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Chapter 1Introduction
1.1 Introduction to Spatial DatabasesA spatial database [28, 35, 75] management system aims at the e�ective and e�cientmanagement of data related to a space such as the physical world (geography, urbanplanning, astronomy); parts of living organisms (anatomy of the human body); engi-neering design (very large scale integrated circuits, the design of an automobile or themolecular structure of a pharmaceutical drug); and conceptual information space (amulti-dimensional decision support system, 
uid 
ow, or an electro-magnetic �eld). Thedistinguishing features of a spatial database management system are the use of complexdata types like points, lines and polygons to represent spatial objects and the existenceof many potential relationships between spatial objects.The �eld of spatial database research has been an active area of research for overtwo decades. It's results, e.g. spatial multi-dimensional indexes, are being used in anumber of areas. The �eld of spatial databases can be de�ned by its accomplishments,and current research is aimed at improving its functionality and its performance. Theimpetus for improving functionality comes from the needs of existing applications suchas Geographic Information Systems (GIS) and Computer Aided Design (CAD), as wellas from potential applications such as Multimedia Information System(MMIS), DataWarehousing (DWH) and NASA's Earth Observation System (EOS). The acceptance ofGIS as an important tool in government decision-making is also documented [73, 11] and1



2military planners have embraced GIS technology at all levels of tactical, operational andstrategic planning, including battle�eld visualization and terrain analysis [46].Commercial examples of spatial database management system include Informix's spa-tial data-blades (i.e. 2D, 3D, Geodetic), Oracle's Universal server with either SpatialData Option or Spatial Data Cartridge and ESRI's Spatial Database Engine (SDE).Research prototype examples of spatial database management systems include spatialdatablades with Postgres [66], GeO2, and Paradise[14]. The functionalities provided bythese systems include:� A set of spatial data types such as a point, line-segment and polygon, and a set ofspatial operations such as inside, intersection, and distance.� The spatial types and operations may be made a part of a query language suchas SQL, which allows spatial querying when combined with an object-relationaldatabase management system [10, 68].� The performance enhancement provided by these systems includes a multi-dimensionalspatial index and algorithms for spatial access methods, spatial range queries andspatial joins. Spatial indexing with concurrency control may be implemented inthe object-relational server for performance reasons.Existing and emerging applications require new functionalities including the modelingof new spatial data types, e.g., oriented objects, open shapes. The performance needs ofemerging applications require not only the management of large data-sets, but also newprocessing strategies for new spatial operations such as directional operations.The role of the spatial database component is dependent on the type of databasemanagement system (DBMS) involved: relational, object-oriented or object-relational.Spatial databases have been one of the most common applications of object-relationaldatabases[10, 68, 67] and have in
uenced their design a great deal. Object-relationaldatabases allow the inclusion of spatial data-types, spatial operations, and multi-dimensionalindexing systems. This three-layer architectural framework is shown in Figure 1.1, and



3it consists of an object-relational database management system, a spatial database, anda spatial application such as a GIS or MMIS.
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Figure 1.1: 3-layer architectureThe interface between the application and the spatial data system maps application-speci�c constructs to the spatial database. The spatial database associates the appli-cation requirements to the functionality provided by the DBMS. The interface to theDBMS supports specialized query processing, which in turn supports the core databaserequirements for achieving acceptable performance.



41.2 Spatial Data Model and Query ProcessingResearch into spatial databases has mainly focused on developing a space taxonomy,data models, query languages, query processing, and spatial access methods. Recentreports[28, 35, 75, 2, 58] have described the accomplishments of spatial database researchand have prioritized research needs. A broad survey of spatial database requirementsand an overview of research results is provided by [75, 28, 2, 60]. In this section, we willbrie
y review the accomplishments and research needs of spatial data model and spatialquery processing.A spatial data model [60, 75] is a type of data-abstraction that hides the details ofdata-storage. There are two common models of spatial information: �eld-based andobject-based. The �eld-based model treats spatial information such as altitude, rainfalland temperature as a collection of spatial functions transforming a space-partition toan attribute domain. The object-based model treats the information space as if it ispopulated by discrete, identi�able, spatially-referenced entities. The operations in objectmodel include distance and boundary. The operations on �elds include local, focal, andzonal operations [72, 5], as shown in Table 1.1.Data model Operator Group OperationSet-Oriented equals, is a member of, is empty, is a subset of, is disjoint from,intersection, union, di�erence, cardinalityVector Object Topological boundary, interior, closure, meets, overlaps, is inside, covers, con-nected, components, extremes, is withinMetric distance, bearing/angle, length, area, perimeter, centroidDirectional east, north, northwest, left, front, betweenNetwork successors, ancestors, connected, shortest-pathLocal Point-wise sums, di�erences, maximums, means, etcRaster �eld Focal slope, aspect, weighted average of neighborhoodZonal sum or mean or maximum of �eld values in each zoneTable 1.1: A Sample of Spatial OperationsAn implementation of a spatial data model consists of a set of spatial data typesand the operations on those types. Much work has been done over the last decadeon the design of spatial Abstract Data Types(ADTs) and their embedding in a querylanguage. Consensus is slowly emerging via standardization e�orts like OGIS [24]. Figure



51.2 illustrates the spatial data-type hierarchy of OGIS which consists of points, curvesand surfaces. The basic operations speci�ed by OGIS [24] operative on all data types
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Line LinearRing MultiPolygon MultiLineStringFigure 1.2: Spatial Data Type Hierarchy[21]are shown in Table 1.2. The topological operations are based on the ubiquitous 9-intersection model [16]. Using the OGIS speci�cation, common spatial queries can beintuitively posed in SQL[16].Spatial queries are often processed using �lter and re�ne techniques. Approximategeometry such as the Minimal Bounding Rectangle(MBR) of an extended spatial objectis �rst used to �lter out many irrelevant objects quickly. Exact geometry is then used forthe remaining spatial objects to complete the processing. Strategies for range-queriesinclude a scan and index-search in conjunction with the plane-sweep algorithm [9].Strategies for the spatial-join include the nested loop, tree matching [9] when indicesare present on all participating relations, and space partitioning [50] in the absence ofindices. To speed up computation for large spatial objects (it is common for polygonsto have 1000 or more edges), object indices are used in extended �ltering.A large number of spatial indices [57, 39, 63, 36, 61, 41] have been explored for multi-dimensional euclidean space. One of the �rst access methods created to handle extendedobjects was Guttman's R-tree structure [29]. The R-tree is a height balanced naturalextension of the B+ tree for higher dimensions. Objects are represented in the R-tree



6Basic Functions SpatialReference() Returns the Reference System of the geometryEnvelope() The minimum bounding rectangle of the geometryExport() Convert the geometry into a di�erent representation.IsEmpty() Tests if the geometry is a empty set or notIsSimple() Returns True if the geometry is simple(no self-intersection)Boundary() Returns the boundary of the geometryTopological/ Equal Tests if the geometries are spatially equalSet Disjoint Tests if the geometries are disjointOperators Intersect Tests if the geometries intersectTouch Tests if the geometries touch each otherCross Tests if the geometries cross each otherWithin Tests if the given geomtry is within another given geometryContains Tests if the given geometry contains another given geometryOverlap Tests if the geometry overlaps another geometrySpatial Distance Returns the shortest distance between two geometriesAnalysis Bu�er Returns a geometry that represents allpoints whose distance from the givenis less than or equal to the speci�ed distanceConvexHull Returns the convex hull of the geometryIntersection Returns the intersection of two geometriesUnion Returns the union of two geometriesDi�erence Returns the di�erence of two geometriesSymDi� Returns the symmetric di�erence of two geometriesTable 1.2: Representative functions speci�ed by OGISby their minimum bounding rectangles(MBRs). Nonleaf nodes are composed of entriesof the form (R; child � pointer), where R is the MBR of all entries contained in thechild-pointer. Leaf nodes contain the MBRs of the data objects. To guarantee goodspace utilization and height-balance, the parent MBRs are allowed to overlap. Figure1.3(a) illustrates the spatial objects, while Figure 1.3(b) shows the corresponding R-tree.Many variations of the R-tree structure exist whose main emphasis is on discovering newstrategies to maintain the balance of the tree, in case of a split, and to minimize theoverlap of the MBRs in order to improve the search time.Spatial databases are being used for an increasing number of new applications, such asIntelligent Transportation Systems and NASA's Earth Observation System. However, aswe notice in Table 1.2, the OGIS speci�cation is con�ned to topological [12] and metricoperations on vector data types. More work is needed to incorporate relationships suchas directional [64] operations (see Table 1.1 for examples).Many processing strategies using the overlap predicate have been developed for range
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81.3 Modeling and Processing Directional RelationshipsDirection is a common spatial concept that is used everywhere in daily life. When peoplecommunicate about a geographic space, direction is necessary to convey the information.For instance, direction concepts and direction reasoning are important when people makedecision on the layout of new facilities, or on the location of constructing a new building.Directional relationships are also critical in visual and natural language interfaces toGeographic information systems(GIS). For example, GIS should be able to interpret thesemantics of the spatial constraints and infer the implicit directional relationship.Direction is also frequently used as a selection condition in spatial queries[28] or usedfor similarity accessing in image databases [53]. Examples of direction queries used inarmy battle�eld visualization [27] are \List the enemy targets to the north of BuildingB",\Is there anything over the ridge?", and \Describe all tanks to the left of LandmarkL". The �rst example refers to an absolute directional relationship(north) with respectto Building B, the second involves a viewer-orientation-based directional relationship,i.e. the direction is based on the orientation of the viewer, and the third example usesan object-orientation-based direction as its selection criteria.It is important for a spatial database system to provide a mechanism for modelingand processing direction queries. Figure 1.4 illustrates an example framework. Theframework consists of three basic functional components. The �rst component is direc-tion modeling, which formalizes di�erent direction models and the corresponding ADTsfor incorporating direction concepts and directional relationships into spatial databases.The second component deals with the data integrity in databases. The subsystem consis-tency checking checks the consistency among the speci�ed directional constraints amongobjects in databases, and the subsystem it inferencing provides an inferencing mechanismfor qualitative direction reasoning. The last component is the direction query processing.It returns the objects satisfying the search criteria to users.In this thesis, we aim to explore these components, namely direction modeling, di-rection inferencing, consistency checking and directional query processing. The issues
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Figure 1.4: Framework for Modeling and Processing directional relationshipsinvolved are addressed in the following chapters. Among these chapters, Chapter 2 dealswith the direction modeling in a general 3D Cartesian coordinate system, while chapter3 and chapter 4 focus on a more speci�c set of direction predicates in a 2D Cartesiancoordinate system. Each chapter is organized to address one of the components in theframework and designed to be self-contained. The related work, motivation, and contri-butions for each topic are explained in each chapter separately. In order to keep eachchapter self-contained, there may be some duplicated introduction to basic concepts.The organization of the rest chapters is as follows:In chapter 2, we address the problem of direction modeling. As a departure fromtraditional methods which model the directions as binary boolean functions between



10objects, we propose a novel vector based object model, i.e., model direction as a spatialobject by using the concepts of vectors, points and angles. This object view of directionhas several advantages. Being modeled as a spatial object, a direction object can haveits own attributes and operation sets. Secondly, new spatial data types such as orientedspatial objects and open shapes can be de�ned at the abstract object level. Finally, theobject view of direction makes direction reasoning easy and also reduces the need for alarge number of inference rules. The applicability of the direction model is demonstratedby geographic query examples.In chapter 3, we explore the direction query processing strategies. A new open shapebased strategy (OSS) is proposed to process direction queries in spatial databases. Pre-vious work on direction query processing has focused on processing absolute directionsusing range query strategies and R-tree indexing. However, many direction queriesdepend on the orientation of reference objects(or the viewer) which may change dueto motion. Classical methods are ine�cient when orientation of the reference objectis di�erent from the global reference system[43]. OSS strategy is designed to addressthis problem. OSS converts the processing of directional queries to the processing oftopological operations between open shapes and objects. It eliminates false hits at theearliest opportunity while recursively searching hierarchical indices like R-tree. SinceOSS models the direction region as an open shape, it also eliminates the computationrelated to the embedding world boundary. The algebraic analysis and experimental re-sults demonstrate that OSS consistently outperforms classical strategies (often by anorder of magnitude) in terms of both I/O and CPU cost.In chapter 4, we address the problem of consistency checking for Euclidean spatialconstraints. A dimension graph representation is proposed to maintain the Euclideanspatial constraints among objects. The basic idea is to project the spatial constraints onboth X and Y dimensions, and the dimension graph is constructed on each dimension.By using the dimension graph representation, the problem of consistency checking isthen transformed to a graph cycle detection problem[42]. The consistency checking canbe achieved with O(N+E) time as well as space complexity, where N is the number



11of spatial objects, and E is the number of spatial predicates in the constraint. Theproposed approach to consistency checking for spatial constraints is faster than O(N2)when the number of predicates is much smaller than N2 and there are few disjunctionsin the spatial constraint. The dimension graph and consistency checking algorithm canbe used for points, intervals and polygons in 2 dimensional space. The algorithm alsoguarantees the global consistency.In chapter 5, we propose equivalence classes of direction objects to unify the infer-encing of di�erent set of directional predicates. By de�ning an algebra on equivalenceclasses we construct a framework to model the semantics of direction predicates. Theequivalence classes of direction objects together with the algebra de�ned on it providean independent interpretation model for qualitative direction reasoning. We also dis-cuss the inferencing for viewer-orientation-based and object-orientation-based referenceframes using equivalence classes. Many inferencing rules in previous work can be derivedeasily using our framework and thus reducing the large number of inference rules needed.



Chapter 2An Object Model of Directionand Its Implications
Direction is an important spatial concept that is used in many �elds such as geographicinformation systems(GIS)[21] and image interpretation. It is also frequently used as aselection condition in spatial queries. Previous work has modeled direction as a relationalpredicate between spatial objects. Conversely, in this thesis, we model direction as anew kind of spatial object using the concepts of vectors, points and angles. The basicapproach is to model direction as a unit vector. Given an ordered pair (p1; p2) of spatialpoints, one can de�ne a direction, which can take the values of North, Northwest, 3 o'clock, etc. to represent the corresponding qualitative directional predicates on (p1; p2)in previous work. This novel view of direction has several obvious advantages: Beingmodeled as a spatial object, a direction object can have its own attributes and operationset. Secondly, new spatial data types such as oriented spatial objects and open spatialobjects can be de�ned at the abstract object level. Finally, the object view of directionmakes direction reasoning easy and also reduces the need for a large number of inferencerules. These features are important in spatial query processing and optimization. Theapplicability of the direction model is demonstrated by geographic query examples.
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132.1 Introduction2.1.1 Modeling DirectionDirection is a common spatial concept that is used everywhere in daily life[40]. Whenpeople communicate about a geographic space, for example, giving route descriptions,direction is necessary to convey the information. Direction is also frequently used asa selection condition in spatial queries[28] or used for similarity accessing in imagedatabases[53]. Example queries used in army battle�eld visualization[27] are \Is thereanything over the ridge?," \List the swamps in front of the tank."and \Let's move to thenorth of the tree." The �rst example refers to a viewer-orientation-based direction, thesecond can be de�ned on either the intrinsic orientation of the tank (object-orientation-based) or of a viewer, and the third example refers to the absolute direction with respectto the tree. In order to process queries involving direction constraints in the selectioncriteria, a spatial database system should provide a way for users to formalize directions.The common means of handling direction is to model direction as a spatial relationshipbetween objects[18, 60, 25, 76, 15, 51, 26, 20, 62, 48]. In this chapter, we formalizedirection from a di�erent perspective: as a spatial object. The basic approach is tomodel direction as a unit vector and orientation as a set of directions. As a spatialobject, direction can have its own attributes, and its own operators, and a richer set ofpredicates and operators on direction and orientation can be de�ned. Second, new spatialdata types such as oriented spatial objects and unbounded spatial objects can be easilyde�ned in the abstract object level. The object view of direction also makes it easy toperform direction reasoning by using only simple vector algebra, which also reduces thelarge number of inference rules commonly needed. This is useful in the processing andoptimization of spatial queries that contain direction constraints. We model the directionfor three frames of reference: absolute, object/viewer-orientation-based directions.We will not discuss the philosophical issue of whether directions are object/entities ornot in the strictest sense. Absolute directions such as North, South, East, or West canbe de�ned using a coordinate system w.r.t. the earth, and thus these can be considered



14to be objects in their own right. The object view for relative directions (e.g. left, front)needs further thought, because these directions are de�ned with respect to coordinatesystems attached to other objects. The issue needs to be explored further.2.1.2 Related work and our contributionsThe research work on direction modeling has been carried out in several areas such asgeographic information systems and image analysis. Most of the studies is on how tocapture the semantics of direction relations, and further, how to do spatial reasoning onthe direction [15, 18, 20]. There are two major direction reference frames used to modeldirection in 2D space: the cone-based model[51], and the projection-based model[18, 20].Frank[3] compared these two models and found the projection-based reference frame to bebetter in many aspects. The most common way to model directions between extendedobjects is through the object's Minimum Bounding Rectangle(MBR), where directionrelations are obtained by applying Allen's [4] interval relations along the x and y axis,in which case, 169 di�erent relations[15] can be distinguished. Some work based onMBR has been proposed on picture indexing in pictorial databases[53, 76], and somework aligns each boundary box to the object's major axis[34], which makes it possibleto satisfy di�erent reference frames[26]. On the other hand, Freska [19] proposed analternative method: semi-intervals to formalize the one-dimensional temporal relationbased on incomplete knowledge of the object. Goyal and Egenhofer [25] introduced aDirection-Relation Matrix to represent cardinal directions. Based on the projection-based frame, it partitions the space around the reference object and records into whichdirection tiles a target object falls. But this model still has limitations in the modelingof line objects, and it is limited to 2D space. Little work has been done on directions in3D space [23].The previous work modeled direction as a spatial relationship between spatial objects.This seems to be a natural mapping of the directional relationship that is used in geo-graphic space. But this modeling method has some limitations. Operations on directionare limited. Oriented(directed) objects and unbounded objects cannot be represented in



15the spatial data model.This chapter models direction as a spatial object: a unit vector. This novel viewof direction has several advantages over the binary boolean relationship view. Beingmodeled as a spatial object, a direction object can have its own attributes and operationset. The implementation of operators can use vector algebra, making a richer set ofpredicates and operators on direction feasible. Secondly, new spatial data types suchas oriented objects and unbounded objects can be de�ned at the abstract object level.The object view of direction also makes directional reasoning easy. Basic vector algebrais su�cient for inferencing new directions, and no special or new qualitative rules areneeded. This reduces the complexity of directional reasoning, and involving appropriatequantitative information is useful in spatial query processing and optimization in spatialdatabases.More discussion on direction objects, formal proofs, and their applications appearin [65], where an algebra on the equivalence classes of direction objects is de�ned. Thealgebra uni�es di�erent methods for directional qualitative reasoning that have appearedin previous work[18]. These issues are outside the scope of this chapter which focuses onde�ning the basic concepts and implications of treating directions as objects.2.1.3 Scope and OutlineThe organization of this chapter is as follows: In section 2 , we de�ne a mathematicalframework and propose new ADTs for directions and orientations. A new spatial datatype hierarchy is also proposed in this section. In section 3, an oriented spatial object isde�ned using the orientation object, and its application in spatial queries is discussed.Open geometry and its applications are illustrated in section4. Finally, the chapterconcludes with discussions and recommendations for future work.



162.2 Basic Concepts2.2.1 Points, Vectors, AnglesThe basic concepts we use here are points, vectors and angles, as illustrated in �gure2.1. A point has a position in space, which can be described using coordinates in a
u

P

t

v

Q
vectors u and v are same, and

Points P and Q are different, 

is the angle between vector v and tFigure 2.1: Diagram of points, vectors and anglescoordinate system. The only characteristic that distinguishes one point from anotheris its position. A vector, in contrast, has both magnitude and direction but no �xedposition in space. An angle between two vectors represents the direction deviation fromone vector to the other. Here, by angle, we mean the smaller one between two vectors,like � in diagram 2.1. In this chapter, we denote points by capitalized letters, such as P,and denote vectors as lower case letters with an arrow above, such as ~v.For simplicity we will use the Cartesian coordinate system to represent points andvectors in this chapter. The Cartesian coordinate system in 3D is a right-handed rect-angular coordinate system, with three axes x, y and z perpendicular to each other andintersecting at the origin. A point P in space is represented as an ordered triple (x; y; z),where x, y and z are rectangular components of P on the x, y and z axes , respectively.Let ~Ux; ~Uy and ~Uz represent three unit vectors which are the basis vectors of the coordi-nate system. A vector ~v can be de�ned as a linear combination of these basis vectors inthe form of: ~v = a ~Ux + b ~Uy + c ~Uz, where a, b and c are some numbers.Table 2.1 summarizes representative operations on points and vectors. Here P (xp; yp; zp)and Q(xq; yq; zq) are two points, � is the angle between vectors ~a and ~b, where ~a =xa ~Ux + ya ~Uy + za ~Uz and ~b = xb ~Ux + yb ~Uy + zb ~Uz. We can see that the subtractionoperation(-) is applied to point pairs, resulting in a vector. The operations of addi-tion(+), subtraction(-), scale multiplication, dot product(�), and cross product(�) are



17Operands Operations De�nitionPoint(s) - ~pq = Q� P = (xq � xp) ~Ux + (yq � yp) ~Uy + (zq � zp) ~Uz+ ~a+~b = (xa + xb) ~Ux + (ya + yb) ~Uy + (za + zb) ~UzVector(s) � ~a�~b = jajjbj cos� = xaxb + yayb + zazb� ~a�~b = jajjbj sin(�) ~u, where ~u is a unit vector, perpendicularto ~a and ~bscale m~a = mxa ~Ux +mya ~Uy +mza ~Uz, where m is a numberPoint, Vector + R = P +~a = R(xp + xa; yp + ya; zp + za), a point away from Pwith distance j~aj along the direction of ~aTable 2.1: Operations on vectors and pointsavailable between vector operands. The de�nitions are given in terms of the componentsin the Cartesian coordinate system. There is only one operation(+) available between apoint and a vector which actually produces another point. The associativity, commuta-tivity and distribution properties of these operators will be examined in the future worktowards integrating vector objects in query languages.2.2.2 Direction and OrientationDirection is de�ned as a unit vector, i.e., a vector with magnitude equal to 1. Table 2.2de�nes the operations on directions.Operations De�nitioncomposition ~d1 + ~d2 = ~d1+ ~d2j ~d1+ ~d2jdeviation cos� = ~d1 � ~d2reverse (�1)� ~d1between1 ~d between ~d1 and ~d2 if 9c1 > 0; c2 > 0 s.t. ~d = c1 ~d1 + c2 ~d2among2 ~d among ~d1, ~d2 and ~d3 if 9c1 > 0; c2 > 0; c3 > 0 s.t.~d = c1 ~d1 + c2 ~d2 + c3 ~d3Table 2.2: Operations on DirectionsThe operations on directions can be classi�ed into three categories. The �rst categorycontains the operations that produce new directions. Composition and reverse are opera-1This de�nition works well as long as vector ~d1 is not parallel to vector ~d2. The parallel case can behandled in a user de�ned manner.2Here ~d1; ~d2, and ~d3 are not in the same plane.



18tions in this category. The composition operation is actually achieved by vector-addition,and the resulting vector is scaled down by its magnitude to be a unit vector, which repre-sents the new direction. The reverse operator produces the reverse direction vector. Thesecond category of the operations is to calculate the deviation between two directions.Operator deviation calculates the cosine of the angle between two directions, and hencegives the deviation of one direction from the other. A pair of vectors are orthogonalif their dot-product returns zero, i.e., they have 900 deviation. The last category ofthe operations is to test the relationships among directions. The operators between andamong belong to this category. In �gure 2.2, ~d is between ~d1 and ~d2; however, ~d1 is notbetween ~d and ~d2. As we will see in later sections, these three categories of direction
d

d1

d2Figure 2.2: between operatoroperations make the modeling of direction concise and 
exible.Orientation is modeled as a spatial object which consists of a point of origin and Npair-wise orthogonal directions, where N is the dimension of the embedding space. Theorigin point and the N directions form a Cartesian coordinate system. In 3D space, thethree directions may be labeled the Back-Front, Left-Right, and Below-Above directionsof the orientation. Formally, we can de�ne orientation and its operations in 3D space asfollows:Orientation is a quadruple O= hOP, ~front, ~right, ~abovei, where OP is a point, and~front, ~right, ~above are three orthogonal directions. It has two operations:� translate(O;~v) = Orientation O0 = htranslate(OP; ~v), ~front, ~right, ~abovei;� rotate(O; rotationMatrix) = Orientation O0 = hOP; ~frontn; ~rightn; ~aboveni,where ( ~frontn; ~rightn; ~aboven)= ( ~front; ~right; ~above)� rotationMatrix;An example of the rotation Matrix which rotates the orientation along the ~above



19axis for an angle � is[55]:R� ~above = 24 cos(�) �sin(�) 0sin(�) cos(�) 00 0 1 35Table 2.3 gives an illustration of these operations.translate(O, ~v) rotate(O, R1800~above)
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rightTable 2.3: Operations on orientationAbstract Data Types for Modeling DirectionAs a summary of the above discussion, the de�nition of ADTs for vector, direction andorientation is given in Table 2.4. The C++ like syntax is used here. The column labeledADT attributes representative operationsvector x-comp: 
oat; vector(
oat, 
oat, 
oat); // constructory-comp: 
oat; 
oat magnitude();z-comp: 
oat; vector operator + (vector);vector operator scale();
oat operator dot-product (vector);vector operator � (vector);direction(
oat, 
oat, 
oat); //constructordirection(vector); // constructorDirection inherited from vector direction operator Composition(direction);subclass of vector constraint = unit magnitude direction operator reverse();
oat operator deviation(direction);boolean between(direction, direction);boolean among(direction, direction, direction);Orientation OP : point; orientation(
oat, direction, direction,direction);// constructor~front : direction; orientation operator translate(vector);~right : direction; orientation operator rotate(rotate-matrix);~above : direction;Table 2.4: Abstract Data Types for direction and orientationattributes declares the member variables of each class, and the representative operations



20column declares the interfaces of operations for each class. The vector class has threemember variables of the real type. These variables represent the three coe�cients whenthe vector is written as the linear combination of basis vectors of the coordinate system.The constructor constructs a vector object, given three real arguments. The �ve vectoroperators are declared as member operator functions. Direction is de�ned as a subclassof the vector class. It can be constructed either from a vector or from an ordered triple.Besides inheriting attributes and operators from the vector class, direction also adds newoperators such as between and among. The orientation class has four member variableswhich form a Cartesian coordinate system. Translate and rotate are declared as themember operator functions of the orientation class.



212.2.3 Frame of Reference: Absolute, Object/Viewer-orientation-basedDirectionsIn this section, we will deal with point-based objects for simplicity. There are threedi�erent perspective systems. We de�ne absolute Directions(e.g. north, south), object-orientation-based directions(e.g. left, above), and viewer-orientation-based directions.Absolute DirectionAbsolute direction in embedding space is de�ned as a relationship among objects basedon their locations in embedding space. For simplicity here, we will ignore the elevationand earth's curvature and use a projection-based model to map the space to a 2D localcoordinate system with north up and east right1.We model absolute directions in two ways: constant direction objects and directionalpredicates. Constant direction objects are created for frequently asked directions, e.g:~east, ~west, ~north, ~south, ~NW , ~NE, ~SE, ~SW . Table 2.5 illustrates how we can de�ne theconstant directions in terms of coordinates in local embedding space. The unit vector isdenoted by an ordered pair(a; b) which represents vector a ~Ueast + b ~Unorth.unit vector (1,0) (0,1) (-1,0) (0,-1) ( 1p2 ; 1p2 ) (� 1p2 ; 1p2 ) (� 1p2 ;� 1p2 ) ( 1p2 ;� 1p2 )directions ~east ~north ~west ~south ~NE ~NW ~SW ~SETable 2.5: constant absolute directionIntroducing constant direction objects provides much 
exibility in describing anddeciding any direction. By using the operator deviation, we can calculate how muchdeviation is from one direction to another direction. We can also produce a new direction,given the deviation from a speci�c constant direction. This is very useful in the layoutof facilities.Second, we also provide corresponding directional predicates to make it convenientfor users to specify the direction relation between two objects. They are East, West,1For a global view, we can extend to the ellipsoidal coordinate system[33]



22South, North, Northwest, NorthEast, SouthWest, SouthEast. For any two objects,assuming their centroids are P1, P2, we represent the relationship "P1 is to the east ofP2" by predicate East(P1; P2). The predicate is true if and only if equation ~east� ~P2P1j ~P2P1j = 1holds. Other predicates can be de�ned similarly.The above constant directions and predicates give precise directional calculation, thatis, only one angle matches each case. Sometimes users may be interested only in ap-proximate direction, such as a direction range: between north and northwest. The oper-ator between makes this approximate directional predicate possible. If we want to testwhether P1 is between north and northwest of P2, we can use the between operator inC++ notation as: ~P2P1:between( ~north; ~NW ).Object-orientation-based directionObject-orientation-based direction is the direction of the target object with respect tothe orientation of the reference object. The reference object is an oriented object, whilethe target object may or may not have orientation. In �gure 2.3, the person and the deskare oriented objects; the person is behind the desk and the desk is behind the personalso. We will use OB to represent the orientation of object B, and OB : ~front, OB : ~rightand OB : ~above are the three directions of B's orientation. By using the direction operatorreverse , the directions of B's behind, left and below can be described as �OB : ~front,�OB : ~right and �OB : ~above, respectively.Given a target point object A, and a reference point object B, the direction of Arelative to B can be calculated by using the deviation operation of the direction objects.First, a direction object ~BA is constructed from the vector A�B. Then the direction ofpoint object A with respect to point object B's orientation is decided by the deviation ofdirection object ~BA from the three directions OB : ~front, OB : ~right and OB : ~above. Thevector dot-product is the meta operation for direction deviation operation.Table 2.6 illustrates the calculation of the object-orientation-based direction. The �rstcolumn consists of the directional predicates and the remaining three columns are theconditions needed to satisfy the predicates. The predicate returns true if and only if all
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The flag is to the left of the desk
The desk is to the right of the flag

Figure 2.3: Viewer/Object-orientation-based directionthree corresponding conditions hold. The �rst six rows illustrate the calculation of exactdirections such as front, left, above, etc. As in row 1, if the dot-product of vector ~BAand direction OB : ~front is greater than zero, and the dot-products between vector ~BAand the other two directions of orientation OB are both zeros , then front(A;B) = true,which means that A is in front of B. These directional predicates are for precise directionchecking, whereas the other two categories of predicates are for direction range checking.The second category of directional predicates is to test if A is located in the regionbetween two directions. Here the operator between is used in C++ notation. For example,the relationship that A is between front(A) and right(B) is represented as predicate~BA:between(OB : ~front;OB : ~right), which has value true if and only if ~BA � OB : ~frontand ~BA � OB : ~right are both greater than zero and ~BA � OB : ~above is equal to zero.The predicates in this category are for the directions in 2D space. The third category ofpredicates consists of eight directional predicates which test if A is among three directionsin a 3D space. We represent the predicates using the operator among. As can be seenfrom the table, by using direction object ~BA, the checking of directional predicatesconverts to the calculation of direction deviation which is easily performed by the dot-product operation.



24Direction predicates ~BA�OB : ~front ~BA�OB : ~right ~BA�OB : ~aboveA in front of B = front(A;B) > 0 0 0A behind of B = behind(A;B) < 0 0 0A right to B = right(A;B) 0 > 0 0A left to B = left(A;B) 0 < 0 0A above B = above(A;B) 0 0 > 0A below B = below(A;B) 0 0 < 0A between front(B) and right(B) =~BA:between(OB: ~front; OB : ~right) > 0 > 0 0~BA:between(OB: ~front;�OB : ~right) > 0 < 0 0~BA:between(�OB: ~front;�OB: ~right) < 0 < 0 0~BA:between(�OB: ~front; OB : ~right) < 0 > 0 0~BA:between(OB: ~front; OB : ~above) > 0 0 > 0~BA:between(OB: ~front;�OB : ~above) > 0 0 < 0~BA:between(�OB: ~front; OB : ~above) < 0 0 > 0~BA:between(�OB: ~front;�OB: ~above) < 0 0 < 0~BA:between(�OB: ~right; OB : ~above) 0 < 0 > 0~BA:between(�OB: ~right;�OB: ~above) 0 < 0 < 0~BA:between(OB: ~right; OB : ~above) 0 > 0 > 0~BA:between(OB: ~right;�OB : ~above) 0 > 0 < 0A is among front(B),above(B) and left(B)=~BA:among(OB: ~front; OB : ~above;�OB : ~right) > 0 < 0 > 0~BA:among(OB: ~front; OB : ~above; OB : ~right) > 0 > 0 > 0~BA:among(OB: ~front;�OB : ~above; OB : ~right) > 0 > 0 < 0~BA:among(OB: ~front;�OB : ~above;�OB : ~right) > 0 < 0 < 0~BA:among(�OB: ~front; OB : ~above; OB : ~right) < 0 > 0 > 0~BA:among(�OB: ~front; OB : ~above;�OB : ~right) < 0 < 0 < 0~BA:among(�OB: ~front;�OB: ~above; OB : ~right) < 0 > 0 < 0~BA:among(�OB: ~front;�OB: ~above;�OB : ~right) < 0 < 0 < 0Table 2.6: Object-orientation-based directionsViewer-orientation-based directionViewer-orientation-based direction refers to the directional relationship which is mea-sured from the viewer's perspective. In �gure 2.3, the 
ag is to the left of the desk fromthe viewer's perspective.There are three related components in this system: target object A, reference objectB, and the viewer. The viewer has his/her own orientation, whereas objects A and Bmay or may not be oriented objects. Given these three components, we can estimate thedirection of object A relative to object B from the viewer's perspective, in a way similarto that used with the object-orientation-based system. The similar predicates but w.r.t.



25the viewer are de�ned and are calculated by the dot-product between vector ~BA andthe three directions of the reference orientation. The reference orientation here is theviewer's orientation OV , and hence the three dot-products needed to be calculated are~BA�OV : ~front , ~BA�OV : ~right, and ~BA�OV : ~above. A similar table can be obtainedas in Table 2.7.Direction predicates ~BA�OV : ~front ~BA�OV : ~right ~BA�OV : ~abovefront(A;B) > 0 0 0behind(A;B) < 0 0 0right(A;B) 0 > 0 0left(A;B) 0 < 0 0above(A;B) 0 0 > 0below(A;B) 0 0 < 0~BA:between(OV : ~front; OV : ~right) > 0 > 0 0~BA:among(OV : ~front; OV : ~above; OV : ~right) > 0 > 0 > 0Table 2.7: Viewer-orientation-based orientationIn the viewer{orientation-based direction system, the viewer may change his/her ori-entation or position(unlike objects, which are still). Using the operators rotate andtranslate on the orientation, we can easily generate new orientations.Viewer-orientation-based directions are heavily used in route navigation. The routeinstructions can be given in terms of absolute direction, i.e., north, south, etc.. But
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26directions would be much easier to understand if the instructions were given by viewer{orientation-based direction. Many web routing servers such as MapsOnUs use as manyviewer-orientation-based directions as possible in their route instructions. Figure 2.4is an example of a route map that starts from the Computer Science Building of theUniversity of Minnesota to a UM apartment on the St. Paul campus. The turn-by-turninstructions are given in table 2.8. As can be seen from the table, viewer-orientation-based directions are used at every turn to make it easy for users to follow the descriptionsintuitively. Go And Then Total milesStart Head South on Union ST SE, From Startpoint(200 Union ST SE, Mpls, MN) 0.01 Less than .1 mi Turn LEFT onto Washington Ave. SE 0.02 0.5 mi Continue onto US52 E 0.53 1.4 mi Turn LEFT onto RAYMOND Ave. 1.94 1.1 mi Continue onto N Cleveland Ave 3.05 0.2 mi Turn RIGHT onto Knapp street 3.2End Less that .1 mi End Point(2051 Knapp Ave, St.Paul, MN) 3.2Table 2.8: Turn-by-turn Directions2.2.4 New Spatial Data Type HierarchySome work has been done on modeling space into a spatial geometry hierarchy. The OpenGIS Consortium[32] proposed a spatial object hierarchy for incorporating 2D spatialADTs in SQL, as illustrated in �gure 2.5.This hierarchy consists of Points, Curves, Surface and the classGeometryCollection.The basic operations are con�ned to topological and metric operations. Since these datatypes model only bounded shape objects, the hierarchy has limitations in modelingobjects; for example, maps, rivers, roads and buildings which have their own direc-tions/orientations. For example, with few exceptions, printed maps are all oriented withnorth up. This is not only for better visualization, but for more 
exibility with spatialqueries. It allows queries such as "Which state is to the left of Minnesota?" to be askedby non-geographers who may not use geographic concepts like north, west, etc.Spatial queries such as " Is Minnesota in the north part of the USA?" can be answered



27

1+

1+

1+

2+1+

MultiLineStringMultiPolygonLinearRingLine

MultiPointMultiCurveMultiSurfacePolygonLineString

CurvePoint

SpatialReferenceSystemGeometry

GeometryCollectionSurface

Figure 2.5: Spatial Data Type Hierarchy[12]by comparing the location of Minnesota with the center of the USA and its direction tothe center, without the necessity of getting the information on the boundary of the USA.But in the OGIS hierarchy, spatial objects can only be modeled as bounded objects, sonorth part of USA should be represented in a polygon which needs accurate boundaryinformation that actually has little e�ect on the query.A new spatial data type hierarchy is proposed in �gure 2.6. This hierarchy includesoriented objects and unbounded(open) objects, which could be de�ned using the directionand orientation objects discussed above. In the new spatial hierarchy, maps and roadscan be de�ned as oriented objects.New Spatial Data Type HierarchyFigure 2.6 illustrates the extended spatial data type hierarchy which consists of shapeobjects, vectors and oriented(directed) objects. The spatial data types and their op-erators can be embedded in an extended query language to implement a spatial querylanguage.Many new operators are available in the extended spatial object model. Between
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Figure 2.6: Extended Spatial Data Type Hierarchyvector objects and shape objects, a�ne transformations can be performed. The additionof these operations makes some GIS applications easy. For example, Urban planningneeds interactive placement/orientation of facilities, location-based query explorationcan use a�ne operations, and using these operations can also improve viewer 
exibility,so that we do not have to look down on earth from space. Instead, a viewer can viewfrom any direction by performing rotation transformations.In the later sections, the new spatial data types are discussed in detail. Their appli-cations in geographic space are also described.



292.3 De�ning Oriented(directed) Spatial ObjectsThere are many objects in geographic space that have intrinsic directions/orientationsin addition to their locations and shapes, such as buildings, rivers and roads. As wediscussed above, modeling maps as oriented objects provides users more 
exibility inquery speci�cation. It also allows users who have little knowledge of geographic space toquery directions intuitively, based on their own orientations. As in the routing examplegiven in �gure 2.4, the turn-by-turn directions in table 2.8 mostly use viewer-orientation-based direction to make the information more meaningful to non-geographical users.But since there is no information on the orientation of the starting address, the �rstdirectional instruction is based on absolute direction SOUTH. If we know the orientationof the exit of the building, then we can use viewer-orientation-based direction instead,since in this case the viewer's orientation is aligned with the building exit's orientation.The instruction then may be "Turn Right onto Union Street SE", which is very easy forany user to follow.Table 2.9 shows some queries that can only be answered when the reference objectsand/or viewers are modeled as oriented objects.QueriesList the swamps in front of the tank.List the farm �elds suitable for tank movement, and are left to Lake A as viewed by Viewer 1.Let's move back a little.How far is the next intersection down this road?Table 2.9: Queries Need Orientation InformationIntroducing the Orientation class into the spatial object hierarchy makes it easy toformalize oriented objects. In addition to the attributes such as location and shape forthe geometric shape objects, an oriented object has an attribute orientation, which is aninstance object of class orientation. The operators available for oriented objects includeboth topological operators and direction and orientation operators.The ADT for oriented objects can be speci�ed in Oracle8.0[74]. We �rst de�ne thedirection object type and orientation object in Oracle 8.0. In the following, we assume



30Geometry is the spatial type de�ned by OGIS[32]. It could be a point, a line, a polygon,and etc.CREATE TYPE DirectionType AS OBJECT (x NUMBER,y NUMBER,z NUMBER,MEMBER FUNCTION composition(aDir IN DirectionType) RETURN DirectionType,MEMBER FUNCTION reverse RETURN DirectionType,MEMBER FUNCTION deviation(aDir IN DirectionType) RETURN NUMBER,MEMBER FUNCTION between(aDir IN DirectionType, bDir IN DirectionType)RETURN NUMBER,PRAGMA RESTRICT REFERENCES(default, WNDS));CREATE TYPE OrientationType AS OBJECT (op PointType,d1 DirectionType,d2 DirectionType,d3 DirectionType,MEMBER FUNCTION translate(aVector IN VectorType) RETURN OrientationType,MEMBER FUNCTION rotate(degree IN NUMBER) RETURN OrientationType,PRAGMA RESTRICT REFERENCES(default, WNDS));CREATE TYPE OrientedObject AS OBJECT (shape Geometry,orientation OrientationType,MEMBER FUNCTION left(obj IN Geometry ) RETURN NUMBER,/* other functions can be defined similarly */PRAGMA RESTRICT REFERENCES(default, WNDS));CREATE TYPE ViewerType AS OBJECT (name VARCHAR2(20),orientation OrientationType,MEMBER FUNCTION left(obj1 IN Geometry, obj2 IN Geometry) RETURN NUMBER,/* other functions can be defined similarly */PRAGMA RESTRICT REFERENCES(default, WNDS));We can use these data types to solve spatial queries involving oriented objects. Asan example, we will show how to write the �rst two queries in table 2.9 using thesedata types. The �rst query contains object-orientation-based direction and the secondone focuses on viewer-orientation-based direction. We �rst create a database schemeconsisting of four tables, FarmField, LandCover, Tank, and V iewer. The queries areperformed on this database schema.CREATE TABLE FarmField(name VARCHAR2(20), type VARCHAR2(20), extent Geometry);CREATE TABLE LandCover (name VARCHAR2(20), type VARCHAR2(20), extent Geometry);CREATE TABLE Tank (tankid VARCHAR2(20), time Time, extent OrientedObject);



31CREATE TABLE Viewer OF ViewerType;Query 1 : List the swamps in front of the tank.SELECT L.name, L.extentFROM Landcover L, Tank TWHERE T:extent:front(L:extent) = 1 ANDT.tankid = 'TANKID' AND L.type = 'swamps'� Explanation:front is an object-orientation-based direction predicate with re-spect to the oriented object Tank. Landcover is a partition of the space basedon landcover type. We search for partitions which lie in front of the tankand check their type. Example of possible types include \swamps", \water",\hill".Query 2 : List the farm �elds suitable for tank movement, and are left to Lake A asviewed by Viewer1.SELECT F.name, F.extentFROM FarmField F, Landcover L, Viewer VWHERE V.left(F.extent, L.extent)=1 ANDL.name = 'Lake A' AND V.name = 'Viewer1' AND F.type = 1� Explanation: A farm �eld is suitable for tank movement if the crop growinginside is soft and low. The type �eld in the FarmField table identify thisproperty. left is a viewer-orientation-based direction predicate with respectto the orientation of a viewer. The database will search for FarmFields thatare left of the lake from Viewer1's perspective, and list all the satisfying �eldssuitable for tank movement.



322.4 Open GeometryOpen objects mean those geometries whose boundaries are partially de�ned, or extend-ing beyond the data window, or in�nite. To think of a query example �rst:Query: Given the map of Minnesota as our data window, what's the length ofthe Mississippi river?Questions: What should the GIS system answer?(a) The length of the Mississippi river inside Minnesota.(b) At least the length of the Mississippi river inside Minnesota, but I don'tknow exactly.Since the Mississippi river extends outside Minnesota, we cannot compute the exactlength of the river given only the Minnesota map, so we prefer answer (b). Modelingthe river as a closed object can only return answer (a) which is not precise; however, ifwe model the river as an open object, then answer (b) will be obtained, which is moreaccurate.2.4.1 Categories of Open GeometryTable 2.10 categorizes the open objects based on two factors: the extent of the objectand our knowledge of the object. Figure 2.7 gives examples of each category of openobjects. KnowledgeOpen Object within window beyond window ExtentOpen-G complete none �niteOpen-I complete complete in�niteOpen-P partial partialTable 2.10: Open ShapesIf the object is �nite and its boundary is well de�ned within the data window, thenthis is a closed object. Type Open-G refers to the object that has a �nite boundary butextends beyond the data window; and the portion of the object within the data window
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closed Open_I

Open_G

Open_P

Data windowFigure 2.7: Examples of open shapesis fully known, but the portion outside the data window is only partially known. Thistype of open object is useful in GIS applications. For example, if we consider the mapof Minnesota as our data window, then the Mississippi river falls into the category ofOpen-G. Open-I refers to the object that has an in�nite boundary, but we have completeknowledge of the object either within the data window or outside. Even though it seemsof little interest to Geographic science since the earth has a �nite surface, the categoryis useful in modeling direction for extended objects, as we will discuss in a later section.Moreover, Open-I and Open-G have similar topological properties. Type Open-P refersto an object of which we have only incomplete information. Dealing with this kind ofobject is out of the scope of our discussion. In this chapter, we will focus on the categoryof Open-G and Open-I, and will use the term Open object in the places where di�erencebetween the two is unnecessary. to be di�erentiated.2.4.2 Geometric and Topological Operations on Open ObjectsIn this subsection, we will examine the e�ects of open objects on geometric and topologi-cal operations. Table 2.11 and table 2.12 give the results for basic geometric and topolog-ical operations, respectively. Here "Closed" represents a closed object and "Open" refersto an open object. The �rst column of each small table contains the �rst argument type,and the �rst row contains the second argument type. For example, Difference(Closed,Open) = Closed, and Difference(Open, Closed) = Open. If the two arguments ofdifference are Open objects, the result then could be either a closed object(If the two



34open objects extending to the same space) or an open object.Intersection Closed Open Union Closed Open Di�erence Closed OpenClosed Closed Closed Closed closed open Closed Closed ClosedOpen/ Open/Open Closed Closed Open Open open Open open ClosedTable 2.11: Domains and Ranges for Geometric Operations on Open ObjectsETDOC Closed Open Within Closed OpenClosed boolean boolean Closed boolean booleanboolean/ boolean/Open boolean don't know Open False don't knowTable 2.12: Domain and Ranges for Logical Operations on Open Object. ETDOCstands for one of fEquals; Touches;Disjoint;Overlap; CrossesgFigure 2.8 illustrates the four cases of operation Difference with an open shapeinvolved. The pattern parts represent the di�erence between two objects. It is worthto mentioning here that since the open shapes E and F extend to the same region, soDifference(E;F ) is a closed shape.
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Data windowFigure 2.8: Operation Difference on open shapesIn table 2.12, we combine operations that have the same results into one table. HereETDOC represents one of the operations in the set of fEqual, Touches, Disjoint, Overlap,Crossesg. The result of the operations could be either boolean or don't know. don't knowis a special value which has properties similar to the null value in a database. A useful



35observation is that topological operations involving closed objects always have booleanresults.2.4.3 De�ning Open lines, Open RectanglesExamples of open spatial objects are open lines, open planes, and open spaces. Acommon way to de�ne these in 3D Cartesian geometry is in terms of equations such asthe parametric equations [52]: x = x0+ at; y = y0+ bt; z = z0+ ct for a line through thepoint (x0; y0; z0), Ax+By+C=0 for a plane, and Ax+C=0 for a 3D space. It would bemore convenient if there were corresponding object classes so that users could describethem at an abstract level and use them to describe the space. The direction object couldbe used for this purpose.We de�ne open lines and open rectangle regions here using directions and points.Table 2.13 shows how to formalize each open object with examples in �gure 2.9.
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vFigure 2.9: Examples of open shapesType Subtype Descriptions Examplesopen line openline1(1-end open line) start-point, direction (a)openline2(2-end open line) intermediate-point, direction (b)openrect1:1-side open rectangle vertex1,vertex2,direction, wheredirection perpendicular to seg-ment formed by the two vertices (c)open rectangle openrect2(2-side open region) two 1-end open lines from the onlyvertex (d)openrect3(3-side open rectangle) 2-end open line, direction (e)Table 2.13: De�ning open objectsThere are several subtypes in each type. For an open line, it could be 1-end open(�gure2.9a), which needs a start point and a direction to de�ne it, or it could be 2-endopen(�gure 2.9b), which needs an intermediate point and a direction to describe it.The open rectangle also has three subtypes: a 1-side open rectangle (2.9c), described by



36two vertices of the rectangle and one direction which is perpendicular to the edge con-nected by the two vertices. A 2-side open rectangle is described using two 1-end openlines which start from the vertex of the rectangle. Also a 3-side open rectangle could bede�ned by a 2-end open line and a direction. It is obvious that extending to an opencube is easy.Abstract Data Types for open lines and open rectanglesThe ADTs for open objects are given in table 2.14 using C++ notation. The entire openobject class is de�ned as a subclass of geometry. Geometric and topological operationsavailable for open objects include openUnion, openIntersection, openDi�erence, open-Within, openEquals, openTouches, openDisjoint, openOverlap, and OverCrosses. Thede�nition of the operators should be overloaded for open objects, according to table 2.11and table 2.12. Here, we only show the attributes and constructors of each open objectclass, and as an illustration, we represent the spatial objects in �gure 2.9.ADT attributes constructors examples in �gure 2.9Openline1 sPoint : Point; openline1(point, direction); (a): openline1(P;~v)dir : Direction;Openline2 iPoint : Point; openline2(point, direction); (b): openline2(P;~v)dir : Direction;Openrect1 vertex1 : Point; openrect1(point, point, (c): openrect1(P1; P2; ~v)vertex2 : Point; direction);dir : Direction;Openrect2 line1 : Openline1; openrect2(openline1, openline1); (c): openrect2(openline1(P; ~u);openline1(P;~v))line2 : Openline1; openrect2(point, direction, (c): openrect1(P; ~u;~v);direction);Openrect3 line : Openline2; openrect3(openline2, direction); (d): openrect3(openline2(P; ~u);dir : Direction; ~v)Table 2.14: Abstract Data Types for Open Lines and Open Rectangles2.4.4 Modeling Direction Between Non-point Objects using Open ShapesWe can use open shapes to model the directions between extended objects by convertingthe calculation of directional relationships to the calculation of topological relationshipsbetween objects.



37Given two objects TO and RO, we want to decide the direction of target object TOrelated to reference object RO. Using the approach in [25], �rst we obtain the MBR ofobject RO and partition the space around object RO into nine direction tiles based onthe MBR of object RO, which is a rectangle ABCD as in �gure 2.10. We represent eachdirection tile as a spatial object, as in table 2.15.
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Figure 2.10: Object TO and RORectangle representation for �gure 2.10NW openrect2(openline2(A; ~u); openline2(A;�~v))N openrect1(A;B; ~u)NE openrect2(openline2(B; ~u); openline2(B;~v))E openrect1(B;C;~v)SE openrect2(openline2(C;�~u); openline2(C;~v))S openrect1(C;D;�~v)SW openrect2(openline2(D;�~u); openline2(D;�~v))W openrect1(A;D;�~v)O rectangle(A,B,C, D)Table 2.15: Direction tileEight of the nine direction tiles are open rectangles. NW, NE, SE, and SW are 2-sideopen rectangles, and N, W, E, and S are 1-side open rectangles. In order to test thedirection of object TO related to object RO, we can test into which direction tile TOfalls. The calculation is then converted to the overlap relationship between object TOand the direction tiles. For example,North(TO;RO) <==> openOverlap(TO;N)NorthWest(TO;RO) <==> openOverlap(TO;NW )The other directional relationship can be tested similarly. As we can see in table 2.12,



38the topological operations involving closed objects produce boolean values. The unionof all the tiles that overlap with A is the region where the target object TO is locatedw.r.t. the object RO. For example, in �gure 2.10, TO is North and Northwest and Westof object RO.



392.5 Conclusions and Future WorkIn this chapter, we model direction as a new kind of spatial object using the concepts ofvectors, points and angles. The basic approach here is to model direction as a unit vec-tor. This novel object view of direction has several obvious advantages: It allows usersto de�ne the orientation of spatial objects; it also gives a richer set of predicates andoperators on direction and orientation. New spatial data types such as oriented spatialobjects and unbounded spatial objects can be de�ned as well. Finally, direction reason-ing, which is useful in spatial query processing and optimization, can be implementedsimply by basic vector algebra.The bene�ts of the new viewpoint are obvious and promising. In future work, wewould integrate vector abstract data types with an extensible query language to evaluatetheir e�ciency in the context of various GIS applications[61, 63]. We would also like toexplore the use of vectors to model values of spatial attributes such as wind-velocity, themagnetic �eld of the earth, etc.



Chapter 3ProcessingObject-orientation-basedDirection Queries
Direction based spatial relationships are critical in many domains including geographicinformation systems(GIS) and image interpretation. They are also frequently used asselection conditions in spatial queries. In this chapter, we explore processing of queriesbased on object-orientation-based directional relationships. A new Open Shape basedstrategy(OSS) is proposed. OSS converts the processing of the direction predicates to theprocessing of topological operations between open shapes and closed geometry objects.Since OSS models the direction region as an OpenShape, it does not need to knowthe boundary of the embedding world, and also eliminating the computation related tothe world boundary. We perform algebraic analysis as well as experimental evaluationfor OSS. The experimental result demonstrates that the OSS consistently outperformsclassical range query strategy both in I/O and CPU cost.3.1 Introduction\Direction" is a common spatial concept frequently used as a selection condition in spatialdatabases[28, 15] or for similarity accessing in image databases[53]. Examples of directionqueries used in army battle�eld visualization[27] are \List the enemy targets to the north40



41of Building B",\Is there anything over the ridge?", and \Describe all tanks to the leftof Landmark L". The �rst example refers to an absolute directional relationship(north)with respect to Building B, the second involves a viewer-orientation-based directionalrelationship, i.e. the direction is based on the orientation of the viewer, and the thirdexample uses an object-orientation-based direction as its selection criteria.It is important for a spatial database system to provide a mechanism for modeling andprocessing direction queries. Most of the previous work [71, 70, 49] on direction queryprocessing has focused on processing predicates of absolute directions(e.g. North, East)using range query strategies. However, object-orientation-based direction queries andpredicates(e.g. left) depend on the orientation of reference objects, which may be di�er-ent from the global reference system. Because of this characteristic, the strategies thatare e�cient for absolute directions may be ine�cient when used for object-orientation-based directions.In this chapter, we focus on the processing of spatial queries involving object-orientation-based direction predicates in selection conditions. Based on direction object model pro-posed in our recent work [64], we de�ne a new abstract data type(ADT) for open shapesand propose a new Open Shape based strategy(OSS). OSS transforms the computationof the direction predicates into the computation of topological operations between openshapes and objects. Algebraic analysis and experimental evaluation demonstrate thatOSS consistently outperforms classical strategies both in I/O and CPU cost.3.1.1 Problem De�nitionAbsolute direction of a target object relative to a reference object is de�ned by theirlocations in the embedding space. Usually, the absolute direction is described in contextof a global 2-D coordinate system e.g. (north up, east right) as shown in �gure 3.1.Some examples of absolute directional relationships are North, East, and NorthEast.Figure 3.1(a) shows a small part of the campus map of University of Minnesota witha car C. A query involving an absolute direction predicate is \List all buildings northof C". The dashed shaded rectangle in the �gure shows the region satisfying the query
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(b) Approximate buildings by MBRsFigure 3.1: Absolute direction vs. Object-orientation-based directionselection conditionNorth. This shaded rectangle is called direction region, which consistsexactly of all the points satisfying the direction predicate. The query identi�es \NorthropMemorial Auditorium" as the only building satisfying the query.Object-orientation-based direction of a target object is described with respect to theorientation of a reference object. The orientation of the target object is not relevant. In�gure 3.2, the desk is an oriented object, but the 
ag is not. The 
ag is to the right of thedesk based on the orientation of the desk. In other words, imagine the reference objectdesk were a person, then object-orientation-based direction is described with respect tothe person's orientation and location.
Figure 3.2: Object-orientation-based direction: The 
ag is to the right of the desk,assuming front of desk is facing out of the chapterIn Figure 3.1(a), the car C has an intrinsic orientation described by the directionfront. Consider a query based on the orientation of C, i.e., object-orientation-based



43direction query, \List all the buildings in front of the car C". The solid shaded regionshows the direction region for \in front of the car C", and hence, the buildings in frontof the car include \Tate lab", \Morrill Hall", and \Architecture".It is common to approximate 2-D regions by minimum bounding rectangles(MBRs)which are orthogonal with respect to the global coordinate system. We refer to this typeof MBR as MBRg. Figure 3.1(b) replaces all the buildings in Figure 3.1(a) by theircorrespondingMBRgs. However, for a reference object, the MBR may need to be takenbased on the orientation of the object. We represent this type of MBR asMBRo. Figure3.3 shows examples of these two MBR types for a given object. The dashed orthogonalrectangle is the MBR according to the global coordinate system, and the solid rectangleis the MBR according to the orientation of the object.
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Figure 3.3: Di�erent MBRs according to di�erent coordinate systemsCollections of MBRgs can be organized by a R-tree for e�cient search. Readersnot familiar with R-trees may refer to related literature [74, 29, 22]. In the rest ofthe chapter, we assume data objects are approximated by MBRg and reference objectsare approximated by MBRo. For simplicity, if not explicitly clari�ed, MBR representsMBRg.In this chapter, we intend to explore processing strategies for spatial queries whichinvolve object-orientation-based direction predicates as selection criteria. The problemis denoted as Object-Orientation-based Direction Queries(OODQ) and can be formallyde�ned as follows:Object-Orientation-based Direction Queries(OODQ) problem:



44Given: (a) A query involving an object-orientation-based direction predicate inselection conditions(b) a R-tree index of the datasetFind: All objects satisfying the selection conditionObjective: Minimize the number of page access.Constraint: (a) Objects are approximated as MBRg.(b) There is only one R-tree index based on global coordinate system3.1.2 Related work and our contributionsDirection is often modeled as a binary relationship between objects [18, 60, 25, 76, 15,51, 26, 20, 62, 48]. Di�erent direction predicate sets [49, 25, 31, 18] have been proposedusing binary relationship view of directions. Research on processing direction-basedqueries has explored indexing methods and processing strategies. A previous study[70]evaluated di�erent indices for processing absolute direction queries. Its results showedthat spatial index (e.g. R-tree) is e�cient for retrieving queries with constraints onboth dimensions. Range query strategy(RQS) was used to implement queries involvingabsolute directions[71, 70, 49]. For example, consider the query based on the objects inFigure 3.4: Find all objects that are exactly east of object B. In the context of absolutedirections, the x-axis and y-axis of the coordinate system may be aligned with the Eastand North directions. The direction queries based on absolute directions(B's East) canbe viewed as a special case of range query as shown in �gure 3.4. Here, all the objects
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Figure 3.4: Processing absolute direction query using range query strategy



45whose interiors intersect with the interior of the shaded direction region belong to thequery result. Since an absolute direction is based on the global reference system, itsdirection region is a rectangle with sides parallel to the axes of the global coordinatesystem. It is natural and e�cient to use range query strategy[70], which is speci�ed byAlgorithm 1 named RQS AD. RQS AD �nds all object MBRs satisfying a given directionpredicate using a R-tree. The input of RQS AD is a set of data objects indexed by aR-tree and a direction region(dirRectangle). This algorithm starts from the root node ofR-tree, excludes the intermediate nodes whose MBRs do not intersect with dirRectangle,and recursively searches the children of the remaining intermediate nodes. A re�nementusing the exact geometry of these objects may occur. But for simplicity, we will omitthat in the rest of the chapter.Algorithm 1 RQS AD: Processing Absolute Direction Query using Range Query Strat-egy Input: rtree is the R-tree index for the dataset;dirRectangle is the direction regionOutput: resultSet contains all object MBRs whose interiors intersect with dirRectangleRQS AD(R-tree *rtree, Rectangle dirRectangle) fcurrentNode = rtree;if overlaps(currentNode.Mbr, dirRectangle) fif (currentNode is a leaf node)Add currentNode to resultSet;else for each childNode 2 child node of currentNodeRQS AD(childNode, dirRectangle);ggLet us now consider extension of RQS AD for object-orientation-based directionqueries. If the orientation of the reference object is not aligned with the global co-ordinate system, then the corresponding direction region will not have sides parallelto the axes of the global coordinate system. One way to use range query strategy forobject-orientation-based directional relationship is �rst to calculate MBRg of the di-rection region, and then use this MBR as the range query constraint. The algorithmRQS shows the steps for object-orientation-based direction query processing. Since theMBR of the direction region is a coarse approximation of the actual direction region,



46the intermediate result set produced by RQS AD may contain objects whose MBRs doAlgorithm 2 RQS: Processing object-orientation-based direction query using rangequery strategyInput: rtree points to the R-tree of data objects;referenceObject is the reference object with intrinsic orientation ;dirPredicate is the predicate involved in the selection condition of the query;Output: resultSet = All object MBRs which satisfy the queryRQS(R-tree *rtree, Geometry referenceObject, Predicate dirPredicate) fdirectionRegion = computeDirRegion(referenceObject, dirPredicate);directionMBR = getMBR(directionRegion);intermediateResult = RQS AD(rtree, directionMBR); /* see algorithm 1*/resultSet = postFilter(intermediateResult);gnot intersect with the interior of the direction region. A postF ilter step is needed toeliminate false hits.Figure 3.5 illustrates the query processing using range query strategy(RQS). There isa reference object B with orientation as shown in �gure 3.5. The query to be processed is
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World BoundaryFigure 3.5: Processing object-orientation-based query using range query strategyList all objects which are exactly in front of B. The shaded region is the direction region,and the dashed rectangle is directionMBR which is calculated via subroutine getMBR.By applying algorithm RQS AD, we obtain all the objects whose MBRs intersect withthe interior of directionMBR. The object selected are N21, N23, N33, N42, N43, N44 asshown in Table 3.1. A post-�ltering step is needed to exclude from intermediateResultthose objects whose MBRs do not intersect with the interior of directionRegion. Thedata MBRs selected are N31 and N32. Table 3.1 lists the trace of the query processing.



47only node N1 is excluded in the �rst level retrieval of R-tree, although node N2 andSteps MBRs excluded MBRs remainlevel 1 N1 N2, N3, N4level 2 N41, N22 N21, N23, N31, N32, N33, N42, N43, N44postFilter N21, N23, N33, N42, N43, N44 N31, N32Table 3.1: Trace of the query processingN4 are not satis�ed with the direction predicate. There are eight object MBRs to bechecked in the postFilter step and only two of them satisfy the query.As seen from the above example, range query strategy can be used as a �lter stepto process object-orientation-based direction queries. However, in many instances thedirectionMBR is much larger than the direction region, which incurs unnecessary I/O andCPU costs. The intermediate result contains a large number of false hits. A postFilterstep is required to check for intersection with the direction region, leading to additionalCPU overhead.In this chapter, we propose a new strategy, namely, Open Shape based Strategy(OSS),for processing object-orientation-based direction queries. The basic idea is to use the ac-tual direction region as the �lter during traversal of spatial indices to exclude potentialfalse hits as early as possible. This is accomplished by modeling direction regions as anew ADT, namely OpenShape, de�ned in terms of direction objects and operators. Openshapes refer to the geometries whose boundaries are partially de�ned. Open shape ob-jects conceptually extend beyond the the boundary of embedding world. Figure 3.5(c)shows the open direction region. Since OSS models the direction region as an Open-Shape, it does not need to know the boundary of the embedding world, eliminating thecomputation related to the world boundary. OSS converts the calculation related to thedirection predicates into the computation of topological operations between OpenShapesand closed geometric objects. OSS �lters out irrelevant intermediate nodes during recur-sive search of R-tree. It eliminates the postFilter step of RQS for MBR objects. Algebraicanalysis and experiment results demonstrate that the OSS outperforms RQS(range querystrategy) both in terms of I/O cost and CPU cost. Relative performance of OSS in com-parison to RQS is a�ected by several parameters including the orientation and size of the



48reference object, the overlap degree of the data sets, and the type of direction predicate.On average, the best relative performance improvement is achieved when angle betweenfront axis and x-axis is close to �4+k� �2 (k is an integer). Relative performance improveswith the decrease in the size of the reference objects.3.1.3 Scope and OutlineIn this chapter, we propose a new strategy to process object-orientation-based directionqueries. We focus on queries that involve object-orientation-based directional relation-ships between simple region objects. We approximate the region objects by MBRgs.A set of object-orientation-based direction predicates between region objects is de�ned,and our discussion about query processing is based on the predicates within this set. Weassume that there is only one R-tree index with �xed orientation. The situation withmultiple R-tree indices with di�erent orientation is out of the scope of this thesisThe organization of this chapter is as follows: In section 2, we de�ne a set of directionpredicates for region objects. In section 3, a new strategy OSS is proposed to processthe queries involving direction predicates. A new ADT for modeling direction region isde�ned in section 3 as well. In section 4, an algebraic analysis for OSS is performed. Theexperimental evaluation is discussed in section 5. The chapter ends with conclusions andrecommendations for future work.



493.2 Object-Orientation-based Direction PredicatesIn this section, we will give a brief review of the direction model and de�ne an exampleset of direction predicates between region objects. More details on direction objects areavailable in [64].3.2.1 Basic Concepts: Direction and OrientationDirection is de�ned as a unit vector, i.e., a vector with magnitude equal to 1. Table 3.2de�nes the operations on directions using vector algebra operations.Operations De�nitioncompose ~d1 + ~d2 = ~d1+ ~d2j ~d1+ ~d2jdeviation cos� = ~d1 � ~d2reverse (�1)� ~d1isBetween1 ~d is between ~d1 and ~d2 if 9c1 > 0; c2 > 0 s.t. ~d = c1 ~d1 + c2 ~d2Table 3.2: Operations on Directions ~d1; ~d2Operations on directions can be classi�ed into three categories. The �rst categorycontains the operations that produce new directions: compose and reverse are operationsin this category. The compose operation is actually achieved by vector-addition, and theresulting vector is scaled down by its magnitude to be a unit vector, which represents thenew direction. The reverse operator produces the reverse direction vector. The secondcategory of operations is to calculate the deviation between two directions. Operatordeviation calculates the cosine of the angle between two directions, and hence gives thedeviation of one direction from the other. A pair of vectors are orthogonal if their dot-product equals zero, i.e., they have 900 deviation. The last category of operations testthe relationships among directions. The operator isBetween belongs to this category. In�gure 3.6, ~d is between ~d1 and ~d2; however, ~d1 is not between ~d and ~d2.Orientation is modeled as a spatial object which consists of a point of origin and N1This de�nition works well as long as vector ~d1 is not parallel to vector ~d2. The parallel case can behandled in a user de�ned manner.
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d

d1

d2Figure 3.6: direction ~d is between ( ~d1; ~d2)pair-wise orthogonal directions, where N is the dimension of the embedding space. Theorigin point and the N directions form a Cartesian Coordinate System. In 2D space,the two directions may be labeled as the ~right and ~front directions of the orientation.Formally, we can de�ne orientation and its operations in 2D space as follows:Orientation is a triple O= hOP, ~right, ~fronti, where OP is a point, and ~right, ~frontare two orthogonal directions. It has two operations:� translate(O;~v) = htranslate(OP; ~v), ~right, ~fronti;� rotate(O; rotationMatrix) = hOP; ~rightn; ~frontni,where ( ~rightn; ~frontn)= ( ~right; ~front)� rotationMatrix;An example of the rotation Matrix which rotates the orientation along the originpoint for an angle � is[55]:R�~OP = � cos(�) �sin(�)sin(�) cos(�) �Table 3.3 gives an illustration of these operations.translate(O, ~v) rotate(O, R��~OP )
right

front

v
right

n

n

front

front

right

right

front n

nTable 3.3: Operations on orientation
ADTs for direction and orientation objects are described in [64]. We will use the C++ dot



51notation in the rest of the chapter to refer to the attributes and operations of directionand orientation objects.3.2.2 Direction Predicates Between Region ObjectsAfter reviewing direction and orientation objects and their operators, we now modelobject-orientation-based directions between region objects. We begin by de�ning an ex-ample set of direction predicates. Table 3.4 gives the de�nition of our predicates in termsof the isBetween operator. Left column in Table 3.4 lists the object-orientation-basedPredicates De�nitionsSP (A;B) 9 point P 2 A, s.t. P 2 interior(B)EF (A;B) 9 point P 2 A, s.t. ~BlfP :isBetween( ~front; ~right)^~BrfP :isBetween( ~front; ~right:reverse())EB(A;B) 9 point P 2 A, s.t. ~BlbP :isBetween( ~front:reverse(); ~right)^~BrbP :isBetween( ~front:reverse(); ~right:reverse())ER(A;B) 9 point P 2 A, s.t. ~BrfP :isBetween( ~front:reverse(); ~right)^~BrbP :isBetween( ~front; ~right)EL(A;B) 9 point P 2 A, s.t. ~BlbP :isBetween( ~front; ~right:reverse())^~BlfP :isBetween( ~front; ~right)RF (A;B) 9 point P 2 A, s.t. ~BrfP :isBetween( ~front; ~right)RB(A;B) 9 point P 2 A, s.t. ~BrbP :isBetween( ~front:reverse(); ~right)LF (A;B) 9 point P 2 A, s.t. ~BlfP :isBetween( ~front; ~rightreverse())LB(A;B) 9 point P 2 A, s.t. ~BlbP :isBetween( ~front:reverse(); ~rightreverse())Table 3.4: Direction Predicates for MBR Objectsdirection predicates between regions. Right column provides a de�nition for the corre-sponding predicate using basic concepts from section 3.2.1. A predicate between targetregion A and reference region B can be de�ned in terms of the directional relationshipbetween a point inside A and the four corner points of B. It's easily explained via Figure3.7. The orientation OB of the reference object B illustrated in �gure 3.7(a) contains twoorthogonal direction objects ~front and ~right representing B's front and right directions.Figure 3.7(b) illustrates the corresponding direction regions for direction predicates. Thedirections left and behind can be represented as ~right:reverse() and ~front:reverse() byusing the reverse operator of the direction object. The discussions can be extended to
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(c) EF(A,B) i� 9 a point P 2 A,~BlfP :isBetween( ~front; ~right)^~BrfP:isBetween( ~front; ~right:reverse())Figure 3.7: Direction Regions for MBR Objects, Blf , Blb, Brf and Brb represent B'sleft-front, left-behind, right-front and right-behind corners respectivelythree dimensions by adding an orthogonal axis ~above.The predicate set de�ned in Table 3.4 consists of nine predicates, each of which checkswhether the target object A is overlapped with a speci�c direction region of object Bwith respect to B's orientation. EF (A;B), EB(A;B), EL(A;B), and ER(A;B) returnTRUE if and only if object A is overlapped with the EF, EB, ER, and EL regionsof B respectively as shown in �gure 3.7. This can be formally de�ned using isBetweenoperator. For instance, EF (A;B) is TRUE if and only if there exists a point P in A, suchthat, point P is within the direction region of EF. In other words, the direction ~BlfP isbetween ~front and ~right and the direction ~BrfP is between ~front and ~right:reverse()as listed in Table 3.4. Similarly, the predicates RF (A;B), LF (A;B), RB(A;B), andLB(A;B) will be satis�ed if and only if there exists any point Q in A that Q is in thecorresponding direction region. For example, RF (A;B) = TRUE i� there is a point Qsatisfying that ~BrfQ is between ~front and ~right.Lemma 1 Predicate set de�ned in Table 3.4 is complete, i.e., For any pair of simpleregion objects A and B with no holes, The direction of target object A with respect to thereference B can be represented in terms of a single predicate or a disjunction of several



53predicates in the predicate set.Proof: As a simple convex objects without holes, the target region object A mustcontain at least three points that do not form a line segment. It is impossible that allthe points are located on the boundary between two direction regions. In other words,there must exist at least one point located in one of the direction region. And hence, thedirectional relationship can be represented by the predicate that corresponding to thatdirection region. �



543.3 Proposed Approach for Object-Orientation-based Di-rection QueriesWe propose an open shape based strategy(OSS) using the actual direction regions mod-eled as open shapes. The processing of the direction predicates is then converted tothe processing of the topological operations between target object and the correspond-ing open regions. In this section, we will �rst formalize the open shape based strategyand then describe new ADT of open shapes to explain the approach. This top-downdescription is used to simplify the presentation.3.3.1 Proposed Open Shape Based Strategy(OSS)The goal of the open shape based strategy(OSS) is to improve �ltering e�ciency byeliminating false hits at the earliest opportunity while recursively searching R-tree. OSSuses the actual direction region as the �lter to exclude those intermediate nodes that donot satisfy the direction predicate. No re�nement step is needed if objects are MBRs.Algorithm 3 shows the steps of OSS. First, OSS constructs a new ADT OpenShape toAlgorithm 3 OSS: Processing object-orientation-based query using OpenShape-basedStrategyInput: rtree points to the R-tree of data objects;referenceObject is the reference object with intrinsic orientation;dirPredicate is the direction predicate involved in the selection condition of the query;Output: resultSet contains all object MBRs which satisfy the queryOSS(R-tree *rtree, Geometry referenceObject, Predicate dirPredicate) fObject *resultSet = ; ;OpenShape dpRegion = ConstructOpenShape (referenceObject, dirPredicate);osQuery(rtree, dpRegion, resultSet); //�nd all objects interiorIntersect dpRegiongosQuery(R-tree *rtree, OpenShape dpRegion, Object *resultSet) fR-tree *currentNode = rtree;if dpRegion.interiorIntersects(currentNode.Mbr) fif (currentNode is a leaf node)Add currentNode to resultSet;else for each childNode 2 child nodes of currentNodeosQuery(childNode, dpRegion, resultSet);gg



55represent the actual direction region. After obtaining dpRegion, OSS calls the subroutineosQuery with parameters rtree and dpRegion to �nd all objects whose interiors intersectwith the interior of dpRegion. The subroutine osQuery recursively checks if the MBR ofthe current node intersects with dpRegion. The function interiorIntersects is designedas a member function ofOpenShape, and returns TRUE if and only if the interior of theinput object intersects with the interior of OpenShape. Since OSS models the directionregion as an OpenShape, it does not need to know the boundary of the embedding world,and thus eliminating the computation related to the world boundary.Revisit the example in �gure 3.5, given reference object B and its orientation, we wantto �nd all objects that are EF of B. First OSS constructs the OpenShape(dpRegion) ofthe direction region represented by shadow in �gure 3.5. After dpRegion is created, thesecond step is to check interiorIntersects relationships for the entries in the root of theR-tree. Only N3 remains after retrieving the �rst level of the R-tree, and N31 and N32are in resultSet. Table 3.5 lists the steps of query processing using OSS strategy. ForMBR objects, no re�nement step needs to be performed.Steps MBRs excluded MBRs remainlevel 1 N1, N2, N4 N3level 2 N33, N34 N31, N32Table 3.5: Trace of the query processing using OSS for the example in Figure 3.5
Theorem 1 Proposed strategy OSS is complete and correct, i.e., OSS can �nd all objectssatisfying the direction predicate and all the objects in the resultSet satisfy the givendirection predicate.Proof: OSS �rst constructs dpRegion as an OpenShape, and then use the functiondpRegion:interiorIntersects to exclude objects whose interiors do not intersect withthe interior of dpRegion. In other words, OSS only excludes MBRs of objects which donot intersect the interior of the corresponding direction region, namely, MBRs of theobjects which do not satisfy the direction predicate. This guarantees completeness, i.e.,



56if MBR of an object satis�es the given direction predicate, then its MBR will not beeliminated by OSS.An object is added to the resultSet if and only if the MBR of the object interi-orIntersects dpRegion. As we discussed in previous section, the interior of dpRegionrepresents the actual direction region satisfying the corresponding direction predicate.If the MBR of the target object A interiorIntersects dpRegion, MBR of A must satisfythe directional relationship. Therefore, all the MBR-objects in resultSet must satisfy thedirection predicate, guaranteeing correctness. �We now provide the de�nition of new ADT OpenShape. OpenShape is de�ned as abase class hierarchy to represent open geometries whose boundaries are not closed. Wefocus on the data types that are needed to model open direction region. The functioninterfaces for OpenShape related to the processing of direction queries can be de�nedin C++ notation as follows:class OpenShape fpublic: virtual Boolean interiorIntersects(Geometry) const;virtual Boolean overlaps(Geometry) const;virtual Boolean contains(Geometry) const;virtual Boolean crosses(Geometry) const;...g;In the following, we will discuss the OpenShape and its derived classes and use theseclasses to represent direction region for each direction predicate in the de�ned predicateset.3.3.1.1 De�ning OpenShapeOpen shapes refer to the geometries whose boundaries are partially de�ned. Open shapeobjects have in�nite interiors and extend beyond the boundary of the embedding world.Figure 3.8 shows some examples of open shapes that are useful for processing directionqueries. Figure 3.8(a)-(b) are open lines with one-end and two-end open respectively,while (c)-(e) are open rectangles. Note that in �gure 3.7, the direction region for each
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(d)(b) (c) (e)Figure 3.8: Examples of open shapes useful in processing direction queriesdirection predicate is an open rectangle.The boundary of an open shape is a set of geometries of the next lower dimension.The boundary of an one-end open line consists of the only endpoints, and the boundaryof an two-end open line is empty. The boundary of an open rectangle consists of the setof sides which could be either line segments or open lines. The interior of an open shapeconsists of those points of the open shape that remains when the boundary is removed.For instance, the interior of an one-end open line is the set of points on the line exceptthe endpoints, and the interior of a two-side open rectangle is the rectangle region whichremoves the boundary and inde�nitely extending to the two other directions withoutboundary.It would be useful if there were corresponding object classes so that users can useopen shapes at abstract level. The new ADT OpenShape is de�ned as a base classof open shapes. New data types for open lines and open rectangles can be de�ned asderived classes of OpenShape, and the attributes can be described using directions andpoints. Table 3.6 de�nes ADT for each type of open shapes shown in �gure 3.8. In thetable, we only show the attributes and constructors of each open shape class. Examplesfor respective data types using parts of �gure 3.8 are provided in the last column ofthe table. An OpenLine1 is de�ned by its endpoint and extending direction, and anOpenLine2 extending both ends and needs an intermediate point and a direction todescribe it. The attributes needed to represent OpenLine1 and OpenLine2 are identical.The di�erence between them shows up in the de�nitions of various operations.Three new data types are de�ned for the three subtypes of open rectangles. Open-Rect1 is an one-side open rectangle(e.g. �gure 3.8c) described by two endpoints of therectangle and one direction representing the open direction. OpenRect2 is a two-side



58ADT attributes constructors examples in �gure 3.8OpenLine1 startPoint : Point; OpenLine1(Point, Direction); (a): OpenLine1(P;~v)dir : Direction;OpenLine2 interPoint : Point; OpenLine2(Point, Direction); (b): OpenLine2(P;~v)dir : Direction;OpenRect1 vertex1 : Point; OpenRect1(Point, Point, (c): OpenRect1(P1; P2; ~v)vertex2 : Point; Direction);dir : Direction;OpenRect2 startPoint : Point; OpenRect2(Point, (d): OpenRect2(P; ~u;~v)dir1 : Direction; Direction,dir2 : Direction; Direction);OpenRect3 line : OpenLine2; OpenRect3(OpenLine2, (e): OpenRect3(OpenLine2(P; ~u);dir : Direction; Direction); ~v)Table 3.6: Abstract Data Types for Open Lines and Open Rectanglesopen rectangle(e.g. �gure 3.8d) described by an endpoint and an ordered pair of direc-tions. OpenRect3 is a half plane or three-side open rectangle(e.g.�gure 3.8e) and couldbe de�ned by an OpenLine2 and a direction.3.3.1.2 Interpreting Direction Predicates using OpenShapeAfter de�ning the ADTs for open lines and open rectangles, we can construct the opendirection region for each direction predicate. As illustrated in �gure 3.7, the direc-tion region of each object-orientation-based direction predicate is of type OpenRect1 orOpenRect2. For instance, the direction region for the EF predicate is an OpenRect1.A summary of the correspondence between direction regions and their OpenShapes isshown in table 3.7.Predicates Type of Open Shape Predicate true i� A interIntersects the followingopen regionsEF (A;B) OpenRect1(Blf ; Brf ; ~front)EB(A;B) OpenRect1 OpenRect1(Blb; Brb; ~front:reverse())ER(A;B) 1-side open rectangle OpenRect1(Brf ; Brb; ~right)EL(A;B) OpenRect1(Brf ; Brb; ~right:reverse())RF (A;B) OpenRect2(Brf ; ~right; ~front)LF (A;B) OpenRect2 OpenRect2(Blf ; ~right:reverse(); ~front)RB(A;B) 2-side open Rectangle OpenRect2(Brb; ~right; ~front:reverse())LB(A;B) OpenRect2(Blb; ~right:reverse(); ~front:reverse())Table 3.7: Open shape representation for direction regions



59By representing each direction region as an OpenShape, we process direction pred-icates using topological relationship between MBR objects and OpenShapes. This isthe basic idea behind the proposed OSS strategy. When the direction region of a pred-icate is an open rectangle, the predicate is satis�ed if and only if the target objectinteriorIntersects the corresponding open rectangle. For example, RF(A,B) returnTRUE2 if and only if A is interiorIntersected with OpenRect2(Brf ; ~right; ~front). Wewill discuss the topological operations next.3.3.2 Topological Operations on Open ShapesIn this section, we will focus on de�ning a topological operation, interiorIntersects,since this operation is needed to solve direction predicates as shown in table 3.7. Wede�ne interiorIntersects(open shape O, closed shape C), where O could be an Open-Rect1 or an OpenRect2, and closed shape C could be a rectangle. The implementationof interiorIntersects uses two other topological operations of contains and crosses,which are de�ned in Appendix 3.7. Other possible topological operations (e.g. touches,disjoint[32]) may be addressed in future work. In the rest of this section, O refers toan open shape, C refers to a closed rectangle. The algorithm may apply to more generalcases of C such as simple convex polygon.3.3.2.1 The interiorIntersects OperationThe interiorIntersects operation is de�ned for (OpenRect1, rectangle) and (OpenRect2,rectangle) situations. For any such pair of open shape O and closed shape C, theinteriorIntersects relation between them is de�ned as:O:interiorIntersects(C) = TRUE () interior(C)T interior(O) 6= ;The semantics of interiorIntersects covers two topological operations, contains andoverlaps, de�ned in OGIS[32] for closed geometry pairs. In other words, O interiorInter-sects C if C is contained in O, or C overlaps O. Since a closed object C cannot containan open object O due to in�nite extent, we don't have to check for C contains O. We2Note that the boolean value of a topological operations between a closed shape and an OpenShapecan be determined without looking at the boundary of embedding world[65].



60will discuss the implementation of the OpenRect1.interiorIntersects( Rectangle) andOpenRect2.interiorintersects(Rectangle) respectively.The interiorIntersects Operation for OpenRect1An OpenRect1 interiorIntersects a rectangle if there exists a set of points which belongto both the interior of the OpenRect1 and the interior of the rectangle. Figure 3.9 showsseveral situations that an OpenRect1 interiorIntersects a rectangle.
opline1a

opline1b

rec

rec

P
rec

rec

dir1

endp2

dir3

oprect1

endp1

oprect1
opline1a

opline1b

(a) one endpoint inside

dir

oprect1.contains(p)

(d)

rec.contain(endp2) ||
rec.contain(endp1)

endp2endp2

oprect1

endp1

(c) at least one ednpoint outside

opline1a.crosses(rec) ||

opline1b.crosses(rec)

endp1

opline1a

endp1

oprect1

opline1b

(b) all endpoints on bundary

oprect1.contains(rec)

dir2
endp2

Figure 3.9: OpenRect1 interiorIntersects a rectangleThe boolean value of interiorIntersects operation can be determined by enumeratingall possibilities of the interiorIntersecting relationship between an OpenRect1 and arectangle. O.interiorIntersects(R) is TRUE if and only if at least one of the followingthree conditions is true:� At least one of the endpoints of R is contained in O(e.g. �gure 3.9(a));� All endpoints of R are on the boundary of O(�gure 3.9(b)).� At least one endpoint of P is outside O(�gure 3.9(c)) and at least one OpenLine1of the two OpenLine1s boundary of O crosses R, i.e., OpenLine1(O.endp1, O.dir)crosses R or OpenLine1(O.endp2, O.dir) crosses R.The �rst case can be tested by using the OpenRect1:contains(Point) operation, andthe second case is checked by the OpenRect1:contains(Rectangle) operation. Both



61operations are described in Appendix 3.7.2. The third case is checked by using theOpenLine1:crosses(Rectangle) operation de�ned in Appendix 3.7.1.E�cient implementation of interiorIntersects operation may be other fast �lter toreduce computation of above three tests. For example, if any of the endpoints of Ois within R, then interiorIntersects operation can be determined to be true withoutfurther tests. This is illustrated in Figure 3.9(d). This strategy is useful for some specialpolygon, such as MBR, where the MBR:contains(Point) operation is cheaper. Thepseudo-code for the interiorIntersects operation is described as Algorithm 4.Algorithm 4 OpenRect1 interiorIntersects a rectangleInput: rec is the rectangle that needs to be checked;the current OpenRect1 object, which has attributes (endp1; endp2; dir);Output: TRUE if interiorIntersects, FALSE otherwiseOpenRect1::interiorIntersects(Rectangle rec) f/* case 1, �gure 3.9(a) */for each ep 2 endpoints of recif (contains(ep))return TRUE;/* case 2, �gure 3.9(b) */if (contains(rec))return TRUE;/* case 3, �gure 3.9(c) */opline1a = OpenLine1(endp1, dir);opline1b = OpenLine1(endp2, dir);if ( opline1a.crosses(rec) jj opline1b.crosses(rec) )return TRUE;return FALSE;gThe interiorIntersects Operation for OpenRect2OpenRect2.interiorIntersects(Rectangle) is TRUE if there exists a set of points whichbelong to both the interior of the OpenRect2 and the interior of the rectangle. Figure3.10 shows several possible situations that an OpenRect2 interiorIntersects a poly-gon. Similar to the interiorIntersect operation for OpenRect1, the boolean value ofOpenRect2:interiorIntersects(Rectangle) operation can be determined by enumerating
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opline1a.crosses(rec) ||Figure 3.10: An OpenRect2 interiorIntersects a Polygonall possible relationship between an OpenRect2 and a rectangle. O.interiorIntersects(R)is TRUE if and only if at least one of the following two conditions is true:� At least one of the endpoints of R is contained in O(e.g. �gure 3.10(a));� At least one endpoint of P is outside O(�gure 3.10(b)) and at least one OpenLine1of the two OpenLine1s boundary of O crosses R, i.e., OpenLine1(O.startPoint,O.dir1) crosses R or OpenLine1(O.startPoint, O.dir2) crosses R.The �rst case can be tested by using OpenRect2:contains(Point) operation describedin Appendix3.7.2. The second case is checked by using OpenLine1:crosses(Rectangle)operation de�ned in Appendix3.7.1. Note that for OpenRect2, the endpoints of anyrectangle can not be all on the boundary of the OpenRect2, the above two cases arecomplete. E�cient implementation of OpenRect2:interiorIntersects(rectangle) oper-ation may be possible to use fast �lter. �gure 3.10(c) illustrates a cheap checking forspecial rectangles such as MBRs. The pseudo-code is described by algorithm 5.Lemma 2 Algorithm OpenRect1::interiorIntersects and OpenRect2:: interior-Intersects are complete and correct.Proof: Figure 3.11 shows the 
ow chart of algorithm 4. The algorithm tests three cases,and it returns TRUE if and only if at least one of these three conditions is true. Thisguarantees the correctness of the algorithm, i.e., the algorithm returns TRUE only if theOpenRect1 interiorIntersects the rectangle.



63Algorithm 5 OpenRect2 interiorIntersects RectangleInput: rec is the rectangle that needs to be checked;the current OpenRect2 object, which has attributes (startPoint; dir1; dir2);Output: TRUE if interiorIntersects, FALSE otherwiseOpenRect2::interiorIntersects(Polygon aPolygon) f/* case 1, �gure 3.10(a) */for each ep 2 endpoints of aPolygonif (contains(ep))return TRUE;/* case 2, �gure 3.10(b) */opline1a = OpenLine1(startPoint, dir1);opline1b = OpenLine1(startPoint, dir2);if ( opline1a.crosses(aPolygon) jj opline1b.crosses(aPolygon) )return TRUE;return FALSE;g
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FALSETRUETRUETRUE Figure 3.11: Control Flow of the AlgorithmPlane sweep strategy can help to prove the completeness of the algorithm. Let's con-sider a pair of disjoint OpenRect1 and rectangle as illustrated in �gure 3.12(a). Movethe rectangle horizontally and the �rst case rectangle touches the OpenRect1 is illus-trated in 3.12(b). When continuously moving the rectangle horizontally, OpenRect1interiorIntersects the rectangle, and the relationship between OpenRect1 and Rectan-gle falls into the three cases in the 
ow chart. This guarantees the completeness of thealgorithm, i.e., the algorithm returns FALSE only when there is no intersection betweenthe interior of OpenRect1 and the interior of the rectangle.
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Figure 3.12: Plane sweeping argumentThe completeness and correctness for the algorithm OpenRect2::interiorIntersects canbe demonstrated similarly. �



653.4 Algebraic AnalysisIn this section, we perform algebraic analysis for the relative performance of the proposedopen shape based strategy(OSS) vs. the classical range query strategy(RQS). We will�rst give a cost model for OSS and RQS, and then characterize the analysis in terms oftheorems and lemmas. Since the performance is similar for the predicates whose directionregions correspond to the same OpenShape type, the analysis is performed in terms oftwo types of predicates, namely, the predicates whose direction regions correspond toOpenRect1 and the predicates whose direction regions correspond to OpenRect2. Inthe rest of the chapter, we refer the �rst predicate type as EF-type, and the second asLF-type. Examples of EF-type predicates include EF, EB, ER, and EL. Examples ofLF-type predicates include LF,LB, RF, and RB.I/O Cost ModelsThe I/O cost of a query is evaluated in terms of the number of page accesses needed inorder to solve the query. RQS accesses the R-tree pages whose MBR interiorIntersectsthe MBR of the direction region, while OSS accesses the R-tree pages whose MBRsinteriorIntersects the actual direction region. Figure 3.13 illustrates the direction region
ref. obj.

World Boundary

EF

LB

dpRegion

dpMBR

dpMBR

dpRegion

Figure 3.13: The ratio of RQS vs. OSSand their corresponding MBRs for predicates EF and LB. The shadow regions are actualdirection regions and the dashed rectangles are MBRs of the direction regions. We �rstmake the following assumptions before we introduce the cost model:



66� Data objects are uniformly distributed on embedding space.� size of MBR objects � size of world� size of MBR objects � size of direction regionsLet dpRegion(dp) represent the actual direction region for direction predicate dp, anddpMBR(dp) refer to the MBR of dpRegion(dp). Under above assumptions, the numberof R-tree pages whose MBR interiorIntersects dpRegion can be approximated by the areaof the dpRegion. Similarly, the number of R-tree pages whose MBR interiorIntersectsdpMBR can be approximated by the area of the dpMBR. This is accurate when objectsare uniformly distributed over the space and the object sizes are much smaller than thesizes of direction regions. In general these assumptions do not hold, nevertheless, thissimple model is useful in understanding the relative performance of the two strategiesOSS and RQS. Formally, the I/O cost is approximated as follows:I/O cost(OSS, dp) � area(dpRegion(dp));I/O cost(RQS, dp) � area(dpMBR(dp))=area(MBR(dpRegion(dp)));The following lemmas and theories characterize the performance properties using thiscost model under same assumptions.Lemma 3 The following statement for I/O cost is true for processing any directionpredicate dp: I/O cost(OSS, dp) � I/O cost(RQS, dp);Proof: By de�nition of MBR, for any polygon P, area(P) � area(MBR(P)). ConsideringP = dpRegion(dp) for any predicate dp, we havearea(dpRegion(dp)) � area(MBR(dpRegion(dp))Lemma 4 For any EF-type predicate dp in fEF,EB,EL,ERg, the I/O cost(OSS, dp)and I/O cost(RQS, dp) can be approximated as follows:I/O cost(OSS,dp) = ascos �; (00 � � � 450)= assin �; (450 � � � 900)I/O cost(RQS,dp) = as cos � + a2 tan �; (00 � � � 450)= as sin � + a2 cot �; (450 � � � 900)



67where a = the distance from the centroid of the reference object to the global boundarythat intersects the dpRegion, s = size of the reference object orthogonal to the directionof dp, � = angle between direction of dp and x-axis.Proof: Recall the assumption that s << a. Assume that the reference object is atthe centroid of a square-shape embedding space for simplicity. The change of orien-tation of the reference object leads to three di�erent cases: dpRegion intersects witha boundary on X dimension(�gure 3.14(a)); dpRegion intersects with a boundary onY dimension(�gure 3.14(b)); dpRegion intersects with the boundary on both dimen-sions(�gure 3.14(c)). Since the reference object is located at the center of the embedding
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World Boundary(c) case 3: Intersect onboth dimensionsFigure 3.14: Three cases for di�erent orientationsspace, case 1 corresponds to the situation of 0 � � < 450, case 2 corresponds to thesituation of 900 � � > 450, and in case 3, � ! 450. The exact boundaries of the threecases are sensitive to the ratio s/a. Since we assume s << a for simplicity, case 3 can beapproximated by either case 1 or case 2 for � = 450.case 1(3.14(a)): area(dpMBR) = a(y1 + y2) = a(s cos � + a tan �);area(dpRegion) � sh = ascos �case 2(3.14(b)): area(dpMBR) = a(s sin � + a cot �) = as sin � + a2 cot �;area(dpRegion) � sh = assin � �



68Theorem 2 For any EF-type predicate dp 2fEF, EB, EL, ERg, for a �xed size of refer-ence object located in the center of the embedding space, the maximum I/O improvementis achieved when � = �4 + k � �2 (k is an integer), while the minimum improvement isobtained when � = �2 � k(k is an integer).Proof: According to lemma 4, the I/O cost ratio can be approximated using one of thetwo formulas according to the orientation of the reference object:I/O cost ratio = I=Ocost(OSS;dp)I=Ocost(RQS;dp) = as sin � + cos2 �; (00 � � � 450)= as cos � + sin2 �; (450 � � � 900)Figure 3.15 shows the I/O cost ratio curve for orientation degree � in the range of[0; 900], for some �xed values of s and a. We can notice that the maximum value of theI/O ratio is achieved when � = 450, and the minimum ratio is obtained when � = 00 and900. We can also di�erentiate the functions for I/O cost ratio to verify the maximum
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Figure 3.15: The I/O ratio curve for � 2 [00; 900] according to lemma 4and minimum point. �Lemma 5 For any EF-type predicate dp 2fEF, EB, EL, ERg, I/O cost ratio is af-fected by the size of reference objects. The smaller the object size, the larger the I/Oimprovement ratio.Proof: According to lemma 4, we have,I/O cost ratio = I=Ocost(OSS;dp)I=Ocost(RQS;dp) = as sin � + cos2 �; (00 � � � 450)= as cos � + sin2 �; (450 � � � 900)



69Since in the range of 0 < � < 900, both cos(�) and sin(�) are greater than 0. There-fore, when parameters a and � are �xed, the decrease of s results into the increase ofI/O cost ratio.For any predicate dp 2 f LF,LR,RF,RBg, the I/O cost ratio is between 1 and 2, themaximum ratio is achieved when � = �4 + k � �2 (k is an integer). The argument for thisis similar.



703.5 Experimental Evaluation3.5.1 Experiment DesignWe now design an experiment to compare the performance of classical range querystrategy(RQS) with the performance of open shape based query strategy(OSS) for thepredicate set de�ned in Table 3.4. We use several randomly generated datasets whichcontain MBRs of data objects with varying sizes. The query �le containing the referenceobject MBRs has 1500 objects. Example dataset and reference object set are shown in�gure 3.16.
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(a) Dataset R-tree withoutoverlap among objects 0
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(b) Dataset R-tree with over-lap among objects 0
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(c) Set of reference Ob-ject MBRs with orientationdegree=900Figure 3.16: Example of datasetsA set of queries are selected to cover di�erent types(LF-type and EF-type) of directionpredicates. LF family includes the predicates of LF, LB, RF, RB. EF family includes thepredicates of EF, EB, ER, EL. On average, selectivity of EF family predicates is lowerthan that of LF family predicates. We consider the following queries:� Query A1: Given a reference object, �nd all objects that are EF of it.� Query A2: Given a reference object, �nd all objects that are EB of it.



71� Query A3: Given a reference object, �nd all objects that are ER of it.� Query A4: Given a reference object, �nd all objects that are EL of it.� Query B1: Given a reference object, �nd all objects that are LF of it.� Query B2: Given a reference object, �nd all objects that are LB of it.� Query B3: Given a reference object, �nd all objects that are RF of it.� Query B4: Given a reference object, �nd all objects that are RB of it.The predicates in query Ai are of EF-type, and the direction predicates involved inquery Bi are of LF-type. In general, query Ai has lower selectivity than query Bi.The variable parameters for the experiment include the orientation of reference ob-jects, overlap degree among objects in the dataset, the size of reference objects and thenumber of objects in the dataset. The metrics for evaluation include the number of pageaccesses and the number of operations required by each strategy to retrieve the query.The orientation of a reference object is de�ned as the angle between ~front directionof the object and the x-axis of the global coordinate system. When the orientation isequal to 900, the ~front direction of the reference object is parallel to the ~north directionin the absolute reference frame. In our experiment, orientation varies from 00 to 1800.The overlap degree(OPD) between two objects is de�ned as the ratio of the area ofoverlapping region to the area of the smaller object. The overlap degree between objectsA and B is calculated as OPD = area(ATB)min(area(A);area(B)) . The overlap degree of the datasetis de�ned as the average overlap degree of the non-disjoint object pairs in the dataset.The size of the reference object is measured as the relative size of the reference objectto the global size. The size varies from 1120 to 110 of the global size.Figure 3.17 shows various steps of the experiment. Given the range of object size andthe overlap degree, the data set is randomly generated, and the R-tree of the dataset iscreated based on the given branching factor. The set of reference objects is randomlygenerated according to its size range, which can be either equal to the size range of



72
dataset
R-tree of

Query 
generator

Implementation

OSS
strategy

Query 

Processing

queries

generator
Size range

Branching
factor

degree

R-tree
Dataset 

Predicate

Size range

Implementation

RQS
strategy

Analysis
I/O cost ratio

CPU cost ratio
# of Operations

# of Page Accesses

number of 
data objects

Overlap

Figure 3.17: Experimental setup and designdataset or independently given. Using R-tree and reference object set as input, \Queryprocessing" simulates the behaviors of the RQS and OSS algorithms for di�erent directionpredicates. The total number of page accesses and the number of operations are trackedfor each combination of algorithm, overlap degree, the orientation and size of referenceobjects and the dataset size to derive the experiment results.3.5.2 Experiment ResultsFigure 3.18, 3.19, 3.20 and 3.21 show the comparison between the classical range querystrategy (RQS) and the proposed open shape based strategy(OSS) for I/O costs and CPUcosts. I/O cost is measured in terms of the number of distinct pages fetched from disk.CPU cost is measured in terms of number of distinct line-line intersection operationsused by an algorithm. Since the performance is similar for the predicates of same types,we only show two curves representing the relative performance of OSS and RQS for twodi�erent predicate types in each �gure. The curve denoted by \EF/ER/EB/EL" illus-trates the average relative performance improvement for EF-type predicates. The curvedenoted by \LF/LB/RB/RB" illustrates the average relative performance improvementfor LF-type predicates. For any predicate dp, the relative performance is de�ned as theratio cost(RQS,dp)/cost(OSS,dp). Ratio > 1 means that OSS is cheaper than RQS.The common observation in all �gures is that OSS performs better than RQS both interms of the number of page accesses(I/O) and the number of operations(CPU). For lowselectivity predicates such as EF-type the performance of OSS is even better compared



73to RQS.Orientation of the reference objectFigure 3.18 shows the impact of the orientation of reference objects. The dataset consistsof 42875 spatial objects without overlap. We use 1500 di�erent reference objects withidentical orientations, and the size of each object equals one percent of the world. Theorientations of reference objects vary from 00 to 1800, at an interval of 15 degrees. Recallthe orientation of an object is measured by the angle between its front direction andthe x-axis of the global coordinate system. Figure 3.18 (a) and 3.18(b) show the averagepage accesses and operations performed across 1500 reference objects respectively. OSS
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(b) E�ect on the Number of OperationsFigure 3.18: E�ects of orientations of reference objects(orientation: 00; 150; � � � ; 1800,overlap degree of the data set = 0, reference object size = 1% of global size, dataset size= 42875)and RQS have the same I/O and CPU cost when the orientation is 00, 900, or 1800 withthe cost ratio equal to 1. OSS performs better than RQS for most orientations with bestrelative performance for OSS at 450 and 1350. Relative performance advantage of OSSfor predicates of EF-type varies cyclically. This result is consistent with Theorem 2 insection 4.



74The size of reference objectsFigure 3.19 shows the e�ect of the size of the reference object on the I/O and CPUperformance with �xed orientation, and �xed dataset. The dataset has 42875 objects.We use 1500 di�erent reference objects without overlap and with �xed orientation of 300.The choice of orientation is arbitrary. We vary size of reference objects taking values of1120 , 1110 , 1100 , � � �, 110 of the total world. The x-axis in Figure 3.19 shows the ratio ofglobal sizereference object size , thus the reference object size of 1% of the world corresponds to 100in x-axis. Note that relative gain of OSS for size = 1% is consistent with the relativegain in Figure 3.13 for orientation of 300. Obviously, OSS consistently outperforms RQS.The relative performance advantage for the EF-type predicates increases steadily withthe decrease of the reference object size. This is consistent with Lemma 5.
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(b) E�ect on the number of operationsperformedFigure 3.19: E�ects of the size of reference objects (orientation: 300, overlap degree ofdata set =0, dataset size = 42875 objects, the size of reference object varies from 1120 to110 of the global size)Overlap degreeFigure 3.20 shows the e�ect of overlap degree of the dataset on the I/O and CPU perfor-mance. We used 1500 di�erent reference object of �xed size(1%) and �xed orientation(300).Average overlap between objects in the data set varies from 5 percent to 60 percent. Re-call that overlap degree between two objects is the ratio of common area to the smaller



75area of the two objects. Again, OSS consistently outperforms RQS. The relative per-formance advantage of OSS diminishes slightly with the increase in the overlap degreeamong objects. Our algebraic cost models(section 4) do not predict the e�ect of overlapdegree. We propose to extend our model towards this purpose in future work.
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(b) E�ect on Number of OperationsFigure 3.20: E�ects of the overlap degree of the data set(Orientation = 300, the size ofreference object = %1 of global size, dataset size = 42875, overlap degree=0; 0:05; � � � ; 0:6)The number of objects in datasetFigure 3.21 shows the e�ect of the number of objects in dataset on I/O and CPU perfor-
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(b) E�ect on Number of OperationsFigure 3.21: E�ects of the number of objects in dataset (Orientation=300, Overlappingdegree =0, the size of reference object = %1 global size)mance. We used 1500 di�erent reference object of �xed size(1%) and �xed orientation(300).The objects in dataset have no overlap. The dataset size varies from 8000 to 125000.



76The relative performance of OSS improves with the increase in the number of objectsin dataset. This result demonstrates that algorithm OSS scales better than RQS as thesize of dataset increases. Our cost model does not explain why the relative advantage ofOSS over RQS improves with the increase in dataset size. We would like to address thisissue in future work.



773.6 Conclusions and Future WorkIn this chapter, we focus on processing queries based on object-orientation-based direc-tional relationships. Open Shape based Strategy(OSS) is proposed for processing object-orientation-based direction queries. OSS models direction regions as OpenShapes, anduses actual direction region to exclude potential false hits as early as possible. Since OSSmodels the direction region as an OpenShape, it does not need to know the boundary ofthe embedding world, thus eliminating the computation related to the world boundary.The algebraic analysis and experiment results demonstrate that the OSS consistentlyoutperforms range query strategy(RQS) in terms of both I/O and CPU cost.We assume the data objects are all MBR objects in this chapter, but the framework isapplicable when the objects are arbitrary convex polygons. As a result, the improvementon the CPU cost will be more signi�cant when applying to arbitrary objects. This isbecause the computational cost is much more expensive for RQS to exclude the largenumber of false hits at object level.In future work, we would like to consider extending OSS to other direction predi-cate sets[49, 25, 31]. We would also like to address the processing of queries involvingviewer-orientation-based direction predicates by deriving more class and operations forADT OpenShape. We would also like to investigate processing orientation-based direc-tion queries in a mobile environment. Applying OSS to robotics and motion planningapplications[69] is another direction of future work.



783.7 Appendix: Topological operations for OpenShapes3.7.1 The crosses Operation: crosses(OpenLine O, Closed shape C)The crosses operation applies for object pair between an open line O and a closed shapeC, where O could be OpenLine1 or OpenLine2 and C could be points, line segments andpolygons. For any such pair of O and C, the crosses relation between them is de�nedas:O:crosses(C) = TRUE() ~O:dir �Direction(C �O:startPoint) = 1; (if C is a point)() 9 a point P s.t. P 2 interior(O) \ interior(C);(if C is not a point)Figure 3.22 shows some examples of the crosses operations. We approximate polygo-nal closed shape by rectangle for simplicity, however, the algorithm will work for convexpolygon as well. Figure 3.22(a) shows an OpenLine1 O crosses a point C, �gure 3.22(b)shows O crosses a line segment C, and Figure 3.22(c) consists of the �ve possible casesthat an OpenLine1 crosses a polygon C. To implement the crosses operation, we use
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 case bFigure 3.22: OpenLines crosses Point/Line/Rectanglevector dot-product and the isBetween operation of direction objects. For the case ofOpenLine1 crosses a given point, such as in �gure 3.22(a), the OpenLine1 O crossesthe given point C if and only if the vector-product between O: ~dir and the directionDirection(C �O:startPoint) equals 1. For the case of OpenLine1(O) crosses a line(C)



79as in �gure 3.22(b), O: ~dir should be between the two directions constructed by the twoendpoints and the O.startPoint, i.e. ~dir1 and ~dir2 in the �gure. The crosses relationbetween an OpenLine1 and a polygon is more complicated for there are several situa-tions possible as shown in �gure 3.22(c). We solve them by enumerating all possiblesituations that O.crosses(C) will be TRUE. Algorithm 6 describes pseudocode of Open-Line1::crosses. The topological operations contains and touches for closed geometrypairs de�ned by OGIS [32] are used in the algorithm for checking if O.startPoint is inthe interior or on the boundary of the polygon.Lemma 6 Algorithm OpenLine1::crosses is complete and correct.Proof: The completeness and correctness of the algorithm OpenLine1::crosses for Pointand Line are proved by de�nition. In the following, we will demonstrate that Open-Line1::crosses(Polygon) is complete and correct.� Completeness:For an OpenLine1(O) and a Polygon(C), there are two possibilities:{ O crosses at least one of the sides of the polygon(�gure 3.22(c) case b) =)O.crosses(C) is TRUE;{ O doesn't cross any side of C. The algorithm solves this possibility by consid-ering the location of the startPoint.1. O.startPoint is within the polygon(�gure 3.22(c) case a) =) O.crosses(C)is TRUE ;2. O.startPoint is outside C, O.crosses(C) i� O crosses two non-adjacentendpoints of C(�gure 3.22(c) case c) ;3. O.startPoint is on the boundary of C:Case c: O.startPoint is an endpoint of C, and O crosses an endpointep which is not adjacent to O.startPoint =) O.crosses(C) is TRUEcase d: O.startPoint falls on side s of C, O.crosses(C) is TRUE i�O crosses endpoint ep of C and ep =2 endpoints of s.



80For any other situation that is not described above, OpenLine1 does not crossthe polygon. Since the algorithm crosses checked all the above situations, thealgorithm will �nd all the crosses relation between an OpenLine1 and a polygon.Therefore, the algorithm is complete.� Correctness:The algorithm returns TRUE if and only if one of the situation is satis�ed, in whichcase, the OpenLine1 crosses the polygon. The algorithm only returns TRUE whenthe operation crosses hold, therefore, the algorithm is correct. �The crosses operation between an OpenLine2(two-end openline) opline2 and a closedshape can be implemented by converting the opline2 to two OpeLine1s: opline1a andopline1b. The startPoint of each OpenLine1 is the interPoint of opline2, and the dirof each OpenLine1 is opline2:dir and opline2:dir:reverse() respectively. The opline2crosses the closed shape if and only if either opline1a or opline1b crosses the object.3.7.2 The contains Operation for Open RectanglesFor any open rectangle O and closed shape C, O:contains(C) returns TRUE if and onlyif C is wholly contained within O. O could be an OpenRect1 or an OpenRect2, and Ccould be a point, a line segment, or a polygon. The formal de�nition for O.contains(C)is : O:contains(C) = TRUE () (O\C = C) and (interior(O)\interior(C) 6= ;)Figure 3.23 shows some examples of the contains operations. Figure 3.23(a) are exam-ples that satisfy contains relationship, where �gure 3.23(b) are examples that C is onthe boundary of O, but not contained in O.Since we are only interested in the operations that are used for directional queries,we restrict our discussion in the cases where O is an OpenRect1 or OpenRect2, and Cis a point or a polygon.
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Figure 3.23: Examples of contains relationshipThe contains Operation for OpenRect1OpenRect1 is an one-side open rectangle. Figure 3.24 shows the examples that an Open-Rect1 contains a point/polygon. The implementation of the contains operation can be
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(b)  C is a polygonFigure 3.24: OpenRect1 contains point/line/polygonaccomplished by using isBetween operator and the crosses operation. In order to checkif a point is contained in OpenRect1(�gure 3.24a), two direction objects are constructedby subtracting the point C from each endpoints of the OpenRect1, and isBetween op-erations is applied.For any convex polygon C, if there does not exist any endpoint that is outside theOpenRect1, i,e., every endpoint of C is contained in the OpecRect1 or located on theboundary of the OpenRect1, then C is contained in the OpenRect1. Algorithm 7 de-scribes the operation in pseudocode.



82The contains Operation for OpenRect2OpenRect2 is a two-side open rectangle, which is described by one endpoint and twodirections. Figure 3.25 shows several situations that an OpenRect2 contains a Point ora Polygon. Similar to the case of OpenRect1, the isBetween operation of the direction
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Figure 3.25: OpenRect2 contains point/line/polygonobjects is used to implement the contains operation between an OpenRect2 and a point.A convex polygon is contained in the OpenRect2 if every endpoints of the polygon iseither contained in the OpenRect2 or on the boundary. The pseudocode is described inalgorithm 8.Completeness and Correctness of the algorithmsLemma 7 Algorithm OpenRect1::contains and OpenRect2::contains are completeand correct.Proof:� Completeness:For object pair of OpenRect1(O) and Point(C), there is only one case that O.contains(C)is true, that is C is in the interior of O. The completeness of the algorithm is clear byde�nition. For the case of checking OpenRect1.contains(Polygon), the algorithm7 excludes only the cases that there exist some endpoints of the polygon outsidethe OpenRect1, when the polygon is absolutely not wholly contained in Open-Rect1. Therefore, the algorithm will �nd all cases when the relationship contains



83is satis�ed. The algorithm �nd all possible contain relations, so is complete.� Correctness:The algorithm OpenRect1.contains(Point) returns TRUE if and only if the pointis contained in the interior of the OpenRect1. For the object pair of an OpenRect1and a convex polygon, the algorithm returns TRUE if and only if every endpoint ofthe polygon is either contained or on the boundary of the OpenRect1, in which case,there does not exist any point in the interior of the polygon which is not containedin the OpenRect2. therefore, the algorithm will return TRUE only when polygonis wholly contained in OpenRect1.The argument of the completeness and correctness for algorithm 8 is similar. �
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Algorithm 6 OpenLine1 Crosses Points/Lines/PolygonsInput: closeShape is the topologically closed object that needs to be checked;the current OpenLine1 object, which has attributes (dir; startPoint);Output: TRUE if crossed, FALSE otherwiseOpenLine1::crosses(Point closeShape) fdir1 = Direction(closeShape � startPoint);if (dir.deviate(dir1))return TRUE;return FALSE;g;OpenLine1::crosses(Line closeShape) fdir1 = Direction(closeShape.endp1 � startPoint);dir2 = Direction(closeShape.endp2 � startPoint);if (dir.isBetween(dir1, dir2))return TRUE;return FALSE;g;OpenLine1::crosses(Polygon closeShape)ffor each side 2 sides of closeShapeif crosses(side)return TRUE;/* The following deal with the cases O does not cross any side of the polygon */if (closeShape.contains(startPoint)) /* �gure 3.22(c) case a: startPoint in the polygon */return TRUE;if (closeShape.touches(startPoint)) fif startPoint 2 endpoints of closeShape f /* �gure 3.22(c) case d */for each ep 2 endpoints of closeShapeif crosses(ep) && !adjacent(startPoint, ep)return TRUE;g else f /* �gure 3.22(c) case e: startPoint is on one side of the polygon */for each ep 2 endpoints of closeShapeif crosses(ep) && ep =2endpoints of the side that crosses startPointreturn TRUE; greturn FALSE;g/* �gure 3.22(c) case b and c : startPoint is outside of the polygon */for each ep 2 endpoints of closeShape fif crosses(ep) ffor each ep2 2 endpoints of closeShape -fepgif (!adjacent(ep,ep2) && crosses(ep2))return TRUE; /*3.22(c) case d: O crosses non-adjacent endpoints.*/break; greturn FALSE;g;



85Algorithm 7 OpenRect1 contains Point/PolygonInput: closeShape is the topologically closed object that needs to be checked;the current OpenRect1 object, which has attributes (endp1; endp2; dir);Output: TRUE if contain, FALSE otherwiseOpenRect1::contains(Point closeShape) fdir1 = Direction(closeShape � endp1);dir2 = Direction(endp2 � endp1);if (dir.isBetween(dir1, dir2)) fdir3 = Direction(closeShape � endp2);if dir3.isBetween(dir,dir2.reverse())return TRUE;greturn FALSE;g;OpenRect1::contains(Polygon closeShape)fopline1a = OpenLine1(endp1, dir);opline1b = OpenLine1(endp2, dir);aLine = Line(endp1, endp2);for ep 2 endpoints of closeShapeif !(endp1 == ep jj endp2 == ep jj contains(ep) jjopline1a.crosses(ep) jj opline1b.crosses(ep) jj aLine.crosses(ep))return FALSE;return TRUE;g;
Algorithm 8 OpenRect2 contains Point/Line/PolygonInput: closeShape is a topologically closed object;the current OpenRect2 object, which has attributes (startPoint; dir1; dir2);Output: TRUE if contain, FALSE otherwiseOpenRect2::contains(Point closeShape) fdir = Direction(closeShape � startPoint);if (dir.isBetween(dir1, dir2))return TRUE;return FALSE;g;OpenRect2::contains(Polygon closeShape)fopline1a = OpenLine1(startPoint, dir1);opline1b = OpenLine1(startPoint, dir2);for ep 2 endpoints of closeShapeif !(ep == startPoint jj contains(ep) jj opline1a.crosses(ep) jj opline1b.crosses(ep))return FALSE;return TRUE;g;



Chapter 4Consistency Checking forEuclidean Spatial Constraints: ADimension Graph Approach
4.1 IntroductionA spatial database [28, 35, 75] management system aims at the e�ective and e�cientmanagement of data related to a space such as the physical world (geography, urbanplanning, astronomy); parts of living organisms (anatomy of the human body); engi-neering design (very large scale integrated circuits, the design of an automobile or themolecular structure of a pharmaceutical drug); and conceptual information space (amulti-dimensional decision support system, 
uid 
ow, or an electro-magnetic �eld). Thedistinguishing features of a spatial database management system are the use of complexdata types like points, lines and polygons to represent spatial objects and the existenceof many potential relationships between spatial objects.Consistency checking is an important concept to maintain the integrity of databasesin general and spatial databases in particular[17]. Consistency checking is the processof identifying contradictory information in a database. For example, if A, B and Care three spatial objects and if B is west of A and C is west of B and if the databaseindicates that C is east of A then the information is inconsistent. The existence of manypotential spatial relationships implies that consistency checking in the context of spatial86



87databases is more challenging vis-a-vis its traditional relational counterpart.Consistency checking can also be used for spatial query processing via semantic queryoptimization[59] and reasoning for spatial qualitative relationships. For example, givena spatial query S and a set of of spatial constraints SC, if the query S is inconsistentwith respect to SC then the answer to S is null. Currently most of consistency checkingis based on Allens's algorithm [4] which was originally devised for checking temporalrelationships on one-dimensional objects. Spatial relationships are typically formulatedamong multi-dimensional objects and straightforward extension of Allen algorithm forspatial relationships are prohibitively expensive.In this chapter, we address the problem of consistency checking for directional spatialconstraints in the two-dimensional Euclidean space. We propose a dimension graphrepresentation for maintaining the spatial constraints among objects. Basically, thespatial constraints is projected on each dimension(X and Y), the constraints that mustbe satis�ed for each dimension(X/Y) are maintained in di�erent graph(X/Y graph). Onegraph records the constraints on one dimension. The problem of constraint consistencychecking is transformed to a graph cycle detection problem on the dimension graph. Thecycle detection could be solved by traversing the graph in linear time. As we will see inlater sections, the proposed consistency checking algorithm is e�cient in terms of bothtime and space. The algorithm also guarantees the global consistency of system.4.1.1 Spatial Data ModelRecent reports[28, 35, 75, 2] have described the accomplishments of spatial databaseresearch and have prioritized research needs. A broad survey of spatial database re-quirements and an overview of research results is provided by [75, 28, 2, 60].A spatial data model is de�ned by geometric entities, spatial operations on theseentities and spatial relationships between them. The three basic geometric entities arepoint, line and polygon which represent spatial objects in zero, one and two dimensionrespectively. To facilitate rapid query processing polygons are often represented by theirMinimum Bounding Rectangles(MBRs). An MBR of a spatial object is the smallest axis



88parallel rectangle which covers the polygon.The spatial relationships between the geometric entities are categorized accordingto the mathematical properties of the relationships. For example, topological relation-ships like overlap and adjacent are relationships which are invariant under a change ofcoordinate or projection system. Other types of relationships include Metric, Set andDirectional. Some important relationships categories and their representative exampleare shown in 4.1. In this chapter we will focus on consistency checking of absolute direc-tional relationships like North, South, East, West, Northeast, Northwest, Southeast andSouthwest. These relationships can be de�ned between any combination of point, lineand polygon objects but we will restrict our attention to homogeneous point, line andMBR pairs. For constraints among intervals, we deal with Allen's 13 relationships [4].The constraints are represented in terms of disjunctions and/or conjunctions of spatialpredicates. The predicates are logically atomic.Data model Operator Group OperationSet-Oriented equals, is a member of, is empty, is a subset of,is disjoint from, intersection, union, di�erence,cardinalityVector Object Topological boundary, interior, closure, meets, overlaps, is in-side, covers, connected, components, extremes, iswithinMetric distance, bearing/angle, length, area, perimeter.Direction east, north, left, above, between.Network successors, ancestors, connected, shortest-pathTable 4.1: A Sample of Spatial Operations4.1.2 Problem De�nitionIn this chapter, we intend to explore the consistency checking for Euclidean qualita-tive spatial constraints among points, intervals, and 2-D Minimum Bounding Rectan-gles(MBRs) objects in spatial database.Consistency Checking Problem:



89Given: A collection of 0-th order1 spatial constraints in terms of disjunctions and/orconjunctionsof spatial predicatesFind: Consistency, i.e., return TRUE if the constraints are consistent, False otherwiseObjective: Reduce computation complexityConstraint: (a) 2-D Euclidean space.(b) Two-dimensional extended objects are approximated by MBRs(c) Spatial objects refereed to given spatial constraints are of homoge-neous types, (i.e., point pairs, interval pairs, or MBRs in 2D)Consider an example of direction constraints among point objects A, B, and C. As-sume one constraint says A is Southeast of B, B is Northwest of C, and A is Northeastof C. This constraint is consistent, and hence the result will be TRUE. An example ofthe possible spatial con�gurations satisfying this constraint is shown in Figure 4.1.
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North
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B

Figure 4.1: One possible spatial con�guration for point objects A, B, and CSuppose we have another set of constraint among A, B, and C: A is strictly north ofB, B is Northwest of C, and A is Northeast of C. This constraint is inconsistent sincethere does not exist any spatial con�guration of A, B, and C satisfying this constraint.The consistency checking algorithm should return FALSE.10-th order spatial constraints means that there are no free variables but only constant objects



904.1.3 Related work and our contributionsMost of previous study on consistency checking is based on Allen's consistency check-ing algorithm [4] for constraints among intervals. The basic approach for consistencychecking is to use transitive closure algorithm, which incurs high order of time andspace complexity. Hernandez [30] presented mechanisms to maintain the consistencyof a knowledge base of spatial information based on a qualitative representation of 2-D positions. His approach improved Allen's algorithm by using the heuristic of richstructure of the spatial domain. Bowman and etc.[8, 7] addressed the problem of consis-tency checking between multiple viewpoints using strategies based on uni�cation. Someother work[37, 19, 45] focused on the problem of consistency checking for more generalconstraints, such as, 1-th order constraints. Manandhar[44] discussed deterministic con-sistency checking for LP constraints. Beneventano and etc.[6] focused on the problem ofproviding a theoretical framework for consistency checking of integrity constraints in acomplex object database environment.The consistency checking algorithm is dependent on the set of spatial predicates. Inthis chapter, we deal with basic direction predicates for absolute directions[65]. Thereare some other directional predicates. The research work on direction modeling hasbeen carried out in several areas such as geographic information systems and imageanalysis. Most of the studies is on how to capture the semantics of direction relations,and further, how to do spatial reasoning based on direction predicates [15, 18, 20]. Thereare two major direction reference frames used to model direction in 2D space: the cone-based model[51], and the projection-based model[18, 20]. Frank[3] compared these twomodels and found the projection-based reference frame to be better in many aspects.The most common way to model directions between extended objects is through theobject's Minimum Bounding Rectangle(MBR), where direction relations are obtained byapplying Allen's [4] interval relations along the x and y axis, in which case, 169 di�erentrelations[15] can be distinguished. We'll brie
y describe Allen's Algorithm since it isbasic to many algorithms.



914.1.3.1 Allen's Propagation AlgorithmAllen[4] summarized thirteen mutually exclusive relationships to express any possiblerelationships between intervals as shown in table 4.2.Relationships symbol Symbol for Inverse Pictorial ExampleX before Y < > XXX YYYX equal Y = = XXXYYYX meets Y m mi XXXYYYX overlaps Y o oi XXXYYYX during Y d di XXXYYYYYYX starts Y s si XXXYYYYYX �nishes Y f � XXXYYYYYTable 4.2: Thirteen possible relationships proposed by AllenIn Allen's work[4], the relationships between intervals are maintained in a networkwhere each node Ni represents individual interval i, and each arc N(i,j) is associatedwith possible relationships between the corresponding interval pair i and j. The basicalgorithm he used for maintaining relationships was propagating new relationships bycomputing the transitive closure of the relationships between intervals.Figure 4.2 shows the network used by Allen for consistency checking. 4.2(a) is thenetwork for two inputs, i.e. S overlaps or meets L, and S is before, meets, is metby,or after R. After the second input was added, the algorithm computed the constraint
(< m mi >) S (o m)  R L
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(< > o oi m di s si fi =)
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(o s)
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(c). After adding L --(os) --> R

Figure 4.2: Examples of Allen's algorithm



92between L and R, and the resulting network is shown as 4.2(b). If we add a new factL overlaps, starts, or is during R, we need to propagate its e�ect through the network,and thus obtaining the resulting network 4.2(c).As explained in Allen's paper[4], the time complexity of this algorithm is calculatedas: 13� (N�1)(N�2)2 for N intervals, i.e., O(N2). The space requirement for the algorithmis also O(N2).As Allen stated in [4], one problem with this algorithm is that it does not detectall inconsistencies in its input. Quote the phrases in [4] "In fact, it only guaranteesconsistency between three node subnetworks. There are networks that can be addedwhich appear consistent by viewing any three nodes, but for which there is no consistentoverall labeling of the network." In other words, the algorithm can not guarantee globalconsistency.4.1.3.2 Our ApproachIn this chapter, we propose a new strategy to process consistency checking for Euclideanspatial constraints among objects. We use a geometric approach by incorporating thespatial domain information in consistency checking. We propose dimension graphs tomaintain the spatial constraints among objects. Each conjunctive constraint is projectedon both dimensions, and a dimension graph is constructed for the constraint on eachdimension. For spatial constraints in general format, the constraints can be converted toits Disjunctive Normal Form(DNF)[56] , and dimension graphs are constructed for eachconjunction. By using the dimension graph representation, the problem of constraintconsistency checking is then transformed to a graph cycle detection problem on eachdimension graph. The cycle detection could be solved e�ciently with O(N+E) time aswell as space complexity, where N is the number of spatial objects, and E is the numberof spatial predicates in the constraint. Recall that Allen's algorithm has a time andspace complexity of O(N2). The proposed approach to consistency checking for spatialconstraints is faster when the number of predicates is much smaller than N2 and thereare few disjunctions in the spatial constraint. The dimension graph and consistency



93checking algorithm can be used for points, and MBRs in 2 dimensional space. Since thealgorithm returns TRUE if and only if the dimension graph of at least one conjunctioncontains no cycle, which means there exist at least one consistent overall constraint. Thealgorithm can guarantee the global consistency.4.1.4 Scope and OutlineIn this chapter, we address the problem of consistency checking for spatial constraints inthe two-dimensional Euclidean space. We deal with only 0-th order constraints. We focuson the qualitative constraints among objects, which include topological and directionrelationships(See Table 4.1). Distance-based constraints are not discussed. We considerthe constraints among point objects, interval objects, and region objects approximatedby MBRs. We focus on addressing the consistency checking for homogeneous types ofobjects, i.e., the constraints among point objects, or intervals, or MBRs. The consistencychecking for the constraints speci�ed among mixed types of objects(e.g. the constraintsbetween a point and an interval) is out of the scope of the chapter, which may beaddressed in the future work. We only discuss a speci�c set of predicates de�ned in thechapter. The predicates are de�ned in Euclidean space. Di�erent predicate sets or indi�erent space may be di�erent. Some constraints that are inconsistent in Euclideanspace may be consistent in spherical space. The consistency checking for predicates inother space is out of the scope of this chapter.The organization of this chapter is as follows: In section 2, we propose dimensiongraph representation for the conjunctive constraints among points, intervals. The con-sistency checking for conjunctive constraint based on the dimension graph representationis introduced in section 3. In section 4, we discussed the dimension graph constructionand consistency checking for conjunctive constraints among MBRs. Finally, the consis-tency checking for constraints in general format is described in section 5. The chapterends with conclusions and recommendations for future work.



944.2 Dimension Graphs for Conjunctive Spatial ConstraintsIn this section, we will describe the construction of dimension graph for conjunctive spa-tial constraints among points and intervals. The basic idea is to projected the conjunctivespatial constraint onto each dimension and record the spatial constraints that much besatis�ed on each dimension in a dimension graph respectively. The dimension graph forpoints in 2D space contains X-graph and Y-graph. The dimension graph for intervals in1D space contains only one graph. We also analyze the computation complexity for thedimension graph construction algorithm.4.2.1 Dimension Graphs for Constraints Among Point ObjectsWe start by de�ning a set of absolute direction predicates for point objects in terms ofcoordinates. Here, We assume the global coordinate systems aligned with the referenceframe of absolute directions, i.e., North aligns with y-axis, and East align with x-axis. The de�nition for each predicate is given in Table 4.3. The �rst column of theDirection predicates Ax; Bx Ay; BySP (A;B) = =North(A;B) = >South(A;B) = <East(A;B) > =West(A;B) < =NE(A;B) > >NW (A;B) < >SE(A;B) > <SW (A;B) < <Table 4.3: Direction Predicates for point objects in terms of coordinatestable enumerates the direction predicates. The second and third columns represent therelationships between two point objects on X and Y dimensions respectively. Ay; By arethe y-components of A and B, and Ax; Bx are x-components of A and B. Figure 4.3(a)illustrates the intuition of the de�nition. The predicates are de�ned using directionequivalence classes [65] by partitioning the space. SP(A,B) means A and B are onthe same position, North, South, East, and West represent exact directions, whileNE, NW , SE, and SW can point to any direction in their respective quadrants. This
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East(B, A),  NW(A, C), SW(C, B)
West(A, B), NE(B, C), SE(C, A)(b) Examples of predicatesFigure 4.3: Illustration of the predicatespredicate set is complete. Figure 4.3(b) shows examples of predicates described thedirectional relationships among points A, B and C, i.e., B is east of A, A is northwest ofC, and C is southwest of B.The spatial constraints represented in terms of conjunctions of predicates can bemaintained in two graphs: X-graph and Y-graph. The nodes in both graphs representthe objects forming the constraints. The direction constraints are represented as directededges in each graph according to the symbol in the column 2 and 3 of Table 4.3. Theedge goes from the node with smaller values to the node with larger values. If the symbolis '=', the two nodes are merged to one node. Figure 4.4 shows the graph representation
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Figure 4.4: Dimension graph for North(A,B) ^ NW(B,C) ^ SE(B,D)for the constraint North(A,B) ^ NW(B,C) ^ SE(B,D). The dimension graph is a unionof X-graph and Y-graph, and is constructed according to the de�nition of each predicatein Table 4.3. Algorithm 9 is the pseudo-code of the graph constructing procedure. Theinput of the algorithm is the conjunctive constraint and the output is the dimensiongraph. For each predicate in the conjunctionConstraint, the algorithm invokes the sub-function add a predicate point to add the predicate to the dimension graph. This



96Algorithm 9 Constructing Dimension Graph from conjunctive spatial constraints forpoints: constructGraphPointInput: conjunctionConstraint is a set of conjunctive predicatesOutput: constraintGraph consists of the corresponding X/Y-graphs.Graph constructGraphPoint(Set of Predicates conjunctionConstraint) fGraph constraintGraph = ;;for each entry p 2 conjunctionConstraintadd a predicate point(p, &constraintGraph);return constraintGraph;gadd a predicate point(Predicate aPredicate, Graph* aGraph ) f�rstObject = getFirstObject(p);secondObject = getSecondObject(p);addNode(�rstObject, secondObject, aGraph.graphX);symbol =�ndXconstraint(Table 4.3, p);addEdge(symbol, �rstObject, secondObject, aGraph.graphX);addNode(�rstObject, secondObject, aGraph.graphY);symbol =�ndYconstraint(Table 4.3, p);addEdge(symbol, �rstObject, secondObject, aGraph.graphY);gaddNode(Node n1, Node n2, Graph aGraph) fif n1 =2 aGraph Add n1 to aGraph;if n2 =2 aGraph add n2 to aGraph;gaddEdge(char symbol, Node n1, Node n2, Graph, aGraph) fif (symbol == '=')merge nodes n1, n2 to one;else if (symbol == '<')add directed edge of (n1, n2) to aGraph;else add directed edge of (n1, n2) to aGraph;gfunction calls function addNode to add nodes that do not in the dimension graph intothe graph, and calls function addEdge to add the spatial relationships between nodesinto dimension graph.We can easily summarize the computation complexity for this algorithm. Let N bethe number of spatial objects involved and E be the number of spatial predicates in theconjunction.� Time complexity = O(N+E);Any of the sub-functions addNode and addEdge takes constant time(O(1)).



97�ndXconstraint and �ndYconstraint are essentially table lookup functions,which could also be accomplished in constant time. The whole algorithm thereforehave the time bound of O(E). The generated graph has at most N nodes and Eedges each in X-graph and Y-graph.� Space complexity O(N+E).We can process on each dimension graph at a time, the space requirement is alsolinear to the graph elements.4.2.2 Dimension Graph for Conjunctive Spatial Constraints AmongIntervalsThe relationships between intervals proposed by Allen [4] can be de�ned in terms ofthe endpoints of intervals. Table 4.4 shows the de�nition of the 13 relationships, whereA1; A2 and B1; B2 represent the start and end points of the intervals A and B respectively.Allen's symbols are used here.Predicate name predicates point relationshipsbefore < (A;B) A2 < B1equal = (A;B) (A1 = B1) ^ (A2 = B2)overlaps o(A;B) (A1 < B1) ^ (A2 > B1) ^ (A2 < B2)meets m(A;B) (A2 = B1)during d(A;B) (A1 > B1) ^ (A2 < B2)starts s(A;B) (A1 = B1) ^ (A2 < B2)�nishes f(A;B) (A1 > B1) ^ (A2 = B2)after bi(A;B) B2 < A1overlapby oi(A;B) (B1 < A1) ^ (B2 > A1) ^ (B2 < A2)metby mi(A;B) (B2 = A1)duringby di(A;B) (B1 > A1) ^ (B2 < A2)startby si(A;B) (B1 = A1) ^ (B2 < A2)�nishedby fi(A;B) (B1 > A1) ^ (A2 = B2)Table 4.4: Spatial relationships for intervals, where < and bi describe directional rela-tionships and others are topological relationshipsThe relationships represented in terms of conjunctions of predicates can be main-tained in directed graphs, where the nodes represent start or end points of the individualintervals, and the directed edges represent the constraints between the two points. Eachedge is added to the graph according to the de�nition in Table 4.4. The edge point to the



98nodes with larger values from the nodes with smaller values. The nodes with same valuesare merged into one node. It is worth noting that there is an intrinsic constraint betweenthe start point and the end point of an individual interval, i.e. start-point < end-point.Figure 4.5 shows the graph representation for the constraint before(S;R)^meets(S;L).
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Before(S, R) and Meets(S, L)Figure 4.5: before(S;R) ^meets(S;L)The graph is constructed according to the de�nition of each predicate in Table 4.3. Thedashed arrow represents the intrinsic constraint of the start point and end points. Thepseudo-code of the graph constructing procedure is given as in Algorithm 10.Algorithm 10 Constructing Graph from conjunctive constraints for intervals: con-structGraphIntervalInput: conjunctionConstraint is a set of conjunctive predicatesOutput: constraintGraph is the corresponding graphGraph constructGraphInterval(Set of Predicates conjunctionConstraint) fconstraintGraph = ;;for each entry p 2 conjunctionConstraintadd a predicate interval(p, &constraintGraph);return constraintGraph;gadd a predicate interval(Predicate p Graph* aGraph ) f�rstObject = getFirstObject(p);secondObject = getSecondObject(p);addIntervalNode(�rstObject, secondObject, constraintGraph);pointPredicates = convertToPoint(p); //according to Table 4.4for each r(k; l) in pointPredicates fif (k < l) add directed edge (k; l) to aGraph;if (k > l) add directed edge (l; k) to aGraph;if (k = l) merge node k and l in aGraph;ggThe input of the algorithm is the conjunctive constraint and the output is the cor-responding dimension graph. For each predicate in the conjunctionConstraint, the al-



99gorithm calls the sub-function add a predicate interval to add the predicate to thedimension graph. This function adds nodes that do not in the dimension graph intograph, and adds the spatial relationships between nodes into dimension graph.Let N be the number of objects(intervals) and E be the number of interval predicatesin conjunctionConstraint. We can summarize the complexity as follows:� Time complexity = O(E);According to table 4.4, there are at most three point predicates should be satis�edfor each interval predicate, and hence at most three edges added for each intervalpredicate. The time complexity for this algorithm is therefore O(E).� Space complexity O(N+E).The resulting constraintGraph consists of at most 2N nodes and 3E edges. Thespace requirement is linear to the number of nodes and edges, roughly 2N+3E,which is essentially O(N+E).



1004.3 Consistency checking for conjunctive constraintsIn the previous section, we construct dimension graph for conjunctive Euclidean spa-tial constraints among point objects or intervals. In this section, we will describe theconsistency checking algorithm based on the dimension graph representations.Let's revisit the example given in Figure 4.4. If we add a new constraint NE(A;C),the new constraint graph is given in Figure 4.6. A new edge represented by dot line is
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Figure 4.6: North(A,B) ^ NW(B,C) ^ SE(B,D)^ NE(A,C)added into the graph. As can be seen, a cycle is constructed in the X dimension graphin Figure 4.6. In other words, the constraint of North(A;B)^NW (B;C)^SE(B;D)^NE(A;C) requires that the x-value of A is smaller than the x-value of C, and at thesame time, the x-value of C is smaller than the x-value of A. This is a contradiction,which means the constraint is inconsistent. In general, we can characterize this featureas Theorem 3.Theorem 3 A conjunctive constraint is consistent if and only if there exists no cycle inits corresponding dimension graphs, i.e., the graphs are all directed acyclic graphs(DAG).Proof:=): Suppose that the dimension graph contains no cycle, i.e., the graph is a directedacyclic graph(dag), we can construct a topological sort of the dag [13] using depth-�rstsearch algorithm. A topological sort of a dag is a linear ordering of all its nodes suchthat if the dag contains an edge (u; v), then u appears before v in the ordering. Inother words, there exists at least one spatial con�guration satisfying the constraints, theconstraint is consistent.



101(=: Suppose that the dimension graph contains a cycle. For the nodes involved inthe cycle, there exist no topological sort, i.e., no linear ordering of the nodes is possible.In other words, we can not give a global labeling for the nodes to meet the requirementthat all directed edges go from left to right. No spatial con�guration can satisfy theconstrain. Therefore, the constraint is inconsistent. �4.3.1 Basic AlgorithmWe now describe the algorithm for consistency checking for conjunctive spatial con-straints among a set of points or a set of intervals based on dimension graph repre-sentation. The consistency checking for conjunctive constraints contains two steps: 1.Construct the corresponding dimension graph; 2. Perform cycle detection on each graph.The constraint is consistent if none of the graph contains cycle. The pseudo-code is de-scribed as in Algorithm 11.Algorithm 11 Consistency checking: conjunctionConsistencyCheckInput: conjunctionConstraint is a set of conjunctive predicatesOutput: TRUE if consistent, FALSE otherwiseconjunctionConsistencyCheck(Set of Predicates conjunctionConstraint) fGraph constraintGraph = ;;if the constraint is among pointsconstraintGraph = constructGraphPoint (conjunctionConstraint);else //the constraint is among intervalsconstraintGraph = constructGraphInterval (conjunctionConstraint);if !detectCycle(constraintGraph)return TRUE;return FALSE;gThe algorithm �rst constructs the dimension graph by invoking subfunction con-structGraphPoint or constructGraphInterval according to the types of the objects.The function detectCycle performs cycle detection on the corresponding dimensiongraph. The algorithm return TRUE if no cycle is detected.A nice property of this algorithm is its e�ciency. The consistency checking is just agraph cycle detection which can easily be done in linear time. As in previous section, let



102N be the number of spatial objects and E be the number of spatial predicates involvedin the conjunctive constraint.� Time complexity = O(N+E);O(N+E) is the time for cycle detection in a directed graph with N nodes and Eedges[13]. As we explained in section 2, each of X-graph and Y-graph for a set ofpoints has at most N nodes and E edges, and the dimension graph for intervals hasat most 2N nodes and 3E edges. Therefore, O(2N+3E) is the upper bound timecomplexity for consistency checking for a conjunctive constraint, which is same asO(N+E).� Space complexity =(N+E).We can process on each dimension graph at a time, the space requirement is alsolinear to the graph elements.4.3.2 ExamplesConsider the example of spatial constraints among intervals:(S meets L) and (S is metby R).The consistency checking for this constraint is then accomplished by two steps. Thefunction constructGraphInterval is �rst invoked to construct the corresponding di-mension graph, which is illustrated in Figure 4.7 (a). The detectCycle function checks
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L2Figure 4.7: Dimension Graph for meets(S;L) ^metby(S;R)the cycle in the graph. Since there is no cycle found, the constraint is consistent. We canconstruct an interval con�guration which satis�es the constraint as in Figure 4.7 (b).Assume a new fact overlaps(L;R) is added into the system. We call the function of



103add a predicate interval to add this new constraint to the dimension graph, resultingin a new dimension graph as in Figure 4.8.
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Inconsistent constraintFigure 4.8: Dimension Graph after adding overlaps(L,R)The cycle detection is performed on the new dimension graph to check consistencyof the status. Since cycles of (R1, S1, L1, R1) and (R2, L1, L2, R2) are detected in the�gure as shown. The new constraint added is not consistent with the system, therefore,the new constraint is inconsistent. There exist no interval con�guration satisfying thisconstraint.Since the consistency checking is performed based on the cycle detection of the cor-responding dimension graph, the algorithm can always detect inconsistent constraints.As we stated in Theorem 3, for any dimension graph without cycle, there is a consistentcon�guration among objects. The algorithm can guarantee global consistency.



1044.4 Consistency Checking for Conjunctive Constraints AmongMBRsIn the previous section, we discuss the dimension graphs for conjunctive constraintsamong 2D points and 1D intervals, and also describe the dimension graph based con-sistency checking algorithm. In this section, we will extend our dimension graph basedapproach to 2D spatial objects approximated by MBRs. Examples of 2D spatial objectsincludes polygon regions.It is common in spatial databases to approximate 2-D regions by minimum boundingrectangles(MBRs) which are orthogonal with respect to the global coordinate system.Figure 4.9(a) shows a small portion of the campus maps of University of Minnesota.Figure 4.9(b) replaces all the buildings in Figure 4.9(a) by their corresponding MBRs.
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(b) Approximate buildings byMBRsFigure 4.9: 2D region objects vs. MBRsBy using MBR approximation, we can use two representative points, namely lower-left and upper-right corners to determine the corresponding object. In the rest of thechapter, we use the notation of All and Aur to represent the lower-left and upper-rightcorners of the MBR for any object A. The notations of All:x; All:y; Aur:x and Aur:y areused to represent the x and y coordinates for lower-left and upper-right corners of MBRA.



105The direction relationship between MBRs can be determined by the relationshipsbetween the representative points. Table 4.5 shows the de�nitions of the direction pred-icates based on the representative points of MBR of the objects. The �rst column of theDirection predicates conditionsSP (A;B) (All:x = Bll:x) ^ (All:y = Bll:y) ^ (Aur:x = Bur:x) ^ (Aur:y = Bur:y)North(A;B) (All:y � Bur:y) ^ (All:x � Bll:x) ^ (Aur:x � Bur:x)South(A;B) (Aur:y � Bll:y) ^ (All:x � Bll:x) ^ (Aur:x � Bur:x)East(A;B) (All:x � Bur:x) ^ (All:y � Bll:y) ^ (Aur:y � Bur:y)West(A;B) (Aur:x � Bll:x) ^ (All:y � Bll:y) ^ (Aur:y � Bur:y)NE(A;B) (All:x � Bur:x) ^ (All:y � Bur:y)SE(A;B) (All:x � Bur:x) ^ (Aur:y � Bll:y)NW (A;B) (Aur:x � Bll:x) ^ (All:y � Bur:y)SW (A;B) (Aur:x � Bll:x) ^ (Aur:y � Bll:y)Table 4.5: Direction Predicates for MBRtable enumerates the direction predicates. The second column gives the constraints thatshould be satis�ed by their representative points.For example, in Figure 4.9(b), MBR of \ Morrill Hall" is north of MBR of \Tate Lab",and the MBR of \Pillsbury hall" is northeast of the MBR of \Northrop Auditorium".The same relationships hold for buildings in Figure 4.9(a). These are described bypredicates North(Morrill Hall, Tate Lab), and NE(Pillsbury hall, Northrop Auditorium).4.4.1 Dimension Graphs for Conjunctive Constraints Among MBRsThe dimension graph for each direction predicate contains X-graph and Y-graph whichmaintain the constraints that must be satis�ed on X and Y dimension respectively. Thenodes in these graphs represent the objects forming the constraints. The constraintsare represented as directed edges according to the conditions speci�ed in column 2 ofTable 4.5. Similar to the X-graph and Y-graph for points, an directed edge goes fromthe node with smaller values to the node with larger values. If the value associated withtwo nodes are same, the two nodes are merged to one node. We introduce a new `thickarrow' edge here to represent new relationships of � or �. If the relationship betweentwo nodes p and q is p � q, a `thick arrow' directed edge is added from p to q. If therelationship between p and q is p � q, a `thick arrow' directed edge is added from q to



106p. The dashed arrow is used for intrinsic constraint between the lower-left point and theupper-right point of a MBR.The dimension graph for a conjunctive constraint is constructed by adding the con-straints speci�ed in each predicate in X-graph and Y-graph. Figure 4.10(a) and (b)shows an example of dimension graph for a conjunctive constraint of North(A;B) ^NE(B;C) ^ SW (C;A). Figure 4.10(c) is a possible spatial con�guration among MBRA, B and C.
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(c) MBR configurationFigure 4.10: Example MBR con�guration and its corresponding dimension graphs, thickarrow represents �, thin arrow represents <We now describe the dimension graph construction for conjunctive constraints forMBRs. The pseudo-code of the graph constructing procedure is given as in Algorithm12. For each predicate in the conjunctionConstraint, the algorithm invokes the sub-function add a predicate MBR to add it to the dimension graph. The basic strategyof this function is �rst to transform the MBR predicate to point predicate set, and addeach point predicate into the graph. To accomplish this, addNode and addEdge areinvoked.Let N be the number of objects(i.e. MBRs) and E be the number of predicates inconjunctionConstraint. We can summarize the complexity as follows:� Time complexity = O(E);According to table 4.5, there are at most four point predicates should be satis�edfor each MBR direction predicate, and hence at most four edges added for eachpredicate. The time complexity for this algorithm is therefore O(E).� Space complexity = O(N+E).



107Algorithm 12 Constructing Graph for MBR constraints: constructGraphMbrInput: ConjunctionConstraint is a set of conjunctive predicates between MBRsOutput: constraintGraph consists of the corresponding X/Y-graphs.Graph constructGraphMbr(Set of Predicates conjunctionConstraint) fGraph constraintGraph = ;;for each entry p 2 conjunctionConstraintadd a predicate MBR(p, &constraintGraph);return constraintGraph;gadd a predicate MBR(Predicate aPredicate, Graph* aGraph ) fpointPredicates= �ndfromTable(aPredicate);for each predicate r(k; l) 2 pointPredicatesaddNode(k, l, aGraph.graphX);addEdge(r(k; l), aGraph.graphX);addNode(k, l, aGraph.graphY);addEdge(r(k; l), aGraph.graphY);gaddEdge(Point Predicate pp, Graph* aGraph ) fr(k; l)= getRelationSymbol(pp);if (r ==0<0) add directed edge (k; l) to aGraph;if (r ==0>0) add directed edge (l; k) to aGraph;if (r ==0=0) merge node k and l in aGraph;if (r ==0�0) add thick directed edge (k; l) to aGraph;if (r ==0�0) add thick directed edge (l; k) to aGraph;gThe resulting constraintGraph consists of at most 2N nodes and 4E edges. Thespace requirement is linear to the number of nodes and edges, roughly 2N+4E,which is O(N+E).4.4.2 Consistency checking for conjunctive constraints Among MBRsAfter constructing dimension graphs for conjunctive constraints among MBRs, we cancheck the consistency by detecting cycle in the dimension graphs. There are three pos-sible situations and corresponding results:Case 1: There exist no cycle (constraint predicates are consistent)Case 2: Every cycle consists of only thick edge (constraint predicates are consistent)Case 3: At least one cycle consists of non-thick edges(constraint predicates are incon-



108sistent)Case 1 is obvious. No cycle means there exist a consistent spatial con�guration amongall objects. Figure 4.10 is an example of consistent constraints whose dimension graphscontain no cycle.In case 2, since every cycle detected contains only thick edges. Recall that any thickedge p! q represents that the relationships between p and q is `�', i.e., either p = q orp < q could hold. If we label all thick edges as '=', all the nodes involved in the cycle willhave same value. We can then merge this cycle with a big node consisting of all nodesinvolved in the cycle. The transformed graph contains no cycle, and the correspondingconstraint is consistent. Figure 4.11 shows such an example. Figure 4.11 (a) is the
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(b) X-graph after merging the cycle (c) MBR configuration(a) Dimension graphFigure 4.11: Dimension graphs for North(A;B) ^ South(B;A)dimension graph for constraint North(A;B)^South(B;A), it contains a cycle with onlythick edges in X-graph. Figure 4.11 (b) is the transformed X-graph after merging eachcycle to one node. There is no cycle in this resulting graph. This constraint is obviouslyconsistent. Figure 4.11 (c) is a sample con�guration.Case 3 is easy to understand. If there is a cycle containing at least one non-thickedges, no matter how we label the thick edges in the cycle, we can not remove the cycle.There must be con
icts among coordinates of the objects involved in the cycle, andhence, the constraint is inconsistent. Figure 4.12 shows an example of the constraintsamong A, B, and C. The constraint is: North(A;B) ^ NE(B;C) ^ SW (A;C). As wecan noticed, there exist cycles in both X and Y dimension graphs of the constraint. Nospatial con�guration of A, B, C can satisfy this constraint. The constraint is inconsistent.Based on the above arguments, we can now describe the consistency checking al-
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(b) Y-graph(a) X-graphFigure 4.12: Dimension graphs for North(A;B) ^NE(B;C) ^ SW (A;C)gorithm for MBRs as in Algorithm 13. The algorithm �rst calls function construct-Algorithm 13 Consistency checking for conjunctive MBR predicates: MBRconjunc-tionConsistencyCheckInput: conjunctionConstraint is a set of conjunctive predicatesOutput: TRUE if consistent, FALSE otherwiseMBRconjunctionConsistencyCheck(Set of Predicates conjunctionConstraint) fGraph constraintGraph = ;;constraintGraph = constructGraphMbr (conjunctionConstraint);if !detectCycle(constraintGraph)return TRUE;else if the cycle contains thin edgereturn FALSE;else return TRUE;gGraphMbr to construct the dimension graph, and then use detectCycle to detectcycles in the dimension graph. It returns TRUE if no cycle is detected. If the detectedcycle contains thin edges, the algorithm returns FALSE, otherwise, returns TRUE.Let N be the number of objects(i.e. MBRs) and E be the number of predicates inconjunctionConstraint.� Time complexity = O(N+E);The time complexity for cycle detection is O(N+E). Checking the edge type in acycle can be done easily by turning on a 
ag if the traverse passes a thin edge.Therefore, this checking does not require extra time complexity, the time complex-ity is then O(N+E).� Space complexity = O(N+E).



110The dimension graph consists of at most 2N nodes and 4E edges. In order to recordthe edge type, each edge may need an extra 
ag, which will add another E space.The total space required is roughly 2N+4E+E, which is O(N+E).



1114.5 Consistency Checking for Constraints in General For-matIn the previous sections, we describe the dimension graph representation and the consis-tency checking algorithms for conjunctive constraints among points, intervals and MBRs.In this section, we will extend the dimension graph based consistency checking algorithmto the constraints in general format.4.5.1 Dimension Graphs for Constraints in General FormatThe constraints in general format can be transformed into Disjunctive Normal Form(DNF),which is a disjunction of conjunctions where no conjunction contains a disjunction. Eachconjunction in the DNF constraint can be represented by a dimension graph by applyingthe algorithm constructGraphPoint or constructGraphInterval. The dimensiongraph of the general format constraint therefore are collection of all the dimension graphsconstructed from all its conjunctions. The number of graph sets(X/Y-graphs or intervalgraph) is the same as the number of conjunctions in the DNF.
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(b) SE(A,B) ^ NW(B,C) ^SE(B,D)^ NE(A,C)Figure 4.13: X/Y-graphs for (North(A;B) _ SE(A;B)) and NW (B;C) andSE(B;D)and NE(A;C)Figure 4.13 is an example of the dimension graph maintaining the constraint ofNorth(A;B) _ SE(A;B) and NW (B;C) and SE(B;D)and NE(A;C) for point ob-jects A, B, C and D. The DNF format of the constraint is: (North(A,B) ^ NW(B,C) ^SE(B,D) ^ NE(A,C)) _ (SE(A,B) ^ NW(B,C) ^ SE(B,D) ^ NE(A,C)). Figure 4.13(a)and (b) are X/Y-graphs for the two conjunctions, which are (North(A;B)^NW (B;C)^



112SE(B;D) ^NE(A;C)) and (SE(A;B) ^NW (B;C) ^ SE(B;D) ^NE(A;C)).
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(a) before(S,R) and meets(S, L) and overlaps(L,R) (b) metby(S,R) and meets(S, L) and overlaps(L,R)Figure 4.14: Constraint graphs for (S meets L) and (S before or metby R) and (L overlapsR) Figure 4.14 is an example of the dimension graph maintaining the constraint of "Smeets L and S before or metby R and L overlaps R" for intervals S, L and R. The DNFformat of the constraint is: (before(S;R)^meets(S;L)^overlaps(L;R))_(metby(S;R)^meets(S;L) ^ overlaps(L;R)). The two conjunctions correspond to Figure 4.14(a) and(b) respectively.4.5.2 Consistency Checking for General ConstraintsAfter constructing the corresponding dimension graph for the constraints, the cycle de-tection function is performed on each subgraph representing a conjunctive constraint. Ifeach set of subgraph contains cycle, the constraint is inconsistent. If a subset of graphscontains cycle, the constraint combinations corresponding to those graphs containingcycles are inconsistent. The combinations corresponding to the graphs without cyclesare consistent. Algorithm 14 is the pseudo-code for consistency checking for general for-mat constraints among points or intervals. The consistency checking algorithm containsthree steps: Normalizing the constraints to standard DNF formats; Construct dimensiongraphs for each conjunction in DNF; Perform cycle detection on each graph.The subfunction normalize preprocesses the constraint and transform the generalformat constraint into its DNF format. Secondly, check the consistency for each con-junction of the DNF representation by calling the Algorithm conjunctionConsistency-Check or MBRconjunctionConsistencyCheck according to the type of the objects.



113Algorithm 14 Consistency checking: consistencyCheckInput: constraint is the constraint need to be checkedOutput: TRUE if consistent, FALSE otherwiseconsistencyCheck(Set of Predicates constraint) fDNF dnfConstraint= normalize(constraint);Set of Predicates consistentConstraint = ;;for each conjunction p 2 dnfConstraint fif objects are MBRsif MBRconjunctionConsistencyCheck(p)add p to consistentConstraint;else if conjunctionConsistencyCheck(p)add p to consistentConstraint;gif consistentConstraint == ;return FALSE;return TRUE;gIf the conjunction constraint is consistent, add the conjunction to consistentConstraint.The �nal result of consistentConstraint contains all the consistent constraint combina-tion, each of which represents a global consistent constraint.In the example of constraint among point A, B, C and D shown in Figure 4.13, thedimension graph corresponding to conjunction North(A,B) ^ NW(B,C) ^ SE(B,D) ^NE(A,C) contains a cycle, and hence this conjunction constraint is inconsistent. TheconsistentConstraint will only include the consistent conjunction, which is SE(A,B) ^NW(B,C) ^ SE(B,D)^ NE(A,C)(Figure 4.13(b)). Similarly, in the example for intervalsillustrated in Figure 4.14, the conjunction depicted in Figure 4.14(b) contains cycleand hence the corresponding conjunction is inconsistent. Figure 4.15 shows the onlyconsistent conjunction and one of its possible interval con�gurations.
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114Complexity AnalysisSimilarly, let N be the number of spatial objects and E be the number of spatial predicatesbeing checked for consistency, and COR be the number of all possible combinations ofdisjunctive predicates, i.e., the number of conjunctions in DNF.� Time complexity = O(N+E)*O(COR);The consistency checking algorithm for general format constraints �rst generatesthe DNF for the constraints, and then call the conjunctionConsistencyCheckalgorithm for each conjunction. O(N+E) is the time for consistency checking fora conjunction constraint. Therefore, the total time bound is O(N+E)*O(COR).� Space complexity = O(N+E).COR does not contribute to space factor, since one may process one graph at atime.



1154.6 Conclusions and Future WorkIn this chapter, We propose a new strategy to process consistency checking for Euclideanspatial constraints among objects. We use a geometric approach by incorporating thespatial domain information in consistency checking. Dimension graphs are proposed tomaintain the spatial constraints among objects. Each conjunctive constraint is projectedon both dimensions, and a dimension graph is constructed for the constraint on each di-mension. The spatial constraints in general format are maintained in a set of dimensiongraph constructed from its conjunctions. By using this framework, constraint consis-tency checking is then transformed to a graph cycle detection problem on its dimensiongraph. The cycle detection could be solved e�ciently with O(N+E) time as well as spacecomplexity, where N is the number of spatial objects, and E is the number of spatialpredicates in the constraint. Recall that Allen's algorithm has a time and space com-plexity of O(N2). The proposed approach to consistency checking for spatial constraintsis faster when the number of predicates is much smaller than N2 and there are fewdisjunctions in the spatial constraint. The dimension graph and consistency checkingalgorithm can be used for points, and MBRs in 2 dimensional space. Since the algorithmreturns TRUE if and only if the dimension graph of at least one conjunction contains nocycle, which means there exist at least one consistent overall constraint. The algorithmguarantees the global consistency.In future work, we would like to explore the consistency checking among mixed typesof object, e.g. consistency checking for constraints between point and intervals. Wewould also like to apply the dimension graph based cycle detection algorithm to theapplication of image similarity retrieval based on the similarity of spatial con�guration.



Chapter 5Equivalence Classes of DirectionObjects and Applications
5.1 IntroductionDirection is a common spatial concept that is used everywhere in daily life. When peoplecommunicate about a geographic space, such as giving route descriptions[1], direction isnecessary to convey the information. Direction is also frequently used as a selection con-dition in spatial databases[28, 15] or used for similarity accessing in image databases[53].There are three commonly used directional reference frames, i.e., absolute directions,viewer-orientation-based directions and object-orientation-based directions. Absolutedirection of a target object relative to a reference object is de�ned by their locations inthe embedding space. Viewer-orientation-based direction and object-orientation-baseddirection are described with respective to the orientation of the view and the orientationof the reference object respectively. It is important to provide a framework to unifythe representation of directional predicates and their reasoning for these three referenceframes.In this chapter we introduce the notation of equivalence classes of direction objectsto model direction predicates. The object view of direction simpli�es reasoning withdirection predicates as it reduces the large number of inference rules that is commonlyneeded. This is useful in the processing and optimization of spatial queries that contain116



117direction constraints. Many axioms for the qualitative reasoning with direction predi-cates in previous work can now be understood easily in terms of direction equivalenceclasses. In addition, new reasoning with object-orientation-based direction predicatescan be performed with our results.5.1.1 Related work and our contributionsResearch on direction modeling has been carried out in several areas such as geographicinformation systems and image analysis. Most of the previous work is on how to cap-ture the semantics of directional relationships, and further conduct spatial reasoning ondirections[15, 18, 20]. There are two major direction reference frames used to model di-rection in 2D space: the cone-based model[51], and the projection-based model[18, 20].Frank[3] compared these two models and found the projection-based reference frame tobe better in many aspects.The previous work modeled direction as a boolean spatial relationship between objects[18,60, 25, 76, 15, 51, 26, 20, 62, 48]. Qualitative spatial reasoning is then performed byapplying large number of inferencing rules [4, 15, 18]. Frank[18] discussed a methodfor formal, qualitative spatial reasoning for cardinal directions, and list properties ofcardinal directions. Freksa [20] developed a representation schema which incorporatedorientation information. All these studies lacked an independent interpretation model,and thus the framework was hard to understand, and only useful for speci�c directionpredicates. On the other hand, most attention of the previous studies has been paidto modeling and reasoning about absolute directions. The results may be applicableto viewer-orientation-based reference frames, however, reasoning in object-orientation-based reference frame needs more study. The complexity of object-orientation-baseddirection is due to the property that the referenced orientation framework may be dif-ferent for di�erent reference objects.In this chapter, we extend the object model proposed in our recent work [64], wheredirection is modeled as a spatial object, i.e., a unit vector. We decompose directionspace into disjointed partitions and de�ne equivalence classes of direction objects to



118unify the reasoning of di�erent set of directional predicates. We also de�ne an algebraon the equivalence classes to formalize reasoning with direction predicates. The equiv-alence classes of direction objects together with the algebra de�ned on it provide anindependent interpretation model for qualitative direction reasoning. The properties ofdirection predicates can be understood easily in terms of the properties of direction equiv-alence classes. Many Lemmas discussed here were used as desirable properties(axioms)of direction predicate sets in previous work, whereas these are derived properties fromequivalence class of direction objects in our framework. Lemma 14 shows the lack ofclosure under composition, which was often assumed in previous work [18]. We show asimple reason for this using the between operator on direction object proposed in [64].Many inferencing rules in previous work can be derived easily using our framework andthus reducing the large number of inference rules needed. We also explore inferencing inobject-orientation-based reference frame using our framework.5.1.2 Scope and OutlineIn this chapter, we explore the problem of spatial reasoning within di�erent directionreference frames. We focus on constructing a uni�ed framework for reasoning di�erentset of direction predicates and providing an independent interpretation model for spatialreasoning. We restrict our discussion to two dimensional point objects. The frameworkcan be re�ned to apply to higher dimensions.The organization of this chapter is as follows: In section 2, We introduce the basicconcept of direction equivalence classes and their properties. Qualitative directionalreasoning for viewer-orientation-based and object-orientation-based reference frames areintroduced in section 3, where the properties of direction predicates are also characterizedby a set of lemmas. In section 4, as a future work, we apply our direction model to thelandmark based route description problem, proposing a set of path predicate. Finally,we conclude the chapter with discussions and suggestions for future research.



1195.2 Equivalence Classes of Direction ObjectsWe have previously introduced the concept of `direction object' [64]. In this section,we decompose the space into disjointed partitions and identify each `direction' withthe partition in which it lies. All directions in a particular partition are considered`equivalent'. We also de�ne an algebra on the set of partitions and use the algebraicoperations to solve `equations', where the variables are `direction objects'.There are several ways of partitioning the space of directions. Figure 5.1 illustratesexample partitioning for a two-dimension space of direction unit vectors. Figure 5.1(a)and 5.1(b) represent the common cone-shape divisions[51]. Figure 5.1(a) divides directionunit vectors into 4 groups, namely, 00 � � < 900, 900 � � < 1800, 1800 � � < 2700 and2700 � � < 3600, where � denotes the angle from a coordinate axis parallel to the edge ofa sheet of paper to the direction vector. An alternative partitioning imposed by Figure5.1(a) may have eight group, namely, 00, 900, 1800, 270, 00 < � < 900, 900 < � < 1800,1800 < � < 2700 and 2700 < � < 3600. The term "partition" is used in a set-theoreticalsense, i.e., partitions are pair-wise disjointed and together they cover the space of alldirection unit vectors(in 2D space). Figure 5.1(c) represents a clock-based division usedin defense related applications. Some of the partitions imposed are 00 � � < 300,300 � � < 600, and etc.
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 (a) (b) (d) (e)(c)Figure 5.1: All except (e) are examples of symmetric partitioning. (d) is useful for pathreasoningAfter a partition scheme has been identi�ed, a given ~p may be identi�ed with a uniquepartition ~[p] in the partition set. Figure 5.2 below shows an example where the planehas been decomposed into four partitions. Each unit vector anchored at the origin ismapped into one of the four partitions. Each partition is identi�ed with a symbol. In



120the example of Figure 5.2 these symbols are N; E; S and W , standing for North, East,South and West.
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(a) (b)Figure 5.2: (a) Direction equivalence class, (b) Composition is between("vector sum")operationFormally this is done by de�ning a relation � on the set of all directions as follows:~A � ~B () ~A and ~B share the same partition:Lemma 8 � is an equivalence relation.Proof: re
exive: By the de�nition of �, ~A � ~A for any ~A in the set of directionpredicates.symmetric: If ~A and ~B are direction predicates and ~A � ~B, by de�nition, ~A and ~Bshare the same partition, which implies ~B � ~A.transitive: If ~A; ~B and ~C are direction predicates and ~A � ~B and ~B � ~C, then ~Aand ~B share the same partition and ~B and ~C share the same partition. This clearlyimplies that ~A and ~C share the same partition. Thus ~A � ~C. �We now de�ne a composition operation � on the equivalence classes. ~[P ] representsa direction equivalence class which contains the direction ~P . If ~P � ~Q then ~[P ] = ~[Q].� Composition: ~[P ]� ~[Q] = f[~R] j 9d1 � 0 and d2 � 0 s:t: ~R = d1 ~P + d2 ~QgThe composition operation � generalizes the ordinary vector sum operation to direc-tion equivalence classes. Since direction equivalence classes only concern with directions,the composition operation de�ned here is related to the between operator[64]. It is forthis reason that direction equivalence classes may not be closed under operation �. In�gure 5.2(b), ~[N ]� ~[E] = f ~[N ] _ ~[E]g.



121Lemma 9 Composition is commutative and associative.~[P ]� ~[Q] = ~[Q]� ~[P ] ; ~[P ]� ( ~[Q]� ~[R]) = ( ~[P ]� ~[Q])� ~[R]Proof: Follows from the commutative and associative properties of the vector sumoperation. �We explicitly de�ne a reverse operation rv( ~[P ]) on the direction equivalence classeswhich are based on a symmetric partitioning. To do this, we �rst de�ne a symbol ~O torepresent a null vector:Reverse : rv( ~[P ]) = f ~[Q] j 8~P 2 ~[P ];9 ~Q 2 ~[Q] s:t: ~P + ~Q = ~Og:Each direction equivalence class has a unique reverse if the partitioning is symmetric,e.g. Fig 5.1(a)-(d).Lemma 10 Reverse distributes over Composition. i.e., rv( ~[P ]� ~[Q]) = rv( ~[P ])�rv( ~[Q])Proof: Follows from the distributive property of scalar multiplication over vector sumin vector algebra. Note that rv( ~[P ]) can also be de�ned in terms of the equivalence classof a scalar product, i.e., [(�1)� ~P ].Table 5.1 shows the notations used in the rest of the chapter.Notation meaning~P direction object(unit-vector)~[P ] equivalence class of ~P~O a null vector� composition of equivalence classesrv reverse operator of equivalence classesTable 5.1: Notation table



1225.3 Orientation-based Direction InferencingIn the previous section, we de�ned direction equivalence classes. Here we model di-rection predicates and reasoning for orientation-based reference frame, which includesviewer-orientation-based and object-orientation-based. We work with Figure 5.1(a)-likepartitioning. Many of the theorems and lemmas are more general and can apply to pred-icate sets based on other symmetric partitioning. An interesting implication of directionpredicates as direction equivalence classes is lemma 15 on predicate interchangeabilityin composition. This property is surprising on the surface yet easy to understand givenour interpretation using direction equivalence classes.5.3.1 Viewer-orientation-based Direction InferencingViewer-orientation-based direction refers to the direction relationship which is measured
The flag is to the right of the desk
The desk is to the left of the flag

Figure 5.3: Orientation-based Directionfrom a single viewer's perspective. There are three related components: target objectA, reference object B, and the viewer. The viewer has his/her own orientation, whereobjects A and B may or may not be oriented objects. In Figure 5.3, the 
ag is to theright of the desk from the viewer's perspective.Direction predicates for viewer-orientation-based reference frameWe begin by de�ning a sample set of direction predicates based on Figure 5.1(a)-likepartitioning in the viewer-orientation-based reference frame as shown in Table 5.2. Thecorresponding direction equivalence classes are shown in Figure 5.4(b). While the arrows~EF ; ~EL; ~EB; ~ER have exact directions, the other four ~RF ; ~LF ; ~LB; ~RB can point to



123any direction in their respective quadrants. As illustrated in Figure 5.4(a), Ov: ~frontand Ov: ~right are two orthogonal unit vectors which represent the orientation of viewerV. ~BA refers to the direction object constructed from the vector A�B. The predicatePredicates ~BA�OV : ~front ~BA�OV : ~right equivalence classes PartitionsSP (A;B) Unde�ned ~[O]EF (A;B) 1 0 ~[EF ] � = 900EB(A;B) �1 0 ~[EB] � = 2700ER(A;B) 0 1 ~[ER] � = 00EL(A;B) 0 �1 ~[EL] � = 1800RF (A;B) > 0 > 0 ~[RF ] 00 < � < 900LF (A;B) > 0 < 0 ~[LF ] 900 < � < 1800RB(A;B) < 0 > 0 ~[RB] 2700 < � < 3600LB(A;B) < 0 < 0 ~[LB] 1800 < � < 2700Table 5.2: Predicates for Viewer-orientation-based Direction
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Figure 5.4: Direction equivalence classes for viewer-orientation-based direction predicatesset consists of nine predicates, each of which states whether the direction ~BA belongs tothe equivalence class representing the corresponding partition. The predicate SP (A;B)returns TRUE if and only if object A and B are in the same location. Each of the fourpredicates EF (A;B), EB(A;B), EL(A;B) and ER(A;B) returns TRUE if object A islocated on the straight line of the exactly front, behind, right, and left of B respectively.On the other hand, direction range predicates RF (A;B), LF (A;B), RB(A;B), andLB(A;B) represents that object A is within corresponding direction range of B from V'sthe viewpoint. For instance, RF (A;B) Returns TRUE i� object A is to the Right andFront of B from V's viewpoint.Theorem 4 The direction predicates are invariant with respect to viewer translation.



124Proof: Given objects A , B and viewer V with orientation (OV : ~front;OV : ~right), all thepredicates are determined by the dot product of ~BA with the individual orientation com-ponents OV : ~front and OV : ~Right. Now if the viewpoint changes from V to V 0 with neworientation (OV 0 : ~front;OV 0 : ~right), thenOV 0 : ~front = rot(�1)(OV : ~front) and OV 0 : ~right =rot(�1)(OV : ~right); where rot(�1) is the rotation-matrix: � cos(�1) sin(�1)� sin(�1) cos(�1) � : Thusthe new orientations of V 0 are derived exclusively using the orientations of V . Hence allthe predicates de�ned are translation invariant. �Reasoning with Direction PredicatesWe can easily derive Table 5.3 from the de�nition of rv for corresponding directionequivalence classes. For example, if A is exactly left of B, then B is exactly right of Cfrom the same viewpoint.Predicates SP(A,B) EF(A,B) EB(A,B) ER(A,B) EL(A,B)Reverse SP(B,A) EB(B,A) EF(B,A) EL(B,A) ER(B,A)Predicates RF(A,B) RB(A,B) LF(A,B) LB(A,B)Reverse LB(B,A) LF(B,A) RB(B,A) RF(B,A)Table 5.3: Reverse Relationship Between Direction PredicatesApplying the composition operation � on the corresponding direction equivalenceclasses gives us the composition table for the direction predicate set as shown in Table5.4. The �rst row enumerates the eight possible direction predicates of A w.r.t to B,and the �rst column consists of the eight possible direction predicates for B relative toC from the same viewpoint. The contents of the table stand for the direction predicatesfor A relative to C from the viewer's viewpoint. For instance, EL(A;B) �EF (B;C) =LF (A;C).This composition table is similar to the composition table obtained from previouswork, where the table was constructed in brute-force manner. Many properties charac-terized as lemmas in previous work can now be easily understood by the de�nition ofthe algebra on equivalence classes. Some interpretations of the properties are shown asfollowing. Here, DPS denotes the set of direction predicates, which is fSP, EF, EB, ER,



125� EF(A,B) EB(A,B) EL(A,B) ER(A,B) LF(A,B) LB(A,B) RF(A,B) RB(A,B)EF(B,C) EF EF _ EB_ SP LF RF LF EL _LF _LB RF ER _RF _RBEB(B,C) EF _ EB_ SP EB LB RB EL _LF _LB LB ER _RF _RB RBEL(B,C) LF LB EL EL _ER _SP LF LB LF _EF _RF EB _LB _RBER(B,C) RF RB ER _EL _SP ER EF _LF _RF EB _LB _RB RF RBLF(B,C) LF LB _ EL_ LF LF EF _LF _RF LF LB _EL _LF LF _EF _RF ULB(B,C) LF _ LB_ EL LB LB EB _RB _LB LB _EL _LF LB U EB _LB _RBRF(B,C) RF RB _ RF_ ER EF _LF _RF RF EF _LF _RF U RF ER _RF _RBRB(B,C) RF _ RB_ ER RB EB _LB _RB RB U EB _LB _RB ER _RF _RB RBTable 5.4: Composition table for viewer-orientation-based Direction Predicates P(A,C),where P is one of EF, EB, EL, ER, LF, LB, RF, and RBEL, RF, RB, LF, LB g.Lemma 11 Reverse operations on direction predicates is its own reverse, i.e.,reverse(P (A;B)) = Q(B;A) =) reverse(Q(B;A)) = P (A;B)Proof: Follows from the de�nition of operation rv on direction equivalence classes. rvrequires a symmetric partitioning. �Lemma 12 No direction predicate except SP in DPS is symmetric, i.e. 8P , P 2 DPS,P (A;B) and P (B;A) cannot both hold.Proof: Follows from having more than one direction equivalence class based on sym-metric partitioning. �



126Lemma 13 Each direction predicate is transitive. i.e. 8P ,P 2 DPS, P (A;B) �P (B;C) =) P (A;C).Proof: If P (A;B) and P (B;C) both hold, then there exists a ~[R] such that P (A;B)�P (B;C) 2 ~[R]. By de�nition of �, [R] � [R] = [R]. Therefore the predicates aretransitive. �Lemma 14 Set of direction predicate is closed under reverse but not under composition.i.e. 8P , P 2 DPS and P (A;B) , 9P 0 2 DPS , s.t., P'(B,A) holds.Proof: Symmetric partitioning provides closure under reverse. The between semanticof the � operation leads to the lack of closure for the composition. �Note that previous work [18] stated that the composition operation yields a set ofvalues (not a single value) to avoid problems related to uniqueness assumptions. Theequivalence classes on directions provide a clear explanation for this. The � operationuses the between operator on directions leading to a set of values.Lemma 15 Predicates in composition are interchangeable despite di�erent arguments.i.e., 8P1 2 DPS;P2 2 DPS, P1(A;B)� P2(B;C) = P2(A;B)� P1(B;C).Proof: According to the de�nition of equivalence classes, if a predicate holds for di�erentargument pairs, the vector formed by the two arguments falls into the same directionequivalence class. Since � is commutative, thus the predicates, i.e., direction equivalenceclasses, are interchangeable. Figure 5.5 is an example. Here, EF (A;B) � EL(B;C) =LF (A;C) = EL(A;B)�EF (B;C). �
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BAA

B CFigure 5.5: Interchangeability of direction predicates



1275.3.2 Direction Inferencing on Di�erent Predicate SetsThe direction inferencing on other di�erent predicate sets can be performed easily byapplying the algebra on direction equivalence classes without needing more inferencerules. Figure 5.6(a) shows a direction reference frame that is frequently used in battle�eldapplications. This clockwise reference frame shows more re�ned direction informationsthan the reference frames de�ned based on Figure 5.1(a)-like partitions.
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(a)reference frame (b) examples of equivalence classesFigure 5.6: clockwise reference frameA sample predicate set for this reference frame can be de�ned to consist of 24 pred-icates, e.g., 1o'clock, 2o'clock, 3o'clock, � � �, 12o'clock, 1-2o'clock, 2-3o'clock, � � �, 11-12o'clock, 12-1o'clock. Each predicate corresponds to one equivalence class that repre-sents one partition on the space. Figure 5.6(b) illustrates a subset of equivalence classescorresponding to the 12 exact directions of the reference frame. For example, 1o'clock(A,B) means that object A is in the direction of 1o'clock to B, which corresponds to theequivalence class of [1o'clock]. Table 5.5 shows the de�nitions of the equivalence classesExact direction RangeEquivalence class Partition Equivalence class Partition12o'clock 900 12-1o'clock (600; 900)1o'clock 600 1-2o'clock (300; 600)2o'clock 300 2-3o'clock (00; 300)3o'clock 00 3-4o'clock (�300; 00)... ... ... ...11o'clock 1200 11-12o'clock (900; 1200)Table 5.5: Direction equivalence classes for clockwise reference framebased on the partitions, which are described in terms of the angle between the directions



128and the 3o'clock directed vector. 1-2o'clock(A, B) means that A is between the directionof 1o'clock and 2o'clock of B, which corresponds to the equivalence class of [1-2o'clock].Based on the algebra de�ned on equivalence classes, we can perform the directionreasoning on this predicate set. For instance, the reverse of 1o'clock can be obtainedby applying the rv operation on [1o'clock], resulting in 7o'clock. Figure 5.7 gives anexample of inferencing for the directional relationships among three point targets A, Band C. Suppose we have the knowledge that point target A is 1o'clock to the target B,and target B is 3o'clock to the target C, we can infer the directional relationship betweentarget A and C by applying the � operation on corresponding equivalence classes, whichresults in three possible relationships: 1-2o'clock or 2o'clock or 2-3o'clock.
1’oclock(A,B) and  3’oclock(B,C)

1-2’oclock(A, C)  or  2’oclock(A, C)  or  2-3’oclock(A, C)

A

BC Figure 5.7: Example of direction inferencingThe direction reasoning for the predicates de�ned on mixed reference frames can alsobe performed using direction equivalence classes once the relative orientations of the tworeference frames are �xed. Figure 5.7 shows such an example.
1’oclock(A,B)

EF(B, C) 12’oclock
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12-1’oclockFigure 5.8: Example of reasoning for predicates de�ned on mixed reference frames



1295.3.3 Object-orientation-based Direction InferencingObject-orientation-based direction is the direction of the target object with respect tothe orientation of the reference object. The reference object is an oriented object, whilethe target object may or may not have orientation. In Figure 5.3, the person and thedesk are oriented objects, and the person is behind the desk from the orientation of desk,and the desk is in front of the person w.r.t person's orientation.The main di�erence between viewer-orientation-based and object-orientation-basedreference frame is that the direction relationship is measured from a common viewer'sviewpoint in viewer-orientation-based frame, on the contrary, in object-orientation-basedreference frame, it is calculated with respective to the orientation of the reference object,and hence the referenced orientation framework may be di�erent for di�erent referenceobjects. Due to this property, direction inferencing in object-orientation-based referenceframe is more di�cult, and few studies addressed this problem.Direction predicates for Object-orientation-based frameWe also begin the discussion by de�ning a set of direction predicates for object-orientation-based reference frame as in Table 5.6. Similarly, we restrict our discussion in 2D. The di-Direction predicates SP EF EB ER EL LF LB RF RB~BA�OB : ~front 1 �1 0 0 > 0 < 0 > 0 < 0~BA�OB : ~right 0 0 1 �1 < 0 < 0 > 0 > 0Table 5.6: Direction Predicates for Object-orientation-based frame for Object Brection predicates are similar to those in viewer-orientation-based direction predicates ta-ble, but now with respective to the orientation of object B, which is (OB : ~front;OB : ~right).If the orientation of viewer is di�erent from the orientation of reference object B, thenthe direction predicate P(A,B) that describes the direction of A related to B seen fromviewer will be di�erent from the direction predicate P'(A,B) which describes the directionrelated to B from B's orientation.



130Viewpoint TransformationAs we discussed above, direction changes if the orientation of the reference objectchanges. Figure 5.9 illustrates one example. Object A is to the exactly right of Bin 5.9(a), but it is between right and behind B if B's orientation rotates 450, as shownin 5.9(b). Table 5.7 lists the corresponding direction predicates after changing the orien-
u rB B

A A

(a) (b)

f
u ru

u f

Figure 5.9: (a) A is ER B. (b) A is RB Btation of the viewer. The �rst row enumerates eight direction relationship of A relativeto B w.r.t. object B's orientation. The �rst column lists the relative orientation predi-cates that transforms the orientation of B to orientation of object C. And the content ofthe table illustrates the corresponding direction predicates that correctly represent thedirection relationship of A relative to B with respective to the orientation of object C.Direction predicate as viewed from Borientation of B wrt C EF EB ER RL RF LF RB LBAntiClock90(B; C) ER EL EB EF RB RF LB LFAntiClock180(B; C) EB EF EL ER LB RB LF RFAntiClock270(B; C) EL ER EF EB LF LB RF RBAntiClock0to90(B; C) RF LB RB LF RB _ RF LF _RF RB _ LB LB _ LFAntiClock90to180(B; C) RB LF LB RF RB _ LB RB _RF LF _ LB RF _ LFAntiClock180to270(B; C) LB RF LF RB LB _ LF LB _RB RF _ LF RB _RFAntiClock270to360(B; C) LF RB RF LB LF _RF LF _ LB RB _RF LB _ RBTable 5.7: Transformation table when the viewpoint transforms from B to C.Inference rules for object-orientation-based reference frameThe basic strategy of inferencing in object-orientation-based frame is to transform allpredicates to a common viewer by looking up table 5.7. After the transformation, theproblem then is reduced to the problem of inferencing in viewer-orientation-based frame,



131which can be solved by using the inference rules as in table 5.4. Figure 5.10 illustratesthis strategy.
P1(A,B) P2(B,C) ==> P3(A,C)

   ?

w.r.t. C
Orientation of B

viewed by Cviewed by B

P1’(A,B) P2(B,C)

viewer-orientation-based
inference rule

viewed by C viewed by C viewed by C
P3(A,C)

viewed by C
and 

and Figure 5.10: Strategy for Object-orientation-based direction inferencingHere, given two relationships P1(A;B)(w.r.t. B's orientation) and P2(B;C) (w.r.t.C's orientation), we want to infer the direction predicate P3(A,C), which describing thedirection of A related to C from C's orientation. The �rst step is to do the viewpointtransformation by looking up in the table 5.2 and get the predicate P'(A,B), the problemthen reduces to the inferencing within viewer-orientation-based frames.Infer relative orientation given directions from two di�erent viewersOne interesting application is that we can infer the relative orientation of two di�erentviewers if we know the directions of an object from these two viewers. Table 5.8 illustratesthis inference. The �rst row enumerates the directions of an object seen from the �rst�(V1; V2) EF EB ER RL RF LF RB LBEF 0 180 270 90EB 180 0 90 270ER 90 270 0 180EL 270 90 180 0RF (0,90) (180,270) (270,360) (90,180) 0 90 270 180LF (270,360) (90,180) (180,270) (0,90) 270 0 180 90RB (90,180) (270,360) (0,90) (180,270) 90 180 0 270LB (180,270) (0,90) (90,180) (270,360) 180 270 90 0Table 5.8: relative orientation from two viewpointsviewer(V1), and the �rst column enumerates the directions of the object seen from thesecond viewer(V2). The contents of the table are the relative angles rotate from V1 to V2.



132For example, if the object is exactly front from viewpoint of V1, and right and behind fromthe viewpoint of V2, then the relative orientation changed from V1 to V2 is (900; 1800).5.3.4 Examples1. Viewer based inference: In Figure 5.11, from the viewer V's perspective, A isin front of and to the right of B, i.e. RF (A;B) and B is exactly in front of C,EF (B;C). From table 5.2 we draw the conclusion that a viewer at V \sees" A asin front of and right of C. Now what will happen when the viewer's perspectivechanges to V 0 ? While the transformation from V to V 0 involves both a rotation anda translation, for inferencing only the rotation (see theorem below) transformationplays a role. Thus the viewpoint V 0 is derived from V by applying an anti-clockwise270degree rotation matrix. Consulting the table 5.7 we note that from viewer'sV 0 perspective the relationships have undergone the following transformation:RF (A;B)) LF (A;B)EF (B;C)) EL(B;C):Now we again consult the table 5.2 and conclude that from the vantage point ofV 0 , the relationship between A and C is de�ned by LF (A;C).
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V’ fu

V ur

fu

urFigure 5.11: Viewer based inference: Only rotation plays a role.2. Absolute direction inference: This is a special case of viewer-orientation-based in-ferencing. Here the viewer's perspective remains �xed and the orientation vectorsare (ua; ur) := (N;E).3. Object based inference: This too is a special case of viewer based inferencing. Herethe di�erent viewers' orientation are assigned to the reference objects. For example,
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Figure 5.12: Object based inference: viewers perspective are attached to the referenceobjects'in Figure 5.12, from B0s orientation A is behind and to the right of A, RB(A;B).Similarly from C 0s perspective B is exactly left of C, EL(B;C). The relationshipbetween A and C, from C 0s perspective can again be derived by consulting Table5.7: RB(A;B) 180�) LF (A;B) from C 0s perspective:Now all the viewpoints coincide with that of C. A lookup in Table A and C isLF (A;C).



1345.4 Landmark Based Route DescriptionAn important application in GIS is route navigation. The problem consists of twoaspects: route planning and route description. There are many web routing serversthat plan routes for users based on a roadmap with named roads. Given source anddestination, routing servers can plan a route for users and show the resulting route asa route map, as well as route navigation description. There are several ways to presentthe route instructions: coordinate based node description, street sequence description,descriptions using absolute directions, and descriptions using relative directions. Mostof the web routing servers try to give route descriptions using as much relative directionsas possible plus necessary absolute directions.The problem gets complicated if the given roadmap has only named landmarks, butthe road has no name, such as campus maps, or skyway maps. The route descriptionsshould be given by only using the named landmarks with proper direction predicates.There is few existing routing servers help this task. We will de�ne a set of predicateswhich can be used to describe a route based only on landmarks. These predicates willbe de�ned in terms of the direction predicates discussed in Section 2 and 3.5.4.1 Path PredicatesThe direction equivalence classes discussed in the previous section are for static directionsin the sense that the reference object and the target object are stationary. In some cases,we have to measure the direction between a moving viewer and objects, such as routedescription problem.We de�ne a new equivalence class to characterize the direction relationship betweena moving viewer(a directed edge) and point objects. We begin by partitioning the planewith respect to a directed edge as shown in Figure 5.13.There are 4 direction equivalence class here: towards, away, left, right. Since theorientation of the viewer is aligned with the direction of the edge, towards and away areactually EF and EB of the viewer respectively. The equivalence class left consists of three
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left right

(a)

towards

awayFigure 5.13: Plane partition determined by the edgeequivalence classed in 8-way partitioning system, which are LF, LB, EL. Similarly, rightis composed of RF,RB, and ER. We can de�ne the path predicates based on this 4-waypartitioning. Table 5.9 give the de�nition for each path predicate by using the predicateswe de�ned in the 8-way partitioning for static directions. Object X here could be anpath predicate de�nition in terms of direction predicatetowards(~e; X) 9 point P 2 X, 8 point P1 2 ~e,s.t., EF (P; P1)left(~e; B) 8 point P 2 X, 8 point P1 2 ~e, s.t. LF (P; P1) _EL(P; P1) _ LB(P; P1)right(~e;B) 8 point P 2 X, 8 point P1 2 ~e, s.t. RF (P;P1) _ER(P; P1) _ RB(P;P1)away(~e; X) 9 point P 2 X, 8 point P1 2 ~e,s.t., EB(P; P1)Table 5.9: De�ning Path Predicatesobject of arbitrary shape, and the path predicates describes the relationship between theviewer moving along the edge with respect to the object. towards( ~edge; object) describesthat the edge goes towards X when the object intersects an orientation preserving ex-tension of the edge. On the other hand, if the object intersects a reverse orientationpreserving extension of the edge then the object can be be described as moving \away"from the edge. If the object is to the left of the oriented edge then the edge is describedas keep the object to its "left", otherwise, keep the object is to the "right". In �gure5.13b, the edge goes away from D, towards A, and keep B to the left, and C to the right.Applying the reverse operation on the path predicates, we have the table:The composition operation �,de�ned in Section 2, assumes the role of concatenationon edge descriptions. We notice that because of the dynamic feature of path predicates,



136path operator reversetowards awayleft rightright leftaway towardsTable 5.10: reverse operation for path predicatesome properties, such as commutativity and transitivity, are not valid here.Lemma 16 Concatenation is associative but not commutative.Lemma 17 Reverse distributes over Concatenation.5.4.2 Basic Concepts: Voronoi regions and Homotopic pathsTwo important issues related to the route description problem are the \choice" of land-marks for describing the path and the de�nition of an \acceptable" path description.We use the notion of Voronoi regions and Homotopic paths to address these issues.Voronoi regions are geometric structures that record information about proximity.Let P = fp1; p2; � � � ; png be a set of points (called sites) in the two-dimensionalEuclidean plane. Partition the plane by assigning every point in the plane to itsnearest site. All those points assigned to pi form the Voronoi region V (pi), whichcontains all the points at least as close to pi as to any other site [47], i.e.,V (pi) = fxjjpi � xj � jpj � xj;8j 6= ig:In this chapter, we generalize the voronoi diagram by allowing the set of point sitesto be a set of polygon sides. The polygons are treated as obstacles, and all thepoints outside polygons form free space. The points in free space are partitionedinto voronoi regions based on their distance to polygon sides. The voronoi regioncorresponding to one polygon side psi contains all the points on the free spacewhich is at least as close to the polygon side as to any other polygon side.



137V (psi) = fx : jpsi � xj � jpsj � xj;8j 6= igHere, jpsi � xj is de�ned as the shortest distance from x to psi. For two adjacentpolygon side, the points on the extension of the bisector of the angle formed bythese two sides are de�ned to be equal distance to these two sides, and the extensionof the bisector separates the voronoi regions of these two sides. The dash line in�gure 5.16b represents the voronoi diagram of the roadmap.From the de�nition, we can notice that voronoi region and the polygon side has aone-one match relationship. Several basic functions can be de�ned based on thisproperty:identifyRegion(polygonSide) : Return the corresponding region that the parametric polygon sideis de�ned.identifyPolygonSide(region) : Return the polygon that this region is closest to.identifyLandmark(region) : Return the landmark that this region is closest to.ptV oronoiRegion(point) : Return the voronoi region to which the point belongs.Homotopic paths Since we are dealing with qualitative direction and distance mea-sures no path description will exactly replicate a given path. We therefore needto de�ne what an \acceptable" path description is. We invoke the notion of ho-motopy from Topology [54] to de�ne acceptable paths. Without getting into atechnical de�nition, intuitively, two paths in a plane, with a coincident start pointand end point, are Homotopic if they can be \continuously deformed" into oneanother without any cutting or lifting. For example in Figure 5.14(a) f and gare Homotopic, but in Figure 5.14(b) f and g are not Homotopic because thereis a \hole" in the space which obstructs the continuous deformation of f into g orvice-versa. Landmarks are viewed as holes in the plane.Our goal is to give a path description such that the resulting path is homotopic
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Figure 5.14: (a) f and g are homotopic. (b) f and g are not homotopic because ofobstacle A5.4.3 Problem De�nitionGiven: An oriented map(2D) with named landmarks and a route in terms of node-edge-node sequences in the free space , where the coordinates for all points areknown.Find: Route descriptions using landmarks and qualitative direction and distance mea-sures.Constraints: The given exact path and the described paths are homotopic.Assumption: (1) All routes considered are simple, i.e, they are not self-intersecting.(2) The start and end landmarks of the path are distinguishable point objects.De�nition 1: A path is a coordinate based node-edge-node sequence.De�nition 2: A path description is a set of directional/distance predicates and condi-tions using named landmarks.De�nition 3: Correctness: A path description is correct if the path described is homo-topic to the given path.Theorem 5 Given a path P and the �ve predicates ftowards, away, left, right, pastg,a path can be described which is correct i.e., the path resulting from the description andthe original path are homotopic.Proof: We �rst show that the �ve predicates are su�cient to describe a path. As shownin the previous section, a directed edge partitions the space into four classes: towards,away, left and right. The notion of movement is implicit within the meaning ofpredicates towards and away. Situations where towards and away are not applicable can



139be described using a conjunction of past and left or right. For example, \go past buildingA, keeping it your left." Since the begin and the end landmarks are point objects, thedescribed path description begins with away and ends with towards.We now show that the paths are homotopic. Let P be the given path and Q the
(a) (b)

A

Q

P

A

Ps

Q sFigure 5.15: (a) P is the given path and Q is the described path. (b) Ps and Qs are nothomotopic.approximate path generated using the path predicates. Assume P and Q are not ho-motopic. Then there exists a subpath Ps and Qs such that Ps and and Qs are nothomotopic. Without loss of generality we can assume that Ps and Qs have coincidentstart and end point. This means there exists a landmark A such that it has oppositeorientation with respect to Ps and Qs, i.e., if A is to the left of Ps then it is to the rightof Qs or vice-versa. See Figure 5.15. We can then de�ne a new subpath Q0s such that Ahas the same orientation with respect to Q0s and Ps. Removing Qs from Q and replacingit with Q0s results in homotopy between P and Q. �Example of the problemFigure 5.16 a gives an example road map of this problem. The �gure shows a pathgenerated using the freeway method[38]. We can describe the path as follows:1. Go AWAY from start TOWARDS C.2. Make a LEFT and go PAST B keeping it to the RIGHT.3. Turn RIGHT and go PAST B keeping it to the RIGHT.
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Figure 5.16: Freeway net with a generated path4. Turn RIGHT and go PAST B and C keeping them to the RIGHT.5. Go TOWARDS �nishIf we use the aggregate predicates around and between we can have a more naturaldescription.1. Go AWAY from start TOWARDS C.2. Make a LEFT and go BETWEEN A and B.3. Go AROUND B.4. Go past C keeping it to the RIGHT.5. Go TOWARDS �nish.



1415.5 Conclusions and Future workDirectional relationships are important in many application �elds such as GIS and imagedatabase. The object model of the direction proposed in our work[64] makes it easy tode�ne more operations on direction and facilitates the processing of queries involving di-rectional conditions. In this chapter we extend the object model of direction by de�ningthe equivalence classes of direction objects and model the qualitative direction predicatesas equivalence classes of direction objects. We also de�ne an algebra on the equivalenceclasses to formalize the reasoning with direction predicates. The equivalence classes ofdirection objects together with the algebra de�ned on it provide an independent inter-pretation model for qualitative direction reasoning. Many inferencing rules in previouswork can be derived easily using our framework and thus reducing the large number ofinference rules needed.In future work, we will attempt to extrapolate the de�nition of direction equivalenceclasses to de�ne `path' equivalence classes with an application to the landmark basedroute description problem.



Chapter 6Conclusions and Future Work
This thesis dealt with a framework of modeling, maintaining and processing directionalrelationships in the context of spatial databases. The motivation was to enhance spa-tial database management systems with intelligent mechanisms to provide richer spatialabstract data types, to e�ciently process directional relationships and to maintain theintegrity consistency of spatial constraints among spatial objects in the database.We design a framework to model and process directional relationships. The frameworkconsists of several basic functional components: direction modeling, direction query pro-cessing, consistency checking for directional constraints and reasoning about directions.We propose an object direction model, based on which new ADTs for directions, orien-tations, and other spatial objects can be incorporated into spatial databases. We alsoinvestigate the query processing and consistency checking for a set of direction predicateson 2D Euclidean Coordinate system. For the query processing, we focus on processingobject-orientation-based direction queries. We propose a new open shape based strategywhich converts the processing of direction queries to the processing of topological oper-ations between open shapes and objects. A dimension graph based consistency checkingalgorithm is proposed to maintain the consistency of the spatial constraints among ob-jects.
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1436.1 Major ResultsThe primary contributions of this thesis are:� An object model of direction. As a departure from traditional methods whichmodel directions as binary boolean functions between objects, a novel vector basedobject direction model is proposed. The basic idea is to model directions as spatialobjects. This object view of direction has several advantages. Being modeled as aspatial object, a direction object can have its own attributes and operation sets.Secondly, new spatial data types such as oriented spatial objects and open shapescan be de�ned at the abstract object level. Finally, the object view of directionmakes direction reasoning easy and also reduces the need for a large number ofinference rules.� A new open shape based strategy (OSS) is proposed to process direction queriesin spatial databases. OSS converts the processing of directional queries to the pro-cessing of topological operations between open shapes and objects. It eliminatesfalse hits at the earliest opportunity while recursively searching hierarchical indiceslike R-tree. Since OSS models the direction region as an open shape, it also elim-inates the computation related to the embedding world boundary. The algebraicanalysis and experimental results demonstrate that OSS consistently outperformsclassical strategies (often by an order of magnitude) in terms of both I/O and CPUcost. The experimental results also shows that OSS is scalable for large data sets.� A dimension graph representation is proposed to maintain the Euclidean spatialconstraints among objects. By using the dimension graph representation, the prob-lem of consistency checking is then transformed to a graph cycle detection problem.The consistency checking can be achieved with O(N+E) time as well as space com-plexity, where N is the number of spatial objects, and E is the number of spatialpredicates in the constraint. The proposed approach to consistency checking forspatial constraints is faster than O(N2) when the number of predicates is muchsmaller than N2 and there are few disjunctions in the spatial constraint. The



144dimension graph and consistency checking algorithm can be used for points, in-tervals and polygons in 2 dimensional space. The algorithm also guarantees theglobal consistency.� The concept of equivalence classes of direction objects is proposed to unify thereasoning of di�erent set of directional predicates. By de�ning an algebra onequivalence classes we construct a framework to model the semantics of directionpredicates. The equivalence classes of direction objects together with the algebrade�ned on it provide an independent interpretation model for qualitative direc-tion reasoning. We also discuss the inferencing for viewer-orientation-based andobject-orientation-based reference frames using equivalence classes. Many infer-encing rules in previous work can be derived easily using our framework and thusreducing the large number of inference rules needed.6.2 Future WorkBeyond the particular results described above, this thesis provides a starting point forfuture work in the area of modeling and processing directional relationships. In thissection, we identify some new research problems, which, combined with the results inthis thesis, would enhance spatial database management systems with comprehensivemechanisms capable of handling di�erent set of direction predicates in the context ofdi�erent reference frames.Modeling Directional Relationships Between Mixed-Dimension ObjectsCurrent direction models and direction predicates deal with homogeneous type of ob-jects. The direction predicate set de�ned in this thesis are focus on homogeneous typeof objects, i.e., the relationship between point pairs, or polygon pairs. New study isneeded to model the directional relationships between objects with di�erent dimensions.For instance, the directional relationship between a point and a line, or the directionalrelationships between a line and a polygon. Figure 6.1 shows some con�gurations of a



145line and a point. The relationships between curve and the points outside the curve areeasily decided, while the relationship between the curve and the point in middle is hardto decide. More complicated predicates in di�erent level of granularity needs more study.
Figure 6.1: A curve and pointsQuery Processing for Viewer-orientation-based Direction QueriesIn this thesis, we extend the previous work of processing absolute direction queries toprocess object-orientation-based direction queries. Another orientation-based directionframe is viewer-orientation-based directions. For example, consider the query: List allthe facilities behind the ridge. Here, the ridge itself has no orientation, and directionpredicate behind is with respect to the speaker's orientation. OSS strategy can beextended to process viewer-orientation-based direction queries by deriving more classand operations for ADT OpenShape.Query Processing and OptimizationIn this thesis, we focus on the processing strategies on selection queries which involvedirectional relationships related to a speci�c reference objects in the selection criteria.For queries related to more than one reference object, heuristics for optimizing the queriesare useful. For instance, consider the query: Find all the enemy targets which is to theright-front of the tank A and to the left of defense facility B. Here, the selection criteriaconsist of two direction predicates: right-front of Tank A, and left of the facility B. Theresult should contain the targets which satisfy the two conditions. The basic strategy is�rst to �nd all the targets to the right-front of the tank A, and �nd all the targets to theleft of defense facility B, and �nally return the intersection of the two sets. It is useful to
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right

front

Facility B

A
TankFigure 6.2: New �lter for right-front of A and left of Bconstruct a fast �lter to reduce I/O cost and CPU cost. Extending OSS strategy couldprovide a fast �lter. Figure 6.2 shows a new �lter for this query in shaded region. Morestudy is needed for extending the operations between open shapes and close objects inChapter 3 to the operations between open shape pairs.Spatial Indexing access methodsThere are a lot of spatial indexing methods proposed. Classical one-dimensional indicessuch as the B+ tree can be used for spatial data by linearizing a multi-dimensional spaceusing a space-�lling curve such as the Z-order. A large number of spatial indices [57]have been explored for multi-dimensional Euclidean space. Representative indices forpoint objects include Grid �les, multi-dimensional grid �les [39], Point-Quad-Trees, andKd-trees. Representative indices for extended objects include the R-tree family, the Fieldtree, Cell tree, BSP tree, and Balanced and Nested grid �les.Which indexing mechanism is e�cient for direction predicates is worth studying. Inthis thesis, we use R-tree as our indexing methods, it is useful to analyze the e�ect ofdi�erent indexing methods such as Quad-Tree, Cell-tree, etc. Moreover, we deal withonly one indexing mechanism in the database. However, in the case of orientation-based queries, the performance would be improved if there are multiple indices based ondi�erent orientation. Figure 6.3 shows the e�ect if we have two R-tree indices on the ori-



147entation of 900 and 450 respectively. The multiple-index could be of same types(e.g., allare R-trees) or mixed types(R-tree in some orientation, Quad-tree in other orientation).The e�ect of di�erent combinations needs further study.
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1 Figure 6.3: E�ect of multiple indices
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