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Abstract

DOODLE is the first language to be proposed for querying object-oriented databases with user-defined
visual languages. A DOODLE program defines a visual language in a by example fashion. In this paper
we continue the preliminary exposé on DOODLE (SIGMOD’92). We refine the language, and provide
complex examples that illustrate the extensive capabilities of DOODLE in a variety of applications. The
contributions of DOODLE to other areas of Computer Science, such as constraint languages and graph
drawing are also outlined. DOODLE explores the limits of declarative languages by making data and its
manipulation visual, while staying within the bounds of the formal database field. The formal basis of
DOODLE motivates the study of visual expressiveness and points to further research.

1 Introduction

It 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 of
graphical symbols, and a visual language is a set of pictures. All the pictures in a visual language obey
the same conventions. In our approach visual languages are user-defined by means of a DOODLE (for Draw
an Object-Oriented Database LanguagE) program. The primary aim of DOODLE is to formally define visual
languages for representing facts in an object-oriented database. Also, with DOODLE the user can query the
database using the same conventions as for displaying the facts.

DoODLE differs from other visualization proposals (e.g., [Bor81, Wyk82, Rei90, GC90, Kam8&9]) in that
we look at data and its visual manipulation from a database point of view, and stay within the bounds of the
formal database field. DOODLE also differs from other query languages for object-oriented databases (e.g.,
[GSKZ85, Cru90, GPV90]) in that the user defines how to visualize and query the data. A related approach
is PROTEUS [AEMS86]. However, there are important differences: In DOODLE, visualizations (mappings
from data to pictures) are specified visually, and the query languages are user-defined, while in PROTEUS
visualizations are specified textually. PROTEUS is object-oriented in the usual sense, while in DOODLE the
object-oriented concepts are extend to visual languages.

A preliminary exposé 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 DOODLE
with which the user specifies visually the display of data. An important characteristic of this language is
the small set of primitives, and their genericity. The U-term language also fits well with the object-oriented
characteristics of DOODLE, and it supports the specification 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 examples
possible, which further demonstrate the usefulness of DOODLE. We include examples that perform wvisual
aggregation, 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.



Another important application of DOODLE resides in its capability to express graph layout. (e.g., that
a tree is to be displayed in an downward fashion). DOODLE is the only database visualization language
with such a capability. The visual specification of graph layout is one of the contributions of DOODLE to
other areas of computer science, in this case to graph drawing [DETT93]. The U-term language is also a
contribution to the constraint programming area. In using the technology of declarative and object-oriented
query languages and integrating it with other areas, we explore the limits of declarative query languages
[AV87, Abi88, AKR89, KLW90, GZG92, BK93].

The semantics of DOODLE is formally defined 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 visual
languages.

We organize the rest of the paper as follows. In Section 2 we give an overall up-to-date perspective of
DOODLE. Section 3 provides an overview of the U-term language, with a detailed example in the domain
of graph drawing. In Section 4 we give the semantics of the extensible capabilities of DOODLE. Complex
examples of the language are presented in Section 5. Section 6 discusses some of the expressiveness issues that
arise with the querying of data by its visual representation. The architecture of a system that implements
DOODLE is proposed in Section 7. In the final section we present conclusions and directions for future
research.

2 DOODLE

2.1 DOODLE Terms and Objects

There are several kinds of terms and objects that DOODLE deals with. We give informal definitions below.
Figure 1 depicts some of these objects.

F-terms. These are F-logic terms [KLW90], such as
X : procedure[name — "draw” ; callsFrom@myModule — {Y : procedure}].

In this term, X and Y are variables that represent object identities, and procedure is a class (e.g., X
belongs to class procedure). name and callsFrom are methods. The former method maps the object
identity X to the a string that represents the name of the procedure. The latter method has an
argument (moduleld), and maps the pair (X, myModule) to a set of objects of class procedure (the set
of 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 for
the F-logic term above).

Database Objects. These are objects in the object-oriented extensional database (EDB). They are ground
F-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 by
example the display of the database objects. U-terms are formed of the following kinds of graphical
symbols: prototypical symbols, macro symbols, key symbols, and generic symbols. In Figure 1(ii) there
are three key symbols: the dashed boxes and the dotted box (see Figure 2), and the macro symbol
contains (expressed by the four arrows).

Visual Objects. Visual objects are instances of the visual classes, and correspond to the graphical objects
that can be drawn in the screen. We consider the following visual classes: boz, diamond, circle, text,
circle, sector, straightLine, arrow, and doubleArrow. Such a limited set is sufficient for the kinds of
displays of the database that we consider (e.g., graphs, bar charts, pie charts). Sets of visual objects
that are considered in related work are comparable to the one we consider (e.g., [Gol91, Wyk82]), or
more restricted (e.g., [Mac86]).
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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), or
between two objects (e.g., the distance between two points, one in each object). Given two visual
objects, an overlap constraint object specifies 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 that



correspond to the object of class contains the U-term. Notice that for each X there are as many visual
objects 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 exemplified in Figure 1(iv).

2.2 Visual Languages and DOODLE

A wvisual language is a set of pictures that are specified by a DOODLE program. A DOODLE visual program is
a set of visual rules. The order of the rules 1s immaterial. Visual rules are vertically divided. The left-hand
side contains F-, V-, or U-terms that are being defined, and the right-hand side contains “known-terms”. We
read 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 defines 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 double
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Figure 3: DOODLE program that defines higraph.

bar are F-terms, hence the box . On the left-hand side, the U-terms are used to define the

visual language higraph, as indicated by |higraph|. Informally, this program and the query of Figure 4
specify that for the database facts that make the F-terms true, graphical objects similar to the U-terms on

|higraph \

Figure 4: DOODLE query.

the left-hand side of Figure 3 will be drawn. The first rule states that any object M in class module 1s to
be displayed by a box. The second rule states that any object I in class inclusion is to be displayed by a
containment between the object that graphically represents the database object X and each graphical object
that represents an element Y in the set. Refboxes allow for U-terms to refer to U-terms that were defined
elsewhere. For example, in the objects of class inclusion, the refboxes make reference to the U-term that
specifies the display of objects of class object. This reference 1s made possible by the use of a defbox in
the rule that defines the visualizations of objects of class object. The defbox indicates the U-term (or part
of the U-term) that can be referred to by another rule. The roles of defbox and refbox are analogous to



the concepts of procedure definition and of procedure call. The defbox specifies the display, and the refbox
“calls” it.

Labeled refboxes are a generalization of refboxes. While (simple) refboxes make a call to the current
visual language (higraph in the example), labeled refboxes make a call to another visualization or to an
expression relating visualizations.

2.3 Semantics of DOODLE

The semantics of DOODLE programs is given by the semantics of the equivalent F-logic program. The F-logic
program is achieved by mapping each visual rule to one F-logic rule. In this translation, each U-term is
mapped to a set of F-logic objects.

The program of Figure 3 defines a mapping from database objects to visual objects. We call such mapping
a visualization. A set of F-logic objects that represent the visual objects is a minimal model of the equivalent
F-logic program:

H[display@higraph — {vis(H) : boz}; defbox@higraph — {vis(H)}] — H : object.
I[display@higraph — vis(I) : contains[out — U; in — agg(l) : visAgg[visMembers — {V}]]] —
I: inclusionfirst — X;second — {Y}],
X[defbox@higraph — U : wvisualObject],
Y[defbox@higraph — V : visualObject].

Each visual object and visual constraint object has an identity that is determined by the object or objects
it gets mapped from. For example, in this case for each object H there is a a visual object of class boz, as
denoted by the object constructor vis(H).

A DOODLE program describes one picture, if the picture is completely specified (that is the exact placement
of 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 differ in one or more
of the picture attributes that were not completely specified by the DOODLE program. In Figure 1 for each
visual object (e.g., VO;;) there can be a set of graphical objects that form an equivalence class (e.g., GOy
is one graphical object in the equivalence class that is specified by VO,;).

3 U-term language

There 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 class
visualObject that can be overridden in the subclasses.

There are two other set-valued attributes: landmarks and anchorpoints. Landmarks are used to give
dimensions to the objects, and to place objects relatively to other objects. Landmarks can belong to the
following classes: landmark, cartestanLandmark, polarLandmark, and lineLandmark. Anchor points are
user-defined landmarks. From now on we use point to denote a landmark or an anchor point. Points can be
described in two formats: cartesian or polar (see Figure 5).

Visual constraint objects are instances of visual constraint classes. The constraints are expressed in terms
of 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:

e Downward, that is, a child is placed below its parent, and the edges point down.
e The X-coordinate of each node is proportional to the inorder rank of that node.

e The Y-coordinate of each node is proportional to the distance of that node from the root. This layout
ensures that no nodes overlap or edges cross.

The following points explain some of the features of Figure 6:

e The U-term contains the following prototypical symbols: two arrows, an invisible refbox (in light grey),
and a circle (in darker grey).
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Figure 6: U-term that specifies the display of a binary tree in an downward fashion.

e The invisible box expresses the concept of bounding box (that is the tightest box) around the whole
tree. This bounding box contains most of the landmarks and anchorpoints that are needed to define
these binary trees.



e An overlap constraint is also used (denoted by the dark grey color of the circle), which specifies that
the circle is the top object. In this way, the edges are specified to come out of the center of the node,
but are hidden in the part that coincides with the node.

e Length constraints (represented as dotted lines between points) specify that each parent node is hor-
izontally placed in between its subtrees. Other configurations are possible by changing the length of
the constraint that positions the root (e.g., centering the root between its children). Other zero-length
constraints are visually represented by the macro symbol GRID ON. This symbol specifies that two
points on the same horizontal (vertical) line on a grid have the same vertical (horizontal) coordinates.

e The width of the tree’s bounding box is given by the sum of the widths of the bounding boxes of the
subtrees plus one.

e The height of the bounding box of the tree is equal to one plus the maximum height of the bounding
boxes of the two subtrees.

4 Using Visual Languages to define Other Visual Languages

Visual languages are a central concept of DOODLE. In this section we present the different kinds of ma-
nipulation of visual languages: inheritance, transformations and composition. In this way we extend the
object-oriented concepts that usually apply to classes and objects to the visual languages themselves. The
following is a summary of these DOODLE capabilities, which have been considerably extended since [Cru92].

4.1 Inheritance of Visual Languages

The user can define that a visual language inherits from another visual language, with the possibility of
redefining the visualization for objects of one or more classes (overriding), and the possibility of adding
visualizations for more classes in the new visual language. To specify that V inherits from a single visual
language V?, the user writes V:V’. We keep this information in F-terms of the form:

V[super — V']

The hierarchy of visual languages is a tree. Suppose we want to visualize objects of class ¢ with visualization
v. The simplest possibility is that V has been defined for ¢. Otherwise, if the visualization for V for ¢ has
not been explicitly specified, the following possibilities can occur:

o If the visualization V for C’ is known (where C’ is the closest superclass of C' for which the visual
language V has been defined), objects of class C will be visualized as objects of class C* (see Figure 7(1)).

o If the visualization V for C' (or any superclass of C) is not known, objects of class C are visualized
using V’, where V:V’(see Figure 7(ii)).

e If the visualizations V and ¥V are not known for C' or any of its subclasses, a run-time error occurs (see

Figure 7(iii)).
The semantics of visual inheritance is embodied by the following meta-rule, as expressed in F-logic:?

X : C[display@V — Y] «———=X : C[display@V — Y],
V[super — V],
X : C[display@v’ — Y].

Notice that

e The term =X : C[display@V — Y] is only true if visualization V is not defined for C' or any of its
superclasses.

1For simplicity we omit the method defbox.
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Figure 7: Inheritance of Visual Languages.

e Other display methods that may have been defined for class C', do not override the display method that
is inherited from a superclass of C for the visual language V. That is, if there is a method display@T
(which is defined for '), this method does not override the method display@V, because of the pointwise
inheritance of methods in F-logic.

The above strategy can be easily generalized to consider more than two visual languages, such as,
Vivi:veo. ...

4.2 Transformation of Visual Languages

A 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 visual
language V map into visual objects in another visual language V’. In order to define a new visual language,
F-terms, or U-terms in other visual languages than V may be used. As well, visual objects in visual language
V? can be defined in terms of the visual language V’ itself.

4.3 Multiple Inheritance and Disambiguation

In DOODLE we prevent a visual language from inheriting from more than one visual language. However, in
our data model, multiple inheritance of classes is possible. This may lead to ambiguity in the visualization
for objects of a class ', if this class has more than one superclass for which the visual language V that we
want to use is defined. For example:

X : C'[display@V — Y : wvisual']
X : C"[display@V — Y : visual’]

and

c:c’
c:.c”

The user can specify from which of the classes it inherits V, with the following syntax:



inherit V from C".

To implement this there are two possibilities that are offered by F-logic [KLW9(]:
X : Y[param(display, Y)QzZ — W : visualObject] — X : Y[display@zZ — 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 by

X : C[display@Z — W : visualObject] «—— X : C'[display@Z — W : visualObject]

We make the method display of class C' behave like the method display of superclass C”.

4.4 Composition of Visual Languages and Pointwise Multiple Inheritance

Point-wise multiple inheritance is achieved with a labelled refbox. The label of the refbox is a composition of
two or more visual languages. Such a composition is expressed by an expression on visual language names.
For example, the expression v ® v/, where the composition operator @ is defined by the user. We present
next the semantics for any composition operator op (when we compose two visual languages):

[display@op(V, V'), X —vis(X) : visualObject,[attry — o1, ..., attrn — on]]
—X : object[display@V, X — Y : visualObject, [attry — Z1, ..., attry, — Z4]],
X : object[display@V’, X — U : visualObject,[attry — W1, ..., attrn, — W,]].

where visualObjects is a visual class that inherits from visualObject, and from visualObject,. We note that
for each n we need a different rule. The oids 0;,1 < i < n are defined in the following way:

0; : composilion[operation — op;args — {Z1, W1};res — Ry]

5 Examples

5.1 Basic Displays

It is convenient to have some basic displays (user-defined) 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, the
visual language for labeledNode, which is defined in Figure 8. This visual language uses another user-defined

‘labelledNode “ f-language ‘

Viwvertex
[name — S: string]

Figure 8: Visual program that defines node.

visual language for the display of strings (myString).
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Figure 10: Downward layout of a binary tree specified by the program of Figure 9.
5.2 Tree Layout

The program of Figure 9 shows how we can define the downward drawing of a binary tree, which we represent
in Figure 6. The U-term on the left-hand side is the same of Figure 6. The DOODLE program that specifies
the downward layout of the binary tree has the important property that isomorphic subtrees are displayed
by the same layout (up to translation).

With small modification we can specify the drawing of the tree in an inclusion form. The DOODLE
program is in Figure 11, and the layout is in Figure 12.

5.3 Graph Transformation

This example illustrates a transformation between graphs (see Figure 13). The idea is that we take a
graph which is displayed with a visual language graph, and whose transitive closure is displayed with visual
language tcGraph, and find the nodes that are in the same strongly connected component as one of the nodes
(the node that is labeled "1’ in the first visual rule). Nodes in the same strongly connected component are
placed inside a “supernode” (second visual rule). We want to maintain the connections between the nodes
inside the strongly connected component and from (or to) these nodes to the outside nodes (see third and
fourth rules). Notice that the symbol ‘e’ specifies that there will be a single object of class sameSCC, whose
object identity is functionally dependent on the identity of the node labeled 1’

10
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Figure 11: Visual program that defines incBinaryTree.
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Figure 12: Inclusion layout of a binary tree specified by the program of Figure 11.
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Figure 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 defined in terms of itself. The program of Figure 15
specifies 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 node
is represented by a diamond, then the child node 1s represented by a box that is inscribed in the parent
diamond. The inscription is specified with the help of transparent boxes (in light grey). These boxes

11
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Figure 14: Transformation from a graph to another graph, emphasizing one strongly connected component.

have landmarks that make the specification of the position the graphical objects possible. In Figure 16 we
represent a database and a picture that results from applying the DOODLE program of Figure 15 to that
database.

5.5 Visual Summarization

In the visual program of Figure 17, we illustrate both recursion and the capacity of summarizing data. We
are building a new bar chart by adding up the heights of the bars of the same color. More specifically, we
are adding the height of the first element of the list, which has color C, to the summarized height of the
elements in the rest of the list that also have color C. The z-coordinate is determined by the color of the bar
(this coordinate is made ‘proportional’ to the color, and expressed by aC).

5.6 Multiple Inheritance

In the following example, we want to visualize the average salary (e.g., over the years) of people from different
states. The average salary is visualized with the visual language barChart. In the case of RI, the “ocean
state”, we want to compose the visual language barChart with the visual language blue. The visual language
blue is the language of all visual objects that have the color blue. We call the visualization composition
operator, @, and the new visual language is therefore barChart® blue (see Figure 19). The labelled refbox is
presented in Figure 20. In the above example, both visual languages have the same attributes. Otherwise, if
the value of an attribute is undefined for one visualization we say that its value is undefined and {undefined,
X} = {X}. On the other hand, the attribute color could have been defined for both visual languages, in
which case there would be the need to define what is meant by color; @ colorg for different values of the
color attribute. For example, blue @ yellow can be defined to be green, and red @ green can be defined to be
red.

12



| shapelncl |

|f—language
[ X |
X: root
f-language |shapeInc1 |
[ x | Ly
A
4.} X: object[parent — Y]
. 4
|f—language | | shapelncl
[ x | LY |
y N
X: object[parent — Y] 4.}
H -
Figure 15: DOODLE program that performs visual recursion.
DB
A:root( B ( C( < E © 0 @

Figure 16: The pictures of shapeIncl obtained with the program of Figure 16 and the database DB.

5.7 Meta-queries

In DOODLE, a program that visually groups all the classes for which the visual language pieChart has been
defined, is shown in Figure 21. For the visualization pieChart, this program specifies a rectangle inside of
which 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*.
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Figure 17: Transformation from a bar chart to a summarized bar chart.
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Figure 18: Visual program that defines sumChart.
6 Visual Expressiveness Issues

Mackinlay [Mac86] observes that visual languages have a limited expressiveness. A language may not be
able to encode a given set of database facts, for two reasons: (1) certain facts are not expressible in the
visual language; (2) a picture in the visual language may also express spurious facts, that is, facts that are
not in the database. In this section we discuss expressiveness issues. In order to talk about pictures and the
information they convey we define the information content of a picture to be the set of visual facts that are
instances of the relevant predicates. The concept of a relevant predicate is useful because:

e Not all visual facts convey meaning in a picture (compare the predicate above in an unconstrained
layout of a tree, with the same predicate in an downward drawing of a tree).

e Relevant predicates can also be used to model the expectations/capabilities of the user. For example
the 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 and
white.

Mackinlay [Mac86] claims that certain data visualizations may produce unsound pictures, that is, pictures
that express relationships that are not true in the database. as exemplified by the visual transitive relation-
ship contains when used to depict the non-transitive relationship neighbor, as in Figure 22. According to

14
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Figure 19: Composition of visual languages.

X: avg_salary [state — RI]

Figure 20: Labelled refbox.

meta pieChart e
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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 that
depicts Canada contains the rectangle that depicts Mexico.

A logical framework for depiction and image interpretation is described in [RM89]. We extend this work
with graphical rules, which express the user’s perception of relevant predicates (e.g., that the visual predicate

15



Canada

USA

Mexico

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 be
visualized explicitly, if the same information can be extracted implicitly. We can formally define soundness
and completeness of a visual language with respect to a database, and we also define the stronger concept of
adequacy. Given a visual language V, a set of relevant predicates, and a database schema, let T" be the set
of 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 7"
be the set of facts that are a logical consequence of the visual facts and of the interpretation rules. V is
sound for the database schema, if for any database with that schema 7" C T'. V is complete for the database
schema, if for any database with that schema T'C 7. A visual language is adequate to visualize a database
schema if 1t is both complete and sound, for any instance of the schema. As a consequence, box containment
is not an adequate visual representation for a binary relation. This happens because it is known that not
every 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, there
is 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 and
its 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, flights’
durations may not respect the triangle inequality. This means that given a graph that depicts the physical
location of the cities of arrival and departure, the duration of flights cannot be represented by straight lines
between the cities, if the duration of the flights 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 the
visual language (or visual languages) we map from the source language(s), and the resulting language we call
the target language. We consider, similarly to the visualization rules, transformation rules. Transformation
rules are logical rules that express the mapping from the source language(s) to the target language. In
what follows we discuss picture equivalence, that is, when two pictures that are instances of different visual
languages contain the “same information” about a set of database facts. We motivate this discussion with
Figure 23. In Figures 23(i,ii) and 23(1,2) the transformation rules do not affect the relevant visual predicates,
respectively contains and connects. For example, the transformation rule for Figure 23(i,ii) is

contains(X, Y) — contains(X', Y'), trans(X', X), trans(Y’', Y).

In this rule, the predicate trans encodes mappings between the graphical objects in the source language and
the graphical objects in the target language.

trans(a, a') (graphical object a is mapped to graphical object o’)
trans(b, b') (graphical object b is mapped to graphical object b')
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@ (b)

Figure 23: (i) and (ii) are equivalent under “inclusion” (or preserve inclusion). (1) and (2) are equivalent
under “connection”. Is there a measure for comparing (a) and (b)?

In addition, if @ and a’ depict the same database object, and b and b’ depict the same database object, then
it is easy to show that both pictures represent the same set of database facts. The pictures of Figures 23(a,b)
do not preserve the visual predicate contains. In this case, to determine if the two pictures convey the same
database information, we have to consider the graphical rules for the predicate contains and the graphical
rules for the predicate connects, and compare the sets of database facts that are implied by both.

The fundamental concept of genericity in the relational model expresses the invariance of queries under
the permutations of the elements of the domains [CH80, Hul86]. As transformations of visual languages
preserve only certain predicates (see Figures 23(i), and (ii)), the notion of genericity for visual languages
should consider only those permutations of the elements of the domain that preserve the relevant visual
predicates.

We say that a query @) is generic if it satisfies the following consistency criterion.

If BE B then Q(B')=1(Q(B))

for any permutation II of the values of some property B (such as shape or width) of the graphical objects
that preserves the relevant visual predicates.

In Figure 24, we provide an example of genericity. The visual property whose values are being permuted
by II 1s “shape”. Note that the permutation preserves the relevant visual predicate “connects”. Query @
computes the transitive closure and visualizes it by means of containment.

7 A System’s Architecture for DOODLE

Figure 25 depicts the building blocks of a system that supports DOODLE: The system blocks are represented
in solid lines and the rules and objects that are produced by the system are enclosed in dashed boxes. The
entities that are directly visualized by the user have the representation of an “eye” near them.

The program assistant supplies a menu of prototypical and key symbols for the user to compose a DOODLE
program. In a multi-window environment, this program runs on one (or more) windows, which are dedicated
to 1t.
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DB

Program
r----1 EDB

i_TextuaH
/l Visual >§\ e'rf:—;ﬂ;l;s—:— IDB
1

A s Compiler Lo-_-_1
Program : @
Assistant F=-=-=-9 F====-n
Query r---A Query - | Visual | Layout 'GrraphlcalI

\\_ Processor Q‘LF_‘(}%G_Y}J = | Evaluator :_Objectle Program :_Objects JI
Program/
Query
Library

Figure 25: A system for DOODLE.

The user may compose a DOODLE program either from scratch using a textual and picture editor, or by
loading another program and modifying it. Once a visual program (or query) is complete it gets processed
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by the compiler (or query processor), which transforms the DOODLE visual program into a F-logic program
or query. The F-logic query is evaluated by the query evaluator which has access to the facts in the database
and 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 not
necessarily ground terms, as illustrated by Figure 1.

The layout program creates pictures on the screen, with the (sometimes partial) information that is
supplied by the visual objects. The textual representation of the visual and graphical objects are stored in
the EDB, so that they can be queried in turn.

8 Conclusions and Future Work

In this paper we give examples of visual languages that can be expressed with DOODLE, and in particular
we show that: (1) Visual languages are first-class citizens of the model: it is possible to transform, compose,
and inherit from already defined visual languages to form new visual languages; (2) All visual operations on
the data are semantically deductive and object-oriented queries. We also present a variety of applications of
DOODLE, and outline the U-term language, which is a language for specifying constraints visually [Cru93].

As mentioned in the introduction, DOODLE is very different 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 to
extend DOODLE with visual constructs that express negation. Also adding non-determinism (see, e.g.,
[BK93]) would support, for example, the specification 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 declarative
paradigms for graph drawing through visual constraints [CTV93].

Temporal Databases. We believe that temporal databases could benefit from an interface like DOODLE.
Temporal charts (see for example [Tuf90]) could be used for expressing temporal queries.
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