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Abstract

As the design and development of large-scale,complex object-oriented systems continues to become more commonplace, the companies that rely on these systems to run their businesses have a requirement for tools to manage the complexities associated with large-scale systems. Time to market considerations and a need for a high degree of software quality are essential for meeting the demands of today’s informations processing systems. The Unified Modeling Language (UML) was developed to provide a common notation and metamodel for the development of  large-scale software systems, but while the metamodel is very powerful in terms of its expressiveness for defining software system artifacts, the graphical notation of the UML can be a limiting factor when trying to visualize and understand a large number of UML elements or singnificant portions of an object model at a single glance. This study will focus on creating a reactive visualization tool that enables the exploration of UML object models by combining the expressiveness of the UML metamodel, with advanced techniques for visualizing, querying and navigating UML object models.

1 
Introduction

1.1 Relevance and Significance

Today a large percentage of the new software systems are being constructed using object-oriented programming languages, and the popularity of visual software engineering tools continues to grow in conjunction with the number of adopters of object-oriented technology. The continued acceptance and growth of object-oriented modeling can be attributed to the popularity of object-oriented programming languages and environments that have been successfully employed to create application software in a wide range of problem domains.  As the object-oriented market matures, it is inevitable that the systems created using object-oriented programming languages will become larger and more complex, resulting in the need for tools and methodologies that allow developers to work with large object-oriented software models in an efficient manner. 

Frameworks are one example of large, complex object-oriented software. A framework is a set of cooperating classes that constitute a reusable design for a specific class of software {41}. Some examples of software frameworks are Microsoft Foundation Classes {46}, the Choices Operating System Framework {45} and the Java™ Development Kit {52}. Mastering a framework typically involves a large learning curve, due to the fact that a framework is highly interconnected and involves many classes. Even mastering a small portion of a framework requires considerable effort.

1.1.1 
Complexity of Object Software is growing 

The complexity of object-oriented software arises from three sources: class relation explosion, component-based development, and the application of design patterns in system construction. 

The first source of complexity is occurs when the number of classes and class relations increase to the point that it becomes extremely difficult to visualize and understand the design of the system due to the highly interconnected nature of object-oriented software.

The second source of complexity, component-based development {37,42,52}, has recently been receiving much attention due to the popularity of two component-based standards, CORBA 2.0 and COM {42}. The complexity in component-based development has three aspects. The first is that components can be developed in a number of different object-oriented programming language’s  (C++, Java, Visual Basic), which means that the object models constructed using the UML must have the notion of a deployment language associated with the component and the classes contained within the component. The second aspect of component-based complexity is that components in UML are containers of classes, but the consumers of a component view a component as a black box that implements a certain interface or contract. The implication here is that UML provides a strong meta-model representation of the class to components assignment, but provides a fairly weak graphical representation (an oblique line directed outward from the component with a circle attached to the end of the line). The third aspect of component-based complexity is the component dependency relation explosion, which occurs when the number of components and component dependency relations increases to a point that the diagram depicting the components and relations in no longer helpful.

The third source of complexity in object-oriented software is the application of object design patterns. Design patterns are used during the design and implementation phase of a project and are typically applied to known structural design problems much in the same way that algorithms are applied to known numerical problems. The main difficulty in using and maintaining design patterns is that the design pattern loses its identity once it has been instantiated in a system. 

A design pattern can best be described as a collection of interconnected classes that collaborate in a predefined manner. In order for a user to apply a design pattern to a problem, the pattern template must first be copied into the object model (pattern instantiation). Then the user must override the methods necessary in order to make the instantiated design pattern ready to use. The reason that the design pattern has lost its identity is that at the time of pattern instantiation, traceability to the original design pattern was lost. Since there is no object-oriented programming language construct or UML construct that correlates directly the design pattern instantiation relation, or the instantiated design pattern.    

1.1.2 Role of Tools in Managing Complexity

Booch writes in {2} that it is impossible for a single person to keep track of all the details of a complex software system. Since people will continue to build ever larger and more complex software systems, there exists a need for tools that manage complexity by managing the myriad details contained within a single software system. Software tools are used both to manage the complexity of software systems and to automate tasks associated with building parts of the software. Software tools must be flexible enough to allow users to apply the tool to problems the tool developer did not originally anticipate. For example, Rational Rose {39} is a UML modeling tool that allows the user to create complex class diagrams by dragging and dropping icons from a tool palette to the diagram, and other such natural actions. The tool also provides mechanisms to arrange items on a diagram, resize the items, and store the diagrams in a file. Rose also provides an extensibility interface for building other tools that work with its meta-model information. 

1.1.3 Existing tools for managing object software complexity

Professional object-oriented software developers have at least three different types of tools at their disposal to manage the complexities encountered while developing software. These tools can be divided into three categories, integrated development environments (IDE’s), configuration management version control (CMVC) tools, and, UML visualization tools. Reiss in {55} provides a brief taxonomy of software tools and environments.

Integrated development environments (or IDE’s) typically consist of a source editor, language compiler, symbolic debugger, linker, windowing environment framework, makefile manager and wizards for quickly constructing classes and different types of projects.

Configuration Management and version control tools allow for multiple versions of a source files to exist in a repository. These tools provide for the ability to manipulate source files by a team of software developers in parallel. The main characteristics of a versions control system are the ability to check in files, check out files and provide the ability to maintain n-number of custom versions of an entire system simultaneously. A version of a system is comprised of the list of source files and the specific version numbers needed to reconstruct the system.

The last category UML visualization tools, can be subdivided into three types of tools; graphics only, graphics plus meta-model, and graphics plus meta-model plus source language round-trip engineering. Graphics only UML tools (paint programs or vector graphics programs like AutoCAD) allow a user to construct UML diagrams that contain UML elements and can be utilized to express any type of UML diagram that is important to the project. The major weakness inherent in this type of tool is the lack of an underlying UML meta-model and the ability to manage the information associated with the meta-model. 

Graphics plus meta-model tools (Rational Rose Modeler, Microsoft Visual Modeler, Platinum Paradigm Plus) address to varying degrees, the weaknesses of graphics only tools by providing an underlying UML meta-model that connects each graphic element depicted on a UML diagram to one underlying UML meta-model element. These tools also have facilities to display the contents of the UML meta-model in a hierarchical browser, which allows the user to navigate to the various diagrams, and UML elements contained with the meta-model.  

Graphics plus meta-model tools that include source language round trip engineering (Rational Rose Enterprise, Platinum Paradigm Plus) include all the features of the graphics plus meta-model tools and add the ability to perform round trip engineering to the target source language. Round trip engineering can be defined as a process that allows a developer to synchronize the UML meta-model describing the system with the source code used to construct the system. The round trip engineering process is characterized by the ability to update existing source with new source language constructs from a UML meta-model (forward engineering) as well as the inverse, analyzing a source file and updating a UML meta-model (reverse engineering) with the appropriate UML elements.

 Table 1 contains a summary of the various features contained in UML modeling tools as well as the features that are not currently available, and  will be addressed as part of this dissertation.

Feature
Tool Type

Diagram Drawing 
All

Underlying UML meta-model
Meta-model

Navigation between meta-model elements (i.e. from class to operations of a class)
Meta-model

Automatic layout of diagrams
Meta-model

Editing of UML meta-model intrinsic and extensible properties.
Meta-model

Extensible API for extracting, updating and creating new UML elements.
Meta-model 

Navigation from UML element to source code artifact (i.e. C++ or Java class or component)
Round-trip Engineering

Query language
Dissertation

Automatic diagram construction based on result set of a query (reactive visualization)
Dissertation 

Alternative visualization techniques of UML constructs (3D, Hyperbolic 2D, hyperbolic 3D
Dissertation 


Toolkit to control visualization and layout of UML elements.
Dissertation 




Table 1
1.2 Statement of the problem to be investigated or goal to be achieved

The primary goal of this dissertation is to provide the foundation for the construction of a reactive display {85} object software visualization tool that assists object-oriented software designers in constructing, maintaining and understanding large scale object-oriented software systems. Using the UML {37} meta-model as the basis to represent software built with object-oriented programming languages, this dissertation will focus on new methods to navigate, query and visualize UML object models by applying information visualization techniques. The high-level architecture for this project will be comprised of a UML query and visualization component that couples a UML query language and an object-model display canvas used to render and automatically arrange UML elements.

There have been other systems {85, 91, 92, 93} developed that have coupled  graphical reactive displays with dynamic queries to aid in the retrieval and navigating of information spaces, but none of these tools focused on the exploration of information contained within UML object models.

1.3 
Barriers and Issues

1.3.1 Existing Visualization Techniques

Today’s object-oriented modeling and design tools typically visualize the structure of an object-oriented system using the graphical notation defined by one of the popular object-oriented methods {2,34,35,37,40}. Each of the methods define a two dimensional, black and white graphical notation which software designers can use to model the various aspects of an object-oriented system such as the relationships among classes and the operations and attributes of a particular class. One such notation is the UML {37}, which was designed as a 2D graphical notation with an underlying meta-model for building object-oriented systems.  A notation as defined in  {37} is composed of both a static and dynamic view. The static view contains no hidden information and can be drawn on a piece of paper, whereas the dynamic view of the notation requires the aid of a computer and enables the user to define invisible links that cannot be visualized in the static view.  

Just as compilers and integrated development environments enhance the usefulness of programming languages, the equivalent tools supporting the UML {37} should also provide similar gains in productivity for the object-oriented developer. The general-purpose nature of the UML provides the opportunity to build UML components that address the specific requirements of object-oriented application developers. For example, the UML provides a standard, easy to use graphical notation for designing object-oriented software, but the graphical elements of the notation may not scale well when trying to visualize and understand a large object-oriented model such as a framework {41}. Users of an object framework need to visualize and work with the object model at a higher level, typically at the pattern and pattern instance level. A more thorough listing of UML visualization weaknesses is depicted in the next section.

1.3.2 Why  query an Object Model?

UML object models are created for a variety of problem domains, including: real-time systems, e-commerce applications, application frameworks (IBM San Francisco, Java JDK), business object frameworks as well as corporate information systems. But creation of an object model has little utility if the model information cannot be easily discovered by any member of a software team. From this we can see that a general pupose object model query language would satisfy the model discovery requirement and provide a convenient way in which to create, modify and persist model inquiries. The reasons to query an object model are as varied as the types of people that participate in building an object oriented system, from architect to developer, tester to writer to end user. Each different team member role may require different kinds of information from an object model. 

1.3.3 Weaknesses of UML Tools Today

The current state of the art UML modeling tool applies the UML meta-model and graphical notation as defined in the UML specification {37} pretty much verbatim, by allowing users to construct UML diagrams with the appropriate kinds of graphical elements and then edit the semantic information associated with each UML element. While this is an appropriate and logical way in which to build first generation UML tools and proliferate UML as the defacto object-oriented design method, the tool builders of tomorrow will need to devise new and novel concepts for applied UML modeling in order to meet the demands of the types of large-scale systems that are being constructed today’s and will continue to be constructed well into the next millenium. The UML tools of the next millenium will need to treat object model scalability as a major requirement and provide the robustness to construct, manage and visualize large-scale enterprise encompassing software systems.

1.3.4 Limitations of existing UML tools in handling visualization, querying and navigation of object models. 

1.3.4.1 Visualization

One of the most limiting factors of the UML graphical notation is the fact that it does not scale well trying to visualize a signifacant portion of an entire object-oriented system {59}. Most of the graphical elements defined in UML require a significant amount of computer screen space to display, thus limiting the number of elements that can be visualized on a typical graphics display at one time. Given the fact that even today people are building object-oriented systems that are comprised of thousands of UML elements, today’s UML tools do not greatly enhance the productivity for users constructing large systems. Today’s tools were not designed to accommodate systems of this magnitude, but were instead built to apply the graphical notation of the UML.  The visualization limitations of today’s UML tools can best be summarized by the fact that these tools directly apply the UML graphical notation and use the notation as the primary information visualization technique in which to view UML object models. Given the fact that the graphical notation strives for syntactic completeness at the expense of visual brevity, it becomes readily apparent that other information visualization techniques may be better suited for visualizing UML scenes that contain a large number of UML elements.

1.3.4.2 Navigation and Querying

Navigation and querying can be combined into one topic since they are typically used in conjunction. Developers navigate a UML object in order to make modifications to particular elements contained within the model such as diagrams, classes, methods, attributes and associations. Today’s tools typically provide a number of different ways in which to list the elements of a UML model in a particular type of window control (hierarchical tree control, list control, etc.). Once the elements have been arranged within the control, navigation to a particular element is achieved by clicking on the element in the control with the mouse pointer. The number of elements listed in the control is directly related to the number of elements contained within the object model, which quickly becomes unwieldy when building object software using any commercially available object oriented framework (JDK, MFC, etc.). For example the JDK v1.1 {52} has in excess of twenty thousand UML elements (packages, classes, methods, operations, and associations). 

1.3.4.3 Extensibility

Good software development tools not only address specific features, but also provide ways in which to extend the tool so that the tool can be used in ways that the tool developer had never imagined. Current UML tools provide varying levels of support to manipulate and extend the information stored in the UML object models, from read only reporting capabilities, to read/write model element manipulation and some {39} provide support for programatically creating the various types of UML diagrams. Where most of these tools fall short in terms of extensibility are methods in which to extend the diagram display canvas’s and provide methods in which to alter the default element rendering, layout and additionally enable the tools to display new types of elements. As was stated previously, the tools of today are using a literal interpretation of the UML and make no real attempts to provide more general purpose meta-tool type features, which would provide academicians, experimenters and other tool developers ways in which to extend the visualization capabilities these tools.

1.3.5 New approach to visualization, querying and navigating UML models.

1.3.5.1 Visualization

The graphics portion of the tool will focus on creating large scale visualizations on demand by applying existing data visualization techniques such as hyperbolic geometry {69, 61}, cone-trees {57}, and tree-maps {65} and various home grown adaptations of existing visualization techniques to UML object models.

1.3.5.2 Navigation and Query

The query language defined within the tool will be based on an LALR grammar {53} and will provide the user with the ability to create ad-hoc queries that can be executed against a loaded Rose {39} object model, after the query is executed a scene will be rendered matching the input criteria of the query.  Scene population is just one usage of the query language; the query language will also be used to modify the visual properties of scene elements. Support for navigation within the tool is provided in a number of different ways including scene traversal and various context menu user gestures.


Scene traversal is the ability to quickly render the next and previous by hitting the forward and back buttons on the toolbar similar to the way in which web browsers maintain a cache of previous and next web pages. A circular queue of scenes is maintianed by the tool which enables near instaneous scene rendering of a scene from the queue.


Context menus on each scene element will provide the ability to perfrom a user gesture that takes the highlighted element as input. Examples of context menu gestures are open and elements UML spefication, browse the source code for the an element such as a class, render other types of scenes given the highlighted element as input to the next scene for example: show child and parent classes for the selected classes.

1.3.5.3 Extensibility

For this project an extensible object-oriented modeling tool supporting the UML will be used to accomplish the goals for this project. Rational Rose {39} provides an extensible application-programming interface for the construction of component-based tools. Using Rose’s Extensibility Interface, developers can extend the core functionality by constructing new Rose add-ins that seamlessly plug into the Rose shell. 

Using an existing C++ framework of graphics objects (such as cubes, sphere and rods.), graph layout and data visualization algorithms will be constructed during the course of this dissertation.  The framework will be refined and extended in a manner consistent with modifying any C++ framework. For example, when a new graphics object class is needed, the new class will inherit from one of the graphics object classes already defined in the graphics object class hierarchy.

1.4 
Elements, hypotheses, theories, or research questions to be answered.

This dissertation will provide insight into how the application of information visualization techniques can aid in the construction, understanding and maintenance of object oriented systems. The study will provide answers to the following hypotheses:


What are the limitations of visualizing object software using today’s tools?


Does the application of information visualization techniques to object software benefit object software understanding? 


Is the productivity of object software development affected by the introduction of information visualization techniques?


In what phase of the life-cycle (Design, Development, Maintenance, Bug Detection) can object model information visualization be applied?

1.5 
Usage Senarios

1.5.1 Visualizing 

1.5.1.1 Architect views architectural dependencies of entire system.

1.5.1.2 Developer visualizes impact of interface refactoring.

1.5.2 Navigation

1.5.3 Querying

1.5.3.1 Developer Initializes Private Workspace

1.5.3.2 Project Manager Examnines Project Metrics

Since a UML object model can contain many of the artifacts associated with a software project, project managers may begin to focus attention on the object model as a tool for obtaining project status on various parts of the system. For example with some relatively simple queries a project manager could examine the rate of change of various parts of a system and monitor the rate of changes of the project artifacts (UML elements) associated with a particular project task or requirement.  Monitoring the object model’s entry into steady state could indicate that the system was approaching a quality level suitable for shipment to customers.

1.6 
Limitations and and delimtations of the study.

1.7 
Defintion of terms


Reactive Display - A display that reacts in real-time to reflect the user input.


Scientific Visualization is a process that allows scientists to comprehend large data collections by exploiting the human perceptual system. The usage of animation and visualization stimulates the cognitive recognition of patterns contained within the data being visualized.


Graph - A graph G with n vertices and m edges consists of a vertex set V(G) = {v1,…,vn} and an edge set E(G)={e1,…,em}, where each edge consists of two vertices called its endpoints {103}.

1.8 
Summary

2 Review of the Literature

2.1 
Historical overview of the theory and research literature

2.1.1 Software Visualization 

2.1.1.1 What is software visualization?

Software visualization is concerned with the visualization of the artifacts that comprise a computer program. These artifacts include source code, algorithms, source files, data structures and classes. {79} defines software visualization as the use of typography, graphic design, animation, cinematography and computer graphics coupled with modern human-computer interaction techniques to facilitate the understanding of computer programs. The field of software visualization is quite diverse and can be confusing when looking at the broad array of literature on the subject {80}. Young in {80} provides and excellent list of references to the various definitions of software visualization. 

2.1.1.2 Role playing in software visualization

While looking at the various systems available to visualize software, one may encounter a number of different roles {79} played by the actors participating in the software visualization use cases.


Programmer is the person who wrote the original code for the system that will be visualized, usually without a priori knowledge that the code was going to be visualized. 


Software developer authors the software tools necessary to enable software visualization.


Animator or visualizer is the person that constructs the visualization using the original program source code and the software visualization tool. 


Viewer or user can use the software visualization created by the animator. 

These roles played the actors in the system could of course all be combined which is more than likely the situation when taking about animator and viewer, since both use the software visualization tool.

2.1.1.3 Taxonomies of Software Visualization

A number of different authors {66,81,82} provide taxonomies of software visualization systems and each has its merits. The fist and perhaps best known taxonomy was done by Myers in {82}, Myers classifies nineteen different software visualization systems (called PV or program visualization in his paper) along two axes: level of abstraction and level of display animation.  Myers taxonomy results in a 2x3 grid like the example depicted in Table 2 - Myers Taxonomy. It is also worth mentioning that many of the systems that Myers classified fell into multiple cells within the grid. 


Show Code
Show Data
Show Algorithms

Static
A, B, C
A


Dynamic
D
E, F
G






Table 2 - Myers Taxonomy

Roman and Cox {66} define program visualization to be the mapping from computer programs to a graphical representation.  The taxonomy that they define identifies four axes in which to classify program visualization systems: scope, abstraction, specification method and technique.  

The software visualization taxonomy derived in {81} yields a multi-level n-ary tree structure containing six top level categories and a number of sub-categories defined within each top level category. The taxonomy was designing to allow the inclusion of new categories and sub-categories without having to modify the original design of the tree. The top level categories include scope, context, form, method, interaction and effectiveness. Using the taxonomy derived in {81} the authors classify twelve different software visualization systems, the result is a number of tables (one for each top level category) that has a row for each system classified and the columns correspond to each leaf node of the tree in the hierarchy. 

After reviewing the various software visualization taxonomies it is apparent that there is only a small number of tools that support object software visualization {66, 81, 82}. The taxonomy described in {81} had only two tools that supported object-oriented languages and these languages were C++ and object Pascal.

2.1.1.4 Object Software Visualization

Object-oriented software systems have two inherently different views, a static structural view embodied in the source code which contains the class declarations, class relations, class attributes and class methods and a dynamic or execution view of the software which is characterized by the communication of the objects created and the messages sent between objects during an execution scenario of the software system {2,34,37,103}. Both of the views are important when trying to comprehend an object-oriented system such as a class library, framework or and application. 

2.1.2  Software Visualization Systems

2.1.2.1 VisualLinda

VisualLinda {84} is a three dimensional framework and visualization tool for debugging parallel Linda {90} programs. VisualLinda’s usage of the third dimension provides for the display of a much larger number of processes than a conventional two-dimensional algorithm animation tool.

2.1.2.2 GeoSpace

GeoSpace {85} is a reactive interface display system for examining complex information spaces. An information seeking dialogue was adopted as the primary user interaction model to provide for a more comprehensible manner in which to navigate information spaces. 

2.1.2.3 PLUM

PLUM {58} is a framework for the interactive display of program information using three dimensions. The objects in this framework fit into three categories, display, layout and presentation. The display objects are those which are visible within the and include: scene data objects, arc objects and light objects. Secondly, a scene can be arranged using a layout service (the author also provides a taxonomy of layout algorithms), which can take the form of a tiled 3D tree a time sequence or a plain tree. Thirdly a scene is constructed with both a presentation style and a layout service. The author mentions some practical limitations of the tool (PLUM) amounting to about 50,000 total objects and the simultaneous display of approximately 100 objects.

2.1.2.4 VANISH

VANISH {67} (visualizing and navigating information structured hierarchically) is a programming visualization environment consisting of a tool-kit and programming language called VaPL. The VANISH system provides users with the ability to quickly create arbitrary data visualizations by using the VaPL language which maps semantic information domains to visual domains.

2.1.2.5 IVEE

IVEE {95} the Information Visualization & Exploration Environment is a system for automatically creating dynamic query applications. The system takes a database relation as an input and from this creates an environment holding visualizations and query widgets. In order to construct the environment the data from the database relation is examined and classified by data type (integer, string, real, boolean) and size (range of values for an attribute), the system then selects and appropriate widget to display the data.

2.1.2.6 VOGUE

VOGUE {100} (Visualization Oriented Generic User Interface Environment) is a three-dimensional visualization framework that can be applied to a variety of software and scientific visualization problems. The tool was developed to compare the effectiveness of using 3D visualization to the traditional approaches. Koike {100} also explains the how the human visual system can process many pieces of information in parallel, and how 3D visualization can exploit this feature.

2.1.2.7 SaTellite

SaTellite {87} is a hypermedia visualization and navigation system that is based on the concept of object affinity. The tool provides a two-dimensional map of the objects within the hypermedia environment where the objects that are closer together have a greater affinity than objects located further apart. Using the affinity concept, the presentation technique of the tool does not require that the edges between graph nodes (links) be drawn on the scene. In essence the tool maps object affinity to the distance between objects in the displayed view so that objects that are related (have a corresponding edge) are drawn closer in proximity. 

2.1.3 Information Visualization Techniques

Flatlands are the name that Tufte {49} uses to describe the two-dimensional representation of information on paper and computer screens. Tufte  describes the process of information visualization as:

“Escaping the flatland is the essential task of envisioning information- for all the interesting worlds (physical, biological, imaginary, human) that we seek to understand and inevitably and happily multivariate in nature. Not flatlands.”
2.1.3.1 Hyperbolic Tree Layout in Two Dimensions  (H2)

Two-dimensional Layout in the hyperbolic plane described in {68} combines a fisheye focus-context technique {73} with hyperbolic geometry {69,70} providing an innovative (patented) approach for displaying and navigating large hierarchical structure in a limited amount of screen space. This technique pioneered by the authors at XEROX-PARC, lays out a hierarchy of objects in a uniform way on a hyperbolic plane and then maps the hyperbolic plane onto a unit disk region on the computer screen.

2.1.3.2 Hyperbolic Tree Layout in Three Dimensions (H3)

Three-dimensional hyperbolic layout takes advantage of the fact that the volume of hyperbolic 3-space increase exponentially in contrast to the geometric increase in volume attained in euclidian 3-space. The layout technique described in {83} derives a hyperbolic 3-space layout algorithm and reports on the success encountered when applying this technique on large hierarchies, at least one of which contained upwards of 20,000 nodes.

2.1.3.3 Movable Filter

Magic Lens filters {51} are a user interface tool which combine an arbitrarily shaped region with a display operator. The image rendered beneath the lens changes the view of the objects beneath the lens to correspond to the properties associated with the operator. The magic lens works by reading the data in the region beneath the lens and then creates a new rendering of the data based upon the lens viewing operation, finally the new rendering is displayed back within the boundaries of the viewing region.

2.1.3.4 Dynamic Query and Movable Filter

In {47} the authors describe a mechanism, dynamic queries coupled with movable filters {51}, which are associated with a user query and results in a transparent colored viewing pane which can be directly manipulated on a viewing surface containing a graphical representation of data. Multiple viewing panes can then be overlapped and the data underneath is rendered according to the semantics of the query. This project is also part of the Magic  Lenses project at XEROX-PARC.

2.1.3.5 Multiple Hierarchical Views

The authors in {86} approach the problem of visualizing large information hierarchies by allowing users to create multiple views of the hierarchical information, since extremely large hierarchical graphs can be difficult to comprehend and navigate. By creating multiple hierarchical views each based upon a different perspective of the underlying information, the user is better enabled to comprehend the information presented.

2.1.3.6 Cone Trees

The cone tree {57} approach to laying out hierarchical data in three dimensions arranges the nodes of the tree so that the child nodes of any parent node form a cone. The cone tree approach gives the perception of displaying more information on the scene since some information can only be made visible by rotating the scene.

2.1.3.7 Tree Maps

Furnas’s seminal work on the use of tree-maps in {65} represents tree structures in a 2 dimensional space. Tree-maps are used to visualize large, complex tree structures in two dimensions. A tree-map is constructed by representing each node of a tree structure as a rectangle whose area is proportional to some attribute of the node such as size. 

2.1.3.8 Directed Graphs

Probably the most studied problem in computer science is the visualization, drawing and automatic layout of graphs {72}. Data contained within the UML {37} meta-model is intrinsically a graph structure so it follows that a number of UML diagrams (class, component, use case) can be displayed and organized using any of the wide variety of graph layout techniques. The main disadvantage of these types of visualizations is that the information tends to become incomprehensible as the number of graph nodes exceeds a certain threshold.

2.1.3.9 Interactive Graph Layout

Providing aesthetic layouts of large graphs has a subjective quality and usually entails the user tweaking the arranged graph after the layout algorithm has been run. Henry’s  approach in {101} involves the end-user in the graph layout process by providing an  architecture that supports three types of custom graph layouts: interactive decomposition, user specified layout algorithms and parameterized layout algorithms. 

2.1.3.10 Fish-eye Views

A fisheye lens is a wide angle lens which shows things nearby in great detail and shows things in lessening detail the further the object is from the lens. The seminal work in fisheye views was presented by Furnas in {94} and later extended in {73} to provide for graphical interpretations of the fisheye views by introducing layout considerations. In Furnas’s original work an item was either shown in complete detail in the fisheye view or was completely absent from the view.  The layout considerations introduced by Sarkar & Brown compute and objects position, size and level of detail based upon client-specified functions of an objects distance from the focus and the objects importance to the overall structure.

2.1.3.11 Fractal Views

Fractal views {88} are a technique used to visualize large hierarchies by taking advantage of a fractal’s geometric property of self-similarity. Fractal views are similar conceptually to fisheye views and are used to solve the following three information visualization requirements simultaneously:


Details near a focal node and only important landmarks should be displayed 


The total amount of display information should be kept constant regardless of the point of focus 


The total amount of display information should be configurable

Rubber Sheets

The metaphor of a rubber sheet discussed in {96} proposes to lay items onto a virtual rubber sheet and then enable the stretching of the sheet to exaggarate or distort those items contained with the stretch window of the sheet. A stretch is accomplished by placing “handles” on the scene which are used to perform the scene stretching. The streteched area is then shown in a greater degree of detail and provides a uniform scaling of the ietms contained with the stretch area.

2.1.4 Object Software Methods

Software methodologies both formal and informal have played a part in the development of software systems since the computer industry started back in the 1950’s. The history of software methods started with the seminal work in functional decomposition moved on to structured analysis and design and has culminated (albeit with many more stops along the way) with today’s leading object software notation the UML. A software methodology is a collection of terminology, idioms and processes, which facilitates the construction of software during one or more phases of the software lifecycle. {78} provides a more thorough examination of the various software methodologies.

2.2 
The theory and research literature specific to the topic

2.3 
Summary of what is known and unknown about the topic

2.4 The contribution this study will make to the field

As object software systems continue to grow in size and complexity, the 

need for the application information visualization techniques will continue to play an ever increasing role of importance in the design and construction of software. This study will provide insight into how the application of a reactive visualization tool used in collaboration with a UML object model, can aid in the construction, comprehension and maintenance of large-scale object oriented systems.

3 Methodology

3.1 
Research Methods Employed

The dissertation will focus on constructing a reactive visualization tool for exploring UML object models by first defining the requirements and uses cases for such a tool and then by constructing a prototype that satisfies the defined requirements. The tool itself is aimed at providng a solution to the problems encountered when trying to build and maintain large-scale UML object models.

3.1.1 UML Visualization Tool Requirements 

Alternative visualization techniques like cone-trees {57}, the SeeSoft code display {60}, 3D trees, tree-maps {65} and hyperbolic geometry {69, 61} will need to be applied or new techniques devised in order to allow users to visualize hundreds of UML elements at a time and still retain the important semantic information associated with a UML diagram. For example, UML represents class inheritance as an oblique line from the child class to the parent class. The semantics of the parent child relation are important to the user and need to be retained while still enabling the user to visualize hundreds of parent child relations on a single screen.

Secondly, by defining a query language for the UML and coupling the query language with the visualization techniques described above, user productivity will be greatly enhanced. Productivity increases are realized when a user creates visualization on demand (VODS). Visualization on demand provides the user with the capability of viewing exactly what is important at a moment in time, without having to create the visualization manually. For example if the user was working in a mixed language (C++ and Java) model and wanted to display only the Java interfaces, the user would type in the following query: 

  get classes where assignedlanguage = “Java” and stereotype = “Interface”;

The resultant scene would be populated with all the classes matching the criteria and be automatically arranged according to the default visualization style (2D tree layout, 3D-tree cone-tree, tree-map, hyperbolic tree, etc.). The user could then choose to change the current visualization scheme, which would render the scene appropriately.

Lastly, a user should be able to quickly alter the visual properties of elements contained in a scene based upon an elements intrinsic UML property. This would allow the user to quickly uncover information about the object-system by immediately applying visual cues to the scene based upon a user query. Suppose, the user currently displays a five hundred-class inheritance hierarchy rendered as a typical tree structure {56}. In order to find all the Java language classes with the final modifier set on the class the user could apply a visual cue to the scene by typing in the following query: 



set classes to color=(255,0,0), intensity=100, where assignedlanguage=”Java” and property.Java.Final = "True";

The result of this visual cue would be to alter all classes matching the criteria by setting their color to red (255,0,0) and their intensity to 100.

Another example of applying a visual cue to a scene would be to use the same five hundred class tree structure depicted in the previous example, but this time highlighting all the singleton {32} patterns contained within the scene by applying a texture to those classes that participate in a singleton design pattern. By invoking the query:


set classes to texture=”treebark”  where property.PatternTool.PatternType = "Singleton";

the treebark texture would be applied to those elements matching the UML extensible property PatternTool.PatternType = “Singleton”.

3.1.2 High Level Tool Design

 The tool will be constructed as an addin to Rational Rose {39} and contain a framework of C++ classes consisting of the following high level physical packages:

Interface - This package contains the main program as well as the high-level interfaces that communicate with the Rational Rose tool

Draw – This package contains the hierarchy of graphical elements that correspond to UML elements such as classes and relations that can be displayed on a scene. The package also contains the various scene viewers.

Layouts – This package contains a hierarchy of directed graph layout algorithms for drawing the scenes.

Query – This package contains the query engine and YACC grammar for the UML query language.

Common – This package contains various helper classes and the Rational Rose {39} type library.

3dPlus – This package contains the 3dPlus {43} C++ framework for building and managing Direct3D scenes.

3.2 
Reactive Display Overview

Figure 1 depicts one of the prototype visualizations (modified hyperbolic 2D tree). It consists of a 3D viewport display surface which can be opened, zoomed and panned and contains a prompt for entering queries. The viewer has been custom built in C++ using a combination of MFC, the 3dPlus-library {43} and the Microsoft Direct3D SDK. Scenes are constructed in one of two ways. The first is by typing in a query and then hitting the return key and the second way is to invoke one of the object context menu choices applicable to new scene construction. The second method constructs a query with the selected object used as input. Once a query has been constructed in one of these two ways, the query engine then processes the query and places the resultant UML elements on the viewport using the default hierarchical layout technique {56, 57}. Once a scene is constructed other scenes can be rendered from the currently displayed scene by highlighting an element on the scene and selecting that elements context menu. The context menu for each scene element will vary and may provide additional scenes that can be immediately rendered from the existing scene. This feature provides both navigation and dynamic visual querying. For example the context menu for a class element could have options to show parent, child or associated classes which would in turn render the corresponding scene. Additionally the context menus for each element contain functions to activate the element specification, browse the language source code as well as other useful user gestures that have yet to be determined
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Figure 1
3.3 Reactive Display Usage

The reactive display shown in Figure 2 is divided into four distinct areaes, the first area located at the top of the window is used for either typing in a new query or selecting an existing  query stored in the query cache (much in the same way in which todays web browers store a list of previously selected web sites for quick access). Located below the query entry is an area dedicated to displaying the status of interesting things as one flys over various elements on the scene with the mouse. This area will be utilized to display a configurable selection of UML properties pertaining to the target element (element under the mouse pointer). For example as shown in Figure 2, the tool displays the fully qualified UML element name and the x,y and z coordinates of the target element. Located below the status area we have two toolbars one toolbar contains the various layout styles that can be applied to the scene, and the second toolbar has a number of different buttons that provide for manipulation and navigation of the currently renderered scenes, more about toolbars in the section below on toolbars. The last area two areas of the reactive display window are the portion of the window dedicated to the actual reactive display viewport and beneath the viewport is the reactive display legend which maintains a list of visual cues that have been applied to the current scene.

3.3.1 Layout Toolbar

The layout toolbar currently consists of 4 layout styles and three global layouts. From left to right :


Modified hyperbolic layout based on a simplification of the layout found in {68}.


 Single Inheritance layout  that is drawn by orgainzing the rank of the element in a top to bottom fashion. A rank of 0 indicates that the element has no parent nodes and is drawn at the top of the scene.


User defined callback layout. 


Same as the single inheritance layout, but with the arcs indicating lineage removed from the scene.


Global use case view. Contains all the packages in the use case view and represents the packages as large spheres organized by rank. The use cases and classes that reside within the parent package surround each package sphere.


Global logical view. Contains all the packages in the logical view and represents the packages as large spheres organized by rank. The  classes that reside within the parent package surround each package sphere.


Global component view layout. Contains all the packages in the component view and represents the packages as large spheres organized by rank. The  components that reside within the parent package surround each package sphere. The classes that reside within each component form another ring that surrounds ring of parent components. 

3.3.2 Navigation Toolbar

3.3.3 Mouse Gestures


Right Mouse Click - Displays the context menu for the selected scene object. The context menu contains choices to open the specification associated with the object as well as menu options to create new scenes based upon the selected item as input to the new scene. 


Fly Over Scene Element – A scene visualizer will have the option to configure the UML properties that should be displayed in the status area as the mouse is flown over a particualr element. The displayed properties will be configured on a per element basis and the default is to display the fully qualified element name.


Mouse Wheel Up/Down – Scrolls the scene elements towards the top and bottom of the screen respectively.


Mouse Wheel Up/Down + CTRL - Pans the scene camera left and right.


the scene left and right.


Mouse Wheel Up/Down + SHIFT – Pans the scene camera in and out respectively.


Right Mouse Double Click - Undefined


Left Mouse Click – Undefined


Left Mouse Double Click - Undefined
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Figure 2 shows the usage of another type of visualization that depicts the entire Logical View layout of the object model. The large spheres represent the logical packages and the smaller spheres represent the classes contained with the logical package. The logical package are also arranged from top to bottom in the order that they they appear heiracrarchically in the logical view. Also displayed within the scene is a visual cue representing all classes that inherit from the class Exception, these classes are displayed in the color (233,0,0) which is a variation of red. The bottom portion of display contains a legend representing all the visusal cues applied to the scene.

3.4 
Freshlook Query Language and Engine 

3.5 Specific procedures to be employed

Duing the course of constrcuting of the reactive visuzalition tool and query engine we will compare the output of various large-scale visualizations to those of a typical UML modelling tool Rational Rose. During the comparitive analysis of Freshlook to Rational Rose the resulting tables will be constrcuted to compare and contrast the number of user interface gestures required to construct similar visualuzations as well as a series of juxtaposed visualizations that depict the output of an individual experiment on each of the tool’s display surfaces.

3.6 Formats for presenting results

Experiments:

All classes in java.lang

All classes in jdk 1.1.6

Show Parents

Show Associates

Show All Relaitives

Traversal between visualizations (slide show like)

Finding any type of Information using a sematnic query.

Creating a new visualization based upon a semantic query

Extensibility tests (new layouts, new shapes, )

3.7 Projected outcomes

3.8 
Resource requirements

* Rational Rose and the Rational Rose Extensibility Interface.

* Microsoft Developer's Studio C++ v5.0 or above.

* Microsoft DirectDraw3D Interface.

* Microsoft Windows NT Operating System.

* Visual Parse++ v2.1

3.9 
Reliability and validity

3.10 
Summary

This dissertation will address some of the scalability problems encountered when constructing large-scale UML object models. The tools created as a result of this dissertation will provide the new ways in which to explore UML object modelsResources

4 Appendix

5 VOQL Grammar

// UML Query Grammar

// All Rights Reserved Drew Frantz 1997-2001

%macro

{EXPONENT}




'(([eE][\+\-]?[0-9]+)?)';

{DIGIT}





'[0-9]';

{HEXDIGIT}




'[A-Fa-f0-9]';

{OCTDIGIT}




'[0-7]';

{UNICODE_CHARACTER}


'\\u{HEXDIGIT}{HEXDIGIT}{HEXDIGIT}{HEXDIGIT}';

{WhiteSpace}



'[ \t\r\n\f]+';

{NotWhiteSpace}



'[^ \t\r\n\f]';

{fltsuf}



'(([lL]|[fF]|[dD])?)';

%expression Main

'[ \t\n\f]+' 




%ignore;

'[A-Za-zÄ-ö_$][A-Za-zÄ-ö_$0-9]*'
Identifier,

 'Identifier';

'[1-9]{DIGIT}*[Ll]?'




DecimalNumeral,

'DecimalNumeral';

'0[Xx]{HEXDIGIT}+[Ll]?'



HexNumeral,


'HexNumeral';

'0{OCTDIGIT}*[Ll]?'




OctalNumeral,

'OctalNumeral';

'[0-9]+\.[0-9]*{EXPONENT}{fltsuf}'
 Float0,     'FLOATINGconstant0';

'[0-9]*\.[0-9]+{EXPONENT}{fltsuf}'  Float1,
 'FLOATINGconstant1';

'[0-9]+[eE][0-9]+{fltsuf}'
 Float2,
 'FLOATINGconstant2';

'[0-9]+{fltsuf}'

 Float3,
 'FLOATINGconstant3';

// Character Strings

'''(([^'',\\,\n,\r])|\,|(\\([n,t,b,r,f,\\,'',\",0]))|{UNICODE_CHARACTER})''', CChar,      'CHARACTERconstant';

'L?\"'



STRINGstart,
'STRINGstart', %push StringLiteral;

//======== Comments =========================================

'/\*'           


%ignore,    %push MLComment;

'//'            


%ignore,    %push SLComment;

//=========== Separator ==================================

'\['            


OBrack,     '[';

'\]'


            CBrack,     ']';

'\('            


OParen,     '(';

'\)'


            CParen,     ')';

'\{'           



OCurly,     '{';

'\}'


            CCurly,     '}';

','






Comma,      ',';

'='






Assign,     '=';

';'             


SemiColon,  ';';

'\.'             


Dot,

'.';

'\*'            


Star,       '*';

':'






Colon,      ':';

'\?'            


QMark,      '?';

'\+'





Plus,

'+';

'\-'





Minus,

'-';

'&'






BitAnd

'&';

'\^'





Circumflex, '^';

'>'






GreaterThan, '>';

'<'






LessThan, '<';

'/'             


Div,        '/';

'%'             


Mod,        '%';

'\|'            


Or,         '|';

'!'






Bang,  '!';

'~'






Tilde,  '~';

//=============== Operators ============================

'>>='


SHIFT_RIGHT_EQUALS,


'>>=';

'>>>='


FILL_SHIFT_RIGHT_EQUALS,
'>>>=';

'<<='


SHIFT_LEFT_EQUALS,


'<<=';

'\+='


ADD_EQUALS,




'+=';

'\-='


SUB_EQUALS,




'-=';

'\*='


MUL_EQUALS,




'*=';

'/='


DIV_EQUALS,




'/=';

'%='


MOD_EQUALS,




'%=';

'&='


AND_EQUALS,




'&=';

'\^='


XOR_EQUALS,




'^=';

'\|='


OR_EQUALS,




'|=';

'>>'


BITSHIFT_RIGHT,



'>>';

'>>>'


FILL_SHIFT_RIGHT,


'>>>';

'<<'


SHIFT_LEFT,




'<<';

'\+\+'


INCR,





'++';

'\-\-'


DECR,





'--';

'&&'


AND,





'&&';

'\|\|'


OR,






'||';

'<='


LTEQ,





'<=';

'>='


GTEQ,





'>=';

'=='


EQUAL_COMPARE,



'==';

'!='


NOT_EQUAL,




'!=';

// get classes where name = "  ";

// get classes where Property.Tool.Foo = "  ";

// get classes where Property.Java.Framework = "JDK";

// ================================ Keywords ============================

'get'





GET,




'GET';

'and'





ANDTOKEN,




'ANDTOKEN';

'or'





ORTOKEN,





'ORTOKEN';

'like'





LIKE,




        'LIKE';

'contains'

CONTAINS,



'CONTAINS';

'where'





WHERE,




'WHERE';

'set'





SET,




'SET';

'to'





TO,



'TO';

// Item properties

'name'





NAME,




'NAME';

'qualifiedname'

 

QUALIFIEDNAME,


'QUALIFIEDNAME';

'property' 




PROPERTY,



'PROPERTY';

'stereotype'



STEREOTYPE,



'STEREOTYPE';

// Class properties

'assignedlanguage'


ASSIGNEDLANGUAGE,

'ASSIGNEDLANGUAGE';

// Collections

'classes'




CLASSES,



'CLASSES';

'components'



COMPONENTS,



'COMPONENTS';

'associations'



ASSOCIATIONS,


'ASSOCIATIONS';

'inherits'




INHERITS,



'INHERITS';

'realizes'




REALIZES,



'REALIZES';

'operations'



OPERATIONS,



'OPERATIONS';

'attributes'



ATTRIBUTES,



'ATTRIBUTES';

'nestedclasses'



NESTEDCLASSES,


'NESTEDCLASSES';

// Visual

'color'





COLOR,




'COLOR';

'intensity'




INTENSITY,


  
'INTENSITY';

'shape'





SHAPE,




'SHAPE';

'texture'




TEXTURE,



'TEXTURE';

// Viewport Commands

//'clear'




CLEAR,



'CLEAR';

//'zin'




ZIN,



'ZIN';

//'zout'




ZOUT, 



'ZOUT';

//'rotate'

 

ROTATE,



'ROTATE';

//-----------------------------------------------------------

// Multiline comment

//---------------------------------------------------------

%expression MLComment

'.'             


%ignore;

'\n'


            %ignore;

'\*/'           


%ignore,    %pop;

//-------------------------------------------------------

// Singleline comment

//-------------------------------------------------------

%expression SLComment

'.'             


%ignore;

'\n'            


%ignore,    %pop;

//------------------------------------------------------

// Documentation comment

//------------------------------------------------------------------------

%expression BeginDocComment

'([^\*])*\*(\*|([^\*/]([^\*])*\*))*/'  TheDocComment, 'TheDocComment', %pop;

//-----------------------------------------------------

// String literal

//-----------------------------------------------------------

%expression StringLiteral

'([^\n"]*(\\\")?[^\n"]*)+'
STRINGliteral, 
'STRINGliteral';

'\"'




STRINGend,
'STRINGend', %pop;

//------------------------------------------------------------

// Productions

%production Goal

GoalUnit


Goal 
-> StatementList ;

StatementList0


StatementList -> Statement;

StatementList1


StatementList -> StatementList Statement;

Statement0


Statement -> GetStatement ';' ;

Statement1


Statement -> SetStatement ';' ;

GetStatement0


GetStatement -> GET ItemCollection WhereClause;

GetStatementClasses


GetStatement -> GET CLASSES ClassWhereClause;

SetStatement0


SetStatement -> SET ItemCollection SetClause WhereClause;

SetStatement1


SetStatement -> SET CLASSES SetClause ClassWhereClause;

//set classes to shape=cube, color=(1,2,3),intensity=7, texture="pattern" Where....

SetClause0


SetClause -> TO SetClauseCommandList ;

SetClauseCommandList0


SetClauseCommandList -> SetClauseCommand;

SetClauseCommandList1


SetClauseCommandList -> SetClauseCommandList ',' SetClauseCommand ;

SetClauseCommand0


SetClauseCommand -> SHAPE '=' StringLiteral ;

SetClauseCommand1


SetClauseCommand -> COLOR '=' '(' FloatingPointLiteral ',' FloatingPointLiteral ',' FloatingPointLiteral ')';

SetClauseCommand2


SetClauseCommand -> INTENSITY '=' FloatingPointLiteral ;

SetClauseCommand3


SetClauseCommand -> TEXTURE '=' StringLiteral;

ItemCollection1


ItemCollection -> COMPONENTS;

ItemCollection2


ItemCollection -> INHERITS;

ItemCollection3


ItemCollection -> REALIZES;

ItemCollection4


ItemCollection -> ASSOCIATIONS;

ItemCollection5


ItemCollection -> OPERATIONS;

ItemCollection6


ItemCollection -> ATTRIBUTES;

FloatingPointLiteral0


FloatingPointLiteral -> 'FLOATINGconstant0';

FloatingPointLiteral1


FloatingPointLiteral -> 'FLOATINGconstant1';

FloatingPointLiteral2


FloatingPointLiteral -> 'FLOATINGconstant2';

FloatingPointLiteral3


FloatingPointLiteral -> 'FLOATINGconstant3';

StringLiteral0


StringLiteral
-> 'STRINGstart' 'STRINGliteral' 'STRINGend';

StringLiteral1


StringLiteral
-> 'STRINGstart' 'STRINGend';

// Names

/*Name0


Name -> SimpleName;

Name1


Name -> QualifiedName;

SimpleName0


SimpleName -> Identifier ;

QualifiedName0


QualifiedName -> Name '.' Identifier;

*/

//////////////////////////////////////////////////////////////

WhereClause0


WhereClause -> ;

WhereClause1


WhereClause -> WHERE Predicate;

Predicate0


Predicate -> Condition;

Predicate1


Predicate -> Condition ANDTOKEN Predicate;

Predicate2


Predicate -> Condition ORTOKEN Predicate;

Predicate3


Predicate -> '(' Predicate ')' ;

Condition0


Condition -> Expression;

Expression0


Expression -> NAME Operator StringLiteral;

Expression1


Expression -> PROPERTY '.' Identifier '.' Identifier Operator StringLiteral;

Expression2


Expression -> STEREOTYPE Operator StringLiteral;

Expression3


Expression -> QUALIFIEDNAME Operator StringLiteral;

///////////////////////////////////////////////////////////

ClassWhereClause0


ClassWhereClause -> ;

ClassWhereClause1


ClassWhereClause -> WHERE ClassPredicate;

ClassPredicate0


ClassPredicate -> ClassCondition;

ClassPredicate1


ClassPredicate -> ClassCondition ANDTOKEN ClassPredicate;

ClassPredicate2


ClassPredicate -> ClassCondition ORTOKEN ClassPredicate;

ClassPredicate3


ClassPredicate -> '(' ClassPredicate ')' ;

ClassCondition0


ClassCondition -> ClassExpression;

ClassCondition1


ClassCondition -> Expression;

ClassExpression0


ClassExpression -> ASSIGNEDLANGUAGE Operator StringLiteral;

ClassExpression1


ClassExpression -> INHERITS CollectionOperator StringLiteral;

////////////////////////////////////////////////////////////////////////

Operator0


Operator -> Assign;

Operator1


Operator -> NOT_EQUAL;

Operator2


Operator -> LIKE;

////////////////////////////////////////////////////////////////////////

CollectionOperator0


CollectionOperator -> CONTAINS;

CollectionOperator1


CollectionOperator -> GreaterThan;

CollectionOperator2


CollectionOperator -> LessThan;

CollectionOperator3


CollectionOperator -> LTEQ;

CollectionOperator4


CollectionOperator -> GTEQ;

////////////////////////////////////////////////////////////////////////
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