The information system part of a GIS is concerned with actually storing (in a database),retrieving and analyzing the information. This is a research �eld of it's own, and discussionson such aspects (e.g. whether object-oriented databases are more suited for implementationsof GI systems than traditional relational databases) is beyond the scope of the thesis. Thefocus is rather on the structure of the real world model, than on how to store and retrievethe data in such a model. These two aspects of a GI system are of course not disjoint, butare closely interrelated and are indeed mutually dependent. Still, one may view a GIS as acore consisting of the real world model, surrounded by an information system. The latteracts as an interface between storage sources, users, applications and the real world model, asillustrated in �gure 3.1.
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MODELFigure 3.1: A Geographic Information SystemRecalling de�nition 2 of the map, we may very well characterize the core in a GI systemas a map. It then becomes clear that cartography plays a fundamental role in GI science. Incomputer based GI systems, computer aided cartography is thereby of vital importance. Thetopic is brie
y discussed in the next section.MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



3.2 Computer Aided Cartography 293.2 Computer Aided CartographyOne of the characteristics of cartography is the huge amount of data involved. The advantagesof computerizing some of the processes were early recognized. From the late 1950's, the useof computers in cartography has increased steadily. Still, the complexity of both data and theuse of them until now have limited computerization to certain areas like storage and simpleanalysis.Advances in computer technology in the late 80's, like large volume storage devices, fastprocessors, high resolution graphic displays, sophisticated printing devices and object-orientedmodeling and programming tools, have now made it possible to address unsolved problems.It is convenient to distinguish between certain tasks in the area of CAC:Data capture, the process of gathering primary cartographic information from sourcessuch asgeodetic surveys using digital instruments and recording equipment,digital soundings from multi beam echo sounders,digital analysis of aerial and satellite images andscanning of existing printed maps.Compiling and ordering of spatial data according to some kind of model, such as atopographic map with height contours.Storage, using digital storage technology like magnetic tape or optical discs.Production of traditional printed maps. Advanced drawing programs and standardCAD/CAM applications are frequently used to compile and edit maps digitally prior toprinting them by traditional techniques.Analysis, such as computation of areas and distances and �nding the shortest route ina network of roads are a typical tasks well suited for computerization.The operations above are not necessarily exclusively associated with the map domain ofa GIS, but may partly be associated to the information system, which facilitate the retrievalprocedures and other management operations.Automated generalization has been one of the goals in CAC. In [BM91] three epochs ofresearch in this �eld are identi�ed:Period I, 1960 - 1975:Focus on algorithm development with emphasis on line simpli�cation.Early in the period, experiments using raster images.Later, focus on vector representation and topological data structures.Period II, 1975 - late 1980's:Algorithmic e�ciency.Investigation of methods to deal with the scale dependent nature of geographicphenomena.Period III, rescent:Formalization of cartographic knowledge.Comprehensive models.Knowledge based systems.The Metamap development in Part III is based on trends emerging in Period III, advancedcomputer aided design (CAGD), object-oriented modeling, and last but not least, traditionalPART I: CARTOGRAPHY AND GIS



30 Geographic Information Systemscartographic knowledge.3.2.1 Automated GeneralizationGeneralization is a slow and labour consuming process, and it has been put much e�ort inenabling computer systems to automate cartographic generalization. In limited and fairly sim-ple applications, mainly concerned with topographic information (see [AS89] for an example),this task has been accomplished to a certain degree. A collection of articles on contemporaryresearch in the �eld is found in [BM91]. Still, as Freeman simply puts it in the preface in thiscollection:This (automated map generalization) has been di�cult to achieve.In other areas, such as computer aided geometric design (CAGD), there is a common censuson the need for human interaction in complex computerized processes. This should undoubtlyalso apply to computer aided mapping.In CAC, an additional dimension is encountered in the generalization concept. In de�ni-tion 4, section 2.3.4, generalization is formulated as an optimization problem. In traditionalcartography, it is a human user that is the target for the information transfer from the map.This may be the case in CAC, but it may be as well a computer that is retrieving informa-tion from the map representation in the GI system. From this motivation it is natural tomake a distinction between visual and analytic generalization. Visual generalization becomesequivalent to traditional generalization, and analytic generalization may be de�ned as follows,slightly di�erent from de�nition 4.De�nition 6 (Analytic generalization) Analytic generalization is the process of optimiz-ing the information density in digital represented maps (according to de�nition 2) under theconstraints provided byscale1, or resolution, according system speci�c variables such as processor speed, nu-merical accuracy and algorithmic constraints,edition, de�ned by map purpose and type of application accessing the map, andmoment (or interval) in time.Analytic generalization may be performed on both topographic and thematic information.1In CAC, the term `scale' becomes sort of meaningless. Scale is de�ned as the ratio between the the size ofa geographic object as it is represented in the display medium, traditionally paper, and the the size in reality.In CAC, there is a characteristic independence of the digital representation and the displayed representation.Thus, the scale of the same digital map would vary according to if it was printed by a plotter or edited on acomputer screen.Instead, the term resolutionmay be used as corresponding to scale. The digital map is always a discretizationof some real phenomena, and the resolution is proportional to how dense or detailed the real world is sampledin the map. The scale concept may be generalized to cover this aspect, such as the scale express the level ofaccuracy in the map. There would then be possible to de�ne some bidirectional mapping between scale andresolution.For this reason, in this thesis the term `scale' will also be applied to digital maps and GIS, even if it wouldbe more correct to use `resolution'. This is done to be consistent to the basic idea in the thesis, to augmentthe traditional map concept.MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



3.3 Map Models in GIS 31In a GIS, generalization will often be a combination of both the visual and the analyticconsiderations, since accessing the real world model in most cases involve both computerprocessing and visual inspection of the result.3.3 Map Models in GISThere exist a variety of map models used in GI systems, and a multitude of ways to de-scribe them. Frank proposes to di�erentiate between three levels of description of real worldphenomena [Fra92]:Concepts: Ideas, notions and relations between them that are used by humans to orga-nize and structure their perception of reality.Data models: A comprehensive set of conceptual tools to be used to structure data.Data structures: Detailed and low level descriptions of storage structures (...).This approach is quite common. Papers discussing related issues in GIS are often makingthese distinctions, but usually at an implicit level.In the early days of GIS modeling, the emphasis was rather on the more low level datastructures than conceptual frameworks. This implied that notions associated to implemen-tation issues became valid as characterizations of GI systems at a conceptual level. Burroghstates that this has been a major constraint in many di�erent application areas using GIS,especially natural resources study ([Bur92], page 395). Recently, however, there has been asigni�cant shift towards the conceptual aspects in GI science.As indicated in section 2.2 and 2.3.1, a map handles both topographic and thematicinformation. Still, many papers concerning GIS modeling focus on the topographic, or morefrequently called geometric or spatial, information. The treatment of thematic issues is mostoften secondary treated at lower levels, typically reduced to discussing how to implementattributes in databases.In the next sections, some aspects of the conceptual models characterizing the GIS scene,will be discussed. At this point, there is no need to give details on the implementation level,but selected issues relating to data models are touched brie
y.3.3.1 Topographic modelsThere seems to emerge a fundamental, main classi�cation of how to describe the topographyof the real world. Frank et. Mark use the terms Kantian2 and Descartian3 to describe thetwo world views [FM91], page 148:? A Kantian, also called feature based, point of view implies an emphasis on the objectsthat �ll the geographic space. In this way, space, or location, becomes an attribute ofan object.? From a Descartian viewpoint, also called location based, each point in space is describedby which objects that are encountered. The objects are in this manner properties of2Immanuel Kant, 1724 { 1804, German philosopher, known as the father of Criticism.3Ren�e Descarte, 1596 { 1650, French philosopher and mathematician. Emphasized the duality in theexistence, distinguishing between spiritual and physical aspects of the world. Father of the `mechanistic' worldview.PART I: CARTOGRAPHY AND GIS



32 Geographic Information Systemsthe location.Frank et. Mark point out that both views are used interchangeably in real life, depending onwhat is more suitable for the task at hand.Burrough [Bur92] is probably having the Kantian/Descartian distinction in mind whendescribing the top layer in a six level schematic overview of stages on the way from the realworld to a graphical implementation model. He claims that reality may consist of `fully de�nedand fully de�nable objects/entities', or `incompletely de�ned or incompletely de�nable spatialentities'.Goodchild [Goo92] de�nes the `fundamental element of geographic information' as thetuple T = fx; y; h; t; z1; : : : ; zng, giving the values of n spatial variables where zi at thegeographic location (x; y) at height h at the given moment t. This de�nes a �eld over theentire spatiotemporal (4D) space, and he terms it the �eld model.He juxtapositions this model to what he call the object model. Here, a set of discreteobjects is represented by a set of tuples fi; a1; : : : ; amg, where i is an object and a1 througham are m attributes of the object. Location is described by a set of tuples fx; y; o1; : : : ; oi; : : :gwhere oi is a binary variable indication the presense or absence of object i at location (x; y).Goodchild notes that this object/�eld dichotomy is a long standing issue in cartography.The dichotomy has also motivated a classi�cation of GIS that is perhaps the most widelyused today, into vector based and raster based GI systems.Vector representation is the term for modeling topographic objects by the means of points,piecewise linear curves and polygons, all structures which may be expressed as vectors ofgeographic coordinates. This corresponds to the object view of the world.Raster representation originates conceptually from a �eld view of the world4. A rasterrepresents a limited version of a �eld, in the sense that in a raster each cell is commonlyassociated with only one value. The raster is in its nature a regular tessellation of thetopographic surface, most common rectangular or quadratic, but also triangular tessellations,so called trixels, are used together with more exotic versions such as hexagonal tessellation.See [HB92] for a discussion of models raster encoding, and [Mag92] for an example of a GIsystem based on raster representation.As data models, the raster and the vector concepts represent truly di�erent approachesto the world, following the Descartian respectively Kantian approach. However, as datastructures, one might argue as Burrough in [Bur90], page 33, that to a certain degree thetwo representations are equivalent. Raster representations may be transformed into a vectorrepresentation and vice versa, allowing for a loss of information, especially in conversions fromvector to raster.Following this approach, we claim that the object view in geographic modeling encom-passes the �eld model, and support the assertion with the following argument.Assume we have a tessellated model, or in other words, a piecewise constant �eld model,e.g. a raster representation. This model may be transformed to an object model without lossof information in one of two ways:4A more prosaic reason to employ the raster structure, is that one of the main input sources in GIS isdigitally scanned paper maps. Scanning yields directly a raster image, from where contour lines an otherobjects may be extracted and classi�ed.MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



3.3 Map Models in GIS 33We may de�ne the object spatially as the boundary de�ned by the tessellated area andinterior, trivially without loss of information. Further, let the tessellation become thethematic description of this object, thus we have encapsulated the information carriedin the tessellation. The spatial description in addition to this thematic information willtogether represent the information in the original �eld model.One and each of the tessellated cells may de�ne spatially a tiny object, and the valueof that cell may trivially be assigned to the object as thematic information. The set ofall cell-objects together with their thematic values will together carry exactly the sameinformation as the �eld.3.3.2 Thematic modelsThematic information is secondary treated in contemporary works on GI science. The em-phasis is clearly towards spatial issues. This is re
ected in many GI systems, that providethematic information as attributes to spatial features. Such attributes are usually of quiteprimitive character, e.g. alphanumeric codes and �xed-length text strings. The oppositeapproach is rarely seen in GIS, that location is an attribute in the thematic objects.The two characterization of a GI system could be termed spatial orientation respectivelythematic orientation. An example of such a thematic oriented information system could bea property management system where the main purpose was to handle information such astechnical data on buildings, the size of the estates and tenants and their rent paying status.In such a system, the spatial information could be reduced to a single attribute, in fact itcould very well only be an implicit reference such as the street address.The degree of spatial respectively thematic orientation makes a continuous range of in-formation systems, from clean cut spatial systems, for example topographic maps, throughmain stream GI systems to pure general information systems.The Paper Map Model (PMM) is also clearly spatial oriented. Thematic information istypically represented by text and numbers, color and pattern codes and special graphicalsymbols, constrained by e.g. the size of the map and printing techniques.The concept of information integration is often used in discussion of how to integrate to-pographic and thematic information. Shepherd reviews di�erent ways of connecting thematicand topographic information, both traditional and alternative [She91]. Issues concerninginformation integration will be further discussed under the development of Metamap, PartIII.3.3.3 GIS standardsMost standards relating to GI are aimed at low levels of GIS modeling. Some are limited todata structure de�nitions, others includes issues concerning the data model level. Very few,if any at all, discuss conceptual relations.VPF, Vector Product Format, is an example of a widely used GIS standard [VPF92]. Thestandard is developed by an ad hoc organization in NATO, Digital Geographic InformationWorking Group (DGIWG), and is also known as DIGEST-C (Digital Geographic ExchangeStandard, Annex C). The standard is freely distributed, and has been accepted in manyPART I: CARTOGRAPHY AND GIS



34 Geographic Information Systemsapplication areas, not only within the military communities, and also outside NATO. Thewell known DCW (Digital Chart of the World, distributed as public domain data includednecessary software), is an example of a product based on VPF.VPF is a low level standard in the sense that it is possible to implement the standardmore or less directly in an arbitrary relational data base. This is perhaps one of the reasonsbehind its popularity.A brief review of VPF reveals the connection between the standard and the Paper MapModel.VPF is a representation of a planar projection of the reality, as indicated by the use ofprojection codes, [VPF92], Appendix G, table 69, page 153.On page 24, [VPF92], the statement `Real-world objects are referred to as entities orfeatures,...' shows that VPF follows the object approach to GI modeling, just as thePaper Map Model.The geometric primitives of VPF are nodes, edges and faces, [VPF92], page 26, and thiscorresponds to the points, curves and areas of the PMM.In [Kot92], page 31, it is focused on the `levels of reality that are the foundation of theVPF view, thematic coverages and primitive geometry components within the themes'.This corresponds nicely with PMM, where each thematic element is located to thetopography, and where a single topographic element can have several thematic inter-pretations.Regarding scale or resolution, VPF does not associate any such information at all to acertain map, other than optionally, and implicit, in `data quality' tables, [VPF92], page69. In cases where data quality information is not added, VPF is inferior to PMM. VPFdo not handle phenomena varying over time, except from modeling them explicitly asdi�erent data sets.Di�erent editions due to generalization has also to be represented in separate data sets,as in the PMM.As PMM, VPF is based on tiling the geographic space into a set of smaller, rectangularareas, [VPF92], page 38-39. Some mechanisms are provided to make the connectionsbetween consecutive tiles as seemless as possible.As a conclusion, VPF complies closely to the Paper Map Model de�ned in section 2.2, exceptfor minor, insigni�cant deviations.In section 2.3, the attention was drawn towards the concept of generalization, one of themost basic characterizations of cartography. In a nutshell, generalization is the process ofgenerating di�erent variants of logically the same geographic reality, di�ering in scale, editionand time.Still, VPF, and most of the other commonly accepted standards5 do not consider thisimportant issue explicitly. It o�ers only one solution to the problem, to produce the di�erentgeneralizations and to describe and store them separately, even if they only di�er in someminor details.5One exception might be the SDM (Schlumberger Data Model), used by the petroleum industry in activitiesassociated with E&P (exploration and production). This standard handles di�erent versions of certain setsof data, like deviating interpretations of the same collection of seismic data. The mechanisms are simple andrudimentary, but still they try to encounter the problem explicitly, see [sch92], chapter 2, page 10.MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



3.3 Map Models in GIS 35The characterization of one single standard will of course not apply to all other existingstandards6, but a thorough analysis of the main standards would probably yield the sameresult, that they more or less describe di�erent implementations of the Paper Map Model.Kottman's compact survey on GI standards support this assumption [Kot92].As a conclusion, one might say that GIS today is dominated by the Paper Map Model.In the next chapter, it is claimed that this imposes severe limitations on GI systems, andthat such systems should bene�t from adopting a map model closer related to the real world,instead of relying on an e�cient implementation of the traditional map concept.In the next chapter, we will make the �rst general description of an augmented mapconcept.

6There are trends within the standardization bodies to develop the basis of GI systems into more compre-hensive models. An example of this is the work done by CEN (Comit�e Europ�een de Normalisation), TC 287(Working Group 287). The goal is to supply the European countries with a high level GI standard by theend of the century. Their revised `philosophy paper' of June 1993 constitutes a promising foundation for astandard closer to reality [Com93].PART I: CARTOGRAPHY AND GIS
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Chapter 4An Augmented Map ConceptIn this chapter, we consider some of the challenges the core map model in a GIS is facing.We then make a sketch of an augmentation of the map concept.4.1 ChallengesGIS is emerging as an important tool in a wide variety of application areas. Articles on theuse of GIS in the following areas are found in [MGR91]:Socio-economic applications:Land information systemsCar navigation systemsMarket analysisPopulation countingEnvironmental applications:Soil informationIntegration of geoscienti�c dataMultinational environmental GISGlobal GIS databasesManagement applications:Land resources information systemsGIS in urban planningIntegrated planning information systemsThese and other applications represent indeed new challenges for the core of GI systems, themap model. Traditional cartography has been used for similar tasks before, but not at thescale and complexity as the above application areas represent.To meet the new challenges, a GIS has to o�er a wide spectrum of functionality. Raperand Maguire make the following classi�cation of GIS functionality [RM92]:Data capture



38 An Augmented Map ConceptTransferValidation and editingStructuringRestructuringGeneralizationTransformationQueryIntegrationAnalysisPresentationSome of these functions are already found in traditional cartography, but together they rep-resent an integrated basis of functionality that would be di�cult, if not impossible to fullyrealize within the Paper Map Model.Due to the new challenges, Rhind, Goodchild and Maguire [RGM91] foresee that therecent research will supply:data models to handle 3-D and time dependence, and complex interactions betweenobjects;support for complex analytical applications, including tracking of data lineage, tools forvisual interactions with the stages in the analysis process, propagation of uncertainty;support for quality assurance and quality control(QA/QC) especially in GIS applicationswhere litigation is a constant problem;support for multiple media - unstructured images, both digital and NTSC, text andsound;integration of GIS with the capabilities of GPS for data collection and compilers;tools for visualizing 3-D and time-dependent data;tools for data compilation, particularly in 3-D;improved techniques for conducting functional requirements studies, evaluating costsand bene�ts, benchmarking and other aspects of the GIS acquisition and project man-agement process.On the background of section 2.3 one might add:support for generalization by the means of structures for consistent and compact man-agement of di�erent scales and editions.Indeed, such results imply the utilization of a reality representation far more sophisticatedthan that provided by the Paper Map Model.The Ptolemiac paradox, presented in the Introduction, together with the recognition ofgeneralization as on of the fundamental mechanisms in cartography and the challenges out-lined above, constitutes the main motivation for the introduction of an augmented map con-cept.4.2 Augmenting the Paper Map ModelConsidering the discussion in the last sections, it becomes clear that GI systems need some-thing more sophisticated than the Paper Map Model as a core map model. Today, theMULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



4.2 Augmenting the Paper Map Model 39majority of GI systems are based on the PMM, and this map model is stretched to it's lim-its (and often beyond) in many applications. As brie
y touched in the Prologue, this maycause inconsistencies and anomalies that leads to errors, malfunctions and other unpredictlymisbehavior of the system.In this thesis, the problem with the inadequate core model is encountered by augmentingthe traditional map concept, the PMM, rather than starting totally from scratch. Thisapproach takes advantage of the rich literature, experience and technology associated withtraditional cartography, and merges it together with advanced data modeling techniques andstate of the art technology in CAGD into an enhanced map model. One of the goals willbe to maintain, where it is possible, the terminology and concepts used by the cartographiccommunity. However, the concepts and terminology will be enhanced and supplied with theadditions needed to meet the challenges and requirements provided by GI science.The various addition and enhancements are merged with the PMM as de�ned in section2.2, into the Augmented Map Model (AMM), which is de�ned at conceptual level below:De�nition 7 (Augmented Map Model, AMM) An Augmented Map Model is a realisticrepresentation of the real world (or part of it) with the following characteristics:Decomposition of the reality into cartographic objects, which represent both topographicand thematic information.Utilization of advanced and 
exible structures, both spatial and thematic, which incombination represent the reality.Each thematic element is located to a distinct part of the topography. A part of thetopography may have several thematic interpretations.Representation of the reality integrating a range of di�erent scales or resolutions, atseveral moments or intervals in time, and in a multitude of editions, or generalizedversions.Seamless representation independent of tessellations.Facilitates the usage of a wide range of presentations, independent of the internalrepresentation of the reality model.In Part III, we will design the augmented map concept Metamap, founded on de�nition7. An implementation of a limited Metamap case will be carried through in appendix B.
PART I: CARTOGRAPHY AND GIS
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SummaryWe opened this part by a general and indeed broad de�nition of the map. By de�ning andstudying the Paper Map Model, we found that this was a narrow and limited map concept,mainly due to technological constraints.Contemporary information technology has removed some of the barriers encountered incartography since the Middle Ages. A geographic information system may be considered asa computer based atlas, adding some new functionality and capacity. Still, the Paper MapModel was shown to dominate the GI scene.The GI research during the past thirty years has been dominated by problems concerningdatabases and how to store and index large amounts of information, e�cient implementationof low level data structures, advanced visualization techniques and a never-ending discussionof the low level data structures raster vs. vector, both representations of primitive geometricobjects. We �nd that this orientation somewhat diverts the attention from more fundamentalissues concerning the core map model, for example how to handle the various aspects ofcartographic generalization in a computer based environment.The expectations to the performance of future GI systems, regarding capacity, applicationareas and functionality, implies that such systems have to manage huge amounts of inhomo-geneous information, both topographic and thematic, in a compact and consistent manner.We claim that the Paper Map Model is not capable of meeting these challenges, it wasdesigned for use in a completely di�erent technological setting. Still, we see the advantagesof making additions and enhancements to the traditional map concept, rather than discard arich and sophisticated tradition, evolved during a couple of millenniums.This motivates the notion of augmenting the traditional map concept, in order to takefull advantage of the information technology and thereby meet the somewhat overwhelmingnew challenges in geographic information management, within the framework of traditionalcartography.The rest of the thesis is devoted to investigate a possible augmented map concept, accord-ing to de�nition 7. The investigation is divided in two parts.In Part II we study the consequences of cartographic generalization. We develop a methodfor homogeneous management of sets of variants, which we call the Multimodel concept. Wepay special attention to structural issues associated to consistent and compact representationof variants.



42 The problem of integrating spatial and non-spatial information is treated in Part III,where we introduce the Metamap as an augmented map concept. Metamap is designed tofully exploit the 
exibility provided by the Multimodel concept.
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Part IIMULTIMODELS





OutlineAs a �rst step towards an augmented map concept, according to de�nition 7, this part in-vestigates methods and concepts for the integration of multiple representations of geographicinformation.In order to increase the sparse supply of techniques dedicated to managing a set of vari-ants of an initial model, we will introduce and develop, in some detail, the concept of theMultimodel, as a general mechanism for structuring a set of multiple representations of aninitial model.To motivate the elaboration of the Multimodel, we will give some examples of modelvariants encountered in a GIS setting. The variations in the models are due to the inherentlymultiple nature of geographic information, and to the processes of cartographic generalization,as described in Part I.Before presenting our own approach to the problem of multiple modeling, we brie
y outlinea few existing methods developed in this research area. It will be focused on what categoriesof geographic information the di�erent approaches encompass, an what kind of variationsthey cover. The notions of compactness and consistency are introduced in order to obtain anadditional classi�cation of methods in multiple modeling.The Multimodel development is initiated by formulating the concept at a general level.Then a de�nition of the digital model is made in order to facilitate the exploration of theMultimodel in a computer aided setting. Certain properties di�erentiating various digitalmodels are highlighted. On this basis, some fundamentally di�erent categories of Multimodelsare outlined. We concentrate on describing basic operations on the Multimodel, and discusswhat degree of compactness and consistency the di�erent Multimodels o�er.The Multimodel concept is then presented as an object model of a generic class library,which will be the basis for a limited Multimodel implementation in appendix A.We close the part with the description of an informal methodology for Multimodeling.The method is applied to piecewise linear curves and surfaces, both examples of geometricobjects highly relevant to geographic information systems.
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Chapter 5The Multiple Nature ofGeographic InformationGeographic information may be characterized by its multiple nature. In section 2, it wasillustrated that maps over the same part of the reality may di�er substantially. The map isdepending on a wide range of factors, such as map purpose, cultural background of the mapcompiler and available technology.As indicated by the Ptolemiac Paradox stated in the Introduction, map makers have untilrecently been restricted to various methods of planar representations of the geographic reality.De�nition 3 of the Paper Map Model characterizes this traditional map concept, which hasbeen developed into highly sophisticated tools and products which indeed have served theirpurposes well.However, the Paper Map Model is a single representation, in the sense that it is modelingthe given geographic information in a single scale, as a single generalized edition and at a singlemoment or interval in time1. Thus, to achieve a more complete picture of the reality, one hasto relate to a set of di�erent maps. These maps will together yield a multiple representation.The Ptolemiac Paradox implies that in spite of the information technology revolutionexperienced in the last part of our century, it may be claimed that no signi�cant improve-ments have been introduced in computer aided cartography to handle the multiple natureof geographic information in a more structured and integrated manner. This is not entirelytrue, some achievements in this direction have indeed been made, and a few of these will beoutlined in section 5.2.5.1 Examples of Multiple Geographic InformationTo motivate the further treatment of modeling multiple geographic entities, three exampleson geographic objects will be investigated in order to illustrate variations over time, accordingto scale and due to edition generalization.1However, some maps do indeed model time, e.g. a certain historic map describing the rise and fall of theRoman Empire.



48 The Multiple Nature of Geographic Information5.1.1 TextAssume we have a setting where a GIS is used to illuminate certain aspects of the historicaldevelopment in Europe. One of the natural entities in such a context would be a nation.In addition to spatial descriptions of for example borders and coastlines, we may want tosupply textual descriptions of the nations. Let us assume that the texts are essays writtenby di�erent historians. The texts would certainly not have any inherent common structurebeyond that they are collections of groups of characters.Since our purpose is to model the development of the nations of Europe through a certaintime span, it is natural to operate with a number of variants representing signi�cant momentsor periods. Each of the variants may di�er more or less in the spatial description, but thedi�erences in the textual description would probably be substantial, both by length andcontents.This set of di�erent pieces of text constitutes together a multiple thematic description ofthe nation.
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Figure 5.1: Textual description as thematic time-varying informationThere are no obvious `smart' way to structure this inhomogeneous set of models, otherthan arranging them in an array where the indexes correspond to the time span they represent,as illustrated in �gure 5.1.5.1.2 Parametric curvesSuppose we were modeling a railway network with the help of a GIS. The railway in ourcase is extremely simple, consisting of only one branch, from `Beginville' to `Stoptown'. Inbetween, the railroad passes just outside `Halfway Village'. A map is produced as shown in�gure 5.2.However, in this particular scale, the map gives the impression that the railroad passesthrough Halfway Village, and not just outside. To highlight the distinction, a generalizedvariant is produced by altering a little part of the parametric curve2 representing the railroad,2A parametric curve in the plane is de�ned such that for every value of a parameter t in a given de�nitioninterval [a; b], there exists a point (x(t); y(t)) in the plane, where x and y are functions x; y : [a; b] ! IR.In contrast to a explicit curve de�ned by a real function, a parametric curve may describe loops, circles,MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



5.1 Examples of Multiple Geographic Information 49
Figure 5.2: Initial mapas shown in �gure 5.3.

Figure 5.3: Generalized editionIf we wanted both editions of the map, we might store each map separately, as commonlypracticed in most GI systems today. This is, however, not e�cient, since the maps areidentically except for the minor changes introduced by the generalization. Assume that thecurves represent the variants of the railroad as vectors of equal length, where the elements arepoints in the plane. Indeed it is straightforward to subtract the original from the generalizedvector, thus obtaining a di�erence or delta vector. The interesting part of the original vectoris as follows:Original xvector: y � � �� � � 471541 476550 472558 474569 473584 475594 489606 507620 � � �� � �The corresponding generalized vector is as follows:Generalized xvector: y � � �� � � 471541 476550 484555 486568 485580 484590 489606 507620 � � �� � �self-intersections and other complex geometries.PART II: MULTIMODELS



50 The Multiple Nature of Geographic InformationThe delta vector is characterized by the large amount of zero elements:Delta xvector: y � � �� � � 00 00 12�3 12�1 12�4 9�4 00 00 � � �� � �It is straightforward to realize that the generalized vector may be generated by adding thedelta vector to the original vector.Two advantages is achieved by this representation:Compactness: If we �nd a way to store a sequence of zero-points that takes less spacethan a corresponding sequence of arbitrary points, we obtain representation that is morecompact than the explicit representation. See for example [Nel91] for an overview ofsuch data compression techniques.We observe that the non-zero numbers in the delta curve above are `smaller' than thecorresponding explicit values. In fact, it would be possible to represent the delta valueswith fewer bits than the explicit representation. The integer �4 would require 3 bitsincluding the sign, in contrast to 11 bits needed to represent 580. Similar e�ects mayoccur in delta representation of other objects than curves, and may be taken advantageof in order to store the di�erences in a compact manner.Consistency: If there is need for an updating of all editions of a map, let say the railroadstation in Beginville was moved to another part of the town, we may say that the modelsare dependent. In our case, the changes need only to be applied to the initial model.Due to the construction of the other editions by summation of the initial model andthe corresponding di�erences, the changes will automatically propagate to the variouseditions. Such representations will be referred to as consistent, if they `automatically'maintain the dependencies between the various models. This is illustrated in �gure 5.4.The delta models are visualized as di�erences added to the originals, where the nonzerosequences in the delta vectors are highlighted.Section 6.3.1 will supply more details on compact and consistent representation.5.1.3 FunctionsIn many applications it would be interesting to have information on the tidal variations ofthe sea. As known, these variations vary across the globe and are dependent of many factors,ranging from the constellation of the moon and the sun to meteorological conditions. Forsimplicity, let us assume that the tide is a diurnal variation, i.e. that it varies periodicallywithin a cycle of exactly 24 hour, with only one ebb and one high water ocurring duringthe period. If the hour of the day is mapped to a real number in the range [0; 24], the tidalvariations may be described by the function T : [0; 24] ! IR, giving the sea level in metersrelative to some reference level.There are several ways to model this variation in a GIS. The tide could be embeddedin the spatial description of the sea, as di�erent time variants (see section 5.2.4 for a briefdiscussion on temporal modeling). Another possibility, which we will choose, is to let theMULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



5.1 Examples of Multiple Geographic Information 51
INITIAL MODEL GENERALIZED  EDITION

GENERALIZED  EDITION
WITH  UPDATE  OF
INITIAL  MODEL

GENERALIZATION
AS  DIFFERENCE

GENERALIZATION
AS  DIFFERENCE

UPDATE  AS
DIFFERENCEFigure 5.4: Propagation of change in initial modeltidal function T be part of the thematic description of the ocean3.Assume in addition that our application should be used to produce digital sea charts inthree di�erent scales for the use in an ECDIS4, one small scale version for deep sea navigation,let say 1 : 1:000:000, one scale for coastal navigation, 1 : 50:000, and a large scale harbor chartin 1 : 5000. Let us further assume that the system, by using the tidal function T , is able toproduce versions of the three scales according to time of the day. To accomplish this task inan e�cient manner, we may assume that the ECDIS system needs to access the tidal functionin three degrees of accuracy corresponding to the di�erent scales.Figure 5.5 shows three variants of a tidal function T , described as piecewise linear functionsde�ned by a vector of nine samples of T (t), t 2 f0; 3; 6; 9; 12; 15; 18; 21; 24g. The vector v0 isthe coarsest description corresponding to the smallest scale, describing a constant sea level of0.7 meters above a given zero sea level.The vector v1 models T in medium resolution, showing that the tidal variation yields ahigh water at t = 06:00 corresponding to a level of 2:5 meters, and an ebb of �1:1 metersoccurring at t = 18:00.The most detailed variant of T , corresponding to the largest scale, is given by v2. Thisvector models a sine-like function, giving an even more detailed picture of the tide.The obvious way to represent the set of the three variants of T , is to store three arrays offunction values explicitly. In this manner, no relations between the vectors are obtained.3This is an example of the consequences of the duality of geographic information, see section 9.2. In manycases, a certain aspect of a geographic phenomenon may be considered both from the thematic and spatialpoint of view, resulting in equally `good' descriptions.4ECDIS: Electronic Chart Display Information System.PART II: MULTIMODELS



52 The Multiple Nature of Geographic Information
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Figure 5.5: Description of tidal variation in three resolutionDelta representationAn alternative approach to the explicit representation illustrated in �gure 5.5, is to decomposethe vector-represented functions. Since the vectors are all of the same length, it is possibleto de�ne the delta-vectors (or di�erence-vectors) �1 = v1 � v0 and �2 = v2 � v1, as shown in�gure 5.6.If the delta-vectors �1 and �2 are stored together with the initial vector v0, we have analternative implicit representation of the three vectors asv0v1 = v0 + �1v2 = v0 + �1 + �2The construction of v2 as v0 + �1 + �2 is illustrated in �gure 5.7.ConsistencyApparently, at �rst glance, the delta representation seems a little unmotivated and useless.However, suppose that reference zero level was changed5 with a constant value �̂0, thus af-fecting all the representations of T . If we had an explicit representation, both v0, v1 and v2had to be updated to yield the new vectors v̂0 = v0 + �̂0, v̂1 = v1 + �̂0 and v̂2 = v2 + �̂0.In contrast, with an implicit representation, only v0 has to be updated, because bothv1 and v2 is de�ned relative to the initial vector. In other words, v1 and v2 are dependentof v0. The following shows that the structure is consistent, since the change �̂0 v1 and v2:`automatically' propagates tov̂0 + �1 = v0 + �̂0 + �1 = v1 + �̂0 = v̂1v̂1 + �1 + �2 = v0 + �̂0 + �1 + �2 = v2 + �̂0 = v̂25This is not unrealistic, the various hydrographic o�ces do in fact use a variety of such zero levels.MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT
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Figure 5.6: Delta vectors
-4

-3

-2

-1

0

1

2

3

4

0 5 10 15 20 25

S
ea

 le
ve

l i
n 

m
et

er
s

Time in hours

’f0’
’g1=f1-f0’
’g2=f2-f1’

’f2=f0+g1+g2’

Figure 5.7: Adding initial vector and di�erencesPART II: MULTIMODELS



54 The Multiple Nature of Geographic InformationFurther, assume that the decomposition was motivated from the fact that the tidal func-tion T varied slightly across the globe, and that this variation was due only to variationsin the component �1, such that we for example had two variants of this component, �1 and�̂1. In an explicit representation, two main variants of the tidal function T , each representedin three scales, had to be stored. In a delta representation, however, only the �̂1 had to bestored6 in addition to v0, �1 and �2.
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Figure 5.8: Change in initial vector and the �1 componentFigure 5.8 illustrates how changes of both the initial vector v0 and of the component �1a�ect the most detailed vector v2, which is obtained by the addition v0 + �̂0 + �̂1 + �2. Thisexample shows the consistency in the delta-representation, i.e. that changes and updatesautomatically propagate to depending models.CompactnessThere is another property associated with the delta-representation, concerning the amount ofstorage needed for the representations.An explicit storage scheme uses in our example a storage equivalent to 3�9 = 27 functionvalues. Without any modi�cation, this is exactly the same that is needed with the delta-representation. However, due to the correlation of the di�erent curves, we observe in �gure5.6 a fairly large amount of zeros in the delta-curves �1 and �2. In the di�erence �1, everysecond value is a zero, and �1 displays 3 zero values. In fact, the total number of non-zerosin the complete delta-representation of the three curves is 19, in contrast to the 27 valuesrequired by the explicit representation.6Indeed, the new initial vector v̂0 and the new component �̂1 may also be expressed in delta representations,but in order to avoid confusion, we do not propose more complicated storage schemes at this point of the thesis.MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



5.1 Examples of Multiple Geographic Information 55If we were able to store the zeros and sequences of zeros using less space than required forthe storage of corresponding arbitrary values, we would achieve a more compact representa-tion. As mentioned earlier in the section, such methods exist, but it is beyond the scope ofthe thesis to investigate them more closely.Data reduction aspectsThere are still more redundant information in the delta-representation. The vector v0 is essen-tially representing a straight line segment, needing just two values to be uniquely determined,leaving seven values redundant. Accordingly, �1 needs only four values, and �2 eight. Figure5.9 illustrates these three data reduced representations of the initial vector and the di�erences.The points used in the reduced variants are marked.
-4

-3

-2

-1

0

1

2

3

4

0 5 10 15 20 25

S
ea

 le
ve

l i
n 

m
et

er
s

Time in hours

’f0,reduced’
’g1,reduced’
’g2,reduced’

Figure 5.9:The data reduction may seem a little out of place since it is no longer possible to subtractor add the new vectors, as they are of di�erent length. Thus, we must introduce some extramachinery to overcome this minor obstacle.Our goal is to bring the reduced variants over to the space spanned by all vectors of length9 representing function values for all t 2 f0; 3; 6; 9; 12; 15; 18; 21; 24g. In other words, we wantto re�ne the coarse models into more detailed ones, such that the construction by summationmay be applied. We want to design a re�nement operator R, such thatv1 = Rv0 +R�1v2 = Rv0 +R�1 +R�2The operator has to `lift' v0, �1 and �2 into the space to which the original vectors belong.In this case the operator may be trivially de�ned by inserting `missing' values computedby linear interpolation (see section 6.2.3 for more information on such re�nement). Thisdecomposition approach, included the notation, is adapted from mathematical decompositionPART II: MULTIMODELS



56 The Multiple Nature of Geographic Informationtheory, described in e.g. D�hlen and Lyche [DL92], and applications of such techniques incomputer aided cartography as outlined by Arge and D�hlen [AD92]. In section 6.4.3 thedecomposition concept is examined more closely.This tidal function and its di�erent representations provides an example of thematic in-formation varying according to scale. In addition, the information was decomposed into arepresentation consisting of the initial representation and a set of delta-models. The compo-nents were reduced such that they were represented using fewer function values than initially,and a method for performing arithmetic operations on these reduced models was introduced.In the next section, more general approaches to modeling multiple geographic informationwill be discussed.5.2 Multiple ModelingIn the article `Generalization of Spatial Databases', Muller [Mul91] discusses scaleless andscale-dependent databases as di�erent ways of structuring a set of variants with di�erentscales representing the same geographic area.The scaleless, or scale independent database is a single representation of the most detailedvariant of the map. From this representation it should, ideally, be possible to generatearbitrary views at any desired scale (or variant according to a given resolution) in real time.The real time scaling functionality is often referred to as `zooming'. The complexity associatedto the process of geographic generalization, as discussed in section 2.3.4, is most likely themain motivation for the following statement from Muller:This futuristic notion of scale-independent spatial databases has yet to be realized7.Questions concerning such real time generalization will not be addressed in the thesis.A more realistic approach, according to Muller, is the pseudo-scaleless database. This is apyramidal structure of di�erent levels corresponding to certain scales. He stresses that eachlevel should be accessible without duplication of data. In many ways this can be viewed as adiscretization of an ideally continuous range of scales, see �gure 5.10.The third category of multiple representation, is the scale-dependent database, where thedi�erent scales are stored explicitly, resulting in an overhead of redundant information.Muller highlights the following advantages of scaleless databases:Avoids duplication in storage.Enables production of 
exible scale-dependent outputs (`any' scale is available, say1:41067).Ensures consistency and integrity between the various scale outputs.The principle of avoidance of duplication will in this thesis be referred to as compactness,and is considered as one of the main goals in modeling multiple structures.Another major objective in our treatment of representation of multiple information, is thethe notion of consistency. Basically, in a consistent multiple representation, an update in anypart of the model will automatically propagate to those parts of the model that is depending7Still, some believe that this concept is not too futuristic. Aasgaard [Aas92], as an example, has studiedsome selected real time generalization procedures of spatial objects.MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



5.2 Multiple Modeling 57
1 : 1 1 : MAX1 : 25.000 1 : 100.000 1 : 500.000

Figure 5.10: Pseudo-scaleless structureon the updated part. The scale-dependent structure, where each level is represented explicitlyand independently, is certainly not to be considered as consistent.Muller restricts his characterizations to concern spatial objects varying according to scale.However, in this thesis Mullers classi�cations will be generalized to apply to non-spatial infor-mation, not only multiply represented regarding to scale, but also varying due to di�erencesin time and editions. In other words, we are interested in representations of any kind of ge-ographic information, that may give rise to a multiple structure when subjected to any formof cartographic generalization according to de�nition 4 in Part I.Thus, in this thesis, the classi�cation of the various multiple structures as scaleless, pseudo-scaleless and scale dependent, and the concept of consistency and compactness, will be appliedto both spatial and non-spatial information, varying according to scale, time and edition.In the next section, we will brie
y outline a few existing approaches to multiple modelingof geographic information. Except for Kuhn and Bruegger [BK91], all the methods andstructures are limited to handle spatial information only, and most often restricted to themost primitive objects such as polygonal curves.5.2.1 Vector approachesA vector based data model of geographic information is essentially using points, arcs andareas as the fundamental geometric entities of which more complex objects are constructed(see section 3.3.1).Several methods for representing a vector based object in a range of scales correspondingto a set of given tolerances have been proposed. Two such methods are outlined below, oneconcerning piecewise linear plane curves, the other focusing on TINs (Triangulated IrregularNetworks). Both methods handle scale generalizations only, temporal or edition based variantsare out of the scope.PART II: MULTIMODELS



58 The Multiple Nature of Geographic InformationMulti-scale line treesSeveral approaches have been made to structure multiple cartographic curves, or piecewiselinear curves, as produced by successively performing scale generalization of an initial curve.Jones and Abraham [JA86] suggest a `multi-scale line tree' for this purpose. The wellknown method of Douglas and Peucker [DP73] is used to generate a set of curves according toa growing tolerance, such that each curve is represented by a subset of the points representingthe successor.These curves are organize by building a straightforward tree structure where the nodescontains pointers to nodes in the successing level. The bottom level, representing the originalcurve, or the �nest resolution, contains pointers to the data representing the curve.The method clearly yields a more compact structure, storing only the original curve and aset of pointers to the data, and consistent in the sense that a change in the original points willa�ects approximated versions, but the tolerance requirements may no longer be met after sucha change. In addition, the structure provides fast access to the di�erent layers of the three,and thereby e�cient reconstruction of a certain approximant, since only nodes correspondingto those in the �nal curve will be visited (however, they may be visited more than once, seefor example [PS85], Introduction, which includes a discussion of the tree and related datastructures).Hierarchical TINsIn computer aided cartography, the triangulated irregular network (TIN) has been a popularstructure for representing digital elevation models. A TIN is a complete tessellation of a partof the plane into a number of mutually disjoint triangles of di�erent size and shape. Eachvertex in the tessellation is associated with a value corresponding to the elevation of theterrain. Since a plane in space is uniquely determined by three points, the TIN easily yieldsa piecewise linear surface that may represent the topographic surface of the Earth. Since thetriangles may di�er in size and shape, great 
exibility is o�ered in modeling the multitude ofdi�erent classes of terrain, ranging from undulating deserts to ragged mountain areas.Since the late 1970's, much e�ort has been given to the design of structures capable ofe�cient handling of multiscale TINs. Floriani gives an overview over hierarchical surfacemodels and presents a pyramidal TIN structure, which to a certain degree may be consideredboth compact and consistent [Flo89].More details on TINs in general and their multiple representations in particular will begiven in section 7.3.5.2.2 Tessellation approachesIn a raster based model, the world is tessellated into mutually disjoint cells of equal size,exhausting the space to be described. The most simple (and most common) approach is todivide the plane into a set of squares. Each cell is then assigned a set of attributes, which areto be understood as constant within the cell (see section 3.3.1).By successively grouping four cells into a new cell, a so called quadtree is constructed. Un-der the assumption that the most detailed tessellation, the basis model, contains 4n quadraticMULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



5.2 Multiple Modeling 59cells, the quadtree will have n+1 levels. If the coarsest level, consisting of one cell, is de�nedto be level 0, level i corresponds to a tessellation consisting of 4i cells, see �gure 5.11. Thequadtree structures are also widely used in digital image processing.
Level 0

Level 1

Level 2Figure 5.11: QuadtreeEach level of the quadtree may be de�ned to correspond to a certain resolution, whichagain may be associated to a speci�c scale. The quadtree then represents a discretization ofa continuous range of resolutions, thus yielding a multiresolution structure.By generalizing the two-dimensional quadtree to three dimensions, the octree is obtained.A volume partioned by 8n cubes yields a n + 1 level octree.Other types of tessellations have also been proposed and implemented. Considering thespherical nature of the Earth, hierarchical tessellations by regular triangles have been claimedas more appropriate than quad- and octrees in global GI systems. For a closer look at thevarious tessellation approaches, see [GS92] and references therein.The tessellation approaches only concerns spatial information at multiple scales. Thetemporal and generalization aspects are not covered by these methods. Tessellated structuresare neither compact nor consistent, since each level is represented explicitly and independentof the other levels.5.2.3 Topological approachesThe multiscale line tree and the hierarchical TIN focused on single geometric primitives, anddo not take into account the relations between the various objects.Topological models (see section 3.3.1) may be considered as enhanced vector models. Thevarious geometric objects are interconnected by topological relations, thereby yielding a morecoherent and consistent structure.Kuhn and Bruegger [BK91] describes the multiple topological representation (MTR), asa hierarchical structure of a multiscale topological model. The concept is introduced toPART II: MULTIMODELS



60 The Multiple Nature of Geographic Informationovercome the problems of accessing large objects aggregated by many smaller entities, whichin a single scale system may take unacceptable long time.In the MTR approach, several layers of di�erent topological structures of the same ge-ographic area are constructed by the means of hierarchical relations. Kuhn and Brueggeremphasize that the extraction of data can be e�cient at any level of abstraction, but thatinsertion of new objects is time consuming due to the redundancy in the structure, forcingnew data to be inserted in several representations instead of just one. The MTR approach isthen neither compact nor consistent.5.2.4 Temporal reasoningDuring the past 20 years, there has been a growing activity in the �eld of modeling time ingeneral, often called temporal reasoning, and in particular how spatial objects are varyingover time, frequently referred to as spatio-temporal modeling. For a general bibliography onthis large research area, see [ATSS92]. Spatio-temporal problem in GIS has been addressedin various papers, see e.g. Al-Taha and Barrera [ATB90] and references therein.The discussions in the �eld of temporal reasoning reveal a vast area of research, were onlysome few initial steps have been made towards a thorough understanding of the subject.In this thesis, a very simple approach is made towards time modeling. Even if it may bepossible to model time as a continuous process, this thesis is restricted to model time eitheras a discrete point or an interval in the one-dimensional time space8. The various geographicobjects are considered to exist in di�erent variants associated to a point or interval in time, see�gure 5.12. Thus, investigating more sophisticated aspects of temporal reasoning is beyondthe scope.
t_maxt_0 t_jt_i t_k

ON THIS DAY,
BEGINVILLE GOT
A NEW RAILWAY
STATION...
...................
...........
....................................
.........
.....................
....................................
.......................Figure 5.12: Simpel temporal modelingThis time slice approach has the advantage that each time variant may be thought of asspecial kind of generalization, according to de�nition 4, of the initial model representing the�rst moment in time. The development of the Multimodel concept in the sections to comewill take advantage of this approach.8In fact, we have already made an exception in modeling the tidal variation (section 5.1.3) as a continuousperiodic function. MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



5.3 Integrated Modeling 615.3 Integrated ModelingIn this context, integrated modeling refers to methods and structures able to represent mul-tiple models varying not only according to one parameter, say a tolerance corresponding to ascale, but rather a set of variables. In geographic modeling, there is need for methods capableof structuring spatial and non-spatial information that vary according to both time, spaceand edition.In the previous sections, examples have been given on contemporary approaches to mul-tiple representations of spatial objects, varying according to scale or time. In spite of theimportance of edition generalization, as pointed out in section 2.3.4, in both manual andcomputer aided cartography, there have been few attempts to design multiple representa-tions integrating encompassing multiple editions. Still fewer works present integrated views ofthe three main aspects of generalization, i.e. scale, edition and time. In addition, little hasbeen done to investigate multiple representations of the thematic, or non-spatial, informationwithin GI systems.However, an approach to integrated modeling is given by Guptill [Gup92]. Both spatialand thematic information is considered, varying over time and represented in several scales.The approach is somewhat limited, in the sense that it is investigated in detail how a speci�cgeographical data model, the Digital Enhanced Line Graph (DLG-E)9, can be implementedby two di�erent relational database management systems. The model provides an integratedrepresentation of a set of time and scale variations of both spatial and thematic entities. Themethod is neither consistent nor compact, since the variants are represented quite explicitlywithout any dependencies.Arge and D�hlen [AD92] proposes another approach to integrated modeling, outlininga method for structuring several variants of spatial information di�ering both according toscale and limited edition generalization. The high level structures and algorithms presentedare motivated from mathematical decomposition, and o�ers indeed both a more compact andconsistent representation. The Multimodel concept to be developed in chapter 6, may beviewed as a generalization and extension of the concepts introduced by Arge and D�hlen[AD92], for example by incorporating time generalization and including non-spatial objects.
9Developed and used by U.S. Geological Survey.PART II: MULTIMODELS
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Chapter 6The MultimodelIn chapter 5 several examples of the multiple nature of geographic information were given.Various approaches towards the integration of versions based on the same model, referred toas multiple modeling, were brie
y outlined. In this chapter, the concept of the Multimodelis introduced and developed as a mechanism for structuring multiple representations of ge-ographic information, varying both according to time, edition and scale. With the help ofthe Multimodel technique, both spatial and non-spatial information can be handled, as far aspossible, in a compact and consistent manner.The use formalism and notation in this chapter is adapted from mathematical decomposi-tion theory, as described in e.g. D�hlen and Lyche [DL92], and application of such techniquesin computer aided cartography as outlined by Arge and D�hlen [AD92].The Multimodel is �rstly introduced and de�ned at a general, conceptual level. Then, inorder to investigate the use of Multimodels in computer based systems1, a de�nition of thedigital model is given. A discussion is made on the possibility of applying the binary operationsaddition and subtraction, and the unary operations approximation and re�nement, on a setof digital models.Based on this discussion, a few categories of Multimodels are proposed as follows:Explicit MultimodelImplicit Multimodel:Multi-edition models:Pseudo-delta modelDelta modelMulti-scale models:Selection modelDecomposed modelMultiresolution modelThe chapter closes with a description of the composite Multimodels, exempli�ed by anobject model of a composite Multimodel customized for use in geographic modeling, calledGeoModel.1The general Multimodel is not restricted to the digital domain.



64 The Multimodel6.1 The Multimodel ConceptAs a �rst step towards the Multimodel, let us consider the scale problem in GIS. If we havea geographic object V , we can de�ne the scale 1 : 1 as the `exact' representation of thephenomenon. Further, we have potentially an in�nite set of variants of the object whichcorresponds to any scale 1 : x, where x 2 [1;1i.Consider a subset of n + 1 of all these possible scale variants of V as the indexed setW = fV0; V1; � � � ; Vng, we may de�ne a mapping I : X ! W , that for any value of theparameter k, and thus for any scale 1 : x, associates one an only one model from W . Wemay typically de�ne I such that every Vi corresponds to an interval in [1;1i. In the exampleof the tidal function in section 5.1.3, the variants of the tidal function could be de�ned tocorrespond to the intervals [1; 50:000i, [50:000; 1:000:000i and [1:000:000;1i.In this manner, we can structure a set of variants of the initial model V such that forevery scale we may access a certain version that corresponds to the scale. This approach isconsistent with the notion of the pseudo-scaleless structure described by Muller [Mul91] (see5.2). We will call this structure a Multimodel, and de�ne it as a set of parameters, a set ofn + 1 models and the mapping that for every parameter picks a unique variant,W = hfV0; V1; � � � ; Vng; X; Ii:The Multimodel is essentially a function that according to a given parameter (or set ofparameters, see section 6.4.3), generates one and only one of many possible variants of acertain model. It is important to note that a Multimodel is self-contained, in the sense thatit contains all information needed to generate the various variants. The Multimodel conceptis formally de�ned as follows:De�nition 8 (Multimodel) Assume we have a set of model variants �, and a set of pa-rameters X2.The Multimodel is formally de�ned asW = h�; X; Ii;where I is the mapping I : X ! �, such thatI(x) = V 2 � for all x 2 X:A Multimodel is said to be dependent if a change in one of the models in W is assumedto a�ect any of the other models, according to some de�ned relation among the models3. Adependent Multimodel is said to be consistent if such a change is `automatically' followed upby the needed change(s) in the depending model(s).Note that de�nition 8 is not restricted to the digital domain. In order to enable us tostudy more closely the use of the Multimodel concept in computer systems, the next sectiongives a description and a de�nition of the digital model.2In the scale problem outlined above, the set X was the interval [1;1i, but in other cases the parameterset may be quite di�erent.3See the railway case in section 5.1.2 for an example of dependency.MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



6.2 Digital Models 656.2 Digital ModelsThe text, the parametric curves and the functions investigated in 5.1, are all examples ondigital models. This section formalizes the notion of the digital model. The term `digital' isused to emphasize that we are concerned with models that are possible to implement in acomputer based system. We will investigate some possible binary and unary operations onsets of digital models.6.2.1 De�nitionsA digital model is essentially a �nite, ordered set of attributes or data, and a transformationthat maps the attributes to a set of `real world models'. The transformation may typicallyconsist of a computer program or subroutine that decodes and transforms the attributes intoa comprehensible presentation.Let a denote an ordered vector of n attributes [a1; a2; : : : ; an]. Further, de�ne Ai tobe the set of all possible instances, or values, of the speci�c attribute ai, and let � be theset of all possible attribute vectors with the same number and types of attributes, � =fA1 �A2 � � � ��Ang. The set � will occasionally be referred to as the attribute space. Notethat some or all of the attribute sets Ai's may be identical. In the example of the parametriccurve in section 5.1.2, all the attributes were elements in IR2, and thus the Ai's were equal.Further, let Vworld be the `real world model', e.g. the text (section 5.1.1) as printed onthe map, or the function (section 5.1.3) as it is plotted on the screen. Let �world be the setof all possible `real world model' models.A transformation T is then de�ned as a mappingT : �! �worldthat takes the attribute vector as an argument and transforms the data to a `real world'model: T (a) = Vworld.A digital model V is formally de�ned as follows:De�nition 9 (Digital Model) An attribute vector a = [a1; a2; : : : ; an] 2 � of digitally rep-resented features ai's together with a transformation T : �! �world, is called a Digital Model.Formally it is de�ned as the pair V = ha; T i:The de�nition is recursive in the sense that the attributes ai's may be fully de�ned digitalmodels: ai = f�; �g; where � = [�1; �2; : : : ; �� ] :The attribute vector �, and the transformation � is de�ned correspondingly to T and a.A digital model by this de�nition is a discretization of an analog or `real world' model.We will some times use the terms V and a as they were equivalent, and let the context decidewhich to use. The transformation T is in many cases quite trivial, as in the example of textualmodels in section 5.1.1.Before we start investigating di�erent operations on digital models, some de�nitions con-cerning the `likeness' of digital models will be stated.PART II: MULTIMODELS



66 The MultimodelDe�nition 10 (Likeness of digital models) Assume we have two models4,V = ha; T i and V 0 = ha0; T 0i:The attributes are elements in the attribute spaces � and �0. We characterize the models asoutlined below:Non-compatible:The two models V and V 0 are said to be non-compatible if T 6= T 05.Two digital models, one representing an image, the other a piece of text, are clearly non-compatible since their transformations indeed are di�erent. The two transformation arede�ned over di�erent sets of attribute spaces � and �0. However, note that modelswith attribute vectors from the same space, and even with identical vectors, may still benon-compatible. An example of this is an array of real values representing a functionsampled according to a given set of argument values. We may have that T interpretsthe attributes as a piecewise linear function, while T 0 constructs a cubic interpolant tothe data. These two digital models are considered non-compatible.Compatible:Accordingly, the models are compatible if their transformations are identical, T = T 0.Note that the attribute vectors may be of di�erent attribute spaces, � 6= �0, assumingthat the transformation accept both the attribute vectors in question as arguments. Twovectors of points in the plane, but of di�erent length, supplied with a transformationthat interprets the vectors as piecewise linear curves, are considered to be compatible.Equivalent:If the models share a common transformation, and have attribute vectors from the sameattribute space, T = T 0 and � = �0, then they are de�ned to be equivalent.Two vectors of points in the plane, with the same number of elements, together witha transformation that generates piecewise linear curves, are equivalent. Note that thevalues of the di�erent attributes may vary from one model to the other.We have now established the framework needed for the investigation of operations ondigital models.6.2.2 Model arithmeticsThe parametric curve (section 5.1.2) and the function (section 5.1.3) may both be consideredas digital models. In order to construct di�erence models and generate variants as sums ofan initial model and corresponding di�erences, we applied the operations subtraction andaddition.We were able to perform these arithmetic operations of two reasons:4The term `model' will be used instead of the more precise `digital model', if the context do not require adistinction.5Two transformations T and T 0 are said to be equal if T (a) = T 0(a) for all a 2 �.MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



6.2 Digital Models 67For each of the attributes, i.e. points in plane and reals, we could de�ne addition andsubtraction in a meaningful manner, trivially in the case of the real values de�ning thefunctions, and a bit more advanced as pointwise operations in the parametric curveexample.The number and type of the attributes of the models in question were identical, thus themodels were equivalent according to de�nition 10. It was then straightforward to de�nearithmetic operations on the attributevectors as element-wise addition and subtraction.In the case of the parametric curve the addition of two attribute-vectors were de�nedas a+ a0 = fa1 + a01; a2 + a02; � � � ; an + a0ng;where again the addition of the elements ai = (xi 2 IR; yi 2 IR) was de�ned asai + a0i = (xi + x0i; yi + y0i):Based on these examples, we de�ne addition and subtraction of digital models as follows:De�nition 11 (Model arithmetics) Assume that we have two equivalent models, accord-ing to de�nition 10, V = ha; T i and V 0 = ha0; T i;Assume further that the set �, in which the attribute vectors a and a0 are members, is agroup6 under the addition operator `+'.We trivially de�ne the addition operator `+' as:V + V 0 = ha+ a0; T i:The subtraction operator `�' is de�ned, as common, as addition of the inverse element:V � V 0 = V + (�V 0);where the inverse model �V 0 has an attribute vector of inverse attributes �a0 = f�a1;�a2; � � � ;�ang.The new model V + V 0 (or V + V 0) is then equivalent to both V and V 0.6The notion of the group is a fundamental mathematical structure, simple but far from uninteresting. Theformal de�nition of a group is given here, and readers interested in details of group theory is referred to e.g.Herstein [Her75].De�nition 12 (The Group) The nonempty set � is forming a group, if there is a binary operator `+' suchthat1. V; V 0 2 � =) V + V 0 2 � (Closure).2. V; V 0; V 00 2 � =) V + (V 0 + V 00) = (V + V 0) + V 00 (Associativity).3. 90 2 � j V + 0 = 0 + V = V 8V 2 � (Existence of identity).4. 9(�V ) 2 � j V + (�V ) = (�V ) + V = 0 8V 2 � (Existence of inverses)PART II: MULTIMODELS



68 The MultimodelThe new model V � V 0 is equivalent to V and V 0 since it inherits the transformation Tby de�nition 11, and since the new attribute vector a0+a is a member of the attribute space�, due to the closure of the � under +.As we have seen, the ordinary addition and subtraction operations are easily applied toequivalent models where the attribute vectors are members of a group. A set of models withproperly de�ned arithmetic operators will be called di�erence models.Many of our familiar mathematical structures are indeed groups, like the integers, the reals,the rationals, all under the common addition, vectors and matrices under their respectivelyde�ned addition and functions of various kinds.In the next section, we will investigate operations of a more complex nature, the approx-imation and the re�nement.6.2.3 Approximation and re�nementIn section 5.1.3, we studied a set of three variants of a function simulating tidal variationsin a primitive manner. They were regarded as models of di�erent resolution or scale. Let usinvestigate the tidal function in a slightly di�erent setting.Consider the function f and the data reduced, or approximated variant7 f?, see �gure6.1. Both functions may be considered as digital models, represented as two curves with pointvectors a and a?, with 9 respectively 5 points in IR2. Both models share the transformationTplc, which interprets the vectors as piecewise linear curves. Note that this transformationis able to handle an arbitrary vector of points fq1; : : : ; qng. The two models are clearly
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Figure 6.1: Function an its approximationcompatible according to de�nition 10. However, the functions are not equivalent, since theattribute vectors are elements in di�erent attribute spaces. The initial model f , is represented7Throughout the thesis, the notation �? will be used to emphasize that the model in question is approxi-mated. MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



6.2 Digital Models 69by nine points representing samples of the tidal function,a = f(0; 0:70); (3; 1:97); � � � ; (21;�0:57); (24; 0:70)g;and the approximated and data-reduced variant has �ve attributes,a? = f(0; 0:70); (6; 2:50); (12; 0:70); (18;�1:10); (24; 0:70)g:We may de�ne the attribute space �, from which a is an element, as follows:� = f(0; g(0)); (3; g(3)); � � � ; (21; g(21)); (24; g(24))g;where g is any univariate function de�ned on the interval [0; 24], and the attribute space �?as spanned by �? = f(0; g(0)); (6; g(6)); (12; g(12)); (18; g(18)); (24; g(24))g;where again g is any arbitrary function on the interval in question.The process of approximating and reducing the data of the model f , may be formalizedas a mapping P : �! �?;that picks every second point from f , starting with the �rst, thus reducing or approximatingthe attribute vector of f to a truncated vector in another attribute space of `lower' dimen-sionality. The notation P indicates that the approximation process is to be regarded as aprojection from one attribute set down to another set consisting of vectors of less length.The models f and and the approximant f? are not compatible, and we are unable to e.g.take the di�erence a� a?. In order to make f? equivalent to f , we introduce the re�nementoperator R as the mapping R : �? ! �:This re�nement8 operator may be de�ned by linear interpolation, such thatRa? = a� = fa?1; a?1+a?22 ; a?2; � � � ; a?4+a?52 ; a?5g:Figure 6.2 illustrates the insertion of points resulting in a re�nement of the approximant f?.The attribute set � is spanned by all possible function sampled on the given argument values.Since R�? consists of the same functions, but with some of the function values restricted tothe linear interpolation scheme outlined above, we clearly have that R�? � �.We now generalize the examples above to a de�nition of decomposable models:De�nition 13 (Decomposable model) A model is said to be decomposable, if we are ableto approximate and re�ne it, as follows:8We will use the notation �� to emphasize that the model in question is re�ned.PART II: MULTIMODELS
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Figure 6.2: Re�nement of approximantApproximation of a digital model V = ha; T i is a mapping of the attribute vector a asan element of the attribute space �i, to the attribute space �j, under the assumptionthat the transformation T are valid for elements in �j,Pji : �i ! �j ;such that the approximant V ? is generated asV ? = hPji a; T i:P ii is the identity mapping. The approximant is compatible, according to de�nition 10,to the original model, but not equivalent.Re�nement is a `lifting', or mapping, of a digital model V = ha; T i of the attribute set�j to a `larger' attribute space �i, Rij : �j ! �i;under the assumption that T is valid in �i. The re�ned model V � is produced asV � = fRija; Tg:Note that the approximated and then re�ned model RijPji V is equivalent to model V 2 �i,but not necessarily equal to this, since RijPji �i � �i.The design of approximation and re�nement operators is indeed not a trivial task. Inthe example of the tidal function, the operators were quite simple. More sophisticated andcomplex operators will be brie
y investigated in section 7.3 and 7.2.MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



6.3 Digital Multimodels 71In many applications, it is interesting, and frequently necessary, to estimate how `good' acertain approximation is. That is, we need a tool for `measuring' the `distance' between twomodels V and V 0, which is to be considered as the error of the approximation. For instance,in the case of the tidal function, the error might for instance be de�ned to be the largestabsolute value of the di�erences of all corresponding function values (let ai 2 a = (xi; yi)):distance (f;Rf?) = 9maxi=1 jyi � y�ij:As a tool for measuring the error of an approximation, we use the notion of the metric tode�ne a set of metric models:De�nition 14 (Metric models) A set of models � is said to be metric if there exists afunction � : V � V ! IR such that for all V , V 0and V 00 in � the following holds:1. �(V; V 0) � 0.2. �(V; V 0) = 0() V = V 0.3. �(V; V 0) = �(V 0; V ).4. �(V; V 0) � �(V; V 00) + �(V 00; V 0).The distance function distance (f;Rf?) de�ned above is easily veri�ed to be a metric. In aset of metric, decomposable models, we will be able to generate approximations and estimatethe associated error as the `distance' � between the original and the approximated model. Inmany application areas, and indeed GI science, this ability is of vital importance.The discussion and various de�nitions concerning the digital models will play an importantrole in the elaboration of the Multimodel concept during the next few sections.6.3 Digital MultimodelsIn section 6.1 de�nition 8 gave a description of Multimodel that was not restricted to thedigital domain. Since we in section 6.2 have studied the digital model, we can now give amore detailed description of the digital Multimodel.A digital Multimodel is essentially a �nite, discrete and indexed set of digital models,fV0; V1; � � � ; Vng associated with a set of index parameters X = f0; 1; � � � ; ng. The function Iis the trivial mapping I(x) = Vx:In other words, the digital Multimodel is an indexed set of models, which may be directlyaccessed according to the index. In many applications, as in the example with the scaleintervals in section 6.1, we have to introduce an additional mapping from an arbitrary set ofparameters to the index set X . In the further treatment of the Multimodel, we will assumethat such transformations are provided.Since the mapping I is trivial, the digital Multimodel is reduced to:W = hV0; V1; � � � ; Vni:PART II: MULTIMODELS



72 The MultimodelNote that the model set W may be represented in various ways, assuming that the semanticsof the ordered set are maintained, i.e. that it is possible to perform operations as insert,delete, access and so on.6.3.1 Aspects of MultimodelsIn this section, we take a closer look at some aspects of Multimodels that will come at handwhen developing the concept at a more detailed level.Multimodel operationsIn an application, a MultiModel.has to o�er a broad range of functionality. However, at thislevel we will only be interested in three kinds of procedures, which all are highly dependenton the internal representation of the set of models.Assume that we have a Multimodel W , we may want to design procedures for perform-ing basic operations such as initialize, insert, delete, append, merge and so on. However,to illuminate certain fundamental aspects of Multimodels, we will restrict the investigationto concern procedures for inserting new models, for accessing a particular model, and forupdating or changing an existing model:insert(V ): For simplicity, we restrict the insertion to append the model V to theexisting set W , such that we get the new set W 0 = fV0; V1; � � � ; Vn; Vn+1 = V g.reconstruct(k): The reconstruction, or accessing, procedure takes a parameter k 2f1; 2; � � � ; ng, and based on this it shall produce and return the model Vk from W . Thisis to be considered as the most fundamental operation on a Multimodel.update(k; V ): This procedure performs an updating of the model corresponding to theparameter value k, such that model V replaces the old model9. Since k corresponds tomodel Vk, we get the new model set W 0 = fV0; V1; � � � ; Vk = V; � � � ; Vng.Based on the characterization in section 6.2.1 of models as non-compatible, compatible orequivalent, we will propose three main classes of Multimodels.Consistency and compactnessIn this section, we introduce the notions of consistency and compactness. In de�nition 8, aMultimodel is said to be dependent if a change in one model is supposed to imply changesin other models. In the digital domain, we make a restricted de�nition of dependency. Thedigital Multimodel W = fVig is said to be dependent if a change in model Vi is supposed toa�ect the consecutive models fVi+1; Vi+2; � � � ; Vng, according to some prede�ned rules.Further, W is said to be consistent if the representation is such that a change in Vi impliesthe necessary updates of the consecutive models, without taking any explicit actions against9Note that this kind of change is irreversible. If it is important to maintain the `history' of a set of changes,it would be better to perform the update as the introduction of a new edition of the model.MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



6.4 Some Categories of Multimodels 73each of these models. This is in many applications a desirable ability, recall e.g. the exampleof the railway in section 5.1.2. See section 6.4.2 and 6.4.3 for further details on dependencyand consistency.Another important issue, certainly in GI systems but also in other areas, is to representthe information handled by the system as compact as possible, in the sense that the datatakes as little storage space as possible.The most straightforward way to store the data in a Multimodel, is to represent eachmodel explicitly. If a certain representation of the set of models takes less storage space thanthe explicit representation, we say that the representation is more compact than the explicitmodel. More formally, let kV kbitbe the number of bits required to store the representation of the model V digitally, and letkWk = nXi=1 kVikbitbe a measure of the space required for the storage10 of W . The representation Walternative ismore compact if kWalternativek < kWexplicitk;where Wexplicit is the explicit representation of W .As experienced in section 5.1.2, a certain representation, the delta model scheme, yielded astructure where the models of the curves contained a large amount of zeros. There exist manytechniques for storing such objects using less space than storing an arbitrary correspondingmodel, see e.g. [Nel91]. Thus, if a certain Multimodel structure contains representations witha larger content of zero or void attributes than the originals, we consider such a structure tobe inherently compact.Another potentially compact Multimodel is a representation where the attributes on theaverage are of `smaller magnitude' than in the original. In the parametric curve example insection 5.1.2, we saw that the delta representation of the point vectors were of small magnitudecompared to the explicitly represented vectors.Based on the characterization of models as non-compatible, compatible or equivalent, wepropose three main classes of Multimodels, the explicit Multimodel, the multi-edition modeland the multi-scale model. The last two structures may be considered as variants of theimplicit Multimodel. These Multimodels will di�er in the way the model set is structured andrepresented, and in the algorithms associated to the three basic operations insert, reconstructand update. We will also make comments on the degree of consistency and compactness theyo�er.6.4 Some Categories of MultimodelsThe collection of the models in W may be represented and implemented in various ways, aslong as the representation obeys the semantics of the ordered set, i.e. that it supplies the10With this de�nition, we don't take in account the additional overhead introduced by storing a number ofmodels as a collection.PART II: MULTIMODELS



74 The Multimodelneeded operators to maintain the indexed set. In our case we have limited the operations toinsertion, reconstruction and updating.It is possible to identify three main classes of representation of a Multimodel W :Explicit representation is a direct representation of each and one of the models, withoutany relations between the representations of the variants. This will also be referred toas the trivial representation of a Multimodel.Implicit representation is the characterization of any method that do not rely exclusivelyon explicit techniques, but represent the models using some sort of relations betweenthe variants. We have two main categories of implicit Multimodels:A multi-edition model is a collection of equivalentmodels, i.e. sharing the same transfor-mation and having attribute vectors from the same space. The multi-edition structureis useful when it is interesting to maintain a set of variants of an initial model, alldescribed with the same degree of accuracy, or with the same resolution. Within geo-graphic modeling, the multi-edition models should be useful for representing the timeand edition variants produced in a cartographic generalization procedure (recall de�ni-tion 4 in section 2.3.4).Multi-scale models are essentially sets of compatible and non-equivalent models. Thedi�erent models are to be considered as variants of an initial model with decreasingaccuracy, represented with less data than the original model. Such structures are par-ticularly interesting when maintaining the essentially same geographic information indi�erent scales or resolutions.The trivial Multimodel and variants of multi-edition and multi-scale models are outlinedin the next sections. The list of the techniques described is by no means exhaustive, manyother approaches may be equally interesting or important. The main goal is to suggest a fewquite di�erent directions which may lead to practical and e�cient Multimodel structures.We pay special attention to the design of the operations insertion, reconstruction andupdating, and of the degree of compactness and consistency they o�er. For all the examples,we assume the Multimodel is indexed asW = hV0; V1; � � � ; Vni:We start with a closer look at the trivial Multimodel structure.6.4.1 Explicit MultimodelThe explicit Multimodel will be useful when the collection of models in question is a set of`chalk and cheese', i.e. that, in spite any apparently likeness of the models, they may neitherbe regarded as delta-models nor decomposable models.We do not have much freedom in the design of a Multimodel of such inhomogeneousmodels. The text case in section 5.1.1 was an example of this class of models, even if thedi�erent pieces of text in fact were compatible.MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



6.4 Some Categories of Multimodels 75Assume we have a set of n+ 1 explicitly represented modelsW = hfVigni=0i:The insertion, reconstruction and updating procedures become quite trivial, and may beexpressed algorithmically as follows11:Algorithm 6.1 Insertion in explicit Multimodelinsert(V )1. if W == ;1.2 V0 = V ; n = 0;2. else2.1 Vn+1 = V ;2.2 n = n+ 1;Algorithm 6.1 simply appends the new model explicit to the Multimodel. Generating aparticular model is equally simply performed as a direct access of the model:Algorithm 6.2 Reconstruction in explicit Multimodelreconstruct(k)1. return Vk;If the Multimodel is dependent, according to de�nition 8, the updating procedure has tocheck all successors to maintain consistency. The procedurecheck(this model, changed model) performs the check and the possible changes:Algorithm 6.3 Update in explicit Multimodelupdate(k; V )1. Vk = V ;2. if <W is dependent>2.1 for i = k + 1; � � � ; n2.1.1 check(Vi; V );Since all the models Vi are explicitly represented, this is indeed not a compact represen-tation. Any update of one of the models implies a corresponding check of all consecutivemodels Vi; i > k, and the model is clearly not consistent.The explicit Multimodel is a primitive construction, but may be useful in cases wherenon-compatible models are to be handled in a homogeneous way. The existence of the trivialMultimodel assures that any set of digital models may be handled as a Multimodel.11In the algorithms presented in the thesis, we assume that the data structures used in the algorithmsto follow allows dynamic expansion, i.e. that elements may be added to existing structures. Checking ofinvariants, initializing of data structures or other details may be omitted to stress the main structural issues.PART II: MULTIMODELS



76 The Multimodel6.4.2 Multi-edition modelsAssume we have a set of n + 1 equivalent models faigni=0, i.e. that all the models share thetransformation T , and are elements of the same attribute set �, where all attribute vectorshave m elements, ai = [ai1; ai2; � � � ; aim].In addition, assume that it is possible to represent the di�erence12 between two modelsVj and Vi expressed as �ji . Then we may express the representation of the Multimodel W ashf�igni=0;�ji ; T i;where �i = �ii�1, and �0 = V0. In other words,W is represented by the initial model V0 and asequence of di�erences of consecutive models. This special kind of Multimodel will be referredto as a multi-edition model. Temporal variations of geographic information, and generalizededitions of a geographic entity are candidates for this particular Multimodel structure. Therailway case in section 5.1.2 supplied examples of both a temporal change and a change dueto the construction of a new edition, which were shown to be well suited for multi-editionrepresentation by the means of a delta operator.With the help of the di�erence operator �ji it is possible to make a more precise interpre-tation of dependency and consistency. W is said to be dependent if a change of model Vk toV̂k, is supposed to yield the new Multimodel representationhV1; V2; � � � ; V̂k; ^Vk+1; � � � ; V̂ni;such that �îi = �k̂k for all i > k. With �îi we mean the di�erence between V̂i and Vi. In otherwords, the change �k̂k in model k should be `added' to all the following models.A dependent multi-edition model is consistent if the representation and the associatedupdate procedure is designed in such a manner that no explicit actions has to be taken tothe models following the updated model, i.e. that the change will automatically propagatethrough the structure.We will now investigate two classes of multi-edition models, the pseudo delta model andthe delta model, di�ering in how the operator �ji is realized.Pseudo delta modelIn the pseudo-delta model, the delta-, or di�erence-operator �ji is de�ned as�ii�1 = �i = fdi1; di2; � � � ; dimg;where dij is de�ned as dij = ( 0 if aij = ai�1jaij if aij 6= ai�1jThe element `0' is to be interpreted as an empty, or void, attribute. In appendix A we �ndan example of a pseudo-delta model in the implementation of the record.12This will not necessarily imply that we have a fully de�ned arithmetic.MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



6.4 Some Categories of Multimodels 77Insertion of a model V with an attribute vector a of m elements, fa1; a2; � � � ; amg, is per-formed as outlined below. Note that since all models in a pseudo-delta model are equivalent,the n + 1 attribute vectors corresponding to f�0; �1; � � ��ng including the one to be inserted,a, are all elements in �.Algorithm 6.4 Insertion in pseudo-delta modelinsert(V )1. if W == ;1.2 V0 = V ; n = 0;2. else2.1. for j = 1; � � � ; m2.1.1 i = n;2.1.2 while dij == 0 and i � 02.1.2.1 i = i� 1;2.1.3 if dij 6= aj2.1.3.1 dn+1j = aj;2.1.4 else2.1.4.1 dn+1j = 0;2.2. n = n+ 1;Algorithm 6.4 runs through the attributes of the model to be inserted, and checks eachattribute against the �rst non-zero corresponding attribute (iterating `backwards' from thelast to the �rst model) in the existing structure. If the attributes are identical, a `0' is insertedas the n+ 1'th attribute of this kind, else the attribute of the new model is inserted.The reconstruction algorithm works in a similar fashion:Algorithm 6.5 Reconstruction in pseudo-delta modelreconstruct(k)1. for j = 1; � � � ; m1.1 i = k;1.2 while dij == 0 and i � 01.2.1 i = i� 1;1.3 aj = dij;2. return a = fa1; a2; � � � ; amg;Algorithm 6.5 will for every V attributes work its way `backwards' from the k'th level in thestructure until encountering a non-zero attribute, which will be inserted as the correspondingattribute in the vector to be returned.Finally we present the updating algorithm:PART II: MULTIMODELS



78 The MultimodelAlgorithm 6.6 Update in pseudo-delta modelupdate(k; V )1. for j = 1; � � � ; m1.1 if dkj 6= aj1.2 dkj = aj1.3 <Check (in worst case all) prior attributesin the model such that no successingattributes are identical>;The attributes in the vector on the k'th level are compared to the corresponding attributesin the updating vector, and replaced if they di�er. In addition, all the attributes of this kind(included the updated) have to be checked and possibly updated.If not all the models in the pseudo-model structure are completely di�erent from thesuccessor13, the di�erences will contain a certain amount of zero elements, thus clearly yieldinga compact representation. The step 1:3 in algorithm 6.6 shows that the structure is notconsistent.Some models permit a more sophisticated implementation of the delta-function, and thiswill be investigated in the following section.Delta modelAssume we have a set of equivalent models with a well de�ned arithmetic, i.e. a set ofdi�erence models (see section 6.2.2). In addition, we restrict the models not only to beelements of a group (see de�nition 12) under `+', but the group shall also be abelian (orcommutative)14. The identity element will be noted as 0, and the inverse elements will benoted �V .The di�erence operator �ii�1 is in this case trivially de�ned as �i = Vi�Vi�1. The implicitrepresentation will be the initial model and the sequence of di�erences:hf�igni=0;+; T i;where �0 = V0.The insertion algorithm appends a model V by generating the model Vn and append thenew di�erence V � Vn:13A set of completely di�erent models would indeed represent a pathological example of a multi-editionmodel.14A group � under `+' is abelian if for any V; V 0 2 � we have that V + V 0 = V 0 + V . The term `abelian'honors the Norwegian mathematician Nils Henrik Abel, 1802 - 1829, most famous for proving the impossibilityof solving quintic (or higher degree) equations by means of ordinary arithmetic operations including rootextraction. MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



6.4 Some Categories of Multimodels 79Algorithm 6.7 Insertion in delta modelinsert(V )1. if W == ;1.2 V0 = V ; n = 0;2. else2.1 � = �0;2.2 for i = 1; � � � ; n2.2.1 � = � + �i;2.3 �n+1 = V � �;2.4 n = n+ 1;To verify that the insertion is correct, we have to check if the inserted di�erence, �n+1 =V � �, is equivalent to V � Vn, i.e. that � = Vn. In the algorithm 6.7, � is computed asVn = V0+Pni=1 �i. We will now perform the computation, using the de�nition of the abeliangroup and some trivial implications15:� = V0 +Pni=1 �i= V0 + [(V1 � V0) + (V2 � V1) + � � �+ (Vn�1 � Vn�2) + (Vn � Vn�1)]= V0 + [�V0 + (V1 � V1) + (V2 � V2) + � � �+ (Vn�1 � Vn�1) + Vn]= V0 + [�V0 + 0+ 0 + � � �+ 0 + Vn]= VnThe reconstruction algorithm uses a similar multiple addition scheme as in algorithm 6.7,starting with the initial model and adding di�erences up to the level corresponding to thegiven parameter k.Algorithm 6.8 Reconstruction in delta modelreconstruct(k)1. � = �0;2. for i = 1; � � � ; k2.1 � = �+ �i;3. return �;The updating algorithm 6.8 generates the model Vk�1, and replace the old di�erence �kwith the di�erence between the new model and Vk�1:15The scheme will work with non-abelian groups too, but with a little `awkward' de�nition of the deltas as�i = �Vi�1 + Vi.PART II: MULTIMODELS



80 The MultimodelAlgorithm 6.9 Update in delta modelupdate(k; V )1. � = �0;2. for i = 1; � � � ; k � 12.1 � = �+ �i;3. �k = V � �;It is straightforward to verify algorithm 6.9 and 6.8 using the same procedure as for verifying6.7.As with the pseudo-delta model, this structure is compact, since the di�erences will consistof a number of zero elements, under the assumption that no model completely di�ers fromits successor.The delta model is consistent with respect to the dependency. Note that the delta modelscheme will not work correctly if such a dependency is not wanted. Any update of a certainmodel will automatically propagate to the successing models, as demonstrated in algorithm6.9. To verify this, we observe that after an update of Vj to V̂j , such that V̂j � Vj = �̂j , wehave that a model number k, k � j, is reconstructed as follows:� = V0 +Pki=1 �i= V0 +Pj�1i=1 �i + �j +Pki=j+1 �i= V0 +Pj�1i=1 �i + V̂j � Vj�1 +Pki=j+1 �i= V0 +Pj�1i=1 �i + Vj + �̂j � Vj�1 +Pki=j+1 �i= V0 +Pki=1 �i + �̂j= Vk + �̂jThus the change �̂j applied to the model Vj propagates to all following models.We have now outlined two methods for structuring collections of equivalent models. Thenext sections investigates corresponding structures for handling models which are compatible,di�ering in having attribute vectors from attribute spaces of di�erent `size'.6.4.3 Multi-scale modelsAssume we have a set of n + 1 compatible models faigni=0, i.e. that all the models sharethe transformation T , but may have attribute-vectors of di�erent types, i.e. �i 6= �j fori 6= j, where �i is the set in which ai is an element. The models are ordered after increasingcomplexity, such that the number of attributes in Vj is larger than in Vi when j > i.In addition, assume that we have an approximation operator P in (see section 6.2.3) de�nedsuch that P inVn = V ?n = Vi;i.e. that the models V0; V1; � � �Vn�1 are approximations of the model Vn represented withincreasing complexity, i.e. represented with an increasing amount of data.MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



6.4 Some Categories of Multimodels 81The representation of a multi-scale model is characterized by the collectionhfaigni=1;P in; T i:A set of compatible models with attribute vectors from di�erent attribute sets, may beregarded as models of essentially the same phenomenon represented in di�erent accuracies orresolutions. In cartography and GIS, it is common to associate the notion of scale to accuracyor resolution (see e.g. the Introduction). Of this reason, this particular kind of a Multimodelwill be termed a multi-scale model.The notion of consistency should be di�erent interpreted when it comes to multi-scalemodels. It is not natural to de�ne dependencies among the various models, other than theinherently dependency de�ned by the fact that each model is an approximation of an initialmodel. The approximation operator is part of the Multimodel, and we will therefore considerall multiscale models as consistent. This is leaving compactness as the main aspect wheninvestigating multi-scale structures.Before investigating multi-scale structures, we have to make some comments on the insertand update operations.insert(...): In the case of the multi-edition model, the insertion was restricted toappend the model V , given as the parameter to the procedure. In a multi-scale structure,insertion will be reformulated to append a new approximant. The approximant may begenerated either by specifying the attribute space �k which we want the approximantto be a member in, or, if we deal with metric models, by giving the tolerance �.update(k; V ): The multi-scale structure is a sequence of successively data-reducedmodels, constructed by applying a well de�ned approximation operator on the originalmodel. Any update of the models apart from the original model is out of the question,since such an updating would potentially violate the assumption that the model shouldbe an approximant. Of this reason, the update operation becomes uninteresting in thecontext of multi-scale models.The reconstruction procedure will be identically de�ned and interpreted as for the multi-edition structure.We will now study three di�erent variants of multi-scale models, mainly di�ering in prop-erties of the approximation and re�nement operators.Selection modelWe may sometimes encounter a special kind of the multi scale model, where the approximationoperator is restricted to select a collection of the attributes of the initial model to yield a modelof lower precision. This is a simple, but nevertheless important scheme widely used in e.g.line simpli�cation algorithms, see section 7.2.The approximation operator may be de�ned as follows:P inV = P in[a1; a2; � � � ; am] = [ai1; ai2; � � � ; ai�] = V ?;PART II: MULTIMODELS



82 The Multimodelwhere � � m and every aij is an element in [a1; a2; � � � ; am], and where the ordering of theoriginal vector is maintained. Pnn is de�ned as the identity operator.This special Multimodel may be modeled extremely compact by using an integer array� of the same length as the original attribute vector an = a, and storing only the originalmodel Vn.The representation of selection model is expressed asha; �;P in; T i;where a = [a1; a2; � � � ; am].The insertion algorithm runs as follows, under the assumption that W 6= ;, and that � isinitialized to zeros if only one single model is represented byW , i.e. that n = 0. The notationP ���n indicates that the approximation is dependent of the input of the procedure, as discussedin the previous section.Algorithm 6.10 Insertion in selection modelinsert(...)1. a? = P ���n a;2. for i = 1; � � � ; m2.1 if ai 2 a?2.1.1 �i = �i + 1;3. n = n+ 1;We assume that the approximated model is element of a space �n+1 of lower `dimension-ality' than �n.The reconstruction use the information embedded in the �-vector, and picks the elementsin a accordingly. In appendix A we implement piecewise linear curves as selection models.Algorithm 6.11 Reconstruction in selection modelreconstruct(k)1. � = 0;2. for j = 1; � � � ; m2.1 if �j � n� k2.1.1 � = � + 1;2.1.2 �� = aj;3. return f�1; �2; � � � ; ��g;The selection model is extremely compact. In addition to the original model, only the�-vector consisting of m integers is needed. Further, the storage demand is not dependent onthe number of models represented.There exists indeed more time-e�cient representations of the selection model. In our case,the running time of the generation algorithm is O(m), where m is the number of attributes inMULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



6.4 Some Categories of Multimodels 83the original model. A tree-like organization of pointers to the data, as the line-tree describedin [JA86], may reduce the average running time to O(logm), but as pointed out earlier, ouremphasis is towards compactness rather than run-time e�ciency.Note that variations can made over the selection model scheme. The di�erent models maybe produced as stepwise approximations, such that Vi = P ii+1, in contrast to Vi = P in, as wesuggested. However, such variations requires only minor changes in the di�erent proceduresassociated with the structure.Note that the selection model did not require a re�nement operator, such as the decom-posed model outlined in the next section.Decomposed modelThis section is an adaptation of the methods and algorithms in D�hlen and Lyche [DL92].The article investigates aspects of decomposition of well de�ned mathematical structures,thus we have to make some modi�cations to �t a more general Multimodel concept.Assume that we have a set of decomposable models fVigni=0, i.e. that we have both anapproximation operator and a re�nement operator. The corresponding attribute vectors areelements in f�0;�1; � � � ;�n = �g, where we may have that �i 6= �j .Let each model be the result of an approximation that `projects' the initial model Vn toa space �i of `lower dimensionality', i.e. attribute vectors of less length,Vi = P inVn;such that the decomposition model essentially is an ordered set of models of increasing pre-cision.The re�nement operator (see section 6.2.3) is de�ned such thatRjiVi = V �j ; j > i;where V �j is element of a subset ��j of �j . Note that V �j is equivalent to Vj , but most oftennot identical.Since we assumed that the models were decomposable, and thus having addition andsubtraction at hand, we may represent the models as an explicit model V = V0 and a set ofdi�erences �i: �i = Vi �Rii�1Vi�1;where the re�ned model Rii�1Vi�1 is element in �i� � �i.The representation of the decomposition model may formally be de�ned ashf�igni=0;+;Pjn;Rji ; T i;where �0 = V0, thus consisting of the initial model in the coarsest resolution, a set of approxi-mated di�erence models, arithmetic operators, approximation and re�nement operators, and�nally a common transformation.The appending of a new approximant will essentially involve steps from the reconstructroutine in addition to book-keeping actions, and will not illuminate signi�cant aspects of thePART II: MULTIMODELS



84 The Multimodeldecomposed model. Thus, we will not outline any details of the insert operation for thismulti-scale structure, but rather concentrate on the reconstruction of a certain approximant.The reconstruction in a decomposed model is to be considered as a variant of algorithmalgoReconstructDelta, the corresponding operation in a deltamodel:Algorithm 6.12 Reconstruction in decomposed Multimodel (a)reconstruct(k)1. � = �0;2. for i = 1; � � � ; k2.1 � = Rii�1� + �i;3. return �;Piecewise linear curves with a special kind of approximation operator are implemented asdecomposition models in appendix A.The algorithm follows since Vi+1 can be constructed from Vi in the following way:� = Ri+1i Vi + �i+1= Ri+1i Vi + Vi+1 �Ri+1i Vi= Vi+1If the re�nement operator satisfyRjiRkj = Rki ; i � j � kand Rji(V � V 0) = RjiV �RjiV 0where V; V 0 2 �i, we may design a variant of the reconstruction algorithm. Here, the additionsare all performed in the `largest' attribute-space �n, and not on levels of increasing complexityas in algorithm 6.12.Algorithm 6.13 Reconstruction in decomposed Multimodel (b)reconstruct(k)1. � = Rk0V0;2. for i = 1; � � � ; k2.1 � = �+Rki �i;3. return �;The correctness of 6.13 is veri�ed by performing the addition up to a level k:MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



6.4 Some Categories of Multimodels 85� = Rk0V0 +Pki=1Rki �i= Rk0V0 +Pki=1Rki (Vi �Rii�1Vi�1)= Rk0V0 +Pki=1Rki Vi �RkiRii�1Vi�1= Rk0V0 +Pki=1Rki Vi �Rki�1Vi�1= (Rk0V0 �Rk0V0) + (Rk1V1 �Rk1V1) + � � �+(Rkk�1Vk�1 �Rkk�1Vk�1) +RkkVk= VkThe decomposed structure is more compact than an explicit representation under theassumption that the `magnitude' of the di�erences is less than the `magnitude' of the corre-sponding approximants, see section 6.3.1.As with the selection model structure, variations can made over the decomposed scheme,for example by producing the approximations as Vi = P ii+1Vi+1, instead of Vi = P inVi+1. Seesection 2 in D�hlen and Lyche [DL92] for further details on variations over a similar scheme.In the selection model and the decomposition model the approximation operator projectsthe models from one attribute space down another known attribute space of lower dimension-ality. Such operators could for example be implemented as P2n�1+12n+1 , i.e an approximationfrom a space of 2n + 1 attributes to a space of 2n�1 + 1 attributes by just picking every secondattribute starting with the �rst. In this way, we do not have any control of how `good' theapproximation is, i.e. the distance between the original and the approximant, or in otherwords, the error of the data reducing process. In the next section we investigate a multi-scalestructure for metric models with approximation operators that depends on given tolerances.Multi-resolution modelA multi resolution model is essentially a multi-scale model associated with a set of tolerances,a metric (see de�nition 14), and an approximation operator capable of performing constraineddata reduction according to the corresponding tolerances.Assume we have a set of metric models fVigni=0, a set of tolerances f�igni=0 and a con-strained approximation operator. A multi-resolution model is then the set of models suchthat Vi, is the result of the stepwise approximationsVi = P ii+1(�i) Vi+1;such that �(Ri+1i Vi; Vi+1) � �i. Vn is the original model with highest precision.We may have the alternative de�nition where we have a set of approximations all generatedfrom the original model: Vi = P in(�i) Vnwhere the error in the approximation is measured as �(Rni Vi;Rni+1Vi+1).The notation P ij(�i) indicates that the approximation maps the model from the attributeset �j to the unknown set �i which depends on the tolerance �i.Both the selection model and the decomposed model may easily be formulated as multi-scale models, with minor adjustments of the structures and the operations.PART II: MULTIMODELS



86 The MultimodelComposite modelsUntil now, we have only been concerned with Multimodels varying according to one singleparameter, typically, in a GIS setting, representing scale, edition or time.However, in Part I, we stressed that geographic information is characterized by varyingaccording to all these parameters simultaneously. This fact motivates the introduction ofthe composite Multimodel, i.e. a Multimodel that vary according to more than one singleparameter.We will not give any further details on composite Multimodels in the thesis, but we observethat such Multimodels represent additional challenges, particularly regarding consistency andcompactness.We have in the last sections outlined various aspects of Multimodels and investigated tosome detail a few main categories of structures for multiple modeling.In the next section, we will summarize the chapter with the description of an object modelof a generic Multimodel class library.6.5 MULTIMOD: A generic object modelWe will now summarize the elaboration of the Multimodel concept in an object model16 ofa generic library structure. The library will be called MULTIMOD. The main structure ofMULTIMOD is displayed in �gure
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.....Figure 6.3: Main structure of MULTIMODThe �gure simply states that we have a class of objects named Multimodel, which consistsof a number (one or more) of objects of the class DigitalModel. The DigitalModels arespecializations of the class ApplicationFunctionality.16Rumbaugh et. al. gives the following description of an object model [RBP+91]:An object model captures the static structure of a system by showing the objects in the system,relationships between the objects, and the attributes and the operations that characterize eachclass of objects.In the presentation of the `Object Modeling Technique' (OMT), Rumbaugh et. al. further stress that an objectmodel is the most important description of a system. We will use a limited subset of the OMT-notation in ourobject diagrams, and we assume that the reader are familiar with such diagrams.MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



6.5 MULTIMOD: A generic object model 87We see that Multimodel has a set of operations needed to maintain an ordered set ofvariants, represented by the operation reconstruct (see section 6.3 for details on such oper-ations). The class Multimodel is abstract, and derived specializations need to implement thedetails of operations.The DigitalModel is also an abstract class. It is a subclass of ApplicationFunctionality,which is to be considered as an interface to the application in which the Multimodels are tobe used. Initially, this class has no operations, the intention is that the operations should beprovided by the user. In our example, we have furnished the ApplicationFunctionalitywith the operation printMap. With this structure, we are ensured that regardless of how thesubclasses of the DigitalModel and the Multimodel are implemented, we are always able tomake the callAnyMultimodel.reconstruct(index).printMap(...),i.e. that is possible from any Multimodel to reconstruct a certain variant according to the pa-rameter index and print that particular model in a certain fashion speci�ed by printMap(...).If the MULTIMOD was to be used in a GIS, we should indeed have designed a compositeMultimodel that were customized to handle variants according to time, scale and edition,as described brie
y in section 6.4.3. Such an extension would essentially involve modelingof relations between three single Multimodels, and is omitted in order to highlight the mainstructural issues of the implementation of a Multimodel.
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Figure 6.4: MULTIMOD - a generic Multimodel libraryIn �gure 6.4, the main framework of MULTIMOD is extended to incorporate the di�erentcategories of digital models and Multimodels outlined in section 6.4. The initial DigitalModelis successively specialized into four types:The PseudoDiffModel is characterized by a simple �-operator.The DifferenceModel, which is supplied with a fully developed arithmetic. This impliesthat the models to be derived of this class must form groups (recall de�nition 12) underthe particular kind of addition implemented.PART II: MULTIMODELS



88 The MultimodelThe ApproximationModel has an approximation operator enabling the model to gen-erate approximations of itself, either to an attribute space of known `size', or accordingto a given tolerance. In the last case we assume that there exists a well de�ned metric,or `distance-measure'.The RefinementModel provides an re�nement operator, making it possible to `lift' themodel into a `larger' attribute space.Note that the various models inherit the operations from their respective superclasses, suchthat the re�nement model has both well de�ned arithmetic operators and an approximationoperator in addition to the re�nement operator of its own. Also note that the model categoriesare abstract classes, and can not be instantiated without being specialized into classes whichimplement the various operations.Based on the model categories, we have designed �ve subclasses of the Multimodel:The TrivialMM is simply a collection of any type of DigitalModel, and is to be con-sidered as a `chalk and cheese' Multimodel. The basic operations are implementedaccording to algorithms 6.1, 6.2 and 6.3.The PseudoMM integrates equivalent models with �-operators, as de�ned in the classPseudoDiffModel, such that it is possible to express di�erences between models. Notethat this not imply a full set of arithmetic operators. The algorithms 6.4, 6.5 and 6.6are implemented in the class.The DifferenceMM is handling a set of specializations of the DifferenceModel, underthe assumption that they are equivalent. Basic operations are implemented as outlinedin 6.7, 6.8 and 6.9.The SelectionMM integrates compatible models, or specializations of ApproximationModel.They are restricted to be the result of an approximation that selects a subset of theoriginal attribute-vector. The insert and reconstruct procedures are implementedaccording to algorithms 6.10 and 6.11.The DecomposedMM is the most `completely' equipped Multimodel, being a set of de-composable models, or subclasses of RefinementMod. We have chosen to use a stepwisereconstruction procedure as given by algorithm 6.12.Note that the di�erent Multimodels are not abstract classes, and may be instantiated as theyare.In chapter 7, we will propose an informal methodology for designing speci�c Multimodelsbased on the framework outlined in this section. We will also give details on the design ofsome selected digital models.A limited implementation of the MULTIMOD, incorporating the examples given on digitalmodels in chapter 7, is carried through in appendix A.
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Chapter 7Examples of MultimodelsIn this chapter, we will use the discussion and results from chapter 5 and 6 to design Multi-models of piecewise linear curves, PLCs for short, and piecewise linear surfaces de�ned overtriangular, irregular networks, called PLSs.Both these geometric structures are examples of representations of spatial information.The PLC is frequently used in GIS to model railway networks, borders, shorelines and othercurve-like features.The PLS is frequently used in digital elevation models, DEMs for short, to model theterrain as an explicit, linear bivariate function. In addition, the use of the PLS to representthematic information, such as the variation of a certain parameter over a given area, isincreasing.Before investigating the PLC and the PLS, we will outline a general strategy for Multi-modeling.7.1 Designing MultimodelsThe design of a particular Multimodel1 should start with a thorough analysis of the objects inquestion and their properties as digital models. Following the characterizations and de�nitionin chapter 6, the analysis may go as follows:Characterize the likeness models according to de�nition 10, asnon-compatible,compatible orequivalent.If the models are non-compatible, we have no other options than structure them as anexplicit Multimodel, which may be trivially implemented.If our models are compatible, we have two main subclasses to investigate, the modelsin a multi-edition setting, and in a multi-scale setting.1We will restrict the investigation to single Multimodels, and will not give any details of design methodologyfor composite Multimodels.



90 Examples of MultimodelsThe multi-edition structure requires at least a de�nition of a di�erence operatorto be able to represent the di�erence between two models. We are perhaps able tode�ne a pseudo-delta model, or we may �nd that our models in fact have well de-�ned arithmetic operators, and possibly members of the same group. Section 6.4.2outlined two implementations of multi-edition models depending on the arithmeticproperties of the models.If the models are to be accessed in variants of di�erent accuracy, we have to ex-amine possible approximation and re�nement operators. Section 6.4.3 describedalternative designs of multi-scale structures, based on certain properties of theapproximation operators (and possibly the re�nement procedures).We will now apply the described methodology on the PLC and the PLS.7.2 Piecewise Linear CurvesDe�nitionA piecewise linear curve may be considered as a digital model. The attribute vector is anordered set of an arbitrary number of points in the plane:p = [p1; p2; � � � ; pm]; pi = (xi; yi) 2 IR2):The transformation of the model may be considered essentially as the following de�nitionof the curve C as C = m�1[i=1 si;where si is the segment de�ned as the convex combination of two consecutive points:si = fx 2 IR2 j x = (1� �)pi + �pi+1; � 2 [0; 1]g:The formulation of the PLC as a digital model is thenPLC = hp; Ci:ArithmeticsThe PLC is fully supported with arithmetic operators. The set of all such curves Cm of lengthm is indeed an abelian group (recall de�nition 12) under the addition de�ned asC + C0 = [pi + p0i]mi=1;where C;C0 2 Cm and pi + p0i = (xi+ x0i; yi+ y0i). The zero-curve is [(0; 0); � � � ; (0; 0)], and theinverse element of C is �C = [(�xi;�yi)]mi=1.The veri�cation of hC;+i as a commutative group is quite trivial and thus omitted.We may also trivially de�ne a metric on this group, as:�(C;C0) = mmaxi=1 q(xi � x0i)2 + (yi � y0i)2;MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



7.2 Piecewise Linear Curves 91i.e. the largest Euclidian distance between corresponding points of the curves. This is easilyveri�ed as a metric according to de�nition 14.Since piecewise linear curves of same length are elements of an abelian group, it will beconvenient to structure a Multimodel of such PLCs as a delta model, see section 6.4.2 andthe algorithms 6.7, 6.8 and 6.9. We will then bene�t from the compactness o�ered by thisstructure, and also from the consistency of the scheme2. An implementation of the PLC as adelta model is carried through in appendix A.DecompositionThere exist a multitude of methods designed for line simpli�cation in computer aided cartog-raphy, see e.g. [McM86] for an overview and discussion of some of these algorithms. We willgive some details on two such methods, focusing on features related to the application of theprocedures as approximation operators in a multi-scale setting.The Douglas-Peuckermethod [DP73], also known as the anchor-and-buoy algorithm, is oneof the traditional line simpli�cation procedures widely used in CAC. Details on the algorithmwill not be given here, we will only look into aspects concerning the use of the operator in aMultimodel.If we denote all the set of all possible PLCs represented with m points as Cm, the Douglas-Peucker may be formulated as the selection approximation (see section 6.4.3) PDP : Cm !C�(�), where C�(�) is the set of all curves represented with �(�) � m points. The notation C�(�)indicates that the `size' of the space is dependent on the tolerance �. The approximant tothe curve C is generated as C? = PDPC, such that the the point vector [p?i]�i=1 is an orderedsubset of the points in the original curve C.Further, the distance between the two curves, or the error of the approximation, shouldbe less or equal to the tolerance: �(C;RC?) � �.The re�nement operator R is de�ned as follows: The `missing' points in C? are generatedas the perpendicular projections of the corresponding points in C down to the approximant.Arge and D�hlen [ADWM92], have proposed a variant over the Douglas-Peucker scheme,where basically the points in the approximant are allowed to be slightly perturbed in orderto yield higher data reduction. In this case the approximated vector is not a subset of theoriginal. We will term this approximation operator PAD. The associated re�nement operatoris the same as for PDP.Since we have the choice of two approximation operators, we get some freedom in choosinga multi-scale structure. We have a well de�ned metric, thus we may extend our multi-scalestructure to a multi-resolution structure, and obtain a range of models corresponding to a setof tolerances, which in turn refer to certain ranges of scales.If want to use the PDP-operator, which picks a subset of points from the original curve, theselection-model in section 6.4.3 becomes a natural choice. This scheme o�ers a particularlycompact and simple structure, see algorithms 6.10 and 6.11.The PAD-operator may be used in a decomposed model, where the given level is generatedessentially as a sum of the coarsest representations and the corresponding di�erences, see the2We assume that we want the set of PLCs to be dependent, i.e. that changes in a certain variant shouldpropagate to the following curves.PART II: MULTIMODELS



92 Examples of Multimodelstwo variants of reconstruction algorithms, 6.12 and 6.13. The latter scheme assumes that there�nement operator satisfy Pji Pkj = Pki , which is not needed in the former.In appendix A we �nd an implementation of a selection model using PDP, and a decom-posed model with PAD.7.3 Piecewise Linear SurfacesDe�nitionWe will now study a surface de�ned as a piecewise linear function de�ned over a triangulated,irregular network (TIN). The surface will be termed PLS. Before we give a de�nition ofthe PLS, we need the de�nition of a triangulation. There exist many formulations of thetriangulation problem, and the one given here is adapted from [DLR90].De�nition 15 (Triangulation) Assume we have a set of distinct points in IR3,W = fvig = f(xi; yi; zi)g; i = 1; 2; � � � ; m;We denote the orthogonal projection of W to IR2 as V = f(xi; yi)g; i = 1; 2; � � � ; m.Let 
 � IR2 be a region with a polygonal boundary3 @
 so that V � 
. The set T = fTigti=1of non-degenerate, disjoint triangles is a triangulation of 
 if each (xi; yi) 2 V is on a vertexof some triangle Tj and if 
 = Sti=1 Ti.The linear surface S is de�ned as the set of triangular patches:S = t[i=1 si;where si is the planar segment de�ned as the barycentric combination of three points:si = fp 2 IR3 j p = uTi1 + vTi2 + wTi3; u + v + w = 1; u; v; w � 0g;where Ti1; Ti2 and Ti3 are the points in W which projections in V de�ne the triangle Ti ofthe triangulation T .The triangulation of V is indeed not unique, but vary according to underlying triangulationmethod and in some cases the ordering of the points in V . See [Sch87] for a discussion oftriangulation methods. Let us assume we use the well known Delauney method, see e.g [LS80]for an outline of certain properties of this triangulation and decriptions of two algorithms forconstructing such a TIN.One formulation of the PLS as a digital model could bePLS = hW;D; Si;where W is the point set, D is a the (Delauney) transformation that orderW into a triangula-tion, and �nally S which is the de�nition of the surface. We observe that the transformationof the model is actually composed of two separate operations.3Note that this boundary need not be convex.MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



7.3 Piecewise Linear Surfaces 93Another possibility is to consider the PLS as a completed triangulation and the surfacede�nition: PLS = hfTigti=1; Si;where T = fTigti=1 is the set of triangles, and S the transformation into a surface.ArithmeticsWe observe that the �rst formulation of the PLS asPLS = hW;D; Siallows a trivially de�nition of arithmetic operators, as the attribute vector is a set of 3Dpoints. The addition and subtraction operators can be de�ned as we did with the PLC in 7.2(assumed that the point sets are of equal size), and the structure yields an abelian group.However, the de�nition PLS = hfTigti=1; Siis not so straight forward regarding the design of arithmetic operators.We observe that the triangle patches Ti's are highly correlated, as a point in a trianglemost often is shared with several other triangles, and that changes in the point set V mayviolate the triangulation requirements. However, further investigation on arithmetic operatorson such PLSs is beyond the scope of the thesis (a good point to start would be [Flo89]).An implementation of a multi-edition PLS as a delta model based on the formulationPLS = hW;D; Si;is carried through in appendix A.DecompositionDuring the last 10 years, several schemes for data reduction of PLSs has been proposed.Floriani [Flo89] outlines two fundamentally di�erent approaches, concerning the relationsbetween the approximant and the original.In the subdivision approach, the triangulation is constructed by recursively inserting pointsin triangles. The insertion of a new point splits the old triangle into three new triangles.The approximation of such a triangulation is basically performed by successively removingvertices until some tolerance requirement is met, thus yielding a coarser triangle network.The other approach, which in Florianis work is based on the Delauney triangulation, isthe construction of a pyramidal structure of surfaces of successively �ner resolutions. In eachstep, a set of points are inserted such that the Delauney requirements are maintained.Both approaches are to be considered as constrained approximation operators, i.e. thatthey produce data reduced models of an original, where the error of the approximation is lessthan a given tolerance.The two methods would certainly require di�erent multi-scale schemes. However, the dis-cussion will not be carried through in this thesis, and we restrict ourselves to model multi-scalePLSs as trivial Multimodels, as implemented in appendix A. The approximation operatorPART II: MULTIMODELS



94 Examples of Multimodelsto be used is based on the so-called data dependent triangulation. In this method, the tri-angulation is not restricted to a planar process, but takes into account that a surface is tobe generated over the triangulation. Thus, the data, or the 3D component of each point,becomes important. The principles of datadependent triangulation is outlined in [DLR90].
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SummaryIn this part, the Multimodel was introduced and developed to provide a general, integratedmethod for multiple modeling, i.e. the structuring and management of several variants of aninitial model.Di�ering in the properties of the variants regarded as digital models, two main classesof Multimodels were proposed (in addition to the trivial, explicit Multimodel). The multi-edition model handles a variety of models which are considered to be of the same resolutionor accuracy. The multi-scale structure encompasses variants of the same model, but di�eringaccording to resolution or scale.The multi-edition model was shown to be an inherently compact structure. Two spe-cializations of the multi-edition model were proposed, the pseudo-delta model and the deltamodel. The former was to be considered as an inconsistent structure, while the latter indeedwas consistent.The multi-scale structure was considered inherently consistent. Two variants were intro-duced, the extremely compact selection model, and the decomposed model, which compact-ness may vary according to the models involved.According to the proposed, informal methodology of Multimodeling, details were givenon modeling piecewise linear curves (PLCs) and piecewise linear surfaces (PLSs). It wasstraightforward to design both multi-edition and multi-scale models of the PLC, but thePLS was shown to represent more complex problems, which we did not attempt to solve.To overcome the problems, one might resort to the 
exibility of the recursive property of thedigital model that allows a model to be partitioned into simpler structures, which in turn maybe more easily managed in the Multimodel setting. However, a `semi' multi-edition modelwas trivially designed.One might design other variants of Multimodels than those proposed in this part, andindeed the compactness and consistency properties should be more detailed studied. Empiricresearch involving a variety of types of objects, both spatial and non-spatial, should be carriedthrough to gain more �rm insight in Multimodeling and its potential.However, we have managed to outline a mechanism which is capable of handling sets ofarbitrary digital models in a homogeneous way. Within the same framework, we are able tomodel multiple representations of both `chalk and cheese' objects, such as texts of varyinglength and contents, and gradually more well-structured models, such as curves and surfaces.We have proposed a set of alternative representations, di�ering in what types of models theyare able to handle, and in the degree of compactness and consistency they o�er.The Multimodel is indeed motivated from, but not restricted to, geographic information.



96The Multimodel is a general approach hopefully useful in other areas characterized by theneed to manage multiple models, i.e. a base model along with its variants. In computer aidedgeometric design, CAGD, hierarchical surface editing is a technique where a base-surface isedited by adding di�erence-surfaces in order to create new versions of the initial surface. Itis a growing and promising research area, see e.g. [KW92] and references therein, and is anexample on multiple modeling outside the GI domain.In Part III we will take advantage of the Multimodel concept, and incorporate it in asuggested augmented map concept termed Metamap.
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Part IIIMETAMAP





OutlineIn this part, we propose an augmented map concept and call it Metamap. The developmentis based on the discussions and results in Part I and Part II.We open the part with a brief discussion of information integration in GIS, i.e. basicallythe process of linking spatial and non-spatial information.We then claim that the notion of topology, i.e. the set of various relations interconnectingobjects of di�erent kinds, is covering central aspects of information integration.The elaboration of Metamap is started with a general description at a conceptual level.We introduce the notion of the geographic element, an abstract representation of the realworld phenomenon to be modeled, independent of any spatial or non-spatial descriptions.We stress the importance and implications of the geographic duality, i.e. that a geographicelement have both a topographic description and a thematic interpretation.Then we design the Metamap element as the main building block in a Metamap, ourcontribution to the augmentation of the map concept. We supply the Metamap with a set oftopologies as a 
exible structure supporting information integration.The topographic and thematic objects managed in a Metamap are supposed to be Multi-models customized for use in a cartographic setting.Metamap is summarized as an object model, and we then discuss the compliance of theMetamap concept according to the de�nition of the augmented map concept.Based on a proposed informal methodology for Metamap modeling, we design a simple andlimited Metamap called MINIMAP. In appendix B, a modest implementation of MINIMAPwill be carried through to demonstrate key aspects of both the Multimodel mechanisms andthe Metamap principles.
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Chapter 8Integration of GeographicInformationOne way of characterizing a GI system, is from the information integration point of view. Thisbrings our attention to how di�erent pieces of information, perhaps extremely heterogeneousand varying over time, are being linked to spatial objects. In a broader setting, informationintegration covers interconnections of the spatial objects, and of the various thematic objects.Recalling that the de�nition 7, section 4.2, of the augmented map model encompasses bothspatial and non-spatial features, information integration also becomes an important issue incomputer aided cartography based on such a map model. With the support of the Multi-model structures developed in Part II, the information to be integrated will span a range ofscale or resolutions, may vary over time and be accessible in di�erent editions as a result ofgeneralization processes. One of the main goals in the Metamap development is to imposesome coherence and consistency to this somewhat chaotic set of fragments of information.Before describing some details on the integrating mechanisms, a brief review of trends inspatial information integration is given.8.1 Strategies in spatial information integrationShepherd characterizes information integration in GIS like this [She91]:Current thinking and research in GIS tends to ignore the information richness ofthe real world.In the same article, Shepherd gives an overview of the �eld of geographic informationintegration. He classi�es `the classic approaches to information integration in GIS' as the twomain directions outlined below.The composite map model. This is equivalent to the raster concept, see section 3.3.1,where a map is a `stack' of regularly gridded sheets (overlays) superimposed to the samegeographic area. Each cell is given a value corresponding to an attribute (thematicinformation). Spatial and thematic information is in this way inseparably bundled



102 Integration of Geographic Informationwithin the same overlay. The di�erent overlays are integrated indirectly in the sensethat the values of the corresponding cells together composes the information associatedwith that particular location.The geo-relational model. In this model, topographic and thematic information is sep-arated and stored in di�erent tables1, linked together by a common key, which is theunique identi�er of the object. In this manner, spatial features may be accessed throughthe non-spatial features and vice versa. The model has been adopted by many vectorbased systems.It is natural to draw the parallel to the object/�eld dichotomy described in 3.3. Thecomposite map model is clearly based on a �eld model, where each point in space is assignedthematic information (attributes). The object approach, viewing the world as distinct spatialobjects assigned various information, corresponds to basic idea behind the geo-relationalmodel.Shepherd �nds these current approaches somewhat limiting, and suggests three directionsto follow in search of more consistent and coherent integration strategies:Multimedia databasesInteractive hypermediaVirtual reality systemsDetails of these approaches will not be given here.The Metamap development will be founded on an approach which to a certain extent isrelated to the geo-relational model. We �nd that the separation of spatial and non-spatialissues re
ects the notion of geographic duality, and in section 3.3.1 we expressed preferencestowards the object approach, which the geo-relational model is based on. However, we �ndthe dependency to relational databases severely limiting, as Shephard also does, and we willin the next section propose an approach to information integration based on the notion oftopology.8.2 Topology as information integrationIn a wide perspective, one may view topology as a set of relations between objects. In severalapplication areas, more specialized interpretations do indeed exist:In mathematics, topology is a discipline of its own, studying e.g. how certain geometricproperties are conserved during continuous transformations, see e.g. [Des88] for anintroduction to the subject.In data communication theory, topology refers to how various nodes in a network areconnected, e.g. star topology, ring topology and tree topology, [Sta88]. The relationsbetween the nodes are mainly of one kind, the connected to relation.The topology concept as represented in the GIS standard VPF, [VPF92], section 5.2.2.3.1,VPF Topology, may stand as an example of a common interpretation of topology in1As suggested by the name, the geo-relational model is founded on the principles of the relational database.MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



8.2 Topology as information integration 103CAC. VPF recognizes four levels of topology, which describes relations between thegeometric entities nodes, edges and faces. The lowest level, level 0, or the spaghettistructure, is in fact characterized by the lack of structure, as only nodes and edges andtheir coordinates are represented. Level 1 is essentially a non-planar graph, like Level2 is a planar graph. The richest description is given on Level 3 where the surface ispartioned by a set of mutually exclusive and exhaustive faces, where edges only meetat nodes. The relations used in building these topologies are typically start node,end node, right face, left face, right edge, left edge, and so forth.Applying the topology concept in information integration yields a rich variety of associations,and it is possible to distinguish between di�erent classes of relations, and di�erent collectionsof relations constituting di�erent topologies.Consider the following example of this special use of topology. The two city objects, Osloand Trondheim, has each a relation is part of to the object Norway. Oslo is related toTrondheim by the is south of association. The cities have each two is represented asrelations, giving each a spatial description and a non-spatial description. Note that therelation is south of is not only supporting spatial inquiries, but also acts as a constraintbarring Oslo to be relocated north of Trondheim during a generalization procedure (if thescale is small enough this is more likely to happen than one should believe at �rst glance).Such constraining relations may become important tools in various generalization procedures.The main motivation behind the design and utilization of topological structures is to makeoperations on related objects or sets of them as e�cient as possible. A sparse topology maycause the operations to take too much time, in contrast to a rich topology where computationsare rapidly executed. This is an example of the classical time/space tradeo� in computerscience. The topological structures requires extra storage space (and time to build). Thetradeo� implies that the design of the topological `utility system' should start with a thoroughanalysis of the wanted performance of the system, e.g. recognization of the most frequentused operations and how long time they are allowed to take.The example indicates that there is indeed possible to build large and complex topologicalstructures dealing with spatiotemporal information, and in section 10.2.4 an attempt is madeto classify di�erent topologies useful in an augmented map concept.The next chapter initiates the construction of the Metamap framework by giving a de-scription of the model at a conceptual level.
PART III: METAMAP
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Chapter 9Metamap: The Conceptual ModelIn this chapter, we present an augmented map concept, according to de�nition 7. The modelwill be called Metamap, and is based on discussions and results achieved so far in the thesis.Metamap will be treated on two levels in this chapter. First, a general description is givenof the main structures. At this level, Metamap is to be considered as an abstract model, andcould also be classi�ed as a metamodel. From this metamodel it will be possible to derive amultitude of related speci�c models.At the next level, the metamodel is further developed as additions and speci�cations areadded. The model will no longer be abstract, and will become suitable as a basis for theimplementation to come in appendix B. To emphasize that this is one of many possiblerealizations of the Metamap concept, this particular version will be called MINIMAP.All inn all, Metamap will be treated at three di�erent levels, since it will be realized as animplementation in appendix B. There are many degrees of freedom in this process. The PaperMap Model may be augmented in several ways, the description of a speci�c augmentationmay be formulated as several di�erent object models, and �nally, one object model certainlyimplies a variety of implementations. Figure 9.1 illustrates the multitude of possibilities.The �rst step in the Metamap development, is to identify the main building block, thegeographic entity.9.1 Geographic entitiesAccording to the discussion on the Kantian/Descartian dichotomy in section 3.3.1, and thepreferences expressed towards the object view of the world, a fundamental characterizationof Metamap will be that it is possible to uniquely identify objects existing in the real world.Such objects will be called geographic elements in the thesis. Note that on this level, the onlyassumption made is that it is possible to give the object a spatial1 characterization, includeda location. Further details on how to perform the spatial description of the entity is not given,1The concept of space is not so straightforward as it may seem at �rst glance. Gatrell [Gat91] reviews anddiscusses di�erent approaches to the space problem, distinguishing between metric spaces, such as the familiarEuclidian space, a space based on the so called Manhattan metric, and non-metric spaces, e.g. topologicalspaces and conceptual spaces.



106 Metamap: The Conceptual Model
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Figure 9.1: The degrees of freedom in modelingMULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



9.2 Geographic duality 107GEOGRAPHIC ENTITY NON-SPATIAL ENTITYNotre Dame LiturgyThe rise and fall of Communism in USSR Communism as ideologyBank of Switzerland Your bank accountNorway UtopiaUniversity of Oslo Geographic Information ScienceFigure 9.2: Geographic and non-spatial entitiesneither is it stated anything concerning how to classify, interpret or describe its non-spatialaspects, e.g. which thematic information that is assigned to it.The geographic entity is a neutral entity, representing the most abstract description ofa phenomenon in the real world possible to locate in space and time. In its most primitiveimplementation, the geographic entity is equivalent to a unique identi�er, typically a nameor some sort of code.Stretching the idea to its limits, one may reach to the conclusion that practically allphenomena in the real world could be formulated as geographic elements. This is certainlynot true, even though a large number of real world entities indeed is of geographic character.To illuminate the distinction between geographic entities and other real world entities, someexamples are given in �gure 9.2.An important feature of the geographic entity is that it may be decomposed into a setof other geographic entities. Norway may typically be decomposed into a set of 19 counties.Going the opposite direction, Norway, Sweden and Denmark may be aggregated into a newentity, Scandinavia. Note that the decomposition/aggregation takes place on an abstractlevel, and is independent of any topographic or thematic description.9.2 Geographic dualityThe traditional map concept (de�nition 3, section 2.2) is strongly spatially oriented, and insection 3.3.3 it is claimed that this also applies to many GI systems.As embedded in the geo-relational model (section 8.1), geographic information is char-acterized by the fact that it has both a topographic (spatial) and a thematic (non-spatial)component. This is what the term geographic duality is referring to in the thesis.Shepherd [She91] underlines that access to the information from the spatial domain or thethematic domain, or a combination, implies increased e�ciency in navigation and retrievalof spatiotemporal information. A philosophy paper from the European standardisation or-ganization CEN [Com93], states that the new European GI standard in progress shall be`based upon a conceptual scheme capable of handling spatial and non-spatial identi�cations'.In Metamap, spatial and non-spatial information will be treated as truly equal aspects of ageographic entity.Both the spatial and non-spatial information is mandatory, even though the descriptionmay take a minimalistic form, such as a point in space or a one-letter thematic code. How-ever, the topographic description has to be unique, while there may exist several thematicPART III: METAMAP



108 Metamap: The Conceptual Modelclassi�cations.As an example, consider the geographic entity Svenner lighthouse. Indeed, it is possi-ble to give a unique description of the building, the ground plan, the height of the tower, theconical shape, the exact location in geographic coordinates and so on. The thematic interpre-tation may very well be of two categories, both as a navigational aid and a building lodgingthe lighthouse keeper. These two thematic descriptions would most probably be disjoint inmost aspects.Integration of the geographic entity, the notion of geographic duality and the Multimodelconcept in Part II, yields what will be called the Metamap element. This will become themain object in the Metamap concept.9.3 The Metamap elementThe Metamap element2 is the fundamental building block in the Metamap construction, asit is the representation (or model) of a real world geographic entity.The Metamap element is de�ned at a conceptual level as follows:
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Figure 9.3: The Metamap elementDe�nition 16 (Metamap element) A Metamap element is representation of a geographicentity. It is supplied with an unique identi�er and a mandatory dual description of both itsunique topography, or set of spatial features, and the(possibly) multiple thematic (or non-spatial) classi�cation.2A Metamap element will, if allowed by the context, occasionally be referred to as just an `element'. In theMINIMAP implementation in appendix B, the Metamap element will be referred to as a geographic elementof implementational reasons.MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



9.3 The Metamap element 109These descriptions are Multimodels, integrating a set of variants according todi�erent scales (or resolutions),di�erent editions (generalizations) and represented atdi�erent moments or intervals in time.A Metamap element may be an aggregation of several elements.Figure 9.3 illustrates the de�nition.The Metamap element may not seem particularly useful, standing all alone. Some struc-ture has to be imposed to make di�erent elements play together. The structure that will gluetogether a collection of Metamap elements is provided by topologies, as further addressed insection 9.4.We will give some details on the topographic and thematic descriptions of a Metamapelement in the next two sections.9.3.1 Topographic elementsThe topographic description of a Metamap element is essentially an entity of its own, atopographic, or spatial, element. It is a unique geometric de�nition of the shape and size ofthe geographic entity, independent of possible relations to other spatial or non-spatial objects.Initially, there are inde�nitely many types of spatial elements, so there is a need for aclassi�cation of main categories of such objects. The classi�cation will be in
uented by themap purpose and the available technology for representation and manipulation of spatialentities. Nowadays, the �eld of computer aided geometric design (CAGD), is likely to be themain contributor of relevant methods, experiences a vigorously development. For an overviewof the �eld, see e.g. [Far88].The degree of reality characterizing an augmented map concept will heavily depend onhow close to reality the spatial objects are modeled. This is due to the fact that peoplesperception of reality is oriented towards to the physical domain, and in particular towardsspatial features3.The planar projection of rivers, coastlines and county borders in the Paper Map Modelis clearly not close to our perception of reality, but rather a highly abstract derivation. Still,we are so used to this map model that most people feel quite comfortable with the abstractrepresentation.The �rst steps towards a more realistic model, are to liberate ourselves from the planarprojections and to introduce 3D modeling. There are many solutions and many ways toaccomplish this task, and we will suggest and implement only modest re�nements, see section10 and appendix B. The topographic elements will be restricted to a few and quite simplegeometric structures.9.3.2 Thematic elementsIdeally, the thematic elements encompass information on any format that may be handleddigitally. The various multimedia data types, such as plain text, images, audio and video3This is indeed not a trivial question, how to perceive the reality. In fact, the question has through a coupleof millenniums been a favorite theme among philosophers.PART III: METAMAP



110 Metamap: The Conceptual Model�t naturally as thematic elements. Today, most GI systems only support strongly formattedtext, such as records, and occasionally digital images as e.g. satellite recordings.However, according to the scope of the thesis, there will be paid little attention to the richdomain of non-spatial information. To ensure the conceptual comprehensiveness of Metamap,we merely assume that it is possible to design and implement realistic thematic models.9.4 Topological structuresAs mentioned in section 8.2, the term `topology' will in the thesis refer to the structures ofrelations between various entities in a map (included augmented maps).In the Metamap context, four main classes of topology will be recognized:Map topology. This is simply the relations linking Metamap elements together intoa Metamap. These may be primitive relations, typically constituting an unorderedcollection.Primary topology. The de�nition of the Metamap element implies that it may be ag-gregated of other Metamap elements. This gives rise to a set of is aggregated ofrelations, that will be referred to as primary topology.Secondary topology. The Metamap element has a mandatory and unique spatial de-scription, and a mandatory (possible multiple) non-spatial description. The structureof the relations between the topographic and the thematic domains are characterizedas secondary topology.Tertiary topology. This is describing the optional relations between spatial entities, andbetween non-spatial entities, thus yielding two specializations,topographic topology, which is how the spatial objects are related to each other,andthematic topology describing the various possible non-spatial interconnections.In the next sections, some details will be given on the web connecting the elements in aMetamap. Certain aspects of relations as topology is treated in [MS93] and [BS93].We will now give some details on the di�erent topologies.9.4.1 Map topologyThe map topology is simply the collection of Metamap elements constituting a Metamap.The most simple realization is the unordered set, but more e�cient structures as an orderedset de�ned as a linked list may be preferred in real applications.We stress that on this level, anything but the unique identi�ers of the elements are known.The map topology is therefore to be considered to be the �rst door to open when dealingwith a Metamap, and a mechanism to traverse the elements at the most abstract level.In order to make de�nition 17 of Metamap sensible, the map topology is mandatory.MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



9.4 Topological structures 1119.4.2 Primary topologyThe primary topology is a more useful structure than the map topology, describing the asso-ciations between several Metamap elements. Unlike the map topology, the primary topologyis optional in the sense that the Metamap may consist of single Metamap elements withoutany relations.9.4.3 Secondary topologyThe secondary topology de�nes relations between the topographic (spatial) description andthe thematic (non-spatial) information. In other words, the secondary topology is the key tothe duality of geographic information.There are two main approaches to the design of secondary topology. The topology maybe indirectly derived from the common geographic entity, or it may be explicitly modeledas associations between the spatial and non-spatial domain. Since the derived secondarytopology always is available, the explicit secondary topology is optional.An explicit topology will consist of relations from one spatial object or one or morethematic objects.9.4.4 Tertiary topologyDespite that the tertiary topology is of an optional nature, a well designed structuring of thespatial respectively non-spatial domain is potentially one of the most important challenges inthe development of a Metamap realization.Spatial topologyThe spatial description of a geographic entity yields a geometric object. The relations betweensuch objects will together form the spatial topology of a Metamap.The main scope with topology in general and spatial topology in particular, is to providea `utility' structure to support a variety of operations on the objects. The majority of suchoperations, like generalization procedures, computation of volumes, areas and distances and�nding shortest paths in a network, will probably include some kind of spatial searching orsorting. To speed up computations like these, preprocessing algorithms are widely used. Suchmethods are essentially constructing more or less sophisticated topologies of relations, e.g.hierarchies and tree-structures, making it easier and faster to perform traversals among theobjects. This has become a discipline of its own, `computational geometry', see e.g. [PS85]for an introduction.The relations may not exclusively support computational procedures, but for exampleexpress di�erent constraints.Other associations may be more directly expressing geometric properties, e.g. if an object`inherits' some features from another object. The MINIMAP development in chapter 10 willutilize such relations.PART III: METAMAP



112 Metamap: The Conceptual ModelThematic topologyAs the thematic elements fall outside the scope of the thesis and are modeled and implementedin a primitive manner, the same limiting approach is taken when modeling the tertiary topol-ogy involving non-spatial entities. As a matter of fact, there will not be introduced suchrelations at all in the development of MINIMAP, thus leaving the non-spatial features asindependent objects only linked to the spatial entities by the secondary topology, see section9.4.3.9.5 The MetamapIn the Metamap context, a map, or a Metamap, is essentially a collection of Metamap ele-ments, as described in section 9.3, supplied with a set of utility mechanisms for e.g. presenta-tion purposes. To defend this suspiciously simple approach, we try to describe a traditionaltopographic map as a Metamap.Assume that we have a collection of Metamap elements. Let the main element be thetopographic surface. The other elements, points, curves, and areas are `resting' on thismodel of the terrain. According to a certain projection and a view given e.g. as a rectanglein geographic coordinates, we project the spatial description of the Metamap elements to aplane. The height contours may be derived from the topographic 3D surface as curves de�nedby sectioning the terrain at given constant elevation values.The projections are made according to a speci�ed scale (resolution), a certain moment intime and an edition. This is accomplished since both the spatial and non-spatial descriptionof a Metamap element are Multimodels.So far, only spatial objects are included in the map, and only as points, curves and areas.How to draw, or present, these geometric is not yet given. We then supply the Metamapby a legend, which on basis of the thematic classi�cation associated with each spatial entity,gives rules on how to present the object, e.g. that roads of a given category, represented ina certain scale and edition, should be drawn e.g. as dashed lines with a given thickness andcolor. The legend should also give similar information on how to print e.g. names associatedto objects, i.e. how to present the non-spatial information.Finally, the Metamap should supply information on the formatting of the projected ob-jects, e.g. such that it would be possible to export the information according to a standard,say VPF (see section 3.3.3).Based on the example, a more precise de�nition of a Metamap is given as follows:De�nition 17 (A Metamap) A Metamap is essentially a collection of Metamap elementswith the following additional information and functionality:Information:Topological structures, as outlined in section 9.4.Map legend, i.e. a description or dictionary on how to present, depending on exportformat and Multimodel parameters, both spatial and non-spatial information.Functionality:MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



9.6 Object model 113Edit: Insert, update, delete, and access elements, change topology and so on, givencertain Multimodel parameters4.Select a part (window) of the Metamap, according to map window and Multimodelparameters.Present a window5 of the Metamap, according to legend and presentation format,e.g a 3D visualization system or a traditional paper map projection.Export a window of the Metamap, according a given export format, e.g. a certainGIS standard like the VPF.Note that there are no other relations between the Metamap elements than that they allare part of the same unordered set. The necessary structures for traversal and retrieval areprovided by topologies between the elements, as explained in the next section.Also note that the Multimodel basis of the topographic and thematic descriptions in eachMetamap element ensures that the Metamap has access to and may bene�t from mechanismsembedded in the Multimodel structure, e.g. data reduction operators and other generalizationutilities.This is the conceptual de�nition of the augmented map concept suggested in the thesis.The sections to come will give some more details, and eventually, in appendix B a modestimplementation is carried through based on de�nition 17.In the next section Metamap is formulated as an object model.9.6 Object modelBased on the results and discussions in this part, we illustrate the Metamap concept with anobject model. The model may be considered to be a metamodel, since we are able to design avariety of more detailed and specialized object models. These models may vary signi�cantly.In appendix B we will present one of many possible instantiations of the metamodel shownin �gure 9.4.The metamodel is quite simple. The main class, the Metamap, is essentially an aggregationof one or more GeographicElements. This object is the most simple and abstract represen-tation of a geographic phenomenon, as described in section 9.1. The aggregation constitutesthe map topology of the Metamap (see section 9.4.1).The various GeographicElements have some sort of relations with a TopographicElement,which basically is related to a Multimodel spatial description. Likewise, it is associated toa ThematicElement, the non-spatial part of the information, which also is based on a Mul-timodel. We assume that some sort of Multimodel library is provided, e.g. the genericMULTIMOD developed in appendix A.Between the thematic and topographic elements, we may optionally have de�ned a sec-ondary topology, see section 9.4.3. This topology is considered as a utility structure en-hancing traversals and navigation in the Metamap structure. Note that we also have an4By `Multimodel parameters' we refer to speci�cation of which scale, edition and moment/interval in timethat is wanted.5A map window is a description of the view of the Metamap that is wanted, given e.g. as a 3D box, arectangle in geographic coordinates or a description of a vertical section.PART III: METAMAP



114 Metamap: The Conceptual Model
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Figure 9.4: Metamap as metamodelimplicit secondary topology, as the spatial and non-spatial descriptions both are related tothe GeographicElement.Between the TopographicElement objects, and between ThematicElement objects, wehave optional tertiary topologies (see section 9.4.4), i.e. relations between the objects tofacilitate operations such as generalization operators.We close the thesis by brie
y evaluating Metamap as an augmented map concept.9.7 Metamap as an augmented map conceptIn order to ensure compatibility with de�nition 7 of an Augmented Map Model, a veri�cationof the Metamap as de�ned in 17 is carried through as follows:Realistic representation: The Metamap concept supports spatial modeling in 3D andtime, and is able to incorporate a wide variety of thematic models. In this way, aMetamap may be characterized as fairly realistic. However, by not taking advantage ofthe potential of the Metamap, degenerated models close to the Paper Map Model canbe designed based on the Metamap concept.Decomposition and duality: A Metamap is a collection of Metamap elements, which areunique geographic entities associated with both spatial and non-spatial descriptions.Advanced and 
exible data structures: Metamap is indi�erent to the structures repre-senting topographic and thematic representation. However, a well designed Metamapshould obviously take advantage of the state of the art in available technology. If not, yetanother instance of the Ptolemiac Paradox, as outlined in the Introduction, is generated.Unique location combined with multiple thematic interpretations: A Metamap is basedon geographic entities with uniquely de�ned spatial features, included locational de-MULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



9.7 Metamap as an augmented map concept 115scription, and associated with multiple thematic descriptions.Di�erent scales, moments or intervals in time and editions: The Multimodel basis ofthe spatial and non-spatial information ensures the ability to handle these variations.Seamless representation: The concept of the map window, specifying an arbitrary partof the reality model to be presented, clearly implies a seamless representation.Presentation independence: One of the characterizations of a Metamap is that it shouldbe able to support a multitude of presentations, or export formats, such as 3D per-spective views, traditional 2D maps and pro�les. The concept of the map legend hidesmuch of the formatting information that characterizes a speci�c presentation, addingyet another dimension of presentation independence.As a conclusion, we may say that the Metamap complies well with the Augmented Map Model.Still, degenerated instances can be derived that may not be characterized as an AMM, butrather as close to the Paper Map Model.In the next chapter, we take a step further towards an implementation, with the presen-tation of the MINIMAP model.
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Chapter 10MINIMAP: Towards anImplementationIn this chapter we give an example of the use of the Metamap concept in designing a morespeci�c map model, which we will call MINIMAP. We start by proposing an informal modelingmethodology.10.1 Metamap modelingThe design of a map model should be based on a thorough analysis of the actual real worldphenomena to be modeled. In addition, well de�ned speci�cations of the functionality andcapability of the systems based on the map model are of vital importance in the designprocess.The process of Metamap modeling may be described by an informal methodology:Identify the geographic phenomena to be modeled, according to the purpose of the mapand the world view the application is based upon. Specify a set of geographic elementsto represent the real world geographic entities.Design a set of classes of spatial descriptions to cover the selected geographic entities.Outline the various types of thematic descriptions needed to supply non-spatial infor-mation.Investigate and decide what kind of topological structures that will ensure a certainlevel of performance ability.Decide the cardinality, or `dimension' of the Multimodel structure, e.g. if the informa-tion should be allowed to vary according to both scale, time and edition.Design the Multimodel structures (see section 7.1).From the system speci�cations, operations should be de�ned coveringedition of the Metamap, including generalization operators, andpresentation and export routines, including speci�cation of how to present the map(the map legend).Based on the informal methodology, we design the very simple map model MINIMAP.



118 MINIMAP: Towards an Implementation10.2 MINIMAPWe start by presenting the very banal world view which MINIMAP is based upon.10.2.1 Geographic elementsWe restrict the MINIMAP to model basically three classes of geographic phenomena, theterrain, or the surface of earth, the ocean, and buildings. Note that on this level we do notsay anything about the spatial or non-spatial characteristics of these classes of objects.Some details of the spatial descriptions are given in the next section.10.2.2 Topographic elementsThe main idea behind the spatial structures in the Metamap of this thesis, is that the re-ality may be decomposed into a main object, a unique topographic surface, representing thespherical surface of the Earth, and a collection of objects, the buildings, that are scatteredthroughout this surface. The surface may be said to support all the other objects.The surface is understood to be the solid ground of the Earth. This term has severalgeological interpretations, referring to various layers of rocks and sediments. In this approach,the surface is de�ned to be the topography after removing:Man made features such as buildings and roads,vegetation, e.g. forests, andwater bodies, i.e. lakes, glaciers, rivers, canals and the entire ocean.Further, for the case of simplicity, the topography is assumed to be an explicit surface. Thetopography may be expressed as a bivariate function in spherical coordinates, S : IR2 ! IR,such that S(�; �); � 2 [�90; 90]; � 2 [�180; 180]:The value of the function is equivalent to the elevation at the geographic point (�; �). � 2[0; 90] corresponds to latitudes, in degrees, in the northern hemisphere, and � 2 [�90; 0]corresponds to latitudes in the southern hemisphere. Correspondingly, � 2 [�180; 0] is thelongitude in degrees east of the Greenwich meridian, and � 2 [0; 180] is the longitude west ofthe zero meridian.Attached to this naked topographic surface, various spatial features may be identi�ed. Inthe thesis, the selection of such objects is limited to features of two di�erent classes. Thesurface may be said to support these objects:The oceanThe feature ocean, O, will simply be characterized by a constant radius z 2 IR, thusneglecting tidal variations. It will be assumed that every point of the topography belowthis level is part of the sea 
oor.If the earth is de�ned as the volume E = f(�; �; �) j S(�; �) � zg � IR3, and de�ne Oas the volume limited by the ocean level, O = f(�; �; �) j S(�; �) � zg � IR3, we havethe body of the ocean is implicitly de�ned as the volume "between" the sea level andthe sea 
oor de�ned as (IR3 nE)\ OMULTIMODELS AND METAMAP - TOWARDS AN AUGMENTED MAP CONCEPT



10.2 MINIMAP 119BoxesThe box object is ment to symbolize man made features such as buildings. A boxB, is parametrized by four 2D points representing the `ground 
oor' as an arbitraryquadrilateral, and a parameter h representing the height of the building,B = hp1; p2; p3; p4; hi; pi 2 IR2; h � 0:Note that this gives a unique 3D description of the box, assuming the `walls' and `ceiling'to be perpendicular respectively parallel to the `ground 
oor'.However, the box is de�ned on a zero level plane. To give the box a correct elevation,we need a simple relation to the supporting surface. The box B is supposed to derivethe elevation z from the surface S in the following manner:z = 4mini=1 S(pi);assuming the points are in the interval [�90; 90]� [�180; 180].The box may be considered as a consistent representation with respect to changes inthe surface.Note that the spatial elements should be multiply modeled as described in Part II. This impliesthat within one object, several variants of essentially the same spatial object is handled. Thevariants may di�er according to scale, time and edition.10.2.3 Thematic elementsAccording to the scope of the thesis, there will be paid relatively modest attention to the richdomain of non-spatial information. Still, to make the Metamap conceptually comprehensive,we include one class of thematic element:TextA text is de�ned to be an arbitrary collection of characters, assuming they are de�nedin one of the standard character sets.As with the topographic elements, the text is assumed to be a Multimodel.10.2.4 Topological structuresWe have in fact already de�ned a tertiary topological relation, in describing how the boxderives its elevation from the surface.We will not design any primary topologies, i.e. relations between geographic elements,neither any secondary relations, i.e. topology between thematic and topographic elements.Still, we have an implicit secondary topology in the sense that a geographic element haveboth a thematic and a topographic description.We introduce one more tertiary topology between the spatial objects, by the concept ofsupporting and supported elements.PART III: METAMAP



120 MINIMAP: Towards an ImplementationAn topographic element is said to support a collection of other elements, if a generalizationof the elements should e�ect the supported elements in a speci�ed manner.An example of such a topology could be that a translation generalization of a de�ned areaof the surface should imply a corresponding translation of objects supported by the area, saya group of buildings.This special kind of dependencies are frequently used in 2D and 3D illustration applica-tions (`grouping' and `ungrouping' of objects), and is a well established concept in computergraphics in general (see e.g. [FDFH90], chapter 5).In our case, the surface of the Earth is default supporting all other spatial objects. In fact,the derivation of the elevation of the Box class is an example of a speci�ed relation betweensupporting/supported elements.We close the chapter with an object model formulation of MINIMAP.10.2.5 Object modelBy extending and specializing the metamodel in �gure 9.4, according to the discussion in thissection, we get the following object model:
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SummaryIn this part, we have accomplished to develop an example of an augmented map concept, asproposed in Part I, de�nition 7.We emphasized the importance of the information integration aspect in modeling geo-graphic information. It was claimed that the use of the topology concept is an e�cient toolin the process of interconnecting the various spatial and non-spatial objects.The Metamap was designed as an augmented map concept, basically de�ned to be a setof Metamap elements with some additional functionality, e.g. to permit various visualizationsof a certain view of the Metamap.The Metamap element is the representation of the abstract geographic entity, the neutral`thing', including a unique spatial description and one or several thematic interpretations. Thetwo latter elements are both assumed to be Multimodels, as described in Part II, thus allowingthe Metamap element to be represented in a multitude of scales, editions and moments orintervals in time.The Metamap was shown to be compliant with de�nition 7 of the augmented map concept.We proposed a Metamap modeling methodology in order to design a particular map model.We then used the methodology to develop MINIMAP as a limited example of a Metamap.MINIMAP will be implemented to some extent in appendix B.
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Part IVCONCLUSIONS ANDIMPLEMENTATIONS





Chapter 11ResultsThe main achievement of the thesis is that we have shown that it is possible to augment thetraditional map concept to meet new challenges provided by computer aided management ofspatiotemporal information.We have accomplished to develop an augmented map concept, starting on a conceptuallevel and resulting in a computer implementation, as a conceptually comprehensive model.We have followed an original approach in the sense that similar frameworks, to our knowledge,are not suggested in contemporary literature.In this chapter we summarize some of the results achieved during the process.Cartography and GISWe identi�ed and de�ned the Paper Map Model, which has its roots in ancient cartography,and showed that it is the core in any GI system today. We claimed that this Ptolemaicparadox represents a bottleneck in computer based handling of geographic information.In contrast to some trends in GI science, which tend to drift away from cartography andinto the realms of database theory, primitive geometric modeling and low level algorithmicoptimization, we claim that GI science may bene�t from not discarding the notion of the map.By regarding the long and rich traditions of cartography as a �rm foundation, we proposedto augment the Paper Map Model as a step towards a new core model of the real world foruse in GI applications.The concept of cartographic generalization inherently generates multiple representationsof geographic objects, varying according to scale, edition and moments or intervals in time.This problem has been only partially addressed in GI research, frequently with emphasis onmulti-scale representations of simple spatial structures. We suggested a more general andintegrated approach by introducing the Multimodel.MultimodelsThe Multimodel is basically a high level conceptual mechanism for managing collections ofmodel variants in a homogeneous manner, i.e. that we may perform the same operations onthe various sets, without paying attention to details concerning the actual representation ofthe objects.



128 ResultsWe designed a few specialized Multimodels, di�ering basically due to the properties of themodels they could handle. Key operations associated with the Multimodels were algorith-mically outlined. The di�erent Multimodels was shown to represent the variants in variousdegrees of compactness and consistency.An implementation of a generic Multimodel customized to handle generalized geographicinformation was carried through. We de�ned Multimodels to some detail for piecewise linearcurves and piecewise linear surfaces.The Multimodel concept should not be restricted to the domain of spatiotemporal infor-mation. We may experience a spino� e�ect due to the versatility of our approach, in the sensethat the Multimodel concept may be adopted and adapted in other application areas, suchas computer aided geometric design (CAGD) and general information systems.MetamapMetamap was developed as one of many possible realizations of the augmented map concept.The two main ideas behind the Metamap concept are:To provide structures for integration of the duality of geographic information, i.e. thata `thing' has both a spatial and non-spatial description.To manage the multitude of generalized variants.The integration of spatial and non-spatial information is maintained by a set of topologies,or relations between various objects. The topologies may also be used to impose constraintsand to facilitate navigation in collections of geographic elements.Metamap is incorporating the Multimodel concept, in the sense that both the spatial andthe non-spatial objects are assumed to be Multimodeled.We presented an informal methodology of Metamap modeling, and applied it in the de-sign of a limited Metamap called MINIMAP. MINIMAP was rudimentary implemented todemonstrate key features of the augmented map model.
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Chapter 12Future ResearchThe interdisciplinary nature of cartography and GI science is the background for the somewhatgrand scope of the thesis.We have accomplished to design and develop structures which we have used to augmentthe traditional map concept. However, even if the framework is conceptually comprehensive,the lack of details in several areas is obvious.We realize the substantial amount of research needed for developing the ideas in thethesis into well functioning tools in a GI setting. In this chapter we will try to sort outsome main areas of interest in possible future research on augmented map concepts. Due tothe wide span of research areas, we see the advantages of integrated and coordinated e�orts.A research strategy implying a number of single, independent projects is likely to yield yetanother instance of the Ptolemaic paradox.Cartography and GISIn Part I, we brie
y investigated cartographic generalization. We claimed that this is afundamental issue in geographic modeling, resulting in variants of di�erent kinds. However, wedid not go into detail concerning di�erent generalization operators. A thorough understandingof the nature of the generalization process is of vital importance in GI modeling. A successfuldevelopment of the Multimodel concept, as described in Part II, is e.g. quite dependent ofsuch knowledge.There are several promising ongoing research projects in this �eld, see e.g [BM91] for anoverview of contemporary trends. The structures and functionality of generalization shouldsupply some of the main premisses in development of the Multimodel concept, which wouldbene�t from incorporating results from this area.MultimodelsIn Part II we proposed the Multimodel as a mechanism for management of model variants,and claimed that the various specialized Multimodels provided certain degrees of consistencyand compactness. However, we did not carry through any empirical experiments to supportor verify these assertions. Such investigations should be of central interest in further researchon Multimodels.



130 Future ResearchWe only made realistic implementations of multirecords, multicurves (PLCs) and mul-tisurfaces (PLSs). Clearly, to investigate the versatility of the Multimodel concept, a widevariety of digital models should be implemented. The thesis have a geometric approach,and special attention should therefore be paid to validate the Multimodel approach in thethematic domain of geographic modeling.Such implementations may also reveal other classes of Multimodels than those proposedin the thesis. Certainly, detailed algorithms, covering a complete set of operations, should bethe result of more extensive research in Multimodeling.A detailed survey of related approaches should be carried out. Adaptations has to bemade to incorporate existing techniques, such as approximation methods within CAGD.Questions concerning database issues will sooner or later have to be answered. Suchconsiderations are absent in the thesis, and e�cient Multimodel implementations will to alarge extent be dependent of the database implementations.We have occasionally claimed that the Multimodel approach may become useful in otherareas than GI science. A survey and study of alternative application areas, like faceliftingtechniques in CAGD (see [KW92]), should be of interest.MetamapThe proposed realization of the augmented map concept, Metamap, was rudimentary imple-mented in appendix B, and key aspects of the augmented map concept was demonstrated.We believe that many alternative formulations of the AMM may be successfully carriedthrough, and such alternatives should be investigated. However, it will require extensiveresearch to reveal the strengths and weak points of an augmented map model.An investigation of Metamap should imply an extensive exploration of a wide range of`real world' cases. Such experiments would be extremely useful in the process of re�ning andadjusting the concept.The notion of topology as an information integration tool would perhaps represent themost challenging part of a Metamap study. The design of such topological structures impliesa large degree of freedom, and assumes thorough knowledge in both the application areas andtheir performance demands, data modeling in general and algorithmic design in particular.An important issue to consider, is how to integrate the Metamap approach with existingconcepts and methods in GI science. Special attention should be paid to investigate thecompliance with selected GI standards. The Metamap concept should also be adjusted tomake smooth integration with other areas possible, like visualization and computer graphics.At last, one should not exclude the possibility of applying the Metamap concept in otherareas than GIS.
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Chapter 13EpilogueIn chapter 1, we asked some questions which initiated the quest resulting in the concepts ofthe Multimodel (Part II) and the Metamap (Part III). In Part IV, we carried through somerudimentary implementations of the concepts, and performed some experiments to highlightsome selected aspects of Metamap and Multimodels.The initial questions in chapter 1 have been an inspiration throughout the thesis. We nowclose the thesis by giving some direct remarks on how we have managed to solve the problemsoutlined by the questions 1, 2, 3 and 4.Answer 1 Crossing contours.No direct solution of this problem has been given. However, an implicit answer may befound in the 3D capability of an augmented map concept. If we represent the topography (orterrain) as an explicit surface, we may derive the height contours by horizontally sectioningthe surface. Since the terrain may be represented as a Multimodel with varying resolution(or scale), and the surface is explicit, the sectioning process will guarantee that crossing ofcontours will not occur. Figure 13.1 shows a contour map of the terrain visualized in �guresB.1 and B.2, after reducing the number of points in the triangulation from 974 to 56. We donot observe any crossing contours1, such as displayed in �gure 1.2 and 1.3.Answer 2 Dislocation.The dislocation problem, as illustrated in �gure 1.4, may be approached with the help of thetopology mechanisms outlined in 9.4. By de�ning a tertiary topology as a relation constrainingthe road object to be located inside the polygon representing the island, we may prevent suchdislocations.Answer 3 Multi scale structures.We have indeed made an attempt to suggest a solution to the problem outlined in question3. In Part II we introduced the Multimodel concept to address this and related problems.Implementations and experiments were performed in appendix A to highlight selected featuresof the Multimodel, and we showed that under certain assumptions the Multimodel is able tointegrate a set of variants in a compact and consistent manner.1However, the contours are not optimally shaped from a cartographic point of view. Thus, to designalgorithms for data reduction of PLSs yielding satisfactory contours remains a challenge.
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Figure 13.1: Contour map after heavy data reduction of terrain
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Epilogue 135Answer 4 Augmentation of the map conceptIn Part I, we claimed that the traditional map model, called the Paper Map Model, PMM,is inadequate as a basis in GI systems.An augmentation of the PMM was proposed, and in Part III we developed such an aug-mented map concept, called Metamap. Later, in appendix B, we carried out a minor imple-mentation that indicated the potential of the concept as a core map model in GI systems.In the thesis, a lofty framework has been developed, and some mechanisms have beenspeci�ed. Within the framework, some relatively limited and simple problems have actuallybeen solved. We may clearly have found solutions by more straight forward and simpleapproaches. Still, we believe that the more comprehensive approach will pay o� when thecomplexity of the problems increases.However, we realize that both the Multimodel and the Metamap concepts need substan-tial amounts of re�nements, enhancements and corrections to become useful in `real-world'applications. Still, we hope we have accomplished to establish a starting point from where itcould be possible to develop an augmented map model that may become the core of futureGI systems.
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Appendix AMULTIMOD - A SimpleMultimodel LibraryBased on the object model described in section 6.5 and the methodology and results fromchapter 7, we will in this appendix carry out an implementation using the object-orientedprogramming language C++. For details on the syntax and semantics of C++, see e.g.[Str91]. We call the implementation MULTIMOD.The goal is to establish a generic class library. By generic, we mean that the classes shouldbe of a general nature, able to act as a basis for many types of Multimodels. This implies thatsome details has to be added when it comes to use of MULTIMOD in a speci�c applicationcontext.We will only present the class de�nitions and their public operations. Data structures andoperations that are private or protected will not be shown, following a common tradition inobject-oriented development.The implementation is academic in scope, we just want to suggest one of many possibledirections to follow, and to demonstrate some key aspects of the Multimodels. Thus, minimalattention is paid to robustness and optimalization of the code.The code, including the data dependent triangulation routines, is written by the author1.A.1 The generic libraryWe will �rst present the three main classes in MULTIMOD, and then give some details onspecializations of them.Main structureThe heart of the library is the abstract DigMod class, implementing the notion of a digitalmodel, according to de�nition 9 in section 6.2.1However, some core subroutines in the AD-approximation of linear curves are provided by Arge andD�hlen, and the Delauney triangulation is based on a public domain Fortran version of the Cline-Renkamethod.



144 MULTIMOD - A Simple Multimodel Libraryclass DigMod: public AppFunc{public:DigMod(void);// Access of private datavoid setAttNo (const int);int getAttNo (void) const;void setType (const TransType);TransType getType (void) const;virtual void setAtt (void*, const int) = 0;virtual void* getAtt (const int) const = 0;char* whatAmI (void) const;};The operations enables us to manipulate the attribute vector and the transformation thatmaps the attributes to a `real world' model.DigMod is a subclass of the AppFunc. We observe that this class initially is empty. Byadding customized operations depending on the application context, AppFunc act as an inter-face between the Multimodel and the application. This will be shown later in the chapter.class AppFunc{public:AppFunc(void);};The Multimodel is basically a collection of objects which are generalized by the DigModclass. class Multimodel{public:Multimodel(void);// Index = 0,1,..,EDITIONS-1virtual DigMod* reconstruct (const int) = 0;virtual void insert (DigMod*) = 0;virtual void update (DigMod*, const int) = 0;virtual void dump (void) = 0;};The class should provide all the necessary operations to maintain the ordered set of vari-ants. In our case, we only have paid attention to operations as described in section 6.3.1.We have also include a dump() procedure which is supposed to reveal the internal structureof the Multimodel, especially how the variants are represented. Note that Multimodel is anabstract class.



A.1. THE GENERIC LIBRARY 145Having established the main structure of MULTIMOD, as illustrated with the objectmodel in �gure 6.3 in section 6.5 we will now design some specializations of the DigMod class.Specializations of DigModThe subclasses proposed in this section follow the categorization of digital models as outlinedin section 6.2. We design the classes with special attention to possible operations on sets ofmodels. All following classes are abstract, and need specialization before taken in use in anapplication.Class DigMod represents the most primitive digital model, with no operations associated.From this class, we successively derive subclasses with increasing degree of complexity andsupplied operations. We start with class PseudoDiff, with the �-operator, called sub(...),a copy-operator and two operations for comparing attributes in two models. These operationswill be needed in the the algorithms 6.4, 6.5 and 6.6, which will be used in the Multimodelassociated to the PseudoDiff models. We choose to use functions when implementing arith-metic operations, we think that the alternative of overloading existing operators may confusethe reader.class PseudoDiff: public DigMod{public:PseudoDiff(void);virtual void copy (void*) = 0;virtual void sub (void*, void*) = 0;virtual MmBool equalAtt (PseudoDiff*, const int, PseudoDiff*, const int) = 0;virtual MmBool equalZero (PseudoDiff*, const int) = 0;};The next class, DiffMod, will be furnished with an addition operator, and inherits all theoperations in PseudoDiff. The DiffMod models are assumed to form an abelian group (seede�nition 12).class DiffMod: public PseudoDiff{public:DiffMod(void);virtual void add (void*, void*) = 0;};The class ApproxMod is supplied with an approximation operator, and we assume that ametric (see de�nition 14) is available in the specializations of this class, such that we will beable to build true multiresolution structures.



146 MULTIMOD - A Simple Multimodel Libraryclass ApproxMod: public DiffMod{public:ApproxMod(void);virtual void approx (ApproxMod*, const double) = 0;};We end the design of model classes with RefineMod, which adds a re�nement operator toall the procedures supplied by the superclasses. In addition, we have designed a set of utilityprocedures.class RefineMod: public ApproxMod{public:RefineMod(void);virtual void refine (RefineMod*, int*, int) = 0;void setParamNo (int);int* getParamList (void);int getParamNo (void);void setParamListNo (int, int);};In the next section we design a suit of Multimodels capable of handling the various cate-gories of digital models.Specializations of MultimodelWe start with the most simple Multimodel, the TrivialMM. This is, however, a useful Multi-model, allowing collections of arbitrary kinds of digital models to be handled in a homogeneousmanner. We observe that the virtual operations from class Multimodel now is implemented,and thus it is possible to instantiate objects of the class TrivialMM.class TrivialMM: public Multimodel{public:TrivialMM (void);TrivialMM (DigMod*);DigMod* reconstruct (const int);void insert (DigMod*);void update (DigMod*, const int);};



A.2. CUSTOMIZING MULTIMOD 147The PseudoMM is an integration of variants of objects with the common superclass PseudoDiff.Note that the public part of the class is almost identical to the class TrivialMM. The maindi�erences are hidden in the private parts of the class. Of this reason, we will not display thede�nitions of the classes DifferenceMM, SelectionMM and DecomposedMM, which all are quitesimilar in terms of public operations.class PseudoMM: public Multimodel{public:PseudoMM(void);PseudoMM(PseudoDiff*, PseudoDiff*);DigMod* reconstruct (const int);void insert (DigMod*);void update (DigMod*, const int);};The generic part of MULTIMOD is then completed, and complies well with the objectmodel in �gure 6.4 in section 6.5. We will now take a look at a possible customization of thelibrary for use in a primitive GI application.A.2 Customizing MULTIMODThe �rst thing to do, is to design the operations that we want all models in the applicationto support.Application functionalityWe assume that our application is going to handle geographic information. We want tobe able to produce printed maps, i.e. planar projections, and supply the interface classAppFunc with the the virtual procedure printMap (MmPoint& max, MmPoint& min) whichperforms a planar projection of the model given a rectangular map window (see de�nition7 of the augmented map concept). In addition, we want to be able to generalize the object(see de�nition 4 of cartographic generalization). The virtual operation generalize (...)performs a generalization speci�ed as an a�ne transformation, and/or speci�ed by a giventolerance (scale).class AppFunc{public:AppFunc(void);virtual void printMap (...) const = 0;virtual void generalize (...) = 0;};



148 MULTIMOD - A Simple Multimodel LibraryWe are now ensured that every model in our system support these two operations (atleast as a dummy procedure if the operation do not have any meaningful interpretation in acertain model).In the next sections, we implement a variety of classes of objects that will be needed inour application.Arbitrary textIn our application we want a class for the management of thematic objects of type `arbitrarytext'. It is not possible to impose any structure of these objects, which may vary in contentsand length, and our only choice is to implement the class as a derivation of the plain DigModclass: class Text: public DigMod{public:Text(void);Text(char* tt);Text& operator= (const Text&);void printMap (...) const;void generalize (...);};We are now able to instantiate our �rst Multimodel, by the following code segment:Text t1("This is"); // Call the Text constructorText t2("our first");Text t3("MlutiModlle:");Text t4("Hello world!");TrivialMM tmm(&t1); // Initialize a TrivialMM with t1tmm.insert(&t2); // Insert modelstmm.insert(&t3);tmm.insert(&t4);tmm.reconstruct(0)->printMap(0,0,0, max, min); // Access models andtmm.reconstruct(1)->printMap(0,0,0, max, min); // print to maptmm.reconstruct(2)->printMap(0,0,0, max, min);tmm.reconstruct(3)->printMap(0,0,0, max, min);Running the code yields2:Printing model of type "Text" to map file: "This is"Printing model of type "Text" to map file: "our first"Printing model of type "Text" to map file: "MlutiModlle:"Printing model of type "Text" to map file: "Hello world!"2The example may seem a little far out in a GIS setting, but according to the academic scope, we allowourselves this kind of freedom.



A.2. CUSTOMIZING MULTIMOD 149Observing an error in the fourth variant, we correct it by an update and check the result:Text correction("Multimodel:"); // Construct new modeltmm.update(&correction, 2); // Update old modeltmm.reconstruct(0)->printMap(0,0,0, max, min);tmm.reconstruct(1)->printMap(0,0,0, max, min);tmm.reconstruct(2)->printMap(0,0,0, max, min);tmm.reconstruct(3)->printMap(0,0,0, max, min);The output of the application is asPrinting model of type "Text" to map file: "This is"Printing model of type "Text" to map file: "our first"Printing model of type "Text" to map file: "Multimodel:"Printing model of type "Text" to map file: "Hello world!"Encouraged by this minor achievement, we carry on with the slightly more advanced`record' class.RecordsWe model the `record' type as a number of arbitrary words. This class should comply withthe de�nition of the abstract PseudoDiff class, and we design the specialization Record.This implements the subtraction operator de�ned as a virtual procedure in the superclassPseudoDiff in addition to utility operations inherited from other superclasses.class Record: public PseudoDiff{public:Record (void);Record (const char*);Record& operator= (const Record&);void copy (void*);void sub (void*, void*);void printMap (...) const;void generalize (...);MmBool equalAtt (PseudoDiff*, const int, PseudoDiff*, const int);MmBool equalZero (PseudoDiff*, const int);void setAtt (void*, const int);void* getAtt (const int) const;};We will now make a Multimodel of the four �ve-words records written to the �les:



150 MULTIMOD - A Simple Multimodel Libraryrecord1.dta: "This" "is" "a" "long" "paper"record2.dta: "This" "is" "a" "boring" "paper"record3.dta: "This" "is" "a" "long" "thesis"record4.dta: "This" "is" "my" "master" "thesis"We run a little example by constructing the records and collect them in a PseudoMMMultimodel. We then dump the representations of the variants to highlight the internalstructure of the Multimodel. At last, we call the printMap operation for all the variants tocheck if the reconstruction procedure works as it should.Record rec1("record1.dta"); // Call the Record constructorRecord rec2("record2.dta");Record rec3("record3.dta");Record rec4("record4.dta");Record util_rec("record1.dta");PseudoMM pmm(&rec1, &util_rec); // Initialize a PseudoMMpmm.insert(&rec2); // Insert variantspmm.insert(&rec3);pmm.insert(&rec4);pmm.dump(); // Dump representationspmm.reconstruct(0)->printMap(0,0,0, max, min); // Reconstruct and print to mappmm.reconstruct(1)->printMap(0,0,0, max, min);pmm.reconstruct(2)->printMap(0,0,0, max, min);pmm.reconstruct(3)->printMap(0,0,0, max, min);Executing the code, we �rst get a dump of the representations:Dumping representation of variant nr. 1: "This" "is" "a" "long" "paper"Dumping representation of variant nr. 2: "ZERO" "ZERO" "ZERO" "boring" "ZERO"Dumping representation of variant nr. 3: "ZERO" "ZERO" "ZERO" "long" "thesis"Dumping representation of variant nr. 4: "ZERO" "ZERO" "my" "master" "ZERO"We observe the `ZERO's where no change has taken place relative to the last variant. Asassumed in section 6.4.2, we may store zeros or sequences of zeros more compact than anexplicit representation. The models are reconstructed correctly as:Printing model of type "Record" to map file: "This" "is" "a" "long" "paper"Printing model of type "Record" to map file: "This" "is" "a" "boring" "paper"Printing model of type "Record" to map file: "This" "is" "a" "long" "thesis"Printing model of type "Record" to map file: "This" "is" "my" "master" "thesis"In the two next sections we will look at Multimodels of piecewise linear curves.Piecewise linear curves: DP-approximationIn section 7.2 we presented a formulation of the piecewise linear curve (PLC) as two kindsof digital models, di�ering in their approximation operator. The Douglas-Peucker operatorgave rise to the very compact selection Multimodel. Based on the results from section 7.2, wedesign a class PlDpCurve, as a subclass of ApproxMod. The class implement operations derivedfrom the superclasses, and some utility procedures. The class is aggregating an instance ofthe class Data3D to hold the points, but we �nd that this only includes uninteresting details,and omit the description of this class.



A.2. CUSTOMIZING MULTIMOD 151class PlDpCurve: public ApproxMod{public:PlDpCurve (void);PlDpCurve (char* fname);PlDpCurve (const int pnt_no);PlDpCurve& operator= (const PlDpCurve&);void copy (void*);void add (void*, void*);void sub (void*, void*);void approx (ApproxMod*, const double);void printMap (...) const;void generalize (...);MmBool equalAtt (ApproxMod*, const int, ApproxMod*, const int);void setAtt (void*, const int);void* getAtt (const int) const;void setNo (const int);Data3D* getCurve (void) const;void setCurve (Data3D*);};Wemake some tests with the PlDpCurve class to demonstrate some features of the selectionMultimodel.We use the sine-like curve we studied in section 5.1.3, represented by eleven points asillustrated in �gure A.1. The curve is approximated according to a set of three tolerances.We then dump the representation, i.e. the initial explicit represented curve and the book-keeping �-vector. The curves are then printed in a map format.PlDpCurve dp_crv ("f_11"); // Initialize originalPlDpCurve util_crv("f_11"); // and utility curvedouble tol[3]; // Set tolerancestol[0] = 1.0;tol[1] = 0.25;tol[2] = 0.05;SelectionMM smm(&dp_crv, &util_crv, tol, 3); // Construct Multimodel,// including approximants.smm.dump(); // Dump representationsmm.reconstruct(0)->printMap(0,0,0, max, min); // Reconstruct andsmm.reconstruct(1)->printMap(0,0,0, max, min); // print to mapsmm.reconstruct(2)->printMap(0,0,0, max, min); // all variantssmm.reconstruct(3)->printMap(0,0,0, max, min);This code generates the following output (in addition to map �les containing the curve-data:
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Figure A.1: Initial PLC curveRunning Douglas Peucker approximation scheme..........PlDpCurve :: approx: DP stat = 0, old_no = 11, new_no = 4Running Douglas Peucker approximation scheme..........PlDpCurve :: approx: DP stat = 0, old_no = 11, new_no = 7Running Douglas Peucker approximation scheme..........PlDpCurve :: approx: DP stat = 0, old_no = 11, new_no = 9Dumping representations of variants:Attribute vector of initial model, 11 attributes:(0.0 0.7) (2.2 1.7) (5.6 2.5) (6.0 2.5) (7.1 2.4) (9.8 1.7) .../(11.2 1.1) (18.0 -1.1) (20.2 -0.8) (22.5 0.0) (24.0 0.7)Beta vector:3 2 0 3 1 2 .../1 3 2 0 3Printing PlDpCurve to map file...Printing model of type "Data3D" of 4 points to map file.Printing PlDpCurve to map file...Printing model of type "Data3D" of 7 points to map file.Printing PlDpCurve to map file...Printing model of type "Data3D" of 9 points to map file.Printing PlDpCurve to map file...Printing model of type "Data3D" of 11 points to map file.We see that the approximations yields curves of 4, 7, and 9 of the original 11 points. Bychecking the �-vector with original attribute vector and the approximants showed in A.2 wesee that this representation is correct.
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Figure A.2: Approximants of initial PLC



154 MULTIMOD - A Simple Multimodel LibraryPiecewise linear curves: AD-approximationIn section 7.2 we designed a decomposed Multimodel of PLCs based on another approximationoperator, the Arge-D�hlen algorithm. Basically, this method allows minor perturbations ofthe points in order to optimize the data reduction performance. The class PlAdCurve isderived from the RefineMod class, which basically add a re�nement operator to the superclassApproxMod.class PlAdCurve: public RefineMod{public:PlAdCurve (void);PlAdCurve (char* fname);PlAdCurve (const int pnt_no);PlAdCurve& operator= (const PlAdCurve&);void copy (void*);void add (void*, void*);void sub (void*, void*);void approx (ApproxMod*, const double);void refine (RefineMod*, int*, int);void printMap (...) const;void generalize (...);MmBool equalAtt (ApproxMod*, const int, ApproxMod*, const int);void setAtt (void*, const int);void* getAtt (const int) const;void setNo (const int);Data3D* getCurve (void) const;void setCurve (Data3D*);};We then integrate a set of PlAdCurves in a DecomposedMM class in order to study someaspects of this Multimodel. We will not display any code for these examples, since it isessentially the same statements as in the DP-approximation example. However, we includean output from the reconstruction of the original curve:Reconstructing variant no. 4...Refining PlAdCurve from 4 to 15 points...Adding PlAdCurves...Refining PlAdCurve from 15 to 31 points...Adding PlAdCurves...Refining PlAdCurve from 31 to 65 points...Adding PlAdCurves...Printing PlAdCurve to map file...Printing model of type "Data3D" of 65 points to map file.
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Figure A.3: Approximants of initial PLCWe observe that the procedure follows algorithm 6.12 with stepwise re�nement and addi-tion of di�erences.We use again the sine-function A.2, but now represented with 65 points in the originalcurve, see �gure A.2. We use the tolerances 0:5; 0:05 and 0:01, which generates curves of 4; 15and 31 points, respectively. The set of approximants are shown in �gure A.4.To highlight the ability of AD-approximation to move points in order to increase the datareduction rate, an enlargement of the original curve an two of the approximants are shown inA.5.In �gure A.6 we have plotted the representation of the decomposed Multimodel. Weobserve the coarsest approximation as an explicit representation, while the three other variantsare given as successively di�erences, thus clustering around origo.To study the the di�erence vectors in more detail, we have made two close-ups in �gureA.7 and A.8.We observe that the `magnitudes' of the points representing the di�erences are small. Byinspection, we see that the majority of the points in the di�erence according to the originalcurve is in the interval [�0:01; 0:01]�[�0:01; 0:01], which is not unexpected since the toleranceof the �rst approximation was indeed 0:01. By the use of standard compression techniques.see e.g. [Nel91], this phenomenon may yield very compact representations, using signi�cantlyless storage than compared to an explicit representation.
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Figure A.4: Approximants of initial PLC
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Figure A.5: Detail of AD approximation
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Figure A.6: Decomposed delta representation of PLC
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Figure A.7: Decomposed delta representation of PLC, detail I
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Figure A.8: Decomposed delta representation of PLC, detail II



A.2. CUSTOMIZING MULTIMOD 159Piecewise linear surfacesIn section 7.3, we brie
y discussed piecewise linear surfaces de�ned over triangulations. Wedid not propose any implicit storage scheme for multiscale PLSs, due to certain problemsassociated to this task. Still, we make a trivial Multimodel representation based on theclass PlSurface. The de�nition of the class is not displayed here, since it is very similarto the PlDpCurve. The approximation operator implements the datadependent procedurementioned in 7.3.
Figure A.9: Original Delauney triangulationWe make a test based on 477 point samples. The initial triangulation, shown as XY -plotin �gure3A.9, without any data reduction, is a Delauney triangulation. The following outputgives some statistics on the various triangulations:Points in triangulation..............: 477Edges in triangulation...............: 1409Triangles in triangulation...........: 933Tolerance............................: 0.000000Points in original triangulation.....: 0Reduction in percent of original.....: 0.000000Nr of edges swapped..................: 0LOP criterion........................: DelauneyPoints in triangulation..............: 256Edges in triangulation...............: 746Triangles in triangulation...........: 491Tolerance............................: 0.050000Points in original triangulation.....: 477Reduction in percent of original.....: 53.6687633The 2D and 3D surface visualizations in the thesis is generated by software written by Per �yvind Hvid-steen, SINTEF SI.



160 MULTIMOD - A Simple Multimodel LibraryNr of edges swapped..................: 472Nr of edges rejected to swap.........: 2359LOP criterion........................: Angle between normalsPoints in triangulation..............: 36Edges in triangulation...............: 86Triangles in triangulation...........: 51Tolerance............................: 0.150000Points in original triangulation.....: 477Reduction in percent of original.....: 7.547170Nr of edges swapped..................: 54Nr of edges rejected to swap.........: 219LOP criterion........................: Angle between normalsThe approximated triangulations are illustrated in �gures A.10 and A.11. The pointsomitted in the triangulations are marked as single dots. We observe, especially in A.10, thelong and thin triangles that are characteristic for datadependent triangulations, in contrastto the more `well-formed' triangles of the Delauney triangulation in A.9.
Figure A.10: Reduced triangulation with 256 pointsThe surfaces de�ned over the triangulations are shown in �gures A.12, A.13 and A.14.The surfaces are rendered to visualize the triangle patches structure. We observe that theapproximation with the largest tolerance, 0:15, is quite distorted compared to the original.This should not be surprising since the z-values of the surface vary between 0 and 0:2.
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Figure A.11: Reduced triangulation with 36 points

Figure A.12: Surface de�ned over 477 points
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Figure A.13: Surface de�ned over 256 points

Figure A.14: Surface de�ned over 36 points



A.2. CUSTOMIZING MULTIMOD 163Chalk and cheeseTo study the homogeneous aspects of the Multimodel, we consider the following examples.Multimodel* divMM[2]; // Make an array of two Multimodel// of arbitrary kinddivMM[0] = &tmm; // Initialize the array with the trivial MultimodeldivMM[1] = &pmm; // of text and the pseudo multi model of records,// which were constructed in earlier examples// Reconstruct and generate the fourth element in// each of the MultimodelsdivMM[0]->reconstruct(3)->printMap(0,0,0, max, min);divMM[1]->reconstruct(3)->printMap(0,0,0, max, min);We have two basically di�erent Multimodels, a selection model and a trivial model, con-taining di�erent types of digital models. We see that the Multimodels are handled on a su-perclass level, thus independent on which speci�c specializations the application deals with.Since the superclass AppFunc ensures us that the operation printMap(...) is implemented inall subclasses of DigMod, and that the procedure reconstruct(index) is an abstract opera-tion in Multimodel, we are able to make the reconstruction/printing call without any furtherconsiderations. The code produces the following printout.Printing model of type "Text" to map file: "Hello world!"Printing model of type "Record" to map file: "This" "is" "my" "masters" "thesis"We just experienced an example of integrating di�erent Multimodels in a homogeneousmanner. We now take a look on how di�erent types of digital models are integrated in thevery same Multimodel. To achieve this, we have to resort to the trivial Multimodel:// Initialize the chalk-and-cheese Multimodel with// a variant from the `Text' Multimodel from the last exampleTrivMM chalk_and_cheese (divMM[0]->reconstruct(3));// Insert a variant from the `Record' Multimodel from the last examplechalk_and_cheese.insert (divMM[1]->reconstruct(3));// Generate and print the two variants in the Multimodelchalk_and_cheese.reconstruct(0)->printMap(0,0,0, max, min);chalk_and_cheese.reconstruct(1)->printMap(0,0,0, max, min);We should expect the output to be identical of the last example, and to our fortune, it is:Printing model of type "Text" to map file: "Hello world!"Printing model of type "Record" to map file: "This" "is" "my" "masters" "thesis"We summarize the elaboration of the generic Multimodel library with an object model.Final object modelWe close the MULTIMOD development with an object model of the customization of thegeneric library, see �gure A.154. A.15.4Some minor deviations in the class names and operations may occur.
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Appendix BMINIMAP - A Simple MetamapLibraryIn this chapter we make a limited implementation of the MINIMAP as it is described insection 10. We start with the development of a library based on the metamodel in �gure 9.4.We use the library to implement the Metamap outlined in the object model given in �gure10.1. The chapter is closed with some test examples.Like the MULTIMOD development in appendix A, the scope of the implementation isindeed academic. We just want to demonstrate some selected high level mechanisms in aMetamap, and from a GIS point of view, the examples are far from realistic.The entire code is written by the author.B.1 The libraryFollowing the object model given in �gure 10.1, we start the implementation with the mainclass, the MINIMAP.class MINIMAP{public:MINIMAP (void);MINIMAP (GeographicElement*);MINIMAP (const char*, double, const char*);void printMap (const int, MmPoint&, MmPoint&);void printMap (const int, const int,MmPoint& , MmPoint& );void generalize (const double, const double,const int, const int );GeographicElement* acessGeoElement (const int);void addGeoElement (GeographicElement*, const int);};



166 APPENDIX B. MINIMAP - A SIMPLE METAMAP LIBRARYThe class aggregates a set of objects of the class GeographicElement. The constructorsinitialize the object either based on a GeographicElement, which is assumed to be the surfaceof the terrain in our map, or by a �le containing the surface description and a text stringrepresenting the thematic information. We have two printMap operations, one printing theentire map according to a given Multimodel parameter, the other printing a selected objectand all its supported objects (see section 10.2.4 for the discussion of topologies of MINIMAP).The printMap produces both 2D and 3D presentations. We also implement a very simplegeneralization operator that performs translations of spatial objects.To maintain the the set of GeographicElements, we have supplied the class with the op-erators accessGeoElement, which returns a certain geographic element, and addGeoElement,which appends a geographic element to the Metamap, and set the support-topology accordingto a given parameter.The de�nition of the class GeographicElement is given as follows:class GeographicElement{public:GeographicElement (void);GeographicElement (TopographicElement*, ThematicElement*);GeographicElement (TopographicElement*, const char*);void printMap (const int, MmPoint&, MmPoint&);void generalize (const double, const double,const int );GeographicElement* getSupported (const int) const;void setSupported (GeographicElement*);int getSupportedNo (void);TopographicElement* getTopo (void);ThematicElement* getTheme (void);void setZ (PlSurface*, const int);};We observe that the class aggregates objects of the classes TopographicElement, andThematicElement. The constructor takes two such objects as input, or alternatively thethematic element given as a plain text string. We �nd the printing and generalization oper-ators corresponding to those given in the MINIMAP class. In addition, we have a set of utilityprocedures for maintaining the support-topology.The two classes TopographicElement and TopographicElement are quite identically de-�ned, and we only display the TopographicElement.



B.2. EXAMPLES 167class TopographicElement{public:TopographicElement (void);TopographicElement (Multimodel*);void printMap (const int, MmPoint&, MmPoint&);DigMod* accessVariant (const int);};The class is constructed based on a Multimodel input, and we only have two additionaloperations. The print procedure generates 2D and 3D presentations, and accessVariantreconstructs a given variant in the Multimodel.We use the framework to produce a few examples.B.2 ExamplesAccording to the academic scope of the implementation, we do not attempt to simulate arealistic GIS application. We will only focus on aspects of the Metamap. Issues concerningMultimodels will not be illustrated, such examples are given appendix A.Initialization of the MINIMAPWe start our experiments by initializing a simple MINIMAP consisting of a surface and asingle box1. // Construct a MINIMAP based on a file with a// surface description, and a text string.// The surface is initially approximated according to// the given toleranceMINIMAP map("world.dta", 0.12, "This is our world");// Initialize a box (`building')Box box1(0.4,0.7, 0.42,0.7, 0.42,0.75 , 0.4,0.75, 0.04);// Make a trivial Multimodel of the boxTrivMM mm_b1(&box1);// Construct a topographic element based on the MultimodelTopographicElement b1(&mm_b1);// Construct a geographic element based on the topographic object// and a text stringGeographicElement gbox1 (&b1, "box1");// Add the complete description of the `building' to the map// and let the surface support itmap.addGeoElement (&gbox1, 0);// Print the the complete map represented by the first and// initial variants in the Multimodels (here: only one variant)map.printMap(0, max, min);1The implementation of the Box class is quite trivial an is not explained in any detail.



168 APPENDIX B. MINIMAP - A SIMPLE METAMAP LIBRARYPresentation independenceBy executing the code, we �rst get some information on the construction of the surface:Points in triangulation..............: 974Edges in triangulation...............: 2892Triangles in triangulation...........: 1919Tolerance............................: 0.120000Points in original triangulation.....: 3481Reduction in percent of original.....: 27.980465Nr of edges swapped..................: 3213Nr of edges rejected to swap.........: 12892LOP criterion........................: Angle between normalsThe printMap procedure gives the following output:Starts printing MINIMAP with 2 elements.....Printing geo-element no 0 ...Printing model of type "Piecewise linear surface" to map file...Printing model of type "Text" to map file: "This is our world"Printing geo-element no 1 ...Printing model of type "Box" to map file...Printing model of type "Text" to map file: "box1"The spatial output of the printMap procedure is a 2D contour plot shown in �gure B.1,and the 3D rendering in �gure B.2. This is an example of the presentation independence of aMetamap. Note that the `ocean' is not explicitly modeled, but merely hard-coded as a certainz-level.GeneralizationTo demonstrate the simple translation generalization, we move the box with the followingstatement:map.generalize(-0.1, 0.05, 0, 0);The call implies a translation of all spatial objects supported by the surface, geographicelement no. 0. The change is performed in the initial Multimodel variant (no. 0). The resultis shown in �gure B.3. Observe that the box automatically derives the elevation given by thesurface.Grouping of objectsWe now want to group a collection of boxes, such that a generalization of the supportingelement automatically propagates to the collection of supported objects. For this purpose,we construct an `empty' geographic element, only having the mission to aggregate a set ofsupported boxes.// Construct MINIMAPMINIMAP map("world.dta", 0.12, "This is our world");// Construct 4 box elements
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Figure B.1: Contour plot of the Metamap
Figure B.2: 3D visualization of the Metamap
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Figure B.3: Simple generalizationBox box1(0.4,0.7, 0.42,0.7, 0.42,0.75 , 0.4,0.75, 0.04);TrivMM mm_b1(&box1);TopographicElement b1(&mm_b1);GeographicElement gbox1 (&b1, "box1");...GeographicElement gbox2......GeographicElement gbox3......GeographicElement gbox3...// Construct the `empty' geographic elementGeographicElement empty_support;// Add the `empty' to the surfacemap.addGeoElement (&empty_support, 0);// Add the boxes to the supporting `empty' elementmap.addGeoElement (&gbox1, 1);map.addGeoElement (&gbox2, 1);map.addGeoElement (&gbox3, 1);map.addGeoElement (&gbox4, 1);// Print the mapmap.printMap(0, max, min);Figure B.4 shows the new scene with four boxes.By performing a generalization of the `empty' object, which is indexed as 1, all the sup-ported boxes should be a�ected:map.generalize(-0.1, 0.05, 1, 0);Comparing the original scene to the generalized version in �gure B.5, we observe that thewhole group of boxes has been translated, as it was supposed to.
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Figure B.4: Group of elements

Figure B.5: Propagation of generalization
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