1Fundamental Graphical Primitives forVisual Query Languages1(Accepted for pubblication on Information Systems Vol. 18 No. 2)Tiziana Catarci§, Giuseppe Santucci§, Michele Angelaccio¤ §Dipartimento di Informatica e SistemisticaUniversita’ degli Studi di Roma "La Sapienza"Via Salaria, 113 - 00198 Roma, Italy¤Dipartimento di Ingegneria ElettronicaUniversita’ degli Studi di Roma II "Tor Vergata"via O. Raimondo 38 - 00173 Roma, ItalyABSTRACTThe need of a friendly man-machine interaction is becoming crucial for a large varietyof applications. In order to reach such a friendliness a new class of languages has beenproposed (Visual Languages), based on the extensive use of graphical and iconicmechanisms. We are interested in a particular subclass of Visual Languages, calledVisual Query Languages (VQLs), devoted to the extraction of information fromdatabases. VQLs are mainly based on the idea of applying new interactionmechanisms, based on the "direct manipulation" paradigm, on visually representeddatabases. Various VQLs have been proposed, but only a few of them are providedwith a formal definition and, also when such a formal definition exists, it does notgive the semantics of the graphical operations performed by the user. In this paper weaim to provide such a semantics by proposing a graphical data model, the graphmodel, in which the visual representation is part of the model itself, and a minimal setof Graphical Primitives, in terms of which general query operations may be visuallyexpressed. Moreover, we show that: a) such a model may be used as a general visualrepresentation for the most common data models; b) the Graphical Primitives have thesame expressive power as well-known query languages; c) the graph model and theGraphical Primitives may be used as basic constituents of more complex existingvisual representations and visual query languages, thus giving them a semanticsindependent from the underlying data model.

1 Research partially supported by Progetto Finalizzato Sistemi Informatici e Calcolo Parallelo, NationalResearch Council, Italy and by EEC under the Esprit Project 6398 VENUS.

21.IntroductionThe effective use of different complex application programs is strongly hindered by the neededknowledge of operational modes, the user technical background, and the information on both thesystem application domain and its interaction mechanisms. Currently, a casual user of a system isgenerally discouraged from working with it, since the amount of technical knowledge required forrunning a program generally needs a long learning time and/or an on-line tutor. Recently, anumber of interfaces based on different techniques that better exploit human senses have beensuggested and implemented so enlarging the bandwidth of the man-machine communicationchannel. As an example, attempts have been made to create interfaces based on the use of naturallanguage, both in form of textual dialogue and of speech interpretation and synthesis. Moreover,the availability of graphical devices at low cost has given rise in the last years to a large diffusionof interfaces using visual techniques. The well-known advantages of using images instead of textturn out to be particularly relevant in man-machine interaction. As a further advantage, the visualapproach attracts user attention and stimulates a full coverage of all the available system facilities.Recently, the database area has proved to be particularly fruitful for applying visual techniquesspecifically in accessing stored data. One reason is that very often the database is queried by acasual user, who is not necessarily acquainted with languages such as SQL [Date 1987].Moreover, with respect to using a restricted natural language, both the dependence upon the nativelanguage of the user and the limitations imposed by the application area are avoided. Finally, thetypical process of query formulation itself encourages using visual techniques. In fact, asillustrated in [Batini et al. 1991], such a process can be seen as constituted by three phases: in thefirst phase the user selects the part of the database s/he wants operate on; in the second phase s/hedefines the relations within the selected part in order to produce the query result; in the third phases/he operates on the query result. The first phase is the best candidate for a visual representation,since it can be seen as a kind of zoom on the database in order to select the parts of interest. In thesecond phase the main operations are used to express conditions on the structural relationsaccording to the formulated query. A visual representation here is useful in order to show both thedatabase contents and the query structure. Finally, in the third phase, it may be useful to visuallyrepresent the structured relations for analyzing the query result.Visual Query Systems (VQSs) may be defined as query systems essentially based on the use ofvisual representations to depict the domain of interest and express the related requests. VQSsprovide user-friendly query interfaces for accessing a database. They include both a language toexpress the queries in a pictorial form (i.e., a visual query language, VQL) and a variety offunctionalities to facilitate man-machine interaction. The VQSs are oriented to a wide spectrum ofusers who have limited technical skills and generally ignore the inner structure of the accesseddatabase. In the last years, many VQSs have been proposed in the literature, adopting a range ofdifferent visual representations and interaction strategies. However, the main part of any VQS isconstituted by the VQL it is based on.In order to more precisely define a VQL, we refer to Chang’s classification [Chang 1989], inwhich the visual programming languages are introduced. Visual programming languages handleobjects that do not necessarily have a visual representation (e.g., traditional data types like arrays,lists, stacks and application oriented data types like forms and documents). In order to improveand facilitate man-machine interaction, the objects are presented visually; therefore, a visualrepresentation is associated with these abstract objects. The programming constructs and the rulesfor combining them are also represented visually . Within the class of visual programminglanguages, a subclass exists which deals with a particular kind of non visual objects, i.e., data indatabases; this subclass of languages is the one of visual query languages. Based on which visualelement they mainly adopt, we have graphical and iconic VQLs, i.e., languages based on theextensive use of diagrams and icons respectively. Typically, iconic languages have a highermetaphorical power with respect to graphical ones. However, no standard can yet be imposed onthe set of icons used in different applications. Moreover, graphical languages are more suited to beformalized, given the precise mathematical structure (i.e., the graph) the diagrams are based on.

3Such a formalization allows for comparing them with traditional query languages, and preciselyevaluating their expressive power.Various graphical VQSs have been proposed (a survey is in [Batini et al. 1991]), but only a fewof them are provided with a formal definition (see [Cruz Mendelson Wood 1988; Nanni 1988;Angelaccio Catarci Santucci 1990b; Consens and Mendelzon 1990]). All these systems are mainlybased on the idea of proposing new visual representations for the classical, non-visual databasemodels, together with new interaction mechanisms founded on the "direct manipulation" paradigm[Shneiderman 1983]. For example, we can consider the algebraic definition of relation in therelational model and represent it by using either a hypergraph or a table; in the same way we canrepresent the Relational Algebra operators [Codd 1972] by some navigation in a diagram.Unfortunately, this kind of approaches has produced a lack of formalization in defining the visualinteraction mechanisms.In order to overcome such a drawback, a possible solution is to unify the data model and itsgraphical representation, directly applying on it the graphical operations (such as selection ofnodes and drawing of edges) having their own semantics (a proposal is in [Gyssens ParedaensVan Gucht 1990]). The approach presented in this paper is in this direction. The basic idea is indefining a minimal set of well-founded Graphical Primitives, in terms of which more complexvisual interaction mechanisms may be precisely defined. The Graphical Primitives are defined onthe basis of a graphical data model, the graph model, in which the visual representation is part ofthe model itself. Moreover, we will show in the following that the graph model and the GraphicalPrimitives provide the general principles for devising graphical interfaces to heterogeneousdatabases, expressed in terms of the most common traditional data models. Finally, since both thegraph model and the Graphical Primitives consist of elementary graphical elements, it is possibleto use them as basic constituents of more complex existing visual representations (i.e., E-Rdiagrams, object networks, etc.) and visual query languages, so giving them a semanticsindependent of the underlying data model.The paper is organized as follows. In Section 2 the concepts of data model and representation arerecalled; in Sections 3 and 4 the basic notions concerning the graph model and the GraphicalPrimitives are introduced. Section 5 shows how the most common data models and querylanguages can be represented in terms of the graph model and the Graphical Primitives. Finally,Section 6 concerns an example of formalization of a visual query language, namely that one ofSNAP [Bryce Hull 1986], by means of the Graphical Primitives.

2.Preliminaries onData

Models andAssociated

RepresentationsAdatabase and a query language are formally defined in terms of a data model and a set ofoperators respectively. A data model provides a set of structuring mechanisms that, in order to beperceived by a user, have to be expressed in terms of a representation. Several representations maybe associated with a given data model. The same holds for a query language, whose operatorshave to be represented in some way in order to be used. However, in the past years the privilegedcomponent in the pair <model, representation> has been the model, while more recently, becauseof the growing interest in the field of the human-computer interaction, the two components aregiven equal importance (it may happen that the representation will be the prominent component inthe future). One of the goals of our work is to reduce such a dichotomy and, consequently, thepossible mismatch between the two components. Moreover, we aim to define a minimal set ofgraphical query operators general enough to be a formal basis for implementing, in principle, anycomplex VQL defined on a generic data model. Note that we restrict the information to be retrievedto the one explicitly represented in the database (i.e., we are not interested in inferring implicitinformation). In this case, the operations to be performed mainly consist in navigating through thedata stored in the database and selecting or discarding some of them, based on either their mutualrelationships and/or the comparison with constant values.

4Starting from these considerations, we propose a minimal set of Graphical Primitives based on agraphical model, called graph model. The main characteristics of the graph model and theGraphical Primitives are:a)the graph model allows us to define a graph model DataBase (GMDB) in terms of a triple<g,c, m>, where g is a graph-oriented structure, c is a set of constraints imposed on theclasses of objects represented in g (g and c together constitute the intensional level of thedatabase), and m (called interpretation) is a set-theoretical structure corresponding to theextensional level;b)the semantics of the Graphical Primitives is characterized in terms of transformations, so thatin the evaluation of a query, starting from the initial triple representing the database, a finaltriple is produced, containing exactly the requested information.The Graphical Primitives of the language simply consist of two basic operations: the selection ofa node and the drawing of a labeled edge. These two operations are used in all the three phases ofquery formulation, as introduced in Section 1, called Location, Manipulation, and Visualizationphase. In the Location phase the user selects the part of the database s/he is interested in, byiteratively applying the operation of picking up a node. In the Manipulation phase the selectedgraph is modified, in order to restrict its interpretation. Referring to the relational algebra, it ispossible to consider this phase as the one where operations such as selection, projection, joins,union, intersection, and difference are performed. The last phase, Visualization, has the aim ofexplicitly representing the structure of the query result, through the building of a new GMDB,whose interpretation consists only of the values determined according to the operations performedby the user in the previous phases. Note that the Manipulation phase can be used also after theVisualization phase for combining different subqueries, represented in terms of distinct GMDBs.In order to be an adequate substratum for defining the Graphical Primitives, the graph modeltakes into account the most common features that all the existing data models exhibit, namely:1.the notion of a concept representing the common characteristics of aset of individuals, whichappears under different names in different models (e.g., entity in the entity-relationship model[Chen 1976], class in both semantic networks [Levesque Mylopoulos 1979]) and the object-oriented model[Kim 1990], and relation schema in the relational model [Codd 1972]);2.the notion of individual identity, which is used to unambiguously distinguish the differentindividuals existing in the database (e.g., object identifier in the object-oriented model and keyin both the Entity-Relationship and relational model);3.the notion of extension of aconcept, which provides the abstraction collecting individualssharing common features (e.g., tuples in the relational model and instances in the entity-relationship model, in semantic networks, and in the object-oriented model);4.the notion of property of a concept (e.g., attribute in both the Entity-Relationship and relationalmodels);5.the notion of connections among concepts, which allows for modeling the interrelationshipsexisting in the real world (e.g., relationship in the entity-relationship model, link in bothsemantic networks and object-oriented model, and key duplication in the relational model [HullKing 1987]).

3.The graph modelIn this section we give the formal definition of the concepts presented in Section 2. We firstintroduce the syntax and the semantics of the graph model in terms of Typed Graph andInterpretation, then define a suitable language for expressing Constraints on the elements of theTyped Graph.The graph model allows us to define a GMDB D in terms of a triple <g, c, m>, where g is aTyped Graph, c is a set (possibly empty) of suitable constraints, and m is the correspondingInterpretation. The schema of a database, i.e., its intensional part, is represented in the graphmodel by the Typed Graph and the set of Constraints. The instances of a database, i.e., itsextensional part, are represented by the notion of Interpretation.

5Def. (Typed Graph)A Typed Graph g is a tuple: g= < N, E, l1, l2, f1, f2, f3> where:N = NC " NR is the set of nodes; NC is the set of so-called class-nodes, and NR is the set of theso-called role-nodes. Moreover, NC is partitioned into NCp, the set of printable class-nodes,and NCn , the set of unprintable class-nodes.E ˝ N ^ N is the set of edges;l1 is the set of node labels;l2 is the set of edge labels, including a special label T;f1 is a total biunivocal function from N to l1;f2 is a total function from E to l2;f3 is a total function mapping each node to one value in {unselected, selected, displayed}.The labels in l1 are simply node names (i.e., names of both classes and roles), whereas theedge labels in l2 represent either set-oriented operations or boolean expressions, and are used inthe process of query formulation (see Sections 4.1 and 4.2).In the rest of the paper we use the following notations:AD{n1,...,nk} is the set of nodes adjacent to a given set of nodes {n1,...,nk} minus {n1,...,nk}.d =dp " dn is a set of elementary objects. dp is a set of printable objects, dn is a set ofunprintable objets. Moreover, it holds that dp˚˙˚dn˚=fl.u is a universe, that is a set of structured objects, defined as the smallest set containing d andall the possible labeled tuples (of any arity) <l1:t1,...,ln:tn>, where l1,...,ln and t1,...,tn areelements of l1 and d, respectively.

Def. (Interpretation)Let g= < N, E, l1, l2, f1, f2, f3> be a Typed Graph. An interpretation for g is a functionm:˚N˚fi˚2u mapping each node n ˛N to a subset of u as follows:if n ˛NCp then m(n)˚˝˚dp;if n ˛NCn then m(n)˚˝˚dn;if n˛NR and {n1,...,nh}=AD{n}˙NC, then m(n) is a set of tuples of the form<f1(n1):t1,...,f1(nh):th>, where f1(n1),...,f1(nh)˚˛˚l1 and t1,...,th ˝m(n1)·m(n2)·...·m(nh).In our model several types of constraints may be specified by means of a Constraint Language,which allows for representing the basic features of the most widely diffused models (as discussedin Section 2). In the following we concentrate on a suitable subset of the possible constraints,which may be graphically represented in a Typed Graph. The syntax of such constructs is asfollows:n1 ISA n2; where n1,n2 ˛NC;ATLEAST(k,n1,n2); where n1 ˛ NC, n2 ˛NR, and k˛ Z;ATMOST(k,n1,n2); where n1 ˛ NC, n2 ˛NR,and k˛ Z.

6The corresponding semantics is:n1 ISA n2 is satisfied by m if m(n1) ˝ m(n2);ATLEAST(k,n1,n2) is satisfied by m if " t*˛m(n1) $ at least k tuples of the form<l1:t1,...,˚f1(n1):t*,.., lp:tp>˚˛˚m(n2);ATMOST(k,n1,n2) is satisfied by m if " t*˛m(n1) $ at most k tuples of the form<l1:t1,...,˚f1(n1):t*,.., lp:tp>˛ m(n2).The ISA construct allows for representing subclass-class relationships; the ATLEAST and ATMOSTconstructs permit expressing cardinality constraints. Such constructs are graphically represented ina Typed Graph as shown in figure 1, i.e., a bold arrowhead edge for the ISA relationship, and apair of numbers between brackets for the ATLEAST and ATMOST constructs. Moreover, weindicate with grayed circles the role nodes and with underlined labels the printable class nodes.We note that, given a typed graph g and a set of constraints c, there always exists at least oneinterpretation m for g satisfying every constraint in c. Indeed, it is easy to verify that theinterpretation mapping each node to the empty set satisfies every ISA and every cardinalityconstraint. However, it may happen that the constraints in c interact in such a way that some of thenodes in g are compelled to be invariantly empty in all the interpretations for g. Following[Lenzerini Nobili 1990], we say that g and c are strongly satisfiable if for each class node nc of gthere exists at least one interpretation m for g that satisfies c and such that m(nc) is not empty. Amethod for checking the strong satisfiability is studied in [Lenzerini Nobili 1990] in the context ofa model that does not include ISA constraints. We are currently working on an extension of such amethod in order to be able to check if a typed graph and a set of constraints are strongly satisfiable.In the rest of the paper, we denote with AD’{n} the set defined as:-if n ˚˛ ˚NC then AD’{n}= AD{n} ¨i AD(ni) where ni ˛NCn and n ISA* ni holds, whereISA* is the transitive closure of the ISA relation (note that if n˛NCp, then AD’{n}› AD{n});-if n ˚˛˚NR then AD’{n}= AD{n} ¨ {m˛˚NC | n˛˚AD’{m}}.In other words, if n is a class node, the set AD’{n} contains both the nodes adjacent to n and thenodes adjacent to its ancestors in the ISA hierarchy; if n is a role node AD’{n} contains both thenodes adjacent to n and the descendants of such nodes.An example of using the graph model, in order to model the information concerning persons,employees, and cars, is shown in Figure 1. Figure 1.a shows the Typed Graph g with thefollowing constraints: Employee ISA Person; ATLEAST(1,Person,Age); ATMOST(1,Person,Age);ATLEAST(1,Car,Owns). Figure 1.b shows a possible Interpretation m for g.

4 .Fundamental

Graphical

PrimitivesIn this section we formally define the Graphical Primitives (GPs). The main idea is to expressany query-oriented user interaction with a database in terms of two simple graphical operations: theselection of a node and the drawing of a labeled edge. The former is the simplest graphicaloperation available to the user, and corresponds to switching the state of a node. The latter is thelinkage of two nodes by a labeled edge, and corresponds to either restricting the nodeinterpretations according to the rules stated in the label or performing a set operation on them. Weshow in the following that, by the composition of these simple mechanisms, all the phases of thequery formulation (as introduced in Section 2) may be accomplished.We assume that several views of a database may be used during query formulation. In order tobuild such views, we introduce the DUPLICATE function.

Employee

Salary

PlatePersonCar

Owns

String

AgeNameTTTTTTTTTTT(1,1)(1,-)

IntegerFigure 1.a m (Employee) = {OI1, OI2, OI3}; m (Person) = {OI1, OI2, OI3, OI4}; m (Car) = {OI5, OI6}; m (Integer) = Z; m (String) = {a...z, 1...0}*; m (Age) = {<Person:OI1,Integer:22>, <Person:OI2,Integer:27>, <Person:OI3,Integer:18>, <Person:OI4,Integer:10>}; m (Name) = {<Person:OI1,String:Mary>, <Person:OI2,String:John>, <Person:OI3,String:Carl>, <Person:OI4,String:Cecily>}; m (Salary) = {<Employee:OI1,Integer:50.000>, <Employee:OI2,Integer:62.000>, <Employee:OI3,Integer:25.000>}; m (Plate) = {<Car:OI5,String:MaryNY123>, <Car:OI6,String:CA567>}; m (Owns) = {<Person:OI1,Car:OI5>, <Person:OI2,Car:OI6>}.Figure 1.bFigure 1: an example of use of the graph model.The function DUPLICATEk(D), where D˚˚˚=˚<g,c,m> is a GMDB, results in a new GMDB Dk =<gk,ck,mk> (the k-copy of D) which is equal to Dexcept for the node labels (� denotesconcatenation of two labels); in particular:Nk = N;Ek = E;l1k = {k˚�˚l | l˚˛˚l1};l2k = l2;f1k = {<n,k˚�˚f1(n)>};f2k = f2;f3k = f3;ck = c;mk is equal to m except for the labels of the tuple components of the role nodes:mk(n) = {<k˚�˚l1:t1,...,k˚�˚lk:tk>‰<l1:t1,...,lk:tk>˛ m(n)}

84.1Selection ofaNode andDrawing ofanEdgeIn the rest of the paper we denote with D = <g,c,m> the database we operate on, and with D’ =<g’,c’,m’> the database resulting from the application of a GP.

Selection ofanode ninD:s(D,n)

s(D,n) = D’ such that :g’ is equal to g except for f3’(n) = succ(f3(n));c’ is equal to c;m’ is equal to m.The succ function is defined on the domain of f3 as follows: succ(unselected)=selected;succ(selected)=displayed; succ(displayed)=unselected.The selection of a node is used to restrict the original graph g to a subgraph g’. We will see inSection 4.2 how this primitive well fit the Location phase of query formulation.

Drawing ofalabeled edge inD:e(D,f,n,q)

This primitive can only be applied when no edge between n and q is in D. Its effect on thedatabase D depends on the label f, which may be a boolean expression or a set-orientedoperation.Let n and q be role-nodes, and let f be a boolean expression. The database D’=e(D,f,n,q) issuch that:N’ = N;E’ = E ¨{<n,q>};l1’ = l1;l2’ = l2 ¨{f};f1’ = f1;f2’ = f2 ¨{<<n,q>,f>};f3’ = f3;c’ is equal to c;m’ = m.D’ differs from D only for the presence of a new labeled edge and the associate label. During thebuilding of the result database D� (see Section 4.3) this will give rise to a restriction of the finalinterpretation.Let n and q be unprintable class-nodes. The database D’=e(D,"=",n,q) is such that:N’ = N;E’ = E ¨{<n,q>};l1’ = l1;l2’ = l2 ¨{=};f1’ = f1;f2’ = f2 ¨{<<n,q>,=>};f3’ = f3;c’ = c;

9m’ is equal to m except for m’(x), where x˚˛˚AD(q): m’(x) ={<l1:v1,...,lk:vk,f1(n):vk+1>‰<l1:v1,...,lk:vk,f1(q):vk+1>˚˛˚m(x)}.Note that this operation corresponds to renaming of a tuple component in all the adjacents of anode q. It is useful for handling queries involving more than once the same node, each occurrencebelonging to a different user view of the database.Finally, if fis a set operator, say setop (union, difference, and intersection), then n and q areclass nodes and D’ will contain both a new node and new ISA constraints. More precisely,D’=e(D,f,n,q) is such that:NC’ = NC ¨ {s} (s is a new class node);E’= E ;l1’ = l1 ¨{ets}, where ets is a new label for s;l2’ = l2;f1’ = f1 ¨ {<s,ets>};f2’ = f2;f3’ = f3 ¨ {<s,displayed>};c’ is equal to c plus new ISA constraints concerning n, q and s, namely:if f= ¨ then c’= c ¨ {n ISA s, q ISA s}; if f= ˚˙˚ then c’= c ¨ {s ISA n, s ISA q};if f= - then c’= c ¨ {s ISA n};m’ is equal to m except for m’(s): m’(s) = m(n) setop m(q);We will see in the following that drawing a labeled edge is the basic mechanism in theManipulation phase.The above two GPs constitute the minimal set of elementary interactions. However, for the sakeof simplicity, we add a further operation, namely the change of label of an edge linking a class-node s to a role-node q. The change of an edge label is denoted with c(D,f,s,q), where f is apropositional formula whose atoms are of the form aRb, where R is a comparison operator; a andb are either the s component of the tuples belonging to the interpretation of q (referred through thelabel of q) or constants. During the building of the result database D� (see Section 4.3) thepresence of labels different from the true value T will give rise to a restriction of the finalinterpretation. It can be shown that the same result of the operation of changing a label can beobtained by drawing a reflexive edge on the role-node q. It follows that the label changing is notstrictly necessary.

4.2Thequery phasesIn this subsection we deal with the three basic interaction phases, namely Location,Manipulation, and Visualization, according to the structure of query formulation as illustrated inSection 2.In the Location phase the user may build several views of the same database, each one suitable tothe formulation of a query. Such queries can be then composed in the Manipulation phase, givingrise to an integrated result. The visual mechanism used in the Location phase is the selection of anode: by means of a sequence of selections the user may locate the whole subgraph of interest.Note that such a subgraph may be disconnected. Moreover, the user cannot select two or moredifferent class nodes at the same level of a ISA hierarchy. For selecting the two above nodes, twoor more views of the initial database have to be built by means of the DUPLICATE function, thena different node is selected in each view. In practical systems, the Location phase may be

10accomplished by more sophisticated strategies, always based on the idea of changing the state of aset of nodes. For instance, a system could provide an algorithm that searches all the existing pathsconnecting two selected nodes; such paths are shown to the user that decides whether to includethem in the schema of interest. Nevertheless, while the available strategies may be verysophisticated and different, their effects can always be expressed in terms of node selections.The Manipulation phase is mainly based on changing the label of an existing edge and/or drawinga new labeled edge (whose label is a boolean formula) between two role-nodes. The goal of theManipulation phase is in specifying the conditions the result of the query has to satisfy. This isobtained by modifying the drawing of the Typed Graph, as resulting from the Location phase.Moreover, it can be used in order to compose several subqueries, by drawing an edge labeled witha set operator between two class nodes. For example, if the user is interested in the query "List theemployees with a salary greater than thirty thousand dollars or owning a car that costs more thantwenty thousand dollars," s/he may perform two separate subqueries (the first one referring to thesalaries, the second one to the cars), and then draw an edge, labeled with the union operator,between the two class nodes representing the partial results.The Manipulation phase is the closest phase to the textual query formulation, as it is carried on intraditional systems. At the end of this phase the user has fully specified the query structure, andthe only thing that is missing is computing the query result and representing it. This is done in theVisualization phase, where the structure of the query result is visualized as a new GMDB, theresult database D�. The new typed graph is constituted by a single non-printable class node(denoted with q in the following), a set of role-nodes (denoted with {r1,...,rk}, whose labels arethe ones of the "displayed" role nodes of D), and a set of printable class nodes of D, linked withthe above role nodes. The result database is mainly related to the idea of displaying the structure ofthe query result homogeneously with the input database and to possibly reuse it (i.e., the model isclosed under the query operations). The process of constructing the result database is detailed inthe following.

4.3Result

Database andAdmissible

GMDBWe have seen in the previous subsection that the product of the location and the manipulationphase is again a GMDB. We now describe how to associate with such a GMDB D a new GMDB,called D�, denoting the information content of the query represented by D. We also providenecessary and sufficient conditions on D in order for D� to contain a non empty set of nodes, i.e.,to be admissible. Roughly speaking, D� is a GMDB composed by a unique unprintable class nodelinked, by means of binary role nodes, to a set of printable nodes, corresponding to the ones set todisplayed in D. The interpretation of the above binary role nodes is computed in two logical steps:in the first step all the selected role nodes of D are joined together giving the meaning of a fictitiousn-ary role node; in the second step such a meaning is suitably projected on the binary role nodes ofD�.Let D be a GMDB. Let r1,...,rk ˛ NR be the role nodes of D such that f3(ri)= displayed andthere exists m ˛ AD(ri) with m ˛˚NCp and f3(m)=displayed. Let m1,...,mh ˛˚NCp the printableclass nodes of D such that f3(mi)=displayed and there exists r ˛ AD(mi) with r ˛ NR andf3(r)=displayed.Let us denote with new(Hi), where Hi˛ {r1,...,rk, m1,...,mh} a function associating with Hione invented node, such that new(Hi) „ new(Hj) for i „ j. Finally, let q be a new node, and let etqbe a new node label.Let D� be the result database associated with D. The typed graph of D� is defined as follows:

11NR� = {new(r1), .., new(rk)};NCn� = {q};NCp�= {new(m1), .., new(mh)};E�˚=˚{<new(mi),new(rj)>‰<mi,rj> ˛ E}¨{<q,new(rj)>‰ rj˛{r1,..,rk}};l1�={etq}¨{f1(ri) ‰ ri˛{r1,..,rk}}¨{f1(mi) ‰ mi˛{m1,..,mh}};l2� = {T};f1�={<q,etq>}¨{<new(x),et>‰ <x,et> ˛ f1 and x ˛ {r1,...,rk, m1,...,mh}};f2�={<e,T> ‰e˛ E�};f3�={<x,˚unselected> ‰x˛ N�};c� = fl;In order to specify m�, i.e., the interpretation of q, r1,...,rk, we need to introduce some usefulfunctions and to characterize some intermediate results (i.e., RIS and RIS’).Let HSN(x) be a function defined on a class node x and returning a true value if x is the highestselected node in the ISA hierarchy it belongs to (i.e., is x the highest selected node?): HSN(x) =True iff f3 (x)˚˛˚{selected, displayed} and there exists no w˚˛ ˚NC such that x ISA* w andw˚˛˚{selected, displayed}.Let TAD(y) (i.e., the set of true adjacents of y) be a function defined on a role node y andreturning the subset of AD’(y) satisfying the HSN condition: TAD(y) = {x | x˚˛˚AD’(y) andHSN(x)}.Let RM(m(y)) (i.e., restrict the meaning of y) be a function defined on the interpretation of a rolenode y, which results into an interpretation of y, restricted according to the selected class nodes inthe ISA hierarchies which are in TAD(y). As a consequence, this function suitably changes thelabels of the tuples in the interpretation of y as well.RM(m(y)) = {<l1’:v1, ..., lk’:vk> | <l1:v1, ..., lk:vk>˚˛˚m(y) and li’:vi are such thatli’=f1(TAD(y)˚˙˚{z˚˛˚NC | z ISA* f1-1(li)} and vi˚˛˚m(f1-1(li’)) ).Let RM’(m(y)) be a function defined on the interpretation of a role node y, which, in order tocompute the interpretation of D�, concatenates the label of y to the labels of the tuples in theinterpretation of y (� denotes concatenation of two labels):˚RM’(m(y)) = {<l1":v1, ..., lk":vk> | <l1’:v1, ..., lk’:vk>˚˛˚RM(m(y)) and li"=f1(y)˚�˚li’}.On the basis of the above functions we can define the interpretation of D� as follows.m�(q) = {t1,...,ts}, where each ti is a new invented unprintable value, and s is the cardinality ofa set RIS that can be interpreted as the extensional part of the user query, and is defined asfollows:-if NR� = fl then RIS = fl;-if ‰NR�‰=1 and ‰{k˚˛˚NR‰f3(k)˚˛˚{selected,displayed}}‰=1 then RIS=RM’(m(k)),where k˚˛˚NR and f3(k)˚˛˚{selected,displayed};

12-otherwise, NR�= {r1,..,rk}, with k‡1 and RIS˚=˚inst(eval(n1, eval(n2,..,eval(nh-1, nh)))),where {n1,..,nh}˚”˚{m˚˛˚NR‰f3(m)˚˛˚{selected,displayed}} and the function instextracts the set of instances of a fictitious node computed by eval.Eval(n1,˚n2) returns a fictitious role node n, whose adjacents are the union of the adjacents of n1and˚n2, i.e., AD(n) = AD(n1)˚¨˚AD(n2), and whose interpretation is a set of tuples:{<l1:v1,..,lk:vk,˚˚"nc"˚�˚lk+1:vk+1,..,"nc"˚�˚lh:vh,˚˚lh+1:vh+1,..,lt:vt>}such that for i=k+1..h, f1-1(li)˚˛˚NCn and<l1:v1,..,lk:vk,˚˚f1(n1)˚�˚lk+1:vk+1,..,f1(n1)˚�˚lh:vh>˚˛˚RM’(m(n1))<f1(n2)˚�˚lk+1:vk+1,..,f1(n2)˚�˚lh:vh,˚˚lh+1:vh+1,..,lt:vt>˚˛˚RM’(m(n2)).Note that, if the nodes n1 and n2 do not share tuple components, the function eval returns thecartesian product of the interpretations of n1 and n2.Let us denote with RIS’ the set of tuples obtained by restricting the set of tuples of RIS to theones satisfying all the boolean expressions f1, ..,fn labeling the edges of D, and by adding tothe remaining tuples of RIS a new component, that is:RIS’ is the set of tuples of the form <l1:v1,...,ly:vy, f1(q):vy+1> such that vy+1˛˚m�(q),<l1:v1,...,ly:vy>˛˚RIS and satisfies f1, ..,fn, such that different tuples have different values inthe y+1-th component.We finally obtain from RIS’ the interpretation of the role-nodes in D�:m�(ri) = {<l:v, f1(q):vy+1> | <l1:v1,...,f1(ri)˚�˚l:v,...,ly:vy, f1(q):vy+1>˛˚RIS’}.Note that, depending on the structure of the GMDB D, the result database D� may have an emptyset of role nodes. In this case we say that D is not admissible. The following lemma specifies theconstraints a GMDB must satisfy in order to be admissible.

Lemma

1A GMDB D is admissible iff the following conditions hold:1)it exists a role node n in D such that f3(n)=displayed;2)for each role node n in D such that f3(n)=displayed it holds that:‰AD(n)˚˙˚{k˚˛˚NC ‰f3(k)˚˛˚{selected,displayed}}‰‡2 and‰AD(n)˚˙˚{k˚˛˚NCp˚‰f3(k)={displayed}}‰‡1.In other words, in order to be admissible, a GMDB must contain at least one displayed role nodeand each displayed role node must be linked to at least one displayed printable class node and oneunprintable (selected or displayed) class node.

4.4ExampleAs we said in the introduction, the aim of this paper is mainly in proposing a new approach to theVQLs formalization, based on the definition of a minimal set of GPs. We think that suchprimitives have to be essentially used as a formal basis for building more powerful and friendlyvisual query operators, working on databases expressed in terms of the most common datamodels. Nevertheless, the GPs may be directly used for querying the GMDBs, as shown in thefollowing example.

13Referring to the GMDB in figure 1, we are interested in retrieving the names of all the personswhose age is greater than 21 and owning a car with plate containing the person name. We assumethat the GMDB D is such that:1.f3(n) = unselected for each n˚˛˚N;2.f2(<n,q>) = T for each <n,q>˚˛˚E;3.E˚˙ ˚(R˚·˚R) = fl. According to the above querying phases, we describe our interaction in terms of:-Location phase:-the nodes Person, Age, Owns, Car, Plate, and Integer are selected, while the nodes Nameand String are displayed, giving rise to the view shown in Fig. 2.a.-Manipulation phase:-the label of the edge <age, integer> is changed into Age.Integer > 21;-an edge, characterized by the label Name.String IN Plate.String, is drawn between the nodesName and Plate (IN is a boolean operator checking whether one string is a substring of anotherone). The resulting Typed Graph is shown in Fig. 2.b.-Visualization phase:-the system evaluates the result database and displays the corresponding GMDB (seeFig.2.c). The only individual satisfying the conditions specified in the above phases isOI1, having Name "Mary", Age 22, and Car Plate "MaryNY123". This results intocreating a new object OI20, constituting the interpretation of the node RESULT, with value"Mary" for the relationship Name.

Employee

Salary

PlatePersonCar

Owns

String

Integer

AgeNameTTTTTTTTTTT(1,1)(1,-)

unselected selecteddisplayedFigure 2.a

14Age.Integer>21

Employee

Salary

PlatePersonCar

Owns

String

AgeNameTTTTTTTTTT(1,1)(1,-)

Name.String IN Plate.String

IntegerFigure 2.b

Name

TTRESULTm (RESULT) = {OI20};m (String) = {a...z, 1...0}*;m (Name) = {<Person:OI20,String:Mary>};Figure 2.cFigure 2: An example of query formulation

5.Applications toValue-oriented andObject-oriented

Data

ModelsThe generality of our approach allows the representation of a wide class of models, such asrelational, semantic, and object-oriented models, in terms of the graph model constructs.Moreover, the GPs defined on the graph model can be effectively used for characterizing thesemantics of the most popular visual query languages defined on both semantic and object-orienteddata models (a comprehensive survey of such languages is in [Batini et al. 1991]). In principle, thegraph model can be used as the internal model of any visual query system, providing a soundformalism useful to characterize the semantics of the visual operations defined on the externalmodel.As we said in the introduction, our proposal differs from others available in the literature mainlyfor the problems it intends to solve. Perhaps, the works that are most similar to the ours are [Mark1989] and [Gyssens Paredaens Van Gucht 1990]. Both the papers present new VQSs, which areintended to be directly utilized by the users. Our proposal is mainly in defining a tool for VQLformalization by introducing a minimal set of simple querying primitives, which are intrinsically

15graphical and constitute the basis for defining more complex operations. Our proposal sharesseveral similarities with Mark’s approach both in the data model adopted(except for the arity ofrelationships, which are only binary in Mark’s work, while our role-nodes can be linked to n othernodes) and in the way of computing the query result, while the process of query formulation isdeeply different in that keywords instead of graphical operations are basically used. In [GyssensParedaens Van Gucht 1990] a powerful object-oriented data model is defined, called GOOD,provided with a graphical interface and graphical interaction for all the typical database operations.Besides distinct motivations, this approach is different from ours from a graphical point of view.In GOOD, a query is specified by a pattern that is matched against the instances graph, while ourGPs work on the intensional level of the database and their semantics is defined in terms of setoperations. Finally, the higher expressive power of the GOOD query language is obtained byintroducing methods, which are strictly related to the object-orientation paradigm and are notexpressible in terms of graphical operations.We now consider two notable classes of data models, namely the value-oriented and the object-oriented models, representative of the two main modeling styles introduced in the literature (see[Ullman 1987]) and specify the rules they induce on the graph model.

5.1Value-Oriented

ModelsAmong the value-oriented models, the relational model [Codd 1970] is the most representativeone, since it has the simplest and the most uniform data structures and is the most formal in nature.The relational model represents data as a collection of relations. Informally, each relationresembles a table, and each row in the table represents a collection of related data values. Moreformally, a relational database can be defined as follows.Let DN = {dn1,..,dnn} be a set of domain names, and let D = {D1,..,Dn} be a family ofdomains, each composed by a set of values (we suppose to have finite domains); let eval be afunction, eval : DN fi D, associating a domain to each name; let A = {a1,..,am} be the set ofattribute names, and let dom : A fi D be a function which associates a domain dom(a) to eacha˛A. Let RN = {rn1,..,rnk} be a set of relation names, and let attr : RN˚fi˚2A be a functionwhich associates to each rn˚˛˚RN a non empty set attr(rn) of attributes, called relation schema,and let inst be a function, which associates to each rn˚˛˚RN a finite set inst(rn), called relationinstance and composed of tuples of the form <a1:v1, a2:v2,..,ah:vh>where{a1,..,ah}=attr(rn), vi˚˛˚dom(ai). A relation is a triple r = <rn, attr(rn), inst(rn)>,with rn˚˛˚RN. A relational database DB = {r1,..,rk} is a set of relations with different names.In order to represent the relational model in terms of the graph model, we need first of all tointroduce a set of rules restricting the generality of our model, then to define a precise mappingbetween the two.A relational graph model database is a GMDB that satisfies the following constraints:-for each node n in NR it holds that:|AD(n) ˙ NCn| = 1;|AD(n)| = 2.-for each edge <n,q>, where n˚˛ ˚NR and q˚˛ ˚NCn, the constraints ATLEAST(1, n, q) andATMOST(1, n, q) are satisfied.In other words, each role node represents a function linking a non-printable class node to aprintable class node. This reflects the structure of a relational schema, in which the non-printableclass node corresponds to the relation name, the role nodes to its single-valued attributes, and theprintable class nodes to attribute domains. No link is allowed between different relations, so that

16unprintable class nodes cannot be related via a role node. The interpretation of each non-printableclass-node is made of a set of special values, that do not belong to D and may be considered astuple identifiers (see pp.352-354 in [Ullman 1987]). We assume the availability of a function,called new, that associates to each tuple a (unique) non-printable value.We denote with h the mapping from a relational database to the corresponding databaseexpressed in terms of the graph model. If DB is any relational database, h(DB) = D = <g, c, m>is defined as follows:1)For each dni˚˛˚DN and Di = values(dni), there is a corresponding node ni˚˛ ˚NCp suchthat f1(ni) = dni and m(ni) = Di;2)For each rni˚˛˚RN there is a corresponding node ni˚˛ ˚NCn such that f1(ni)˚=˚rni and itsinterpretation coincides with a set of new values generated by applying the new function to allthe tuples belonging to inst(rni): m(ni)={new(t)}, t˚˛˚inst(rni); moreover, for eacha˚˛˚attr(rni), whose corresponding node is nj (see 3), there is the edge <ni,nj> in D;3)For each a˚˛˚A there is a corresponding node nj˚˛ ˚NR such that f1(nj) = a and there is anedge <nj, nk>, where nk˚˛˚NCp is the node corresponding to dom(a).Moreover, m(nj) ={<a:x,b:y> |˚there exists a tuple t in the relation b, such that y=new(t) and x is the a-component of t}.Note that D is a relational GMDB. Conversely, we define a mapping h’ from any relationalGMDB to the corresponding relational database as follows:1)For each ni˚˛˚NCp there is a corresponding domain Di˚=˚m(ni), with name dni = f1(ni);2)For each ni˚˛˚NR there is a corresponding attribute ai =˚f1(ni), dom(ai)= m(AD(ni)˙NCp);3)For each ni˚˛ ˚NCn there is a corresponding relation name rni = f1(ni), such that attr(rni)=˚{f1(nj)}˚"˚nj˚˛˚AD(ni),inst(rni)˚=˚{<f1(n1):c1,f1(n2):c2,...,f1(nh):ch>‰<f1(nj):cj,f1(ni):c*>˚˛˚ m(nj), where {n1,...,nh} = AD(ni), and c*˚˛˚m(ni)};Notice that if DB is a relational database, then h’(h(DB)) = DB.

17TAgeName22271810MaryJohnCarlCecily

P.NameC.PlateMary NY123 John CA567

PlateNY123 CA567CAROWNSPERSON

AgePlatePerson

CarOwns

String

Integer

Name

P.Name

C.Plate

Alphanum

TTTTTTTTTFigure 3.am (Person) = {OI1, OI2, OI3, OI4};m (Car) = {OI5, OI6};m (Owns) = {OI7, OI8};m (Integer) = Z;m (String) = {a...z}*;m (Alphanum) = {a...z, 1..0}*;m (Age) = {<Person:OI1,Integer:22>, <Person:OI2,Integer:27>, <Person:OI3,Integer:18>, <Person:OI4,Integer:10>};m (Name) = {<Person:OI1,String:Mary>, <Person:OI2,String:John>, <Person:OI3,String:Carl>, <Person:OI4,String:Cecily>};m (P.Name) = {<Owns:OI7,String:Mary>, <Owns:OI8,String:John>};m (Plate) = {<Car:OI5,String:NY123>, <Car:OI6,String:CA567>};m (C.Plate) = {<Owns:OI7,String:NY123>, <Owns:OI8,String:CA567>};Figure 3.bFigure 3: A relational database and the corresponding one in the graph modelRule 1 states that the family of domains D corresponds to the set of interpretations of theprintable nodes of g (i.e., NCp) and the names of such domains are given by the labels of theelements of NCp. Rule 2 states that the set A of attribute names coincides with the set of labels ofthe role nodes (i.e., NR) of g, and that the associated domains correspond to the interpretation ofthe adjacent printable nodes (note that each role node has a single adjacent printable node as saidabove). Rule 3 states that the set RN of relation names coincides with the set of labels of non-printable nodes in g, while, for each rn, the attribute names attr(rn) coincide with the set oflabels of the adjacent role nodes. Moreover, the instance set of each relation rn corresponds to theset of tuples obtained by joining the interpretations of the adjacent role nodes sharing the sametuple component coming from the interpretation of the non-printable node corresponding to rn.Finally, each relation r corresponds to a triple whose first element is a non-printable node label,the second element is the set of labels corresponding to its adjacent role nodes, the third element isthe corresponding tuple set as defined above. In figure 3 an example of mapping betweenrelational and GMDBs is drawn.

5.2Relational completenessIn this subsection we deal with the expressive power of the GPs. We prove that the class ofqueries computed by the GPs (denoted as Q(GPs)) contains the class of queries computable by the

18Relational Algebra (denoted as Q(-,¨, ·, PA, sF), see [Ullman 1987]). Note that D�denotes the result database associated with D, as introduced in Section 4.3.

Lemma

2Let DB be a relational database, made of a single relation r = <rn, attr(rn), inst(rn) >, and letD the GMDB obtained by setting to "displayed" all the nodes in h(DB). If the label of theunprintable node q of D� coincides with rn then D�˚”˚D, and D� is a relational GMDB.What this lemma says is that we can always choose the label of the node q in D� in such a waythat D� = h(DB). In what follows we assume that the label of q in D� is always chosen so as tosatisfy the above condition.

Theorem

1Q(-, ¨, ·, PA, sF)˚˝˚Q(GPs).

ProofWe show that given any relational database DB and any query in Q(-, ¨, ·, PA, sF), with resultR on DB, we can always find a query Z expressed in terms of the GPs, such that the result of Z toh(DB) is T and h’(T)= R.We proceed by induction on the number of occurrences of operators in the relational algebraexpression.The basis is i=0, that is a single operand R in the relational algebra expression. By definition andaccording to Lemma 2, we have a database D such that h’(D�)=DB, where DB is the databasemade by the single relation R.Consider now an expression whose outermost operator is one of union, difference, projection,selection, and product.Case 1: The expression is E=E1¨E2. Let D1 = h(E1) and D2 = h(E2). By the inductivehypothesis, h’(D�1)=E1 and h’(D�2)=E2. Then, we apply the GP e, in particular for drawing alabeled edge between q�1˚˛˚D�1 and q�2˚˛˚D�2, whose label is the set union operator. Theresulting database is D3˚=˚e(D1+D2,¨,q�1,q�2), where + means simply taking into accountsimultaneously two separate databases instead of one. Under this conditions, it holds that:h’(D�3)=DB.Case 2: The expression is E=E1-E2. Following the same reasoning line as in case 1, with thenew edge labeled with the minus set operator, we have: h’(D�3)=DB.Case 3: E=PA(E1). Let D1 = h(E1), by the inductive hypothesis we have h’(D�1)=E1. Then,we select all the nodes in D1 except for the role nodes whose labels belong to (attr(E1)˚-˚A)obtaining D3˚=˚s(D1,n1)˚�˚s(D1,n2)˚�˚...˚�˚s(D1, nh), where each ni is such that f1(ni)˚˛˚l1-(attr(E1)˚-˚A). It is easy to see that h’(D�3)=DB.

19Case 4: E=sF(E1). Let D1 = h(E1). Following Ullman (Lemma 3.5 in [Ullman 1987]), wemay assume that F is a simple selection. By the inductive hypothesis we have h’(D�1)=E1. Then,simply by substituting with F the label of the edge linking the role node ni (i.e., the node whoselabel coincides with the attribute name involved in F itself) to the printable node nj (i.e., the nodecorresponding to the attribute domain), we obtain D3˚=˚c(D1,F,ni,nj). Now, it is easy to see thath’(D�3)=DB.Case 5: E=E1·E2. Let D1 = h(E1) and D2 = h(E2). By the inductive hypothesish’(D�1)=E1 and h’(D�2)=E2. We select all the nodes of D1 and D2, it holds that D3˚=˚s(D1,n1)˚�˚s(D1, n2)˚�˚..s(D1), nh)˚�˚s(D2, n1)˚�˚s(D2, n2)˚�˚...s(D2, nk), where each ni belongs toeither D1 or D2, and h’(D�3)=DB.fiThe above result shows that the GPs, applied on relational GMDBs, allows us to express, as therelational algebra do, at least the first-order queries.

5.3Object-oriented andSemantic

DataModelsBoth object-oriented and semantic data models are equipped with powerful structural abstractions(e.g., generalization, classification, aggregation) that satisfy the representation requirements of thenew kinds of applications (CAD, CAM, AI). The difference between semantic and object-orientedmodels is, essentially, that semantic models describe structural aspects of objects, whereas object-oriented models also encapsulate behavioral aspects [Hull King 1989]. Anyhow, it is generallyaccepted that encapsulation can be violated in ad-hoc query mode for permitting free associativeaccess to data (see, e.g., [Bancilhon Cluet Delobel 1990] for a discussion of this topic). For sucha reason, in this paper we focus only on structural features, which represent the common aspect ofthe two classes of data models. Moreover, even though in most of the object-oriented proposalsthe elementary domains are considered as primitive classes (i.e., classes with no attributes) in thefollowing we will distinguish between classes and domains.No general agreement exists on the definition of the above data models. Anyhow a number ofconcepts have been identified as the salient features of the approach, e.g., object identity,encapsulation, class, and inheritance (see, e.g., [Bancilhon 1988; Kim 1990; Beeri 1990; Cruz1990]).An object-oriented database (OODB) is a collection of objects, classes, and elementary domains.An object of the database corresponds to an object in the real world, and exists regardless of thevalue of its properties. In other words, each object has an identity, different from that of any otherobject, that does not change throughout its lifetime. Each object has a unique 4identifier, calledobject identifier (oid), which distinguishes it from all the others. Every object encapsulates astructure, that is a set of relationships (called attributes in the following) with both other objectsand values in elementary domains, which may be one-to-one or one-to-many. Objects that sharethe same set of attributes may be grouped into a class. Because of no limitation exists on thedomain of attributes, i.e., an attribute domain can range on another class, the definition of a classmay results in a nested structure. The relationship between an object and its class is the well-known instance-of relationship. Classes may be related through a generalization relationship,usually called is-a relationship; a class may have any number of sub-classes and super-classes. Aclass inherits the attributes of its superclasses (conflicts possibly caused by multiple inheritance aregenerally handled by the system) and may have additional attributes. An object belongs to oneclass, as an instance of that class; furthermore, it is instance also of all the superclasses of the classit belongs to.

20Summarizing, let CN = {cn1,�,cnn} be the set of class names, DN = {dn1,�,dnn} be theset of domain names, and let D = {D1,�,Dn} be the family of domains, each composed by a setof values (we suppose to have finite domains); let values be the function, values : DN fi D,associating a name to each domain; OID = {oid1,�,oidk}be the set of object identifiers, and AN= {an1,�,anp} be the set of attribute names. A class C is a 4-tuple <cn, superclassescn,structurecn, instancescn>, where cn˚˛˚CN is the class name, superclassescn is the setof the names of the superclasses of C, structurecn is a set of pairs {<an1, x1>,.., <ankcn,xkcn>} where for each pair <ani, xi> ani˚˛˚AN and either xi˚˛˚CN or xi˚˛˚DN.Instancescn is a set made of kcn sets of tuples {inst1,.., instkcn}, one for each pair <ani,xi> belonging to structurecn. Each tuple belonging to instj has the following structure: <cn:oid, anj: y>, where oid ˛OID and y belongs either to OID or to Dj depending on theassociate xj is a class name or a domain name. We make the assumption that for all the kcn setsof tuples belonging to the instances of the class C the sets of oids corresponding to the tuplecomponent labeled with cn coincide, and it is exactly the set of object identifiers of the class Citself. In other words, we postulate that each attribute of a class is characterized by at least onevalue. This is not a limitation, since we can easily split a class not satisfying such a property into atwo level hierarchical structure, according to the following rules. The root class is characterized bythe set of attributes that are always defined on all the instances of the original class; each of thechild classes owns only one of the remaining attributes that, by definition, is always defined on theinstances of the subclass itself. For instance, the class PERSON, having attributes NAME, AGE,CHILDREN, and OWNED_CARS, is represented by the hierarchy rooted at PERSON (with attributesNAME and AGE), having subclasses PERSON_WITH_SONS (with attribute CHILDREN) andPERSON_WITH_CAR (with attribute OWNED_CARS).Let us define the mapping h between the object-oriented and the graph model: h(OODB) =D, where D = <g, m, c> is a database expressed in terms of a typed graph g, an interpretation m,and a set of constraints c. The mapping h is specified as follows:1) For each dni ˛ DN and Di = values(dni), there is a corresponding node ni ˛ NCp suchthat f1(ni) = dni and m(ni) = Di;2) For each ani ˛ AN there is a corresponding node ni ˛ NR such that f1(ni) = ani andm(ni)=insti, where insti is the set of tuples associated with the pair <ani, xj>, belonging tothe structure of a class cn; moreover there exists a node nj ˛ NC such that f1(nj) = xj andthere is the edge <ni,nj>;3) For each cni ˛ CN there is a corresponding node ni ˛ NCn such that f1(ni) = cni and itsinterpretation coincides with the set of object identifiers of the corresponding class; theadjacents of ni, AD(ni)={n1,...,nkcni}, are such that: {f1(n1),...,f1(nkcni)}={a | <a,x> ˛structurecni}. Moreover, for each y ˛ superclassescn it holds that : f1(ni) ISA y.Rule 1 states that the family of domains D corresponds to the set of interpretations of theprintable nodes of g (i.e., NCp), and the names of such domains are given by the labels of theelements of NCp. Rule 2 states that the set AN of attribute names is equal to the set of labels of therole nodes (i.e., NR) of g, and that the meaning of such nodes corresponds to the associated set oftuples in the instances of the classes the attributes belong to. Rule 3 states that the set CN ofclass names coincides with the set of labels of non-printable nodes in g, while the set of adjacentrole nodes is derived by the structure of the class. The meaning of a non-printable nodecoincides with the set of the associated OIDs of the corresponding class.

21In figure 4 an example of mapping between an object-oriented and a GMDBs is drawn. In fig.4a,through a very intuitive syntax, the object-oriented schema classes are described, while in fig.4band 4c the corresponding graph model and interpretation are shown.CLASS Vehicle[Weight:Real;{<Vehicle:OI1,Real:200>,<Vehicle:OI2,Real:400>,<Vehicle:OI3,Real:150>};Manufacturer:Company;{<Vehicle:OI1,Company:OI4>,<Vehicle:OI2,Company:OI4>,<Vehicle:OI3,Company:OI4>};]CLASS Automobile[Superclasses:Vehicle;Plate:String(1:1);{<Automobile:OI1,String:CA400>,<Automobile:OI2,String:NY100>};Owner:Person(1:1);{<Automobile:OI1,Person:OI11>,<Automobile:OI2,Person:OI12>};]CLASS Company[CompanyName:String(1:1);{<Company:OI4,String:GeneralMotors>,<Company:OI5,String:Apple>};Location:String(1:1);{<Company:OI4,String:USA>,<Company:OI5,String:USA>};President:Employee(1:1);{<Company:OI4,Employee:OI7>,<Company:OI5,Employee:OI6>};Staff:Employee(1:n);{<Company:OI4,Employee:{OI8,OI9}>,<Company:OI5,Employee:{OI10, OI11}>};]CLASS Person[Name:String(1:1);{<Person:OI6,String:Steve>,<Person:OI7,String:Iacocca>,<Person:OI8,String:Mark>,<Person:OI9,String:Kim>,<Person:OI10,String:Peter>,<Person:OI11,String:Mary>,<Person:OI12,String:Jules>};Age:Integer(1:1);{<Person:OI6,Integer:45>,<Person:OI7,Integer:49>,<Person:OI8,Integer:22>,<Person:OI9,Integer:33>,<Person:OI10,Integer:27>,<Person:OI11,Integer:37>};]CLASS Employee[Superclasses:Person;Salary:Integer(1:1);{<Employee:OI6,Integer:60000>,<Employee:OI7,Integer:57000>,<Employee:OI8,Integer:30000>,<Employee:OI9,Integer:25000>,<Employee:OI10,Integer:29000>,<Employee:OI11,Integer:25000>};]Figure 4.a

Automobile

Vehicle

Manufac.

Weight

RealTT

CompanyName

Company

String

LocationTT

PlateAgeOwner

Person

Employee

Integer

Salary

StaffNameTTT

President

Figure 4.bm (Person) = {OI6, OI7, OI8, OI9,OI10,OI11,OI12};m (Vehicle) = {OI1,OI2,OI3};m (Automobile) = {OI1, OI2};m (Company) = {OI4, OI5};m (Integer) = Z;m (Real) = R;m (String) = {a...z}*;m(Staff)={<Company:OI4,Employee:{OI8,OI9}>,<Company:OI5,Employee:{OI10, OI11}>};m (Age) = {<OI6,45>,<OI7,49>,<OI8,22>,<OI9,33>,<OI10,27>,<OI11,37>};m(Name)={<Person:OI6,String:Steve>,<Person:OI7,String:Iacocca>,<Person:OI8,String:Mark>,<Person:OI9,String:Kim>,<Person:OI10,String:Peter>,<Person:OI11,String:Mary>,<Person:OI12,String:Jules>};m(President) = {<Company:OI4,Employee:OI7>,<Company:OI5,Employee:OI6>};m(CompanyName)={<Company:OI4,String:GeneralMotors>,<Company:OI5,String:Apple>};m (Plate) = {<Automobile:OI1,String:CA400>,<Automobile:OI2,String:NY100>};m (Weight) = {<Vehicle:OI1,Real:200>,<Vehicle:OI2,Real:400>,<Vehicle:OI3,Real:150>};m (Location) ={<Company:OI4,String:USA>,<Company:OI5,String:USA>};m(Manufacturer)={<Vehicle:OI1,Company:OI4>,<Vehicle:OI2,Company:OI4>,<Vehicle:OI3,Company:OI4>};m(Owner) = {<Automobile:OI1,Person:OI11>,<Automobile:OI2,Person:OI12>};m(Salary)={<Employee:OI6,Integer:60000>,<Employee:OI7,Integer:57000>,<Employee:OI8,Integer:30000>,<Employee:OI9,Integer:25000>,<Employee:OI10,Integer:29000>,<Employee:OI11,Integer:25000>};Figure 4.cFigure 4: An object-oriented database and the corresponding GMDB

23Comparing the expressive power of the GPs against an object-oriented query language is not aneasy task. In fact, whereas the relational model is provided with formally defined query languages(relational algebra and calculus), that constitute a well-known expressive power yardstick, theobject oriented proposals lack a comprehensive model of queries. Indeed, several examples ofdifferent models of query language for object oriented databases are available in the literature[Banerjee et al. 1988; Kim Kim Dale 1989; Kim 1989]. Another complication arises from thestructure of the result of a query on an object oriented database. In fact, the presence of classhierarchies leads to two equally valid interpretations for the access scope of a query involving aclass c subsuming other classes:-the scope is the set of objects satisfying the goals of the query and belonging to the class c,i.e., eventually belonging also to its subclasses;-the scope is the set of objects satisfying the goals of the query and belonging only to c, i.e.,not belonging to its subclasses.In order to have a result characterized by a fixed number of attributes, we have to choose eitherthe second of the above proposals or the first one, discarding the attributes of the subclasses of c.The latter is our approach.In the following, in order to compare the expressive power of the GPs against an object orientedquery model, we adopt the point of view of [Kim 1989]. Let us briefly recall the main features ofsuch an approach. The queries are classified as single-operand and multiple-operand. The former,which are more strictly related to the object-oriented philosophy, consist in querying a single class,and are essentially based on the idea of extracting objects from a class by posing logical predicateson its attributes. The domain of the involved attributes determines two possible kinds ofpredicates: simple predicate, in the case of elementary domain, or complex predicate, if theattribute domain is a class. The structure of a simple predicate is <attribute-name, operator,value>, as usual. Acomplex predicate is a predicate on a contiguous sequence of attributesbelonging to the structure of the class the attribute domain is based on. Asingle-operand query ismore powerful than a single-relation query, because it implies joins of several classes when wemake use of complex predicate. In fact, in this case a so-called implicit join is applied, whichcorresponds to the retrieval of objects from the target class according to pre-defined joins, statedby specifying another class as domain of an attribute of the target class. The basic limitation of theimplicit join is that it statically determines the order in which the classes are to be joined. In otherwords, it is not possible to formulate a query whose semantics requires implicit reversal of anattribute-domain link specified between the classes.Note that, if the structure of a class is cyclic, the single-operand query may express recursion. Inthe following we will not interact with such a case, since it is not immediate to graphically expressthe recursion. Moreover, also in textual languages, such as [Kim 1989], a suitable construct (e.g.,"recurse") has to be added to a cyclic data structure in order to simulate a loop. In our case, wecould graphically express recursive queries adding to the previously defined structures an iconrepresenting the operation of looping. Notice that this icon is semantically overloaded, and itsfriendliness is questionable. On the other hand, it does not seem possible to express with purelygraphical interactions complex operations, such as transitive closures, or more generally loops,and the iconic solution seems to be, at the present state of the art, the best for the final user (see[Catarci 1991]). However, since we are only interested in Graphical Primitives (not in iconic ones)we will not consider in the following such typologies of queries. Amore detailed description ofthe different kind of cyclic data structure and of the associated recursive queries is in [Kim 1989].In order to have a language whose expressive power is at least equivalent to the one of therelational algebra, single-operand queries are not sufficient, since joins of classes on user specifiedattributes (explicit join), and set-operations between different classes have to be admitted. At thisaim, multiple operand queries are defined, i.e., explicit join and set-operations, extracting objectsfrom two or more classes. Major problems arise in the case of set-operations, where the operandsare sets of objects. The main difference between object-oriented and relational databases is that inthe first case the operands may be heterogeneous sets of objects, while in the second arehomogeneous sets of tuples. As a consequence, in the object-oriented model the result of suchqueries is a set of instances whose structure is not clearly defined. Various strategies have been

24proposed in order to overcome such a problem. In our opinion, set-operations would be allowedonly between classes that are descendant of the same parent, having compatible types, since thisseems to be the only meaningful case. On the other hand, set-operations between classes havingfully different types and sets of objects may either be denied or give rise to classes having astructure resulting from the union of the two originating structures, thus with a large number offields often containing null values. The introduction of such classes in the database could originateseveral problems in subsequent operations and introduce potential integrity violations. In the moresimple case of explicit join, the result is a set of instances formed by concatenating the instancesfrom the different joined classes.In the following we introduce several examples in order to show how the graphical queryprimitives defined on the graph model allows us to express object-oriented queries. Note that werefer to the object-oriented database in figure 4.a and the corresponding one in the graph model infigures 4.b and 4.c. Let us consider the query "Find the names of all the USA companies whosepresident’s age is greater than 46 years." This query falls in the class of single operand queries, asdefined above, and it involves both a simple predicate (i.e., Company.Location = "USA") and acomplex one (i.e., Company.President.Age > 46). The corresponding query in the languageshown in [Kim 1989] is: select Company (Location = "USA" and President Age > 46). In ourapproach such a query is espressed by first selecting the nodes Company, CompanyName,Location, President, Employee, Age, Integer, and setting to displayed the nodes Name and String;then changing the labels of the edges <Location, String> and <Age, Integer> into Location.String="USA" and Age.Integer >46 respectively. It is worth noting the advantage of handling in thesame way both complex and simple predicates.As a more intricate case, consider the query: "List the employees’ names whose companypresident owns a car having the plate including the company name." The corresponding query, ifreversible pointers are available, can be expressed in the language shown in [Kim 1989] as: selectEmployee (Staff Name IN Staff President Owner Plate); if the model does not includes such kindof pointers the query must be expressed as follows: select Company (Name IN President OwnerPlate) and we can access the desired result (i.e., employees’ names) as an attribute of Company.Note that while the semantics of the two queries is the same, the efficiency in evaluating them islargely improved in the first case. In principle, our approach does not suffer from this dichotomy,and the query is easily optimizable according to the well known techniques of query optimization(see, e.g., [Ullman 1987]). The above query is expressed by first selecting the nodes Company,CompanyName, President, Employee, Owner, Plate, Staff, Automobile, and setting to displayedthe nodes Name and String; then drawing an edge between nodes CompanyName and Platelabeled with CompanyName.String IN Plate.String. Note that the drawing of an edge correspondsto the explicit join as mentioned above.Summarizing, we have shown that we convert the structuring mechanisms of several data modelsinto the ones of the graph model. We have presented only two examples, but we argue that thegraph models may represent other data models as well. Moreover, it is worth noting that the graphmodel and the Graphical Primitives can be useful also for formally characterizing the visualrepresentations of a generic data model and the semantics of graphical operations on it. Inprinciple, that can be done for any triple <data model, representation, graphical query language>;on the other hand, the more is the semantic overloading associated with the graphical operations tocharacterize, the less is the naturalness of the approach. In the next section we will see an exampleof how the graph model and the Graphical Primitives are able to characterize a semantic model andthe associated graphical query language.

6.Applications toVisual

Query

SystemsIn this section we characterize the visual representation and the semantics of the graphicaloperations of the visual query language of SNAP [Bryce Hull 1986] which is representative of alarge class of graphical systems based on semantic models. SNAP is based on the IFO

25model[Abiteboul Hull 1987; Hull King 1987] which is a mathematically defined database model,developed as a theoretical framework for studying the prominent semantic models.In order to characterize the graphical query operations of SNAP we first need to define amapping between the IFO data modeland the graph model. Then, since the syntax used in SNAPfor representing IFO data schemas is defined in terms of different graphical elements (circles,diamonds, labels, edges, and connection rules), we also provide a mapping between the syntax ofSNAP and the syntax of the graph model .ASNAP database (SNDB) is a collection of object types, functional relationships, and ISArelationships. There are three kinds of atomic object types, and two constructs for recursivelybuilding more complex types. The three atomic types are called: 1) printable, which corresponds toobjects of predefined types (e.g., integer, string, boolean, etc.); abstract, which correspondstypically to objects in the world that have no underlying structure (e.g., the type PERSON); adomain made of abstract objects is associated to this type; 3) free, which corresponds to entitiesobtained via ISA relationships. The names associated with the object types are called tokens. Thefirst of the two mechanisms for constructing nonatomic types, called association, corresponds tothe procedure of forming finite sets of objects of a given structure. The other mechanism is thewell-known Cartesian product operator, called aggregation in the following. Functionalrelationships are represented by using fragments. Fragments are directed trees that may containinstances of all the different kinds of object types as vertices and labeled edges representingfunctions. The final structural component of the IFO modelare the ISA relationships. An ISArelationship from a type SUB to a type SUPER indicates that each object associated with SUB isassociated with the type SUPER. This implies that each function defined on the type SUPER isautomatically defined on the type SUB, i.e., it is inherited by SUB. Two types of ISA aredistinguished: specialization and generalization. Specialization can be used for defining possibleroles for members of a given type. In contrast, generalization represents situations where distinct,pre-existing types are combined to form new virtual types.More formally, a type is a directed tree R = (V,E) such that: 1) V is the disjoint union of five sets:VP (printable vertices), VA (abstract vertices), VAS (association vertices), VAG (aggregationvertices), and VF (free vertices); 2) printable, abstract, and free vertices are leaves of the tree; 3)association vertices have one child; 4) aggregation vertices have one or more children, which areviewed as being ordered. The set of objects of type R, denoted dom(R), is defined by:1) if R is an atomic type, then dom(R) is a countably infinite set, made of atomic objects;2) if the root r of R is an association vertex, and R1 is the child subtree of R, then dom(R) ={{O1,...,Om} | m >= 0, and for each i, Oi is in dom(R1)};3) if the root r of R is an aggregation vertex, and R1,...,Rn are the ordered child subtrees of r, thendom(R) = {<O1,...,On> | for each i, Oi is in dom(Ri)}.An instance of R, denoted instances, is a finite subset of dom(R). A fragment is a directedtree R = (V,E) where:1) E is the disjoint union of two sets EO (object edges) and EF (functional edges);2) (V, EO) is a forest of types;3) the destination of each functional edge is the root of some type of R ;4) the source of each functional edge is either the root of R or the child by an object edge of anassociation vertex, which is the root of some type of R , and not the root of R .Note that rule 4 allows one to model nested functions. Let R be a fragment with root r, a nestedfunction of degree n is represented by a path, named functional path, of the form:<r,a1,r1,a2,r2,...,an-1,rn-1,rn>, where ai are association vertices and each ri is the child by anobject edge of the association vertex ai. Let R be a fragment with root r; let f1 = <r, p1>, ..., fn= <r, pn>, be the functional edges of R with tail r; let RO be the type with root r; and for each k,k=1...n, let Rk be the maximal subtree of R with root pk. An instance of R is an ordered pair I =(J,F) where J is an instance of RO, and F a function with domain {f1, ..., fn} such that F(fk) isa partial function with domain J such that for each O in J: a) F(fk(O)) is an object of Rk, if Rk is atype, and b) otherwise F(fk(O)) is an instance of Rk’, where Rk’ is the fragment obtained from Rk

26by removing its association root. Adatabase schema is built starting from a forest of fragments,linked by ISA edges. An instance of a schema S is composed by an assignment of instances to allthe fragments of S that satisfy certain conditions imposed by the ISA edges of S.Let us now define the mapping h between the SNAP databases and the GMDBs: h(SNDB) =D, where D = <g, m, c> is a database expressed in terms of a typed graph g, an interpretation m,and a set of constraints c. In order to specify the mapping h, we make use of a function t,defined on the instances of a SNAP database. Let x ˛ dom(R), if R is an atomic type, thent(x) = x; else t(x) = new(x), where new is a function generating a new unprintable valuewhen applied to a generic instance. The mapping h is specified as follows:1) For each atomic type vi ˛ VP , there is a corresponding node ni ˛ NCp such that f1(ni) is thename associated with vi and m(ni) = instances(vi);2) For each atomic type vi ˛ VA ¨ VF, there is a corresponding node ni ˛ NCn such that f1(ni) isthe name associated with vi and m(ni) = instances(vi);3) For each complex type R with root v ˛ VAS and child subtype R’ (either complex or atomic),there are two nodes n ˛ NCn, nj ˛ NR and an edge <n,nj>, corresponding to v and such thatf1(n) is the name associated with v, and a recursively defined tree corresponding to R’, whoseroot n’ is linked to nj. The interpretation of n coincides with a set of new values generated byapplying the new function to all the instances of v: m(n)={new(t), t˚˛ instances(v)}; theinterpretation of nj is a set of tuples of the form: <f1(n):new(y),f1(n’):t(x)>, where y ˛instances(v) and x ˛ instances(R’).4) For each complex type R with root v ˛ VAG, with child subtypes R1,...,Rl, there are a node n˛ NCn, such that f1(n) is the name associated with v, a node nj ˛ NR and the edge <n,nj>corresponding to the root v. Moreover, there are l recursively defined trees corresponding tothe Ris whose roots nis are linked to nj. The interpretation of n coincides with a set of newvalues generated by applying the new function to all the instances of v: m(n)={new(t), t˚˛instances(v)}; the interpretation of nj is a set of tuples of the form:<f1(n):new(y),f1(n1):t(R1), ..., f1(nl):t(Rl)>, where y ˛ instances(v) and xi ˛instances(Ri), i=1...l.5)For each functional edge e = <r0,x> with label l, where x is either the root of a type or anassociation node, there are: a node n ˛ NR with label l, one edge <n1,n>, where n1 is the rootof the tree corresponding to the type with root r0, and one edge <n2,n>, where n2 is either theroot of the tree corresponding to the type with root x ( if x is the root of a type) or is theunprintable node associated with the association node x (if x is an association node). Theinterpretation of n is a set of tuples of the form: <f1(n1):t(x0),f1(n2):t(x1)>, where<x0,x1> ˛ F(l).6)For each ISA edge i = <a,b> there is a corresponding ISA constraint between n’, which is theroot of the tree corresponding to the atomic type with root a, and n", which is the root of thetree corresponding to the atomic type with root b.Rule 1 (resp. rule 2) says that SNAP printable (resp. abstract and free) types are translated interms of printable (resp. unprintable) class nodes. Rule 3 (resp. rule 4) says that each association(resp. aggregation) node generates a new unprintable class node, whose interpretation contains anidentifier for each element belonging to the set of instances of the association node (resp.aggregations). Note that, given the recursive definition of IFO type instances, the definition of thenode interpretations in rules 3 and 4 is recursive too. In rule 5 each functional edge is translated

27into a role node with two outcoming edges, whose interpretation implements the underlyinginstance function. Finally, ISA edges are rendered in ISA constraints.In the following we define the semantics of SNAP graphical queries by expressing them in termsof GPs, whose semantics is always defined. As we said before, since the syntax of SNAP isdefined in terms of various graphical elements (rectangles, circles, diamonds, labels, edges, andconnection rules), we first need to provide a mapping s between SNAP diagrams (SNAPD) andTyped Graphs, .defined as follows:1.for each rectangle r ˚˛˚SNAPD with label lr, there is a node ni ˚˛˚NCp such that f1(ni) = lr;2.for each diamond rh ˚˛˚SNAPD with label lh, there is a node ni ˚˛ ˚NCn such that f1(ni) =lh;3.for each circle c ˚˛˚SNAPD with label lc, there is a node ni ˚˛˚NCn such that f1(ni) = lc;4.for each star circle1 sc ˚˛˚SNAPD with label lsc, there is a pair of linked nodes, ni ˚˛ ˚NC n and nj ˚˛˚NR, such that f1(ni) = lsc;5.for each cross circle2 pc ˛˚SNAPD with label lpc, there is a pair of linked nodes, ni˚˛˚NCn and nj ˚˛˚NR, such that f1(ni) = lpc;6.for each unarrowed edge <x, y> ˛˚SNAPD (x is parent of y in a tree), there is an edge<x’,y’> ˛˚E such that x’ ˛ s(x)3 and y’ ˛s(y)4;7.the set of arrowed edges belonging to a functional path p of lenght n, is translated into a rolenode z and n+1 edges of the form <z, s(ri)>, i=0..n, with ri defined as above;By using the mappings h and s we show that the query language of SNAP can be formalizedin terms of several applications of GPs.Queries in SNAP are expressed using query graphs, which are formed by combining one ormore query fragments. Query fragments are constructed primarily from the fragments of a schema;a query graph can contain any number of query fragments, possibly including duplicates. Thevalues that have to be associated with the query fragments are specified using mainly twomechanisms: node restriction, which permits users to associate a restriction directly with a givennode of a fragment, comparitor arcs, which permit users to indicate that a certain relationship musthold between values associated with different nodes. The same comparitor arcs may also be usedto compare abstract types, sets with sets, and individuals with sets. In such a way the label usedon the comparitor arc is semantically overloaded. For instance, using an edge with label"inclusion" between two association nodes results in comparing the elements of the setsunderlying the association nodes (which are sets themselves), verifying that the inclusion relationholds among such elements. Finally, the shading of nodes in a query graph indicates that onlyvalues associated with such shaded nodes have to be displayed in the answer.Summarizing, the graphical operations available in SNAP are:1) selection of a tree representing a fragment;2) changing of a node label, which corresponds to node restriction;3) shading of a node.4) drawing of a labeled edge.

1 Circles with an inscribed star are the representation for association nodes.2 Circles with an inscribed cross are the representation for aggregation nodes.3 s(x) produces a set of nodes and x’ is the role node among them.4 If s(y) produces more than one node, y’ is the class node.

28Such operations, applied to a SNAP database SNDB, whose visual representation is a SNAPdiagram SNAPD, correspond to several applications of GPs on the database D = <g, c, m>=h(SNDB) such that g = s(SNAPD). As a consequence, the semantics of such operations isimmediately defined in terms of the semantics of the GPs.The correspondence is as follows:1) the selection of a tree f is expressed as: the selection of the nodes (denoted withn(s(c1))...n(s(ck))) that are generated translating the tree components c1...ck, which arenodes, edges, functional paths: s(h(SNDB), n(s(c1))) �...s(h(SNDB), n(s(ck)));2) the change of the label of a rectangle c with a new label f is expressed as the change of thelabel of the edge linking s(c) to the (unique1) role node q with a new label f ’, which is thecorresponding of fin the GP syntax: c(h(SNDB),f’,s(c),q);3)the shading of a node p corresponds to setting to displayed the corresponding node in theGMDB: s(h(SNDB), s(p));4)the drawing of a labeled edge (with label f) between two elements, l1 and l2, may correspondeither to a single GP or to a sequence of applications of GPs, depending on the elements l1 andl2, namely:-if l1 and l2, are two rectangles, the corresponding GP is the drawing of an edge with alabel f ’, which is the corresponding of fin the GP syntax, between the two (unique)role-nodes n1 and n2, linked with the printable nodes s(l1) and s(l2): e(h(SNDB),f’,n1, n2);-if either l1 or l2, or both, are star circles, the operation involves a comparison betweensets, and cannot be directly expressed by a single GP. Instead, a sequence of GPs isnecessary, which may be very complex, depending on the comparison operator specifiedon the edge. This is not surprising, since, as we said before, in this case the edge label issemantically overloaded, and the semantic distance between such operations and the GPs isbig. For the sake of brevity, we do not give the details of this correspondence.

6.ConclusionsIn this paper we have presented the graph model and the associated GPs. It is worth noting thatthe aim of the paper is not in defining a new data model. On the contrary, the basic idea is ingiving importance to the visual representation, which is one of the most important components inbuilding effective interfaces, and in defining a set of basic GPs, in terms of which more complexinteractions may be expressed. In principle, the graph model can be used as the internal model ofany visual query system, providing a sound formalism useful to characterize the semantics of thevisual operations defined on the external model. Moreover, the GPs defined on the graph modelcan be effectively used for characterizing the semantics of the most popular visual query languagesdefined on both semantic and object-oriented data models.Finally, since the generality of our approach allows the representation of a wide class of models,such as relational, semantic, and object-oriented, in terms of the graph model constructs, anotherapplication of the graph model concerns the problem of querying heterogeneous databases, i.e.,databases characterized by the presence of different data models and different query languages.Our model can be seen as an "Esperanto Model," able to join different points of view resultingfrom the representation of several data models. In principle, for each model it is possible to define

1 Note that the uniqueness of such a role node is a consequence of the IFO definition of fragment, not a graphmodel constraint.

29a mapping to the graph model (examples are shown in [Catarci 1992]), thus providing ahomogeneous representation for all data in the heterogeneous database.

AcknowledgmentsWe would like to thank Maurizio Lenzerini for many extremely helpful suggestions, ideas andcomments.

References[Abiteboul Hull 1987] S.Abiteboul, R. Hull - IFO: AFormal Semantic Database Model - ACMTransactions on Database Systems, Vol. 12, No. 4, pp. 525-565.[Angelaccio Catarci Santucci 1990a] M.Angelaccio, T.Catarci, G.Santucci - QBD*: AFullyVisual Query System - Journal on Visual Languages and Computing, Vol. 1, No. 2, pp.255-273.[Angelaccio Catarci Santucci 1990b] M.Angelaccio, T.Catarci, G.Santucci - QBD*: AGraphicalQuery Language with Recursion - IEEE Transactions on Software Engineering, Vol.16, No10, pp.1150-1163.[Bancilhon 1988] F.Bancilhon - object-oriented Database Systems - in Proc. ACM SIGACT-SIGMOD Symposium on Principles of Database Systems, Austin, Texas.[Bancilhon Cluet Delobel 1990] F.Bancilhon, S.Cluet, C.Delobel - A Query Language for the O2object-oriented Database System - in Proc. of the Second International Workshop on DatabaseProgramming Languages.[Banerjee et al. 1988] J.Banerjee et al. - OQL: An object-oriented Query Language - in Proc. 4thIntl. Conf. on Data Engineering, Los Angeles.[Batini et al. 1991] C.Batini, T.Catarci, M.F.Costabile, S.Levialdi - Visual Query Systems -Technical Report N.04.91 of Dipartimento di Informatica e Sistemistica, University of Rome"La Sapienza".[Beeri 1990] C.Beeri - AFormal Approach to object-oriented Databases - Data& KnowledgeEngineering, 5, pp.353-382.[Bryce Hull 1986] D.Bryce, R.Hull - SNAP: AGraphics-based Schema Manager - Proc. of theIEEE Conference on Data Engineering, Los Angeles, USA, 151-164.[Catarci 1991] T.Catarci - On the Expressive Power of Graphical Query Languages - in Proc. ofthe 2nd IFIP W.G. 2.6 Working Conference on Visual Databases, Budapest.[Catarci 1992] T.Catarci - Visual Languages for Querying Databases: Formalization andExpressive Power - PhD Thesis, Dipartimento di Informatica e Sistemistica, Universit� diRoma "La Sapienza".[Chang 1989] S.K.Chang - Principles of Pictorial Information Systems Design - Prentice-Hall,Englewood Cliffs, NJ.[Chen 1976] P.P.Chen - The Entity-Relationship Model toward a Unified View of Data - in ACMTransactions on Data Base Systems, Vol.1, N.1.[Codd 1970] E.F.Codd - ARelational Model for Large Shared Data Banks - CommunicationACM, Vol.13, N.6, June.[Codd 1972] E.F.Codd - Relational completeness of database sub-languages - In DataBaseSystems, R.Rustin, Ed., Prentice Hall, Englewood Cliffs, 65-98.[Consens Mendelzon 1990] M.Consens, A.O. Mendelzon - Graphlog: AVisual Formalism forReal Life Recursion - Proc. of the ACM Symp. on Principles of Database Systems, 404-416.[Cruz 1990] I.Cruz - Declarative Query Languages for object-oriented Databases - TechnicalReport CSRI-238, Computer Systems Research Institute, university of Toronto, June.[Cruz Mendelzon Wood 1988] I.F.Cruz, A.O.Mendelzon, P.T.Wood - G+: Recursive QueriesWithout Recursion - in Proc. of the 2nd International Conference on Expert Database Systems,April, pp. 355-368.[Date 1987] C.J.Date - An Introduction to Database Systems - Vol.I, Addison-Wesley PublishingCompany.

30[Gyssens Paredaens, Van Gucht 1990] M.Gyssens, J.Paredaens, D. Van Gucht - AGraph-Oriented Object Model for Database End-User Interfaces - in Proc. ACM SIGMOD Conferenceon the Management of Data, Atlantic City, USA, pp. 24-33.[Hull King 1987] R. Hull, R. King - Semantic Database Modeling: Survey, Applications andResearch Issues - ACM Computing Surveys, Vol. 19, No. 3, September 1987, pp. 201 - 260.[Hull King 1989] R.Hull, R.King - Semantic Database Modeling: Survey, Applications, andResearch Issues - ACM Computing Surveys, Vol.19, N.3, 201-260.[Kim 1989] W.Kim -A Model of Queries for object-oriented Databases - in Proc. of 15th Intl.Conf.on Very Large Database, Amsterdam.[Kim 1990] W.Kim - Introduction to object-oriented Databases - Computer Systems Series, TheMIT Press, USA.[Kim Kim Dale 1989] K.C.Kim, W.Kim, A.Dale - Cyclic Query Processing in Object OrientedDatabases - in Proc. 5th Intl. Conf. on Data Engineering, Los Angeles.[Lenzerini Nobili 1990] M.Lenzerini, P.Nobili - On the Satisfiability of Dependency Constraintsin Entyity-Relationship Schemata - Information Systems, Vol. 15, N.4.[Levesque Mylopoulos 1979] H.Levesque, J.Mylopoulos - AProcedural Semantics for SemanticNetworks - in N.V. Findler ed. Associative Networks, Representation and Use of Knowledgeby Computers, Academic Press Inc.[Mark 1989] L.Mark -A Graphical Query Language for the Binary Relationship Model.Information Systems, 14, 3, 231-246.[Nanni 1988] U.Nanni - AGraphic Interface for Relational Databases. Technical Report,University of Roma, Italia.[Shneiderman 1983] B.Shneiderman - Direct Manipulation: AStep beyond ProgrammingLanguages - IEEE Computer, 16, pp. 57-69.[Ullman 1987] J.D.Ullman - Principles of Database and Knowledge-Base Systems - vol. I,Computer Science Press, Rockville, MD.