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Abstract

Visual programming languages use pictures formed from graphical elements as pro-
grams rather than strings of text. A visual program is a diagram specifying a com-
putation. Examples of visual programming languages include many types of diagrams
traditionally used within computer science, such as data flow diagrams, finite state
diagrams and flowcharts; as well as graphical methodologies developed for software
engineering; and new languages such as StateCharts developed to exploit the visual
paradigm.

One problem that has hampered research in visual programming languages is the
lack of a syntax definition mechanism. The specification of syntax and parsing of pro-
grams is well understood for textual programming languages. Both formal methods for
syntax specification (e.g. context-free grammars)and practical tools (such as yacc) have
proven valuable to language developers. Visual language syntax is more complicated
because of the two-dimensional nature of the languages. Previous visual programming
environments largely used ad-hoc specifications and special purpose structure editors
to handle visual language syntax.

The attributed multiset grammar is a formal model for generating languages which
are collections of objects. Picture layout grammars are a specification mechanism for
visual language syntax based on attributed multiset grammars. Using picture layout
grammars, a language designer can define both the syntactic structure and the two-
dimensional layout of a visual language. A spatial parser is an algorithm to recover
the syntactic structure of a visual program from an unstructured picture representa-
tion. This dissertation develops the attributed multiset grammar model and gives a
spatial parsing algorithm for picture layout grammars. It also describes the GREEN
environment, which combines an object-oriented graphics editor with the spatial parser
to form a grammar-based visual programming environment.
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Chapter 1

Introduction

Graphic representation constitutes one of the basic sign-systems conceived
by the human mind for the purposes of storing, understanding, and commu-
nicating essential information. As a “language” for the eye, graphics ben-
efits from the ubiquitous properties of visual perception. As a monosemic
system, it forms the rational part of the world of images.

Graphics owes its special significance to its double function as a storage
mechanism and a research instrument. A rational and efficient tool when
the properties of visual perception are competently utilized, graphics is one
of the major “languages” applicable to information processing. Electronic
displays, such as the cathod ray tube, open up an unlimited future to graph-
ics. [5].

—Jacques Bertin, Semiology of Graphics, 1967.

Programming is both one of the most fundamental and one of the most difficult ac-
tivities associated with computing. Its difficulty has led to the development of many dif-
ferent approaches and languages for programming. Traditional programming languages
such as Fortran and Pascal provide programming with different syntactic constructs
within a similar procedural model. New paradigms have been introduced, such as
object-oriented programming, functional programming and logic programming, which
change the underlying model of computation. Another approach is to change the
medium used to express computations, from textual elements to visual ones. Visual
programming is a mode of programming where graphics rather than text is used as a
medium for programming.

Visual programming is based on the idea that pictures can be both more expressive
and easier to understand than text. Visual programming is an approach to program-
ming, the idea that pictures should be used to express computations. A concrete expres-
sion of a computation requires a visual programming language. A visual programming
language is a programming language whose components are graphical. Programs in a
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visual programming language are formed by combining the graphical elements into a
picture.

This thesis develops a foundation for visual programming languages. It presents a
formal model of visual language syntax along with an algorithm for performing syntax
analysis of pictures. A formal model of visual language syntax is essential for discussing
visual languages. It allows us to say what constitutes a picture, and what pictures
comprise valid programs in a visual programming language. Within the formal model,
a convenient grammar mechanism for defining visual languages is provided. These
grammars are the input to the generalized parsing algorithm.

Most of the research in visual programming has focused on the development of
specific visual languages. Part of the reason for this focus is the lack of formal models
for specifying visual language syntax and tools for utilizing those specifications. This
thesis provides a basis for research in visual languages, as well as tools to aid the visual
language researcher.

To understand the motivation for this thesis, one can examine the state of affairs in
traditional textual programming languages. Context-free grammars provide a formal
model for the syntax of textual programming languages. This has allowed language
designers to specify and discuss programming languages independent of any particular
implementation. In addition, parser generators such as yacc [40] allow the easy cre-
ation of parsers for new languages. Complete programming environments have been
generated from grammar based language specifications [65, 71].

This research may be seen as an attempt to put visual languages on a similar
footing as textual languages. Only when visual languages have both a solid theoretical
foundation and an array of useful tools will visual programming languages be on a par
with textual ones.

This chapter gives an overview of the research. First, the discussion considers what
a visual language is and why they are useful. The next section characterizes what the
“problem” addressed by this thesis is and why it is important. Finally the solution
and its significance are outlined. The chapter closes with a description of where the
remaining chapters will take us.

1.1 Visual Programming Languages

The term visual language has been used in many different ways. Several distinct types
of languages have been described as visual languages: languages manipulating visual
information; languages for supporting visual interactions; and languages for program-
ming with visual expressions [86]. Visualization systems are also often confused with
visual programming. They create visual representations of structures such as data,
programs or designs. The connection between these areas is that they all concern both
graphics and computer programming, but they differ in three directions:

e What kind of pictures are used.

¢ What kinds of things are represented by the pictures.
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Figure 1.1: A Finite State Diagram

o How the pictures are used (i.e., are they created, edited or displayed?)

Our concern in this dissertation is largely with languages for programming with
visual expressions. These are called visual programming languages. The term visual
is used in the same sense as in the phrase “visual aid”, meaning something graphical
as distinguished from mere text. A visual programming language is a programming
language where a program is formed from graphical elements, rather than textual ones.

For example, consider the picture in Figure 1.1. This picture is a finite state dia-
gram. It is visual, in that the picture is two dimensional and composed of nontextual
elements such as circles and arrows. Of course, the picture also contains some text, as
text strings can be considered a type of graphical element. Thus, textual syntax can
be considered a special type of graphical syntax.

In addition to being graphical, visual programming languages are designed for pro-
gramming. A program is a description of a computation or action. A visual program
is a picture which describes a computation. For example, the picture in Figure 1.1 can
be interpreted as a finite state diagram (by considering the circles to be states and the
labelled arrows to be transitions, with the marked state both the initial and final state.
It describes a function mapping from X* to {0,1} (i.e., a function that accepts some
strings and rejects others), where ¥ = {a,b,c}.
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Just as there is more than one textual programming language, visual program-

ming languages take on many different forms. Visual programming languages can be
characterized along three axes:

o The problem domain addressed by the language reflects both the type of prob-
lems that the language is suitable for and the potential audience for the lan-
guage. Visual programming languages vary from the very narrow, such as the
Miro language [53] for specifying access rights, to general purpose programming
languages such as Prograph {19]. Visual languages have been directed towards

non-programmers [21], novice programmers [10, 33] and experienced program-
mers [35].

o The computational model underlying the language determines the execution se-
mantics. Visual programming languages are not limited to any particular seman-
tics. In practice, a wide range of computational models have been used for visual
programming languages. Examples include the traditional imperative model [33],
object-oriented programming [19], data flow [44], logic [96], and programming by
demonstration [76).

o The visual syntaz of the language describes what pictures form programs in the
language. The types of pictures used in a visual language can vary greatly.

Our focus is on the syntactic aspects of visual languages and my approach to syntax
is independent of the problem domain or computational model. Even restricting our
attention to syntax, a great variety can be found in visual languages. The differences
in visual syntax are largely of function of two aspects of the language:

1. visual symbols: The visual symbols used to form programs dictate much of a
language’s syntax. These symbols correspond to such elements of textual lan-
guage as keywords, identifiers and constants. Some types of visual symbols are
rectangles, circles, lines, text strings, icons and images.

2. arrangements: The remainder of the syntax is determined by the way in which
the visual symbols can be arranged to form a program.

Shu [86] has classified visual programming languages into three groups according to
the type of pictures they contain. Forms-based languages use two dimensional arrange-
ments of text as programs. For example, FORMAL [85] is a data management system
based on filling in forms. A stylized form heading consisting of hierarchically struc-
tured text is used to represent a data structure. Data manipulation is programmed as
a transformation between forms. '

Icons are atomic visual symbols which relate to objects or processes. Iconic lan-
guages use two dimensjonal arrangements of icons for programming. For example, the
Pict system [33] uses flowcharts constructed from icons to create programs for simple,
numeric computations. Icons are used to represent variables, program operations and
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control structures. Iconic languages generally use a large number of icons which are
combined in a simple fashion.

Diagram languages use existing graphical design methodologies to create executable
visual programs. Flowcharts, data-flow diagrams, petri nets and finite state automata
have all been implemented as visual programming languages. Diagram languages may
be further broken down into two groups: nested box languages and box and arrow
languages. In contrast to iconic languages, diagram languages generally have a small
number of visual symbols which are combined in a complex fashion.

1.1.1 The Benefits of Visual Programming

One question to be addressed is why should a visual programming be used? Textual
programming language technology is quite advanced and a large number of textual
programming languages already exist. What advantage is to be gained by extending
these capabilities to visual languages? It is apparent from the level of interest in visual
programming languages (as evidenced by the rising attendance at the IEEE Visual
Languages Workshop and the start of a new journal devoted to visual languages [14]),
that some advantage is perceived for a visual approach to programming.

The benefits of visual programming must be discussed in the context of the intended
audience. This audience can be grouped into three classes, according to the relation-
ship to programming: end-users; novice programmers; and experienced programmers.
Visual programming will enhance the ability of all three groups to exploit the power
of computers, although in different ways. What gives each of these diverse groups and
advantage is the relationship of visual programming to mental models. Norman has
observed that

Conceptual models are devised as tools for the understanding or teaching of
physical systems. Mental models are what people really have in their heads
and what guides their use of things. Ideally, there ought to be a direct and
simple relationship between the conceptual and the mental model.

... In the ideal world, when a system is constructed, the design will be based
around a conceptual model. This conceptual model should govern the entire
human interface with the system, so that the image of that system seen by
the user is consistent, cohesive, and intelligible. {60]

Visual programming languages allow a programmer to use a conceptual model that
is close to her own mental model. Reiss calls this approach conceptual programming [66].
Conceptual programming tailors the solution to the thought process of the user, rather
than forcing her to think in terms of the programming language. Because the solution
is often expressed using diagrams, a visual programming environment is well suited to
conceptual programming. Each class of users will form mental models of the solution,
but they differ in relating those to conceptual models. By providing a closer relationship
between the conceived mental model and the implemented conceptual model, visnal
programming allows the user to make more effective use of the computer. The benefits
of a visual approach to programming for each class of users is briefly examined next.
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End-User Programming

End-users are people who either do not program at all (nonprogrammers) or people for
whom programming is not a typical task (casual programmers). For some applications,
visual languages are more easily manipulated that textual ones by people without
special training in programming [72], and allow such users more control over their
computing.

Computers are very flexible in adapting to specific problems, but using this flex-
ibility often requires programming to customize an application. Visual programming
enhances the ability of end-users to do such tailoring without the aid of a computer ex-
pert. Visual languages and interfaces provide a model of the computing process which
is simple to understand and manipulate.

One example of such end-user programming can bee seen in the HI-VISUAL sys-
tem [97]. HI-VISUAL is an iconic language for specifying image transformations. A
program consists of a graph of icons, where the icons represent data, primitive opera-
tions and subprograms. A program is constructed by selecting icons from a menu and
connecting them to form a graph. The connections represent the flow of data.

HI-VISUAL is used to create image processing programs. The icons correspond to
entities within the mental model of the image scientist, such as the TV camera, basic
image processing functions (e.g. thresholding, edge detection) and image displays. A
complicated image processing procedure can easily be built up from the basic compo-
nents. Creating a custom application such as this would otherwise require extensive

programming expertise, even with the use of a library providing functions equivalent
to the icons.

Novice/Learning Programmers

A second area of computing where visual languages realize considerable benefits is in
use by novice or learning programmers. One way pictures are useful in learning to
program is by aiding. memory. Visual aspects such as shape, color and texture help
in recognition of program components. Pictures also aid comprehension because they
better reflect the structure of the program.

Bonar and Liffick [10] developed a visual programming language for instructional
use. The language was based on the concept of programming plans. Plans are atomic
elements, and each plan has a single icon. The focus is on the interconnection of plans.
Control flow is expressed by end-to-end connection of icons. Data flow is expressed by
embedding a value icon into a hole in another icon. The icons were shaped such that
they could only be combined in syntactically valid forms. This use of shape helped
the novice to learn programming both by guiding the construction of a program and
reflecting that structure in an accessible manner.

The PICT system [33] is an iconic programming system oriented towards novice
programmers. The language was loosely based on Pascal. The user interacted with a
structure editor to choose icons and then connect them with paths. PICT used color
rather than names to represent variables. While this limited the number of variables,
it also increased perception of which variables were used.



1.1. VISUAL PROGRAMMING LANGUAGES 7

Expert/Experienced Programmers

Finally, visual programming languages can increase the productivity of experienced pro-
grammers by providing new, powerful ways of expressing computations. Pictures can be
more expressive than words, particularly when describing things with a two-dimensional
nature, such as topological information. Research has suggested that graphical repre-
sentations of algorithms are sometimes easier to comprehend than textual representa-
tions [79]. Pictures are also very adaptable to new paradigms, and visual programming
languages have been for many sophisticated computational models. Three examples of
this are the PiP, ThinkPad and Prograph systems.

The Programming In Pictures system [64] supports a a visual programming lan-
guage based on the FP functional programming language. The system uses two-
dimensional graphics to define functions. The language is designed as a direct ma-
nipulation interface — no names are used to identify entities. Programs are created
using a series of specialized editors. A function is defined by manipulating the con-
stituents of the input and output data structures. Functions may then be combined
using a number of built-in functional forms. Each functional form has a characteristic
frame which controls its display. PIP demonstrates the usefulness of a visual language
for functional programming.

ThinkPad [76] is an environment for graphical programming by demonstration, with
a language based on logic programming. The user defines graphical representations of
her data structures using the data editor. Functions are then defined as mappings from
inputs to outputs by manipulating the input and output data structures. Multiple cases
with different conditions assigned can be defined for a function. The function definitions
are mapped to Prolog clauses for execution.

Prograph [19] is a pictorial programming environment based on an object-oriented
dataflow language. The environment provides the capabilities to graphically define
classes and methods. Methods are programmed visually by constructing a picture that
depicts the dataflow implementation of the method. Execution of Prograph programs
is provided by an interpreter and interactive debugging tool.

Visual programming languages are also well suited for use in concurrent program-
ming systems. Because pictures are two dimensional, they express process intercon-
nections in a natural manner. Several languages have been developed to exploit this
feature. [CITE Pigsty, etc. here]

Specialized visual languages can be used to express particular aspects of a system.
The Miro project [53] is designing a visual language for specifying properties of large
software systems. They have developed a visual notation for describing security prop-
erties based on the access-rights matrix model. The visual language uses labelled boxes
to represent both the universe of users and files to be accessed. Labelled arrows indi-
cate access rights. The visual language allows precise, convenient security definitions
and is an improvement over previous textual approaches.

Lastly, pictures are used extensively within software engineering methodologies
and tools. Design methodologies such as SADT [74] use graphical representations
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as “blueprints” of software designs. Numerous commercial applications for Computer-
Aided Software Engineering are available which visual programming of design or docu-
mentation. One example is the Software through Pictures modular tool set from Inter-
active Development Environments [92]. This system provides editors for constructing
several types of diagrams, as well as programs to check diagrams for design-rules of
supported methodologies.

1.2 Specifying Visual Syntax
1.2.1 The Problem

Languages are sets: textual languages are sets of strings; graph languages are sets of
graphs; and visual languages are sets of pictures. The purpose of a language syntax
specification is to define the set constituting the language. The problem addressed by
this dissertation is to develop a method for specifying the syntax of visual programming
languages. The requirements on the solution to this problem are that:

e The specification mechanism must be applicable to a wide range of visual pro-
gramming languages, and easily extensible to new languages.

¢ A language specification be a natural expression of the syntax of a language and
easily understood.

¢ The specification of a language’s syntax must provide a feasible basis for efficient
syntax analysis.

e A language specification should provide a foundation for the processing of vi-
sual programming languages, such as the compilation of visual programs and the
construction of visual programming environments.

Syntactic analysis of visual programs is central to my approach to visual program-
ming. Parsers have proven to be very valuable in the development of textual program-
ming languages. Parsers separate the manipulation of programs from their interpreta-
tion, allowing the visual programmer to work in terms of the concrete syntax of the
visual language. Thus, the second problem addressed is the development of a method
for parsing visual programs based on the specification of the visual language syntax.

My approach to syntax specification is grammar-based. A grammar is a finite set
of rules which specify the syntax of a language. The nature of a grammar depends
on structure of the elements of the language. String grammars are used to specify the
syntax of textual languages; graph languages are specified by graph grammars, and
visual languages are specified with picture grammars.

A grammar approach to syntax specification has several advantages:

¢ Grammars provide a formal definition of the language syntax, which allows rea-
soning about language elements (e.g. determining membership in the language;
proving correctness of parsing algorithms).
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Figure 1.2: A Two-dimensional Collection of Objects

¢ Grammars are general tools for defining syntax and can be extended to new
languages by writing new rules.

e The grammar rules provide a structure to the elements of the language.

e A grammar provides a structured mechanism for defining the translation from
abstract to concrete syntax.

¢ A grammar specification can form the basis for a parsing algorithm.

1.2.2 Why is Visual Language Syntax Difficult?

Formal languages whose elements are strings have been widely studied. Context-free
grammars are used as a basis for the syntax of textual programming languages. Parsing
of context-free languages is well understood, and is widely used within traditional
compilers. So the question arises, why is visual language syntax difficult? The answer
to this question is that visual languages differ from context-free languages in one key
aspect - the elements of a visual language are two dimensional collections, rather than
one dimensional sequences. This difference is reflected in three ways:

e The symbols in a visual program are not represented by a linear ordering.

e A wide variety of relationships between symbols is possible, rather than simple
one dimensional adjacency.

e The underlying structure of a visual program is a directed graph, rather than a
tree.

No Linear Ordering

Textual programs are strings. A string is merely a sequence of symbols. This sequence
reflects a linear ordering of the symbols comprising a program. This ordering is in-
herent in the program and is reflected in any representation of it. Traditional parsing
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A

Figure 1.3: An Indeterminate Composition

algorithms make use of this fact.

A picture, on the other hand, is a two dimensional object. A representation of the
picture should embody all the important relationships within the picture. A linear
ordering of the components of a picture would not preserve all the adjacency relation-
ships. For example, consider the picture formed from four boxes shown in Figure 1.2.
The structure of this picture could have either the boxes labelled 1 and 2 or the boxes
labelled 1 and 3 related, depending on the definition of the language. Thus the ele-

ments of the picture cannot be simply linearized, while preserving all the relationships
between components.

Many Compositions

In a textual language, concatenation is the only composition operation used. The
relationship between elements of a sequence of symbols is fixed. In a visual language,
many types of composition operators are possible. Several different operators could
apply to the same picture. For example, in Figure 1.3, is the box labelled B above
the box labelled A, above and right of A, or just right of A. The interpretation of this
relationship is dependent on the syntax of the language. The representation of pictures
must sufficiently general to express all these possibilities.

Underlying Graph Structure

The structure underlying a textual program is a tree. Like strings, trees are essentially
linear objects. Visual programs are two dimensional, so they often do not have a
natural representation as a tree. For example, consider the finite state diagram shown
in Figure 1.1. This visual program is two dimensional - it can’t be properly drawn in
one dimension.

Furthermore, a tree structure will not correctly express the relationships between
the components of the picture. An arrow in the picture is clearly related to the circles at
both ends, since that relationship is significant to the meaning of the picture. The cycles
present in the FSA graph prohibit a tree-based representation of these relationships,
however. Representing a cycle requires some object (circle or arrow) to appear twice
in the same tree. Thus, the two dimensional nature of the finite state diagram reflects
an underlying structure that is graph-based rather than tree-based.
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1.2.3 Overview of the Solution

To model the syntax of visual languages, I have developed a new kind of grammar,
called the attributed multiset grammar. Multiset grammars are similar to context-free
grammars, except that the right hand side of a production is considered to be an
unordered collection of symbols, rather than a string. The language generated by a
multiset grammar is a set of multisets.! An attributed multiset grammar is a multiset
grammar which has been augmented with parsing atiributes.

Attributed multiset grammars are similar to traditional attribute grammars {45},
but differ in two key respects: First, because they generate multisets, attributed mul-
tiset grammars remove the notion of ordering implicit in a string grammar. Instead,
an attributed multiset grammar represents the logical structure of a program. Another
difference is that the attributes in an attributed multiset grammar are an integral part
of the parsing of an input multiset. The attributes in a grammar are used to express
ordering relations within the structure of a program.

The mechanism developed for specifying visual syntax is a specific form of attributed
multiset grammar called a picture layout grammar (PLG). A picture layout grammar is
used to specify both the structure and the two dimensional syntax of a visual program-
ming language. The symbols in a picture layout grammar are graphical elements, and
the productions specify how those elements are combined to form pictures. A picture is
represented as an attributed multiset of graphical symbols. The attributes in a picture
layout grammar represent the geometric information about the elements of a picture.

I have developed an algorithm for parsing visual programs. The parsing algorithm
takes as input a picture and a grammar and constructs a directed acyclic graph ex-
pressing the derivation of the input picture. Syntax analysis is done in a bottom-up
fashion, with all possible parses computed. The parse graph can serve as the basis for
processing of a visual program.

Finally, I have implemented a visual programming environment, called Green, based
on picture layout grammars and the parsing algorithm. Green extends the attribute
mechanism of picture layout grammars to allow the specification of language semantics
similar to those found in attribute grammar based programming environments [71).

1.3 Contributions

This thesis solves the two problems stated earlier ~ development of methods for spec-
ification and parsing of visual languages. These developments are of significance from
both a theoretical and practical point of view. They advance the understanding of
the structure of visual syntax and also provide useful tools for use in research and
development of visual programming languages.

The primary contributions of this dissertation are:

¢ A new formal model, the astributed multiset grammar, for describing computa-
tions of collections of objects. Attributed multiset grammars provide a basis for

1A multisetis a set which may have repeated elements, i.e. an unordered collection.
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the syntax of visual programming languages.

¢ A concrete mechanism for the specification of the syntax of visual programming
languages. Picture Layout Grammars present a method of easily and naturally
describing visual syntax.

¢ A general algorithm for the parsing of visual programs. My algorithm is capable
of parsing programs in any visual language described by a well-formed picture
layout grammar.

¢ A design for a visual programming system based on objects, picture layout gram-
mars and spatial parsing. This architecture allows the quick prototyping of visual
languages using picture layout grammars, and programming in a visual language
using the parser to analyze and process visual programs.

1.4 Thesis Organization

Chapter 2 reviews other work related to visual language syntax, concentrating on other
research in visual programming languages that has attempted to provide syntax spec-
ifications. Research from syntactic pattern recognition, on using grammars to specify
pictures, is also discussed. ‘

Chapter 3 discusses visual language syntax; examines the various alternatives in
visual syntax; and develops a conceptual framework for pictures and visual languages.
It outlines how grammars may be used to specify visual syntax and illustrates this with
an example.

Chapters 4 and 5 develop the method for specifying visual language syntax. The
formal definition of the model, the attributed multiset grammar is given in Chapter 4.
Chapter 5 elaborates on this model, describing how picture layout grammars are used
to specify visual syntax.

Chapter 6 gives the algorithm for parsing visual programs. The algorithm is pre-
sented, along with an analysis of the complexity and a proof that the parsing algorithm
operates correctly.

Chapter 7 describes the architecture and implementation of the GREEN visual
programming environment. Chapter 8 presents conclusions, evaluating my method for
specifying visual languages and the specific implementation. Finally, it discusses how
this approach could be extended and gives directions for future research utilizing the
model of visual syntax.

Finally, Appendix A describes the exact format used to write a picture layout
grammer. Appendix B gives a detailed discussion of the GREEN Editor interface.
Appendix C gives three sample picture layout grammars defining simple visual pro-
gramming languages.



Chapter 2

Previous Work

This chapter examines previous research done on the specification of visual syntax. A
number of other researchers have looked at the question of specifying and parsing visual
languages. Several researchers have addressed the question of producing a language
independent visual programming environment. The previous work related to these
issumes are discussed.

There is also a large body of research into the problem of using grammars to specify
and recognize patterns. This area is called syntactic (or structural) pattern recogni-
tion [28]. Pictures are a typical application for syntactic pattern recognition. This area
of research has much in common with the objectives of this dissertation, although they
are not identical. The research most closely related to my goals is examined.

In addition to work in these two areas, there is a broad range of previous work
that deals pictures for purposes of generating images. These include systems oriented
towards computer graphics such as PHIGS [39]; page description languages such as
PostScript [38]; program visualizations systems [58]; constraint systems {11]; and lan-
guages for specifying diagrams within documents, such as PIC [42] and Ideal [93].
These areas of research, are related in that they contain models for images. They differ
from this thesis in several respects: the types of images modelled; the structure of the
models (e.g., procedural representations); and most importantly, in that the goal is
the synthesis of a picture. Because they are not directly relevant, these areas are not
considered in more depth.

The next section covers the related research in visual programming languages. Fol-
lowing that is a discussion of the relevant previous work from syntactic pattern recog-
nition. Finally, I briefly relate my new approach to the previous work.

2.1 Visual Programming Environments

A visual programming environment is a software tool or collection of tools which pro-
vides support for programmingin a visual language. The role of the visual programming
environment is analogous to the role filled by a traditional, text-based programming

13
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support environment [65]. Visual programming environments must support two pri-
mary tasks: the manipulation of programs (i.e., the ability to create and edit visual
programs); and the processing of programs by analyzing and executing them.

The approach to building a visual programming environment presented here is
based on spatial parsing. A general visual programming environment is customized
for a particular visual language using a grammar specification of the language. This
approach parallels developments in textual programming support environments, where
specifications have been used to generate language specific environments [65, 71].

Typically, visual programming environments are not language independent. Rather,
most of the research in visual languages has concentrated on the development of new
visual languages along with dedicated environments for those languages. A single
language environment such as this generally contains a special purpose interface for
creating and editing visual programs. A representation of the underlying structure is
constructed along with the picture and used to drive any processing.

ThinkPad [76] is typical in this respect. The ThinkPad environment provided a
visual interface for creating ThinkPad programs. This interface contained distinct
editors for the various components of a ThinkPad program (e.g., data structures, con-
ditions and operations). These editors were all restricted to editing operations based
on the underlying representation of the programs. The editor (and environment) was
" completely specific to the ThinkPad language. Other examples of systems using a ded-
icated, special purpose editor include Pegasys [57], PiP [64], PICT [33], I-Pigs [63],
InterCONS [87], Fabrik [51] and Prograph [19]. These systems do not address the
problems of syntax specification and parsing and are not considered further.

A number of other visual programming environments have been designed to be
language independent and use syntax specifications. The Garden system [67] is a
language independent environment for graphical programming, but is not based on
parsing. The SIL/ICON Comvpiler [17] project and the work of Lakin [48] both develop
language independent environments based on parsers. Show and Tell [44], G-LOTOS [9)]
and Ambit/G [18] all exhibit single language environments that use parsers. The
remainder of this section examines each of these systems in more detail.

2.1.1 Garden

The Garden system [68, 67] is a language-independent environment that supports a
wide variety of different graphical program views in a consistent manner. Garden
is intended as an environment for prototyping visual languages and its design allows
for the easy definition of a new language. Another objective of Garden is to permit
programs in different visual languages to interact within a common framework.

Garden is implemented as an object-oriented environment. There is an underlying
object system called HUMUS which provides the basic capabilities of the environ-
ment. An object-oriented database is used to store the objects. All components of
the environment, including the language definitions, visual programs, and environment
information are represented using objects.
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Garden takes a three-tiered approach to defining a visual language. First the ab-
stract structure of the language is specified by defining a set of object types correspond-
ing to the components of the language. A concrete graphical syntax for the language is
defined from these types. The semantics of the language is specified by defining eval-
uation routines for the object types. An editor for visual programs is provided which
can be customized for a specific language.

The visual syntax of a language is specified using the GELO layout package [69].
A mapping is defined from the program objects into GELO graphical objects. GELO
automatically creates a display from the graphical object structure. The display of a
visual program is a two-step process. The first step maps from a structural represen-
tation of the program (as Garden objects) to a structural representation of the picture
(as GELO objects). The second step then maps the structural representation of the
picture into an actual display.

GELO provides four types of graphical objects:

1. Basic objects consist of a simple shape enclosing a text string. Figure 2.1a shows
an example of a basic object.

2. Tiled objects are used for hierarchical structures. A tiled object consists of a
rectangle split into non-overlapping rectangular regions or tiles, as shown in Fig-
ure 2.1b. Each tile can contain another GELO object. The relationships between
the tiles form a set of constraints on the contained objects, which are resolved by
GELO during picture generation.

3. Layout objects generate displays of graph structures. Layout objects consist of a
rectangular region into which nodes and edges are placed. The nodes are either
basic or tiled objects. The edges can either be explicit arc objects or simple
connections between nodes. The resulting graph is automatically laid out by
GELO using built-in heuristics.

4. Arc objects are used to control the display of arcs within a layout. They can
specify parameters such as the type and location of arrowheads and a text label
to be place on the arc.

Figure 2.1c shows a sample Garden display. The display shows a Finite State
Automaton program. The overall program is displayed as a tiled object with two
fields. The top field contains the name of the FSA. The second field contains a layout
object which is used to display the FSA. Within the layout object, states are translated
to basic objects and displayed as ellipses enclosing the state name. Transitions are
displayed as labelled arrows between the states.

The APPLE editor is used to define the mappings from the program objects to
GELO objects. For each program object type, a set of stylized display examples are
constructed. Each example consists of prototypical GELO objects which indicate how
actual GELO objects are to be created from a program object of the given type. Con-
ditions are used to select which of the examples are used for each program object.
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Figure 2.1: a) a GELO basic object; b) a tiled object; ¢) a GELO display
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The approach to visual language syntax taken by Garden is directed towards gen-
eration of visual programs from abstract structures, rather than analysis of programs
to recover structures. Garden does not use a grammar to define visual syntax, but its
approach can be viewed in a grammar framework. The aggregate GELO objects (i.e.,
tiled and layout objects) correspond to composition operations. The Garden object
types can be thought of as nonterminal symbols, and the display examples are like
productions. L ,

Although the Garden/GELO approach can be viewed as similar to a grammar,
it differs in several key respects. First of all, since the Garden object types serve as
“nonterminals”, the structure of the picture must closely follow the abstract structure of
the language. The translation process also forces the GELO objects into a hierarchical
organization.

Another problem is that the compositions are limited to the tiling and layout ag-
gregates. These compositions do not cover all the desirable picture structures. For
example, two dimensional arrays cannot be described. Furthermore, fine tuning of
a composition (e.g., relative positioning of objects within a layout) is limited to the
builtin heuristics.

Garden atiempts to simplify the definition of visual syntax by making the process
as automatic as possible. It succeeds at making it exceptionally easy to define a visual
syntax for a language, but at the loss of some flexibility in controlling the syntax. This
can make it difficult to define the syntax of a language exactly as desired.

Another distinction between Garden’s approach and mine is the method of creating
visual programs. The language definitions used by Garden are not suitable for syntax
analysis. The visual syntax is defined by three elements: the structure of the Garden
objects; the mappings of those objects to GELO objects; and the rendering of the
GELO objects into display entities. Reversing the translation process requires that all
three of these elements be unified, and that this translation be invertible. One problem
with inverting these translations is that the mappings can use arbitrary conditions for
selection. Another problem is that the contents of a layout object can be specified as
the closure of a set of objects, giving rise to cyclical references between “productions”.

Instead of an editor/parser combination, programs are created in Garden using an
interface to the PEAR structure editor. The editor uses GELO to display a picture of
the user data structure (i.e. program). Editing requests are initiated by user actions,
and are translated into requests to change values or to add or delete elements from
a layout. The implementation of these changes in the underlying data structure is
provided by the language definer in the form of methods for the paramount object
type. GELO is used to update the display to reflect any changes in the program
objects.

Annamalai [4] formalized Garden’s translation process and attempted to make it in-
vertible. Garden object definitions were mapped to grammar rules where the left hand
side is a Garden type and the right hand side consists of the fields of that type. He
expressed the translation to GELO objects as a distinguished synthesized attribute pic-
ture. The attribute grammar was inverted using an extension of Yellin’s algorithm [95].
The resulting grammar translated from the GELO structure of a picture to the Garden
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objects forming the abstract syntax. This approach required that the user explicitly
specify the hierarchical structure of the picture. The interface provided by this ap-
proach was more of a modified structure editor than a general picture editor. A further

problem was that the inverted grammar could be ambiguous and not amenable to
analysis.

2.1.2 SIL

The SIL-ICON Compiler [17] developed at the University of Pittsburgh comes closest
to my own research. The SIL-ICON compiler supports the specification, interpretation,
prototyping and generation of icon-oriented systems. A formal specification of an icon
system is used by an icon interpreter to understand and evaluate a visual sentence.

The design of the system is based on the concept of a generalized icon. A generalized
icon has a dual representation

(Xm, Xt)

where X, is the logical part (meaning) and X; is the physical part (image). An icon
system definition consists of four parts:

e G - the Icon System, a formal, syntactic specification of the icon system.

e ID - the Icon Dictionary a set of elementary icons. The elementary icons are
divided into two disjoint sets, the process icons and the object icons.

¢ OD - the Operator Dictionary, a set of icon composition operators.

¢ ETAG - the Eztended Task Action Grammar, a description of the tasks in the
icon system.

An iconic sentence is a combination of predefined icons, forming a composite icon.
An icon world is the set of all the composite icons that can be constructed from the
elementary icons using the operators in OD. An icon-oriented system is a subset of an
icon world that is meaningful for an application domain.

/

N

Figure 2.2: Iconic Sentence
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U

PICTURE — right & ROWS
PICTURE — down A COLS
ROWS — ROW A ROW
COLS — COL & COL
ROW — box & box

COL — box A box

Figure 2.3: Two Iconic Sentences and a Picture Grammar

The SIL-ICON system contains several tools: a tool for creating and manipulating
icon system definitions; an editor for iconic sentences; an icon interpreter; and an icon-
oriented system generator. An icon system definition is essentially the definition of a
visual language. An iconic sentence corresponds to the notion of a visual program. The
icon interpreter parses an iconic sentence and evaluates it, producing a complex icon
structure in the form of a conceptual graph. The icon-oriented system generator builds
an executable version of a set of complex icons.

The physical part of an icon (i.e., the concrete syntax of a visual program) is
specified using a picture grammar. A picture grammar is a context free grammar
where the terminal symbols include both primitive picture elements and spatial image
operators. The operators describe compositions of the physical parts of icons. SIL
provides three operators: horizontal concatenation (represented with the character
‘&’), vertical concatenation (‘A’), and spatial overlay (‘4+’). Using these operators,
a string can describe a complex physical icon. For example, the iconic sentence in
Figure 2.2 can be represented by the string “(box & box& box) 4 cross”.

Parsing of an iconic sentence is a multistep process. First the spatial operators
are inserted between icons in the picture. Each operator has an associated division
rule [15] which specifies the regions occupied by the arguments of the operator. The
division rules are used to compute operator dominance and precedence relationships for
the picture. Using these relationships, the operators in the picture are ordered and the
picture transformed into a pattern string. The pattern string is then parsed according
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tc the grammar, using a parsing algorithm for context free grammars.

The structural analysis method used by the SIL-ICON compiler can only handle a
limited range of visual languages. The problem is that when picture is converted to
a pattern string, only the precedence and dominance of the spatial operators is used.
Thus identical subpictures must be resolved identically, regardless of context.

For example, consider the pictures shown in Figure 2.3 with the picture grammar
given. The first picture corresponds to the pattern string

“right & ((box&box)A(box&box))”
and the second to the string

“down A ((boxAbox)&(box&box))”.
The subpicture containing the four boxes needs to be transformed into different pattern
strings.

Furthermore, because only a small set of spatial operators is provided, more complex
syntactic constructions cannot be described. For example, a diagonal concatenation
is not possible. A richer set of spatial operators could be introduced, however this
complicates the transformation into a pattern string even further.

2.1.3 Visual Grammars

Lakin [48] has developed a method for specifying visual languages. His philosophy is
very similar to mine. Lakin defines a visual language as “a set of spatial arrangements
of text-graphic symbols with a semantic interpretation that is used in carrying out com-
municative actions in the world.” A text-graphic symbol is a visual symbol consisting
of either a fragment of text or a primitive graphical element.

Lakin advocates using a general purpose graphics editor to create a picture consist-
ing of atomic text-graphic symbols with an associated spatial arrangement. He coined
the term spatial parsing for the process of recovering the underlying syntactic structure
of the picture from its spatial arrangement. He has constructed a visual programming
environment that combines a picture editor with a spatial parser.

Lakin uses a visual grammar to define the syntax of a visual language [49]. A
visual grammar consists of a context-free grammar which has been visually annotated
to indicate the spatial arrangement of the elements of productions. Figure 2.4 shows
a sample grammar defining a simple family of bar charts. The right-hand side of each -
rule is a spatial template indicating where the members of the expression are located.
The connections between the line over the template and the elements of the right-hand
side describes the resulting parse tree structure. The elements of the right-hand side
can be visual literals (i.e., terminals), predicates testing for an acceptable literal (e.g.,
textlinep), or nonterminals (e.g., “*bar-list*”).

A weakness in Lakin’s visual grammars is that the spatial relationships within
a production are not formally specified. The spatial relationships must be precisely
defined to correctly specify visual language syntax. For example, consider whether the
picture shown in Figure 2.5a is an element of the language defined by the grammar in
Figure 2.5b. The correct interpretation depends on the intent of the language designer.
In Lakin’s system, the exact relationship expressed by a production is determined by
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Figure 2.4: A Visual Grammar for Bar Charts

how the system interprets the production.

Lakin developed a spatial parser which takes as input a region of space and a visual
grammar. It works in a top-down fashion. Given a target region and a desired element,
the parser selects a rule with that element in the left-hand side. The spatial template
is used to determine the subregions to search for each of the members of the right-hand
side. Visual literals and predicates are checked for by a pattern matcher. Nonterminals
cause the parser to be called recursively on the subregion. If a rule cannot be correctly
applied, the parser backtracks and tries another rule.

This approach to parsing requires that the visual language be deterministic. That
is, the parser must be able to determine the appropriate division of the input region
from the current rule. If this is not the case, the parser will have to backtrack not only
over the rules, but also over the application of a rule. It is not apparent that Lakin’s
parser was capable of handling this, and even so it could require exponential time for
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Figure 2.5: An Imprecise Grammar and Ambiguous Picture
backtracking.

2.1.4 Show and Tell

The Show and Tell project [44] designed STL, an icon based visual programming lan-
guage for school children and novice computer users. The main goal of the language
was ‘Keyboardless Programming’. The Show and Tell project shares two features with
this thesis. First, they held that a visual program should be created with a graphics
editor, and coined the term “programming in MacDraw” to refer to this. Secondly, al-
though the primary interface for STL was a language specific editor and environment,
they also developed a grammar definition of the STL syntax and a parser for STL
programs.

The model of computing is based on two concepts: dataflow and completion [43].
An STL program (called a puzzle) is comprised of boxes connected by arrows. The
arrows indicate data flow within the program. Some of the boxes will contain values
and some will be empty. An STL program computes by completing the puzzle - that
is, filling in the empty boxes.

An STL puzzle is a two-dimensional program built from components. The shape
and type of components is significant, but the size and layout (location) of them is not.
The components used to form STL programs include various types of boxes, arrows and
ports (shapes marking where arrows enter boxes). A group of nonoverlapping boxes
connected by a set of arrows combine to form a bozgraph. A box can be empty or it
can contain a data object, an operation icon, or another boxgraph. Arrows begin and
end at boxes, and may cross through, into or out of a complex box. A boxgraph must
be acyclic.

The Show and Tell project developed an environment for programming in the STL
language. This environment utilized a special purpose editor for constructing puzzles.
The editor is based on the internal structure of the language. It provided commands
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Gprn = ( {B,A,BATB,EATB}, {DFN}, DFN, {R1,R2})
where the productions R1, R2 are given by:

(R1) DFN[h1,il,t1,al] — B[h2
indices.1: hl = h2 A il = {} Atl = {h2} Aal = {}
(R2) DFN[hl,il,t1,al] — DFN[h2,i2,t2,a2] BATB[ar3,n03] Afar4] EATB{ar5,n5]
DFN[h6,i6,t6,a6]

hl= h2A
il= 12Ui6U ({n6} — t6)A
- tl= ((t2 — {h2}) Ut6) ~ilA
indices.2: al= a2UabU {ard}A

h2 = n3A
ard = ar4d = ardA
h6 = nd

nocycle.2: h2 ¢ {h6} U (12 — {h2}) U206 U6
bigger.2: a2 Zal A2 £ il A12 £ ¢]

Figure 2.6: Example of an Index Set Grammar

that corresponded to operations on the internal structure, such as adding an arrow or
connecting an arrow to a box.

In addition to the structure editor, a grammar-based approach was investigated.
A new type of grammar, called an Indez Set Grammar, is introduced as a formalism

capable of defining two-dimensional syntax {30]. An Index Set Grammar is defined by
G =(T,N,S, R), where:

e T is a finite set of terminal classes

o N is a finite set of nonterminal classes

s is the starting symbol, s € N
e R is a finite set of rewriting rule classes
e V is the vocabulary, V =T+ N

Elements in R have the form (A — «,5), where 4 € N.a € V* and 5 is a set of first-
order predicate calculus expressions. Each v € V has a fixed number of indices, which
serve a function similar to attributes. The predicates in 5 are semantic constraints on
the production and a rewriting rule can only be applied if all the semantics in S are true.
The formalism is similar to an indexed grammar [2] where the RHS of productions are
considered to be unordered. Figure 2.6 shows a grammar for a much simplified version
of the STL language.

Before parsing an STL program, the picture is analyzed and transformed into lexical
tokens. One token is generated for each elementary object in the puzzle and for every
relationship of interest between elementary objects. The indices are used to relate the
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Figure 2.7: Sample Picture

relationship tokens to the object tokens. For example, the picture in Figure 2.7 would
produce the tokens:

B(1] box 1

B[2] box 2

All] arrow 1

BATBI[1, 1] beginning of arrow 1 touches box 1
EATB(1, 2] end of arrow 1 touches box 2

Parsing of an index set grammar is accomplished using an expert system. The
grammar is translated into a program in the expert system language OPS83. The
grammar symbols become types, with a field for each index. The productions are
instantiated as rules. The resulting expert system program is capable of both relating
the indices of the objects in productions and applying the semantic constraints.

The index set grammar approach has several shortcomings. The first deficiency
is the cumbersome nature of index set grammars. The use of indices and explicit
relationship tokens make the index set grammar very nonintuitive. From reading an
index set grammar, it is difficult to get a sense of what the pictures look like.

Another problem is the explicit representation of relationships between objects.
This assumes that all the relationships of interest can be determined before parsing.
In the simplified version of STL described, the only relationships are arrows touching
boxes. In visual languages in general, other relationships, such as spatial adjacency,
are possible. Considering the picture in Figure 2.3, it is clear that the important re-
lationships cannot be determined by only considering the individual boxes. Since the
relationships are explicitly represented as input tokens, computing all valid relation-
ships would fill the input with tokens that are not actually part of the picture.

Lastly, no general purpose parser for index set grammars is given. Instead, the
grammar is translated into a set of rules for a production system, which is then used as
a parser. This approach is inadequate because the translation is not done automatically.
Every visual language would essentially require the creation of a special purpose parser
for that language.

Despite the weaknesses of the index set grammar approach, it is interesting for
several reasons. First of all, it embraces the notion of having a formal two-dimensional
grammar to specify the syntax. Secondly, index set grammars are designed to generate
unordered collections of objects, much the same as attributed multiset grammars. Fi-

nally, index set grammars use constraints to both control the parse and enforce semantic
conditions.
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Although there is a surface similarity between my approach to visual syntax and
that of Show and Tell, there is an important distinction in the use of attributes and
indices. With index set grammars, the indices are used to identify the various objects
in the picture. The relationships between objects are explicitly represented as tokens
~ whose indices indicate which objects are involved. By contrast, the approach taken in
this thesis uses attributes to represent geometric information. Relationships between
objects are expressed as constraints in the productions. The relationships between
objects do not have to be precomputed, because they are represented implicitly in the
geometric attributes.

2.1.5 AMBIT/G

AMBIT/G [18] is a graphical programming language for the manipulation of directed
graphs. The language is designed for visually expressing algorithms to build and ma-
nipulate data structures. The basis of the language is pattern matching. Programs
are specified by giving diagrams of the data before and after the manipulation. An
AMBIT /G program operates on a single data object, the data graph.

An AMBIT/G statement specifies an operation to be performed. Shapes are used
to designate types in AMBIT and edges between shapes correspond to pointers between
data objects. Names within shapes are used for identifying constants and variables. A
statement consists of an input subgraph to be matched against the data graph and a
resulting graph with changes to the links (edges). A statement has two exits, selected
by whether or not the match was successful. A program in AMBIT/G may be viewed
as a control-flow graph, where each node in the graph contains either a statement or a
subroutine call.

The interface for creating an AMBIT/G program [75] used a graphics editor that
incorporated a simple type of spatial parsing. A program was created by selecting
shapes from a menu and positioning them on the screen with a light pen. Drawing a
line between two objects indicated a connection. The editor represented a programs
as a picture, rather than the underlying graph. Thus, the user could create pictures
which were incomplete and incorrect in intermediate steps.

After a picture was created, the Accept button invoked the parser. The parser
checked the picture for syntax errors such as a line which did not link to a shape. The
picture was processed by the parser to yield the underlying graph structure. Although

AMBIT /G used a spatial parser. it was implemented in an ad-hoc fashion and specific
to the AMBIT /G language.

2.1.6 G-LOTOS

G-LOTOS is a graphical syntax for the LOTOS specification language. Bolognesi and
Latella have examined the problem of developing a formal definition for G-LOTOS [9,
8]. The emphasis in their work is on developing a complete and correct specification
of the syntax and semantics of the G-LOTOS language. They do not fully address the
problem of recognition and have not (to date) constructed a programming environment
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Figure 2.8: A Pictor Term and its Graphic Interpretation

for G-LOTOS.

The approach developed by Bolognesi and Latella is based on a formal model of
pictures. They give a textual “picture definition language” called Pictor. The strings
of this language have an intended graphic interpretation. Figure 2.8 shows a term of
the Pictor language and its intended graphic interpretation. This language defines an
algebra of pictures, where nullary operators (constants) provide atomic pictures and
n-ary operators provide complex pictures by combining (i.e., composing) pictures.

Two methods of specifying GLOTOS based on the Pictor language are described.
The first technique is to extend the context-free grammar for the textual LOTOS lan-
guage with additional productions and symbols corresponding to the Pictor operators.
The extended grammar defines a set of Pictor terms which constitute the graphical

syntax of G-LOTOS. This approach also allows the mixing of textual and graphical
LOTOS elements.

In the second approach, an abstract syntax for LOTOS is defined. The syntax
of G-LOTOS is given as a mapping between terms of Abstract LOTOS and terms of
Pictor. The mapping is defined with the predicate pict, which associates an abstract
LOTOS term with its pictorial representation (expressed as a Pictor term). The lan-

guage G-LOTOS is defined as the interpretation of all those Pictor terms which are
representations of abstract LOTOS terms.

The formal definition of G-LOTOS provides a precise specification of the graphical
language. It can also serve as the basis for the operations semantics of G-LOTOS.
The syntax specification mechanisms used do not. provide a basis for parsing input
pictures, however. The extended grammar approach would require first transforming
a picture to the appropriate Pictor string. In general, this requires a knowledge of the
hierarchical structure of the picture (which is what the parsing is supposed to compute).
The abstract syntax approach could form the basis of a top-down, backtracking parse.
However, such a parser would have an exponential complexity for analyzing pictures.
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2.2 Syntactic Pattern Recognition

This section briefly surveys other approaches to specifying pictures with grammars.
Most of this research has been in the field of syntactic pattern recognition. Syntactic
pattern recognition is a grammar-based approach to the problem of pattern recognition.
In the syntactic approach, a formal grammar is used to describe a pattern in terms
of its structure. Although the patterns described are not necessarily images, picture
recognition and scene analysis are typical applications of syntactic pattern recognition.
A good overview of syntactic pattern recognition can be found in Fu [28].

Even when dealing with images as patterns, the motivation for syntactic pattern
recognition differs somewhat from the motivation for visual language syntax. For most
syntactic pattern recognition applications, the pictures are real world images, rather
than elements of formal visual languages. For example, a typical application would
be the identification of an aircraft from an outline extracted from an image [98]. The
linguistic element is introduced only to describe the structure of the object.

There are a number of approaches to syntactic pattern recognition, depending on
how the patterns (i.e. pictures) are represented and the way the grammar is extended
to handle two (or more) dimensions. They can be grouped according to pattern repre-
sentations:

e String grammars encode the picture as a string using primitives to indicate two
dimensional composition. Picture Description Language and MIRABELLE are
examples of string based systems.

o Coordinate based systems use symbols augmented with coordinate values within
a grammar to describe pictures. Anderson’s mathematical expression system
and Chang’s Picture Processing Grammar are both coordinate based systems.

Picture layout grammars can be thought of as a generalization of coordinate
based systems.

¢ Besides strings, several types of higher order structures have been used as the basis
of syntactic pattern recognition. These include tree grammars, Plex grammars,
array grammars, graph grammars and shape grammars.

e Two other approaches are the ESP3 system and Hierarchical Constraint Pro-
cesses.

2.2.1 Picture Description Language

Shaw formalized previous attempts at describing pictures with string grammars in
his thesis [83]. Shaw defined the Picture Description Language, a formal linguistic
scheme for pictures. A picture consists of a number of primitive patterns related in a
meaningful way. Each primitive is a member of a pattern class. In PDL, a primitive
is a two dimensional pattern with two distinguished points, the tail and head. The
abstraction of a primitive is a directed arrow going from the tail to the head.
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S = pl(528)[(=8)|SL|(/SL)
SL — S§'|(SL®SL)|(~SL)|(/SL)
® - +|x|-|*

Figure 2.9: Picture Description Language Syntax

The tail and head are the points where a primitive can be concatenated (or con-
nected) to another primitive. PDL allows primitives to be blank (invisible) or don’t
care (unspecified). A special null primitive is provided that has the same tail and head.
The primitive structure of a picture consists of a directed graph where the edges are
labelled by primitive pattern classes and the nodes correspond to the connecting points
of the primitives. PDL requires that all pictures be connected (but the connections
may be made with blank primitives). All pictures must have a well-defined origin from
which the PDL description starts. v

The primitive structure of a two dimensional picture is described by a string con-
sisting of primitive pattern classes and composition operators. The string forms a PDL
expression. The syntax of a PDL expression is given in Figure 2.9. The four binary
operators specify the concatenation between two primitives, as shown in Figure 2.10.
The + operator connects the head of one primitive to the tail of another. The -
operator connects the heads of two primitives and the X operator connects the tails.
The « operator connects both the head and tail of one primitive to the head and tail,
respectively, of another primitive. The unary operator - serves to reverse the head and
tail of a primitive.

A superscript on an expression (as in S') is a label designator. A label designator
is used to allow cross-references to an expression with the / operator. The / is a
superposition operator, and each primitive within its scope refers to an identical labelled
primitive outside its scope. The / allows additional concatenations to a primitive to
be specified.

PDL expressions are extended to a context-free grammar by allowing non-terminal
symbols as replacements for primitive class names. A PDL grammar has the operators,
primitive class names and label designators as terminal symbols. A grammar will define
a class of pictures. For a particular picture, the hierarchic structural description is the
parse of the picture according to the grammar. Each production rule in the grammar
has a corresponding semantic rule. This can be used to express additional semantics,
but no mechanism is provided.

Recognition of a picture proceeds as follows: first the picture is segmented into
primitive ‘elements. Then the connections of the primitives are determined and the
primitive structural description string is created. Finally, the primitive structural de-
scription is parsed according to the grammar, using a general parsing technique (e.g.
Early’s method).

PDLis capable of describing a wide range of pictures, but has several limitations and
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Figure 2.10: PDL Concatenation Operators

shortcomings. One shortcoming is that concatenation of picture elements is the only
explicit relation. Other relations, such as geometric relations among disjoint elements,
are desirable. The use of blank primitives and semantic rules could allow the expression
of some relations. However, this points out a more serious shortcoming, that the picture
must first be resolved into a string. This initial resolution requires not only that the
picture be uniquely segmented into terminal symbols, but that the connections be
uniquely determined by the assignment of terminal symbols.

While this is not a problem for pictures consisting of connected lines or boundaries,
pictures consisting of many disjoint components (e.g. tiled objects) generally do not
have uniquely determined connections. Resolving which relationships are part of the
picture (i.e. what connections are to be made) is most of the problem in recovering
the structure of such pictures. The approach presented in this thesis, by contrast, only
requires that the picture be uniquely segmented into terminals.

2.2.2 MIRABELLE

Mirabelle is a syntax based drawing recognition and interpretation system [54]. Like
PDL, Mirabelle is an attempt to describe pictures using a form of context-free grammar.
Mirabelle adopts Shaw’s view of a drawing as composed of primitive elements, each of
which has two distinguished points, the head and tail. The primitive elements are
grouped into two classes: straight line segments and arcs of circles. The primitives are
further grouped according to the angle with the horizontal, characterized as a range.
Later work extended the notion of primitive to include arbitrary lists of connection
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points and subpattern joints [56).

Mirabelle extended the grammar of PDL by introducing operators to express topo-
logical relationships. In addition to the five coincidence operators of PDL, thirteen
binary topographic operators which describe relations of position were introduced. For
example, S above S’ is the shape composed of S and S’ with S placed above §’. The
topographic operators refer to the rectangular extents of the shapes.

Mirabelle contained a new algorithm for parsing pictures. In contrast to parsing
algorithms which proceed left-to-right or right-to-left, Mirabelle’s parser is capable of
starting at any point in the picture and parsing outwards. This obviates the need to
define and locate an origin for each picture as in PDL.

The parser alternates between bottom-up and top-down approaches. Each region
is initially parsed bottom-up, by choosing a characteristic primitive from within the
region as a starting point. An appropriate production generating that primitive is then
chosen based on the context. The remainder of the RHS of the production is processed
and the parser moves up to the LHS of the production. If a coincidence operator is used
to connect expressions, the parser proceeds top down. For a topographic operator, the
appropriate region is computed and processed bottom-up.

The choice of which primitive or rule to use when parsing is done based on the
context. For a coincidence operator, the context is the set of primitives which can
be connected to its head (tail). For a topographic operator, choosing a primitive to
parse a particular nonterminal in a region is done by finding a primitive which either
guarantees that the desired symbol is present or finding a primitive which is always
present when the symbol is present. If the grammar is ambiguous, the choice will
be nondeterministic and backtracking may be required. The grammar is processed to
produce all the information required for checking contexts ahead of time, similar to the
production of parsing tables for an LL or LR parser.

Mohr [56] developed an algebraic model of pictures based on fixed point solutions
to sets of equations. This model treated both types of operators uniformly. The model
allows the demonstration of properties used to compute the information for parsing.

Mirabelle improves on PDL both in terms of expressivity of the grammars and so-
phistication of the parsing algorithm. Two disadvantages remain to using Mirabelle’s
grammar/parser mechanisms for visual language syntax. First, for efficient parsing,
the algorithm requires the appropriate production to be determinable from the current
context. This is often not the case for visual languages, where the topological relation-
ships are more important than the coincidence relationships. Secondly, the grammar
mechanism is not extensible by the language designer. That is, the language designer
cannot specialize the operators, and introduction of new operators requires modifying
the parser.

2.2.3 Anderson

Anderson developed a method for analyzing the syntax of two dimensional mathemati-
cal expressions {3]. He represented a picture as a set of characters. Each character had
an associated syntactic category and six positional coordinates: zmin, ymin, zmac,
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ymaz, zcenter and ycenter. Syntactic units (i.e. aggregates) were also assigned these
attributes. The two dimensional syntax was specified using syntax rules (i.e. produc-
tions) that consisted of the following:

1. the syntactic category of the left hand side.
directions for partitioning a character set into subsets.
syntactic goals associated with each of these subsets.

relations to be tested among syntactic subunits.

A O

functions mapping the coordinates of the right hand side subunits into the coor-
dinates of the left hand side.

Items one and three form the rewrite rule for a production. The relations among
the subunits specify the conditions for a particular composition, with the coordinate
functions giving the resulting aggregate.

Parsing of a mathematical expression proceeded in a top-down fashion. Given a
syntactic category as a goal, the parser finds an appropriate rule and attempts to
apply it. The character set is partitioned according to the replacement rule and the
corresponding goals for each of the subsets are analyzed. If the subgoals are successfully
parsed. the relationship between the subunits is checked. If the rule is successful, the
coordinates of the aggregate unit are computed and the character set replaced by the
left hand side.

The key step in the parsing is the partition of the picture. Two different techniques
are used, depending on the type of replacement rule. The first type of rule contains
a terminal symbol in the right hand side which is used to divide the character set. It
must be possible to delineate the other (nonterminal) subunits of the rule based on their
position relative to the terminal symbol. If more than one of the appropriate svmbol is
found in the character set, they are ordered and each is tried as a partitioning element
until either one is successful or all have been tried.

The other type of rule used contains exactly two nonterminal symbols in the right
hand side with the restriction that it be possible to partition the characters by a straight
line. The equation for the line is used to order the characters and all possible partitions
are checked until one succeeds.

Anderson successfully applied his method to the parsing of mathematical expres-
sions. developing a grammar to describe them. However, the form of grammar he
developed is too restrictive in the types of relationships which it can describe. so his
approach does not generalize to more interesting visual languages. In addition. when
rules without terminals are used, the parsing algorithim could potentially use exponen-
tial time in backtracking.

2.2.4 Picture Processing Grammar

Chang developed a method for describing the hierarchical structure of two dimensional
pictures called a picture processing grammar [16]. A picture is represented as a finite
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set of (symbol, vector) pairs. The vector associates coordinates with the symbol. A
production consists of a rewrite rule and a partially computable function from the
associate-vectors of the right hand side to the associate-vector of the left hand side.

A grammar is called hierarchical if the productions can be partitioned into blocks
Ry,...,Rp,n > 1 such that if o appears as the left-hand symbol of a rule in R;, then
it will never appear as a right-hand symbol of any rule in any R;,j < ¢. A hierarchi-
cal grammar can be separated into levels, each of which can be viewed as a picture
transformation. This reflects the hierarchical structure of many pictures.

A grammar is called nonretracing when for any picture U, if « & U and V=U,
then & = V. This implies that the grammar may be parsed deterministically in a
bottom up fashion. Chang gives an algorithm for parsing pictures which are unam-

biguous and nonretracing. When retracing is required, exhaustive search is used to find
a correct parse.

A restricted type of picture processing grammar is given for describing two dimen-
sional mathematical expressions [15]. As with Anderson’s approach, the associate-
vector for each symbol contains six coordinates. Two concepts are used for ordering
the symbols in a picture: precedence and dominance. After analysis, the picture is
converted into a string, which can be used to recover the syntactic structure of the
picture. The special purpose method is more efficient for recognition, but is restricted
in the class of languages that can be specified. This approach has been applied to icon
languages in the SIL system [17], discussed in Section 2.1.2.

2.2.5 Tree Grammars

One attempt to expand the power of the grammar is to use trees instead of strings {29,
27]. Trees are a natural extension of one-dimensional strings for describing patterns.
Trees are used to describe pictures as follows: let £ be a ranked alphabet, and let T
be a tree with the nodes labelled by symbols from ¥. Let $ be the label of the root of
the tree and the number of children at each node be the rank of the symbol labelling
that node. Now associate a picture primitive with every symbol other than §. As with
the string grammars, each primitive has a distinguished head and tail. A tree can
describes a pattern where $ represents the origin of the tree, and- the children of each
node indicate primitives with their tails connected to the father primitives head. For
example, Figure 2.11 shows a picture and the tree describing it, using the primitives
“ and 2.

A class of pictures can be described using a tree grammar. A regular tree grammar
is defined over a ranked alphabet V', where productions are of the form & — ¥, where
® and ¥ are trees over V. This system generates trees as follows: If « is a tree with
subtree ®, then @ — 3 where ® — ¥ is a production and f is a with ® replaced by V.
The language generated by a tree grammar can be recognized by a tree automaton {28].
Tree grammars eliminate the need to linearize the picture into a string, but they are
still dependent on the model of the primitive as an object with two connecting points,
and thus too restrictive for the specification of visual languages.
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Figure 2.11: A Picture and The Tree Describing It

2.2.6 Plex Grammars

String and tree grammars used primitives which had two connecting points each. Feder
generalized this notion to primitives which have and arbitrary number n of attaching
points for joining to other symbols [25]. A symbol of this type is called an n attaching-
pint entity (NAPE). A structure formed by connecting a set of NAPEs is called a plez
structure. A plez grammar is a specification for a language formed of plex structures.
A plex structure can be encoded as three strings: an ordered list of components, a list
of joints and a list of tie-points. Each component is a NAPE. A joint is a connection
of the attaching points of two or more NAPEs. The tie-points are the attaching points
of components which are not connected to any joints.

Plex grammars have been used to describe structures such as rubber molecules, shift
registers and flowcharts [25]. As a means of describing visual languages, Plex grammars
have three shortcomings. First. although more general than string concatenation, Plex
grammars are still based on connection and do not express geometric relationships well.
Secondly, Plex grammars are difficult to understand and specify (i.e. they are a very

non-intuitive representation). Lastly. there is no efficient mechanism for parsing Plex
grammars.

2.2.7 Array Grammars

One generalization of string grammars is to extend the grammars tc generate two-
dimensional arrays. An array grammar [55, 73] operates by replacement of subarrays.
An array grammar is a five-tupie AG =< V, I, R, #,5 >, where

e V is a finite set of symbols. the vocabulary.
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Figure 2.12: Two Array Productions and the Generation of an Array

e X C V are the terminal symbols.

R is a finite set of rewriting rules, each of which map from one finite, connected,
nonempty array of symbols in V to another.

# is a blank symbol.

S is the initial symbol.

The initial array is an infinite array containing exactly one nonblank symbol, the
initial symbol S. This array is rewritten by matching a subarray that occurs in the
left-hand side of a production and replacing it with the subarray on the right-hand side.
The two arrays in a production are required to be the same size. An array grammar is
monotonic if it cannot create blanks (i.e., any nonblank element of the left-hand side
must be nonblank in the right-hand side). Figure 2.12 shows two productions of an
array grammar that generates identity matrices. Array grammars have been used to
describe a variety of geometric patterns, but they are too low level (i.e., describing the
picture at the pixel level) to be used for visual languages.
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2.2.8 Web and Graph Grammars

String grammars and Plex grammars encode images with one dimensional strings, using
special operators or structure to represent the two dimensional aspects of the picture.
Tree grammars extended string grammars to use trees to represent images. Graphs are a
direct extension of trees. Graplhs may be used to represent images in two ways. First,
as with string and tree grammars, a picture can be viewed as connected primitives,
which maps directly onto graphs with nodes for primitives and edges for connections.
A second representation of a pattern is the relational graph, where nodes in the graph
represent either subpatterns or primitives, and edges represent the relation between
two nodes.

One type of two-dimensional grammar is the Web Grammar [62]. A web is a directed
graph with labels on the nodes [28]. A web grammar is a four-tuple G = (N, T, P, S)
where .V and T are the nonterminals and terminals, respectively, S is a set of initial
webs and P is a set of web productions. A web production is defined as

a—f3, E

where E specifies how the nodes of 3 are connected to the neighbors of a. If all the
labels are the same, the web is an unlabelled graph, and we have a graph grammar.
Graph grammars have been used by several authors to represent pictures [28]. The
major difficulty is the inefficiency associated with parsing graph grammars [91].

One approach is to define a subclass of graph grammars which are more tractable
for parsing. Sanfeliu and Fu have suggested tree-graph grammars as a class for pars-
ing [78). Tree-graphs are graphs which can be overlaid with a tree to infer a hierarchical
structure. By utilizing the tree structure mapped onto the graph, tree-graph grammars
can be parsed in O(n?) time. Another approach is to map graphs into strings or trees
for parsing. Shi and Fu suggested a class of graph grammars called (attributed) ex-
pansive graph grammars which generate languages contained in a graph family € [84).
Graphs in this family can be mapped into a string representation for syntax analysis.
None of these approachs are well-suited to the specification of visual languages, both
because of the expressiveness (i.e. what visual languages can be described) and ease of
use (i.e. how natural it is to specify visual languages).

2.2.9 Programmed Graph Grammars

Bunke suggested the use of atiributed programmed graph grammars for interpreting
diagrams [13]. He extended graph grammars in two ways:

e The grammar is programmed by a control diagram.
o The graphs are augmented with attributes.

The control diagram is a directed graph with the nodes labelled by productions and
the edges labelled by {Y, N}. It also has distinguished initial and final nodes labelled
I and F. with no edges entering or leaving them. respectively. The control diagram
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acts as a finite state machine to control the application of productions. A derivation
begins at a node which is a direct successor to the initial node. The label of the node
indicates a production to apply. If the application is successful, the Y edge is followed,
otherwise the N edge indicates the next state in the control diagram. The derivation
is complete when the final node is reached.

Bunke applied attributed programmed graph grammars to the understanding of
schematic drawings such as circuit diagrams or flowcharts. A drawing consisting of line
segments is transformed into an input graph, where vertices (intersections or ends of line
segments) are nodes and the line segments are edges. The nodes are labelled by their
degree. Rather than parsing the graph, the grammar is used as a generative tool to
transform the input graph into a symbolic representation where the nodes correspond
to components (e.g. a resistor) and the edges indicate the connectivity. The control
diagram directs the application of productions to the input graph until the final node
(in the control diagram) is reached.

This technique transforms the input graph, rather than recovering structure from
the diagram. The technique is useful when the diagrams consist of discrete connected
components. The processing will extract the components and the topology of the
connections from the picture. Attributed programmed graph grammars are not general
enough to use for specifying visual language syntax.

2.2.10 Shape Grammars

Shape grammars are a syntactic method of defining pictures that were developed origi-
nally to generate non-representational, geometric paintings [32]. Shape grammars have
also been used to analyze two-dimensional line drawings of three dimensional struc-
tures {31]. A shape grammar is a four-tuple SG =< V,,V,,, R, I >, where

¢ V; is a finite set of terminal shapes.
¢ Vi, is a finite set of nonterminal marker shapes.

e R = {(u,v)|Jlue VxVitove VrxVy:}isaset of shape rules. u and v are
shapes formed from the terminal and marker symbols, with « containing at least
one marker.

e I €V*x V% is an initial shape.

A shape is generated from a shape grammar by starting with the initial shape and
applying shape rules. A shape rule specifies a rewrite, where u is matched against the
current shape and replaced by ». A derivation is complete when the current shape
does not contain any marker shapes. Figure 2.13 contains a shape grammar and some
shapes it can generate.

Gips [31] applied shape grammars to the analysis of line drawings comparing three-
dimensional objects. The analysis was syntax-directed (i.e. driven by a shape gram-
mar), but not a general recognition procedure. An initial input picture was transformed
into a labelled graph, which was rewritten by repeated application of productions until
the entire input was reduced to an empty picture.
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Figure 2.13: A Shape Grammar and some (Generated Shapes
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2.2.11 ESpP?3

The extended Snobol picture pattern processor (ESP?®) was both a programming lan-
guage and a pattern recognition system which was designed for generating, recognizing
and manipulating two-dimensional line drawings [82]. ESP? is an attempt to extend
the Snobol4 language from strings and patterns of strings to pictures and patterns of
pictures.

A picture in ESP? is a two-dimensional line drawing composed of primitives such
as LINE, ARC, CIRCLE, etc. A picture pattern consists of a sequence of pattern
components related by either alternation or composition. A pattern component is
either a primitive, a builtin predicate or a such-that field. Each pattern component
controls how the pattern matches the data. A primitive will match a picture of the
given class. A built-in predicate allows the user to apply constraints to the matching
by testing the basic attributes of and relationships among pictures. The such-that field
is similar to a built-in predicate, but is used to control where the pattern matcher
searches (i.e. the constraints are applied before pattern matching, rather than after).

ESP? performs pattern matching by searching the subject picture for an occurrence
of a subpicture which matches the picture pattern. The search is an ordered scan of
the subject picture and is controlled by the pattern and any such-that clauses. The
subject picture is scanned in a top-to-bottom, left-to-right order. When a match fails,
the pattern matcher backtracks and tries a new match for some primitive.

The search strategy in ESP3 suffers from two inherent problems. Because it uses
a top-down, backtracking approach, ESP? effectively performs an exhaustive search of
all possible pictures while matching against the input. A further complication is the
need to create a new instance for every matched subpicture. These problems lead to
slow searches within the pattern matcher.

2.2.12 Hierarchical Constraint Processes

Davis and Henderson developed a technique for the analysis of two-dimensional shapes
called the hierarchical constraint process (HCP) [20]. Their technique combines a con-
straint propagation with a syntactic representation of the picture. The goal of HCP
is image recognition. It seeks to deal with ambiguity in both the segmentation of the
picture and in. assignment of términal symbols to picture primitives.

The basic approach is to allow the shape to be decomposed into many, possibly
overlapping, primitives and to label each primitive with all plausible terminal symbol
names. Each combination of primitive and terminal label is called a level-0 hypothesis.
The goal of the analysis is to find all sets of assignments of terminals to primitives
which can be used to form a parse of the shape.

The analysis procedure works in a bottom-up fashion. Constraint propagation is
applied to eliminate superfluous hypotheses at a local level. The parser is driven by a
stratified shape grammar. The grammars serves as both a source of local constraints
and an organizing structure for the picture. A stratified shape grammar is similar to a
context-free grammar, but with the following extensions:
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e Every vocabulary symbol v has a level number In(v), with In(v) = 0 for terminal
symbols v, In(S) = n for the start symbol S. If In(v) = k for nonterminal v and
v — v192...0r is a production, then In(v;) =k —1for1<i<r.

¢ Every vocabulary symbol is composed of a name, a list of attachment points and
a set of predicates describing the properties of the symbol.

¢ Fach production consists of five parts:

a rewrite rule.

a specification of the attachments between the elements of the RHS.
semantic constraints on the RHS.

the attachment part of the LHS.

the semantic part of the LHS.

oUW N

Two types of constraints are used. Syntactic constraints are specified by part 2
of the productions and describe the possible neighbors a symbol may have at any
attachment point. Semantic constraints are the relationships between the semantic
features of the symbols as specified by part 3 of the productions. The hierarchical
constraint process computes a bottom-up parse of the shape by constructing a layered
‘network of hypotheses. Constraints are applied at each level to remove hypotheses
which are unsupported. Both the syntactic and semantic constraints can be compiled
into tables to speed the analysis [36].

The hierarchical constraint process approach is interesting because it combines con-
straint propagation with a bottom-up parser. However, stratified shape grammars are
not general enough to be used for specifying language syntax. The stratification (i.e.
the level numbers) restricts the structure of the picture and disallows recursive produc-
tions. While this is acceptable for describing particular images, it does not suffice for
visual languages.






Chapter 3

Visual Language Syntax

3.1 Introduction

To analyze graphic representation precisely, it is helpful to distinguish it
from musjcal, verbal and mathematical notations, all of which are perceived
in a linear or temporal sequence. The graphic image also differs from figu-
rative representation, essentially polysemic, and from the antmated image,
governed by the laws of cinematographic time. Within the boundaries of
graphics fall the fields of networks, diagrams, and maps. [5]

—Jacques Bertin, Semiology of Graphics, 1967.

A textual language is a set of strings. A textual program is a string which is an
element of a particular textual language. A textual program is composed of symbols
which are combined by concatenation into a string. The union of all the symbols used
in all strings of a language form the alphabet for that language.

A visual language is a set of pictures. A visual program is a picture which is
an element of a particular visual language. A visual program is composed of visual
symbols drawn from a visual alphabet. For a textual language, the symbols are lexical
tokens such as keywords, identifiers and special characters. Visual symbols are primitive
graphical objects such as rectangles or lines. While the symbols in textual languages
are only composed using the one dimensional concatenation operator, visual symbols
are composed in a two dimensional fashion to form pictures.

Of course, both visual and textual languages may be viewed at a lower level - a
picture is simply an array of pixels and a text program is merely a string of characters.
Mapping from this lowest level into the elements of the syntax is the realm of lezical
processing. This dissertation does not address the issue of lexical processing for visual
languages, for two reasons. First, at the lowest level, the lexical processing for a visual
program consists of finding primitives (e.g., lines) in a picture representation such as
an array of intensity values. The problems associated with this are related to the fields
of image processing and computer vision, rather than visual language syntax.

Just above this level, however, is the problem of mapping from the recognizable
primitives into the constituents of the visual syntax. For example, determining that

40
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PROC BINSEARCH
PARAMETERS
A Array[1..n] of Integer
X Integer
K Integer VAR
LOCAL
J,L integer
K=1; J:=n;
WHILE K<J
L := (K+J) DIV 2;
X>A[L]
TRUE FALSE
Ki=L+1; | J:=L;

a) An FSA Program b) A Nassi-Schneiderman Ciagram

Figure 3.1: Examples from Two Visual Languages

four lines constitute a rectangle. This problem is closer to the textual problem of
grouping characters into tokens. Appropriately specifying and extracting these visual
lexical units from a lower-level representation is an interesting problem, and is left
for future research. It is avoided here for two reasons. First, Chapter 7 describes a
visual programming environment based on an editor which will produces the language
primitives directly, so the mapping is avoided. Secondly, this mapping can be specified
using the method given in this thesis, by viewing the nia.pping as part of the syntax
of the language. An analogy in the textual world is to include the definitions of the
lexical tokens in the context-free grammar. Thus, the primary motivation for lexical
processing is one of efficiency, and not expressiveness.

The syntaz of a textual language determines which strings are elements of the lan-
guage. The syntactic distinctions between different textual languages (e.g., FORTRAN
and Pascal) arise from both the symbols found in the language and how those symbols
may be organized to form strings in the language.

Similarly, visual languages are distinguished both by what visual symbols are used
and by how those symbols are arranged to form a picture. For example, consider the
two visual programs shown in Figure 3.1. The first program is a finite state diagram.
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It belongs to the language FSA consisting of all pictures which are valid finite state
diagrams. The symbols used to form a finite state diagram are circles, arrows and
fragments of text. These symbols may be arranged to form a valid FSA program
according to some simple rules, intuitively expressed as:

1. each circle has exactly one text fragment within it.
2. each arrow begins and ends on a circle.

3. each arrow has exactly one text fragment labelling it.
4

. every text fragment is either within a circle or labelling an arrow.

&

no symbols may overlap (other than a text fragment within a circle).

The program in Figure 3.1b is a structured flowchart. It belongs to the visual
language consisting of Nassi-Schneiderman (NS) diagrams {59]. The symbols for this
language consist of boxes, lines and text fragments. These symbols are combined
according to rules for forming valid NS diagrams. Although the elements of both visual
languages are pictures, the two languages are distinct. The picture in Figure 3.1b is not
a valid finite state diagram and therefore is not an element of the FSA visual language
(just as a FORTRAN program is not an element of the Pascal language).

What is needed, then, is a method of saying which pictures belong to which visual
languages. The aim of this work is to develop a model for the specification of visual
language syntax which will provide such a method. My approach is similar to the
approach used to define the syntax of textual languages, specifying the precise language
syntax with a grammar.

This chapter discusses the syntax of visual languages. The next section develops
the model of visual syntax. Section 3 describes a simple approach to specifying vi-
sual syntax with grammars, and Section 4 illustrates my approach with an extended
example. Finally Section 5 examines the example and summarizes.

3.2 The Picture Model

Textual languages can be examined at three levels. At the lowest level are the symbols
used in the language. This symbols are atomic tokens; their internal structure is
unimportant to the language, except for certain attributes. The next level organizes
these symbols into a language element. For a textual language, the elements of the
language are organized as strings of symbols. At the highest level these strings are
organized into languages (i.e., determine the set of strings which form a language).

Visual languages can also be viewed on three levels. At the lowest level is the
picture element, which is a primitive graphical object such as a line, shape or text
fragment. Again, the picture elements constitute atomic objects in the visual language.
A collection of picture elements can be arranged on a plane to form a (two-dimensional)
picture. Thus a picture is comparable to a string, except that a picture has a two-
dimensional organization. Finally, a visual language is a set of pictures.
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A visual language specification defines the set of pictures which belong to a partic-
ular visual language. To develop such a specification requires an understanding of how
picture elements are combined to form a picture. This section describes a model of pic-
tures, first discussing the primitive graphical objects which can form visual alphabets,
and then describing how these picture elements can be combined to form a picture.

The model presented here is somewhat loose. It is intended to illustrate the im-
portant issues in visual syntax. For example, Section 3.2.2 discusses compositions in
order to establish a vocabulary of possible interesting compositions. The model in this
chapter is meant to provide insight into the structure of visual languages, but is not
intended to serve as the specification mechanism itself. Chapters 4 and 5 develop a

method for specifying visual languages that uniformly handles the various aspects of
visual languages discussed in this chapter.

3.2.1 Picture Elements

The picture elements form the alphabet over which visual languages are defined. They
are the basic building blocks from which pictures are formed. The range of possible
picture elements is as varied as the visual languages that use them. Thus, exactly what
constitutes a picture element depends on the particular visual language being defined.
What is needed is a framework to talk about picture elements.

Selker [81] grouped graphical components into three types:

e images are real world pictures, such as digitized photographs.
e icons are stylized representations with real-world referents.
o symbols are drawings of arbitrary designs.

Selker also notes that individual components are distinguished by surface characteris-
tics such as color or texture. The distinctions between the three groups given above
are largely based on appearance (although the source of the picture element would
distinguish between an “image” bitmap and a “symbol” bitmap).

A model for picture elements should succinctly express the unique properties of
picture elements in such a way to distinguish different elements. One approach would
be to uniquely identify every possible picture element. The problem with this approach
is that it doesn’t tell us anything about the picture elements. For example, intuition
tells us that a line from (3,2) to (7,5) and a line from (3,12) to (7,15) have more in
common with each other than with a circle of radius 4 centered at (12,6). Thus, our

intuitive notion of a picture element is expressed as “a line from (3,2) to (7,15). The
following definition embodies this intuition.

Definition 3.1 A picture element is a pair, (s, A), where s is the symbol class, and A
is a finite set of characteristic attributes. A picture element class is a pair (s,I), where
s 1s a symbol class and I is a finite set of attribute identifiers. A picture element (s,, A)
is an instance of a picture element class (s, 1) if it has the same symbol (i.e., s, = s.)
and for every attribute identifier 1 € I, there is a corresponding attribute a € A.
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The symbol class in a picture element specifies what kind of graphical component
it is. The characteristic attributes contain all the relevant information about the ap-
pearance of a specific picture element. A picture element class serves to group together
similar picture elements. For example, all line segments could be grouped together into
picture elements with the symbol line and attributes giving the endpoints.

In practice, this definition is too general to be used directly in describing composi-
tions of picture elements. There are too many possible picture element classes, each of
which can have its own set of attributes. Compositions would need to be specified for
every allowable combination of picture element classes. To solve this, the framework
is extended. Just as picture elements were grouped into classes, so are picture element
classes grouped into abstract element classes.

Definition 3.2 An abstract element class is a a set of attribute identifiers I,;5 and
associated interpretations (e.g., that attribute is,, expresses the foo property of the
picture element). A picture element class (s,I;) is a member of an abstract element
class if Inps C Is and the attributes are interpreted in the same way.

An abstract element class groups together picture element classes that share a
subset of their attributes. For example, a visual language might have three kinds of
line segments: solid lines, arrows and dashed lines, each of which has a corresponding
picture element class. These three classes have in common attributes for the endpoints
of the segment, but the arrow class might have an additional attribute indicating at
which end the arrowhead is, and the dashed line might have an attribute containing a
pattern for the dash sequence. Two abstract element classes are used in the model of
visual syntax: the abstract line, and the abstract shape.

Abstract lines are defined by AL = {{;,l2}, where [; and [, are interpreted as
locations specifying the starting and ending points of the line segment. This is the
class described in the previous paragraph.

Abstract shapes are defined by AS = {ll,ur}, where Il and ur are interpreted as
locations specifying the lower-left and upper-right corners of the rectangular extent of
the shape. Abstracts shapes include many types of atomic graphical entities such as
rectangles, circles and polygons. Other abstract shapes include text strings, icons and
images (i.e., small bitmaps). All of these graphical objects are bounded by a rectangular
extent, and the associated primitive element classes contain the !/ and ur attributes.

Text fragments are a special type of abstract shape, consisting of a rectangular
extent and a piece of text. The term text fragment (or simply text) is used to refer to
a piece of text which is an atomic picture element (to distinguish it from a text string
which is part of a textual language). Even in a visual languages, text is often the best
way to represent primitive data such as numbers or names.

Shapes and lines were selected as the basis for visual language syntax because
they are both natural spatial concepts. Both are needed since neither appropriately
models the other: representing lines by extents is ambiguous since both diagonals refer
to the same extent; using a line to represent a shape removes the implicit structure
of the attributes of the shape (i.e., that left<right) which is used in expressing the
compositions.
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Shapes and lines togeiher can be used to describe many different graphical prime-
itives, although some primitives may require attributes for additional properties. For
example, a spline could be abstracted to its extent (for interaction as a shape) or to
its endpoints (for interaction as a line). The type of spline (e.g., cubic B-spline) could
be represented by the symbol class. To fully describe the spline, however, the control
points must also be specified. ‘

The model of abstract shapes adopted here considers all shapes to be orthogonal.
That is, shapes are viewed as rectangles with horizontal and vertical sides. While this
suffices for many visual languages, it is not the only possible definition of shapes. For
example, other convex polygons, arbitrary polygons, or even curves could be used as
abstract shapes. Choosing an alternative (or additional) class of abstract shape would
have two effects within the framework presented. First, the new abstract element class
would have a different set of attributes associated with the class. Secondly, new com-
positions would have to be specified for the new class that are meaningful for the new
type of shape. While such changes complicate the details of the language specification
mechanism (and may increase the cost of parsing, as discussed in Chapter 6), they fit
naturally within the framework described.

The characteristic attributes describe the additional properties that distinguish
picture elements of the same symbol class. Characteristic attributes allow the abstract
element classes to be specialized to the primitive element classes for a particular visual
language. Some useful characteristic attributes include:

o the text value of a text fragment.

e color

fill-style (or texture)

line-style (e.g., thickness, solid/dotted, etc.)

A specific visual language uses a finite set of different primitive element classes.
This set of primitive element classes is called the visual alphabet. In the model of visual
languages, a visual alphabet is defined as follows:

Definition 3.3 A visual alphabet is a pair, (C, L), where C' is a finite set of picture
element classes such that every class ¢ € C is either an abstract shape or an abstract
line, and L is a set of locations.

The locations provide the values for the attributes of the abstract shapes and lines
(e.g., l1). A two dimensional visual alphabet is defined as a visual alphabet where
L = {(z,y) | z,y € Z}. Two dimensional visual alphabets provide a picture model
that is strictly two dimensional, with no depth information. Thus when two objects
overlap, no distinction is made as to which is on top. For example, the two pictures
shown in Figure 3.2 would not be distinguished.

Two dimensions are enough to express all the compositions described below, which
suffice for a wide range of visual languages. Thus we will restrict our attention to
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Figure 3.2: Overlapping objects

two dimensional visual languages (i.e., languages defined over two dimensional visual
alphabets) for the remainder of this thesis. The model is easily and naturally extended
to 2%, 3 or more dimensions (but with a concomitant increase in the complexity of
parsing such languages). For example, extending the model to distinguish between the
two pictures in Figure 3.2 (i.e., to 2% dimensions) is easily done by including a priority
attribute in the abstract element classes. This attribute could be used to order the
elements of a picture such that the uppermost object always has lower priority [52].
Finally, a picture is defined:

Definition 3.4 Given a visual alphabet ¥ = (C, L), a picture is a finite set of picture

elements, P = {0}, such that o is an instance of a class in C' and the location attributes
of o are taken from L.

This definition is analogous to the definition of a string for a textual language. The
picture is a physical representation, corresponding to what the user sees, in the same
way that a string of symbols is how the user sees a textual language element. The
deeper structure of the picture is implicit in the attributes of the picture elements, just
as the deeper structure of a string is implicit in the positions of the symbols.

This model of pictures is similar to that found in object-based graphical editors,
such as MacDraw,! where a picture is constructed from a set of basic shapes. These
shapes have attributes which may be manipulated to vary the style of the shape. The
picture itself consists of a 2% dimensional arrangement of the shapes. This similarity
is intentional, as one motivation for visual syntax specification is to allow the use of an
ordinary graphics editor for visual program construction. The model given here differs
from the typical graphics editor model in that hierarchy is not explicitly represented.
This is because the hierarchy found in a graphics editor (e.g., through the GROUP
operation in MacDraw) reflects the user’s view of the program structure, which may
not correspond directly to the syntactic structure of the picture.

!"MacDraw is a trademark of Claris Corporation.
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Al
C1 c2

A2

Figure 3.3: An FSA Program

3.2.2 Compositions

The fundamental syntax of a visual language is a set of picture elements. A set based
representation of programs is unstructured, in that the structure of the program is
not explicit. This is similar to viewing a textual program as a collection of identifiers,
operators, keywords and constants. An intuitive understanding of a program overlays
it with a structure by grouping the basic elements into aggregates. That is, smaller
elements are composed to form larger elements, until the entire program is formed.
The composition process provides a syntactic structure to the program.

In a (context-free) textual language,? composition combines elements which are
adjacent in the string. In this manner, substrings are combined to form expressions,
statements, blocks, subprograms and so on. The compositions reflect a relationship
(adjacency) between components, and produce aggregates. Visual languages also use
compositions to build up the syntactic structure of a picture from its component ele-
ments. For example, consider the FSA language described above. A stateis drawn asa
text string enclosed by a circle. The state is an aggregate object formed by combining
the text string with the circle containing it.

The composition operation used in textual languages is concatenation of adjacent
strings. Visual compositions are more complicated because they are two dimensional,
and many different types of compositions are possible. Compositions can be character-
ized by the composition operator employed. Intuitively, the composition operator is a
rule specifying how components are combined to form an aggregate. The operator de-
termines the number of components, the relationship between the components and how
the composite shape is formed. String concatenation and two dimensional containment
are both examples of composition operators.

%In discussing the syntactic structure of a textual language, it is necessary to define the class of string
languages considered. For our purposes (i.e., programming languages), context-free string languages
are the natural class to use. Without restrictions on the class of textual language, an arbitrary mapping
from sets to strings could be used to represent pictures as strings. The “visual compositions® in the
resulting “visual language” would not relate elements adjacent in the string. This definition is not
useful, however, for specifying and parsing visual languages. Thus, the discussion of textual languages
may be taken to apply to context-free string languages.
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Figure 3.4: Composition Graph for FSA

The decomposition of a textual program yields a tree structure, where the leaves
of the tree are the symbols forming the program. Because visual programs are two
dimensional, the situation is somewhat more complicated. Consider the FSA language
described in Section 3.1 above. Rule two states that every arrow begins and ends on a
circle. This implies that the arrows should be composed with the circles at either end
to form a valid picture. Now consider the picture of an FSA shown in Figure 3.3. If
the arrows A; and A are each composed with both the circles Cy and Cs,, then the
compositions form a directed graph, rather than a tree.

The definition of this graph is in terms of the aggregates formed by the compositions.

Definition 3.5 A composite object is a pair, (op, A), where op is a composition oper-
ator, and A is a finite set of characteristic attributes. Given a picture P, a composition
graph of P is a pair CG = (O, U P, E), where O, is a set of composite objects and
E C O, x (O.U P) is a set of edges, such that (O, U P, E) forms a directed acyclic
graph. CG is said to cover P if (O.U P, E) is connected and has a root node.

Figure 3.4 shows one possible composition graph representing the FSA in Figure 3.3.
The directed graph (O, U P, E) is visualized as a set of nodes (O, U P) labelled by
either the symbol class (for n € P) or the composition operator (for n € O.), and edges
between the nodes according to E.

The composition graph expresses the structure of the picture. The definitions of the
composition operators determine how the elements of a picture can be combined to form
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composite objects. Thus, just as picture eiements form the basis of the unstructured
elements of visual languages (i.e., pictures), so composition operators form the basis
for the structural representation of visual languages (i.e., visual syntax). Representing
a picture as a composition graph is similar to a constructive solid geometry (CSG)
representation of a three-dimensional object. In CSG, an object is stored as a tree,
where the leaves are simple three-dimensional primitive objects, and the internal nodes
are operators [26]. The operators can perform either graphical transformations (e.g.,
translation, scaling), or Boolean set operations which serve to combine objects.

As with the picture element classes, an infinite variety of composition operators
are possible. Rather than listing composition operators , the remainder of this section
discusses the characteristics that differentiate compositions. Chapters 4 and 5 present
a formal framework for defining both picture elements and composition operators, as
well as a canonical set of compositions operators.

The question of what constitutes a particular composition is central to the spec-

ification of visual syntax. Several aspects must be considered in the definition of a
composition operator:

¢ The number of objects involved.
e The type of objects involved.
e The relationship between the objects.

¢ The degree of specificity in the relationship.

Picture elements can be considered as nullary (i.e., constant) composition opera-
tors. The significance of this view is that composite objects and picture elements are
both considered entities within the picture. This leads naturally to viewing composite
objects as members of abstract element classes. In other words, the composite object
formed by combining the circle C; and text ”S1” is a form of abstract shape, and
has characteristic attributes appropriate to an abstract shape (i.e., {l and ur). Picture
element classes are extended to composite objects as follows:

Definition 3.6 A picture object is either a picture element (s, A) or a composite object
(op, A). A picture object class is a pair (¢,I), where ¢ is either a symbol class or a
composition operator and I is a finite set of attribute identifiers. A picture object
(0p, A) is an instance of a picture object class (0., I) if 0, = oc, and for every attribute
identifier i € I, there is a corresponding attribute a € A. A picture object (0p, A) is a

member of an abstract element class if I,p, C A and the attributes are interpreted in
the same way.

This definition extends the class notion to apply to composite objects as well as
picture elements. The term class is used to refer to the picture object class (which is
equivalent to the picture element class for a picture element). The definitions above
distinguish between picture elements and composite reasons for one important reason:
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UR

Figure 3.5: An ellipse containment Composition

the picture elements are given by the underlying representation of the picture, the
composite objects must be computed from the picture using the syntax specification.

Extending the definition of “class” to composite objects provides a basis for compo-
sition operators which are applicable to only certain classes of objects. This restriction
could be made on the basis of the picture object class or membership in an abstract ele-
ment class. Restricting a composition to a certain class of picture objects accords with
the natural interpretation of compositions. For example, the containment composition
used above cannot be sensibly applied if a line is used in place of a circle.

Returning to the “arity” of composition operators, unary relationships are used
for compositions which transform the characteristic attributes of an object, such as
reversing the endpoints of a “line” object. Another use of unary relationships is to
restrict an object class by enforcing a condition on an object. For example, an empty

composition operator might only be applicable to abstract shapes which do not contain
other objects within them.

Binary relationships are the most common, corresponding to the combination of
two objects. The two previous examples (concatenation and containment) are both
typically used as binary compositions. Compositions involving more than two objects
are also possible. For example, a composition could group three abstract shapes which
have collinear centers (or corners).

Lastly, instead of combining a fixed number of objects, a composition might relate
an arbitrary number of components. For instance, the containment composition could
be extended to combine together all objects within a shape. Compositions involving
more than two elements can typically be broken down into a series of binary composi-
tions, allowing a more general set of compositions to be defined, with the further detail
expressed in the language syntax.

Using the class of the components to restrict which objects can be combined is
useful for compositions with more than one component as well. On example mentioned



3.2. THE PICTURE MODEL 51

before was the containment operator, which required an abstract shape rather than
an abstract line as the containing object. To further extend this example, an ellipse
containment composition operator can be defined that requires the contained object to
lie within the ellipse bounded by Il and ur. Figure 3.5 illustrates what is meant by this.
Point A is within the ellipse; point B is within the extent, but not within the ellipse.
This progression is also an example of the varying degree of specificity in composition
operators. _ :

The most important aspect of a composition operator is the relationship between
the component objects. Selker [81] identified four categories of spatial structures used
to form visual syntax: Positional syntax refers to spatial relationships; Size syntax
refers to the relative size of objects; Temporal syntax concerns the use of time (e.g.,
the ordering of interactions by the user); and Rule syntax describes visual relationships
algorithmically.

The composition operators of interest to us fall into the positional and size cate-
gories. Temporal relationships are explicitly ignored, as it is a goal for a visual program
to be understandable by inspection of its representation as a picture, without any knowl-
edge of the construction of the picture. What Selker terms “rule syntax” is reflected
in my approach by the grammar rules, as outlined in the next section and discussed
in Chapter 5. The relationships of interest can be grouped into four categories: spa-
tial relationships, coincidence relationships, metrical relationships and non-geometric
equivalences.

Spatial Relationships

Spatial relationships in composition operators relate picture objects by their (two di-
mensional) positions. As with all compositions, spatial relationships are dependent on
the types of picture objects. Since each visual language can use its own set of spe-
cific object classes, spatial relationships are considered in terms of the abstract classes
defined earlier: shapes and lines.

Shape compositions combine two more more shapes which satisfy some spatial rela-
tionship. Many different spatial relationships between shapes are possible. Masini and
Mohr [54] called this type of composition topographic operators, and identified thirteen
different spatial relationships. They specified the operators by dividing the plane into
nine regions according to the extent of one object and considering the regions occu-
pied by the other object, as shown in Figure 3.6. For example, the above relationship
corresponds to the region labelled two.

A different above relationship could refer to the union of regions one, two and three.
This approach can be extended to describe any binary spatial relationship between
rectangles. Let A and B be two objects which are abstract shapes and determine the
nine topographical regions around the extent of A. Then the spatial relationship of B
to A is given by the pair (¢,7), where 7 is the region containing the lower-left corner
of B and j is the region containing the upper-right corner of B. Thirty-six different
shape compositions are determined by this method, as shown in Figure 3.7. A similar
approach could be taken for other shapes (e.g., circles), expressing spatial relationships
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Figure 3.6: Topographical Regions

in terms of the geometry of the shape.

Spatial relationships involving more than two objects can often be formed from
several binary spatial relationships. Another way of specifying multi-object spatial
relationships is with a tiling. A tiling is a rectangular region which is divided into non-
overlapping rectangular regions. The Garden system [67] provides a tiling for defining
defining spatial relationships. Except for those describing overlapping objects, the
binary spatial relationships in Figure 3.7 can be modeled using appropriate tilings.

In addition to objects which are abstract shapes, abstract line objects can also be
composed with spatial relationships. The interpretation of spatial relationships like
above and below is slightly different for lines than for shapes. Figure 3.8a shows an
example of a below adjacency relationship between two lines. Line B is parallel to
and below line A. This relationship differs from the below adjacency for shapes. For
example, in Figure 3.8b, line B might still be considered “below” line A, which is
certainly not the case if A and B were interpreted as abstract shapes.

In addition, there can be spatial relationships where one (or more) of the objects
is an abstract shape and the other(s) are abstract lines. This type of relationship is
commonly used to associate a label with a line, as in Figure 3.8c.

Coincidence Relationships

Coincidence relationships relate two (or more) objects based on a common location. For
example, a typical composition operator combines two lines where the second endpoint
of one line coincides with (i.e., is at the same location as) the first endpoint of the other
line. Coincidence can be considered a special kind of spatial relationship. Coincidence
is distinguished in the informal characterization of composition operators because much
previous research has been based on coincidence relationships {25, 83].
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Figure 3.8: Spatial Relationships between Lines: line A below line B

The basic composition between two lines is based on the coincidence of the end-
points. In Shaw’s [83] Picture Description Language (PDL), he identified four different
types of endpoint coincidence, as discussed in Chapter 2. Composition operators based
on these coincidences are shown in Figure 2.10.

Coincidence relationships can also be used to define composition operators for com-
bining lines and shapes. The simplest such relationship is for an endpoint of the line
to coincide with one of the corners of the shape. This can be extended to allow an
endpoint to fall anywhere along the boundary of the shape, as shown in Figure 3.9a.
Many different shape/line coincidence relationships are possible: the relationship can
be completely constrained (touching in a specific place), unconstrained (touching any-
where), or something in between (e.g., touching anywhere along the bottom). Also,
the composition can be varied according to which endpoint of the line is used and how
the properties of the aggregate are computed.

Figure 3.9: Shape and Line Coincidence
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Figure 3.10: Two Examples of Metrical Relationships

A similar type of coincidence relationship exists for lines. Two lines can be com-

posed when the endpoint of one line lies anywhere along the other line segment, as in
Figure 3.9b. :

Metrical Relationships

A metrical relationship relates objects in some fashion that is dependent on a measured
value. The spatial relationships shown in Figure 3.7 are based on the relative positions
of the two shapes, without considering the absolute dimensions or locations of the
objects. A metrical relationship might take these properties iuto account. Figure 3.10
shows two examples of metrical relationships. In (a), the filled rectangles are related
to the markings to the left by their height; and in (b) a composition might combine
the two squares of the same size.

Non-geometric Equivalences

Lastly, besides the various relationships based on the geometric aspects of the picture,
compositions can be based on other, non-geometric aspects. For example, a composition
might combine two (or more) objects of the same class, or two strings containing the
same text, or all objects of the same color. Alone, these relationships are not widely
used in visual languages, however they can come into play in conjunction with other

relationships. For example, combining a dotted line with other dotted lines which are
crossed.
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3.3 Grammar-Based Picture Specification

A visual alphabet and a set of composition operators provide the basis for describing
pictures. Together they define a universe of possible pictures: the set of pictures formed
from primitive elements in the alphabet that are covered by a composition graph over
the set of operators. Thus an alphabet and operator set can be said to define a visual
language. _ _

Using the entire universe of pictures to define a visual language has two problems,
however. First, a picture may have more than one composition graph which describes
it. Although a certain amount of ambiguity might be allowed, processing of a visual
program (e.g., compiling it) requires that a well-defined interpretation of the program
be extracted.

More importantly, the universe of pictures is too broad. A visual language is gener-
ally limited to a subset of all possible pictures. Suppose a simple language consisting of
a single picture containing two rectangles, one to the right of the other, is to be defined.
Using rectangles as a visual alphabet and horizontal concatenation as a composition
operator would specify not only the intended picture, but also the plctures with three
rectangles, four rectangles, and so on.

A syntax specification must determine exactly which pictures helong to a visual
language and how those pictures are constructed by composition of the picture elements.
The approach taken here to syntax specification is grammar-based. A grammar is a
finite set of rules which specify the syntax of a language. A grammar is based over an
alphabet, divided into terminals and nonterminals. The terminals are the symbols that
form the language elements. For a visual language, the terminal symbols correspond
to the picture elements.

The rules (or productions) of a grammar serve to relate the pieces of a language
element, just as the compositions relate pieces of a picture. In a grammar specification
of a visual language, the application of a production corresponds to the application of
composition operator. The nonterminal symbol on the left-hand side of the production
refers to the composite object formed by the production. The derivation tree for a
picture is equivalent to its composition graph.

The following informal definition of a picture grammar expresses this meaning:

Definition 3.7 A simple picture grammar is a four-tuple (N,X,s, P) where N is a
set of nonterminal symbols, ¥ is a set of terminal symbols, s € N is an initial symbol
and P 13 a set of productions of one of the following forms:

¢ X—>2, XeN,ze NUX.
e Y — op(X1,...,X;), Xo € N, Xi € NUX, where op is a composition operator.

For a given visual language, the rules of the grammar specify which pictures belong
to the language. If the grammar is unambiguous, then for each picture there will only
be one derivation tree, corresponding to the intended structure of the picture. The
next section illustrates how a grammar, compositions and a visual alphabet are used
to specify the syntax of a visual language. '
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3.4 An Example - The StateCharts Language

In this section, an example is given of how picture grammars are used to specify the
syntax of a visual language. The language defined is based on the StateCharts lan-
* guage [35].% StateCharts are an extension of finite state automata. StateCharts are
interesting because they were developed as a visual programming language and are not
based on any textual language. They exploit the two-dimensional nature of pictures to
express concurrency in a natural fashion. StateCharts have been used for programming
real-time reactive systems, such as embedded control systems.

The StateChart model is based on finite state automata. A finite state automaton
(FSA) consists of a set of states and a set of transitions. Each state is identified by a
label. A transition may be thought of as a triple < 3g,€,8; >, meaning that in state
89, if the next input is event e, move to state sy. One state in the FSA is designated
as the initial state, and one or more states are designated as final states. Finite state
automata also form a visual language (e.g., by drawing states as circles and transitions
as labelled arcs).

StateCharts enrich finite state automata both semantically and syntactically (i.e.,
visually). The basic model of computation is similar to that of finite state automata. A
StateChart has a current state which changes in response to input events. StateCharts
enhance the notion of state with two types of structure: depth and orthogonality. The
StateChart language is developed below by specifying it with a simple picture grammar.

StateCharts use five different types of picture elements: text fragments, rectangles,
circles, arrows and lines. FEach class of picture element has an equivalent terminal
symbol, so the grammar starts with:

¥ = {text, rectangle, circle, arrow, line}

Rather than listing N now, we will take it to be the union of the left hand sides of all
the productions given, and show all nonterminal symbols in CAPITAL letters, while
terminals are shown in lowercase bold letters.

The basic entity in a StateChart is a state. The simplest version of a state is a
rectangle containing a text string, as shown in Figure 3.11. The picture is formed from
two picture elements (the extent of the text string is shown as a dashed box). Thisis a
simple atomic state, similar to a state in an FSA. An atomic state may also represent

a more complex state which is left unspecified. An atomic state is described by the two
productions:

(1) STATE — ATOMIC_STATE
(2) ATOMIC_STATE — contains(rectangle, text)

The second production says that an atomic state is formed by combining a rect-
angle with a piece of text using the contains composition operator. The contains
operator composes two elements where the extent of the second element is contained

°1 have simplified and present only a subset of the language defined by Harel.
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Figure 3.11: An Atomic State Figure 3.12: XOR-union of States

within the extent of the first.* The aggregate object will have the same extent as the
outer element.

_ StateCharts extend atomic states with depth. A state can be formed from the
union of a group of states. The containing state is the exclusive-OR (XOR) of the
states within it. An FSA consists of a single XOR-union of atomic states. StateCharts
extend this notion to allow states to be defined as unions to arbitrary depth.

This hierarchy of states is shown graphically by nesting the group of states within
the containing state. Figure 3.12 shows a StateChart consisting of a state labelled
outer_state which contains the XOR of three states: statel, state2 and stated. stated
in turn consists of the states inner! and inner2. The only spatial relationship required
between states in an XOR-union is that they are non-overlapping. The label for the
containing state must be above all the states in the XOR-union.

The productions defining the syntax of an XOR-union are:

(3) STATE — XOR-STATE

(4) XOR_STATE — contains(rectangle, XORINSIDE)
(5) XORINSIDE — over(text,XOR_UNION)

(6) XOR_UNION — STATE

(7)  XOR.UNION — adjacent_to(XOR-UNION{, XOR_UNION,)

Productions six and seven form a group of STATEs using the adjacent_to operator,
which composes two adjacent elements. The extent of the aggregate object is defined
to be the smallest extent enclosing both of the constituents. The over operator in pro-
duction five composes two adjacent elements where the bottom of the first is above the
top of the second. This grammar does not necessarily specify a unique decomposition

*A further restriction of the contains operator is that there is nothing between the inner and con-
taining elements. This is true any time we are composing objects which are adjacent in some form (but
this is ignored for now). The specifics of this restriction are discussed in Chapter 5.
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of the xor-union, but the decomposition is unimportant, since it is only the group that
is interesting.

The second extension made by StateCharts is to allow a state to be decomposed
into orthogonal components. This composition corresponds to the Cartesian product
of states. When the StateChart is in the product state, it is also simultaneously in
each of the contained states. Just as the previous grouping can be viewed as the OR
of states, this product can be seen as the AND of a group of states.

The visual notation for the orthogonal product is to divide the containing state
by dashed lines, either vertically or horizontally. Figure 3.13 shows an example of an
orthogonal product of states. When in this state, the machine is simultaneously in
statel, state2 and state3. Note that no label is given to the product state. Orthogonal
products can be combined with XOR-unions, as shown in Figure 3.14. The state defined
by Figure 3.14 is an element of (A1 U A2) x (B1U B2U B3) x (C1U (C2 x C3)).

This visual syntax is defined by the following productions:

(8) STATE — PRODUCT.STATE
(9) PRODUCT STATE — contains(rectangle, PRODUCT_INSIDE)
(10) PRODUCT_INSIDE — horiz{ PRODUCT-INSIDE;,VBAR,PRODUCT_INSIDE,)

(11) PRODUCT_INSIDE — vert(PRODUCT_INSIDE; HBAR,PRODUCT_INSIDE,)
(12) PRODUCT.INSIDE — text

(13) PRODUCT.INSIDE — XOR_UNION

(14)  VBAR — dashed_vertical(line)

(15)  HBAR — dashed_horizontal(line)

The interpretations of productions ten and eleven are shown graphically in Fig-
ure 3.15. Production ten composes PRODUCT INSIDEs which are horizontally aligned
and separated by a vertical dashed line. Similarly, production eleven composes PROD-
UCTINSIDEs which are vertically aligned and separated by a horizontal dashed line.
In this fashion, an orthogonal product is built up from horizontal and vertical composi-
tions of states. Again, these productions do not necessarily give a unique decomposition
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Figure 3.15: Productions for an Orthogonal Product State

of the PRODUCT STATE, but they suffice since only the group is important. Produc-
tions 14 and 15 use unary compositions to specify the syntax for vertical and horizontal
dashed lines.

Similar to finite state automata, StateCharts have transitions defined on input
events. The visual notation for a transition is a labelled arc between states, as shown
in Figure 3.16. The label is a text string specifying the input event. The natural way
to fit a transition into the picture is to compose it with the state it leaves. This syntax
for transitions is specified by the productions:

(16) TRANSITION — labels(text,arrow)
(17)  STATE — leaves(TRANSITION, STATE,)

Production 16 defines a TRANSITION as a composition of an arrow and the text
labelling it. The [abels operator corresponds to spatial adjacency of a shape and a line.
Production 15 relates the TRANSITION to the state it leaves. The leaves operator
combines a line and a shape, where the first endpoint of the line is somewhere on the
boundary of the shape. The aggregate will have the extent of the shape rather than
the endpoints of the line.

Finally, StateCharts makes two extensions to allow transitions to work with the
hierarchy. For example, consider the statechart shown in Figure 3.17, which has a
transition from state A to state B on event F1. Since state B is the XOR-union of
states B; and Bs, which of these states is to be entered must be specified. The first
extension is the use of default states. The default state specifies which state is to be
entered when a group is entered. It is indicated visually by a unlabelled arrow starting

event
state1 —t state2

Figure 3.16: A StateChart Transition
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at an circle containing the letter ’D’ and pointing to the default state. A default state
is analogous to the start state of a finite state automata.

The second extension is to add memory to an XOR-union. A circle containing the
letter "H’ represents the most recently visited state. A transition ending at the history
symbol signifies a transition to whatever state was most recently visited. Figure 3.18
shows a StateChart with both history and default states. The default state has two
arrows - one to the history and the other to state B1. This signifies that the default
state is initially state B1 and then is the most recently visited state.

The productions to define the visual syntax of default and history states are:

(18) DEFAULT — DEFAULT.STATE

(19) DEFAULT — leaves(arrow,DEFAULT STATE)

(20) DEFAULT.STATE — leaves(arrow,DEFAULT_SYMBOL)
(21) DEFAULT_SYMBOL — contains(circle,text)

(22)  HISTORY — contains(circle,text)

(23) XOR_UNION — DEFAULT

(24) XOR_UNION — HISTORY

A DEFAULT is specified as an circle containing a "D’ with one or two arrows leaving
it. A HISTORY is specified as a circle containing an 'H’. Productions 23 and 24 are
used to include the default and history symbols into the XOR-union.

The specification of the StateChart language is completed with the production,
(25) CHART — STATE

which defines a StateChart to be a STATE (i.e., CHART is the start symbol). Fig-
ure 3.19 shows an example of StateChart. The derivation tree (or equivalently, the
composition graph) for this StateChart is given in Figure 3.20. The interior nodes of
the parse tree are labelled with nonterminal symbols and correspond to the aggregates
formed by applying the compositions specified by the productions. The leaf nodes are
labelled by the terminal symbols forming the picture.
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Figure 3.19: A Sample StateChart

3.5 Summary

The grammar given in the previous section ilustrates how visual language syntax can
be defined, but it has several problems. First of all, some productions needed to be more
specific about the terminal symbols involved. For example, the text in Production 21
must be restricted to the string “D”. Also, in Productions 10 and 11, lines which
were dashed and vertical or horizontal are required. This was accomplished by using
special unary composition operators to enforce the restriction. Similarly, operators
could be defined which only apply to the text strings “D” and “H”. This approach
requires extending the set of production operators for every new language, however.
Alternatively, the problem could be solved by introducing additional terminal classes
(e.g., vert_dashed_line). Doing so, however, embeds the structure of the language
into the representation of the pictures.

Another problem is that an xor-union should contain at most one default state.
One solution would be to introduce extra nonterminals and productions to distinguish
whether an XOR_UNION contains a default state. This approach leads to very cum-
bersome grammars, however. For example, when history states are added, distinctions
must be made between XOR_-UNIONS which contain a default state, a history state,
both or neither. A better approach to problems like this is described in Chapter 5.

A third problem is demonstrated by the transitions. The informal description of
the language said that a transition had to begin and end at a state. This grammar
only composes a TRANSITION with the STATE at which it begins. The other end
of a TRANSITION is not restricted to point to a STATE, as the language definition
requires. A more subtle problem is the fact that the order that the transitions leaving
a state are composed with the state is not specified.

These problems are dealt with by the mechanism developed in the next two chapters.
In Chapter 4, the attributed multiset grammar is defined to provide a formal model for
specifying the syntax of visual languages. Chapter 5 describes the particular class
of attributed multiset grammars used to define visual languages, the Picture Layout
Grammar.
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Chapter 4

The Grammar Model

4.1 Introduction

This chapter describes the syntactic theory of visual languages. A syntactic theory

describes a family of languages with similar characteristics. The family of languages
considered here are visual languages.

A language is a set of structures called words formed from symbols. Words are
typically viewed as strings of symbols, and languages are sets of strings. A string has
two properties of interest: it is a collection of symbols and the symbols are ordered.
The elements of a visual language are two dimensional pictures rather than strings,
so I have developed a model of language whose elements are unordered collections of
symbols.

A language is often characterized by means of a grammar. A grammar is a type of
rewriting system, and consists of a set of symbols V, a set F of ordered pairs (P, Q) of
words over V' and rules indicating how rewriting is done [77]. For example, a context-
free grammar is a rewrite system where V consists of two distinct sets V; and Vy
and each of the pairs has P € Viy and @ a string of elements of V. The language
characterized by a context-free grammar is taken to be all those strings over V; which
can be generated from a distinguished symbol S € Vy by repeated rewriting.

Grammars have several advantages as a language definition mechanism. First, a
grammar allows a finite specification of an infinite language. Secondly, grammars can
serve as the basis of a recognition tool. Lastly, grammars also provide a structural

characterization of a language, which can be used as a basis for the semantics of the
language.

Grammars may be considered from either an analytical or generative point of view.

This chapter describes the theory of visual language syntax. First, the unordered
collections which form the components of visual languages are described, and then the
grammars used to specify these languages are defined.

64
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4.2 Symbols, Words and Attributes

A language is defined over a finite set of symbols called an alphabet. The next chapter
demonstrates how these symbols correspond to the primitive graphical elements of a

visual language. For the purpose of this discussion it suffices to merely consider them
as symbols.

An attributed alphabet is a triple
¥ =(%,A,D)

where X' is a finite set of symbols, A is a finite set of attributes, and D is a set of
attribute domains. The attributes are used to describe properties of the symbols. The
attributes are partitioned into disjoint sets A, for each ¢ € ¥', with

A= U A, and A,, N A,, =0 for o1 # 02
gel!

For each symbol o € ¥', the attributes of o, refers to the attributes in A, unless it is
specifically indicated that all the attributes in A are referred to.

The attribute domain set D = {D;} is a set of domains for the values of the
attributes. D; is the domain for attribute a; € A, and |D| = |A|. Where the domain
set is clear or unimportant, it will be left unspecified and an attributed alphabet is
treated as the pair (X', A).

Given an attributed alphabet X as described above, an attributed symbol is a pair
(0,V) where 0 € ¥ is a symbol and V = {v;} Va; € A is an attribute vector. If
A, = {4;,4,,...,A;,} are the attributes of o, then v; = L if a; € A, and v; €
D;U L Va; € A,. The attribute vector V contains values for all the attributes, with
L signifying an undefined value (i.e. an attribute not defined for o). The function
PROJ is defined by PROJ((0,V), a;) = v; as given above.

The domain of the attribute vector is given as D* = [],.ca(D: U L). The notation
olay 1 vy, ..., G U] is used for an attributed symbol, which may be shortened to only
include those attributes a; € A,. The attribute names (a; :) may also be left off. If the
attributes are not of concern, the symbol may be referred to just as o.

Example 4.1 The triple & = ({a,b,c},{3,5,k},{Z,Z.Z}) is an attributed alphabet,
with A, = {i}, Ay = {j}, and A, = {k}. An ezample of an element of & would be
alt:3.7: L,k L]. Other notations for this element would be afi : 3], a[3] or a.

The structures forming the elements of the family of languages are unordered collec-
tions of symbols. The concept of a multiset [46] is used for a collections. Intuitively, a
multiset is like a set, except that it may contain identical elements which are repeated.
Another way of thinking of a multiset is as a set of objects, where each object is a
unique instance of a symbol class. The formal definition of a multiset is given by:

Definition 4.1 A multiset M defined over an alphabet ¥ is a function mapping £ to

the non-negative integers. For x € ¥, M(z) is the number of occurences of = in the
multiset M.
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Although formally defined in terms of a function, a multiset will usually be speci-
fied by listing its members as {m;, m2, ..., mp}. (The distinction between a set and a
multiset will always be implied by the context). Given a set S, S* is defined to be the
set of all multisets over S.

Example 4.2 Let ¥ = {a,b, ¢} be an alphabet. Then an ezample of a multiset over X
would be M = {a,b,a,b,c,b} (which is the same as the multiset M' = {a,a,b,b,b,c}).
This multiset would be defined by the function M(a) =2, M(b) =3, M(c) = 1.

Given two multisets A and B over the set S, define the following operations Vz € §:
AW B = M, where M(z) = A(z) + B(z).
AU B = M, where M(z) = max(A(z), B(z)).
AN B =M, where M(z) = min(A(z), B(z)).
A© B = M, where M(z) = max((A(z) — B(z)),0).
a € A if and only if A(a) > 0.
{ is the multiset given by @(z) = 0.
rank(A4) = maxges(A(X)).
The relation A = B holds if A(z) = B(z).
The relation A C B holds if A(z) < B(z).

Now the notion of a multiset is extended to include attributed symbols. Intuitively,
an attributed multiset is an unordered collection of attributed symbols. An attributed
multiset may be viewed as a collection of objects, where the symbol is the class of the
object, and the attribute values are the instance variables of the object.

Definition 4.2 An attributed multiset M defined over an attributed alphabet ¥ =
(¥', A, D), is a function mapping & x D* to the non-negative integers. For an attributed

symbol (0,V), M(o,V) is the number of occurences of (¢,V') in the attributed multiset
M.

As with an unattributed multiset, an attributed multiset is represented by listing
the elements (rather than as a function). An example of an attributed multiset would
be M; = {af1],a[2],b[1],b[2],b(2],c[3]}.

The operations defined above for multisets are extended to attributed multisets
in the natural manner. For an attributed multiset M, the underlying unattributed
multiset M’ will be called the base multiset. The base multiset is defined by

M'(c) = E M(o,V)
veD*
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For the attributed multset My given above, the base multiset is {a,a,b, b,b, c}.

The term (attributed) multiset language is used to mean any set of (attributed)
multisets over a specific (attributed) alphabet. Multiset languages may be referred to
as languages when it is clear from context that they are multiset languages. Word

and sentence are also used as synonyms for multiset (either attributed or not) when
referring to language elements.

Example 4.3 Let £ = {a,b} be an alphabet and let L be the (unattributed) multiset
language L = {M | M(a) = k,M(b) = 2k,k > 0}. L includes {a,b,b}, {a,a,b,b,b,b}
and all multisets consisting of twice as many b’s as a’s. Now let &' = (£, {ay,a2}) be
an attributed alphabet and let L' be the attributed multiset language over ¥’ given by
L'={M"|M(a,(i,L)=1,M(b,(L,j)=1V1<i<k,1<j<2kk>0and M =0
elsewhere. L' contains {a[1],b[1],b[2]}, {a[1],a[2],b[1],b[2],6[3],b[4]} and so on.

4.3 Multiset Grammars

Specifying languages as sets is not very useful. Grammars provide both a means of
finitely defining infinite sets and a structural characterization of the language elements.
Grammars also form the basis of a analysis technique. This section first defines gram-
mars for (unattributed) multiset languages, and then extends these definitions to at-
tributed multiset languages. Now the first grammar definition:

Definition 4.3 A multiset grammar is a four-tuple,
G=(N,%,5,P)
where
e N is a finite set of non-terminal symbols.
e Y is a finite set of terminal symbols.

o V = NUZX is an alphabet called the vocabulary.

e 5 € N is a start symbol.

P is a set of productions of the form A — M, where M = {X,,.... X}, with
X;€V,Ae N and M # §.

This is similar to the definition of a context-free grammar, except that the elements
of the right hand side of a production are considered a multiset rather than a string.

Although the right-hand side of a production is an unordered multiset, for any
grammar G there is a fixed canonical ordering for each production p € P which orders
the elements of the right-hand side. The canonical ordering is used to distinguish
between elements of the RHS (e.g. for relating a particular element of the RHS to
specific child in a derivation tree, as discussed later). The actual ordering used is
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arbitrary and is unimportant as long as it is fixed for a grammar. By convention, the
right hand side of a production is listed from left to right in canonical order.

NOTATION
The following conventions regarding grammars are used:

o The capital letters A, B,C, D, E and § will denote non-terminal symbols.

e The lower-case letters a,b,c,d and e, and boldface strings such as box
will denote terminal symbols.

e The capital letters W, XY and Z will denote symbols which may be
either terminals or non-terminals.

e The capital letters M and N, will denote multisets of terminal and non-
terminal symbols.

e The lower-case letters u,v,w,z,y and z will denote either multisets or
strings of terminal symbols, depending on the context.

Derivation and the language generated by a grammar G are defined as follows. If
A — ais a production in P, and M € V* is a multiset with M(A) = ip,ip > 0 (ie.
M contains at least one occurence of A), then M =g M’ (i.e. M directly derives M'),
where M’ = (M © {A}) ¥ a. That is, the production A — ¢ applied to the multiset
M (where A € M), derives a new multiset where one occurence of A has been replaced
by all the occurences of symbols in a.

If My, M,,..., M, are multisets in V*, with n > 1, and

My =My, My=>g Ms,...,Mp_1=>cg M,

then My =g M, or simply M, derives M,. That is, =g is the reflexive and transitive
closure of =¢.

The multiset language generated by G (denoted ML(G)) is {w | w € ¥* and
. SSgw}. That is, ML(G) is the set of all multisets containing only terminal sym-
bols that can be derived from S.

Example 4.4 Let G be the grammar with N = {S}, ¥ = {a,b} and P given by
S — {a,b}, S — {5,a,b}. This grammar generates the multisets {a,b}, {a,a,b,b}
and so on. The multiset language generated by this grammar is ML(G) = {M € £* |
M(a) = M(b) = k,k > 0}. That is, G generates multisets with equal numbers of a’s

- and b’s.

The derivation of a multiset may be viewed as a tree where the leaf nodes are labelled
by the members of the multiset and the interior nodes are labelled by the non-terminals
which appeared on the left-hand side of productions used in the derivation.
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Definition 4.4 Let V be an alphabe:. A labelled, ordered tree over V (or more simply
tree) is a triple (N, E, L) where N is a set of nodes, L is a labelling function mapping
N — V and E is an ordered list of edges E = eq,...,e. | e, € N X N such that the
following hold: '

1. There is ezactly one node r € N, called the root, such that there are no edges
(w,r) € E.

2. For all nodes v € R,v # r, there is ezactly one edge (w,v) € E.

3. A path (from vy to v;) is defined to be a set of edges (vy,v2), (v2,V3), .., (Vs—1, Vs)-
There is no path in E with v, = vy (i.e. there are no cycles in the edges).

For any node n € N, if there are no edges (n,w) € E, then n is a leaf node. Otherwise
n is an interior node. Let e;,, ..., €. be all the edges e; = (n,w;) € E, with i; < i3 <
... < iy, (i.e. the edges are ordered by the list E). Then w;,, ..., w;,, are the children of
n, and the j’th child of n is w;;.

Given a tree T = (N, E, L) and two nodes v,w € N, if there is a path from v to
w, then v is an ancestor of w and w is a descendant of v. A path from v to v is called
a cycle. A tree S = (N',E',L') is a subtree of tree T = (N, E, L) (written § C T) if
N'C S,E'C E and L'(v) = L(v) Yv € N'. Now a definition for the set of derivation
trees for a multiset grammar:

Definition 4.5 Given a grammar G = (N,Z,s,P) as defined above. Then Jg =
{PUZX} is the label set for G. For a label | € Jg, the label symbol for ! is defined by

1 e
lsymb(l)*{A f lePAl=A— M

Now let 0 € V be a symbol of the grammar. Then a derivation tree for g in G is a
labelled, ordered tree T = (N, E, L) over the label set Jg, where:

1. Every node v € N has a labell € Jg.
2. The label of the root of T is I, where lsymb(l) = o.

3. Ifn is an interior node with label | = A — {X,, X5, ..., Xk} (where the number-
ing 1,...,k corresponds to the canonical ordering of the production), then n has
children nq,no, ..., ng with labels 1y, 1y, ..., lx, where lsymb(l;) = X;, respectively.

The set of all derivation trees for o is defined to be
TC = {T | Tis a derivation tree for o}

The yield of a derivation tree T is the multiset formed from the leaf nodes of T'.
The string yield of a derivation tree T is the string formed by taking the leaves of T
from left to right, where left to right corresponds to the canonical ordering within the
productions labelling the nodes. This is also called the frontier function [89] (fr(T")).
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4.3.1 Context-Free Multiset Languages

Definition 4.6 A multiset language L is called a context-free multiset language if
there is a multiset grammar G such that L = M L(G).

The reason for calling the languages generated by multiset grammars context-free is
made clear by the following discussion of the relationship between multiset grammars
and context-free grammars.

Let ® be the homomorphism from strmgs to multisets defined by

®(w)= M : ¥ — N given by M(a) = the number of occurences of @ in w

This homomorphism removes the ordering information from the string, leaving a mul-
tiset.

Theorem 4.1 Let Ly be a context-free multiset language. Then Lps is the homomor-
phic image of some contezt-free string language Lg.

Proof: Let G be a multiset grammar for Lps. Simply use the canonical ordering for
every production to order the symbols on the RHS into a string, resulting in a context-
free (string) grammar Gg generating a context-free string language Lg. Since every
derivation tree over G has a corresponding derivation tree over Gg, it is clear that
any multiset M € Lps has a corresponding string S € Lg for each derivation tree of

M. Similarly, for any string in Lg, there is a multiset in Lps with the corresponding
derivation tree. Thus,

VM €Ly 3 S € Lgsuch thatM = @(S)
VSe€Ls 3 M € Lysuch thatM = &(5)

O

The frontier function fr(7") is clearly a homomorphism from (labelled, ordered)
trees to strings. This is used to reverse the relationship in Theorem 4.1

Definition 4.7 The ordered string set generated by a multiset grammar G is given by
0S55(G) = {z € T* | z = fr(T)for someT € TE}.

Theorem 4.2 Let Lg be a contezt-free string language. Then there is a multiset gram-
mar G for which Ls is the ordered string set generated by G.

Proof: Let G' be a context-free (string) grammar generating Lg. Now construct the
grammar Gy from G by viewing the right-hand sides of productions as multisets and
using the string ordering of the RHS to determine the canonical ordering. Clearly
Ls =055(Gum). O

These two theorems show that, as expected, multiset grammars and context-free
string grammars are closely related. Removing the ordering from a context-free string
language results in a context-free multiset language. By restoring the ordering implied
by the syntactic structure to a context-free multiset language, a context-free string
language is created.
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4.3.2 Extended Multiset Grammars

As noted in Chapter 3, a hierarchical structure such as a derivation tree do not pre-
serve all the two-dimensional adjacency relationships present in an element of a visual
language. It is desirable to extend multiset grammars to more fully reflect these rela-
tionships.

The approach taken here is to allow a contezt to be specified for each production.
This context consists of a multiset of terminals which must be present for the appli-
cation of a production to be valid within a derivation tree. When attributed multiset
grammars are developed, it will be apparent how to restrict the context to a particular
terminal. For now it will suffice to allow any instance of the specified symbol as the
context.

Providing a context for a production can be viewed as restricting the structure of the
derivation trees. Any derivation tree containing a node labelled with that production
must also contain leaf nodes labelled by the symbols in the context. A context can
also be viewed as augmenting the derivation tree, by adding an additional edge for
each symbol in a context, from the node labelled by the production to an (arbitrarily
chosen) nodes labelled by the context symbol.

Adding context to productions has two advantages:

1. The context will allow us to more precisely specify visual language syntax. For
example, one can specify that an arrow must be pointing at a box. One could
also use the context to distinguish between an arrow pointing to a box and an
arrow pointing to a circle.

2. The additional edges in the parse tree will allow attribute information to pass
from one part of the tree to another.

Now a formal definition of the extension is given:

Definition 4.8 An extel}ded multiset grammar is a four-tuple, G = (N, X, S, P) where
¢ N is a finite set of non-terminal symbols.
o ¥ is a finite set of terminal symbols.

e V=NUZX is an alphabet called the vocabulary.

S € N is a start symbol.

P is a set of productions of the form A — M/a, where M = {X,,...,X,} and
a = {ay,...,as}, with X; € V,a; € £ and A € N. o« is the context of the
production.

Given an extended multiset grammar G = (N, X, S, P), the underlying multiset
grammar G’ is given by (N,X, S, P'), where P’ are the productions of P with the
contexts removed and redundant productions eliminated. Next the definition of tree is
extended to include the extra edges:
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Definition 4.9 Let V be an alphabet. A labelled, ordered tree-DAG over V (or simply
tree-DAG) is a quadruple TD = (N,E,L,F), where T = (N, E, L) forms a labelled,
ordered tree, and F' is an ordered list of edges F = f1, ..., fs | fi € N x N and such that
if (v,w) € F, then w is a leaf node.

The tree T is the basis tree of the tree-DAG. The edges in E are called tree-edges
(or Tedges) and the edges in F are called graph-edges (or Gedges). For a node v, the
nodes wy, ..., wg such that (v, w;) € F are the tree-children of v and the nodes z1, ..., 2k
such that (v, 2;) € F are the graph-children of v.

The tree-DAG definition is used to extend the notion of a derivation tree to handle
contexts.

Definition 4.10 Let G = (N, X, s, P) be an extended multiset grammar with G' the
underlying multiset grammar. A multiset M is analyzable over G if there ezists a
tree-DAG T D over the label set of G with a basis tree T such that the following hold:

e TcTE.
o M is the yield of T

o If v is an interior node in TD labelled by A — {X4,..., Xk}/a1, ..., a;, then v has
tree children w., ..., wi and graph children 2, ..., z;, where tree child w; is labelled
Ly; with lsymb(ly,) = Xi and graph child z; is labelled a;.

The tree-DAG T' D is called an analysis of M.

Now the language specified by an extended multiset grammar can be defined in
terms of the analyzable multisets. Given an extended multiset grammar G(N, X, s, P),
the multiset language recognized by G (A(G)) is given by

A(G)={M € &* | M is analyzable over G}

Example 4.5 Let G = ({95, A, B},{a,b},5,P) where P contains the following three
productions:

S — {A,B}/0
4 — {a}/{b)
B~ {3}/{a}

This extended multiset grammar defines the language consisting of the single multiset
M = {a,b}.

Note that this definition of the language specified by an extended multiset gram-
mar is an analytical one, and not a generative one (thus the use of the term analysis
rather than extended derivation tree). To see the distinction, consider extending the
generative approach used for multiset languages by saying that M =g M’ only when
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M(a) > 0 Ya € the context for the production applied. Using this definition, the
language generated by the grammar in Example 4.5 is empty, so M L(G) # A(G).

An interesting question is how the languages recognized by an extended multiset
grammar relate to the context-free multiset languages. A similar question for string
grammars is the relationship between the languages recognized (not generated) by
context-sensitive grammars and context-free (string) grammars. Peters and Ritchie [61]
. have shown that any language that is recognized by a context-sensitive grammar is
context-free. The following analogous result for multiset grammars and extended mul-
tiset grammars is proven.

Theorem 4.3 IfG = (N, L, S, P) is an extended multiset grammar and L = A(G) is
the multiset language recognized by G, then L is a context-free multiset language.

Proof: We will construct a context-free multiset grammar H = (N, T, 0, P') which
generates the language A(G). First, number the elements of 2% from 0 to n, with
® numbered 0 and set i called ¥;. For each nonterminal symbol A € N, some new
nonterminals A;; are constructed, where 0 < 4,j < n. The indices on the nonterminal
are going to refer to subsets of £. Theses indices are used to remember two sets
during parsing: the set of terminal symbols generated by the current nonterminal, and
the union of all the contexts encountered in that generation. New productions are
constructed that “compute” these sets for the left hand side from the right hand side.

First, set N’ = Ugen Aoy, and set P’ = (). Next, for every production of the form
A — a (where a € T), let i be the number of the set {a}, then add a nonterminal 4; ¢ to
N’ and the production A;o — a to P’. Continue to add nonterminals and productions
using the following procedure:

1. for each production p € P do the following;:

(a) let p=C — {X3,..., X&}/{b1, ..., bi }a.

(b) let A, ,..., Ao, be the nonterminals in Xy, ..., Xi

(c) let a4, ,...,aq, bet the terminaals in Xy, ..., Xk

(d) for each Ao, let Al = {(4,);; € N'}

(e) for every combination selecting one element from each Al:

i. create the nonterminal C;,. Here z is the number of the set formed by
combining all the sets specified by the first index of each of the selected
(Ao):,;’s and unioning that with {ay}. Similarly y is the number of the
set formed by combining all the sets specified by the second index of
the selected (A,);;’s and unioning that with {by,...,0:}.

ii. add Cry to the set N'.

iii. add the production C,, — {Xj,...,X}} to the set P’  where X =
XifX; is a terminal and X/ is the selected (A,); ;ifX; = Ao.

2. Repeat 1 until no new productions are added in step 1(e)iii.
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3. Add a new unique nonterminal o to N’

4. for each nonterminal S;; € N', such that £; C ¥;, add a production ¢ — S, ; to
P

Clearly there can be at most n? new nonterminals for each existing nonterminal and
at most n%* new productions for each existing production of length at most k. Thus
this is an effective procedure for computing a grammar. Qur claim is that ML(H) = G.
This is proven in two parts.

First,let M € ML(H). Then there is a derivation tree Tf for M. Now construct a
new tree T by relabelling each node in Ty labelled by production p’ € P’ by any of the
productions p € P that caused p’ to be added. After all the nodes have been relabelled,
delete the root node o and the edge leaving it. Clearly if G’ is the underlying multiset
grammar for G, then T € 'ngG' (ignoring the context in each production), M is the yield
of T. So it is merely neccessary to extend T into a tree-DAG by adding edges from
each node with a nonempty context to the terminal symbols in the context. This can
be done as long as M contains all of the symbols found in contexts.

Let a € ¥ be mentioned in the context of production p at a node n in T. Let n’ be
the corresponding node in Tx, labelled by production p’ with A;; the left-hand side of
p'. From step 1(e)i, we know that a € X;. Furthermore, since at each step the second
index of the parent node is formed from the union of all its children, all ancestors of
n (except o) will have a € ¥;, where j is the second index of the ancestor node. Now
let S;; be the child of the root ¢. Since a € ¥; and X; C 3;, we know a € X;. But,
at each step, the first index is formed from the union of all the children of a node, so
either §;; has a child which the terminal symbol a, or it has a nonterminal child A; ;
with a € ¥;. By induction on the height of the tree Ty, we see that somewhere there
must be a node which has the terminal symbol a as its offspring. Thus we know that
M will contain every terminal occuring in a context of a production in T, and T can
be extended to become an analysis for M. Therefore M € A(G).

Now assume M € A(G). Then there is a tree-DAG T'D that is an analysis of M.
We will construct a new tree Ty that is a derivation tree for M over H. First, remove
all the graph-edges from T D, leaving a tree. Next, do a bottom-up traversal of the
tree. At every node, two things are computed: the set of terminal symbols forming the
yield of the subtree rooted at the node; and the set of terminal symbols occuring in
contexts in the subtree. Finally, add a new node labelled o with a single edge to the
root of T'D.

Clearly, if all the productions found in Ty are in P’, then Ty is a derivation tree
for M. We can show that all the productions labelling nodes in Ty were added to
P’ by induction on the height of node n in Ty. First let » be any node of height 1,
with the corresponding node in T D labelled by production A — {ay,...,ax}/{b1, ..., bi}.
Clearly, n is labelled by the production A4;; — {a1,...,ax}, where &; = {a1, ..., ax} and
¥; = {b1,...,b;}. Furthermore, it is clear that this production will be added to P’ by
step 1(e)iii. :

Now suppose that for every node m, h(m) < hg, the production labelling m was
added to P’ and that h(n) = hg. If n is labelled by p = 6 — 5, ; then clearly p was
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added to P/, since wec must have £; C X;. Otherwise n is labelled by production p =
Aij — {X1,..., Xy} with the corresponding production A — {Xy, ..., Xx}/{b1,...,b01} in
TD. Since the productions labelling each of the children of n were added to P’, step le
must eventually select the symbols labelling the children of n. Thus the production
p will also be added to P’. By induction, we see that all the productions labelling
nodes in Ty will be added to P'. Therefore Ty is a valid derivation tree for M and
MeML(H). O

Example 4.6 Consider the grammar G in Ezample 4.5. Our procedure would define
a new grammar H = (N',{a,b}, 0, P') where

o We number the elements of 2% as follows: £o = 0,5, = {a}, 5, = {6},5; =
{a,b}.

o N'={Aop,Boo, 50,0, A1,2,B21,533,0}.

o P’ contains the following productions:

o — {S33}

o = {Soo}
Ss3 — {A412,B21}
Ap — {a}
Byy — {b}

Clearly ML(H) = {{a,b}} = A(G).

4.4 Attributed Multiset Grammars

In this section, the definition of multiset grammars is augmented to generate languages
over attributed alphabets. Words in these languages will be attributed multisets defined
over an attributed terminal alphabet. An attributed alphabet will also be used for
nonterminal symbols, so each symbol in a grammar will have a set of attributes.

Fach production of the grammar will have associated with it both a set of semantic
functions and a set of constraints. The semantic functions specify the values of the
attributes of the symbol on the left-hand of the production in terms of the values of
the attributes of the symbols on the right-hand side. The constraints are predicates over
the attributes of the right-hand side indicating when a production is validly applied.

To see the usefulness of attributes, observe that a multiset M which is an element
of a context-free multiset language Lys fails to express two important characteristics.
First of all, there is a syntactic structure implied for M by a grammar generating
Lys. Secondly, there is an ordering defined over the elements of M by this syntactic
structure which is not reflected in M. Attributes can be used both to restrict the

syntactic structures allowed and to capture the ordering specified by the grammar in
a general notion.
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Definition 4.11 An attributed multiset grammar is a siz-tuple,
G=(N,%,sI1,D,P)
where
o N is a finite set of non-terminal symbols.
o ¥ is a finite set of terminal symbols.

e s € N is a start symbol.

I is a finite set of attribute identifiers, called the parsing attributes.

D s a set of attribute domains.

P is a set of productions of the form (R,SF,C), where

— R is a rewrite rule of the form A — My /vy, where My € V* and v € I*.
~ SF'is a set of semantic functions.

— C'is a set of constraints.

e V = NUZ is the vocabulary.

(V,I1,D) form an attributed alphabet.

e (N,%,s,{RN(R;i, SF;,C;) € P}) forms the underlying extended multiset grammar
for G.

Since (V,I,D) form an attributed alphabet, the attribute identifiers consist of |V|
distinct subsets IxVX € V. Each vocabulary symbol X has an associated set of
attributes, attr(X) = Ix. attr is extended to an attributed multiset by defining
attr* (M) = Ux,enm attr(X;).

Consider the production p = (R, SF,C), where R is

A= {X1, 0 Xk} {b1, .., b1}

For each symbol Z in the rewrite rule (either A, X; or b;), there is a set of attribute
occurances, one for each attribute a; € attr(Z), given as occur(Z) = {Z.a; | a; €
attr(Z)}. occur is extended to the set of occurances in the entire production, defined
by
occur(p) = U occur(Z;)
Zi€{A, X1 Xpsb1 it}

The attribute occurances for different symbols in the rewrite rule are considered dis-
tinct. The attribute occurances for a production are divided into two exclusive sets:

o the defined attributes are (Ux,enoccur(X;)) U (Us,eqoccur(d;)).

o the computed attributes are occur(A4).
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Because the computed attributes are limited to the attributes of the lefi-hand side,
attributed multiset grammars are restricted to synthesized attributes.! The semantic
functions are mappings from the defined attributes to the computed attributes. For
each attribute a € attr(A), there is a function f which defines the attribute. SF is
defined by SF = U, catir(a) fi- The constraints C for production p are a finite set
of functions ¢; from the defined attributes to {True, False}. There are no restrictions
on the f; or ¢j except that they be effectively computable (i.e. a recursive function).
Generally, productions are displayed in the form

A— {X1, o0 Xe}/ b1, b1}
A.aj = fj(<defined attributes>)

more attribute equations
Where

constraint, (<defined attributes>)

constraint,, (<defined attributes>)

Semantic functions may be written as expressions when it is clear that an effectively
computable function could be defined for that expression. Similarly, constraints are
typically written as a relation of expressions (e.g. A.a < B.b). The semantic functions
(attribute equations) or constraints will not be displayed if empty. Also, if v is equal
to () then it will be left off the rewrite rule.

Example 4.7 Let N = {S},Z = {a,b} and I = {ir, iR, %a,%} with D; = Z. Let P be
the following set of productions:

S — {a,b}
S.iL = a.ia
Sig =bay
Where

a.ia = b.ib -1

S — {S1,a,b}
S.iL = a.ia
S.ip =b.4
Where

S1irp =a.d,+1
Si1ip =bdy—1

(Here the subscript 1 on S is meant to differentiate between the S on the LHS and the
S on the RHS of the production). (N,%,S,I,D, P) is an attributed multiset grammar.

Now the notion of tree-DAG is augmented to include attributes.

'Chapter 7 discusses how this restriction is relaxed to allow inherited attributes to be used in
defining language semantics.
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Definition 4.12 A semantic tree over a grammar G is a (labelled, ordered) tree-DAG
over Kg X Dgy, where Dy, is the domain of attribute vectors over (V,1,D).

In other words, the labelling function in a semantic tree maps from the tree nodes
to pairs (p, AV), where p € PUZX and AV is a vector of attribute values for the symbol
[symb(p). The concept of label symbols is extended to semantic tree labels by defining
Isymb((p, AV)) = lsymb(p). In addition, a label attribute is the attribute vector in a
label, i.e. lattr((p,AV)) = AV. ' ' -

The function STRIP maps from a semantic tree to the underlying unattributed tree-
DAG as follows: Let T = (N, E, L, F) be a semantic tree over G. Then STRIP(T") =
(N,E,L',F) , where L’ is given by L' : N — lsymb(l) whenever L : N — l. In other
words, STRIP(T') is the tree-DAG which is only labelled by the symbols, and not the
attributes.

It is not possible to define an analysis for an attributed multiset grammar.

Definition 4.13 Let G = (N, X,s,I,D, P) be an attributed multiset grammar with G’
the underlying eztended multiset grammar. Let M be an attributed multiset with M' the
base (unattributed) multiset. Then M is analyzable over G if there ezists a semantic
tree T such that M is the yield of T, STRIP(T) is an analysis of M' over G' and
the following holds for all interior nodes v of T: Let v be labelled by (p, AV) where
p=A—{Xq,..., X}, {b1, ..., bj} with semantic function SF and constraint C.

¢ v has tree children nq,...,ng and graph children mq,...,m; with n; (m;) labelled
by (Pn;y AVa;) ((Pmiy AVim,)), where X; = lsymb(py,) (bi = lsymb(pm;)).

o for each a € I4, there is a function fo, € SF such that f, evaluates to
PROJ((A, AV), a).

e every constraint ¢; € C evaluates to True.

The semantic tree T is called an analysis of M over G.

The language specified by an attributed multiset grammar is defined in terms
of the analyzable attributed multisets. Given an attributed multiset grammar G' =
(N,Z,s,I,D, P), the multiset language recognized by G (A(G)) is given by

A(G) = {M | base(M) € ‘E* and M is analyzable over G}

Next are two definitions related to the size of the attribute domains (i.e. the number
of different values the attributes may take). This is an important consideration when
trying to parse attributed multiset languages, and is discussed in Chapter 6. Given an
attributed multiset grammar G as defined above. Let 5 C A(G) be a set of attributed
multisets in the language defined by G, and Ts = {t | ¢ is an analysis of some M € S}.

Definition 4.14 The cardinality of an attribute a € I with respect to a single anal-
ysis t € Ts (cardy(t)) is the number of different values found in occurances of a at
any node in t. The cardinality of a with respect to the set S is given by cardy(S) =
maxXyeTs(cardy(t)).
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Definition 4.15 The grammar G is finitely representable if card,(A(G)) is finite
Va € I.

Definition 4.16 Let S™ = {M € A(G) | |M| £ n}. The grammar G is polynomially
bounded if there are constants k,c such that card,(t) < en*Va € I,t € Ten.

Let Lps be a multiset language. If VM € Lps,rank(M) < 1, then Lyps is said
to be non-overlapping. A(n) (attributed) multiset grammar is non-overlapping if the
language it generates (recognizes) is non-overlapping. A non-overlapping attributed
multiset grammar recognizes multisets where no two elements are exactly the same
(i.e. same symbol and attributes).

4.4.1 Analysis of Attribute Multiset Grammars

The membership problem is one important question about attributed multiset gram-
mars. That is, for an attributed multiset grammar G and an attributed multiset M,
is M € A(G). For general attributed multiset grammars, this is difficult to answer, as
the following theorem shows.

Theorem 4.4 Let G be an attributed multiset grammar as defined above with G’ the
underlying extended multiset grammar and G” the underlying multiset grammar of G,
where the following restrictions hold:

o There is no symbol A such that A=>gn {A}.

o The semantic functions and constraints can all be evaluated in polynomial time
and space.

Let M € ¥* be an attributed multiset, then determining whether M € A(G) is NP-
complete.

Proof:

This problem is in NP, because a machine can nondeterministically choose an order
for the elements of M that is fr(T") for some semantic tree T which is an analysis of M
wrt G. The productions in G” can be interpreted as a context-free grammar based on
the canonical ordering. For each node in the tree 7" labelled by a production containing
a context, one can nondeterministically choose the appropriate terminal node for the
context. This allows the tree-DAG T'D to be constructed verified that it is an analysis.

To show that this problem is NP-complete, a reduction is made from 3SAT. Given
an instance of 3 Satisflability consisting of a set of variables & = {ax} and a set of N
clauses C; = {vi1, viz, viz}, where each v;; is either o or @ for some a; € ¥, a grammar
35S AT is constructed as follows:

(1) S — {ClauseList}
Where
ClauseList true N ClauseList. false = 0
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(2) ClauseList — {Clause;, Clause, ..., Clausen }
ClauseList true = | J; Clause;.true
ClauseList.false = J; Clause;.false

For each clause C; = {vi1, iz, vis}, where either v;; = OQyy; OF ij = T, , there is a
production '

(3) Clause,- - {Ail,A,'z,A,'a}
Clause; true = A .trueU A truetU Az true
Clause;.false = A;y.false U Ajz.false U A;3. false
Where

Ajp.sat V Asp.sat V A;z.sat

and for each of j=1,2,3, the following two productions:
4 Ajj — {ak.‘j}
Ajj true = {og,;}
Aij.false =0

true if vy = ay,,
A,'j .sat = o _k'J
false if vy = @,

6y Ay — {oxy}
Aijtrue=10
A,-j.false = {ak‘.j}

alse if vi; = o,
Ajj.sat = f LT TR
true  if vi; = oy,

¥ is the set of terminals, and the input multiset M is given by M = {ax}, such that
M (ay) = the total number of occurences of ay (or @) in all the clauses C;. That is,
M is the multiset of all the variables from the clauses with the negations removed. The
negations are remembered by the (4) and (5) productions. This grammar is ambiguous
because there are two productions A;; — ai,;. Resolving this ambiguity chooses a
value for ag;;. The constraint of production (3) insures that the clause is satisfied.
The true and false attributes build lists of the variables which are assigned True and
False values respectively. The constraint of production (1) insures that the variable
assignments for all the clauses are consistent (i.e that no oy is assigned True in one
case and False in another).

If M € ML(3SAT), then there is a derivation tree for M. This derivation assigns a
value to every variable such that every clause is satisfied. If the clauses can be satisfied,
then a derivation tree can be constructed by choosing the appropriate production (4
or 5) for each term of each clause. O

Theorem 4.4 shows that attributed multiset grammars are too powerful in general
to use for recognition. However, the fact that attributed multiset grammars can express
powerful computations is not a reason for not using them. It is this very power that
makes AMGs an attractive mechanism for specifying the syntax of two dimensional
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languages. This power can be utilized by restricting the ways in which the attributes can
be used to realize subclasses of attributed multiset languages which can be efficiently
recognized. For example, the class of finitely representable, non-overlapping attributed
multiset grammars is such a class.



Chapter 5

Picture Layout Grammars

5.1 Introduction

The previous chapters laid out a framework for the specification of visual language
syntax. They developed a model of visual languages; motivated the need for syntax
specifications; and outlined a grammar-based approach to visual language definition.
Finally, in Chapter 4, a computational model was developed for visual languages, based
on attributed multisets.

This chapter discusses the actual mechanism used to specify visual language syntax,
the picture layout grammar. The language designer uses this mechanism to define a new
visual language. The language definition is a text file containing a grammar written in
the Grammar Definition Language. The GREEN programming environment reads a
grammar file and uses the language definition to process visual programs. The grammar
file contains the following;:

o The definitions (i.e. name and type) of the attributes.

¢ The definitions of the terminal and nonterminal alphabets. For each symbol, the
symbol class name and all the attributes are given.

¢ The names and entry points for external functions used in the grammar, along
with an external object library to be dynamically loaded.

¢ The start symbol.
¢ A list of productions.

The precise syntax of the grammar definition language and the format of the grammar
file are described in Appendix A.

Picture layout grammargtare a restricted form of attributed multiset grammar,
specifically designed to describe two dimensional syntax. A picture is represented as
an attributed multiset. The primitive picture elements form the terminal alphabet
of the grammar, over which the attributed multiset is defined. The attributes of the
symbols contain both the locations and the characteristics of the picture elements.

32
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Figure 5.1: A Sample Picture

Every symbol (terminal and nonterminal) will have four geometric attributes: Iz,
by, rz, ty, which represent the geometry of the corresponding graphical entity. The
geometric attributes are specified in a coordinate system where X is the horizontal
axis and increases from left to right; and Y is the vertical axis and increases from

bottom to top (as shown in Figure 5.1). These attributes can be interpreted in two
ways:

e If the object is a shape, then the attributes define the ertent of the shape, that is,
a rectangle with (lz,by) as the lower-left corner and (rz,ty) as the upper-right
corner. In this case, the relationships Iz < rz and by < ty must hold.

¢ If the object is a line, then (Iz,by) is the left endpoint and (rz,ty) is the right
endpoint. Although the endpoints are conventionally called left and right, there
is no requirement that {z < rz (or by < ty) in this case.

The interpretation of a symbol as a shape or a line depends on the context in which
it is used (i.e. how it is used in a production). Symbols may have other attributes in
addition to the four required ones. For terminal symbols, these attributes express other
characteristics of the graphical primitive (e.g. the string value of a text primitive). The
specific terminal symbols are not fixed (they are defined as part of the grammar), but

the GREEN system provides four shapes (rectangle, circle, octagon and tezt) and
two lines (line and arrow).

Example 5.1 Consider the picture shown in Figure 5.1. The terminal alphabet for
this language consists of three symbols: rectangle, text and arrow. This picture is
represented by an atiributed multiset with five elements.

picture = { rectangle[1,1,5,4], rectangle[10,1,14,4], text[2,2,4,3,”BoxA”],
text{11,2,13,3,”BoxB”], arrow[5,2,10,2] }
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The syntactic structure of the program parallels the compositional structure of
the picture. Each composition in the picture corresponds to some production in the
grammar. Some productions (e.g. those which merely rename nonterminals), however,
merely control the syntactic structure and have no corresponding composition. The
nonterminal symbols correspond roughly to the aggregate objects.

Formally, a picture layout grammar is defined as follows:

Definition 5.1 4 picture layout grammar is a non-overlapping, ﬁnitely mpreséntable
atiributed multiset grammar G = (N, X, s,I, D, P) where the following are true:

1. E’very symbol x € N UX has (at least) the following four distinguished parsing
attributes, lz, by, rz,ty.

2. Ifp=(R,SF,C)€ P, with R=A — X/Y, then for all a € {lz,rz,by,ty}, the
semantic function SF contains an assignment

A =1z.0 wherex € X UY and § € {lz,rz,by,ty}

In other words, p copies the attributes lz,rz,by,ty of the left hand side from

similar (but not necessarily corresponding) attributes of elements of the right-
hand side.

While picture layout grammars are formally viewed as attributed multiset gram-
mars, they have a slightly different syntax. This is simply a more convenient way of
writing the grammars. It is important to note that the grammar being defined is a
specialized attributed multiset grammar and that the notation for productions in a
picture layout grammar is merely a shorthand for the underlying attributed multiset
grammar productions.

As with attributed multiset grammars, a production in a picture layout grammar
consists of three parts: the rewrite rule, the semantic function and the constraint.
The notation used for the rewrite rule is similar to that used for the simple picture
grammars in Chapter 3. The rewrite rule is one of the following forms:

1. N - X
2. N — op(Xy,..., X))

Here N is a nonterminal and X is a terminal or nonterminal. The first form merely
renames a symbol (though possibly enforcing some constraint or modifying some at-
tributes). The second form of production represents a composition. The op is a built-in
composition operator, from the list in Table 5.1.

When more than one instance of a symbol occurs in a rewrite rule, they are distin-
guished with subscripts. Within the right-hand side of the rewrite rule, any terminal
symbol may be marked as remote by underlining it. The remote symbols in a produc-
tion form the context multiset for the underlying attributed multiset production. The
other symbols form the regular multiset.
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shape compositions over

left _of
contains
adjacent_to
tiling

line compositions follow

join

fork
parallel
reverse
shape/line compositions | touches_L
touches R
points_to
points_from
labels

Table 5.1: Picture Layout Grammar Production Operators

For example, the PLG rule

FIGURE — over(TOP,BOTTOM)
corresponds to the AMG rule

FIGURE — {TOP,BOTTOM}/{}.
If the symbol TOP were marked as remote, as in

FIGURE — over(TOP,BOTTOM),
the corresponding AMG rule would be

7 FIGURE — {BOTTOM}/{TOP}.

In the examples below, no terminals are marked as remote (except where demonstrating
its use), but this does not imply that they could not be.

The Constraint

The constraints in a production express the required relationship between the compo-
nents of a composition. Each built-in production operator has an associated constraint
specifying the two dimensional syntax of that composition. For example, the constraint
associated with the over operator says that the bottom of the first argument must be
above the top of the second argument. These constraints are expressed in terms of the
attributes of the symbols. The PLG production
FIGURE — over(TOP,BOTTOM)

has the constraint TOP.by > BOTTOM.ty.

This example also illustrates how the productions determine the interpretation of
the shapes. That is, a component in a visual language (i.e. a terminal or nonterminal
symbol) can have its four geometric attributes interpreted as either the extent or the
endpoints of the component. In the shape compositions, the components of the operator
are treated as shapes, and the attributes interpreted accordingly. Similarly, the line
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Operator Name

meaning
<L<==2>2>!= integer relations
&& AND of two relations

OR of two relations

Function Name

meaning

+ =%/

max(integer;,integer;) — integers
min(integer;,integer;) — integers
concat(string;,string;) — strings
strcmp(string;,string;) — integer
cons(list,elem) — 1list
append(list;,listy) — list
list(elemp,...) — 1list
length(list) — integer

cdr(list) — elem

car(list) — list

integer arithmetic
maximum of two integers
minimum of two integers
concatenate two strings
compare two strings

add elem to front of list
append lists to end of listy
make new list of elements
return length of list
return CDR of list

return first element of list

test_adjacent(x,y,z,w) — {0,1}

do adjacency testing

Table 5.2: Built-in Operators and Functions

compositions treat the components as lines (i.e. (lz,by) and (rz,ty) are taken to be
endpoints of the line); and the shape/line compositions treat one component as a shape
and the other as a line.

In addition to the constraints associated with the built-in production operators,
a production may contain other constraints specified by the language designer. The
actual constraint for a production is the conjunction of the built-in constraint and all
user specified constraints for the production.

The user defined constraints are also defined in terms of the attributes of the ele-
ments of the right-hand side. These attribute references, along with integer and string
constants, form the terms of expressions. The terms are combined using the functions
shown in Table 5.2. Additional functions can be defined in the grammar file and dy-
namically loaded. A constraint is formed by comparing two integer expressions using
the comparison operators in Table 5.2. The constraints can be further combined us-
ing the two logical operations. If more than one user defined constraint is given in a
production, they are ANDed together to form the complete user defined constraint.

Example 5.2 Consider the picture shoun in Figure 5.2, consisting of two rectangles.
This language could be defined by the production
FIGURE — over(rectangle;, rectangles)
Where
rectangle;.Ix == rectangle,.lx
rectangle;.rx == rectangle,.rx
rectangle;.by == rectangle,.ty

This production augments the over operator with three additional constraints. These
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Figure 5.2: A Language Using User Defined Constraints

user defined constraints specify that the two rectangles forming the picture must be
aligned on the left and right sides, as well as along the border between them.

The Semantic Functions

The semantic function in a production computes the attributes of the aggregate object
resulting from the composition. As with the constraints, each built-in production
operator has a semantic function which implements the associated composition. The
built-in semantic functions will compute the values of the four attributes Iz, by, rz,ty
that are appropriate for the aggregate object. For example, the rule
FIGURE — over(TOP,BOTTOM)
sets the attributes to the extent which encloses both the TOP and the BOTTOM (i.e.
to the smallest rectilinear rectangle which encloses both TOP and BOTTOM). The
semantic function of this production is equivalent to
FIGURE — {TOP,BOTTOM}

FIGURE.lx = min(TOP.Ix,BOTTOM.Ix)

FIGURE.rx = max(TOP.rx,BOTTOM.rx)

FIGURE.by = BOTTOM by

FIGURE.ty = TOP.ty

Again, the language designer can include additional semantic functions in a pro-
duction. During parsing, the built-in semantic functions are evaluated first, followed
by the user specified semantic functions. Thus the additional semantic functions can
be used to override the values computed by the built-in semantic functions, as long as
they continue to select from the geometric attribute instances of the right hand side
and keep Iz < rz,by < ty for shapes. (care must be taken to ensure that the resulting
language is correct) A more typical use of the additional semantic functions is to com-

pute values for additional attributes, which are then used in subsequent constraints or
functions.

Example 5.3 Consider the picture shown in Figure 5.3, consisting of four rectangles.
The following productions define a language of similar tilings:
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Figure 5.3: A Language Using Additional Attributes

HORIZ — left_of(rectangle;,rectangle;)

HORIZ.center = rectangle;.rx
Where

rectangle, rx == rectangle, lx

FIGURE — over(HORIZ,; , HORIZ.)
Where
HORIZ,.by == HORIZ,.ty
HORIZ, .center == HORIZ,.center

Here the center attribute is used to align the splitting point on the top and bottom of
the figure.

The remainder of this chapter discusses the built-in production operators. The
next section describes a mechanism for specifying adjacency constraints. The following
three sections cover the operators, grouped according to the type of composition.

5.2 Adjacency Testing and Regions

As noted earlier, compositions have constraints associated with them that specify the
required spatial relationship. For some compositions (e.g. coincidence of line end-
points), this relationship consists only of the relative positions of the components.
Other compositions (e.g. over) require not only that the components have a given
relative position, but that the components be adjacent objects, in that there be no
intervening objects. For example, in Figure 5.4, although the box labelled ‘a’ is to
the left of the box labelled ‘c’, they would not be considered horizontally adjacent
because of the box labelled ‘b’ between them. These restrictions are called adjacency

a‘ b

Figure 5.4: Some Adjacent Boxes
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constraints. This section describes tlie mechanism for formulating and evaluating ad-
jacency constraints.

There are four types of adjacency defined: horizontal, vertical, containment and
label. All four types of adjacency are based on a common framework. An intuitive
definition of adjacency is to say that two entities are adjacent if there is nothing between
them. This definition can be made precise by specifying what it means for two objects
to have “nothing between them”. :

The approach taken here is to identify a particular area of the picture and enforce
the constraint that this area must not contain any terminal symbols. The area identified
depends on both the composition operator and the actual locations (i.e. extents) of

the objects being composed. The area comprises a region according to the following
definition.

Definition 5.2 A region is either a simple region or a complez region. A simple region

is a rectangular area specified by four integers lz, by, rz,ty. A complex region is a union
of simple regions.

To determine whether two objects meet an adjacency constraint, the region cor-
responding to the area “between” the two objects is formed. The actual area for
each composition is discussed with the composition below. The terminal symbols are
searched to see if any intersect the region. If the region is complex, it is checked by
examining the component regions individually.

There are two reasons for only considering terminal symbols when defining adja-
cency. First, it corresponds to the intuitive notion of adjacency. If two things are not
adjacent, this should be reflected by something intervening in the picture. Aggregate
objects (i.e. nonterminals) are a result of the interpretation of the picture. The “in-
visible” parts of an aggregate (e.g. the area between two composed symbols) aren’t
directly in the picture, and so are not considered for adjacency. A second reason is
that it fits with the bottom-up analysis scheme in the next chapter.

Restricting our attention to terminal symbols for adjacency testing would seem to
produce some counterintuitive results. Consider the picture in Figure 5.5, for example.
Looking only at either the two circles or the two squares, the pairs would be considered
to be adjacent (vertically and horizontally, respectively). Allowing each to be composed
would seem to be incorrect, as one of the aggregates must be “between” the components
of the other. This is a limitation of the model of adjacency. If the overall picture is
considered, however, then Figure 5.5 forms a valid picture only if the two overlapping
aggregates can be composed.

Sometimes it is necessary to relax the adjacency constraint in a production. For
instance, consider the fsa program shown in Figure 3.3. In this program, adjacent
states in the fsa are composed to form an aggregate of all the states. The states would
not be considered adjacent however, because the terminal symbols for the transition
arrows and labels would be intervening.

This problem is solved by allowing the language designer to designate a class of
terminal symbols to be ignored in adjacency testing for a production. The definition
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O

O

Figure 5.5: Intervening Aggregate Objects

of a terminal symbol lists the classes to which it belongs. The class is then made up
of all the terminal symbols listing it. In a production, the ignore class is specified by
a positive integer, as in

A — over(B,C)[1]
If no ignore class is specified in the production, it defaults to 0, indicating that no
terminals should be ignoreed. The ignore class has no effect for a production operator
which does not test for adjacency.

An adjacency constraint may be explicitly coded using the test_adjacent built-in
function. The implementation of the adjacency testing is discussed in the following
section. Access to the underlying adjacency mechanism is also available from within
an external user function for defining new types of adjacency.

5.2.1 Implementing Adjacency Constraints

The adjacency constraints are implemented by the test_adjacent routine. This rou-
tine takes four arguments: the type of adjacency, the two nodes involved and the class
of terminals to ignore. It may be called from an explicit constraint as
test.adjacent(type, @nodel, @node2, class)’

where type indicates the kind of adjacency and is one of ADJACENT X, ADJA-
CENT_Y,ADJACENT_ANY, ADJACENT_CONTAINS or ADJACENT.LABEL. AD-
JACENT_ANY signifies either X or Y adjacency. The node arguments are ordered,
with the node! argument being the left, bottom, inside or line object and the node2

!The notation ’@nodel indicates that the entire nonterminal symbol is the argnment, rather than
a specific attribute.
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rectangle 3 rectangle 3

rectaﬁgle 1 recténgle 2 recta.ngle 1 recftangle 2

Figure 5.6: Overlapping Regions and Region of Interest

argument being the right, top, outside or label object as appropriate for the type of ad-
jacency (the nodes do not have to be ordered for ADJACENT_ANY). test_adjacent
returns 1 if the specified adjacency constraint is satisfied, or 0 if not.

For the X, Y and ANY adjacency, the two objects are first checked to see that they
do not overlap. In the case of ADJACENT_ANY, the two objects are compared to
determine the appropriate relationship. The first check determines whether nodel is
to the left of nodel; then the opposite relationship is checked. Next, nodel over node2
or vice-versa are checked. Since the nodes do not overlap, at least one of these four
possibilities must be true. The first condition that is true is taken as the relationship,
and the constraint is treated as the appropriate (X or Y) adjacency with the nodes in
the order determined.

Based on the type of adjacency and the geometry of the two nodes, test_adjacent
constructs two regions: the adjacency region and the region of interest. The adjacency
region is the area that will be searched for terminal symbols. The areas composing
the adjacency region are described with the specific production operators later in this
chapter. The region of interest is the overall region being examined, and is always a
simple region (i.e. a single rectangular extent). For X and Y (and ANY) adjacency,
the region of interest is the extent containing both of the objects. For CONTAINS
adjacency, the region of interest is the extent of the outer object.

Next, the input set is searched for any terminals which overlap the adjacency region.
If the adjacency region is a union of regions, a terminal is checked against each of the
areas in the union separately and is considered to overlap if it overlaps any subarea.

For adjacency testing, all terminals are treated as rectangles. A rectangle overlaps a
region if

1. Any of the corners of the rectangle are within the region.
2. Any of the edges of the rectangle intersect the region.

3. The rectangle contains the region, but does not contain the entire region of in-
terest.

The first two checks do not include the boundary of the region.
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The third check finds rectangles which overlap the region completely. The region
of interest serves to eliminate terminals which are outside the scope of the adjacency.
For example, consider the drawings in Figure 5.6 where the X adjacency of rectangles 1
and 2 is being tested. The adjacency region is the shaded rectangle between rectangles
1 and 2, and the region of interest is the extent containing both rectangles. In the
drawing on the left, rectangle 3 is intervening between rectangles 1 and 2, because it
contains the adjacency region but not the region of interest. In the right-hand drawing,
rectangle 3 contains the entire region of interest and is not considered intervening.

Label adjacency is handled slightly differently, and is described with the labels
operator.

5.3 Renaming Productions

The simplest productions are those which merely rename a symbol, as in
LABEL — text
STATE — ATOMIC_STATE

Both of these productions have no built-in constraints associated with them. The
built-in semantic function copies the geometric attributes of the right hand side to the
nonterminal on the left hand side. That is, the first production is equivalent to

LABEL — {text}
LABEL.Ix = text.lx
LABEL.rx = text.rx
LABEL.by = text.by
LABEL.ty = text.ty

In addition to expressing syntactic structure, these productions can transform at-
tributes, compute new attribute values, or enforce constraints. This is accomplished
using addition semantic functions and/or constraints. For example, the production

VERT_BAR —» line
Where

line.lx == line.rx
line.style == DASHED_STYLE

is used to specify a vertical, dashed line, such as used for the orthogonal product in
StateCharts.

5.4 Shape Composition Operators

Shape compositions combine two elements which are abstracted as rectangular regions.
Five different shape composition operators are provided: over, left_of, adjacent_to, con-
tains and tiling. The first four operators each represent a different type of relationship
between two objects. These four compositions, together with additional constraints,
are sufficient for expressing most spatial relationships between shapes. An example of
a relationship which cannot be expressed is shown in Figure 5.7, where two objects
overlap, but neither contains the other. The tiling operator provides for expressing
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Figure 5.7: Overlapping Objects

arbitrary relationships between objects. We now examine the individual shape compo-
sition operators, describing the exact relationship between constituents, the adjacency
constraint and how the aggregate is computed.

5.4.1 Over

The over production operator is used for vertical composition of objects. The produc-
tion
A — over(B,C)[1]
is a notation for the underlying attributed multiset grammar production
A — {B,C}
A lx = min(B.Ix,C.lx)
© A.rx = max(B.rx,C.rx)

A.by = C.by

Aty = B.ty
Where

B.by > C.ty

test_adjacent(ADJACENT.Y,@B,Q@C,:)

The explicit relationship between objects is the most general that could be considered
“over”; namely that the bottom of B be at or above the top of C. No other condition
(except the adjacency constraint) is placed on the components. Figure 5.8 shows five
different examples of the over relationship. In the last two examples, the objects B
and C hove no vertical overlap but are still considered as B over C.
A more specific relationship can be achieved by using additional constraints. For
example, the production
A — over(B,C)
Where
Brx > Clx
Blx < Curx

specifies that B is over C and that the two objects overlap vertically. The pictures 5.8d
and 5.8e would not satisfy this constraint.
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C C C C

Figure 5.8: Examples of over(B,C)

The aggregate object resulting from an over composition is also a shape. Its extent
is the rectangle containing the two components. Figure 5.9 gives the same examples
with the aggregate object shown in dashed lines.

The adjacency constraint is expressed as a call to test_adjacent, specifying adja-
cency is in the vertical direction. The region associated with vertical adjacency consists
of the extent of the aggregate object with the extents of the two components removed.
In other words, the area “in between” the two components is the part of the containing
extent which is not covered by the components. Any terminals within the components
are assumed to already be taken into account. There are five simple regions from which
the adjacency region is constituted, with at most three present at any one time. The
subregions possible are to the left and right of each component and between the two
components, as shown in Figure 5.10.

To see how the over operator is used, consider the StateChart language defined in
Chapter 3. Production 11 of the grammar given there was
PRODUCTINSIDE — vertical(PRODUCTINSIDE, line, PRODUCT_INSIDE,)
This production is intended to compose two PRODUCT INSIDEs which are vertically
aligned and separated by a horizontal dashed line. This can be expressed using the
following picture layout grammar productions:
PRODUCT_INSIDE — over(PRODUCT-INSIDE; ,BOTTOM_PR_INSIDE)

BOTTOM_PRINSIDE — over(HORIZ_BAR,PRODUCT_INSIDE)

HORIZ_BAR — line
Where
line.by == line.ty
line.style == DASHED_STYLE

The first two productions specify the vertical composition of three elements. The third
production defines a horizontal, dashed line.

B . | B B|

B : ! : .
C C cLi C § §

@]

Figure 5.9: Aggregate objects for over(B,C)
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Figure 5.10: Regions for over Adjacency

5.4.2 Left_Of

The left_of production operator is used for horizontal composition of objects. It is
analogous to the over operator rotated by ninety degrees. The production

A — left_of(B,C)[]
is a notation for the underlying attributed multiset grammar production

A — {B,C}
Alx=B.lx
Armx =Cuax

A.by = min(B.by,C.by)
A.ty = max(B.ty,C.ty)
Where
Brx < Clx
test-adjacent(ADJACENT _X,@B,@C,)

Again, a general explicit relationship between objects is used. In this case, the con-
straint is that the right edge of B must be on or to the left of the right edge of C. The
aggregate object resulting from a left_of composition is also a shape with the rectangle
containing the two components as its extent. Figure 5.11 shows five different exam-
ples of the left_of relationship, with the aggregate object shown in dashed lines. Note
that the last two examples could be either left_of or over. As with the over operator,
the spatial relationship of the components can be made more precise using additional
constraints.

The adjacency constraint is similar to the over constraint except that adjacency is in
the horizontal direction. The region associated with horizontal adjacency again consists
of the extent of the aggregate object without the extents of the two components. The
five subregions from which the adjacency region can be formed are above and below
each component and between the two components, as shown in Figure 5.12.

B|C B||Cc!| |B B| i |B

Figure 5.11: Examples of left_of(B,C) with Aggregates Shown.
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Figure 5.12: Regions for left_of Adjacency

5.4.3 Adjacent_To

The adjacent_to production operator is used for nonspecific spatial composition. It is
equivalent to saying that two objects are either over or lefi_of each other (with the
order unspecified). That is, the production
A — adjacent_to(B,C)[4
may be thought of as shorthand for the four productions
A — over(B,C)[1]
A — over(C,B)[1]
A — left_of(B,C)[{]
A — left_of(C,B)[1]
The adjacent_to production is equivalent to the underlying attributed multiset grammar
production
A — {B,C}
Alx = min(B.1x,C Ix)
Arx = max(B.rx,C.rx)
A by = min(B.by,C.by)
A.ty = max(B.ty,C.ty)
Where
(B.by > C.ty && test_adjacent(ADJACENT.Y,@B,@QC,:)) ||
(C.by > B.ty && test_adjacent(ADJACENT.Y,@C,@B,:)) ||
(B.rx < C.lx && test.adjacent(ADJACENT_X,@B,@C,:)) ||
(Crx < B.x && test_adjacent(ADJACENT_X,@C,@B,?))

5.4.4 Contains

The contains production operator composes two objects where one is nested within the
other. The production

A — contains(B,C)[4]
is a notation for the underlying attributed multiset grammar production
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Figure 5.13: Examples of contains(B,C)

A — {B,C}
Alx =Bl
Arx = Buax
A.by = B.by
A.ty = B.ty
Where
B.lx < Clx
B.rx > Curx
B.by < C.by
B.ty > C.ty

test.adjacent{ ADJACENT_CONTAINS,@B,QC,:)
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The explicit relationship between the objects states that C is completely contained

within B. C may abut on some, none or all of the edges of B. Figure 5.13 shows some

examples of the contains relationship, with B drawn in dotted lines and C drawn in
solid lines. As with the previous operators, the spatial relationship can be further

specified using additional constraints. The aggregate object resulting from a contains

composition has the same extent as the enclosing object.

The adjacency constraint for contains enforces the notion of nested objects. The

area for contains adjacency is the interior of the containing object exclusive of the
extent of the contained object. In other words, it is the area outside the inner object
and inside the outer object. This area is formed from four possible regions: to the left,
right, above and below the inner object, as shown in Figure 5.14.

Figure 5.14: Regions for contains Adjacency
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5.4.5 Tiling

The tiling operator is an unspecified composition. It takes an arbitrary number (one or
more) component arguments. The built-in semantic function and constraint are both
null, so the language designer must supply addition functions and constraints for any
production using the tiling operator. The tiling operator is not, strictly speaking, a

shape composition, since it has no fixed composition associated with it. It serves two
purposes, however:

o The tiling operator provides a mechanism for the language designer to create
new kinds of productions (i.e. new production operators). For example, the
relationship in Figure 5.7 could be described by the production '

TWO — tiling(UP_LEFT ,DOWN_RIGHT)
TWO.Ix = UP_LEFT Ix
TWO.rx = DOWNRIGHT .rx

TWO.by = DOWN_RIGHT .by! TWO.ty = UP_.LEFT.ty
Where

(DOWN_RIGHT .Ix > UP_LEFT.Ix && DOWN_RIGHT .ty < UP_LEFT.ty)
(UP.LEFT.rx > DOWN_RIGHT .Ix && UP_LEFT.by < DOWN_RIGHT.ty)
(DOWN_RIGHT.rx > UP_LEFT.rx && DOWN_RIGHT.by < UP_LEFT.by)

o The tiling operator allows the composition of more than two objects at a time.
Chapter 6 describes a shape composition which cannot be broken down into a
series of simple over and left_of productions, but which can be specified using the
tiling operator.

Since no built-in semantic function is provided for tiling productions, it is essen-
tial that the grammar writer provide a semantic function which properly defines the
geometric attributes of the left hand side.

5.5 Line Composition Operators

The other abstract primitive is the directed line segment, which is represented by two
points, left and right endpoints. These points are encoded as four attributes, ({z,by)
for the left endpoint and (rz,ty) for the right endpoint. .

Shapes interact through spatial relationships; line segments interact by means of
coincidence of endpoints. GREEN provides five production operators for composing
lines, patterned after the operators proposed by Shaw in his PDL system [83]. In
PDL, the left endpoint is called the tail and the right endpoint the head, and we

adopt this terminology in describing the operators. Each operator combines a different
combination of coincident endpoints.

5.5.1 Follow

The follow operator composes two lines where the head (i.e. right endpoint) of the first
coincides with the tail (i.e. left endpoint) of the second. The aggregate is a line from
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Figure 5.15: Line Composition Operators: a) follows(B,C); b) join(B,C); ¢) fork(B,C);
d) parallel(B,C); e) reverse(B)
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the tail of the first to the head of the second. Figure 5.15a illustrates the situation.
Intuitively, this operator concatenates one line onto the end of another. It corresponds
to the + operator in PDL. The production

A - follow(B,C)
is equivalent to the attributed multiset grammar production

A — {B,C}
Alx = B.lx
A.by = B.by
Arx=Cuaxx
Ary =Cuay
Where
Brx == C.lx
B.ry == C.by
5.5.2 Join

The join operator composes two lines with coinciding heads, forming an aggregate that
is the same as the first line, as shown in Figure 5.15b. The join operator corresponds
to the — operator in PDL. The production

A — join(B,C)
is equivalent to the attributed multiset grammar production

A — {B,C}
Alx=Blx
A.by = B.by
Arx = Bax
A.ry = Bay

‘Where
Brx == Cux
B.ry == Cu.ry

5.5.3 Fork

The fork operator composes two lines with coinciding tails, again building an aggregate
the same as the first line. The fork operator is shown in Figure 5.15c. fork corresponds
to the X operator in PDL. The production

A — fork(B,C)
is equivalent to the attributed multiset grammar production
A — {B,C}
Alx = Blx
A.by = B.by
Arx = Burx
Ary = Bry
Where
B.lx == Clx

B.by == Cby
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5.5.4 Parallel

The parallel operator composes two lines with both coinciding heads and tails. The
aggregate will have the same head and tail as the lines, as shown in Figure 5.15d. The
parallel corresponds to the x operator in PDL. The production

A — parallel(B,C)
is equivalent to the attributed multiset grammar production

A — {B,C}
Alx = Blx
A.by = B.by
A.rx = Burx
Ay = Buay
Where
B.lx == Clx
B.by == C.by
Brrx == Cuax
By == Cuy

Since the parallel operator requires both operands to have the same geometric at-
tributes, the two components must be distinguished in some other manner (e.g. differ-
ent symbols or additional attributes).

5.5.5 Reverse

The reverse operator takes a single line and reverses the head and tail to form an
aggregate, as in Figure 5.15e. It corresponds to the — operator in PDL. The production
A — reverse(B)

is equivalent to the attributed multiset grammar production

A — {B}
Alx = Burx
A.by = By
Arx = Blx
Ay = B.by

5.5.6 Line Composition Example

Figure 5.16 contains an example to illustrate the use of the line composition operators.
The grammar contained in the figure describes graphical objects consisting of any
number of line components connected end-to-end (ignoring orientation), followed by
an arrow. Figure 5.16 contains an object with this structure.

In the grammar, the LONGARC is built backwards from the arrow at one end.
Production 2 add segments one at a time to the existing LONGARC. Productions 3
and 4 allow the orientation of the lines (i.e. which endpoint is the tail or head) to
be ignored. The lastX and lastY attributes prevent the same line segment from being
added twice with opposite orientations.
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(1) LONGARC — arrow
LONGARC.lastX = arrow.lx
LONGARC.lastY = arrow.by

(2) LONGARC — follow(LINE,LONGARC,)
LONGARC.lastX = LINE.Ix
LONGARC.lastY = LINE.by

Where

(LINE Ix != LONGARC; JastX) || (LINE.by != LONGARC; JastY)

(3) LINE — line
4) LINE — reverse(line)

Figure 5.16: An Example of Line Compositions - a multiéegment arc
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5.6 Shape/Line Composition Opeiators

The class of composition operators discussed in this section serve to combine lines with
shapes. That is, in applying these operators, one argument symbols is interpreted as a
line and the other as a shape. The first four operators extend coincidence to a line and
a shape. This coincidence occurs when a line has an endpoint that is somewhere along
the boundary (i.e. extent) of a shape. The four operators differ on which endpoint of
the line is involved and which object forms the aggregate. The last operator extends
the notion of spatial adjacency to cover the case where one object is a line.

5.6.1 Touches_L, Touches_R

The touches_L and touches_R operators combines a shape and a line where an endpoint
of the line lies anywhere on the boundary (i.e. the extent) of the shape. The aggregate
object formed will copy the geometric attributes from the shape argument. These
productions are used for combining lines and shapes, where the aggregate will then
interact as a shape. For example, the StateCharts grammar in Appendix C.1 uses a
production of the form:
STATE — touches L(ARC, STATE,)

to combine outgoing ARCS with the STATE they are leaving. The STATEs are later
combined using shape compositions.

The touches_L operator requires the Left end of the line (i.e. the point (Iz,by)) to
be on the shape boundary. The production

A — touches L(L,S)[1]

is equivalent to the attributed multiset grammar production

A — {L,S}
Alx =8SlIx
Arx =Srx
A.by = S.by
Aty = S.ty
Where

((Lix == Slx || L.Ix == S.rx) && S.by < L.by < S.ty)
[l ((L.by == S.by || L.by == S.ty) && S.Ix < L.Ix < S.rx)

Conversely, the touches_R operator requires the Right end of the line (i.e. the point
(rz,ty)) to be on the shape boundary. The production
A — touches R(L,S)[¢]
is equivalent to the attributed multiset grammar production

A — {L,S}
Alx =Sk
"Arx = Sirx
A.by = Sby
Aty = S.ty
Where

((Lax == S.Ix || Lax == S.rx) && S.by < L.ty < S.ty)
[l ((L.ty == S.by || L.ty == S.ty) && S.Ix < L.rx < Sirx)



104 CHAPTER 5. PICTURE LAYOUT GRAMMARS

5.6.2 Points_from, Points_to

The points_from and points-to operators also combine a shape and a line where an end-
point of the line lies anywhere on the boundary of the shape. For these two operators,
however, the aggregate formed copies the geometric attributes from the line argument.
This corresponds to the situation where a line and shape are combined and the resul-
tant object then interacts as a line. For instance, in the expression tree grammar given
in Appendix C.2, the production
CHILD — points_to(arrow, NODE)

is used to combine an arrow with the NODE to which it points. The aggregate CHILD
is subsequently combined with the originating NODE using the touches_L operator.

The points_from operator requires the left end of the line (i.e. (Iz,by)) to be on the
shape boundary.? The production

A — points_from(L,S)[{]

is equivalent to the attributed multiset grammar production

A — {L,S}
Alx=LlIx
Arx=Lix
Aby = Lby
A.ty = L.ty

‘Where

((Lix == S.Ix || L.Ix == Surx) && S.by < L.by < S.ty)
[l ((L.by == S.by Il L.by == S.ty) && S.Ix < L.Ix < S.rx)
The points_to operator requires the right end (i.e. (rz,ty)) of the line to be on the
shape boundary. The production
A — points_to(L,S)[7]
is equivalent to the attributed multiset grammar production

A — {L,S}
Alx=Llx
Arx = Lurx
A.by = L.by
Aty = L.ty
Where

((Lrx == S.x || Lirx == Suax) && S.by < L.ty < S.ty)
Il ((L.ty == S.by ||l L.ty == S.ty) && S.1x < L.rx < S.rx)

5.6.3 Labels

The labels operator is used to combine a line with an adjacent shape. It uses a special
type of adjacency, called label adjacency. Unlike the other types of adjacency, where
both ob jects were considered shapes, in label adjacency one of the objects is treated as a
line. The distinction is illustrated in Figure 5.17. When referring to shapes, adjacency

2 points_from and points_to are named according to the convention observed by Green, that arrows
point from the left end to the right end. There is no requirement that this be true {or even that the
operators be used with arrow objects rather than any other type of line). points_from and points_to
could just as easily be named points_L and points_R respectively.
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Figure 5.17: a) Adjacent as Shapes; b) Shape Adjacent to Line

relies on the extents of the objects. However, a shape is adjacent to a line when it is
along the length of the line, as shown in Figure 5.17b.

Labels adjacency is defined based on two conditions. The first condition specifies
the spatial relationship between the line and the shape. For a shape object to be label
adjacent to a line object, the shape must fall within the area bounded by two lines
which are perpendicular to the line object and pass through its endpoints. At least one
of the corners of the (extent of) the label object must lie within this area. Figure 5.18
demonstrates the situation. Shapes A, B and C all meet the relationship condition,
but shapes D and E do not.

The second condition relates to intervening objects. Intuitively, if a shape is la-
belling a line, there should be nothing else between them. As with the previous types
of adjacency, the labels adjacency constraint is defined by identifying an area where
terminals are excluded. For labels adjacency, there are three cases, as shown in Fig-
ure 5.19. If the line is horizontal or vertical, the effected area is the region formed
by the overlapping parts of the line and the closest parallel side of the shape. Fig-
ures 5.19a and 5.19b show these cases.

If the line is neither horizontal nor vertical, the region is formed between a corner
of the shape and a point on the line. The closest corner which is within the label area
described above is used. The other point used is the intersection point of the line object
and a line perpendicular to the line object which passes through the selected corner.
This region is illustrated in Figure 5.19c¢.

To build the adjacency region, the four corners of the label object (i.e., the points
(Iz,by),(z,ty),(rz,by), (rz,ty)) are examined. The tangent from each corner to the
line is computed, along with the point where the tangent intersects the line, as shown
in Figure 5.20a. If a corner is within the label area, the tangent intersection point will
be somewhere in the line segment corresponding to the line object.

The corner with the shortest tangent that intersects within the line object is se-
lected, and the rectangle from the corner to the intersection used for the adjacency
region. If the adjacency region overlaps the border of the rectangular extent of the
line, it must be split into two regions, as shown in Figure 5.20b (if it overlaps both
borders, it will be split into four regions). These regions are then checked separately for

overlapping terminals. Splitting the region avoids finding an overlap with the terminals
forming the line.
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Figure 5.18: Spatial Relationship for Labels Adjacency

Figure 5.19: Adjacency Regions for Labels
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a) b)
Figure 5.20: a) tangent lines; b) adjacency region; c) region splitting

The aggregate formed by the labels operator is a line object with the same endpoints
as the original line. Intuitively, this corresponds to building a “labelled line”. The
production

A — labels(S,L){{]
is notation for the attributed multiset grammar production

A — {S,L}
Alx = Llx
Arx = Lurx
Aby = L.by
Aty = L.ty
Where

test_adjacent(ADJACENT_LABELS,QL,@S 1)

When called with the ADJACENT _LABELS type, test_adjacent checks both of the
labels adjacency conditions.



Chapter 6

Spatial Parsing

6.1 Overview

The utility of a language specification derives from the processing that it allows. The
specification mechanism described here has been designed to permit a particular type
of processing: syntax analysis of programs. The advantages of using a language spec-
ification to analyze the syntactic structure of a program were discussed in Chapter 3.
The syntax analysis of a visual program is called spatial parsing.

The approach to parsing works in several phases as shown in Figure 6.1. To begin
with, there is a set of primitive graphical elements. These must be preprocessed to
transform the primitive elements into an attributed multiset of terminal symbols. In the
system developed, this mapping is performed by the GREEN environment. Normally
each primitive element will map to a single terminal symbol.

The first phase of the parser is the Build phase. The Build phase analyzes the
picture and constructs a factored multiple derivation (FMD) structure. The FMD
structure is essentially a type of factored parse tree [94, 24]. It represents the set of all
possible analyses of the program. The building phase works bottom-up, so the FMD
structure may also contain analyses which are not valid. The second phase verifies that
the FMD contains a correct parse and extracts a single analysis from the FMD.

Picture
Terminal Layout
Definitions Grammar
- l Attr. l
Picture Terminal Multiset . FMD Parse
Elements Mapping |~ Build xtract Tree

PFigure 6.1: Parser Architecture
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This chapter discusses tlLe spatial parsing algorithm and its implementation. Sec-
tion 2 defines the FMD structure used to represent a parse. Section 3 describes the
Build phase and Section 4 discusses the implementation of the attribute and constraint
mechanism. Section 5 covers the extraction phase. Finally, Sections 7 and 8 analyze
the complexity and correctness of the parsing algorithm.

6.2 The Factored Multiple Derivation Structure

The basic idea of the factored multiple derivation structure is to create a parse tree
where the leaves are labeled by terminal symbols and the interior nodes are labeled by
productions. Each non-terminal node will have multiple sets of pointers, called child
lists, associated with it. A child list is an ordered list of nodes corresponding to the
elements of the RHS of the production labelling the node.

In a traditional factored parse tree, these child lists form an interleaved set of trees.
In other words, if each node had only one child list, the resulting structure would be
one or more disjoint parse trees. In a picture layout grammar, one or more terminal
symbols on the right-hand side may be marked as remote. These remote nodes form
the context of the production, as described in Chapter 4.

The edges corresponding to these elements are not part of the tree structure of the
parse — they are additional, nontree edges. Thus the structure formed by the FMD is an
interleaved set of tree-DAGS. The FMD structure could also be termed a factored parse
tree-DAG. We will continue to use the terms “factored parse tree” and “factored parse
tree node”, with the understanding that they actually refer to tree-DAG structures.

In addition to a terminal symbol or production, a node in the FMD is labelled
by an attribute vector. The attribute vector contains the values of the attributes of
the symbol labelling that node (i.e. either the terminal symbol or the LHS of the
production). These attributes will always include the four values lz, by, rz, ty, but
may also have other values as defined by the grammar.

The FMD structure is considered to be factored because all parse tree nodes which
are labelled with the same production (or terminal symbol) and attribute values are
grouped together into a single node. Thus no two nodes in the FMD structure will
have exactly the same label. Each child list- under a node represents one “unfactored”
parse tree node which has been grouped together.

To see how this works, consider the fragment of a visual program shown in Fig-
ure 6.2a. The productions in Figure 6.2b might specify this part of the program. The
rectangle on the right could be parsed using either of the first two productions. The
parse tree nodes for these would have the same attributes, since both productions copy
the attributes of the rectangle. The TWO_BOXES production could be applied in two
cases, depending on which production was used to analyze the box on the right. Fig-
ure 6.2¢ shows the FMD structure for this fragment. The TWO_BOXES node has two
child lists, one for each application of the production.

A formal definition of the FMD structure is now given, beginning with the definition
of a factored parse tree node.
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a) A visual program fragment

(1) BOX — rectangle
(2) BOX — touches_L(rectangle, arrow)
(3) TWO_.BOXES — left.of(BOX;, BOX,)

b) PLG productions for picture above

(TWO_BOXES > left_of{(...)

N 1LY

C BOX > rectang@( BOX -> rectangle) @OX > touches_L(..J

Y Y /

rectangle rectangle

1

—-é

arrow

¢) FMD nodes for picture

Figure 6.2: A Visual Program Fragment
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Definition 6.1 Let G = (N,X,s,1,D,P) be a picture layout grammar. A factored
parse tree node (FPTN) is a triple F = [L, E, C], where

e Lc EUP isalabel. If L € T, then F is called a terminal node, otherwise it is
called a non-terminal node.

e symb(F) = Xr € LU N is the symbol class of the node. For L € ¥ (terminal
node), X = L. Otherwise L € P (nonterminal node), and X is the symbol on the
left-hand side of the production L.

o E is an attribute vector such that (Xr, E) form an attributed symbol. E is the
attribute index of the node.

o If F is a terminal node, then C = 0. For a nonterminal node, C = {C1,Co, ...,Cy}
is a set of child lists. FEach child list C; = (r1,72,...,Tm) is a list of references

(i.e. pointers to factored parse tree nodes). Here m is the number of elements of
the RHS of the production.

The symbol class of a parse tree node (symb(n)) is the symbol associated with the
node. It is the syntactic entity that the node represents. The attribute index of a node
is a list of values for the attributes of the symbol class of the node. It corresponds to
the physical properties of the specific syntactic entity represented by the node.

Given a non-terminal factored parse tree node F, a selectoris a pair (Cj, ;) selecting
a child list and a reference within the child list to determine a target node. An FPTN
F' is a child of an FPTN F if F' is the target of some selector of F. A path from FPTN
Fy to node F), is a (nonempty) sequence of selectors Sp57;...5,—1 such that F is a child
of Fy with selector Sq, F5 is a child of F; with selector 51, ..., and F,, is a child of F,,_,
with selector S,_;. If there is a path from Fy to F,, then Fy is an ancestor of F,, and
F,, is a descendant of Fj.

Definition 6.2 A factored parse tree is a set of factored parse tree nodes T such that
the following is true:

1. If F =[L,E,C) €T is a non-terminal node, then for every child list C; € C, the
reference r; 1s a pointer to a factored parse tree node F' € T where the symbol

class of F' is the same as the i’th element of the RHS of L, the production labelling
F.

2. There is one distinguished node ROOT € T which is not pointed to by any refer-
ence of another node in T.

3. Every node in T other than ROOT is pointed to by at least one reference of
another node in T.

4. There are no cycles in T. That is, there is no node F € T such that there is «
path from F to itself.
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5. IfF = [L,E,C] and F' = [L', E',C'] are distinct nodes in T, then it cannot be
that L = L' and E = E'. In other words, no two nodes may be labelled by both
the same production and the same attribute indez.

It is clear that, because of condition (1), a factored parse tree consists of terminal
symbols at the leaves and nonterminal symbols (with productions) at the interior nodes.
The yield of a factored parse tree is the multiset of terminal symbols found at its leaves.

A factored parse tree represents a set of possible derivations. Each child list is
an alternative derivation which uses the same production and synthesizes the same
attribute values. The spatial parsing algorithm constructs factored parse trees for all
the possible analyses of the input multiset. The final definition describes the data
structure constructed by the parser, a collection of interleaved factored parse trees.

Definition 6.3 A factored multiple derivation structure (FMD) is a set of factored
parse tree nodes T such that every node F' € T is the root of a factored parse tree in
T. That is, for every node F € T, there erists a subset Tr C T such that T forms a
factored parse tree with F as its root.

6.3 Building the FMD

The first phase of the parser takes an attributed multiset as input and constructs a
factored multiple derivation structure representing all possible valid analyses of the in-
put. Intuitively, the algorithm builds the FMD structure bottom-up, operating directly
on the factored parse tree nodes. The leaves of the FMD structure contain the input
terminal symbols and the interior nodes of the FMD structure correspond to applica-
tions of productions. Construction of the FMD structure proceeds by starting at the
bottom; finding nodes which form the right-hand side of a production; and applying
that production to add a new node (or child list) to the FMD.

The building algorithm is similar in spirit to the Cocke- Younger-Kasami algorithm
for parsing arbitrary context free (string) languages [1]. The CYK algorithm parses a
string by first parsing all substrings of length one, then all substrings of length two and
soon. The parses are represented by a triangular parse table, where each element is a set
of nonterminals corresponding to possible analyses of a particular substring. To parse
a string of length n, all possible ways of dividing the string into two shorter substrings
are considered. For each division, the parse table gives the possible nonterminals for
the two pieces, and every production which could be applied is discovered and added
to the table entry for the string.

My algorithm differs from the CYK algorithm in two respects. First of all, we
represent the possible parses using an FMD structure, rather than a table (although
CYK can be modified to use a factored parse tree). More importantly, the CYK
algorithm is designed for strings, rather than two-dimensional pictures. The structure

of the parse table reflects both the linear nature of the input and the tree structure of
the analysis.
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The basic algorithm for building the FMD structure is examined first. For now, we
assume that the picture layout grammar does not use the tiling production operator, so
every production has either one or two arguments on the right-hand side. Extensions
to handle tiling productions are described below.

The basic algorithm is shown in Figure 6.3. It works as follows. The FMD structure
will contain all the factored parse tree nodes generated. The nodes in FMD are divided
into two queues: done and todo. The done queue contains the nodes which have already
been processed, and the todo queue contains the as yet unprocessed nodes. When a
new node is created, it is initially put on the todo queue and will be moved to the done
queue by the BUILD procedure.

The build algorithm begins by creating a factored parse tree node for each terminal
in the input multiset. These nodes form the leaves of the FMD structure. The main
loop of the algorithm is driven by the todo worklist. Each node is taken off the todo
queue, processed, and added to the done queue. The processing may generate new
factored parse tree nodes which are added to the worklist. It is shown below that the
total number of nodes which are generated is limited, so the worklist will eventually be
emptied, at which point the algorithm terminates.

The processing for each node searches through the productions to find those which
could have the node in the right-hand side. If the right-hand side only has one operand
(i.e. a terminal, renaming or reverse production), then the algorithm checks that
the symbol class of the node is correct and that all constraints for the production are
satisfied. When these conditions are met, the production which can be applied to this
node.

If the right-hand side of the production has two operands, then the symbol class
of the current node must be compared with the desired class for both of the operands.
When the current node is the correct class for one or both of the operands, the list
of processed nodes is searched for the other operand. Each node in the done queue
is examined for the appropriate symbol class. A candidate pair is checked against all
constraints for the production. Again, when these conditions are met, an applicable
production has been found.

Once an applicable production has been found, the algorithm performs the add a
new node for p to todo and FMD step. This step can actually add either a new node or
a new child list, depending on the production applied and the state of the FMD. First
a new factored parse tree node is created for the production. The semantic functions
of the production are used to compute the attributes of the node. The entire FMD
structure is then searched for an existing node labelled by the same production and
attribute index. If none is found, the new node is added to both the FMD structure
and the todo queue. Otherwise a new childlist is added to the existing node and the
new node is discarded. The new childlist will point to the node(s) to which the new
node had pointed.

When all applicable productions have been considered, the (original) node is moved
from the unprocessed queue (todo) to the processed queue (done). When all nodes have
been moved to the processed queue the algorithm is completed. Because the nodes
are factored (that is, all nodes with the same production and attributes are grouped
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INPUT: An attributed muitiset grammar G = (N, %, 1, S, P) and an attributed
multiset M.

OUTPUT: a factored multiple derivation structure FMD, such that every deriva-
tion of M has a corresponding complete parse tree in FMD.
INITIALIZATION: set FMD= 0, todo = § and done = .

for each b € M do

add a terminal node for b to todo and FMD
endfor

MAIN LOOP:
while todo not empty do
let next = an element of todo, with X = symb(X)
for each p € P such that X occurs in the RHS of p do
if (p=A—{X})
and (all constraints are satisfied) then

add a node for p to todo and FMD
endif

else do
[*herep=A— M, with X € M */
for each occurance of X in RHS of p do
let Y be the other symbol in p
for each old in done such that Y = symb(old) do
if all constraints are satisfied then

add a node for p to todo and FMD
endif

endfor
endfor
endelse
endfor

remove nezxt from todo and add it to done
repeat

Figure 6.3: Basic Build Algorithm
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rectangle 1

rectangle 2

Figure 6.4: A Sample Visual Program

together as a single node with multiple child lists), the number of nodes which can be
added is limited whenever the range of attribute values is finite (i.e. the grammar is
finitely representable). This is discussed further in Section 6.6.

6.3.1 Examples of the Build Phase

Here are two examples to illustrate how the build procedure works. Consider the
following grammar,

PICTURE — PICT_LEFT

~~ o~
—

)
2) PICTURE — PICT_RIGHT
(3)  PICT.LEFT — SQLEFT
(4) PICT_LEFT — over(SQ-LEFT,PICT_RIGHT)
(5) SQ-LEFT — left_of(rectangle,circle)
(6)  PICT_RIGHT — SQ_RIGHT
(7Y  PICT_RIGHT — over(SQ.RIGHT,PICT LEFT)
(8) SQ-RIGHT — left_of(circle,rectangle)

This grammar defines the visual language SIMPLEL, where the terminal symbols
are rectangles and circles. The language SIMPLEL consists of pictures containing
vertically composed rows alternating between a row with a rectangle to the left of a
circle and a row with a circle to the left of a rectangle.

Figure 6.4 shows a picture which is an element of SIMPLEL. This program consists
of four picture elements: rectangle;, rectangle;, circle; and circle;. The build
phase begins with a factored parse tree node for each terminal symbol, as shown in
Figure 6.5a. When the first node (say rectangle, ) is processed. no new nodes will be
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created, since there are no productions which apply only to a rectangle node and no
other processed nodes.

Suppose that the circle; node is processed next. Build will find Production 5,
which can be applied to circle; and the previously processed rectangle; node. A new
factored parse tree node will be created. The new node will be labelled by Production 5
with symbol SQ_LEFT, and will have a single child list pointing to both rectangle;
and circle;. _

Note that Production 8 will also be found, since its operands consist of a rectangle
and a circle. However, the constraint associated with the left_of production operator
will not be satisfied, so Production 8 cannot be applied and no factored parse tree node
is generated. The FMD structure after the first two nodes are processed is shown in
Figure 6.5b, with the processed nodes (i.e. those on the done queue) shaded.

The next two nodes are processed similarly. This time only Production 8 is applica-
ble, so a node labelled SQ-RIGHT is added, leaving the situation shown in Figure 6.5c.

Now the previously added SQ-LEFT node is processed, adding a node for Produc-
tion 3. Production 4 cannot be applied, since there is no PICT_RIGHT node in the
done queue. The SQ_RIGHT node is handled similarly, leaving the FMD structure as
shown in Figure 6.5d.

The PICT_LEFT node is now processed and Production 1 applied, generating a
PICTURE node. The PICTURE node signifies that the upper circle and rectangle
form a valid picture by themselves. Because the analysis is bottom-up and carries
forward all possibilities, this is found as one possible picture. In the larger context, the
parser will discover that this PICTURE is not valid because it does not generate all
the input.

The PICT_RIGHT node is similarly processed and a PICTURE node created. In
addition, Production 4 can now be applied, generating a new PICT_-LEFT node. As
you can see, the order in which the nodes are taken from the todo queue and processed is
not important. The new PICT_LEFT will be processed as before, yielding a PICTURE
node. Since PICTURE does not appear on the right-hand side of any productions, no
new nodes are generated when the PICTURE nodes are processed. The FMD structure
after the building phase is shown in Figure 6.6.

Now an example demonstrating factoring. Consider the productions:

(1) BOX — rectangle
(2) BOX — contains(rectangle, circle)
(3) TWO_BOXES — left_of(BOX,, BOX,)

This grammar defines the language SIMPLE2, containing pictures consisting of two
horizontally adjacent BOXes, where each BOX is a rectangle, possibly containing
a circle. The picture in Figure 6.7 is an element of SIMPLEZ2, consisting of three
terminal symbols. :

When this picture is analyzed, the build phase will apply Production 1 to both
rectangle; and rectangle,, creating two BOX nodes (BOX; and BOX3 in Figure 6.8).
The parser will also apply Production 2 to rectangle, and circle;, creating node
BOX;. Figure 6.8 shows the FMD structure after the three terminal nodes have been
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Figure 6.6: The Complete FMD Structure
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Figure 6.7: Another Simple Visual Program

processed. This figure shows the attributes ([lz, by, rz,ty]) associated with each node
along with the symbol/production labelling it. Note that BOX; and BOX; have the
same attribute index (i.e. the same extent), but are not combined because they are
labelled by different productions.

After processing the nodes BOX; and BOX4 and adding them to the done queue, the
build procedure processes the node BOX3. First Production 3 is applied to nodes BOX,
and BOX3, creating a TWO_BOXES node with extent [2,2, 16,8]. This production can
also be applied to the nodes. BOX; and BOX3, resulting in another node labelled by
Production 3 and the attributes [2,2,16,8]. Rather than adding this new node to the
FMD and todo queue, a new child list is added to the existing TWO_BOXES node,
pointing at nodes BOX; and BOX3. The two TWO_BOXES nodes have been factored
by the label. The FMD structure after the build phase is shown in Figure 6.8b. Later

phases of the parser must determine which child list of the TWO_BOXES node is the
correct one.

6.3.2 Parsing with tiling Productions

The discussion above assumed that the right-hand side of the production had at most
two operands. While most languages can be described using binary production opera-
tors, some constructs can not be conveniently expressed in this manner. For example,
consider the irreducible tiling shown in Figure 6.9. This picture cannot be easily de-
scribed using the binary operators defined in Chapter 5.

The tiling operator provides a means of specifying productions with an arbitrary
number of operands. Only those constraints and semantic functions explicitly specified
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Figure 6.8: An FMD with Factoring
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Figure 6.9: An Irreducible Tiling

by the language designer are used. The picture in Figure 6.9 is described by the
production

PICTURE — tiling(BLOCK_A,BLOCK_-B,BLOCK.-C,BLOCK_D,BLOCK_E)
PICTURE.Ix = BLOCK_A.lx
PICTURE.rxx = BLOCK_C.rx
PICTURE.by = BLOCK_D.by
PICTURE.ty = BLOCK_B.ty

‘Where
BLOCK-A.lx == BLOCK_D.Ix && BLOCK_A.by == BLOCK_D.ty
&& BLOCK_A.ty == BLOCK_B.ty && BLOCK_A.rx == BLOCK_.D.Ix
&& BLOCK_B.rx == BLOCK.C.rx && BLOCK_B.by == BLOCK_C.ty
&& BLOCK_C.by == BLOCK_D.by && BLOCK_C.lx == BLOCK_D.rx
&& BLOCK_E.Ix == BLOCK_A.rx && BLOCK_.E.ty == BLOCK_B.by
&& BLOCK.E.rx == BLOCK_C.Ix && BLOCK_E.by == BLOCK_D.ty

Although this picture cannot be decomposed using the binary operators defined in
Chapter 5, it can be broken down into productions combining two elements at a time.
The production above can be rewritten as four productions as shown in Figure 6.10.
These productions use four additional attributes Arz, Aby, Bby,Clz to “remember”
the exact position required of subsequent pieces of the tiling. These attributes are used
in constraints that correspond to clauses in the constraint of the original production.

Requiring the language designer to specify his language in this form has two prob-
lems. First of all, it introduces many unnecessary nonterminal symbols into the gram-
mar and obscures the actual structure of the language. The four productions in Fig-
ure 6.10 are somewhat harder to understand than the single production (particularly
if the constraint in the single production could be expressed graphically). A second
problem is the need to introduce additional attributes to represent the characteristics
of the aggregate objects, again making the grammar harder to read.

Extending the building algorithm described above provides for right-hand sides with
more than two operands. The modified algorithm is shown in Figure 6.11. The modified
parser automatically performs the decomposition shown in Figure 6.10. Intuitively, the
extension can be thought of as defining new nonterminals to represent pieces of the
right-hand side, and then combining those pieces to form the entire production.

The modified algorithm uses the following mechanism to implement this extension.
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PICT1 — tiling(A,B)
PICT1.lx = BLOCK_A.lIx
PICT1.ty = BLOCK_A.ty
PICT1l.rx = BLOCK_B.rx
PICT1.by = BLOCK_A.by
PICT1.Aby = BLOCK_A.by
PICT1.Arx = BLOCK_A.rx
PICT1.Bby = BLOCK_.B.by

Where

BLOCK_-A.ty == BLOCK_B.ty & & BLOCK_A.rx == BLOCK_B.Ix

PICT2 — tiling(C,PICT1)
PICT2.1x = PICT1.Ix
PICT2.rx = PICT1.rx
PICT2.ty = PICT1.ty
PICT2.by = BLOCK_C.by
PICT2.Aby = PICT1.Aby
PICT2.Arx = PICT1.Arx
PICT2.Bby = PICT1.Bby
PICT2.Clx = BLOCK_C.Ix
Where
BLOCK_C.rx == PICT1.rx && BLOCK_C.ty == PICT1.Bby

PICT3 — tiling(D,PICT2)
PICT3.1x = PICT2.Ix
PICT3.rx = PICT2.rx
PICT3.ty = PICT2.ty
PICT3.by = PICT2.by
PICT3.Aby = PICT2.Aby
PICT3.Arx = PICT2.Arx
PICT3.Bby = PICT2.Bby
PICT3.Clx = PICT2.Clx
Where
BLOCK_D.Ix == PICT2.Ix && BLOCK_D.by == PICT2.by
&& BLOCK_D.rx == PICT2.Clx && BLOCK_D.ty == PICT2.Aby

PICTURE - tiling(BLOCK_E ,PICT3)
PICTURE.Ix = PICT3.1x
PICTURE .rx = PICT3.rx
PICTURE.ty = PICT3.ty
PICTURE.by = PICT3.by
Where
BLOCK_E.lIx == PICT3.Arx && BLOCK_E.by == PICT3.Aby
&& BLOCK_E.rx == PICT3.Clx && BLOCK_E.ty == PICT3.Bby

Pigure 6.10: Decomposing a tiling Production
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INPUT: An attributed multiset grammar G = (N, X, I, S, P) and an attributed
muitiset M.

OUTPUT: a factored multiple derivation structure FMD, such that every deriva-
tion of M has a corresponding complete parse tree in FMD.
INITIALIZATION: set FMD= 0, todo = @ and done = §.

for each ¢ € M do
add a terminal node for a to todo end FMD
endfor
MAIN LOOP:
while todo not empty do
let next = an element of todo, with X =symb(X)
if nezt is a complete node then
for each p € P such that X occurs in the RHS of p do
if (p= A — {X})
and (all constraints are satisfied) then

add a node for p to todo and FMD
endif

else do
/*herep=A— M, with X ¢ M */
for each occurance of X in RHS of p do

add an incomplete node for p and X
endfor

endelse
endfor
endif
else do
/* here next is incomplete */
for all incomplete nodes old € done such that old is labelled by p do
if next and old can be combined then
let new be the combination of next and old
if all constraints are satisfied then
add new to todo and FMD
endif
endif
endfor
endelse

remove next from todo and add it to done
repeat

Figure 6.11: Modified Build Algorithm

123
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Each factored parse tree node has a bit mask, with a bit for each element of the right-
hand side. This mask will be used to indicate which elements of the right hand side
are actually present in a node, with a 1 bit signifying the corresponding operand is
present.

A factored parse tree node with all the bits in its mask set to 1 is called a complete
node. A node with some bits set to 0 is an incomplete node, and represents a partial
derivation of a production. Incomplete nodes are not factored, so each incomplete node
will have exactly one child list. The incomplete nodes can be thought of as the new
“nonterminal” symbols added to the grammar, decomposing the production into binary
productions.

The modified build algorithm operates in generally the same manner as the basic
algorithm. It begins by creating nodes for all the terminal symbols (these nodes are
also considered complete) and then uses a worklist of nodes to be processed. Both the
incomplete and complete nodes will be placed on the todo queue, then (at some point)
removed, processed and placed on the done queue.

What is different in the new build algorithm is the processing of the nodes. Incom-
plete and complete nodes are handled as seperate cases. The processing for a complete
node still searches for all productions which could have the node on the right-hand
side. Any productions which only have a single element on the right-hand side (e.g.
a renaming production A — B) are processed as before (i.e. a new node is generated
and added to todo and FMD).

The new processing is for productions with two or more elements on the right-hand.
Instead of searching the done queue for the remaining elements of the right-hand side,
an incomplete node is formed and added to the worklist. The bit mask will have a
one bit corresponding to the element of the right-hand side which matches the current
node. If the current node matches more than one element of the right-hand side, several
incomplete nodes may be added.

Incomplete nodes are handled differently. Instead of looking for productions using
this node, the queue of processed nodes is searched for other incomplete nodes labelled
by the same production. If a matching node can be combined with the current node
and the constraints are satisfied, then the two nodes are combined and the combined
node is added to the todo queue. Any constraints referencing elements of the right-hand
side not present in the combined node are assumed to be satisfied. The two incomplete
nodes are combined by creating a new node and merging the child lists of the two
incomplete nodes. (Thus incomplete nodes are never pointed to by child lists). The
new node can be either complete or incomplete, depending on whether all elements of
the right-hand side are present.

One question remaining is when is it possible to combine two incomplete nodes?
Clearly the two masks cannot have any 1-bits in common, since the two nodes must
refer to disjoint pieces of the right-hand side. Using this as the only restriction would
lead to generating all possible partial nodes. For a node with more than two elements
in the right-hand side, this approach would generate the same node for every possible
partition of the right-hand side. For example A — {B,C, D} would generate the same
A node three times, depending on which two nodes were grouped first.
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Te avoid this, the canonical ordering from the right-hand side of the production is
used. Incomplete nodes are only combined when the combined node is a prefex of the
canonical ordering. That is, the first and second elements can be combined, then those
two can be combined with the third, and so on. This approach essentially models the
decomposition given in Figure 6.10.

For example, the production

PICTURE — tiling(rectangle; ,rectangle; rectanglesrectangle,)

Where
rectangle;.rx == rectangle;.lx
&& rectangles.rx == rectanglez.lx
&& rectangles.rx == rectangley.lx

specifies the picture shown in Figure 6.12a. The parse tree nodes with child lists
are shown in Figure 6.12b. The incomplete nodes are shaded. Note that since the
analysis is done bottom-up, each rectangle could potentially occupy any position in
the right-hand side of the production (so each rectangle node should have three other
incomplete PICTURE nodes above it with the rectangle in the other three positions -
these nodes are omitted from Figure 6.12b). It is incumbent on the language designer
to specify sufficient constraints in the production to limit the ambiguity of the tiling
construct.

The incomplete node/bit mask approach is somewhat more general than is needed.
For example, productions with only two elements in the right hand side could be
processed without creating incomplete nodes. This would improve performance slightly,
but complicates the presentation and discussion of the algorithm by introducing more
special cases.

In addition, a counter could be used in place of a bit mask to indicate what part of
the right-hand side is contained in an incomplete node. The advantage of a bit mask
is that it can also be used for other, more general groupings of the elements of the
right-hand side elements. For example, multiple compositions could be permitted in a
single production, as in

A — over(B,left_of(C,D))
The bit mask mechanism can be used to group together the C and D elements first,
then combine them with the B element.

6.4 Attribute Evaluation and Constraint Checking

The attributes in a picture layout grammar are an integral part of the parsing. The
constraints associated with a production are based on the attributes of the right-hand
side of the production. The attributes are also used in factoring the parse structure.
Thus the attributes must be evaluated as the FMD structure is built. The build
phase evaluates the semantic functions and applies the constraints for all productions.
Because the parsing attributes are all synthesized, they are available for evaluation of
constraints.

The input to the build phase is a set of attributed terminal symbols, and the
attribute values for each terminal are stored in the attribute index (i.e. attribute
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vector) of a factored parse tree node. Similarly, the attribute index of a nonterminal
factored parse tree node stores the attribute values of the nonterminal symbol on the
left-hand side of the associated production. The attributes of the right-hand symbols
are stored in the attribute indices of the factored parse tree nodes for those symbols,
and are accessed by following pointers from a child list.

The implicit constraints (i.e. the constraints asociated with the builtin produc-
tion operators) are implemented directly by the parser. Each production operator op
has two associated routines op_semfun() and op_constraint(). The op_semfun routine
computes the appropriate attributes for a node with the given production operator.
The op_constraint routine accesses the attributes of the right-hand side to check the
appropriate condition.

The explicit user-specified constraints and semantic functions are stored with the
production. A semantic function consists of a reference to an attribute of the left-hand
side and an attribute expression. A semantic function is evaluated by evaluating the
attribute expression and storing the result in the attribute index entry for the specified
attribute.

A constraint is either a simple constraint or a logical expression. A simple constraint
consists of two attribute expressions and a relational operator. It is evaluated by
first evaluating both of the expressions and then performing the indicated comparison.
The result of simple constraint is a Boolean value (zero or one). A logical expression
is formed from two constraints combined by a logical operation. It is evaluated by
checking the two constraints and combining the results using the specified operation.

Attribute expressions come in seven varieties. The two simplest are integer and
string constants, which simply evaluate to themselves. An attribute reference is just
that - a reference to a specific attribute instance in the right-hand side of the production.
For example, in the production

A — left_of(rectangle;, rectangle;)
rectangle; .rx is a reference to the rz attribute of the rectangle; element of the
right-hand side. An attribute reference is evaluated by first finding the factored parse
tree node for the appropriate element of the right-hand side and then retrieving the
indicated attribute value from the attribute index. The retrieved value is the result.

These terms can be formed into three types of complex expressions:

1. unary expressions, using the unary minus operator.

2. binary expressions, using one of the four binary integer arithmetic operators:
{ 2 ¢ 16,
+, =0, / .

3. a call to a named function.

A complex expression is evaluated by first evaluating all the argument expressions and
then performing the specified operation or calling the function named. The result of
the operation becomes the value of the expression.

Function calls can be made with either builtin or user defined functions. User
defined functions are declared in the grammar file with the %4function and %external
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Figure 6.13: a) Simple Visual Program; b) FMD Structure for Program

(1) PICTURE — rectangle
(2) PICTURE — contains(rectangle, circle)

The picture in Figure 6.13ais a valid program in this language. Figure 6.13b shows
the FMD structure after the build phase. Two nodes have the start symbol (PICTURE)
as their symbol class and represent possible analyses of the picture. However, the node
labelled by Production 1 does not represent a valid analysis, since the parse tree under
it does not include the circle terminal from the input. Thus, when a tree-DAG is
extracted from the FMD, one must ensure that it has the entire input as its yield.

Lastly, for the extracted tree-DAG to be well-formed, the tree edges must form
a tree. In other words, no node should appear more than once in the tree (again,
disregarding the Gedges). Another way of putting this is to say that there can not be
two paths through the tree to the same terminal. To see how this could occur, consider
the productions:

(1)  PICTURE — left_of(LEFT ,RIGHT)[1]
(2) LEFT — touches_L(arrow, rectangle)
(3) RIGHT — touches_R(arrow, rectangle)

This grammar could be used to analyze the picture shown in Figure 6.14a, result-
ing in the FMD structure shown in Figure 6.14b. In this case both the productions
for LEFT and RIGHT are using the arrow terminal. This “sharing” of a terminal
violates the hierarchical structure implied by the grammar. In the Attributed Multiset
Grammar model, “sharing” is only allowed for symbols in contexts. The extraction
procedure must check for this “overlapping” condition and disallow it.

In addition to any valid parses and the errors described above, the FMD structure
will generally contain nodes which are unused, in that they cannot be reached from
any node labelled by the start symbol. These nodes represent partial analyses. That
is, an analysis that was locally correct, in that its constituents satisfied the appropriate
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statements, as described in Appendix A. The %function declaration specifies the name
of the function (as used in attribute expressions), the name of the routine implementing
the function and the expected number of parameters. The Y%external declaration
specifies an object file containing routines for user defined functions. The routines
within the file are dynamically loaded by the parser at runtime. When a user defined
function is first invoked, the function name is bound to the address of the dynamically

. loaded routine.

The last type of attribute expression is a node reference. A node reference is valid
only as an argument in a function call. A node reference evaluates to a pointer to
the factored parse tree node for the indicated element of the right-hand side. Node
references are used as arguments to the test_adjacent builtin function, which then
accesses the attributes of the nodes directly. They could also be used as arguments to
a user defined function which requires direct access to the factored parse tree nodes.

6.5 Extracting a Single Parse

After the build phase has completed, the FMD structure contains all the possible
analyses of the input program. All that remains is to extract a single analysis from the
FMD. Intuitively, this extraction can be done by starting at the root of an analysis and
walking the tree (ignoring the graph edges). Since some nodes in the FMD may have
more than one child list, a child list must be selected at every node.

As the tree is walked, a tree-DAG is formed from the set of nodes visited and Tedges
traversed, together with the Gedges from remote references to the appropriate terminal

nodes. This tree-DAG will be an analysis (i.e. parse) for the input multiset as long as
four conditions are met:

1. All the constraints are satisfied.

2. The root of the tree-DAG is labelled by the start symbol of the grammar.
3. The input multiset is the yield of the tree-DAG.
4. Tt is a valid tree-DAG.

The constraints are applied as the FMD structure is constructed (with one exception
noted below), so every node in the FMD will always have its constraints satisfied. The
second condition is actually implicit in the notion that it is possible to start at the root
of an analysis. Although after building the FMD, it is not known which nodes are the
root of a valid analysis, all of the nodes which could be the root of an analysis (i.e. all
the nodes labelled by the start symbol) can be found. Each of these can then be used
as the starting point for extracting an analysis.

Condition three states that the parse tree-DAG must include the entire input pic-
ture. This may not be the case for all the trees contained with FMD structure. Some

trees may represent parses of only part of the input. For example, consider the simple
language defined by the productions:
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Figure 6.15: a) Visual Program; b) FMD Structure with Unreachable Nodes

LABELS operator, the appropriate child list is selected. Conceptually, this step is
actually part of the tree construction, but is most conveniently described here.

The extraction works from the root of the FMD, which is a node labelled by the
start symbol. If there is more than one root in the FMD structure, all roots need to
be checked to find the correct one(s). Rather than looping over the roots, the tree
walking mechanism is used. To do this, a new, “dummy” root node is added to the
FMD structure, with a one element child list for each real root node. This corresponds
to grouping all the START nodes under a node labelled by the production

START — START
The routine FindRootNode finds all the root nodes, constructs a dummy root if needed,
and returns a single root node.

The routines ComputeSpanning, CheckSpanning and CheckQOverlapping enforce the
conditions given above. SelectTree performs the final tree walk and selection. These
routines are described in the following sections. Finally, ActualRoot will discard the
dummy root node, if one was created, and return the root of the parse.

6.5.1 Extracting a Spanning Parse

The first condition to ensure is that the tree-DAG extracted yields the input multiset.
This is done in a two step process. In the first step, the tree is traversed and the set

example, when adding a child list to a LABELS node, the label in the new child list can be compared
with the label in the existing child list and only keep that child list which is closer.
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Figure 6.14: a) Overlapping Visual Program; b) FMD Structure for Program

criteria, but was not correct in the larger context of the picture. For example, consider
the picture in Figure 6.15a, defined by the grammar

(1)  PICTURE — left_of(LEFT ,RIGHT)
(2) LEFT — rectangle

(3) LEFT — circle

(4) RIGHT — circle

The FMD structure that is constructed by the build phase is shown in Figure 6.15b.
The node labelled by Production 3 cannot be reached from the PICTURE node. When
considering only the circle, it cannot be determined whether the circle is on the left
or right. The build phase considers all possible analyses, so it constructs this node.
Since the tree extraction works by walking the tree from the possible root nodes, any
unreachable nodes will be ignored.

The basic algorithm for extracting a parse from the FMD structure is given in
Figure 6.16. Before extracting a tree, some cleanup from the build phase must be
done related to the LABELS operator. Recall that the LABELS operator contains the
constraint that the label object must be the closest label to the target. However, since
the label can itself be a nonterminal symbol, the closest label cannot be determined
until all candidates are found.Thus the extraction of a parse begins by applying this
constraint to all the label nodes.! For every node labelled by a production using the

'Note that this could have been done using some special processing during the build phase. For
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ComputeSpanning(node)

if 'node.computed then
node.computed = TRUE
if node is a terminal then

node.reachable = {node}
endif
else do
node.reachable = §
for cl € node.childlists s.t. cl.deleted = FALSE do
ComputeSpanningChildlist(cl)
node.reachable = node.reachable U cl.reachable
endfor
endelse
endif
ComputeSpanningChildlist(clist)
clist.reachable = 0
for node € clist.children s.t. nodeis a tree child do
ComputeSpanning(node)
clist.reachable = clist.reachable U node.reachable
endfor

Figure 6.17: Computing Sets of Reachable Terminals

133
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ExtractTree()

for each node n using the LABELS operator do
gselect the child list with the closest label, and mark all others deleted

endfor

root = Find Root N ode()

ComputeSpanning(root)

CheckSpanning(root)

CheckOverlapping(root)

if !root.valid||root.reachable # all terminals then
signal an error - invalid parse

endif

SelectTree(root)

return ActualRoot(root)

Figure 6.16: Basic Pruning Algorithm

of terminals which are reachable along tree paths is computed for every node and child
list. The algorithm to do this is shown in Figure 6.17.

This algorithm proceeds in a straightforward fashion, traversing the tree edges and
computing the reachable sets bottom-up. At the leaves of the tree, the reachable set
consists of just the leaf node. At an interior node, the reachable set for each child list
is computed as that child list is traversed, by combining the reachable sets of all its tree
children. The reachable set for the parent node is then formed by combining the sets
from all its child lists. The computed flag is used to avoid recomputing the reachable
set, since a node may be in more than one tree.

After computing the reachable sets, any non-spanning child lists are detected. A
child list is non-spanning if it does not generate all the terminals below its parent node.
That is, a child list is non-spanning if its reachable set does not include all the terminals
in its parent’s reachable set.

The tree is traversed again, checking for non-spanning child lists in a bottom-up
fashion. Any non-spanning child lists found are marked as deleted. In addition to
marking the non-spanning child lists, the nodes and child lists with spanning subtrees
below them are determined and marked as valid. A node is valid either if it is a leaf
node or if it has at least one valid child list. A child list is valid if it is spanning and
all its children are valid. The algorithm for this check is given in Figure 6.18. As with
computing the reachable sets, a flag (checked) is used to avoid checking a node (and
its subtree) more than once.

6.5.2 Overlapping Child Lists

Next the parse must be checked for overlapping child lists, which requires a definition
of exactly what is meant by “overlapping”.
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CheckOverlapping(node)
if Inode.ckover then
node.ckover = TRUE
if node is not a terminal then
for cl € node.childlists s.t. clvalid do
CheckOverlappingChildlist(cl)
endfor
endif
endif
CheckOverlappingChildlist(clist)
previous =
for node € clist.children s.t. node is a tree child do
CheckOverlapping(node)
if node.reachable N previous # @ then
SIGNAL OVERLAPPING ERROR
endif
previous = previous U node.reachable
endfor

Figure 6.19: Checking for Overlapping Child Lists

Definition 6.4 A child list C in an FMD structure is overlapping if there is a terminal
node s € FMD such that there is a tree path (i.e. a path only along tree edges) to s,
through two distinct elements of C. A valid node is overlapping if it has a valid child list
which is overlapping. A factored parse tree is overlapping if it contains an overlapping
valid node. The FMD structure is overlapping if the factored parse tree starting at the
root of the FMD is overlapping.

In other words, the FMD is overlapping if two tree children of a valid child list
can both reach the same terminal symbol. Clearly this is only the case when both
nodes contain the same terminal node in their reachable sets. The non-overlapping
condition is enforced by traversing the tree formed by the VALID nodes and child lists
and checking each child list to see if it is overlapping. The algorithm for doing this is
given in Figure 6.19. Again, use of a flag (ckover) avoids checking a node more than
once.

The check for overlapping child lists is used to enforce the definition of a PLG
as a non-overlapping attributed multiset grammar. The two “overlapping” concepts
(of grammars and FMD structures) are related, but not identical. Clearly, if the un-
derlying attributed multiset grammar is overlapping, the picture layout grammar will
produce an overlapping FMD structure for some input. The converse is not true, how-
ever, since the overlapping FMD structure can reflect an unresolved ambiguity that
does not correspond to a valid analysis. However, this condition is rare and does not
arise with actual visual languages, so it suffices to use the non-overlapping condition
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CheckSpanning(node)
if Inode.checked then
node.checked = TRUE
if node is a terminal then
node.valid = TRUFE
endif
else do
found = FALSE

CHAPTER 6. SPATIAL PARSING

for cl € node.childlists s.t. cl.deleted = FALSE do

CheckSpanningC hildlist(cl)
if cl.valid then
found =TRUE
endif
endfor
if found then
node.valid = TRUE
endif
endelse
endif
CheckSpanningChildlist(clist)
valid = TRUE

for node € clist.children s.t. node is a tree child do

CheckSpanning(node)
if node.valid then
valid = FALSE
endif
endfor

if valid and clist.reachable = clist.parent.reachable then

clist.wvalid=TRUE
endif

Figure 6.18: Checking for Non-spanning Childlists
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shown. Repeatedly composing the same object occurs because the aggregate object
(BOX, in this case) does not use the attributes of the repeated object (i.e., the arrow).

What is required is to ensure that each arrow is composed at most once with the
aggregate. One solution to this is to impose an arbitrary ordering on the arrow objects,
and then use the ordering to avoid reusing an object within the same aggregate. The
following productions demonstrate how to do this, where O RDER(arrow) returns a
positive integer value such that no two arrow objects have the same value (this can
be computed by hashing the attributes of the arrow object).

BOX — rectangle
BOX.order = 0

BOX; — touches_L(BOX;,arrow)
BOX, .order = ORDER(arrow)
‘Where

BOX;.order | ORDER(arrow)

6.5.3 Selecting a Unique Parse Tree

Finally, the parse tree is walked, extracting a single parse from the FMD. Any node
which has more than one valid child list reflects some ambiguity in the underlying
grammar. Each of the valid child lists are part of some analysis. For example, consider
the productions

(1) PICTURE — TWO-RECTANGLES

(2) TWO_RECTANGLES — over(RECT, rectangle)
(3) TWO_RECTANGLES — over(rectangle, RECT)
(4) RECT — rectangle

which define a picture consisting of two rectangles, one over the other, as shown in
Figure 6.20a. Clearly two parses of this picture are possible, using either Production 2
or Production 3. In the FMD structure given in Figure 6.20b, the PICTURE node has
two valid child lists, one for each possible parse.

To extract a single parse, one of valid child lists must be selected. Since all valid
child lists belong to an analysis, an arbitrary choice of child list can be made. The first
child list of the node is always selected. The algorithm for extracting the parse is given
in Figure 6.21. Note that because only one child list is followed from each node, no
flag is needed to prevent reevaluation of a node.

6.6 Parser Complexity

6.6.1 Preliminaries

This section examines the worst-case running time of the parser. The input multiset
M to be parsed is assumed to contain n elements. The analysis below will use two
derived values based on n:
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based on the FMD structure as equivalent to the non-overlapping grammar condition.
Section 6.7 uses the non-overlappingness of the FMD structure for all inputs in proving
the correctness of the parsing algorithm.

When an overlapping child list is detected, the parser indicates the error and aborts
the processing. The language designer may then correct his grammar and try again.
A better action might be to try and correct the error by disambiguating the FMD
below the overlapping child list. This could be done either automatically or with
user assistance. Automatic error correction requires analyzing the paths from the
overlapping child list to the terminal in question to determine an appropriate child list
to remove. The current version of the parser does not address the problem of error
correction.

A better approach entirely would be to check the grammar for the overlapping
condition statically, rather than at parse time. Checking for this condition is equivalent
to asking whether any multiset in the language contains two identical elements. It does
not appear possible to verify this condition, short of generating all elements of the
language. The problem is threefold: first, the analysis requires a complete knowledge
of how each production manipulates the attributes (which is complicated because the
attributes may be extended arbitrarily); secondly, it must be shown not only that
identical terminals may be used within two productions, but also that this occurs within
a valid analysis; lastly, the overlapping condition may only occur in inputs which are
larger than some arbitrary size.

It is important, then, to consider where the overlapping condition can occur and
what can be done about it. Overlapping arises from a grammar which is not sufficiently
constrained to ensure that all terminals are distinct. Production operators such as
over, left_of and contains are area-preserving, in that the area of the aggregate formed
contains the areas of the constituents. They are also non-intersecting, in that the
constituents are distinct areas (with contains the outer region has a hole where the
inner region is). When only these types of productions are used, the area of the picture
is divided into a hierarchy of non-intersecting regions, and overlapping FMD structures
cannot occur. '

Overlapping can occur with productions which are either non-area preserving or
compose intersecting objects. This is typically the case with productions using the
operators based on connectivity rather than spatial relationships. There are two ways
for overlapping to occur: either an object is composed with the same object more than
once; or an object is composed with more than one object. Figure 6.14 is an example
of the latter of these. The former condition is exhibited by the production,

BOX; — touches_L(BOXj,arrow)

which allows an arrow to be composed with the same BOX repeatedly.?

The problem in Figure 6.14 is a genuine flaw in the grammar. Fixing the grammar
depends on the intended definition of the language, but changing either the LEFT or
RIGHT production to use a remote reference to the arrow will specify the picture

2Some variation on this example is the cause of all overlapping constructions I have encountered in
the development of actual grammars.
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¢ K, is the number of complete factored parse tree nodes that are added to the
FMD structure during the build phase.

¢ K¢ is the number of child lists added to the complete factored parse tree nodes
in the FMD structure during the build phase.

Theorem 4.4.1 shows that attributed multiset grammars cannot, in general, be rec-
ognized efficiently. Thus, it is important to characterize those picture layout grammars
which can be efficiently parsed. For example, a production of the form

Ay — 4
Ao.a = Al.a-i— 1

could cause the build phase of the parser to loop forever (or at least until the value
of attribute a overflowed the representation of its data type). For the purpose of
analyzing the run-time performance of the parser, we restrict our attention to picture
layout grammars which are polynomially bounded (see defn. 4.16). These languages will
be tractably parsable, in the following sense.

Lemma 6.1 Let G be a polynomially bounded picture layout grammar. Then K, =
O(n*) for some constant k.

Proof: The number of nodes is limited by the number of different node labellings
possible. FEach node is labelled by a production and an attribute vector. Since the
grammar is polynomially bounded, for each attribute a € I, the number of possible
values for the attribute is bounded by O(nk“) for some constant k,. Clearly, the total
number of different node labellings possible is of the order

0(p [ n*) = O(pndaer*e) = O(x*),
a€l
where p is the number of productions (fixed for a given grammar G). O
A more exact characterization of K,, requires more specific knowledge of the gram-
mar and how it uses the attributes. The following definition leads to a tighter bound
on the parsing of languages defined by picture layout grammars.

Definition 6.5 A picture layout grammar G = (N, X%, 1, S, P) is pure if
e Fach symbol in N UX has only the four attributes lz,by,rz,ty.

e Fach production p € P uses only the implicit constraints and semantic function
-associated with production operators.

e No productions use the tiling production operator.

A pure picture layout grammar is simply a picture layout grammar that only makes
use of the built-in features of the language (other than the tiling operator). Since these
features are known, it is possible to reason about how the attributes will be used. This
leads to the following corollary.
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Figure 6.20: a) An Ambiguous Visual Program; 3) The Resulting FMD Structure

Select Tree(node)
if node is not a terminal then
let ¢l € node.childlists s.t. cl.valid
node.TreeClist = cl
for child € cl.children s.t. node is a tree child do
SelectT'ree(node)
endfor
endif

Figure 6.21: Extracting a Single Parse
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productions will be executed p times, which is constant for the grammar. The innermost
two loops each loop over the nodes in the done queue, which is clearly at most length
K. Therefore the innermost statements, evaluating the constraints of the production
(and possibly adding a new node) is executed at most pK? times. O

Note that the proof of Lemma 6.3 also confirms Lemma 6.2. Each child list is added
within one of the two inner loops of the build algorithm, so at most O(K?) child lists
could be added.

Lemma 6.4 The time to eztract a spanning tree-DAG from the FMD (i.e. the time
in ExtractTree() is bounded by Texiract = O(nK¢).

Proof: The algorithm in Figure 6.16 first disambiguates any nodes using the LABELS
operator. Since computing the distance for each label takes constant time, this process
can take at most O(#child lists of LABELS nodes) time, which is clearly O(K¢).

The next step is to find the root node (or build a dummy root node). The
build phase can construct a list of the nodes labelled by the start symbol, so find-
ing/constructing the root node will take no more than O(K,) time.

The main part of EztractTree performs three tasks - computing the reachable sets,
computing the valid flags (CheckSpanning) and checking for overlapping child lists.
Each of these is done by walking the tree edges within the FMD structure, processing
each node and child list encountered. A node can be visited more than once, but a flag
is used to ensure that each node is only processed once. The time for the other visits
to a node can be included in the time to process the child list traversed to reach the
node. Since each node is processed at most once, each child is visited at most once.

First consider computing the reachable sets, as described in Figure 6.17. The
routine ComputeSpanningChildlist() is called once for each reachable child list. Since
the number of children is fixed for a given grammar, the time to process each child list
is the sum of the time to compute the reachable sets for each child, plus the time to
combine the reachable sets, plus a constant for the overhead of calling ComputeSpanning
for each node. Using bit arrays of size n for the reachable sets, they can be combined
in time O(n). Thus, the time to process all the child lists (ignoring the time to process
the nodes) is at most O(nK¢).

A terminal node takes constant time to process. The time to process an interior
node is the sum of the time to process each child list, plus the time to combine the
reachable sets of the child lists, plus a small constant. Again, by using bit arrays the
reachable sets can be combined in time O(n). Thus, the time to process all the nodes,
excluding the time to process the child lists, is at most O(K, + nK¢) = O(nKg).
Therefore the total time to compute all the reachable sets is bounded by O(nK¢).

Checking for spanning child lists is similar. Each child list is processed once, and
the processing (testing for equality of two reachable sets) takes time O(n) plus the
time to process the children nodes. Each node is processed once and takes a constant
time for each child list, plus the time to process the child list. Thus the total time is
bounded by O(nK¢).

The check for overlapping child lists performs the same walk over the tree. Here
the processing at each child list is to intersect and union the reachable sets of each of



140 CHAPTER 6. SPATIAL PARSING

Corollary 6.1 For a pure picture layout grammar G, the number of complete nodes
added in the build phase is limited by K,, = O(n%).

Proof: Since the implicit semantic functions always copy attributes from one of ele-
ments of the right-hand side, the value of an attribute at any node must be one of the
values of the same attribute for a terminal symbol. There are at most n different values
for each attribute. Since each node is labelled by four attribute values, the number of
different node labellings is O(n*). O

The running time for the second phase of the parsing algorithm is more easily
expressed in terms of the number of child lists added to the FMD structure. Clearly,
the number of child lists added is related to the number of nodes. Each node must
have at least one child list, so K¢ > K,. As an upper bound on the number of child
lists is given by the following lemma.

Lemma 6.2 For a pure picture layout grammar G, the number of child lists added in
the build phase is limited by K¢ = O(K2) = O(n?®).

Proof: Each child list is the application of a production to one or two nodes. Thus
there are at most pK2 possible different child lists. Since the application of the same
production to the same two nodes will always produce the same attribute values, each
child list can only be placed under one factored parse tree node. (Otherwise two nodes
would have the same label). O

Lastly, consider what happens if the tiling production operator is included. To use
the tiling operator, the grammar writer must supply explicit semantic functions and
constraints. If the semantic functions are restricted so that each attribute of the LHS
(e.g. Iz) can only be copied from the corresponding attribute of on the RHS elements,
then the tiling productions will not increase the number of possible node labellings.
Thus K, will not be affected.

A production using the tiling operator can have any number of elements in the
right-hand side. A production with ¢ elements in the right-hand side could have up to
O(K:) child lists. This demonstrates that, in theory, it is more efficient to factor a long
tiling production into several shorter productions. In practice, the efficiency depends
on the properties of the entities being combined.

6.6.2 Worst-case Analysis

This section analyzes the worst case running time of the parsing algorithm. The analysis
is done in two parts: the amount of time spent building the FMD structure; and how
much time is spent in extracting a single parse tree-DAG from the FMD.

Lemma 6.3 The time spent in the build phase is bounded by Touna = O(KZTeval),
where Teya is the time to evaluate the constraints and semantic functions at a node.

Proof: Looking at the build algorithm given in Figure 6.3, one can see that the main
loop is executed once for each factored parse tree node, or K, times. The loop over
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N - the number of input terminals.

Ky - the number of nodes created by the build phase.

K¢ - the number of child lists created by build phase.

Tg - the number of times the innermost loop in the build algorithm is executed.

Tg - total number of nodes and child lists visited during one tree walk in the extraction
phase. '

Kyt - the number of nodes in the extracted parse tree.

Three groups of data are presented in the table. The first, called Spiral, is an
example of how the worst case for K os achieved. The picture corresponding to the
case for N = 8 is shown in Figure 6.22a and the grammar used to analyze the picture
in Figure 6.22c. This grammar describes pictures consisting of a collection of non-
overlapping rectangles. The “spiral” input consists of two crossed lines of rectangles.

The second case uses the same grammar, but with an input consisting of rectangles
uniformly laid out on grid, as shown in Figure 6.22b. Comparing the Square picture
with the Spiral illustrates how the density of a picture can effect parser performance.
For a given grid size NxN, the spiral picture will have 2N — 2 terminals and the square
picture N? input terminals, but they will both have the same cardinality (i.e. the same
number of attribute values).

Finally some performance data for an actual visual language (the StateCharts gram-
mar given in Appendix C.1) are given. The numbers for this grammar show a perfor-
mance bounded by O(N3).

6.7 Parser Correctness

This section discusses the correctness of the parsing algorithm. Intuitively, it shows
that given a “correct” picture layout grammar G, the parser will parse an input multiset
M if and only if M is analyzable over G. In other words, if the parser finds a parse,
then that parse is correct; and if there is a correct parse of M, then the parser will find
it. First some formal definitions of terms are given, then several lemmas, leading up to
Theorem 6.1, which expresses the main result.

6.7.1 Definitions

Exactly what is meant by a “correct” picture layout grammar is defined first:
Y P Y g

Definition 6.6 A picture layout grammar G is well-formed if the following two con-
ditions hold for all input multisets M € A(G):

o (boundedness) If M is finite, then all semantic trees for M over G are finite.

o (nonoverlapping) The FMD constructed by the build phase is non-overlapping.
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Grammar ”Nl Ky | Ko | T | T let
Spiral 4 124 138 2356 95 12

8 748 1132 87,920 845 24
12 | 2472 | 4750 969,252 3779 | 36

Square 1 6 5 7 3 2
4 54 50 424 35 12
9 234 249 8199 169 27

16 | 696 868 74,272 613 438
25| 1650 | 2405 423,175 1781 | 75
36 | 3366 | 5670 | 1,775,592 | 4375 | 108
49 | 6174 | 11,865 | 6,004,999 | 9465 | 147
64 | 10,464 | 22,664 | 17,309,824 | 18,569 | 192

StateCharts || 4 43 39 107 24 14
8 92 84 344 53 29
12| 170 168 864 82 37
18| 297 309 2576 158 60
41 566 555 7286 260 123

76 | 1067 | 1069 27,617 490 | 231

Table 6.1: Summary of Actual Performance Data

the children. These operations again take at most O(n) time for each child list. There
is no processing at the nodes (other than visiting the child lists). Thus the total time
to check for overlapping child lists is again bounded by O(nK¢).

Finally, consider the routine SelectTree given in Figure 6.21. This routine visits
every node that is in the extracted parse tree and exactly one child list of each node.
Thus the total time to select the tree is O(Niree ), Where Ny, is the number of nodes in

the extracted tree. Clearly Nir.e < K¢, so the time at every step in the tree extraction
is bounded by O(nK¢). O

6.6.3 Practical Experience

Although the bounds derived above are polynomial, they are still too high to be practi-
cal (508 = 4 x 10'3, which means that N = 50 might take O(100 hours) on a 100 million
instructions per second processor!). Two things should be noted, however. First, the
results derived above are upper bounds, and no grammar encountered so far actually
exhibits this peformance.

Second, and more importantly, in grammars for actual visual languages, the per-
formance is much better. This is because most real grammars do not exhibit a high
degree of local ambiguity. That is, when considering only a subarea of the picture,
there are only a small number of possible analyses for the subarea.

Table 6.1 shows data collected from actual use of the Green environment. The table
gives the following data:
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The first condition restricts the use of cycles in the grammar (i.e. A = A). Because
of the role of attributes and remote nodes in the parsing, it is preferable not to pro-
hibit grammar cycles entirely. This restriction eliminates uncontrolled cycles from the
grammar.

The definition of a picture layout grammar given in Chapter 5 states that a PLG
is a nonoverlapping attributed multiset grammar. The nonoverlapping condition for
a well-formed PLG is a stronger condition, since it requires that the FMD structure
be nonoverlapping. Clearly, if underlying attributed multiset grammar is overlapping,
the picture layout grammar will produce an overlapping FMD structure for some in-
put. The converse is not true however (the overlapping FMD structure can reflect an
unresolved ambiguity).

Because Theorem 6.1 relates the theoretical properties of a grammar to the algo-

rithm for analysis, some definitions are provided for relating semantic trees and factored
parse trees.

Definition 6.7 If S is a factored parse tree, then S is singular if Vn € S, wheren =
[Lﬂ, ETHCH]) ‘Cnl =1.

Intuitively, a factored parse tree is singular if there is no ambiguity left in the tree.
That is, each node in the parse tree has only a single child list (in which case the

parse tree is not really “factored” at all). This definition is now extended to a factored
multiple derivation structure.

Definition 6.8 If D is a factored multiple derivation structure, then D is rooted if
there is an FPTN N € D such that D forms a factored parse tree with N as its root.
D is said to be singular if it is rooted and singular.

An FMD structure is really a forest of factored parse trees. The definition of rooted
merely says that this forest contains a single tree with root N. If this tree is singular,
then the FMD is singular. Clearly an FMD structure which is rooted may be thought
of merely as a factored parse tree. The definition below treats the single element list
of child lists as if it was the child list itself.

Definition 6.9 (tree congruence) Let S be a singular factored parse tree and T =
(N1, ET, LT, Fr) be a semantic tree. The relation = is defined over singular factored
parse trees and semantic trees as follows. S = T (S is congruent to T), if there is a
mapping o : S — Nt which is one-to-one and onto, and such that the following holds
forallpe S:

Let p = [Ly, Ep,Cy], and let n € N7 be the element such that o(p) = n. Let (a,V)
be the label on node n (i.e. Lr(n) = (a,V)); and let E, = {(n,m) € ET} be the set of

outgoing tree edges at node n; and let F,, = {(n,m) € Fr} be the set of outgoing graph
edges at node n.

o symb(p) = a and E, = V, which says that the symbols and attribute vectors at
the nodes match.
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a) The 8-element “Spiral” data.

b) The 3x3 “Squares” data.

1) PICT — rectangle
(2) PICT — over(PICT,,PICT?)
3) PICT — left_of(PICT;,PICT>,)

¢) The Picture Layout Grammar used.

Figure 6.22: Two Performance Data Samples
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be constructed which duplicate the nodes a,n4, ..., n;, except that they point along the
new path. Now form a new tree 7' by inserting these nodes above a (so that n} points
to a instead of b and anything that pointed to @ in T will point to a’ in 7). This new
tree is also a semantic tree for M (although it may be overlapping). Since this can be
repeated, the tree 7' can grow to be infinite. Since G is well-formed (and therefore
bounded), we conclude that n, # n;. O

6.7.2 The Build Phase

The first thing to show is that the FMD constructed during the build phase represents
all possible valid solutions. This is formulated in the following lemma. The intuition
behind this lemma and proof is that it models the bottom-up nature of the algorithm,
In other words, the algorithm works by first building all the smallest subtrees, then

combining these to form larger subtrees, and so on until all possible parses have been
considered.

Lemma 6.6 Let G be a well-formed picture layout grammar; M be an attributed mul-
tiset such that M € A(G); and T, be a semantic tree which is an analysis of M over
G. If T is a subtree of T, then after Algorithm 6.11 completes, FMD C T.

Proof: This is proven by induction on the height of T' (A(T')). The height is the length
of the longest path from the root of T' to a leaf node.

To start with, assume h(T) = 0. Thus T consists of a single node, labelled by
a terminal symbol o and attributes V,, such that (a,Vy) € M. Clearly the build
algorithm will add a node to FMD labelled by this symbol and attributes, since it adds
such a node for each terminal in M. Furthermore, this node forms a parse tree which
is congruent to T'.

Now assume that the lemma is true for all subtrees of height up to k¥ and let
h(T) =k + 1. Let T = (N1, Er, LT, Fr) and let r be the root of T. Since 7 is not
a leaf node, we know that r is labelled by a production, given by Lr(r) = p,. Now
let O = {m € Nr | (r,m) € Er V (r,m) € Fr} be the set of all offspring nodes
of r. Clearly, h(o) < k Yo € O,, so if T, is the subtree rooted at o, we know that
FMD C T,Vo € O,. That is, each of the subtrees of r is contained in the FMD
structure, meaning that there is a subset of the FMD nodes forming a factored parse
tree which is congruent to the subtree. So the inductive hypothesis implies that there
will be nodes in the FMD corresponding to all the children of 7. Now it merely needs
to be shown that p, will be applied to these nodes to create a node for r.

For each subtree T,, let f, be the root of the factored parse tree congruent to T,
(that is, f, is the FPTN corresponding to node o). In general, there may be more than
one node in the FMD which is the root of a factored parse tree congruent to T,, any of
which may be selected. Clearly, when Algorithm 6.11 processes node f,, it will add a
node for production p, with f, in the appropriate position. If the RHS of p, has only
one element, then this node is the root of a parse tree which is congruent to 7'.

If the RHS of p, has k elements (and thus r has k offspring) then k incomplete
nodes ¢, ...,% will be added for the nodes f,. It must be shown that Algorithm 6.11
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Now let Cp, = [q1,92,...,9-] be the child list of p, and let {gs,,qs,,-..,q:,] e the

subsequence of tree edges in C, and [qq,,qqg,, ..., 4y be the subsequence of graph edges
in Cp.

o o(q;) € E, and o(qy,) € Fy,.

This definition merely says that a factored parse tree is congruent to a semantic
tree if they have the same structure and the same labelings (symbols and attributes)
at the nodes. Next is the important definition, which relates semantic trees to general
(i.e. non-singular) FMD structures.

Definition 6.10 Let G = (N,X,s,I,D, P) be a picture layout grammar; S be a fac-
tored multiple derivation structure over G; and T be a semantic tree over (X,I,D).
Then we say that S contains T (S C T) if there ezists a subset A of S such that

o A is a factored parse tree.

e Vn € A, withn = [L,, E,,Cy) and L, ¢ ¥, one can choose one child list Cy,; € Cy,
and form a node n’ = [Ly,, Ep,{Cp,}].

o Let A = Up{n'}, then A’ = T.
The factored parse tree A’ is called the embedding of T in FMD.

This last definition tells us that an FMD structure contains a semantic tree if there

is a factored parse tree embedded in the FMD structure which is congruent to the
semantic tree.

Finally, the following lemma is needed:

Lemma 6.5 Let G be a well-formed picture layout grammar; M be an attributed mul-
tiset such that M € A(G); and T = (N1, Er, LT, Fr) be a semantic tree which is an
analysis of M over G. Let a and b be distinct nodes in T (i.e. a,b € Nt and a # b),
with T, and Ty the sub-DAG’s rooted at a and b, respectively. If FMD is a factored
multiple derivation structure, and FMD C T,, T, then Inodesn,,np € FMD, n, # ns,
such that n, and ny are the roots of factored parse trees congruent to a and b.

Proof: Since FMD contains both T, and T3, it is known that nodes n, and n; exist.
All that remains is to show that they are distinct.

Consider first the case where neither a nor b is an ancestor of the other. Suppose
that n, = np. Then a tree 7' can be created by replacing the offspring of a with the
offspring of . This new tree 7" would also be a valid semantic tree for M, but it would
be overlapping, and G would not be a well-formed picture layout grammar. Therefore
Ng # M.

Now consider the case where one of a,b is an ancestor of the other. It is assumed
w.lg. that a is the ancestor and b is the decendant. Again, assume that n, = n;. Now

consider the nodes ny,7y,...,n; on the path from a to b. New nodes @', nj,...,n} can
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will combine these nodes into a node labelled by p,. Since T is a subtree of a semantic
tree for M, the constraints in p, are satisfied by the nodes f,. What remains to be
shown is that the the nodes i can be processed in any order.

To combine node #;, first form the combined node for all the nodes %, ..., ¢;_1, which
is called ¢ ;_1. Suppose when processing ¢;, node ¢; ;_; has already been processed.
Clearly, they will be combined to form c¢; ;. On the other hand, suppose that i; is
processed first. Then when ¢; ;j_; is processed, node ¢; will be found and combined to
form ¢; ;.

Thus, the algorithm w1ll construct a new node f, labelled by p, and the attributes of
7, pointing to the nodes f,VYo € O,. Now construct a new subset A7 of FMD consisting
of f. and the union of all the sets used to embed the subtrees T, into FMD. Since
each of the subtrees A7, was a factored parse tree, Ar is a factored parse tree. We
need to show that we can choose one child list for every node a € Ar such that the
resulting singular factored parse tree is congruent to 7. There are two parts to this:
the congruency mapping or and the choice of child lists. .

First look at the mapping. A mapping or from T to Ar is constructed which maps
r to f,, and any node a € T, is mapped to or,(a). By Lemma 6.5, we know that Va,b
such that @ is in some subtree T;,; and b is in some subtree T, if a # b then f, # f;
(where f, is the FMD node corresponding to a in the mapping o7,,). Clearly, if a = b
then f, = fi. Therefore the mapping o7 is one-to-one and onto.

Now consider the choice of child lists. For node f,, there is only one child list. For
any node a which is in only one of the subtrees T, the child list used to embed that
subtree is chosen. Using these selections, the tree A% is formed.

Each of the subtrees of f, is congruent to the corresponding subtree of T', and the
node f; is labelled by the symbol and attributes of 7, so the tree A% is congruent to T'.
Therefore FMD C T'. By induction, we conclude that the lemma is true. O

6.7.3 Extracting the Parse Tree

Having shown that the build phase will find all possible parses of the input, we would
like to show that the extraction phase will retrieve one of them. The extraction phase
has three principle parts - computing the reachable sets, setting the valid flags and
selecting the tree. The proof of the extraction phase will similarly be broken down into
three parts, dealing with the action in each of the subphases.

Lemma 6.7 Let G be a well-formed picture layout grammar; M be an attributed mul-
tiset such that M € A(G); and FM D the factored multiple derivation structure con-
structed by Algorithm 6.11 and possibly supplemented by the addition of a dummy root
node. Assume that ComputeSpanning has completed processing on the root. If n is
any node in FMD and a is a terminal node in FM D, then a € n.reachable iff there
is a (possibly empty) path from n to a in FMD. Furthermore, if n is an interior node

and cl i3 a child list of n, then a € cl.reachable iff there is a path from n to a through
cl.
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Proof: This is proven by induction on h(n), the height of n (i.e. length of the
longest path from n to a terminal node). If A(n) = 0, then n is a terminal ivde
and n.reachable = {n} by definition. Thus a € n.reachable implies a = n, and there
is a zero-length path from n to n.

Now suppose h(n) = 1, in which case n is an interior node whose child lists point
only at terminal nodes. Clearly a child list ¢/ will have a € cl.reachable iff a €
cl.children (and thus there is a path through ¢l from n to a). Furthermore, since
n.reachable is the union of cl.reachable for all the child lists of n, it is clear that
a € n.reachable iff one of the childlists ¢/ point to a (forming a path from = to a).
Thus the lemma is true for n where h(n) =0 or 1.

Now assume that the lemma is true for all nodes m where h(m) < k and h(n) = k.
Let ¢l be a childlist of n. If a € cl.reachable, then there must be some node m €
cl.children such that a € m.reachable. But this node must have h(m) < k, so by the
inductive hypothesis, there must be a path from m to a and thus a path from n to @
through cl. Similarly, if there is a path from » to a through cl, then let m be the first
node on the path (i.e. the node pointed to by ¢l). Again, h(m) < k, so a € m.reachable
and therefore a € cl.reachable. Thus a € cl.reachable iff there is a path from n to a
through cl.

Clearly, if a € n.reachable, then a € cl.reachable for some childlist ¢l of n, and thus
there is a path from n to a. Similarly, if there is a path from = to a, it must go through
some childlist ¢l, which means that a € cl.reachable and therefore a € n.reachable.
Thus, the lemma holds for node n of height £ as well. By induction, we can conclude
that the lemma is true for all nodes n. O

This lemma has shown that ComputeSpanning correctly computes the reachable

sets for every node and child list. Next, turn to CheckSpanning, which sets the valid
flag for nodes.

Lemma 6.8 Let G be a well-formed picture layout grammar; M be an atiributed mul-
tiset such that M € A(G); T, be a semantic tree which is an analysis of M over G;
FMD be the factored multiple derivation sturcture and EMr, be the embedding of T's
in FMD. Ifn is a node in EMr,, then CheckSpanning will mark n as valid.

Proof: This is again proven by induction on the height of n. Clearly, CheckSpanning
will visit every node in EMr, as it walks the tree. Suppose h(n) = 0, then n is a
terminal node and n.valid will be set TRUE.

Now suppose that the lemma is true for all nodes m with h(m) < k and h(n) = k.
Since n is in EMrg, there is some child list ¢/ of n that is also in EM7,. Clearly, every
node m which is a tree-child of ¢/ will be in EMr, and will have h(m) < k. Therefore
all the tree-children of m will be marked as valid. Thus ¢l will be marked as valid if it
is spanning,. :

Suppose that cl.reachable # n.reachable. This means that there is a path from n
through another childlist to a terminal a that is not reachable from ¢l. But since both
n and cl are in EM7, there must be a path in E M7, from the root to a that does not
go through n. Let LC A be the child list which is the least common ancestor of n and
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a. Clearly there are two paths from LC A to a, one through n and one not through =,
and therefore FM D is overlapping. Since G is well-formed, it cannot be overlapping
and thus we conclude that cl.reachable = n.reachable. Therefore n will be marked
valid. By induction, we conclude the lemma is true for all 7 in EMz,. O

The following two lemmas express the results of the selection phase.

Lemma 6.9 Let G be a well-formed picture layout grammar; M be an attributed
multiset and FMD be the factored multiple derivation structure constructed by Al-
gorithm 6.11 with root node R. If M € A(G), then CheckSpanning will mark node R
as valid and compute R.reachable = M.

Proof: Since M € A(G), there is a semantic tree T which is an analysis of M. By
Lemma 6.6, there is an embedding EMr, of Ts in FM D. By Lemma 6.8, we know that
all the nodes n in E M, will be marked valid, so R will be marked valid. Furthermore,
since there is a path in EMz, from R to every terminal node a € M, we know by
Lemma 6.7 that a € R.reachable for all a € M, so R.reachable= M. O

Lemma 6.10 Let G be a well-formed picture layout grammar; M be an attributed
multiset and FMD be the factored multiple derivation structure constructed by Al-
gorithm 6.11 with root node R. Given that CheckSpanning marks R as valid and
R.reachable = M, let EM be the set of nodes and child lists selected by SelectT'ree.
Then EM is the embedding of a semantic tree T that is a valid analysis of M.

Proof: A semantic tree T can be constructed from EM as follows: for each node
n € EM, create a node n’ in T labelled by the same label (production or terminal
symbol) as n, along with the attributes of n. For the selected child list of n, tree and
graph edges are added to T for every tree and graph child in the child list. Clearly T
is a semantic tree with EM as its embedding and M as its yield.

What is left to show is that T is an analysis for M. Let m be a node in T that is
labelled by (p, AV), with n the corresponding node in EM. Clearly, since the children
of m in T correspond to the children of n in EM, and n was generated by applying
production p, the following will be true:

¢ The children of m will have label symbols equal to the corresponding symbols in
the right-hand side of p.

o All the constraints will evaluate to true.

o The attributes of m will be equal to those computed by the semantic functions
applied to the attributes of the children of m.

Thus T will be a valid analysis for M. O

These results are summarized in the following theorem. (Here extracting a valid
parse refers to the action of SelectTree).

Theorem 6.1 Let G be a well-formed picture layout grammar and M an attributed
multiset. The parsing algorithm will extract a valid parse iff M is analyzable over G.

Proof: Lemmas 6.6, 6.9 and 6.10. O






Chapter 7

A Visual Programming
Environment

7.1 Introduction

The previous chapters described a means of defining the syntax of visual languages
and an algorithm for spatial parsing. This chapter briefly discusses how picture layout
grammars and the spatial parser can be utilized to build a language-independent envi-
ronment for visual programming. The construction of such an environment is one of the
motivations for the development of a grammar /parser based specification mechanism.

One approach to building a visual programming environment is to construct a
group of separate components. The traditional approach to programming in textual
languages is to use a collection of separate tools such as a text editor, a compiler, a cross-
referencer, etc. The tools communicate through an external medium such as ASCII
files. This approach can be taken to building a visual programming environment as
well, provided that a syntax analysis mechanism for the language is available. Picture
layout grammars and the spatial parsing algorithm described in Chapter 6 can serve
this function. The visual programmers workbench project [34] takes such an approach
to building a visual programming environment, and uses a version of the spatial parser.

Another approach which has been used extensively for textual programming is to
combine tools such as an editor and a compiler into an integrated programming environ-
ment. I have taken this approach to visual programming and have built an integrated
GRaphical Editing ENvironment, calleld GREEN. The GREEN environment allows
the programmer to create and manipulate a visual program, and then recover its struc-
ture by parsing and process the program. The language syntax is defined by a Picture
Layout Grammar. The attribute mechanism of picture layout grammars is extended
to allow the specification of language semantics as well. Attribute grammars have also
been used as a basis of integrated programming environments for textual languages [71].

The overall architecture of the environment is shown in Figure 7.1. The environment
consists of three major components. The GREEN Editor provides the user interface,
overall control and picture editing capabilities. The GDL component reads a grammar

151



152 CHAPTER 7. A VISUAL PROGRAMMING ENVIRONMENT

grammar terminal GREEN
GDL objects E VIZIER symbols EDITOR
grammar picture
definition ,
file file

Figure 7.1: Architecture of GRaphical Editing ENvironment

definition file and creates the objects representing the language definition. Vizier is the
spatial parser implementation and also provides the semantic processing capabilities.
Vizier is called by the GREEN Editor to process the current program.

This chapter discusses the implementation of the GREEN environment. Section 2
gives a brief description of the GREEN Editor. A detailed description of the Editor
interface is found in Appendix B. Section 3 describes how the GDL and Vizier com-
ponents are integrated into the environment. Section 4 discusses the extensions to
the attribute mechanism used for semantic processing, and Section 5 gives a simple
example of hwo the attribute mechanism is used. Finally, Section 6 discusses how the
(semantic) attributes are evaluated.

7.2 The Editor

The GREEN Editor (hereafter called, simply, the Editor) is an editor for visual pro-
grams. In other words, the Editor is a tool for creating and manipulating pictures. It is
a general-purpose graphics editor!, and treats the picture as a graphical entity rather
than a language entity. All the editing operations know only about pictures, and not
about any visual languages. _

The basic unit that is edited is the buffer. A buffer contains a single picture.
Equivalently, we could say that a picture is the contents of a buffer. Each buffer contains

'While the GREEN Editor is in the spirit of a general-purpose graphics editor, the current imple-
mentation is more of a prototype than a full-functioning graphics editor.
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a collection of objects which form the picture. Each object in a picture is an instance of
a primitive graphical shape. The Editor is object-based, rather than bitmapped based,
and is more suitable to producing pictures which are visual programs than pictures
which are pieces of art.

A buffer is edited by means of actions. An action results either from selecting
a menu button or a click of a mouse button. The actions include creating (adding)
an object; deleting an object; selecting an object; moving an object; and resizing an
object. _

The Editor itself does not contain anything new or significantly different from other
graphics editors. What is important is the architecture combining a graphics editor
with the spatial parser to form a visual programming environment. Two previous visual

programming environments took a similar approach: Lakin’s spatial parser [48] and the
SIL Compiler [17].

7.3 Integrating the Spatial Parser

The GREEN environment contains two components in addition to the Editor: GDL
and Vizier. These two components are used for the processing of visual programs and
are integral to the GREEN environment. They provide the mechanisms for handling
language definitions, spatial parsing and semantic processing.

GREEN maintains the notion of a current language definition. The GDL com-
ponent is called to load a language definition from a grammar definition file. The
grammar definition file contains a Picture Layout Grammar defining a visual language.
GDL processes the grammar definition file and creates the data structures describing
the language syntax, which become the current language definition. An initial grammar
definition file can be specified when GREEN is invoked. If none is given, the current
language definition is initially null.

Interpretation of visual programs is always with respect to the current language
definition. The Vizier component performs the actual processing of visual programs.
Vizier implements the spatial parsing algorithm described in Chapter 6. Vizier also
provides for the semantic processing of the language, as described in the next section.
Vizier is called to process a set of objects from the current buffer, using the current
language definition loaded by the GDL component.

7.4 Adding Language Semantics

GREEN extends the attribute mechanism in picture layout grammars to provide for
semantic processing of visual languages. Semantic processing refers to the evaluation of
computations expressed by programs. This processing can either a direct evaluation of a
program (in essence constructing an interpreter for the visual language) or a translation
of the program into an executable form (i.e. compiling the visual language). Both of
these approaches can be specified using an attribute grammar [71].
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5 trans = ("PUSH Y"
"PUSH X"

T "PUSH 2"
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Figure 7.2: Expression Tree Program with Semantics

For example, consider the drawing on the left in Figure 7.2. This is a program in
a visual language for describing arithmetic expressions. The terminals of the language
are rectangles, arrows and text. The boxes and arrows form a tree. The text labels
the leaf boxes with either integer constants or alphabetic variable names; the interior
boxes with arithmetic operations; and the root node with a variable name. This is not

meant to be a complete language, but could be an “assignment statement” in a larger
visual language.

One type of processing for this language would be to compute the value of the
expression and assign it to the variable at the root. In the example shown, if X = 11
and Y = 7, then Z would get the value 29. The other form of processing is to compile
the visual program into an object program which can be executed. The visual compiler
would generate “machine instructions” to load the values of X and Y from memory
locations, compute the expression and store the result in Z.

The approach to language semantics is based on attributes. Attribute grammars
have been successfully used to define the semantics of languages for textual program-
ming environments [71]. Attributes serve well for defining static semantics and for
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specifying both direct evaluations and translations. Because of the static nature of
attributes, they are not well suited to specifying interactive aspects such as environ-
mental or interpretive semantics [41]. The motivation is to demonstrate the utility
of constructing a visual programming environment based on spatial parsing, so an
attribute mechanism is sufficiently powerful for this purpose.

Semantics is added to a language through an extension to the attribute mechanism
used for parsing. In addition to the parsing attributes, each symbol has a set of
processing attributes. The processing attributes are distinguished from the parsing
attributes (by declarations in the grammar), and may not be used either in constraints
or in semantic functions which compute parsing attributes. Productions may contain
additional semantic functions which compute the values of the processing attributes
(and which may use both the parsing and processing attributes to compute the values).
During parsing, the processing attributes are not evaluated and the semantic functions
computing them are ignored. The processing attributes are evaluated in a separate
evaluation phase after the parse has been determined, as explained below.

When a semantic function defines an attribute of the left hand side of a production,
that attributed is synthesized. An inherited attribute is defined in a production where
the attribute occurs on the right hand side. An attribute of a symbol either must always
be inherited or must always be synthesized. The parsing attributes were restricted to
attributes which were totally synthesized (i.e. never having any inherited components).
The processing attributes may either be synthesized or inherited, as long as there are
no cycles in the computations of the attributes.

7.5 A Simple Example

Now an example showing how the attribute mechanism is used to define the semantics
of a language by means of a simple example. The language we are defining is the
expression trees described above. The syntax is quite simple: A NODE is a rectangle
containing a text string. A CONSTANT node contains an integer. A VARIABLE node
contains an identifier. A BINARY operator node contains an arithmetic operation: +,
-, * or /, and has two arrows leaving the bottom side of the rectangle, ordered left to
right. Each arrow points at another NODE. An ASSIGNMENT is the root node, and
gives the variable to be set.

Semantics is provided for this language by translating an expression tree program
into a program for a simple stack machine. The translation is specified by computing
an attributed called irans for the nonterminal EXPRESSION_TREE, that will contain
the stack machine program. A picture layout grammar to compute this translation is
given in Figure 7.3.

Each nonterminal is given a synthesized processing attribute called trans, which will
contain a list of strings (each string will be a stack instruction). For CONSTANT and
VARIABLE nodes, the translation is the single string ¢ ‘PUSH z’’, where z is either

the integer or the identifier. The ASSIGNMENT node generates the string ‘ ‘ASSIGN
L A
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EXPRESSION_TREE — touches_.R(CHILD, ASSIGNMENT)
EXPRESSION_TREE.trans = append(CHILD.trans, ASSIGNMENT.trans)

ASSIGNMENT — contains(rectangle, text)

ASSIGNMENT .trans = list(concat(“ASSIGN ”, text.string))
Where

is_identifier(text.string)

NODE — CONSTANT

NODE.trans = CONSTANT.trans
NODE — VARIABLE

NODE.trans = VARIABLE.trans
NODE — BINARY.OP

NODE.trans = BINARY_OP.trans
CONSTANT — contains(rectangle, text)

CONSTANT .trans = list(concat( “PUSH ”, text.string))
‘Where

is-integer(text.string)

VARIABLE — contains(rectangle, text)

VARIABLE.trans = list(concat(“PUSH ”, text.string))
Where

is_identifier(text.string)

BINARY-OP — touches_.R(CHILD, B1)
Bl.trans_right = CHILD.trans
Where

CHILD.ly == Bl.by

Bl.savedX < CHILD.Ix
B1 — touches_R(CHILD, B0)

Bl.savedX = CHILD.lx

Bl.trans = append(B1.transright, append(CHILD.trans, BO0.trans))
Where

CHILD.ly == Bl.by

B0 — contains(rectangle, “+”)
BO0.trans = list( “ADD”)

B0 — contains(rectangle, “-”)

B0.trans = list(“SUBTRACT”)

B0 — contains(rectangle, “*”)
B0.trans = list(“MULTIPLY")

B0 — contains(rectangle, “/”)
B0.trans = list(“DIVIDE”)

CHILD — points_from(arrow, NODE)
CHILD.trans = NODE.trans

Figure 7.3: Expression Tree Semantics
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The translation for binary operations is somewhat more complicated. A binary
operation uses three nonterminals: BO is the rectangle and operation symbol; B1 is
B0 combined with the left-hand operand; BINARY_OP is the complete operation. In
addition, each of the operands will have a corresponding CHILD operand. To compute
the translation for a binary operation, the B1 nonterminal is given an additional pro-
cessing attribute trans_right. This is an inherited attribute, and is set by Production 7
to contain the translation of the right operand. Production 8 combines the inherited
trans_right with the synthesized transiations of the left operand and the operator. The
translation of the expression tree is show on the right in Figure 7.2.

7.6 Attribute Evaluation Mechanism

The processing attributes are evaluated in a separate phase, after the parsing has
completed. When the parsing is done, the selected parse nodes will form a directed
acyclic graph. The attribute evaluation phase operates on this structure, computing
values for the processing attributes of each node. As with the parsing attributes, the
values of the processing attributes are stored with the parse node associated with that
symbol.

A simple evaluation strategy, similar to the left to right evaluation method of
Bochmann [7), is used by Vizier. The parse structure is traversed in a depth-first
manner. At each node, any semantic functions which compute inherited attributes of
the children of this node are evaluated first. Then each child is visited in turn to have
its attributes evaluated. Finally, any synthesized attributes of this node are computed.
Because the parse structure is a DAG rather than a tree, a flag is kept indicating
whether a node has been visited. When a node is revisited (in the same traversal), no
new evaluation is done.

Because the dependencies between attributes may not be ordered left to right, it
may not be possible to compute all attribute values in a single pass. For example,
an inherited attribute of an element of the right hand side in a production may use a
synthesized attribute of the left hand side in its computation. The synthesized attribute
cannot be available until after the attributes of the children of the node have been
evaluated.

To overcome this problem, each parse node contains a flag for each of its attribute
values indicating whether that value has been computed yet. When a semantic function
is evaluated, all attributes referenced are checked to see that they have been computed.
If any attribute is not yet defined, evaluation of the semantic function is not done.
Otherwise the computed value will be stored in the appropriate node and marked as
defined.

During the traversal of the parse structure, it is noted whether any attributes remain
to be evaluated. If there are unevaluated attributes, another traversal is made until all
attributes have been evaluated. Because there can be no cycles in the dependencies of
the attributes (by definition), eventually all the attributes must be evaluated.

To see that this is the case consider the graph with the attribute instances as nodes
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and the dependencies as edges (i.e. there is an edge from an instance to all those other
instances which use it in their computation). Clearly this graph is a DAG, since there
are no cycles in the dependencies. Eliminating the nodes corresponding to previously
computed attributes (along with any edges leaving them) leaves a DAG representing
the dependencies among the uncomputed attributes. At least one of these attribute
instances cannot be dependent on any other instance, and so is computable. Thus
each traversal must compute at least one new attribute instance, and eventually all the
attributes are computed.

The processing attribute evaluation phase is called automatically after the parsing
has completed in response to the user selecting the PARSE BUFFER command. The
computed attributes can be retrieved in two ways. First, the GET ATTRIBUTE
command can be used within the GREEN environment to examine an attribute of
the root node of the parse structure. Another method is to use an external function
mechanism to process the attribute value in an appropriate way. For example, the
production

PROGRAM — EXPRESSION.TREE
PROGRAM .trans = write_object_file(EXPRESSION.TREE .trans)

could be added to the grammar in Figure 7.3, where write_object_file is an external
function which will write the attribute value to a file as successive lines of text.



Chapter 8

Conclusions

Visual languages are rapidly emerging as a new approach to programming. This disser-
tation has laid a foundation for a formal theory of visual programming languages. The
approach described here builds on techniques successfully used for textual languages
(e.g. grammar based syntax specification, parsing, attributes) while extending them
to encompass the two dimensional nature of visual languages. The basic methods for
understanding and manipulating visual languages I have developed will allow visual
languages to grow and evolve on a par. with textual languages.

My model for visual languages is natural, general and useful. By natural, I mean
that the model corresponds to an intuitive notion of the structure of pictures and visual
languages. The model is general in that it can be applied to a wide variety of visual
languages, encompassing several different visual styles. The utility of the model is
evident by the applications it makes possible, such as spatial parsing.

The practicality of my approach is further demonstrated by the specification mech-
anism for visual languages that I have developed. Picture layout grammars provide
the means of quickly and unambiguously describing the syntax of a visual language.
This capability is essential for the design of visual languages. Picture layout gram-
mars provide a valuable framework for understanding and discussing visual syntax.
One observation is that an attribute based formalism has proved to be a very flexible
approach. This view has recently come to be shared by other researchers in visual
language syntax [9, 90].

The benefits of this model are enhanced considerably by the existence of an algo-
rithm for spatial parsing. Syntax analysis a basic function and plays an important role
in many textual programming tools. In particular, a general purpose parser, driven by
a grammar, is a valuable tool for researchers in visual languages. The power of a gram-
mar driven parser has been demonstrated by parser generators for textual languages
such as yacc and bison.

This chapter evaluates my results and then outlines both extensions and directions
for further research.
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8.1 Evaluations

8.1.1 Expressiveness of the Model

A natural question to ask is how expressive are picture layout grammars? Unfortu-
nately there is no good answer to this question. In asking about the expressiveness
of the grammar model, one seeks to understand what languages it can be used for.
This question is subject to several interpretations. Are we limited to the predefined
attributes and operators of picture layout grammars, or do we consider the use of ad-
ditional attributes? Are we concerned with what languages may be described, or only
with those languages which may also be efficiently analyzed? The answer to these
depends on whether one is motivated by theory or practice.

From a theoretical point of view, one would like to characterize the class of lan-
guages that can be described by a picture layout grammar. For example, the expressive
power of context free (string) grammars is characterized by push-down automata, and
numerous results [37] have been obtained regarding context free (string) languages. A
similar understanding of picture layout grammars would be desirable. Further, string
languages may are divided into four hierarchically related classes. A similar insight
into the structure of classes of visual languages will require further study.

A more practical question relates to the actual use of picture layout grammars to
specify visual languages. From a practical viewpoint, one is interested in understanding
how broadly applicable the grammars are. This means that we are interested only in
languages which can be easily and naturally defined by a picture layout grammar which
can be used for efficient analysis. While there is no formal characterization of what
visual languages picture layout grammars are well-suited for describing, some empirical
observations can be made.

¢ Thelargest class of visual programming languages exhibited so far in the literature
consists of boz and arrow languages. Examples include finite state automata,
data flow diagrams, flowcharts and petri nets. These languages are specialized
versions of directed graphs. Picture layout grammars are an effective means of
describing these languages. The distinguishing features of each language, such
as how to draw the individual nodes and arcs, are easily expressed with picture
layout grammars.

o Another style of visual language uses a combination of nesting and relative spa-
tial positions to form programs. Examples of this style are Nassi-Schneiderman
diagrams, tiled objects in GARDEN and the Boxer [21] language. Picture lay-
out grammars prove to be a good approach for specifying these languages as
well. The ability to specialize the relationship between objects in a production
using additional constraints eliminates the need for a large number of specialized
production operators.

¢ One problem with picture layout grammars is that the structure imposed by the
grammar may not correspond to the abstract structure envisioned by the language
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designer. In other words, while it may be possible to write a grammar to define a
class of pictures, it may not be possible for this grammar to structure the picture
exactly as desired. For example, in writing a grammar for an FSA language, the
parse structure cannot directly follow the graph structure of the FSA, since the
FSA may be a cyclic graph.

o Another limitation to picture layout grammars is the inability to express some
kinds of “global constraints” on the structure of a visual language. For example,
while it is possible to write a grammar defining a language of diagrams of di-
rected graphs, picture layout grammars cannot specify the language of diagrams
of directed graphs containing Hamiltonian circuits. Interestingly, an attributed
multiset grammar for this language can be written, but it is not a valid picture
layout grammar because it is overlapping. The overlapping condition for this
grammar reflects the need to resolve which outgoing edge from each vertex is
part of the circuit.

¢ The previous point demonstrates that the limiting factor for describing a language
is often the ability to write a non-overlapping grammar. A better theoretical
understanding of the non-overlapping restriction is called for. In particular, it
would be beneficial to be able to determine whether a grammar is overlapping
by examining the grammar. An analysis of this type requires a knowledge of the
attribute domains, semantic functions and constraints.

¢ Another problem arises when trying to describe undirected graph structures. The
problem results from using a recursive production containing a remote reference
(i.e a production of the form A — foo(A,b)), where the attributes of left hand
side are copied from the similar symbol on the right hand side. This production
introduces no new symbols into the parse structure. However, it does create a new
non-tree link between nodes, which may reflect the desired underlying structure.

Unfortunately, it is difficult to force the parser to include this link in the extracted
parse DAG.

8.1.2 Shortcomings of GREEN

As with any prototype system, GREEN falls short of the ideal. Several shortcomings
which arise from the implementation (of the editor or parser) rather than the model
are noted here.

¢ The set of graphical primitives is restricted to boxes, octagons, circles, text, lines
and arrows. Adding a new graphical primitive is relatively easy (because an
object-oriented approach was taken to implementing the editor), but requires
modification of the editor code. This restriction lies solely in the editor, and

the parser implementation can take any set of input object classes (i.e. terminal
classes).
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¢ The attributes which are generated for each class of graphical object are fixed.

If a new attribute (e.g. fill style for a rectangle) was desired, the editor would
have to modified to compute this attribute and pass it to the parser. Again, this
restriction arises from the editor and not the parser implementation.

The grid alignment mechanism provided by the editor is lacking in two ways.
First, because the grids are maintained in physical device coordinates, objects
will ‘not line up with the grids from one session to another if the size of the
editing window is changed. More importantly, grid alignment is not sufficient for
visual programming. A better approach would be to allow the existing objects
in the picture to have gravity and use that for alignment, as in the Gargoyle
system [6].

The performance of the system is generally too slow to be practical for use as
a program development system. The problem here lies not with the algorithm
for parsing, but with its implementation, and in particular the bookkeeping that
is done within parts of the algorithm. In other words, even though the number
of nodes produced in the building phase and the number of operations required
to prune those nodes may not be excessive, the slowness of the performing those
operations can increase the overall time by a large (constant) factor. I believe
that this problem can be addressed by the use of more appropriate data structures
(lists are currently used for most structures) within the analysis.

8.2 Future Work

8.2.1 Extensions

A number of research topics are suggested as direct extensions to the work described
in this thesis. Grouped together here are a number of improvements that should be
incorporated into a new implementation of the parser. Some of them are designed to
address the problems noted above.

¢ Separate policies from capabilities. Capabilities include the geometry processing,

the adjacency checking and the special processing for the group-of operator. Poli-
cies relate to the specifics of the language being defined, such as what production
operators are provided. Implementing the parser as policy-free and providing a
rich set of capabilities promotes the orthogonality and language independence
of the environment. The parser is already implemented in a largely policy free
manner, and one goal is to heighten this.

Allow the grammar writer to define new production operators. When the parser
provides a policy-free set of capabilities, the language designer provides the “poli-
cies” by specifying the types of compositions to be used. This is currently possi-
ble using the attribute mechanism, but providing a macro-like facility for defining
new operators would be desirable. The current set of built-in operators could be
provided as a library.
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e Certain overlapping constructs arise not from a context-sensitivity, but from a
local ambiguity that can be resolved. For example, in the StateChart grammar,
the arcs leaving a state were ordered arbitrarily. This was required in order to
avoid introducing a simple cycle into FMD structure (resulting from a child list
of a node pointing to the node itself). This is a common occurrence, and some
special means of describing a group of arcs should be provided. The parser could
then resolve the appropriate group by analysis.

e Compile the grammars. Preprocessing the grammars would allow the use of effi-
cient structures and access within the parser. It would also improve the efficiency
of computing semantic functions and constraints, which are currently interpreted.
Compiling the grammars will improve the performance of the parser considerably.
It will make it easier to allow the grammar writer to define his own operators
without a performance penalty.

o Incorporate improved geometric search techniques. Two areas would benefit from
this. First, by processing the input terminals to produce a good two-dimensional
representation (e.g. segment trees), the adjacency processing could be improved.
Another area that could be improved is in searching for a match to a production.

¢ Many improvements could be made to the editor, both to improve the func-
tionality provided the user and to better integrate with the parser. Some key
improvements include: alignment objects [6], a history facility for undoing[47],
programmability, filled objects, rotation of objects and selectable fonts.

8.2.2 Further Research

The work done in this thesis is only a beginning for research into visual languages. It
provides a framework for visual languages within which research may continue. I list
here some of the significant questions which are suggested. Some of these questions
may be viewed as finding new applications for picture layout grammars, while others
look for a better understanding of visual languages.

Incremental Parsing Algorithm

The advantage of an incremental algorithm is two-fold. First, it may provide improved
performance, at least in the context where the user is making small changes to a
program. Another advantage is the ability to use structural information about the
program to assist/provide feedback to the user.

Several problems must be solved to develop an incremental version of the parsing
algorithm. First, incomplete programs must be handled for the algorithm to be useful.
Secondly, the parser must be able to recognize constraints (such as adjacencies) which
become false. Lastly, the pruning phase must be reversible. For example, currently a
node which is discovered to be unreachable is pruned and this information propagated.
A truly incremental algorithm must handle this node becoming reachable again and
undoing the implications of its deletion.
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A Visual Structure Editor

My approach has been to view pictures as source programs edited in an unstructured
way. Another approach to building a visual programming environment is to use picture
layout grammars as the basis of a language independent structure editor. A syntax-
directed editor for visual programs could be built which is driven by a picture layout
grammar. A similar approach has been taken towards textual languages by several re-
searchers [65, 71]. The GARDEN [67] system provides the capability to define structure
editors, though not based on a grammar definition

As with the incremental parser, a structure editor must be capable of handling
incomplete programs. Another problem for a structure editor is the ability to “unparse”
a visual program. That is, it must be possible to generate a picture corresponding to a
parse structure. The picture must satisfy all the constraints in the parse structure. In
general, the constraints do not completely specify the picture, so an automatic layout
must be generated for the remainder of the picture. A typical unconstrained pictureis a
drawing of some form of graph, where the connectivity is important but not the relative
position. Automatically generating such a picture is closely related to the problem of
graph layout [22, 23, 88].

Picture Generation Systems

Another research topic is how to use picture layout grammars as the basis of a picture
generation system. For example, suppose GREEN is used to implement a graphical
query language. The result of a query should also be displayed graphically. The
question is whether a picture layout grammar can be used to specify this visualization.
In a more general context, many visualizations of structures (data, programs, etc)
can be viewed as visual languages. One approach to producing these visualizations is
through a grammar.

The problems associated with a grammar based approach to visualization may
be grouped into two areas. First, it must be possible to map between the abstract
structures to be visualized and a parse structure. This mapping may not be part of
the grammar specification but should be related to it. In other words, the grammar
specifies what the pictures should look like, and one must somehow say which picture
belongs to a particular structure. As with the structure editor, it must also be possible
to generate a concrete picture from the parse DAG.

Specialized Parsing Algorithms

The spatial parsing algorithm presented here is for general picture layout grammars.
An interesting question is to search for restricted classes of picture layout grammars
for which more efficient parsing algorithms exist. This is analogous to the situation
for string languages, where classes such as LL and LR(1) have specialized parsing
algorithms.
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Figure 8.1: Ambiguous Primitive Ob jects

Resolution of Primitives

My approach assumes that the picture is already represented as a set of primitive object.
By using an object-based graphical editor, the problem of segmenting the picture and
extracting the primitive objects is avoided. Sometimes this seems to violate the notion
that you should be able to understand the picture by looking at it. For example, looking
at the picture in Figure 8.1, it cannot be determined whether it was drawn with two
or three boxes (or one box with two additional lines).

An interesting question is whether this requirement on the primitive objects can
be relaxed to handle such an ambiguous resolution. The parser would then have to
determine the correct segmentation.

Formal Properties of Visual Languages

Much room exists for further study of the formal properties of visual languages in gen-
eral, and of attributed multiset grammars and picture layout grammars in particular.
A topic mentioned earlier is to examine the nature of the overlapping condition in
grammars. Other topics include relationships between visual languages, closure prop-
erties and the relationship of visual languages to string languages. The applications of
picture layout grammars justify additional exploration of the theory behind the model
of visual languages.






Appendix A

Grammar Definition File Format

The grammar is defined using an ASCII file containing the grammar, similar to the
input file for the yacc program. The definition file consists of three sections seperated
by a line containing “4%” (with no white space before/after), as shown:

declarations
WA
productions
Wh

objects

The file may contain blank lines, white space or comments except where specified
(such as on the seperator lines). Two types of comments are available. The string “--"
introduces and end of line comment, and everything following it, up to the end of the
line, is ignored. Inline comments are surrounded by “/*” and “*/” and may contain
any text except “*/” or a newline (i.e. comments can not span lines). Identifiers in
the grammar definition may contain letters, numbers and the $, - or _ characters. An
identifier must begin with a letter, $ or - character.

A.1 The Declarations Section

The declarations section consists of a series of declarations statements. Each decla-
ration statement is introduced by a keyword indicating the type of declaration. The
declaration keyword must begin a line and be followed by at least one blank.

type type_namel { type-name2 ... }

The Y%type declaration defines the types that can be used for attributes. Three
builtin types are provided by the system: String, Integer and Sequence.

hattribute [ ‘@’ | >~ ] attr_name ‘:’ type_name

166
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The %attribute declaration defines a new attribute. The symbol before the at-
tribute name indicates the class of attribute. By default, attributes are considered to
be totally synthesized. If the name is preceded by a ‘@’, the attribute is an ordinary
synthesized attribute. A preceding '~’indicates an inherited attribute. The type_name
specifies the type of the attribute and must be previously defined. No two attributes
may have the same name. The system defines four builtin attributes L1, R1, L2 and R2
all of type Integer.

iterminal name ’{’ { attr_name ’>,’ ... } *}’ [ * [’ classlist >1° |

The %terminal declaration defines a new terminal symbol. Any attributes specified
in the declaration must have been previously defined by a }attribute declaration. In
addition to the attributes specified in the declaration, every terminal symbol will have
the four builtin attributes. The optional class_list is a comma-seperated list of integers
specifying to which terminal classes the symbol belongs. The terminal classes are used
by the group production and the test_adjacent function.

Jnonterminal name ’{’ { attr_-name’,’ ... } ’}’

The Ynonterminal declaration defines a new nonterminal symbol. Any attributes
specified in the declaration must have been previously defined by a %attribute dec-
laration. In addition to the attributes specified in the declaration, every nonterminal
symbol will have the four builtin attributes. No two symbols (terminal or nonterminal)
may have the same name.

%start nonterminal_name

The istart declaration specifies which nonterminal is the start symbol for the
grammar. Only one start symbol may be specified. The nonterminal_name must be
defined prior to the start declaration.

iexternal "file.name"
The iexternal declaration specifies a file to be dynamically loaded.
Mfunction function_name "routine_name" num_parms

The ifunction declaration defines a new function. The function_name is the name
used within the grammar to refer to the function (ie. in an expression). The rou-
tine_name is the name of the external symbol for the entry point of the actual function.
num_parms is an integer constant specifying the number of (32-bit) parameters to the
function. If num_parms is negative, the function takes a variable number of parameters.

The routine is generally loaded using an %external declaration, which may come
before or after any %function declarations (GREEN provides an alternative method
for loading external functions). An error will occur during parsing if a function is
evaluated which has not been loaded.
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operator meaning

over(B,C) B is above C

left_of(B,C) B is to the left of C
tiling(B1,B2,...) an arbitrary tiling
contains(B,C) B contains C
adjacent_to(B,C) B is next to C

group._of (B) a group of B

touches L(B,C) the left end of B is on C
touches_R(B,C) the right end of B is on C
points_to(B,C) the right end of B is on C
points_from(B,C) the left end of B is on C
labels(B,C) B is adjacent to the line C
follow(B,C) the line C follows the line B
join(B,C) lines B and C end together
fork(B,C) lines B and C start together
parallel(B,C) lines B and C start/end together
reverse(B) reverse direction of line B

Table A.1: Production Operators

A.2 The Productions

The production section consists of a list of productions. Each production (including
the last) must be followed by the symbol “//”. A production consists of three parts:

a rewrite rule, a list of semantic functions and a list of constraints. A production has
the form:

lhs '=>’ rhs | semantic_functions ] [ where: constraints] ‘//’

The [hs of a rewrite rule is a reference to a nonterminal symbol. Within a pro-
duction, symbol references consist of a symbol name optionally followed by an index,
given as symbol-name ’#° iwhere iis an integer. This allows us to distinguish between
two occurances of the same symbol in a production. If no index is given for a symbol
reference, it defaults to zero (0).

Within the rks of a rewrite rule, a terminal symbol reference may optionally be
preceded by the ’~’ character to indicate that the symbol reference is a remote or non-
tree reference. If the symbol reference is not preceded by the ’~’ character, the reference
is taken to be a local or tree reference.

The rhs of a rewrite rule is either simply a symbol reference or is an application of
a production operator:

lhs '=>’ operator ‘(’ symbol_list ©)’ [ ignore ]

The production operators are given in Table A.1. The symbol_list is a comma-seperated
list of symbol references. The ignore argument is an integer specifing the class of
terminal symbols which should be ignored in adjacency testing.
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integer

Pstring”

symbol [ #’ 1] .7 attribute

‘(’ expression )’

‘~’int_expression

int_ezpression; op int_erpressions
function_name ‘(’ argument_list )’

Table A.2: Attribute Expressions

The semantic functions is a possibly empty list of statements of the form:

symbol [ #’ 1] ‘.’ attribute ‘=’ expression ©;’

The symbol (with optional index) must refer to a symbol from the rewrite rule. The
attribute is the name of an attribute of the symbol which is computed in the rule.
(NOTE - no checking is done to see that the attribute is computed appropriately).
The expression is defined below. Each semantic function statment is followed by a *;’
seperator character.

The Where: keyword introduces the optional constraint list. It is case-insensitive
and must have no spaces before the following ‘:’. The constraint list consists of one or
more constraint statements, each followed by a ¢;’ character. Constraints have three
forms:

ezpression) relation_op erpressions
‘(’ constraint )’
constraint; logical_op constraint,

The first form is a simple constraint where relation_op is one of ‘<’, ‘<=’, ‘==, ‘>=",
*>’, or ‘!=". The other two forms are used to create logical expressions of constraints,
using ‘||’ for logical or and ‘&’ for logical and. If parentheses are not used, the

expressions associate left to right.

The expressions allowed are shown in Table A.2. The first two are integer and string
constants. The third expression is a reference to an attribute of one of the symbols of
production. The next three forms allow the construction of simple integer expressions.
The operators allowed are ‘4’, ‘-’, ‘¥’ and ¢/’.

The final form of expression is a function call. The function_name is either one of
the built-in functions shown in Table A.3, or a function declared with the %function
declaration. The argument_list is a (possibly empty) comma-seperated list of argu-

ments. Each argument is either an expression or a special symbol reference of the
form:

@’ symbol_name [ 4’ ]

This reference refers to a symbol in the production. It is used by certain functions

(e.g. test_adjacent) which operate on the entire parse tree node, rather than the
individual attributes.
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function name meaning
test.adjacent(x,y,z,w) do adjacency testing
concat(string;,strings) concatenate two strings
stremp(string;,strings;) compare two strings
cons{(list,elem) add elem to front of list
append(list;,listy) append listy to end of listy
list(elemy,...) make new list of elements
length(list) return length of list
cdr(list) return CDR of list
car(list) return first element of list

Table A.3: Built-in Functions

A.3 Objects

The final section of the input contains an optional list of input objects. The input

objects are used for the stand-alone version of the parser. Each input object is of the
form

terminal_name ‘[’ value_ list 7’

The value_list is a comma-seperated list of integer and string constants. The values
correspond to the synthesized attributes of the terminal symbol, beginning with the
four builtin attributes and then any attributes specified in the %terminal declaration.
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The GREEN Editor

The GREEN Editor (hereafter called, simply, the Editor) is an editor for visual pro-
grams. The basic unit that is edited is the buffer. A buffer contains a single picture.
A buffer may be stored in a file, just as a text file may be stored. An open buffer is
a buffer which is currently in memory and may be viewed or edited. More than one
buffer may be open at a time (i.e. several pictures may be edited at once). One of the
open buffers is the current buffer, which is the buffer currently shown on the screen
and editable.

Each buffer contains a collection of objects which form the picture. Each object in
a picture is an instance of a primitive graphical shape, as described below. A buffer is
edited by means of actions. An action results either from selecting a menu button or a
click of a mouse button. The actions include creating (adding) an object; deleting an
object; selecting an object; moving an object; and resizing an object. Actions all effect
the current buffer. This appendix describes the GREEN Editor interface.

B.1 The GREEN Screen

The beginning screen of the GREEN Environment is shown in Figure B.1. Across the
top are the command menus. Each of these is a pull-down menu which is activated by
pressing a mouse button while the cursor is over the command button for that menu. A
command is selected by moving the cursor over the appropriate button within the menu
and releasing the mouse button. The command menus can be torn off by selecting the
round tack at the top of the menu, and then left on the screen as long as desired.

Under the command menus is the current buffer window. Down the left side of
the buffer window is the shape palette. This is a menu of the shapes which can be
used in drawing. The shapes currently supported are rectangles, circles, octagons,
text fragments, lines and arcs. The currently selected shape is shown by highlighting.
Initially, the rectangle is selected. A new shape may be selected by clicking (pressing
and releasing) any of the mouse buttons while the cursor is positioned over one of the
shapes in the palette.

The remainder of the buffer window consists of three parts. The buffer name is
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GREEN 3.0

Figure B.1: The Initial GREEN Editor
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shown along the top of the buffer window and a status message along the bottom. The
buffer is initially unnamed, as shown. The large window between them is the sketchpad,
where the current picture is displayed. The sketchpad has three scrollbars around it.
The one on the bottom right is used for zooming in and out on the picture and the
other two are used for panning around the picture. They are operatored by clicking a
mouse button with the cursor over the scroll bar.

B.2 Drawing - Creating Objects

The sketchpad is empty to start. The user begins her drawing by selecting a shape
from the palette. The mouse is moved to locate the cursor within the sketchpad, at the
desired location for a corner of the object (or the first point of an arrow or line). She
then presses the leftmost button on the mouse and holds it down while dragging the
mouse to the desired location of the opposite corner (or point) of the shape. Feedback
is provided by rubberbanding a bounding box (or a line, as appropriate).

When the mouse button is released, a create action is taken. An object of the
currently selected shape is added to the picture at the specified location. Figure B.2a
shows the editor screen after a rectangle has been added. Another rectangle is added
to the picture by again positioning the cursor, pressing the left mouse button, dragging
the mouse and releasing the button. Figure B.2b shows the screen after three rectangles
have been added.

Now the user wants to draw text within the rectangles. She first selects TEXT by
clicking any mouse button over the TEXT icon in the shape palette. The selected icon
becomes the current shape. The user now adds a text string in the same manner as
the rectangle, by moving the mouse with the left mouse button held down for a create
action. The box formed by dragging the mouse specifies the ezxtent of the text string.

The user is prompted for the text value of the string, and she enters the string by
typing WAIT, followed either by RETURN or by clicking the mouse on the ACCEPT
button. The text string is added to the picture. The text will be scaled so that the
entire string is drawn within the extent of the text object. The extent is not normally
displayed, except when the text object as been selected as described below. Clicking the
mouse on the CANCEL button cancels the command without adding a string object.

Adding an arrow or a line is done in the same way. The user first selects the arrow
(or line) icon from the shape palette. She then moves the cursor within the sketchpad
and presses the leftmost mouse button. The point where the mouse button is pressed
will be the first endpoint of the arrow (line). The mouse is then dragged to the second
endpoint of the arrow (line) and the button released. Feedback is given to the user
by drawing a line from the first endpoint to the current cursor position as the mouse
is moved. When the button is released, an arrow (line) is drawn from the first to
the second endpoint. Figure B.2c shows the picture after several text items, lines and
arrows have been added.
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Figure B.2: Adding Objects to the Picture
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Figure B.3: Highlighted Display of Shapes

B.3 Editing the Picture

The middle mouse button is used for selecting objects. The user selects an individual
object by pressing and releasing the middle mouse button while the cursor is positioned
over the object. A group of objects may be selected by holding down the middle mouse
button while moving the mouse. A box will be drawn from the point where the mouse
button was pressed to the current cursor location. When the mouse button is released,
all objects within the box are selected.

A selected object is highlighted in several ways. First, it is drawn with dashed lines
rather than solid ones. For a text object, the extent is drawn in dashed lines. Secondly,
on a color display, the object is drawn in a different color. Lastly, handles are drawn
around the extent of the object. The handles are small solid squares. For a rectangular
shape, eight are drawn: four in the corners of the extent and four in the centers of the
sides of the extent. For a line or arc, three are drawn: one at each endpoint and one
in the center. Figure B.3 shows examples of each type of object when selected.

The rightmost mouse button may be used to either move or resize a selected object. -
Moving is accomplished by pressing the right mouse button when the cursor is within
the extent of a selected object. Moving the mouse will then drag the selected -object to
a new position, where the mouse button is released. Resizing is done similarly, except
that the button must be pressed when the cursor is over one of the handles.
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Selection is also used for the EDIT commands. By clicking on the EDIT button,
the EDIT command menu is pulled down. This menu has five commands: CUT,
COPY, PASTE, ROTATE and CLEAR SELECTIONS. The first four commands all
manipulate a structure called the kill ring. The kill ring is a list that has lists of objects
as its elements.

The CUT and COPY commands both make copies of all the currently selected
objects, put them in a list, and add the list to the front of the kill ring. CUT then
deletes the objects from the current buffer. PASTE takes the list at the head of the
kill ring, makes copies of all the objects in the list and adds them to the current buffer.
ROTATE moves the head of the kill ring to the end. CLEAR SELECTIONS deselects
all objects currently selected.

B.4 Manipulating Buffers

The BUFFERS command menu contains commands to control buffers. The NEW
command will create a new buffer, The new buffer will be unnamed (that is, the name
of the buffer will be **unnamed**) and empty. The new buffer will become the current
buffer. If no initial buffer file name is given on the command line when GREEN is
started up, a NEW buffer is used.

The OPEN command will open an existing buffer. After selecting the OPEN com-
mand, the user is prompted for the name of the file containing the buffer. The buffer
name will be the same as the name of the file. If the file does not exist, GREEN will
complain and then open a new (empty) buffer with the specified name. The newly
opened buffer becomes the current buffer. If an initial buffer file name is given when
GREEN is started, that buffer will be OPENed.

The RENAME command is used to change the name of the current buffer. This
effects only the buffer in memory and not any saved version of the buffer. The SAVE
command writes the current buffer into a file with the same name as the buffer. If
the buffer is unnamed, the user is prompted for a name before saving. The file that
is created contains an ascii representation of the objects in the buffer in an internal
format.

The CLOSE command will close the current buffer. The buffer is not saved before
closing. If the buffer has been altered since opening, the user will be asked to confirm
closing the buffer. If there are other open buffers, then the previous current buffer
becomes the current buffer again.

The SELECT command is used to switch between buffers. The user is presented
with a menu of all open buffers. Any buffer which has been changed since being opened
or created will be marked with the character ’>’. The current buffer will be selected by

default. The user chooses one of the buffers from the menu and that buffer becomes
the current buffer.

B.5 The Alignment Grid
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Figure B.4: Using The Alignmeﬁt Grid

The GREEN Editor provides a simple mechanism for aligning of objects. Object align-
ment can be ‘very important to the spatial parsing of a picture. For example, the
production

A — points_to(arrow, rectangle)
requires that the right endpoint of the arrow must lie exactly on the boundary of the
rectangle, a difficult feat to perform unassisted with a mouse.

The mechanism used to help with this problem is an alignment grid. The grid is
composed of evenly spaced horizontal and vertical lines a single pixel wide. When the
grid is active, any points are mapped to the closest grid lines. That is, when the left
mouse button is pressed to begin creating an object, the initial point is moved from the
cursor location during the button press to the nearest intersection of grid lines. When
the mouse is moved, the cursor will track the mouse, but the feedback (i.e. the line or
box being rubberbanded) will always be aligned to the grid in both directions. After
the button is released, the object created will be aligned with the grid. Figure B.4
shows an example of a rectangle created using the alignment grid.

The SHOW GRID/HIDE GRID commands control whether the grid is displayed.
When grid display is turned on, the grid is drawn with light dotted lines, as in Fig-
ure B.4. The ENABLE GRID/DISABLE GRID commands are used to control whether
the grid is active. Points are not aligned to the grid when it is inactive. The SIZE
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GRID command is used to change the spacing between the grid lines. The grid display,
active and size information is a property of the buffer. The information is saved and
loaded with the buffer. When a new buffer is created, the information is copied from
the current buffer. The default (when GREEN is started) is for the grid to be active
and not displayed, with a spacing of 21 pixels.

B.6 Implementation of the Editor

GREEN is implemented on top of the Brown Workstation Environment {12, 70], which
in turn utilizes the X Window System {80]. It currently runs on Sun Microsystems
Workstations (3, 4 or SparcStations) and Digital Vaxstation 3100 computers. The
environment is written in the C programming language, with extensions from BWE.
The code for GREEN (exclusive of GDL, Vizier or BWE) is approximately 5100 lines of
C text (including comments) containing about 132,000 bytes. The GDL code is about
5400 lines containing 95,000 bytes. GDL is implemented using the lex {50] and yacc [40]
packages for parsing grammar definition files. The Vizier implementation consists of
approximately 8200 lines of C containing about 320,000 bytes.

Within the implementation of GREEN, the ASH package is used for creating and
managing windows within the Editor. The STEM package provides the facilities for
the command menus and shape palette. The OAK package is an experimental system
for graphics editors. It forms the substrate for the sketchpad part of the Editor, pro-
viding both output and input management. Object management and object-oriented
extensions to C are provided by the WORM package. Saving and restoring of buffers
from files is done with the AUXD package.

B.7 Calling the Spatial Parser

The GDL and Vizier components are called by commands in the GRAMMAR menu.
The READ GRAMMAR FILE command is used to call GDL. After selecting this
command, the user is prompted for the name of the grammar definition file to load.
The current languags definition is discarded and the new language definition loaded
from the file. If there is an error in the grammar definition file, the current language
definition will be set to null.

The PARSE BUFFER command is the interface to the Vizier spatial parser. When
this command is selected, the Editor converts the objects in the current buffer into
attributed terminal symbols for the grammar. The position of an object is used to
generate the location attributes of the terminal symbol. Vizier is then passed the set of
terminals and asked to parse the input. If the parse is unsuccessful, an error message
is printed and the terminal symbol causing the error (if any) is highlighted. After a
successful parse, the attributed parse structure is retained in memory until either a
new language definition is loaded or the parser is called again.
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Sample Grammars

C.1 StateCharts

This section contains the complete grammar definition file used to define our subset of
the StateChart language.

-- This file implements a simple version of Harel’s STATECHARTS

-- DECLARATIONS SECTION

-- First we declare the attributes we will use

lattribute ival:Integer
hattribute sval:String
attribute name:String
fiattribute default:Integer
%attribute history:Integer
hattribute pos:Integer

-- Now we declare the terminal and nonterminal symbols

%terminal rectangle{}

%terminal text{sval}[2,3] -~ note terminal classes 2 and 3
%terminal line{}

%terminal arrow{}[2,3]

%terminal circle{}

Ynonterminal CHART{}
Jinonterminal STATE{pos}
Ynonterminal INSIDE{}
Ynonterminal RIGHT_INSIDE{}

179
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3
nonterminal BOTTOM_INSIDE{}
%nonterminal LABEL{name}

%nonterminal XOR_UNICN{default,history}
%nonterminal LABELLED_ARC{pos}
Ynonterminal HISTORY{}
%nonterminal HIST{}
Ynonterminal DEFAULT{}
%nonterminal DEF_STATE{}
%nonterminal DEF_SYMBOL{}
%nonterminal UNLBLD_ARC_HIST{}
%nonterminal UNLBLD_ARC_STATE{}
Ynonterminal LABELLED_ARROW{}
Ynonterminal HBAR{}
%nonterminal VBAR{}
Ynonterminal LINE{}

-- Now we declare our external function entry points and object file.

#function disp_int "EXTdisplay_int" 1
Afunction disp_str "EXTdisplay_string" 1
#function atoi "EXTstr_to_int" 1
“function is_integer "EXTis_integer" 1
“function max "EXTint_maximum" 2
%function min "EXTint_minimum" 2

%external “extlib.o"

%start CHART

-~ PRODUCTIONS SECTION

-~ STATE PRODUCTIONS

CHART => STATE
//

STATE => contains(rectangle,INSIDE) [3]
STATE.pos = 0;

//

STATE => touches_L(LABELLED_ARC,STATE#1)
STATE.pos = LABELLED_ARC.pos;

Where:
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STATE#1.pos < LABELLED_ARC.pos;

//

INSIDE =>
//

INSIDE =>
//

LABEL

over (LABEL,XOR_UNION) [2]

LABEL => text

LABEL .name

//

= text.sval;

-- XOR UNION PRODUCTIONS

XOR_UNION
XOR_UNION.
XOR_UNION.
//

XOR_UNION
XOR_UNION.
XOR_UNION.
//

XOR_UNION
XOR_UNION.
XOR_UNION.
//

XOR_UNION
XOR_UNION.
XOR_UNION.
Where:

=> STATE

default = 0;

history = 0;

=> DEFAULT

default = 1;

history = 0;

=> HISTORY

default = 0;

history = 1;

=> adjacent_to(XOR_UNION#1,XOR_UNION#2) [2]

default = XOR_UNICN#1.default + XOR_UNION#2.default;
higtory = XOR_UNION#1.history + XOR_UNION#2.history;

XOR_UNION#1.default + XOR_UNION#2.default <= 1;
XOR_UNION#1.history + XOR_UNION#2.history <= 1;

//

-- ORTHOGONAL PRODUCT PRODUCTIONS

181
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INSIDE => left_of (INSIDE#1,RIGHT_INSIDE) [2]
//

RIGHT_INSIDE => left_of (VBAR,INSIDE) [2]
//

INSIDE => over (INSIDE#1,BOTTOM_INSIDE)[2]

//

BOTTOM_INSIDE => over(HBAR,INSIDE) [2]
//

HBAR => LINE
Where:

LINE.L2 == LINE.R2;
//

VBAR => LINE
Where:

LINE.L1 == LINE.R1;
//

-~ TRANSITION PRODUCTIONS

LABELLED_ARC => points_to(LABELLED_ARROW, “rectangle)
LABELLED_ARC.pos = LABELLED_ARROW.L1 + 1000*LABELLED_ARROW.L2;
//

LABELLED_ARRQOW => labels{text,arrow)
//

-- DEFAULT and HISTORY PRODUCTIONS

DEFAULT => DEF_STATE

//

DEFAULT => touches_L(UNLBLD_ARC_HIST,DEF_STATE)

//

DEF_STATE => touches_L{UNLBLD_ARC_STATE,DEF_SYMBOL)
//
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DEF_SYMBOL => contains(circle,text)

Where:

strcmp(text.sval,"D") == 0;
//

HISTORY => HIST

//

HISTORY => adjacent_to(HIST,text)
Where:

strcmp(text.sval,"*") == 0;
//

HIST => contains(circle,text)
Where:

stremp(text.sval,"H") == 0;
//

UNLBLD_ARC_HIST => points_to(arrow, circle)
/1l

UNLBLD_ARC_STATE => points_to(arrow, “rectangle)
/1l

-- The following four productions are used to normalize lines
-- so that they will have L1 <= R1 and L2 <= R2.

LINE => line

Where:

line.L1 <= line.R1;
line.L2 <= line.R2;
//

LINE => line

LINE.L1 = line.R1;
LINE.R1 = line.L1;
Where:

line.L1 > line.R1;
line.L2 <= line.R2;

//

LINE => line
LINE.L2 = line.R2;
LINE.R2 = line.L2;
Where:

line.L1 <= line.R1;
line.L2 > line.R2;
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//
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LINE => line

LINE.L1
LINE.R1
LINE.L2
LINE.R2
Where:
line.L1
line.L2 >
!/

\'4

-- OBJECTS

-- no obje

line.R1;
line.L1;
line.R2;
line.L2;

line.R1;
line.R2;

SECTION

cts, since this grammar is for GREEN.

C.2 The Expression Tree Language

This section

contains the complete grammar definition file used to define our expression

tree language. This grammar includes semantics that both translates the expression
tree program into a stack program and computes its value (actually computing values
would require a symbol table to store variable values, though).

-- This fi

-~ DECLARA
-- First w

Yattribute
%attribute
%attribute
%attribute
Jattribute
Jattribute
%attribute
%attribute

-- Now we

Yterminal

le implements a simple expression tree language.

TIONS SECTION
e declare the attributes we will use

ival:Integer
sval:String
Q@trans:String
right_pos:Integer
@value:Integer
~“left_value:Integer
“right_value:Integer
Q@dummy : Integer

declare the terminal and nonterminal symbols

rectangle{}
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%terminal text{sval}
%terminal arrow{}

Jnonterminal EXPR_TREE{trans,value,dummy}

%nonterminal ASSIGNMENT{trans}

Ynonterminal VARIABLE{trans,value}

Y%nonterminal CONSTANT_NODE{ival,trans}

%nonterminal NODE{value,trans}

Jnonterminal NODEi{value,right_value,right_pos,trans}
“inonterminal NODEO{value,right_value,left_value,trans}
/nonterminal PLUS_NODE{value,right_value,left_value}
Jnonterminal MINUS_NODE{value,right_value,left_value}
Jnonterminal TIMES_NODE{value,right_value,left_value}
“nonterminal DIVIDE_NODE{value,right_value,left_value}
%nonterminal CHILD{value,trans}

-- Now we declare our external function entry points and object file.

#function disp_int "EXTdisplay_int" 1
Afunction disp.str "EXTdisplay_string" 1
%function atoi "EXTstr_to_int" 1
%function is_integer "EXTis_integer" 1

-

-- write_tree(<fname>, <list>) writes the list of strings to the file.

%function write_tree "EXPTRwrite_tree" 2

%external "extlib.o"
%external "exprlib.o"

start EXPR_TREE

PRODUCTIONS SECTION

bh

EXPR_TREE => touches_R(CHILD,ASSIGNMENT)
EXPR_TREE.value = CHILD.value;

EXPR_TREE.trans = append(CHILD.trans,ASSIGNMENT.trans);
EXPR_TREE.dummy = write_tree(0,EXPR_TREE.trans);

//

ASSIGNMENT => contains(rectangle, text)
ASSIGNMENT.trans = list(concat("ASSIGN ",text.sval));
//
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NODE => CONSTANT_NODE

NODE.value = CONSTANT_NODE.ival;
NODE.trans = CONSTANT_NODE.trans;
//

NODE => VARIABLE

NODE.value = VARIABLE.value;
NODE.trans = VARIABLE.trans;
//

-~ The following productions implement binary operators

NODE => touches_R(CHILD,NODE1) -- CHILD is the left child
NODE.value = NODEi.value;

NODE1l.right_value = CHILD.value;

NODE.trans = append(CHILD.trans,NODEl.trans);

Where:

CHILD.R2 == NODE1.L2;

NODE1l.right_pos > CHILD.R1;

//

NODE1 => touches_R(CHILD,NODEO) -- CHILD is the right child
NODE1l.right_pos = CHILD.R1;

NODE1.value = NODEO.value;

NODEO.right_value = NODEl.right_value;

NODEO.left_value = CHILD.value;

NODE1.trans = append(CHILD.trans,NODEO.trans);

Where:

CHILD.R2 == NODEO.L2;

//

NODEO => PLUS_NODE

PLUS_NODE.left_value = NODEO.left_value;
PLUS_NODE.right_value = NODEO.right_value;
NODEO.value = PLUS_NODE.value;

NODEO.trans = list("ADD");

//

NODEO => MINUS_NODE

MINUS_NODE.left_value = NODEO.left_value;
MINUS_NODE.right_value = NODEO.right_value;
NODEO.value = MINUS_NODE.value;
NODEO.trans = list ("SUBTRACT");

//

NODEO => TIMES_NODE

TIMES_NODE.left_value = NODEO.left_value;
TIMES_NODE.right_value = NODEO.right_value;
NODEO.value = TIMES_NODE.value;
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NODEO.trans = list("MULTIPLY");

//

NODEO => DIVIDE_NODE

DIVIDE_NODE.left_value = NODEO.left_value;
DIVIDE_NODE.right_value = NODEO.right_value;
NODEO.value = DIVIDE_NODE.value;

NODEO.trans = 1list("DIVIDE ");

/1

CONSTANT_NODE => contains(rectangle,text)
CONSTANT_NODE.ival = atoi(text.sval);
CONSTANT_NODE.trans = list(concat("PUSH ",text.sval));
Where:

is_integer(text.sval) == 1;

//

-~ Note that we require the variable to be a non-integer.
VARIABLE => contains(rectangle,text)

VARIABLE.trans = list(concat("PUSH ",text.sval));

Where:

is_integer(text.sval) != 1;

//

PLUS_NODE => contains(rectangle,text)

PLUS_NODE.value = PLUS_NODE.left_value + PLUS_NODE.right_value;
Where:
strcmp(text.sval,"+'") ==

/1

.
’

MINUS_NODE => contains(rectangle,text)

MINUS_NODE.value = MINUS_NODE.left_value - MINUS_NODE.right_value;
Where:

strcmp(text.sval,"-") == 0;

1

TIMES_NODE => contains(rectangle,text)

TIMES_NODE.value = TIMES_NODE.left_value * TIMES_NODE.right_value;
Where:

strcmp(text.sval,'*") == 0;

//

DIVIDE_NODE => contains(rectangle,text)

DIVIDE_NODE.value = DIVIDE_NODE.left_value / DIVIDE_NODE.right_value;
Where:

strcmp(text.sval,”/") == 0;
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//

CHILD => points_from(arrow,NODE)

CHILD.value = NODE.value;
CHILD.trans = NODE.trans;
//

OBJECTS SECTION
Wh
-- no objects, since this grammar is for GREEN.

C.3 Finite State Automata

This section contains the complete grammar definition file used to define our finite
state automata language. This grammar translates a graphical representation of a
finite state automaton into a string representation.

-- This file implements a Finite State Automata language

-- DECLARATIONS SECTION
-- First we declare the attributes we will use

attribute pos:Integer
hattribute sval:String
hattribute Q@name:String
hattribute Qstate:String
Jattribute Qtrans:String
Jattribute Qwritten:Integer

-- Now we declare the terminal and nonterminal symbols

iterminal octagon{state}
%terminal text{svall}[1]
Yterminal arrow{}[1]

%nonterminal FSA{trans,written}
%nonterminal STATELIST{trans}
Jnonterminal STATE_A{pos,trans}
Ynonterminal STATE{name,trans}
%nonterminal ARC{pos,name,trans}
%nonterminal ARROW{pos,trans}
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-- Now we declare our external function entry points and object file.

-- write_fsa(<fname>, <fsa-string>) writes the string to the file.
%function write_fsa "FSAwrite_fsa" 2
%external "fsalib.o"

%start FSA

PRODUCTIGNS SECTION

Wh

FSA => STATELIST

FSA.written = write_fsa("fsa.translate",FSA.trans);
FSA.trans = concat ("FSA{",concat(STATELIST.trans,"}"));
//

STATELIST => adjacent_to(STATELIST#i,STATELIST#2)[1]
STATELIST.trans = concat (STATELIST#1.trans,
concat("," ,STATELIST#2.trans));

//

STATELIST => STATE_A

STATELIST.trans = concat(STATE_A.trans,"}");

//

STATE_A => touches_L(ARC,STATE_A#1)

STATE_A.pos = ARC.pos;

STATE_A.trans = concat(STATE_A#1.trans,concat(",",ARC.trans));
Where:

STATE_A#1.pos < ARC.pos;

//

STATE_A => touches_L(ARC,STATE_A#1)

STATE_A.pos = ARC.pos;

STATE_A.trans = concat(STATE_A#1.trans,ARC.trans);
Where:

STATE_A#1.pos == 0;

/l

STATE_A => STATE
STATE_A.trans =
STATE_A.pos = O;
//

STATE.trans;
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STATE => contains(octagon,text)

STATE.name = concat{("S(",concat(text.sval,")"));
STATE.trans = concat(STATE.name,"{");
octagon.state = STATE.name;

//

ARC => labels(text,ARROW)

ARC.name = concat("Arc(",concat(text.sval,")"));
ARC.trans = concat(ARC.name,ARROW.trans);
ARC.pos = ARROW.pos;

i

ARROW => points_to(arrow, “octagon)
ARROW.trans = concat("->",octagon.state);

ARROW.pos = arrow.Ll + 1000*arrow.L2;
//

Wh

-- O0BJECTS SECTION

-- no objects, since this grammar is for GREEN.
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