GraphDB: A Data Model and Query Languagefor Graphs in DatabasesRalf Hartmut G�tingPraktische Informatik IV, FernUniversit�t HagenD-58084 Hagen, Germanygueting@fernuni-hagen.deAbstract: We propose a data model and query language that integrates an explicit modeling andquerying of graphs smoothly into a standard database environment. For standard applications, somekey features of object-oriented modeling are offered such as object classes organized into a hierarchy,object identity, and attributes referencing objects. Querying can be done in a familiar style with aderive statement that can be used like a select � from � where. On the other hand, the modelallows for an explicit representation of graphs by partitioning object classes into simple classes, linkclasses, and path classes whose objects can be viewed as nodes, edges, and explicitly stored paths ofa graph (which is the whole database instance). For querying graphs, the derive statement has anextended meaning in that it allows one to refer to subgraphs of the database graph. A powerfulrewrite operation is offered for the manipulation of hetereogeneous sequences of objects whichoften occur as a result of accessing the database graph. Additionally there are special graph operationslike determining a shortest path or a subgraph and the model is extensible by such operations. It ispossible to compute additions to the database graph as well as restrictions in a query.Besides being attractive for standard applications, the model permits a natural representation andsophisticated querying of networks, in particular of spatially embedded networks like highways,public transport, etc. The GraphDB model is meant to be implemented; system architecture and arepresentation and query processing strategy are outlined in the paper.Keywords: Graphs in databases, data model, query language, explicit paths, object-oriented model-ing, relationships, sequence rewriting, system architecture, extensibilityFebruary 1994

This work was supported by the ESPRIT Basic Research Project 6881 AMUSING.

— 1 —1IntroductionThe work described in this paper arose from the observation that existing data models and querylanguages (and the database systems realizing them) do not offer adequate support for the modelingand querying of networks. In particular, we are interested in spatially embedded networks whichare an important part of geographic information, for example, highways, rivers, public transportsystems, power and phone lines etc. Current spatial database models and systems (e.g. [SvH91,RoFS88, OrM88, G�89]) can well enough represent the geometry of such networks but have noconcept of their connectivity. That is, one can express in a query which highways pass through agiven region, but cannot find a path from a given position to a destination on the highway network.We feel that the most natural representation of a highway network (taking it as a prototype for manykinds of spatial networks) is to view it as a graph whose nodes are highway junctions, whose edgesare highway sections, and where highways are just certain paths over this graph. Therefore we wouldlike to offer a data model capable to express this directly so that one can define a graph structure withcorresponding node, edge, and path objects. For querying, special graph operations should be provi-ded such as finding a shortest path from a start node to a target node, determining a subgraph within agiven radius from a start node, etc.On the other hand, modeling and querying networks is certainly not the only thing a user wants to do;hence, all of the more traditional applications should be supported as well in model and querylanguage, and preferably in a style that is not too different from what one knew before. The challengeis therefore to achieve a smooth integration of the desired graph modeling into a more classical envi-ronment. Ideally, if one is not interested in networks, this model should be usable like any of thewell-known models, e.g. a relational, functional, or object-oriented one.The purpose of this paper is to present a data model and query language that achieves such a smoothintegration. On the one hand, we show that traditional applications can be modeled and queried in afamiliar style, and indeed, better than before, because this model offers very attractive features torepresent relationships between objects and to use them in queries. So we claim that even withoutconsidering networks, this model is suitable and quite interesting as a general purpose data model. Onthe other hand, sophisticated modeling and querying of networks is possible, as we demonstrate by anumber of examples. Our approach can be summarized as follows:¥The data model contains a few salient features of object-oriented models: A database is acollection of object classes. Objects have identity and a tuple structure; attributes may be dataor object-valued. Classes are organized in an inheritance hierarchy. Central tool for queryingis a derive statement which so far offers similar capabilities (in an equivalent syntacticalstructure) as the traditional select � from � where.¥The data model offers graphs: There are three different kinds of object classes called simpleclasses, link classes, and path classes. Simple objects are just objects, but also play the roleof nodes in the database graph. Link objects are objects with additional distinguishedreferences to source and target simple objects. Path objects are objects with an additional listof references to simple and link objects that form a path over the database graph.¥For querying the graph structure, (1) the derive statement has an extended meaning: In theon-clause (the counterpart to the from �) one can refer to connected subgraphs of thedatabase graph and so specify relationships between simple objects, link objects, and pathobjects. (2) There is a special tool for sophisticated manipulation of paths returned from

— 2 —queries (or, more generally, heterogeneous sequences of objects). (3) There is a collection ofgraph operations; they can specify argument graphs (subgraphs of the database) in the formof regular expressions over link class names (edge types). (4) The database graph can beextended or restricted dynamically within a query.The paper offers a complete formal definition of the data model. Additionally it also has a quitepractical flavor and intent. For example, it deals with language aspects, defining precisely the syntaxof data definition commands and central parts of the query language. A system architecture andimplementation strategy is also outlined.In the literature, the manipulation of graphs in databases has received quite a bit of attention, a surveycan be found in [MaS90]. However, to our knowledge nowhere has the focus been on an explicitrepresentation of graphs together with a smooth integration into standard modeling and querying.Most authors assume that graphs can be modeled implicitly in terms of the usual features of a givendata model. Often, this has been the relational model (e.g. [Kung86, StR86, Ag87, BiRS90]). Here agraph is usually represented through a domain D of values, which are interpreted as nodes, and arelation G with two attributes of type D, whose tuples are interpreted as edges (the other attributes canbe viewed as edge labels, weights, etc.). A functional data model has also been used, two ways forrepresenting graphs in this model are mentioned in [Rose86]. In most proposals the authors do notreally care how graphs are represented but just focus on the abstract graph structure and the study ofinteresting operations or traversal techniques [CrMW87a, CrMW87b, CrN89, Rose86]. In all ofthese approaches there is no explicit modeling of graphs within a general database environment andtherefore no problem of integration with the data model.As far as queries are concerned, two main strategies are to offer general purpose facilities that allow toexpress graph traversal problems (like recursion, iteration) [Rose86, StR86], or to offer specialoperators [Ag87, Rose86, CrN89]. [BiRS90] propose an SQL extension based on the idea togenerate a set of paths in the from-clause from which interesting paths are selected (with the help ofspecial operators) and then projected into a relation again. An entirely different style of querying issuggested in [CrMW87a, CrMW87b, CoM90, CoM93]). The idea is to formulate a query as a set ofgraphs which are viewed as patterns (edges in patterns may be regular expressions over edge labels);all subgraphs of the database instance are returned matching these patterns. Since in all of this workthe assumption is that graphs are represented by standard facilities of the data model, there is also astandard data manipulation language available. A smooth integration with this language has not beenthe focus of interest (except perhaps in [BiRS90]); in some cases, graph querying has a very differentstyle from the rest of data manipulation.In the work of [GyPV90a, GyPV90b, Andr92, GePTV93] the approach is different: Here the idea isto model the database directly and entirely as a graph and to express all queries in terms of a fewpowerful graph manipulation primitives. Graphical user interfaces are intended for direct input ofqueries and visualization of results in terms of graph structures.We feel that an explicit modeling of graphs is very desirable for several reasons:¥It leads to a more natural modeling; graph structures are visible for the user,¥queries can refer directly to this graph structure,¥path objects can be defined (not present in any of the other models) and they are the inter-esting entities in most networks,¥the system can offer special data structures for graphs, to make traversal efficient,

— 3 —¥the system can contain efficient graph algorithms designed to utilize the special graph datastructures.Indeed, practically all of the research work mentioned above does represent graphs explicitly in thepapers, but fails to integrate it with the rest of data modeling and querying.The general approach described in this paper has been pursued in our own previous work [G�91,ErG91] and that of collaborators [AmS92]. In [G�91] relations and graphs were assumed to coexistas modeling facilities. However, there are some difficulties with that: A graph consisting only ofnodes is practically the same as a relation. Also, if possibly several graphs occur in a database, it ishard to separate them in the design (which object class belongs into which graph). In [ErG91] graphsoccur in an environment with object classes but are still separate entities. There is the same problem ofpartitioning a database into graphs. Also, in both approaches it becomes a nuisance to mention thegraph arguments in many places in queries. Apart from modeling, the querying facilities offered inthis paper go far beyond those of [G�91, ErG91]. Amann and Scholl [AmS92] offer a few selectedfeatures of our model (node and edge objects, but no paths, and an idea similar to our derive state-ment) in the context of hypertext applications.The paper consists of three major sections, describing the data model, querying facilities, and animplementation strategy, respectively.2The Data ModelThis section introduces the data model of GraphDB. We start with an overview and show themodeling of some example applications. In the following subsections, the model is developed moreformally and systematically, defining bottom up the notions of data types, object types, and tupletypes, three kinds of object classes, a database and the database graph. The main purpose in thedesign of the data model is to achieve a �seamless� integration of graph structures and graph opera-tions into the usual facilities for data modeling and querying.2.1OverviewA database is a collection of object classes which are partitioned into three kinds of classes, calledsimple classes, link classes, and path classes. Objects of a simple class are on the one hand justlike objects in other models: They have an object type and an object identity and can have attributeswhose values are either of a data type (e.g. integer, string) or of an object type (that is, an attributemay contain a reference to another object). So the structure of an object is basically that of a tuple orrecord. On the other hand, objects of a simple class are nodes of the database graph — the wholedatabase can also be viewed as a single graph. Objects of a link class are like objects of a simple classbut additionally contain two distinguished references to source and target objects (belonging to simpleclasses), which makes them edges of the database graph. Finally, an object of a path class is like anobject of a simple class, but contains additionally a list of references to node and edge objects whichform a path over the database graph.Besides the graph structure, object classes are organized into a class hierarchy and there are relatednotions of subtyping among tuple types, object types, and data types. Let us now consider someexamples of data modeling with these facilities.

— 4 —2.1.1Standard ApplicationsAs a simple standard application, consider the representation of books and their authors. We describethe database schema by showing corresponding data definition commands.create class book = title: STRING, publisher: STRING, year: INTEGER;create class person = name: STRING, address: STRING;create link class wrote from person to book;Here we have two simple classes book and person and a link class wrote. Observe how a link classcan directly represent a many-many relationship. Attributes may be defined for link classes in thesame way as for simple classes. Attributes may also contain object references. For example, we mightdefine persons to contain a reference to their home country:create class state = name: STRING, region: REGIONS;create class person = name: STRING, address: STRING, country: state;Here REGIONS is a geometric data type describing the area covered by the state. Note that the modelcontains two different features for describing �connections� (�associations�, �relationships�) betweenobjects, namely link classes and object-valued attributes. A discussion why both are needed andwhich should be used when is given below.2.1.2Highway NetworkThe highway network is a relatively simple example of a spatially embedded network. It is a graphwhose nodes are highway junctions and exits; each of those has an associated point in the geometric(or geographic) plane. We assume junctions are characterized by a name and exits by a number.Edges of this graph are highway sections: pieces of road between junctions and/or exits with anassociated geometry which is a polyline in the plane. The most interesting objects of this network arehighways: they correspond to paths over the graph given by junctions, exits, and highway sections.create class vertex = pos: POINT;1create vertex class junction = name: STRING;create vertex class exit = nr: INTEGER;create link class section = route: LINE, no_lanes: INTEGER, top_speed:INTEGER from vertex to vertex;create path class highway = name: STRING as section+;Here junctions and exits are introduced as subclasses of a simple class vertex, which means theyinherit the pos attribute. It also means that objects of both classes can be used as sources and targetsof section edges of the graph. Indeed, there can also be �pure� vertex objects as nodes in the graph;they are useful to separate highway sections with different values of attributes such as no_lanes. The

1In this paper, in various places examples of spatial data types and their operations are used. These are all taken fromthe ROSE algebra [G�S93]. This algebra has types POINTS, LINES, and REGIONS, as shown in Figure 1. Avalue of type POINTS is generally a set of points which can of course consist of just a single element. Similarly avalue of type LINES is a set of polygonal lines. For clarity, in the data definitons we write POINT and LINE toshow the intent of having only a single element in each case.

— 5 —highways themselves are defined to be paths over section edges. Essentially the expression behindthe keyword as is a regular expression defining a path type which in turn describes a set of paths ofthe database graph. Path types are more interesting when different kinds of edges occur in a graph.We will see examples and a more precise definition below.2.2Data Types, Object Types, and Tuple Types2.2.1Data TypesLet (D, £) be a finite set whose elements are called data types, with a partial order �£� (�subtype�)which is restricted to organize data types into trees (that is, " a, b, c ˛ D: a £ b � a £ c � b £ c �c˚£˚b). If two data types belong to the same tree, we call them related. If two data types are related,then a smallest common supertype, denoted lub(a, b) exists and is uniquely defined. Figure 1 showsa collection of data types organized into several trees.STRING INTEGER REAL BOOL POINTS LINES REGIONS NUMEXTGEO

Figure 1Here, for example, INTEGER is a subtype of NUM (INTEGER £ NUM) and lub(POINTS, LINES)= GEO. Each data type has an associated domain of values given by a function dom (e.g.dom(BOOL) = {true, false}). If a £ b then dom(a) ˝ dom(b). The purpose of the data type hierarchyis to allow polymorphic functions to be defined, for example, an intersection test can be applied to anytwo geometric values in EXT.2.2.2Object TypesThere is a finite set (OT, £) whose elements are called object types with a (tree) partial order �£�. Wewill see below that there is a one-to-one correspondence between object types and classes in thedatabase; in fact, an object type is nothing else than the name of a class. The partial order on objecttypes corresponds to the class hierarchy. Similarly as for data types, two object types c, d may berelated (belong to the same tree) in which case the smallest common supertype, lub(c, d), is well-defined.Each object type has an associated set of object identifiers which is a subset of a set of object identi-fiers OID (which contains the identifiers of all objects created so far). This set is given by a functionoids:˚OT˚fi P(OID), where P(X) denotes the power set of X. If c £ d (c, d ˛ OT), thenoids(c)˚˝˚oids(d). On the other hand, if c and d are not related, then oids(c) ˙ oids(d) = fl. For anobject type c, oids(c) contains precisely the identifiers of objects created so far in the correspondingclass c.

— 6 —Given an object identifier, we can determine its immediate type (the smallest object type in thehierarchy that it belongs to) by a function itype: OID fi OT defined by:itype(o) = c � (o ˛ oids(c) � " d ˛ OT: o ˛ oids(d) � c £ d)2.2.3Tuple TypesLet A be a set whose elements are called attributes — a domain of attribute names that can be used informing tuple types. The set of tuple types, denoted TT, is defined as follows:TT = {<(a1, t1), �, (am, tm)> | m ‡ 0, "i ˛ {1, �, m}: ai ˛ A, ti ˛ D ¨ OT}That is, each tuple type in TT is a list of pairs where each pair contains an attribute name together witheither a data type or an object type. The empty list <> is also a tuple type.For each tuple type, there is a corresponding domain of tuple values defined as follows. Let T ˛ TT,T = <(a1, t1), �, (am, tm)>.values(T) =

Missing MathType’s Belmont font.

where Vi = {<(v1, u1), (v2, u2), �, (vi, ui)> | "j ˛ {1, �, i}: uj ˛ D ¨ OT�uj ˛ D � vj ˛ dom(uj)�uj ˛ OT � vj ˛ oids(uj)�j £ m � uj £ tj }In other words, a tuple value is also a list of pairs of some length i which must be at least m. Eachpair is a �typed value�, a value annotated with its type, and the value must belong to thecorresponding data or object identifier domain. Furthermore, within the first m components the typein the tuple value must be a subtype of the corresponding data or object type in the tuple type T.To summarize, a tuple value matches a tuple type as long as its values in the first m componentsbelong to subtypes of those of the tuple type. Nothing is said about the remaining tuple components.The purpose of this definition is to allow for a �dynamic generalization� of collections of tuples. Wewill be able to form in queries any union of sets of tuples; for the resulting set, a new tuple type willbe automatically derived such that all tuples in the union match this new type. The basis for this is thefollowing definition. Let T = <(a1, t1), �, (am, tm)>, U = <(b1, u1), �, (bn, un)> be two arbitrarytuple types. Their smallest common supertype islub(T, U) := < (a1, lub(t1, u1)), �, (ak, lub(tk, uk)) >where k ˛ {0, �, min(m, n)} such that for 1 £ i £ k, ti and ui are related, and either k ˛ {m, n}, ortk+1 and uk+1 are not related. In other words, we take the longest common prefix of related types andwithin it for each pair of types their smallest common super data or object type. Of course, the resultmay be the empty tuple type. Note that attribute names are taken from the first operand, so the opera-tion is not commutative.

— 7 —2.3Classes and DatabaseA database is a pair (C, £) where C is a finite set of classes, and �£� (�subclass�) a tree partial orderon C . A class c ˛ C is a pair (ctype(c), extension(c)).The set of classes C is partitioned into three subsets: C = SC ¨ LC ¨ PC. Classes in SC, LC, and PCare called simple classes, link classes, and path classes, respectively. The subclass partial orderrespects this partition, that is,a £ b � {a, b} ˝ SC � {a, b} ˝ LC � {a, b} ˝ PCThe two components of a class, its type and its extension, are different for simple classes, linkclasses, and path classes. Informally, the type defines the structure of objects in the class, and theextension the collection of objects currently contained in it. In the following subsections we describetype and extension for the three kinds of classes, relating them to corresponding data definitioncommands. Creation of subclasses is treated in Section 2.4.2.3.1Simple ClassesA simple class is created by a command of the form<class creation> ::= create class <class-name> [ = <attribute-list>] ;<attribute-list> ::= <attr-name> : <type> | <attr-name> : <type> , <attribute-list>The type of a simple class is a pair (c, T), if it was created by a commandcreate class c = T;where c is the class name used in the definition and T the tuple type corresponding to the attribute list.If the optional clause is omitted, then the tuple type is the empty type <>. For brevity, we will speakin definitions simply of a class (c, T) instead of �a class with type (c, T)�. As mentioned in Section2.2.2, there is a one-to-one correspondence between classes and object types. Hence, the classcreation command creates at the same time a new object type c ˛ OT.The extension of a simple class (c, T) is a subset of oids(c) · values(T), that is, a set of pairs con-sisting of an object identifier and a tuple value. Object identifiers are all distinct:" (o1, t1), (o2, t2) ˛ extension(c) : o1 = o2 � t1 = t22.3.2Link ClassesA link class is created by a command of the form<class creation> ::= create link class <class-name> [ = <attribute-list>]from <class-name> to <class-name> ;The type of a link class is a quadruple (c, T, d, e) if it was created by a command:create link class c = T from d to e;

— 8 —Here d and e must be the names of simple classes. The extension of a link class (c, T, d, e) is a setof quadruples which is a subset of oids(c) · values(T) · oids(d) · oids(e). Again, all objectidentifiers in the first components of the quadruples must be distinct, and class creation includescreation of a corresponding object type.2.3.3The Database Schema and Instance GraphsBefore we can define path classes, we need to understand the graph structure created by a collectionof simple classes and link classes, which consists of a database schema graph and a databaseinstance graph. We generally describe graphs as two sets (nodes and edges) together with twomappings source and target from the edges into the nodes. This is because multiple edges betweenthe same two nodes are allowed in our data model.The database schema graph is SG = (S, L, source, target), where(i)S = { c | ((c, T), ext) ˛ SC}(ii)L = { c | ((c, T, d, e), ext) ˛ LC}(iii)source: L fi S is defined bysource(c) = d � ((c, T, d, e), ext) ˛ LC(iv)target: L fi S is defined bytarget(c) = e � ((c, T, d, e), ext) ˛ LCSo for each simple class and each link class there is one node and one edge in the schema graph,respectively. These nodes and edges are also the object types corresponding to the respective classes.A path type is a quadruple (G, m, s, F) where(i)G = (V, E, source, target) is a connected graph.(ii)m: V ¨ E fi OT is a function labeling nodes and edges of G with object types such that(a)v ˛V � $ ((c, T), ext) ˛ SC: m(v) = c(b)e ˛ E � $ ((c, T, a, b), ext) ˛ LC:m(e) = c � m(source(e)) = a � m(target(e)) = b(iii)s ˛ V (the start node)(iv)F ˝ V (the final nodes)Basically, a path type is nothing else than a finite automaton belonging to a regular expression overlink class names (used, for example, in the data definition command for a path class), s is the startstate, F the set of final states. The labeling function m ensures consistency with the database schemagraph. Each path in G from start node s to some node in F describes a corresponding set of paths inthe database instance graph, defined below. In Figure 2 the path type corresponding to the regularexpression �section+� from path class highway (Section 2.1.2) is shown.

— 9 —

Figure 2Path types are used in the definition of path classes, but also in queries, where graph traversal can berestricted to graphs of a desired form.The database instance graph is IG = (S, L, source, target), where(i)S = { o | $ c ˛ SC: (o, t) ˛ extension(c)}(ii)L = { o | $ c ˛ LC: (o, t, p, q) ˛ extension(c)}(iii)source: L fi S is defined bysource(o) = p � $ c ˛ LC: (o, t, p, q) ˛ extension(c)(iv)target: L fi S is defined bytarget(o) = q � $ c ˛ LC: (o, t, p, q) ˛ extension(c)So the nodes and edges of this graph are object identifiers of objects in simple and link classes,respectively.A path over IG (also called a database path) is a sequence of object identifiersp = <v0, e1, v1, �, vn-1, en, vn>where for 0 £ j £ n: vj ˛ S and for 1 £ j £ n: ej ˛ L, source(ej ) = vj-1, and target(ej ) = vj. Thispath matches a path type (G, m, s, F) iff there exists a path P = <V0, E1, V1, �, Vn-1, En-1, Vn> inG such that:(i)V0 = s(ii)Vn ˛ F (iii)For 0 £ j £ n: itype(vj) £ m(Vj)(itype yields the immediate type of object identifier vj) (iv)For 1 £ j £ n: itype(ej) £ m(Ej)In other words, the database path p must have a corresponding path P in G such that each object inthe path p is of a subtype of the one required in P. We denote by paths(G, m, s, F) the set of alldatabase paths matching path type (G, m, s, F).2.3.4Path ClassesA path class is created by a command of the form:<class creation> ::= create path class <class-name> [ = <attribute-list>]as <link-expression><link-expression> ::= <class-name>+ | <class-name>| <link-expression> <link-expression>

— 10 —| (<link-expression> or <link-expression>) | (<link-expression>)*Essentially a link expression LE is a regular expression over class names which must belong to linkclasses. The regular expression must be chosen in such a way that it defines a connected graph, thatis, a path type. The correspondence between regular expressions and path types is straightforward. Ifa path class was created by a commandcreate path class c = T as LE;then its type is the triple (c, T, (G, m, s, F)) where (G, m, s, F) is the path type corresponding to LE.The extension of class (c, T, (G, m, s, F)) is a set of triples subset of oids(c) · values(T) · paths(G,m, s, F).2.4SubclassesOne can create subclasses of simple classes, link classes, and path classes. In all three cases the tupletype of the subclass will be a subtype of the tuple type of the superclass. In link classes it isadditionally possible to refine the source and target object types. In this section we briefly describedata definition commands for the creation of subclasses and discuss the relationship of subclasseswith the database graph.2.4.1Subclasses of Simple ClassesA subclass of a simple class may be created as follows:<class creation> ::= create <superclass-name> class <class-name>[˚<attribute-clause> ] ;<attribute-clause> ::= = <attribute-list> | with <attribute-list>Let s be a simple class of type (s, U). As a result of the commandcreate s class c;there is a new class (c, U) and for the two object types s and c holds c £ s. If the command iscreate s class c = T;then T must be a subtype of U, the type of s. This form allows one in particular to refine in T compo-nents that are already present in U (for example, specializing an EXT type in U into a REGIONS typein T). If the command iscreate s class c with T;then the resulting class has type (c, U ¥ T) where the symbol �¥� denotes concatenation of tuple types.By this concept, we have introduced only simple inheritance; multiple inheritance is excluded forsimplicity. The general meaning of the class hierarchy is that we can substitute everywhere instancesof subclasses for instances of superclasses. For example, if a tuple type has a component (a, d) whered is an object type (a class name), and c £ d, then an attribute value in a corresponding tuple may bean instance of c. Similarly, if a link class has type (c, T, d, e), then an edge object may also connecttwo (node) objects of classes d’ and e’ if d’ £ d and e’ £ e.

— 11 —2.4.2Subclasses of Link ClassesA specialization of a link class may be introduced as follows:<class creation> ::= create <superclass-name> link class <class-name>[˚<attribute-clause> ] [ from <class-name> to <class-name> ];The meaning of the three variants of attribute specification (including omitting it) is the same as forsubclasses of simple classes. The source and target specification (from � to �) is also optional. If itis omitted, the source and target classes of the superclass are used. For example, let (s, U, d, e) be thetype of the superclass in the command:create s link class c = T;Then it is required that T £ U (attributes in U are refined) and the type of the resulting link class is (c,T, d, e). Hence an edge object of class c can be substituted for an edge object of class s. In thecommandcreate s link class c with T from d’ to e’;it is required that d’ £ d and e’ £ e, and the resulting link class has type (c, U ¥ T, d’, e’). Again anedge object of class c can be substituted for an edge object of class s.2.4.3Subclasses of Path ClassesFor a path class, a specialization can only change the tuple type from the superclass to the subclass.<class creation> ::= create <superclass-name> path class <class-name>[˚<attribute-clause> ] ;The three variants of attribute specification are the same as before. The path type of the superclass isinherited. So far, there is no specialization of path types.The formal definition of the data model and the description of the data definition language are nowcomplete. In the remaining two subsections of Section 2 we discuss modeling options and introduce alarger example.2.5Modeling with Link Classes and Object-Valued AttributesThe data model offers two different features for modeling �connections� between objects, namely linkclasses and object-valued attributes. Why do we need both? Are they different in �expressivepower�? Which should be used when?In terms of the entity-relationship model, an object-valued attribute can express directly only a binarymany-one relationship without attributes (of the relationship). A binary many-one relationshipwith attributes can (although a bit awkwardly) be expressed by putting the attributes into the �sourceobject� of the connection, the one which has the object-valued attribute.In contrast, a link class can directly express a binary many-many relationship with attributes. For therepresentation of spatially embedded networks we need many-many relationships, and it is crucial tohave �edge attributes�, in particular, to associate LINE values describing the geometry of the edge, as

— 12 —in the highway network (Section 2.1.2). Furthermore, it is possible to define path classes over linkclasses. The latter facility is mainly useful in those cases when link classes define cycles in thedatabase schema graph so that paths of varying length exist. For example, consider the ER-diagram inFigure 3 (where cb_length stands for �common boundary length�):statecity lies_in neigh-bour_ofsnamecnamepop cb_lengthFigure 3This could be represented in our model by class definitions (from now on we leave out the �create�when describing a database):class state = sname: STRING;link class neighbour_of = cb_length: REAL from state to state;class city = cname: STRING, pop: INT, lies_in: state;Clearly, link classes offer the most powerful and for our applications crucial modeling facility. On theother hand, the use of object-valued attributes, whenever they can be used, simplifies a databaseschema (less classes are needed); additionally, it is possible to achieve some substructuring of acomplex graph if we perceive link classes as �stronger� connections than object-valued attributes(OVAs). A good example for this is the model of the public transport network in the next subsectionwhere the three levels of networks can be somewhat separated by using OVAs for the inter-level-connections. Hence the recommendation for modeling is:¥Use a link class if the relationship is involved in a cycle.¥Use a link class if it is desired to create path classes involving it.¥Use a link class if the relationship is many-many.¥Otherwise, an object-valued attribute may be used.The possible need of an explicit modeling of relationships in OO models has also been observed in theobject-oriented literature (e.g. [Di90]). For a deeper discussion and a specific proposal see [AlGO91].2.6The Public Transport NetworkIn this subsection we introduce a larger example which may give a better impression of the kind ofapplications this data model (and database system) is intended for. We shall also show some queriesfor this example in the next section. The application domain to be represented is public transport, e.g.bus, tram, or train lines and schedules.On closer inspection, this application is more complex than one might have expected. One candistinguish three levels of network, describing the physical network, lines, and time schedules.The lowest level represents the geometry of the network used for traveling. For a railway network, atthis level we find rails and switches, switches being the nodes and rail sections the edges of the

— 13 —graph. For a bus network, this physical part would consists of streets and street crossings andjunctions. We call paths over this level physical routes. This level is modeled as follows:class vertex = pos: POINT;link class arc = route: LINE from vertex to vertex;path class phys_route as arc+;The next level introduces regular connections over the physical network usually called lines, forexample, bus or underground lines traversing a certain path of the physical network. A line may beidentified with a number or by giving the names of final destinations at both ends (e.g. the Metro inParis), and it contains a list of stops that we call stations. (A line is what is usually depicted on thewall within a bus or underground carriage.) Note that this level does not yet contain the time schedulefor trips over lines.class station = name: STRING, loc: vertex;link class connection = travel_minutes: INT, way: phys_route from stationto station;path class line = line_type: STRING, line_no: INT as connection+;Observe that this second level contains references to the first level, the physical network, associatingstations by attribute loc with their physical positions (assuming that for each station a vertex has beenestablished) and connections as a piece of the line between two stations by attribute way with acorresponding path over the physical network. Lines are paths of this level; the line_type attributemay be used to distinguish types of connections, e.g. fast long distance trains from slow local trainsin a railway network.The third level contains the actual time schedules. We model this as a collection of departure andarrival events, which will be the nodes of the third level graph. A departure event, for example, saysthat at a certain time a carrier (e.g. a train) of a specified line departs from a given station. A specifictrip of a train over a line then corresponds to an alternating sequence of departure and arrival events(Figure 4).D RSB17.16K�lnA RSB17.47D�sseldorfD RSB17.50D�sseldorfA RSB18.03Duisburg travelstaytravelFigure 4In Figure 4 D and A stands for departure and arrival, respectively; �RSB1� is the name of a particularline. The event nodes of a specific trip are connected by travel and stay edges. On the other hand, wecan change at a station from one line to another (more precisely, from a trip of one line to a trip ofanother line). To model this, the arrival and departure events at one particular station are connected bychange and wait edges, as shown in Figure 5.

— 14 —A RSB17.47D�sseldorf

D RSB17.50D�sseldorf travelstaytravelD IC6157.55D�sseldorf

D RSB67.57D�sseldorf changewaitwaitFigure 5The idea is that a change edge connects an arrival event with the next departure one can reach in timeat this station, and that all departure events are linked in the order of departure time. Hence changingat a station can be described by a sequence of change and wait edges of the form �change wait*�(which is a path type). A complete trip of a traveler with possibly several changes of trains has a pathtypetravel (stay travel)* (change wait* travel (stay travel)*)*whose graph representation is shown in Figure 6.

Figure 6Hence the third level is modeled as follows:class event = time: INT, at_station: station, of_line: line;event class arrival, departure;link class travel = through: connection from departure to arrival;link class stay from arrival to departure;link class change from arrival to departure;link class wait from departure to departure;path class trip as travel (stay travel)*;A graphical representation of this rather complex database schema is given in Figure 7.

— 15 —

Figure 7Here a path class is represented as a circle around its participating simple and link classes (omitting themore precise information in the path type); object-valued attributes are indicated by dashed lines.3QueriesIn this section we discuss the concept of a query on a graph database, explain the structures the usermanipulates in queries, and show some fundamental tools (statements, operations) for querying. Wedo not yet develop a complete query language but rather introduce some core elements. Also at thisstage the semantics of operations are only described informally.3.1What is a Query?Before we can look at specific operations for querying we need to understand what a query is ingeneral. The issue arises because we would like to be able to modify in some sense the database graphin a query, for example, to add some edges computed by a query expression and then to apply a graphoperation traversing old as well as new parts of the database graph. On the other hand, it should alsobe possible to restrict the graph for consideration in a query.In the relational model, a query can be viewed as a function q which maps a database D (a set ofrelations) into a relation T. The query function q is a composition of simpler functions. There arebasic functions accessing the database; writing the name of a relation maps the database into thisrelation. There are further functions (relational algebra) mapping relations into other relations. Query qleaves D unchanged; further operations can involve D (again, by writing the names of relations) aswell as T (by applying them to expression q).The problem is that we want to define operations that work implicitly on the whole database graph. Ifparts of the graph structure are added in a query, it must be clear for those operations whether theyapply to the graph structure before the temporary addition or with the addition. Therefore we use thefollowing concept of a query. A query Q may consist of several steps, Q = q1; �; qm. Each step may

— 16 —compute one or more classes of simple, link, or path objects. After each step, these classes are addedto the database (and so, implicitly, extend the database graph). Or a step may express a restriction ofthe database graph for the following steps. Hence a graph operation used in step qj �sees� the graphwith the changes computed in steps q1, �, qj-1. Examples of such multistep queries are givenbelow.3.2StructuresWhat kind of structures at the conceptual level does a user create and manipulate in queries? Candi-dates might be graphs, sets of objects, nested relations, lists of object identifiers, etc. At a moreformal level this is a question about the user’s type system. The design goal is to keep this collectionsimple but sufficiently expressive. It turns out that for our model four kinds of structures/objectssuffice:¥a uniform sequence of objects¥a heterogeneous sequence of objects¥a (single) object¥a value of a data typeA uniform sequence of objects (USEQ) contains a set of objects, usually from a single simple class,link class, or path class (that is, in general a subset of the extension of the class) in some, notnecessarily specified, order. More precisely, the objects in the sequence may come from differentclasses and so have several different object types, but are all viewed under only one common tupletype. Hence, for each object in the sequence, its tuple component must be a value of that tuple type.We use sequences rather than sets because it is then possible to offer operations in the query languagemaking use of the order such as sorting, or taking head or tail of a sequence (see [G�ZC89, MaV93]for a more detailed discussion of this point). Such a sequence of objects is the basic structure informulating queries; since each object contains a tuple, it is the equivalent of a relation in the relationalmodel. The most simple way to obtain a uniform sequence is just to write the name of a class:fi USEQclassnameThis notation indicates that writing the name of a class can be viewed as a function without arguments(implicitly applied to the database) returning a value of a type �uniform sequence�. The meaning ofwriting the classname is that a sequence of all the objects in the extension of the class (in no particularorder) is created. For example, writing �person� (database from Section 2.1.1) yields a sequencecontaining all person objects.A heterogeneous sequence of objects (SEQ) may contain objects from several classes. These objectsmay have several different object as well as tuple types. For example, the node and edge objectsforming a path in the database may be given as such a sequence. But more generally, heterogeneouscollections of objects can be formed in queries and be manipulated in this form. The basic way toobtain a heterogeneous sequence is to write the name of several classes in angular brackets:fi SEQ<classname1, �, classnamen>Again, the resulting sequence contains the objects of all mentioned classes in unspecified order. Forexample,

— 17 —<book, person, wrote>yields the corresponding objects from three different classes (Section 2.1.1).What can one do with such a �mixed� collection of objects? First, there is a specialized and verypowerful tool in the query language, called the rewrite operation, to deal with such sequences(Section 3.3.2). Second, in the same way as we have interpreted the set of simple, link, and pathclasses making up a database as a database graph, we will be able to interpret such collections asgraphs or even as new parts of the database graph that are added in a query. Therefore, no specifictypes for graphs are needed in the user’s conceptual model for querying. Third, one can apply a unionoperation in the query language to a heterogeneous sequence and so transform it into a uniformsequence (Section 3.3.3).Single objects are also needed in some cases. For example, an operator for searching a shortest pathneeds a start and a target object as operands. The basic technique for determining a single object in thedatabase is called object identification. The syntax for this is as follows:<object identification> ::= <classname> ( <value-list> )<value-list> ::= <attribute-value> | <attribute-value> , <value-list><attribute-value> ::= [<attribute-name> =] <value>The basic idea is that the value-list is a prefix of the attribute values of the object to be identified, suchthat only a single object has this prefix. For example, to identify a state object (Section 2.1.1), onecan write:state("Germany")It is also possible to use uniquely identifying attribute values that are not a prefix of the object’sattributes; in that case one must write the attribute names before the values. Of course, there are alsoother ways to obtain objects, for example, evaluating an object-valued attribute of another object:person("Gueting").countryFinally, values of data types may occur, for example, by writing constants (in particular, for stringsand numbers), by accessing attributes, or by evaluating operations defined for these data types (e.g.intersection of two LINES values may yield a POINTS value).3.3Tools for QueryingThe fundamental tools for querying a graph database are:¥The derive statement, which takes the role of the classical select � from � where, but hasan extended meaning for graphs; it includes the functionalities of selection, join, projection,and function application;¥the rewrite operation as a basic tool for the manipulation of heterogeneous sequences; itallows to replace objects or subsequences by other (new) objects;¥the union operation for achieving �dynamic generalization�, that is, for transforming aheterogeneous collection of objects into a homogeneous one, viewed under a common supertuple type;

— 18 —¥a collection of graph operations, e.g. shortest path search and circle (determining asubgraph within a certain radius from a given node).Additionally, the query language will contain further operations, e.g. for sorting, grouping, aggregatefunctions, data type operations, etc. In the following subsections we explain the four main tools listedabove.3.3.1DeriveThe derive statement is the most fundamental tool in the query language. Perhaps the best way tointroduce it is to show a few examples. The first refers to the standard application from Section 2.1.1:Q1. List the titles of all books written (coauthored) by Hopcroft in 1983!on person wrote bookwhere person.name = "Hopcroft" and book.year = 1983derive book.titleHere the on-clause says that each combination of person, wrote, and book objects should beconsidered where the person is connected by the wrote link to the book. From this collection oftriples of objects the where-clause selects those fulfilling the two conditions. The derive-clause createsfor each selected triple a new object with a single attribute called title whose value is taken from theattribute title of the book object in the triple. In this case, simple objects of an unnamed object typeare created. It is also possible to create link objects, for example; other cases and the semantics ingeneral are described below.The second example query is based on the public transport database from Section 2.6.Q2. Make a listing of all departures from Dortmund main station in the form:Time of departureType and number of trainEnd station and arrival time6.13IC 615M�nchen 14.23

6.22D 308Wiesbaden 12.18�The time of departure can be found within a departure event. Type and number of train correspond toa line type and a line number. The name of the final destination is either in the last node of a line pathor can be found from the last event of a trip path. However, only the last event of a trip also containsthe arrival time. The query can be formulated as follows:on departure at_station station, departure of_line line, departure in tripwhere station.name = "Dortmundderive departure.time, line.line_type, line.line_no, (tripend).at_station.name, (trip end).timeHere in the on-clause all combinations of departure events, stations, lines and trips are formedwhere (i) the departure object is connected through its object-valued attribute at_station with thestation object (that is, departure.at_station = station), (ii) the departure object is connectedthrough attribute of_line with the line object, and (iii) the departure object is a node in the path of the

— 19 —trip object. Note that in queries object-valued attributes can be used quite in the same way as linkobjects. The only difference is that these connections cannot have their own attributes, so one cannotaccess attributes of at_station or of_line. There is nothing new in the where- and derive-clausesexcept of the use of a function end to get from a path object its last node object.Let us now consider syntax and semantics of the derive-statement in general. It has the followingform:<derive-statement> ::= [ <range declarations> ] on <subgraph-spec> [ where<condition> ] derive <object-spec>Range declarations are only needed to feed into a derive statement the result of an expression. Theyhave the following form:<range declarations> ::= <range>, | <range>, <range declarations><range> ::= range of <newname> is <expression>Each range declaration introduces a variable with name newname which ranges over a uniformsequence computed in the expression. An example is given in Section 3.3.3. Usually, variables areintroduced directly within the subgraph specification in the on-clause.A subgraph specification has the form:<subgraph-spec> ::= <pattern> | <pattern> , <subgraph-spec><pattern> ::= <variable-intro>| <simple-variable-intro> <link-variable-intro> <simple-variable-intro>| <simple-variable-intro> in <path-variable-intro>| <link-variable-intro> in <path-variable-intro>| <variable-intro> <attribute-name> <variable-intro><variable-intro> ::= <object-type> | <object-type>(<newname>)A subgraph specification is a list of patterns. A pattern introduces either just a single variable or itconnects two or three variables in various ways, requiring that¥a simple object is connected through a link object to another simple object,¥a simple object occurs as a node within a path object,¥a link object occurs as an edge within a path object, or¥a simple object has another simple object as an attribute value.A variable is introduced by either writing the name of an object type (which is in the derive statementthe same as a class name) — in this case the class name is used directly as a variable. The otherpossibility is that a new name for the variable is introduced explicitly, for example, in the form�state(s1)�. This is needed when several variables range over the same class. Alternatively it ispossible to use range declarations to introduce explicit variables.As mentioned before, in the evaluation of the on-clause all possible assignments of objects to thevariables will be considered and those tuples of objects be determined that are simultaneously con-sistent with all patterns. In general, the patterns in the on-clause describe one or more connectedgraphs (if we draw an edge between two variables linked in a pattern). If two or more graphs arepresent, it means that the cartesian product of the possible object tuples for each graph will be formed.Therefore, if each pattern is just a variable name, then we have the classical cartesian product

— 20 —operation or a join, if there are connecting conditions in the where-clause. If there is only one patternwhich is a single variable, then we have a simple selection, for example:Q3. Find the books published by Addison-Wesley!on bookwhere publisher = "Addison-Wesley"derive bookAn example of a join expressed by the derive statement can be found below. The where-clausecontains just a condition, used to filter tuples of objects coming from the on-clause. The derive-clausespecifies how a resulting set of objects is to be formed, in the following form:<object-spec> ::= <variable> | [ <newname> = ] <attribute-spec-list>| <newname> [ = <attribute-spec-list>] from <variable> to <variable><attribute-spec-list> ::= <attr-spec> | <attr-spec> , <attribute-spec-list><attr-spec> ::= <variable>.<attr-name> | <newname>: <expression>The object-specification can either be one of the variables of the derive statement, which means thatthese objects are put into the result sequence (as in Q3); so the whole statement amounts to a more orless complex selection. The other case is that new objects are formed. For these a new object type(name) may be given by the �<newname> =� part; if it is omitted, a name will be selected internally bythe system (which is obviously unknown to the user and can therefore not be used in the rest of thequery). Next, attributes for the new objects are defined. The first form is �<variable>.<attr-name>� inwhich case the new attribute name as well as the value is taken from the object denoted by the�<variable>�. The other possibility is to explicitly introduce an attribute name and to assign it by anarbitrary expression a value of a data or object type. So far, if the from-to-part is omitted, simpleobjects will be created. If the from-to-part is present, then the variables must refer to simple classes.In this case link objects are created connecting the corresponding pairs of objects assigned to thefrom- and to-variables. Creation of path objects in the derive statement has so far not been provided inthe design.The following example illustrates several points, namely the use of explicit variables, the formulationof a classical join in the derive statement, the creation of link objects, and the dynamic modification ofthe database graph in a multistep query, as discussed in Section 3.1. We assume the following data-base to be given:class state = sname: STRING; region: REGIONS;The query is:Q4. How many countries must be traversed traveling (by land) from Germany to China?on state(s1), state(s2)where s1.region adjacent s2.regionderive neighbour_of = cblength: length(common_border(s1.region,s2.region) from s1 to s2;state("Germany") state("China") shortest_path[neighbour_of+]rewrite[state -> , neighbour_of -> neighbour_of] count

— 21 —This is a multistep query; the first step is the derive statement which constructs a set of neighbour_ofedges and adds them to the database graph; the second step uses these edges to find a shortest pathfrom Germany to China. Here we only discuss the derive statement, the second step will be explainedbelow when rewrite and shortest-path operations have been introduced. Range declarations are usedbecause two variables range over the same class. The patterns in the on-clause describe twoindependent graphs. So a cartesian product is formed which together with a subsequent selectioncondition amounts to a join (adjacent is a geometric predicate applicable to two REGIONS values).The derive-clause creates a new link object class neighbour_of between any two qualifying stateobjects; as an attribute of such a link the length of the common boundary is computed (using twogeometric data type operations length and common_border). The resulting neighbour_of class has thesame definition (or type) as the one in Section 2.5.The derive statement as a whole can be viewed as an algebraic operation with the following signature:fi USEQderiveSo it is an operation without arguments (the database always being an implicit argument) whichreturns a uniform sequence of objects. Hence, within a query one can put a derive statement whenevera uniform sequence of objects is allowed and can further manipulate its result sequence, for example,apply a sorting operation.3.3.2RewriteThe rewrite operation is a very powerful tool for dealing with heterogeneous sequences and inparticular, to manipulate paths (which are heterogeneous sequences). One simple way to use it issimilar to case-statements in programming languages, since one can specify a treatment separately foreach object type that may come along in a heterogeneous sequence. But it is also possible to applytransformations to whole subsequences of a given sequence. In this case the order of elements in thesequence plays a crucial role; to understand this order, path types (or, more generally, sequencetypes) introduced in Section 2.3.3 are essential. Again, let us introduce the rewrite operation by a fewexamples. First, consider the second step of query Q4:state("Germany") state("China")shortest_path[neighbour_of+]rewrite[state -> , neighbour_of -> neighbour_of] countHere the shortest_path operator (whose arguments will be explained below) computes a shortest pathfrom one state object (Germany) to another one (China). The result is a heterogeneous sequence ofstate and neighbour_of objects. The result has a sequence type (which is equivalent to a path type,but also mentions the types of node objects)state neighbour_of state (neighbour_of state)*We abbreviate this sequence type as SNS(NS)*. Such a sequence is input to the rewrite operation. Itcontains a list of transformations. Each transformation has a left side and a right side (separated byan arrow). The left side of a transformation is a pattern which is a list of one or more variablesdenoting object types. The right side is either an expression which must evaluate to an object, orempty.

— 22 —The meaning is roughly that whenever a subsequence of objects is encountered matching one of thepatterns, then the corresponding transformation is applied (this will be made more precise below).Hence in our example, the effect is that all objects of type state in the sequence are thrown awaywhereas all neighbour_of objects are moved unchanged into the result sequence. So rewrite can beused to realize a type restriction on a heterogeneous sequence.Applying rewrite, one should keep track of the manipulation of the sequence type that it implies. Inour example, the result sequence will have type NN*, that isneighbour_of (neighbour_of)*The second example is again based on the public transport database from Section 2.6.Q5. List all direct connections from Dortmund to M�nchen with the distance traveled. Thatmeans, provide a table of the form:Departure timeArrival timeDistance6.1314.23610 kms

7.1315.23610 kms7.4316.26578 kms�To answer this query, all levels of the public transport network are needed. On the level of schedules(trips) one must find trips containing departures and arrivals in Dortmund and M�nchen, respectively.These trips must be reduced to the part between Dortmund and M�nchen. To determine the distancetraveled, the underlying physical network needs to be accessed and the lengths of arcs traversed besummed up. The query can be formulated as follows:on departure at_station station(s1), arrival at_station station(s2),departure in trip, arrival in tripwhere s1.name = "Dortmund" and s2.name = "Muenchen"derive dtime: departure.time, atime: arrival.time, distance:trip suffix(departure) prefix(arrival)rewrite[departure -> , arrival -> , stay -> ,travel -> travel_dist = (dist:travel.through.wayrewrite[vertex -> ,arc -> arc_length = (len: length(arc.route))]sum[len])]sum[dist]order_by[dtime +]This is already a fairly complex problem; it is still possible to formulate the query in a relativelyconcise way. The derive statement finds trip objects containing stops in Dortmund and M�nchen. Inthe derive-clause objects with three attributes are produced, called dtime, atime, and distance, where

— 23 —distance is computed as follows: Each trip path is reduced by operations suffix and prefix to the partbetween Dortmund and M�nchen. These are operations of the query language for the manipulation ofsequences; the argument is besides the sequence an object, and the sequence is reduced to the partafter and including the object in case of suffix, similarly the part before the object for prefix. An objectof a path class can be treated directly as a sequence, hence these operations are applicable to tripobjects. The remaining part of the trip sequence is handled by a rewrite: departure, arrival, and stayobjects are thrown away; travel objects are transformed into new travel_dist objects with a singleattribute called dist, whose value is computed as follows. From the travel object via its throughattribute the underlying connection object is reached, from which via attribute way the correspondingphys_route path object is obtained. We are now at the level of the physical network. Here the path ofthe formvertex arc vertex (arc vertex)*is again treated by a rewrite; vertex objects are thrown away and for each arc object a new arc_lengthobject with a single attribute len is created whose value is determined by applying a function length tothe arc object’s route attribute (of data type LINES). Hence the result of the inner rewrite is a uniformsequence of arc_length objects; sum is an aggregate function applicable to such a sequence. The resultis a single number which is finally assigned to the dist attribute of the new travel_dist object. Againsum is applied to a uniform sequence of travel_dist objects to obtain a number which is then used asthe distance attribute value in the objects created by the derive statement. In a final step, the sequenceof (unnamed) objects returned from derive is sorted by departure time (dtime).Let us now consider the syntax and semantics of the rewrite operation in general. The operand is aheterogeneous sequence; the argument in the square brackets is a transformation-list:<transformation-list> ::= <transform> | <transform> , <transformation-list><transform> ::= <seq-pattern> -> <object-spec2><seq-pattern> ::= <variable-intro> | <variable-intro> <seq-pattern><object-spec2> ::= <variable> | <newname> = ( <attribute-spec-list> )| <newname> [ = <attribute-spec-list>] from <variable> to <variable>The sequence pattern introduces a sequence of one or more variables in the same way as this is donein the derive statement — so it is possible to consider subsequences with several instances of the sameobject type and to refer to these instances by different variables. The object specification describes theconstruction of new objects in a similar way as in the derive statement; there are slight differences inthat a name for the new object type is mandatory and that the list of attribute specifications is inparentheses if simple objects are constructed.The semantics of the rewrite operation can be described as follows: The operand sequence is proces-sed in a series of steps. In each step, a sequence pattern p in one of the transformations (let’s say,transformation t) is matched against a prefix of the operand sequence. That prefix is then removedfrom the operand sequence and an object according to the object specification in t is constructed andput into the output sequence. To match the operand sequence with a pattern, the list of transformationst1, �, tm is considered sequentially. That is, first the pattern of t1 is checked. Matching is completewhen each variable in the pattern of t1 has been assigned a corresponding element of the operandsequence. If this doesn’t work, the next pattern is checked, and so forth. If none of the patternsmatches, an error will be reported.

— 24 —As a consequence, it is allowed that several patterns have a common prefix or that one pattern is aprefix of another; the order among them decides which is used.The examples of rewrite that have been shown so far do not make use of the order of elements in asequence. In closing this subsection, we consider an example of non-trivial use of this order and ofthe transformation of sequence types performed by rewrite. The task is to manipulate a shortest pathfound on the public transport network describing a traveler’s trip (possibly including several changesof trains). Such a path had a path type (Section 2.6, also Figure 6)travel (stay travel)* (change wait* travel (stay travel)*)*which is equivalent to a sequence type (inserting the node types)D T A (S D T A)* (C (D W)* D T A (S D T A)*)*with D = departure, T = travel, A = arrival, S = stay, C = change, W = wait.Q6. We want to produce a summary of such a path in the form of a short list with only oneentry for each train used, for example:Departure from station, timeArrival at station, timefrom Dortmund 11.42to K�ln 13.54 from K�ln 14.04to Bruxelles 16.51from Bruxelles 17.05to Paris-Nord 19.46That means, we have to throw out from the path a lot of �uninteresting� arrivals and departures (andedges in between) to obtain a sequence which has only two elements for each line of the table above;from these two we should produce an object containing the four interesting pieces of information forthe line.There are two simple guidelines for �sequence rewrite programming�:(1)Write the sequence type in a �normal form�: Always list first the components that arerequired to make up the sequence and then the repetitive structure. Apply this to the wholesequence as well as to subsequences.(2)Choose sequence patterns for the rewrite in such a way that they do not cross parentheses. Ifcrossing parentheses appears necessary, move them instead, applying the identity for regularexpressions(x a)* x = x (a x)*where x is a symbol and a a string of symbols.We have observed the first rule already in describing sequence or path types. Neglecting the secondrule leads to rather error-prone rewrite programming. For our example, this means that we firsttransform the given sequenceD T A (S D T A)* (C (D W)* D T A (S D T A)*)*intoD T (A S D T)* A (C (D W)* D T (A S D T )* A)*

— 25 —Within this sequence, we are interested in the events shown in bold face. Hence we will throw outother subsequences to obtain a sequence of the formD A (D A)*In that sequence, we will replace each pair of departure and arrival event by new objects calledtrip_segment, so that the resulting sequence will be uniform and have typetrip_segment (trip_segment)*Assuming that found_path denotes the input sequence, the query can be formulated as follows:found_pathrewrite[travel -> , arrival stay departure travel -> , change -> ,departure wait -> , departure -> departure, arrival -> arrival]rewrite[departure arrival ->trip_segment = (from: departure.at_station.name, dtime: departure.time,to: arrival.at_station.name, atime: arrival.time)]The example illustrates that sequence rewrite programming may require a bit of training, but is also aquite powerful tool.3.3.3UnionThe union operation makes it possible to transform a heterogeneous sequence of objects into a uni-form one, so that all objects in the sequence are viewed under a common tuple type. It does that bycomputing the smallest common super (tuple) type for the tuple types of the heterogeneous sequence.Consider the following example database:class city = name: STRING, region: REGIONS, pop: INTEGER;class village = name: STRING, position: POINT, pop: INTEGER;class river = name: STRING, way: LINE;We can, for example, form the union of cities and villages:<city, village> unionThe result is a uniform sequence with a tuple type<(name, STRING), (region, GEO), (pop, INTEGER)>because this is the smallest common supertype of the tuple types of city and village objects (seeSection 2.2). Note that union does not change the objects themselves; they are put, as they are, intothe result sequence. Hence the objects keep their object type, object identifier, tuple value, etc., butthe sequence as a whole has a new tuple type which can be used in the rest of the query, as in thefollowing example.

— 26 —Q7. List the names of all cities, villages, and rivers within Bavaria!We assume that Bavaria has been introduced as the name of a REGIONS value.range of cvr is <city, village, river> union,on cvrwhere cvr.region inside Bavariaderive cvr.nameIn this case the tuple type resulting from the union operation is <(name, STRING), (region, GEO)>.The geometric predicate inside has a signature GEO · REGIONS fi BOOL, hence it is applicable toregion attribute values of type GEO.In general, the union operator produces:¥if the operands are all simple objects: simple objects¥if the operands are all link objects: link objects, if the source and target object typesgeneralize (are related), otherwise simple objects¥if the operands are all path objects: simple objects¥a mixture of several kinds of objects (e.g. simple and link objects): simple objects.This �dynamic generalization� feature is of particular importance for spatial databases where oftencollections of objects need to be formed that are just related by their spatial attributes (e.g. lie in thesame area, intersect the same line, etc.). For more motivation, see [G�91, ErG91].3.3.4Graph OperationsIn a way, we arrive now at the main goal of the development of the GraphDB data model: to be able toformulate graph operations and to integrate them in a clean way into querying. This is possiblebecause the database has a well-defined and explicit graph structure. In this section we do not yetdescribe a comprehensive collection of useful graph operations — this is a major task left to futurework — as the purpose of this paper is to develop the right environment for the integration of suchoperations. But we show a few examples.The first is an operation for finding shortest paths which has already been used in example query Q4.It has basically the following signature:SIMPLEOBJ · SIMPLEOBJfi SEQshortest_pathSo it takes two simple objects, which are used as the start and target nodes of the search, respectively,and returns a shortest path from the start to the target node in the form of a heterogeneous sequence.The database graph as a whole is given as an implicit parameter. There are other parameters(syntactically given in square brackets behind the operator name)2:¥a path type, which on the one hand identifies those parts of the database graph that may beused in the search (including edges added in the query as in Q4) and on the other handdefines a precise structure for the resulting sequence which is then the basis for rewritingmanipulations (Section 3.3.2),

2Whether these can be represented in the signature is mainly a matter of the expressiveness of the underlying typesystem formalism. These issues are discussed in [G�93].

— 27 —¥for each class of edges (link objects) that may occur in the path according to the path type, afunction assigning a cost to this edge (a mapping from the class into non-negative REALvalues). The syntax for such function values is a variant of typed lambda calculus, as in[G�93]:fun(n: neighbour_of) 1This denotes a function which assigns to a neighbour_of link object n the value of thefollowing expression which in this case is always the constant 1. If such a function is notgiven as a parameter, a constant edge cost of 1 is assumed as a default.¥for each class of nodes (simple objects) that may occur in the path according to the path type,a function giving an estimated distance from this node to the target node (again, mapping intonon-negative REALs). The reason this parameter is needed is that for the implementation ofshortest_path the A* algorithm (see [Ni80]) will be used, which needs to estimate thedistance from the target for nodes encountered in the search. In query Q4, there is no reason-able function to estimate the distance. In such a case a default function yielding constantly 0is used, for Q4 this would be the function:fun(u: state, v: state) 0For A* to work correctly it is required that such a function must underestimate the distanceto the target; with this function that is trivially the case. With such a trivial distance functionA* reduces to Dijkstra’s algorithm.Hence, if there were no defaults, the second part of query Q4 would have to be written asstate("Germany") state("China")shortest_path[neighbour_of+,fun(n: neighbour_of) 1, fun(u: state, v: state) 0]rewrite[state -> , neighbour_of -> neighbour_of] countThe subgraph operation restricts the database graph for the following steps of a query. The argument(in square brackets) is a list of restrictions of the form<restriction-list> ::= <restriction> | <restriction>, <restriction-list><restriction> ::= <classname> where <condition>In the restriction list one can mention simple classes, link classes, or path classes. The semantics isthat for the following steps of the query for each class that is mentioned only the objects qualified bythe condition are part of the database graph. If, for example, a node class is restricted, then also onlythe edges incident with these nodes are present (or rather, visible) within the database; if edges arerestricted, also paths going through �invalid� edges disappear. There is an inverse operation calledfullgraph which restores the complete database graph for further steps of a query. Both subgraph andfullgraph form separate steps of a query.We illustrate the use of the subgraph operation in connection with a more interesting example of ashortest path search. Consider the following query on the highway network (Section 2.1.2)

— 28 —Q8. Find a shortest path from exit 16 to exit 252, avoiding a fog area described by a REGIONSvalue (a collection of polygons) fog!subgraph[section where not (section.route intersects fog)];exit(nr = 16) exit(nr = 252) shortest_path[section+,fun(s: section) length(s.route)/s.top_speed,fun(v: vertex, target:vertex) dist(v.pos, target.pos)/200]Here we have in the first step restricted to edges free from fog and in the second step computed ashortest path over these edges with respect to traveling time (assuming lengths and distances arestored and computed in kms, and top-speed in kms/hour).As a further graph operation, let us introduce an operation circle which determines a subgraph withinsome radius from a given start node:SIMPLEOBJ · REALfi SEQcircleParameters are similar to those for shortest_path:¥a path type describing the edges that may be used¥a function assigning a cost to each kind of edge that may occur in the path.For example :Q9. Which exits of the highway network are within less than 50 kms from the junction�Westhofener Kreuz�?junction(name = "Westhofener Kreuz") 50 circle[section+, fun(s: section)length(s.route)]rewrite[exit -> exit, vertex -> , section -> ]Here we have used rewrite to eliminate all vertex objects that are not exits. Observe that thesemantics of rewrite (sequentially checking sequence patterns) is crucial to achieve this effect.4Representation and Execution StrategyThe purpose of this last major section is to show a system architecture and give a rough sketch of aplanned implementation of the GraphDB data model and query language, in order to lend some credi-bility to the model of Sections 2 and 3. We do not claim to offer a final system design here — this isbeyond the scope of this paper. After describing the overall architecture and environment we shall justcover a few selected aspects of implementation, namely, some candidates for representation structu-res, implementation of the derive statement, and implementation of graph operations.4.1System ArchitectureFor a GraphDB system as an implementation of the GraphDB data model and query language weassume an extensible system architecture (see Figure 8) similar to the one used in Gral [G�89] andgeneralized in the SOS approach [G�93].

— 29 —

GraphDB ParserSOS Parser + OptimizerSOS Parser + Execution System (SECONDO)Data Structures forthe TypesProcedures/Coroutinesfor the Operations

Storage System + Buffer ManagerGraphDB DDL and Query LanguageModel Level Second-Order Signaturefor GraphDBRepresentation Level Second-OrderSignature for GraphDBFigure 8The basic idea of the SOS approach [G�93] is that there is a single formal model, called second-ordersignature, that allows one to describe either a data model and query language or a representation andquery processing system. A second-order signature (SOS) consists of two coupled signatures: thefirst signature describes a type system and the second one an algebra over the types of the firstsignature. Hence at the model level the types describe the conceptual structures that the usermanipulates and the algebra a query language. At the representation level, the types are data structuresavailable in the system and the operations correspond to algorithms implemented in the system,usually available as procedures. An SOS optimizer accepts programs of the model level, whichconsist of data definition, update, and query commands, and translates them into programs of therepresentation level; there is a simple generic language for programs at both levels. The SOS optimizerperforms its task using a set of optimization rules that are part of an SOS specification. An SOSexecution system offers mechanisms to register data structures for types and procedures (orcoroutines in case of stream processing) for the operations of a representation level signature; giventhese, it is able to execute programs of the representation level.Note that the components of an SOS system are completely independent of the data model and execu-tion system they realize. We are currently implementing an SOS parser and execution system calledSECONDO (whose parser component is capable to parse programs of the model as well as the repre-sentation level). The storage system and buffer manager for SECONDO can be taken from the Gralsystem. Unfortunately, it will still be a major task to implement an SOS optimizer (somewhat analo-gous to Gral’s rule-based optimizer [BeG92]).To implement a GraphDB system under the SOS architecture one needs to¥design an SOS signature for the model level which should closely resemble the data modeland query language described in this paper,

— 30 —¥implement a GraphDB parser to translate the described data definition and query languageinto the more formal SOS programs of the model level,¥design an SOS signature for the representation level,¥write optimization rules to translate from the model level to the representation level,¥implement data structures for the types and algorithms for the operations of the representationlevel.Our first goal is to design the representation level SOS signature which means to investigate whichdata structures are useful to represent the graph structures of the data model and which algorithms areneeded to implement tools of the query language like derive or rewrite. This is the topic of theremainder of this section. When these data structures and algorithms have been implemented, we willbe able to pose the �executable� equivalents of GraphDB queries to the SECONDO/GraphDB systemand have them executed.4.2StructuresIn this section we describe a number of data structures to represent a database as well as temporarystructures occurring in query processing. There are permanent structures to represent simple classes,link classes, or path classes separately as well as graph structures combining them. There are alsoindex structures and temporary structures such as streams or adjacency lists in memory.4.2.1Representation of a Simple ClassLet us call the following representation SimpleClass1. It represents the extension of a class (c, T).Note that this extension may not only contain objects of type c but also objects of other types that aresubtypes of c. We assume that a class hierarchy tree can be decomposed into several subtrees and thatSimpleClass1 represents a collection of objects of one subtree; the tuple type under which this col-lection is seen will be that of the root of this subtree.

a

b c

d e f g

h i

1

2

3

Figure 9In Figure 9, the class hierarchy with root class a is represented in three SimpleClass1 representationsdenoted as sc1, sc2, and sc3, respectively. Here sc1 represents a part of the extension of class a, sc2

— 31 —the complete class d, and sc3 the class g. We call the extension of a class c without all the objects fromits subclasses the kernel class c. Hence for example sc1 represents the kernel classes a, b, c, e, and f.We assume that an object identifier (e.g. in the set oids(c)) is a pair (c, index) where c identifies theobject type of this object (that is, the most specific class it belongs to) and index is a positive integer.The numbers index are assigned consecutively starting from 1 on object creation.Conceptually, a SimpleClass1 representation sc consists of¥a sequence of object representations, one for each object in the union of the kernel classesrepresented by sc, and¥one object index for each kernel class in sc.The object index is simply an array indexed by the index component of the object identifierscontaining suitable physical addresses (e.g. page number + page index) for the object representations.Each object index is represented in a list of pages (so one can compute from the index the address ofthe entry on a page); the sequence of object representations is also represented in a list of pages. Theorder of the object representations can either be arbitrary or be determined by external criteria (such asB-tree clustering over an attribute).A SimpleClass1 representation can be built sequentially; whenever an object representation is placedon a page, its address is entered into the appropriate index. For n objects to be placed on p pages, thetime required is (O(n), O(p))3, assuming that the object index pages can be kept in a buffer.4.2.2Representation of a Link ClassBasically, a link class is represented (as LinkClass1) in the same way as a simple class. There are twoadditional features:¥The edge object representations are stored in sorted order of the third components, that is, theidentifiers of the source nodes. Remember that the extension of a link class (c, T, d, e) is aset of quadruples subset of oids(c) · values(T) · oids(d) · oids(e), hence the sequence ofobject representations is ordered by oids(d)-values.¥There is an additional index called source index, which allows to find quickly the edgesstarting from a given node.The source index is conceptually an array whose entries are pairs of the form (oid, address) whereoid is an element of oids(d) and address the physical address of the first edge object in the sequenceof object representations which has oid as a source node. The pairs are ordered within the array byoid-values, hence a binary search is possible. The source index is also represented in a list of pages,for binary search these should be put into consecutive buffer pages.Building this representation is a bit more expensive, since edge objects need to be sorted (O(n log n),O(p log p)). After sorting, the source index can be built sequentially in linear time.Optionally, the representation of a link class can be extended by a target index. This is, like thesource index, an array with entries of the form (oid, address). The oid is now from oids(e). Sinceedge objects are not ordered by target nodes in the sequence, it is in this case necessary to have one

3In this notation, the first component denotes CPU time, the second the number of page accesses.

— 32 —entry for each edge in the target index. Of course, the entries are in oid-order in the array so thatbinary search is possible. The array is represented in another list of pages.Note that the source index and the target index are static structures. This is sufficient when a link classis only built temporarily in query processing, or if the graph to be represented does not change often.For rare insertions of edge objects, the index array can be rewritten. In highly dynamic applicationsone should use a B-tree index to manage the source (and target) index.4.2.3Representation of a Path ClassBasically, a path class is represented (as PathClass1) similarly as a simple class. Additionally, it hasoptionally a node index and an edge index.A node index has the same structure as a target index of a link class. The entries are pairs (oid,address) where oid is an identifier of an object of a simple class occurring as a node within some pathobject of the path class, and address is the physical address of that path object in the sequence of(path) object representations. Pairs are in oid-order within the array.An edge index is the same as a node index except that edges within a path are indexed.4.2.4A Clustered Graph RepresentationThe structures described in the previous sections represent nodes, edges, and paths of a graph sepa-rately. This is certainly needed, in particular to support the dynamic creation of a part of the graph(say, edges) in a query. An alternative is to put nodes, edges, and paths into a single structure whichallows a better clustering of objects into pages with respect to graph traversal operations.Such a structure that we call SimpleGraph1 here has been described in [G�91]. Essentially, a graphwith possibly several node classes, edge classes, and path classes is represented as a sequence ofnode blocks which in turn is stored within a list of pages. A node block is a sequence of graphrepresentation elements (GREs). There are five kinds of GREs representing a node object (orsimple object), an edge object (link object), a path object, a reference to an edge object, or a referenceto a path object. The structure of a node block can then be described as follows:<node-block> ::= <nodeobj> <edgeobj>* <edgeref>* <pathobj>* <pathref>*That means, clustered behind a node object are all the outgoing edge objects from that node. Then theincoming edges are represented by references (the edge objects themselves are obviously stored withtheir source node). Then all path objects with this node as the start node follow; after them there maybe references to other path objects in which this node participates. There are also object indices as inthe three structures mentioned above.The structure does not yet fix the relative order between different node blocks. Hence, there is adegree of freedom that can be used to cluster node blocks, for example, by geometric location (that is,by the values of a spatial attribute of the nodes). For more details see [G�91]. The structure hasalready been implemented within a Gral extension.

— 33 —4.2.5Index StructuresWe assume that the B-tree and the LSD-tree are available. The LSD-tree [HeSW89] is a spatial indexstructure that can store in particular points and rectangles and supports a number of interesting spatialsearch operations (e.g. range queries). We assume that each of these structures can be used in twoways:(a)as a �clustering agent� which can be combined with any of the structures mentioned before.In this case the arrangement of objects into pages (e.g. of the sequence of object represen-tations or the sequence of node blocks) is controlled by the index structure.(b)as a secondary index. In this case the structure does not influence the placement of objectsinto pages.Implementations of both structures are already available within the Gral system.4.2.6Temporary StructuresThe basic temporary structures needed in query processing are uniform streams of objects, hetero-geneous streams of objects, and streams of tuples of objects. Stream processing means that objectsare moved in a pipelined fashion between query processing operators, so the complete set of objectsof a stream need not be materialized or in memory at any point in time. Stream processing is the basicexecution model in SECONDO and is realized by implementing operations as coroutines (it is alsoalready available in a Gral extension). Of course, uniform and heterogeneous streams are meant torepresent uniform and heterogeneous sequences of the GraphDB model. Streams of tuples of objectsoccur in the implementation of the derive statement (see Section 4.3).Besides streams, object representations and data type values may be present in memory. Additionally,one might consider main memory graph representations (adjacency lists) for intermediate results of aquery.4.3Implementation of DeriveThe derive statement is at the heart of query formulation and the implementation of derive will be acenterpiece of query processing. We have seen that derive comprises the functionality of the select �from� where statement and even does more than that. Hence it is obvious that there is no singleoperator in query processing to implement derive. Rather, all the usual techniques like index access,join methods, filtering by conditions, projection, etc. will need to be used. So, in general, the imple-mentation of derive will be a whole operator tree.On the other hand, the special capability of derive is to follow connections in a graph. This capabilitywill be represented in query processing by a special operator called simple_derive. Simple_derivetakes as an operand a uniform stream of objects and as a further argument a subgraph specification inthe same form as in the derive statement. However, for simple_derive this subgraph must be con-nected. The operator then processes each object in its input stream and enumerates for this object allcombinations of objects connected with it according to the given subgraph specification. It does thatby following pointers and using indices available in the representations of classes as described above(Sections 4.2.1 - 4.2.4). As a result, the simple_derive operator produces a stream of tuples of

— 34 —objects (to-stream). Such a to-stream can then be further fed into other operators such as filtering,cartesian product, join methods, and production of new objects to realize a complete derive statement.In Section 3.3.1 we have seen that the on-clause of a derive statement specifies in general severalconnected graphs. One basic strategy for translating a derive statement into a query plan is thefollowing (this needs to be done by the optimizer):¥For each connected graph in the on-clause introduce one instance of the simple_deriveoperator with this graph as an argument.¥For each simple_derive, select one object class in the parameter graph for its input stream.This decision must be made on the basis of which conditions are present in the where-clauseof the derive statement and also, which index structures are present to support the evaluationof such conditions. If there are no conditions, select some object class and feed all its objectsinto the simple_derive (presumably the smallest class).¥Filter the output to-stream of each simple_derive by remaining conditions on object classesin its parameter graph.¥If there are join conditions connecting separate graphs of the on-clause, then use a joinmethod to combine the output streams of the respective simple_derive occurrences.Otherwise, combine the to-streams by cartesian product operators.¥If necessary, filter by further join conditions that have not been used in the previous step.¥Finally, let an operator produce new objects as specified in the derive-clause.Let us illustrate (part of) this process by considering possible translations for query Q1:Q1. List the titles of all books written (coauthored) by Hopcroft in 1983!on person wrote bookwhere person.name = "Hopcroft" and book.year = 1983derive book.titlewhich refers to the databaseclass book = title: STRING, publisher: STRING, year: INTEGER;class person = name: STRING, address: STRING;link class wrote from person to book;Here the on-clause contains only a single connected graph, hence there will be only onesimple_derive operator. The graph can be represented as shown in Figure 10.

personwrotebookFigure 10One obtains various possibilities to feed the simple_derive operator by picking one of the nodes ofthis graph and making it the root of a tree, the root will be the input stream. The operator will then foreach object in the input stream instantiate the root variable and then descend to instantiate the subtrees.In the example, the following translations might be possible:person feed filter[name = "Hopcroft"]sderive[person wrote book]filter[book.year = 1983] make_object[unnamed = book.title]

— 35 —Here feed is an operator enumerating all objects of a given class from some representation (e.g.SimpleClass1) into a stream. The filter operator filters objects from a stream (of objects or tuples ofobjects) by some condition. Make_object constructs for each tuple of objects that it receives a newobject and sends it into its output stream.Another alternative is to make book the root of the tree. Let us assume that books are clustered by yearthrough a B-tree so that index access is possible. Then the following translation can be used:book 1983 1983 rangesderive[person wrote book]filter[person.name = "Hopcroft"] make_object[unnamed = book.title]Here the range operator denotes a range query on a B-tree; the range is given by two constants. Allobjects with value between these two constants are fed into a stream. For a more complete example ofa stream-based query processing algebra see [G�93].The decision between the possibilities has to be taken by the optimizer, as usual, probably on thebasis of cost estimates.Clearly, this is not the whole story of the implementation of the derive statement. For example, totraverse links given by object-valued attributes one needs additional index structures. Also, anothervaluable strategy for evaluation in the case of several connected graphs in the on-clause may be to firstevaluate a join condition to generate an input stream for one of the simple_derive occurrences. Butthe strategy described above is certainly of major importance.4.4Implementation of Graph OperationsThe general strategy is to implement graph operations by efficient graph algorithms. The twoexamples shortest_path and circle from Section 3.3.4 will both be implemented by the A* algorithm(which contains Dijkstra’s algorithm as a special case). Subgraph has no corresponding algorithm butis implemented by moving the conditions into subsequent graph operations or other database acces-ses.The shortest_path operator is implemented by an executable operator sp_astar which takes thefollowing arguments:¥source and target objects, source and target,¥a path type,¥for each class of nodes that may lie on the path according to the path type, a function toestimate the distance from such a node to the target of the search,¥for each class of edges that may lie on the path according to the path type, a function toassign a cost to this edge,¥for each class of nodes and edges that the path may traverse according to the path type,possibly a filter expression that allows to exclude nodes or edges from consideration.Most of these arguments have already been explained for the shortest_path operator in Section 3.3.4.The additional filter expressions can be used to evaluate during the search conditions given separatelyin the query (in particular, by a subgraph operation).

— 36 —For the example query Q4, sp_astar would work as follows: It would start from the representation ofthe source node (�Germany�) in class state. It would then look at its path schema to discover that thenext edge to be considered must lie in link class neighbour_of. Using the source-index in therepresentation of class neighbour_of it would locate the group of edges starting from node�Germany�. For each edge it would look at the target node in class state and compute the distance tothe node target using the function supplied as a parameter. It would then select the node with minimalestimated total distance (in fact, in this case minimal distance from the source node) for expansion,expand it by going into the link class through the source index again, and so forth. The interestingthing to observe is how sp_astar combines old and new parts of the database graph, and also worksrelatively efficiently.As an example for the treatment of the subgraph operation, consider the following query plan forquery Q8:exit feed filter[nr = 16] single_objectexit feed filter[nr = 252] single_objectsp_astar[section+,fun(s: section) length(s.route)/s.top_speed,fun(v: vertex, target:vertex) dist(v.pos, target.pos)/200,fun(s: section) not (s.route intersects fog)]Here it is assumed that no index over exits is present. The single_object operation just checks that itsinput stream of objects contains only a single object (otherwise an error is reported) and returns thisobject.5ConclusionsWe have presented a data model that integrates an explicit modeling of graph structures smoothly intoa �standard� object-oriented modeling and querying environment. In particular, explicit path objectsare offered, and graph operations can be defined whose argument graphs (subgraphs of the databasegraph) can be specified by regular expressions over link class names. The derive statement extendsthe familiar select � from� where to a convenient querying of relationships (link classes, edges ofthe graph). The rewrite operation is a powerful tool for the manipulation of sequences, especiallypaths, in queries. The model is coupled to an implementation concept which offers special data struct-ures for the representation of graphs and efficient graph algorithms for the graph operations. Systemarchitecture and implementation strategy have been outlined in the paper. Besides being attractive forstandard applications, the model is particularly suitable for a sophisticated modeling and manipulationof spatially embedded networks, as has been demonstrated by the public transport example.We are currently developing a first partial prototype for GraphDB following the system architectureand implementation plan described in Section 4.1. The general extensible query processing environ-ment will be offered by the SECONDO which is just about to be finished. To reduce the implementa-tion effort (that is, to make the task manageable at all) we are trying to use as much as possiblemodules from the Gral system, for example, storage and buffer management, index structures, datatypes and administration of data types, implementations of query processing operations (e.g. joinalgorithms). In a first phase, we would like to arrive at a prototype version that demonstrates some

— 37 —interesting part of the query processing capabilities needed for GraphDB. To realize the GraphDBquery language as such, it is first necessary to implement a SECONDO optimizer (perhaps along thelines of [BeG92]) which is still a major open task. The development of the GraphDB model andprototype is part of the ESPRIT project AMUSING.Other future work includes a more complete design of the query language — in this paper we have onlyintroduced some key elements —, the design of a corresponding SOS model level signature, and a for-mal definition of the semantics of query language operations. Note that the extensible system architec-ture makes it possible to postpone a complete query language design even until the system is running;missing operations can always be added later.AcknowledgmentsHelpful discussions with Hieu-Thien Pham and Frank Schoppmeier and their work on implementingthe GraphDB prototype are gratefully acknowledged. Thanks also to Martin Erwig, Hieu-Thien Phamand Markus Schneider for reading drafts of this paper.References[Ag87]Agrawal, R., ALPHA: An Extension of Relational Algebra to Express a Class of Recursive Queries.Proc. IEEE Data Engineering Conf. 1987, 580-590.[AlGO91]Albano, A., G. Ghelli, and R. Orsini, A Relationship Mechanism for a Strongly Typed Object-OrientedDatabase Programming Language. Proc. of the 17th Intl. Conf. on Very Large Data Bases, Barcelona,1991, 565-575.[AmS92]Amann, B., and M. Scholl, Gram: A Graph Data Model and Query Language. Proc. ECHT’92, Milano,December 1992.[Andr92]Andries, M., M. Gemis, J. Paredaens, I. Thyssens, and J. Van den Bussche, Concepts for Graph-OrientedObject Manipulation. Proc. 3rd EDBT 1992 (LNCS 580), 21-38.[BeG92]Becker, L., and R.H. G�ting, Rule-Based Optimization and Query Processing in an Extensible GeometricDatabase System. ACM Transactions on Database Systems 17 (1992), 247-303.[BiRS90]Biskup, J., U. R�sch, and H. Stiefeling, An Extension of SQL for Querying Graph Relations. ComputerLanguages 15 (1990), 65-82.[CoM90]Consens, M., and A. Mendelzon, GraphLog: A Visual Formalism for Real Life Recursion. Proc. ACMConf. on Principles of Database Systems 1990, 404-416.[CoM93]Consens, M., and A. Mendelzon, Hy+: A Hygraph-based Query and Visualization System (Video Demon-stration). Proc. ACM SIGMOD 93, 511-516.[CrMW87a]Cruz, I.F., A.O. Mendelzon, and P.T. Wood, A Graphical Query Language Supporting Recursion. Proc.SIGMOD Conf. 1987, 323-330.[CrMW87b]Cruz, I.F., A.O. Mendelzon, and P.T. Wood, G+: Recursive Queries Without Recursion. Proc. 2nd Intl.Conf. on Expert Database Systems, 1989, 355-368.[CrN89]Cruz, I.F., and T.S. Norvell, Aggregative Closure: An Extension of Transitive Closure. Proc. of the 5thIntl. Conf. on Data Engineering, 1989, 384-391.[Di90]Dittrich, K., Object-Oriented Database Systems: The Next Miles of the Marathon. Information Systems15 (1990), 161-168.

— 38 —[ErG91]Erwig, M., and R.H. G�ting, Explicit Graphs in a Functional Model for Spatial Databases.FernUniversit�t Hagen, Informatik-Report 110, 1991, to appear in IEEE Transactions on Knowledge andData Engineering.[GePTV93]Gemis, M., J. Paredaens, I. Thyssens, and J. van den Bussche, GOOD: A Graph-Oriented Object DatabaseSystem (Video Demonstration). Proc. ACM SIGMOD 93, 505-510.[G�89]G�ting, R.H., Gral: An Extensible Relational Database System for Geometric Applications. Proc. of the15th Intl. Conf. on Very Large Data Bases, 1989, 33-44.[G�91]G�ting, R.H., Extending a Spatial Database System by Graphs and Object Class Hierarchies. In: G.Gambosi, H. Six, and M. Scholl (eds.) Proc. Int. Workshop on Database Management Systems forGeographical Applications (Capri, May 1991), Springer, 1992.[G�93]G�ting, R.H., Second-Order Signature: A Tool for Specifying Data Models, Query Processing, andOptimization. Proc. ACM SIGMOD Conf. (Washington, 1993), 277-286.[G�S93]G�ting, R.H., and M. Schneider, Realm-Based Spatial Data Types: The ROSE Algebra. Fernuniversit�tHagen, Report 141, 1993.[G�ZC89]G�ting, R.H., R. Zicari, and D.M. Choy, An Algebra for Structured Office Documents. A C M Transactions on Information Systems 7 (1989), 123-157.[GyPV90a]Gyssens, M., J. Paredaens, and D. van Gucht, A Graph-Oriented Object Database Model. Proc. ACMConf. on Principles of Database Systems 1990, 417-424.[GyPV90b]Gyssens, M., J. Paredaens, and D. van Gucht, A Graph-Oriented Object Model for Database End-UserInterfaces. Proc. ACM SIGMOD Conf. 1990, 24-33.[HeSW89]Henrich, A., H.-W. Six, and P. Widmayer, The LSD Tree: Spatial Access to Multidimensional Point- andNon-Point-Objects. Proc. of the 15th Intl. Conf. on Very Large Data Bases (Amsterdam, 1989), 45-53.[Kung86]Kung, R., et al., Heuristic Search in Database Systems. In: L. Kerschberg (ed.), Expert DatabaseSystems. Benjamin Cummings, 1986.[MaS90]Mannino, M., and L. Shapiro, Extensions to Query Languages for Graph Traversal Problems. IEEETrans. on Knowledge and Data Engineering 2 (1990), 353-363.[MaV93]Maier, D., and B. Vance, A Call to Order. Proc. ACM Symposium on Principles of Database Systems(Washington, 1993), 1-16.[Ni80]Nilsson, N.J., Principles of Artificial Intelligence. Tioga Publ. Company, Palo Alto, CA, 1980.[OrM88]Orenstein, J., and F. Manola, PROBE Spatial Data Modeling and Query Processing in an Image DatabaseApplication. IEEE Trans. on Software Engineering 14 (1988), 611-629.[RoFS88]Rossopoulos, N., C. Faloutsos, and T. Sellis, An Efficient Pictorial Database System for PSQL. IEEETrans. on Software Engineering 14 (1988), 639-650.[Rose86]Rosenthal, A., S. Heiler, U. Dayal, and F. Manola, Traversal Recursion: A Practical Approach toSupporting Recursive Applications. Proc. SIGMOD Conf. 1986, 166-176.[StR86]Stonebraker, M., and L.A. Rowe, The Design of POSTGRES. Proc. of the 1986 SIGMOD Conf.(Washington, DC, May 1986), 340-355.[SvH91]Svensson, P., and Z. Huang, Geo-SAL: A Query Language for Spatial Data Analysis. Proc. SSD 91(Zurich, Switzerland), 1991, 119-140.