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User-De�ned Visual Languages for Querying DataIsabel F. Cruz�Department of Computer ScienceBrown UniversityProvidence, RI 02912-1910ifc@cs.brown.eduAbstractdoodle is the �rst language to be proposed for querying object-oriented databases with user-de�nedvisual languages. A doodle program de�nes a visual language in a by example fashion. In this paperwe continue the preliminary expos�e on doodle (SIGMOD'92). We re�ne the language, and providecomplex examples that illustrate the extensive capabilities of doodle in a variety of applications. Thecontributions of doodle to other areas of Computer Science, such as constraint languages and graphdrawing are also outlined. doodle explores the limits of declarative languages by making data and itsmanipulation visual, while staying within the bounds of the formal database �eld. The formal basis ofdoodle motivates the study of visual expressiveness and points to further research.1 IntroductionIt has a been a long-standing claim that pictures convey information in ways that text and tables cannot,as illustrated by the books of Tufte [Tuf83, Tuf90] and Bertin [Ber83]. In this paper a picture is a set ofgraphical symbols, and a visual language is a set of pictures. All the pictures in a visual language obeythe same conventions. In our approach visual languages are user-de�ned by means of a doodle (for Drawan Object-Oriented Database LanguagE ) program. The primary aim of doodle is to formally de�ne visuallanguages for representing facts in an object-oriented database. Also, with doodle the user can query thedatabase using the same conventions as for displaying the facts.doodle di�ers from other visualization proposals (e.g., [Bor81, Wyk82, Rei90, GC90, Kam89]) in thatwe look at data and its visual manipulation from a database point of view, and stay within the bounds of theformal database �eld. doodle also di�ers from other query languages for object-oriented databases (e.g.,[GSKZ85, Cru90, GPV90]) in that the user de�nes how to visualize and query the data. A related approachis PROTEUS [AEM86]. However, there are important di�erences: In doodle, visualizations (mappingsfrom data to pictures) are speci�ed visually, and the query languages are user-de�ned, while in PROTEUSvisualizations are speci�ed textually. PROTEUS is object-oriented in the usual sense, while in doodle theobject-oriented concepts are extend to visual languages.A preliminary expos�e of doodle appeared in [Cru92]. Since then we have considerably extended doodle.For instance, we have added a form of multiple inheritance through visual language composition. As well,we have designed an important component of doodle: the U-term language. This is the part of doodlewith which the user speci�es visually the display of data. An important characteristic of this language isthe small set of primitives, and their genericity. The U-term language also �ts well with the object-orientedcharacteristics of doodle, and it supports the speci�cation of a variety of displays (e.g., graphs, bar charts,pie charts, plot charts).The ability to specify a variety of displays and the new capabilities of doodle make complex examplespossible, which further demonstrate the usefulness of doodle. We include examples that perform visualaggregation, visual grouping and visual recursion. Meta-queries can also be expressed in a visual way.�Partial support was given by ARPA order 8225, ONR grant N00014-91-J-4052.1



Another important application of doodle resides in its capability to express graph layout. (e.g., thata tree is to be displayed in an downward fashion). doodle is the only database visualization languagewith such a capability. The visual speci�cation of graph layout is one of the contributions of doodle toother areas of computer science, in this case to graph drawing [DETT93]. The U-term language is also acontribution to the constraint programming area. In using the technology of declarative and object-orientedquery languages and integrating it with other areas, we explore the limits of declarative query languages[AV87, Abi88, AK89, KLW90, GZG92, BK93].The semantics of doodle is formally de�ned and given by F-logic [KLW90]. The formal basis of doodle,and the extension of the concept of database querying provides a foundation for a formal study of visuallanguages.We organize the rest of the paper as follows. In Section 2 we give an overall up-to-date perspective ofdoodle. Section 3 provides an overview of the U-term language, with a detailed example in the domainof graph drawing. In Section 4 we give the semantics of the extensible capabilities of doodle. Complexexamples of the language are presented in Section 5. Section 6 discusses some of the expressiveness issues thatarise with the querying of data by its visual representation. The architecture of a system that implementsdoodle is proposed in Section 7. In the �nal section we present conclusions and directions for futureresearch.2 DOODLE2.1 doodle Terms and ObjectsThere are several kinds of terms and objects that doodle deals with. We give informal de�nitions below.Figure 1 depicts some of these objects.F-terms. These are F-logic terms [KLW90], such asX : procedure[name! "draw"; callsFrom@myModule! fY : procedureg]:In this term, X and Y are variables that represent object identities, and procedure is a class (e.g., Xbelongs to class procedure). name and callsFrom are methods. The former method maps the objectidentity X to the a string that represents the name of the procedure. The latter method has anargument (moduleId), and maps the pair (X, myModule) to a set of objects of class procedure (the setof procedures that are called by X and are in myModule).In the F-logic model, classes are organized in hierarchies and there is method inheritance and overriding.V-terms. These are visual representations of the F-logic terms. In Figure 1(i) we represent the V-term forthe F-logic term above).Database Objects. These are objects in the object-oriented extensional database (EDB). They are groundF-terms. Objects belong to a class, and have methods.U-terms. These are pictures in the U-term language that are syntactically correct. U-terms specify byexample the display of the database objects. U-terms are formed of the following kinds of graphicalsymbols: prototypical symbols, macro symbols, key symbols, and generic symbols. In Figure 1(ii) thereare three key symbols: the dashed boxes and the dotted box (see Figure 2), and the macro symbolcontains (expressed by the four arrows).Visual Objects. Visual objects are instances of the visual classes, and correspond to the graphical objectsthat can be drawn in the screen. We consider the following visual classes: box , diamond , circle, text ,circle, sector , straightLine, arrow , and doubleArrow . Such a limited set is su�cient for the kinds ofdisplays of the database that we consider (e.g., graphs, bar charts, pie charts). Sets of visual objectsthat are considered in related work are comparable to the one we consider (e.g., [Gol91, Wyk82]), ormore restricted (e.g., [Mac86]). 2
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Figure 1: doodle Objects and Terms. LABELEDREFBOXDEFBOX REFBOX GROUPINGBOX< varName > visLang< varName >Figure 2: Some key symbols in doodle.Visual Constraint Objects. These are objects of two kinds: length constraint objects and overlap con-straint objects. Length constraint objects express lengths in one object (e.g. the object's width), orbetween two objects (e.g., the distance between two points, one in each object). Given two visualobjects, an overlap constraint object speci�es which object is on top of the other object. Visual con-straint objects have an F-term (or V-term representation). In Figure 1(iii) we give the V-terms that3



correspond to the object of class contains the U-term. Notice that for each X there are as many visualobjects as there are objects Y.Graphical Objects. These are objects that are represented in the screen (Figure 1(v)). Their representa-tion using V-terms is as exempli�ed in Figure 1(iv).2.2 Visual Languages and doodleA visual language is a set of pictures that are speci�ed by a doodle program. A doodle visual program isa set of visual rules. The order of the rules is immaterial. Visual rules are vertically divided. The left-handside contains F-,V-, or U-terms that are being de�ned, and the right-hand side contains \known-terms". Weread each visual rule in the following way: if the right-hand side is true, then the left-hand side is also true.The program of Figure 3, is an example of a doodle program that de�nes a higraph [Har88]. Figure 1.In Figure 3 there are two kinds of terms: F-terms and U-terms. All the terms to the right of the doublef-languageI : inclusion[�rst! X;HI X Yhigraph H : objectsecond! fYg]Figure 3: doodle program that de�nes higraph.bar are F-terms, hence the box f-language . On the left-hand side, the U-terms are used to de�ne thevisual language higraph, as indicated by higraph . Informally, this program and the query of Figure 4specify that for the database facts that make the F-terms true, graphical objects similar to the U-terms onXI YHhigraph Figure 4: doodle query.the left-hand side of Figure 3 will be drawn. The �rst rule states that any object M in class module is tobe displayed by a box. The second rule states that any object I in class inclusion is to be displayed by acontainment between the object that graphically represents the database object X and each graphical objectthat represents an element Y in the set. Refboxes allow for U-terms to refer to U-terms that were de�nedelsewhere. For example, in the objects of class inclusion, the refboxes make reference to the U-term thatspeci�es the display of objects of class object . This reference is made possible by the use of a defbox inthe rule that de�nes the visualizations of objects of class object . The defbox indicates the U-term (or partof the U-term) that can be referred to by another rule. The roles of defbox and refbox are analogous to4



the concepts of procedure de�nition and of procedure call. The defbox speci�es the display, and the refbox\calls" it.Labeled refboxes are a generalization of refboxes. While (simple) refboxes make a call to the currentvisual language (higraph in the example), labeled refboxes make a call to another visualization or to anexpression relating visualizations.2.3 Semantics of doodleThe semantics of doodle programs is given by the semantics of the equivalent F-logic program. The F-logicprogram is achieved by mapping each visual rule to one F-logic rule. In this translation, each U-term ismapped to a set of F-logic objects.The program of Figure 3 de�nes a mapping from database objects to visual objects. We call such mappinga visualization. A set of F-logic objects that represent the visual objects is a minimalmodel of the equivalentF-logic program:H[display@higraph! fvis(H) : boxg; defbox@higraph!! fvis(H)g] � H : object:I[display@higraph! vis(I) : contains [out! U; in! agg(I) : visAgg[visMembers! fVg]]] �I : inclusion [�rst! X; second! fYg];X[defbox@higraph! U : visualObject];Y[defbox@higraph! V : visualObject]:Each visual object and visual constraint object has an identity that is determined by the object or objectsit gets mapped from. For example, in this case for each object H there is a a visual object of class box, asdenoted by the object constructor vis(H).A doodle program describes one picture, if the picture is completely speci�ed (that is the exact placementof the graphical objects, dimensions of the objects, distances between objects, etc., are given). In general,though, a doodle program describes a set of pictures. Any two pictures in the set di�er in one or moreof the picture attributes that were not completely speci�ed by the doodle program. In Figure 1 for eachvisual object (e.g., VO11 ) there can be a set of graphical objects that form an equivalence class (e.g., GO11is one graphical object in the equivalence class that is speci�ed by VO11).3 U-term languageThere are attributes that are common to all visual objects, and therefore belong to visualObject (the super-class of all visual classes), e.g., thickness, color , and texture. Attributes can have default values in the classvisualObject that can be overridden in the subclasses.There are two other set-valued attributes: landmarks and anchorpoints. Landmarks are used to givedimensions to the objects, and to place objects relatively to other objects. Landmarks can belong to thefollowing classes: landmark , cartesianLandmark , polarLandmark , and lineLandmark . Anchor points areuser-de�ned landmarks. From now on we use point to denote a landmark or an anchor point. Points can bedescribed in two formats: cartesian or polar (see Figure 5).Visual constraint objects are instances of visual constraint classes. The constraints are expressed in termsof the objects' points. We show an application of the U-term language to the visualization of binary trees.The U-term of Figure 6 is used to specify the display of a binary tree in the following way:� Downward, that is, a child is placed below its parent, and the edges point down.� The X-coordinate of each node is proportional to the inorder rank of that node.� The Y-coordinate of each node is proportional to the distance of that node from the root. This layoutensures that no nodes overlap or edges cross.The following points explain some of the features of Figure 6:� The U-term contains the following prototypical symbols: two arrows, an invisible refbox (in light grey),and a circle (in darker grey). 5
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Figure 6: U-term that speci�es the display of a binary tree in an downward fashion.� The invisible box expresses the concept of bounding box (that is the tightest box) around the wholetree. This bounding box contains most of the landmarks and anchorpoints that are needed to de�nethese binary trees. 6



� An overlap constraint is also used (denoted by the dark grey color of the circle), which speci�es thatthe circle is the top object. In this way, the edges are speci�ed to come out of the center of the node,but are hidden in the part that coincides with the node.� Length constraints (represented as dotted lines between points) specify that each parent node is hor-izontally placed in between its subtrees. Other con�gurations are possible by changing the length ofthe constraint that positions the root (e.g., centering the root between its children). Other zero-lengthconstraints are visually represented by the macro symbol GRID ON. This symbol speci�es that twopoints on the same horizontal (vertical) line on a grid have the same vertical (horizontal) coordinates.� The width of the tree's bounding box is given by the sum of the widths of the bounding boxes of thesubtrees plus one.� The height of the bounding box of the tree is equal to one plus the maximum height of the boundingboxes of the two subtrees.4 Using Visual Languages to de�ne Other Visual LanguagesVisual languages are a central concept of doodle. In this section we present the di�erent kinds of ma-nipulation of visual languages: inheritance, transformations and composition. In this way we extend theobject-oriented concepts that usually apply to classes and objects to the visual languages themselves. Thefollowing is a summary of these doodle capabilities, which have been considerably extended since [Cru92].4.1 Inheritance of Visual LanguagesThe user can de�ne that a visual language inherits from another visual language, with the possibility ofrede�ning the visualization for objects of one or more classes (overriding), and the possibility of addingvisualizations for more classes in the new visual language. To specify that V inherits from a single visuallanguage V', the user writes V:V'. We keep this information in F-terms of the form:V[super ! V0]The hierarchy of visual languages is a tree. Suppose we want to visualize objects of class c with visualizationv. The simplest possibility is that V has been de�ned for c. Otherwise, if the visualization for V for c hasnot been explicitly speci�ed, the following possibilities can occur:� If the visualization V for C0 is known (where C0 is the closest superclass of C for which the visuallanguage V has been de�ned), objects of class C will be visualized as objects of class C0 (see Figure 7(i)).� If the visualization V for C (or any superclass of C) is not known, objects of class C are visualizedusing V', where V:V'(see Figure 7(ii)).� If the visualizations V and V' are not known for C or any of its subclasses, a run-time error occurs (seeFigure 7(iii)).The semantics of visual inheritance is embodied by the following meta-rule, as expressed in F-logic:1X : C [display@V! Y] �:X : C [display@V! Y];V[super! V0];X : C [display@V0! Y]:Notice that� The term :X : C [display@V ! Y] is only true if visualization V is not de�ned for C or any of itssuperclasses.1For simplicity we omit the method defbox. 7
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Figure 7: Inheritance of Visual Languages.� Other display methods that may have been de�ned for class C , do not override the display method thatis inherited from a superclass of C for the visual language V. That is, if there is a method display@T(which is de�ned for C), this method does not override the method display@V, because of the pointwiseinheritance of methods in F-logic.The above strategy can be easily generalized to consider more than two visual languages, such as,V:V':V''....4.2 Transformation of Visual LanguagesA transformation is a mapping from pictures in a visual language to pictures in another visual language.Typically, as in the case of visualizations, we specify for each database class, how visual objects in a visuallanguage V map into visual objects in another visual language V'. In order to de�ne a new visual language,F-terms, or U-terms in other visual languages than V may be used. As well, visual objects in visual languageV' can be de�ned in terms of the visual language V' itself.4.3 Multiple Inheritance and DisambiguationIn doodle we prevent a visual language from inheriting from more than one visual language. However, inour data model, multiple inheritance of classes is possible. This may lead to ambiguity in the visualizationfor objects of a class C , if this class has more than one superclass for which the visual language V that wewant to use is de�ned. For example:X : C 0[display@V! Y : visual 0]X : C 00[display@V! Y : visual 00]and C : C 0C : C 00The user can specify from which of the classes it inherits V, with the following syntax:8



inherit V from C' .To implement this there are two possibilities that are o�ered by F-logic [KLW90]:X : Y [param(display; Y)@Z!W : visualObject ] � X : Y [display@Z!W : visualObject ]In this case we are parameterizing the display method by the class to which it belongs. The method `param'can now be used instead of the method display, with class C' as an argument to the method param.The other possibility is expressed byX : C [display@Z!W : visualObject] � X : C 0[display@Z!W : visualObject ]We make the method display of class C behave like the method display of superclass C 0.4.4 Composition of Visual Languages and Pointwise Multiple InheritancePoint-wise multiple inheritance is achieved with a labelled refbox. The label of the refbox is a composition oftwo or more visual languages. Such a composition is expressed by an expression on visual language names.For example, the expression v 
 v0, where the composition operator 
 is de�ned by the user. We presentnext the semantics for any composition operator op (when we compose two visual languages):[display@op(V; V0); X!vis(X) : visualObject3[attr1 ! o1; : : : ; attrn ! on]] �X : object[display@V; X! Y : visualObject1[attr1 ! Z1; : : : ; attrn ! Zn]];X : object[display@V0 ; X! U : visualObject2[attr1 !W1; : : : ; attrn !Wn]]:where visualObject3 is a visual class that inherits from visualObject1 and from visualObject2. We note thatfor each n we need a di�erent rule. The oids oi; 1 � i � n are de�ned in the following way:oi : composition[operation! op; args! fZ1; W1g; res! R1]5 Examples5.1 Basic DisplaysIt is convenient to have some basic displays (user-de�ned) for entities that appear frequently in the database(e.g., strings) or for graphical objects that are displayed frequently (e.g., nodes in a graph). For example, thevisual language for labeledNode, which is de�ned in Figure 8. This visual language uses another user-de�ned
V

S
myStringlabelledNode f-languageV:vertex[name ! S: string]Figure 8: Visual program that de�nes node.visual language for the display of strings (myString).9
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GRID ON Figure 9: Visual program that de�nes upBinaryTree.

Figure 10: Downward layout of a binary tree speci�ed by the program of Figure 9.5.2 Tree LayoutThe program of Figure 9 shows how we can de�ne the downward drawing of a binary tree, which we representin Figure 6. The U-term on the left-hand side is the same of Figure 6. The doodle program that speci�esthe downward layout of the binary tree has the important property that isomorphic subtrees are displayedby the same layout (up to translation).With small modi�cation we can specify the drawing of the tree in an inclusion form. The doodleprogram is in Figure 11, and the layout is in Figure 12.5.3 Graph TransformationThis example illustrates a transformation between graphs (see Figure 13). The idea is that we take agraph which is displayed with a visual language graph, and whose transitive closure is displayed with visuallanguage tcGraph, and �nd the nodes that are in the same strongly connected component as one of the nodes(the node that is labeled 010 in the �rst visual rule). Nodes in the same strongly connected component areplaced inside a \supernode" (second visual rule). We want to maintain the connections between the nodesinside the strongly connected component and from (or to) these nodes to the outside nodes (see third andfourth rules). Notice that the symbol `�' speci�es that there will be a single object of class sameSCC , whoseobject identity is functionally dependent on the identity of the node labeled 010.10
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Figure 11: Visual program that de�nes incBinaryTree.
Figure 12: Inclusion layout of a binary tree speci�ed by the program of Figure 11.
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TransformationFigure 13: Transformation from a graph to another graph, emphasizing one strongly connected component.5.4 Visual Recursion.In this example, we show a visual language can be de�ned in terms of itself. The program of Figure 15speci�es that objects of class root are represented by a box. If the parent object is represented by a box,then the child object is represented by a diamond that is inscribed in the parent box. If the parent nodeis represented by a diamond, then the child node is represented by a box that is inscribed in the parentdiamond. The inscription is speci�ed with the help of transparent boxes (in light grey). These boxes11
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Figure 14: Transformation from a graph to another graph, emphasizing one strongly connected component.have landmarks that make the speci�cation of the position the graphical objects possible. In Figure 16 werepresent a database and a picture that results from applying the doodle program of Figure 15 to thatdatabase.5.5 Visual SummarizationIn the visual program of Figure 17, we illustrate both recursion and the capacity of summarizing data. Weare building a new bar chart by adding up the heights of the bars of the same color. More speci�cally, weare adding the height of the �rst element of the list, which has color C, to the summarized height of theelements in the rest of the list that also have color C. The x-coordinate is determined by the color of the bar(this coordinate is made `proportional' to the color, and expressed by �C).5.6 Multiple InheritanceIn the following example, we want to visualize the average salary (e.g., over the years) of people from di�erentstates. The average salary is visualized with the visual language barChart. In the case of RI, the \oceanstate", we want to compose the visual language barChartwith the visual language blue. The visual languageblue is the language of all visual objects that have the color blue. We call the visualization compositionoperator, �, and the new visual language is therefore barChart� blue (see Figure 19). The labelled refbox ispresented in Figure 20. In the above example, both visual languages have the same attributes. Otherwise, ifthe value of an attribute is unde�ned for one visualization we say that its value is unde�ned and funde�ned ,Xg = fXg. On the other hand, the attribute color could have been de�ned for both visual languages, inwhich case there would be the need to de�ne what is meant by color1 � color2 for di�erent values of thecolor attribute. For example, blue � yellow can be de�ned to be green, and red � green can be de�ned to bered . 12
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DBA: rootFigure 16: The pictures of shapeIncl obtained with the program of Figure 16 and the database DB.5.7 Meta-queriesIn doodle, a program that visually groups all the classes for which the visual language pieChart has beende�ned, is shown in Figure 21. For the visualization pieChart, this program speci�es a rectangle inside ofwhich nodes are placed. These nodes are labelled by the class names of that can be visualized with pieChart(this is represented by the string `C`. 13



Transformation
Figure 17: Transformation from a bar chart to a summarized bar chart.
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�C X : listFigure 18: Visual program that de�nes sumChart.6 Visual Expressiveness IssuesMackinlay [Mac86] observes that visual languages have a limited expressiveness. A language may not beable to encode a given set of database facts, for two reasons: (1) certain facts are not expressible in thevisual language; (2) a picture in the visual language may also express spurious facts, that is, facts that arenot in the database. In this section we discuss expressiveness issues. In order to talk about pictures and theinformation they convey we de�ne the information content of a picture to be the set of visual facts that areinstances of the relevant predicates. The concept of a relevant predicate is useful because:� Not all visual facts convey meaning in a picture (compare the predicate above in an unconstrainedlayout of a tree, with the same predicate in an downward drawing of a tree).� Relevant predicates can also be used to model the expectations/capabilities of the user. For examplethe predicate right of (and left of) is important to the layout of Pert networks, when that layout is\read" left to right; the predicate color is not relevant when the available workstations are black andwhite.Mackinlay [Mac86] claims that certain data visualizations may produce unsound pictures, that is, picturesthat express relationships that are not true in the database. as exempli�ed by the visual transitive relation-ship contains when used to depict the non-transitive relationship neighbor , as in Figure 22. According to14



barChart blue
Figure 19: Composition of visual languages.barChart � blueX: avg salary [state ! RI]XFigure 20: Labelled refbox.�meta X : CpieChart �`C`Figure 21: Example of a meta-query in doodle.Mackinlay, the user would infer (wrongly) that Canada is a neighbor of Mexico, because the rectangle thatdepicts Canada contains the rectangle that depicts Mexico.A logical framework for depiction and image interpretation is described in [RM89]. We extend this workwith graphical rules, which express the user's perception of relevant predicates (e.g., that the visual predicate15



MexicoUSACanada
Figure 22: Visual representation that conveys unsound facts.contains is transitive). This framework is also useful to account for the fact that not all facts need to bevisualized explicitly, if the same information can be extracted implicitly. We can formally de�ne soundnessand completeness of a visual language with respect to a database, and we also de�ne the stronger concept ofadequacy. Given a visual language V , a set of relevant predicates, and a database schema, let T be the setof facts that are a logical consequence of the database facts, the graphical rules for the relevant predicates,and the visualization rules (i.e.,the rules that express the mapping from facts to visual objects), and let T 0be the set of facts that are a logical consequence of the visual facts and of the interpretation rules. V issound for the database schema, if for any database with that schema T 0 � T . V is complete for the databaseschema, if for any database with that schema T � T 0. A visual language is adequate to visualize a databaseschema if it is both complete and sound, for any instance of the schema. As a consequence, box containmentis not an adequate visual representation for a binary relation. This happens because it is known that notevery partial order can be represented by the inclusion relation among boxes (see for example [Urr87]).We also identify other kinds of mismatches between data and its visual representation. For example:Ambiguous pictures. These are pictures that for the same relevant predicates and graphical rules, thereis more than one set of visual facts that are entailed by the picture.Pictures that encode \impossible" databases. An example includes expressing a visual predicate andits negation at the same time. This corresponds to an empty database model.Given a set of graphical conventions it is not always possible to visualize a set of facts. For example, 
ights'durations may not respect the triangle inequality. This means that given a graph that depicts the physicallocation of the cities of arrival and departure, the duration of 
ights cannot be represented by straight linesbetween the cities, if the duration of the 
ights is to be proportional to the length of the lines.In the case of transformations (i.e., mappings from visual languages to other visual languages) we call thevisual language (or visual languages) we map from the source language(s), and the resulting language we callthe target language. We consider, similarly to the visualization rules, transformation rules. Transformationrules are logical rules that express the mapping from the source language(s) to the target language. Inwhat follows we discuss picture equivalence, that is, when two pictures that are instances of di�erent visuallanguages contain the \same information" about a set of database facts. We motivate this discussion withFigure 23. In Figures 23(i,ii) and 23(1,2) the transformation rules do not a�ect the relevant visual predicates,respectively contains and connects. For example, the transformation rule for Figure 23(i,ii) iscontains(X; Y) � contains(X0; Y0); trans(X0; X); trans(Y0; Y):In this rule, the predicate trans encodes mappings between the graphical objects in the source language andthe graphical objects in the target language.trans(a; a 0) (graphical object a is mapped to graphical object a0)trans(b; b 0) (graphical object b is mapped to graphical object b0)16
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Figure 25: A system for doodle.The user may compose a doodle program either from scratch using a textual and picture editor, or byloading another program and modifying it. Once a visual program (or query) is complete it gets processed18



by the compiler (or query processor), which transforms the doodle visual program into a F-logic programor query. The F-logic query is evaluated by the query evaluator which has access to the facts in the databaseand to the F-logic rules that encode the visual programs that are contained in the IDB (intensional database).The visual objects (and visual constraint objects) specify the answer to the query. These objects are notnecessarily ground terms, as illustrated by Figure 1.The layout program creates pictures on the screen, with the (sometimes partial) information that issupplied by the visual objects. The textual representation of the visual and graphical objects are stored inthe EDB, so that they can be queried in turn.8 Conclusions and Future WorkIn this paper we give examples of visual languages that can be expressed with doodle, and in particularwe show that: (1) Visual languages are �rst-class citizens of the model: it is possible to transform, compose,and inherit from already de�ned visual languages to form new visual languages; (2) All visual operations onthe data are semantically deductive and object-oriented queries. We also present a variety of applications ofdoodle, and outline the U-term language, which is a language for specifying constraints visually [Cru93].As mentioned in the introduction, doodle is very di�erent from other visualization and query languages,and motivates a variety of new research directions, such as:Expressive Power. We plan to investigate the expressive power of doodle as a query language, and toextend doodle with visual constructs that express negation. Also adding non-determinism (see, e.g.,[BK93]) would support, for example, the speci�cation of mappings between sets and lists.3D U-term Language. We plan to extend the U-term language to specify 3D visualizations [Rei93].Visual Graph Drawing. We are currently investigating the integration of the algorithmic and declarativeparadigms for graph drawing through visual constraints [CTV93].Temporal Databases. We believe that temporal databases could bene�t from an interface like doodle.Temporal charts (see for example [Tuf90]) could be used for expressing temporal queries.AcknowledgementsThanks to Michael Kifer, Yoram Kornatzky, Alberto Mendelzon, Theo Norvell, and Roberto Tamassia foruseful discussions.References[Abi88] Serge Abiteboul. Updates, a New Frontier. In Intl. Conference on Database Theory, pages 1{18, 1988.[AEM86] T. Lougenia Anderson, Earl F. Ecklund,Jr., and David Maier. PROTEUS: Objectifying the DBMS UserInterface. In Intl. Workshop on Object-Oriented Database Systems, 1986.[AK89] Serge Abiteboul and Paris C. Kanellakis. Object Identity as a Query Language Primitive. In ACM-SIGMOD Intl. Conf. on Management of Data, pages 159{173, 1989.[AV87] Serge Abiteboul and Victor Vianu. Datalog Extensions for Database Queries and Updates. TechnicalReport 900, INRIA, 1987.[Ber83] Jacques Bertin. Semiology of Graphics. The University of Wisconsin Press, Madison, Wisconsin, 1983.[BK93] Anthony J. Bonner and Michael Kifer. Transaction Logic: An (Early) Expos�e. In Proc. of the Workshopon Formal Methods in Databases and Software Engineering, 1993. Keynote address. Workshop held inMontreal, May 1992.[Bor81] Alan Borning. The Programming Language Aspects of ThingLab, a Constraint-Oriented SimulationLaboratory. ACM Transactions on Programming Languages and Systems, 3(4):353{387, October 1981.[CH80] Ashok K. Chandra and David Harel. Computable Queries for Relational Databases. Journal of Computerand System Sciences, 21(2):156{178, 1980. 19
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