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Abstract

One of grand challenges in the Computational
Aerosciences Project of the High Performance
Computing and Communications Program in-
volves performing multidisciplinary simulations in
which two or more phenomena, such as aero-
dynamics and structures, are strongly coupled.
This challenge has, in turn, given visualization re-
searchers the challenge of developing methods to
represent the interaction between disciplines ef-
fectively. Visual representations are useful only
if they augment comprehension of the increasing
amounts of data being generated by these simula-
tions. Visualization researchers must ensure that
these representations are useful and do not contain
information that might lead to misinterpretation.
This paper presents the development of a visu-
alization tool to aid scientists in the analysis of
multidisciplinary simulations. The authors define
a visualization framework that supports the pro-
duction of effective visualizations by adapting the
visual representations to the goal of the scientist,
the type of data to be displayed, software and
hardware considerations, and rules of visual per-
ception.

Introduction

As computer simulations become more complex, sys-
tems to aid scientists in analyzing the vast amount
of information in a reduced amount of time are very
desirable. Computer assistance with the development
of visual representations of scientific data would no
longer require the scientist to learn the many aspects
of visualization. By providing intelligent assistance,
the amount of time learning software and generating
visualizations would be reduced, allowing the scien-
tist to concentrate his/her time on the task at hand.
Also, because the scientist is often unaware of the con-
straints imposed by computer software, hardware and
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the human visual system, storing this information in
a knowledge based system would help in producing ef-
fective visual representations.

Data representation and knowledge based techniques
are two of the AI methods that could benefit scien-
tific visualization. Data representation involves orga-
nizing the data into appropriate forms so that the sci-
entist can extract information from it easily. Knowl-
edge bases would hold facts and rules from expertise in
graphical presentation, visual perception and expertise
in the scientific domains. This information would be
coupled with the data representation in presenting the
scientist with effective visual representations.

This could be applied to the development of a visu-
alization system to assist with multidisciplinary sim-
ulations. Data representation would help to model
the complexity of the data sets involved in multidis-
ciplinary data. Knowledge based systems would store
the facts and rules about the different scientific do-
mains. These two sources of information would assist
scientists in producing effective visualizations based
on the goal of the scientist, the type of data to be
displayed, software and hardware considerations, and
rules of visual perception.

This paper details how a multidisciplinary visualiza-
tion system might evolve around these AI-based con-
cepts. A description of the computational environment
as well as a short description of a proposed solution
are presented in the next section. The following sec-
tion reviews similar types of research systems that have
evolved recently. A more thorough description of the
visualization framework is then presented. Finally, the
paper is concluded and future plans are discussed.

Multidisciplinary Visualization for
Computational Aerosciences

Computational fluid dynamics (CFD), the study 
fluid flow via numerical simulation, assists scientists
and engineers in developing a better understanding
of fluid flow and how it affects the flight character-
istics of aircraft and aerospace vehicles. These simu-
lations can involve large data sets composed of multi-
ple grids and multiple physical variables. For exam-
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pie, the simulation of an F-18 aircraft involves a grid
composed of 1.6 million points each with five physical
variables per instant in time. To perform a thorough
analysis of this data simply by studying the numbers
is diffficult, if not impossible. As a result, the tech-
nology to graphically display this data is essential.
This technology is termed "scientific visualization"
and many techniques have been developed to extract
and present information from CFD data[Hultquist,
1992; Gerald-Yamasaki, 1992; Bryson and Levit, 1991;
Globus et al., 1991; Uselton, 1991]. Some of these
techniques have been incorporated into visualization
toolkits specifically designed for the study of CFD re-
sults such as Plot3D[Walatka and Buning, 1989], FAST
(Flow Analysis Software Toolkit) [Bancroft et al., 1990]
and Superglue[Hultquist and Raible, 1992].

With increases in computing power, scientists have
become interested in taking the technology one step
further. Since factors other than fluid flow affect the
flight characteristics of a vehicle, scientists are inter-
ested in the study of integrated multidisciplinary sim-
ulations. These simulations can involve interactions
between fluid dynamics, chemistry, combustion, struc-
tures and controls. This additional complexity gives
visualization researchers the challenge of developing
methods to display the interaction between disciplines
effectively.

Large, single discipline CFD data sets are complex
and difficult to manage, which leads to difficulties in
presenting data to the scientist. The combination of
data sources from multiple disciplines makes it clear
to visualization researchers that issues of data man-
agement and representation are necessary. Methods
and models to organize data and represent relation-
ships between data variables and data sets are equally
important to visualization research as are visualization
techniques.

This project involves the creation of a visualization
framework that attempts to describe the visualization
environment in detail. This framework consists of a
data model, a user model and a machine model. The
integrating component of the framework is a knowl-
edge base. The system uses information stored in the
knowledge base, together with the information in the
data, user and machine models to assist the scientist
in generating visualizations by suggesting appropriate
or "useful" visualization techniques.

The data model represents data from separate dis-
ciplines. This information, together with the relation-
ships between data, is embodied in an object oriented
model and serves as the base from which effective vi-
sualizations are built. This information expresses rela-
tionships between the data sets in order to define a nat-
ural organizational structure over the data. To com-
plement the data model, the user model serves to de-
scribe the scientist and his/her characteristics. These
characteristics include the interpretation aims of the
user (what type of information the user is trying to ex-

tract), the background of the user, and any limitations
the user may possess. The machine model incorpo-
rates information about the resources available in the
scientist’s computing environment.

The data model, user model and machine model
form the base structure of the visualization framework.
Visual representations are built by filtering informa-
tion in the models through the knowledge base. The
results of this query are the suggestion of a series of
appropriate visual representations to the user.

AI Techniques in Visual Data Analysis
Visualization is essentially a mapping process, taking
data attributes and mapping them onto visual repre-
sentations. The mapping process is exploratory, creat-
ing representations that may or may not be useful to
the scientist. Determining what constitutes a "useful"
visualization is a difficult task. This research issue has
been approached by researchers by studying the rules
of perception and graphical presentation. For exam-
ple, [Mackinlay, 1986] defined the words "effective" and
"expressive" in attempting to determine a useful visual
representation. "Expressive" describes a visualization
that fully encodes the data attributes by presenting all
relevant information to the user. The complementary
word "effective" suggests that the technique exploits
the capabilities of the output medium and human vi-
sual system, ensuring a correct and quick judgement
of the data.

The criteria involved in the visualization mapping
include the task or interpretation aims, data charac-
teristics, user abilities and constraints, software and
hardware environment, and human perceptual capabil-
ities. The user is mainly concerned with her/his inter-
pretations aims, being neither an expert on the system
resources or human perception. Users lacking knowl-
edge of the computing environment or human percep-
tion would benefit by having the system provide them
with this information.

Visualization technology currently lacks the meth-
ods and models that would help to define these in-
terfaces and create "useful" visualizations. Based on
past experiences and the future promise of even more
massive data sets, it is evident that the data must be
central to the development of such a system. Not only
does data drive the mapping process, but it must also
be the underlying base for the user interface. This
interface must give the scientist the capability to ac-
cess the available data in a variety of ways as well as
assistance in creating a visual representation in an ap-
propriate form.

Enrichment of visualization systems using AI tech-
niques is a new field of research. It consists of mod-
eling the visualization process by carefully describing
its components and making use of a knowledge base to
map information into effective displays. Visualization
models that are concerned with effective displays have
emerged recently. A body of research on visualization
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models and automatic generation of visual represen-
tations has recently developed. [Feiner et al., 1992]
call these new visualization systems "graphically ar-
ticulate", forming the basis for the next generation of
intelligent user interfaces.

Haber and McNabb [Haber and McNabb, 1990] de-
veloped an early model to aid complex visualizations of
large scale numeric simulations. The model contains a
description of the mainly quantitative data to be visu-
alized. Decisions for the compositions of multiple data
items are mapped into "abstract visualization objects"
and these are rendered into displayable images. The
resulting images are called "visualization idioms", re-
ferring to the abstract meaning of pictures as a visual
representation of scientific data sets.

Mackinlay [Mackinlay, 1986] developed an early and
complete model to automatically generate graphical
presentations of relational information. The model is
described by data, task and user directives. Data is de-
scribed by a relational data model. Task related goals
(e.g. relations to represent and/or relations to sup-
press) and user directives (such as prioritizing items 
relations) define a first mapping into a set of graphi-
cal primitives which is expressed by a formal language
consisting of syntax and semantics. To map from an
internal representation to displayable images, evalu-
ation criteria such as importance (ranking of tasks),
expressiveness (encoding of data attributes) and ef-
fectiveness (psychophysical principles) are used. Al-
though restricted to relational data and 2-d charts,
Mackinlay’s work is a foundation for complex visual-
ization systems aiming towards automating the design
of graphical presentations. The system that is based on
these principles, APT (A Presentation Tool), contains
a description of the information and task, defines eval-
uation criteria in formal terms, and is able to compose
multiple items and relations into one effective display.

Robertson [Robertson, 1990] developed visualization
guidelines by observing natural scenes and matching
data and task characteristics to 2-d and 3-d scene pa-
rameters. His approach is different from previous tech-
niques, in that he has a complete and coherent scene in
mind already before the mapping stage begins. While
restricting the user to predefined scenes, the natural
scene paradigm guarantees perceptually valid mental
models. De Ferrari [Robertson et al., 1991] expanded
the original paradigm to include a more elaborate data
model, user directives and user interpretation aims
(the latter two combined under the term "visualization
specification") as input to the visualization system.

Wehrend and Lewis [Wehrend and Lewis, 1990] de-
scribe each visualization process by two dimensions: a)
the characteristics of the information to be displayed
and b) the specific perceptual task to be performed on
the resulting images. The finite number of data char-
acteristics and the finite number of perceptual tasks
define a two dimensional matrix in which each element
contains expressive and effective examples of visual

representations. If more than one tuple (data, task)
is to be represented in the same display, the user is
responsible for setting priorities for the composition of
representations.

The VISualization Tool Assistant [Senay and Ig-
natius, 1990] (VISTA) accomplishes complex visual-
ization tasks automatically. The world to be repre-
sented is described by data characteristics. Knowledge
about mapping procedures are stored in form of rules
that observe expressiveness of data characteristics and
effectiveness of displayable images. The data is first
decomposed into partitions that can be mapped into
individual visualization primitives, then combined into
meaningful complex visual representations. A "visual-
ization tree" describes mapping techniques and map-
ping structures. This tree can be edited by the user
before final rendering is performed. Because of this
modification stage, the system earns its name as "as-
sistant", guiding rather than enforcing visual represen-
tations.

The Visualization Framework for

Multidisciplinary Data Analysis

The visualization framework consists of a data model,
a user model and a machine model. The integrating
component of the visualization framework is that of
a knowledge base. The information in the knowledge
base is combined with the information in the data, user
and machine models to suggest appropriate or "useful"
visualization techniques to the scientist. The frame-
work is implemented in an object oriented program-
ming environment called Superglue which uses a di-
alect of Scheme [Hultquist and Raible, 1992]. This soft-
ware is currently under development at NASA Ames
Research Center.

The Data Model
Scientific data requires rich and flexible data models to
support the often complicated relationships that occur.
The ability to extend the data model is another essen-
tial component of the system. Object-oriented con-
cepts form a good basis for a rich data model, allowing
applications such as scientific data management to take
advantage of its promising modeling capability. The
object oriented model was chosen due to its character-
istics and ability to handle diverse and complex data
sets. The data model represents data from separate
disciplines. This information, together with the rela-
tionships between data, serves as the base from which
the visual representations are built.

The current data model contains information about
the data: its structure, components, relationships and
constraints. The basic structure of the data model is
built around the application specific components that
exist in a multidisciplinary fluids/structures simula-
tion. The data model is decomposed hierarchically
into two objects, a fluids object and a structures ob-
ject. The fluids object contains a list of objects that
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represent real entities such as a wing or a fuselage of
an aircraft. These objects are further decomposed into
timestep objects. Due to the iterative nature of the
simulation, there are different data sets for different
moments in time. Each timestep object consists of a
grid object and a data object. The grid object has the
grid information about the physical structure of the
fluids object. The data object contains the data val-
ues that are calculated at each of the grid points in
the grid object. In addition, information such aa the
name of the data variable and its attributes is incor-
porated into the data model. Data attributes include
information such aa whether the data is a scalar or
vector field, how the data variable is mathematically
related to other data variables and information spec-
ifying what visualization techniques (i.e. colormaps,
contour lines, etc.) are most often used with the given
variable.

A similar hierarchy exists for the structures data
with modifications due the unstructured nature of the
grids that specify structures objects. The structures
objects correspond with the fluid objects, describing
the same real entities (i.e. wing, fuselage). Each struc-
tures object contains a list of timestep objects, which
each have a grid object and a data object. The grid ob-
ject describes an unstructured grid aa opposed to the
structured grids used by fluid dynamicists. As a result,
the data description is slightly different, involving a set
of vertices and connectivity information. The vertices
represent the physical locations of the grid points and
the connectivity information describes how the vertices
are connected to form the mesh around the physical
object.

The data model is represented visually to the user.
This will allow the user to investigate the data model
and its components. The user will also be able to query
the data model visually in the process of performing
the data analysis. The specifics of the interface have
not yet been determined.

The User Model

To complement the data model in this visualization
framework, the creation of a user model serves to de-
scribe the user and his/her characteristics. The user
model enhances the system by allowing it to tailor pre-
sentations to individual user preferences and require-
ments. The user model contains facts and rules about
the user that may be relevant to the behavior of the
system. This may include the interpretation aims of
the user, the background of the user, and any limita-
tions the user may possess.

Interpretation aims express the goal of the user and
what information they are trying to extract from the
data. Interpretation aims might include such tasks aa
1) locating areas of interest in the data such aa low
pressure regions, 2) identifying characteristics of the
data such aa points on a wing where the velocity field
is zero, or 3) correlating data variables to see how the

pressure from a fluid affects the structural integrity
of a wing. Background information about the user
might include information such aa the meaning of cer-
tain color tables, the meaning of shades, preference
for certain visual representations and interaction tech-
niques.

The user model is represented using a stereotype hi-
erarchy, aa defined in [Kaas and Finin, 1991]. This
method uses stereotypes to describe a class of users by
defining facts and rules about the users. The hierar-
chy is composed of two main stereotypes, namely the
fluid dynamicists and the structural dynamicists. Each
class of users has a specific academic background which
has, in turn, led to the use of certain types of physical
models, software, computing environments, etc. These
facts and rules can be of two types, either "definite"
or "default". Definite facts and rules always apply to
the given class of users. For example, fluid dynam-
icists always use certain mathematical relationships
to describe the relationships between data variables.
Structural dynamicists have other mathematical rela-
tionships that describe the phenomena that they are
interested in. Default facts and rules can be overrid-
den as the stereotype hierarchy defines smaller classes
of users. For example, a default rule might be that all
fluid dynamicists use structured grids for the compu-
tations. However, this can be overridden if a certain
group of fluid dynamicists uses the unstructured grid
technique to solve their problem.

The stereotype hierarchy will be further decomposed
into smaller user classes and eventually to single users,
which are represented as leaf nodes of this hierarchy.
The acquisition of the information for the user model
can take place in two modes, either explicitly or implic-
itly. Explicit acquisition occurs before the user begins
work, by filling in a template or by answering a series
of questions. The implicit acquisition of information
happens during a working session, by making conclu-
sions baaed on the work habits of the user. The user
model will interact with the data modelOB and ma-
chine model through the knowledge base. The infor-
mation from these models is useful in developing visual
representations that satisfy the needs and the desires
of the user.

The Machine Model

The machine model is perhaps the most straightfor-
ward of the components comprising the visualization
framework. This model simply details the capabili-
ties of the computing environment available for sci-
entific use, both in terms of software and hardware
resources. The scientist should not be expected to
know what type of environment he/she has available
to them. This information is important, however, im-
pacting what type of visualization will be appropriate
for a given hardware configuration. This information
can be encoded easily into the machine model, speci-
fying the type of system, monitor resolution, graphics
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capabilities, color facilities, CPU, memory, etc.
For this project, the machine model will be restricted

to only the current machine used by the developer of
this project, namely a Silicon Graphics workstation.
The development of the machine model is not a main
emphasis of the project, but is still a necessary part.
This model can be expanded to other machines as the
project progresses.

The Knowledge Base

The knowledge base will be intertwined with the three
models, connecting them with rules obtained from
graphical presentation, visual perception and experi-
ence in the given scientific domains. The informa-
tion stored in the knowledge base will assist the sci-
entist in developing useful visualizations. The visual-
izations will be judged based on the expressiveness and
effectiveness criteria initially developed by Mackinlay
[Mackinlay, 1986]. Expressiveness criteria determine
how well a graphical representation expresses the in-
formation stored in the data and effectiveness criteria
determine if the graphical representation takes advan-
tage of the output medium and the human visual sys-
tem.

Data characterization is based on the capability to
describe effective and expressive qualities of the data.
There are many dimensions involved in data character-
ization such as the properties of sets of data, includ-
ing how they are ordered (quantitative, ordinal, nom-
inal), measures of quantity or coordinates and their
domain of membership (whether they involve domains
of time, space, temperature, mass, etc). The system
will display the data based on the data characterization
and visualization techniques specified in the knowledge
base.

Future Work
At the time of this paper, this project was in the be-
ginning stages. A data model had been developed
to represent the data involved in a multidisciplinary
fluids/structures interaction. Visual tools were avail-
able to allow the user to view what information was
in the data set. The object oriented nature of the
model gave promising flexibility to adding, deleting
and updating information and adjusting the model as
was deemed necessary during the evolution of the data
model. Building relationships between the data vari-
ables was a result of implementing the laws of fluid and
structural dynamics and by incorporating information
obtained from the scientists. Future plans for the data
model include further enhancements to its structural
and behavioral properties, more visual tools to help
the user peruse the information visually, methods for
querying the data visually and overall enhancements
to the general representational model.

The user model was in beginning stages of develop-
ment, mostly conceptual models on paper. The model

involved considerations such as how to obtain infor-
mation from the user and how to access the model and
integrate information with the data model. The user
model requires a great deal of thought as to how to
create the model and the level of complexity desired.

The knowledge base, the integrating component of
the visualization model, will be incorporated into the
framework by obtaining information about different
forms of graphical presentation and perception. This
process will continue over the duration of the project.

The data analysis tool will provide the user with an
interface to select the data and representation in ques-
tion, display the different views of the data, and allow
the user to manipulate the resulting image. The results
from the separate visualizations will be displayed sepa-
rately or merged together if the representations do not
detract from each other. If the results are displayed
separately, the visualizations will be coordinated so
that their orientations will match.

Conclusions
In order to analyze the vast amounts of data being
generated today by complex computer simulations, sci-
entists require the help of some type of assistance or
intelligence. Without some type of assistance from
an intelligent interface, the scientist will be required
to learn the complexities of generating visual repre-
sentations and understanding the toolkits that build
them. The use of techniques derived from artificial
intelligence can enhance the data analysis process by
presenting the user with appropriate visual represen-
tations thereby allowing the scientist to concentrate
on research instead of learning new software tools and
techniques.
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