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Abstract

This dissertation examines how the computer can aid the creative human endeavour which

is data visualization. That computers now critically aid many fields is apparent, as is

evidenced by the breadth of contemporary research on this topic.

Indeed, computers have contributed widely to the whole area of data comprehension,

both in performing extensive computations and in producing visual representations of the

results. Computers originally aided mathematicians who could both write the instructions

necessary to direct the computer and interpret the resulting numbers. Even though modern

computers include advanced graphical capabilities, many issues of access still remain: the

users of data visualization software systems may not be experts in any computer-related

field, yet they want to see visual representations of their data which allow them insight

into their problems. For example, today’s mathematicians who are generally expert in

exploiting computational opportunities for experimentation may lack similar experience in

opportunities for visual exploration.

Of particular concern is how a computer-aided visualization tool can be designed to sup-

port the user’s goal of obtaining insight. There are many visual representations for a given

set of data, and different people may obtain insight from different visual representations.

Selection of the “best” one for an individual can be exceedingly difficult, as the sheer number

of possible representations may be staggering. Current software designs either recognize the

possibility of overwhelming the individual and therefore employ some means of restricting

the choices that the user is allowed to make, or the designs focus on providing only the raw

materials necessary for constructing the representations, leaving the user unrestricted but

potentially unaided in searching out the desired representation.

The novel approach presented in this dissertation adapts a genetic algorithm to provide

a means for an individual to search alternative visual representations in a systematic and
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manageable way. Any visual representation is a combination of elements, each selected

from a different component. This approach encourages the individual’s creativity without

restricting available choices, and leaves the task of bookkeeping to the computer.

A computer-aided visualization system which is driven by the unique preferences of each

user has been developed. The efficacy of this system, cogito, is demonstrated through a

software user study. From an initial specification of components and elements, the system

provides a wide variety of visual representations. From within this range of available visual

representations, the user pursues the goal of achieving insight by applying personal criteria

for effectiveness to the iterative selection and evaluation of candidate representations.
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“In short, it seems worthwhile to avoid argument with (other) enthusiasts for artificial

intelligence by conceding dominance in the distant future of cerebration to machines alone.

There will nevertheless be a fairly long interim during which the main intellectual

advances will be made by men and computers working together in intimate association. A

multidisciplinary study group, examining future research and development problems of the

[United States] Air Force, estimated that it would be 1980 before developments in artificial

intelligence make it possible for machines alone to do much thinking or problem solving of

military significance. That would leave, say, five years to develop man-computer symbiosis

and fifteen years to use it. The fifteen may be ten or five hundred, but those years should

be intellectually the most creative and exciting in the history of mankind”

— Man-Computer Symbiosis

J. C. R. Licklider, 1960
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Chapter 1

Introduction

In the Commercial and Political Atlas [198] of 1786, William Playfair began the modern

use of graphics with his visualization of economic variables. Not only could these graphical

forms communicate ideas effectively, they also provided a previously unavailable means to

check the integrity of data.

Two centuries later, scientific visualization using computers has become commonplace.

Following the landmark 1987 Visualization in Scientific Computing report by McCormick et

al. [163], this field has emerged as a means to make vast quantities of data perceivable, and

ultimately understandable, through computer-graphical means. A wide array of problems

have been aided by these new visualization methods, ranging from the tangible thunderstorm

work described by Baker and Bushnell [8] to the abstract minimal surfaces of Callahan et

al. [30].

In the dozen years which have followed this report [163], scientific visualization has

moved beyond the purview of experts in computer graphics both with multidisciplinary

“Renaissance” teams [163] and accessible, powerful computational and visual tools.

Regardless of whether one programs directly with a graphics library, uses a turnkey

software system, or collaborates with a multidisciplinary team, the success of the visualiz-

ation is determined by the effectiveness of the resulting visual imagery. Yet “effectiveness”

is largely a subjective criterion whose application is related to each user’s own experience.

The design of a computer-aided tool, which supports the user in exploring new alternatives

in a systematic way, will be the focus of this dissertation.

1
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Figure 1.1: The famous “Nine Dots” insight problem [262]. The problem is to draw four
straight lines, without lifting pen from paper, so that each of the nine dots on the left is
crossed by a line. A solution is shown on the right.

1.1 Computers, Insight, and Interpretation

Visualization in scientific computing can trace its roots back to the beginnings of modern

computing. Even before the advent of computer graphics, numerical simulations were an

important tool for scientific insight. In the 1940’s, John von Neumann [256] wrote about the

potential for the use of computers in the study of differential equations. It is this potential

of the computer as an experimental tool which caused Richard Hamming [103] to write “the

purpose of computing is insight, not numbers” as the motto for his 1962 text, Numerical

Methods for Scientists and Engineers.

Insight can sometimes be elusive, especially when the subject matter is complex. There

are many examples of so-called “insight” problems, the solutions of which require unconven-

tional thinking. A quite famous example of this genre is the “Nine Dots” puzzle, illustrated

in Figure 1.1. Attempts to study the process by which people tackle such problems have

yielded lively debates, but as yet little agreement [60, 262].

History is filled with examples of creative thinkers who could go “outside the nine dots”

of their particular problems, by employing visual thinking unaided by computers. For

example, Einstein conducted a famous and well-documented [170] thought experiment in

which he visualized what it would be like to ride a wave of light.

Insight from images or numbers, when it occurs, comes through interpretation, which is

defined to be “the action of explaining the meaning of something” [190]. The derivation of

meaning is an important philosophical question, which has a long tradition in semiotics and
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hermeneutics. Semiotics is concerned with the function of signs, symbols, and interpretation.

It considers a person’s relationship with the object and its sign. Semioticians differ about

whether or not there is a direct connection between the person and the object (see Fiske [80]).

The derivation of meaning is also addressed by hermeneutics (see Palmer [185]), the study

of interpretation of texts. Within that community, there is a division between those for

whom meaning exists independently of the act of interpretation and those who contend

that meaning arises from a process in which the text, its production, and its interpretation

all play essential roles.

Of primary interest to the present work is the way in which meaning can be assigned

to pictures. Bertin [12] contends that figurative images, in which the meaning of any sign

is determined in relation to the other signs, are polysemic (several possible meanings);

and graphics, in which the unique meaning of each sign is specified through a legend, are

monosemic (one possible meaning). According to Bertin [12], “graphics owes its special

significance to its double function as a storage mechanism and a research instrument. A

rational and efficient tool when the properties of visual perception are competently utilized

[by the designer of the graphic], graphics is one of the major ‘languages’ applicable to in-

formation processing.” Of fundamental importance is Bertin’s work on codifying, through

visual variables, the expressive possibilities in two-dimensional graphs. Others have ex-

plored characterizations based on different criteria [15]. Ware [259] distinguished between

sensory and conventional aspects of communication, based on whether the processing is per-

ceptual. Bertin’s graphics employ sensory aspects and rely on a legend to fix conventional

meanings. Though Bertin contends that both graphics and mathematics are monosemic

systems, any articulation of the details surrounding a particular graphic will be, by neces-

sity, incomplete [269]. Furthermore, the objective view of mathematics is currently much

less prevalent, even amongst mathematicians [142].

Playfair [198] described how graphs give a lasting impression of the data which they

depict. Clark [43] has called this the “Eureka” effect, which may be so strong as to ob-

scure other interpretations of the data. Therefore, care must be taken to ensure that the

impression is based on an accurate and meaningful presentation of the data. Wainer [257]

discusses how an incomplete graph played a role in the failure to cancel the doomed flight of

the U.S. Space Shuttle Challenger. Those reading the graph did not see the complete set of

data – the graph was made for them by others. That images are very powerful is evidenced

by the acceptance of the proverb, “one picture is worth ten thousand words,” which still
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resonates even with people who know that it originated as an advertising slogan [110].

There is practically an infinite variety of visual representations for any set of data. Bertin

wrote that “to construct 100 DIFFERENT FIGURES from the same information requires

less imagination than patience. However, certain choices become compelling due to their

greater ‘efficiency.’ ” Bertin [12] and Larkin and Simon [144] define efficiency in terms of

the effort required to comprehend an image. Following the distinctions of Ware [259], there

are both sensory and conventional aspects of efficiency: sensory efficiency is maintained if

perceptual cues are used in standard ways, but conventional efficiency is maintained only if

the viewer is practiced in interpreting the particular convention. Efficiency may be reduced

if sensory cues are used improperly. However, there can be much to gain if conventions are

challenged [89].

Wainer [257] finds it difficult to understand why so many “bad” graphics still abound,

even two hundred years after Playfair. The works of Sicard and Marcks [225] and Carswell et

al. [37] have identified some clues by having focused on the context in which the images are

interpreted. Specifically, Carswell et al. [37] indicate that connotation is as important as

denotation at least in certain cases: graphs which showed a third dimension on column

charts were more popular because the graphs, and their producers by association, seemed

more modern – even though the more modern graphs are likely harder to read accurately.

The image, in whatever form, is the viewer’s interface to the data. Though the producer

and viewer of an image have a stake in the communication of insight, this alone may not be

sufficient to ensure the viewer receives the producer’s message from the image. Even for a

very simple image, it is not possible to fully articulate for the viewer everything that has gone

into it. Some researchers in visualization (see, for example, Rogowitz and Treinish [210])

use the term metadata to refer to this information about the data and the visualization

problem. The existence of this background, or pre-understanding [269], which is not always

available to the viewer, highlights the need to consider the context in which scientific images

are created [225]. Even when the same person is producer and viewer and has access to all

the metadata, it still may be difficult to ensure that insight is communicated. If an image

does not facilitate insight, it is not effective for that viewer.

The uniqueness of each viewer would seem to preclude an optimal, objective method

for image selection which is applicable for all viewers. It is still possible, though, to apply

the criterion of efficiency to the graphs that a particular individual will view. The question
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for each viewer individually is then how to find, or search for, an efficient visual represent-

ation of the data. Following the evolutionary epistemology of Campbell [32], one should

iteratively create variations, select from them, and retain what is useful from them. One

need not find the most efficient visual representation, even if it exists. Rather, one can be

concerned with those visual representations which satisfy most criteria (Simon [226] called

these solutions satisficing). Over time, it is quite likely that one’s needs from the data, and

thereby the visual representation which will satisfy them, will change [174]. However, even

with such simplifications, the activity of visualization will benefit from the application of

computer technology.

1.2 Computer-aided visualization

To visualize is to “form a mental image of, imagine” or “to make (something) visible to the

eye” [190]. Though the computer is not essential to this activity, it can be of substantial aid.

According to Haber and McNabb [100], visualization is profitably viewed as a process which

takes data, from whatever source, and transforms it into a displayable image. Bertin [11] de-

scribed comparable transformations in his model of visual decision making, comprising mat-

rix analysis of the problem (questions are defined); graphic information-processing (answers

are discovered); and graphic communication (answers are communicated). For Bertin [11],

it was clear that this work could never be automated because no machine would ever be

able to solve this problem of imagination.

In 1992, Jessup [127] reported that practitioners of computer-aided visualization agreed

that it involved computational graphics but they differed as to whether it is “a mental

process aided by powerful computational tools, the computer processes that create the

images, or the computer images themselves.” These relate to the ways in which a user might

employ a computer for visualization (adapted from the classification scheme of Kochhar et

al. [137]):

Manual corresponds to a view of the computer as machinery operated by the human. In

this mode, the user must handle all the details necessary to have an image displayed.

Automated corresponds to a view of the computer as a black box which will produce the

correct output for the specified input. In this mode, all processing is handled by the

computer.
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Augmented corresponds to a view of the computer as a contributing partner. In this

mode, the user and the computer share tasks based on the abilities of each.

Engelbart [66] viewed the augmentation of man’s intellect as “increasing the capability

of a man to approach a complex problem situation, gain comprehension to suit his particular

needs, and to derive solutions to problems.” Exemplars of the modern application of this

principle are found in the area of Computer-Supported Cooperative Work (CSCW) [95].

For Winograd and Flores [269], “the ideal of an objectively knowledgeable expert must be

replaced with a recognition of the importance of background. This can lead to the design of

tools that facilitate a dialog of evolving understanding among a knowledgeable community.”

One always wants to find the best possible visual representation for one’s self, given

the task at hand. If such a visual representation is not immediately available, for whatever

reason, some search amongst alternatives must be done. Manual approaches will leave the

user unsupported, automated approaches will carry out this search without direct specifica-

tion from the user, and augmented approaches will involve the user in some way. Generally,

a search can be made locally or globally, with different computer algorithms suited to each.

For global searching, a genetic algorithm can be very effective, especially when the user is

in control of the evaluation phase by interactively providing the objective function [231].

Different implementations of this approach are known collectively as interactive evolution.

1.3 Motivation

This work began from specific efforts to create imagery to aid the study of numerical meth-

ods [115], dynamical systems [111], and fractals [109, 116]. Fractals, in particular, have

proven to be a prototypical example of the power of mathematical visualization.

Hanson et al. [104] defined mathematical visualization to be “the art of creating con-

crete understanding from abstract mathematical objects and their transformations.” Such

a definition can well be applied to all types of visualization. However, the importance

of visualization, imagination, and intuition is often poorly communicated, particularly in

mathematics. In the inaugural edition of the Journal of Experimental Mathematics, Epstein

and his colleagues [68] addressed this issue: “Experiment has always been, and increasingly

is, an important method of mathematical discovery. (Gauss declared that his way of arriv-

ing at mathematical truths was ‘through systematic experimentation’.) Yet this tends to be

concealed by the tradition of presenting only elegant, well-rounded and rigourous results.”
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The development of a new paradigm for using computers in support of visualization

grew out of a simple question: how can (mathematical) visualization software tools be

made directly accessible to the practitioner? Winograd and Flores [269] indicated the philo-

sophical direction: “We can create computer systems whose use leads to better domains

of interpretation. The machine can convey a kind of ‘coaching’ in which new possibilities

for interpretation and action emerge.” Beginning with Sims’ work on artificial evolution in

computer graphics [231] and inspired by Engelbart’s earlier work on augmentation [66], a

vision of a computer-aided visualization tool emerged. The cogito1 system as it now stands

is a robust realization of the core of that vision.

1.4 Thesis Statement

This work addresses the general question of how a computer can productively assist the

human intellectual activity of visualization. Specifically it examines how software can be

designed to provide direct access to images for anyone, regardless of computer expertise.

Direct access to images may be a key in advancing the democratization of visual thinking,

which Jessup [127] saw as a benefit to be realized from computer-aided visualization.

As part of a general movement which considers how best a computer can aid human

intellectual activities, the solution described herein is unique both in its application and its

conception of the potential relationship between human and computer. Specifically, it gives

the user full control over all available visual representations in a structured way so that the

user is not overwhelmed.

The cogito system is not intended to make any interface easier to use, nor any image sim-

pler to interpret. Rather, it is intended to give people meaningful access to alternatives, from

which each person can choose. Although the concept is straightforward, the implications are

far-reaching, because each user has the capability of conducting systematic exploration in

search of insight. Though some form of local exploration is commonly supported, the same

is not true for global exploration. In the cogito system, this powerful ability is provided

through a genetic algorithm that is controlled by the user in an easy and direct way.

The thesis of this work is that insight is encouraged by a software system which supports

exploration and involves the user in image creation. The cogito system was designed and

1The name is a reflection of the process of human thought: to think, to shake up.
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built both to gain experience with the practical implications of this paradigm and to validate

it, through a user study of the software system.

1.5 Outline

The dissertation continues in Chapter 2 with a discussion of computer-aided visualization

and the visualization process. The respective roles of human and computer are examined

through examples of several current software systems.

Chapter 3 details the foundation, primarily from the areas of problem-solving, semiology,

and human-computer interaction, upon which the implementation has been built. From

these areas, several design principles for a computer-aided visualization tool are presented.

Chapter 4 describes the design and implementation of the cogito system, both in terms

of the structures used and the implications of the choices provided to the user. The original

descriptions of this project [113, 114] have been validated through implementation in a

usable prototype system, called cogito.

Chapter 5 highlights the use of cogito to build two separate example applications.

Chapter 6 describes a user study conducted to evaluate the underlying system concepts

and the access provided to alternative representations. The same applications developed in

Chapter 5 were used for this study.

Chapter 7 describes what has been accomplished in the development and implementation

of the cogito system, and the avenues for further work.



Chapter 2

Computer-Aided Visualization

Of all the areas to which computers provide substantial aid, visualization is conspicuous

because of its visual nature. Interestingly though, the adjective “computer-aided” is applied

far less frequently to visualization than design, for example. This chapter will explore the

use of computers to aid visualization and its supporting activities.

2.1 Definition

The 1987 Visualization in Scientific Computing report by McCormick et al. [163] has been

a catalyst for a great deal of research in scientific visualization over the past dozen years,

expanding upon a tradition which can claim roots back to the tenth century [47]. That

report unequivocally states the importance of visualization: “the ability of scientists to

visualize complex computations and simulations is absolutely essential to ensure the integrity

of analyses, to provoke insights and to communicate these insights to others.” Although

the purpose of visualization is clearly insight, it is difficult to find a concise definition of

visualization in the modern era.

Haber and McNabb’s 1990 paper [100] exemplifies the usual, data-centric, view by defin-

ing scientific visualization to be the “use of computer imaging technology as a tool for com-

prehending data obtained by simulation or physical measurement.” A more user-centered

outlook is signalled with Blinn’s assertion [127] that the human mind is the final destina-

tion of any visualization. From this perspective, visualization is a human activity and the

purpose of visualization software is to foment insight in its users.

These two aspects of visualization are distinguished in many different ways. In A Critique

9
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of Pure Reason, Kant [170] did so by separating visual imagery generated from scientific

theories from that which is abstracted from perceived phenomena. The data-centered aspect

is concerned with making images from simulation data, whereas the user-centered aspect

is concerned with making sense of the images and gaining intuition about them. The

dictionary [190] expresses these two sides as “making something visible to the eye” and

“forming a mental image.” However, as “the art of creating concrete understanding” [104],

visualization can be an involved process which may not always yield insight.

In their introduction to Readings in Information Visualization: Using Vision to Think,

Card, Mackinlay and Schneiderman define [computer-aided] visualization as “the use of

computer-supported, interactive, visual representations of data to amplify cognition” [35].

It is clear that computer-graphics can make many otherwise unseen things visible to the

eye. Computer support for the cognitive aspects of visualization is a current research topic,

with which this dissertation is chiefly concerned. It also has a considerable past, which is

discussed in the next section.

2.2 Historical Development

The history of computer-aided visualization begins before the development of computer

graphics. It starts with the very first use of computers when much of that computer techno-

logy was devoted to solving mathematical problems. The new computational power enabled

a new experimental approach [256]. Whether or not the results of these calculations were

used by the researchers to form mental imagery, insight and intuition were encouraged.

As numerical methods allowed the solution of more complex problems, graphical displays

provided more powerful ways to develop intuition about those problems and solutions.

It was at about this time that Vannevar Bush [29] described his vision of an information

appliance, called the Memex, which would support humans’ cognitive activities. That article

would serve to inspire many who came after him.

As computational power was directed towards the creation of images, new tools with

new interfaces became available to scientists. In the late 1950’s, the United States’ military

was involved in the Semi-Automatic Ground Environment (SAGE) air defense system [157],

which featured computer graphics in its human-computer interface and notably introduced

the light pen. In 1963, Sutherland’s Sketchpad system [240] introduced the concept of con-

versation between man and computer through the medium of line drawings. Also at about
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this time, General Motors was involved with development of its DAC/1 (Design Augmented

by Computer) system [157], which became a major effort in computer-aided design. All

these early systems helped to revolutionize the way that people used and interacted with

computers. Computer-Aided Design (CAD) remains an exemplar of the very effective use

of computation and computer graphics.

New display techniques and representations suited for the capabilities of the computer

began to appear from diverse areas like crystallography [56] and statistics [3]. Beyond

particular visual representations, software and hardware systems were being developed which

came to embody new ways of working with computers. Two pioneers in this area were

Engelbart [66] and Culler [51]. Each, in their own way, shaped the systems which are

becoming commonplace only today.

The 1987 Visualization in Scientific Computing report [163] focused primarily on devel-

oping capabilities for computer-generated imagery as a means to deal with an explosion of

data from many new sources of increasingly high volume. Zabusky from physics [275, 277]

and Tukey from statistics with his 1977 book entitled Exploratory Data Analysis [251],

are two prominent examples of more inclusive approaches towards the use of computers in

scientific discovery.

As tools become more widely available, more people from different disciplines are dis-

covering computer graphics, as indicated by the increasing breadth of applications reported

in the literature each year. The availability of computational graphic tools is changing how

people use the computer as a tool. The ways in which people approach visualization with

tools, and the tools themselves are discussed in the following sections.

2.3 The Visualization Process

At the time of the Visualization in Scientific Computing report [163] in 1987, the reality of

the visualization process was very much influenced by hardware. In 1988, Fangmeier [70]

presented a view of the visualization process which clearly reflected the lengthy compu-

tation and demands of the video production process. Computational power continues to

grow a remarkable rate. As the access to computational tools has improved, the visualiz-

ation steps are becoming better integrated into applications and the quality of “working

visualizations” [164] approaches that previously reserved for publication.
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In 1990, Haber and McNabb [100] presented a process view of visualization with a the-

oretical orientation. They begin with the consideration of a simulation process comprising

modelling, solution, and interpretation/evaluation phases. The modelling phase is the most

creative, since the scientist must make crucial decisions regarding how a loosely stated prob-

lem can be transformed into something which can be handled computationally. The solution

phase includes making the appropriate approximations to the idealized mathematical model

obtained in the modelling phase. Visualization and interaction can be useful at this stage

both to define and evaluate the discrete models used in computation. The final phase of

interpretation and evaluation provides the opportunity to consider any changes which might

be needed in the modelling phase after which the simulation can be run again. Visualization

can be invaluable as an aid to this evaluation. Haber and McNabb think about the simu-

lation process as a collection of abstractions implemented through transformations. They

apply this same view to a more detailed definition of the visualization process, where the

transformations convert raw data into an Abstract Visualization Object (AVO) and finally

into a viewable image (see Figure 2.1). The details of the data and transformations which

finally result in the image are encapsulated in the notion of a visualization idiom, analogous

to the definition of an idiom as “a group of words established by usage as having a meaning

not deducible from those of the individual words” [190].

Although Haber and McNabb [100] present the notion that a particular visualization

idiom may be tuned, they do not really consider evaluation/interpretation of the visual

representation apart from the larger simulation process. Upson et al. [252] present a similar

model:

• filtering simulation (or other) data into a more informative or tractable form

• mapping resulting data into geometry to be rendered

• rendering geometric data into images

This is a general model which can be adapted to statistics, where Cleveland [44] puts

emphasis on the need for both graphing (mapping and rendering) and fitting (filtering) for

data analysis.

These examples of process pertain to a single visual representation which is used within

the larger context of scientific discovery. Nielson [177] demonstrates the power of incorpor-

ating scientific visualization into the iterative process of scientific discovery (see Figure 2.2).
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Figure 2.1: Haber and McNabb’s model [100] of the visualization process in terms of ab-
stractions (solid frames on the left) and transformations (dashed frames on the right).

Haber and McNabb [100] indicate three different ways to situate visualization in the regular

activities of scientists:

1. post-simulation analysis (completely in interpretation/evaluation phase of simulation)

2. runtime monitoring (nominally in solution phase of simulation)

3. interactive steering (fully integrated into solution phase of simulation)

Springmeyer et al. [234] lament that visualization tools are more often directed at produ-

cing images rather than supporting researchers in gaining insight. In response, they suggest

a new basis for future research which takes a more complete accounting of the activities in-

volved in analysis (see Figure 2.3). Their separation of analysis into the data-centric branch

of “investigation” and the user-centric branch of “integration of insight” corresponds to the

aspects of visualization.

Within any visualization process, there are the issues of how to deal with data, how to

select a visual representation to depict the data, and how to evaluate the effect of those
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decisions.
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Figure 2.2: Information flow model described by Nielson [177], expanding on the basic loop
of scientific discovery.
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Figure 2.3: The decomposition of scientific data analysis into its process elements, after
Springmeyer et al. [234].

2.3.1 Data

The desire to comprehend data is the primary force behind scientific visualization. Only

in the cases when the amount of data is small and the computations are relatively simple,

does one have a real option about whether or not to use a computer. Treinish [246] cited

the ten terabytes of data per day output of NASA’s (the National Aeronautic and Space
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Administration of the United States of America) Earth Observing System (EOS) as a prime

example of the need to handle huge quantities of data. Issues of data content, such the

methods to easily handle a wide variety of data types, are also important [99].

In an experimental situation, the first issue is to decide which phenomena to measure

and which data to collect. The importance of this phase is related to the expense and

repeatability of the experiment; whereas it is fairly straightforward to make adjustments

and repeat a numerical simulation which can be run in minutes, it is another matter when

the time frame is weeks or months. Once data is collected, it must be made accessible

before decisions about how to process it can be made. The data model provides the logical

structure which defines the interface between the physical representation on disk and the

visual representation on screen or film. Such data models may be unified, with a single,

generalized data model and an Application Programming Interface (API); diffuse, using

multiple models and multiple API’s; or focused, with a single domain-specific data model

which is not sufficiently abstracted to have its own API [246].

In their preface to the proceedings of the Database Issues for Data Visualization work-

shop from the IEEE Visualization ’93 conference, Lee and Grinstein [145] remark that

“data-centric visualization is necessary to allow researchers to interact with data, aided by

visualization” and “we believe that as visualization systems evolve, they will begin to look

more like database management systems (DBMS) with advanced visualization capabilities.”

Data, and metadata, needs to be accessible [246]. Therefore, effective data management

techniques are essential for scientific visualization.

The process of transforming data into a visual form is not always a straightforward

process because several decisions must be made. For example, it is possible to filter or

otherwise transform the data but this must be done carefully because the revised data may

tell a different story, with potentially tragic results [257].

2.3.2 Visual Representation

The visual representation is the means used to graphically depict the data to the user. It

may comprise several issues, such as geometry, colour, and viewing projection. The actual

construction and display of a representation is a fairly mechanical matter compared to a

user finding an effective visual representation. Beyond storage of an image file, there are

new formats for output, such as OpenInventor [264] and VRML [106], which can help to

encode more information about a representation.
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For computer scientists, much of the work in visualization is focused on the precise

mapping or interpretation from data to representation [145]. In developing an effective

visual representation, a data-centered approach will look to the data for clues whereas a

user-centered approach will look beyond the data to consider the user. The more general

issue underlying both approaches is whether there is a firm basis which can be used to guide

the selection of an efficient, or most efficient visual representation to evoke insight in its

viewer.

As the availability of affordable software tools and methods for output to video and other

media improves, a user has much more flexibility to explore alternative representations in

a meaningful way. It is not difficult to construct a very large number of different visual

representations for some particular set of data. As Bertin [12] wrote, this would require

“more patience than skill.”

Robertson [208] notes that “the appropriate representation can provide the key to crit-

ical and comprehensive appreciation of the data, thus benefitting subsequent analysis, pro-

cessing, or decision making.” Providing appropriate representations and relevant techniques

for particular problems is still very much a matter for research. The ideas of ‘appropriate’

and ‘relevant’ are embodied by the adjective apposite [190], which, however, does not provide

any measurable criteria. In fact, determining if a representation is apposite requires some

consideration of how and by whom the representation will be used.

Casner [38] says that there is no such thing as a “best” representation without considering

how the image will be used. Clark [43] has presented a characterization of uses of imagery,

ranging from data storage to communication (see Figure 2.4).

Sicard and Marck [225] distinguish cognitive, didactic, and aesthetic logics in scientific

pictures, which are not separable without knowledge of the author’s intent. For them,

scientific pictures are “imbued with the ‘view’ of the author which claims to be objective.

But, in fact, it is attached to ‘thought history’, technological history, scientific history and

is marked by aesthetic choices, cultural bias, and perceptional practices.”

Although there is much excitement [21] about three-dimensional graphic techniques such

as iso-surface construction [152, 273], two-dimensional graphics are quite interesting in their

own right. Many of the interesting and useful techniques for data display now commonly

in use were developed long before computers [47, 257]. Wainer [257] presents an interest-

ing comparison between the pie chart, developed by Playfair [198], and the Nightingale
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Figure 2.4: Organization of data displays (after Clark [43]) according to primary function,
then intended use, then presentation goal. The parenthetical comments indicate the gov-
erning principle applied to each type of presentation.

rose [12, 257], first used by Florence Nightingale. Trilinear plots [12, 257] and various nom-

ograms [133], first developed in 1899, require varying amounts of computer time to calculate

and somewhat more time to learn as well. With so many types of graphs available, it may

be difficult for the user to select between them. The experience and training of the user will

be a definite factor, and some users will choose not to expend the effort to learn to read a

new visual representation [38].

According to Wainer [257], the medium of graphics is so powerful because facility with

pictures is such a prevalent trait across cultures. Messaris [168] agrees and makes the import-

ant distinction between facility with pictures and facility with the particular interpretations

imposed by a culture. Messaris’ defines “visual literacy” as something that enables exposure

of the media and the messages which it contains. One can see the utility of a notion of “visu-

alization literacy”, which would work to expose the ways in which visual representations

can be made to mislead.

Whether or not graphics can permit a monosemic interpretation, the tremendous contri-

bution by Bertin [12] lies in his systematic exploration of marks on the plane, by considering
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components and categories of retinal variables, and how those marks can be used to con-

struct diagrams, networks, and maps. There can be many complicating factors, some of

these are discussed by contemporaries such as Schmid and Schmid [219], Tufte [248], Clev-

eland and McGill [45], Tukey [251] and Wainer [257]. There are, however, other ways to

think about images [15].

2.3.3 Evaluation

However one has arrived at a visual representation, the effectiveness with which that repres-

entation can be used to communicate its message is of primary importance. Development

of a visual representation from data is done with a focus on the data, the interpretation of

that visual representation relies on the user. It is important to ensure that the user can

develop sufficient confidence in his or her interpretation of the image [209].

2.4 Computerization

The preceding section identified three key parts of the visualization process. Most directly,

the computer can be applied to render the visual representation for some set of data. The

computer may also be used to calculate and manage the data, and to evaluate the effect-

iveness of the visual representation. The choice of whether, or to what extent, each of

these three parts is handled by the computer helps to describe the different approaches to

computerization.

The mere fact that a computer is used to aid the visualization process does not mean that

visualization has been democratized. Each choice for computerization of the visualization

process requires competencies from the user. This may involve anything from learning a

simple graphical interface to a complex programming language.

Following from the classification developed by Kochhar et al. [137], the design of visu-

alization software can be classified as either manual, automated, or augmented. Manual

systems require complete involvement of a human to construct a visualization application;

automated systems require no involvement of a human; and augmented systems support

some notion of the visualization process as a collaborative effort between human and com-

puter.

Each of these system design choices also represents an understanding about the prob-

lem of articulation. In general, both manual and automated systems rely on a sufficiently
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complete articulation of the problem such that a useful solution can be found. Augmented

systems take a view which is closer to that of Winograd and Flores, who said, “The effort

of articulation is important and useful, but it can never be complete” [269].

Just as is true for computer information systems [2], the design of a computer-aided

visualization tool may be either data-centered or user-centered. In the present case, the

distinction is based on whether the visual representation is determined by the data to be

depicted or by the user who will view it.

What follows is a discussion of several systems which indicate the breadth of research in

this area, grouped according to the way in which they relate human and computer.

2.4.1 Manual

Software belonging to this category requires the user to completely describe and control the

operation of the visualization application. Licklider [149] saw that this represented the idea

of a mechanically-extended user [181]; the software is an extension of the user’s control.

This control can be exerted at a variety of points. If the average programmer needs to deal

with issues at a low-level, he or she may have less opportunity to make the application very

general. At the most basic level to be undertaken today, one might choose to write code

directly with a graphics library such as OpenGL [270] and a windowing system such as X

Windows Motif [108].

The first efforts to provide high-level capabilities in visualization software systems came

from the animation production Environment (apE) [61] and the Advanced Visualization

System (AVS) [252], which were both developed during the same time period with little

contact between groups. The design goals were:

• ease of use (through direct-manipulation interfaces)

• low cost

• completeness (in implementing the entire visualization process)

• extensibility

• portability

Both systems use a dataflow model accessed through a visual programming interface [267].

Cyclic dataflow graphs allowed these systems to be used for computational steering [162].
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This software design approach has become dominant in the scientific visualization com-

munity. Systems like apE and AVS, and the more recent entries like Khoros [201], Iris

Explorer [63] and IBM’s Data Explorer [153], are collectively known as Modular Visualiza-

tion Environments (MVE) [31]. MVE’s are characterized by:

• modularity, which includes building blocks of code, an object-oriented approach, and

user-extensible libraries

• an emphasis on visualization, possibly as a means of prototyping

• programming environments which allow integrated and interactive program creation

and manipulation

The GRASPARC [22] system uses the basic MVE architecture and adds additional

capabilities by providing support of a more complete data analysis cycle. A large component

of this support is through a history mechanism. Such a history mechanism was key for Patten

and Ma [189] which allowed them to meaningfully represent the results of their visualization

efforts.

The OpenInventor [264] toolkit provides a high-level interface to OpenGL [270] and re-

lieves the programmer of many details of the graphics. The toolkit works with the notion of

a scene graph, which encapsulates the ideas needed to create an image and can be construc-

ted from many built-in objects and actions. Images are displayed by traversing the scene

graph. OpenInventor closely follows the state-based approach of the underlying OpenGL

library and is therefore not truly object-oriented. It does provide facilities for input and

output and data-handling, and is extensible. The application’s interface remains the re-

sponsibility of the programmer and requires separate coding in a native windowing system

such as X Windows Motif, or the simpler platform-independent Graphics Library Utility

Toolkit (GLUT) [270]. This former approach was used in previous work by Hepting et

al. [111, 115].

The Visualization Toolkit (vtk), first described in 1996 by Schroeder et al. [222], is

more specialized towards visualization tasks than the OpenInventor toolkit and features

a more complete object-oriented design. Although many of the MVE’s profess to use an

object-oriented design, Schroeder et al. [222] found them difficult to use apart from their

graphical environments and in response designed vtk with a dataflow model. Their design



CHAPTER 2. COMPUTER-AIDED VISUALIZATION 21

goals included implementation of a toolkit philosophy to permit complex applications to be

built from small pieces, provision of an interpreted language interface, and simplicity.

Another trend has been towards graphical environments for more specialized purposes.

The EXVIS system for exploratory visualization described by Grinstein et al. [97] was in-

tended, amongst other things, to provide a testbed for the design, execution, and analysis

of perception experiments as a means to study new visualization technologies. The DAVID

(DAta, VIsualization, and Diagnostics) system, described in 1990 by Bitz and Zabusky [14],

provided some of the same features as the early MVE’s, but with a more limited program-

ming capacity. The system embodied Zabusky’s ideas of “visiometrics” [277], defined as

“the process of visualizing, quantifying, and mathematizing amorphous objects observed

in time-dependent multidimensional data sets” [14]. The SCIrun [188] system, reported

in 1997, is a scientific programming environment specialized for the steering of large-scale

computations and, like MVE’s, it employs a dataflow programming model.

DataDesk, the statistical graphics package first described by Velleman and Pratt [254]

in 1989, provides a direct-manipulation interface to statistics. Theus [242] relates this, and

other statistical packages, as examples of Tukey’s Exploratory Data Analysis [251]. It builds

on the idea that multiple, connected views of data can greatly enhance the power of data

analysis. For Velleman and Pratt [254], graphical interfaces are seen as ways to specify

“like this one, only different in the following ways.” Insight, however, is acknowledged as

important.

MATLAB (see, for example, Nakamura [173]) began as a specialized environment for

mathematics, which can trace its roots to Culler’s On Line System [51], and it has grown to

include substantial general computer graphics support. It has its own high-level language,

and interfaces to FORTRAN and C/C++.

The Spreadsheet for Information Visualization (SIV) [42], based on work presented by

Levoy [148], is a novel use of the spreadsheet programming paradigm. The focus provided is

on operators rather than operands. The user can explore the effect of the same operation on

several related images. The interface does not employ direct manipulation as in the visual

programming paradigm described earlier. However, it is still a style of visual programming.

In 1992, Treinish [247] noted that there was still a need for programming help even for

the visualization-literate scientist. Despite continual advances in the programming interface

provided to researchers, programming may always be a necessity. Many feel that this is too

great a burden to place on the scientist or researcher, who will either have the programming
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done by someone else, or abandon the system and perhaps the practice of scientific visual-

ization altogether. The use of a staff programmer is not an ideal solution to this problem,

since the scientist becomes removed from his or her data, making communication about it

that much more difficult. Rogers [209], for example, has proposed a solution which would

shift the burden of programming away from the user. As the interface moves closer to the

problem and further from the hardware, designs can become less data-centered.

2.4.2 Augmented

Augmented systems aid the user by allowing certain well-defined tasks to be performed

primarily by the computer, with the effect of increasing the capabilities of people to tackle

complex problems. West [265] sees such augmentation as the best response to Weiner’s

1948 prediction [261] that the computer revolution is “bound to devalue the human brain,

at least in its simpler and more routine decisions”:

. . . we can clearly see that some time in the not-too-distant future, machines will

be the best clerks. Given this situation, we must learn, as teachers and work-

ers, to maximize in ourselves and in our students what is most valued among

human capabilities and what machines cannot do. It seems clear that, increas-

ingly, many of these most valued skills will involve the insightful and broadly

integrative capabilities often associated with visual modes of thought, skills that

can perhaps be taught and exercised most effectively using graphics-oriented

computers.

In 1960, Licklider [149] also saw that the realization of what he called a “man-computer

symbiosis” could mark a very intellectually-stimulating era. Today these ideas are embodied,

for example, in work on problem-solving [79], collaboration [95], and performance [129].

In 1986, Dawkins published the Blind Watchmaker [55], along with his biomorph soft-

ware, the first example of interactive evolution. Although not so strictly an example of

scientific visualization software, it does enable the user with the capability of visual ex-

ploration. Following on this work, Sims [231] presented a method for the use of artificial

evolution in computer graphics which employed both a genetic algorithm [91] and genetic

programming [140]. Both of these “genetic” methods work by simulating the cellular-level

processes of cross-over and mutation. The former does this as a means to search a space

whereas the latter works to transform the space itself. For Sims, the goal was to evolve
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images and textures. Peterson [193] added more control to Sims’ original method by allow-

ing the program which generated an image to be modified. This approach is very powerful

since the user can be directly involved with images, which allows a very user-centered ap-

proach. However, because it is surprising to see images from different generations with no

apparent connection between them, it can defeat the user’s control. In that case, one is

really faced with a dilemma of how to make sense of the diversity of images. In 1992, Todd

and Latham [245] also discussed a genetic approach to the generation of new images, theirs

being more restrictive by not including genetic programming. Boden [17] argues that the

latter is more relevant to artistic creativity because it allows a more deliberate and dis-

ciplined exploration of alternatives. This sort of approach can be very effective when the

computations can be done at rates sufficient to maintain interactivity.

Rogowitz and Treinish [210] describe a rule-based visualization architecture which is a

modification to the standard model of visualization processes. Such rules can make the

visualization higher-level because of its characterization of the data and human-centered

rules. The user can choose to employ the rules or not, the interface is the same either way.

In this way, the user is more in control and can avail him or herself of the rules as need be.

The VISTA (VISualization Tool Assistant) environment described by Senay and Igna-

tius [223] attempts to aid users with support for five types of visualization knowledge:

• data characteristics

• visualization vocabulary

• primitive visualization techniques

• composition rules

• rules of visual perception

The system will analyse, as much as possible, the input data and suggest a visualization.

At that point, the user can make changes or specify further constraints on the design before

rendering the final image. Although one would like to ensure the “accurate interpretation

of the image”, such a goal seems beyond the control of any such system however detailed.

Even after perceptual issues are addressed, there are still a lot of free choices. This system

is considerably biased towards the “automated” end of the “augmented” spectrum but is
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considered in the “augmented” category because it allows the user to adjust the final image

produced.

The SageTools [211] system allows users to work in a context of past graphics and allows

them to modify what has already been done. This is a more user-centered approach but it

is constrained by the examples which are in the system.

The Integrated Visualization Environment (IVE) [136] is an implementation of the co-

operative computer-aided design (CCAD) paradigm [134]. It uses a generative approach

by applying an appropriate grammar. The user can intercede after each iteration to select

promising designs for further development. The CCAD paradigm forms, along with the

work of Dawkins [55] and Sims [231], an important aspect of what constitutes interactive

evolution.

Design Galleries [161] works to provide a sampling of the whole range of alternatives,

based on the principle of maximal diversity. The user specifies a metric function which is

used to evaluate the pairwise diversity between alternatives. The system works offline to

generate alternatives and test them with the supplied function. Similar alternatives are

grouped and representatives are displayed.

GADGET (Goal-oriented Application Design Guidance for modular visualization Envir-

onmenTs) [83] increases the accessibility of the MVE paradigm by reducing the requirements

for the user to program for him or herself.

2.4.3 Automated

There has been a great deal of work in the area of automating the design of graphics. Much

of that work goes beyond the scope of interest in scientific visualization. Two excellent

papers which deal with these issues and the related literature are Kochhar et al. [137] and

Fischer and Reeves [79].

As Licklider described, these systems might be more like humanly-extended machines

where the human does the input and some other specifications work. These systems appear

to the user as black boxes which are given input and produce output. The rationale behind

them is that the number of alternative visual representations is so large that the user would

be overwhelmed if he or she had to deal with the space in its entirety. In accepting this

guidance from the computer, the user relies more on the computer for its application of

design rules and gives up more freedom to exercise personal choices about what the visual

representations will contain.
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In 1986, APT (A Presentation Tool) by Mackinlay [158] contributed a formalization

of the design rules for two-dimensional static graphs, based in part on Bertin [12]. It was

prescriptive system because it chose graphics on the basis of expressiveness and effectiveness

criteria.

In 1991, Casner added task information to his presentation system, called BOZ [38].

This resulted in a noticeable improvement in user performance with the graphs his system

generated. The AutoVisual [13] system described by Beshers and Feiner in 1993 expanded

earlier work by dealing with the design of animated virtual worlds for multivariate data

visualization. This approach was more exploratory than Feiner’s earlier work with APEX

system [71], for example, which had the different objective of generating explanations.

2.5 Implications

The various implementations described here represent viable solutions for the particular

aspects of the visualization problem which they address. There are still many concerns

about the development of current visualization systems.

As noted by Springmeyer et al. [234], some of these manual systems, based on the filter-

map-render paradigm do not include a complete model of the scientific data analysis process.

The automated systems rely on a particular articulation of the design rules which can make

them inflexible. In an effort to protect the user, they assume the role where the user would

exercise his or her creative judgement. Augmented systems seem to be the most promising

alternatives. The presentation here has touched on the important issues of how the different

systems make use of the user’s input to drive the development of visual representations.

As yet though, the difficulties remain substantial when it comes to finding effective visual

representations: “There is really no practical way to decide, other than to make the same

choices that others have made in the past, or to experiment painstakingly with a small

number of the possibilities. This is an unsatisfactory solution” [81].

Gahegan [88] identified four obstacles to effective exploratory visualization tools:

• rendering speed: general approaches suffer in terms of rendering speed

• the effects of visual combination: though there is a great deal understood about human

perception in particular situations, the perceptual effects of combining various factors

are not known
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• the size of the “solution space”: considering all possible combinations or permuta-

tions leads to an immense space in which there is no guidance as to whether a good

representation has been found.

• user orientation may be difficult because the idea of manipulating objects in a virtual

space is difficult; construction of an appropriate legend or annotation is complex; and

users need to be trained

The potential for an access problem becomes quickly apparent. How is it possible to

manage the many possible visual representations of a data set and be able to access those

which will encourage insight? Indeed, there are more choices beyond the representation of

data, since each representation can be presented in a variety of ways [36].

The next chapter will explore whether, as Winograd and Flores [269] contend, that

recognition of the importance of background can “lead to the design of tools that facilitate

a dialog of evolving understanding among a knowledgeable community.”



Chapter 3

A New Paradigm

Having established that the goal of visualization is insight, the task is to build a computer-

aided visualization tool which encourages it. Following an examination of insight, problem-

solving, and graphic communication, this chapter presents the design principles (DP) for

such a tool.

Even after considerable study, insight remains somewhat of an elusive concept. An

operational sense of insight is understanding, which can be readily seen as the goal of a

problem-solving process. Visualization depends on the graphical communication of insight.

Cartography will be used as the basis for a discussion of graphic communication, since it has

a rich history and is almost universal in its scope. Thrower [244], quoting McLuhan [166],

says: “the map is one of a select group of communications media without which, . . . ‘the

world of modern science and technologies would hardly exist.’ ”

Petchenik [192] has welcomed a shift in cartography from an emphasis on the behavi-

oural, focused on isolated perceptual results about how well people can read particular map

symbols, to the cognitive, focused on how people understand whole maps. Scientific visu-

alization has begun with a data-centric view, encouraged by the Visualization in Scientific

Computing report [163] and studies of perception [96] have provided valuable knowledge.

This dissertation focuses on how that knowledge can provide an effective tool.

3.1 Insight and Problem-Solving

The New Oxford Dictionary of English [190] defines insight to be “the capacity to gain an

accurate and deep intuitive understanding of a person or thing.” It is important to study

27
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insight as a means of clarifying what, if any, explicit features a computer-aided visualization

tool may provide to support its development.

A ready source of information about insight comes from personal accounts, which are

quoted extensively in this section. That these people have benefitted from insight is clear

from the work which they have produced. However, the mechanism of insight is difficult to

discern from such subjective sources of information. Kekulé’s famous account of the dream

that led him to discover the ring structure of benzene, in which he saw a snake bite its own

tail, was fabricated [170]. However, French mathematician Henri Poincaré is considered to

be a much more reliable source. The following account deals with his revelation regarding

Fuchsian functions [101]:

Just at this time, I left Caen, where I was living, to go on a geologic excursion

under the auspices of the School of Mines. The incidents of the travel made

me forget my mathematical work. Having reached Coutances, we entered an

omnibus to go some place or other. At the moment when I put my foot on the

step, the idea came to me, without anything in my former thoughts seeming to

have paved the way for it, that the transformations I had used to define the

Fuchsian functions were identical with those of non-Euclidean geometry. I did

not verify the idea; I should not have had time, as, upon taking my seat in the

omnibus, I went on with a conversation already commenced, but I felt a perfect

certainty. On my return to Caen, for conscience’ sake, I verified the result at my

leisure.

A more recent example is the story, recounted by Schooler and Melcher [221], is that of a

medical graduate student, Yung Kang Chow, who discovered the first apparently successful

method for eliminating the AIDS virus from cells in a test tube.

I was reading during dinner, which is a bad thing to do . . . but I had to because

I had so much to do that evening. I was thinking of ways to explain the phe-

nomenon, and the idea just came to me in an instant. It was an inspiration,

almost like ‘Eureka’, I was ecstatic jumping up and down and telling my wife

that I think this was the most exciting thing I ever came up with because right

away I realized the implications of the work.

Both of these accounts, and many like them, indicate that the moment of insight arrives
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quickly and without warning. Its suddeness indicates that the process is, to a large extent,

unreportable. There is increasing evidence, in part reported by Fallshore and Schooler [69]

and Schooler and Melcher [221], which indicates that attempts to verbalize descriptions

of such non-reportable phenomena may overshadow the original information. Especially

for those whose verbal ability is not at par with their perceptual ability, the words of the

description do not capture the observation and so the two diverge. Although one may not

be able to describe something, one may still be able to identify it visually. For example,

verbalizing the appearance of a previously seen face interfered with the ability to later

recognize that face from a group of similar ones [220].

DP 1 Support the user in working directly with images, as much as possible

Perhaps, as Koestler [138] wrote, “Language can become a screen that stands between

the thinker and reality. That is the reason why true creativity often starts where language

ends.” Hadamard reported the accounts of several mathematicians, including himself, who

shared this view. The following quotation is from Einstein [101]:

The words or the language, as they are written or spoken, do not seem to play

any role in my mechanism of thought. The psychical entities which seem to serve

as elements in thought are certain signs and more or less clear images which can

be ‘voluntarily’ reproduced and combined.

There is, of course, a certain connection between those elements and relevant

logical concepts. It is also clear that the desire to arrive finally at logically

connected concepts is the emotional basis of this rather vague play with the above

mentioned elements. But taken from a psychological viewpoint, this combinatory

play seems to be the essential feature in productive thought – before there is any

connection with logical construction in words or other kinds of signs which can

be communicated to others.

The combinatory play to which Einstein referred was quite tangibly experienced by

Poincaré, who made the following observation: “One evening, contrary to my custom, I

drank black coffee and could not sleep. Ideas rose in crowds; I felt them collide until pairs

interlocked, so to speak, making a stable combination.” According to the poet Valéry1

1T. S. Eliot once described Valéry as a poet in a lab coat. Regarded as one of the premiere poets of the
twentieth century, he is most famous for Le cimetière marin and Ebauche d’un serpent.
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It takes two to invent anything. The one makes up combinations; the other one

chooses, recognizes what he wishes and what is important to him in the mass of

the things which the former has imparted to him.

What we call genius is much less the work of the first one than the readiness

of the second one to grasp the value of what has been laid before him and to

choose it.

DP 2 Support the user in combining images, and elements of images

The commonalities amongst various accounts have led to a general, four-stage model

of the process which leads to insight. This model was developed by Hadamard [101], and

refined by Csikzentmihalyi and Sawyer [50].

1. preparation: study and analysis of data in a conscious, focused manner, preparing the

raw material for processing by the subconscious. The preparation phase may occur

before, or include, the examination of images.

2. incubation: occurs in the subconscious, can take seconds or years

3. insight: occurs when the subconscious combines or selects an idea which emerges into

consciousness and results in a “Eureka!” experience

4. evaluation/elaboration: final conscious step which verifies the idea and elaborates it

for presentation to others

The mechanisms at work during the incubation and insight stages are a matter of conten-

tion. They are of concern to this work only insofar as they manifest themselves in activities

to be supported. For example, Hadamard contended that the subconscious is actively guid-

ing the processing. Ohlsson [183] proposed the notion of restructuring, which is akin to

searching for a new way to look at the problem. Weisberg [262] concedes that restructuring

plays a role in some cases, though others may only require a reconsideration of alternatives.

Simon [226] has the idea of selective forgetting; in the preparation stage, structures are

built up in long-term memory and the problem details are kept in short-term memory. If a

problem is abandoned, then the short-term memory is forgotten but the long-term memory

structures are maintained, allowing a new tack to be taken. Langley and Jones [143] suggest
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that the processes are more memory-based and that it really amounts to finding appropriate

analogies.

However the phenomenon of insight is conceived, some form of searching is indicated.

Most often, one considers that the solution exists in some space determined by the problem,

and problem-solving is the search for the solution [176]. An exhaustive search is almost

always completely impractical. Instead, human problem-solvers rely on heuristic methods

which are not likely to find any optimal solutions, but rather to find an acceptable solution

in a reasonable amount of time. Simon [226] calls these satisficing solutions.

DP 3 Allow the user to employ heuristic search techniques

As one searches for insight, it can be adopted as the goal of a problem-solving process.

Csikszentmihalyi traces many of the current three-stage models to the evolutionary epi-

stemology of Popper [199] and Campbell [32]. In those schemes, variations are created, then

selected and possibly retained. Brainstorming [184] is included in this category.

DP 4 Support a model of problem-solving

A slightly different emphasis is found when considering design problems, which are close

analogues to the visualization process. In these models, more emphasis is placed on the

generation of ideas: one limits the design space, makes up combinations within this space

and then evaluates. Researchers have observed that, especially in design, problems and

solutions coevolve [79]. One usually does not, perhaps cannot, have a clear statement of the

problem without an idea of the solution. Rittel [207] described this as follows: “you cannot

understand the problem without having a concept of the solution in mind; and that you

cannot gather information meaningfully unless you have understood the problem but that

you cannot understand the problem without information about it.” The evolutionary nature

of the design process is well-described by the model of evolutionary epistemology [232].

Allen [2] uses this formulation, based on Neill [174], for information seeking.

According to Fischer and Boecker [76], “design is concerned with how things (“artifacts”)

ought to be, in order to attain goals and to function.” As the solution evolves, it is necessary

and desirable to keep a record of the design changes.

DP 5 Record all aspects of the design of visual representations
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According to Perkins [191], a problem space can appear either as clue-rich (homing) in

which the solution is evident, or clue-poor (Klondike) in which the solution must be found

by prospecting. Insight can be viewed as the transformation of a space from Klondike to

homing.

DP 6 Support restructuring and reorganizing of alternatives

Csikzentmihalyi and Sawyer [50] distinguish between problem-solving and problem-

finding. Like problem-solving, problem-finding can also be construed as a search through

a space of alternatives. One begins problem-finding with a less-clear problem at the be-

ginning, and it can take longer to get through. Problem-finding has been connected to

creative productivity and it may be distinct and more difficult than problem-solving, as

described by Einstein and Infeld: “The formulation of a problem is often more essential

than its solution, which may be merely a matter of mathematical or experimental skill. To

raise new questions, new possibilities, to regard old problems from a new angle, requires

creative imagination and marks real advance in science” [107]. Both problem-solving and

problem-finding can be social activities, to which many people can contribute.

DP 7 Support collaboration

Boden [17] distinguishes between psychological and historical creativity, depending on

whether it has significance for a society. Creativity at the psychological level is very import-

ant because one invents things for oneself. Hadamard [101] said that mathematicians may

“prefer, when studying any previous work, to think it out and rediscover it by themselves.

This is my approach, so that finally I know, in any case, of only one inventor, who is myself.”

DP 8 Encourage the user to discover things personally

Boden [17] also discusses conceptual spaces defined by stylistic conventions, and how

to expand those spaces with three rules: “drop a constraint”, “consider the negative”, and

“vary the variable.” On the one hand, constraints are necessary when the design space is

large. However, to constrain or to rely on examples [75] too much might lead one to fixate

too soon on an ineffective design [233].

DP 9 Support the systematic exploration of a conceptual space
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The annexation of new territory in the conceptual design space may meet with resist-

ance [194]: “The people with most influence on the future are those designing new visual-

izations today, who should be conscious of the conflict between their desire for unfettered

originality and the value of widely accepted conventions.”

DP 10 Support the use of current solutions as the basis for future enquiries

3.2 Graphics as Communication Medium

In Subsection 2.3.2, the importance of visual representations was discussed. Now, this

section considers how those visual representations fit into the larger scheme.

Insight from images produced through scientific visualization is gained through the in-

terpretation of those images and so graphics becomes the communication medium for that

insight. A general model of communication comprises a sender who encodes and transmits

a message and a receiver who receives and decodes the message. To ensure communication

of the complete message, it is not sufficient that the sender and receiver have the same

goal. Although Bertin [11] considers all graphic communication to be monosemic, in prac-

tice it seems that this will only occur for simple situations when the whole problem can be

articulated through the legend to the graph.

Bertin’s Semiology of Graphics brought a structure to graphics and cartography. Tufte [248,

249], Schmid [219], Cleveland [44, 45], Wainer [257], and Tukey [251] have all made contri-

butions to the area of graphics, though not in such a systematic way. Bertin distinguishes

three successive forms of graphic application in decision making:

1. matrix analysis of the problem (the problem is defined, the data table constructed,

and questions are defined)

2. graphic information-processing based on the reorderable image (the graphic processing

language is adopted, the comprehensive data is classified, and answers are discovered)

3. graphic communication (interpret and decide based on simplified data, answers are

communicated)

For Bertin [11], it is the first step which requires the most creativity. Is it possible to

support people in being creative? Csikzentmihalyi and Sawyer [50], discussing the require-

ments for creativity, suggest that motivation is a key factor for individual creativity; and for
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Figure 3.1: The relationship amongst factors in graphic communication, after DiBiase [156]

the motivated individuals a dialogue with the computer can help to formulate and articulate

questions.

DiBiase [156] considers a continuum of the visual (see Figure 3.1), where thinking can

be private with very many representations and communication can be public with very

few representations. The decrease in the number of visual representations used for visual

communication is likely the byproduct of someone preparing information for another to

consume. In this age of interactive computer graphics, each person can be empowered to

engage in visual thinking with many visual representations. The potential of interactivity

is a very exciting aspect of computer graphics.

DP 11 Support the user in choosing images

DP 12 Allow the user to interact with the images

Blackwell and Engelhart [15] provide a taxonomy of taxonomies which gives a better

context for monosemic models. Another alternative view of cognition in cartography [192]

can be expressed in terms of Piaget’s concepts of organism-environment interaction through

assimilation and accommodation [40].

Ultimately, though, this work is concerned with empowering each user with images, such

that they become participants in shaping the imagery instead of just receiving the graphic;
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Human Computer
holistic pattern matching precision and repeatability

creativity fast and accurate calculations
initiative and exception handling reliable memory
ability to learn from experience tirelessness

ability to handle ill-defined problems objectivity
good motor skills patience

judgement physical robustness
sense of ethics and responsibility

ability to apply social context to task
ability to fail gracefully

flexibility and adaptability

Table 3.1: Respective capabilities of humans and computers, adapted from Baecker et al. [7].

so the graphic stops being an end in itself and becomes a “moment in the process of decision-

making.” The means by which the computer can help this process are examined in the next

section.

3.3 Computer as Enabling Technology

The problem of articulation has been considered at various points in this dissertation. It

would be best to leave the researcher to relate directly with the images which he creates.

However, the researcher alone may have trouble dealing with an unfamiliar system in which

he or she has difficulty formulating the commands necessary to produce a visual represent-

ation and difficulty interpreting the results of his or her actions [179].

In a “good” interface, according to Baecker et al. [7], human and computer “should aug-

ment each other to produce a system that is greater than the sum of its parts. Computer

and human share responsibilities, each performing the parts of the task that best fit its cap-

abilities. The computer enchances our cognitive and perceptual strengths, and counteracts

our weaknesses. People are responsible for the things the machine cannot or should not do.”

The capabilities attributed to each are displayed in Table 3.1.

Visualization naturally has both data-centered and user-centered aspects. Between the

extremes of the user managing all the details or the computer automatically generating

solutions, there exist a wealth of possibilities for supporting the user in his or her interactions
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with the computer [136, 161, 210]. The support which is offered depends on how the user

is modelled, from someone who is overwhelmed by the immensity of the design space to

someone who knows precisely what is needed for him or herself and can tell the computer

to produce it.

At a general level, there are two issues related directly to the design of a visualization

tool: support for individual differences and the allocation of work between human and

computer.

Clearly, the computer can aid visualization beyond mere image production. The two

goals of Licklider’s human-computer symbiosis [149] were to bring the computer into the

“formulative parts of technical problems” which might be too difficult for humans alone; and

to create a direct link between human and computer, perhaps like that between colleagues,

which would enable the computer’s involvement in “real time” situations. One can see that

these goals point to a computer system which enables human problem-solving, and problem-

finding. The focus of the visualization process is the iteration performed in selecting and

evaluating candidate visual representations.

The user will contribute his or her creativity to the equation. Schank’s comments,

though made with respect to computer systems are equally valuable for humans: “We

are not proposing that people simply loosen the constraints they use when searching for

and applying knowledge. A system [perhaps, user] that worked in this way would not

be creative but would instead progress from schizophrenia (as it leaped from one random

idea to another) to catatonia (as it found itself buried under a combinatorial avalanche of

attempts)” [216].

In the context of cooperative human problem-solving systems, Fischer [79] observed sev-

eral characteristics of successful dialogues between people working on problems. If that suc-

cess is to be extended to dialogues between humans and computers, the design of computer

systems must consider: natural communication which people often use (perhaps different

from grammatically-correct natural language); multiple specification techniques for com-

municating ideas about a problem; mixed-initiative dialogues which allow the user to both

direct the operation of the system and query the system about its actions; management of

trouble when breakdowns occur; simultaneous exploration of problem and solution spaces;

how a user operates within the physical world to find sources of information and extend his

or her knowledge and reasoning; and how a user benefits from distributed intelligence, in a

cooperative process or collaboration. Consideration of all these factors will lead to a system
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Figure 3.2: The same data represented with a line chart (left) and a trilinear plot (right).

which will ideally keep the user focused on the task at hand.

DP 13 Allow the user to concentrate on the task

Specifically, the computer can be used to maintain a representation of the space, in the

physical world, which can also be used to permit a variety of specification techniques in a

natural way.

DP 14 Provide an external representation of possible choices

Different people may prefer different representations (see Figure 3.2). Although this con-

sideration is becoming integrated into most user interfaces, the implications of the concept

of the visual representation as the interface to the data is not generally supported. Clearly

then, support for multiple visual representations is a requirement of a user-centered tool [26].

DP 15 Support multiple visual representations

DP 16 Allow the user to apply personal judgement

All these factors are considered as the development of the new tool is laid out in the

next chapter.



Chapter 4

Implementation of cogito

Chapter 3 developed the design principles for a computer-aided visualization (CAV) system

from the perspective of a user in search of insight. Those design principles, characterized

by the notions of involvement and exploration, reflect the underlying theme that a user-

centered tool should provide the user with the means to make an informed choice from a

potentially large space of available alternatives. Conversely, many existing software systems

described in Chapter 2 generally either limit user involvement and exploration by assigning

search tasks solely to the computer, or encourage involvement by providing tools to support

programming and ignore the issue of exploration.

The cogito1 system supports both user involvement and exploration. The system con-

siders every visual representation to be the product of elements from each of several com-

ponents and it relies on the user to choose these elements. This conception of components

and elements is not unlike the modules familiar from MVE systems like AVS [252] (Ap-

plication Visualization System), the toolkit philosophy of the Visualization ToolKit [222],

or the components and categories used by Bertin to define his visual variables [12]. The

entire space of available visual representations is structured as the Cartesian product of

available components, and it is this structure which supports exploration. Consider each

visual representation to be an n-tuple, where ei is an element in component Ci as follows:

〈e1, e2, . . . , eN 〉 ∈ C1 × C2 × . . .× CN

1The name of the system, cogito is taken from the Latin verb “to think”, which etymologically means
“to shake together”. It was chosen to acknowledge the role of the combination of ideas in various models of
human inventive thought.

38
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- - -INPUT CONFIGURE
SELECT AND
EVALUATE

OUTPUT

Figure 4.1: A simplified model of the cogito system organization. The ‘SELECT AND
EVALUATE’ step may include details of arbitrary complexity, yet this complexity is hidden
from the user.

The fundamental decision to structure the space in this way enables the concept of com-

binatory play from DP 2. Visual representations are defined as combinations of elements

in cogito and all levels of the system architecture, reviewed next, reflect this.

4.1 Basic Organization

A standard model for the use of visualization [100] emphasizes the power of graphics as

an aid to the evaluation of simulation results, but it does not emphasize the evaluation of

individual visual representations. Conversely, the cogito system accounts for both concerns

in its design, illustrated schematically in Figure 4.1.

Underlying all four conceptual phases (input, configure, select and evaluate, and output)

of cogito is the OpenInventor [264] toolkit, which has proven very valuable both because of

its portability and self-documenting features.

The discussion of the implementation details of cogito will follow the organization depic-

ted in Figure 4.1. Features of the system design which extend beyond a single session are not

considered here. This discussion focuses on the implementation of cogito (with references

to the appropriate design principles – see Table 4.1) and includes an input syntax reference.

Chapter 5 will present the development of two non-trivial applications for cogito.

The input phase allows specification of the problem, the data to be examined, and

the tools to be used. The configure phase tailors the inputs to a particular situation.

The select and evaluate phase begins in the space as configured and works always with

the current space of available alternatives. This space can become exceedingly large very

quickly. For example, with only 6 components each with 6 elements, there can be as many

as 46,656 alternatives. The output phase deals with the export of the images which have

encouraged insight, or provoked more questions.
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Design Page Where
Principle Description Defined

1 Support the user in working directly with images 29
2 Support the user in combining images, and elements of images 30
3 Allow the user to employ heuristic search techniques 31
4 Support a model of problem-solving 31
5 Record all aspects of the design of visual representations 31
6 Support restructuring and reorganizing of alternatives 32
7 Support collaboration 32
8 Encourage the user to discover things personally 32
9 Support the systematic exploration of a conceptual space 32
10 Support the use of current solutions for future enquiries 33
11 Support the user in choosing images 34
12 Allow the user to interact with the images 34
13 Allow the user to concentrate on the task 37
14 Provide an external representation of choices possible 37
15 Support multiple visual representations 37
16 Allow each user to apply personal judgement 37

Table 4.1: Summary of Design Principles (DP) developed in Chapter 3

4.2 Input

The system has been designed to allow each user the flexibility to specify all the details

of his or her application from outside of the cogito system. The user’s specification in-

cludes the components and their organization, the elements in each component and their

implementations, and the compatibilities between components and elements. In general,

the elements will either operate on the data to amplify it in some way, or contribute to a

visual representation of the data. Particular problems may require the definition of several

specific new elements, which can be easily integrated into the existing application where the

applicability of these elements will be determined by the standard compatibility mechan-

isms. The data, and the access provided by the data model, are central to the visualization

process. For this reason, considerable effort was made to ensure an expressive and modular

input specification system to deal with data, metadata, and other aspects of the problem

definition.
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The input to cogito specifies all details of the application, which includes data2, the

tools to operate on that data, and context within which the data is to be interpreted. The

goal is to support the flexible input of data and functions; and for this purpose the input

language and parser were developed using flex and bison [147]. Input to cogito consists

of five separate, yet related, logical pieces: abstraction, libraries, database, display, and

implementation modules. These may be contained in a single file or split over several files.

The motivation for this separation of input is to maximize the flexibility afforded to

each user of the system. Within a community which considers the same sorts of general

problems, there may be a great deal to reuse. A new application in cogito needs only for one

to create or customize as much of this input as necessary (DP 7). The following discusses

each part of input in turn.

4.2.1 Abstraction

The abstraction encodes a particular conception of a problem or a class of problems, to

define an interface, document it, and make it available as a basis for collaboration. This

mechanism will provide metadata for other users (DP 5). The abstraction comprises four

parts:

• compatibilities: define the basis for testing whether two elements from different com-

ponents can be used together to produce a visual representation

• components: define the set from which the space of available visual representations is

formed

• catalogues: define the names used to facilitate the use of the cogito system

• dataset format: define the permissible formats for data

Different individuals may have very different ideas about which things are important,

even for something like the choice of colours in a graph-drawing application. The user

will be dissatisfied if the interface either provides a control which is not wanted or omits

a control which is expected. This issue came up during user testing (see Chapter 6). An

individual’s conception of a problem exposes the key points where he or she expects to have

2an application may not always have external data, as illustrated by the Shapes application (see
Chapter 5).
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influence. Having this information both expressed in and accessible through the abstraction

will ensure a good match between a user and the interface which he or she has defined. As

one’s understanding and experience grows, his or her changing conception of the problem

will warrant changes to the abstraction. This capability to evolve the articulation of the

problem is a manifestation of DP 5.

If an abstraction exists for a problem which a new user wishes to tackle, he or she may

use the existing abstraction directly, adapt it, or create an entirely new one. The work of

Furnas et al. [86], which studied the lack of regularity and consistency with which people

name things, indicates that two people might rarely choose to use the same abstraction

without at least some modification.

The abstraction is developed with a programmer, who will write new code or customize

existing code to implement the various elements of the components in the abstraction. The

abstraction provides the necessary structure for adding functionality to the application. The

precise mechanisms for doing this are detailed in the following sections.

Compatibilities

compatibilities compatibility-list

compatibility-list
: compatibility-list-elem
| compatibility-list compatibility-list-elem

compatibility-list-elem
: compatibility-name ( condition-list )

condition-list
: condition-list-elem
| condition-list condition-list-elem

condition-list-elem
: condition-name descriptive-text

Table 4.2: Syntax for the specification of compatibilities.

In most applications, not every possible combination of elements will be meaningful or

unique. In order to make stipulations about how elements from different components can
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be combined, the facility of compatibilities and conditions is provided (see Table 4.2 for the

syntax). For example, to distinguish between two-dimensional and three-dimensional data,

one might use the syntax illustrated in Table 4.3.

compatibilities
dimension ( "2D" "two-dimensional data"

"3D" "three-dimensional data")

Table 4.3: A compatibility called dimension, with two conditions

This capability allows a person to enforce certain rules in cogito, but this is a very limited

facility. In accordance with DP 9, the design of cogito is flexible about the application of

constraints.

Components

This section of the abstraction indicates the dimensions of the space of alternatives, with

each component representing a dimension (N components create an N -dimensional space).

See Table 4.4 for the syntax. Components are required to match the conditions of one or

more compatibilities. See Table 4.5 for an example.

Another view of components is that each implements some aspect of the traditional

‘filter, map, render’ visualization process. From this perspective, the importance of the

ordering of the components is clear. There is more than one ordering possible, however,

since only a partial order is imposed by the processing dictated by OpenInventor [264].

The in-order list of all components describes a “template”, implemented with an Open-

Inventor scene graph. Components either represent nodes or attributes, meaning that they

will modify nodes in the scene graph. The scene graph is an important data structure in

cogito: it can be read or modified by all components. The getstate and setstate com-

mands are intended as a documentation feature in the abstraction. The state information is

actually carried in the graph and accessed by a user-extensible library (see Subsection 4.2.5).

The collection of this state information in a central place reduces the complexity required

in each module, as indicated by DP 13.
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components component-list

component-list
: component-list-elem
| component-list component-list-elem

component-list-elem
: component-name descriptive-text
match compatibility-name-list
[attribute]
[getstate state-info-list]
[setstate state-info-list]

state-info-list
: state-info-list-elem
| state-info-list state-info-list-elem

state-info-list-elem
: state-info-name

Table 4.4: Syntax for the specification of components.

components
colourSelect "Methods to select colours from a palette"
match base
attribute
setstate colourSelect

Table 4.5: An example of a component specification.
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catalogues catalogue-list

catalogue-list
: catalogue-list-elem
| catalogue-list catalogue-list-elem

catalogue-list-elem
: catalogue-name descriptive-text
〈data-type | reference state-info-name 〉( value-list )

value-list
: value-list-elem
| value-list value-list-elem

value-list-elem
: value-name descriptive-text value

Table 4.6: Syntax for the specification of catalogues.

catalogues
aspects "Aspect ratios for drawing graphs" float
clrsel "Methods for selecting colours" reference colourSelect

Table 4.7: Two examples of catalogues. The first is descriptive because it will allow different
values to be named, and the second is referential because it will allow code segments to be
accessed.

Catalogues

Each catalogue is an enumeration of some quantity. A catalogue can be either descriptive

or referential, see Table 4.6 for the complete syntax. The purpose of descriptive catalogues

is to provide a layer between machine-implementation details and the user so that the

parameters to elements have intuitive names which can be queried and understood easily.

The purpose of referential catalogues is to provide a mechanism which allows references to

sampling modules (see Subsection 4.2.5) added from different libraries to be registered with

the system and used by the application. See Table 4.7 for an example.

Catalogues may be named with any valid string, except for two: the system presently

reserves the names ‘relation’ and ‘amplifier’ for special purposes. A user is still free to add
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designations to these catalogues.

Data Set Formats

This section describes the formats for data accepted by the system on behalf of an ap-

plication; two sample applications (Shapes and Graphs) are described in Chapter 5. An

application like Shapes might not use any external data, whereas an application like Graphs

could use data of practically all formats. The format names facilitate the input of the actual

data. The syntax is given in Table 4.8.

Conceptually, a data set is divided into one or more logical segments, which are related

to one another by some key value. The data sets for the Graphs application all have a single

logical segment. More complex data will arise from, say, measurements taken on a grid of

positions over time. Here, the measurements at each time step constitute a segment and the

segments for all time steps measured form the whole data set. An index may be necessary to

make the proper connections and interpret the grid in visual form. The system now allows

for a single index file to be associated with all segments. This example would be expressed

to cogito with the sample code in Table 4.9.

Relationships which exist between fields within a data set can be indicated by listing

those fields as arguments of various relations. The relation names are defined and described

in the ‘relation’ catalogue. For example, the Graphs application makes available the trilinear

plot, discussed in Chapter 2. It can be used only to plot three data fields whose sum is

always constant. As part of the data set format, one can indicate whether this condition

exists in the data. See Table 4.10 for an example.

4.2.2 Libraries

This section describes the libraries, each of which contains the descriptions of the component

elements and catalogue designations made available by the indicated dynamic shared object

(DSO) [124]. See Tables 4.11 and 4.12 for the syntax. The library establishes a mapping

between the code modules in the DSO and the structures of elements and designations used

by cogito. Matching of specifications to modules is done by extracting all local functions

from the symbol table of the DSO and testing for a symbol name which completely contains

the code name from the specification. Because the structure of cogito is combinatorial, one

new element for a component will result in many new combinations, based on specified
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datasets dataset-format-list

dataset-format-list
: dataset-format-list-elem
| dataset-format-list dataset-format-list-elem

dataset-format-list-elem
: dataset-format-name descriptive-text
〈sequential | indexed 〉
[heading-description] body-description relations-description

heading-description
: header ( data-description-list )

body-description
: body ( data-description-list )

data-description-list
: data-description-list-elem
| data-description-list data-description-list-elem

data-description-list-elem
: data-field-name data-type units units-name

relations-description
: relations ( relations-description-list )

relations-description-list
: relations-description-list-elem
| relations-description-list relations-description-list-elem

relations-description-list-elem
: relation-name ( data-field-list )

data-field-list
: data-field-list-elem
| data-field-list data-field-list-elem

data-field-list-elem
: data-field-name

Table 4.8: Syntax for data set formats.
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datasets
mesh indexed
header (

"Time" float units "Time"
)
body (

"X coord" float units "position"
"Y coord" float units "position"
"Z coord" float units "position"

)

Table 4.9: Designating a format for a data set comprised of segments, each identified by the
value of “Time” in the headers.

datasets
defset sectors sequential
body (

"Percentage in Sector I" float units "Percentage of workforce"
"Percentage in Sector II" float units "Percentage of workforce"
"Percentage in Sector III" float units "Percentage of workforce"

)
relations (

percent100(
"Percentage in Sector I"
"Percentage in Sector II"
"Percentage in Sector III"

)
)

Table 4.10: In an example from the Graphs application (see Chapter 5), the percent100
relation is used to indicate that the percentage in each of the three sectors sums to 100.
By testing the number of data fields in the relation, the programmer can verify that the
trilinear plot may be used with this data.
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libraries library-list

library-list
: library-list-elem
| library-list library-list-elem

library-list-elem
: library file-name descriptive-name
[elements element-list ]
[designations designation-list ]

Table 4.11: Syntax for library specification.

compatibilities. An example is given in Table 4.13.

All the functionality of any cogito application is encapsulated in the DSO libraries which

are loaded as that application is run. Once standard libraries are available, it is easily

foreseeable that the only work to get started on a new application will be the preparation

of the abstraction files.

The evolution of problem conceptions is also supported by the interface to these code

libraries because one can edit the descriptions of elements without having to recompile

anything. As new functionality is added or specialized, it can be placed in its own separate

DSO with its own library file (DP 5).

Each element is identified with a particular component and its relationship to other

elements in other components is specified by a condition from each of the compatibilities

associated with the component. The cogito system uses this information to determine which

combinations of elements are valid. This is done by comparing the compatibility conditions

of the current element with those already in the partially-assembled combination. Only those

compatibilities for the component are tested. The element may have an optional validator

module specified with it. If the element is compatible with the combination, the validator

module is invoked before the element module, to test any conditions on the arguments.

Any arguments for the module are specified next. Each argument to the element module

may be either a single value, an enumerated list of values, or a continuous range which is

sampled. If the parameter is continuous, some number of samples must be specified. The

net effect is to create another, smaller space of alternatives based on the possible values of

each argument. Consider each specified invocation of an element module to an m-tuple,



CHAPTER 4. IMPLEMENTATION OF COGITO 50

element-list
: element-list-elem
| element-list element-list-elem

element-list-elem
: descriptive-name element-module-name [validator-module-name]
component component-name
[arguments argument-list]
matches compatibility-condition-list
description descriptive-text

argument-list
: argument-list-elem
| argument-list argument-list-elem

argument-list-elem
: argument-name catalogue-name value-specification

value-specification
: [range Val Val] [samples number] [value typed-value]

compatibility-condition-list
: compatibility-condition-list-elem
| compatibility-condition-list compatibility-condition-list-elem

compatibility-condition-list-elem
: group compatibility-group-name condition-name

designation-list
: designation-list-elem
| designation-list designation-list-elem

designation-list-elem
: catalogue-name designation-name descriptive-name

Table 4.12: Syntax for library specifications, continued.
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"Graphs in 2D" graphs.so

elements
"Parallel projection onto "XY plane" CAM_orthoXY

component camera
matches dimension "2D"
description "Orthographic camera looking at XY plane"

designations
vary_by_data clrsel "Vary colour selection with data"

"linearRamp_RGB 0"

Table 4.13: Specifying a very small library, which refers to two functions, CAM_orthoXY and
linearRamp_RGB.

where vi is a value for argument Ai, as follows:

〈v1, v2, . . . , vM 〉 ∈ A1 ×A2 × . . .×AM

The declaration of the element, which establishes the link to its implementation, is

responsible for correctly indicating the interface to the module. Different elements of the

same component do not need to have the same interface.

Control over the appearance of the space of alternatives is exercised by manipulating the

mapping between elements and modules. One can define a single element which samples the

space of its arguments, according to a specification, or one can define several elements with

each one associated with a particular point in that parameter space. A rule of thumb is

that qualitative differences can be associated with elements and quantitative differences as-

sociated with parameter changes. One can choose to identify discrete values of a continuous

parameter by creating designations in a catalogue.

Each element has a description, the text of which is processed to reflect the arguments

at invocation. This information is stored in the scene graph, and available for query through

the interface.

Designations specified in the library are generally of the reference type, which makes

sampling modules (see Subsection 4.2.5) available to the system. The reference is actually

a quoted string which specifies the name of the module and any other required details.
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Parsing of this reference string is done by the state information class associated with the

catalogue, which defines the requirements of the interface.

4.2.3 Database

The data available to a particular invocation of an application is indicated in this part of

the input. By associating the data with a format specified in the abstraction, one is relieved

of the need to describe the metadata for each file. The existence of a format also makes it

easy to develop a standard file format or support several different ones. The new dataset

becomes a named instance of the specified format (see Tables 4.14 and 4.15). All data is

converted to OpenInventor types upon input. This gives access to all of OpenInventor’s

data capabilities, including the use of disk-based data management if required.

The data fields are treated as individual variables, to which operations may be applied.

This view is like that of Data Desk [254], however, cogito adds the concept of relations

amongst the fields.

4.2.4 Display

Input also includes indications of viewing and display parameters. See Table 4.16 for a guide

to this syntax. However the user chooses to think of and view the components (in which

order), they are processed according to the order given in the abstraction.

4.2.5 Implementation Modules

The cogito system employs three different types of modules, distinguished primarily by their

purpose. The most prevalent type of module is that which implements the behaviour spe-

cified by an element. Each element module has a standard interface which allows it to

accept a variable number of arguments. This interface is implemented using the protocol

of name/value pairs provided by the ‘Arg’ functions of X Window Toolkit [182]. Each of

these modules accepts three arguments: an Arg structure, the number of arguments, and

a reference to the scene graph currently under construction. This last argument enables

communication between components, so the complexity needed by any one module is re-

duced. Each component can read and write state information to and from the scene graph,

which can be accessed by later components. Because the order of components is fixed in
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database dataset-list

dataset-list
: dataset-list-elem
| dataset-list dataset-list-elem

dataset-list-elem
: dataset-name format-name
[index ( index-record-list )]
( data-segment-list )

index-record-list
: index-record-list-elem
| index-record-list index-record-list-elem

index-record-list-elem : index-record

data-segment-list
: data-segment-list-elem
| data-segment-list data-segment-list-elem

data-segment-list-elem
: segment ( segment-record-list )

segment-record-list
: segment-record-list-elem
| segment-record-list segment-record-list-elem

segment-record-list-elem
: data-set-record

Table 4.14: Syntax for database specification.
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database
set sampleGrid mesh
index (
#include "time-data/mesh.idx"
)(
segment (
#include "time-data/solu0.000"
)
segment (
#include "time-data/solu0.001"
))

Table 4.15: Input of data corresponding to the dataset format given in Table 4.9. Here the
dataset is called “sampleGrid” and is an instance of the format called “mesh.”

the abstraction, programmers can use it to communicate whatever state information they

need when writing their modules.

The programmer can create new state information, as required, by creating subclasses

of the general state-info class CogStateInfo (Table 4.17) or the specialized class CogState-

FuncInfo which allows a sampling module to be invoked (Table 4.18).

Components can either represent nodes or attributes in the scene graph. The modules

which implement nodes return a reference to an OpenInventor group structure [264]. There

are two children in such a group: the first contains the descriptive information from the as-

sociated element and the second contains the implementation details. Those modules which

implement attributes return a boolean value to indicate whether or not the modification

was successful.

If the execution of either variety of element module is not successful for whatever reason,

construction of the current combination is stopped. This mechanism is the last check of the

compatibility of an element.

Each element may optionally specify a validator module to verify that a particular

collection of parameter values will constitute a valid invocation of the element module. These

modules return a boolean and are invoked with only two arguments (the Arg structure and

the argument count) since this module is called before a scene graph is constructed.

Each designation in a reference catalogue has an associated sampling module. These
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views views-list

views-list
: views-list-elem
| views-list views-list-elem

views-list-elem
: view-key-list

view-key-list
: view-key-list-elem
| view-key-list and view-key-list-elem

view-key-list-elem
: component-name

display display-qualifier-list

display-qualifier-list
: display-qualifier-list-elem
| display-qualifier-list display-qualifier-list-elem

display-qualifier-list-elem
: samples number
〈blocked | interleaved 〉
policy policy-specifier
gridsize x-number y-number aspect-ratio aspect-ratio

Table 4.16: Syntax for the specification of display qualifiers.
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#ifndef __CogStateInfo__
#define __CogStateInfo__

class CogStateInfo {
protected:

CogString token;
CogString csi;

public:
CogStateInfo(void);

void display(void);
CogString& getInfo(void);
CogBool store(SoSeparator*);
CogBool retrieve(SoSeparator*);

};
#endif

Table 4.17: Header file for the CogStateInfo class

#include "CogStateInfo.h"

#ifndef __CogStateFuncInfo__
#define __CogStateFuncInfo__

class CogStateFuncInfo : public CogStateInfo {
protected:

CogString func_name;
void* funcptr;

public:
CogStateFuncInfo(void);

CogBool storeFunc(SoSeparator*,CogString&);
};
#endif

Table 4.18: Header file for the CogStateFuncInfo class
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modules are related to some particular piece of state information. In that file, the details of

the function interface are defined.

4.3 Configuration

configuration configuration-spec-list

configuration-spec-list
: configuration-spec-elem
| configuration-spec-list configuration-spec-elem

configuration-spec-elem
: 〈include | exclude 〉
〈condition | designation | element 〉
name

Table 4.19: Syntax for the specification of configuration details.

The configuration stage of processing is used to limit the size of the root space from that

which is determined only by the modules described in the library files. The user can tailor

the space for a particular invocation of an application, without having to create separate

versions of the library files. An example is illustrated in Table 4.19.

The first selection is made in the configuration part and this determines which elements,

conditions, and designations will be used in a particular invocation of an application.

4.4 Selection and Evaluation

The architecture of the cogito system thus far described shares much in common with the

design of more common modular visualization environments. The key difference between co-

gito and other systems is its focus on the space of alternative visual representations (DP 14)

and its support for the user in structuring and managing that space (DP 9). For any ap-

plication, the composition of a space may very well change over time, as elements and even

components are added or modified (DP 5). This flexibility is essential in supporting the

entire problem-solving process, as indicated by DP 4.

The selection of alternatives is facilitated through a visual interface which is reminiscent

of Sims’ system for artificial evolution in computer graphics [231]. A key factor in choosing
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Figure 4.2: Schematic look at the interface: the space of available alternatives is grouped
according to user-specified criteria. Each group (A – F) has a representative element (a –
f) which is displayed to the user. The subspace for the next search iteration is based on the
user selection (b and f).

this design is its ability to fulfill DP 1 by allowing users to select visual representations

directly from the screen, through the use of embedded menus [224]. Users of any application

in cogito always see the same interface, which is provided by the system, and can benefit

from that consistency by focusing more on their task (DP 13).

The interface (see Figures 4.2 and 4.3) displays a subset of available representations

(sampled according to the selected organization of the search space), generated from the

current data, with which the user can interact. The creation and traversal of this hierarchical

set of spaces is the result of decisions at various points. From a design perspective, all these

choices provide valuable information about the design and should be recorded [76]. An

annotation facility has been implemented within cogito to meet this need (DP 5). To help

the user to productively use the notion of the space of alternatives, the interface actively

supports this model (DP 14). The concept of a space is made more manageable by several

additional structures:
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• each space is examined through a view, which establishes how the alternatives are

presented to the user. Elements in the view’s key component(s) are sampled sequen-

tially from the current space. Elements from the other components are sampled from

the current space in a pseudo-random fashion. For example if the view key is the ‘Col-

our’ component and the current space has ‘Red’, ‘Green’, ‘Blue’, and ‘Yellow’ elements

from that component, one will see Red, Green, Blue, and Yellow objects always in se-

quence, with the other elements of the combination completed in a pseudo-random

way. A user may choose to establish several different views for the same space (DP 6).

The view partitions the space and alternatives from each partition are seen in sequence.

Elements from the other components are chosen in a pseudo-random fashion.

• each view comprises one or more screens, which are generated only at the request of

the user.

• each screen comprises two or more3 cells, each of which displays a visual representation,

determined by the view and other parameters. The visual representation in a cell can

be examined or its contents queried by the user.

The collection of these structures provides a context in which to interpret the visual

representations. The system manages the combination of elements and organizes any re-

cords of experiments. Multiple cells on the screen at once support the user in evaluating

alternatives. The environment is well-suited to experiments, where individuals can invent

their own ideas or recreate the work of someone else; they become the only inventor they

know [101].

The elements in the cogito system provide the functionality of the filter, map, and

render pipeline of Haber and McNabb. The difference with the cogito system is that once

the elements have been specified to the system, the user does not have to explicitly assemble

that pipeline (DP 13).

The design is focused on supporting the user in selection and evaluation, which requires

a meaningful access to the space of alternatives. A user might want to see all alternatives

in a space by looking at successive screens although this may easily result in hundreds of

screens to look at. To allow this definiteness, no alternative is allowed to be displayed more

3Ten is a practical upper limit on this number, so that the screen-size of individual alternatives is not too
small.
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than once in a particular view. A more powerful approach supported by the interface is

to review only a small fraction of the alternatives. This allows the user to explore a more

confined region of space. The user may see the desired representation, or parts of it, and

use it as the basis for further selection and evaluation (DP 10). An alternative displayed

in a cell is selected by clicking anywhere in the cell. The colour of the cell border changes

to reflect its selected state. Once the user has evaluated sufficient alternatives, selections

made in the current space are used to define a new space, using the equivalent of a genetic

crossover operation. The new space is consistent with the selections made in the previous

space. Figure 4.3 displays an annotated version of the cogito system interface. Figure 4.4

illustrates the system use with an application.

Although it follows an interactive evolution paradigm in a sense, the possible solutions

are not evolving, as would be the case in a genetic programming system [193, 231]. The

first such artificial evolution system accompanied Dawkins’ Blind Watchmaker [55]. More

recently, Sims [231] used this idea to generate computer-graphical imagery. Kochhar [136]

applied the idea to a generative system. The cogito system follows in this tradition with

the user providing the fitness function through his or her selections. One navigates and

searches the space by a genetic algorithm (DP 3) which creates new spaces consistent

with selections. It is a technique which can be applied to especially good advantage when

the satisficing solutions to a problem are not known. Proceeding in a directed random

way, promising alternatives can be quickly identified. In less ideal circumstances, a good

strategy for exploration of the whole search space is to pursue a particular direction with

each search and perform many searches. Left without user guidance, the system will present

images taken from the entire search space. In this case, however, a higher proportion of the

alternatives presented may be deemed unusable. And since only a relatively small number of

alternatives will be displayed, it is more likely that useful ones will be missed. Alternatively,

since one sees a good sampling in one dimension, it may be possible to find a partial solution

which can be further developed. The possibility that the selected alternatives will come

from combinations generated outside the user’s experience is a very powerful aspect of this

approach, which was also noted by Kochhar et al. [136]. Once the promising alternatives

are identified as such, the nature of the navigation may change.

The user may either be sure of the modification needed to create an effective represent-

ation, or he or she may choose to explore the similar combinations in an effort to better

understand the neighbourhood of the combinations and ultimately allow some insight.
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border colour indic ates status: 
blue − ’parent’, 

  yellow − ’selected’ , 
grey − ’previously selected’

generate a new spac e, 
based on selections

generate another vi ew
to organize current  space

generate another sc reen 
in the current view

navigate through 
screens

navigate through
views

navigate through
spaces

Make notes about or  mark 
for future referenc e the current 
space, view, or scr een.
A indicates the pre sence of notes, 
T indicates a mark

examine the 
visual 
representation

make notes about/
mark for reference

edit appearance and
change how selectio n
affects each catego ry

Figure 4.3: The interface to the cogito system, with annotations. The user will always see
the same interface, regardless of the particular application being run (here shown with the
Shapes application, described in Chapter 5).



CHAPTER 4. IMPLEMENTATION OF COGITO 62

Figure 4.4: An illustration of the cogito system with an application. At the forefront is the
dialogue box which permits editing of the current visual representation.

The cogito system provides mechanisms to deal with both situations. The former requires

an “edit” capability that allows individual elements to be changed to different particular

elements. The latter requires a means to return elements to the search, by implementing a

“match any” capability that can be expressed for particular components.

The user identifies features of interest in a relatively non-specific way. These identified

features may lead to the perception of the space as homing, in which case a directed refine-

ment approach may be taken. If the space remains as Klondike, the user may be advised to

continue generating combinations randomly. The topographies proposed by Perkins [191]

correspond well to the sorts of search strategies which can be effectively applied [91]. If a

space is homing, then a gradient-based local search method like hill-climbing can be applied.
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If the space is Klondike, a genetic algorithm provides a robust method. The same space

can appear in different ways to different people and this is based on each person’s personal

experience and knowledge of the task. The cogito system uses this notion to allow a space

to be examined through different organizations (DP 6).

The approach to selection and evaluation, though different from MVE’s, could be used

to develop networks for use in those systems. The focus of this work differs from those, as

well as Chi’s Spreadsheet for Information Visualization (SIV) [42] and Levoy’s Spreadsheet

for Images [148], because it concentrates on the implicit rather than explicit expression of

operators.

4.5 Output

Generativity is an important feature of a problem solution [191]. Annotated logs of space

explorations could serve as important documentation in the process of design, and a found-

ation for insight. Output to OpenInventor [264] or VRML [106] could serve to encourage

much wider collaborations, though sharing of libraries will also be an important activity.

Appendix C presents a sample OpenInventor output file.

The results of the visualization process will be the selected visual representation(s) and a

map of the space of alternatives that was traversed in the process of finding the visualization.

The intent is to provide the researcher with different physical and conceptual views of the

problem data. This is an important aspect which is advocated by Brown and Sedgewick [26].

4.6 Implications

The goal of providing access to a personal paradigm for visualization has created a system

which affords choice at every alternative, and one that does not do away with the role of

programmer but rather shifts the focus to the relationship between researcher and computer.

The concept of a hierarchical organization of spaces contrasts with the flat view which

is otherwise used. By ordering the components, one can think of the combinations as paths

in a tree from root to leaf. A change or variation early in the tree will potentially affect

quite a number of leaves, whereas a change in a leaf node is a very local change. This idea

is applicable when reorganization of the space occurs.

As noted by Treinish [247], there is still a need for programming help even for the the
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visualization-literate scientist. An intuitive means of accessing alternatives puts the scientist

in direct control, further alleviating the need for specialized programming assistance. The

new paradigm proposed herein allows that direct access by the research scientist. The

reverse is true that such a specification system could be used as a programming tool for a

dataflow visualization system such as AVS [252]. Programming support will be required at

those times when the need arises from problem-finding activities in cogito for new visual

elements to be added to the library. This aspect of support for the addition of elements will

be discussed in Chapter 5 with respect to particular applications.

Although it would be interesting to explore whether it is beneficial to keep the dimensions

of the space also hidden from the user, here they are more visible and are used as a means

for the user to interact with the system. Since there is an expectation that users will have

sufficient expertise with the application, this decision will give the users more control. This

choice may in some ways be at odds with the idea of keeping the user away from language-

related details of the problem, though alternatively, the user must have some grasp of the

problem, and this can be expressed in terms of this interface. If the user did not have a

role in defining the abstraction, then he or she must gain familiarity with the components

and elements before proceeding. One might soon see how well the abstraction has been

constructed by observing the user interact with it.

It might also be interesting to explore whether there are popular choices for visual rep-

resentations which relate to specific tasks. As such, multidimensional scaling [141] analysis

might prove useful in exposing any patterns which might in turn be used to provide better

support to the user navigating the space, if he or she chooses to use that support.

The rationale for building the cogito comes from the goal to empower both user and

programmer in a visualization environment. The next chapter describes, with concrete

examples, the programmer’s interface to cogito.



Chapter 5

Building applications for cogito

To illustrate the power of the cogito system, this chapter deals with the construction of two

cogito applications, Shapes and Graphs. These same applications were used to conduct the

user study, described at length in Chapter 6.

The user of a cogito application deals with the cogito interface, tailored by the current

application. Therefore, the user will not need different computer skills for each application

in cogito. Rather, once the user is acquainted with the cogito interface, only the task-specific

knowledge relevant to the application will be required.

The prototype cogito system permits applications to be built in a distributed fashion

with the description and implementation expressed in several logical parts. It is easy to see

that new applications may be built by mixing new and existing pieces with a minimum of

effort. In this description and use of the prototype cogito system, effort has been focused

on the manual creation of the pieces which constitute the applications.

This distributed model of an application in cogito reshapes the traditional relationship

between user and programmer when solving visualization problems; it places the user in

direct contact with the system which is generating images and that user is in control of the

process.

A person may interact with the cogito system either as a user or as an application

programmer. Generally, these two roles may be assumed by the same person, two different

(groups of) people who interact while developing an application, or two different (groups

of) people who do not communicate at all. The last situation may arise when an application

has been sufficiently developed that its use spreads beyond those who defined it.

The remainder of the chapter will present each step of the application-building, with

65
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illustrative examples from both the Shapes and Graphs applications.

5.1 Defining an Abstraction

As discussed in Subsection 4.2.1, the abstraction defines the user’s interface to the applica-

tion. The programmer and user must first decide which aspects of the problem will be put

under the control of the user, then secondly, how the user will access those controls. There

are many ways to describe any problem, and it is worthwhile to consider them carefully.

Three pairs of distinctions are of interest:

• components identify the logically distinct and indivisible units in a problem. Some

of these may be almost universal while others are very specialized

• elements identify the qualitatively different choices within each component. Each

element can be parameterized to enables a range of quantitatively different choices to

be explored for each element

• compatibilities identify the areas where coordination is needed

• conditions identify the particular cases within each compatibility

• catalogues identify the themes for the collections of names that are made accessible

throughout the different files of an application

• designations identify the particular values and references

The whole process of defining an abstraction may go through several refinements before

the user is satisfied.

5.1.1 Shapes

The Shapes application (see Figure 5.1) gives the user some means to experiment with the

appearance of simple three-dimensional shapes with various colours, transformations, and

lighting. In keeping with this intent, camera, lightModel, lightSource, lightPosition,



CHAPTER 5. BUILDING APPLICATIONS FOR COGITO 67

Figure 5.1: The cogito system running the Shapes application.
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abstraction
compatibilities

base "Base compatibility" ( base "Base condition" )
dimension "Dimensionality of shapes"

( "3D" "Three-dimensional shapes" )
lightingProperties "Use of lighting information"

( base "Base colour without any light",
phong "Phong illumination with light" )

lightingPosition "Position of lights"
( none "No light position",
spec "Light position specified by user" )

lightingDirection "Direction of lights"
( none "No light direction",
spec "Light direction specified by user" )

components
camera "Viewing information" match dimension
lightModel "Model for the way light is used"

match lightingProperties
lightSource "Type of light source"

match lightingProperties lightingPosition lightingDirection
setstate lightSource

lightPosition "Position of point light source"
match lightingProperties lightingPosition
attribute getstate lightSource

lightDirection "Direction of directional light source"
match lightingProperties lightingDirection
attribute getstate lightSource

colour "Colour of shapes" match base
squeeze "Shrinking of shape along some axes" match base
orientation "Rotation of shape around some axes" match base
shape "Three-dimensional shape" match base

Table 5.1: Abstraction for Shapes application.
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catalogues
lm_cat "Available light models" descriptive integer

( base "Base colour light model" 0,
phong "Phong light model" 1 )

ls_cat "Available light sources" descriptive integer
( none "No light source" 0,
point "Point light source" 1,
directional "Directional light source" 2 )

Table 5.2: Abstraction for Shapes application, continued.

lightDirection, colour, squeeze, orientation, and shape components are defined. See

Tables 5.1 and 5.2 for the actual specification.

The abstraction does not give a great deal of control over the transformations, since

neither the squeeze nor orientation component reveals very much about how the trans-

formation will be applied. As implemented, the order of these components will affect the

displayed image. The lightModel, lightSource, lightPosition, and lightDirection

components work together to determine the lighting of the shape. Because of this interde-

pendence, compatibilities are defined to control the combination of elements between these

components. For example, both lightSource and lightPosition are coordinated by the

lightingPosition compatibility. This means that the elements from the lightSource and

lightPosition components must both have the same condition from the lightingPosition

compatibility in order to form a valid combination. Additionally, state information is set by

the lightSource component and used by the lightPosition and lightDirection com-

ponents to determine the type of light source in the scene. Two catalogues are defined to

provide the user with more mnemonic names. The abstraction for this application is made

simpler because it does not use any external data.

5.1.2 Graphs

The Graphs application (see Figure 5.2) provides the user with access to a variety of plot-

ting methods in two space dimensions. The following components are defined: camera,

lighting, layout, size, texture, colourPalette, colourSelect, plotData, mapData,

dataAmplification, representation, and annotation. See Tables 5.3 through Tables 5.6
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Figure 5.2: The cogito system running the Graphs application.
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for a detailed example of the syntax involved.

abstraction
compatibilities

base "Base compatibility" ( base "Base condition" )
dimension "Dimensionality of graphs"

( "2D" "Two-dimensional graphs" )
rep "Representation used in graphs"

( chart "Recti-linear chart", rose "Circular",
tri "Triangular" )

amplify "Use of amplified data"
( permitted "Amplified data is permitted",
forbidden "Amplified data is forbidden" )

anntype "Annotation type"
( scatter "Annotate scatter plot", col "Column chart",
bar "Bar chart", line "Line chart",
trilinear "Trilinear plot", rose "Nightingale rose" )

lay "layout requirements"
( other "no special requirements",
overSquare "overlaid with square aspect ratio" )

dataRestrict "Restrictions on data"
( none "No restrictions",
tri_100 "Three fields sum to unity" )

implantation "coverage of mark on plane"
( point "point", line "line", area "area" )

Table 5.3: Abstraction for Graphs application: compatibilities.

Compatibilities and conditions are defined to enforce restrictions on how the elements

from these components can be combined. In addition to eliminating nonsensical combina-

tions, the lay compatibility is used to eliminate visually non-unique combinations by impos-

ing the overSquare condition, which indicates that the layout should only be overlaid with

a square aspect ratio. In addition to the named values used in the Graphs example, this

application uses three reference catalogues. The contents of the catalogues are determined

at run-time. However, because these catalogues are defined in the abstraction, elements

may use the contents of the catalogue to define their arguments.
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components
camera "Viewing information" match dimension
lighting "Lighting information" match dimension
layout "Layout information for graphs"

match base present lay
attribute setstate graphPosition presentation aspectRatio

size "Size of pieces"
match base implantation lengthNeeds
attribute setstate lineWidth pointSize

texture "textures"
match base
attribute setstate linePattern

colourPalette "Palette from which colours are chosen"
match base
attribute setstate colourPalette

colourSelect "Method to select colours from palette"
match base
attribute setstate colourSelect

plotData
match dataRestrict
attribute setstate plotData

mapData
match base lengthNeeds
attribute setstate mapData

dataAmplification
match base amplify
attribute setstate dataAmplification

representation
match dimension rep dataRestrict implantation

amplify lay anntype
getstate plotData mapData lineWidth linePattern

colourPalette colourSelect presentation aspectRatio
setstate boundingBox graphCount

annotation
match rep present anntype
getstate graphCount

Table 5.4: Abstraction for Graphs application: components.
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catalogues
aspects "Graph aspect ratios" float

( square "Square" 1.0, vertical "Portrait" 1.333333,
horizontal "Landscape" 0.75 )

lm_cat "Available light models" integer
( base "Base colour" 0, phong "Phong illumination" 1 )

pres_type "Presentation type" integer
( single "Graph showing a single plot" 0,
overlaid "Several plots overlaid on a single graph" 1,
separate "Several plots each on a separate graph" 2 )

clr_space_type "Colour space type" integer
( RGB "Red Green Blue" 0,
HSV "Hue Saturation Value" 1 )

over_mode_type "Overlapping mode for charts" integer
( multi "Multiple symbols side by side" 0,
stacked "Multiple symbols stacked one on another" 1 )

relation "Relations in data" string
( percent100 "Fields in relation sum to 100 percent" )

amplifier "Amplify data" string
( sort "sort data" srt_check )

positions "Graph positioning function" reference graphPosition
linewidths "Line width functions" reference lineWidth
dotsize "Dot size functions" reference pointSize

Table 5.5: Abstraction for Graphs application: catalogues.

5.2 Defining the library

In general, there may be several libraries used for an application. Without loss of generality,

this discussion will deal with only a single library.

The abstraction lays out the components which define the dimensions of the space of

alternatives and the catalogues which define the structures for using the sampling modules.

The library file realizes the abstraction by putting elements into the components and by

adding designations to the reference catalogues. The library file describes the elements

and designations which the DSO adds and then it connects the parts of the abstraction to

executable code.
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datasets
sectors "Sectors in an economy by region"

sequential
body (

"Record Number"
float units ordinal sorted

"Sector I"
float units "Thousands of workers"

"Sector II"
float units "Thousands of workers"

"Sector III"
float units "Thousands of workers"

"Total All Sectors"
float units "Thousands of workers"

"Percentage in Sector I"
float units "Percentage of workforce"

"Percentage in Sector II"
float units "Percentage of workforce"

"Percentage in Sector III"
float units "Percentage of workforce"

)
relations (

percent100 (
"Percentage in Sector I"
"Percentage in Sector II"
"Percentage in Sector III"

)
)

Table 5.6: Abstraction for Graphs application: dataset formats.
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One may think of the cogito structure as a three-tiered hierarchy: the components define

the different parts of the visual representation, the elements define the distinct aspects of

each component, and the parameters to the each element can control the quantitative aspects

of an element’s behaviour.

Both the Shapes and Graphs applications use elements which represent a single sample.

This was done to provide more precise and equal control in the user study. Some alternative

formulations are illustrated in following text.

5.2.1 Shapes

"Red" MAT_diffuse
component colour
arguments

red float range 0.0 1.0 value 1.0
green float range 0.0 1.0 value 0.0
blue float range 0.0 1.0 value 0.0

matches base base
description "Red diffuse colour"

"Green" MAT_diffuse
component colour
arguments

red float range 0.0 1.0 value 0.0
green float range 0.0 1.0 value 1.0
blue float range 0.0 1.0 value 0.0

matches base base
description "Green diffuse colour"

"Blue" MAT_diffuse
component colour
arguments

red float range 0.0 1.0 value 0.0
green float range 0.0 1.0 value 0.0
blue float range 0.0 1.0 value 1.0

matches base base
description "Blue diffuse colour"

Table 5.7: Colour elements for Shapes application.
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"Cyan" MAT_diffuse
component colour
arguments

red float range 0.0 1.0 value 0.0
green float range 0.0 1.0 value 1.0
blue float range 0.0 1.0 value 1.0

matches base base
description "Cyan diffuse colour"

"Magenta" MAT_diffuse
component colour
arguments

red float range 0.0 1.0 value 1.0
green float range 0.0 1.0 value 0.0
blue float range 0.0 1.0 value 1.0

matches base base
description "Magenta diffuse colour"

"Yellow" MAT_diffuse
component colour
arguments

red float range 0.0 1.0 value 1.0
green float range 0.0 1.0 value 1.0
blue float range 0.0 1.0 value 0.0

matches base base
description "Yellow diffuse colour"

Table 5.8: Colour elements for Shapes application, continued.

The element descriptions in Tables 5.7 and 5.8 provide the functionality of several dif-

ferent elements by calling the same module (see Table 5.9) with different parameters. The

benefit of this approach is that it is easy to evaluate a function at a few interesting discrete

points and name them as such. Table 5.10 illustrates a more compact approach, which is

beneficial especially when there are very many desirable alternatives in an element’s para-

meter space. A validator module (Table 5.11) can be used to reject certain combinations

of parameters. Therefore, the two implementations have the same effect, although they

do have a slightly different interface. The modules for the Shapes application are quite

straightforward. A more complex example will be given with the Graphs application.
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SoGroup*
MAT_diffuse(Arg* args,int argc,SoSeparator*)
{
SbColor start;

SoGroup* mat_group = new SoGroup;
mat_group->setName("material");

SoInfo* info = new SoInfo;
mat_group->addChild(info);
if (argc > 0) {

info->string = SbString((char*) args[0].value);
}

SoMaterial* mat = new SoMaterial;
if (argc > 3) { // load starting colour

start = SbColor(*((float*)(args[1].value)),
*((float*)(args[2].value)),
*((float*)(args[3].value)));

}
mat->diffuseColor = start;
mat->specularColor = SbColor(0.3,0.3,0.3);
mat_group->addChild(mat);

return(mat_group);
}

Table 5.9: The code to implement the MAT_diffuse module that is referenced in Table 5.7
and 5.8.
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"Diffuse colour" MAT_diffuse no_bw
component colour
arguments

red float range 0.0 1.0 samples 2
green float range 0.0 1.0 samples 2
blue float range 0.0 1.0 samples 2

matches base base
description "Diffuse colour"

Table 5.10: An alternative definition for an element which provides diffuse colours in the
Shapes application. The arguments specify 23 = 8 possibilities. The no_bw validator module
is used to reduce that to 6 in total, the same ones specified in Tables 5.7 and 5.8.

/*
* return TRUE only if the colour is not black nor white
*/
CogBool
no_bw(Arg* args, int argc)
{
CogBool rval;

rval = FALSE;
if ((args[1].value != 0) |

(args[2].value != 0) |
(args[3].value != 0)) {

if ((args[1].value != 1) |
(args[2].value != 1) |
(args[3].value != 1)) {

rval = TRUE;
}

}
return(rval);

}

Table 5.11: Validator module for the MAT_diffuse element module which eliminates the
colours (0, 0, 0) and (1, 1, 1).
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There is only one instance where state information is required and the CogLib API is not

used at all. These features will be discussed through examples from the Graphs application.

5.2.2 Graphs

The library for the Graphs application contributes designations for referential catalogues,

as well as elements. The syntax which accomplishes this is shown in Table 5.12.

elements
"Trilinear plot" REP_trilinear

component representation
matches dimension "2D"

rep tri
dataRestrict tri_100
implantation point
amplify forbidden
lay overSquare
anntype trilinear

description "Trilinear plot"

designations
vertical_layout positions

"Position graphs vertically to one another" GPOS_vert_sq
horizontal_layout positions

"Position graphs horizontally to one another" GPOS_horiz_sq

constant_reg linewidths
"Single, regular width lines" "line_constant_reg 1"

constant_thick linewidths
"Single, thick width lines" "line_constant_thick 1"

varyExponentially linewidths
"Vary line width exponentially" "line_exp 2"

varyLinearly linewidths
"Vary line width linearly" "line_linear 4"

Table 5.12: An excerpt of elements and designations made available in the Graphs applica-
tion DSO.

Compatibility conditions were again used in this application for the benefit of the user
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study. If one was to use a validator module instead, it would have the general form of the

one in Table 5.13.
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CogBool
trilinear_tester(Arg* args, int argc)
{
int i, count = argc - 1;
CogBool tf;
DataIndex di;

tf = TRUE;
di[0] = 0; di[1] = 0;
if (count == 3) {

for (i = 1;i <= argc-1;i++) {
di[2] = (int) args[i].value;
if (CogLib::hasRelation("percent100",di) == FALSE ||

CogLib::getRelationSize("percent100",di) != 3) {
tf = FALSE;
break;

}
}

}
else {

tf = FALSE;
}
return(tf);

}

Table 5.13: A validator module for the “Trilinear plot” representation which uses the CogLib
API to test whether the necessary relation exists and has the proper size.
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5.3 Specifying the Display and Configuration

A user may choose to establish any viewing order for the components. The order in which

the components are viewed through the interface is completely separate from notion of the

processing order which was fixed in the abstraction. The views keyword handles reordering

the components, and it can also be used specify new names for the components in the

interface. Examples are shown in the following subsections in Tables 5.14 and 5.15.

5.3.1 Shapes

views
shape
colour
squeeze
orientation
lightModel
lightSource
lightPosition
lightDirection

display
interleaved
gridsize 2 5 1.29
policy all

Table 5.14: Specification of display parameters for the Shapes application.
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5.3.2 Graphs

views
representation
plotData
mapData
(dataAmplification sort)
layout
annotation
colourPalette
colourSelect
size

display
interleaved
gridsize 2 5 1.29
policy all

Table 5.15: Specification of display parameters for the Graphs application. In this example,
the dataAmplification component is aliased to the name sort.

5.4 Implications

The process of developing the two applications, Shapes and Graphs, for the cogito system has

underscored the flexibility of the interface for both user and programmer. Each is provided

with multiple means of accomplishing their task. Although the basis for the interface is now

established, it can be quite tedious to use. There remains a need for tools which can support

the programmer in developing code for particular applications with particular abstractions.

Before further development takes place, it is important to assess the present design. Such

an assessment is presented in the next chapter.
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Assessment

The design of the cogito system [113, 114] began as a new expression of the possibility of

improved access to computer-based visualization technology [127]. Chapters 3 and 4 have

described the development of that design and its implementation. Chapter 5 has demon-

strated the expressiveness of the system for building applications. This chapter completes

the presentation by describing the user study which was conducted to assess how well the

software meets its goals.

The foundation of the cogito system design was validated through informal evaluation

of early prototypes by peers. A detailed user study was conducted in order to assess the

effectiveness of the paradigm in the context of a real application, and to collect empirical

data about how people visualize with the aid of a computer. The following sections discuss

all aspects of the test, from design to analysis of the results.

6.1 Test Structure

One would like to determine whether or not the cogito software system encourages insight.

The challenge, especially in studying such an ineffable quantity as insight, is to capture rel-

evant information in a tractable way. In Rubin’s practical guide to usability testing [212], he

describes four different test types: an exploratory test evaluates the effectiveness of design

concepts, early in the development cycle; an assessment test examines and evaluates the

implementation of design concepts, early or midway through the development cycle; a val-

idation test evaluates software against predetermined benchmarks, late in the development

cycle; and a comparison test is used at various points in the development cycle to better

84
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understand the advantages and disadvantages of different designs.

In the case of this work, the role of the exploratory tests was taken by the informal

evaluations from peers. The cogito system has now matured to the point at which a robust

implementation of the concepts exists. However, it has not yet reached the point for a

validation test, and the benchmark against which the software could be compared does not

yet exist. Rather, the present study is primarily an assessment test of the basic system

theory and design. The study includes a comparison test of two interface approaches, flat

(A) and hierarchical (B), which provide different forms of access to the space of alternative

visual representations, produced by the same underlying system. Subjects were asked to

complete a task, whose solution may require insightful and creative thinking, using one of

the two interfaces.

6.2 Software

The full cogito system as it is envisioned and implemented contains many features which

differ to varying degrees from popular current software tools, meaning that substantial

training of users may be required. Two simplified versions of the full interface were developed

in order to focus attention on the means of accessing alternatives. Facilities to log user

interaction were added to both interfaces. The most explicit of these additions was the

“Task” button, with which users were asked to indicate their use of a particular visual

representation. Other features of the software were hidden from the subjects as much as

possible in order to create the situation that access to the space of alternatives was the sole

condition of the study.

6.2.1 Interface A (Flat)

This interface provides the user with an unstructured, flat view of the space of alternative

visual representations (see Figure 6.1). This interface evolved from the edit dialogue box

in the full cogito system, illustrated in Figure 4.4. The user is allowed to make incremental

changes to the image and see the results immediately. Additionally, a history of those

changes is kept and can be accessed at any time.

Its display of a single visual representation at a time and its requirement for the explicit

specification of elements make it similar to existing systems. However, it employs a kind of

interaction more closely related in style to “form fill-in” [224] than the visual programming
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Figure 6.1: Interface A (Flat) with the Shapes application.
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familiar from modular visualization environments. The left side of the window displays

the visual representation corresponding to the settings of components and elements listed

on the right side of the window. The user may pan and zoom the visual representation

using the mouse. Compatibilities are checked from the top of the list to the bottom. The

user indicates the use of an element for a component by selecting it in the option menu

next to the component name. Only elements compatible with those earlier in the list are

available for selection. If selection of a new element for some component is incompatible

with the current element for another component later in the list, the element from the latter

component is changed to make a compatible combination. It is assumed that this is always

possible to do.

The user reference material for this interface, which includes a tutorial, can be reviewed

in Appendix A on pages 128–130.

6.2.2 Interface B (Hierarchical)

This interface (see Figure 6.2) provides the user with a structured, hierarchical view of the

space of alternative visual representations. This interface evolved from the main display of

the full cogito system. It makes the user aware of options by showing a collection of visual

representations from a regular sample of the space of available representations. Based on his

or her own requirements, the user possibly examines (see Figure 6.4) then chooses suitable

candidate visual representations from the collection of those displayed. The system uses

this information to determine which specific elements are of interest and composes a new

space of alternatives consistent with those selections.

The user is allowed to change the organization of the space using a predefined list of

views, and navigate the hierarchy of spaces which he or she might create. For any selected

visual representation, the user may exercise additional control by bringing up the “Refine”

dialogue box (shown in Figure 6.3). The usual semantics of a selection are that only the

elements in the selected combination are used in the definition of the next space. This

may be altered so that for a particular component, all elements from the current space are

included in the next (no change) or all elements from the root space are included in the

next (possibly increasing the number of alternatives). This capability is also present in the

full cogito system. The capability to directly edit visual representations is hidden in this

interface, since it forms the basis of Interface A.

The user reference material for this interface, which includes a tutorial, can be reviewed
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Figure 6.2: Interface B (Hierarchical) with the Shapes application.

Figure 6.3: Refine dialogue box for Interface B (Hierarchical) with the Shapes application.
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Figure 6.4: Examine dialogue box for Interface B (Hierarchical) with the Shapes application.
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in Appendix A on pages 131–135.

6.3 Hypotheses

This dissertation has argued that the effectiveness of an image is determined by personal

criteria, and it has presented a computer-aided visualization system designed to help indi-

viduals use those criteria to find effective imagery. The thesis of this dissertation is that

involvement and exploration are important activities for finding personally-effective imagery

and that software can be designed to encourage these activities. This leads immediately to

two hypotheses for testing.

The first testing hypothesis deals with whether the activities of involvement and explor-

ation are important to visualization. The null hypothesis for this case is:

H0−activity = there is no preference for involvement and exploration

The second testing hypothesis concerns the design of the software. The same underlying

system was used for each of the two interfaces, so the interfaces were closer in function

than would have been the case if an existing and separate commercial package was used

for comparison. Considering the importance of searching, the two interfaces correspond

broadly to different search methods. The flat interface (A) supports a local search, and

the hierarchical interface (B) supports a global search. Both interfaces support the user

in choosing visual representations which meet personal criteria for effectiveness. The flat

interface (A) gives the user explicit control over the content of each visual representation,

and the hierarchical interface (B) gives the user explicit control over the content of spaces

of available alternatives. The null hypothesis for this case is:

H0−interface = there is no preference for either interface

6.4 Experiment Design

Subjects were recruited through e-mail, primarily from the undergraduate population in

the Faculty of Applied Sciences at Simon Fraser University. The e-mail was sent to the

lists of Computing Science, Mathematics and Statistics, Engineering Science, and Business

undergraduate and graduate students. The text of that message is presented in Appendix A,

on page 121. The goal was to recruit forty computer-literate adult subjects.
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Subjects were asked to volunteer approximately one hour of their time. The fact that

subjects received no remuneration was one of the constraints of the experiment design. It

encouraged subjects with a high level of interest, and it limited the length of the test session.

All subjects were required to sign a consent form at the start of the session. The subjects

were randomly assigned to one of two groups (A or B). Each group used only one of the two

software interfaces.

This experiment design [46] (also known as between-subjects, as opposed to within-

subjects) was chosen for two main reasons:

• the underlying interface of components and elements was the same and it was felt that

in a within-subjects design, subjects’ performances with their second interface would

benefit from what was learned while using their first interface

• the time required for each volunteer subject to use both interfaces would have been

prohibitive

The primary instrument for data collection was the questionnaire, because of the largely

subjective nature of the study and difficulty of quantifying the data by other means.

Charlton [41] served as a useful reference in the design of the questionnaires, which were

reviewed extensively before the study began.

The experiment session comprised the pre-task questionnaire, training task, main task,

and post-task questionnaire.

6.4.1 Pre-task questionnaire

This questionnaire was designed to gain background information about the subjects, which

could be used for subsequent analysis. An exact copy of this questionnaire is presented

in Appendix A, on pages 125–126. Two types of information were requested: objective

information about gender, age, years of education, and main area of interest. Then the

subjects were asked to make more subjective judgements about their use of graphs, their

creation of graphs, and their level of expertise with graph-generating software and computer

graphics generally.

Although it is a popular notion that people may have a preference for visual or verbal

thinking, it has been difficult to construct a test which can effectively isolate this preference.

For example, Richardson [206] published the Verbalizer/Visualizer Questionnaire (VVQ),
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but attempts to substantiate its effectiveness have not succeeded [94]. Another possible

approach to gather this information is through learning style preferences, where Kolb’s

Learning Style Inventory [139] has become a widely used metric. The additional cost of

collecting this information and the potential negative impact of the questions on the subjects

were the prime factors in the decision not to collect it.

6.4.2 Training Task

The requirement for the training task was to train the subjects in the software without

training them in the main task problem. In order to minimize the task-specific learning

effects, the training task was designed to use a completely different application with a

different character of questions. The application selected for this task was Shapes, described

in Chapter 5. The subjects first completed a tutorial which gave them experience using

the different features important to the study, including the “Task” button. They were then

asked the following two questions, which were intended to focus the subjects on using the

system to explore alternatives and to assess those alternatives based on their own criteria.

1. which combination do you like the best?

2. which combination has the most 3D character?

6.4.3 Main Task

The requirement for the main task was to engage the subjects with an accessible problem

motivated by a real application. The application selected for the main task was Graphs,

also described in Chapter 5. The graphing task was considered to be sufficiently realistic

to motivate the subjects, yet not so specialized or difficult that it would restrict the pool

of potential subjects. It was considered to be a good match to the skills expected in the

population from which the subjects were recruited.

The task for this application focused on using graphs to answer questions about data.

The data is taken from page 100 of Semiology of Graphics [12] and it provides a view

of the French economy from the early 1960’s. For each département in France, the data

provides: the workforce (in thousands of workers) for each of the three sectors (primary,

secondary, and tertiary) in the economy; the total workforce (the sum of the three sectors);

and the percentage of the workforce in each sector. The raw data is provided in Appendix A,
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beginning on pages 138–140. Although its source was explained to the subjects, they were

instructed to focus on the data itself. The questions posed were chosen to emphasize the

three different types of reading one might use with a graph, identified by Bertin [12].

1. elementary, where one is interested in a specific fact

(a) Is there a region whose workforce is evenly distributed amongst the sectors?

(b) What is an estimate for the median total workforce of the regions?

2. intermediate, where one is interested in characterizations of facts

(a) Can you characterize the regions in which Sector I predominates?

(b) Can you describe, in general, the size of Sector I in regions where Sector III

predominates?

3. overall, where one is interested in relationships between different characterizations

(a) Is there a discernible relationship between the 3 sectors?

(b) Can you find any other relationships in the data?

Participants had access to the reference manual and were encouraged to ask any questions

regarding the components, the elements, the interface, or how to accomplish a goal using

the interface. As much as possible, the participants were left to work alone on the questions.

However, since the goal was not to test the participants’ ability to answer the questions,

help was given as needed.

6.4.4 Post-task Questionnaire

A total of seventeen Likert-scale (requesting a rating on a scale of the form: “Strongly

Disagree”, “Disagree”, “Agree”, “Strongly Agree”) and four open-ended questions were

posed on this questionnaire. The full questionnaire is provided in Appendix A, on pages 141–

143.

The questionnaire was designed to assess subjects’ feelings about their completion of

the task; the degree to which the software helped them; and their impressions of the task.

The written questions were meant to solicit which features were liked and disliked, which

features were missing, and any other comments about the system.
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6.5 Analysis of Results

Study session data was collected both from questionnaires and through interface selections.

All responses to multiple-choice and Likert-scale questions were coded with integers begin-

ning with 1 for the first response on the question. Missing responses were coded with 0.

For example, on a question which asked for a rating of “Low”, “Medium”, or “High”, the

responses would be coded as follows:

Response Code

No response 0

“Low” 1

“Medium” 2

“High” 3

This data is ordinal because the response categories for each question can be ordered.

For every visual representation marked by the “Task” button during the main task, its

combination of elements was recorded. This data is nominal because each element is named,

with no quantitative connection to other elements. The chi-square test was used to analyse

both the questionnaire responses and the selections of visual representations because both

sets of data are categorical and this test allowed comparison of the proportions between

categories. Version 9.0 of the SPSS (Statistical Package for the Social Sciences) software [125]

was used to perform the analyses.

6.5.1 Pre-task questionnaire

A total of thirty-four computer-literate adults volunteered as subjects in the study, which

permitted seventeen subjects to be assigned to each interface (identified as Groups A and B).

All responses to the pre-task questionnaire are summarized, by interface, in Table 6.2. For

each question, the frequencies for the different response categories were analysed with the

one-sample chi-square, or goodness-of-fit, test. The null hypothesis was that the frequencies

for each response category were equal. For all questions except one, the probability (p value)

that the frequencies could be observed if the null hypothesis was true was sufficiently low to

enable the null hypothesis to be rejected. The results for all subjects are shown in Table 6.1.

Groups A and B were each tested using this same procedure, with the null hypothesis that

the frequencies for each response category in the group (A or B) were the same as those for



CHAPTER 6. ASSESSMENT 95

all subjects. The results indicated that the null hypothesis could not be rejected for any

question. Note that the size of the groups (nA = nB = 17) decreases the reliability of the

tests in some cases because the expected count per response category becomes too small.

Within the pre-task questionnaires, a significant relationship (p < 0.01) was indicated

between graphing software experience (q9) and other software experience (q10).

Topic Mode† Significance
gender male p < 0.01
age 18–25 years p < 0.01
post-secondary education 1–4 years p < 0.01
area of interest science / applied science p < 0.01
graph-reading frequency weekly p < 0.05
graph-creating frequency monthly p < 0.05
preferred graph-creation method computer p < 0.01
preference for text, graph, or both both p < 0.01
level of experience with graph-creating soft-
ware

medium p < 0.01

level of experience with other software which
creates graphs as an auxiliary purpose

medium not significant

level of experience with computer graphics medium p < 0.01
† mode is the response which occurs most frequently

Table 6.1: Analysis of frequencies of response categories for the pre-task questionnaire data
for all subjects (N = 34).

6.5.2 Post-task questionnaire

The responses to the Likert-scale questions and the open-ended questions are considered

and presented separately.

Likert-scale data

The frequencies of response categories for these questions was analysed with a chi-square

test (H0 = all response categories are equally likely) and it was found that H0 could be

rejected for all questions (p < 0.01). There was a trend towards positive answers, which can

be expected in this type of study [203].

The following significant relationships were found between questions on the post-task

questionnaire:
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Response InterfaceTopic
Category A B

q1. Gender Male 11 15
Female 6 2

q2. Age 18 – 25 10 11
26 – 35 5 5
36 – 49 2 1

50+ 0 0
q3. Years of post-secondary 0 1 0
education 1 – 4 8 11

5 – 6 2 2
more than 6 6 4

q4. Academic area of Fine Arts 0 0
interest Business 1 0

Arts/Humanities 0 0
(Applied) Science 16 17

q5. Frequency of reading Daily 4 6
graphs Weekly 7 8

Monthly 5 2
Less than monthly 1 1

q6. Frequency of creating Daily 1 1
graphs Weekly 3 3

Monthly 7 7
Less than monthly 6 6

q7. Preferred method to Pencil & paper 1 2
create graphs Computer 16 15

Other 0 0
q8. Preferred source from Text 0 1
which to intrepret data Graphs 4 8

Text and graphs 13 8
q9. Level of experience Low 5 5
producing graphs Medium 10 9
with software High 2 3
q10. Level of experience with Low 4 7
software having graphics Medium 10 5
as secondary function High 3 5
q11. Level of familiarity Low 2 2
with computer graphics Medium 9 8

High 6 7

Table 6.2: Pre-task questionnaire responses, grouped by interface.
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Response InterfaceTopic
Category A B

Q1. Helpfulness of Very unhelpful 1 1
past experience Unhelpful 5 5

Helpful 9 9
Very helpful 2 2

Q2. Feeling about how No response 1 0
task was completed Very unsatisfied 1 3

Unsatisfied 10 4
Satisfied 5 10

Very satisified 0 0
Q3. Effectiveness of Very ineffective 0 0
chosen graphs Ineffective 1 2

Effective 14 12
Very effective 2 3

Q4. Number of Very small 0 0
alternatives Small 0 4

Large 12 8
Very large 5 5

Q5. Accessibility of Very poor 0 0
alternative Poor 0 2
graphs Good 11 11

Very good 6 4
Q6. Helpfulness of Very unhelpful 0 0
software for accessing Unhelpful 3 2
alternatives Helpful 11 8

Very helpful 3 7
Q7. Helpfulness of Very unhelpful 0 0
exploring Unhelpful 0 4

Helpful 8 8
Very helpful 9 5

Q8. Helpfulness of Very unhelpful 0 0
software for exploring Unhelpful 2 2
alternatives Helpful 11 9

Very helpful 4 6
Q9. Helpfulness of Very unhelpful 0 0
refining Unhelpful 0 1
alternatives Helpful 10 5

Very helpful 7 11

Table 6.3: Post-task questionnaire responses for questions 1 through 9, grouped by interface.
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Response InterfaceTopic
Category A B

Q10. Helpfulness of Very unhelpful 0 0
software for refining Unhelpful 3 3
alternatives Helpful 11 11

Very helpful 3 3
Q11. Usability of Very poor 0 0
software Poor 2 3

Good 12 12
Very good 3 2

Q12. Choose a commercial Very unlikely 2 4
version of software Unlikely 8 7
to produce graphs Likely 6 4

Very likely 3 2
Q13. Choose a commercial Very unlikely 0 1
version of software Unlikely 5 8
to understand data Likely 11 4

Very likely 1 4
Q14. Software compared Much worse 0 0
to others Worse 2 4

Better 10 12
Much better 5 1

Q15. Develop understanding Very unhelpful 0 0
Unhelpful 1 4
Helpful 12 8

Very helpful 4 5
Q16. Develop questions Very unhelpful 0 0

Unhelpful 4 5
Helpful 12 9

Very helpful 1 3
Q17. Involvement Very unhelpful 0 0

Unhelpful 1 2
Helpful 9 11

Very helpful 7 4

Table 6.4: Post-task questionnaire responses for questions 10 through 17, grouped by inter-
face.
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• satisfaction (Q2) and effectiveness of graphs (Q3) (p < 0.05)

• satisfaction (Q2) and helpfulness of software for access (Q6) (p < 0.05)

• effectiveness of graphs (Q3) and the helpfulness of the software in exploration (Q8)

(p < 0.05)

• effectiveness of graphs (Q3) and helpfulness of software in developing understanding

(Q15) (p < 0.01)

• helpfulness of software for access (Q6) and helpfulness of software for exploration (Q8)

(p < 0.05)

• helpfulness of software for exploration (Q8) and helpfulness of refining (Q10) (p < 0.01)

• helpfulness of software for exploration (Q8) and helpfulness of software in developing

understanding (Q15) (p < 0.01)

• likelihood of using commercial version for producing graphs (Q12) and understanding

graphs (Q13) (p < 0.01)

• comparison to other software (Q14) and development of understanding (Q15) (p <

0.05)

This data was analysed with the chi-square test to compare the responses from all sub-

jects within groups A and B. Concerning H0-interface, whether one interface was preferred,

there was not sufficient evidence to reject it. With respect to H0-activity, whether explor-

ation and involvement are helpful, an artificial dichotomy was created from the responses

to Questions 7 (exploration) and 17 (involvement) by assigning “Very unhelpful” and “Un-

helpful” to “Negative” and “Helpful” and “Very helpful” to “Positive”. For this analysis, a

contingency table was built (see Table 6.5.2) to analyse the four combinations of responses

to the two questions. Because of the small sample size, Fisher’s Exact test was used to

compute the significance. It indicated that H0-activity could be rejected, p < 0.05.

Following this, the subjects were divided into two groups, based on whether they were

positive about both exploration and involvement (Group P, nP = 29) or not (Group N,

nN = 5). A chi-square test was again performed on the subjects in Group P, dividing them

on the basis of the interface they used. For Group P, there was a significant difference
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Exploration Involvement
Negative Positive

Negative 2 2
Positive 1 29

Table 6.5: Contingency table for exploration and involvement: the relationship between
exploration and involvement is significant (p = 0.031), so H0-activity can be rejected.

(p < 0.05) based on the interface used for the issue of whether the software was helpful for

accessing alternatives (Q6). The preference was for Interface B. Although H0-interface

can be rejected for Group P, one needs to account for the members of Group N. For example,

4 of the 5 subjects in Group N used Interface B. Comparing groups N and P with a chi-

square test, H0 is that there would be no difference in question responses in the Groups

compared to all subjects. H0 was rejected (p < 0.05) for helpfulness of prior experience

(Q1), effectiveness of graphs (Q2), and helpfulness of software for developing understanding

(Q15) which indicates that these three were good indicators of the group (P or N) to which

a subject would belong. One ready hypothesis to explain these results is that the users of

Interface B were either very positive or very negative about it. A longer training period

may well improve the impression of those in Group N.

Likert-scale questionnaire data can also be analysed [121] by creating a cumulative score

for the entire questionnaire by summing the scores of all questions. Table 6.7 shows the

distribution of these scores by interface. Two groups, L and H, of equal size (nL = nH = 17)

were formed by sorting on the score and then assigning cases 1 to 17 to the first group, L

(score ≤ 51) and cases 18 to 34 to the second group, H (score ≥ 51). Two cases had scores

of 51, and based on the ordering done by SPSS; the first of the pair was assigned to group

L and the second to group H.

Again, a chi-square test was used to test the frequencies of response categories in the

groups with that of all subjects. The null hypothesis was that the proportions would be the

same. H0 could be rejected for Q12 (likelihood of using a commercial version of the software

to produce graphs) (p < 0.05). H0 could also be rejected for the higher scoring group, H,

on the basis of age (p < 0.05).

The overall score was significantly related to the following questions:

• effectiveness of graphs (Q3) (p < 0.05)
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Groups
Condition Description Label Size
Interface used Interface A A 17

Interface B B 17
Cumulative score score ≥ 51 (high) H 17

score ≤ 51 (low) L 17
Rating of involvement & exploration positive P 29

negative N 5

Table 6.6: Summary of groups used for the analysis of questionnaire data.

• helpfulness of software for access (Q6) (p < 0.05)

• helpfulness of software for exploration (Q8) (p < 0.01)

• likelihood of using commercial version for understanding (Q13) (p < 0.05)

• helpfulness of software in developing understanding (Q15) (p < 0.05)

The responses to the post-task questionnaire are summarized in Tables 6.3 and 6.4.

Comments

Subjects were presented with four open-ended questions regarding their use of the software:

“which features did you like the most?”, “which did you like the least?”, “are there features

you’d like to see added to the software?”, and “do you have any other comments about the

software or the task?”

The responses to these questions were very interesting. Their full text is presented in

Appendix B, organized by question and interface. Most of the comments dealt with the

interface and the interaction style required by the software. As might be expected, the

same features (i.e. zoom capability) appeared on both ‘most-liked’ and ‘least-liked’ lists.

Specific features of the application were singled out as least-liked. Several comments were

also made about the application and how it was organized. For example, some subjects

commented about the components included in the application and how they were named.

For users of the flat interface (A), the speed of effecting changes and the easy access

to a wide variety of options, like the ability to sort by data which was not plotted, were

important.
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Interface A Score Interface B
0 68 0
0 67 0
0 66 0
0 65 0
0 64 0
0 63 0
0 62 0
1 61 0
0 60 0
0 59 1
0 58 1
2 57 1
1 56 2
0 55 1
2 54 1
0 53 1
2 52 0
2 51 0
0 50 2
1 49 1
2 48 1
2 47 0
1 46 0
0 45 1
0 44 2
0 43 0
1 42 0
0 41 1
0 40 0
0 39 0
0 38 0
0 37 0
0 36 0
0 35 1
0 34 0

Table 6.7: Distribution of cumulative scores, derived from post-task questionnaire responses.
The scores are given in the center column with the count from Group A and B displayed
to either side. The lowest value on the graph is 34, which corresponds to an average of 2
(“unsatisfied”), 51 corresponds to an average of 3 (“satisfied”), 68 corresponds to an average
of 4 (“very satisfied”).
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“ ease of changing minor graph parameters (most packages I’ve used don’t have

such a capability).”

“I liked the ability to see all the different representations of the data using the

different plots. It is better than being forced to use only one representation to

interpret data and answer questions.”

“having the ability to play with the data, and see it in ways that were meaningful

to me – and being able to build that meaningful representation.”

However, some comments pointed to larger issues not well addressed by the

flat interface (A):

“unable to see several different graphs at the same time”

“having too much there – would be easier with time I think.”

For the hierarchical interface (B), the hypothesized benefits of the approach were echoed

in user comments:

“ability to generate various possibilities that I would not have necessarily have

(sic) thought to use.”

“the way many graphs are different options displayed at same time lets it be

easy to see which one is best for analysing data.”

“creating different representations/versions from a graph that was almost what

I wanted was useful.”

Some shortcomings of the hierarchical interface (B) also became apparent in the testing,

as non-visual items seemed harder to select. This fact is echoed in the comments, as is the

desire for a more direct style of interaction:

“the fact that it was hard to quickly know which elements were present in a

certain cell, you have to examine it closely.”

“I felt constrained by the refine dialogue when I just wanted to select specific

elements that were obviously desirable.”
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6.5.3 Selected graphs

A variety of images were chosen by participants. Figure 6.5 shows four selections made

within the Shapes application (used for the training task) and Figure 6.6 shows four selec-

tions made within the Graphs application (used for the main task).

One hundred and fifty-one graphs were marked using the “Task” button: 96 graphs

through Interface A and 55 graphs through Interface B. Because use of the “Task” button

was not mandatory, the fact that fewer graphs were marked by users of interface B is not

necessarily meaningful.

Using SPSS [125], 55 cases were randomly selected from the 96 marked by users of

interface A and then a chi-square test was done on the distribution of selected of elements for

each component. The null hypothesis that each element has an equal chance of being selected

is equivalent to choosing that component first (when no other compatibility conditions are

present). In almost all cases, this null hypothesis could be rejected as definite patterns

of selection emerged (p < 0.01). The layout (p = 0.02), colourPalette (p = 0.601), and

colourSelect (p = 0.022) components through Interface B were the only exceptions. The

patterns of selection are presented in Figures 6.7 through 6.15. Line charts are used to

emphasize the relationships between the data sets for the different interfaces, especially

their crossings.

The Graphs application made typically unfamiliar representations (such as the trilinear

plot [12, 257]) available to the subjects. Although the experiment was not designed to

rigourously measure the use of these novel representations, selections from the two interfaces

exhibited different patterns (Figure 6.7). In general, it seems that the peaks in the graphs

of selected elements (see Figures 6.7 to 6.15) were roughly matched between Interface A

and B, and that the choices for Interface B are more evenly distributed. The one notable

exception is the distribution of selections for elements in the plotData component.

Finally, the selections in each interface are summarized in Figure 6.16 (for interface A)

and Figure 6.17 (for interface B).

6.6 Discussion

Subjects were told that the study session would last approximately one hour. For those who

were not finished in the hour, if time permitted and the participant was interested, he or

she was allowed to continue. Because the actual tasks were less important than their use of
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Figure 6.5: Four selected images from the Shapes application.
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Figure 6.6: Four selected images from the Graphs application.
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Figure 6.7: Frequencies of representation element choices.
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Figure 6.8: Frequencies of plotData element choices.
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Figure 6.9: Frequencies of mapData element choices.
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Figure 6.10: Frequencies of dataAmplification element choices.
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Figure 6.11: Frequencies of layout element choices.
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Figure 6.12: Frequencies of annotation element choices.
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Figure 6.13: Frequencies of colourPalette element choices.
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Figure 6.14: Frequencies of colourSelect element choices.

0 1 2 3 4 5 6 7 8 9

0

20

40

60

80

100

������

��

��

��
��

��������
�
��

�

�

�

�

����

size

P
er

ce
n
ta

g
e

S
el

ec
te

d

Interface A

Interface B

Figure 6.15: Frequencies of size element choices.
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the software, subjects were allowed to answer the questions in whichever way they saw fit.

The actual length of the session was affected by the time needed to complete the training

task, which varied between subjects and between groups. Interface B did have more features

which the users needed to practice, and it was also more inviting for “play.”

Despite similar backgrounds, there was considerable variability in the way that people

approached the questions. For some, the task seemed to be very difficult. This underscored

the idea that task knowledge is necessary. Both interfaces to the system make alternative

visual representations available, however they do not provide the user with any suggestions

about which representation to use. It might be a useful feature to begin the exploration at

a reasonable position in the search space.

It was thought that the selection of trilinear plot would be encouraged by Interface B.

Although the data suggests this, the reasons for subjects making that selection are not

always clear. For many subjects, it seemed that this particular representation was chosen

if it was already known to them. Many more people considered the trilinear plot but did

not select it, because of its unfamiliarity. This may provide a more substantial response

to Wainer’s concern about the proliferation of “bad graphics” [257], as it would seem that

almost no amount of coaxing will make people select a more efficient representation. This

study was not designed to explore this question of when people might choose to adopt a

representation which is novel to them. As Casner [38] wrote, an efficient representation may

come at the price of learning time, and some people are not willing nor able to make this

commitment. The continued acceptance of the QWERTY keyboard over the more efficient

Dvorac keyboard layout is a case in point [224]. Similarly, there were comments which

requested pie charts and other representations, even though the more efficient 1 Nightingale

rose was provided.

The distribution of selection frequencies for elements in the components indicates that

users of interface B tried more varied alternatives. The exception is the plotData component,

which was sampled more thoroughly through Interface A. The reason for this may be that

it is more difficult to choose between datasets with no obvious visual cues through Interface

B.

Subjects with higher scores tended to be older. This may be because the main task

was better suited to more experienced people. Most indicative of a high test score was

1the structure of the Nightingale rose can make it easier to compare proportions on the same graph and
between different graphs
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the likelihood of using a commercial software package to produce graphs (Q12). There

was a very strong relationship between that and choosing to use commercial software to

understand data. This indicates that these two purposes are seen to be distinct; either

interface was always at least as likely to be used for understanding data.

Interface B users were the only ones to rate the number of alternatives as “Small”. Likely

this is due to the fact that these users only saw as much as of the space that they needed to

complete the task, without getting a sense of what was available. One comment suggested

that this information be added to the interface. It would be interesting to observe the effect

of this change on how people work with the software.

Interface B has the steeper learning curve. Perhaps for this reason, subjects in group N

were not able to use all the tools effectively in order to complete the task. It is interesting

to note that although the subjects in group N rated the software positively for access to

alternatives (Q6), they rated it as unhelpful for exploring (Q8). Both interfaces received

generally high marks for their support of exploration, so an explanation for the low marks

from group N may be related to the subjects’ ideas about exploration. Unfortunately, no

specific data was collected which might shed light on this. It would be interesting to probe

further.

Satisfaction was surprisingly low: no one rated themselves as “Very Satisfied.” Interest-

ingly, all those who rated themselves as “Very Unsatisfied” belonged to Group N. For those

in Group H, there was a slight trend for higher satisfaction with Interface B.

In general, the relationships between responses regarding the development of understand-

ing, graphic effectiveness, software helpfulness for exploring, and software help for accessing

alternatives are expected. From several user comments, an integration of the two styles of

interaction will lead to a more effective tool, giving people a choice of how they would rather

work. It would be worthwhile to see if this provision would allow a still-higher success rate

using the interface, and if longer or more detailed training would be beneficial. Because

there are also many comments which are application-specific, a more detailed investigation

aimed at formulating better abstractions for application tasks would be worthwhile. One

expects there to be variation between users in which abstraction is most appropriate, and

so an investigation about effective ways for a user to tailor the abstraction can also be

important.

The assessment test was a success in that it has provided confirmation of the design

principles and theories. There are many open issues which will require further work. The
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test concentrated on a single user at a single session. However, it is suggested that these

ideas are applicable to use by a single user over an extended period and by several users

who wish to collaborate. Support for these additional modes of use will be the subject of

future implementation work.
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Conclusions

Computer-aided visualization is a new term in the lexicon of computational scientists,

though its roots are clear. The term has been used purposefully throughout this dissertation

to emphasize that visualization is a creative, human endeavour to which the computer can

contribute substantially.

When a design does not balance the roles of human and computer, the resulting software

is skewed to one of the extremes of manual, requiring the user to make all the decisions, or

automatic, putting all decisions under the control of the software. Although designs from

both extremes have been successful, the balance they lack between human and computer

means that certain aspects better suited to one must be handled by the other.

Manual systems are designed for the user who is both an expert in programming and

in the application task. This user appreciates the control which he or she can exert in

creating images. Automatic systems are designed for users with problems which are deemed

either too trivial to warrant personal involvement, or too complex to benefit from personal

involvement.

There are a number of systems which have balanced the roles of human and computer

in different ways. The thesis of this dissertation concerns the criteria for establishing an

appropriate balance which allows the user to explore, evaluate, and be involved in image

creation without becoming overwhelmed.

The remainder of this chapter presents the specific contributions of this work in relation

to the challenges of computer-aided visualization and some directions for future work.
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7.1 Specific Contributions

The research described in this dissertation has focused on the development of a new paradigm

for the use of computers in support of visualization. From the articulation of a new paradigm

to the implementation of the cogito system, this work has touched on many theoretical and

practical areas, which are indicated below:

a new perspective on computer-aided visualization

The field of scientific visualization has been dominated by a data-centric view [145].

While such work has been very important, visualization also properly has a user-

centered aspect which has not received the same attention. Scientific visualization is,

first and foremost, a creative human endeavour. The goal that each individual should

find effective imagery for his or her problem naturally implies the means to explore,

evaluate, and to be involved with the creation of imagery.

a new relationship between human and computer

The design and development of the cogito system began with the insistence that the

computer can do more than simply produce images. Foley and Ribarsky [81] looked

only to intelligent systems for an answer to help scientists deal with the complexity.

The alternative envisioned here has made the user responsible for the visual represent-

ations chosen and has given the computer the job of supporting the structures required

for problem-solving. This reflects “interactive” computer graphics.

support for the individuality of each user

It is one thing to ask a person to make a visual representation of some data. It is a

different, more difficult thing to ask a person to make a visual representation of some

data and then use it to gain a deeper understanding of the data. That person may

not be able to express his or her intentions for creating new visual representations,

nor understand what is possible. A system deals with these issues can more fully

engage users in the discovery process. This dissertation has argued, in part based

on some initial empirical evidence, that support for variability in representations is

important. Regardless, such an issue cannot be decided until a system which provides

this feature is built and extensively used. If there are situations where a single effective

visual representation exists for everyone concerned, the users may still benefit from

searching for, and finding, that visual representation for themselves.
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design principles for computer-aided visualization

an examination of problem-solving, semiotics (by way of cartography), and human-

computer interaction has revealed certain design principles which were used in the

implementation of cogito.

implementation of a computer-aided visualization tool

an implementation of those design principles has resulted in a system with a general

framework for managing the components and elements of particular applications, two

very usable interfaces to support local and global searching, and an extensible Applic-

ation Programming Interface (API) for dealing with new applications. Interestingly,

an easy way to develop new applications for cogito is to assemble parts from other

applications.

empirical study of a computer-aided visualization tool

the results of a preliminary study have confirmed the design principles and their im-

plementation in cogito. The study has also contributed to the knowledge about how

people perform visualization tasks.

a simplified modular architecture

cogito provides to the user a simpler view of the programming problem than those

environments based on a traditional visual programming approach. By hiding from

user the specific inputs and outputs of modules, the user can concentrate more fully

on dealing with the requirements of the problem.

a new relationship between user and programmer

the cogito system places the user in direct contact with visual representations and

releases the programmer from the more traditional intermediary between user and

computer. The programmer, working with the user, is essential in articulating and

enriching the space which the user explores with cogito. Over time, the artifact of

their work may evolve considerably.

7.2 Future work

However encouraging, the user study described herein is only a preliminary effort. The

software does represent an important environment for the testing and development of new



CHAPTER 7. CONCLUSIONS 118

theories.

Short-duration tests, like the one described, will continue to be useful in assessing how

well future designs support peoples’ efforts to work with images.

Long-duration tests with real problems will be useful to determine how well theories

extend as explorations move into more uncharted territory and to see how well the architec-

ture scales with larger problems and larger datasets. One may be able to use this experience

to develop more detailed ideas about about how people use which features and when.

Although there are many features to make programming possible, they are not as yet

well supported and it would be very interesting to see what sorts of tools might emerge.

This work has focused on visualization of already-collected data. It would be interesting

to explore the use of this system as a means of managing numerical experiments by exploring

interesting parameter spaces for data computation.

This work has relied on the user to drive the selection of visual representations. How-

ever, it might well be appropriate to offer the user some assistance in evaluating particular

representations, perhaps through a critic [79, 137].

The implementation discussed in this dissertation represents only the core of the the-

ory which has been outlined. A more complete system would include better support for

navigation and collaborative work.



Appendix A

User study materials

This appendix contains all materials involved in the experiment entitled “Evaluation of an

Interactive Computer System for Data Visualization” and conducted between May 26 and

June 7, 1999. An electronic version of each page of the study materials has been created

and is presented in the following order:

• ethics approval

• subject recruitment e-mail message

• information, informed consent, and feedback forms for subjects

• pre-task questionnaire

• introduction to the study and tutorials for each interface

• training task and main task instructions

• data file for the main task

• post-task questionnaire
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Figure A.1: Ethics approval letter
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Hello:

I am conducting a user study to evaluate the effectiveness of a prototype software system

and its interface. I am seeking computer-literate persons 18 years of age or older to be

subjects in this study.

The software being tested is designed to augment a person’s ability to work with images in

a problem-solving context. Any particular image represents a collection of choices amongst

many possibilities. The number of all possible choices may be immense, and the prototype

software system seeks to provide effective access to these possibilities. I am interested

in determining how well this access is provided.

The study has four parts:

1. you will be asked to complete a short questionnaire which describes your background

2. you will be trained to use a prototype software system with a sample problem

3. using that same software system, you will be given a set of data and asked to

graphically examine the data and answer questions about it

4. after you have completed the task, you will be asked to complete another short

questionnaire in which you will be asked to evaluate the software system and

communicate about your experience using the software

An audio recording of your voice and a video recording of the computer screen only will be

made during the entire session. Additionally, your interactions with the software will be

logged. There are no extraordinary risks for you if you choose to participate in the study.

However, please be aware of the following:

• you will be seated at a desk in front of a computer during the study session

• you will interact with the software system by intermittently positioning and clicking

a mouse

• you may at first feel nervous about having your voice recorded, though experience

shows that this feeling will not persist throughout the entire study.

You will be free to discontinue your participation at any time. The whole time of your

involvement with the study will be approximately one (1) hour. The study will take place in

Applied Science Building Room 9836 (part of the Graphics and Multimedia Research Lab).

This research is intended to evaluate a novel approach for the use of the computer in

presenting and providing access to alternative visual representations. Your participation

in this study will be an important contribution to the furtherance of this research.

If you are a student in the CMPT361 taught by me at SFU during the summer semester,

understand that your decision of whether or not to participate will have no bearing

whatsoever on any aspect of your work in that course.

If you are interested in participating in this study or have questions before deciding

whether to participate, please send e-mail to me at dhepting@cs.sfu.ca.

Best regards,

Daryl Hepting

Table A.1: Full text of e-mail message sent to recruit subjects for the study.
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 SIMON FRASER UNIVERSITY

INFORMATION SHEET FOR SUBJECTS PARTICIPATING IN EVALUATION
OF AN INTERACTIVE COMPUTER SYSTEM FOR DATA VISUALIZATION

The following is a description of the procedures to be followed and a
statement of the risks and benefits of this research project.

The software you are evaluating is designed to augment a person's ability to
work with images in a problem-solving context.   Any particular image represents
a collection of choices amongst many possibilities.  The number of all possible
choices may be immense, and the prototype software system seeks to provide
effective access to these possibilities.  This study will help to determine how well
this access is provided.

The study has four parts:
1) you will be asked to complete a short questionnaire which describes your

background.
2) you will be trained to use a prototype software system with a sample problem.
3) using that same software system, you will be given a set of data and asked to

graphically examine the data and answer questions about it.
4) after you have completed the task, you will be asked to complete another

short questionnaire in which you will be asked to evaluate the software
system and communicate about your experience using the software.

An audio recording of your voice and a video recording of the computer screen
only will be made during the entire session.  Additionally, your interactions with
the software will be logged.  There are no extraordinary risks for you if you
choose to participate in the study.  However, please be aware of the following:
you will be seated at a desk in front of a computer during the study session; you
will interact with the software system by intermittently positioning and clicking a
mouse; and you may at first feel nervous about having your voice recorded,
though experience shows that this feeling will not persist throughout the entire
study period.  You will be free to discontinue your participation at any time during
the study. The whole period of your involvement with the study will be
approximately one (1) hour.  The study will take place in Applied Science
Building Room 9836.

This research is intended to evaluate a novel approach for the use of the
computer in presenting and providing access to alternative visual
representations.  Your participation in this study will be an important contribution
to the furtherance of this research.

Figure A.2: Information for subjects.



APPENDIX A. USER STUDY MATERIALS 123

SIMON FRASER UNIVERSITY

INFORMED CONSENT BY SUBJECTS TO PARTICIPATE IN
EVALUATION OF AN INTERACTIVE COMPUTER SYSTEM FOR DATA

VISUALIZATION

The University and those conducting this project subscribe to the ethical conduct of research and to the protection
at all times of the interests, comfort, and safety of subjects.  This form and the information it contains are given to
you for your own protection and full understanding of the procedures.   Your signature on this form will signify that
you have received a document which describes the procedures, possible risks, and benefits of this research
project, that you have received an adequate opportunity to consider the information in the document, and that you
voluntarily agree to participate in the project.

Knowledge of your identity is not required.  You will not be required to write your name or any other identifying
information on the research questionnaires.  An audio recording of your voice and a video recording of the
computer screen only will be made during the session. The video and audio recordings of the session will be
reviewed only by the Principal Investigator.  All research materials will be held confidential by the Principal
Investigator and kept in a secure location.  These research materials will be destroyed after the completion of the
study.

Having been asked by Daryl H. Hepting of the School of Computing Science of Simon Fraser University to
participate in a research project study, I have read the procedures specified in the accompanying information
sheet.  I understand the procedures to be used in this study and the personal risks and benefits to me in taking
part.  I understand that I may withdraw my participation in this study at any time.

I understand that my decision to participate in this study, and my subsequent involvement in it, will have
absolutely no bearing on any other dealings I have with Mr. Hepting.  This includes, but is not limited to, the case
that I am a student in the CMPT 361 course taught by Mr. Hepting, offered at SFU during the 99-2 semester.

I understand that I may register any complaint I might have about the study with the researcher named above or
with Dr. Jim Delgrande, Director,  School of Computing Science of Simon Fraser University, Burnaby, BC, V5A
1S6, telephone 604-291-4277.

I may obtain copies of the results of this study, upon its completion, by contacting Mr. Daryl Hepting, in care of the
School of Computing Science at Simon Fraser University.

I understand that my supervisor or employer may require me to obtain his or her permission prior to my
participation in a study such as this.

I agree to participate by completing: a pre-task questionnaire; a training session on the prototype software system;
a task with the prototype software system; and a post-task questionnaire.  I understand that these activities will
require approximately one hour at a time scheduled with Mr. Hepting.  I understand that the experiment  will be
conducted in Room 9836 in the Applied Science Building of Simon Fraser University.

NAME (please type or print legibly): __________________________________________

ADDRESS: _____________________________________________________________________

_____________________________________________________________________

SIGNATURE: ________________________________

WITNESS: ________________________________

DATE: ________________________________

A COPY OF THIS SIGNED CONSENT FORM AND A SUBJECT FEEDBACK FORM WILL BE PROVIDED TO
YOU AT YOUR EXPERIMENT SESSION.

Figure A.3: Informed consent form.
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SIMON FRASER UNIVERSITY
UNIVERSITY RESEARCH ETHICS REVIEW COMMITTEE

SUBJECT FEEDBACK FORM

Completion of this form is OPTIONAL, and is not a requirement of participation in the project.
However, if you have served as a subject in a project and would care to comment on the procedures
involved, you may complete the following form and send it to the Chair, University Research Ethics
Review Committee.  All information received will be treated in a strictly confidential manner.

Name of Principal Investigator: Daryl H. Hepting

Title of Project: Evaluation of an Interactive Computer System for
Data Visualization

Dept./School/Faculty: School of Computing Science

Did you sign an Informed Consent Form before participating in the project?  ____

Were there significant deviations from the originally stated procedures? _______

I wish to comment on my involvement in the above project which took place:

________________________________________________________________
(Date) (Place) (Time)

Comments: ___________________________________________________

________________________________________________________________

________________________________________________________________

________________________________________________________________

________________________________________________________________

________________________________________________________________

Completion of this section is optional

Your name: ______________________________________________________

Address: ______________________________________________________

Telephone: (w)_______________________ (h)_____________________

This form should be sent to the Chair, University Research Ethics Review Committee, c/o Office of the
Vice-President, Research, Simon Fraser University, Burnaby, BC, V5A 1S6.

Figure A.4: Subject feedback form.
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Examples of Data Graphs

Food
31%

Gas
43%

Motel
26%

0
10
20
30
40
50
60
70
80
90

1st Qtr 2nd Qtr 3rd Qtr 4th Qtr

East

West

North

Figure A.5: Sample graphs given for reference while completing pre-task questionnaire.
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PRE-TASK QUESTIONNAIRE

The following questions relate to your background and experience using computers and graphs.
Please answer each question by circling the most appropriate response immediately following
each question.  Your answers to these questions will allow for more accurate analysis of the data
collected during the study.  The task you will perform today relates to your use of graphs which
may be like the examples on the previous page.  When a question refers to graphs, please
consider those examples when responding.

1. What is your gender?
 
 Male Female
 
2. To which age category do you belong?
 
 18 - 25 26 - 35 36 - 49 50+
 
3. How many years education have you completed past high school?
 
 0 1 - 4 5 - 6 more than 6
 
4. Which of the following general categories best describes your main area of interest?
 
 Fine Arts Business Arts/Humanities Science/Applied Science
 
5. How often do you read graphs (i.e. look at graphs to gain information from them)?
 
 Daily Weekly Monthly Less than monthly
 
6. How often do you create graphs?
 
 Daily Weekly Monthly Less than monthly
 
7. What is your preferred method to create graphs?
 
 Pencil and paper Computer software Other (please specify)                                                    
 
8. When both text and graphs present an interpretation of data, which do you prefer to use?
 
 Text Graphs Both Text and Graphs
 
9. What is your level of experience producing graphs with software?
 
 Low Medium High
 
10. What is your level of experience using software which produces graphs as part of some other

application?
 
 Low Medium High
 
11. What is your level of familiarity with computer graphics?

Low Medium High

Figure A.6: Pre-task questionnaire.
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Evaluation of an Interactive Computer System for Data Visualization

Introduction:

Any picture you see is the result of several choices.  Sometimes these choices are more
explicit and available than others.  The following image has parts, which we will label as
shape, colour, squeeze, orientation, lightModel, lightSource, lightPosition, and
lightDirection.  In the software you will be using, these parts are called components.
Each component may have several representative pieces, called elements. The
components and elements that are presented to you provide a way to think about the
problem at hand.  Here, cyan is an element of the component colour; cone is an element
of the component shape; and so on.  A choice of element from each component makes an
image.  There are some restrictions, because some combinations don't make any sense.

You may be familiar with some computer-graphical applications that present you with a
finished image with little or no choice about its composition.  The software you will be
using today gives you more explicit control of how an image looks, by allowing you to
choose and examine the interaction between different elements of different components.

To train you in the use of this prototype software system, you will explore other possible
images like this sample cone.

Figure A.7: Introduction to study.
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Reference:

On the left, the interface has a viewing area in which the current image is displayed.  You
may zoom into the image by left-clicking and dragging the mouse.  In this state, the
normal arrow cursor will change to the zoom cursor, depicted below.  Moving the mouse
towards the bottom of the screen will magnify the image and moving the mouse towards
the top of the screen will demagnify the image.  You may pan the image (move the image
around inside the window) by middle-clicking and dragging.  In this state, the normal arrow
cursor will change to the pan cursor, depicted below.

                      Zoom cursor  Pan cursor

On the right, the interface provides the means for you to control the image displayed on
the left.  At the top, there are controls to access the available components and elements.
At any moment, the controls reflect what is shown in the current image at the left.  You
can choose a new element for a component by moving your mouse over the button that
shows the current element.  For example, to change the shape from Cone to Sphere,
move the mouse over “Cone” and press and hold the left mouse button to reveal a menu
of available shapes.  Drag the mouse down the menu until “Sphere” is highlighted and
release the mouse.  You can alter other components in the same way.  Shown above is
the menu of available elements for the lightSource component.  If an element is greyed-
out in the menu, it is not compatible with the other current selections.

Figure A.8: Tutorial for interface A, page 1.
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The components are organized from top to bottom.  You will always be able to select any
element from the first component (shape).  However, as you go down the list, items will be
greyed-out if they do not fit with your earlier selections.  If an element you'd like to select is
greyed-out in this way, you must change the element from an earlier (higher in the list)
component.  There is at least one valid combination of elements for every element in the
first component (shape).  If any single change of element you make would result in an
invalid combination, the system will adjust the elements in the other components to always
show a valid combination.

Immediately below the "Components and Elements" area is the task button.  Use the task
button to indicate when you attempt or answer a question with the current image.  Left-
click on the button now and you will see a menu with 2 items which correspond to the
training questions below.  For each image that is used to attempt or answer a question,
click and hold the task button to display the menu then drag the mouse down the menu
until the appropriate question is highlighted, then release.  If you find that you use the
same image for more than one question, please check all that apply.

Below the task button is the navigation area, which indicates your position amongst the
images you have created (new images are always added to the end of the list) and allows
you to move backward and forward amongst those images.  If no more movement is
possible in a direction, the corresponding arrow will become greyed-out.

At the bottom right of the screen is the exit button, which you can press once you have
completed the task.

Tutorial:

For the components, make sure that the following elements are set:

• shape Cone
• colour Cyan
• squeeze In Y
• orientation 45 degree rotation around X, Y and Z
• lightModel Shading using lights
• lightSource Point light
• lightPosition At far top

Notice that the only element available for selection for the lightDirection component is “No
direction (point light)”, which indicates that because a point light source has been chosen,
no direction is needed for that light source.  At this point, the position indicator in the
navigation area will read “7/7” [please note: the actual numbers displayed at this point in
your tutorial session may be different, depending on how many components you had to
set to get to this point --  the numbers here are only used as an example].  Click on the left
navigation arrow twice (2 times).  The position indicator will now read “5/7” to indicate that
you are looking at image number 5 out of a total of 7 images.

Figure A.9: Tutorial for interface A, page 2.
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Change the shape from Cone to Cube.  Notice that the position indicator now reads “9/9”.
The new image has been placed at position 9 of 9 (the end of the list) and immediately
before in it in position 8 is a copy of image 5.  Since image 5 was used as the basis for the
new image, the copy preserves this connection.

Zoom and pan the image so that you have a close-up view of a corner of the cube.  Now
change the colour to Yellow.  Notice that the view operations are not permanent, which
can be verified by navigating back one image to the cyan cube.

Click on the task button to show the task menu.  Select question 2.  You can verify that it
has been selected by clicking again on the task button, where you’ll see a red check mark
in the box in front of the question.

Figure A.10: Tutorial for interface A, page 3.
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Reference:

In the upper portion of the screen, you see an array of 10 small images, each of which
shows one of the available combinations of elements that form valid images.  The system
only displays those combinations that make sense.  All the available combinations form a
space from which representative images are shown.  Alternative images are presented to
you through an interactive display, for which you have the power to reorganize (with
views) and restrict contents.  If you see an image that you think may be useful for your
task, you can select it by moving the mouse over the image and clicking the left mouse
button.  When an image is selected, its border is set to yellow.  One or more of these
selections can be used to generate a new space whose contents are consistent with the
selections.  For example, if you select the only the magenta cube (as shown above), you
can generate a new space which contains only that cube.   If you make more than one
selection, the elements from each of the selections will be combined to produce different
alternatives, which are similar to and consistent with your selections.

The controls to configure and use the display are presented below the images.  At the far
right are the “Generate” controls. To see more images in the current space with the
current view, press the “Screen” button in the “Generate” area.  A new set of images will
appear if there are more valid combinations in the current space.  Once you have made
one or more selections from the current space (possibly from several different views), click
on the “Space” button inside this area to create a new space based on your selections.
To the left of the “Generate” area are the navigation controls.  Images from a space are
organized and displayed screen by screen, according to some view.  The view is the

Figure A.11: Tutorial for interface B, page 1.
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component by which sample images are organized.  If the current view is shape, then you
will see an example of each shape, one after another. The “Screens” navigation controls
allow you to move between already-generated screens from the current view of the
current space.  Selecting a new view from the “Views” list can change the organization of
the displayed space.  You can use the arrows at the right of the list to scroll up and down
to see all possible choices.  If the colour component is chosen for the view, representative
examples of each of the six available colours will be shown in sequence.  With 10 images
in a screen, almost 2 complete cycles could be shown on a single screen.  The elements
from the other components (like orientation) are selected at random.  To the right of this
list are the controls for “Space”.  You can use these arrows to return to previously
explored spaces, from which you can make new selections.  Over time, a tree structure
may emerge.

Directly below each image are buttons labelled  “Task”, “Examine” and “Refine.”  Use the
task button to indicate when you attempt or answer a question with this image.  Left-click
on the button now and you will see a menu with 2 items which correspond to the training
questions below. For each image you use, click and hold the task button to display the
menu then drag the mouse down the menu until the appropriate question is highlighted,
then release.  If you find that you use the same image for more than one question, please
check all that apply.

Since the images on the screen are small, you may click on the “Examine” button to bring
up a viewer to get a closer look at the image.  To the right, you see a list of the elements
used from each component.  On the left is a viewing area in which the current image is

Figure A.12: Tutorial for interface B, page 2.
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displayed. Once inside this viewing area, the normal arrow cursor will change to the zoom
cursor, depicted below.  You may zoom into the image by left-clicking and dragging the
mouse.  Moving the mouse towards the bottom of the screen will magnify the image and
moving the mouse towards the top of the screen will demagnify the image.  You may pan
the image (move the image around inside the window) by middle-clicking and dragging.  In
this state, the zoom cursor will change to the pan cursor, depicted below.

   Zoom cursor  Pan cursor

The system is configured so that selections will shrink the space.  Selecting the magenta
cube (above) and generating a space from that selection will lead to a space with only that
single combination in it.  When an image is selected, the associated “Refine” button
becomes active, so that you may refine your selection (in terms of how it contributes to the
next space when it is generated).  If you get to the point where you have a space
containing just a single combination, the “Refine” dialogue box allows you to expand the
space in certain components, to see for example how other colours look on the cube with
that orientation and lighting.

For each component, you can choose whether to use the single element that is displayed
in your selection, use the elements available in the current space, or use all elements
(which were available from the start).   The default is to use the “Element in Selection” for
each component  (shown by blue marks in the diamonds).  To change a setting, click on
the diamond associated with that setting.  Only one setting per component is permitted.
The icons on the left of the dialogue box provide a cue as to the relative size of the space,
which will result from the respective settings.  To see which elements are available for
each choice of refinement, click on the appropriate “show…” button.  The list that pops up
is only for reference and you can’t select from it.

At the bottom left of the main screen is the exit button, which you can press once you
have completed the task.

Figure A.13: Tutorial for interface B, page 3.
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Tutorial:

This interactive display is a bit like a catalogue, but more powerful.  You can change the
items you see on the screen by a click of the mouse.  As the system begins, it starts with
the view organized by shape.  You see an example of each of the 4 shapes, repeated in
sequence.  Notice that this line is selected in the “Views” list of the “Navigate” area.  The
numbers, which follow the names of components in this list, indicate the number of
elements in the respective components.  Because not all combinations are compatible,
you may not see all the elements in combinations in the current space.

Click on “colour” in the “Views” list.  Notice that you see samples of Green, Blue, Cyan,
Magenta, Yellow, Red, Green, Blue, Cyan and Magenta on the first screen.  To see more
samples, click on the “Screen” button in the “Generate” area. Click 2 times to generate 2
screens.  Notice how the position indicator in the “Screens” portion of the “Navigate” area
changes.  Instead of looking at screen after screen of samples, this system is designed to
allow you to search the space of available images by making selections to narrow (and
widen) spaces as appropriate to arrive at the image you need for your task.   From within
these 3 screens, pick 2 samples that you like, one using the colour red and the other using
the colour cyan.  Notice that the borders of these images turn yellow to indicate that they
have been selected.

Now generate a space based on these selections.  In the new (child) space, the selections
you made in the old (parent) space are shown first with blue borders and the controls for
these images are inactive.  The parent selections appear again in this child space, so they
are available for further selection.  Scroll through the “Views” list and notice that all the
components now have either 1 or 2 elements associated with them.   Also notice that each
combination in this space is a combination of elements from the two parent selections.
There are only about 4 screens of samples for this space (depending on which two
samples you selected).  Go ahead and generate all the screens for this view and space
now.

Find a sample that you like.  Click on its “Examine” button (you don’t need to select the
sample to examine it).  In the examiner viewing area, you can use the zoom and pan
controls to manipulate your view of the image.  Any changes you make are transient, in
that they won’t persist after the current display is changed.  You can look at multiple cells
in the display at once (so you can have several dialogue boxes open).  You must,
however, dismiss all of them before you interact with the main window again (otherwise
you will hear a beep).  Before you make any selections here, notice that the generate
space button is greyed-out.  There must be at least 1 selection made before a new space
can be generated.   Select the image you just viewed by clicking within its borders.  Notice
that the “Refine” button became active when you made the selection.  This is because the
“Refine” dialogue box provides a means for you to refine your selection.  By default, only
the elements in your selection will be used to form the next space.  If you only have 1
selection and you generate a space, the new space will have only 1 combination in it since
all components have only 1 element in them.

Figure A.14: Tutorial for interface B, page 4.
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Click on the “Refine” button to reveal the associated dialogue box.  Here, the components
are listed across the top and the possible refinements along the side.  The “show…”
button at each cell in this grid will show you the element(s) that each refinement will
include.  Look at the shape component and in that column; press the three “show…”
buttons in turn.  If you’ve chosen 2 different shapes, you will have access to 1,2 and 4
elements respectively.  If you’ve chosen the same shape in both selections, you will have
access to 1, 1 and 4 elements respectively.  You can’t select specific elements from the
lists which “show…” gives you: you can choose to use all of them or none of them.  Select
“All Elements” for shape by clicking on the diamond in that grid cell.  Notice that only one
of the 3 refinements can be selected for any component.  Click “Accept” to let your
changes take effect.  Now generate a new space and see the results: 4 shapes.

Use the “Spaces” navigation controls to move up one space (back to the space where you
did the last refinement).  Notice that the border of your selection in this space is a lighter
grey.  This is to indicate that that combination was previously selected.  Select that same
sample or another one that you like and click on the “Refine” button.  The goal is to see
this combination of shape, colour, squeeze, and orientation under all available lighting
conditions.  Now select “All Elements” for lightModel, lightSource, lightPosition, and
lightDirection.  Notice that because components are interrelated in their compatibilities, the
refinement for more than 1 component must be changed in order to see the desired
change.  Click “Accept” to apply your changes.  Notice that the refinements you make to
this selection are instructions for how to generate the new space and are applied when
you generate a new space.   If you deselect the sample before you generate a new space,
your refinements to that sample will be lost.

Click on the “Task” button to show the task menu.  Select question 2.  You can verify that
it has been selected by clicking again on the task button, where you’ll see a red check
mark in the box in front of the question.

Now generate a new space.  Notice that the left sibling button of the space navigation
controls is now active.

Figure A.15: Tutorial for interface B, page 5.
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Training Task

This task is intended to give you exposure to all the features of the interface
which you will use in the upcoming task.  Please speak aloud as much as you
like and ask any questions that you have about the interface.  Please use the
“Task” button associated with the image to record the question you are
answering or attempting with the image.  Please also write your response below
in the space following the question.

Q1.  Which combination do you like the best?

Q2.  Which combination has the most 3D character?

Figure A.16: Training task instructions.
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Task

Your task is to answer questions about the following data set with the aid of
graphs.  There are many ways to graph this data set and some are more
effective than others at providing access to the information you need.  The
software you are using is intended to help you make the choices which will lead
to effective graphs for you, to answer the questions.  Please write your answers
to the questions in the space provided.

Please speak aloud as much as you like and ask any questions that you have
about the interface.  Please use the “Task” button associated with the image to
record the question(s) you are attempting or answering with the graph.

If you see an image which more effectively answers a question than one you've
already used, please click on the “Task” button of the new graph and note the
question number(s) which it answers.

The data you will be studying is a snapshot of an economy.  For each region,
there is data for the size of the workforce in each of three sectors of the
economy.

Please use only the graphics produced in the software tool you are now using to
answer the following questions.  You are permitted to answer “No” in response to
a question.

Q1. Is there a region whose workforce is evenly distributed amongst the
       three sectors?

Q2. What is an estimate for the median total workforce of the regions?  That is,
       which workforce has 50% below it and 50% above it?

Q3. Can you characterize the regions in which Sector I predominates?

Q4. Can you describe, in general, the size of Sector I in regions where
       Sector III predominates?

Q5. Is there a discernable relationship between the 3 sectors?

Q6. Can you find any other relationships in the data?

Figure A.17: Task instructions.
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Record Sector 1 Sector 2 Sector 3 Total Percent S1 Percent S2 Percent S3
0 67 43 40 150 45 28 27
1 56 71 66 193 29 37 34
2 65 45 57 167 39 27 34
3 15 8 12 35 43 24 33
4 16 8 13 37 44 21 35
5 31 61 122 214 14 29 57
6 48 32 25 105 45 31 24
7 25 53 35 113 22 47 31
8 33 17 14 64 52 26 22
9 28 48 36 112 25 43 32

10 50 20 32 102 49 19 32
11 70 32 29 131 54 24 22
12 42 143 226 412 10 35 55
13 70 55 69 194 36 28 36
14 45 13 20 78 58 16 26
15 65 36 38 140 47 26 27
16 79 39 65 183 43 21 36
17 43 41 36 120 36 34 30
18 64 23 29 116 55 20 25
19 43 41 59 143 30 29 41
20 131 35 62 228 58 15 27
21 58 13 17 88 66 15 19
22 104 34 41 179 58 19 23
23 35 67 39 142 25 47 28
24 46 38 35 119 39 31 30
25 48 52 45 145 33 36 31
26 44 27 38 110 41 25 34
27 164 76 89 329 50 23 27
28 40 51 52 144 28 36 36
29 64 67 84 216 30 31 39

Table A.2: Part 1 of data for the main task
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Record Sector 1 Sector 2 Sector 3 Total Percent S1 Percent S2 Percent S3
30 63 10 16 89 71 11 18
31 115 107 170 392 30 27 43
32 62 40 71 173 36 23 41
33 137 60 82 279 49 21 30
34 54 30 32 116 46 26 28
35 61 41 55 157 39 26 35
36 68 136 78 282 24 48 28
37 39 34 27 100 39 34 27
38 70 25 28 123 57 20 23
39 51 27 30 108 47 25 28
40 56 160 82 298 19 54 27
41 52 23 32 97 54 24 22
42 101 108 105 314 32 34 34
43 51 51 54 156 32 33 35
44 41 10 16 67 61 15 24
45 70 24 30 124 57 19 24
46 22 5 7 34 64 15 21
47 104 65 65 234 44 28 28
48 116 42 56 214 54 20 26
49 44 57 67 168 26 34 40
50 25 28 28 81 31 35 34
51 74 23 28 125 59 19 22
52 23 127 91 241 9 53 38
53 24 31 27 82 30 38 32
54 132 47 59 238 55 20 25
55 36 173 94 303 12 57 31
56 34 27 33 94 36 29 35
57 81 483 296 860 9 56 35
58 40 69 55 164 24 42 34
59 65 30 35 130 50 23 27

Table A.3: Part 2 of data for the main task
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Record Sector 1 Sector 2 Sector 3 Total Percent S1 Percent S2 Percent S3
60 94 242 137 473 20 51 29
61 80 79 63 222 36 36 28
62 80 49 62 191 42 25 33
63 37 27 28 92 40 29 31
64 35 20 33 88 40 23 37
65 76 122 114 312 24 39 37
66 40 121 74 235 17 51 32
67 44 215 194 453 10 47 43
68 34 32 23 89 38 36 26
69 94 77 62 233 41 33 26
70 87 45 58 190 46 24 30
71 44 38 35 117 38 32 30
72 52 42 45 139 37 30 33
73 2 575 940 1517 0 38 62
74 8 574 550 1132 1 51 48
75 75 152 174 401 19 38 43
76 37 72 76 185 20 39 41
77 46 328 356 730 6 45 49
78 71 29 33 133 53 22 25
79 57 68 61 186 31 36 33
80 55 47 33 135 41 35 24
81 44 13 18 75 59 17 24
82 33 50 81 164 20 31 49
83 40 30 41 111 36 27 37
84 110 38 40 188 59 20 21
85 60 29 39 128 47 23 30
86 64 47 45 156 41 30 29
87 36 95 43 174 21 54 25
88 41 28 37 106 39 26 35
89 3 25 13 41 8 60 32

Table A.4: Part 3 of data for the main task
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Page 1/3

  POST-TASK QUESTIONNAIRE

The following questions relate to your experience in using the prototype software system to
complete the task.  The questions which follow are of two types.  To answer the first type, circle
the most appropriate  response  immediately following the question.  The second type of question
is open-ended.  Please write whatever you feel is appropriate.  The last question is intended as
the place for you to make any additional comments not already covered in the questionnaire.
Your time and effort in completing the written questions especially is greatly appreciated and all
your responses to these questions will be very useful.

1. How do you rate the helpfulness of your experience for performing this task?
 
 Very unhelpful Unhelpful Helpful Very helpful
 
2. How do you describe your feeling about how you completed the task?
 
 Very unsatisfied Unsatisfied Satisfied Very satisfied
 
3. How do you rate the graphs you chose to complete the task?
 
 Very ineffective Ineffective Effective Very effective
 
4. How do you rate the number of alternative graphs from which you could choose?
 
 Very small Small Large Very large
 
5. How do you rate the accessibility of the alternative graphs?
 
 Very poor Poor Good Very good
 
6. How do you rate the helpfulness of the software for accessing the alternative graphs?
 
 Very unhelpful Unhelpful Helpful Very helpful
 
7. Was exploring alternative graphs helpful to you in completing the task?
 
 Very unhelpful Unhelpful Helpful Very helpful
 
8. How do you rate the helpfulness of the software for exploring the alternative graphs?
 
 Very unhelpful Unhelpful Helpful Very helpful
 
9. Was refining your chosen graphs helpful to you in completing the task?
 
 Very unhelpful Unhelpful Helpful Very helpful
 
10. How do you rate the helpfulness of the software for refining your chosen graphs?
 
 Very unhelpful Unhelpful Helpful Very helpful

Figure A.18: Post-task questionnaire, page 1
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Page 2/3

 
11. How do you rate the usability of the software?
 
 Very poor Poor Good Very good
 
12. If a commercial version of this software became available, how likely is it that you

would use it to produce your own graphs?
 
 Very unlikely Unlikely Likely Very likely
 
13. If a commercial version of this software became available, how likely is it that you

would use it software to understand your data?
 
 Very unlikely Unlikely Likely Very likely
 
14. Compared to other means which you've used to create graphs, how do you rate this

software?
 
 Much worse Worse Better Much better
 
15. Was the software helpful to you for developing an understanding of the data?
 
 Very unhelpful Unhelpful Helpful Very helpful
 
16. Was the software helpful to you for developing your own questions about the data?
 
 Very unhelpful Unhelpful Helpful Very helpful
 
17. Was it helpful to be involved in producing the graphs which you used to complete the task?
 
 Very unhelpful Unhelpful Helpful Very helpful
 
18. Which features did you like the most?
 
 
 
 
 
 
 
 
 
 
 
 
 
19. Which features did you like the least?
 
 
 
 
 
 
 

Figure A.19: Post-task questionnaire, page 2
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Page 3/3

20. Are there features you'd like to see added to the software?
 
 
 
 
 
 
 
 
 
 
 
 
21. Do you have any other comments about the software or the task?
 
 
 

Figure A.20: Post-task questionnaire, page 3
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User study comments

User responses to the open-ended questions from the post-task questionnaire are presented

by question, separated by interface.

B.1 Which features did you like the most? (Question 18)

B.1.1 Responses from users of Interface A (flat)

• the ability to ‘zoom’ in on specific parts of a graph.

• rapid change from graph to graph

• colour and organization changeability

• ability to flip between graphs using the arrow keys

• ease of changing minor graph parameters (most packages I’ve used don’t have such a

capability).

• center pan button / left zoom

• I liked the different representations and I liked the dataAmplification because I liked

to sort the data.

• ease of changing graphs/ ease of selecting elements

• representation, plotData, and layout

• instant feedback, as you changed aspects of the graph, changes were made to the

actual graph.

144
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• 3D objects; the light source and shapes create really interesting objects. Many different

representations to choose from.

• the size option was quite helpful

• the trilinear graph displayed the info in an easy-to-read and informative way.

• speed of applying changes (so you try a lot of things)

• being able to go back to a previous (maybe thumbnails would be nice) one, so I didn’t

have to remember the settings.

• sorting by a different thing than I was plotting

• varying representations (scatter vs. column, etc.)

• ability to pan the image [and zoom] in and out;

• parameters were easily accessible and modifications were fast and effective.

• I liked the ability to see all the different representations of the data using the different

plots. It is better than being forced to use only one representation to interpret data

and answer questions.

• split screen – see results immediately.

• being able to specify colour vs. B&W

• being able to change the graph representations

• sorting

• the ability to sort by percentages versus total amounts

• the ability to choose different graph types and have the result shown on the new graph

type.

• zoom

• grid

• different colours for different objects

• having the ability to play with the data, and see it in ways that were meaningful to

me – and being able to builld that meaningful representation.

• all the options or types of graphs
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B.1.2 Responses from users of Interface B (hierarchical)

• The wide variety of options to refine

• the ‘navigate’ features, especially ‘views’ were useful – although I didn’t get a chance

to explore them fully.

• having [the ability] to choose various ‘refine’ selections to show graphs

• being able to create several spaces to visualize many graphs in virtual space

• intuitive to use, good for visual people

• point and show

• ability to generate various possibilities that I would not have necessarily have thought

to use.

• all the options and being able to limit the possibilities by selecting certain options.

• the ability to navigate between spaces, I think the refine would be better if I had

learned to use multiple selections more often.

• hierarchical selection of features of graph

• variety of plot types (some I’d never seen before)

• creating different representations/versions from a graph that was almost what I wanted

was useful.

• Also, the ‘examine’ summary box was useful for giving more information about the

underlying data for that particular graph.

• capability to present different perspectives

• flexibility of manipulation of data

• the examine details

• the ability to generate more screens when I didn’t really “see” what I wanted exactly.

• great variance in the things one could do with the graph.

• good menu layout.
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• it was quite manueverable once you figured out where you were going.

• ability to refine graphs

• ability to return from refinements without losing data.

• I had the power to refine the graphs I wanted

• the way it organises into trees, the hierarchy allows easy access to previous choices.

• the way many graphs are different options displayed at same time lets it be easy to

see which one is best for analysing data.

B.2 Which features did you like the least? (Question 19)

B.2.1 Responses from users of Interface A (flat)

• the point and click to zoom and pan graphs was difficult, I often zoomed out when I

wanted in.

• unable to see several different graphs at the same time

• slow zoom and pan response

• it took me a while to understand the mapData function, and

• I usually found the large point size just a bit too large.

• hard to see graph

• want to customize elements e.g. select grid size

• only 2D data

• dataAmplification, colourPalette, colourSelect: weren’t really used, perhaps they are

not important?

• readability, limited customizability of settings for the axes. i.e. more divisions on an

axis or grid.

• I don’t like how the zoom and pan work. I would prefer it if I could mark a focus point

on the graph (a point which remains visible) and then use the left and right mouse

buttons to zoom in and out.



APPENDIX B. USER STUDY COMMENTS 148

• text on the graph is difficult to see sometimes (zooming in/out) - perhaps labels should

be displayed (perhaps at the top or bottom of the screen, in separate textboxes)

without magnification

• I think that the plotData menu was not laid out in an intuitive fashion (i.e. the

placement and order of the options).

• zoom jerky

• call a sort a sort

• graph labels somewhat difficult to read

• I didn’t like that when you changed the zoom and pan it didn’t stay [between graphs]

• component and element window/buttons need not take up so much space - increase

the size of the graph area.

• zooming and panning features

• lack of inline help

• scrolling back and forth is tedious, I preferred to create new graphs rather than scroll

back to one already created.

• the large box around the small task button seemed to imply that the whole box was

the task button.

• not having the ability to rotate the graph

• auto resize when some factors changed

• having too much there – would be easier with time I think.

• I wasn’t sure what mapData was, for instance.

• none
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B.2.2 Responses from users of Interface B (hierarchical)

• the inability to reposition and resize the 10 boxes showing the available graphs (i.e.

the user needs more flexibility on the interface).

• it was somewhat difficult to view the current attributes of presented graphics. E.g. a

quick listing would be helpful, although this is what ‘examine’ does, perhaps I didn’t

like the ‘examine’ interface? Not sure.

• user interface features need to be more user-centered to provide usability.

• moving from one space to another is difficult to picture in mind, i.e. to perceive it.

• begin able to display a list of attributes (elements) of all graphs in a space would be

good.

• lack of precise control - let me micro-manage it!

• in generating spaces, I would have liked to be able to EDIT OUT the graphs that I

did not like at all, so that going back and forth between the screens and amongst the

spaces would help me narrow my search.

• the fact that it was hard to quickly know which elements were present in a certain

cell, you have to examine it closely.

• I felt constrained by the refine dialogue when I just wanted to select specific elements

that were obviously desirable.

• size of plots and fonts too small to read

• in the refine options, I wnated to be able to select exactly the option to use to generate

the next set of graphs, especially when I knew exactly what I wanted to do. Without

this option, I may have to generate screen after screen before I get the graph I wanted.

Also, I would have liked all the screens to be generated (or at least show me how many

pages of screens I have to choose from).

• lots of information
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• within the refine the inability to choose exactly what I wanted for a particular attrib-

ute. e.g. point size - large

• the zoom feature was too restrictive

• I had a real hard time understanding what it was exactly I had to do. I think more time

should have been spent trying to understand what really needed to be accomplished

before trying to accomplish it.

• I did not use the feature where I could generate spaces from two or more graphs.

• I found it confusing because I was unfamiliar with the software

• I found it a bit slow when generating the graphs

• it was hard to find the specific graph I wanted from the display of generated graphs.

I had to click on each one to get a larger version.

• some features are combined but are quite useless, i.e. bar chart of multiple sectors

with single colour - who can distinguish them?

B.3 Are there features you’d like to see added to the soft-
ware? (Question 20)

B.3.1 Responses from users of Interface A (flat)

• descriptive help options

• I think that a tutorial would be helpful with a number of different applications, to get

used to representing many different kinds of data.

• more direct manipulation of graph, i.e. if it was 3D, be able to grab a corner and

rotate.

• explanation/help for components/elements.

• more representation types, ex. pie chart and 3D graphical representations.

• For 3D objects, Maple displays a box around the object, which you can manipulate

to view the object from anywhere.
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• pie charts

• scaling along axes when zooming (i.e. being able to zoom into a graph and still being

able to see all the data.)

• more screen real estate for graph (for more zooming)

• increased representation selections (i.e. pie charts, 3D pie charts)

• options to select label scale and choose distance for gridlines.

• larger view frame, perhaps smaller menu for modifying graph components and ele-

ments.

• I would like to be able to change the size of the viewing area.

• 3D representations

• more intuitive interface ( perhaps a toolbar to make it easier to know how to zoom or

pan).

• tool tips

• more room for the graph, less for the buttons and drop-down lists

• ability to add text

• ability to flip graphs/ rotate

• help system or demo

• because of lack of statistic background, hard to understand some charts

• ability to filter out extremes, perhaps. (in data displayed)

• Ability to zoom on a select region of a graph - maybe create a new graph using a

subset.

• maybe allow quicker navigation amongst instances of graphs.

B.3.2 Responses from users of Interface B (hierarchical)

• ability to more easily resize ‘Examine’ view

• to directly change a given attribute to a desired value.

• a navigation screen to show where on the tree I currently am.
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• I’d like to be able to specify exactly what properties I would like in the graphs rather

than generating spaces and selecting.

• also, I found it really frustrating not being able to see the whole graph with the legend

all at once, especially when using ‘zoom’.

• also, a good feature to have would be if it told you the number of representations for

a given refinement (before you generate the search space).

• a more visual representation of space navigation.

• a more clear labelling of the specific element (being sorted by) in the thumbnail pre-

views

• list main options (for components) in the “screen” display

• better zoom feature

• the ability to view things on a global scale

• perhaps the ability to explicitly set the properties for a graph, rather than just refining

with new spaces.

• maybe display some of the elements (like the one that is varied) in the frame around

each graph so that you can check the one you want quickly without having to blow

up each graph.

• allow user to specify exactly which attribute she wants to change instead of forcing

her to search through a generated space of all possible comibinations.

• feature to change specific option, instead of having to generate a space with all the

options. It [could] also allow to generate a quick basis, instead of having to locate it

then change options to suit the needs.

• is there a better way to organize data than the way now?
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B.4 Do you have any other comments about the software or
the task? (Question 21)

B.4.1 Responses from users of Interface A (flat)

• the options are unclear, ergo it is hard to manipulate new graphs [marked beside #10]

• note clarity of graph options [marked beside #11]

• how will data entry be accomplished?

• I really like this application as it gives the user many different choices. I think that

it would be very useful for research as it would enable the user to pick up on trends

that might otherwise be missed.

• task button is unclear – the entire bar looks like a button

• larger font type for axis labels.

• interface is still a bit confusing, what components do what to a graph.

• Different labelling might help to clarify things. Sorting of data, instead of dataAmp-

lification.

• the options window (on the right) is too large. Other than that quite well laid out.

• graphs and colours are easy on the eyes (unlike, say, Excel)

• it might make the scatter plots more attractive if I knew how to read them (was

familiar with them) in an intuitive way, but I don’t so I didn’t use them.

• the task seems well chosen - meaningful without too much detail.

• while esthetics is not vital for a piece of (business) software such as this, I feel that

something pleasing to the eye is more desireable to use.

• note: he said he likes the preview features of Excel – immediate changes weren’t fast

enough!)

• it was most useful at helping visualise the information. I think also that maybe it

provided me ways to find what I was expecting - in question 3 I did this, and later

found a chart that seemed to suggest the opposite of what I was looking for. I think

I was imposing my own expectations on the data by manipulating it to show what I

expected.
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B.4.2 Responses from users of Interface B (hierarchical)

• Useful, and possibly fun to goof with casually

• I found it difficult to understand the multiple types of attribute quickly enough to use

them effectively right away. This was especially true for the graphs, which I have not

used much lately (or maybe because it’s Friday?)

• very good for visual people/learners but I found it hard to draw a mental picture of

the task. Finding the right graph was pretty easy, but drawing the picture in my head

was not.

• I didn’t want to explore [marked beside #7]

• software not much worse, based on style of interaction [marked beside #14]

• I think my judgements may be unnecessarily harsh on the multiple-choice portion of

the this task because of how I originally interpreted the instructions.

• I also think that I have become heavily MS office oriented, in the sense that I wish to be

able to generate the graphs of my choosing before starting my exploration. Perhaps if

I were offered the choice of my own, then generating spaces from my starting position,

it would work better for me.

• looks very interesting for taking a deeper look at data, but may be too unwieldy for

“quick-and-dirty” visualizations

• interface between this hierarchical viewer and “flat”

• only say unlikely that I’d use commercial verison [marked beside #12 & #13] with

reservations

• it appears to be a very useful tool for analysing and interpretation of large data.

• I like the method of exploring representations as opposed to the classic graphs based

on setting attributes or even the normal restrictive wizards that are usually available.

• powerful software, easy to use, assuming prior knowledge of graphs and the information

needed.

• for exploring data and finding new relationships, etc. this is great. I think that I might

be frustrated if I was just trying to build a graph that I had in my mind, however.
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• how much processing power is needed to generate the objects quickly to make it

practical?

• takes a while to learn all the features
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A sample output file

#Inventor V2.1 ascii

Separator {
DEF State_Information Info {

string "
BoundingBox: min (0,0,0), max (1,0.866,0);
DataSize: 40;
DataSources: [3] 1 (newLabel) 2 (newLabel) 0 (newLabel);
GraphAspectRatio: 1.000000;
GraphCount: 1;
LineColour: function linearRamp_RGB length length start (0.5 0.25 0.25) end (1 1 1);
LinePattern: function line_pattern length length;
LineWidth: function line_width length length;
Presentation: overlaid;"

}
Complexity {

type SCREEN_SPACE
value 0.5

}
DEF camera Group {

Info {
string "Orthographic camera looking at XY plane"

}
OrthographicCamera {

position 0.5 0.433 0.66143
orientation 0 0 1 0
aspectRatio 1
nearDistance 0.660768
farDistance 0.662091

156
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focalDistance 0.66143
height 1.32286

}
}
Separator {

DEF lighting Group {
Info {

string "Base (diffuse) lighting"
}
LightModel {

model BASE_COLOR
}

}
DEF Shape Group {

Info {
string "Create a trilinear plot"

}
Scale {
}
Group {

Coordinate3 {
point [ 0.5 0 0,

0.25 0.433 0,
0.75 0.433 0,
0.67 0.27712 0,
0.525 0.0433 0,
0.275 0.3897 0,
0.7 0.433 0,
0.44 0.46764 0,
0.55 0.0866 0,
0.3 0.3464 0,
0.65 0.433 0,
0.53 0.39836 0,
0.575 0.1299 0,
0.325 0.3031 0,
0.6 0.433 0,
0.68 0.2598 0,
0.6 0.1732 0,
0.35 0.2598 0,
0.55 0.433 0,
0.96 0.03464 0,
0.625 0.2165 0,
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0.375 0.2165 0,
0.5 0.433 0,
0.44 0.46764 0,
0.65 0.2598 0,
0.4 0.1732 0,
0.45 0.433 0,
0.8 0.1732 0,
0.675 0.3031 0,
0.425 0.1299 0,
0.4 0.433 0,
0.48 0.45032 0,
0.7 0.3464 0,
0.45 0.0866 0,
0.35 0.433 0,
0.66 0.29444 0,
0.725 0.3897 0,
0.475 0.0433 0,
0.3 0.433 0,
0.41 0.50228 0 ]

}
}
PointSet {
}

}
}
DEF Annotation Separator {

Info {
string "Annotate trilinear plot"

}
Coordinate3 {

point [ 0 0 0,
1 0 0,
0.5 0.866 0,
0 0 0 ]

}
LineSet {

numVertices -1
}

}
}
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