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ABSTRACT

The goal of this research is to provide a graphical system that supports the program
understanding process by representing the program's control flow, the code and the
identifiers local to a specific point within the program. By having more information local
to the point of interest, the programmer can maintain continuity in developing program
understanding. The programmer can see loops, procedure calls, and other structures with
respect to their_ execution order and can view them in the environment or the context in
which they will execute. The Peec system supplies a graphical representation of the
program's control flow in which the control structures are represented as tiers. The tiers
are arranged in a three-dimensional space representing the program's operational flow.
The body of the procedure or function is nested within the reference tier so that the
programmer views the routine local to its reference point. Also, a list of live identifiers is
displayable for the current tier element. The advantage is that the routine's text and the
identifier list are local to the area of study and the programmer does not have to look
elsewhere for the program text and the identifier definition. The programmer can
maintain a continuity in developing program understanding using information local to

the point of interest.

The Peec system consists of the Peec compiler which transforms a Pascal program
into tier and identifier information, and the Peec environment for modeling the
program's operational flow image. The Peec environment provides the programmer
many interactive capabilities. These capabilities consist of browsing the flow model,
displaying text, displaying identifiers and transforming the three-dimensional flow
model into appropriate views. These features are aimed at assisting the programmer in

the process of developing program understanding,

x1i



CHAPTER I

INTRODUCTION

Graphics in Problem Solving

Humans, by nature, are symbol oriented. Individuals acquire and transfer
information through the use of vision by either viewing a physical object or a
representation of that object. In general, humans are better able to understand a concept if
a graphical medium is used in the communication process. Today, graphical
representations are used in many domains to communicate ideas in a clear and concise
way. The use of graphics is found in the industrial as well as the educational
environments. In education, graphics is used to explain existing ideas and concepts
whereas industry may use graphical representations to express new ideas and to develop

new products. '

Many of the concepts that people deal with today are supported by a mental model that
the individual has developed. A mental model is an image, within the individual's mind,
that he uses to support his understanding process. The human's mental model is used to
support both physical and abstract concepts found in his environment. A graphical
representation can be used to either enhance an existing mental model or it can be used to
develop new models (Weber & Kosslyn, 1986). In either case, the model assists the
individual in understanding the idea or concept. A misunderstood idea is often cleared up
with a simple, unambiguous drawing. The graphical images are valuable to humans in

communicating and in comprehending the meaning of many concepts.

One area in which graphical enhancements are increasingly being used is in the

programming environment. A programmed algorithm represented in its normal textual



format may require a significant amount of time for the user to develop an understanding
of the algorithm's implementation. The difficulty of program analysis is dependent on
the complexity of the code and the experience of the programmer. Incorporating graphics
in the programming environment can assist the programmer in the program

comprehension process.

There are numerous ways that graphics can be incorporated into the programming
environment. Some approaches use graphics by enhancing existing languages with
graphically represented data structures and control structures while other approaches are
based on developing new languages which use graphical images as their medium for
programming. With improved hardware facilities and heightened program complexities,
the use of graphics in the programming environment has become an active area of

research.

Graphics has been incorporated in many areas of the programming environment. In
order to establish a baseline for describing the combination of graphics and programming,
we define some concepts found in the programming environment. These concepts are the
basis for the graphical interface found in many of the programming languages and
software systems discussed in Chapter II. The following sections define concepts and
properties of programming and the use of images to visually support the programming

environment,

. Graphics and Software

Computing mediums found in many research environments today include high-
performance, graphics-based, personal workstations. Often, these modern computing

environments are only used to support the traditional modes of programming such as



designing, coding, debugging, and maintaining software. The benefits of visualization

in the programming environment are still being explored.

Researchers are studying methods of using graphics to enhance the user's ability to
interface with all types of software systems. In particular, graphics are used in the design
and development of software systems in numerous areas including debugging,
performance monitoring, and non-textual program displaying. Other uses of graphics are
found in data base and information systems where graphics are used as a medium for
displaying information. These visual capabilities facilitate the user's understanding of
software systems, programs, and data characteristics. Software systems with
visualization can be used effectively to create new software systems and to enhance or alter
existing systems. The incorporation of graphics into the software development process
continues to mature as the complexity of software continues to rise and as graphical

hardware continues to improve.

Concepts of Programming

There are many reference points from which programmers view software systems.
The most primitive view is that of a black box with input and output processes. A second
view is as a set of data structures, manipulated by a group of control statements. By
applying the control statements to the data structures in some orderly fashion, the desired
results are produced. Many programmers design and develop programs by defining the
data structures first. The programmer starts by defining a set of data structures and then
designing the operational flow using the language's control structures to manipulate the

data, thus creating a program.

A third view is from the perspective of the programming language. The systems

programmer views software as bits, bytes, registers and addresses at the machine level,



while a high-level language programmer envisions software at the algorithmic level.
Software systems can also be classified by the complexities and facilities within the
system. These features include the ease of developing software systems, the convenience
of maintaining them, and the ease of understanding the software after it is developed.
Regardless of the approach taken in studying software systems, graphics can be used to
enhance the programmer's perception of these systems. With such enhancements, the
programmer increases his understanding and willingness to use, develop, or change such

software systems.

Properties of Programming

Software can be analyzed by studying the tangible and the intangible properties within
programs. Examples of tangible properties are the language's data types and control
structures. Although these properties may not appear to be tangible, they can be associated
with a physical representation such as lexemes, syntaxes, machine addresses, and
memory. The programmer can associate a mental image with these tangible entities. For
example, a programmer can envision registers where calculations are performed or
memory addresses as boxes within blocks of memory where data values or program code

resides.

Intangible properties are features that cannot be represented explicitly by some
physical object. A FOR loop is a tangible object, but its meaning is intangible. For
example, a FOR loop is considered a tangible property since the loop has an initial value,
ending value, increment value, and a body. All of these are entities used to define and
describe the loop construct. The programmer can see a loop with its attributes and visualize
an image of the loop with its increments and termination constraints, arranged at

appropriate locations of the loop. However, the intangible property of the loop is its meaning



within the context of the program. Does the loop sum a series of numbers or output a string
of characters, one character at a time? To understand the loop's objective, the statements in
the body of the loop must be examined. By decomposing the loop into meaningful objects,
such as the individual statements in the body, the programmer develops and associates
'meanings with each statement. The programmer then reconstructs the loop, using the
statements and associated meanings, and forms a clearer understanding of the loop as a

whole.

The concept of the FOR loop is well-defined in programming languages. However,
the intangible or abstract meaning of the loop requires the programmer to develop a
relationship between the program constructs and the data it is manipulating within the
body of the loop. The loop examination example also demonstrates the abstraction process a
programmer performs when developing the meaning of code. The abstraction process is
applied to blocks of code, procedures, packages, entire programs, or groups of programs.
The programmer develops understanding by abstracting from different parts of the
software and from different levels of abstraction in order to understand the program or
program segments (Basili & Mills, 1982; Soloway et al.,1983). The levels of abstraction
may be at the statement level, control structure and procedure level. Once the programmer
understands a block of code, he then views the block and its meaning as a single entity of
the program. This meaning is used to support higher levels of understanding. The ability
to abstract meaning at different levels is an important tool used by the programmer in all

phases of the programming environment.

Essence of Programming

Brooks(1987) refers to an intangible entity as the essence of software. The essence is

the natural inherent difficulty found in software. For example, the interlocking concepts



between data sets, relationships among data items, algorithms, and initiations or
referencing of functions are the intangible entities that give meaning to software. These
are conceptual constructs the programmer must deal with in designing programs or in
understanding existing programs. The properties associated with the essence of software

are complexity, conformity, changeability, and invisibility.

The complexity of software is more than just the repetition of basic elements of smaller
systems. By linearly increasing the number of elements within a program, the
interaction between these elements increases nonlinearly, thus the program’s complexity

is magnified as the size of the program increases.

The conformity property relates to matching the software to the user's needs. Software
conformity is the fitting of software interfaces to the needs and capabilities of the user.
Unlike physics, which is a study of well-defined relationships based on the laws of nature,
software systems are not so well defined. Software is developed by humans to be used by
humans and therefore must conform to the human user's needs. The results of
conforming a system to the user contributes to much of the complexity found in software

systems.

Programs are used to support many facets of operations within the environment we
live. Software is used in business, industrial, research, and educational areas. As the
operations with these areas evolve, so must the software that supports them. Changeability
is an essence property where software must be altered as operational procedures are
updated. Since humans are involved with developing and using software and with the
continued improvements to operational procedures, the changeability of software systems

is inevitable.

The last property found in the essence of programming is the unvisualizable features

rather than the invisible features. For example, land can be represented by maps, silicon



chips by diagrams, and computers by connectivity schematics; but software cannot be
represented by such physical features. We can represent the structures of a program using
various types of diagrams, but we cannot inherently embed software into a space and give a

physical representation of the meaning for which the software reflects.

The essence of programming is much more than syntax of the language or
arrangement of control structures within a program. It requires conceptual constructs
which are not defined by any laws and do not occupy any physical space. The programmer
must abstract these concepts from the program's text. There are studies ongoing in which
graphics is being used to represent and express some of these features for the purpose of
supporting the programmer in the understanding process (Shu, 1986). Researchers are
attempting to define and design systems which convey to the programmer more meaning

about the program in an easy and concise way.

There are applications in the programming environment that requires an
understanding of the textual form of the algorithm. If a programmer needs to modify a
program, he must first understand its implementation or understand the textual structures
before performing any alterations. The same inference can be used if the programmer
needs to create a new program by extracting sections of code from other programs. To help
the programmer in the understanding process, he uses some type of model which assists
him in managing the organization of the program's execution order as defined by the
coded algoﬁthm. This model does not necessarily reflect the algorithm as defined by the
program code, but as an abstraction of the order the program tasks execute. With a
representation of the program's operational flow and the data it affects, the programmer
develops an understanding of the algorithm's implementation which allows him to alter or

use the code more effectively.
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The goal of this research is to provide the programmer an environment to assist him
in understanding a coded program. The environment supports a model of an abstract
concept, the program's execution flow. The execution flow model represents the order the
control structures are executed. The flow model itself is abstracted from the program's
code which allows the user to see the implementation of the algorithm based on how the code
is written. It shows the relationship the control structures have with one another such as
nested, sequential, or optionally executed statements. The environment also supplies
information about the variables being affected by these control structures. The model and
the environment allow the programmer to develop program understanding in much the

same manner he currently does, but with more detail and more information available.

Summary

Software is more than well-defined data structures and control structures or the other
tangible entities of programming. Many of the complexities of software are invisible and
must be abstracted from the text before an understanding of the software is obtained. The
programmer must be aware of the data entities, control structures, the operational flow of
these structures, and the interactions between the control structures and data entities. The
use of graphics can assist the programmer in both developing and maintaining software

systems by improving his ability to understand the software.

The research presented in this paper focuses on program visualization using
graphical representations. A visualization of the program's execution environment is
used in the programming environment to assist the programmer in understanding
programs. As part of the comprehension phase, the programmer abstracts from the
program'’s textual structure the program's execution environment or the program'’s control

flow. The program environment supports the comprehension problem for delocalized code



(Letovsky & Soloway, 1986). The graphical representation can assist the programmer in
developing an understanding of the program's operations and the order these operations
are performed based on the control structures. Program understanding is essential in the
areas of program development, debugging, maintenance, and code migration. A visual

image of the program's control flow assists the programmer in these areas.

In Chapter II, we investigate the motivation for using graphics in software design,
development and maintenance. We review the manner in which graphics is currently
being merged with the programming environment. Included in the review are systems
that cannot be classified as programming languages, but have a graphical perspective to
them. These systems make use of graphical interfaces to assist the user in both using and
interpreting the results within the software system. They are cited because they contribute

to the understanding process through the use of visual representation.

Chapter III presents the specific objectives of the research. Chapter IV discusses the
process a programmer uses in developing program understanding. From this procedure
we are able to define the elements used in modeling a program’s execution environment
and the format or the arrangement of these elements. The model's elements are abstracted
from the program's source statements. Chapter V discusses the abstraction process and

their supporting algorithms.

Chapter VI discuss the generation of the program's execution flow image and the
environment for studying the program. Chapter VII discusses the interactive features and
functionally of the system. Chapter VIII discusses the empirical evaluation conducted with
the Peec system. Finally Chapter IX gives a summary of the research as well as

suggestions for extending this work.



CHAPTER II

VISUAL PROGRAMMING ENVIRONMENTS

Human and Computer Graphics Imagery

The human mind has a strong visual orientation. It can acquire information at a
significantly higher rate by using graphical representations than it can by using textual
representations. A text representation can be considered as a one-dimensional stream of
words used to point to things in the real world. Pictures, on the other hand, better reflect the
real world by borrowing from it such properties as shape, size, color, texture, direction and
distance (Reader, 1985). When the human mind is processing information in textual
form, the mind tries to develop a mental image of the idea or concept. By associating an
image with a concept, the mind can develop a stronger understanding of the concept and
retain related knowledge for longer periods of time. A study by Bugelski (Nicholas, 1977)
showed that a person could immediately recall 30 to 40 words if he integrated them into a
picture or an image. Without the support of an image, an individual could, at best, recall 10

words immediately.

The mind also uses its imagery system to develop and design new ideas or concepts.
An individual who is designing a program will first develop a high-level, logical order of
the program's flow as a mental model. The designer then takes the mental image and
"externalizes” it into some other form (Weber & Kosslyn, 1986). External mediums
include flowcharts, textual programs or drawings of data structures. The designer must
develop a mental model of the program's operational flow before he proceeds with the other

program design phases.
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With the advent of computer graphics, the human imagery system has been enhanced
by capitalizing on features of computer generated images th. . are lacking in the human
system. Computer graphics can support the individual's ability to learn, understand and
express his ideas in a clear and concise way. Weber and Kosslyn (1986) made a
comparison of human imagery and computer graphics in which they explored how a
graphical system could be used in externalizing the human's mental image. They also
investigated how to enhance the human imagery system using ideas from computer
graphics. Their research demonstrated that there exists features in the mental imagery
system that are not found in computer graphics and features in computer graphics that are
not found in the mental system. The human imagery system seems to be object-oriented
for both short and long term memory. It has the capability of zooming from a large
overview of a concept into the smallest details defining the concept. The most obvious
advantages the human imagery system has is the ability to learn, program, repair, and
integrate imagery information with semantic information. A computer graphics system,
on the other hand, has a larger capacity (i.e., number of detailed objects displayed or
maintained at one time) and a longer retention rate than is attainable by the human
system. The results of their research showed that a properly designed system using
computer graphics with modern technology can enhance human imagery and contribute to

a better visual communication of a concept's meaning.

Visual Concepts

Weber (1986) suggests that the human imagery system be enhanced by icons to help
reduce mental memory workload. The icon replaces many textual phrases and reduces
the comprehension time frame needed to understand and develop a concept. An icon is

defined as "an image; figure; representation; picture" (Webster, 1983). In the computing
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environment, the term has evolved to mean a symbolic representation denoting a common
object or location, or to direct data manipulation operations (Korfhage and Korfhage, 1986).
Several studies (Rohr, 1986; Korfhage & Korfthage, 1986; Lodding, 1982; Montalvo, 1986;
Carroll & Thomas, 1982) have been done on the upper and lower limits of information an
image has before it becomes too complex for humans to manage. Rohr showed that a user
must maintain a sense of the underlying meaning of the icon's representation so that he

can use the icon effectively to accomplish a designated task.

Rohr (1986) and Rosch (1978) studied the use of visual concepts by analyzing how
people represent different aspects of reality. The human imagery system works with a
mental image as one form of its representations and can encode information into a spatial
organization. The individual references items in his mental memory independently of
whether the input was originally presented in text or graphical form (Rosch, 1978). The
recall of information is independent of the number of elements or the order the elements
were received (Rohr, 1986). This type of memory is relational encoding. It allows the
individual to randomly access information similar to holistic representation where a
representation is placed in memory and, when a retrieval is needed, a scan of the elements
is made. A computer generated image should augment the human system by using icons

that the user relates to and understands their representational meaning.

A number of existing visual systems are based on icons. Predefined or user defined
icons are used for object representation. Icons are used to represent action or processing
features in a language. The icons representing actions or processes are more abstract in
nature and are not as flexible and convenient for the user to manage. Jones (1983) showed
that icons representing complex, abstract concepts were made up of a combination of
several pictorial representations, either super-imposed, linked, or even hidden. Icons of

this nature tend to be misunderstood, thus causing misconceptions about the properties and



attributes that the icon was designed to represent. In either representation, icons are used to
communicate ideas and actions between the user and the software system. Lodding (1982)
classifies icons by design and function. The image of an icon should relate to the idea or

action based on its resemblance (picture to object) or as an analogy.

In some cases, an inherent drawback associated with icons can evolve. An icon can
have an erroneous interpretation. An ambiguous interpretation is made based on the
icon's design or on a composite icon structure. In other cases, icons can take on different
meanings depending on the context in which they are used. Another reason for
misinterpreting an icon is because it contains an unmanageable amount of detail to be
understood by the individual. The Korfhages (1986) point out that there is no universally
accepted set of icons, but that icons just evolve through the development of visual features in
systems. Many authors state that a user can use icons provided they are simple and
perform simple functions. This claim is supported in studies conducted by Rohr (1986) and
by Jones (1983). Their study revealed that if a pictorial representation of more complex
structures or actions is defined by a complicated icon, the icon became too involved or too
abstract for the user to manage. The user lost time and momentum in dealing with
complex icons which would ideally assist him in his problem domain. Thus, the user
required more time to perform a task or to develop a multistep algorithm using the more
complex icons. Research in these areas has shown that the user spends a significant
amount of time interpreting the icon rather than concentrating his efforts on solving the

problem.

Rohr (1986) studied visual symbols, or icons in visual languages, from a cognitive
psychology point of view. Rosch's study of visual concepts was based on the human
imagery and the set of icons currently used in some visual languages. It showed that

physical objects which occupied space tended to have a strong pictorial support within the
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human imagery system. The icons representing such objects were completely understood
by the user. The user had complete command of these icons and could manipulate these

objects in an orderly, algorithmic way.

Humans learn and develop conceptual understanding by first decomposing large
problems into smaller ones, developing an understanding of the smaller entities, and then
reconstructing the smaller entities and their associated meaning into the overall intent of
the concept. A graphical representation or an icon system can enhance the human's
normal features and contribute to his ability to understand an idea in a shorter time
frame. Rohr's study (1986) confirmed that essential functional components of the software
structure should be made visible. But any complex representation should be decomposable
in order to develop a semantic understa‘nding of the underlying function representing the
image. A visual system should depict certain system components using images that yield
a clear understanding of the software and, if a conflict occurs, then the visual

representation should be decomposable.

Visual Program Classification

Currently, numerous research efforts are directed to the incorporation of graphics or a
visiual aspect into the computer programming environment. These efforts include using
visual support, either internal or external with respect to programming languages,
developing languages that are partially visual, and developing languages that are
completely visually based. These range from general-purpose to special-purpose
languages. Many of these visual systems represent software in both static and dynamic
modes. Other systems make use of two and three dimensional images and accent them

with coloring and highlighting (Grafton, 1985).



We can group visual languages and systems several ways. Shu's (1986)
classification terms are visual languages and visual environments. Some authors use the
terms program visualization and visual programming (Grafton, 1985); some use
visualization and program visual design (Clarisse & Chang, 1986); while others group
systems into information processing or information displaying systems. Another concept
for grouping visual languages and systems is based on their design principles (Shu, 1986).
These three broad categories are executable graphics (Lakin, 1986), graphics-enhanced,
and software systems with graphics as an integral part (Shu, 1986). The use of vision in the
programming environment is still relatively new and many of the concepts found in this

area are not yet well defined.

Several visual systems use many of the standard graphics models that have been
employed since the beginning of the programming era. These models consist of
flowcharts and structured charts. The models impose a rigid structuring on the program's
control flow used in the program design phase. However, they lack the ability to show
graphical expressions, procedure calls, data and functions in a way most beneficial to the
programmer. State diagrams and augmented transition networks are used for simple,
automaton-type program segments, but they suffer the same drawbacks as flowcharts.
Dataflow graphs do not convey semantic information beyond node and arc connection,
and they lack pictorial representation for data structures and high-level control structures.
Many of these models are uninteresting to the user in light of today's architecture and its

graphical capabilities.

One classification of languages and systems that incorporate graphical
representation provides for two categories that are based on the functional attributes of
images. One category is the visual environment. Existing languages and software tools

which have incorporated graphical representation are included in the visual environment
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category. The second category is visual languages. Visual languages are concerned
primarily with programming languages that have graphical control structures or
graphically represented objects incorporated as part of the language itself (Shu, 1986). Shu
has subdivided each of the broad categoriesrinto three subcategories. Table 2.1 shows the
visual programming categories and subcategories. Additionally, a new subcategory

under visual languages is included as a result of Chang's (1987) contribution.

e Vi izafi T X ion
¢ Visualization of Data or Information

+_Visualization of System Design

—Visuall anguages

¢ Processing Visual Information

¢ Supporting Visual Interaction

° mming wi i Ex ion

° ions an

Visual Information (Chang, 87)

Visual Programming Categories
Table 2.1

Numerous graphical systems are classified within the subcategory of visual
environment. Visualization of program and execution allows the user to view a program

from different perspectives. These systems may use multiple windows to display text, data
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values and debugging statements. Visualization of data or information uses graphical
images to depict the data structures and data values either in static or dynamic modes. The
last subcategory, visualization of system design, uses icons in developing software
systems. These systems use icons in designing software. The icons are then replaced

with actual text statements resulting in the final program.

The visual language subcategories group languages based on how icons are used in
developing and executing programs. One of these subcategories is processing of visual (or
image) information. It uses icons that have an inherent visual representation for objects
which are associated with certain logical interpretations. Areas using visual information
processing systems are image processing, computer vision, robotics, image database
management, and office automation (Chang, 1987). One of the earliest works using this
type system is GRAIN (Graphics-oriented Relational Algebraic INterpreter) developed by
S. K. Chang et al., (1978). A more recent example, which is an extension of System R's
SQL language, is Pictorial Structure Query Language (Roussopoulos & Leifker, 1984),

PSQL. We describe these systems in more detail below.

The second subcategory of visual languages is designed to support visual interaction.
The user interacts with a data base through icons and the results are displayed in graphical
form. Simple icons and table input formats control and instruct the software system to

perform specific actions on the data.

The third and more aggressive category is programming with visual expressions.
The language constructs are themselves visual. Expressions in the language are depicted
visually even though many of them do not have inherent visual characteristics. Visual
languages are applied in computer graphics, user interface design, database interface
design, form management, and computer-aided design (Chang, 1987). These visual

language systems are reviewed and compared in a later section.



The three subcategories just described for visual environments and visual languages
are Shu's language categories. Chang (1987), adds a fourth subcategory to visual
languages. This category is termed the iconic visual information processing languages.
The features of an iconic visual language have both objects and language constructs
visually represented. The languages that fall into this category use icons to represent the

objects and a set of processing icons to implement an algorithm.

In addition to Shu's (1986) visual programming categories, he also presents an
analytical approach to qualitatively assessing the visual aspects of programming
languages. This idea is not as precise as one would like, but it does provide a way to
compare one visual language or visual system to another. Three domains for measuring
a language are defined. The first is the level of a language where the level indicates the
amount of detail the user must stipulate to instruct the computer on how to achieve the
desired results. For example, Pascal language is considered higher level than an
assembly language. Generally, it takes fewer commands to define a task in Pascal than

in assembly code.

The second aspect is the scope of the language. The scope ranges from-general purpose
to special purpose. General purpose is applicable to a wide range of problems while special
purpose is applicable to a narrow set of problems. For example, if a multitasking problem
is presented as a programming task, then assembly language is a better implementation
language than Fortran. Therefore, the assembly language is considered to have a broader

scope than the Fortran language.

The third aspect is the visual extent of the language. The visual extent measures how
much or how little the visual properties are incorporated into the language. The visual

features include icons, graphs, diagrams, multiple windows, or pictures.
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The three domains for defining a language can be represented in a three dimensional
graph as shown in Figure 2.1 (Shu, 1987). Domains that are measured closer to the
intersecting axes are less flexible then those domains measured farther out. An example

of a general purpose language with medium visual extent, is shown with dotted lines.

Visual Extent
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.
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Language Level

Three Dimensions of Programming Languages
Figure 2.1

Shu (1986) points out that there are many questions to be answered in associating
languages and pictorial representation. First we must design and define the properties of
the visual features and encompass these features within a language. Choosing ill-
conceived symbols or over-detailed pictures may be more bewildering than informative to
a user. In addition, cluttered icons on the display may produce a "spaghetti” effect. It is
believed, and earlier studies have given credibility to this conclusion, that the programmer

perception of the software can be enhanced with the use of pictorial representations for
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simple tasks, but there is no evidence that similar payoff exists for tasks containing higher
complexity. Yet the power of visual representation is overwhelming. The improved
technologies contributing to computing will result in more effort being placed on

incorporating vision within the programming environment.

Languages and Systems Incorporating Graphics

A review of literature dealing with visual programming systems indicates that the
visual programming languages can be grouped by the design principles used in their
development. These systems fall into three categories. At one extreme is the total use of
graphics defining the language data and control structures. These systems are referred to
as executable graphics systems. At the other extreme are software systems that have been
extended with graphical features. Between these two extremes are those software systems
which are designed with graphics as an integral part of the system, but with limited
general purpose programming capabilities. The following literature review classifies the
existing languages and systems into these three categories. In studying these languages
and systems based on these categories, an overlap of these categories exists, depending on

the features found in the language or system (Shu, 1986).

Executable Graphics Systems

The most extreme systems consist of visual languages where the constructs of the
language, both data and action, are visually represented. Lakin (Lakin, 1986) refers to
these type of systems as "executable graphics”. These lénguages use icons to develop and
execute an algorithm interactively. Systems belonging to this group include Xerox's Star
(Purvy et al., 1983; Smith et al., 1982), Pict (Glinert & Tanimoto, 1984), Programming by

Rehearsal (Finzer & Gould, 1984), PIP (Reader, 1984), PLAY (Tanimoto & Runyan, 1986),
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State Transition Diagrams (Jacob, 1985a), PegaSys (Moriconi & Hare, 1985; Moriconi &
Hare, 1986), Omega (Powell & Linton, 1983), VennLisp (Lakin, 1986), SIBTRAN (Lakin,
1980a; Lakin, 1980b), VICON (Clarisse & Chang, 1986), HI-VISUAL (Monden et al., 1984),
IPL (Chang et al. 1985: Chang et al., 1983), and Pygmalion (Smith, 1975). A brief
discussion of these systems follows. Table 2.2 summarizes the characteristics of the

systems by language level, scope, and visual content.

Xerox's Star system (Purvy et al., 83; Smith et al., 1982) is one of the earliest icon
systems developed. The main emphasis projected by this system is the day to day functions
carried on in an office environment. Through the use of icons and a mouse, the user can
open documents, folders, file drawers, in-baskets, out-baskets, and a waste basket for
managing paper work. The user can open documents, read them and then file them away,
discard them, or send them elsewhere using a mail feature. The Star system also has a
calculator that can perform simple functions with limited programming capability. The
system was designed to include the features and functions that are found in an office

environment.

Pict (Glinert & Tanimoto, 1984) uses a graphical programming environment where
the user can construct programs using a joystick and icons. He can draw and connect the
icons together. The system supplies the user with a set of icons for drawing and erasing as
well as a bookshelf of icons representing a library of routines. Basically all programs
take on a flowchart metaphor. The system is limited to simple numeric calculations and
is considered a sﬁitable system for the novice programmer. The profile of the Pict system
is slightly higher than the Star in visual extent and approximately the same in scope. The

language level is comparable to Basic or simple Pascal.

Programming by Rehearsal (Finzer & Gould, 1984) is a visual system written in

Smalltalk-80 on the Xerox Lisp Machine. The Rehearsal program allows the user to set up



predefined troupes or objects. These objects are positioned in different areas of the screen.
A production or an algorithm is defined through the use of objects passing messages among
each other. Each troupe is programmed to perform on cue to a response. A troupe can
initiate another troupe (place a troupe on stage) or block other troupes based on the cues it
receives. The language is very high in visual extent since the troupes and the observation
of the execution are visually displayed. The language is limited to manipulating only the
troupes displayed on the screen. The system's ease of use allows the development of a

limited program quickly.

The Programming in Pictures (PIP) system (Reader, 1984) allows the user to construct
a program by drawing pictures. The drawing is managed by an editor. The system is
targeted for the casual programmer who creates fairly simple programs. The motivation
for the design is based on representing the operations of a program by a similar method that
an individual uses as an informal communication of ideas between others. First, a
simple data structure is represented. Then, with simple terms, the meaning or flow of the
program is expressed. The PIP system allows a user to draw pictures using the picture
editor and to associate a type with the images using a type editor. The function editor
allows objects to be input and output between types using simple operations, such as
arithmetic operations and object transformation or conversions. These functions are
performed using pointing and line drawing facilities. The computational model used to
execute these programs is based on Backus's (1978) form of functional programming. The
system makes programming more interesting to the programmer because it shows
meaningful, simple data structures which can be viewed and manipulated through the
connected line drawings. The metaphorical power the system offers gives the programmer
a sense of the algorithm implementation, but it can mislead the user. For example, large
symbols on the display may or may not represent large values within the program or large

amounts of processing.
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PLAY (Tanimoto & Runyan, 1986), Pictorial Language for Animation by
Youngsters, is an iconic programming system developed for the very young who have not
yet mastered the textual language. The motivation for the PLAY system is to introduce the
computer and its capability to the pre-school aged individuals. It enables its users to
experience the functions and capabilities of a computer equivalent to that which is found in
the limited domain that game playing offers. Each play or skit within the PLAY system
looks like a comic strip consisting of a sequence of iconic sentences. The system allows
youngsters to take on different roles in developing a play. The child can be a playgoer who
watches a pre-programmed script, or a director who can adjust performances of play's
objects, such as the stage or background. Finally, the individual can take the roll of
director and compose and create objects for an cutire seript. The language level and the
scope of PLAY are very low. The visual extent is high due to the use of predefined icons and

specific semantics actions for certain icon combinations.

Another system whif:h uses limited visual representation is the State Transition
Diagram system (Jacob, 1985a). The system uses a finite state automata to show the
abstract computation of a program. The system is a graphical representation based on
Bakus Naur Form including nested constructs (Aho et al., 1986). A diagram consists of a
set of nodes or states connected with links representing transitions, all based on token
passing. The tokens can consist of input or output actions or they can represent procedures
or function calls used to transfer from one state to another. The user can design, in an
interactive mode, a finite state automata using nodes, arcs, and labeling transitions. The
system can construct a textual program from icons displayed on the screen. The icons are
associated with a set of predefined textual routines set up in a library. With the predefined
icons and the interactive connecting capability, the user can define a computational model
and then execute it. The State Transition Diagram system does not have any visual

representations for data structures. The system has been successful in specifying and



directly implementing user interfaces for several prototype systems (Jacob, 1985b; Jacob,
1985¢; Cornwell & Jacob, 1984). The visual extent of the language is considered to be low,
but the language level and the scope are high, due to the system support of textually

constructed library routines.

The PegaSys system (Moriconi & Hare, 1985; Moriconi & Hare, 1986), developed at
Stanford Research Institute, is used for program design and documentation. PegaSys is
an icon-based system in which the user can represent the program's functional
components as a hierarchy of precise and meaningful pictures. The system does not allow
for any recursive or overlapping program components, thereby limiting the language
level. The user establishes the functional components of the program and their connection
to other components by representing them as input/output or sender/receiver icons. The
system uses a form calculus to check the composition of the picture elements for
consistency while the user is constructing the program. Once the algorithm is pictorially
constructed, it is then translated into Ada code. The system is a one-way translation from
the hierarchical pictorial form to textual form. Any further refinement made to the

program must be done at the textual level.

I3

The Omega system (Powell & Linton, 1983) is similar to the PegaSys system in that
predefined text code representing a program's functional components can be arranged
through the use of interactive graphics. The user has the freedom to associate data objects
with predefined icons stored in the system. The Omega system separates the object types
from their pictorial representation, allowing the user to choose among several ways to
display them. The user can choose to display data within the code or outside the code and
can design simple icons to represent these data items. The icon design feature gives the
user immense flexibility, but lacks the soundness needed in program design. Icons with

fixed image and fixed meaning add to the user's ability to function and manipulate them



in problem solving. The Omega system is a textual based system using graphics in its

development environment.

The VennLisp system (Lakin, 1986) allows a user to view a Lisp program as a nested
set of closed objects rather than a nested set of parenthesis like those found in the Lisp
language. The objects are data structures and functions. The system uses different shapes
for objects based on the type of function being referenced. A unique feature found in
VennLisp is the mechanism for spatial parsing. Using the PAM, PAttern Manipulation
system, the parser can parse a spatial arrangement of visual objects or icons. There are a
number of systems built on top of the spatial parsing system. VennLisp is one example.
The VennLisp system can interpret the spatial objects and produce different outputs, giving
the system flexibility. The interpretation can generate higher-level objects, trigger the

manipulation or action on other objects, or generate a textual program representation.

Another language that uses the spatial parser is VIC, VIsual Communication
(Gardner et al., 1976; Steele et al., 1985). VIC is used to teach and educate aphasics, people
who have lost the ability to speak, to communicate again through the use of pictures. The
sentences are strings of icons. A feature used in the computer version of VIC is a spatial
parser used to parse graphical structures previously mentioned. The spatial parser is used
to parse the icon sentence into meaningful structures and then to transform them into a
textual sentence. Another use for the spatial parser is for parsing a finite state automata.

Lakin (1986) gives an example of a finite state automata translated into a Lisp program.

A system developed by David Sibbet, called SIBTRAN (Lakin, 1980a; Lakin, 1980b) is
used as a conversational graphics tool to help people think and understand information in
a more coherent way. The SIBTRAN mimics the way an individual uses a chalk board in
defining a system and its interconnection. The conversational graphics consist of some

graphics, some text, and grouping of these entities into meaningful objects. Arcs are used



between objects to depict dependencies between them. SIBTRAN uses the spatial parser to
parse both graphical pictures and limited texts into organized sentences. As the
conversation continues and objects are shuffled, the relationship of each object with other
objects is maintained and represented on the display. The SIBTRAN system is a manager
of objects and cannot actually be classified as a visual language; but the objects and the
algorithmic management of those objects, along with their dependencies, qualify

SIBTRAN as a visual system.

VICON sy;stem (Clarisse & Chang, 1986) is a generalized icon system, implementing
objects with two types of attributes. These two attributes are aspect and relation. VICON,
running under a LISP environment, allows the user to design his own icon entities and
associate with each of them aspect attributes. The aspect attributes include icon name,
bitmap name, window name, menu, and built-in functions. The relation attributes are
pointers from one icon to another and represent a parent, sibling, and child icon
arrangement. The icons are structured hierarchically, allowing them to inherit attributes
from their parents and also to define relations between them. The icons are associated
with LISP functions which are invoked when the icon is activated. The VICON system is a
visual language approach to functional programming. It can be used in circuit design,
architectural design, naval architectural design, CAD/CAM, image databases, and
geographical database systems. The system is highly visual and is used for designing
visual objects which require limited semantic support. The semantics are limited to
simple calculations such as those found in spread-sheet software. VICON system has

limited programming capability and is implemented in a textual based language.

The HI-VISUAL system (Monden et al., 1984) is very similar to the VICON system
with respect to the hierarchical relationships. The hierarchical relations between icons

are more explicit in HI-VISUAL than in VICON. HI-VISUAL is based on a hierarchical
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multiple window model using user defined icons to operate on data icons (Yoshino, 1984).
Although pictures are used for both data and action, the system is implemented in a text
based language. There is one drawback to programs written in HI-VISUAL. Each
program runs independently of other programs. No data can be communicated between
separate routines or programs. This limitation prevents a user from building new
programs based on existing programs. HI-VISUAL has led to an international project to

design a prototype, general-purpbse iconic visual information processing language called

IPL (Chang et al., 1985: Chang et al., 1983).

System Name : Developer
STAR Low Low High Xergx
Pict Low Low High Gilnert, Tanimoto
Programming by
Rehearsal Low Low Hich Finzer, Gould
PIP Low Medium High Reader
PLAY Low Low High Tanimoto, Runyan
State Transition
Diagrams High General Low Jacch
PegaSys Med-High | General Low Morigoni, Hare
| Omega Med-High General TLow Powell, Linton
| VennLisp Medium Medium Med-High Lakin
ViC Medium Low High Gardner, Steele
SIBTRAN na na Medium Lakin
VIOON Medium Specifi¢ Medium Clarisse, Chang
HI-VISUAL Medium Medium High Moden
Executable Graphics

Table 2.2




Graphics-Enhanced Software Systems

The other extreme for graphical languages and systems is those systems which
incorporate graphics into the programming environment as an extension of th.e language.
The graphics enrich the programming environment for the programmer, but the programs
are able to run without the use of the graphical interfaces. Some of the systems represented
in this group are BALSA (Brown & Sedgewick, 1985; Brown, 1988), Visualization of
Independence and Dependence for Program Concurrence (Belady & Hosokawa, 1984),
Pigs (Pong & Ng, 1983), SDMS (Herot, 1980; Kramlich, 1984), PV (Brown et al., 1985),
PECAN (Reiss, 1984; Reiss, 1985), and VIPS (Isoda et al., 1987). The primary functions of
these systems are described individually in the following discussion and summarized in

Table 2.3.

BALSA (Brown & Sedgewick, 1985; Brown, 1988) was developed at Brown University
as an external tool to be used with a programming language as an instructional tool. The
Brown University Algorithm Simulator Animate (BALSA) is a simulation, animation
program used for demonstrating program execution and changing data structures. The
student can see the effects that certain code or data structures have on the algorithm. The
procedure for defining an animation session is as follows. First, the instructor develops a
program or algorithm for classroom discussion and presentation. Then, using the
algorithm designer, the instructor develops a script that deﬁneé the animation elements of
the presentation. Once the script is defined, it is then merged with the program code. The
program can be executed and the students can see the concept in animated and textual form
repeatedly. The script can be stopped and discussed during lecture and minor run time
adjustments, such as speed, break points and data values can be made. As the program
executes, the student can observe the algorithm's actions. It gives the student an increased

understanding of the code supporting the algorithm.



A limitation to BALSA system is the time required to set up a presentation. The initial
system required about two hours of development time and about 15 to 25 hours of
programming time for each 15 minutes of script. Balsa-II (Brown, 1988) has improved the
user interface for the script developer and has reduced the development time. Brown states
that it still takes a modest amount of time to set up a script. The system is an excellent tool
for teaching and for testing new algorithms and data structures, but it lacks the features
necessary for a program development environment. In a program development
environment, the programmer must design, code, and test a newly developed program.
Once the program has migrated to the stage of correct execution, then the program can be
enhanced with Balsa routine calls that demonstrates the program's features. This
scenario also carries over to the program maintenance environment. With its high visual
content, the BALSA system has been used successfully in the education environment and

in the research of new algorithms and data structures.

A system proposed by Belady and Hosckawa (1984) incorporates graphical extensions
to explicitly indicate which program segments can be executed in parallel. The proposed
system, "Visualization of Independence and Dependence for Program Concurrency",
incorporates these extensions into an existing language. The graphi‘cs is limited to
annotating the right side of the source code with a vertical notation. A two-dimensional
textual representation is used té display sequential sections and potential parallel sections
of code. The vertical dimension lists the set of statements to be executed and their order
with respect to the other statements. The sequencing dependencies are represented along
the horizontal or time axis within the vertical axis. The system has very little vision in

that the display is textual in nature. The proposed system has not been developed to date.

The Pigs system (Pong & Ng, 1983) is an experimental system for Programming with

Interactive Graphical Support. The system is primarily used for interactive debugging
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and testing tools to support program development of Pascal programs. The user can
incorporate graphical extensions into a Pascal program which, when executed, can be
viewed on a display device. The graphical routines are a given set of fixed library
routines supporting the graphical interface. The format of the model uses Nassi-
Shneiderman Diagrams (NSD) (Nassi & Shneiderman, 1973) to show the execution
sequences of a program. The system has a very low visyal extent and the language level
and scope are that of a simple version of Pascal . The system can only handle integer types
and one dimensional arrays in its NSD displays. These limitations reduce the language

level.

The Spatial Data Management System (SDMS) (Herot, 1980; Kramlich, 1984) uses
icons to pictorially represent database objects and to control the navigation process. SDMS,
developed by Computer Corporation of America, is a database system which uses icons as
an interactive medium and in turn displays the results graphically. The programmer can
use an icon-class description language to create SDMS icon statements. The description
language uses system command features such as TEMPLATE, SCALE, and COLOR to
create system icons. A text form is used to create the icons, then the SDMS command
system uses these icons as its interactive medium. Along with icons, a joystick is used to
create views of the static database by zooming in and out of repetitive nodes found in the
hierarchical structured database. The SDMS system format is a graphical view of the
database and is primarily used as a direct data manipulation in an information retrieval

system.

The Program Visualization (PV) system (Brown et al., 1985) was developed based on
the results of SDMS. The PV system supports static and dynamic images of a program in a
multidimensional informational data space. As the programs executes, the program's

control structures and data structures are graphically displayed. The user can monitor



control structures and alter data values during program execution. The programmer can
develop graphical pictures and associate code with these images. The executing program
can be displayed in a graphical and textual format. The graphics is supported by a library
of routines that the programmer must develop and link to within his program. As stated
earlier, defining icons and associated text gives the programmer significant flexibility,
but it can easily result in ambiguous representations. The PV system is as visual as the
user would like, depending on the amount of graphical support code and time the user puts
into developing the program. The level and scope of the language are dependent on the

actual programming language in which the system is implemented.

The PECAN system (Reiss, 1984; Reiss, 1985) consists of a family of programs used in
program development. The PECAN system supports multiple views of a user's program.
The user can view his program as a pretty print text, Nassi-Shneiderman interconnecting
diagram module (Nassi & Shneiderman, 1973), an abstract syntax tree, and an input-
output dialogue. This system allows the user to view the program and monitor it as it runs.
The PECAN system uses many formats for displaying a program such as flow chart,
displaying variables and their values, and highlighting executing text statement. It has
the ability to abstract a syntax tree which represents the underlying system. Another
system similar to PECAN is VIPS, Visual and Interactive Programming Support (Isoda et
al., 1987). Both of these systems are very text oriented, making use of large high resolution

display screens and multiple windows for displaying a program in different formats.

The languages and systems just presented contain graphics as an extension. Some of
the systems can be classified under visual programming and others under program
environments. A few systems overlap both classifications. In the following section we
present systems that contain graphics as an integral part. These differ from the systems

just presented in that graphics is an essential part of the system's operation.
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System Name Level Scope Visual Developer
BALSA High Specific High Brown, Sedgewick
Visual of Indep.
and Dep. for High General | Low Belady, Hosokawa
Pgm.Concurrence :

| Pigs Medium General Low Pong, Ng _
SOVS Low Specific Medium Herot, Kramlich
PV High General | Low Brown, Carling, Herot,
Kramlich
PECAN High General Low Reiss
VIPS High General Low Isoda, Shimomura,

Ono

Graphics-Enhanced Software Systems

Table 2.3

Software Systems With Essential Graphics

The middle group of systems is designed with graphics as an integral part of the

language or system. These systems do not have the powerful icon feature for developing

expressions discussed in the first group. However, they do require graphics for execution

whereas the second group can run without the graphical interface. The systems that fall

into this group are basically tables and forms oriented programs such as those used in

office automation and information systems. Representatives of these systems include

GRAIN (Chang et al., 1978), PSQL (Roussopoulos & Leifker, 1984), ISQL (Assmann et al.,

1986), QBE (Zloof, 1981), OBE (Zloof, 1982), FOBE (Luo & Yao, 1981), and FORMAL (Shu,

1985). Table 2.4 contains a summary of these systems.

GRAIN (Chang et al., 1978) is one of the earliest works in which a language and

graphics were incorporated. The user specifies an image query in the GRAIN language
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and the system provides the results as a displayed picture. The framework for storing and
retrieving information is based on the relational database concepts. A similar example is
PSQL (Pictorial Structured Query Language) (Roussopoulos & Liefker, 1984) which
introduces a pictorial language for manipulating pictorial and alphanumeric databases.
It is an extension of the System R's SQL language. Another database system developed for
use in medicine is ISQL (Assmann et al., 1986). Its design is based on a relational
conventional DBMS using SQL database language. These systems use images for

displaying results of queries, but the languages themselves are textual based. -

Query-By-Example (QBE) (Zloof, 1981) is a system that allows users to query a
database through the use of a user defined skeleton table. The user sets up a skeleton with
appropriate labels representing data base fields. Selection fields with attributes are
defined within the table for filtering desired data from the data base. A similar graphical
system using tables in the office environment is Forms Operation by Example (FOBE)
(Luo & Yao, 1981) and Office by Example (OBE) (Zloof, 1982). OBE allows tables to be
nested within each other by defining major headings and subheadings. It is used for
processing data and displaying results. FOBE is another office information processing
system. It is a user-friendly model using high-level algebraic operations for
manipulating nested tables. The office systems require predefined calculating routines
that are matched with fields defined in the table format. Most of these systems are
considered to be nonprocedural languages which implies their language level is quite
high. The visual extents of these systems are not as high as STAR or Pict but are higher
than Pigs and the system Belady-Hosakawa proposed. The scope of these systems is
narrow since they perform operations with simple flat tables anld interface with organized

fixed data structures.



Another system with graphics as an integral part is FORMAL, developed at IBM's Los
Angeles Scientific Center (Shu, 1985). The design of FORMAL addresses the needs of the
nonprogramming office worker by allowing the user to computerize many relatively
complex data processing applications. This system prevents the user from having to learn
the intricacies of a programming language. The skeleton of a FORMAL program consists
of a "form heading” with a list of properties, or commands. These commands specify such
things as the SOURCE for the data origination, MATCH using parameters for selecting
certain fields, CONDITION for filtering, and ORDER for depicting output sequencing of
the instances. The system allows headings and subheadings, contributing to the
dimensions of the forms. The language level of FORMAL is comparable to QBE. The
forms are compiled entities thus giving the compiler responsibility for generating the
correct algorithms needed to produce the desired inquired results. FORMAL is considered
an excellent tool for the nonprogrammer in an office environment. It is powerful enough
to perform many of the tasks found in office operation systems and it is easy to use. The
system is ‘still considered an experimental one and is currently being defined and

refined.



System Name Scope Visual Developer

Grain Low Specific Medium Chang, Reuss,
McCormick

PSQL Low Specific Medium Roussopoulos,
Leifker

ISQL Low Specific Medium Assmann, Venema,
Hohne

| _QFB Low Spegcific Medium Zoolf

FOBE Low Specific Medium Lo, Yao

OBE Low Specific Medium Zoolf

FORMAL Low Specific___| Medium Shu

’

Software Systems With Essential Graphics
Table 2.4

Desirable Graphical Features

The goal of graphics use in any software system is to help programmers and users
achieve a deeper and more accurate underst%mding of the system's behavior and to
enhance the effectiveness of system interaction. Many of the systems presented are
primarily designed for data base and office automation systems. The user of these
systems interacts with the software systems without having to know a formal
programming language. These systems were developed for a specific use and thus they
lack general programming capabilities. ’Many other systems, such as Pict and PLAY,

have a high visual context but a low programming level.

The systems that are of particular interest in this research are found in the "Graphics-
Enhanced Software" category. These systems are based on the standard programming

languages used in developing software systems. The systems with a medium to low level



of programming are not adequate for program development. PECAN and VIPS are high in
programming level but are low in visual content because most of their displays are based
on textual representation. BALSA is high in all metrics but, as stated by the developers, it
is an environment for training and demonstrating rather than for program development

(Brown, 1988).

We identify three desirable features of a "Graphics-Enhanced" software system. The
first desirable feature is that it reflect the implementation of the program based on the
program's text. The current systems that use a higher level language either have a low
visual content or the graphical representation is very abstract. The abstract graphical
representation requires the user to first interpret the representation and then interpret the
code to determine where modifications are to be made. For the programmer to understand
the graphical representation, he must abstract for the elements of the display the meaning
of each element and how they interact with other elements. If the programmer needs to
modify the code, he must extract from the textual representation those sections of code that
support the particular elements which need to be modified. Thus, the graphical
representation should represent the implementation of the coded algorithm. A program
that is coded well or a program that is coded inefficiently should generate equivalent
representations respectively. To improve or modify a program, the programmer will
ultimately alter the code and not the graphical elements, therefore a graphical
representation should have a close relationship to the text it represenﬁs. The systems that
were just reviewed, which support the flowchart or Nassi-Shneiderman formats reflect this

feature.

The second desirable feature of a graphics-enhanced system is that it model the
program as defined by the coded algorithm. The programmer needs information about the

operational flow of the program's tasks (Soloway, 1988). The graphical medium should
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provide a representation of the program that will assist the understanding of the program's
execution order while simultaneously relating these executing tasks to their textual

representation.

A third desirable feature of a graphical system is that it provide knowledge of the
program's identifiers. The order in which the programmed tasks execute is one vital
aspect of program understanding. A second aspect is the set of identifiers affected by these
tasks. The programmer must be concerned with the identifiers, their attributes and their

'relationships to the control structures. The current graphically supported systems fall
short of supporting all of these features. Many of the systems represent programs as a static

entity while others are able to simulate the program's execution.

Summary

The groups of systems described in this chapter are not exhaustive. They were selected
due to their connection with a programming language or with functional programming
capabilities. There do not exist clear classifications or metrics to group or measure
systems and languages containing a visual property. We have presented a categorization
of these systems along with additional classification information used by other authors.
We have also discussed studies involving icons. These studies indicate the relationships
icons should have with their representation and the limitations that humans have in using

icons.

In Chapter III, we propose a graphical representation of a program based on its textual
definition to assist the programmer in strengthening the control-flow understanding
process. The system generates a graphical representation of the program's control flow
based on its code, supplies scope and structure information about the identifiers, and

addresses the problem of code delocalization. The proposed system is classified as a



Graphics-Enhanced software system. The language selected is Pascal, which is classified

as a general-purpose, high-level language.



CHAPTER III

A GRAPHICAL PROGRAMMING ENVIRONMENT

Introduction

Computer programs are used to implement algorithms in a step by step manner. The
user must understand the program's construction before he can debug or perform program
maintenance. The objective of this study is to graphically represent a programmed
algorithm for the purpose of enhancing the program understanding process. To clarify
certain areas of the study, an introduction of terms and concepts is provided. Finally, the

research problem and methodologies are defined.

There are two basic aspects a programmer must understand when implementing an
algorithm for processing by a computer system. One is the program's textual
representation and the other is the program's execution flow. The textual format or the
language constructs for defining a program is referred to as the programming language.
An algorithm is implemented based on these constructs. A program's textual structure can
be considered as a linear string of symbols depicting the algorithm. Some authors
(London & Duisberg, 1985; Shu, 1986) consider the textual form as a one-dimensional
format of an algorithm. These concepts are derived from the program's format as it exists
in memory. If we abstract the program's textual structure to a slightly higher level, we can
envision a program as a two-dimensional configuration. The first dimension can be
expressed as a left-to-right string of tokens for a given line of code. The second dimension -
is represented by the lines of code tracking from top to bottom. For the purpose of this study,

a program is considered to be two-dimensional in form unless otherwise stated. The two-
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dimensional configuration is related to the textual form of the program represented in a

high level language.

The second aspect of program comprehension is the arrangement of the control
structures. This arrangement defines the execution flow that the program follows to
satisfy the desired goal. This concept is viewed as the program's dynamics. The
dynamics are the execution flow of the control statements from one construct to another or
from one construct into another, if nesting occurs. The textual structure of an algorithm
does not completely reveal the dynamics associated with a program. The programmer
discovers the dynamics by first browsing the text and then transforming the text into
mental images representing the program's execution flow. The programmer must develop
the program's dynamics to understand the functions of the program. Once the
programmer develops this understanding, he then uses this information to perform
alterations needed for debugging, maintenance, or in new program construction based on

old program segments.

Problem Definition and Motivation

A program's textual form yields inadequate semantics about the program. This
research develops a graphical framework that assists the programmer in the code
understanding process. The main goal of this research is to develop a model which reflects
the dynamics of a program and in turn supports the programmer in developing the
program's semantics. The design of the system will also reflect the natural processing

method a programmer uses to develop the program semantics.

First, we define the basic elements needed to represent the program's dynamiecs.
Since the dynamics of a program are based on the ordering of its control structures, we will

treat the program'’s control structure as significant entities of the model. We will refer to



such entities as tiers. A tier in this context refers to the entire construct defining the
control structure. For example, an iterative tier consists of a FOR statement and its body or
a WHILE statement and its body. With this definition, a program is described as a set of
tiers where the tiers are defined by the textual specifications of the programming

language.

The program control structures are grouped into seven tier types. These types are the
iterative, alternate, procedure body, function body, main program body, and procedure
reference and function reference tiers. We select these elements to describe the dynamics
of a program based on the practices a programmer uses in defining the dynamics (Basili
& Mills, 1982; Soloway et al., 1983). The programmer browses the text and assigns
meaning to these sections or tiers of code. The tiers are the control structures and thus are

the objects we use to define the program's dynamics.

Second, we expahd the program's two-dimensional perception into a three-
dimensional space. A group of control structures or tiers can be viewed as either
sequential or nested structures with respect to the local structures. We identify the
program's basic control structures, as described above, along with their relative
positioning to each other. One structure following another defines a sequential ordering
while one structure within another defines a nested ordering. The first two dimensions of
our three-dimensional perception are used in defining sequential flow of the program.
The third dimension defines the nesting of tiers. This third dimension is referred to as the
nesting axis. A three-dimensional perception of the program is obtained by positioning the
nested tiers along the nesting axis. A nested tier appears deeper on the nesting axis than
the tier which contains it. We refer to the positioning of the tiers along this axis as the

nesting levels. For example, the program's main body is placed at the highest level and
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nested structures are placed at the next deeper levels depending on the tier's relative

positioning.

Given the control structures as the 6bjects and a three-dimensional space as defined,
we represent the dynamics of a program graphically. By placing the tiers in the three-
dirﬁensional space, a programmer can see the order in which the control structures are
executed. Sequential execution of tiers indicates control flows through one tier and into the
next. This is graphically represented by arranging the tiers, one under another and on the
same nesting level. Nested execution indicates control flows from an outer tier into the
inner tier, then back. Nested control structures are represented as tiers placed along the
nesting axis and are contained within the outer tier. The program's control flow is
understood to move from the top tiers to the bottom tiers and from the outer tiers to the inner
tiers within the three-dimensional space. The three-dimensional representation provides

a way to graphically show the program's flow of control.

The program's semantics are not solely based on its dynamics. The programmer
must be aware of the identifiers and their use within the control structures. Control
structures control the flow of execution and the order the variables are altered. Therefore,
understanding the program's semantics also involves understanding the relationship
betvs."een the program's dynamics and the identifiers. To understand identifiers, we need
to know their attributes. The attributes of the identifiers are required in order to synthesize
the program's semantics. These attributes consist of the the identifier's name, type and
scope. When a programmer utilizes the textual form of the program, he browses the text
looking for the identifiers and their attributes. This is a localization of information
problem in which the information we need is not local to the point of interest. If the
programmer has the set of identifiers available at the point of interest, he can save time

and also maintain a coherence in his understanding process. This feature assists the



programmer in developing an accurate understanding of the relationships among the

control structures and among the control structures and the associated identifiers.

Based on the description of the process a programmer uses to develop program
semantics, a graphical model has been described that reflects a program's flow structure
and methodology used by the programmer in developing program understanding. Using

these concepts as our foundation, we now describe the goals of the research.

Research Objective

The goal of this research is to provide an environment that supports the program
understanding process. A problem the programmer must deal with is to recover the
program's intentions as defined by the code. The programmer needs analysis techniques
that make correct program facts easily available ( Letovsky & Soloway, 1986). Our goal is
to investigate a graphical technique that provides easy access to the local and non-local
information at a specific point of interest. This information must be accessible in a time-
effective manner. We investigate methods to represent the code, local and non-local, and

scope and type information about identifiers.

We propose the utilization of a visual environment to represent localized information
with interactive features allowing the user to achieve the level of detail or level of
abstraction required for developing program understanding. The environment we
developed is the Peec System, Program's Execution Environment Configuration. It
provides a three-dimensional graphical representation of a program based on its control
structures. The environment supports the textual comprehension process but augments it
with visually represented structures and with identification of live identifiers. It provides
interactive features and gives the user the power to view the program's control flow from

different perspectives.



The development of the support environment consists of the following five phases:

Phase 1: Definition of the Building Blocks

The Peec system creates a graphical representation of the program's dynamics based
on the program's textual structures. In order to create a graphical representation, we must
understand the natural procedure a programmer uses in developing program
understanding. From this procedure, we obtain the control structures as the building
elements the programmer uses in constructing his internal execution model. The
programmer organizes these structures, assigns meaning to them, and then treats the

structure and its meaning as a signal entity.

Phase 2: Definition of Graphical Format for Model

Once the building elements are defined, we create a graphical format for displaying
the program's execution flow. The human's imagery system perceives objects naturally
as three-dimensional structures, therefore the execution flow model is based on a three-
dimensional representation showing a spatial organization of the control structures. The
objects are the control structures arranged in the order of execution within a three-

dimensional space.

Phase 3: Program Transformation

The transformation phase is a primary phase of the Peec system. A textual formatted
program is transformed into tier information, based on the program's control structures.
This phase is a translation process where the input is a textual program and output is a tier

structure file and a scope identifier file. It is illustrated in Figure 3.1.
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Figure 3.1

The tiers are the objects that the Peec system uses in developing the program's flow
model. The translation phase is separated from the display system to allow for increased
language independence. An identifier scope file is also generated in the transformation
process. The scope file contains the attributes of each identifier and their relationship to
eavch tier. Both the tier and scope files are linked with each other and with the program's

text file. These three files are the inputs to the image generation phase.
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Phase 4: Image Generation

The image generation phase creates a graphical representation of the program's
execution environment. The generated image is based on the information supplied by the
tier file. The tiers are represented as two-dimensional planes positioned in a three-
dimensional space. The tier's types are identified by either tier shape or the icon
associated with each tier. The tiers and their icon definitions are shown in Figure 3.2 and

are described in detail in Chapter IV.
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Figure 3.2




Phase 5: System Interaction

The interaction phase allows the programmer to interact with the three-dimensional
representation. The interactive features allow the programmer to browse through the
program's control flow model from tier to tier. He can view the relationship of structures to
other structures based on their execution order. The programmer can decompose the tier
image to finer details when needed. For example, he can display the control structure's
text and study in detail the particular code defining the structure. The programmer can
also display the identifiers or a subset of identifiers, based on the scoping rules and their
type. This feature supplies the programmer information local to the point of interest. For
example, the programmer can display local integer and real identifiers for the current
tier. The control structure's text and the identifiers are displayed on demand allowing the

programmer to decompose the tiers down to their lowest level, the textual represéntation.

A set of interactive commands control either the browse point or the image as a whole.
The browse point is represented as a modified tier image. The programmer controls the
movement of the browse point allowing him to move through the three-dimensional image.
The programmer can also issue commands that alter the three-dimensional model's view.
Since the model is a three-dimensional image, there is a set of commands to rotate, scale,
and translate the image. This flexibility gives the programmer a different perspective of

the program's execution flow.

An overview of the Peec system's major segments and the information flow are shown

in Figure 3.3.
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An example has been supplied to assist with clarification of the work. A Pascal
program and its execution flow model are displayed in several figures. Program A in the
Appendix A is the example Pascal program used in the model. Figures 3.4(a) and 3.4(b)
show the program'’s execution flow from two perspectives. Figure 3.4(a) is sighted down the
nesting axis and Figure 3.4(b) is sighted off center of the nesting axis. The tier structure's

text is shown in Figure 3.5(a) and its identifiers in Figure 3.5(b).
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begin
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81,y = rey;
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Hardware and Software Support

The features required in the Peec system help define the appropriate software needed
in the developmental stages. The first phase of development is a translation task. The
Unix operating system supports compiler construction tools used in constructing
translators. The Lex and YACC tools are used in constructing the Peec translator. The
second phase requires the use of three-dimensional graphics. A three-dimensional
graphics package, Graphic MetaFile Resource (GMR), is used to construct the program's
control flow image. The GMR package requires the C language as its interface language.
With Lex, YACC and GMR graphics packages, the Peec's developmental language is C. C

is also chosen for its portability across different systems within the Unix environment.

The implementation of the Peec system, based on interactive graphical images,
requires specific hardware capabilities. To display three-dimensional images with an
acceptable level of detail requires a high resolution monitor. Also, the system must allow \
interaction with the image. These functions require updates and alterations to be made to
the flow model. The updates to the model must be fast enough to maintain continuity
between the programmer and the abstraction process. Therefore, fast hardware or fast
hardware/software combination is required for development. The selected hardware is
the Apollo DN3000 workstation. The Apollo's processor is a 68020 with a 68881 math-
coprocessor. The associated monitor is a 1280 by 1024 pixel, monochrome device. The

Apbllo system runs the native Aegis operating system with Unix implemented on top.

Summary

The goal is to investigate a method which represents the code and the identifiers local

to the point of study in a time-effective method. The concepts of the Peec system are to



display a block structured language in a three-dimensional form and to allow the user to
browse through the program structures in order to develop an understanding of these
structures and their relationships. The Peec system supports the procedure similar to one
th‘at the programmer uses in reviewing a program listing, that is, it synthesizes from it the
control structures and their operational flow patterns. Within the Peec system, the user
can shift from one control structure to another and view these structures in the context of
their execution environment instead of their textual definition. The graphical model
constructed by Peec depicts control structures local to their execution point which aids in the

understanding of the program's operational sequence.

The Peec system provides the user with icons for labeling the control structures. For
convenient and quick reference, icons are used to identify the type of structures, such as
loops, conditional statements or procedure references. If the user needs to study the
contents of a particular structure in greater detail, he can display the actual text defining

the structure.

Peec also provides the user the ability to view identifiers, or a subset of idehtiﬁers,
within the scope of the current tier or control structure. An individual who is studying a
program can browse through the model, viewing the local control structures, popping up text
for more detail and displaying identifiers. The Peec system is designed to assist the
programmer in understanding the program by suppling information on the program's
control flow, access to the control flow definition, and access to the active identifiers. The
Peec environment allows the programmer to interact with the model to develop a stronger

understanding of the program's goals and how these goals are met.
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